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Fundamental metabolic changes are implemented by cancer cells to meet their high energy 
requirements, for which they show increased dependence on glycolysis (confirmed by Warburg 
effect). One central enzyme of glycolytic pathway is glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) that is shown to be overexpressed in many cancers and emerged, few 
years ago, as a key player in T cell development, function and malignancies. Here we 
investigated the role of GAPDH in T cell development by generating a mouse model 
overexpressing GAPDH in the T cell lineage. From 18 months on, clear phenotypic changes 
were observed in these mice including: 1) splenomegaly, 2) enlarged lymph nodes, 3) 
lymphocytes-infiltration in the liver and bone marrow. A detailed immuno-phenotype showed 
an increase of strongly proliferating and clonal follicular helper Bcl6+ CXCR5+ PD1high CD4+ 

T cells. Moreover, hyperplasic CD95+ GL7+ germinal center B cells associated with follicular 
dendritic cells were observed in the plck-GAPDH tumors. Additionally, tumors from plck- 
GAPDH mice secreted high levels of chemokines and inflammatory cytokines compared to

Abstract:
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normal WT mice. In search for a human equivalent, we discovered that the pathological and 
immune-phenotypic characteristics and gene expressing profiling of the plck-GAPDH mice 
matched in great details human angioimmunoblastic T-cell lymphoma (AITL), a rare disease 
with no treatment options up to date. Even a specific mutation in Rhoa typical for AITL was 
confirmed. Further analysis demonstrated that GAPDH-induced AITL disease depends 
mechanistically on activation of the non-canonical NF-kB pathway also activated in human 
AITL. Targeting of this pathway with novel NF-kB inducing kinase (NIK) inhibitor combined 
with anti-PD1 immunotherapy increased mice survival to 70%. This combined treatment let to 
efficient induction of the anti-cancer immune response. In conclusion, this new AITL mouse 
model, closely mimicking the human lymphoma, will help to unravel the possible origin of the 
disease, novel pathways implicated and will permit us to test novel therapeutic options 
including immunotherapies.
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s (Beier et al., 2015; 

Galgani et al., 2016; Zeng and Chi, 2015). 
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La surexpression de l’enzyme glycolytique « la GAPDH » induit le 

développement d’un lymphome T angioimmunoblastique par 

l’intermédiaire de la voie NF-κκB  
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In Brief

Mondragón et al. find that transgenic

mice overexpressing GAPDH in T cells

develop lymphoma that recapitulates key

features of human angioimmunoblastic

T cell lymphoma (AITL), including

activation of the non-canonical NF-kB

pathway. Blocking NF-kB activity with an

NIK inhibitor reduces human and mouse

AITL growth.
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3Institut de Chimie de Nice UMR UNS-CNRS 7272, Université Nice Sophia Antipolis, Parc Valrose, 06108 Nice, France
4Immunology Department, Lyon-Sud Hospital, Hospices Civils de Lyon, Pierre-Bénite, France
5Immunogenomics and Inflammation Research Unit EA 4130, University of Lyon, Edouard Herriot Hospital, Lyon, France
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SUMMARY

GAPDH is emerging as a key player in T cell development and function. To investigate the role of GAPDH in
T cells, we generated a transgenic mouse model overexpressing GAPDH in the T cell lineage. Aged mice
developed a peripheral Tfh-like lymphoma that recapitulated key molecular, pathological, and immunophe-
notypic features of human angioimmunoblastic T cell lymphoma (AITL). GAPDH induced non-canonical
NF-kB pathway activation in mouse T cells, which was strongly activated in human AITL. We developed a
NIK inhibitor to reveal that targeting the NF-kB pathway prolonged AITL-bearing mouse survival alone and
in combination with anti-PD-1. These findings suggest the therapeutic potential of targeting NF-kB signaling
in AITL and provide a model for future AITL therapeutic investigations.

Significance

Availability of preclinical mouse models for rare cancers is a prerequisite for revealing important pathways and targets to
identify and evaluate possible treatment regimens for these patients lacking treatment options. Our GAPDH transgenic
mouse model developed a Tfh-like lymphoma with a strong germinal center B cell component, mimicking angioimmuno-
blastic T cell lymphoma (AITL), a rare aggressive lymphoma. Our data confirmed that GAPDH-induced AITL disease de-
pendsmechanistically on activation of the non-canonical NF-kBpathway, whichwe also confirmed to be activated in human
AITL. Targeting this pathway with an NF-kB pathway-inhibiting drug was an effective treatment for murine as well as human
AITL cells. This mouse model allows testing of therapeutic options for AITL including immunotherapy.

Cancer Cell 36, 1–20, September 16, 2019 ª 2019 Elsevier Inc. 1
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INTRODUCTION

Immunometabolism has recently become an intense field of

research. It shapes the functions and the differentiation of im-

mune cells and reveals anti-cancer immunotherapies (Pearce

and Pearce, 2018). Fundamental changes from mitochondrial

to glycolytic metabolism are implemented by immune cells

as well as cancer cells to meet their high energy requirement

(Warburg effect) (Galluzzi et al., 2013; Kroemer and Pouyssegur,

2008). However, the role of specific metabolic enzymes in T cells

and cancer is just starting to be unraveled. Aerobic glycolysis

converts glucose to pyruvate through a series of ten enzymes,

of which one is of particular interest: glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH). Recent studies have demon-

strated that GAPDH could have a rate-limiting function in the

context of Warburg effects (Liberti et al., 2017). In addition to

its role in glycolysis, GAPDH is a multifunctional protein with

numerous non-glycolytic functions (Colell et al., 2007, 2009; Jac-

quin et al., 2013; Lavallard et al., 2009). GAPDH is overexpressed

in many cancers (Chiche et al., 2015; Liberti et al., 2017; Revillion

et al., 2000), but is role in tumorigenesis is still unclear (Revillion

et al., 2000). Moreover, we previously revealed GAPDH overex-

pression in chronic myeloid leukemia (CML) cells, which partici-

pated in CML resistance to chemotherapeutic treatment (Laval-

lard et al., 2009). Of note, overexpression of GAPDH, but not

other glycolytic enzymes tested, protected cells from caspase-

independent cell death (CICD) through persistence of a few

intact mitochondria that might facilitate tumor cell survival and

chemotherapy resistance (Colell et al., 2007).

At present, very little is known about GAPDH expression levels

and its role in T cell differentiation and T cell cancers such as

peripheral T cell lymphomas (PTCLs), but GAPDH has recently

emerged as a key factor in T cell survival, activation, and function

(Balmer et al., 2016; Chang et al., 2013; Xu et al., 2016). For

example, GAPDH expression was implicated in T cell responses

under hypoxia (Dimeloe et al., 2016; Xu et al., 2016). Acetylation

of GAPDH enhances its activity, boosting rapid memory CD8+

T cell responses (Balmer et al., 2016). Interestingly, GAPDH

can also modulate T cell effector function (Chang et al., 2013).

We and others established a clear connection between high

GAPDH expression and the activation of the nuclear factor kB

(NF-kB) pathway (Chiche et al., 2015; Gao et al., 2013). We

recently showed that elevated GAPDH expression was found

to promote NF-kB activation in a non-Hodgkin’s B cell lym-

phoma by binding to tumor necrosis factor receptor-associated

factor 2 (TRAF2), which enhanced the transcription and the activ-

ity of hypoxia-inducible factor 1a (Chiche et al., 2015). NF-kB

activation occurs via two major signaling pathways. The canon-

ical pathway mediates the activation of NF-kB1 p50, RelA, and

c-Rel, whereas the non-canonical NF-kB pathway selectively

activates p100-sequestered NF-kB members, predominantly

NF-kB p52 and RelB. The canonical NF-kB pathway responds

to engagement of immune receptors and results in rapid but

transient NF-kB activation (Sun, 2017). In contrast, activation

of the non-canonical pathway is characteristically slow and

persistent, and ligands of the tumor necrosis factor (TNF) recep-

tor superfamily are inducers of the non-canonical pathway. Both

NF-kB pathways are involved in malignancy and inflammatory

diseases (Cildir et al., 2016; Hoesel and Schmid, 2013;

Sun, 2017). Importantly, NF-kB activation is associated with

many T cell cancers (Balmer et al., 2016; Cildir et al., 2016; Ger-

ondakis et al., 2014; Imbert and Peyron, 2017; Sun, 2017) and

plays an essential role in T cell development and function (Geron-

dakis et al., 2014; Grinberg-Bleyer et al., 2017; Long et al., 2009).

It is, for example, implicated in differentiation and function of reg-

ulatory T cells (Grinberg-Bleyer et al., 2017; Long et al., 2009; Va-

santhakumar et al., 2017) (Jimi et al., 2008). However, the contri-

bution of GAPDH to T cell function, differentiation, and, possibly,

malignancy remains to be comprehensively elucidated.

RESULTS

Overexpression of GAPDH Exclusively in the T Cell
Lineage Does Not Affect Early T Cell Differentiation
To uncover GAPDH function in T cells, we generated a trans-

genic mouse model in which GAPDH was overexpressed under

the control of the T cell-specific promoter, plck. A V5 tag was

fused to GAPDH to distinguish it from the endogenous GAPDH

enzyme, and three founder animals (F16, F07, and F35) were

identified (Figure 1A). Overexpression of GAPDH was validated

in the plck-GAPDH transgenic mice by western blot (Figure 1B).

We confirmed exclusive and strong expression in the T cell line-

age (Figure 1C). GADPH-V5 was significantly overexpressed in

different thymic subpopulations of the founder plck-GAPDH

mice at 4weeks of age comparedwith wild type (WT) (Figure 1D).

Higher overall GAPDH expression was detected in F07 and F35

thymocytes than in F16 thymocytes (Figure 1E). Notably,

although GAPDH was described to inhibit a non-apoptotic cell

death named CICD (Colell et al., 2007), which might play a role

in thymocyte development and selection, no significant differ-

ences in thymic subpopulations were revealed in 4-week-old

mice (Figure 1F).

Aged plck-GAPDH Mice Develop a Peripheral T Cell
Lymphoma-like Pathology
Upon aging, the plck-GAPDH mice developed tumors (Fig-

ure 2A). Tumor frequency coincided with the GAPDH overex-

pression levels (Figures 1D and 2A), as the high GAPDH-ex-

pressing F07 and F35 mice all developed tumors, while tumor

frequency for F16wasmuch lower andwith delayed onset of dis-

ease (Figure 2A and data not shown). Therefore, we focused our

study on F07 and F35. These plck-GAPDHmice showed onset of

disease at 18 months or older (Figure 2B). Aged plck-GAPDH

mice developed a pathology characterized by a generalized

lymphadenopathy (Figure 2C). These mice generally developed

splenomegaly, and frequently developed hepatomegaly and

enlarged mesenchymal lymph nodes (MES LNs) and LNs at

ectopic sites such as around the kidney, heart, or intestines (Fig-

ures 2D–2G). The spleens and LNs showed a greatly altered

architecture, and the follicular structures visible in the WT were

destroyed in the plck-GAPDH mice, marked by large polymor-

phic infiltration of T cells and B cells (Figures 2H and S1A). These

pathological features pointed toward a PTCL. Remarkably, aged

plck-GAPDH mice also developed a typical rash and showed a

strong LN vascularization with detection of 35-fold increased

expression level of vascular endothelial growth factor in murine

PTCL (mPTCL) LN versus WT and the presence of venules

(CD31+) in the LN (Figures S1B–S1D). Moreover, 50% of

2 Cancer Cell 36, 1–20, September 16, 2019
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Figure 1. Overexpression of GAPDH in the T Cell Lineage Does Not Affect Early T Cell Development

(A) Schematic presentation of the GAPDH expression construct to generate three founder mice (F16, F35, F07). Plck, lymphocyte-specific protein tyrosine kinase

promoter; V5, tag for fluorescence-activated cell sorting (FACS) and western blot detection.

(legend continued on next page)
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plck-GAPDH mice developed ascites in the abdominal region

(data not shown). Finally, the splenic tumors of the transgenic

mice were characterized by no changes in CD19+ B cell counts

but a 2-fold higher cellularity of T cells and an increased ratio

of CD4+-to-CD8+ T cells (Figures 2I and 2J). The combination

of all these histopathological symptoms suggests that the

plck-GAPDH mice developed a PTCL.

Plck-GAPDH Mice Develop a T Cell Lymphoma with a T
Follicular Helper Dominance
Since tumors in plck-GAPDHmicemanifested a higher presence

of CD4+ over CD8+ T cells, we characterized the CD4+ T cells.

They were positive for programmed cell death 1 (PD-1) and to

a lesser extent for the chemokine receptor, CXCR5 (Figure 3A).

The percentage of CD4+PD-1highCXCR5+ T follicular helper

(Tfh)-like cells was significantly higher in plck-GAPDH than in

WT spleens, and the increase in total CD4+PD-1high was even

more pronounced (80%; Figure 3B).

Additionally, two Tfhmarkers, ICOS (Hu et al., 2011) and Bcl-6,

were upregulated on the tumor CD4+ T cells (Figure 3A). They

also had an activated memory phenotype (Figure 3C) and

showed increased expression of the death receptor FAS

(CD95) but only slight augmentation of FAS ligand (FASL,

CD178) compared with CD4+ WT T cells (Figure 3D), both char-

acteristics of Tfh cells. Ki67 staining indicated that these CD4+ T

splenocytes were strongly cycling in contrast to WT splenocytes

(Figure 3E), indicating the aggressiveness of these malignant

T cells. When we activated CD4+ plck-GAPDH tumor cells by

phorbol 12-myristate-13-acetate (PMA)/ionomycin, strong

expression of the inflammatory cytokines (TNFa and interferon-

g [IFNg]) and the anti-inflammatory cytokine interleukin-10

(IL-10) was revealed (Figure 3F). IL-10 is known to promote B

cell expansion. In contrast, IL-4 (T helper cell [Th2] marker) and

IL-17 (Th17 marker) expression was not increased (data not

shown). Finally, we clearly detected a T cell receptor b (TCRb)

and TCRg receptor oligoclonality in the CD4+ T cells from

different plck-GAPDH tumor-bearing mice (Figures 3G and 3H).

The above results together indicate that the plck-GAPDHmice

developed a PTCL with a pronounced Tfh-like phenotype.

Plck-GAPDH Tfh-like Lymphoma Is Associated with
Germinal Center and Plasma B Cells
Tfh reside in germinal centers (GCs) and normally interact with GC

B cells, ultimately yielding plasma cells (PCs) and memory B cells

(Cildir et al., 2016). Indeed, B cell phenotyping of cells in the

enlarged spleens and LNs of the plck-GAPDHmice demonstrated

significantly increased percentages of CD95+GL-7+ GC B cells

comparedwithWT (Figures 4A and 4B). Additionally, plck-GADPH

B cells demonstrated increased levels of FAS and FASL

compared with WT (Figure 4C), underlining the importance of

Tfh FAS and GC B FASL interaction for cell survival. PD-1 expres-

sion on Tfh not only regulates GC survival but also affects PC dif-

ferentiation (Hu et al., 2011; Xu et al., 2014). Identification of PCs

by CD138+CD19�B220low surface expression showed that 60%

of the plck-GAPDH tumor mice showed more PCs than WT

mice (PCWT< 5%), varying from6% to80%of total mononuclear

cells (Figures 4D and 4E).

Co-residence of Tfh, GC, and plasma B cells in the plck-

GAPDH tumors stresses that this mouse model closely mimics

a human Tfh PTCL cancer (Ahsanuddin et al., 2011; Nagoshi

et al., 2013). We also detected cycling B cells, hypergammaglo-

bulinemia, and presence of autoantibodies in the sera ofmPTCL-

bearing plck-GAPDH (Figures S2A–S2C). This notion of a PTLC

is further reinforced by increased numbers of tumor-associated

myeloid cells, specifically follicular dendritic cells (FDCs) (CD35+)

and total DCs (CD11c+), in the enlarged plck-GAPDH LNs

compared with WT mice (Figures S1C and S2D). Of note, strong

infiltration of the CD4+PD-1+ Tfh cells and GC B cells in the bone

marrow was confirmed in all tumor-bearing plck-GAPDH mice

(Figure S2E).

To confirm that the plck-GAPDH mouse developed a rare

T cell lymphoma, we transferred the tumor cells from enlarged

LN or spleens into NOD/SCID gc�/� (NSG) recipient mice (Trag-

giai et al., 2004). Engrafted NSG mice recapitulated the disease

characteristics of the plck-GAPDH donor mice (Figure S2F).

Tumors showed a strong increase of CD4+/CD8+ T cell ratio

(Figure S2G), high expression of PD-1 on CD4+ T cells, and the

co-residence of GC B cells in the tumors (Figure 4F). We

confirmed Tfh and GC B cell colonization of the spleen in three

independent NSG recipients per donor (Figure 4G). We also

detected infiltration of Tfh and GC B cells in the bone marrow

of recipient NSGmice (Figure S2H) and confirmed that engrafted

T cells conserved oligoclonality for the TCRb chain (Figure S2I).

Co-residence of Tfh, GC, and plasma B cells and tumor-asso-

ciated cells in the plck-GAPDH tumors stresses that this mouse

model strongly mimics a human Tfh PTCL.

Plck-GAPDH PTCLs Have a Gene-Expression Profile
Resembling that of AITL Patient PTCL
To identify the human PTCL (hPTCL) counterpart of the PTCL

developed by plck-GAPDHmice, we compared the gene-expres-

sion profile (GEP) of our mPTCL with those of hPTCLs. The

mPTCLs contained on average 30.0%± 6.2%CD4+ cells. Initially,

we compared GEPs of murine splenic PTCLs and normal WT

splenocytes, identifying 471 up- and 847 downregulated genes.

Gene set enrichment analysis (GSEA) for a Tfh-upregulated

(B) Western blot using an anti-V5 antibody for GAPDH-V5 detection and anti-GAPDH for detection of endogenous GAPDH and GAPDH-V5 in plck-GAPDH

transgenic (Tg 1 and Tg 2) or wild-type (WT 1 and WT 2) 5-week-old mice.

(C) Intracellular GAPDH-V5 and GAPDH detection in T cells (CD3+) and B cells (CD19+) from the spleen analyzed by FACS in 5-week-old mice.

(D) Ectopic GAPDH-V5 expression levels (mean fluorescence intensity [MFI]) detected by FACS using anti-V5 antibody in thymocyte subpopulations: double-

negative, DN (CD4�CD8�); double-positive, DP (CD4+CD8+); CD4+ (CD8�CD4+) and CD8+ (CD4�CD8+) cells from WT (n = 18) and three founder plck-GAPDH

mice at 5 weeks (F07, n = 7; F16, n = 15, and F35, n = 13; mean ± SD, p < 0.001, one-way ANOVA for all groups).

(E) Total GAPDH expression levels (MFI) detected by FACS using anti-GAPDH antibody in the DN, DP, CD4+, and CD8+ thymocytes for WT (n = 18) and three

founder plck-GAPDH mice (F07, n = 7; F16, n = 15, and F35, n = 13; mean ± SD, **p < 0.0, one-way ANOVA) at 5 weeks of age.

(F) Distribution of DN, DP, CD4+, and CD8+ thymocytes analyzed by FACS in WT and plck-GAPDH mice, and thymocyte cell numbers, are summarized in a

histogram (mean ± SD, n = 5).
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Figure 2. Aged plck-GAPDH Mice Develop a PTCL-like Lymphoma
(A) Frequency of tumor appearance among the different plck-GAPDH founder mice (20/20 for F07; 20/20 for F35; 6/16 for F16; 2/23 for WT).

(B) Cumulative incidence of tumor development in plck-GAPDH mice from the founders F07 and F35 according to their age (plck-GAPDH, n = 40; WT, n = 30).

(legend continued on next page)
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gene set (18 genes), based on previous studies (de Leval

et al., 2007; Jain et al., 2015), showed upregulation of Tfh

signature genes and signature enrichment in the murine

lymphomas compared with WT (Figures 5A and 5B). This was

already suggested by their immunophenotype (CD4+CXCR5+

ICOS+PD-1high, Figures 3A–3E). To further validate the Tfh charac-

teristics, we confirmed the upregulated expression of CXCL13,

IL-21, and Bcl-6, all Tfh regulators, in mPTCL isolated CD4+

T cells compared with WT CD4+ splenocytes (Figure 5C). In

contrast, BLIMP, an antagonist regulator of Tfh cell differentiation,

was not upregulated (Johnston et al., 2009).

Additionally, GSEA for aGC-plasmaBcell signature (24 genes)

(Recaldin and Fear, 2016) showed an upregulation of GC- and

PC-enriched gene expression in mPTCLs (Figures 5D and 5E),

indicating a mixed GC and PC B cell signature.

One of most prominent hPTCL with Tfh dominance associated

with GC/plasma B cells is angioimmunoblastic T cell lymphoma

(AITL), a rare devastating cancer (Federico et al., 2013). The

described pathological and immunophenotypic characteristics

of the plck-GAPDH mPTCL closely match human AITL (hAITL)

(Table S1). Indeed, when we compared the GEP data of LNs

from 60 AITL patients with healthy LNs, we found increased

expression of CXCR5, PD-1, CXCL13, Bcl-6, ICOS, and IL-21,

confirming the Tfh neoplastic expression pattern in the analyzed

AITL patient cohorts (de Leval et al., 2007; Iqbal et al., 2014; Roth

et al., 2006), similar to the plck-GAPDH mPTCLs (Figure S3A).

The GC and PC B cell signature in the AITL patients (Figure S3B)

also matched the plck-GAPDH mPTCL. Finally, an even more

specific AITL gene signature was confirmed in the mPTLCs (Fig-

ures S3C and S3D).

To further validate the AITL pathology, we decided to compare

the cytokine and chemokine mRNA expression profiles of plck-

GAPDH mouse LNs (Figure S3E) with AITL patient LNs. AITL is

characterized by strong autoimmune inflammatory signals (de

Leval et al., 2007) such as increased IFNg, IL-1 receptor a

(IL1Ra), IL-6, and TNFa (Figure S3F). We confirmed the mRNA

expression data in Figure S3E by quantification of secreted cyto-

kines and chemokines in PMA/ionomycin-stimulated plck-

GAPDHmPTCL cells (Figure S3G). Increased levels of inflamma-

tory (IFNg, IL1Ra, IL-6, and TNFa) and anti-inflammatory (IL-10

and IL-6) cytokines were comparable with an AITL gene-en-

riched inflammation signature (Figures S3F and S3G). In AITL,

Tfh and GC B cell and microenvironment interaction is based

on cytokine-chemokine crosstalks (Mourad et al., 2008). GEP

of mPTCL versus WT splenocytes revealed an upregulated

expression of multiple cytokines but also of chemokines corre-

sponding to those of AITL patient LNs (Figures S3H–S3K). More-

over, our mPTCL clearly showed a prominent upregulation of

humoral immune response genes (Table S2) confirming the pres-

ence of PCs in our tumors, and vascularization in the LNs was

confirmed by upregulation of vascularization-related genes (Ta-

ble S2). All these data confirmed again the matching character-

istic features between mPTCL and AITL (de Leval et al., 2007,

2010). Interestingly, 1-year old premalignant plck-GAPDH mice

showed no prominent skewing in the T and B cell populations

(Figures S4A–S4D) except for the fact that a population of Tfh-

like CD4+ PD-1high T cells andGCB cells were starting to emerge

(Figures S4E and S4F). However, no increased cytokine secre-

tion, TCR signaling, T cell activation, nor increased proliferation

were detected in plck-GAPDH versus WT CD4+ T cells from

1-year-old mice (Figures S4G–S4J).

We confirmed that the glycolytic enzyme GAPDH was still

strongly overexpressed in the mPTCLs at the mRNA and protein

level compared with age-matched WT animals (Figure 5F).

Strikingly, GAPDH expression was higher in AITL patient LNs

than in healthy LNs (Figure 5G). Metabolic pathway analysis

did not show pronounced upregulation of glycolysis in the

plck-GAPDH lymphoma (Figure 5H). In contrast, CD4+ spleno-

cytes from premalignant 1-year-old plck-GAPDH mice showed

upregulated glycolysis compared with WT, especially when acti-

vated through the TCR as detected by increased extracellular

acidification rate, glucose uptake, and lactate production (Fig-

ures S4K–S4M). In plck-GAPDHmPTCL, we detected increased

mitochondrial respiration (Figure 5H), which was already

observed in CD4+ T cells from 1-year-old plck-GAPDH upon

TCR engagement (Figure S4N).

AITL frequently carries a G17V (p.Gly17Val) mutation in

RHOA (Palomero et al., 2014; Sakata-Yanagimoto et al.,

2014), which encodes the small guanosine triphosphatase

(GTPase) RHOA. In plck-GAPDH CD4+ T cells isolated from

tumors, we found two mutations in the effector domain of

RHOA, one point mutation at position 37 (T37M) present in all

15 plck-GAPDH tumors and an INDEL frameshift mutation con-

sisting of a 5-bp insertion into codon 44 present in 4 of 15 plck-

GAPDH tumors (Figure 6A). Sanger and whole-exome

sequencing of the WT C57BL6JOlaHsd strain used to generate

the plck-GAPDH mice indicated that the T37M mutation and

INDEL were not present in the germline (Figures S5A and

S5B). The point mutation T37M reduced RHOA activity as

measured by the reduced affinity for GST-rhotekin-RBD

compared with the WT or the Q63L active mutant of RHOA (Fig-

ure 6B), identifying T37M as an inactivating mutation in RhoA.

Additionally, the effect of the T37M mutation on RHOA was

equivalent to the T37A mutation found in follicular lymphoma

and gastric cancer (Figures 6B and 6C), and the activity of

RHOA T37M was even lower than that for a well-established

mutation (T19N) in the guanosine triphosphate/guanosine

diphosphate binding domain (Figure 6B). The INDEL frameshift

mutation in RHOA is a truncating mutation, which would likely

result in a truncated protein (Figure S5C).

(C) Frequency of tumor localization in plck-GAPDH mice. Ectopic LN were localized at kidney, thymus, and intestines.

(D–F) Weight of spleens (D), mesenchymal LNs (MES LN) (E), and ectopic LNs (F) of WT mice and plck-GAPDH mice presenting tumors (means ±SD, n = 24;

***p < 0.001; **p < 0.01, Student’s t test).

(G) Representative pictures of spleen, MES LN, and liver of WT and plck-GAPDH mice presenting tumors.

(H) Hematoxylin and eosin staining patterns and immunohistochemistry staining for CD3+ T cells and B220+ B cells of WT and plck-GAPDH spleens.

(I and J) Numbers of B (CD19+) and T (CD3+) cells (I) and the ratio of CD4+/CD8+ T cells (J) in the spleens of WT and plck-GAPDH tumor-bearingmice (means ±SD,

n = 6; ***p < 0.001, *p < 0.05, Student’s t test).

See also Figure S1.
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Figure 3. plck-GAPDH Mice Developed a T Cell Lymphoma with a Pronounced Tfh Phenotype

(A) Comparison of Tfh cell (CD4+CXCR5+ PD-1high, CD4+CXCR5+Bcl-6+, and CD4+ICOS+) infiltration in the spleen of plck-GAPDH and WT mice analyzed by

FACS. Representative of n = 10. Initial gating on CD4+ cells is performed.

(B) Percentages of CD4+ T cells that are PD-1high CXCR5+PD-1high T cells in WT and plck-GAPDH spleens (means ± SD, n = 10; ***p < 0.001, Student’s t test).

(C) CD4+ T cell staining for CD62L and CD44 in plck-GAPDH tumors and WT spleens by FACS. Representative of n = 6.

(D) Expression of FAS receptor (CD95) and FAS ligand (CD178) on CD4+ T cells by FACS. Representative of n = 6.

(E) Intracellular staining of Ki67 in CD4+ splenocytes by FACS. Representative of n = 3.

(F) Intracellular marking of IFNg, IL-10, and TNFa in CD4+ splenocytes upon PMA/ionomycin stimulation in WT and plck-GAPDH mice. Representative of n = 4.

(G) Expression of the different TCR-b chains on WT (WT 1, WT 2) and plck-GAPDH (GAPDH 1, 2, 3) CD4+ T cells analyzed by FACS.

(H) Detection of different TCR-g chains by PCR in CD4+ splenic cells isolated from WT (lanes 1–3) or plck-GAPDH lymphoma-bearing mice (lanes 4–8).
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Figure 4. Germinal Center B Cells Are Strongly Increased in plck-GAPDH Tumors

(A) GC B cells identified by FACS using staining for FAS (CD95) and GL-7 gated on CD19+B220+ B cells. Representative of n = 10.

(B) Percentage of GCB cells onCD19+B220+ cells inWT and plck-GAPDH spleens andMES LN (mean± SD; spleen, n = 38; LN, n = 20; ***p < 0.001, Student’s t test).

(legend continued on next page)
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Whole-exome sequencing revealed additional mutations in

the plck-GAPDH lymphoma CD4+ cells (Tables S3–S6). Of

note, however, many of the identified mutations in epigenetic

modifiers and TCR signaling genes that were also mutated in

hAITL were intronic or intergenic in our mPTCL and likely would

not lead to loss of function (Tables S3 and S4).

The above data support our suggestion that mPTCL resem-

bles in great detail hAITL, indicating that the plck-GAPDHmouse

model represents a valid model for this lymphoma.

Plck-GAPDH Develop an AITL-like PTCL via a
GAPDH-Dependent Activation of the NF-kB Pathway
Constitutive activation of NF-kB signaling has been observed in

various tumors including lymphomas and leukemia (Imbert and

Peyron, 2017), and we have shown that GAPDH enhances B

cell lymphoma aggressiveness via activation of NF-kB (Chiche

et al., 2015). Moreover, our GEP data showed that many

NF-kB targets are upregulated in our plck-GAPDH tumors

such as IFNg, ICOS, IL-6, CCL5, CCL2, CCL4, CXCL9,

CXCL10, CXCL11, immunoglobulin G heavy chains, CD40,

CD44, ICAM-1, and IRF4. We confirmed an upregulation of

the NF-kB canonical pathway target genes in thymocytes from

4-week-old plck-GAPDH mice (Figure S6A). Activation of the

canonical pathway was established by phosphorylation of p65

(Figure S6B) and the binding of TRAF2 to GAPDH (Figure S6C).

GSEA for an NF-kB gene signature (Gerondakis et al., 2014)

showed upregulation of the NF-kB canonical and non-canonical

pathway as well as of their target genes in the plck-GAPDH

mPTCL compared with WT splenocytes (Figures 7A and 7B),

which was confirmed by qPCR analysis of isolated CD4+-cells

from mPTCL (Figures 7C and 7D). Activation of the non-canoni-

cal pathway was confirmed by increased phosphorylation of

p100 and its cleavage into p52 in CD4+ mPTCL cells as

compared with WT splenocytes (Figure S6D).

We also detected in hAITL a slight upregulation of the canon-

ical NF-kB pathway (Figure 7E) and a strong activation of the

non-canonical NF-kB pathway (Figure 7F) characterized by

increased RelB expression and strong upregulation of the non-

canonical target genes EZH2 and IRF4, while other non-canoni-

cal targets, SP-1 and ENPP2, were not or slightly upregulated,

equivalent to the mPTCL (Figures 7E and 7F).

Finally, to establish whether the modulation of NF-kB pathway

is a central event in mPTCL induction, we aged plck-p65�/�

mice, unable to activate the canonical NF-kB pathway in

T cells, and plck-IkB�/� mice, characterized by a constitutive

activation of the NF-kB pathway in the T cell compartment. At

18 months, the plck-IkB�/� mice developed a Tfh T cell lym-

phoma with CXCR5+PD-1+CD4+ T cells and CD95+GL-7+ GC

B cells, an increased CD4+/CD8+ T cell ratio, and higher GAPDH,

IL-21, CXCL13, and Bcl-6 expression levels (Figures 7G and 7H).

Upregulation of the non-canonical NF-kB pathway was also de-

tected in CD4+ cells from the plck-IkB�/� mPTCL (Figure S6E).

All these features are identical to mPTCL developed by plck-

GAPDH mice. Additionally, CD4+ splenocytes from 1-year-old

premalignant plck-GAPDH mice had upregulated the canonical

NF-kB pathway and initiated the upregulation of the non-canon-

ical pathway (Figure S6F). To further confirm the role of GAPDH

in NF-kB activation, we generated plck-GAPDH/p65�/�, in which

the canonical NF-kB pathway is inactivated. Since the develop-

ment of plck-GAPDH tumors can take over 2 years, we isolated

splenic CD4+ cells from age-matched WT, plck-GAPDH, plck-

p65�/�, and plck-GAPDH/p65�/� mice and cultured them under

Tfh-inducing conditions. Only the plck-GAPDH-derived CD4+

cells expressed Tfh markers at 3 weeks of culture (Figure S6G),

accompanied by upregulation of the canonical and non-canoni-

cal NF-kB pathway (Figure S6H), while plck-GAPDH/p65�/�

CD4+ T cells were equivalent to WT. This underlined the impor-

tance of induction of the NF-kB pathway by GAPDH in acceler-

ated Tfh development.

Finally, we evaluated whether GAPDH is still required for

mPTCL growth once established. Ten NSGmice were engrafted

with plck-GAPDH lymphoma and were treated upon tumor

establishment with a GAPDH-specific inhibitor, koningic acid

(KA), or vehicle (Figure S6I). No difference in survival of the two

groups of mice was detected (Figure S6J). Despite a reduction

in GAPDH activity in the KA-treated mice (Figure S6K),

both groups developed splenomegaly (Figure S6L), and the

KA-treated group did not show a change in B, T, or Tfh

CD4+PD-1high cells nor in NF-kB activity (Figures S6M–S6P).

This suggests that while GAPDH can drive mPTCL development,

it is not required to maintain mPTCL tumor growth once it is

established.

This indicates that GAPDH-induced constitutive activation of

the NF-kB pathway in T cells results in a dominant Tfh PTCL

equivalent to AITL, underlined by a shift toward the NF-kB

non-canonical pathway in the tumor cells.

Plck-GAPDH Mice Developing AITL Respond to Non-
canonical NF-kB Inhibition and Anti-PD-1 Treatment
Activation of the non-canonical pathway depends on the activa-

tion of the NF-kB-inducing kinase (NIK) and IKKa phosphoryla-

tion (Xiao et al., 2001). We confirmed a 9-fold and 3-fold

increased NIK expression in the mPTCL CD4+ T cells and

CD19+ GC B cells compared with WT counterparts, respectively

(Figure 8A), suggesting that NIK could represent a therapeutic

target in AITL. PD-1 and its ligand PD-L1, which play a central

role in downmodulation of anti-tumor immunity (Topalian et al.,

2016), might also represent AITL therapeutic targets. High

PD-1 expression was characteristic for CD4+ Tfh cells in our

plck-GAPDH AITL-like tumors (Figures 3A and 3B). Therefore,

(C) Representative FACS plot showing the expression levels (MFI) of FAS (CD95+) and FAS ligand (CD178+) in WT versus plck-GAPDH B cells (CD19+B220+).

Representative of n = 5.

(D) FACS histogram showing the quantity of plasmocytes (CD19-B220 low, CD138+) per total nucleated cells in the spleen.

(E) Summary of the percentage of plasma B cells from (D) (mean ± SD, n = 22; **p < 0.01, Student’s t test).

(F and G) Total splenocytes from tumor-bearing plck-GAPDH mice were transferred to NSG mice, which were sacrificed 6–8 weeks post injection. PD-1+ CD4+

T cells and GC B cells (CD95+GL-7+) in donor plck-GAPDH mice and in NSG mice after engraftment were analyzed by FACS (F), and the percentages of CD4+

T cells that were PD-1+ and B cells that were CD95+GL-7+ were quantified for three independent tumors (G).

See also Figure S2.
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Figure 5. Plck-GAPDH mPTCL Transcriptional Profile Corresponds to that of AITL Patients

(A) mRNA expression (log2) of Tfh signature genes based on gene-expression analysis (GEA) of RNA-sequencing (RNA-seq) data in total splenocytes of

lymphoma developing plck-GAPDH relative to WT splenocytes.

(legend continued on next page)
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we opted to investigate treatments with an NIK inhibitor alone or

in combination with anti-PD-1 in our AITL model.

Due to a lack of specific NIK inhibitors, we developed NIKinh, a

substituted halo-quinoline derivative characterized by potent

anti-NIK activity (patent PCT/EP2017/067306; Figure S7A).

NIKinh was able to inhibit NIK’s ability to phosphorylate a sub-

strate protein in vitro in an ATP-dependent manner (ADP-Glo

assay; Figure S7A), demonstrating inhibition of NIK ATPase ac-

tivity. Using a biotinylated version of the drug (NIKinh-biotin)

compared with biotin alone or mock conjugated biotin (phenyl-

biotin and aminoquinolinyl-biotin), we confirmed that NIKinh-

biotin was able to affinity precipitate NIK (Figure S7B). Increasing

the ratio of free NIKinh and NIKinh-biotin (1:1 and 10:1) reduced

the amount of NIK precipitated (Figure S7B), which indicates

that the observed interaction between the NIKinh and NIK is spe-

cific. NIKinh also reduced EZH2 expression, a downstream

target of NIK, in a dose-dependent manner in a melanoma cell

line characterized by upregulation of non-canonical pathway

(A375), and concomitantly increased the expression of

CDKN1A/p21 (Figure S7C). Additionally, we showed that this

NIKinh decreased cleavage of p100 into p52, and EZH2 at the

protein level in A375 cells, lung cancer cells (A549), and freshly

isolated patient melanoma cells (C12.06) (Figure S7D). We then

compared the effects of our NIKinh with those of NF-kB2-siRNA

on the proliferation of the A375, C12.06, and A549 cancer cells.

The treatments had similar inhibitory effects on the proliferation

of the cancer cells and no effect on normal human melanocytes

or fibroblasts (Figure S7E), emphasizing that the inhibitor is spe-

cific for cancer cells that have the non-canonical NF-kB pathway

upregulated. Moreover, we have also confirmed these data in

three different diffuse large B cell lymphoma cell lines (U2932,

Karpas 422, and SUDHL-6; Figure S7F).

We next evaluated treatment with this NIKinh alone or in com-

bination with an anti-PD-1 in vivo in our AITL transplant model.

Both NIKinh single treatment and combined with anti-PD-1 re-

sulted in significantly increased survival of up to 60% and 70%

of the plck-GAPDH tumor-engrafted mice, respectively,

compared with control-treated mice (Figure 8B). At sacrifice,

we detected a significant decrease in spleen size for the single-

and double-treated mice compared with controls (Figure S8A).

For both treatment conditions, we confirmed a decrease in B

cells in the spleen while a reduction in T cells was more promi-

nent for the NIKinh single treatment alone than in the combination

treatment group (Figures 8C and 8D). CD4+ T cells were depleted

completely for the Tfh PD-1high population in the combination

treatment group, while a residual subpopulation of PD-1highCD4+

cells was detected in mice treated with NIKinh only (Figure 8E).

The CD4+ clonality for TCR-b7 detected in the initial tumor was

not detected as dominant in the NIKinh + anti-PD-1-treated

mice, but TCR-b7 dominance was still present in residual CD4+

cells for the single NIKinh treatment (Figure S8B). Additionally,

expression of non-canonical NF-kB pathway components and

targets was reduced in residual CD4+ T cells following combined

NIKinh and anti-PD-1 treatment, demonstrating the efficacy of

NIKinh to inhibit the non-canonical NF-kB pathway in vivo (Fig-

ure S8C). In the double-treated group, anti-PD-1-mediated in-

duction of immune response was confirmed by increased pro-

duction of IFNg, granzyme B, and perforin by cytotoxic CD8+

cells, while the NIKinh alone was capable of increasing IFNg

release but not granzyme B and perforin (Figure 8F). Of note,

PD-1 was highly expressed in CD4+ but not CD8+ T cells in the

primary mPTCL, while CD4 Tfh, CD8 T cells, and GC B cells ex-

pressed PD-L1 at high levels (Figure S8D), suggesting that anti-

PD-1 treatmentmay not only disrupt T-T cell interactions but also

T-B cell interactions, known as drivers of T and B cell prolifera-

tion in PTCL. Therefore, we evaluated anti-PD-1 treatment alone.

Anti-PD-1-treated plck-GAPDH mPTCL-engrafted mice had

significantly increased survival compared with control-treated

animals, and twomice survived long term upon continuous treat-

ment (Figure S8E). A strong depletion of CD4+ T cells was de-

tected in the spleen (Figure S8F), while CD8+ cells were unaf-

fected (data not shown), resulting in a reduced CD4+/CD8+

ratio (Figure S8G). In contrast, anti-PD-1 treatment increased

the percentage of B cells in the spleen but decreased the per-

centage of GC B cells compared with control treatment (Figures

S8H and S8I). As detected for the combination treatment

(NIKinh + anti-PD-1), anti-PD-1 treatment stimulated an immune

response, confirmed by increased production of IFNg,

granzyme B, and perforin by cytotoxic CD8+ T cells (Figure S8J).

To further emphasize the relevance of NIK inhibition in hAITL,

we isolated CD4+ T cells from human AITL tumor samples. As

detected in our mAITL tumors, the hAITL CD4+ T cells showed

a Tfh phenotype (PD-1high, ICOS+, CXCR5+) and B cells demon-

strated a GC B cell (GL7+) phenotype (data not shown). Both cell

types showed strong upregulation of NIK (up to 8-fold) in most

cases compared with their healthy counterparts (Figures 8G

and 8H). We clearly demonstrated that NIKinh treatment ex vivo

reduced the growth of CD4+ Tfh cells from hAITL biopsies

(B) GSEA for 18 Tfh-related genes indicated in (A). For all genes with enrichment score >0 (black bars in the pink zone), expression is upregulated. Kolmogorov-

Smirnov (KS) test.

(C) mRNA expression levels by qPCR analysis of CXCL13, IL-21, Bcl-6, and BLIMP in CD4+ T splenocytes isolated from plck-GAPDH mPTLC and WT mice.

Expression for WT was set to 1 (mean ± SD, n = 3; *p < 0.05, **p < 0.01, Student’s t test).

(D) mRNA expression levels (log2) of GC/plasma B cell signature genes based on the GEA of RNA-seq data in plck-GAPDH relative to WT splenocytes.

(E) GSEA for GC/plasma B cell related genes presented in (D). For all genes with enrichment score >0 (black bars in the pink zone) expression is upregulated.

KS test.

(F) mRNA expression level (RNA-seq data) of GAPDH (log2) in CD4+ T splenocytes isolated from plck-GAPDH mPTLC compared with WT splenocytes (box plots

represent the 25th and 75th percentiles with midlines indicating the median values; whiskers extend to the maximum and minimum values of the data samples)

(**p < 0.01, Student’s t test), and GAPDH intracellular staining in CD4+ mPTCL and healthy splenocytes analyzed by FACS.

(G) mRNA expression levels (RNA-seq data) of GAPDH in LN from AITL and healthy donors (box plots represent the 25th and 75th percentiles with midlines

indicating the median values; whiskers extend to the maximum and minimum values of the data samples; ***p < 0.001, Student’s t test).

(H) Metabolic pathway analysis from RNA-seq data of the plck-GAPDH lymphoma versus WT splenocytes was performed using the KEGG database. *p < 0.05;

ns, not significant.

See also Figures S3 and S4; Tables S1 and S2.

Cancer Cell 36, 1–20, September 16, 2019 11

Please cite this article in press as: Mondragón et al., GAPDH Overexpression in the T Cell Lineage Promotes Angioimmunoblastic T Cell Lymphoma
through an NF-kB-Dependent Mechanism, Cancer Cell (2019), https://doi.org/10.1016/j.ccell.2019.07.008



A

C

B

Figure 6. RHOA Mutations and Other Mutations Identified in plck-GAPDH Tfh mPTCL

(A) Sanger sequencing of isolated mPTCL lymphoma CD4+ cells identified a RHOA single bp mutation (T37M) and INDEL (frameshift insertion) mutation. The

T37M mutation was detected in 15 out of 15 different plck-GAPDH mice and the INDEL in 4 out of 15 plck-GAPDH mice.

(B) Active RHOA (Rho-GTP) was compared using a GST-rhotekin RBD pull-down assay using lysates of HEK293T transfected with WT and different RHOA-

inactivating mutants (T37M, T37A, T19N) or an RHOA-activating mutant (Q36L).

(C) RHOA mutations in patients according to published data for AITL (Vallois et al., 2016), PTCL (Palomero et al., 2014), adult T cell leukemia/lymphoma (ATL

[Nagata et al., 2016]), follicular lymphoma (Zehir et al., 2017), Burkitt lymphoma (Rohde et al., 2014) and gastric carcinoma (Kakiuchi et al., 2014). Each symbol

represents a patient for the indicated mutation and the number of symbols represent the frequency of that mutation found per total number of patients (n) analyzed.

See also Figure S5 and Tables S3–S6.
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Figure 7. Plck-GAPDH AITL Tumors Show a Strong Activation of the Non-canonical NF-kB Pathway in Tfh Cells

(A) Heatmap for GEA data of canonical (blue) and non-canonical (green) NF-kB pathway and target genes comparing total splenocytes from WT and lymphoma

cells from plck-GAPDH mice.

(legend continued on next page)

Cancer Cell 36, 1–20, September 16, 2019 13

Please cite this article in press as: Mondragón et al., GAPDH Overexpression in the T Cell Lineage Promotes Angioimmunoblastic T Cell Lymphoma
through an NF-kB-Dependent Mechanism, Cancer Cell (2019), https://doi.org/10.1016/j.ccell.2019.07.008



upon TCR stimulation, whereas healthy CD4+ T cells remained

unaffected (Figure 8I). The response of each donor sample corre-

lated with the level of NIK expression over healthy CD4+ T cells

detected, as the hAITL sample expressing low levels of NIK

was not affected by the inhibitor (AITL-1 in Figures 8G and 8I).

Moreover, the GC B cells in the hAITL samples showed

decreased growth upon NIKinh treatment, in agreement with their

increased NIK expression (Figures 8H and 8J).

These results support the proposal that drugs targeting the

non-canonical NF-kB pathway represent a potential treatment

option for AITL.

DISCUSSION

By overexpressing GAPDH into the T cell lineage, we established

here a preclinical plck-GAPDH mouse model of hAITL, a rare

T cell lymphoma. AITL is highly resistant to conventional chemo-

therapy, and prognosis is usually poor with a survival rate of only

30% at 5 years (de Leval et al., 2010; Federico et al., 2013). AITL

pathology develops at a later age and is characterized by

splenomegaly, hepatomegaly, and enlarged LNs. Moreover, a

large number of patients develop a rash and ascites in the

abdomen (de Leval et al., 2010). All these features were detected

in our mPTCL. Clonal Tfh cell tumor infiltration is one of the hall-

marks of hAITL, and Tfh are possibly at the origin of this disease

(Crotty, 2014; de Leval et al., 2007; Dupuis et al., 2006; Grogg

et al., 2006). However, this T cell component represents only a

fraction of the tumor mass and is always accompanied by GC

B and/or plasma B cells and FDCs (Gaulard and de Leval,

2014;Mourad et al., 2008). Thus, hAITL is a complexmalignancy,

in which the tumor microenvironment is a key element. Tfh cells

associate with B cells in the GC, where they sustain GC B cell

survival and T-B cell connection through ligand-receptor interac-

tions (PD-1-PD-L1, ICOS-ICOSL, FAS-FASL). Remarkably, a

cytokine-chemokine secretion pattern was revealed in hAITL

(Heissmeyer and Vogel, 2013; Stone et al., 2015; Weber et al.,

2015a) and confirmed in our mPTCL. Moreover, our mPTCL

manifests autoimmunity-like symptoms consistent with hAITL

(de Leval et al., 2007). Most strikingly, GAPDH was increased

in AITL patient LNs, stressing the equivalence of our model

with AITL. How GAPDH is modulated in such a lymphoma still

needs to be unraveled. GAPDH overexpression strongly induced

the canonical NF-kB pathway in the plck-GAPDH thymocytes.

This might lead to aberrant T cell development, since NF-kB is

implicated in thymocyte development (Gerondakis et al., 2014;

Xing et al., 2016). Moreover, constitutive canonical NF-kB acti-

vation creates an inflammatory context (Hoesel and Schmid,

2013), which might be prosperous for induction of genetic

mutations.

In 50%–70% of AITL patients, the Ras homolog gene family

member A (RHOA) bears a G17V mutation (Palomero et al.,

2014; Sakata-Yanagimoto et al., 2014). This results in the loss

of function of the RHOA GTPase and is often associated with

TET2 loss-of-function mutations in hAITL (Palomero et al.,

2014; Yoo et al., 2014). Genetic mouse models have been pro-

posed to mimic hAITL, such as the TET2-KD mouse (Muto

et al., 2014) and the SJL mouse driving T cell lymphoma due to

elevated IL-21 levels (Jain et al., 2015). However, both of the

models only recapitulate part of hAITL. Recently, two double

TET2�/� RHOAG17V mouse models were generated, recapitu-

lating AITL disease more closely (Cortes et al., 2018; Ng et al.,

2018). Strikingly, we also revealedRHOAmutations in ourmurine

plck-GAPDH AITL disease model.

The connection between GAPDH overexpression and NF-kB

activation was revealed previously by us (Chiche et al., 2015).

NF-kB deregulation is found in many hematological malig-

nancies (Imbert and Peyron, 2017) and other cancers (De Dona-

tis et al., 2016; Fradet et al., 2004; Karin et al., 2002; Madonna

et al., 2012). Importantly, increased NF-kB activationmay induce

tumor immune escape and chemotherapy resistance (Burstein

and Duckett, 2003; Fujioka et al., 2012). Therefore, NF-kB is

currently considered an ideal target for cancer therapy, and

various NF-kB inhibitors targeting different pathway compo-

nents are under development (Shen and Tergaonkar, 2009).

The constitutive canonical NF-kB activation might have

contributed to the activation of the non-canonical pathway in

premalignant and malignant plck-GAPDH T cells. This was pre-

viously described in LN formation, underlining the interdepen-

dency of these two NF-kB pathways (Alcamo et al., 2002; Lo

et al., 2006; Shih et al., 2011). Genetically manipulating the

NF-kB pathway in mice showed the interdependence of the

canonical and non-canonical pathways and the importance of

the initial induction of the canonical NF-kB pathway by GAPDH

followed by the non-canonical pathway in accelerated Tfh

development.

EZH2 is increasingly expressed during the progression of he-

matopoietic and solid cancers (Bachmann et al., 2006; Chen

et al., 2018; Karakashev et al., 2018; Patnaik et al., 2018; Sudo

et al., 2005), and overexpression of mutant EZH2 has been

recognized in a wide selection of B and T cell lymphoproliferative

disorders (Morin et al., 2010; Raaphorst et al., 2000; Sasaki et al.,

2011; Sneeringer et al., 2010; Visser et al., 2001). Therefore,

considerable effort has been directed toward development of

EZH2 inhibitors, but current specific EZH2 inhibitors can

(B) GSEA for the NF-kB related genes in (A). For all genes with enrichment score >0 (black bars in the pink zone), expression is upregulated. KS test.

(C and D) mRNA expression levels in CD4+ T cells of plck-GAPDH versus WT mice for the canonical pathway genes (NF-kB1, RelA) and target genes

(NF-kBia, E2F1, GADD45) (C) and non-canonical pathway genes (NF-kB2, RelB) and target genes (EZH2, SP-1, IRF4, ENPP2) (D) (mean ± SD, n = 3; *p < 0.05,

**p < 0.01, ***p < 0.001, Student’s t test).

(E and F) Heatmaps of transcriptomic data comparing healthy (n = 8) and hAITL (n = 52) LNs for their NF-kB canonical pathway genes (NF-kB1, RelA) and target

genes (NF-kBia, E2F1, GADD45) (E) and non-canonical pathway genes (NF-kB2, RelB) and target genes (EZH2, SP-1, IRF4, ENPP2) (F) (healthy, n = 8;

AITL, n = 60).

(G) plck-IkB�/�, plck-p65�/�, andWTmicewere sacrificed at 18months and splenocytes were analyzed by FACS for Tfhmarkers (PD-1+CXCR5+ gated onCD4+),

GC B markers (CD95+, GL-7+ gated on CD4+), CD4+/CD8+ ratio (gated on CD3+), and GAPDH expression.

(H) mRNA expression levels of Tfh signature genes by qPCR in CD4+ T splenocytes isolated from plck-IkB�/� or WT mice. Expression of WT was set to 1

(mean ± SD, n = 3; *p < 0.05, **p < 0.01, Student’s t test).

See also Figure S6.
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Figure 8. Combining NIK Inhibition and Anti-PD-1 Prolongs Survival of the AITL Mouse Model

(A) mRNA expression levels by qPCRof NIK in CD4+ T andCD19+ B cells from lymphomadeveloping plck-GAPDHmice comparedwith cells fromWT spleens, set

to 1 (mean ± SD, n = 3; **p < 0.01, ***p < 0.001, Student’s t test).

(legend continued on next page)
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result in either pro-oncogenic or tumor-suppressive effects

(Lund et al., 2014). EZH2 inhibitors are catalytic inhibitors that

only act on the enzymatic activity of EZH2. By acting on NIK,

we can decrease EZH2 at the transcriptional level. Thus, NIK in-

hibitors would inhibit the catalytic and non-catalytic effect of

EZH2. Indeed, EZH2 inhibits IFNg production at the transcrip-

tional level (Wee et al., 2014), which is essential for the anti-

PD-1 response. Moreover, the non-canonical pathway has

pro-oncogenic effects by itself, and targeting NIK will decrease

EZH2 but also the non-canonical NF-kB pathway.

We demonstrated that the non-canonical pathway is highly

activated in hAITL, equivalent to ourmAITLmodel. Of note, ama-

jor component in our murine and human AITL are GC B cells,

which also have the non-canonical NF-kBpathway constitutively

activated (Gardam et al., 2008; Sun, 2017; Xie et al., 2007). Of

importance, NIK is required for maintaining high expression of

ICOSL on B cells, important for Tfh generation (Hu et al.,

2011). We confirmed overexpression of NIK in hAITL Tfh cells

and GC B cells compared with their healthy counterparts, and

the NIKinh strongly increased survival of our mAITL preclinical

model. Altogether, this argues strongly for interference with the

non-canonical NF-kB pathway as a treatment for AITL-like

disease.

PD-1 is a checkpoint receptor that upon engagement by

PD-L1 dampens T cell effector functions and protects cancer

cells from immune-mediated attack (Kleffel et al., 2015; Topalian

et al., 2012). Thus, antibodies targeting the interaction between

PD-1 and PD-L1 have been developed and are currently used

clinically in treating cancer patients (Postow et al., 2015; Topa-

lian et al., 2016; Weber et al., 2015b). Anti-PD-1 treatment led

to a decrease in CD4+ T cells in engrafted plck-GAPDH tumors

and boosted CD8+ T cell activity. As for melanoma, the Tfh can-

cer cells might also be directly targeted by anti-PD-1 by a cell-

intrinsic mechanism (Kleffel et al., 2015).

Treatment with NIKinh induced IFNg secretion, which might

augment the response to the anti-PD-1 immunotherapy (Fu

et al., 2014; Guo et al., 2015). Moreover, IFNg derived from cyto-

toxic lymphocytes enhances their motility and cytotoxicity (Bhat

et al., 2017). However, combining NIKinh with anti-PD-1 treat-

ment did not further increase survival compared with NIKinh

alone. The double treatment did result in CD4+ T cells, which

were devoid of PD-1 expression, in contrast to the residual

CD4+ T cell upon NIKinh alone, which still expressed PD-1.

Importantly, NIKinh treatment inhibited growth of hAITL CD4+

Tfh and GC B cells ex vivo, further emphasizing the role of the

non-canonical NF-kB pathway in hAITL and the relevance of

NIK inhibition for this disease that is in need of better optimized

therapies.

In summary, we have established that plck-GAPDH mice

develop AITL, recapitulating the pathology, the transcriptional

profile and genetic and immune-phenotypic features of hAITL.

This mAITL model will help to unravel the possible origin of the

disease and pathways implicated and will permit us to test ther-

apeutic options. Here, we provide evidence for the potential util-

ity of immunotherapies and small-molecule inhibitors of NIK, and

combinations thereof, for treating AITL.
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(B) Splenic lymphoma cells from plck-GAPDH mice were injected intravenously into recipient NSG mice (n = 18), which were treated with vehicle (n = 5), an NIK

inhibitor (NIKinh; n = 6), and NIKinh + anti-PD-1 (n = 7). Survival curves for mice are shown. Mice were sacrificed at 90 days post transplant (**p < 0.01, *p < 0.05,

Mantel-Cox test).

(C) Percentage of B cells (CD19+) and T cells (CD3+) in the spleen per total mononuclear cells for the indicated treatment groups at sacrifice (mean ± SD, n = 4;

***p < 0.001, **p < 0.01, *p < 0.05, one-way ANOVA).

(D and E) Ratio of CD4+/CD8+ T cells (D) and percentage of PD-1high CD4+ T cells (E) in the spleen for the indicated treatment groups at sacrifice (mean ± SD, n = 4;

***p < 0.001, **p < 0.01, one-way ANOVA).

(F) Splenocytes isolated from NIKinh-, NIKinh + anti-PD-1-, and control-treated NSG mice at sacrifice were activated for 5 h with PMA/ionomycin, then surface-

stained for CD8 followed by intracellular staining for IFNg, perforin, and granzyme B (mean ± SD, n = 3; *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA).

(G and H) Fold-changemRNA expression levels by qPCR analysis of NIK in human CD4+ T cells (G) andGCB cells (H) isolated from LN biopsies from five different

AITL patients and in healthy human counterparts, for which expression level was set to 1 (mean ± SD, analysis was performed in triplicate for each AITL sample).

(I and J) Effect of NIKinh (10 mM, 48 h) on the cell number of CD4+ T cells (I) and GC B cells (J) of LN biopsies from five different AITL patients upon TCR stimulation

compared with TCR-stimulated healthy CD4+ human T cells and healthy B cells. Cell numbers are normalized to the corresponding DMSO-treated control cells.

See also Figures S7 and S8.
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CD95 VB (Jo2) BD Pharmingen Cat# 562633 ; AB_2737690

CD178 PE (MFL3) Miltenyi Cat# 130-102-590 ; AB_2655652

INF G APC (XMG1.2) BD Pharmingen Cat# 554413 ; AB_398551

IL10 PE (JES5-16E3) eBiosciences Cat# 12-7101-81 ; AB_466175

Perforin PE (eBioOMAK-D) eBiosciences Cat# 12-9392-82 ; AB_466243

IL-4 APC (11B11 Ruo) BD Pharmingen Cat# 554436 ; AB_398556

IL-17 PE (TC11-18H10) BD Pharmingen Cat# 559502 ; AB_397256

Granzyme B PEcy7 (NGZB) eBiosciences Cat# 25-8898-82 ; AB_10853339

TNFa FITC (MP6-XT22) BD Pharmingen Cat# 557719 ; AB_396828

F4/80 VB (BM8) eBiosciences Cat# 48-4801-82 ; AB_1548747

CD11c PE (HL3) BD Pharmingen Cat# 560521 ; AB_1727423

GL-7 APC (GL7) BD Pharmingen Cat# 561529 ; AB_10716056

CD138 APC (REA104) Miltenyi Cat# 130-102-528 ; AB_2655022

PD-L1 PEcy7 (MIH5) eBioscience Cat# 25-5982-80 ; AB_2573508

ICOS-VB (CD278; REA192)) Miltenyi Cat# 130-100-639 ; AB_2656917

ICOSL APC (CD275; HK5.3) Miltenyi Cat# 130-102-944 ; AB_2656899

CD19 FITC (6D5) Miltenyi Cat# 130-102-494 ; AB_2661108

Ter119 FITC (TER-119) Miltenyi, Cat# 130-102-257 ; AB_2660080

NK1.1 FITC (PK 136) BD Pharmingen Cat# 553164 ; AB_394676

CD49b FITC (DX5) BD Pharmingen Cat# 553857 ; AB_395093

Ly6C FITC (RB6-8C5) BD Pharmingen Cat# 553127 ; AB_394643

CD11c FITC (HL3) BD Pharmingen Cat# 553801 ; AB_395060

CD4 FITC (clone MT466) Miltenyi Cat#130-113-815 ; AB_2726332

CD19 FITC (clone LT19) Miltenyi Cat#130-113-165 ; AB_2725993

CD122 FITC (5H4) BD Pharmingen Cat# 554452 ; AB_395401

Anti- Lck pY505 APC Miltenyi Cat# 130-110-285 ; AB_2652607

Anti-ZAP70 (PY319)/Syk (PY352) BD Biosciences Cat# 557817 ; AB_396884

Anti-Erk1/2; Thr202/Tyr204 Cell signaling Cat# 4370 ; AB_2315112

CD69 APC-efluor 780 eBioscience Cat# 47-0691-82 ; AB_2573966

CD25-FITC Miltenyi Cat# 130-104-275 ; AB_2660257

Rabbit anti-murine IFNg Peprotech Cat# 500-P119 ; AB_147751

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Rabbit anti-murine IL-4 Peprotech Cat# 500-P54 ; AB_147969

Mouse anti-TGFBeta (1,2,3) 51D11) R&D Systems Cat# MAB1835 ; AB_357931

Mouse Vb TCR screening panel (FITC) BD Biosciences Cat# 557004 ; AB_647180

Rabbit mAb Hsp90 (C45G5) Cell signaling Cat# 4877S ; AB_2233307

Rabbit mAb p NF-kappa B2 p100 (S866) Cell signaling Cat# 4810S ; AB_659925

Rabbit mAb p-IKKalpha (S176)/IKKbeta (S177) Cell Signaling Cat# 2078S ; AB_2079379

Rabbit mAb anti-GAPDH Abcam Cat# ab9485 ; AB_307275

Mouse mAb NF-kB1 Santa Cruz Cat# sc-166588X ; AB_2236119

Rabbit mAb PD-1 (PMP1-14) BioXcell Cat# BE-0146 ; AB_10949053

Mouse mAb V5tag Invitrogen Cat# R96025 ; AB_159313

Rabbit Polyclonal anti-GAPDH Abcam Cat# Ab9485 ; AB_307275

Anti CD3 (2GV6) Rabbit monoclonal primary antibody Roche Cat# 7904341 ; AB_2335978

Rat Anti-mouse CD45R monoclonal antibody

(RA3-6B2)

BioRad Cat# MCA1258GT ; AB_1102070

Ki67 Monoclonal Antibody (SP6) Thermofisher Scientific Cat# MA5-14520 ; AB_10979488

Mouse Monoclonal Anti-Bcl-6 Santa Cruz Cat# sc-7388 ; AB_2063455

Rabbit Polyclonal Anti CD35 Biorbyt Cat# orb13316 ; AB_10767957

Anti-CD31 (PECAM) BD biosciences Cat# 553373 ; AB_394819

Anti-NF-kB2 Santa Cruz Cat# sc-7386x ; AB_2267131

Rabbit polyclonal anti-p65 Santa Cruz Cat# sc-8008x ; AB_628017

Anti- RelB Santa Cruz Cat# sc-166416x ; AB_2179178

Rabbit mAb anti-pNF-kappaB p65 (S536) Santa Cruz Cat# sc-372 ; AB_632037

Rabbit polyclonal anti NF-kappaB p52 Santa Cruz Cat# sc-298 ; AB_2151277

Rabbit polyclonal anti-TRAF2 Santa Cruz Cat# sc-7187 ; AB_793340

Anti-human NF-kB2 p100/p52 Cell Signaling Cat# 4882 ; AB_10695537

Anti-human EZH2 (D2C9) XP Cell Signaling Cat# 5246 ; AB_10694683

Anti-human RelB (C1E4) Cell Signaling Cat# 4922 ; AB_2179173

Anti-human NIK Cell Signaling Cat# 4994 ; AB_2297422

Mouse mAb anti-rabbit IgG Conformational

specific coupled to HRP

Cell signaling Cat# 5127; AB_10892860

Hamster anti-mouse CD3e (NA/LE) BD Pharmingen Cat# 553057 ; AB_394590

Hamster anti-mouse CD28 (NA/LE) BD Pharmingen Cat# 553294 ; AB_394763

Biological Samples

AITL patient biopsies This manuscript

Tumorotek

Necker –Enfants

Malades Hospital

(Paris, France)

N/A

Patient Melanocytes This manuscript N/A

Chemicals, Peptides, and Recombinant Proteins

NIK-inh PCT/EP2017/067306 This manuscript

RPMI medium 1640 Life Technologies Cat# 61870044

Fetal Bovine Serum Life Technologies Cat# 10270-106

Glucose Sigma Cat# G6152

L-glutamine ThermoFischer Cat# 25030081

Sodium pyruvate ThermoFischer Cat# 11360088

Cell Tack Fisher Scientific 10317081

PMA (phorbol 12-myristate-13-acetate) Sigma Cat# P8139

Ionomycin Sigma Cat# I0634

Golgi-Plug protein Transport inhibitor BD Biosciences Cat# 555029

(Continued on next page)

e2 Cancer Cell 36, 1–20.e1–e10, September 16, 2019

Please cite this article in press as: Mondragón et al., GAPDH Overexpression in the T Cell Lineage Promotes Angioimmunoblastic T Cell Lymphoma
through an NF-kB-Dependent Mechanism, Cancer Cell (2019), https://doi.org/10.1016/j.ccell.2019.07.008



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligomycin Sigma Cat# O4876

Koningic acid Clinisciences Cat# AG-CN2-0118

B-Nicotinamide adenine dinucleotide hydrate (NAD) Sigma Cat# N1636

Sodium arsenate Sigma Cat# A6756

D-glyceraldehyde-3-phosphate Sigma Cat# G5376

Sodium pyrophosphate tetrabasic decahydrate

Na4P2O7

Sigma Cat# S9515

CFSE BD Biosciences Cat# 565082

2-desoxyglucose Toronto Research Chemicals Cat# D239000

Carbonyl cyanide 4-(trifluoromethoxy)

phenylhydrazone

FCCP

Santa Cruz Cat# sc-203578

Rotenone Sigma Cat# R8875

Antimycin A Sigma Cat# A8674

2-NBDG Fischer Scientific Cat# N13195

Recombinant Human IL2 Preprotech Cat# 200-02

Recombinant Mouse IL6 Peprotech Cat# 216-16

Recombinant Mouse IL21 Peprotech Cat# 210-21

Critical Commercial Assays

G-Sepharose 4B conjugate beads Life technologies Cat# 101242

Cytofix/Cytoperm kit BD Biosciences Cat# 554714

Flexi Tube Gene Solution siRNA-NF-kB2 Qiagen Cat# GS4791

Flexi Tube Gene Solution siRNA-NIK Qiagen Cat# GS9020

Negative control siRNA Qiagen Cat#SI03650325

ECL Detection kit GE Healthcare Cat# RNP2106

ADP-GloTM kinase assay Promega Cat# V6930

Anti-FITC microbeads kit Miltenyi Cat# 130-048-701

RNeasy mini kit Qiagen Cat# 74104

Omniscript RT kit Qiagen Cat# 205113

Nucleospin Tissue Kit Macherey Nagel Cat# 740901

Power Sybr� Green PCR Master Mix Thermofisher Scientific Cat# 4368577

Taqman Fast Universal PCR Master Mix Fisher Scientific Cat# 4366072

ELISA Mouse mAb Isotyping Kit Thermofisher Scientific Cat# 37503

PE Mouse Anti-Ki67 set BD Pharmingen Cat# 556027

Proteome Profiler Mouse Cytokine Array Kit, Panel A R&D systems Cat# ARY006

Milliplex MaP Kit 96-well plate assay Millipore Corporation-Merck Cat# MCYTOMAG-70K

Streptavidine Magnetic beads Roche Cat# 11 641 778 001

Pan T cell isolation kit Miltenyi Cat #130-096-535

T cell Transact beads, human Miltenyi Cat# 130-111-160

Deposited Data

RNAseq- sequencing data This manuscript GSE121748; yjmnaqagjnwxrcn

Whole exome sequencing data This manuscript GSE121748; yjmnaqagjnwxrcn;

PRJEB11861

Experimental Models: Cell Lines

A375 ATTC Cat# CRL-1619

C12.06 This manuscript N/A

A549 ATTC Cat# CCL-185

Karpas 422 ECACC 06101702

U-2932 DSMZ ACC 633

(Continued on next page)
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact,

Els Verhoeyen (els.verhoeyen@unice.fr).

The mouse lines generated in this study are available upon request.

There are restrictions to the availability of the NIK inhibitor compounds due to licensing by YUKIN therapeutics.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mice were bred and maintained under pathogen-free conditions at the local animal facility (C3M, INSERM U1065, Nice, France). All

experimental procedures were carried out in compliance with protocols approved by the local ethical and experimentation commit-

tee (SBEA, Nice, France, autorisation N� A06088014 and B0608820). At sacrifice, single cell suspensions were prepared from all the

hematopoietic organs (spleen, LNs, liver, blood and bone marrow) for further isolation and analysis.

Generation of plck-GAPDH Transgenic Mice

The cDNA of human GAPDH fused to the V5 tag in the plasmid pcDNA3 was amplified by PCR and inserted in a plasmid under the

control of the promoter of the kinase LCK (plck-hGH (Chaffin et al., 1990)) upon BamHI digestion. The plck-GAPDH-V5 cassette was

linearized from this plasmid and microinjected into the pronuclei of oocytes from C57BL/6J mice that were subsequently implanted

into gestating females (Service d’experimentation animale et de Transgénèse (SEAT), CNRS, Villejuif, France).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SU-DHL-6 DSMZ ACC 572

Experimental Models: Organisms/Strains

Mouse: plck-GAPDH+/- (C57BL/6) This manuscript N/A

Mouse: C57BL/6 ENVIGO France N/A

Mouse: plck-Cre (C57BL/6) Jackson labs 003802

Mouse: IkBflox/flox(C57BL/6) Rupec et al., 2005 N/A

Mouse: plck IkB-/-(C57BL/6) This manuscript N/A

Mouse: p65flox/flox Algul et al., 2007 N/A

Mouse: plck p65-/- This manuscript N/A

Mouse: NOD.Cg-Prkdcscid Il2rgtm1WjI/SzJ Jackson labs 005557

Oligonucleotides

Primers (See Table S7) This manuscript N/A

HIF Taqman gene expression assay Thermofisher Scientific Mm00468878_m1

LDH Taqman gene expression assay Thermofisher Scientific Mm00495282_g1

Recombinant DNA

Plck-hGH-GAPDH-V5 This manuscript N/A

Software and Algorithms

Flowjo 10.2 Flowjo https://www.flowjo.com/solutions/flowjo

Macsquantify Version 2.11 Miltenyi N/A

Multigauge software Fuji Film N/A

xPONENT sofware Luminex Corporation https://www.luminexcorp.com/xponent/

Prism 7 Graphpad https://www.graphpad.com/

scientificsoftware/prism/

Pannoramic Viewer 3DHistec https://www.3dhistech.com/pannoramic_viewer

KEGG data base N/A https://www.ncbi.nlm.nih.gov/pubmed/

10592173.

C5 data base N/A http://www.geneontology.org/page/

go-citation-policy

Other

Sanger sequencing Biofidal, France www.biofidal.com

Whole exome sequencing Novogene, China http://en.novogene.com
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Three transgenic founders (F35, F16, F07) were selected and were bred by serially backcrossing with C57BL/6JOlaHsd mice for

at least 12 generations before phenotypic analysis of the mice. C57BL/6J mice for breeding were obtained from ENVIGO

(Cannat, France).

Genotyping of the plck-GAPDH mice was performed on genomic DNA isolated from a tail biopsy using the following couples of

primers: S1 = 5’ GAGGGAACCCAGTCAGGAGC 3’ and 5’ TTGATTTTGGAGGGATCTCG 3’ and S2 = 5’ GTCAGTGGTGGACC

TGACCT 3’ and 5’ GCGCTTACCTGTAGCCATTGC 3’. These primers were used with standard IL-2 primers as controls.

Generation of plck-p65-/- and plck-IkB-/- Mice

Plck-p65-/- mice were generated by crossing plck-Cre transgenic mice (Jackson Institute (n�cat #003802) with p65flox/flox mice pro-

vided by R. Schmidt (Algul et al., 2007) in our animal facility. Genotyping was performed using following primers: p65loxRV:

5’GAGCGCATGCCTAGCACCAG 3’ and p65loxFW: 5’GTGCACTGCATGCGTGCAG 3’; LckCreRV: 5’ GCGGTCTGGCAGTAAAAA

CTATC 3’ and LckCreFW: 5’GTGAAACA GCATTGCTGTCACTT ‘

Plck-IkB-/- mice were generated by crossing plck-Cre transgenic mice with IkB flox/flox mice provided by R. Rupec (Rupec et al.,

2005). Genotyping was performed using following primers:

IkB-lox2-FW: GTG GAG TCA GAT GTA GCA CG; IkB-Lox-2-RV: AGA AAG GGA TAA GCC ATG GAG.

Tumor Transplantation into NOD/SCIDgc-/- (NSG) Mice

NOD/SCIDgc-/- mice (NSG) were obtained from the Jackson Laboratory (#005557) and housed in our local animal facility (C3M, Nice,

France).

Single cell suspensions from spleen or LNs of old (> 18 months) plck-GAPDH mice with splenomegaly were injected intrave-

nously (i.v.) into 6-8 week old NSG mice (1-2x107 splenocytes per mouse). Recipient mice were sacrificed for evaluation when

the mice became weak and/or splenomegaly could be detected (30 to 60 days after injection). The different hematopoietic or-

gans (liver, spleen, blood and bone marrow) were isolated and single cell suspensions were prepared for FACS analysis

(see below).

Anti-PD-1 Treatment

Two different plck-GAPDH tumors expressing high levels of PD-1 on the CD4+ T cells were injected into 10 NSG mice and the mice

were treated with anti-PD-1 antibody (clone PMP1-14, BioXcell (#BE-046); 125 mg in PBS/mouse) or an isotope control antibody daily

for the first 2 days post-tumor injection, then every other day.

Treatment with NIK Inhibitor

Splenic lymphoma cells from plck-GAPDHmice were injected intravenously into recipient NSGmice (n=18). Six lymphoma engrafted

micewere treatedwith a chemical NIK inhibitor (Figure S7) at 250 mg in 100 ml NaCl 0.9% /mouse; patent PCT/EP2017/067306), 5with

vehicle (100 ml NaCl 0.9% /mouse) and 7 with NIKinh + anti-PD-1 (clone PMP1-14, BioXcell (#BE-046); 125 mg in PBS/mouse) on day 1

and 2 after tumor cell injection and then every other day.

Recipient mice were sacrificed at endpoint (> 10% weight loss or palpable splenomegaly). Single cell suspensions were prepared

from the spleen, BM and liver for immunophenotypic FACS analysis.

Koningic Acid Treatment In Vivo

2x107 splenic lymphoma cells from plck-GAPDHmice were injected intravenously into recipient NSGmice (n=10). After 3 mice were

treated daily by intraperitoneal injection with koningic acid (Clinisciences, #AG-CN2-0118) (1mg/kg) or with vehicle. Recipient mice

were sacrificed at endpoints (when reaching >10%weight loss or palpable splenomegaly). Cell suspensions were prepared from the

spleen and used for FACS immuno-phenotyping.

Cells
Melanoma cell lines were purchased from the American Tissue Culture Collection (ATCC, Molsheim, France); DLBCL cell lines

U-2932 and SU-DHL-6 were obtained from DSMZ, (Germany) while the Karpas 422 were obtained from ECACC (England) and

cultured as described with the suggested optimal medium. Human primary melanoma cells were extracted from biopsy specimens

ofmetastatic melanoma obtained from the Department of Dermatology and the Biobank of the University Hospital of Nice, France. All

the protocols regarding patients’ specimen were reviewed and approved by local ethical committee fromUniversity Hospital of Nice;

all patients provided informed written consent. Biopsy was dissected and digested for 1–2 hr with collagenase A (0.33 U/ml), dispase

(0.85 U/ml) and Dnase I (144 U/ml) with rapid shaking at 37�C. Large debris were removed by filtration through a 70-mm cell strainer.

Viable cells were obtained by Ficoll gradient centrifugation. All melanoma cells were cultured in RPMI medium or DMEM (Gibco Life

Science, Life Technologies, Grand Island, NY), supplemented with 7% FBS and penicillin-streptomycin 50 mM (Gibco) at 37⁰C in 5%

CO2. Cells extracted from patients were used for a maximum of 10 passages.

Adult healthy blood samples were collected in sterile tubes containing the anti-coagulant, citrate-dextrose (ACD, Sigma, France).

Samples of AITL patients were retrospectively obtained from the onco-hematology laboratory of the ‘Necker-Enfants Malades’

hospital in Paris (France). The cells were suspended after mechanical dissection of the lymph node biopsy and frozen in DMSO.

All human blood and tissues were obtained after informed consent and approval was obtained by the ethical commitees of the hos-

pitals according to the Helsinki declaration. Human T cells were isolated from peripheral adult blood isolated by negative selection

using a Pan T cell enrichment Kit (Miltenyi, #130-096-535) according to manufacturer’s instructions. TCR-stimulation was performed

using anti-CD3+anti-CD28 coated Transact beads (Miltenyi, # 130-111-160) according to manufacturer’s instructions and supple-

mented with hIL-2 (10 ng/ml).
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METHOD DETAILS

Western Blot Analysis
Thymocytes of 5-week old mice or CD4+ splenic T cells were isolated from WT or plckGAPDH mice and lysed using Laemmli buffer

for western blot analysis. Proteins were immunoblotted with the indicated antibodies. Immunoblots were visualized (FUJIFILM

LAS4000) using ECL Western blotting Detection Reagents (GE Healthcare, #RNP2106) and quantification was performed using Im-

ageJ Software. Mouse anti-V5 was purchased from Invitrogen (#R960-25), rabbit anti-GAPDH from Abcam (# ab9485) and rabit anti-

Hsp90 (C45G5; #4875), and pospho-NF-kappaB2 p100 (S866/870; #4810T) from Cell signaling (Leiden, The Netherlands).

Antibodies against murin NF-kB1 (#sc-166588X), NF-kB2 (#sc-7386x), p65 (#sc-8008x) and RelB (#sc-166416x), pospho-p65

(S536; # sc372) were purchased from Santa Cruz (Heidelberg, Germany). Antibodies against human EZH2 (#5246), NF-kB2

(#4882), RelB (#4922) and NIK (#4994) were purchased from Cell Signaling (Leiden, The Netherlands).

Immunoprecipitation
Thymocytes of 5-week old mice were lysed and incubated with G-Sepharose 4B conjugate beads (Life technologies, #101242), pre-

absorbed with either 4 mg rabbit anti-TRAF2 from Santa Cruz (#sc-7187) or 2 mg mouse monoclonal anti-V5 purchased from Invitro-

gen/ Thermofisher Scientific (#R960-25). Immuno-precipitated proteins were immunoblotted and revealed with mouse anti-rabbit

IgG Conformational specific mAb coupled to HRP from Cell Signaling (#5127S).

Flow Cytometry and Antibodies
Antibodies used for detailed phenotyping or intracellular staining by flow cytometry of T, B and myeloid cells are listed in principle

table of the STAR Methods.

For intracellular staining of GranzymeB, Perforin, IFNg, TNFa, IL-10, IL-4 and IL-17 splenocytes were stimulated for 5 hours in PMA

(phorbol 12-myristate-13-acetate; Sigma, # P8139)/ionomycin (Sigma, # I0634) in the presence of Golgi-stop (BD Biosciences,

#555029) and upon surface staining (anti-CD4 or anti-CD8) cells were fixed and permeabilized using the Cytofix/Cytoperm kit

and protocol (BD Biosciences; #554714). Intracellular staining for V5tag and GAPDH was performed using the same Cytofix/

Cytoperm kit.

All stainings were detected using a MACSQuant flow cytometer (Miltenyi Biotec, Paris, France). Analysis of the FACS data was

performed using MACSquantify Version 2.11 (Miltenyi) and FlowJo Software.

Isolation of Primary Mouse T Cells
CD4+ T cells from the spleen of WT or plck GAPDH mice were isolated by negative selection using FITC coupled antibodies: anti-

CD19 (Miltenyi, #130-102-494) anti-B220 (Miltenyi, #130-110-845), anti-CD8b (Miltenyi, #130-111-710), anti-Ter119 (Miltenyi,

#130-102-257), anti-NK1.1 (BD Pharmingen, #553164), anti-CD49b (BD Pharmingen, #553857), anti-Ly 6C (BD Pharmingen,

#553127), anti-CD122 (BD Pharmingen,# 554452) and anti-CD11c (BD Pharmingen, #553801), followed by anti-FITC microbead

(Miltenyi, #130-048-701) incubation according to manufacturer’s instructions.

Detection of TCR-Signaling
CD4+ T cells were activated on NA/LA hamster anti-mouse CD3e (BD Pharmingen, # 553294) coated plates (3 mg ) in the presence of

NA/LE Hamster anti-mouse CD28 (3 mg/ml; BD Pharmingen, #553294) for 30min, 6 hr and 24 hr followed by intracellular staining with

anti-Lck pY505 APC from Miltenyi (#130-110-285), alexa fluor 647 mouse anti-ZAP70 (PY319)/Syk (PY352) from BD Biosciences

(#557817) or anti-phospho-p44/42MAPK (Erk1/2; Thr202/Tyr204) fromCell signaling technology (#4370) and analysis by flow cytom-

etry. Intracellular staining was performed by fixation and permeabilization according to manufacturer’s instructions.

Activation markers were detected on the CD4+ T cells at 6h and 24h of TCR-stimulation by flow cytometry using surface

staining with anti-mCD69APC-efluor 780 purchased from eBioscience (# 47-0691-82) and anti-mCD25-FITC purchase fromMiltenyi

(#130-104-275). Analysis of the FACS data was performed using Macsquantify Version 2.11 (Miltenyi) and Flojo Software.

Immunohistochemistry Analysis and Antibodies
Hematopoietic tissues were fixed in formaldehyde overnight and subsequently transferred into 70% ethanol and embedded in

paraffin. Hematoxylin and eosin staining were performed on the paraffin embedded tissue sections to color the follicular center. Im-

muno-staining was performed using anti-mouse antibodies against CD3e (#05493315001, SP7) from Roche, B220 (CD45R) from

BioRad (# MCA1258GT), Ki67 (SP6, # MA5-14520) from Thermofisher Scientific, Bcl-6 (Santa Cruz Biotechnology, # sc-7388),

CD31 (PECAM-1; 553373; BD Biosciences) and anti-CD35 (Cliniciences, #13316). Adapted secondary antibodies were used for

revelation.

Detection of T Cell Clonality
TCR-b clonality of T cells was determined by surface staining for TCR-b of the CD4+ T cells in the tumors with antibodies directed

against the different b-chains (Mouse Vb TCR screening panel (FITC): mAb against b2, b3, b4, b5.1, b6, b7, b8.1, b8.3, b9, b10,

b11, b12, b13, b14, b17; BD Biosciences; #557004).
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TCR-g clonality was detected using specific primers for Vg1: 3’-CCGGCAAAAAGCAAAAAAGT-5’, for Vg4: 3’- TG

TCCTTGCAACCCCTACCCA-5’, for Vg7: 3’- GTGATACTCACAGAACAGGC-5’ combined with reverse primer for Cg 3’- CTTATGG

AGATTTGTTTCAGC -5’

Cytokine-Chemokine Array
Mesenchymal lymph nodes from lymphoma developing plck-GAPDH mice and WT mice used as a control were stimulated for 4 hr

with PMA and ionomycin in RPMI/10%FCS at a density of 5x106 cells/ml. Then the supernatant was tested for secreted cytokine and

chemokine expression levels using the Proteome Profiler Mouse Cytokine Array Kit, Panel A (ARY006, R&D systems) according to

manufacturer’s instructions. Quantification was performed using Multigauge (Fuji Film, Tokyo, Japan).

Quantification of Cytokines in Mouse Serum
Mouse IL-10, IFNg, IL-1a, IL-1b, IL-6 and TNFa were determined by using the Milliplex MaP Kit 96-well plate assay (MCYTOMA

G-70K) according tomanufacturer’s instructions (EMDMillipore Corporation-Merck, Darmstad, Germany). Detection was performed

on the Luminex analyzer MAGPIX� using the acquisition software xPONENT� (Luminex Corporation.

Transcriptomic Analysis
RNA Seq Data for plck-GAPDH versus WT Mouse Splencytes

Total RNA was extracted from splenocytes of tumor developing plck-GAPDHmice and WTmice using the RNA extraction kit (Qiagen,

Valencia, CA, USA) according tomanufacturer’s instructions. Librarieswere generated from500ng of total RNAs using TruseqStranded

Total TNA kit (Illumina). Libraries were then quantified with Qubit dsDNA BR Assay kit (Invitrogen) and pooled. 4nM of this pool were

loaded on a high output flow cell and sequenced on a NextSeq500 platform (Illumina) using 2x75bp paired-end chemistry.

RNAseq data were quantified using RSEM sofware 1.2.25 (Li and Dewey, 2011) with bowtie2-2.2.6 andm38 as reference genome.

The gene sets were chosen on the basis of known expression patterns in human and mice Tfh and both GC and post-GC B cell

subsets.

AITL Patient Data

Public raw data AITL transcriptomes using Affymetrix HGU133 Plus 2.0microarrays were downloaded fromGEOdataset (GSE58445

(Iqbal et al., 2014), GSE3526(Roth et al., 2006): GSE7307; https://www.ncbi.nlm.nih.gov/gds) and ArrayExpress (E-TABM-783

(de Leval et al., 2007); https://www.ebi.ac.uk/arrayexpress/), normalized together (RMA) and collapsed to HUGOgene symbols using

chipset definition files.

Expression data were normalized with z-score methods when specified and illustrated with heatmaps using R software (3.3.2).

Statistical differences were verified using an unpaired two-tailed Wilcoxon signed rank test versus the specified controls.

Metabolic pathway analysis was performed using the data base KEGG: https://www.ncbi.nlm.nih.gov/pubmed/10592173. For

other signaling/functional pathway analysis we used the data base C5: http://www.geneontology.org/page/go-citation-policy.

PCR Amplification and Sanger Sequencing
Mutations in the RHOA, TET2, IDH2 and DNMT3A allele were detected in plck-GAPDH tumor cells by PCR amplification using the

KAPA HiFi HotStart ReadyMix PCR Kit (Kapa Biosystems, KK2601) and the following primers: RHOA-Fw: CTGCCATCAGGAAGAA

ACTGGTG and RHOA-Rv: CTGCTTCCCATCCACCTCGATATC; TET2-Fw: TGGTGGTCACCCTCAATA and TET2-Rv: GAAG

ACTTTCCCTTCTCAGTC; IDH2-Fw: GTTCAAGCTGAAGAAAATGTGG and IDH2-Rv: CTGGTCGCCATGGGCGTGCC; DNMT3

A-Fw: GGGTGTTTGGCTTCCCCGTCC; DNMT3A-Rv: CAGTCACAGCAAG

AAACAAAAACC.

The PCR fragments were then sequenced by Sanger sequencing performed at Biofidal (Vaulx en Velin, France; www.biofidal.com).

Determination of GTP Levels Loaded on RHOA
HEK293T cells were transfected using lipofectamine 2000 (Thermofisher) for 24h with pKH3-HA-RhoA, pKH3 HA-RhoAT37M, pKH3

HA-RhoAT19T or pKH3-HA-RhoAQ63L plasmids. Cells were lysed and levels of active Rho (RhoGTP) in each sample weremeasured

using a GST-rhotekin RBD pull down assay as described previously (Ren and Schwartz, 2000).

In Vitro Tfh Differentiation
To induce Tfh differentiation in vitro, naive CD4+ T cells were co-cultured with irradiated T cell–depleted splenocytes as co-stimulator

cells (irradiated antigen presenting cells) on anti-CD3 coated plates using RPMI media supplemented with 25 ng mL-1 IL-6 (#216-16,

Peprotech), 50 ng mL-1 IL-21 (#210-21, Peprotech), 4 ng mL-1 anti-IFNg (#500-P119, Peprotech), 4 mg mL-1 anti-IL-4 (#500-P54,

Peprotech) and 20mgmL-1 anti-TGFB (#1D11, R&DSystems). At several time-points the Tfh differentiation was evaluated by staining

with anti-ICOS, anti-PD-1 and anti-CXCR5 antibodies and detection by flow cytometry and also by Q-PCR for Tfh marker (CD21,

Bcl-6 and CXCL-13; see STAR Methods principle table).

Germinal Center Induction In Vivo

To generate germinal center responses and T cell activation, WT mice were immunized with 1x109 sheep red blood cells (SRBC;

ORGENTEC, #VSE-410) delivered by intraperitoneal injection every 2 weeks for 4 months.
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Reverse Transcriptase Quantitative- PCR (RT-qPCR) Analysis
CD4+ T cells were isolated from the spleen of tumor bearing plck-GAPDH or WT C57/BL6 mice by incubation of total splenocytes an

anti-mouse CD4-FITC antibody (Miltenyi, # 130-102-541) following by an incubation with anti-FITC microbeads (Miltenyi, #130-048-

701) according to manufacturer’s instructions. CD19+ B cells were isolated using an anti-mouse CD19-FITC (Miltenyi, 130-102-494)

antibody and then following the same procedure as for CD4+ cells. Sorting was performed on an autoMACS cell sorter (Miltenyi).

Total RNA was extracted from cells using the RNA extraction kit (Qiagen, #74104, Valencia, CA, USA) according to manufacturer’s

instructions. Reverse transcription was performed using the Omniscript RT kit (Qiagen, #205113). After reverse transcription-PCR,

the relative mRNA expression level of GAPDH, CXCL13, IL-21, BLIMP, Bcl-6, RelA, cRel, GADD45B, E2F1, NF-kBia, HIF-1a, LDHa,

NF-kB2, RelB, EZH2, SP1, IRF4, ENPP2, NOD2, 18S (mouse) were obtained by real-time quantification PCR, using SYBR� Green

PCR Mix (Thermofisher Scientific, France) and the corresponding primers sets (see principle table STAR Methods) on the 7500 Fast

and the Step One real-time PCR systems (Applied Biosystems) according to the manufacturer’s instructions. All samples were

normalized to 18S. The relative mRNA expression level of HIF-1a, and LDHa were obtained by real-time quantification PCR, using

the TaqMan PCR Master Mix (Eurogentec, Seraing, Belgium) and TaqMan assay primer set (Thermofisher; HIF-1a,:

Mm00468878_m1; LDHa: Mm00495282_g1) on the 7500 Fast and the Step One (Applied Biosystems) according to the manufac-

turer’s instructions. All analyses were performed in triplicate and melting curve analysis was performed for SYBR GREEN to control

product quality and specificity.

Genomic DNA Isolation
For whole exome sequencing and Sanger Sequencing genomic DNA was extracted from CD4+ T cells, isolated from plck-GAPDH

tumors by negative microbead selection (see above), using the Nucleospin Tissue Kit (Macherey Nagel, #740901).

Whole Exome Sequencing
Genomic DNA was extracted from CD4+ T cells as mentioned above. Paired-end DNA library was prepared according to the man-

ufacturer’s instructions (Agilent). The adapter-modified gDNA fragments were enriched by six cycles of PCR. Whole exome capture

was carried out using Agilent’s SureSelect Kit. After DNA quality evaluation, pooled samples were sequenced on Illunima Hiseq 2000.

Raw data were first filtered using an in house quality control. Paired-end clean reads are aligned to the reference genome (UCSC

hg19) using Burrows–Wheeler Aligner (BWA) software(Li and Durbin, 2009). If a read or reads pair is mapped to multiple positions,

BWA will choose the most likely placement. While if two or more most-likely placements are present, BWA will choose any one

randomly. Aligned reads were realigned to the genome. Genome Analysis Toolkit (GATK)(DePristo et al., 2011) was used to ignore

those duplicates resulted from PCR amplification with Picard-tool. We utilized the INDELrealigner and RealignerTargetCreator in

GATK do realignment around the INDELS according to GATK best practice. Furthermore, we performed base quality score recali-

bration with GATK to avoid system bias. After realignment to genome, we identified and filtered variants (SNP, INDELs) using

GATKHaplotypeCaller and variantFiltration to guaranteemeaningful analysis. Variants obtained from previous steps were compared

based on the dbSNP (Sherry et al., 2001) and annotated with ANNOVAR(Wang et al., 2010).

Th RhoA genomic regions of interest was amplified by PCR with flanking HTS primer pairs. PCR amplification was carried out with

Phusion High-Fidelity DNAPolymerase (Thermo Fisher), according to the manufacturer’s instructions. Purified DNA was amplified by

PCR with primers containing sequencing adaptors. The products were gel purified and quantified using the Quant-iT PicoGreen

dsDNA Assay Kit (ThermoFisher) and KAPALibraryQuantification Kit (KAPABiosystems). Samples were sequenced on an Illumina

MiSeq, as previously described.

Lactate and Glucose Measurement
To determine glucose consumption and lactate production, CD4+ T cells were isolated from the spleen of WT and plck-GAPDHmice

using negative selection (see above) and were activated for 48h on NA/LA hamster anti-mouse CD3e (BD Pharmingen, # 553294)

coated plates (3 mg mL-1) in the presence of NA/LE Hamster anti-mouse CD28(3 mg mL-1; BD Pharmingen, #553294) in RPMI/

10%FCS. After pre-activation, culture medium was replaced with fresh RPMI/10%FCS medium and collected 24h later. Glucose

and lactate levels were determined electro-enzymatically using the YSI 2950 Biochemistry analyser (Bioprocess systems), which

normalized to the number of viable cells.

Metabolic Assays
OCR and ECARweremeasuredwith anWF96 extracellular flux analyzer (Seahorse Bioscience) following protocols recommended by

the manufacturer. Freshly isolated naive or activated cells were seeded on Cell Tack (Fisher Scientific, #10317081) pre-coated XF96

microplates (2x105 cells/well). The plates were quickly centrifuged to immobilize cells. Cells weremaintained in a non-buffered assay

medium supplemented with 25 mM glucose (Sigma, #G6152), 1 mM sodium pyruvate (ThermoFischer, #11360088) and 2 mM

L-glutamine (ThermoFischer, #25030081) for OCRmeasurement, or with 2mML-glutamine for ECARmeasurement. Cells were incu-

bated in a non-CO2 incubator for 30 minutes before starting the measurements. Glycolysis measurements were obtained after three

injections, 25 mM glucose followed by 3,75 mM oligomycin (Sigma, #O4876) that inhibits mitochondrial ATP production and shifted

the energy production to glycolysis. The increased ECAR revealed themaximum glycolytic capacity of T cells. The third injection was

100 mM 2-DG (Toronto Research Chemicals, #D239000), a glucose analog that inhibits glycolysis. The OCR measurements were
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obtained under basal conditions and in response to mitochondrial inhibitors, 3.75 mM oligomycin, 2 mM FCCP (Sigma, #C2759) and

1 mM rotenone (Sigma, #R8875) and 2 mM antimycin A (Sigma, #A8674).

2-NBDG Uptake
2x105 cells were incubated in glucose free RPMI/10%FCS/1%Penicilin/streptamidin medium containing 100 mM 2-NBDG

(Fischer Scientific, #N13195) for 2 hours before measuring fluorescence by flow cytometry.

IgG Determination in Mouse Serum
IgG isotyping for IgG1, IgG2a, IgG2b, IgG3, IgA, IgM, Kappa light chain or lambda chain was performed using the Pierce Rapid ELISA

Mouse mAb Isotyping Kit from Invitrogen/Thermofisher Scientific (#37503) according to manufacturers’ instructions. Sera were

diluted 1/15 into TBS buffer provided in the kit.

Measurement of GAPDH Activity
Splenocytes from treated and vehicle mice were lysed in buffer A (10mmol/L HEPES (pH 7.4), 150mmol/L NaCl, 5 mmol/L EDTA, 1%

NP40, 10 mg mL-1 aprotinin, 1 mmol/L phenylmethylsulfonyl fluoride and 10 mmol/L leupeptin). 10 mg of proteins were incubated in

GAPDH activity buffer (0.25 mmol/L NAD (Sigma, #N1636), 3.3 mmol/L DTT, 13 mmol/L Na4P2O7 (Sigma, #S9515) (pH 8.5), 26 mmol

L-1 sodium arsenate (Sigma, #A6756), and 25 mmol/L D-glyceraldehyde-3-phosphate (Sigma, G5376) in a black 96-well plate

(Cellstar). GAPDH activity was measured on a fluoroscan at 445 nm after excitation at 340 nm as the increase in fluorescence related

to NADH accumulation. GAPDH activity is expressed as the delta absorbance (representing the speed of NADH production) per

milligram of protein.

Cell Proliferation Detection
For cell cycle entry analysis 106 CD4+ T cells were activated by anti-CD3 and anti-CD28 (see TCR signaling above) for 6h and 24h and

intracellular staining was performed using the mouse anti-Ki67-PE kit (BD Pharmingen, # 556027) according to manufacturer’s

instructions.

CFSE staining was performed on 106 CD4+ T cells activated by anti-CD3 and anti-CD28 for 4 days (see TCR signaling above)

according to manufacturer’s indications (BD Biosciences, # 565082).

Anti-nuclear Antibody Detection
These assays were performed using the NOVA Lite HEp-2 kit (INOVA Diagnostics, Inc.) according to the manufacturer’s directions

sera were diluted at 1:50 and 1:100 in PBS. Slides were incubated with anti-mouse IgG-FITC conjugate and visualized with a Zeiss

Axioplan 2i microscope. Pictures were taken with an AxioCam HRm camera (Carl Zeiss International, Thornwood, NY). Data were

analyzed using AxioVision LE.

ADP-Glo Experiments
Kinase inhibition assay for NIK were performed with the use of ADP-Glo� Kinase Assay following manufacturer protocol (Promega,

Charbonnières-les-Bains, France) and with the following conditions: 10nM NIK, 10 to 100nM MBP (protein substrate), 10 to 100ı̀M

ATP, incubation time was 30 min at 25�C. For each experimental condition a blank assay without enzyme was used as a control of

ATP non-enzymatic hydrolysis.

Biotin Conjugated Drug Affinity Precipitation
A375 cells were grown in 150 mm dishes until they reached 50% confluence and then lysed with a 10mM phosphate buffer pH=7.5

containing 250mM NaCl, 0.2% Triton-X100. Crude extract was then centrifuged at 5000xg for 10 min to remove cell debris. 1 mL of

supernatant with a protein concentration of 7 mg/mL was then incubated with 100mM of one of the following conditions: biotin,

phenyl-biotin, aminoquinolinil-biotin, NIKinh-biotin, NIKinh-biotin and 1X excess of free drug, NIKinh-biotin and 10X excess of free

drug. Solution were incubated overnight at 4�C under stirring conditions and then incubated with streptavidin magnetic beads

(Roche, Germany; Cat. No. 11 641 778 001) for 2 hr. At the end of the incubation beads were washed 4 times with 1 volume of lysis

buffer with the use of a magnetic rack. Protein attached to the beads were eluted out by adding 100mL of Laemmli sample buffer and

used for further analysis.

Comparison of NF-kB and NIK Knock-down by siRNA Treatment and NIK Inhibitor Treatment
Typically, 50000 cells (A375, C12.06, A549) were plated in six-well culture plates and transfected with 30 or 50 nM siRNAs using

Lipofectamine RNAimax reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. If not otherwise noted,

the cells were incubated with the 3 different siRNAs per target for 4 days prior to harvesting for further experiments. siRNA against

NF-kB2 (FlexiTube Genesolution GS4791) and against NIK (FlexiTube Genesolution GS9020) and negative control siRNA were pur-

chased fromQiagen. Under the same conditions these cells and non tumoral cells (melanocytes and fibroblasts) were determined by

FACS and normalized to the corresponding DMSO-treated control cells.

Different B cell lymphoma cell lines (u2932, Karpas 422, SU-DHL-6) were treated with NIKinh (10 mM, 96hr) or vehicle (DMSO) and

the cell numbers were determined. Healthy human CD4+ T cells and human AITL patient biopsies were stimulated through the TCR
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and treated with NIKinh (10 mM, 48hr) or vehicle (DMSO) and the CD4+ T and B cell numbers were determined. The cell numbers were

normalized to the corresponding DMSO-treated control cells.

DATA AND CODE AVAILABILITY

The [datasets/code] for RNAseq and whole exome sequencing generated during this study are available in this paper [GSE121748/

yjmnaqagjnwxrcn; www.ncbi.nlm.nih.gov/geo].

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis were conducted using Microsoft excel 2013 and Prism software v6.0 (GraphPad Software, La Jolla, CA, USA).

Results are indicated as means ± SD (standard deviation) in the figure legends unless otherwise. For statistical testing of significance

a student’s t-test or one way ANOVA was used and p values are indicated in the figure legends. A p value < 0.05 was considered to

indicate statistical significance. Mice survival curves were evaluated using Log-rank test to determine significance. All flow cytometry

data shown are representative of at least 3 reproduced experiments. Gene set enrichment analysis was performed as

described above.
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L

Monocytes are circulating blood leukocytes that play important role in tissue homeostasis and in the inflamma-
tory response which is essential for the innate response to pathogens1. They have the unique property among 
peripheral blood cells to migrate into tissues where they are subjected to differentiation into morphological and 
functionally heterogeneous cells that include macrophages, myeloid dendritic cells, and osteoclasts, depend-
ing on the stimulus2. The differentiation of peripheral blood monocytes into resident tissue macrophages can 
be recapitulated ex vivo by incubation in the presence of colony-stimulating factor-1 (CSF-1)3. The biologic 
effects of CSF-1 are mediated by a unique receptor, the CSF-1R, which is encoded by the c-fms proto-oncogene4. 
Downstream signaling pathways activated by CSF-1R upon ligand binding include PI3K-AKT and AMPK path-
ways, which are implicated in the respective activation of caspases and autophagy, two key processes required for 
CSF-1-induced macrophage differentiation5. Our previous studies have established that physiological monocyte 
differentiation triggered by CSF-1R engagement is critically dependent on the oscillatory activation of the kinase 
AKT, which within 2–3 days leads to the formation of a multi-molecular platform that includes the adaptor 
Fas-associated death domain (FADD), the serine-threonine kinase RIP1, the long and short isoforms of FLIP, 
and procaspase-86. Caspase-8 activation in this platform provokes a limited activation of several downstream 
caspases that cleave specific intracellular proteins7,8. The contribution of these cleavages to the CSF-1–driven 
monocyte-to-macrophage differentiation remains poorly understood. More recently, we have also established 
that autophagy plays a crucial role during macrophage differentiation of monocytes9. We found that CSF-1 
increases the expression of the purinergic receptor P2RY6 that in turn activates the CAMKK2-AMPK-ULK1 
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pathway leading to autophagy induction10. Notably, inhibition of this pathway abrogated both CSF-1-mediated 
induction of autophagy and differentiation.

IL-34 is a newly identified cytokine with only partially understood functions. IL-34 has been recently identi-
fied as the second ligand for CSF-1R through comprehensive proteomic analyses11. Although it lacks appreciable 
similarity with CSF-1 or any other proteins, IL-34 tightly binds to CSF-1R and promotes the differentiation, 
proliferation and survival of monocytes, macrophages and osteoclasts as CSF-1 does12,13. IL-34 actions have been 
rendered more complex by the discovery of two other distinct receptors: the receptor type protein-tyrosine phos-
phatase zeta (PTP-ζ)14 and CD138 (Syndecan 1)15, suggesting additional roles for IL-34, compared to CSF-1. 
Recently, IL-34 was found to be associated with the inflammation process seen in diseases such as rheumatoid 
arthritis (RA)16, inflammatory bowel disease17 and Sjogren’s syndrome18. Interestingly, emerging findings indi-
cate that IL-34 levels are abnormally increased in serum and synovial fluid in patients with reactive rheumatoid 
arthritis19,20.

Here, we used human primary monocytes to characterize in details IL-34 and CSF-1-driven macrophage 
differentiation and polarization into the M1 or M2 phenotype. We demonstrate that IL-34, like CSF-1, induced 
caspase and autophagy activation and that both processes are required to induce differentiation of monocytes into 
macrophages in response to IL-34. Moreover, we report that IL-34 and CSF-1 macrophages display a different 
polarization potential when polarized by pro or anti-inflammatory stimulus, since we found some differences in 
the mRNA and protein expression profiles of some cytokines/chemokines in CSF-1 and IL-34 differentiated cells 
polarized into the M1 or M2 phenotype.

When stimulated with 100 ng/mL CSF-1, human monocytes differentiate into macrophages as 
shown by an increase in cell adherence and the acquisition of specific markers such as TFRC/CD71 and CD163. 
At day 2, 60–70% of myeloid cells were found to be positive for both CD71 and CD163 expression (Fig. 1a). This 
high rate of differentiation was maintained up to 6 days. The kinetic of macrophage differentiation induced by 100 
ng/mL lL-34, the second known ligand of the CSF-1R, was nearly indistinguishable from that of CSF-1 (Fig. 1b 
and c, Sup Fig. 1a and b). As CSF-1 and IL-34 bind the CSF-1R with differential affinities, we performed a dose-re-
sponse curve for each cytokine on monocyte differentiation (Sup Fig. 1c). We confirmed that for each cytokine, a 
100 ng/mL concentration triggers maximal differentiation capacity.

We next analyzed the early signaling pathways associated with the engagement of the CSF-1 receptor by either 
CSF-1 or lL-34 in human primary monocytes. We show that both CSF-1 and lL-34 triggered a transient first wave 
of CSF-1R phosphorylation at 5 and 10 min and a second one at 16 and 24 h (Fig. 2a). For both cytokines, the 
second wave of phosphorylation was associated with an increase in CSF-1R protein expression. The same waves 
of phosphorylation and activation of AKT and ERK 1/2 were also observed in CSF-1 and lL-34-stimulated mono-
cytes. We have previously shown that CSF-1 triggered long term phosphorylation and activation of AMPK and 
ULK1 that correlated with increased autophagy in primary human monocytes10. This increased phosphorylation 
and activation of AMPK and ULK1 also correlated with an enhanced expression of both AMPK and ULK1 pro-
teins (Fig. 2a). CSF-1-mediated phosphorylation and activation of AMPK and ULK1 were confirmed in the pres-
ent study, but we further established for the first time that lL-34 increased AMPK and ULK1 phosphorylation at 
16 and 24 h. This activation of phosphorylation was accompanied with increased expression of AMPK and ULK1 
(Fig. 2a). In addition, we also investigated the effect of increasing concentrations of both cytokines on the early 
signaling events triggered by CSF-1R engagement and we confirmed a slightly higher sensitivity to CSF-1 (Sup 
Fig. 2a, please see also Sup Fig. 1c). Nevertheless, a 100 ng/mL concentration was maximal for both cytokines. 
We next compared the ability of CSF-1 and lL-34 to promote differentiation of monocytes. Both cytokines equiv-
alently increased the protein expression of CD71 and CD163, two macrophage differentiation markers at 48 h 
(Fig. 2b). CSF-1 and IL-34 induced the activation of both caspases 8 and 3, which are a prerequisite for monocyte 
differentiation into macrophage and for NPM cleavage (Fig. 2b)21. We also analyzed the lipidation and cleavage of 
LC3-l into LC3-ll, a hallmark of autophagy induction in monocytes stimulated with CSF-1 or lL-34. Autophagy 
induction, that was increased after 48 h of stimulation, correlated with Cathepsin B (CTSB) activation in both 
CSF-1 and lL-34 treated monocytes (Fig. 2b)9. ln addition, caspase-3 activity at 3 and 6 days were found to be 
equivalent in CSF-1 or lL-34-treated monocytes (Fig. 2c). Furthermore, electron microscopy images of CSF-1 or 
lL-34 differentiated monocytes at day 3 showed accumulation of autolysosomes (Sup Fig. 2b), CTBS active frag-
ment and increase in autophagic flux in the presence of Bafilomycin A1 (Sup Fig. 2c).

Finally, CSF-1 and lL-34 both triggered NPM cleavage, LC3-ll accumulation and CTSB activation at 2 days 
(Fig. 3a). Caspases or autophagy inhibition by qVD or 3MA, respectively, abolished NPM and LC3-l cleav-
age, CTSB activation and macrophage differentiation (Fig. 3a and b). Knock-down of caspase 8 was found to 
increase CSF-1 and lL-34-mediated LC3-ll accumulation while knock-down of BECLIN1 inhibited it (Fig. 3c). 
Importantly, caspase-8 or BECLIN1 knock-down both impaired macrophage differentiation of monocytes as 
shown by a reduction of the double positive CD71/CD163 population that corresponds to differentiated mac-
rophages (Fig. 3d). In conclusion, we show that the signaling pathways involved in monocyte differentiation by 
CSF-1 or IL-34 are strictly identical.

-
Globally, the results described above indicate that CSF-1 and lL-34-mediated intracellular signal-

ing pathways, including auto-phosphorylation of the CSF-1R, activation of AKT, ERK 1/2, AMPK and ULK1 and 
induction of caspase activities and autophagy are similar in human primary monocytes induced to differentiate 
into macrophages, suggesting that the effects of lL-34 are mediated via the CSF1-R. As no obvious differences 
have been reported so far in the effects of CSF-1 and IL-34 on monocyte differentiation (Figs 1–3), we investigated 
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the effects of both cytokines on macrophage polarization. Macrophages are categorized as “classically activated” 
pro-inflammatory M1-macrophages or an “alternatively activated” anti-inflammatory M2-macrophages22. They 
can differentiate into various activation states owing to the cytokine balance in their microenvironment. M1 phe-
notypic activation (pro-inflammatory), in response to interferon gamma (lFNγ) and lipopolysaccharide (LPS), is 

Figure 1. IL-34 and CSF-1 induce equivalent macrophagic differentiation of primary monocytes. Human peripheral 
blood monocytes from healthy donors were exposed to 100 ng/mL CSF-1 or 100 ng/mL IL-34 for the indicated times. 
(a,b) Macrophage differentiation was examined morphologically (fibroblastic shape) and by 2-color flow cytometric 
analysis. The percentage indicates cells that express both CD71 and CD163. (c) Macrophagic differentiation of 
monocytes from 3 different healthy donors was followed by 2-color flow cytometric analysis. The percentage indicates 
cells that express both CD71 and CD163. *P < 0.05 according to a paired student t test.
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characterized by up-regulation of interleukin lL-6 and enhancement of the Th1 immune response. M2 phenotypic 
activation (anti-inflammatory) is stimulated by lL-4 and characterized by increased expression of lL-1023.

M1 or M2 polarization was initiated after 7 days of differentiation with either CSF-1 or lL-4 and next evaluated 
after a 2-day stimulation period with LPS + lNFγ or lL-4, respectively. ln a first series of experiments, the M1/M2  

Figure 2. Caspases and autophagy are activated upon IL-34 or CSF-1 treatment. Human peripheral blood 
monocytes from healthy donors were exposed to 100 ng/mL CSF-1 or 100 ng/mL IL-34 for the indicated times. 
(a) Immunoblot analysis of indicated proteins in monocytes following CSF-1 or IL-34 stimulation. P indicate 
phosphorylated proteins. Each panel is representative of at least 3 independent experiments. (b) Immunoblot 
analysis of indicated proteins in monocytes following CSF-1 or IL-34 stimulation. The ratio of the LC3-II 
protein level to that of LC3-I protein level was determined using ImageJ software. Actin was detected as the 
loading control. Asterisks indicate cleavage fragments. Each panel is representative of at least 3 independent 
experiments. (c) Caspase activity was quantified by flow cytometry analysis using DEVD-FITC. The results are 
expressed as the fold induction compared with untreated cells and represent the mean ± SD of 3 independent 
experiments performed in duplicate. n.s. denotes non-significant according to a paired student t test.
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macrophage phenotype induced by lFNγ and LPS (M1 inducer) or IL-4 (M2 inducer) was analyzed by flow 
cytometry in macrophages differentiated with CSF-1 or lL-34. ln CSF-1 differentiated macrophages, LPS + lNFγ 
induced M1 polarization with both an increase in CD80 and CD86 expression and a decrease in CD200R and 
CD206 expression, whereas lL-4 promoted M2 polarization with an inhibition in CD80 and CD86 expression and 

Figure 3. Caspases and autophagy are required for CSF-1 or IL-34 induced macrophagic differentiation. (a) Human 
monocytes were exposed for 2 days to 100 ng/mL CSF-1 or 100 ng/mL IL-34 alone or in combination with either 
50 μM qVD or 3 mM 3MA (3-MethylAdenine), which were added 30 min before CSF-1 or IL-34 treatment. The 
expression of cleaved NPM (NPM*), LC3B and cleaved cathepsin B (CTSB*) was analyzed by immunoblotting. (b) 
Human monocytes were treated as in Fig. 3a. (c,d) Monocytes were transfected with siRNA targeting LUCIFERASE 
(LUC), CASPASE-8 (CASP8) or BECLIN (BEC) and exposed for 2 days to 100 ng/mL CSF-1 or 100 ng/mL IL-34. 
(c) Expression of Caspase-8, Beclin and LC3B was analyzed by immunoblotting. Actin is used as a loading control. 
Asterisk indicates a cleavage fragment. (d) Differentiation was examined as previously described.
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an increase in CD200R and CD206 expression (Fig. 4a). Interestingly, whereas there was no difference in the abil-
ity of CSF-1 and lL-34 differentiated macrophages to phagocyte bacteria (Fig. 4b), M2-macrophages derived from 
CSF-1-stimulated monocytes exhibited a higher capacity to phagocyte bacteria than M2-macrophages derived 
from lL-34 differentiated macrophages (Fig. 4c).

To identify the cytokines that could be important for the polarization of macrophages in lL-34 stimulated 
monocytes, we analyzed by both real time RT-PCR and Elisa the expression level of some cytokines/chemokines 
known to be modulated during the M1 or M2 polarization process24–26. Regarding M1 polarization, we found a 
significant increase in IL-10 and CXCL11 mRNA and protein levels when IL-34 macrophages were polarized in 
response to LPS + IFNγ compared to CSF-1 polarized macrophages (Fig. 4d and Sup Fig. 3a). Some differences 
were also observed between macrophages polarized into the M2 phenotype by CSF-1 or IL-34. The most noticea-
ble one were a very strong induction of CCL17, and CCL22, together with a decrease of IL-10 which was observed 
only when IL-34 differentiated monocytes were polarized into the M2 phenotype (Fig. 4e and Sup Fig. 3b). To 
investigate whether these differences in cytokine expression may be physiologically relevant, we analyzed the 
ability of M1 or M2 polarized macrophage secretomes (i.e from CSF-1 or IL-34 treated monocytes) to induce 
polarization of purified naïve T cells from two donors into the Th1 or Th2 phenotype. As no obvious differences 
were observed for Th2 polarization (not shown), we next focused on Th1 polarization. Therefore, we followed 
by flow cytometry the intracellular expression of IFNγ (Sup Fig. 3c and d) which is representative of Th1 cells. 
Of note, T cell polarization was higher in the presence of the secretome derived from M1-polarized CSF-1 mac-
rophages as compared to M1-polarized IL-34 macrophages. Finally, the secretome derived from M2-polarized 
IL-34 macrophages strongly increased Th1 polarization compared to M2-polarized CSF-1 macrophages. In con-
clusion, although IL-34 and CSF-1 display an equivalent macrophage differentiation ability, the functionality of 
IL-34 and CSF-1 macrophages following polarization into the M1 or M2 phenotype is different, more specially 
regarding Th1 cell polarization.

CSF-1 and IL-34 share the same receptor11, the so-called CSF-1R and no obvious differences in the downstream 
signaling pathways triggered by both ligands in monocytes have been reported so far27. However, some genetic 
evidence indicate that it could exist differences in the effect of both cytokines in myeloid cells and in the brain28,29. 
This is exemplified by the fact that CSF-1 deficient (CSF-1op/op) mice exhibit a less severe phenotype than their 
CSF-1R deficient counterpart suggesting that at least one part of the IL-34 effect could be triggered independently 
of the CSF-1R30. This has been recently confirmed following the identification of a second receptor for IL-34 in 
the brain. Indeed, IL-34 binds to and signals by an alternative receptor, namely PTP-ζ14. Moreover, it has also been 
reported minor differences in the production and secretion of some cytokines including eotaxin-2 in peripheral 
blood cells stimulated with CSF-1 or IL-3427. Although CSF-1 and IL-34 exert many redundant functions ex vivo, 
the profile of expression, the source and the kinetic of cytokine production are different in vivo. Indeed, in con-
trast to CSF-1, IL-34 shows specific expression by keratinocytes and neurons in mice and plays an important role 
in the development and maintenance of Langherans cells and microglia, respectively29,31. In human, IL-34 is more 
widely/differently expressed, albeit also highly expressed in neuronal tissues and skin (see FANTOM5 and GTEX 
databases). There is also increasing evidence that IL-34 expression is upregulated in pathological conditions and 
may play important functions in autoimmune disorders, infections, inflammation and cancer32. Regarding can-
cer, IL-34 promotes the recruitment of M2-polarized tumor-associated macrophages by a direct effect on CSF-1R 
in macrophages, promoting new vessel formation and extravasation of immune cells, as CSF-1 does33. However, 
clear evidence indicating different functions of both cytokines are still lacking.

In the present study, we scrutinized the effect of CSF-1 and IL-34 on human monocyte differentiation. We 
found that the early and late signaling pathways leading to the differentiation of monocytes into macrophages 
were strictly identical in both conditions. Moreover, we also described for the first time that IL-34 promotes 
caspase activation and the activation of the AMPK/ULK1 pathway in monocytes leading to LC3-I lipidation and 
cleavage into LC3-II, as CSF-1 does, confirming the similarity of action of both ligands on human monocyte 
differentiation and induction of autophagy.

Whereas monocyte differentiation proceeded similarly in CSF-1 and IL-34 stimulated human primary mono-
cytes, we identified however, differences in the production of some cytokines/chemokines when cells were polar-
ized into the M1 or M2 phenotype using LPS + IFNγ or IL-4 following macrophage differentiation by either 
CSF-1 or IL-34. The most noticeable examples, were increased production of IL-10 and CXCL11 at the mRNA 
and protein level in M1 polarized macrophages. Regarding M2 polarization, we also observed a striking induction 
of CCL17 and CCL22 and a decrease in IL-10 mRNA and protein expression, which were found exclusively in 
M2-polarized IL-34 macrophages. Therefore, despite a strictly identical profile of monocyte differentiation, the 
cytokines/chemokines produced by CSF-1 or IL-34 macrophages are somehow different, suggesting that mac-
rophages generated in both conditions may have different role in pro or anti-inflammatory pathophysiological 
conditions.

CCL17 (TARC) was originally implicated in the selective attraction of Th2 lymphocytes and thus considered 
as a M2 cytokine. Recent findings in the literature have reported that human monocyte-derived macrophages 
grown in CSF-1 do induce CCL17 in response to IL-4 as do mouse bone-marrow-derived macrophages grown in 
CSF-125,26. It was also recently reported that GM-CSF drives CCL17 mRNA and protein expression in human and 
mice monocytes. Surprisingly, CCL17 seems to mediate at least some of the pro-inflammatory action of GM-CSF 
on arthritic pain and disease34. Several other cytokines including IL-435 and IL-1336 have been reported to be asso-
ciated with upregulation of CCL17 mRNA and protein. The fact that CCL17 mRNA expression was selectively 
upregulated in macrophages differentiated in the presence of IL-34 and polarized into the M2 phenotype by IL-4 
but not in their CSF-1 differentiated counterpart indicates that polarization rather than IL-4 itself is responsible 
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Figure 4. IL-34 macrophages have a different polarization potential as compared to CSF-1-macrophages.  
(a) Human monocytes were differentiated during 7 days with 100 ng/mL CSF-1 or 100 ng/mL IL-34 and then 
polarized into M1-macrophages (LPS + IFNγ) or M2-macrophages (IL-4) for 2 days. Macrophage polarization 
was evaluated by 2-color flow cytometric analysis. (b) Functional assay of monocytes exposed for 2 or 5 days 
to 100 ng/mL CSF-1 or 100 ng/mL IL-34. The results are expressed as MFI and represent the mean ± SD of 
3 independent experiments performed in duplicate. n.s. denotes not statistically significant according to a 
paired student t test. (c) Functional assay of monocytes exposed for 7 days with 100 ng/mL CSF-1 or 100 ng/
mL IL-34 and then polarized into M2-macrophages (IL-4) for 2 days. The results are expressed as the fold 
induction compared to CSF-1 macrophages and represent the mean of 3 independent experiments performed 
in duplicate. *P < 0.05 according to a paired student t test (versus CSF-1-macrophages). (d,e) Human 
monocytes were differentiated during 7 days with 100 ng/mL CSF-1 or 100 ng/mL IL-34 and then polarized 
into M1-macrophages (LPS + IFNγ) or M2-macrophages (IL-4) for 24 hours. The expression of the indicated 
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for CCL17 mRNA induction in our experiments. Globally, these findings indicate that IL-34 could resemble more 
GM-CSF than CSF-1 in its ability to trigger M2 polarization.

IL-10 is produced by Th2 lymphocytes and is known to suppress the differentiation and effector function 
of Th137–39. We showed here, that IL-10 protein expression is strikingly increased in M1-polarized IL-34 mac-
rophages compared to M1-polarized CSF-1 macrophages. This may explain the impairment of Th1 polarization 
observed with the secretome of M1-polarized IL-34 macrophages.

The reason for the differential effect of CSF-1 and IL-34 regarding the polarization into M1 or M2 phenotypes 
is currently unknown. However, a likely explanation could rely on the fact that IFNγR/TLR4 or IL-4 receptor 
expression is different in CSF-1 and IL-34 differentiated macrophages. We checked that it was not indeed the case 
(Sup Fig. 4). An alternative hypothesis would be that this specific effect of IL-34 is mediated independently of 
the CSF-1R. It has been described that IL-34 can bind CD138 and PTP-ζ that can act as putative IL-34 receptors. 
As monocytes and macrophages failed to express CD138 (syndecan 1) (Sup Fig. 4) and PTP-ζ expression seems 
restricted to neuronal tissues and skin, it would be interesting in future studies to investigate whether other pro-
teoglycans such as serglycin, versican, perlecan or other syndecans40,41, including syndecan 4, could explain the 
differential effect of IL-34 regarding the polarization into M1 or M2 phenotypes.

In conclusion, the signaling pathways induced by CSF-1 and IL-34 downstream CSF-1R are undistinguish-
able. However, some differences in chemokines/cytokines production do exist when CSF-1 or IL-34 differ-
entiated monocytes are induced to polarize into the M1 or M2 phenotypes following LPS + INFγ or IL-4 
treatments. Variations in the secretome induced by CSF-1 or IL-34 may account for their different ability 
to polarize naïve T lymphocytes into Th1 cells. Strikingly, the increase in IL-10 production in M1-polarized 
IL-34 macrophages promoted a decrease in Th1 cell polarization while the increase in CCL17 and CCL22 in 
M2-polarized IL-34 macrophages favored an increase in Th1 cell polarization. These findings suggest that in 
an inflammatory context, IL-34 derived macrophages may behave differently than CSF-1 derived macrophages. 
Therefore, we conclude that IL-34 and CSF-1 display equivalent macrophage differentiation ability but different 
polarization potential.

Human IL-34 was from Biolegend (BLE577906). Human CSF-1 was purchased 
from Miltenyi (130-096-493). Bafilomycin A1 was from Tocris (1334). qVD was from Clinisciences (A1901-
5mg). 3-MethylAdenine was purchased from Sigma Aldrich (M9281). Phospho-CSF-1R (Tyr723), Phospho-
AKT, AKT, Phospho-ERK1/2, ERK1/2, Phospho-AMPK (Thr172), AMPK, Phospho-ULK1 (Ser555), ULK1, 
Caspase-8, Caspase-3, Nucleophosmin, LC3-B, and Beclin antibodies were purchased from Cell Signaling 
Technology (catalog numbers were 3155, 4060, 9272, 4370, 4695, 2535, 2532, 5869, 8054, 9746, 9662, 3542, 2775, 
and 3738 respectively). CSF-1R, ACTIN, CD71, and CD163 antibodies were from Santa Cruz Biotechnology 
(catalog numbers were sc-692, sc-1616, sc-51829 and sc-33559 respectively). Cathepsin B was from MERCK 
(IM27L). HRP-conjugated rabbit anti-goat or mouse was purchased from Dako (P0449 and P0260) and HRP-
conjugated goat anti-rabbit was from Cell Signaling (5127).

Human peripheral volunteers were obtained from 
healthy donors with informed consent following the Declaration of Helsinki according to the recommenda-
tions of an independent scientific review board. The project has been validated by The Etablissement Français 
du Sang, the French national agency for blood collection (protocol N°ALM/PLER/FO/001). Blood samples were 
collected using ethylene diamine tetra-acetic acid–containing tubes. Mononucleated cells were first isolated using 
Ficoll Hypaque (Eurobio, CMSMSL0101). Then, we used the autoMACS® Pro Separator (Miltenyi, France) to 
perform cell enrichment. An initial positive selection, which included antibody targeting CD14, was used for 
monocyte enrichment (Miltenyi, 130-050-201). Purified monocytes from human were grown in RPMI 1640 
medium with glutamax-I (Life Technologies, 61870044) supplemented with 10% (vol/vol) foetal bovine serum 
(Life Technologies). Monocytes were seeded in tissue culture treated flasks or wells. Macrophage differentiation 
was induced by adding into the culture medium 100 ng/mL CSF-1 or 100 ng/mL IL-34 and was visualized using 
standard optics (20x/0.35 Ph1) equipped with an AxioCam ERc camera (Zeiss, France). Phase images of the cul-
tures were recorded with the Zen 2 software (Zeiss).

To analyze the macrophagic differentiation of monocytes, cells were washed with ice-cold 
phosphate buffered saline (PBS, Life Technologies, 14190169), incubated at 4 °C for 10 min in PBS/bovine serum 
albumin (BSA 0.5%, Dutscher, 871002) with anti-CD71 and anti-CD163 or an isotype control (Miltenyi and 
BD Biosciences, catalog numbers were 551374 and 130-097-628). Finally, cells were washed and fixed in 2% 
paraformaldehyde (EMS, 15710). To detect caspase activity, we used FITC-DEVD-FMK according to the man-
ufacturer’s instruction (Promokine, green caspase-3 staining kit, PK-CA577-K183). To perform macrophage 
polarization, purified monocytes were plated at 0.3 × 106 per mL in RPMI 1640 medium with glutamax-I sup-
plemented with 10% (vol/vol) fetal bovine serum plus CSF-1 or IL-34 for 7 + 2 days to differentiate into M0 
macrophages. 100 ng/mL lipopolysaccharide (LPS-EK Ultrapure, Invivogen, tlrl-peklps) and 20 ng/mL inter-
feron gamma (Miltenyi, 130-096-484) were added after 7 days of differentiation for two days to polarize into 

mRNA  was analyzed by qPCR (mean ± SEM of 5 independent experiments). *P < 0.05, ***P < 0.001 according 
to a paired student t test (versus CSF-1 macrophages). The production of IL-10 and CCL17 was analyzed using 
Multi-Analyte ELISArray kit as described in Material and Methods section. The results are expressed as ng/mL 
per million of cells and represent the mean ± SD of 2 independent experiments performed in duplicate.
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M1-macrophages. M2-macrophages were obtained by addition of 20 ng/mL IL-4 (Miltenyi, 130-094-117) for two 
days. To analyze the macrophage polarization, cells were detached using PBS/EDTA/BSA, washed with PBS, and 
incubated at 4 °C for 10 min in PBS/ bovine serum albumin with anti-CD80 (Miltenyi, 130-097-204), anti-CD86 
(Miltenyi, 130-094-877), anti-CD200R (Biolegend, 329308), and anti-CD206 (Miltenyi, 130-100-034) or isotype 
controls. Finally, cells were washed and fixed in 2% paraformaldehyde (EMS, 15710). Fluorescence was measured 
with a MACSQuant® Analyzer (Miltenyi, Paris, France). To analyze the ability of macrophages to phagocyte bac-
teria, we used Vybrant® Phagocytosis Assay Kit according manufacture’s instruction (ThermoFisher, V-6694). 
Briefly, macrophages were detached and incubated with fluorescein-labeled E. coli (K-12 strain) for 30 min. Next, 
cells were washed twice with PBS and resuspended in PBS. Fluorescence, that indicate the internalization of par-
ticles, was measured with a MACSQuant® Analyzers (Miltenyi, France). Trypan blue solution was used to quench 
the fluorescence from particles that were not internalized.

Cells were lysed for 30 min at 4 °C in lysis buffer [50 mM HEPES pH 7.4, 150 mM 
NaCl, 20 mM EDTA, PhosphoSTOP (Sigma, 04906837001), complete protease inhibitor mixture (Sigma, 
11836153001), 1% Triton X-100 (Sigma, T9284)]. Lysates were centrifuged at 20,000 g (15 min, 4 °C) and super-
natants were supplemented with concentrated loading buffer (4X laemmli buffer). Fifty micrograms of proteins 
were separated and transferred following standard protocols before analysis with chemiluminescent detection kit 
(GE Healthcare, RPN2105).

Small interfering (si) RNAs were introduced into monocytes by nucleoporation 
(Amaxa, VPA-1007) of 5 × 106 monocytes in 100 μL of nucleofector solution with 15 nmol of siRNA. Cells were 
incubated for 24 h with 5 mL of prewarmed complete medium, and CSF-1 or IL-34 was subsequently added. We 
used siRNAs (Life Technologies) targeting Caspase-8 (HSS141461), BECLIN1 (HSS112741) and LUCIFERASE as 
a negative control (Sense: 5′-CUUACGCUGAGUACUUCGAtt-3′).

RNA was prepared from 5 × 106 
cells using the RNeasy Mini Kit according to manufacturer’s protocol (Qiagen, 74104). Each cDNA sample was 
prepared using AMV RT and random primers (Promega, M510F and C1181). Real-time polymerase chain reac-
tion (PCR) was performed using the SyBR Green detection protocol (Life Technologies, 4367659). Briefly, 5 ng of 
total cDNA, 500 nM (each) primers, and 5 μL SyBR Green mixture were used in a total volume of 10 μL. Detection 
of multiple endogenous controls (ACTB, L32 and UBIQUITIN) were used to normalize the results. Specific for-
ward and reverse primers are accessible upon request.

To perform macrophage polarization, purified monocytes were plated 
at 0.3 × 106 per mL in RPMI 1640 medium with glutamax-I supplemented with 10% (vol/vol) fetal bovine 
serum plus CSF-1 or IL-34 for 7 + 1 days to differentiate into M0 macrophages. 100 ng/mL lipopolysaccharide 
(LPS-EK Ultrapure, Invivogen, tlrl-peklps) and 20 ng/mL interferon gamma (Miltenyi, 130-096-484) were 
added after 7 days of differentiation for one day to polarize into M1-macrophages. M2-macrophages were 
obtained by addition of 20 ng/mL IL-4 (Miltenyi, 130-094-117) for one day. Next, cells were washed and seeded 
in RPMI 1640 medium with glutamax-I supplemented with 10% (vol/vol) fetal bovine serum during one day. 
The cytokines productions were finally evaluated using MultiAnalyte ELISArray kit (Qiagen, MEH-004A and 
MEH-009A).

Statistical analysis was performed using a paired Student t test and significance was 
considered when P values were lower than 0.05. The results are expressed as the mean ± SEM.
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SUMMARY

Dietary restriction (DR) was shown to impact on
tumor growth with very variable effects depending
on the cancer type. However, how DR limits cancer
progression remains largely unknown. Here, we
demonstrate that feeding mice a low-protein (Low
PROT) isocaloric diet but not a low-carbohydrate
(Low CHO) diet reduced tumor growth in three inde-
pendent mouse cancer models. Surprisingly, this ef-
fect relies on anticancer immunosurveillance, as
depleting CD8+ T cells, antigen-presenting cells
(APCs), or using immunodeficient mice prevented
the beneficial effect of the diet. Mechanistically, we
established that a Low PROT diet induces the
unfolded protein response (UPR) in tumor cells
through the activation of IRE1a and RIG1 signaling,
thereby resulting in cytokine production and
mounting an efficient anticancer immune response.
Collectively, our data suggest that a Low PROT diet
induces an IRE1a-dependent UPR in cancer cells,
enhancing a CD8-mediated T cell response against
tumors.

INTRODUCTION

Dietary restriction (DR) without malnutrition, which includes

caloric restriction (CR) and fasting, is well recognized as one of

the most reliable methods to enhance life span and reduce the

incidence of a wide variety of diseases, including human cancers

(Fontana and Partridge, 2015). DR has a beneficial impact on

health and life span, affects cancer development (Longo and

Mattson, 2014; Lu et al., 2017; Meynet and Ricci, 2014), and

sensitizes tumor cells to chemotherapy (Meynet et al., 2013; Ru-

bio-Patiño et al., 2016), notably by increasing tumor immunosur-

veillance (Di Biase et al., 2016). The identification of new

methods to induce immunosurveillance has become crucial for

the development of effective therapeutic protocols against can-

cers, the inhibition of tumor development and progression, and

the enhancement of long-term protection. However, using DR in-

terventions, such as acute fasting or prolonged CR, to reduce

tumor growth can be very difficult to tolerate for most cancer pa-

tients receiving treatment due to the development of cachexia

and DR-related weight loss (Porporato, 2016). Therefore, devel-

oping alternative methods to benefit from DR-mediated reduc-

tion in tumor growth without impacting total caloric intake is an

area of intense research (Bénéteau et al., 2012; Pietrocola

et al., 2016). Indeed, it has been suggested that macronutrient

modulation rather than calorie intake determines the effect of

DR on health and aging (Levine et al., 2014; Solon-Biet et al.,

2014). Interestingly, several studies have demonstrated that

the balance of protein in the diet is especially important for these

effects, as a low-protein (Low PROT) diet produces beneficial

metabolic effects similar to DR, such as reductions in insulin-

like growth factor 1 (IGF-1) and cancer incidence and an increase

in longevity (Fontana et al., 2013; Levine et al., 2014; Solon-Biet

et al., 2014, 2015).

Macronutrient modulation might also impact protein homeo-

stasis, which is also referred to as proteostasis, and in particular

endoplasmic reticulum (ER) functions (Cubillos-Ruiz et al., 2017).

Consequently, the adaptive unfolded protein response (UPR) is

stimulated when ER proteostasis is disturbed. Accumulating

evidence indicates that chronic activation of the UPR supports

themain hallmarks of cancer by favoring cancer cell autonomous

and non-autonomous processes, which ultimately condition the

immunosuppressive and pro-tumorigenic microenvironment

(Cubillos-Ruiz et al., 2017). However, certain forms of ER stress
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(environmentally or therapy-induced) can elicit immunogenic

cancer cell death (ICD), which enables the release of key immu-

nostimulatory (such as interferon g [INFg]) and danger signals,

eventually driving efficient antitumor immunity (Galluzzi et al.,

2015; Garg et al., 2015).

The UPR is controlled by three main ER resident sensors:

Inositol Requiring Enzyme 1a (IRE1a), Activating Transcription

Factor 6a (ATF6a), and PKR-like endoplasmic reticulum kinase

(PERK) (Hetz et al., 2015). Upon ER stress, IRE1a oligomerizes

and auto-transphosphorylates, thus activating the endoribonu-

clease domain that subsequently catalyzes the non-conven-

tional splicing of X-box binding protein 1 (XBP1) (Calfon et al.,

2002; Lee et al., 2002) together with the tRNA ligase RtcB (Lu

et al., 2014). Spliced XBP1 (sXBP1) is an active transcription fac-

tor that regulates the expression of genes encoding proteins

involved in protein folding and quality control, ER-associated

degradation, and phospholipid synthesis. IRE1a RNase activity

is also involved in regulated IRE1-dependent decay (RIDD) of

mRNA, rRNA, and microRNAs (Maurel et al., 2014). Interestingly,

in response to ER stress, RIDD-mediated RNA cleavage into sin-

gle-strand fragments lacking markers of self was shown to acti-

vate RIG1 (Retinoic Acid Inducible Gene 1). This RIDD-RIG1

pathway affects in turn adaptive immunity in humans (Eckard

et al., 2014). Similar to IRE1a, on ER stress, PERK dimerizes

and trans-autophosphorylates, thus leading to the phosphoryla-

tion of the translation initiation factor eIF2a and global protein

synthesis attenuation. This also leads to translational activation

of ATF4, a transcription factor that controls the expression of

genes whose products are involved in amino acid transport,

autophagy, and redox control (Pakos-Zebrucka et al., 2016).

Finally, ER stress induces ATF6 export from the ER and its trans-

membrane cleavage by Site-1 protease (S1P) and Site-2 prote-

ase (S2P), two Golgi resident proteases. The released cytosolic

ATF6 fragment acts as an active transcription factor (Hetz

et al., 2015).

Based on these premises, we analyzed the mechanism by

which macronutrient modulation can mimic the antitumoral

properties of DR by feeding mice ad libitum with isocaloric

custom diets. Our results demonstrate that an isocaloric Low

PROT diet but not a low-carbohydrate (Low CHO) diet can

induce an IRE1a/RIG1-dependent increase in immunosurveil-

lance, suggesting that such a diet can represent a clinically inter-

esting alternative to DR interventions in the context of cancer

development, tumor immunity, and treatment.

RESULTS

A Low-Protein Diet Limits Tumor Development through
the Induction of Immunosurveillance
To analyze the effect of macronutrient modulation on tumor

development, we fed mice bearing myc-driven lymphoma iso-

lated from Em-Myc mice (Adams et al., 1985) custom engineered

isocaloric diets containing either 25% less proteins (Low PROT)

or 25% less carbohydrates (LowCHO) comparedwith the control

diet. Mice were fed ad libitum with the different diets, and the

regimens’ impact on mouse survival was monitored over time

(Figure 1A). We established that only Low PROT diet increased

mouse survival, whereas global food intake and mouse weight

were equivalent for all diets (Figures S1A and S1B). The increase

in survival observed under the Low PROT diet was associated

with a reduction of spleen weight compared with the other

groups, thus indicating reduced lymphoma development (Fig-

ure 1B). Moreover, lymphoma-bearing lymph nodes from immu-

nocompetent mice fed with a Low PROT diet presented an

increase in IFNg expression (Figure S1C). Given that IFNg is a

key cytokine for innate and adaptive immunity, we hypothesized

that the Low PROT-dependent increase in survival could, at least

in part, be due to an enhanced anticancer immune response. To

test this hypothesis, we depleted cytotoxic CD8+ T cells using an

anti-CD8-specific antibody (Figures S1D and S1I). Strikingly, the

impairment of the cytotoxic immune response prevented the

beneficial effect induced by the Low PROT diet, suggesting a

central role for CD8+ T cells (Figure 1A).

To further confirm the role of LowPROT diet-induced immuno-

surveillance, we transplanted primary lymphoma cells isolated

from Em-Myc mice into immunodeficient NOD-Scid gamma

c�/� (NSG) mice. As shown in Figure 1A, a Low CHO diet did

not impact mouse survival compared with the control diet (Fig-

ure 1C). Conversely, a LowPROT diet led to a dramatic decrease

in mouse survival compared with the control diet (Figure 1D).

Importantly, the co-injection of C57BL/6 splenocytes (containing

mainly T and B cells syngeneic with the Em-Myc lymphoma cells

injected) resulted in an increase in mouse survival under a Low

PROT diet (Figure 1D). These findings further confirm the key

role of the immune system in the beneficial effect of the Low

PROT diet on tumor development.

We extended our observations in vivo using two

additional mouse models: a murine colorectal carcinoma

(CRC) cell line (CT26) subcutaneously injected into syngeneic

Figure 1. A Low PROT Diet Affects Tumor Development in a CD8-Dependent Manner

(A) Survival curve of syngeneic C57BL/6mice that were intravenously injectedwith Em-Myc lymphoma cells. Mice were fed ad libitumwith Ctl, LowCHO, and Low

PROT diets and were intraperitoneally injected with PBS or aCD8 antibody (Ctl, n = 8; Low CHO, n = 9; Low PROT, n = 10; Low PROT aCD8, n = 6).

(B) Spleen weight of C57BL/6 mice intravenously injected with Em-Myc lymphoma cells and fed ad libitum with Ctl, Low CHO and Low PROT diets (4 mice

per group).

(C and D) Survival curve of NSG mice that were intravenously injected with Em-Myc lymphoma cells with or without splenocytes and fed ad libitum with Ctl, Low

CHO and Low PROT diets (Ctl, n = 5; Low CHO, n = 5; Low PROT, n = 5; Ctl + Splenocytes, n = 3; Low PROT + Splenocytes, n = 3).

(E) Tumor growth curve of syngeneic BALB/c mice that were subcutaneously injected with CT26 colorectal carcinoma cells. Mice were fed ad libitumwith Ctl and

Low PROT (�12.5%, �25%, and �40%) diets (Ctl, n = 7; Low PROT �12,5%, n = 7; Low PROT �25%, n = 8; Low PROT �40%, n = 8).

(F) Tumor volume at day 14 of data shown in (E).

(G) Tumor growth curve of syngeneic BALB/c mice that were subcutaneously injected with CT26 colorectal carcinoma cells. Mice were fed ad libitumwith Ctl and

Low PROT diets and were intraperitoneally injected with PBS or aCD8 antibody (Ctl, n = 11; Low PROT, n = 10; Ctl aCD8, n = 8; Low PROT aCD8, n = 8).

(H) Tumor volume at day 12 of data shown in (G).

*p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SEM. Comparisons of every group versus Ctl group, except where specified otherwise. When not

mentioned, differences are not significant. All experiments are representative of two performed. See also Figure S1.
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Figure 2. A Low PROT Diet Increases CD8 Tumor-Infiltrating Lymphocytes

(A and B) BALB/c mice were subcutaneously injected with CT26 colorectal carcinoma cells and were fed ad libitumwith Ctl and Low PROT diets. Upon sacrifice,

CD3+ cells were isolated from spleens and incubated with (A) live CT26 cells or (B) B16 cells for 4 hr. The ability of T cells to kill tumor cells was determined by flow

cytometry. Cell death of CT26 and B16 cells was determined by DAPI staining (at least seven mice per group).

(legend continued on next page)
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immunocompetent BALB/c mice and a murine melanoma cell

line (B16) subcutaneously injected into syngeneic immunocom-

petent C57BL/6 mice. Given that a Low CHO diet did not have

any effect on mouse survival using the Em-Myc model (Figures

1A and 1B), we focused our attention on the Low PROT diet.

We first tested the impact of diet-protein content on tumor

growth in the CT26-BALB/c model by generating isocaloric diets

presenting a reduction of 12.5%, 25% (as in Figures 1A–1D), or

40% of protein content. The global food intake and mouse

weight were equivalent for all diets (Figures S1E and S1F).

While �12.5% and �25% protein diets resulted in similar tumor

growth reduction, the �40% diet did not show any beneficial

effect (Figures 1E and 1F). We therefore decided to use

the �25% Low PROT diet (named Low PROT diet) for the rest

of the study. Then, using the CT26-BALB/c model (Figures 1G

and 1H) and the B16-C57BL/6 model (Figures S1G and S1H),

we established that a Low PROT diet attenuated tumor develop-

ment in an immune-dependent manner, as the depletion of

CD8+ T cells (shown in Figure S1I) prevented the beneficial

effects mediated by the Low PROT diet (Figures 1G, 1H, S1G,

and S1H). Importantly, we verified that food intake or mouse

body weight were not affected by the different diets in both

models (Figures S1J–S1M). We also verified that glycemia was

not affected by the Low PROT diet (Figure S1N).

Altogether, we established using three independent and

different mouse cancer models that a Low PROT diet attenuates

tumor growth through the induction of an anticancer immune

response.

To directly address whether a Low PROT diet can induce an

efficient and specific anticancer immune response, we isolated

T cells from the spleens of BALB/c mice previously injected

with CT26 cells and fed with a control or a Low PROT diet and

from C57BL/6 mice previously injected with Em-Myc cells and

fed a control, Low CHO, or Low PROT diet. We then tested the

ability of isolated cytotoxic T cells to kill tumor cells ex vivo. In

both models, T cells isolated from the spleens of Low PROT-

fed mice were more efficient in killing syngeneic tumor cells

compared with T cells isolated from control and Low CHO

diet-fed mice (Figures 2A, S2A, and S2B). To test whether cyto-

toxic activity of T cells was specific for the syngeneic tumor cells,

we incubated ex vivo the T cells isolated from the CT26-BALB/c

model with B16 melanoma cells. T cells isolated from the CT26-

BALB/c model fed with a Low PROT diet, while efficiently killing

CT26 cells (Figure 2A), were unable to kill B16 cells (Figure 2B),

thus suggesting that a Low PROT diet leads to the expansion

of tumor antigen-specific T cells. Although the percentage of tu-

mor-infiltrating T regulatory cells (Treg, CD3+CD4+CD25+

CD127�) did not vary in CT26 tumors, intratumoral natural killer

cells (NK, CD3� NK1.1+) and CD3+/CD8+ T lymphocytes were

increased (Figure 2C). Importantly, this beneficial effect of the

Low PROT diet was confirmed and correlated with an increase

in CD8+ tumor-infiltrating lymphocytes (TILs) that were visualized

by immunofluorescence on tumor sections of BALB/c bearing

CT26 tumors (Figures 2D and 2E). The increase in CD8+ TILs

was associated with an increase in the mRNA levels of IFNg

and its target CXCL10 in tumors in vivo (Figures S2C and S2D).

We demonstrated that a Low PROT diet can limit tumor devel-

opment not by affecting tumor cell proliferation capacity or by

inducing tumor cell death directly but rather through the increase

in TILs that results in the induction of an efficient and specific

anticancer immune response.

Low-Protein-Diet-Induced Immunosurveillance
Requires APCs and Involves INFg Production by
Tumor Cells
Antigen-presenting cells (APCs), like dendritic cells (DCs) or

macrophages, are central for antigen presentation (Joffre et al.,

2009; Kroemer et al., 2013). We therefore investigated their

involvement in vivo by depleting phagocytic cells from the

myeloid lineage (DCs and macrophages) using liposome clodro-

nate (Van Rooijen and Sanders, 1994) (Figures S3A and S3B).

Interestingly, the Low PROT diet-mediated protective effect

was lost upon APC depletion (Figures 3A and 3B).

To further support our conclusions, we neutralized CD86, a

co-stimulatory protein expressed on APCs that is required for

T cell activation, using a blocking antibody in vivo (Figure S3C).

As for APCs depletion, CD86 blockade in vivo prevented the ef-

fect of the Low PROT diet on tumor growth (Figures 3C and 3D).

Cytokine production by tumor cells, including INFg, plays a key

role in ICD (Galluzzi et al., 2015). We established that reduction

of IFNg expression by tumor cells (Figure 3E) prevents the effects

of a Low PROT diet on tumor growth (Figure 3F.)

Collectively our data suggest that a Low PROT diet can induce

an antitumoral immune response that relies on APCs and, at

least in part, on IFNg production by tumor cells.

A Low-Protein Diet Induces IRE1a-Dependent ER Stress
Since we found that a Low PROT diet induced an antitumoral ef-

fect in three independent mouse tumor models, we then sought

to investigate the underlying molecular mechanism by moni-

toring key signaling pathways previously reported as affected

by such a regimen. We did not observe significant modulation

of the mammalian target of rapamycin (mTOR) pathway or of

GCN2 (general control nonderepressible 2) activation, two key

sensors of the amino acid content in the cells (Kim et al., 2017;

Wek et al., 1995) (Figures S4A–S4C). We also did not observe

any modulation of the Akt pathway (Figures S4A and S4B).

Moreover, recently, autophagy induction by CR mimetics was

associated with an increase in anticancer immunosurveillance

(Pietrocola et al., 2016). However, we did not observe any sign

of autophagy induction as judged by LC3 conversion in tumor

cells isolated from Low PROT-fed mice compared with the

control diet (Figures S4D and S4E). Hence, in our model of an

isocaloric, mild reduction of protein intake, the increase in immu-

nosurveillance is not mediated by the modulation of macroau-

tophagy or mTOR/GCN2/Akt pathways.

(C) Effect of Ctl and Low PROT diets on the intratumoral frequency of infiltrating Treg, NK, CD3+, and CD8+ cells in CT26 tumors as analyzed by flow cytometry (at

least three mice per group).

(D) Immunofluorescent staining of CD8+ T cells in BALB/c CT26 bearing tumors after 25 days of diet. Scale bar is equivalent to 50 mm.

(E) Corresponding quantification (three mice per group).

*p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SEM. When not mentioned, differences are not significant. See also Figure S2.
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Figure 3. Role of Macrophages and Dendritic Cells on the Antitumor Effect of a Low PROT Diet

BALB/c mice were subcutaneously injected with CT26 colorectal carcinoma cells and were fed ad libitum with Ctl and Low PROT diets.

(A) Mice were intraperitoneally injected with clodronate liposomes (Lipo Clod) or PBS liposomes (Lipo PBS) (Ctl-Lipo PBS, n = 8; Low PROT-Lipo PBS, n = 8;

Ctl-Lipo Clod, n = 6; Low PROT-Lipo Clod, n = 6).

(B) Tumor volume at day 14 of data shown in (A).

(C) Mice were intraperitoneally injected with PBS or aCD86 antibody (Ctl - PBS, n = 8; Low PROT – PBS, n = 7; Low PROT – aCD86, n = 7).

(D) Tumor volume at day 15 of data shown in (C).

(E) Knockdown in CT26 cells of IFNg using the shRNA technique. IFNg expression was analyzed by qPCR.

(F) BALB/c mice were subcutaneously injected with CT26 shRNA of interferon g colorectal carcinoma cells and were fed ad libitumwith Ctl and Low PROT diets.

Tumor volume at day 13.

*p < 0.05, **p < 0.01. Error bars represent SEM. Comparisons of every group versus Ctl group, except where specified otherwise. When not mentioned, dif-

ferences are not significant. See also Figure S3.
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We then reasoned that reducing protein intake could limit

amino acid availability in tumor cells. Knowing that alterations

in certain amino acids (such as proline) can control ER stress in-

duction (Jeon et al., 2015; Sahu et al., 2016), we monitored the

content of amino acids in tumors. We observed a decrease in

most of the amino acids present in tumors isolated from Low

PROT diet-fed mice compared with tumors isolated from the

control diet group (Figure S4F). We therefore investigated the

activation status of different UPR markers in tumors isolated

from mice fed with the control or Low PROT diets. GRP78 and

CHOP expression were increased and IRE1a phosphorylation

was detected in tumor cells isolated from mice fed a Low

PROT diet (Figures 4A and 4B), indicating that a Low PROT

diet induced the UPR in cancer cells. We did not observe any

modulation of the AFT4 and ATF6 branches of the UPR (Figures

S5A–S5C).

Given that a Low PROT diet induced the expression of cyto-

kines (IFNg and CXCL10) in tumor cells (Figures S1C, S2C, and

S2D) and that IRE1a is a central player in this phenomenon

(Martinon et al., 2010), we further investigated this pathway.

We observed an increase in sXBP1 protein levels in tumor cells

obtained from mice fed a Low PROT diet (Figures 4A and 4B).

ER stress-dependent IRE1a induction mediated by a Low

PROT diet in tumors in vivo was further supported by the

degradation of RIDD target mRNAs (Figure 4C). RIG1 (retinoic

acid inducible gene 1) senses the small RNA fragments gener-

ated by RIDD, leading to its activation (Cho et al., 2013).

We observed the induction of RIG1 protein levels within the tu-

mors isolated from Low PROT-fed mice (Figures 4D and 4E).

Importantly, the activation of IRE1a signaling, as judged by

the generation of sXBP1, was not observed in TILs nor in

DCs, thereby suggesting it is a tumor cell-specific activation

(Figure 4F).

Collectively, our data indicate that feeding tumor-bearingmice

a Low PROT diet induces an IRE1a-dependent UPR in tu-

mor cells.

IRE1a-Mediated RIG1 Activation in Tumor Cells Is
Required for a Low PROT-Induced Anticancer Immune
Response
If IRE1a signaling in tumor cells is a central event in the Low

PROT-induced anticancer immune response, we reasoned that

attenuation of ER stress should prevent the beneficial effect pro-

vided by this diet. To test this hypothesis, we first injected CT26

cells in syngeneic immunocompetent BALB/c mice fed ad libi-

tumwith the control or Low PROT diets. As observed in Figure 1,

feeding the mice a Low PROT diet decreased tumor progression

compared with mice fed with a control diet (Figures 5A and 5B).

Eleven days after subcutaneous injection of tumor cells, half of

themice in each groupwere treated either with the pan ER stress

inhibitor TUDCA or with PBS (vehicle). Strikingly, TUDCA treat-

ment prevented the antitumoral effect of the Low PROT diet,

thereby indicating that ER stress is necessary to achieve such

response. To further support this observation, we then used

the IRE1a-specific RNase inhibitor MKC4485 to block

IRE1a-downstream signaling events. Although tumor burden

was reduced by the Low PROT diet, this effect was impaired

upon treatment with MKC4485 (Figures 5C and 5D). We verified

the efficacy of both inhibitors by assessing the reduction in

CHOP (for tauroursodeoxycholic acid [TUDCA]) or sXBP1

expression (for MKC4485) (Figures 5E and 5F) in tumor cells of

mice fed with a Low PROT diet. Consistent with our hypothesis,

both inhibitors prevented CD8+ T cell infiltration in tumors (Fig-

ures 5G, S6A, and S6B), and this effect was associated with a

drastic reduction in Low PROT-induced IFNg mRNA levels in

tumors (Figure S6C). Importantly, neither the Low PROT diet

nor the inhibitors affected T cell populations in lymphoid organs

of tumor-bearing mice, suggesting a local modulation of the im-

mune cell infiltrate rather than a global impact on whole immune

cell populations (Figures S6D and S6E).

To demonstrate that the Low PROT diet-induced anticancer

immune response is controlled by the modulation of IRE1a in

cancer cells, we used CT26 cells that were stably silenced for

IRE1a (using two independent shRNA sequences, Figure 6A).

Importantly, we verified that IRE1a knockdown did not impact

on cell proliferation (Figure S7A). We again validated that a

Low PROT diet limited tumor growth (Figure 6B). Very impor-

tantly, our in vivo data also demonstrated that IRE1a knockdown

is sufficient to prevent the beneficial effect of a LowPROT diet on

tumor growth (Figures 6C, 6D, S7B, and S7C).

To further support our conclusions and to prevent any off-

target effects of both small hairpin RNA (shRNA) targeting

IRE1a, we invalidated IRE1a in CT26 cells using the CRISPR/

Cas9 technology (Figure 6E). Again, IRE1a invalidation did not

have an impact on cell proliferation in vitro (Figure S7D) but

blunted the Low PROT diet-dependent reduction in tumor

growth (Figures 6F–6H). Finally, to elucidate the role of RIG1

on the IRE1a-dependent antitumor effect of the Low PROT

diet, we invalidated RIG1 in CT26 cells using the CRISPR/Cas9

technique (Figure 6E). As for IRE1a, RIG1 invalidation did not

modulate cell proliferation in vitro (Figure S7D) but prevented

the reduction in tumor growth induced by the Low PROT diet

(Figures 6F–6H). We then confirmed that IRE1a invalidation in tu-

mor cells limited the splicing of XBP1 and RIG1 activation

induced by the Low PROT diet (Figure 6I), confirming that RIG1

activation is downstream of IRE1a activation.

Figure 4. A Low PROT Diet Causes Unresolved ER Stress in CT26 Tumors

Syngeneic BALB/c mice were subcutaneously injected with CT26 colorectal carcinoma cells and fed ad libitum with Ctl and Low PROT diets.

(A) Tumors were harvested after 25 days of diets and lysates were prepared. Expressions of proteins related to the IRE1a pathway were analyzed by western blot.

(B) Average quantification of GRP78, pIRE1a, sXBP1, and CHOP compared with ERK2 levels (used as a loading control) or the corresponding total protein.

(C) mRNA levels of RIDD targets were measured in tumors by qPCR (at least five mice per group).

(D) Expression of RIG1 in tumor tissues was analyzed by western blot.

(E) Average quantification of RIG1 compared with ERK2 levels.

(F) CD4+/CD8+ TILs were isolated fromCT26 tumors and DCswere isolated from spleens of BALB/cmice fedwith Ctl and LowPROT diets. mRNA levels of sXBP1

were determined by qPCR and normalized by uXBP1.

*p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SEM. When not mentioned, differences are not significant. See also Figures S4 and S5.
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Figure 5. Treatment with ER Stress Inhibitors Reverses the Antitumor Immune Response Induced by a Low PROT Diet

(A–D) Tumor growth curves of syngeneic BALB/c mice that were subcutaneously injected with CT26 colorectal carcinoma cells and were fed ad libitum with Ctl

and Low PROT diets. Mice were (A) intraperitoneally injected with TUDCA (five mice per group) (C) or administered MKC4485 by gavage from day 11–16 after

subcutaneous injection with CT26 cells (at least fivemice per group). Average tumor size at day 16 of mice treated with (B) TUDCA or (D) MKC4485 of data shown

in (A) and (C).

(E) Tumors were harvested after 30 days of diets and lysates were prepared. Expression of CHOP and sXBP1 were analyzed by western blot.

(F) Corresponding average quantification of CHOP and sXBP1 compared with ERK2 levels (used as a loading control).

(G) Quantification of immunofluorescent staining of CD8+ T cells in tumors shown in Sup Figure 6A (three mice per group).

*p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SEM. Comparisons of every group versus Ctl group, except where specified otherwise. When not

mentioned, differences are not significant. All experiments are representative of two performed. See also Figure S6.
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Altogether, these results indicate that a Low PROT diet in-

duces IRE1a-mediated RIG1 activation in tumor cells and that

this represents a central event in the Low PROT diet-induced

immunosurveillance.

Increased IRE1a Signaling Is Associated with Increased
Antitumor T Cell Response in Human Cancers
We then decided to corroborate our mouse findings to human

data. For that matter, we investigated whether tumor IRE1a ac-

tivity could be associated with signatures of antitumoral re-

sponses. Recently, a gene signature reflecting IRE1a activation

was established in glioblastoma (Lhomond et al., 2018). Using

TGCA datasets, we stratified glioblastoma (n = 523), melanoma

(n = 293), and colorectal cancers (n = 456) based on IRE1a activ-

ity and identified for each cancer type IRE1ahigh and IRE1alow

populations (Figures S7E–S7G). Then we investigated the

expression of a series of T cell markers (Figures 7A–7C) in both

populations in the three cancer types. Interestingly, in both glio-

blastoma and melanoma, high IRE1a activity correlated with

increased levels of T cell markers (Figures 7B–7D). Surprisingly,

when the same analysis was carried out in CRC, the enrichment

in T cell markers was exclusively observed in grade I tumors (Fig-

ures 7A and 7D).

These results suggested that the association between an in-

crease in IRE1a signaling and the increase in T cell recruitment

is a common feature observed in human tumors from various

origins (Figure 7).

DISCUSSION

In this study, we examined the effect of Low CHO or Low PROT

isocaloric diets on tumor growth using three independent immu-

nocompetent syngeneic mouse models: the Em-Myc-C57BL/6 B

lymphoma model, the B16-C57BL/6 melanoma model, and the

CT26-BALB/c CRCmodel. We established that a 25% reduction

in protein but not in carbohydrate intake with no change in calo-

ries resulted in amarked decrease in tumor growth. All diets used

in our study were isocaloric but had very different impacts on tu-

mor growth (Figure 1). This suggested that the class of nutrients

rather than the amount of energy present in the food is essential

to limit tumor growth. Very importantly, this effect was not related

to the inhibition of cancer cell proliferation or to the induction of

cancer cell death per se but was rather due to the induction of an

efficient antitumoral immune response. Depletion of CD8+ T cells

(Figures 1A, 1G, 1H, S1G, and S1H), the use of immunodeficient

mice (Figures 1C and 1D) or depletion/blocking of APCs (Figures

3A–3D) prevented the beneficial effect of the Low PROT diet. We

also established that feeding tumor-bearing mice with a Low

PROT diet induced a tumor-specific cytotoxic T cell response

(Figures 2, S2A, and S2B). Therefore, our data challenge the

common dogma that lowering protein in the diet limits tumor

development by decreasing tumor proliferation. Instead, we

demonstrate that a mild reduction in protein intake without a

change in total calories ingested induces an adaptive IRE1a-de-

pendent signal in the tumor cells, leading to RIG1 activation. We

have also shown that this IRE1a/RIG1-dependent anticancer im-

mune response goes in hand with cytokine production and that

this plays a role in the Low PROT diet-induced anticancer im-

mune response as shown for IFNg (Figures 3E and 3F).

Nutrients are main regulators of circulating IGF-1, the levels of

which are correlated with increased cancer risk. Consistently, di-

etary restriction-mediated reduction in IGF-1 is largely described

as preventing cancer incidence (Klement and Fink, 2016;Meynet

and Ricci, 2014). Restriction of protein intake or some amino

acids is more efficient than CR in reducing IGF-1, which conse-

quently inhibits the PI3K/mTOR pathway and therefore limits tu-

mor cell proliferation (Fontana et al., 2008, 2013; Norat et al.,

2007; Underwood et al., 1994). However, in our experiments, a

mild reduction of dietary protein content (by 25%) slightly, but

significantly, reduced the amino acid concentration within tumor

tissues but was not associated with a significant modulation of

the mTOR pathway (Figures S4A, S4B, and S4F). In addition,

we demonstrated that the Low PROT diet-dependent reduction

in tumor development was effectively abrogated upon CD8+

T cell or APC depletion (Figures 1A, 1G, 1H, 3A, and 3B) or

when using immunodeficient mice (Figures 1C and 1D). More-

over, IRE1a and RIG1 inhibition or invalidation in tumor cells

reverted the Low PROT-dependent reduction in cancer develop-

ment (Figures 5 and 6). Altogether, our results argue against a

role of circulating IGF-1 in our settings but indicate that a Low

PROT diet induces a tumor cell IRE1a-dependent activation

of anticancer-specific T cells in a PI3K/mTOR-independent

manner.

The UPR has been described as being either pro- or antitu-

moral depending on the tumor type, the intensity of the stress,

and the nature of the microenvironment (Cubillos-Ruiz et al.,

2017; Obacz et al., 2017). We made the observation that mild

dietary reduction of protein intake leads to the induction of the

UPR in tumor cells (Figure 4). We demonstrated that the benefi-

cial effect of the Low PROT diet is dependent on the endoribonu-

clease activity of IRE1a (using the MKC4485 RNase inhibitor,

Figure 5). Our data therefore suggest that IRE1a activity can

Figure 6. A Low PROT Diet Induces an Anticancer Immune Response in an IRE1a-Dependent Manner
(A) Knockdown in CT26 cells of IRE1a using two different shRNAs. IRE1a expression was analyzed by western blot.

(B and C) (B) Tumor growth curve of BALB/c mice that were subcutaneously injected with CT26 (Empty Vector) colorectal carcinoma cells (C) and with shIRE1a

CT26 colorectal carcinoma cells and were fed ad libitum with Ctl and Low PROT diets (at least eight mice per group).

(D) Picture of representative dissected tumors for each group.

(E) Invalidation in CT26 cells of IRE1a and RIG1 using the CRISPR/Cas9 technique. IRE1a and RIG1 expression was analyzed by western blot.

(F) Tumor growth curve of BALB/c mice that were subcutaneously injected with CRISPRCtl, CRISPR IRE1a and CRISPR RIG1 CT26 cells and were fed ad libitum

with Ctl and Low PROT diets (at least eight mice per group).

(G) Tumor volume at day 13 of data shown in (F).

(H) Picture of representative dissected tumors for each group.

(I) Tumors were harvested after 17 days of diets and lysates were prepared. Expressions of proteins related to the IRE1a pathway were analyzed by western blot.

*p < 0.05, **p < 0.01. Error bars represent SEM. Comparisons of every group versus Ctl group, except where specified otherwise. When not mentioned, dif-

ferences are not significant. See also Figure S7.
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selectively contribute to themodulation of tumor outcome by im-

pacting on the tumor cells themselves and/or on the nature of the

tumor microenvironment.

It was recently established that activation of XBP1 in tumor

associated DCs led to a decrease in the anticancer immune

response (Cubillos-Ruiz et al., 2015). The authors therefore

suggested that targeting ER stress responses could have

some relevance in cancer treatment. In our model of Low

PROT diet-induced immunosurveillance, we observed the acti-

vation of the IRE1a pathway in tumor cells but not in DCs or

TILs (Figure 4F). This suggests that this is a tumor cell-specific

ER stress response, probably due to the high metabolic de-

mand and sensitivity of tumor cells to ER stress and the

UPR. Moreover, this also coincides with tumor IRE1-dependent

mechanisms recently described to modulate the nature of the

tumor microenvironment (Lhomond et al., 2018). However,

our study points toward a careful use of IRE1a inhibitors for

cancer treatment.

In the context of our current observations, how IRE1a is

activated in tumor cells upon a Low PROT diet remains to be

elucidated. One possibility would be that a Low PROT diet,

leading to a decrease in specific amino acids in tumors (Fig-

ure S4F) results in IRE1a activation, as it was previously sug-

gested (Jeon et al., 2015; Sahu et al., 2016). However, which

amino acids are involved remains to be clarified. Another hy-

pothesis could be that somehow a Low PROT diet modulates

glycemia that is known to be a central regulator of the UPR (Cu-

billos-Ruiz et al., 2017). However, we did not observe a differ-

ence in glycemia between the two groups (Figure S1N). The

exact nature of how IRE1a is activated in tumor cells upon a

Low PROT diet remains to be identified, in particular the spe-

cific signaling balance between sXBP1 and RIDD. Indeed, it

was recently demonstrated that both arms of the IRE1a

signaling pathway play antagonistic roles through the remodel-

ing of tumor microenvironment. As such, one might postulate

that a Low PROT diet could condition a specific IRE1a

signaling code in tumor cells that would favor the recruitment

of cytotoxic T cells to the tumor site and prevent the generation

of protumoral stroma.

Recently, the use of caloric restriction mimetics (CRm) was

shown to induce an anticancer immune response through the in-

duction of autophagy (Pietrocola et al., 2016). However, we did

not observe anymodulation of autophagy in our settings (Figures

S4D and S4E), suggesting that CRm and Low PROT diets utilize

independent and possibly complementary pathways to increase

immunosurveillance. Here, we describe that a 25% reduction in

protein intake is sufficient to induce an efficient anticancer im-

mune response. Of note, this diet did not have a systemic impact

on the proportion of immune system populations (Figures S6D

and S6E), suggesting a local tumor microenvironment modula-

tion that results in T cell recruitment.

Limitations of Study
Limitation of our work is brought by the fact that there is no estab-

lished or consensus definition of the percentage of protein reduc-

tion that is sufficient to generate a Low PROT diet, a factor that

might be individual, tissue, and tumor dependent. Therefore, it re-

mains a challenge to compare studies using strongprotein reduc-

tionorprolonged fastingwithstudiesusingamild reduction inpro-

tein intake. Very low-protein conditions will impact body weight,

which may not be suitable for therapeutic approaches (Di Biase

et al., 2016). Importantly, in most of these studies, the role of the

immune system was not addressed, as experiments were per-

formed in immunodeficient xenograft models. We observed that

a drastic reduction in protein content (by 40%) did not lead to a

protection toward tumor growth (Figure 1E) in ourmodel, underly-

ing the notion that amild reduction in protein contentmay not only

bemoreeasily toleratedbypatients but also that amassive reduc-

tion in protein may prevent the beneficial effect of the diet.

Stimulating the ability of the immune system to fight and limit/

eradicate tumor development is among the most promising

treatment strategies. The enthusiasm for immunomodulating

therapies targeting immune checkpoints results from the suc-

cess observed in patients suffering from several types of cancer

(Callahan et al., 2016). However, this approach is restricted to

some types of cancers or some mutations within a cancer

type. Here, we describe a simple and efficient method to stimu-

late the targeted killing of cancer cells by T cells. However, given

that mice have a metabolic rate 7-fold higher compared with hu-

mans and that they appear to be more resistant to cachexia than

humans (Bozzetti and Zupec-Kania, 2016; Demetrius, 2005), the

effect of such DR interventions on improvements in immunosur-

veillance in human cancer prevention should be investigated in

future studies. Translating the relevance of our work to humans

can be hard to address, as data from cancer patients receiving

a LowPROT regimen are not available. For this reason, we inves-

tigated the link between IRE1a activation and the increase in

antitumor T cells markers (Figure 7). Importantly, regardless of

the type of tumor analyzed (CRC, melanoma, or glioblastoma),

we observed a strict correlation between a high IRE1a signature

and an increase in markers associated with immunosurveillance,

suggesting that our results could be relevant to cancer patients.
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Figure 7. IRE1a Signaling Signatures and T Cell Markers in CRC, Melanoma, and Glioblastoma

(A–C) mRNA expression of Th1-, cytotoxic mechanisms-, chemokines-, adhesion-, T cell, and MHC class I and II genes based on the groups defined relative to

IRE1a activity (High or Low). Probe analysis was carried out from CRC stage I (A), melanoma (B). and glioblastoma (C) tumors from patients according to tumor

IRE1a status (i.e., IRE1a high [gray boxes] and IRE1a low [white boxes] groups).

(D) Significant representative genes modulated in IRE1a low versus high tumors. PRF1: Perforin-1, HLA-DRA: HLA class II histocompatibility antigen, DR alpha

chain, CD3D: T cell surface glycoprotein CD3 delta chain, CD8A: T cell surface glycoprotein CD8 alpha chain.

*p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SEM. See also Figure S7.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC Anti-CD19 Miltenyi Biotec 130-102-494; RRID:AB_2661108

FITC Anti-CD45R Miltenyi Biotec 130-110-845; RRID:AB_2658273

FITC Anti-CD49B BD Biosciences 553857; RRID:AB_395093

FITC Anti-CD11b BD Biosciences 553310; RRID:AB_394774

FITC Anti-TER-119 BD Biosciences 557915; RRID:AB_396936

VioBlue Anti-CD4 BD Biosciences 558107; RRID:AB_397030

PE Anti-CD8 BD Biosciences 553032; RRID:AB_394570

PE Anti NK1.1 BD Biosciences 557391; RRID:AB_396674

PE Anti-CD11c BD Biosciences 557401; RRID:AB_396684

PECy7 Anti-CD86 BD Biosciences 560582; RRID:AB_1727518

APC Anti-CD127 BD Biosciences 564175

FITC Anti-CD3 eBioscience 11-0031-85; RRID:AB_464883

VioBlue Anti-F4/80 eBioscience 48-4801-82; RRID:AB_1548747

APCCy7 Anti-CD25 BD Biosciences 557658; RRID:AB_396773

Mouse monoclonal Anti-XBP1 Santa Cruz sc-8015; RRID:AB_628449

Mouse monoclonal Anti-ERK2 Santa Cruz sc-1647; RRID:AB_627547

Rabbit monoclonal Anti-IRE1a Cell Signaling 3294; RRID:AB_823545

Rabbit monoclonal Anti-pS6K Cell Signaling 9234; RRID:AB_2269803

Rabbit polyclonal Anti-S6K Cell Signaling 9202; RRID:AB_331676

Rabbit polyclonal Anti-pAKT Cell Signaling 9271; RRID:AB_329825

Mouse monoclonal Anti-AKT Cell Signaling 2967; RRID:AB_331160

Rabbit monoclonal Anti-LC3B Cell Signaling 3868; RRID:AB_2137707

Rabbit polyclonal Anti-eIF2a Cell Signaling 9722; RRID:AB_2230924

Rabbit polyclonal Anti-peIF2a Cell Signaling 9721; RRID:AB_330951

Rabbit monoclonal Anti-RIG1 Cell Signaling 3743; RRID:AB_2269233

Rabbit monoclonal Anti-ATF4 Cell Signaling 11815; RRID:AB_2616025

Mouse monoclonal Anti-CHOP Cell Signaling 2895; RRID:AB_2089254

Rabbit polyclonal Anti-GCN2 Cell Signaling 3302; RRID:AB_2277617

Mouse monoclonal Anti-ATF6 Novus biologicals NBP1-40256; RRID:AB_2058774

Rabbit polyclonal Anti-pIREa Novus biologicals NB100-2323; RRID:AB_10145203

Rabbit polyclonal Anti-GRP78 Abcam ab21685; RRID:AB_2119834

Rabbit monoclonal Anti-pGCN2 Abcam ab75836; RRID:AB_1310260

anti-CD8-depleting antibody (clone53-6.7) Bioxcell BE0004-1; RRID:AB_1107671

anti-CD86-blocking antibody (clone GL-1) Bioxcell BE0025; RRID:AB_1107678

Purified Anti-mouse CD8a (clone 53-6.7) Biolegend 100701; RRID:AB_312740

Alexa Fluor 594 anti-rat secondary antibody Molecular Probes A11007; RRID:AB_141374

Chemicals, Peptides, and Recombinant Proteins

jetPEI DNA transfection Reagent PolyPlus Transfection POL101-10N

Clodronate Liposomes and PBS Liposomes Liposoma B.V. PBS-02

TUDCA Sigma-Aldrich T0266

MKC4485 John B. Patterson N/A

Recombinant mouse IL-2 AbD Serotech PMP38

DAPI Sigma-Aldrich D9542

Fast Sybr Green Applied Biosystems 4385616

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Taqman Fast Universal PCR Master Mix Applied Biosystems 4352042

O.C.T. compound Tissue-Tek 4583

amino acids mixture (98 atom % 13C, 98

atom % 15N)

Sigma-Aldrich 608254

Critical Commercial Assays

Mouse Tumor Dissociation Kit Miltenyi Biotec 130-096-730

Mouse CD4/CD8 (TIL) Microbeads Miltenyi Biotec 130-116-480

Mouse CD11c Microbeads ultrapure Miltenyi Biotec 130-108-338

ECL Western Blotting Detection Reagents GE Healthcare RPN2106

Pierce BCA Protein Assay Kit Thermo Fisher Scientific 23225

RNAeasy minikit Qiagen 74104

Omniscript RT kit Qiagen 205113

Experimental Models: Cell Lines

Mouse B16-F1 cells ATCC CRL-6323

Mouse CT26.WT cells ATCC CRL-2638

Human Embrionic Kidney-293T Cells ATCC CRL-1573

Experimental Models: Organisms/Strains

Mouse: Em-Myc The Jackson Laboratory 002728

Mouse: C57BL/6JOlaHsd ENVIGO N/A

Mouse: BALB/cOlaHsd ENVIGO N/A

Mouse: NOD scid gamma c-/- (NSG) The Jackson Laboratory 005557

Oligonucleotides

Atf3 (Mm00476033_m1) Applied Biosystems 4331182

Ero1lb (Mm00470754_m1) Applied Biosystems 4331182

Sars (Mm00803379_m1) Applied Biosystems 4331182

Trib3 (Mm00454879_m1) Applied Biosystems 4331182

Hsp90b1 (Mm00441926_m1) Applied Biosystems 4331182

Hyou1 (Mm00491279_m1) Applied Biosystems 4331182

Rn18s (Mm03928990_g1) Applied Biosystems 4331182

Scara3 Forward

TGCATGGATACTGACCCTGA

This paper N/A

Scara3 Reverse

GCCGTGTTACCAGCTTCTTC

This paper N/A

Blos1 Forward

CAAGGAGCTGCAGGAGAAGA

This paper N/A

Blos1 Reverse

GCCTGGTTGAAGTTCTCCAC

This paper N/A

Col6 Forward

TGCTCAACATGAAGCAGACC

This paper N/A

Col6 Reverse

TTGAGGGAGAAAGCTCTGGA

This paper N/A

IFNg Forward

TCAAGTGGCATAGATGTGGAAGAA

This paper N/A

IFNg Reverse

TGGCTCTGCAGGATTTTCATG

This paper N/A

CXCL10 Forward

GCTGATGCAGGTACAGCGT

This paper N/A

CXCL10 Reverse 50-
CACCATGAATCAAACTGCGA

This paper N/A

bactin Forward

TGGAATCCTGTGGCATCCATGAAA

This paper N/A

(Continued on next page)

e2 Cell Metabolism 27, 828–842.e1–e7, April 3, 2018



CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Jean-Ehrland Ricci (ricci@unice.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All animal experiments were performed according to the guidelines of the Institutional Animal Care and Use Committee and the

regional ethics committee (approval reference PEA-232 and PEA-233). All experiments used age-matched female littermates.

Em-Myc/wild-type (WT) mice were obtained from The Jackson Laboratory (#002728). Five-week-old WT syngeneic C57BL/6 mice

and BALB/c mice were obtained from ENVIGO. NOD scid gamma c-/- (NSG) mice were obtained from The Jackson Laboratory

(#005557) and housed in our animal facilities (C3M-Nice, France).

Mice were fed with isocaloric diets generated by ENVIGO: Control (Ctl: TD.130931), low carbohydrates (LowCHO: TD.130932) and

low protein diet (Low PROT or Low PROT -25%: TD.130933). When specified, two other low protein diets were used (Low

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

bactin Reverse

TAAAACGCAGCTCAGTAACAGTCCG

This paper N/A

sXBP1 Forward

GCTGAGTCCGCAGCAGGTG

Villeneuve et al., 2010 N/A

uXBP1 Forward

GAGTCCGCAGCACTCAGACT

Villeneuve et al., 2010 N/A

XBP1 Reverse

GTGTCAGAGTCCATGGGAAGA

Villeneuve et al., 2010 N/A

shRNA target sequence: IRE1a sh#1:

CCAAGATGCTGGAGAGATT

This paper N/A

shRNA target sequence: IRE1a sh#2:

GCTCGTGAATTGATAGAGA

This paper N/A

shControl Santa Cruz sc-108060

shIFNg Santa Cruz sc-39607-SH

Recombinant DNA

psPAX2 plasmid Addgene 12260

pSUPER Oligoengine VEC-PRT-0005/0006

MLV-Gag-Pol Els Verhoeyen N/A

CRISPR–Cas9-control plasmid Santa Cruz sc-418922

CRISPR–Cas9-IRE1a plasmid Santa Cruz sc-429758

CRISPR–Cas9-RIG1 plasmid Santa Cruz sc-432915

Software and Algorithms

Bioinfominer e-NIOS www.bioinfominer.com

GraphPad Prism 7 GraphPad software https://www.graphpad.com/scientific-

software/prism/

Image J NIH https://imagej.nih.gov/ij/

Xcalibur 2.1 Thermo Fisher Scientific N/A

Other

Control Diet ENVIGO TD.130931

Low CHO Diet ENVIGO TD.130932

Low PROT Diet -12,5% ENVIGO TD.170630

Low PROT Diet -25% ENVIGO TD.130933

Low PROT Diet -40% ENVIGO TD.170631

Dulbecco’s MEM (DMEM) w/o Amino Acids USBiological D9800-13
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PROT -12.5%: TD.170630 and Low PROT -40%: TD.170631). % energy CHO:PROT:FAT: Ctl - (70.9%:19.5%:9.6%); Low CHO -

(54%:26.9%:19.2%); Low PROT -25% - (73.7%:14.9%:11.5%); Low PROT -12.5% - (72.2%:17%:10.8%); Low PROT -40% -

(76.4%:12.2%:11.4%).

WT syngeneic C57BL/6 mice were intravenously injected with 0.1 3 106 Em-Myc cells. At day four after injection, the food was

replaced with isocaloric diets generated by ENVIGO for 2 weeks: Ctl, Low CHO or Low PROT. BALB/c and C57BL/6 mice were

fed with isocaloric Ctl and Low PROT diets (-12.5%, -25%, -40%) one week before subcutaneous injection with 0.5 x 106 CT26 cells

or 0.25 x 106 B16 cells. NOD scid gamma c-/- (NSG) mice were fed with Ctl, Low CHO or Low PROT isocaloric diets generated by

ENVIGO one week before intravenous injection with 0.13106 Em-Myc cells. For the groups with splenocyte co-injection, splenocytes

fromwild-type C57BL/6 mice were freshly isolated and washed in PBS. Then, 23106 splenocytes were co-injected with 0.13106 Em-

Myc cells.

Syngeneic C57BL/6 mice and NSG mice injected with Em-Myc cells were monitored for lymphoma development and systemic

signs of illness, including apathy, breathing problems, precipitous weight loss, and limited ability to reach food or water. Animals

were euthanized as soon as they exhibited any signs of illness. After subcutaneous B16 and CT26 tumor cell injection syngeneic

C57BL/6 and BALB/c mice were inspected daily for tumor development. Increase in tumor size was measured with a caliper. Tumor

volume was calculated as follows: (Length x width to the power of 2)/2, where L is the longer of the 2 measurements.

For antibody-mediated depletion experiments in vivo, mice were intraperitoneally injected with 100 mg of an anti-CD8-depleting

antibody (Bioxcell, clone53-6.7, #BE0004-1) or vehicle (PBS) every second day for seven doses during 2 weeks after tumor cell in-

jection. For antibody-mediated blockade experiments in vivo, mice were intraperitoneally injected with 100 mg of anti-CD86-blocking

antibody (Bioxcell, clone GL-1, #BE0025) or vehicle (PBS) every second day for seven doses during 2weeks after tumor cell injection.

For dendritic cell andmacrophage depletion in vivo,mice were injected intraperitoneally with 200 mL of a 5mg/mL clodronate-loaded

liposome suspension (Liposoma B.V., #PBS-02) every second day for seven doses during 2 weeks after tumor cell injection. Control

mice were injected with 200 mL PBS-loaded liposomes using the same schedule.

TUDCA (Sigma-Aldrich, #T0266) was intraperitoneally administered in PBS (250 mg/gram of mouse body weight). MKC4485 was

administered by oral gavage at a dose of 10 mL/kg from a 30mg/mL suspension in 1%microcrystalline cellulose in a simple sugar at

300 mg/kg daily (Provided by John B. Patterson). Both inhibitors were administered from day 11 until day 16 after subcutaneous

tumor cell injection. Then, the mice were euthanized for further analysis. When described glycemia was measured after a few hours

of fasting by using a freestyle Optium blood glucose monitoring device.

Cell Lines and Cell Culture Conditions
Lymphoma-bearing C57BL/6 Em-Mycmice were killed by cervical dislocation as soon as they presented signs of illness. A single-cell

suspension was prepared from lymph nodes by teasing them on a 70-mm nylon filter. Cells were either resuspended in DMEM

(GIBCO) supplemented with 10% fetal bovine serum (FBS), 10 mM Hepes, 0.1 mM L-asparagine, and 50 mM b-mercaptoethanol

for further ex vivo analysis or reimplantation in wild-type mice. B16 cells were obtained from the ATCC (#CRL-6323) and cultured

in DMEM (GIBCO) supplemented with 10% fetal bovine serum (FBS). CT26 cells were obtained from the ATCC (#CRL-2638) and

cultured in RPMI-1640 medium (GIBCO) supplemented with 10% FBS and 1% sodium pyruvate. When indicated CT26 cells were

cultured for 24 hr in amino acid (AA)-deprived medium (USBiological, #D9800-13). All cell lines were incubated at 37�C in a 5%

CO2 atmosphere.

METHOD DETAILS

Cytotoxicity Assay
CD3+ cells were negatively sorted from mice spleens using autoMACS (Miltenyi Biotec) with FITC antibodies against CD19 (Miltenyi

Biotec, #130-102-494), CD45R (Miltenyi Biotec, #130-110-845), CD49b (BD Biosciences, #553857), CD11b (BD Biosciences,

#553310) and Ter-119 (BD Biosciences, #557915). The resulting purified cells were co-incubated with CT26 or B16 cells at a

ratio 1:5 in the presence of IL-2 (0.1 ng/mL, AbD Serotech, #PMP38) for 4 hr or 48 hr at 37 �C. Flow cytometry (MACS-Quant Analyzer,

Miltenyi Biotec) was used to analyze the cell viability of CT26 and B16 cells. CD3-negative population and back gating was used to

confirm the difference in forward scatter and side scatter parameters between cells. Cell death was evaluated by looking at plasma

membrane permeabilization of CT26 and B16 cells using 4’,6-diamidino-2-phenylindole staining (DAPI, Sigma-Aldrich #D9542).

Flow Cytometry Analysis
To obtain a single-cell suspension from tumors, lymph nodes, and spleens were filtered through a 70-mm strainer, stained, and

analyzed on MACS-Quant Analyzer (Miltenyi Biotec). The following fluorochrome-conjugated anti-mouse antibodies were used:

CD4 (VioBlue, #558107), CD8 (PE, #553032), NK1.1 (PE, #557391), CD11c (PE, #557401), CD86 (PECy7, #560582), CD127

(APC, #564175), CD25 (APCCy7, #557658) (BD Biosciences). CD3 (FITC, #11-0031-85), F4/80 (VioBlue, #48-4801-82) (eBioscience).

Percentage of CD4+ and CD8+ cells are calculated within CD3+ cells. T regs were defined as the CD3+CD4+CD25+CD127- T-cell

population. NK cells were defined as CD3-NK1.1+ cells. DCs were defined as F4/80-CD11c+ cells and macrophages were defined as

F4/80+ cells. Percentage of CD86+ cells was calculated within CD11c+ cells.
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Confocal Laser Scanning Microscopy
Tumoral tissue was snap-frozen in O.C.T. compound (Tissue-Tek, #4583). Then, 5-mm cryosections were prepared and fixed in

acetone. Purified anti-mouse CD8a (Biolegend, clone 53-6.7, #100701) was used for CD8 staining and was visualized using Alexa

Fluor 594 anti-rat secondary antibody (Molecular Probes, #A11007). All sections were stained with DAPI. For each condition at least

three measurements were performed. The number of CD8-positive cells was determined in optical fields of 403 on individual sec-

tions. Samples were imaged using a Nikon A1R confocal microscope and processed with ImageJ software analysis.

Western Blot Analysis
Tissue samples were collected and lysed using a Precellys 24 (Bertin Instruments) homogenizer (3 3 30 s, 6500 3 g) in Laemmli

buffer. Proteins were immunoblotted with the indicated antibodies. Immunoblots were visualized (FUJIFILM LAS4000) using the

ECL Western Blotting Detection Reagents (GE Healthcare, #RPN2106), and quantification was performed using ImageJ software.

anti-XBP1 (#sc-8015), and anti-ERK2 (#sc-1647) antibodies were purchased from Santa Cruz Biotechnology. Anti-IRE1a (#3294),

Anti-pS6K (#9234), anti-S6K (#9202), anti-pAKT (#9271), anti-AKT (#2967), anti-LC3B (#3868), anti-eIF2a (#9722), anti-peIF2a

(#9721), anti-RIG1 (#3743), anti-ATF-4 (#11815), anti-CHOP (#2895) and GCN2 (#3302) antibodies were purchased from Cell

Signaling. Anti-ATF6 (#NBP1-40256) and anti-pIRE1a (#NB100-2323) were purchased from Novus Biologicals. Anti-GRP78

(#ab21685) and anti-pGCN2 (#ab75836) was purchased from Abcam.

Reverse Transcriptase Quantitative-PCR (RT-qPCR) Analysis
CT26 tumors were dissociated with the mouse Tumor Dissociation Kit (Miltenyi Biotec, #130-096-730) and CD4+/CD8+ TILs were

sorted from the obtained single cell suspension using mouse CD4/CD8 (TIL) MicroBeads (Miltenyi Biotec, #130-116-480) in an au-

toMACS (Miltenyi Biotec). CD11c+ DC were sorted from spleens of tumor-bearing BALB/c mice using mouse CD11c Microbeads

ultrapure in an autoMACS (Miltenyi Biotec, #130-108-338). For total tumor tissue samples were collected and lysed using a Pre-

cellys 24 (Bertin Instruments) homogenizer (33 30 s, 65003 g) and total RNA was isolated from cells and tissue using the RNAeasy

minikit (Qiagen, # 74104) according to themanufacturer’s protocol. Reverse transcription was performed using the Omniscript RT Kit

(Qiagen, #205113). Quantitative-PCR was performed with Fast SYBR Green (Applied Biosystems, Life Technologies, # 4385616) or

TaqMan Fast Universal PCR Master Mix (Applied Biosystems, #4352042) using the 7500 Fast and the Step One real-time PCR

systems (Applied Biosystems) following the manufacturers’ instructions.

The following primers were used for SYBR Green qPCR: Scara3 Forward 50-TGCATGGATACTGACCCTGA-30 and Reverse

50-GCCGTGTTACCAGCTTCTTC-30; Blos1 Forward 50-CAAGGAGCTGCAGGAGAAGA-30 and Reverse 50-GCCTGGTTGAA

GTTCTCCAC-30 Col6 Forward 50-TGCTCAACATGAAGCAGACC-30 and Reverse 50-TTGAGGGAGAAAGCTCTGGA-30 IFNg

Forward; 50-TCAAGTGGCATAGATGTGGAAGAA-30 and Reverse 50-TGGCTCTGCAGGATTTTCATG-30; CXCL10 Forward

50-GCTGATGCAGGTACAGCGT-30 and Reverse 50-CACCATGAATCAAACTGCGA-30; bactin Forward 50-TGGAATCCTGTGGCATC

CATGAAA-30 and Reverse 50-TAAAACGCAGCTCAGTAACAGTCCG-30. sXBP1 Forward 50-GCTGAGTCCGCAGCAGGTG-30;
uXBP1 Forward 50-GAGTCCGCAGCACTCAGACT-30 and XBP1 Reverse 50-GTGTCAGAGTCCATGGGAAGA-30 (Villeneuve et al.,

2010) . The housekeeping gene b-actin was used as a control for RNA quality and for normalization.

The following Taqman assay primer sets from Applied Biosystems were used: Atf3 Mm00476033_m1; Ero1lb Mm00470754_m1;

SarsMm00803379_m1; Trib3Mm00454879_m1;Hsp90b1Mm00441926;Hyou1Mm00491279_m1. The housekeeping gene Rn18s

was used as a control for RNA quality, and used for normalization: Mm03928990_g1.

All analyses were performed in triplicate, andmelting curve analysis was performed for SYBRGreen to control product quality and

specificity.

Generation of shIFNg- and shIRE1a-Transduced Cells
Self-inactivating viruses were generated by transient transfection of 293T cells (ATCC, #CRL-1573) and tittered as described

previously (Frecha et al., 2011). Briefly For VSV-G preparation, 3 microgram of envelope plasmid was co-transfected using the

classical calcium phosphate method with a 8,6 microgram Gag-Pol packaging plasmid (psPAX2, Adgene, #12260) and 8,6 micro-

gram of a plasmid encoding a control shRNA plasmid (Santa Cruz, #sc-108060) and a self-inactivating mouse lentiviral shIFNg

plasmid (Santa Cruz, #sc-39607-SH). Eighteen hours after transfection, the medium was replaced by Opti-MEM supplemented

with HEPES (Invitrogen). Viral supernatants were harvested 48 hr after transfection and filtered. The vectors were concentrated at

low speed by overnight centrifugation of the viral supernatants at 3000g at 4�C.
For the generation of stable CT26 with silenced IRE1a, we used the pSUPER retroviral vector with neo+GFP (Oligoengine, #VEC-

PRT-0005/0006). The target sequences were as follows: sh#1= 50-CCAAGATGCTGGAGAGATT-30and sh#2= 50-GCTCGTGAATT

GATAGAGA-30. Oligonucleotides were cloned into the pSUPER vector following the manufacturer’s protocol. Double-stranded

DNA templates encoding siRNA oligonucleotides for IRE1a were synthesized. The specific oligonucleotide sequence contained a

sense strand of 19 nucleotides followed by a short spacer (TTCAAGAGA) and the reverse complement of the sense strand. Five

thymidines were added at the end of the synthesized oligonucleotide as an RNA polymerase III transcriptional stop signal.

Oligonucleotides were annealed and ligated into the pSUPER vector digested by BglII and HindIII, and insertion was confirmed

by EcoRI–HindIII digestion via migration in an agarose gel. For VSV-G preparation, 3 microgram of envelope plasmid was co-trans-

fected using the classical calcium phosphate method with a 8,6 microgram MLV-Gag-Pol packaging plasmid and 8,6 microgram of

Cell Metabolism 27, 828–842.e1–e7, April 3, 2018 e5



the empty pSUPER plasmid or the shIRE1a containing pSUPER plasmids. CT26 cells were transduced and sorted using a SONY

sorter SH800 based on GFP expression, resulting in >95% purity.

Generation of CRISPR/Cas9 Cells
For the generation of stable CT26 with invalidated IRE1a or RIG1 cells were transfected with 3 mg of CRISPR–Cas9-expressing

knockout plasmids (control, sc-418922; IRE1a, sc-429758; RIG1, sc-432915; all from Santa Cruz) using the jetPEI DNA transfection

Reagent (PolyPlus Transfection, #POL101-10N) as described by the manufacturer. The knockout plasmids are a mixture of three

plasmids, each carrying a different guide RNA specific for the target gene, as well as the Cas- and GFP-coding regions. GFP+ cells

were selected by sorting on a SH800S Cell Sorter (Sony Biotechnology) 24 hr after transfection, and depletion of target proteins was

verified by immunoblotting.

Sampling of Intracellular Metabolites
Tumor samples were resuspended in 170 mL of ultrapure water, manually crushed with a micro potter, vortexed, and then sonicated

5 times for 10 s using a sonication probe (vibra cell, Bioblock Scientific). At this step, 20mL of each sample were withdrawn for further

determining the total protein concentration (Pierce BCA Protein Assay Kit, Thermo Fisher Scientific, #23225). Then, we added 350 mL

of methanol to the remaining 150 mL of lysate and we sonicated again twice for 10 s each using a sonication probe. Cell debris were

then removed by centrifugation for 30 min at 4�C and 20,000g. Supernatant was recovered and incubated 1h30 on ice before a sec-

ond centrifugation step for 15min at 4�C and 20,000g. The resulting metabolic extracts were dried under a stream of nitrogen using a

TurboVap instrument (Thermo Fisher Scientific) and stored at �80�C until analysis.

Dried extracts were dissolved using a given volume of 95 % mobile phase A / 5% mobile phase B to give in a 1000 ng/mL total

protein concentration for alanine, arginine, proline methionine, tyrosine, isoleucine, leucine, phenylalanine, and tryptophan quantifi-

cation. The extract was then diluted 2-fold for aspartic acid, glutamine, glycine, and valine quantification, while another 4-fold dilution

was performed for asparagine, serine, threonine, glutamic acid, lysine, and histidine quantification. A defined concentration* of a

labeled amino acids mixture 98 atom % 13C, 98 atom % 15N (Sigma-Aldrich, #608254) was added to each sample in

order to normalize the signals and estimate endogenous amino acid concentrations. *13C 415N -Asn , 0.21 mg/mL; *13C3,

15N-Ser, 0.27 mg/mL; *13C4,15N-Asp, 0.64 mg/mL; *13C5,15N2-Gln, 0.24 mg/mL; *13C2,15N-Gly, 0.34 mg/mL; *13C4,15N-Thr,

0.32 mg/mL; *13C5,15N-Glu, 0.58 mg/mL; *13C3,15N-Ala, 0.54 mg/mL; *13C6,15N2-Lys, 0.26 mg/mL; *13C6,15N3-His,

0.06 mg/mL; *13C6,15N4-Arg, 0.35 mg/mL; *13C5,15N-Pro, 0.2 mg/mL; *13C5,15N-Val, 0.31 mg/mL; *13C5,15N-Met, 0.12 mg/mL;

*13C9,15N-Tyr, 0.23 mg/mL; *13C6,15N-Ile, 0.26 mg/mL; *13C6,15N-Leu, 0.56 mg/mL; *13C9,15N-Phe, 0.26 mg/mL; *13C11,15N2-

Trp, 0.34 mg/mL.

Analysis of Amino Acid Residues by Liquid Chromatography Coupled to High Resolution Mass Spectrometry (LC-MS)
LC-MS experiments were performed using a Dionex Ultimate chromatographic system (Thermo Fisher Scientific) coupled to an

Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific) fitted with an electrospray ion source. The mass spectrometer

was externally calibrated before each analysis using themanufacturer’s predefinedmethods and provided recommended calibration

mixture. Chromatographic separation was performed on a Discovery HS F5 PFPP 5 mm, 2.1 3 250 mm column (Sigma-Aldrich) at

30�C. The chromatographic system was equipped with an on-line prefilter (Thermo Fisher Scientifics). Mobile phases were 100%

water (A) and 100% aceonitrile (B), both of which containing 0.1% formic acid. Chromatographic elution was achieved with a flow

rate of 250 mL/min. After sample injection (20 mL), elution started with an isocratic step of 2 min at 5% phase B, followed by a linear

gradient from 5 to 100% of phase B in 18 min. These proportions were kept constant for 4 min before returning to 5% of phase B and

letting the system equilibrate for 6 min. The column effluent was directly introduced into the electrospray source of the mass

spectrometer, and analyses were performed in the positive ion mode. Source parameters were as follows: capillary voltage set at

5 kV, capillary temperature at 300�C; sheath and auxiliary gas (nitrogen) flow rates at 50 and 25 arbitrary units, respectively; mass

resolution power of the analyzer set at 50,000 at m/z 200 (full width at half maximum, FWHM) for singly charged ions. The acquisition

was achieved from m/z 50 to 250 in the positive ionization mode during the first 12 min of the run. Under these conditions, we

achieved a good chromatographic separation and detection (with an average mass accuracy better than 3ppm) of the 19 targeted

amino acids (under their [M+H]+ form). These species were readily identified and quantified by the isotope dilutionmethod using 13C,

15N-labeled homologues (see above). Corresponding extracted ion chromatograms were generated and resulting peaks integrated

using the Xcalibur software (version 2.1, Thermo Fisher Scientific) for alanine ([M+H]+ at theoretical m/z 90.05496, retention time

2.98 min), arginine (m/z 175.11895, 3.19 min), asparagine (m/z 133.06077, 2.81 min), aspartate (m/z 134.04478, 2.84 min), glutamate

(m/z 148.06043, 2.95 min), glutamine (m/z 147.07642, 2.84 min), glycine (m/z 76.03931, 2.84 min), histidine (m/z 156.07675,

3.03 min), isoleucine (m/z 132.10191, 5.73 min), leucine (m/z 132.10191, 6.37 min), lysine (m/z 147.11280, 3.00 min), methionine

(m/z 150.05833, 4.17 min), proline (m/z 116.07061, 3.22 min), phenylalanine (m/z 166.08626, 8.57 min), serine (m/z 106.04987,

2.81min), threonine (m/z 120.06552, 2.88min), tryptophan (m/z 205.09715, 10.58min), tyrosine (m/z 182.08117, 5.51min), and valine

(m/z 118.08626, 3.79 min). P-values were calculated by applying a Mann Whitney test using the GraphPad Prism Software.

Bioinformatic Analysis
Patients were clustered according to IRE1a activity based on the normalized z-score of gene expression for the BioInfoMiner

signature of 38 genes (Lhomond et al., 2018). The z-score was calculated by the equation (X - m)/s, X stands for normalized log2
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expression data of each gene in each sample; m stands for mean of expression of each gene among all samples; and s stands for

standard deviation. Raw data (*.CEL files) of the GSE27306 dataset (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE27306) from (Pluquet et al., 2013) were processed into R/Bioconductor by using the RMA normalization and Limma

package (Ritchie et al., 2015). The deferentially expressed genes (DEGs) between DN and WT U87 cells, were selected by using a

corrected p value threshold of 0.05 and fold change threshold of jlog2(fc)j R1.5. 1051 deferentially expressed (D.E.) genes were

then introduced into the BioInfoMiner tool and gene prioritization was executed based on the biomedical ontologies of the four-

different functional and phenotype databases (GO), Reactome, MGI and HPO, separately. For the annotation process was used

the ‘‘complete’’ version (this version amplifies the annotation of each gene with the ancestors of every direct correlated ontological

term, exploiting the structure of ontological tree) and the hypergeometric pvalue threshold was set to 0.05. 227 highly prioritized

genes including their proximal interactors was the union of the BioInfoMiner output from the four databases and 38 hub-genes

were highlighted as the intersection with the IRE1a signature of 97 genes of (Pluquet et al., 2013). The BioInfoMiner signature was

composed of 19 genes; highly up-regulated in WT versus DN U87 cells (ASS1, C3, CCL20, COL4A6, CXCL2, CXCL5, CXCL8,

IFI44L, IL1B, IL6, KCNN2, MMP1, MMP12, MMP3, PLA2G4A, PPP4R4, SERPINB2, TFPI2, ZNF804A), and 19 genes; highly

down-regulated in WT versus DN U87 cells (ANGPT1, CFH, CFI, CLEC3B, COL3A1, COL8A1, DACH1, DCN, FHL1, GAS1, LUM,

OXTR, PLAC8, RGS4, TAGLN, TGFB2, THBS1, TIMP3, TMEM255A).

This 38-genes signature was used to stratify 3 different types of tumors including glioblastoma multiform (GBM; TCGA and

GBMmark, Lhomond et al., 2018), melanoma (TCGA) and colorectal cancer (TCGA) into IRE1a high and IRE1a low activity tumors.

Then based on these 2 tumor groups, the expression of the following T-cell markers was evaluated in the two groups using the

transcriptome data: IFNG, IL12, TBX21, IRF1, STAT1, GZMA, GZMB, GZMH, PRF1, GNLY, NKG7, CXCL9, CXCL10, CCL5,

CX3CL1, CXCR3, CCL2, CCL4, CXCL11, MADCAM1, ICAM1, VCAM1, CD3D, CD8A, GBP1, and all the available HLAs.

Statistics
Statistical analysis was conducted using GraphPad Prism 7 software. Differences in calculated means between groups were

assessed by two-sided Student’s t tests. For experiments involving more than two groups, differences in the calculated mean values

between the groups were assessed by one-way analysis of variance (ANOVA) followed by Fisher’s exact test. Kaplan-Meier survival

analyses were performed, and survival curves were compared using log-rank tests. A P-value less than 0.05 was considered

significant. Error bars represent the means ± standard error of the mean (SEM).
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KEY PO INT S

l HSP110 sustains
chronic NF-kB
signaling in ABC-
DLBCL through
MyD88 stability.

l HSP110 is highly
expressed in cells of
patients with ABC-
DLBCL and correlates
with MyD88
expression.

Activated B-cell diffuse large B-cell lymphoma (ABC-DLBCL) is an aggressive lymphopro-
liferative disorder involving chronic NF-kB activation. Several mutations in the BCR and
MyD88 signaling pathway components, such as MyD88 L265P, are implicated in this ab-
errant activation. Among heat shock proteins, HSP110 has recently been identified as a
prosurvival and/or proliferation factor in many cancers, but its role in ABC-DLBCL survival
mechanisms remained to be established. We observed that short hairpin RNA–mediated
HSP110 silencing decreased the survival of several ABC-DLBCL cell lines and decreased
immunoglobulin M-MyD88 co-localization and subsequent NF-kB signaling. Conversely,
overexpression of HSP110 in ABC-DLBCL or non-DLBCL cell lines increased NF-kB sig-
naling, indicating a tight interplay between HSP110 and the NF-kB pathway. By using
immunoprecipitation and proximity ligation assays, we identified an interaction between
HSP110 and both wild-type MyD88 and MyD88 L265P. HSP110 stabilized both MyD88

forms with a stronger effect on MyD88 L265P, thus facilitating chronic NF-kB activation. Finally, HSP110 expression
was higher in lymph node biopsies from patients with ABC-DLBCL than in normal reactive lymph nodes, and a strong
correlation was found between the level of HSP110 and MyD88. In conclusion, we identified HSP110 as a regulator of
NF-kB signaling throughMyD88 stabilization in ABC-DLBCL. This finding reveals HSP110 as a newpotential therapeutic
target in ABC-DLBCL. (Blood. 2018;132(5):510-520)

Introduction
Diffuse large B-cell lymphoma (DLBCL) is themost common type
of aggressive non-Hodgkin lymphoma (NHL) in adults. Although
therapy with rituximab plus cyclophosphamide, doxorubicin,
vincristine, and prednisone (R-CHOP) has led to an improvement
in survival, a significant percentage of patients are still refractory to
the treatment or they eventually relapse.1 Therefore, it is im-
portant to find new molecular targets for treating patients with
DLBCL. Advanced genome sequencing studies have unveiled the
complexity of DLBCL and revealed a heterogeneous group of
tumors characterized by specific genetic alterations.2 One way to
overcome the heterogeneity of this lymphoma is to identify and
target mechanisms that drive or sustain oncogenic signaling and
survival of lymphoma cells, regardless of their somatic mutations.
Interestingly, a body of literature has highlighted the fact that
tumor cells acquire a biological addiction to heat shock proteins
(HSPs) and stress proteins during malignant transformation.3-5

HSPs are highly conserved molecular chaperone proteins whose
expression is induced in response to multiple physiological and
environmental stresses.6 In these contexts, they control a large
array of cellular functions to rescue the cell from debilitating
conditions. Cancer cells can be considered highly stressed cells
because of their numerous mutations, translocation or polyploidy,
and microenvironment.7,8 Therefore, HSPs are often overex-
pressed in cancer cells, where they contribute to cancer cell re-
sistance, notably to apoptosis and to the clearance of cancer cells
by immune cells.9,10 As a consequence, targeting HSPs in various
types of cancer has been proposed. Several articles have shown
that HSPs are also highly expressed in hematologic malignancies,
in which they are involved in several key proliferative and survival
functions.11 In particular, in lymphoma, HSP90 has been shown to
have multiple roles in key DLBCL oncogenic pathways. Indeed,
its capacity to enhance B-cell–like 6 (BCL6) oncogenesis4 and
to interact with and stabilize key B-cell receptor (BCR) protein
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complexes (CD79A/B-SYK-BTK-PLCg2)3 suggests that targeting
HSP90 could represent an interesting additional option for treating
DLBCL. Unfortunately, a recent clinical trial using the HSP90 in-
hibitor AUY922 in DLBCL (NCT01485536) was halted early be-
cause of limited response and adverse effects in 100% of patients,
prompting the search for other potential targets.

Among HSPs, HSP110 is a high-molecular-weight chaperone
with antiaggregation properties and, through its interaction with
HSP70, participates in the correct folding of newly synthesized or
misfolded proteins.12,13 We have recently demonstrated that
HSP110 is a major factor in colon cancer growth through its intra-
and extracellular functions.14,15 At the intracellular level, HSP110
binds directly to STAT3, facilitating its phosphorylation by JAK2
and contributing to STAT3-dependent tumor growth. We have
demonstrated that colon cancer cells at the extracellular level
secrete HSP110 to promote macrophage polarization toward a
procancer phenotype (M2).15 Furthermore, we have identified a
truncated form of HSP110 called HSP110DE9 in colorectal tu-
mors with microsatellite instability that acts as an endogenous
HSP110 inhibitor.16 The high expression of HSP110DE9 and/or
the low expression of wild-type (WT) HSP110 in patients with
colon cancer was associated with a highly effective response to
chemotherapy.17 Recent studies have shown major new roles for
HSP110 in humanNHL. In particular, HSP110 was shown to be an
immunogenic antigen in a xenograft model of NHL, and ex-
pression of HSP110 was shown to correlate with the aggres-
siveness and proliferation index of tumor cells from patients.18 A
significant positive correlation between HSP110 and BCL6 ex-
pression was also found in germinal center (GC) BCL/BCL61

DLBCL, which could be explained by the stabilization of BCL6.19

Given the emerging role of HSP110 in cancer and NHL in
particular, we investigated the role of HSP110 in ABC-DLBCL,
which relies on the NF-kB signaling pathway for growth and
survival.20 Mutations affecting MyD88 L265P and the CD79/
CARD11/MALT1/BCL10 signaling cascade are mostly re-
sponsible for the aberrant NF-kB activation.21,22 Here we show
that HSP110 is an essential survival factor for these tumor cells.
Furthermore, we demonstrate that HSP110 binds to and sta-
bilizes wild-type andmutatedMyD88 in cell lines and in patients’
samples and thereby amplifies the aberrant NF-kB signaling
pathway. Thus, we have identified a new role for HSP110 in
tumor cells and have confirmed that HSP110 is a potential target
for the development of future therapies for NHL.

Methods
Primary tumors and cell lines
ABC-DLBCL cell lines were purchased from American Type
Culture Collection (U2932/OCI-Ly3/OCI-Ly10/SUD-HL2) or kindly
provided by D. Krappmann (Helmholtz Zentrum München,
Munich, Germany) (HBL1/TMD8) and cultured in RPMI 1640
(Dominique Dutscher, Brumath, France) plus fetal bovine serum
(Dominique Dutscher) at 10% (U2932/TMD8), 15% (OCI-Ly3), or
20% (HBL1/OCI-Ly10 and SUD-HL2). Tumors for immunoblots
and immunohistochemistry were provided by the Ferdinand
Cabanne Biological Resource Center (BB-0033-00044), Dijon,
France, and by the Département de Biopathologie, Centre Léon
Bérard, Lyon, France. Samples for messenger RNA (mRNA)
analysis were from the Centre de Ressources Biologiques-Santé

(BB-0033-00056) of Rennes Hospital. Patients with DLBCL were
classified according the World Health Organization classification
using the Hans immunohistochemical algorithm. The study using
human biopsies was approved by each relevant institutional re-
view board or ethics committee, and all human participants gave
informed consent.

Transfection
ABC-DLBCL cell lines were transfected with the AMAXA
Nucleofector 2b device (Lonza, Basel, Switzerland) and the
Nucleofector kit T (HBL1, OCI-Ly3, OCI-Ly10) or V (U2932,
SU-DHL2, TMD8). Short interfering RNA (siRNA) control
(MISSION siRNA Universal Negative Control #1, Sigma-Aldrich,
Lyon, France) or hsph1 targeting siRNA (Silencer Select Pre-
Designed siRNAs, Life Technologies, Saint-Aubin, France) were
used. Specific AMAXA programs were applied (U-15 for U2932;
P005 for SU-DHL2, TMD8; G016 for HBL1, OCI-Ly3, OCI-Ly10).
For other HSPs, Silencer Pre-Designed siRNA for HSP27
(ID: 122371-HSPB1) and HSP70 (IDs6966-HSPA1A) or the spe-
cific functional inhibitor of HSP90, 1 mM PU-H71 16 hours (Axon
Medchem, Groningen, The Netherlands) were used. HEK293T
transfections were performed using Genjet (Ver. II) reagent
(TebuBio, Le Perray-en-Yvelines, France). Green fluorescent
protein (GFP), HSP110-GFP, and HSP110DE9-mutant GFP were
homemade plasmids. Myd88 WT and L265P plasmid were used
as described,23 pGL4.32(luc2P/NF-kB-RE/Hygro) vector (Promega
E849A) was kindly provided by P. Gaulard (Mondor Institute of
Biomedical Research, Paris, France).

Retroviral particles
Human short hairpin RNA (shRNA) lentiviral vectors pseudo-
typed with measles virus glycoproteins or baboon retroviral
glycoproteins have been described elsewhere.24-26 These len-
tiviral vectors were produced in 293T cells with GFP-expressing
shRNA control (Sigma MISSION SHC016-1EA) or hsph1-
targeting shRNA lentiviral constructs (Sigma MISSION shRNA
SHCLND-NM_006644, clone TRCN0000275617). HBL1, Ly3,
TMD8, and U2932 were incubated using viral supernatant
at multiplicity of infection 2 for 24 hours before washing. At
48 hours after transduction, cells were subjected to puromycin
selection for 96 hours. The viability of GFP1 cells over time was
observed by using an LSRII Flow Cytometer (Becton Dickinson,
Franklin Lakes, NJ). For rescue experiments, the retroviral IKK2-EE
vectorwas agift fromStephanLudwig (Zentrum fürMolekularbiologie
der Entzündung, Munster, Germany).27 This murine retroviral vector
was produced by transfection in 293T cells together with murine
leukemia virus gag-pol plasmid and the BAEV-encoding plas-
mid. HBL1 was infected 3 times every 12 hours, selected at 96
hours, and then transduced with the lentiviral vector–bearing
shRNA control or HSP110 shRNA.

Immunoblot analysis
Primary antibodies used in this study were anti-Bcl-xL (2764S),
c-Myc (9605S), cyclin D1 (2926S), p-STAT3 (9145S), STAT3
(9139S), and p-IkBa Ser32/36 (9246) from Cell Signaling
Technologies (Danvers, MA); Mcl-1 (sc-819), HSC70 (sc-7298),
HSP110 (sc-6241), GFP (sc-8334), BcL10 (331.3), and p-IRAK1
(sc-325147) from Santa Cruz Biotechnologies (Dallas, TX); anti-
HSP110 (ab109624) and anti-MyD88 (ab119048) for IHC stain-
ing, anti-BcL10 (ab199011), immunoglobulin M (IgM; ab20054),
IkBa (ab32518), p-IkBa (ab133462), Myd88 (ab119048),
HSP90 (ab59459), HA (ab130275), HSP70 (ab5439), ubiquitin
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(linkage-specific K63) (ab179434) from Abcam (Paris, France);
anti-IkBa (#4812), IRAK1 (#4504), Myd88 (#4283), c-Rel (#4727),
TRAF6 (#8028), p65 (#8242), BcL2 (#2870), caspase-3 Asp175
(#9664), total caspase-3 (#9662), lamin A/C (#4777), and HSP60
(#12165) from Cell Signaling Technologies; anti-p50 (616702)
fromBioLegend (SanDiego,CA); HSP27 (ADI-SPA-800) fromEnzo
Life (Villeurbanne, France), and monoclonal anti-b-actin-peroxidase
antibody (A3854) from Sigma-Aldrich. Normal mouse serum
IgG (sc-2025) and normal rabbit IgG (sc-2027) from Santa Cruz
Biotechnologies were used as nonrelevant antibodies for control
immunoprecipitation and Duolink assay. Cytoplasmic and nuclear
extracts were obtained using the NE-PER Nuclear and Cyto-
plasmic Extraction reagent kit (Thermo Fisher Scientific,
Waltham, MA). Immunoprecipitations were performed as pre-
viously described,21 and the HSP110 primary antibody (ab109624)
was used.

NF-kB reporter assay
HEK293T cells were transfected using Genjet Ver. II reagent,
0.4 mg of pGL4.32 (luc2P/NF-kB-RE/Hygro) vector (Promega,
Madison, WI), 0.4 mg Myd88 WT or L265P-hemagglutinin (HA)
tagged, increasing amounts of HSP110-HA–tagged plasmid (0.1 to
0.7 mg), and 0.3 mg of GFP vector for normalization. Samples were
prepared according to the Promega protocol (Luciferase Assay
SystemE1500). Luminescence fromequivalent amounts of lysatewas
read in triplicateonanEnVisionMultilabel Plate Reader (PerkinElmer).
All readings were normalized to the mean fluorescence intensity of
GFP expression.

Immunofluorescence and Duolink proximity
ligation assay (PLA)
Primary antibodies were anti-IgM (IM260), anti-IkBa (ab32518),
anti-HSP105 (EPR4576), anti-HSP70 (ab5439), and anti-Myd88
(ab119048). Duolink experiments were performed according

to the manufacturer’s protocol (Sigma-Aldrich, St Louis, MO).
Microscopy images were taken on an Axio Imager 2 (Carl Zeiss
Microscopy GmbH, Jena, Germany), and images were acquired
by using an AxioCam MRm CCD camera (Carl Zeiss). The Spot
detector plugin of Icy software was used to count the number of
spots per cell. Statistical analysis was performed with GraphPad
Prism 6 (unpaired Mann-Whitney U test; at least 100 cells
counted for each condition).

Quantitative real-time polymerase chain
reaction (qRT-PCR)
qRT-PCR for reactive lymph nodes and patients was performed
using the TaqMan Universal Master Mix and specific TaqMan
Gene Expression Assays (Life Technologies-Applied Biosystems):
HSP110/hs-00971475-m1 and ABL/hs001104728-m1 (for internal
standard gene). Statistical analyses were performed with Prism soft-
ware (GraphPad Software Inc., SanDiego, CA) using aMann-Whitney
nonparametric U test. For other RT-PCRs, PrimePCR SYBR Green
Assay (RPS18, Human [Biorad]), MyD88 F (GTTGTCTCTGATGAT
TACCTG), MyD88 R (GGGGAACTCTTTCTTCATTG; Sigma-
Aldrich), and the HSP110 primers used were described earlier.17

Results
HSP110 expression has an impact on B-cell
lymphoma cell survival and NF-kB signaling
To explore the role of HSP110 in ABC-DLBCL cell lines, we
transduced them with a lentivirus carrying HSP110 shRNA that
was optimized to have high transduction capacities toward hard-
to-transfect human B-cell lines.24,28 We observed a decreased
survival in the HSP110 shRNA-infected cell lines we tested: mean
percentage of viable cells in shRNA HSP110 vs shRNA control at
day 9 for HBL1 was 30 6 4 and 83 6 1.5; for OCI-Ly3, 41 6 13
and 83 6 1.5; and for TMD8, 32 6 0.7 and 80 6 1.5; but no
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Figure 1. HSP110 expression has an impact on ABC-DLBCL cell survival. (A) Kinetics of cell survival determined by annexin-V/7-aminoactinomycin D (7AAD) staining on
shRNA-expressing cells, data are presented as the mean 6 standard deviation (n 5 3). (B) Representative annexin-V/7AAD staining on shRNA-expressing cells determined at
day 9. (C) Immunoblot analysis of HSP110, Bcl-xL, Bcl2, and cleaved caspase-3 (Casp3) at 48 hours after transfection of HBL1 with an shRNA targeting HSP110 or a control
shRNA (n 5 3). b-actin served as a loading control. ns, not significant. ***P , .001.
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decrease for U2932 cells, 9.726 16 and 766 4 (Figure 1A-B). A
decrease in the antiapoptotic proteins Bcl-xL and Bcl2, together
with an increase in caspase-3 cleavage, suggested that de-
pletion of HSP110 is deleterious in certain ABC-DLBCL cell
lines and induced apoptotic cell death (Figure 1C). Because
hyperactivation of the NF-kB signaling pathway is primarily re-
sponsible for ABC-DLBCL proliferation and survival, we studied
the impact of HSP110 on this pathway in the following ex-
periments. Interestingly, siRNA-mediated HSP110 knockdown
induced a decrease in IkB and p65 phosphorylation in all ABC-
DLBCL cell lines tested, with the exception of U2932 (Figure 2A-
B). The silencing of HSP110 did not modulate AKT activation,
another important signaling pathway in ABC-DLBCL (supple-
mental Figure 1A, available on the Blood Web site). Next, we
compared the effect observed with HSP110 depletion with that
observed by depleting or inhibiting other main HSPs (HSP27,
HSP70, and HSP90). We used either an siRNA approach (for
HSP27, HSP70, and HSP110 [specificity of HSP110 siRNA is
shown in supplemental Figure 1A]) or a chemical inhibitor
(PU-H71 for HSP90). As shown in supplemental Figure 1B, inhi-
bition of HSP90, as already reported,3 induced a decrease in IkB
phosphorylation similar to that obtained upon HSP110 de-
pletion. In contrast, HSP27 or HSP70 knockdown did not affect
p-IkB content. In keeping with the decrease in IkB phosphor-
ylation induced by HSP110 knockdown, the nuclear localization
of p65 and p50 were also decreased in cells depleted in HSP110
(Figure 2C; supplemental Figure 1C). Conversely, transfection of
SU-DHL2 by increasing amounts of HSP110 induced an increase
in IkB phosphorylation (Figure 2D). Finally, HBL1 cells were rescued
from HSP110 shRNA–induced cell death by co-expression of the

constitutively active IKK2-EE (Figure 2E). Taken together, these
data suggest that HSP110 is involved in ABC-DLBCL survival
through NF-kB signaling modulation.

Recently, Louis M. Staudt pointed out that BCR components co-
localized with MyD88, TLR9, and CARD11-BCL10-MALT1 (CBM)
complex in endolysosomes, where they activate the NF-kB
pathway (Louis M. Staudt, oral communication, American As-
sociation for Cancer Research Annual Meeting, 3 April 2017). To
obtain more insights on the stage of the NF-kB pathway at which
HSP110 interferes, we looked at the IgM-MyD88 complex formation
when HSP110 is downregulated. By using PLA, we detected close
proximity of IgM and p-IkB in the cytosol of ABC-DLBCL control
cells (Figure 3A-B). Upon siRNA-mediated HSP110 down-expression,
IgM and p-IkB proximity was strongly reduced in the cell lines
bearing dual MyD88 and CBM mutations (HBL1 and OCI-
Ly3), but not in the U2932 cell line, which is devoid of these
mutations. This suggested that HSP110 could play a role in the IgM-
MyD88 complex. We sought to confirm this hypothesis by studying
the effect of HSP110 depletion in the IRAK1-TRAF6 complex
formation immediately downstream of IgM and MyD88. Upon
HSP110 downregulation, we found that IRAK1 was less
phosphorylated in HBL1 and OCI-Ly3 (but not in U2932)
(Figure 3C), and p-IRAK1 was less bound to TRAF6 (sup-
plemental Figure 1D). Under normal IRAK1-TRAF6 complex
formation, the auto-K63 ubiquitination of TRAF6 seems to
enable the recruitment and activation of downstream sig-
naling.29 Here, this TRAF6 K63 ubiquitination was also de-
creased (Figure 3D). These data suggest that HSP110 could
intervene upstream of IRAK1-TRAF6 complex formation at an
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early stage of the NF-kB signaling pathway when IgM and
MyD88 co-localize.

HSP110 enhances MyD88-mediated NF-kB
signaling through direct interactions
MyD88 activation upon BCR-TLR complex stimulation of B cells
leads to NF-kB signaling and subsequent proliferation (Louis
M. Staudt, oral communication, American Association for
Cancer Research annual meeting, 3 April 2017). Further-
more, oncogenically active MyD88 in 30% of patients with
ABC-DLBCL accounts for spontaneous assembling of the
IRAK1-IRAK4 complex, leading to a strong and sustained NF-kB
signal. Therefore, we hypothesized that HSP110 could enhance
MyD88-mediated NF-kB signaling. We overexpressed HSP110
together with WT MyD88 or with the most common mutated
form of MyD88 (MyD88 L265P) in a Burkitt lymphoma cell line
(BJAB), that in contrast to ABC-DLBCL cells, is easy to transfect
and does not bear either the MyD88 mutation or NF-kB
hyperactivation. As shown in Figure 4A and supplemental
Figure 1E, HSP110, MyD88, and MyD88 L265P alone enhanced
IkB phosphorylation. As expected, MyD88 L265P promoted a
stronger phosphorylation,23 which was enhanced by HSP110
overexpression.

To functionally test whether HSP110 was able to promote NF-kB
target gene transcription in anMyD88-dependent manner, we used
a luciferase reporter gene driven by an NF-kB promoter. HEK293
cells were co-transfected with increasing amounts of HSP110, with
or without MyD88 WT or MyD88 L265P. We observed an HSP110
dose-dependent induction of luciferase activity (Figure 4B). Strik-
ingly, whereasMyD88 L265P alonewas able topromote this activity,
the addition of HSP110 induced a 100-fold increase at the maximal
concentration (Figure 4B). Overall, these data show that HSP110
enhances both MyD88 WT and mutated signaling. This suggests
that HSP110may interact directly withMyD88 to reinforce its action.

As shown in Figure 4C-D, HSP110 and MyD88 co-localized in
ABC-DLBCL cells and associated in cellulo. Of note, in all 3 tested
cell lines, HSP110-MyD88 binding spots were more abundant
thanHSP110-HSP70binding spots, used here as a positive control
because HSP70 is a well-known partner of HSP110. No close
proximity of HSP70 and MyD88 was observed (data not shown).
This interaction was confirmed by co-immunoprecipitation ex-
periments in OCI-Ly3 and SU-DHL2 (Figure 4E). Because both cell
lines expressed a mutated form of MyD88, we wondered whether
HSP110 could also bind to theWT form. Co-immunoprecipitation
experiments with HSP110 and MyD88 WT in HEK293 cells
showed similar binding capacities (Figure 4F).
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HSP110 stabilizes MyD88
Expression of increasing amounts of HSP110 in HEK293 cells
induced a concomitant increase in the amount of MyD88 protein
(Figure 5A-B; supplemental Figure 2A) for both L265P and WT
MyD88. This phenomenon was not the result of transcriptional

control of theMyD88 gene because MyD88 mRNA content did
not increase (supplemental Figure 2B). Furthermore, expres-
sion of the HSP110 dominant negative mutant HSP110DE9
(known to inhibit HSP110 WT at a 1:1 ratio17) inhibited the
expression of MyD88 (Figure 5A-B). Expression of an HSP110
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mutant deficient in its nuclear localization signal also increased
MyD88 protein expression, suggesting that HSP110 acts directly
onMyD88 in the cytosol (Figure 5C). The study of MyD88 half-life
in the presence of the protein synthesis inhibitor cycloheximide
showed that HSP110 stabilizes MyD88WT andMyD88 L265P in a
similar way (Figure 5D). These observations were confirmed in
HBL1 and OCI-Ly3 because HSP110 down expression by specific
siRNA reduced the expression of MyD88 but not in U2932, which
is in keeping with the previous results (Figure 5E). Finally, in the
presence of the proteasome inhibitor MG132, the MyD88 level
was restored, suggesting that HSP110 stabilized MyD88 by
interfering with its proteasomal degradation (Figure 5F).

HSP110 is highly expressed in ABC-DLBCL patients
and correlates with the amount of MyD88
Strong HSP110 expression has been found in samples from
patients with different cancers, including those with GC-DLBCL.
To get clinical insight on the role of HSP110 in ABC-DLBCL, we
measured HSP110 mRNA levels in purified B cells from a co-
hort of patients with GC-DLBCL (n 5 6) (as a positive control for
HSP110), a cohort of patients with ABC-DLBCL (n 5 9), and
samples from nonmalignant reactive lymph nodes (n5 4). As for
the GC-DLBCL samples, we observed stronger although het-
erogeneous HSP110 mRNA expression in ABC-DLBCL in com-
parison with reactive lymph node samples (a 21-fold increase;
P 5 .009) (supplemental Figure 3A). This elevated HSP110 ex-
pression was then confirmed by IHC in biopsies from 35 patients
with the ABC subtype (Figure 6A-B), as well as in biopsies from
7 patients with the GC subtype (provided for comparison)
(supplemental Figure 3B). In all cases, more than 80% of cells
were positive, with a score 3 to 4 for the staining intensity of cells
from 57% of patients with the ABC subtype. Interestingly, al-
though HSP110 was always present in the cytosol, frequent
nuclear localization was also observed. HSP110 staining in re-
active lymph nodes (n 5 5) was limited to the GC, confirming its
association with B-cell activation. We confirmed the HSP110 and
MyD88 association in 2 ABC-DLBCL biopsies cells by PLA
(Figure 6C). MyD88 expression was present in more than 80% of
cells from this cohort with 3 levels of intensity (supplemental
Figure 3C). Strong MyD88 expression was more frequent for
biopsies with high HSP110 intensity (a score.2; 37%) compared
with biopsies with low HSP110 intensity (score ,2; 15%), but it
was not statistically significant (supplemental Figure 3D). To get
a more quantitative insight into MyD88-HSP110 expression, we
used another cohort of patients with ABC-DLBCL; we were able
to extract proteins from their tumor biopsies and we observed
that the level of HSP110 correlated significantly with that of
MyD88 (R2 5 0.7577 [n 5 13]) (Figure 6D-E) and with that of
p-IkBa (R2 5 0.5781 [n 5 9]; supplemental Figure 3E). These
patient data support our results showing that HSP110 plays a role
in MyD88 protein expression in ABC-DLBCL.

Discussion
Genomic and functional investigations have shown that ABC-
DLBCL tumors are driven by either chronic BCR and/or TLR9-
MyD88 signaling in contrast to GC-DLBCL. Many downstream
effectors are therefore activated, leading to sustained NF-kB
activation, which ABC-DLBCL tumors rely on for survival. There
is important genetic heterogeneity in ABC-DLBCL tumors that
accounts for this chronic BCR and MyD88 signaling, because

mutations in CD79a/b, MyD88, CARD11, and A20 have been
detected in patients’ samples. In particular, 29% of tumors
harbor a single nucleotide variant that changes a leucine residue
at position 265 of the MyD88 coding region to a proline, leading
to a mutant protein (MyD88 L265P) that spontaneously as-
sembles with IRAK1 and IRAK4 into so-called myddosomes.23

We showed here that HSP110 directly binds to MyD88, inde-
pendent of L265P mutation, and stabilizes both protein forms
leading to the amplification of NF-kB signaling and to sub-
sequent improved survival in ABC-DLBCL lines. We also ob-
served a correlation between HSP110 and MyD88 levels in
patients, thus confirming our in vitro results and suggesting that
HSP110 could be a potential target for lymphoma therapy in the
future. This effect seems specific for HSP110 because HSP27 and
HSP70 do not alter NF-kB signaling. In contrast, HSP90 in-
hibition alters the BCR-dependent NF-kB pathway because
HSP90 is a key component of the BCR signalosome.3 The in-
volvement of HSP90 in MyD88 signaling, alone or in association
with HSP110, deserves further investigation.

As an adaptor of Toll-like receptor signaling,MyD88 is regulatedby
endogenous mechanisms as well as pathogens. In macrophages,
the E3 ubiquitin ligase Nrdp1 directly binds and polyubiquitinates
MyD88, leading to its proteasomal degradation, thus limiting the
overproduction of proinflammatory cytokines.30 In the same way,
TGF-b1 drives MyD88 degradation through the Smad6-Smurf
pathway.31 Pathogens have many ways to escape immune sur-
veillance. For example, they can drive MyD88 through the Ub-
proteasome pathway as shown for Kaposi’s sarcoma–associated
herpesvirus.32 Because an adequate inflammatory response to
pathogens must be balanced, molecular machinery that opposes
MyD88 degradation must exist, and our work suggests that
HSP110 could be involved because it promotes MyD88 stability.

HSPs have multiple roles in cancer cells that relate to their
chaperone function; among these, stabilization of mutated or
overexpressed proteins is common. In addition, proliferation- or
survival-dependent activating mutations of signaling molecules
show increased dependence on HSPs.3,33,34 In GC BCL/BCL61

DLBCL, HSP90 interacts with the oncogene BC-6 and stabilizes
BCL6 mRNA and protein.34 A significant positive correlation
between HSP110 and BCL6 expression has also been found in
GC-DLBCL cell lines and in patients with GC-DLBCL.18 In ad-
dition, in Burkitt lymphoma, HSP110 prevents degradation of
the overexpressed oncogene c-Myc.19 Therefore, through their
multiple oncogene targets in lymphomas, HSPs, and particularly
HSP110, seem to be crucial to their proliferation and survival,
thus confirming the overall addiction of tumors to HSPs. HSP110
plays an important role in GC-DLBCL, ABC-DLBCL, and Burkitt
lymphoma, in which it acts on different oncogenes frequently
associated with these particular diseases.

Beyond ABC-DLBCL, the missense mutation of MyD88 has been
described in other diseases such as benign monoclonal IgM
gammopathy of undetermined significance (47%), Waldenström
macroglobulinemia (in almost 100% of patients), and chronic lym-
phocytic leukemia (less than 10%).35,36 It is very likely that HSP110
could also have the same MyD88 stabilizing function in these
diseases, although this hypothesis needs to be investigated.

Tumor microenvironment may influence DLBCL progression
because enriched expression of T-cell and natural killer cell
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activation molecules and CD41 T-cell tumor infiltration are as-
sociated with good prognosis.37-39 The ability of extracellular
recombinant HSP110 to improve antigen presentation and T-cell
responses has been described.40-43 But the question remains of
whether the cell-intrinsic antitumor effects of HSP110 targeting
will be offset by reductions in T-cell responses.

Recent reports suggest that p-IkB and/or MyD88 expression can
be used as prognosis factors.44,45 Given that HSP110 expression

shows a good positive correlation with both markers, we can
hypothesize that HSP110 is associated with more aggressive
clinical behavior.

HSP110 protein level was found to be low in normal non-
activated B cells outside the GC (Figure 6A), and the currently
available HSP110 knockout model shows no alteration of B-cell
number in homeostatic conditions (not shown). This informa-
tion could be of particular interest for the rationale of HSP110
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inhibition in DLBCL because the current R-CHOP–based regi-
men targets normal and pathologic B cells. In contrast, HSP110
inhibition, because of its overexpression in NHL may selectively
target lymphoma cells but not naive normal B cells. If new
therapies use lymphoma oncogenic cell signaling to selectively
kill DLBCL cells in preference to normal B cells, HSP110 in-
hibition could represent a promising new approach. Of course
future therapies will need to combine strategies (BTK inhibitors)
to completely eradicate tumor cells because some remaining
cells persist despite HSP110 down expression. Once available,
HSP110-specific inhibitors will probably play a preponderant
role in the therapeutic arsenal for ABC-DLBCL and beyond.
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(FEDER) for their support; the Plateforme de Cytométrie Dijon and
Cellimap Dijon for technical support; Gisèle Froment, Didier Nègre, and
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and O.-O.W.).

Authorship
Contribution: C.B., E.V., L.M., C.C.-C., T.F., A.N.R.W., and G.J. designed
the study and experiments; C.B., E.V., L.S., R.M., and O.-O.W. performed
the experiments; E.V., L.M., C.C.-C., C.P., T.F., S.R., F.J., and A.N.R.W.
provided samples and expertise; C.B., E.V., L.M., C.C.-C., T.F., F.J.,
A.N.R.W., C.G., and G.J. analyzed the experiments; and G.J. directed
the work.

Conflict-of-interest disclosure: The authors declare no competing fi-
nancial interests.

ORCID profile: G.J., 0000-0003-0376-9299.

Correspondence: Gaetan Jego, INSERM, UMR 1231, Université
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Baboon envelope LVs efficiently transduced human adult, fetal, and
progenitor T cells and corrected SCID-X1 T-cell deficiency
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Key Points

•BaEV-LVs efficiently
transduce progenitor
T cells, providing
accelerated T-cell
reconstitution in vivo.

•BaEV-LVs efficiently
correct human
SCID-X1 progenitor
T cells.

T cells represent a valuable tool for treating cancers and infectious and inherited diseases;

however, they are mainly short-lived in vivo. T-cell therapies would strongly benefit

from gene transfer into long-lived persisting naive T cells or T-cell progenitors. Here we

demonstrate that baboon envelope glycoprotein pseudotyped lentiviral vectors (BaEV-LVs)

far outperformed other LV pseudotypes for transduction of naive adult and fetal

interleukin-7–stimulated T cells. Remarkably, BaEV-LVs efficiently transduced thymocytes

and T-cell progenitors generated by culture of CD341 cells on Delta-like ligand 4 (Dll4).

Upon NOD/SCIDgC2/2 engraftment, high transduction levels (80%-90%) were maintained

in all T-cell subpopulations. Moreover, T-cell lineage reconstitution was accelerated in

NOD/SCIDgC2/2 recipients after T-cell progenitor injection compared with hematopoietic

stem cell transplantation. Furthermore, gC-encoding BaEV-LVs very efficiently transduced

Dll4-generated T-cell precursors from a patient with X-linked severe combined immuno-

deficiency (SCID-X1), which fully rescued T-cell development in vitro. These results indicate

that BaEV-LVs are valuable tools for the genetic modification of naive T cells, which

are important targets for gene therapy. Moreover, they allowed for the generation of

gene-corrected T-cell progenitors that rescued SCID-X1 T-cell development in vitro.

Ultimately, the coinjection of LV-corrected T-cell progenitors and hematopoietic stem

cells might accelerate T-cell reconstitution in immunodeficient patients.

Introduction

Gene transfer into T lymphocytes is a crucial step in the development of therapeutic strategies for the
treatment of genetic dysfunctions of the hematopoietic system, such as severe combined immunodeficiency
(SCID1,2) as well as cancers3,4 and acquired diseases.5 More than 15 years ago, children suffering from
monogenetic diseases such as adenosine deaminase SCID (ADA-SCID) and SCID-X1were successfully
treated with T-cell gene therapy (ADA-SCID)6 or hematopoietic stem cells (HSCs) (SCID-X16,7;
ADA-SCID8). T-cell gene therapy might also become an important treatment option for HIV-infected
patients because several new combinatorial strategies have been proposed.9-11 To avoid graft-versus-host
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disease in HSC transplantation, retroviral marking of allogenic T cells
with a suicide gene is performed, and these T cells can then be
eliminated by administering a specific drug.3,12-14 A promising
anticancer strategy is based on engineered T cells that express a
tumor-specific T-cell receptor (TCR) or a chimeric antigen receptor
(CAR).15-17 Ongoing clinical trials have described durable rejection
of previously refractory B-cell malignancies in patients after
CD19-directed CAR therapy,4,18-21 with a complete response rate
as high as 86% in patients with leukemia. The successful application
of CARs directed to other molecular targets has broadened the
indications for this approach to other cancers.22-28

The clinical efficacy of adoptively transferred T lymphocytes is
correlated with their ability to persist in vivo,29 which is correlated
with a less differentiated T-cell phenotype.15,17,30 Naive T cells are
especially important as gene therapy target cells because they
maintain the capacity to respond to novel antigens and can generate
the entire spectrum of immunologic memory.31,32 Indeed, upon
infusion, less differentiated naive and central memory T cells display
superior proliferation, persistence, and antitumor responses when
comparedwith the effector memory subset.15,31,33 Accordingly, naive
T cells might constitute the best T-cell target population for gene
therapy. Human cord blood (CB) T cells are mostly naive and differ
from their adult naive counterparts in that the former represent mainly
recent thymocyte emigrants,33,34 which express CD311.35,36 Naive
CB T cells proliferate significantly more than their adult counterparts
in response to interleukin-7 (IL-7).37,38 Interestingly, IL-7 maintains
naive CD311 CD41 T cells during adult life.39 These characteristics
prompted the development of the first CAR-based CB T-cell
strategies for the treatment of cancer and infectious diseases.16,40-42

Other even more immature targets for gene modification are the
T-cell progenitors, which are normally found in the thymus and
are important for treatment of autoimmune disorders.43-46 Early
T-cell development depends on the interaction between thymo-
cytes and Notch ligand signaling pathways. Delta-like ligand 4 (Dll4)
has been identified as the essential Notch1 activator in the T-cell
engagement of HSCs.47-49 We have previously demonstrated
that T-cell progenitors can be generated from CD341 hematopoi-
etic stem and progenitor cells (HSPCs) in a feeder-cell–free culture
system based on Dll4.50,51 They displayed the phenotypic and
molecular signatures of immature thymic precursors and were
capable of differentiating into T cells and accelerating T-cell
reconstitution in vivo compared with HSPCs.50

It is now generally accepted that resting T cells cannot readily be
transduced by classical vesicular stomatitis virus G (VSV-G) protein
pseudotyped lentiviral vectors (LVs)52-54 because of the absence of
the VSV receptor.55 The latter is upregulated by TCR stimulation
and is correlated with high-level transduction by VSV-G-LVs.55

However, TCR stimulation of T cells alters their half-life and immune
competence and is associated with the loss of naive T-cell subsets and
a skewed TCR repertoire.56,57 Exposure of T cells to cytokines such as
IL-7 renders them permissive to transduction by VSV-G-LVs,52,54,58-60

preserving a functional T-cell repertoire without skewing the T-cell
populations.38,54,58 However, VSV-G-LVs do not allow high-level
transduction of IL-7–stimulated naive T cells.52,54,59 We previously
pseudotyped LVs with measles virus envelope glycoproteins (GPs)
H and F (H/F-LVs). They allowed, for the first time, efficient transduc-
tion of quiescent memory and naive human T (hT) cells and B cells,
with conservation of the T- and B-cell phenotypes.61-63 Furthermore,

we engineered LVs that displayed the feline retrovirus GP RD114,
which conferred efficient transduction of hT cells upon TCR
stimulation.64 The baboon envelope retrovirus (BaEV) belongs to the
same betaretrovirus family as RD114. Both viruses use the neutral
alanine/serine/cysteine amino acid transporter-2 (ASCT-2) present
on T cells.65,66 Interestingly, BaEV-LVs also bind to ASCT-167 and far
outperform VSV-G- and RD114-LVs for human HSC and B-cell
transduction.68-70 Therefore, we hypothesized that BaEV-LVs might
be excellent candidates for gene delivery into naive hT cells and T-cell
progenitors.

Materials and methods

Plasmids

RD114TR, BaEVTR, BaEVRless, and HD24 and FD30 envelope
GPs were previously described.64,69,71 All chimeric envelope
GPs were expressed in the phCMV-G expression plasmid.72 The
SIN-HIVSFFVGFP vector was described previously.71

The native IL-2RgC complementary DNA (cDNA) fragment from
pRRL.PPT.SF91.IL2RGpre (a gift from A. Shambach, Medizini-
sche Hochschule Hannover, Hannover, Germany) was cloned
into the pHEF1-MCS-IRES-GFP vector by ligation of BamHI-SalI
digested fragments.

Self-inactivating HIV-1–derived vectors encoding green fluorescent
protein (GFP) or gC under the control of an SFFV or EF1a promoter,
respectively, were generated by transfection of 293T cells as
described in detail elsewhere.71 Titration of LVs69,71 is described
in detail elsewhere, and isolation of human primary T cells, thymocytes,
and CD341 cells is described in the supplemental Methods.

Transduction of primary cells

Peripheral blood (PB) T lymphocytes were prestimulated for
24 hours with anti-human CD3 (hCD3)/anti-hCD28 (1 mg/mL,
BD Pharmingen) in the presence of hIL-2 (1 ng/mL), and CB and
PB T cells were prestimulated with recombinant human IL-7 (rhIL-7;
10 ng/mL; BD Biosciences) for 2 and 3 days, respectively.54

Next, 53 104 CB or PB T cells were seeded in 48-well plates upon
TCR stimulation or cytokines and transduced with LVs at the
indicated multiplicity of infection (MOI). Cell cultures were replenished
with cytokines every 3 days. At 3 and 6 days after transduction, the
percentage of GFP1 cells was determined by fluorescence-activated
cell sorting (FACS). Where indicated, transductions were performed
on RetroNectin-coated plates (Takara Bio, Shiga, Japan).

In all, 5 3 105 freshly isolated thymocytes were seeded in
RetroNectin-coated 48-well plates in RPMI-1640 and 10% fetal
calf serum in the presence of rIL-7 (20 ng/mL) and transduced with
LVs at the indicated MOIs. Cell cultures were replenished with
cytokines after 3 days. Four days after transduction, the percentage
of GFP1 cells was determined by FACS.

CB CD341 cells were cultured in 48-well plates coated with
a Dll4 Fc fusion protein (Dll4-Fc, 5 mg/mL; PX9Therapeutics,
Grenoble, France50). Cultures were initiated at 1 3 104 CD341

cells per well in X-VIVO-20 medium (Lonza, Basel, Switzerland)
and supplemented with 20% defined fetal calf serum (Hyclone;
Thermo Fisher Scientific, Illkirch, France) and cytokines hIL-7,
human FMS-like tyrosine kinase 3 ligand (hFlt3-L), human stem cell
factor (hSCF), and human thrombopoietin (hTPO) (each 100 ng/mL;
Miltenyi Biotech). The vectors were pre-incubated with Vectofusin
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(12 mg/mL; Miltenyi Biotech) for 10 minutes. After 24 hours of
culture, the LVs plus Vectofusin were added to the cells at the
indicated MOIs. After 7 days of culture on Dll4, cells were transferred
to 24-well plates freshly coated with Dll4-Fc at a concentration of
13 105 cells per well. The percentage of GFP1 cells was determined
in the thymic subpopulations by FACS.

A total of 1.83 105 bone marrow (BM) SCID-X1 CD341 cells were
prestimulated for 16 hours in X-VIVO-20 (Lonza) supplemented
with 20% fetal bovine serum and 300 ng/mL hSCF, 100 ng/mL
hTPO, 300 ng/mL hFlt3-L, and 20 ng/mL hIL-3 on RetroNectin
(25 mg/mL) alone or on RetroNectin and Dll4-Fc ligand (5 mg/mL;
PX9Therapeutics)–coated wells. In addition, 100 ng/mL of hIL-7
was added for prestimulation on Dll4–coated wells. The prestimu-
lated cells were incubated with BaEV-IL-2RgC-LVs at an MOI of 10 in
the presence of 4 mg/mL protamine sulfate for 6 hours. For cells
transduced for 6 hours on Dll4-coated wells, the medium was
replaced by Minimum Essential Medium Eagle–Alpha Modification
(Gibco, Life Technologies) with 20% fetal bovine serum, 2 mM
glutamine (Gibco BRL/Invitrogen), 100 ng/mL hSCF, 100 ng/mL
hTPO, 100 ng/mL hFlt3-L, and 100 ng/mL hIL-7. Viability after trans-
duction was determined after exclusion of 7-amino-actinomycin-D1

cells analyzed by FACS.

The in vitro T-cell differentiation assay was performed on OP9-hDL1
stroma; 8 3 104 cells per well were cocultured in 6-well plates
with OP9-hDL1.73 From week 2, the medium was changed once per
week, and cells were analyzed by FACS (see supplemental Data).

qPCR analysis

IL-2RgC messenger RNA (mRNA) expression was assessed by
using semi-quantitative real-time polymerase chain reaction (RT-PCR).
RT-PCR was performed with equal amounts of cDNA using IL-2RgC
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) TaqMan
Gene Expression Assay in an Applied Biosystems ViiA 7 Real-Time
PCR System (Applied Biosystems Inc, Foster City, CA). The IL-2RgC
mRNA expression was normalized with the GAPDHmRNA expression
as endogenous control. The gC mRNA expression was calculated
as 2-ddCt.

Quantification of vector copy number and analysis of

TCR repertoire

Duplex quantitative RT-PCR was performed with 100 ng genomic
DNA using primers and TaqMan probes specifically designed
to amplify the HIV and albumin (ALB) sequences in the Applied
Biosystems ViiA 7 Real-Time PCR System. Simultaneously, standard
amplification curves were generated by serial dilutions of the
plasmid pRRL-LTR-PSI-GK-GFP-WPRE-ALB ranging from 107 to
101 copies per well. All the reactions were performed in duplicate.
The data were normalized to ALB. The vector copy number (VCN)
per cell was determined from the linear standard curve. Analysis of
the TCR repertoire was performed by multiplex PCR followed by
GeneScan analysis as described previously.74,75

Conditioning and reconstitution of NSG mice

NOD/SCIDgC2/2 (NSG) mice were housed in our animal facility
(Plateau de Biologie Expérimentale de la Souris, Lyon, France).
Experiments were performed in accordance with the European
Union guidelines upon approval of the protocols by the local ethical
committee. Two- to 3-day-old newborn NSG mice were irradiated
at 1 Gy, and 5 3 105 transduced progenitor T cells derived from

hCD341 cells or 2 3 105 transduced CD341 cells were injected
intrahepatically. Six weeks after reconstitution, the thymocytes
of these mice were analyzed by FACS. Statistical analysis was
performed using a Student t test.

Results

BaEV-LVs permit high-level transduction of both

naive and memory hT cells

We previously obtained efficient LV pseudotyping with 2 cytoplas-
mic tail mutants of the BaEV GP: BaEVTR, in which the cytoplasmic
tail has been replaced by that of the murine leukemia retrovirus,
and BaEVRless, which lacks the R-peptide.69 The new BaEV-LVs19

were compared with other reported LV pseudotypes that allow
CD31 T-cell transduction with differing efficiencies: H/F-LVs,62

RD114TR-LVs,64 and VSV-G-LVs.54

After TCR stimulation, the BaEV-LVs reached 60% to 90% CD31

T-cell gene transfer in the presence of RetroNectin (MOI, 10; Figure 1A).
VSV-G-LVs and H/F-LVs reached similar transduction levels62

(Figure 1A). Both BaEVTR- and BaEVRless-LVs enabled efficient
transduction of rIL-7 prestimulated hT cells and were superior to
VSV-G-LVs at anMOI of 10 in the presence of RetroNectin (percentage
transduction rates: BaEVTR-LVs, 29%-43%; BaEVRless-LVs,
41%-60%; VSV-G-LVs, 2%-12%) (Figure 1B). They permitted
efficient high-level transduction of IL-7–prestimulated naive and
memory T cells (Figure 1B). The cell viability was not altered by the
transduction process (supplemental Figure 1A-B). H/F-LVs resulted
in more than 80% transduction of IL-7–stimulated T cells in the
presence of RetroNectin. In this case, the H/F-LVs primarily targeted
memory T cells for transduction, confirming previous results62

(Figure 1B).

Strict gating on CD45RA-, CD62L-, and CCR7-expressing CD41

and CD81 naive T cells confirmed the highly efficient transduction
of these subpopulations by BaEV-LVs (Figure 1C). The RD114TR-LVs
resulted in much lower transduction efficiency of rIL-7–prestimulated
naive and memory T cells compared with BaEV-LVs (RD114TR-LVs,
5%-12%).

We have previously shown that H/F-LVs allow gene transfer into
resting CD31 T cells.62,76 The RD114TR- as well as BaEVTR- and
BaEVRless-LVs performed poorly on these quiescent target cells
(supplemental Figure 1C). Importantly, mRNA levels of both BaEV
receptors (ASCT-1 and ASCT-2) were upregulated upon IL-7
stimulation, and the upregulation was even more pronounced after
TCR activation of T cells (Figure 1D). This coincided with higher
transduction levels obtained in these prestimulated T cells com-
pared with their resting counterparts (Figure 1C vs supplemental
Figure 1C). Overall, our results show that the novel BaEVTR- and
BaEVRless-LVs are promising gene transfer tools for adult T-cell
gene therapy because they can target long-lived naive T cells at
low vector doses.

BaEV-LVs GPs allow high-level transduction of recent

thymic emigrants

T-cell gene therapy or immunotherapy would benefit from genetically
modified naive T cells that are able to persist for the individual’s entire
life span. Here, we tested the different LV pseudotypes for their ability
to efficiently transduce CB CD41 T cells, which are phenotypically
similar to recent thymic emigrants (RTEs).
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To conserve the naive T-cell phenotype, CB T cells were prestimulated
with IL-7 and subsequently transduced with the different LV
pseudotypes encoding GFP at MOI 10 (Figure 2A). BaEVTR- and
BaEVRless-LVs permitted 40% to 55% transduction of the target
cells at MOI 10 and thus outperformed VSV-G-LVs (,20%) and
RD114TR-LVs (,10%; Figure 2A). In contrast, RTEs and mature
naive CB T cells were poorly permissive for H/F-LVs62 (Figure 2A).
Importantly, BaEVTR- and BaEVRless-LVs easily reached 55% to
70% transduction when the MOI was doubled to 20 (Figure 2A vs
supplemental Figure 2). The RTEs (CD311) were transduced to
the same extent as the mature naive CB CD41 T cells (CD31–;
Figure 2A) without an effect on the distribution of these 2 naive
CB T-cell populations (Figure 2B).

BaEV-LVs promote highly efficient transduction of

human thymocytes

It would be of major interest to correct T cells or genetically
change T-cell functions as early as possible, ideally during thymic

development, which is a tightly regulated process (Figure 3A). We
transduced human thymocytes with RD114TR-, BaEVTR-, BaEVR-
less-, and H/F-LVs (MOI, 10) in the presence of RetroNectin and
IL-7. VSV-G-LVs were used at an MOI of 50. Four days later, we
determined the transduction levels by FACS in the thymic subsets
using CD4/CD8/CD3 staining. VSV-G-LVs transduced only 10% to
20% of the different thymic subpopulations (Figure 3B). RD114TR-,
BaEVTR-, and BaEVRless-LVs preferentially transduced early
thymocytes (ie, double-negative [DN] and immature single-positive
cells; Figure 3A-B). The efficiency of RD114TR-LV transduction
of all thymic subpopulations was lower compared with that of
BaEV-LVs. Interestingly, H/F-LVs did not show a subpopulation
preference and ensured an efficient transduction of all thymic
subsets (Figure 3B).

The DN CD4–CD8– population can be subdivided into early lymphoid
progenitors (ELPs) and early thymocyte progenitors (ETPs), which then
differentiate into proT and preT cells (see Figure 3A and supplemental
Figure 3 for the gating strategy). BaEV-LVs targeted transduction
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naive as well as memory adult human T cells. (A)
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through the TCR (anti-CD3 1 anti-CD28 antibodies 1

IL-2) for 24 hours and transduced in the absence and

presence of RetroNectin with the different LV pseudo-

types at indicated MOIs. Six days after transduction, the

percentage of GFP1CD31 T cells was analyzed by FACS

(mean 6 standard deviation [SD]; n 5 4). (B-C) Freshly

isolated CD31 T cells were prestimulated with IL-7 for

3 days and transduced in the presence of RetroNectin

with the different LV pseudotypes at MOI 10 or 100 as

indicated. Six days after transduction, the percentage of
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T cells (anti-CD3) and the naive (CD45RA1) or memory
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ns, nonsignificant.
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to the most immature DN thymocytes; BaEVRless-LVs reached
100% of the ETPs and 90% of proT cells (Figure 3C). VSV-G- and
RD114TR-LVs resulted in much lower transduction levels. H/F-LVs
mediated equivalent high levels of transduction in ETP, proT, and
preT cells (Figure 3C).

Our results indicate that BaEV-LVs are better tools than VSV-G- and
RD114TR-LVs for the transduction of ETPs and proT cells without
population skewing (supplemental Figure 4). This prompted us
to test these vectors for transduction of in vitro–generated thymic
progenitors.

BaEV-LVs mediate efficient transduction of hT-cell

progenitors generated in vitro

We made use of our new culture system based on immobilized
Dll4, as described previously.50 CB CD341 cells were cultured
on Dll4–coated plates in the presence of cytokines inducing
T-cell differentiation. After 24 hours, the different LV pseudotypes
were added at an MOI of 10. As observed for freshly isolated
thymocytes, BaEV-LVs efficiently transduced ELPs (65%-75%) and
ETPs (70%-80%) at high levels when generated in vitro (Figure 3C
vs Figure 4A-B). As expected, VSV-G- and RD114TR-LVs permitted
only poor transduction of ELPs (15%) and ETPs (10%), whereas
H/F-LVs achieved transduction levels of 60%50 (Figure 4A-B).
CD71CD34– proT cells appeared on day 7 of differentiation
(supplemental Figure 5A). BaEV-LVs performed stable high-level
gene transfer into both ELPs and ETPs but also into proT cells
without skewing these T-cell populations, whereas VSV-G- and
RD114TR-LVs were much less efficient (supplemental Figure 5B-C)
in agreement with Hübner et al.77 In contrast, the H/F- and BaEV-LV
transduction levels were equivalent at day 7 (supplemental Figure 5B).
On day 14, a subset of CD34–CD711 started to express CD5,
allowing us to distinguish between proT1 (CD711/CD5–) and proT2
(CD711/CD51) T-cell stages followed by CD1a expression
(preT-cell stage; supplemental Figure 6A). As expected, the
highly efficient transductions obtained with BaEV-LVs persisted
at day 14 in the ELPs, ETPs, proT1 and proT2 thymocytes, and
also in the preT cells (Figure 4C; supplemental Figure 6A).
Importantly, differentiation into ETPs and proT cells was not
perturbed by the transduction process (supplemental Figure 6B).
Because the original CD341 cells had expanded 50-fold, on
average, after 14 days of T-cell differentiation, they went from 5 3
104 CD341 cells to 2.53 106 T-cell progenitors (ELP, ETP, proT,
and preT); these findings confirmed stable transduction in the
different T-cell populations.

BaEV- and H/F-LV–transduced T-cell progenitors

seed the thymus and enable accelerated in vivo

thymopoiesis compared with HSCs in NSG mice

The in vivo T-cell differentiation potential of LV-transduced progen-
itor T cells and HSCs was evaluated by transplantation into NSG
mice.50 CD341 cells were plated on Dll4-coated wells with cytokines
and then incubated with BaEV- and H/F-LVs at MOI 10 or
without vector in the presence of Vectofusin.78 On day 8 of T-cell
differentiation, these transduced T-cell progenitors were injected
intrahepatically into NSG neonates. In parallel, CD341 cells
from the same donor were briefly prestimulated with cytokines
and were then transduced with BaEV- and H/F-LVs (MOI, 10)
or without vector in the presence of RetroNectin. Twenty-four
hours after transduction, these transduced CD341 cells were
transplanted into a second group of NSG recipients (Figure 5A).
At 6 weeks after engraftment, high levels of transduction were
detected by FACS in all thymic subpopulations for both NSG
groups (Figure 5B). However, intrathymic T-cell development
was accelerated in recipients of T-cell progenitors compared
with recipients of hCD341 cells, which was confirmed by higher
percentages of mature CD31CD41 and CD31CD81 T cells
(Figure 5C, left vs right panel). Indeed, the CD4–single-positive
(CD4-SP) cells in progenitor T-cell NSG recipients were all
CD31 (Figure 5C, left panel). For the mice that received CD341

cells, CD4-SP cells did not express CD3 and still corresponded
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(mean 6 SD; n 5 3; **P , .01). (B) Distribution of the recent thymocyte emigrants
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to the earlier immature single-positive CD4 stage (Figure 5C,
right dot blots). Overall, mature CD31 T-cell levels in the thymus
and the periphery were significantly higher in progenitor T-cell
recipients than in CD341-cell recipients, and they expressed
TCRab (Figure 5D-F; supplemental Figure 7). Importantly, this
was true for both nontransduced and LV-transduced progeni-
tor T cells, which emphasizes that transduction did not affect
T-cell potential in vivo (Figure 5E-F). To summarize, the BaEV-
and H/F-LV gene-marked T-cell progenitors generated in vitro
allowed efficient thymopoiesis and accelerated T-cell reconstitution
in vivo.

BaEV-LV transduction combined with DLL4 exposure

allowed efficient gC-correction of BM SCID-X1

HSPC-derived progenitor T-cells

SCID-X1 patients exhibit a severe T-cell defect, which is the result
of a blockade in a very early stage of T-cell differentiation caused by

a loss-of-function mutation in the gC gene. SCID-X1 gC deficiency
can be safely and efficiently corrected by the ex vivo transduction
of HSPCs as demonstrated in SCID-X1 patients.79 Because both
BaEV- and H/F-LVs performed similarly for transduction of T-cell
progenitors, we selected BaEV-LVs encoding the gC receptor
to correct the gC deficiency in BM SCID-X1 CD341 cells under
conventional conditions or in combination with the already established
Dll4-based T-cell progenitor differentiation technique. Therefore,
BM SCID-X1 CD341 cells were cultured in the presence of
RetroNectin alone (conventional) or Dll4 and RetroNectin (Dll4
culture; supplemental Figure 8A) and then transduced or not
(mock) with BaEV-LVs encoding the gC receptor at an MOI of
10. FACS analysis did not show any major differences in the
frequencies of gated lymphocytes between the transduced and
mock groups, and 97% of the gated lymphocytes were viable
(supplemental Figure 8B). Thus, BaEV-LV transduction had no
toxic effect on the cells. After 4 days of culture, T-cell progenitor

A
BM

HSPC

Lin-

CD34+

CD38-

CD34+

CD7-
CD34+

CD7lo
CD34+

CD7hi

CD5+

CD34-

CD7hi

CD5+

CD1a+

CD3-/CD3lo

CD4+/CD8-
CD4+

CD8+

CD4+

CD8+
Lin-

CD34+

CD10+

CD24+

MLP ELP ETP proT preT

THYMUS

ISP DP
SP

PB

DN

H/F

BaE
VRLe

ss

RD114/T
R

VSV-G

BaE
V/T

R

ETP
ProT
Pre T

100
90
80
70
60
50
40

20
30

10
0%

 G
FP

+ 
CD

34
+ 

en
ric

he
d 

th
ym

oc
yte

s

CB

H/F

BaE
VRles

s

RD114/T
R

VSV-G

BaE
V/T

R

DN
ISP
DP
SP CD4+
SP CD8+50

30

10

70

40

60

20

0

%
 G

FP
+ 

sti
m

. t
hy

m
oc

yte
s

Figure 3. BaEV-LV GPs confer high-level transduction of human immature thymocyte populations. (A) Schematic representation of T-cell development in the

thymus. Phenotypic surface markers are indicated for each differentiation stage. HSCs (CD341CD1a–) are migrating from the BM to the thymus. The first stages are

characterized by the lack of expression of CD8 and CD4 markers (CD8–CD4– DN stage). The DN cells subsequently gain expression of preT and develop into CD4 immature

single-positive (ISP) cells. The appearance of the CD8 surface marker together with CD4 and maturation of the TCR is called the DP stage of thymocyte development. Upon

selection in the thymus, DP thymocytes develop into CD81CD4– (SP8) and CD8–CD41 (SP4) thymocytes. (B) Freshly isolated human thymocytes were transduced in the

presence of IL-7 on RetroNectin-coated culture plates with the indicated LV pseudotypes at an MOI of 10, except for VSV-G LVs for which an MOI of 50 was applied. Four

days after transduction, the thymocytes were stained for human surface markers (CD3, CD4, and CD8), and the percentage of GFP1 cells in the different thymocyte

subpopulations was analyzed by FACS (mean 6 SD; n 5 5; DN, CD4–CD8–; SP-CD4, CD41CD31CD8–; SP-CD8, CD4–CD31CD81; DP, CD41CD81; ISP, CD41CD3–CD8–). For

BaEV- and RDTR-LVs, the percentage of GFP1, DN, and ISP is significantly higher than the percentage of DP, SP4, and SP8. (C) Freshly isolated human thymocytes were

transduced as in panel B. Four days after transduction, the thymocytes were stained for human surface markers (CD34, CD7, CD1a, and CD5), and the percentage of GFP1

cells in the different thymocyte subpopulations was determined (mean 6 SD; n 5 4). For BaEV-LVs, the percentage of GFP1 ETPs and proT cells was significantly higher than

that of preT cells. Gating strategies for FACS analysis are shown in supplemental Figure 5A. P , .01.

466 BERNADIN et al 12 FEBRUARY 2019 x VOLUME 3, NUMBER 3



CD
34

GFP

31 69

ELP

25 75

ETP
BaEVRLess BaEV/TR

24 76

ELP

23 77

ETP

CD
34

GFP

H/F

49 51

ELP

46 54

ETP
VSV-G

83 17

ELP

90 10

ETP

CD
34

CD7

Mock

49

ELP ETP

Pro T

10

40

1

A

100

90

80

70

60

50

%
 G

FP
+ 

ce
lls

40

30

20

10

0
VSV-G RD114/TR BaEV/TR BaEVRless H/F

ELP

ETP
**

**

**
**

Differentiation day 3
B

100

90

80

70

60

50

%
 o

f G
FP

+ 
ce

lls

40

30

20

10

0
VSV-G RD114/TR BaEV/TR BaEVRless H/F

Differentiation day 14
ELP

ETP

proT1

proT2

preT

C

Figure 4. BaEV-LV GPs confer efficient gene transfer into in vitro–generated early T-cell progenitors. CB CD341 cells were plated on Dll4-coated culture wells in

the presence of a cytokine cocktail (IL-7, TPO, Flt3-L) for 24 hours, and they were subsequently transduced with VSV-G-, RD114TR-, BaEVTR-, BaEVRless- and H/F-LVs

12 FEBRUARY 2019 x VOLUME 3, NUMBER 3 BaEV-LVs TRANSDUCE ADULT AND PROGENITOR T-CELLS 467



differentiation revealed higher frequencies and numbers of CD71

early T-cell progenitors in the Dll4 culture than in conventional
cultures (Figure 6A-B), suggesting that the Dll4 cultures were
able to generate early T-cell progenitors. We then evaluated the
efficiency of gene correction by testing the ability of transduced
cells to differentiate into T cells. Transduced and nontransduced
cells were cocultured with an OP9-hDL1 stromal cell layer, and their
T-cell differentiation status was analyzed (supplemental Figure 8A).
The VCN in CD71 cells sorted after 5 weeks of coculture reached
4.04 in BaEV-LV transduced conventional cultures and 5.94 in
BaEV-LV transduced Dll4 cultures (Figure 6C). IL-2RgC mRNA
levels were 60-fold higher in the transduced groups than in the
mock groups in CD451 cells sorted at week 7 and, consistent
with the high VCN, approximately threefold higher than in healthy
CB CD341 cells under Dll4 culture conditions (Figure 6D). CD41

CD81 (DP) cells and CD31 cells were present as early as week
2 in the transduced Dll4 culture conditions and week 3 in the
transduced conventional culture conditions and continued to
be detected afterward in higher numbers in the Dll4 culture
conditions until week 5. This suggested accelerated restoration
of T-cell differentiation in the BaEV-LV transduced Dll4 culture
conditions (Figure 6E-F; supplemental Figure 8C). Importantly,
the CD31 cells were found to express either TCRgd or TCRab;
this was especially true in the Dll4 culture conditions (supple-
mental Figure 8D-E). TCR repertoire analysis of the polyclonality
in CD71 cells sorted at week 5 revealed only diverse TCRgd
rearrangement but not TCRab rearrangement in nontrans-
duced conditions (Figure 6G; supplemental Figure 8F); this was
consistent with the appearance of TCRgd1CD31 cells but not
TCRab1CD31 cells in the later weeks (supplemental Figure 8D-E).
This was also in line with the leaky mutation in the gC gene
found in this particular patient. However, the DP and CD31 cell
counts remained very low in these mock groups (Figure 6E-F).
Conversely, TCRgd and TCRab rearrangements were poly-
clonal under BaEV-LV transduction conditions regardless of the
presence or absence of Dll4; this confirmed the polyclonality
of differentiated cells and the absence of any deleterious effect
of Dll4 on the polyclonality of cells (Figure 6G; supplemental
Figure 8F). Our data demonstrate the correction of gC defi-
ciency in BM SCID-X1 CD341 cells under both conventional and
Dll4 culture conditions. However, T-cell differentiation was faster
and more efficient under Dll4 conditions. Collectively, BaEV-LVs
allowed efficient correction of the gC defect in SCID-X1 HSCs
with high VCN, high levels of gC expression, and de novo T-cell
differentiation from SCID-X1 HSPCs.

Discussion

Here we highlighted the exceptional capacity of BaEV-LVs to
transduce 60% of IL-7–stimulated naive adult T cells and CB
RTEs. In contrast, VSV-G- or RD114TR-LVs performed poorly.

Remarkably, BaEV-LVs transduced up to 80% of early thymocytes
such as ETPs, proT-cell, and preT-cell lineages differentiated
from CD341 cells using a feeder-cell–free Dll4 culture system.50

Hence, BaEV-LVs constitute a promising tool for the transduc-
tion of naive and early progenitor T cells, whereas H/F-LVs are
complementary because they can efficiently transduce memory
T cells and late-stage thymocytes: CD41CD81 and CD4-SP or
CD8-SP cells. Accordingly, we confirmed the upregulation of
the BaEV receptors67,80 upon IL-7 and TCR T-cell stimulation
coinciding with increased BaEV-LV–mediated gene transfer.

A successful T-cell immunotherapy consists of engineering autolo-
gous or allogenic T cells to express CARs specific for either viruses or
tumor antigens.23,28 Recently, this CAR T-cell technology has been
translated to naive cells from CB.81 Micklethwaite et al16 transduced
CB T cells with a CAR against CD19, which also coexpressed
TCRs specific for 3 different viruses that can affect patients after
a CB transplant. When compared with adult T cells, naive CB
T cells showed a greater tolerance to HLA disparity82,83 and thus
induced graft-versus-host disease less frequently. Therefore,
naive CB T cells represent a source of allogenic lymphocytes
for cell therapy of viral infections or/and cancer, particularly
when patients do not have enough autologous T cells. Indeed,
IL-7–stimulated CB T cells combined with BaEV-LVs resulted in
gene delivery levels of 70%. This might constitute an important
advantage for CAR therapy because naive CB T-cell subsets
show a high capacity to expand and might provide longer-lasting
antitumor responses in vivo than adult T cells, allowing protection
against relapse after transplant.38,39

Infections and relapse are the main causes of morbidity and
mortality after allogenic HSC transplantation. This is undoubt-
edly related to delayed T-cell immune reconstitution and impaired
de novo thymopoiesis.84-86 The same is true for autologous
HSC-mediated gene therapy. Complete restoration of a polyclonal
T-cell repertoire takes even longer, and patients can be immuno-
compromised for more than a year.87,88 In the case of gene therapy,
the administration of autologous gene-corrected T-cell progenitors
might be an option.We can genetically modify these T-cell progenitors
derived from CD341 cells at high levels using the BaEV- or H/F-LVs.
Combination of the transduction with the Dll4 culture of hCD341

cells, resulted in the expansion of gene-marked ETPs and proT1
cells, the most primitive T cells. Moreover, these cells retained their
in vivo intrathymic T-cell differentiation capacity and displayed
a conventional CD4, CD8, and TCRab/TCRgd repertoire. Further-
more, T-cell reconstitution was faster than in hCD341-cell engrafted
NSG mice.50

These data suggest that BaEV- or H/F-LVs are valuable treatment
options for SCIDs (eg, SCID-X1) and HIV, in which the thymic
environment is not ideal for HSC differentiation into T-cell lineages.
We have previously evidenced faster immune reconstitution by

Figure 4. (continued) encoding the GFP reporter at an MOI of 10, except for VSV-G-LVs for which a higher vector dose (MOI of 50) was applied. (A-B) At day 3 of culture,

the cells were analyzed by FACS for surface expression of CD34 and CD7. The gating strategy to determine GFP expression in the subpopulations of ELP, ETP, and

proT cells are shown for differentiation at day 3 in panel A for a representative experiment. The transduction levels for day 3 of differentiation toward T-cell lineage in these

subpopulations are summarized in the histograms in panel B (mean 6 SD; n 5 3). (C) At day 14 of culture, the cells were analyzed by FACS for surface expression of CD34,

CD7, CD5, and CD1a (for gating strategy, see supplemental Figure 6). GFP expression in the subpopulations ELP, ETP, proT1, proT2, and preT cells at day 14 of

differentiation toward T-cell lineage is shown for the different pseudotypes (mean 6 SD; n 5 3; VSV-G vs other pseudotypes). **P , .01.
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Figure 5. LV-transduced progenitor T cells allowed accelerated thymopoiesis in vivo in NSG mice compared with LV-transduced CD341 cells. (A) CD341 cells

were plated on Dll4-coated wells in the presence of a cytokine cocktail (IL-7, TPO, Flt3-L) for 24 hours, and they were subsequently transduced with BaEV- and H/F-LVs

encoding GFP at an MOI of 10 or without vector in the presence of Vectofusin, an agent that facilitates transduction.78 At 8 days of T-cell differentiation, these transduced

T-cell progenitors were injected intrahepatically into NSG recipient mice. In parallel, CD341 cells from the same donor were prestimulated briefly with cytokines that maintain

HSC potential (SCF, TPO, Flt3-L) for 24 hours and were transduced with BaEV- and H/F-LVs (MOI, 10) or without vector in the presence of RetroNectin. At 24 hours after
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coinfusion of HSC-derived T-cell progenitors and CB HSPCs
in the NSG mouse model.50 Infusion of autologous corrected
T-cell progenitors together with corrected HSCs might acceler-
ate immune reconstitution and reduce the gap in immune system
recovery. In a clinical setting, part of the patient’s HSPCs would be
gene-corrected with the classical protocol and another part would
be gene-corrected with the Dll4–based protocol described herein.
The 2 products could be transplanted simultaneously. We have
shown that T-cell progenitors are able to directly seed the thy-
mus without passing through the BM,50 thus overcoming 2 main
obstacles of post-HSCT T-cell generation: the long time required
for the first BM and thymic phases and the limited thymic supply by
BM progenitors. We are currently testing this hypothesis in a clinical

trial of cell therapy for SCID patients who received a transplantation
in a haplo-identical setting.

This is supported by our BaEV-LV–based correction of gC-deficient
CD341 cells in the presence of Dll4, resulting in a large amount
of T-cell progenitors. We previously confirmed that BaEV-LVs also
allow high-level transduction of prestimulated and unstimulated
hHSCs.19 Remarkably, gC-encoding BaEV-LVs efficiently rescued
SCID-X1 CD341-derived T-cell development in vitro, showing
the clinical feasibility of this approach.

In conclusion, H/F-LVs and, in particular, BaEV-LVs represent very useful
new tools for applications in T-cell gene therapy and immunotherapy. In
addition, injection of BaEV-LV corrected autologous HSCs and T-cell
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Figure 5. (continued) transduction, the transduced CD341 cells were engrafted in a second group of NSG recipients. Human thymocyte reconstitution was assessed

6 weeks after injection into NSG mice by FACS. (B) Percentage of GFP1 thymocytes (CD4 SP, CD41CD8–; DP, CD41CD81; DN, CD4–CD8–; CD8 SP, CD81

CD4–) for T-cell progenitor engraftment compared with CD341 cell engraftment. (C) Distribution of CD4 SP, DP, DN, and CD8 SP thymic subpopulations for

proT cells compared with CD341 cell engraftment. CD4 SP cells were analyzed for CD3 surface expression for proT (left panels) and CD341 (right panels) engrafted

cells. ISP CD4, CD41CD3– cells. (D) FACS analysis of the percentage of CD3+ T cells per total hCD45+ cells in the thymus. (E) The absolute numbers of mature

CD31 T cells per total human thymocytes for proT cells compared with CD341 cell engraftment (mean 6 SD; n 5 3). (F) Percentage of mature CD31 T cells in the

blood per total hCD451 cells for proT cells compared with CD341 cell engraftment (mean 6 SD; n 5 3). *P , .05.
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Figure 6. Efficient T-cell differentiation in vitro of SCID-X1 BM CD341 HSPCs after transduction with BaEV-LVs encoding gC receptor. SCID-X1 BM CD341
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gC leaky mutation. Flow cytometry analyses indicating the percentage (A) and absolute cell number (B) of CD341CD71 and CD34–CD71 T-cell progenitors after 4 days of

culture in the presence (1 Dll4) or absence (–Dll4) of Dll4. After 4 days of culture, the cells were further cultured with OP9-hDL1 stromal cells to pursue the T-cell

differentiation process. Analyses of VCN per cell in the genome by duplex quantitative PCR in sorted CD71 cells at week 5 (C) and IL-2RgC mRNA expression by semi-

quantitative RT-PCR in hCD451 cells at week 7 (D) of differentiation (compared with CB CD341 T-cell differentiation cultures in parallel). During coculture with OP9-hDL1
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at the indicated weeks after OP9-hDL1 cocultures. (G) TCR repertoire analysis by multiplex PCR followed by GeneScan analysis in CD71 cells sorted at week 5 after

OP9-hDL1 cocultures. All the populations were gated on live 7-amino-actinomycin-D– cells.
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progenitors might produce both short-term recovery of T-cell immune
response and long-term correction in the patients.
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Université de Poitiers, Poitiers, France
16Department of Pathology, CHU/Université de Poitiers, Poitiers, France
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SUMMARY

Diffuse large B cell lymphoma (DLBCL) is a heteroge-
neous disease treated with anti-CD20-based im-
muno-chemotherapy (R-CHOP). We identified that
low levels of GAPDH predict a poor response to
R-CHOP treatment. Importantly, we demonstrated
that GAPDHlow lymphomas use OxPhos metabolism
and rely on mTORC1 signaling and glutaminolysis.
Consistently, disruptorsofOxPhosmetabolism (phen-
formin) or glutaminolysis (L-asparaginase) induce
cytotoxic responses in GAPDHlow B cells and improve
GAPDHlow B cell-lymphoma-bearing mice survival,
while they are low or not efficient on GAPDHhigh

B cell lymphomas. Ultimately, we selected four
GAPDHlow DLBCL patients, who were refractory to
all anti-CD20-based therapies, and targeted DLBCL
metabolism using L-asparaginase (K), mTOR inhibitor

(T), andmetformin (M) (called KTM therapy). Three out
of the four patients presented a complete response
upon one cycle of KTM. These findings establish
that the GAPDH expression level predicts DLBCL
patients’ response to R-CHOP treatment and their
sensitivity to specific metabolic inhibitors.

INTRODUCTION

Diffuse large B cell lymphoma (DLBCL) is a genetically heteroge-

neous group of tumors and the most common type of lymphoid

malignancies (Swerdlow et al., 2016). DLBCLs represent highly

metabolically active tumors previously treated with a polyche-

motherapy—cyclophosphamide, hydroxydaunorubicin, Onco-

vin, and prednisone (CHOP) (Fisher et al., 1993). Since 1998,

immunotherapy anti-CD20 (rituximab) combined with CHOP

(referred as R-CHOP) became the standard treatment for this

disease, as it significantly improved the survival of patients

Cell Metabolism 29, 1243–1257, June 4, 2019 ª 2019 Elsevier Inc. 1243
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Figure 1. DLBCLs Expressing Low Levels of GAPDH Are Associated with a Poor Response to R-CHOP Treatment and with OxPhos

Metabolism

(A) Distribution of gapdh expression values (log2 mRNA intensity) in newly diagnosed DLBCLs characterized as DLBCLs-gapdhlow (n = 125) and DLBCLs-

gapdhhigh (n = 108) (analysis from Lenz et al., 2008). p value from Wilcoxon rank-sum test.

(legend continued on next page)
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(Coiffier et al., 2002). However, approximately 40% of patients

with DLBCL still experience therapeutic failure with R-CHOP

(Sehn and Gascoyne, 2015). The molecular heterogeneity of

DLBCLs is considered a major factor influencing the response

to R-CHOP therapy (Lenz and Staudt, 2010; Lenz et al., 2008).

The cell-of-origin (COO) classification delineates DLBCL subsets

into distinct transcriptional profiles: the germinal center B cell

(GCB)-, the activated B cell (ABC)-, and the unclassified-DLBCL

subtypes (Alizadeh et al., 2000). Unlike GCB-DLBCLs,

ABC-DLBCLs are associated with a poor outcome with

R-CHOP treatment (Lenz et al., 2008). Comparison of other

gene signatures highlighted three other DLBCL clusters that

are recapitulated in the consensus cluster classification (CCC):

(1) the B cell receptor (BCR)/proliferation (BCR-DLBCL) upregu-

lates genes encoding BCR signaling components; (2) the

oxidative phosphorylation (OxPhos) cluster (OxPhos-DLBCL) is

enriched in genes involved in electron transport chain (ETC)

complexes, OxPhos metabolism, and other mitochondrial func-

tions; and (3) the host response (HR) cluster is characterized by a

host inflammatory infiltrate (Monti et al., 2005). Importantly, there

is no link between the COO and the CCC classifications (Caro

et al., 2012; Monti et al., 2005). Further characterization demon-

strated that OxPhos-DLBCL cell lines lack the BCR and are

insensitive to the inhibition of the BCR signaling pathway (Chen

et al., 2008). In contrast, BCR-DLBCL cell lines express a func-

tional BCR and primarily rely on glycolysis to produce energy

(Caro et al., 2012; Chen et al., 2008). Altogether those studies

have identified, for the first time, the metabolic heterogeneity

within the same tumor entity (Caro et al., 2012; Monti et al.,

2005; Norberg et al., 2017). However, whether distinct metabolic

fingerprints influence DLBCL response to R-CHOP remains un-

known. Moreover, it is unclear whether targeting DLBCL meta-

bolic specificity might be a valuable therapeutic approach in

the clinic, in particular for R-CHOP low responder patients. In

this study, we addressed two unmet clinical needs: (1) can we

identify, at the diagnosis, which DLCBL patients are likely to be

low responders to R-CHOP? (2) Can we foretell if those patients

will be likely to respond to specific metabolic inhibitors accord-

ing to the metabolic status of their DLBCL? Using unbiased

analysis, we identified the glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) as the only glycolytic enzyme able to pre-

dict the overall survival (OS) of patients with DLBCL treated

with R-CHOP. Moreover, we established in vivo as well as in

the clinic, that GAPDH holds potential as a marker of DLBCL

metabolic status and of patients’ response to specific metabolic

inhibitors.

RESULTS

GAPDH Expression Predicts Overall Survival of Patients
with DLBCL Treated with R-CHOP and DLBCLMetabolic
Status
Unbiased analysis of expression profile dataset from 233 newly

diagnosed DLBCLs (Lenz et al., 2008) allowed us to identify 587

probesets (p < 0.05), corresponding to 524 unique genes asso-

ciated with differences in OS upon R-CHOP treatment

(Table S1; Figure S1A). Analysis of molecular functions associ-

ated with OS predicting genes identified classical pathways

involved in resistance to chemotherapies (e.g., cell survival,

proliferation, and DNA repair) and highlighted the mitochondrial

energetic function (Table S1; Figure S1B). In contrast, only one

gene involved in glycolysis, glyceraldehyde-3-phosphate

dehydrogenase (gapdh), predicts a favorable outcome when

highly expressed (3 independent probesets: HR = 0.53, 0.53,

and 0.54 and corresponding p value = 0.01573, 0.01771, and

0.01929; Table S1). Of note, we also observed that lactate de-

hydrogenase b subunit (ldhb) is significantly associated with a

poor outcome (Table S1). Though LDH-B converts lactate to

pyruvate, a source for OxPhos metabolism or for gluconeogen-

esis (Doherty and Cleveland, 2013), we focused our attention

on gapdh.

When subgrouping DLBCLs according to gapdhmRNA levels

(high or low; Figure 1A), patients with DLBCL-gapdhlow have a

lower OS upon R-CHOP than those with DLBCL-gapdhhigh (Fig-

ure 1B). To further determine whether GAPDH protein expres-

sion predicts differences in OS upon R-CHOP, we set up an

automated immunohistochemical (IHC) staining of GAPDH

(Figure 1C) and a scoring system to quantify its expression in

43 newly diagnosed DLBCL (training cohort; Table S2). As for

gapdh mRNA (Figure 1B), DLBCLs expressing low levels of

GAPDH protein (GAPDHlow, score % 150) are associated with

a poorer OS upon R-CHOP than DLBCLs expressing high levels

of GAPDH (GAPDHhigh, score > 150) (Figures 1D and 1E; see also

STAR Methods for determination of GAPDH IHC score and cut-

off of 150). This finding was confirmed in a larger cohort of 294 de

novo DLBCLs treated with R-CHOP (validation cohort; Table S2)

(B) Overall survival (OS) of R-CHOP-treated DLBCL patients, according to gapdhlow (n = 125) and gapdhhigh (n = 108) mRNA levels in DLBCL biopsies at diagnosis

(analysis from Lenz et al., 2008). p value from log-rank test.

(C) Illustration of IHC staining of GAPDH in germinal center (GC) B cells of a reactive lymph node (LN) (score = 80) and in de novo DLBCL expressing low

(score = 80) or high (score = 260) levels of GAPDH protein. Magnification 203 (100 mm).

(D) Distribution of GAPDH protein expression scored by IHC in GC B cells from human paraffin-embedded reactive LNs (n = 5) or newly diagnosed DLBCLs

expressing low (score % 150; n = 15) or high (score > 150; n = 28) GAPDH protein (training cohort). p value from Wilcoxon rank-sum test.

(E) OS of R-CHOP-treated DLBCL patients according to the levels of GAPDH expression determined by IHC in newly diagnosed DLBCLs (n = 15 GAPDHlow and

n = 28 GAPDHhigh; training cohort). p value from log-rank test.

(F) Distribution of GAPDH protein expression scored by IHC staining of GAPDH in tissue-microarray corresponding to 294 paraffin-embedded de novo DLBCL

biopsies. 204 DLBCLs-GAPDHlow and 90 DLBCLs-GAPDHhigh are identified (validation cohort). p value from Wilcoxon rank-sum test.

(G) OS of 294 R-CHOP-treated patients with DLBCLs grouped on the basis of GAPDH expression levels presented in (F). p value from log-rank test.

(H) Transcript abundance (probe intensity) of gapdh mRNA according to the CCC classification (n = 82 BCR-DLBCL and n = 71 OxPhos-DLBCL) identified by

genomic clustering (Monti et al., 2005); analysis from Lenz et al. (2008). p value from Wilcoxon rank-sum test.

(I) Correlation between GAPDH expression levels scored by IHC and glycolytic ATP in malignant B cells harvested from patients with newly diagnosed DLBCLs.

Blue dots represent DLBCLs-GAPDHlow (n = 3), and red dots represent DLBCL-GAPDHhigh (n = 8). R, Pearson correlation coefficient. p value from correlation test.

See also Tables S1, S2, and S3 and Figures S1 and S2.
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(Delarue et al., 2013) by staining and scoring GAPDH from a

paraffin-embedded tissue microarray (TMA) using the previously

established IHC score cutoff (Figures 1F and 1G).

Interestingly, GAPDH expression is not associatedwith clinical

factors: age-adjusted International Prognostic Index (aaIPI), or

COO or Hans classification (Hans et al., 2004), or with expression

of already established bad prognosis markers (Bcl2, Bcl6, and

Myc) and translocations (double hit MYC/BCL2 and triple hit

MYC/BCL2/BCL6) (Horn et al., 2013; Johnson et al., 2012)

(Table 1). Of note, there is no difference in OS noted on the basis

of BCL6, or MYC or MYC-BCL2 expressions in the validation

cohort. However, BCL2 expression significantly impacts the

OS (Petrella et al., 2017). Multivariate analysis showed that

GAPDHhigh expression remained a significant marker predicting

improved OS (HR = 0.603, p = 0.0371), independently of BCL2

(HR = 1.686, p = 0.0213). When compared to the aaIPI, multivar-

iate analysis showed that GAPDH expression also remained a

significant marker predicting improved OS in the training and

validation cohorts (Table S3).

Altogether, these results demonstrate that the predictive value

of GAPDH expression levels is independent of known bio-

markers/factors of poor prognosis.

According to the CCC classification, we observed that 69%

of DLBCL-gapdhlow (n = 49 out of 71) are OxPhos-DLBCLs,

while 61% of DLBCL-gapdhhigh (n = 51 out of 82) belong to

the BCR-DLBCL relying on glycolysis (two-sided p = 0.00019;

analysis from Lenz et al., 2008 cohort). OxPhos-DLBCLs signif-

icantly express lower levels of gapdhmRNA than BCR-DLBCLs

(Figure 1H). In addition, we did not observe an association be-

tween GAPDH expression levels and specific COO subtypes in

the training and validation cohorts (Table S2), consistent with

the absence of correlation between the CCC and the COO clas-

sification (Caro et al., 2012; Monti et al., 2005). Moreover, pa-

tients with BCR- or OxPhos-DLBCL display the same outcome

with CHOP treatment (Monti et al., 2005). Accordingly, distinct

gapdh mRNA levels display similar OS when DLBCLs are

treated with the polychemotherapy CHOP only (Figure S1C).

Arguments from the literature suggest that OxPhos-DLBCL

might be less sensitive than BCR-DLBCL to rituximab because

of the lack of Syk (spleen tyrosine kinase)-dependent BCR

signaling (Kheirallah et al., 2010). Compared with BCR-DLBCL

cell lines (SU-DHL-4 and SU-DHL-6), i.e., glycolytic lymphoma

cells expressing a functional BCR (IgM or IgG) (Chen et al.,

2008), OxPhos-DLBCL cell lines (Toledo and Karpas 422) ex-

press lower levels of GAPDH, secrete less lactate, express

neither IgM nor IgG, and are less sensitive to rituximab-induced

death (Figures S2A–S2D). Of note, GAPDH expression (mRNA

and protein) is not influenced upon BCR activation with anti-

IgM in SU-DHL-6 (Figures S2E–S2G). In another approach, we

investigated the energetic status of malignant B cells harvested

from fresh micro-biopsies of primary DLBCL tumors, according

to the level of GAPDH. DLBCL-GAPDHlow cells produce less

glycolytic ATP than DLBCL-GAPDHhigh cells, and GAPDH

expression significantly correlates with the percentage ATP

generated from glycolysis (Figure 1I).

We concluded that DLBCL-GAPDHlow are low responders to

R-CHOP treatment and mainly rely on OxPhos metabolism to

fulfill their energetic demand.

Mouse Primary B Cell Lymphomas Expressing Low
Levels of GAPDH Are Sensitive to the Inhibition of
Mitochondrial ETC Complex I
Identification of a novel biomarker predicting DLBCL sensitivity

to current treatment is only of clinical interest if we can propose

new therapeutic options. Since R-CHOP low responders, i.e.,

DLBCL-GAPDHlow, primarily rely on OxPhos metabolism

Table 1. GAPDH Expression Levels Are Not Associated with Other Biological Prognostic Factors

DLBCL

Training Cohort (n = 43) Validation Cohort (n = 294)

GAPDH low

(n = 15)

GAPDH high

(n = 28)

p Value

GAPDH low

(n = 204)

GAPDH high

(n = 90)

p ValueParameters No. % No. % No. % No. %

Bcl2 <70% 1 6.7 10 35.7 0.0648 66 (a) 37.7 35 (b) 40.2 0.7876

R70% 14 93.3 18 64.3 – 109 (a) 62.3 52 (b) 59.8 –

Bcl6 %25% 6 40 18 64.3 0.1982 63 (c) 36.2 33 (d) 39.3 0.6808

>25% 9 60 10 35.7 – 111 (c) 63.8 51 (d) 60.7 –

Myc <40% 5 33.3 23 (e) 85.2 0.0014 98 (f) 62.4 48 (g) 72.7 0.1657

R40% 10 66.7 4 (e) 14.8 – 59 (f) 37.6 18 (g) 27.3 –

DE (Myc-Bcl2) Myc < 40%; Bcl2 < 70% 6 40 26 (e) 85.2 9.38 e-05 115 (h) 73.3 51 (i) 78.5 0.4990

Myc R 40%; Bcl2 R 70% 9 60 1 (e) 14.8 – 41 (h) 26.3 14 (i) 21.5 –

Double Hit Myc/Bcl2 No 4 (j) 100 11 (k) 91.67 1.0000 148 (l) 92.5 60 (m) 95.2 0.5652

Yes 0 (j) 0 1 (k) 8.33 – 12 (l) 7.5 3 (m) 4.8 –

Triple Hit Myc/Bcl2/Bcl6 No 4 (j) 100 12 (k) 100 n.a. 158 (l) 98.7 62 (m) 98.4 1.0000

Yes 0 (j) 0 0 (k) 0 – 2 (l) 1.3 1 (m) 1.6 –

BCL2R 70%means that 70% (ormore) of malignant B cells were stained for BCL2 protein by IHC (Green et al., 2012; Petrella et al., 2017); BCL6 > 25%

means up to 25% of malignant B cells were stained for BCL6 by IHC (Horn et al., 2013); MYCR 40% (Johnson et al., 2012) means that 40% (or more) of

malignant B cells were stained for MYC protein by IHC. Double hit (MYC/BCL2) and triple hit (MYC/BCL2/BCL6) were obtained by fluorescence in situ

hybridization (FISH). p value fromFisher’s test. Number of samples that could not be analyzed: (a) 29; (b) 3; (c) 30; (d) 6; (e) 1; (f) 47; (g) 24; (h) 48; (i) 25; (j) 11;

(k) 16; (l) 44; (m) 27. DE, double expressors (Myc-Bcl2); GAPDH, glyceraldehyde-3-phosphate dehydrogenase; R-CHOP, rituximab with cyclophospha-

mide, doxorubicin, Oncovin, and prednisone; n.a., not applicable. See also Tables S2 and S3.
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(Figures 1H and 1I), we investigated their sensitivity to inhibitors

of mitochondrial energetics.

For that matter, we used the pre-clinical Em-Myc mouse

model that spontaneously developed non-Hodgkin (NH)

B cell lymphomas (Adams et al., 1985), and that we previously

discriminated into GAPDHlow or GAPDHhigh B cell lymphomas,

according to GAPDH expression levels (mRNA and protein)

(Chiche et al., 2015; Figures S3A–S3C). GAPDHlow or

GAPDHhigh B cell lymphomas express an equivalent amount

of other glycolytic enzymes, and there is no link between

GAPDH and LDH (total and LDH-B) expression (Figure S3A).

While the exact nature of GAPDH regulation remains to be

found, gapdh mRNA was more stable in GAPDHhigh compared

to GAPDHlow cells (Figure S3D). Cells from Em-Myc-GAPDHlow

and Em-Myc-GAPDHhigh lymphomas produce an equivalent

amount of ATP (Figure 2A). However, Em-Myc-GAPDHlow cells

produce less glycolytic ATP (Figure 2B), as observed in human

DLBCL cells (Figure 1I) and secrete less lactate than Em-Myc-

GAPDHhigh cells (Figure 2C). Accordingly, Em-Myc-GAPDHlow

cells consume more O2 (Figure 2D), while glucose trans-

porters’ expression (Figure S3E) and the mitochondrial mass

(Figure S3F) are similar between the two groups.

A B C D E

F G

Figure 2. Mouse Primary B Cell Lymphomas Expressing Low Levels of GAPDH Rely on OxPhos Metabolism and Are Sensitive to Inhibition
of the Electron Transport Chain Complex I Activity

(A) Quantification of intracellular ATP levels produced in Em-Myc-GAPDHlow and in Em-Myc-GAPDHhigh cells (n = 5 independent lymphomas per group). Results

are expressed as relative luminescence units normalized by live cell number.

(B) Glycolytic ATP production measured as the percentage of total ATP produced by Em-Myc-GAPDHlow and Em-Myc-GAPDHhigh cells (n = 5 independent

lymphomas per group). Data are expressed as mean ± SD (n = 3 independent experiments).

(C) Lactate secretion was determined in the supernatant of Em-Myc-GAPDHlow and of Em-Myc-GAPDHhigh cells (n = 5 independent lymphomas per group), 24 h

after seeding (mean ± SD; n = 3 independent experiments).

(D) Baseline oxygen consumption rate (OCR) of Em-Myc-GAPDHlow and of Em-Myc-GAPDHhigh cells was determined with Clarck electrode 24 h after seeding

(n = 5 independent lymphomas per group). Data are expressed as mean ± SD (n = 3 independent experiments).

(E) Em-Myc-GAPDHlow and Em-Myc-GAPDHhigh cells (n = 3 independent lymphomas per group) were seeded in the presence or absence (Ctl, DMSO) of

phenformin (Phen, 300 mM) for 24 h. Cell death was determined by DAPI staining and analyzed by flow cytometry. Data are expressed as mean ± SD (n = 4

independent experiments).

(F and G) Kaplan–Meier curves for the survival of syngeneic C57BL/6 mice intravenously injected with primary Em-Myc-GAPDHlow (F) or Em-Myc-GAPDHhigh (G)

cells and treated 6 days later, with either vehicle (H2O) or 100 mg/kg/day of phenformin, orally and daily during 3 weeks (n = 10 mice per group, p value from

log-rank test, *** p< 0.001).

(A)–(E), ***p < 0.001 indicated the significance of the observed differences. ns, not significant.

See also Figures S3 and S4.
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Figure 3. Active mTORC1 Signaling in B Cell Lymphomas Expressing Low Levels of GAPDH Is Implicated in OxPhos Metabolism

(A) Whole-cell lysates prepared from Em-Myc cells harvested from independent Em-Myc lymphomas were analyzed by immunoblot with the indicated antibodies.

Each lane represents an independent lymphoma. Erk2 is used as a loading control.

(B) Representative immunohistochemistry slides of de novoDLBCL biopsies stained for GAPDH and P-p70S6K (T389) proteins. Magnification 203 (100 mm). The

table represents the summary of the GAPDH and P-p70S6K (T389) stained slides for 18 de novo DLBCL biopsies. p value from Fisher’s test.

(C) Em-Myc-GAPDHlow cells (lymphomas #F) were seeded in the presence or absence (Ctl, DMSO) of 10 and 20 nM of rapamycin for 15 h.Whole-cell lysates were

then analyzed for the indicated proteins. Erk2 was used as a loading control.

(legend continued on next page)
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In vitro, the mitochondrial complex I inhibitor phenformin

(Wheaton et al., 2014) reduces baseline O2 consumption driven

by complex I and induces cytotoxic responses in Em-Myc-

GAPDHlow cells, but not in Em-Myc-GAPDHhigh cells (Figures

2E and S3G–S3I). Importantly, gapdh silencing in Em-Myc-

GAPDHhigh cells decreases lactate production and increases

cell sensitivity to phenformin-induced death (Figures S4A–

S4D). In vivo, phenformin treatment increases the survival of

Em-Myc-GAPDHlow lymphoma-bearing mice, but not that of

Em-Myc-GAPDHhigh lymphoma-bearing mice (Figures 2F and

2G), which demonstrates the causal correlation between the

low expression of GAPDH and phenformin sensitivity. We

confirmed that phenformin was indeed active at the dose admin-

istrated in vivo (Figures S3J and S3K).

Overall, targeting mitochondrial metabolism of Em-Myc-

GAPDHlow lymphomas might represent a potential therapeutic

strategy for patients with DLCBL-GAPDHlow who are low re-

sponders to R-CHOP treatment.

Active mTORC1 Signaling in GAPDHlow Lymphomas Is
Implicated in OxPhos Metabolism
GAPDH was shown to modulate mTOR signaling through its

binding to Rheb (Lee et al., 2009). We therefore investigated

mTORC1 signaling in Em-Myc lymphoma cells according to

GAPDH expression levels. We observed a high mTORC1 activity

in Em-Myc-GAPDHlow lymphomas, as shown by p70-S6K phos-

phorylation on threonine 389 (Figure 3A). This was confirmed in

human DLBCL biopsies, for which 57% of DLBCL-GAPDHlow

stained positive for p70-S6K phosphorylation (indicating high

mTORC1 activity), while 91% of DLBCL-GAPDHhigh do not ex-

press this form (indicating low mTORC1 activity) (Figure 3B).

Inhibition of mTORC1 signaling with rapamycin in Em-Myc-

GAPDHlow cells decreases basal O2 consumption rate, maximal

respiratory capacities, and ATP-coupled oxygen consumption

rate (OCR) along with an increase in glycolytic ATP (Figures

3C–3G). Of note, the total amount of intracellular ATP was not

modulated upon rapamycin treatment (Figure S5A). More specif-

ically, rapamycin decreases O2 consumption driven by complex

I, but not complex II (Figures S5B and S5C), because of the inhi-

bition of complex I activity, but not of complex II activity (Fig-

ure S5D). The exact reason for such an effect remains to be

determined. Similar results were obtained using an independent

Em-Myc-GAPDHlow lymphoma (Figures S5E–S5G). As previously

reported in several cancer cell lines (Fruman and Rommel, 2014),

rapamycin does not induce cytotoxic responses (Figure 3H) but

rather cytostatic effects, as we observed (Figure S5H). Finally,

in vivo inhibition of mTORC1 activity with temsirolimus (Dancey,

2010) significantly increases the survival of OxPhos Em-Myc-

GAPDHlow-bearing mice (Figures 3I and 3J).

These results suggest that mTORC1 signaling is involved in

the control of GAPDHlow B cell lymphoma metabolism.

B Cell Lymphomas Expressing Low Levels of GAPDH
Rely on Glutamine Metabolism and Are Sensitive to the
Hydrolysis of Extracellular Glutamine and Asparagine
with E. coli L-Asparaginase
mTORC1 is a central sensor of amino acids, including Gln (Durán

et al., 2012). Em-Myc-GAPDHlow lymphomas display active

mTORC1 signaling (Figure 3A) and consume more Gln than the

Em-Myc-GAPDHhigh cells (Figure 4A) because of a specific in-

crease in Gln transport rates (Figures 4B, S6A, and S6B). We

next profiled metabolic differences between Em-Myc-GAPDHlow

and Em-Myc-GAPDHhigh lymphoma cells using liquid chroma-

tography-mass spectrometry (LC-MS)-based metabolomics

with the intent to further characterize the intracellular fate of

Gln (Figure 4C). The relative intracellular levels of metab-

olites involved in glycolysis (G6P, G3P, and lactate) and in the

non-oxidative arm of the pentose phosphate pathway (PPP)

(sedoheptulose-7-phosphate) are significantly decreased in

Em-Myc-GAPDHlow cells (Figure 4C). Glutamine is metabolized

through glutaminolysis to produce glutamate and a-ketogluta-

rate, with the latter being used to replenish the tricarboxylic

acid (TCA) cycle. In favor of an active glutaminolysis, glutamate

and a-ketoglutarate levels are higher in Em-Myc-GAPDHlow cells

(Figure 4C), consistent with an increased expression of gluta-

minase (GLS), the mitochondrial enzyme catalyzing the conver-

sion of glutamine into glutamate and ammonia (Figure 4D).

While fewer metabolites could be detected by 1H HRMAS

NMR spectroscopy, a significant increase in intracellular gluta-

mate levels was also confirmed in Em-Myc-GAPDHlow cells

(Figures S6C and S6D). Extracellular sources of Gln are required

for Em-Myc-GAPDHlow cells to sustain basal O2 consumption,

maximal respiratory capacities, and ATP-coupled OCR (Figures

S6E–S6G). Pharmacologic hydrolysis of extracellular sources of

(D–F) Baseline OCR (D), maximal respiration (E), and ATP-coupled OCR (F) of Em-Myc-GAPDHlow cells (lymphoma #F) pre-treated or not (Ctl, DMSO) with

indicated doses of rapamycin for 15 h were determined with Seahorse XF96 Extracellular Flux Analyzer. Maximal respiration (E) is immediately determined

after an injection of 0.5 mM FCCP. ATP-coupled OCR (F) represents oligomycin-sensitive respiration. Data are expressed as mean ± SD (n = 3 independent

experiments, in quadruplicates).

(G) Glycolytic ATP production measured as the percentage of total ATP in Em-Myc-GAPDHlow cells (lymphoma #F) incubated in the presence or absence

(Ctl, DMSO) of 10 and 20 nMof rapamycin for 15 h, was quantified using a luciferin/luciferase-based assay. The presented data are expressed asmean ±SD (n = 2

independent experiments).

(H) Em-Myc-GAPDHlow and Em-Myc-GAPDHhigh cells (n = 3 independent lymphomas per group) were seeded in the presence or absence (Ctl, DMSO) of indicated

doses of rapamycin for 15, 24, and 48 h. Cell death was determined by DAPI staining and analyzed by flow cytometry. Data are expressed as mean ± SD (n = 2

independent experiments).

(I) Survival of syngeneic C57BL/6 mice intravenously injected with primary Em-Myc-GAPDHlow cells (isolated from lymphoma #F) and treated 6 days later with

either vehicle (NaCl 0.9%-5%Tween-5%PEG-200-1% EtOH) or temsirolimus (10mg/kg) intraperitoneally two times per week (n = 6mice per group, p value from

log-rank test, ***p < 0.001).

(J) Whole-cell lysates prepared from axillary lymph node tumors of vehicle or temsirolimus (10 mg/kg)-treated Em-Myc-GAPDHlow-bearing mice were analyzed

by immunoblot for the indicated antibodies. Each lane represents an independent mouse. n.s means non-specific band. Erk2 is used as a loading control.

***p < 0.001 indicated significance of the observed differences.

See also Figure S5.
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Figure 4. MousePrimaryBCell Lymphomas Expressing LowLevels of GAPDHRely onGlutamineMetabolism andAre Sensitive toHydrolysis

of Extracellular Glutamine by E. coli L-Asparaginase

(A) Glutamine consumption was determined in the supernatant of Em-Myc-GAPDHlow and Em-Myc-GAPDHhigh cells (n = 5 independent lymphomas per group),

24 h after seeding. Data are expressed as mean ± SD (n = 2 independent experiments).

(B) Glutamine transport rates (in cpm) are measured in 5.106 Em-Myc-GAPDHlow or Em-Myc-GAPDHhigh cells (n = 4 independent lymphomas per group) incubated

for 30 min in an amino-acid-free, 20 mM glucose-containing DMEM supplemented with [14C]-Glutamine. Data are expressed as mean ± SD (n = 2 independent

experiments in triplicate).

(C) Heatmap depicting significantly changed glycolytic/non-oxidative pentose phosphate pathway (PPP) and glutaminolysis/tricarboxylic acid (TCA) cycle

metabolite levels in Em-Myc-GAPDHlow and in Em-Myc-GAPDHhigh cells (n = 3 independent lymphomas per group, four replicates per lymphoma) 24 h after

seeding, as analyzed by LC-MS. Red, increase; blue, decrease.

(legend continued on next page)
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L-glutamine and L-asparagine with E. coli L-asparaginase

(L-ase; Figure 4E) reduces mTORC1 activity (Figure S6H;

Willems et al., 2013) and induces cytotoxic responses in Em-

Myc-GAPDHlow lymphoma cells (Figure 4F). In addition, gapdh-

silenced Em-Myc-GAPDHhigh lymphoma cells are more sensitive

than control cells to E. coli L-ase-induced death (Figure S4E).

In vivo, plasma sources of Gln were depleted in E. coli L-ase-

treated mice, regardless of the Em-Myc lymphoma injected

(Figure 4G). However, only the survival of Em-Myc-GAPDHlow-

bearing mice was enhanced upon E. coli L-ase treatment

(Figures 4H and 4I). Of note, E. coli L-ase treatment inhibited

mTORC1 signaling in vivo (Figures S6I and S6J).

Specific Overexpression of GAPDH Reduces mTORC1
Signaling and B Cell Lymphomas’ Sensitivity to
Phenformin and L-Asparaginase In Vivo

To further support our conclusions, we overexpressedGAPDH in

Em-Myc-GAPDHlow cells (Figure 5A). GAPDH overexpression

was sufficient to reduce mTORC1 signaling (Figure 5A) and to

induce ametabolic switch toward glycolysis, as judged by the in-

crease in glycolytic ATP, lactate secretion along with the reduc-

tion in baseline OCR and Gln consumption (Figures 5B–5F).

Equivalent observationswere obtained uponGAPDH expression

in the OxPhos-DLBCL cell line Karpas 422 (Figures S7A–S7C).

Importantly, the metabolic switch induced by GAPDH overex-

pression prevented most of the beneficial effects brought by

either phenformin or E. coli L-asparaginase in vivo (Figures

5G–5I).

Together we confirmed that GAPDH expression influences the

metabolic state and the sensitivity of B cell lymphomas to phen-

formin or E. coli L-asparaginase.

Treatment of DLBCL-GAPDHlow with Specific Metabolic
Inhibitors Demonstrates a Significant Benefit for
Patients
We demonstrated that GAPDHlow B cell lymphomas preferen-

tially use OxPhos metabolism to produce energy and are

sensitive to cell death induced by phenformin or E. coli L-aspar-

aginase. To ultimately validate our findings, we designed a

clinical therapeutic intervention (called KTM), to interfere with

DLBCL-GAPDHlow metabolism (Figure 6A). KTM therapy con-

sists of a 4-week cycle of treatment including E. coli L-asparagi-

nase (K, Kidrolase), mTOR inhibitor temsirolimus (T, Torisel) and

metformin (Figure 6B). In the first 2weeks, patients receive E. coli

L-asparaginase on days 1, 3, 5, 7, 9, 11, and 13 and temsirolimus

on days 1, 7, and 14. This combination was not administered

longer than 14 days since E. coli L-asparaginase is not well toler-

ated in adults (Boissel and Sender, 2015). Instead, in the last

2 weeks of each KTM cycle, patients received metformin to

sustain a therapeutic pressure on mitochondrial metabolism

(Figure 6B). It is important to consider that prior to KTM, patients

were refractory to all R-based therapies, and only supportive

care was proposed.

Figure 6C illustrates patient #1, a 24-year-old man who pre-

sented a DLBCL in therapeutic failure. At diagnosis, the clinical

presentation was a cervical bulky mass corresponding to a

Myc-translocated GC-DLBCL (diameter 240 3 100 mm) with

bone marrow and blood infiltration (Table S4). Following diag-

nosis, the patient received four regimens of immuno-chemo-

therapy. Early tumor progression was systematically observed

before initiating each new cycle of rituximab-based therapy.

Verification of GAPDH expression at diagnosis by IHC showed

a low GAPDH IHC score (of 35). As we could not offer any other

standard therapeutic option, patient #1 was selected for KTM

treatment. Seven and 15 days after the beginning of KTM ther-

apy, the tumor mass significantly decreased (Figure 6C). After

30 days of KTM treatment, patient #1 had an 83% reduction of

the tumor mass (Figure 6D) and was negative at positron emis-

sion tomography (PET) scan analysis. He had a normal life for

4 months and then died upon local and central nervous system

relapse of the lymphoma. To demonstrate that KTM efficacy is

not limited to one single patient presenting a DLBCL-GAPDHlow,

three other patients with identical eligible criteria (Myc+-DLBCL-

GAPDHlow at diagnosis and treatment-refractory disease) were

treated with KTM (Figure 6E). Three out of four patients had

a complete response after two cycles of treatment, and one

patient had a progressive disease due to early adverse events

during the first cycle of treatment, and KTM treatment had to

be discontinued (Figure 6F). Median duration of response was

6 months (4–6 months).

DISCUSSION

Several metabolic inhibitors were developed with the intent to kill

or to sensitize cancer cells to chemotherapies (Galluzzi et al.,

2013). So far, more than 100 clinical trials using metabolic

inhibitors are ongoing in the field of cancer (Meynet and Ricci,

2014). Unfortunately, to date, most of those trials have failed to

(D) Whole-cell lysates prepared from Em-Myc-GAPDH high and low cells were analyzed by immunoblot for mitochondrial glutaminase (GLS). Erk2 is used as a

loading control.

(E) The concentration of glutamine (left panel) and of asparagine (right panel) in the supernatant of Em-Myc-GAPDH high (in red) and low (in blue) cells (n = 4

independent lymphomas per group) treated or not (Ctl) with E.coli L-asparaginase (L-ase) at indicated doses for 4 h. The presented data are expressed as

mean ± SD (n = 3 independent experiments).

(F) Em-Myc-GAPDHlow and Em-Myc-GAPDHhigh cells (n = 3 independent lymphomas per group) were seeded in the presence or absence (Ctl) of E. coli

L-asparaginase (L-ase, at indicated doses) for 15 h. Cell death was determined by DAPI staining and analyzed by flow cytometry. Data are expressed as mean ±

SD (n = 3 independent experiments).

(G) Plasma glutamine concentration 4 h after the last intraperitoneal (i.p.) administration of NaCl 0.9% (Ctl) or E. coli L-asparaginase (L-ase, 2,500 IU/kg) in

Em-Myc-GAPDHlow- and in Em-Myc-GAPDHhigh-bearing mice (n = 4 mice per group).

(H and I) Survival of syngeneic C57BL/6 mice intravenously injected with primary Em-Myc-GAPDHlow (H) or Em-Myc-GAPDHhigh cells (I) and treated 6 days later

with either vehicle (NaCl 0.9%) or 2,500 IU/kg of E. coli L-asparaginase (L-ase) intraperitoneally five times per week the first week and three times per week the

following weeks (n = 6 mice per group, p value from log-rank test, ***p < 0.001).

(A)–(G), **p < 0.01, ***p < 0.001 indicated the significance of the observed differences. ns, not significant.

See also Figure S6.
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Figure 5. Specific Overexpression of Human GAPDH Reduces mTORC1 Signaling and Decreases B Cell Lymphomas’ Sensitivity to
Phenformin or E. coli L-Asparaginase In Vivo

(A) Total cell extracts from mouse primary Em-Myc-GAPDHlow cells (lymphoma #F) stably transduced with control (pMIG) or GAPDH-V5-encoding pMIG vectors

were immunoblotted for the indicated proteins. Erk2 is used as a loading control.

(B) Intracellular ATP levels produced in Em-Myc-GAPDHlow cells stably overexpressing GAPDH-V5 or control vector (pMIG) were quantified using a luciferin/

luciferase-based assay, and results were expressed as relative luminescence units normalized by cell number. Data are expressed as mean ± SD (n = 3

independent experiments).

(C) Glycolytic ATP production was measured as the percentage of total ATP in cells presented in (A). Data are presented as means ± SD (n = 3 independent

experiments).

(D) Lactate production was determined in the supernatant of mouse primary Em-Myc-GAPDHlow cells (lymphoma #F) stably transduced with control (pMIG)

or GAPDH-V5-encoding pMIG vectors, 24 h after seeding. Data are presented as mean ± SD (n = 3 independent experiments).

(E) Baseline OCR of cells presented in (A) was determined with Clarck electrode 24 h after cell seeding. Data are expressed as mean ± SD (n = 3 independent

experiments).

(legend continued on next page)
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improve the outcome of patients (Kordes et al., 2015). This may

not be linked to the inefficacy of the compound to inhibit its target

but rather to a subset of tumors with a distinct metabolic depen-

dence from the targeted metabolic pathway. Altogether, our

study highlighted that tumor heterogeneity within the same

tumor entity has to be taken into consideration for ongoing clin-

ical trials using metabolic inhibitors.

While more than 150,000 claimed biomarkers have been

described in the literature, less than 100 are routinely used in

the clinic (Poste, 2011), and we still lack a marker of the tumor

metabolic status. Here, we identified GAPDH as a clinically

compatible biomarker of (1) DLBCL response to the conventional

R-CHOP treatment and (2) DLCBL metabolic status, which help

to further predict the efficacy of mitochondrial metabolism dis-

ruptors in DLCBL-GAPDHlow that are associated with a poor

outcome of patients treated with R-CHOP.

GAPDH is a multifunctional protein harboring glycolytic and

non-glycolytic functions (Colell et al., 2009). It is highly regulated

at the transcriptional, translational, and post-translational

levels. Endogenous gapdh mRNA and protein are highly abun-

dant in all mammalian cells, and increased expression levels

of gapdh by 30% or more significantly impacts cell survival

and growth (Colell et al., 2009), particularly in B cell lymphomas

(Chiche et al., 2015). We observed that human DLBCL ex-

pressed heterogeneous levels of gapdh mRNA and protein,

defining patients with DLBCL-GAPDHlow or DLBCL-GAPDHhigh.

As expected, when comparing healthy tissues (GCB cells

from non-cancerous reactive lymph nodes) to cancer samples,

DLBCL-GAPDHlow expresses significantly higher levels of

GAPDH (Figure 1D). Moreover, when compared to DLBCL-

GAPDHlow, DLBCL-GAPDHhigh expresses approximatively two

times more GAPDH, which also highlights GAPDH as a

marker of tumor heterogeneity within the same tumor entity.

Interestingly, gapdh mRNA stability was higher in Em-Myc-

GAPDHhigh cells (Figure S3D). As GAPDH is an RNA-binding

protein (Colell et al., 2009), we could speculate that it could

bind and stabilize its own mRNA. However, the exact nature

of gapdh regulation in DLBCL is still unclear and will be investi-

gated in further studies.

Mechanistically, we observed a central role of GAPDH-depen-

dent regulation of mTORC1 signaling in the control of DLBCL

metabolic status. It was previously reported that gapdh-silenced

HEK293 cells increase mTORC1 signaling by preventing

GAPDH-Rheb binding (Lee et al., 2009). Using the Em-Mycmodel

and newly diagnosed DLBCL samples, we also observed an in-

crease in mTORC1 signaling, glutamine uptake, glutaminolysis,

and sensitivity to L-asparaginase-induced death in GAPDHlow

B cell lymphomas (Figures 3 and 4). Altogether, our findings

are consistent with the role of functional mTORC1 on glutamine

uptake (Csibi et al., 2014) and the feedback role of glutaminolysis

on the activation of Rag-mTORC1 signaling (Durán et al., 2012).

How does GAPDH-dependent control of mTORC1 regulate

metabolism? mTORC1 is a known regulator of HIF-1a and

c-Myc translation, which in turn induce the expression of genes

involved in glucose uptake and glycolysis (Gordan et al., 2007).

In primary Em-Myc lymphomas, we did not observe differences

in glucose transporters’ expression (Figure S3E) according to

GAPDH expression levels, despite differences in mTORC1

signaling. In contrast, inhibition of mTORC1 reduces O2 con-

sumption of Em-MycGAPDHlow cells, in agreement with previous

studies (Cunningham et al., 2007; Morita et al., 2013). It seems

therefore possible that Em-Myc lymphomas and human DLBCLs

do not follow the classical Warburg scheme in which mTORC1

activates glycolysis. Instead, mTORC1 seems implicated in

the regulation of OxPhos metabolism in this biological model

(Figure 3). This notion is further supported by the increase in

glutamine uptake, along with an increase in the relative intracel-

lular levels of glutamate and a-ketoglutarate and L-asparaginase

efficacy on reduced mTORC1 signaling in vitro and in vivo

(Willems et al., 2013) (Figures 4 and S6).

Since IHC detection of GAPDH seemed to help for the deter-

mination of the tumormetabolic status, we selected four patients

with Myc+-DLBCL-GAPDHlow. All patients were refractory to

R-based therapies. In the face of a therapeutic dead end, we

ultimately target DLBCLs-GAPDHlow metabolism with already

available (Food and Drug Administration-approved) metabolic

disruptors (KTM therapy) (Figure 6). Based on the observed cyto-

static effect of temsirolimus in vitro and in vivo (Figures 3I and

S5H), we decided still to administer this mTOR inhibitor either

with L-asparaginase (D1 and D7 of a KTM cycle) or with metfor-

min (D14 of a KTM cycle) to maximize the potential beneficial

effect of the co-treatment. However, knowing that rapalogs

alone or in combination with R-CHOP did not provide significant

benefits in randomized phase 2 and phase 3 trials for patients

with NH B cell lymphoma (Ricci and Chiche, 2018), it is unlikely

that the rapid and complete responses obtained after 1 week

of KTM treatment can be attributed to temsirolimus. According

to the beneficial effect observed in Em-Myc-GAPDHlow lym-

phomas upon E. coli L-ase (Kidrolase) and to the early reduction

of the tumor burden observed from D7 in patient #1 (Figure 6C),

it is likely that most of the treatment efficacy can be attributed to

the L-ase activity. Unfortunately, in the clinic,E. coli L-ase cannot

be administrated longer than 2 weeks in a row in adults, as it

may provoke major toxicities (Boissel and Sender, 2015). We

therefore sustained inhibition of mitochondrial energetics with

metformin and mTOR inhibitor for the last 2 weeks of KTM cycle

of treatment (Figure 6B). Despite the drastic reduction of the

tumormass, all patients finally relapsed, which very likely reflects

(F) Glutamine consumption was determined 24 h after cell seeding in the supernatant of Em-Myc-GAPDHlow cells (lymphoma #F) stably transduced with control

(pMIG) or GAPDH-V5-encoding pMIG vectors. Data are expressed as mean ± SD (n = 3 independent experiments).

(G) Weight of inguinal (left) and axillary (right) lymphomas harvested from wild-type syngeneic C57BL/6 mice 20 days after intravenous injection of primary

Em-Myc-GAPDHlow cells stably over-expressing or not (pMIG) GAPDH-V5. Phenformin (100mg/kg/day) or vehicle (H2O) were administrated every day for the last

13 days (pMIG-Vehicle, n = 8; pMIG-Phenformin, n = 9; GAPDH-V5-Vehicle, n = 10; GAPDH-V5-Phenformin, n = 7).

(H and I) Survival of syngeneic C57BL/6 mice intravenously injected with primary Em-Myc-GAPDHlow cells stably transduced with control pMIG vector (H) or

GAPDH-V5-encoding pMIG vectors (I) and treated 6 days later with either vehicle (NaCl 0.9%) or 2,500 IU/kg ofE. coli L-asparaginase (L-ase) intraperitoneally five

times per week the first week and three times per week the following weeks (n = 10 mice per group, p value from log-rank test, **p < 0.01; ***p < 0.001).

(A)–(G), *p < 0.05, **p < 0.01, ***p < 0.001 indicated significance of the observed differences. ns, not significant.

See also Figure S7.
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Figure 6. Patients with DLBCL-GAPDHlow Are Sensitive to Specific Inhibitors of Mitochondrial Metabolism (KTM Treatment)

(A) Schematic representation of conventional therapeutic protocol for patients with DLBCL. Once diagnosed, patients with DLBCL receive immuno-

chemotherapy, R-CHOP. Approximately 40% of the patients will experience therapeutic failure (refractory or relapse). Other anti-CD20-based therapies such as

R-DHAP—rituximab, dexamethasone, high-dose Ara-C (cytarabine)-Platinol (cisplatin)—or R-ICE—rituximab, ifosfamide-carboplatin-etoposide—are then

proposed. Another set of 40% of patients will not respond to those treatments and will be eligible for high-dose therapy with autologous stem cell transplantation

(HDT/ASCT). In the case of de novo DLBCL-GAPDHlow (low responders to R-CHOP), we propose a clinical protocol called Kidrolase-Torisel-metformin (KTM), to

interfere with tumor metabolism upon relapse of all anti-CD20-based therapies.

(B) Schematic representation of one cycle of KTM therapy. Four-week cycle of KTM consisted of the combination of E. coli L-asparaginase (K, Kidrolase

6,000 IU/m2) on days 1, 3, 5, 7, 9, 11, and 13 andmTOR inhibitor temsirolimus (T, Torisel 75mg on days 1, 7, and 14) andmetformin (1,000mg/day) from day 14 to

day 28. Four patients with DLBCL-GAPDHlow at diagnosis and refractory to all anti-CD20-based therapies were eligible for KTM therapy.

(legend continued on next page)
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the metabolic flexibility and adaptation of the remaining malig-

nant B cells during or after KTM therapy.

Limitations of Study
A major limitation in the field of DLBCL is a lack of robust pre-

clinical models (cell lines or in vivomouse models) that recapitu-

late the major aspects of the human disease. As human cancer

cell lines were isolated decades ago and since grown in high

glucose, high oxygenated media, it is possible that their meta-

bolism does not reflect the metabolic status of the initial tumor

cells. We therefore decided to characterize several independent

murine primary NHB cell lymphomas harvested from the Em-Myc

mice model (Figures 2, 3, 4, and 5). While this model represents

highly aggressive tumors (Ki67 100%) and is largely used as a

robust model to test new therapeutic options for NH B cell lym-

phomas, they lack key features of human DLBCL such asmarker

of mature B cells. We therefore validated our findings in humans,

using malignant B cells immediately isolated from ‘‘fresh’’

DLBCL micro-biopsies and ultimately by treating a few patients

suffering from the refractory disease with specific metabolic

inhibitors (Figures 1, 3, and 6). Another limitation of our work is

the low number of patients included in the KTM therapy.

However, our study established the proof of principle that pa-

tients with DLBCL-GAPDHlow are low responders to immuno-

chemotherapy R-CHOP but are potential candidates for KTM

therapy. Finally, while GAPDH levels represent the first clinically

compatible marker of DLBCL metabolic heterogeneity, it re-

mains to be determined if this marker can be extended to other

hematological malignancies and solid tumors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-human GAPDH antibody Sigma-Aldrich HPA040067; RRID: AB_10965903

Mouse monoclonal anti-human BCL6 Agilent (Dako) Réf M7211; RRID: AB_2063451

Mouse monoclonal anti-human BCL2 Agilent (Dako) Réf M0887; RRID: AB_2064429

Mouse monoclonal anti-human CD10 Agilent (Dako) GA64861-2; RRID: N/A

Mouse monoclonal anti-human MUM1 Agilent (Dako) M7259; RRID: AB_2127157

Mouse monoclonal anti-human CD79A Agilent (Dako) M7050; RRID: AB_2244527

Mouse monoclonal anti-human CD20 Agilent (Dako) M0755; RRID: AB_2282030

Mouse monoclonal anti-CD5 Agilent (Dako) M3641; RRID: N/A

Rabbit monoclonal anti-c-Myc Abcam ab32072; RRID: AB_731658

Mouse monoclonal anti-V5 Invitrogen R96025; RRID: AB_159313

Rabbit polyclonal anti-GAPDH Abcam ab9485; RRID: AB_307275

Rabbit monoclonal anti-LDH Abcam ab52488; RRID: AB_2134961

Mouse monoclonal anti-LDH-B Abcam ab85319; RRID: AB_1860766

Rabbit polyclonal anti-GLS Abcam ab93434; RRID: AB_10561964

Mouse monoclonal anti-Erk2 Santa Cruz sc-1647; RRID: AB_627547

Rabbit polyclonal anti-HKII Cell Signaling Technology 2106; RRID: AB_823520

Rabbit polyclonal anti-ENO1 Cell Signaling Technology 3810; RRID: AB_2246524

Rabbit polyclonal anti-PKM2 Cell Signaling Technology 3198; RRID: AB_225325

Mouse monoclonal anti-p53 Cell Signaling Technology 2524; RRID: AB_331743

Rabbit monoclonal anti-phospho-acetylCoA

carboxylase (ACC) (Ser79)

Cell Signaling Technology 11818; RRID: AB_2687505

Rabbit monoclonal anti-acetylCoA carboxylase (ACC) Cell Signaling Technology 3676; RRID: AB_2219397

Rabbit monoclonal anti-phospho-p70S6K (T389) Cell Signaling Technology 9234; RRID: AB_2269803

Rabbit polyclonal anti-p70S6K Cell Signaling Technology 9202; RRID: AB_331676

Rabbit monoclonal anti-phospho-SYK (Tyr 525/526) Cell Signaling Technology 2710; RRID: AB_2197222

Rabbit polycolonal anti-SYK Cell Signaling Technology 2712; RRID: AB_2197223

Anti-mouse IgG HRP-linked antibody Cell Signaling Technology 7076; RRID: AB_330924

Anti-rabbit IgG HRP-linked antibody Cell Signaling Technology 7074; RRID: AB_2099233

FITC anti-IgG (human) Miltenyi Biotec 130-093-192; RRID: AB1036185

APC anti-IgM (human) Miltenyi Biotec 130-093-076; RRID: AB_1036084

AffiniPure F(ab’)2 Fragment Goat Anti-Human IgM Jackson ImmunoResearch 109-006-129; RRID: AB_2337553

Monoclonal anti-CD20 (Rituximab, Mabthera) Roche 9197719

Biological Samples

All human DLBCL samples analyzed by IHC This manuscript & GELA-LNH03-6B N/A

Human tumor cells from DLBCL core-needle biopsies This manuscript N/A

Chemicals, Peptides, and Recombinant Proteins

2-mercaptoethanol Thermo Fisher Scientific 31350010

D-(+)-Glucose Sigma-Aldrich G6152

L-glutamine Thermo Fisher Scientific 25030081

L-asparagine Sigma-Aldrich A0884

L-glutamate Sigma-Aldrich G1626

Malate Sigma-Aldrich M9138

Succinate Sigma-Aldrich S2378

Adenosine 5’-diphosphate disodium salt (ADP) Sigma-Aldrich A2754

Adenosine 5’-triphosphate disodium salt (ATP) Sigma-Aldrich A7699

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lithium lactate Sigma-Aldrich L2250

Sodium carbonate Sigma-Aldrich S2127

Sodium pyruvate Thermo Fisher Scientific 11360088

HEPES Thermo Fisher Scientific 15630056

b-Nicotinamide adenine dinucleotide hydrate (b-NAD+) Sigma-Aldrich N1636

Iodoacetate Sigma-Aldrich I9148

Oligomycin Sigma-Aldrich O4876

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) Sigma-Aldrich C2920

Rotenone Sigma-Aldrich R8875

Antimycin A Sigma-Aldrich A8674

2-NBDG Peptide Institute 23002-v

a-(Methylamino)isobutyric acid (MeAIB) Sigma-Aldrich M2383

L-[14C(U)]-Glutamine PerkinElmer NEC451050UC

Ultima Gold PerkinElmer 6013321

Mitotracker Green Invitrogen M7514

Digitonin Sigma-Aldrich D5628

DAPI Sigma-Aldrich D9542

Trypan blue Thermo Fisher Scientific 15250061

Glutamate-Pyruvate Transaminase (GPT) Roche 10737127001

Collagenase (from Clostridium histolyticum) Sigma-Aldrich C9891

Deoxyribonuclease I (DNase) Sigma-Aldrich D4627

L-lactic dehydrogenase (from rabbit muscle) Sigma-Aldrich L2500

Actinomycin D Sigma-Aldrich A9415

Cell Tack Thermo Fisher Scientific 10317081

Phenformin hydrochloride Sigma-Aldrich P7045

Rapamycin Bio-techne 1292

Temsirolimus Sigma-Aldrich PZ0020

Temsirolimus (Torisel) Pfizer N/A

E-Coli-L-asparaginase (Kidrolase) Jazz Pharmaceutical N/A

Metformin Mylan N/A

Critical Commercial Assays

Pierce BCA Protein Assay Kit Thermo Fisher Scientific 23225

Pierce ECL Western Blotting substrate Thermo Fisher Scientific 32106

Bio-Rad Protein Assay Dye Reagent concentrate Bio-Rad 500-006

RNeasy mini kit Qiagen 74104

Omniscript RT kit Qiagen 205113

Taqman Fast Universal PCR Master Mix Fisher Scientific 4366072

Cytofix/Cytoperm kit BD Biosciences 554714

Cell Titer Glo Promega G7570

BD Pharm Lyse BD Bioscience 555899

Seahorse XFe96 extracellular Flux Assay Kit Agilent 102416-100

EnVision FLEX, High pH, (Link) immunohistochemistry

detection system Kit

Agilent (Dako) K8000

EnVision FLEX Target Retrieval Solution, High pH (50x) Agilent (Dako) K8004

EnVision FLEX Target Retrieval Solution, Low pH (50x) Agilent (Dako) K8005

EnVision FLEX Antibody Diluent Agilent (Dako) K8006

EnVision FLEX Hematoxylin, (Link) Agilent (Dako) SK308

Histology FISH Accessory Kit Agilent (Dako) K5799

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

R code Agnes Paquet https://doi.org/10.17632/f4f3wbszmd.1

Experimental Models: Cell Lines

Toledo ATCC ATCC CRL-2631

Karpas 422 ECACC 06101702

SU-DHL-4 DSMZ ACC 495

SU-DHL-6 DSMZ ACC 572

293T ATCC CRL-1573

Experimental Models: Organisms/Strains

Mouse: Em-Myc The Jackson laboratory 002728

Mouse: C57BL/6JOlaHsd Envigo N/A

Oligonucleotides

Mouse gapdh Thermo Fisher Scientific Mm99999915_g1

Mouse rn18s Thermo Fisher Scientific Mm03928990_g1

Human gapdh Thermo Fisher Scientific Hs02758991_g1

Human rplp0 Thermo Fisher Scientific Hs99999902_m1

Oligonucleotide for mouse gapdh targeting by shRNA

(pSUPER vector): forward 5’-GATCCCCGTATGATGACATC

AAGAAGTTCAAGAGACTTCTTGATGTCATCATACTTTTTA-3’

This manuscript N/A

Oligonucleotide for mouse gapdh targeting by shRNA

(pSUPER vector): reverse 5’-AGCTTAAAAAGTATGATGACA

TCAAGAAGTCTCTTGAACTTCTTGATGTCATCATACGGG-3’

This manuscript N/A

Recombinant DNA

FISH DNA probe for c-MYC/8q24 Dako Y5410

FISH DNA probe for BCL2/18q21 Dako Y5407

FISH DNA probe for BCL6/3q27 Dako Y5408

Human gapdh coding sequence (M33197) This manuscript N/A

pCDNA3.1/V5-His TOPO TA plasmid Invitrogen K480001

pMIG vector Addgene 9044

pSUPER.retro.neo+gfp Oligoengine VEC-PRT-0006

phCMV-VSV-G Els Verhoeyen N/A

MLV-Gag-Pol Els Verhoeyen N/A

Software and Algorithms

Macsquantify Version 2.11 Miltenyi N/A

Multigauge software Fuji Film N/A

Image J NIH https://imagej.nih.gov/ij/

Prism 7 Graphpad https://www.graphpad.com/

scientificsoftware/prism/

Metaboanalyst https://www.metaboanalyst.ca/

R project The R foundation https://www.r-project.org/

Ingenuity Pathway Analysis software QIAGEN http://www.ingenuity.com/

SlidePath Digital Image Leica Biosystems N/A

Hans algorithm Hans et al. (2004). N/A

Other

DMEM GlutamaX Thermofisher Scientific 31966047

DMEM, high glucose, no glutamine Thermofisher Scientific 11960044

DMEM no glucose Thermofisher Scientific 11966025

RPMI medium 1640 GlutamaX Thermofisher Scientific 61870044

DMEM Low Glucose, w/o Amino Acids, Pyruvic Acid US Biological D9800-13

XF Base Medium Minimal DMEM Agilent 102353-100
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jean-

Ehrland Ricci (ricci@unice.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and In Vivo Studies Using Em-Myc Cells
C57BL/6 Em-Myc transgenic mice were purchased from the Jackson Laboratory (#002728) and housed in our local animal facility

(C3M, Nice, France).

The lymphoma transfer of Em-Myc cells was performed into syngeneic, nontransgenic, 6-weeks-old C57BL/6JOlaHsd females

(Envigo) by intravenous injection (iv) of 0.1 3 106 viable Em-Myc lymphoma cells per recipient mouse (in 150 ml of sterile PBS). Six

days after cell injection, mice received treatments. 100 mg/kg/day of Phenformin (P7045, Sigma-Aldrich) or vehicle (H2O) (n=10

mice/group) were administrated by gavage (p.o) every day for three weeks. 2500 UI/kg/day of E-Coli L-asparaginase (Kidrolase,

L-ase, Jazz Pharmaceutical) or vehicle (NaCl 0.9%) was injected intraperitoneally for five days the first week and three times per

week the following weeks, for a total of three weeks of treatment (n=6 mice/group). 10 mg/kg of Temsirolimus (PZ0020, Sigma-

Aldrich) or vehicle (NaCl 0.9%-5%Tween-5% PEG-200-1% EtOH) were intraperitoneally injected two times per week for three

weeks (n=6 mice per group). Tumor onset was determined by inguinal lymph node palpation. Lymphoma-bearing animals were

sacrificed by cervical dislocation. Phenformin-treated mice were sacrificed two hours after the last gavage of phenformin to analyze

effects of the compound on lymphoma cell signaling. E-Coli L-asparaginase (L-ase) treated mice were sacrificed four hours after the

last ip injection of L-ase and plasma was immediately isolated to analyze plasma glutamine concentrations. Temsirolimus treated

mice were sacrificed 24 hours after the last treatment to analyze in vivo efficacy of this compound within the lymphomas.

All mice were maintained in specific pathogen-free conditions and all experimental procedures were approved by the national

Animal Care and Use Committee and the regional ethics committee (05111.02 from Direction Générale de la Recherche et de l’Inno-

vation). Survival was determined as the time between the i.v. injection of the cells and the time when mice had to be sacrificed, as

soon as they exhibit systemic signs of illness (apathy, hair loss, breathing problems, precipitous weight loss, and limited ability to

reach food or water), in agreement with the guidelines of the Institutional Animal Care andUse Committee. Foodwas given ad libitum.

Experiments using the Em-Myc cells transplantation in syngeneic C57BL/6 mice have shown statistical significance starting from 6

mice/group. No randomization was performed. Endpoint was evaluated by blinding.

Cell Lines and Culture Conditions
Mouse primary Em-Myc lymphomas cells were isolated from different C57BL/6 Em-Myc transgenic mice as previously described

(Chiche et al., 2015) and maintained in DMEM-GlutamaX (#31966047, Thermo Fisher Scientific) supplemented with 10% FBS,

50 mM of 2-mercaptoethanol (#31350010, Thermo Fisher Scientific), 0.37 mM of L-asparagine (A0884, Sigma-Aldrich) and 10 mM

of HEPES pH 7.4 (#15630056, Thermo Fisher Scientific).

The human DLBCL cell lines Toledo, Karpas 422, SU-DHL-4 and SU-DHL-6 were testedmycoplasma-free. Cell line authentication

was performed by DSMZ by DNA profiling using 8 different and highly polymorphic short tandem repeat (STR) loci. There was also no

presence ofmitochondrial DNA sequences from rodent cells asmouse, rat, Chinese and Syrian hamster. The Karpas 422 cell line was

from the ECACC (European Collection of Authenticated Cell cultures), the Toledo cell line was from ATCC (American Type Culture

Collection), the SU-DHL-4 and SUD-HL-6 cell lines were from DSMZ (German Collection of Microorganisms and Cell Culture).

Toledo, Karpas 422 and SU-DHL-4 cells were maintained in RPMI-GlutamaX (#61870044, Thermo Fisher Scientific), supplemented

with 10% FBS. SU-DHL-6 cells were maintained in RPMI-GlutamaX supplemented with 20% FBS.

Microarray Data Analysis
Raw.CEL files and clinical information from the study of Lenz et al. (2008). were downloaded from the Gene Expression Omnibus

database (GEO: GSE10846). The total number of samples included in this study was 414, 181 treated with CHOP and 233 with

R-CHOP. Data were summarized, normalized and log2 transformed using the justRMA function from the Bioconductor package

affy (version 1.40.0; Gautier et al., 2004). Follow-up time was limited to 5 years. Association between gene expression levels and

overall survival was performed on samples from the R-CHOP arm only. Samples with low expression levels were filtered out

(log2 intensity < 8). For each remaining probeset, samples were split into two groups (below and above the median) and difference

in survival was assessed usingCox proportional hazardsmodels. 587 candidate probesetswere selected based on nominal p-value <

0.05 and an abs(log2 HR)>0.75.

Association of expression levels with OS was first tested by categorizing samples into high/low expression samples using median

values. Then for gapdh, cutoff was optimized using positional scanning (Lipton et al., 2010). Survival curveswere plotted following the

Kaplan and Meier method, and statistical significance was assessed using the log-rank test. Survival analysis was performed using

functions from the R package survival.

OxPhos and BCR classification were obtained from the supplemental data of Caro et al. (2012). Statistical significance was

assessed using Wilcoxon rank sum test. Enrichment in biological themes (Molecular function and canonical pathways) were

performed using Ingenuity Pathway Analysis software.
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DLBCL Patients: Training & Validation Cohorts
DLBCL tumors were required to be de novo and treated with Rituximab-CHOP (R-CHOP). All cases were diagnosed and reviewed

by experienced hematopathologists and patient clinical information were obtained from the Hopital Saint Louis, Centre Hospitalier

Princesse Grace and Centre Antoine Lacassagne institutions. DLBCLs were classified according to the WHO classification. Clinical

data including gender, age, and age-adjusted International Prognosis Index (IPIaa) (scored (0-1, 2 and 3) based on i) the Ann Arbor

stage (II-II vs III-IV), ii) the level of lactate dehydrogenase in the serum (LDH % normal vs R normal) and iii) the Performance status

(PS 0-1 vs 2-4)) were collected in all cases and are summarized in Table S2. These cases were anonymized and processed in

accordance with a protocol approved by scientific committee of the LYSA (The Lymphoma Study Association). All patients gave

written non-opposition consent. Patients samples were allocated to GAPDH high and low groups according to their respective

expression (see GAPDH immunohistochemical (IHC) staining and scoring).

Training Cohort

A total of 43 patients aged >18 years (aged between 24-85 years) who had been diagnosedwith de novoDLBCL and then treatedwith

R-CHOP between 2008 and 2014 at Onco-Hematology Department of Nice CHU (France) and Saint-Louis Hospital, APHP, Paris

(France) were included in this training set. The samples were prepared from the paraffin blocks of lymph nodes that were recovered

from the archives of the Pathology departments.

Validation Cohort

All cases analyzed in the validation cohort were enrolled in the prospectively randomized phase 3 multi-center GELA-LNH03-6B trial

(Delarue et al., 2013) in which 602 patients with untreated DLBCL and at least one adverse prognostic factor aged between 60-80

years had been randomly assigned to receive eight cycles of R-CHOP-14 or eight cycles of R-CHOP-21. They did not show any dif-

ference in efficacy endpoints between dose-dense and standard regimens of R-CHOP. 294 biopsies specimens at diagnosis were

available for the tissue microarray (TMA). TMA contains three representative 0.6-mm cores of routinely processed tissues (Beecher

Instruments, Silver Spring, MD).

Clinical Protocol KTM (Kidrolase-Torisel-Metformin)
Four patients harboring de novo Myc-translocated-DLBCLs and selected for KTM treatment presented i) a retrospective GAPDHlow

levels (scored by IHC in diagnosed biopsies), ii) a therapeutic failure after a median of 2 prior lines of Rituximab-based therapies

and iii) adequate performance status and organ functions. KTM treatment consisted in L-asparaginase (K, Kidrolase, Jazz Pharama-

ceutical, 6000 UI/m2) on days 1, 3, 5, 7, 9, 11, and 13, mTOR inhibitor (T, Torisel, Pfizer, 75 mg) on days 1, 7 and 14, and Metformin

(Mylan, 1000 mg/day) on day 14 to day 28. The study was approved on Oct 16th, 2012 by the Scientific Committee of the LYSA (The

Lymphoma Study Association, reference: REMtor). All patients gave a written informed consent to receive the treatment. Consent

to publish patients’ images was obtained. There was no clinical trial registration number because the therapeutic protocol was

conducted on a local cohort.

METHOD DETAILS

COO Classification
Frozen tissues were analyzed using GeneChip Human Genome HGU133 Plus 2.0 arrays (Affymetrix, Santa Clara) as previously re-

ported (Dubois et al., 2017). From the LNH03-6B TMA (validation cohort), sixty DLBCLs had both COO molecular classification.

Reverse transcription-multiplex ligation-dependent probe amplification (RT-MLPA) was performed to determine the COO on

thirty-five formalin-fixed paraffin-embedded (FFPE) DLBCLs (training cohort), using a targeted molecular gene expression approach

as recently described (Mareschal et al., 2015).

GAPDH Immunohistochemical (IHC) Staining and Scoring
Sections (4 mm) of formalin-fixed, paraffin-embedded DLBCL biopsies (training cohort) or tissue-microarray (TMA) from the LYSA

group (validation cohort) were treated for deparaffinization, rehydration, and antigen retrieval using standard procedures (EnVision

FLEX reagents, Agilent, Dako). Before immunohistochemistry, antigen retrieval was performed at pH 9.0, for 20 minutes at 97�C,
according to the manufacturer’s instructions (EnVision FLEX reagents, Agilent, Dako). After washing in diluted EnVision FLEX

Wash Buffer, slides were incubated in EnVision FLEX Peroxidase-Blocking Reagent solution for 5 min to quench endogenous perox-

idase. Slides were then washed, stained at room temperature on an automated system (Autostainer link 48, Dako) with diluted

(EnVision FLEX antibody diluent) anti-GAPDH (rabbit polyclonal anti-human GAPDH, HPA40067, Sigma-Aldrich; dilution 1:500) for

20 minutes, washed, incubated 20 minutes with Dako EnVision FLEX /HRP), washed, incubated 8 minutes with EnVision FLEX

Substrate Working solution and counter-stained with Hematoxylin (EnVision FLEX Hematoxylin). Sections were then dehydrated

and mounted with pertex (Histolab).

Cytoplasmic GAPDH IHC staining was blindly scored by two pathologists from the LCAP from Nice CHU (Dr D. Ambrosetti and

Dr. J. Reverso-Meinietti) based on two parameters: the GAPDH IHC staining intensity in tumor cells (scored 0 for absence of

staining, 1 for a weak staining, 2 for a medium staining and 3 for a strong staining) and the proportion of tumor cells displaying

each intensity. Then GAPDH IHC score was obtained by multiplying each GAPDH staining intensity with the corresponding percent-

age of tumor cells stained (example: GAPDH IHC score= 0 (non-stained) x% tumor cells + 1 (weak intensity) x% tumor cells stained +

2 (medium intensity) x % tumor cells stained + 3 (strong intensity) x % tumor cells stained). For the training cohort, GAPDH IHC
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staining was scored on the whole slide. For the TMA, GAPDH IHC score represents the mean of three different tissue spots from the

same tumor. GAPDH IHC cut off of 150 was determined using positional scanning (Lipton et al., 2010). Illustrations of GAPDH IHC

staining were performed using SlidePath Digital Image software (Leica Biosystems).

Immunohistochemistry and Fluorescence In Situ Hybridization
Sections (4 mm) of formalin-fixed, paraffin-embedded DLBCL biopsies (training cohort) were treated for deparaffinization, rehydra-

tion, and antigen retrieval using standard procedures (EnVision FLEX reagents, Agilent, Dako). Antibodies against CD5 (M3641,

Agilent, Dako), CD79A (M7050, Agilent, Dako), CD20 (M0755, Agilent, Dako), CD10 (GA64861-2, Agilent, Dako), BCL2 (M0887,

Agilent, Dako), BCL6 (M7211, Agilent, Dako), MUM1 (M7259, Agilent, Dako), c-MYC (ab32072, Abcam) and phospho-p70S6K

(T389) (rabbit monoclonal anti-phospho-p70S6K (T389), #9234, Cell Signaling Technology) were used for immunostainings per-

formed on an automated system (Autostainer link 48, Dako). Antigen retrieval was performed at specific pH prior incubation with

indicated antibodies: pH 6.0 prior anti-CD79A, anti-CD20, anti-MUM1 and pH 9.0 prior anti-CD5, anti-CD10, anti-BCL2, anti-

BCL6, anti-c-Myc and anti-phospho-p70S6K (T389). Primary antibodies were diluted in EnVision FLEX antibody diluent (anti-CD5,

anti-CD10, anti-CD20, anti-BCL2 are prediluted; anti-BCL6, dilution 1:50; anti-phospho-p70S6K (T389) 1:50; anti-CD79A, dilution

1:100; anti-MUM1, dilution 1:100; anti-c-Myc, dilution 1:100) (see IHC procedure in GAPDH immunohistochemical (IHC) staining

and scoring section).

Tissue-microarrays (TMA) from the LYSA group (validation cohort) were treated and immunoassayed for the same proteins using

standard procedures of the LYSA platform as previously described (Molina et al., 2014). GCB vs non-GCB scoring according to the

Hans algorithm (Hans et al., 2004), as well as MYC and BCL2 were evaluated (Petrella et al., 2017). In 30 out of the 294 cases, COO

classification by IHC (Hans algorithm) could not be assessed. The thresholds employed were 40% for MYC and 70% for BCL2 as

previously reported (Green et al., 2012; Johnson et al., 2012).

FISH analyses were performed on 3 mm tissue sections using split signal FISH DNA probes for cMYC/8q24 (Y5410, Dako), BCL2/

18q21 (Y5407, Dako), BCL6/3q27 (Y5408, Dako) and slides were analyzed as previously described (Copie-Bergman et al., 2009).

Scoring of the hybridization signals were performed according to the algorithm published by Haralambieva et al. (2002).

ATP Analysis
ATP was measured using the Cell Titer Glo kit (G7570, Promega). Briefly, 20,000 cells were resuspended in 80 mL of corresponding

medium supplemented with 10% FBS and distributed in a 96 well plate. Cells were then treated in triplicates for one hour with PBS

(control), or sodium iodoacetate (100 mM) to inhibit glycolysis, or a combination of 100 mM of iodoacetate (I9148, Sigma-Aldrich) and

10 mg/ml of oligomycin (O4876, Sigma-Aldrich) to obtain the residual amount of ATP. Short time treatment (1hour) was chosen to

avoid a metabolic switch upon inhibition of glycolysis and to avoid cell death upon inhibition of both metabolic pathways. 100 mL

of Cell Titer Glo reaction mix was then added to each well for a final volume of 200 mL. Plates were analyzed for luminescence

with a Luminoscan (Berthold Technologies). We verified that ATP measurements were in the linear range of the detection. The dif-

ference between total ATP production and the ATP produced under iodoacetate treatment results in glycolytic ATP contribution.

Glycolytic ATP is represented by percentage of total ATP produced by the cells.

Lactate Measurement
Lactate concentration in the supernatant was determined by an enzyme-based assay using 900 mM b-NAD+ (N1636, Sigma-Aldrich),

175 mg/ml L-lactic dehydrogenase (L2500, Sigma-Aldrich) and 100 mg/ml glutamate-pyruvate transaminase (#10737127001, Roche)

diluted in a 620 mM sodium carbonate (S2127, Sigma-Aldrich)-79 mM L-glutamate (G1626, Sigma-Aldrich) buffer adjusted to pH 10.

Lithium lactate (L2250, Sigma-Aldrich) was used as a standard. Measurements were recorded from a microplate reader (excitation

355 nm, emission 612 nm) after 30 min incubation at 37�C. Lactate secretion was expressed as mM and normalized to viable cell

numbers (using Trypan blue exclusion method).

Lactate concentration in the supernatant was also determined electro-enzymatically using the YSI 2950 Biochemistry Analyzer

(Yellow Springs Instruments) and normalized to viable cell number.

Glutamine Consumption
Cells were grown in DMEM high glucose, no glutamine (#11960044, Thermo Fisher Scientific) supplemented with 2 mM of L-Gluta-

mine (#25030081, Thermo Fisher Scientific), 10% FBS, 50 mMof 2-mercaptoethanol (#31350010, Thermo Fisher Scientific), 0.37mM

of L-asparagine (A0884, Sigma-Aldrich) and 10 mM of HEPES pH 7.4 (#15630056, Thermo Fisher Scientific) for 24 hours. The

concentrations of L-Glutamine (mg/L) from cultured-cell supernatants were determined electro-enzymatically using the YSI 2950

Biochemistry Analyzer (Yellow Springs Instruments) and normalized to viable cell number.

L-[14C]-Glutamine Uptake
Cells (5x106, in triplicate for each lymphoma) were washed with PBS and incubated 5 min at 37�C in 80 ml of pre-warmed DMEM low

glucose (5.5 mM), amino acid-, pyruvic acid- HCO3
- -free (US Biological, D9800-13) supplemented to a final concentration of 15 mM

D-glucose (G6152, Sigma-Aldrich), 20 mM HEPES (#15630056, Thermo Fisher Scientific) and adjusted to pH 7.4, prior addition of

1.25 mCi/ml of L-[14C]-Glutamine (NEC451050UC, PerkinElmer,) for 30 min at 37�C in a CO2-free incubator. Subsequently, cells

were washed twice with PBS and lysed with 120 ml of 0.1N NaOH and mixed with 3 ml of Ultima Gold (#6013321, PerkinElmer).
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Radioactivity was measured using a b-scintillation counter. Inhibition experiments were performed in the presence of 10 mM of the

system A transporter inhibitor a-(Methylamino)isobutyric acid (MeAIB, M2383, Sigma-Aldrich).

2-NBDG Uptake
200.000 cells were incubated in glucose-free DMEM medium (#11966025, Thermo Fisher Scientific) containing 40 mM 2-NBDG

(#23002-v, Peptide Institute) for 2 hours and analyzed by flow cytometry (Miltenyi Biotec) in the presence of 0.5 mg/ml of DAPI

(D9542, Sigma-Aldrich) to represent glucose uptake (Mean Fluorescence intensity) in viable cells.

Measurement of the Mitochondrial Mass
The mitochondrial mass was measured by flow cytometry (Miltenyi Biotec) in viable (DAPI negative) cells), after 30 min incubation of

cells at 37�C in the presence of 150 nM of Mitotracker green probe (M7514, Invitrogen).

Oxygen Consumption
Polarographic Studies

Intact cell respiration and mitochondrial substrates oxidation on 0.004% digitonin (D5628, Sigma-Aldrich)-permeabilized cells were

carried out as previously described (Rustin et al., 1994). Proteins were measured according to Bradford microassay (#500-006,

Bio-Rad). Results were expressed in nanomols of oxygen per minute per milligram of proteins or per cell number.

XF Seahorse Analyzer

Oxygen consumption rate (OCR) was measured in real time using the XF96 extracellular flux analyzer (Agilent). Em-Myc cells were

seeded on Cell-Tak (#10317081, Thermo Fisher Scientific)- coated XF96 plates at 0.12x106 cells/well in 180 ml of XF base medium

minimal DMEMmedia (#102353-100, Agilent) supplemented with 20 mMD-glucose (G6152, Sigma-Aldrich), 1 mM sodium pyruvate

(#11360088, Thermo Fisher Scientific), 2 mM L-glutamine (#25030081, Thermo Fisher Scientific) and adjusted to pH 7.4. The plates

were spun at 200 g (breaks off) and incubated at 37�C for 20 min to ensure cell attachment. Measurements were obtained under

basal conditions and in response to mitochondrial inhibitors, 1 mM oligomycin (O4876, Sigma-Aldrich), 0.5 mM of Carbonyl cyanide

4-(trifluoromethoxy)phenylhudrazone (FCCP, C2920, Sigma-Aldrich), and 1mM rotenone (R8875, Sigma-Aldrich) combined with 2mM

antimycin A (A8674, Sigma-Aldrich).

Mitochondrial Respiratory Complex Activities
Enzymatic spectrophotometric measurements of the OxPhos respiratory chain complex I, complex II and citrate synthase were

performed at 37�C on cells according to standard procedures (Rustin et al., 1994). Proteins were measured according to Bradford

microassay (#500-006, Bio-Rad). Results are expressed as activity ratios compared to the activity of citrate synthase.

Cell Viability Assays
Cells (0.33106) were seeded in 96-well plates in the presence or absence (Ctl, DMSO or NaCl 0.9%) of phenformin (P7045, Sigma-

Aldrich), E-Coli L-asparaginase (Kidrolase, Jazz Pharmaceutical), Rapamycin (#1292, Bio-techne) or anti-CD20 antibody Rituximab

(Mabthera, #9197719, Roche) at indicated concentrations and period of time. Cells were then labeled with 0.5 mg/ml of DAPI (D9542,

Sigma-Aldrich) and analyzed immediately by flow cytometry (Miltenyi Biotec).

Activation of the B-Cell Receptor
SU-DHL-6 cells (1.106 cells/ml) were incubated in the presence of 10 mg/ml of anti-IgM antibody (#109-006-129, Jackson

ImmunoResearch) for 10 min and 18hours.

Isolation of Human Tumor Cells from DLBCL Core-Needle Biopsies
‘Fresh’ image-guided core-needle biopsies (non-frozen tumor biopsies) were harvested in the radiology departments of St Louis

hospital in Paris (APHP, France), Centre Hospitalier Princesse Grace (CHPG, Monaco) and the Centre Antoine Lacassagne (CAL,

Nice, France), anonymized and immediately sent to our laboratory (Nice, France) in accordance with the GlyPhome protocol

approved by institutional review boards of APHP, CHPG and CAL and Commission Nationale de l’Informatique et des Libertés

(CNIL) reference 912657 V1. All patients gave written non-opposition consent. Immediately upon receipt, tumor cells were

dissociated in RPMI medium (#61870044, Thermo Fisher Scientific) supplemented with 2% of FBS, 10 mg/ml of DNAse (D4627,

Sigma-Aldrich) and 0.1 mg/ml of collagenase (C9891, Sigma-Aldrich) 5 min at 37�C. Red blood cells were lyzed (BD Pharm Lyse,

#555899, BD Bioscience) 1min at room temperature. After PBSwashing, cells were counted (by flow cytometry, using DAPI staining)

and analyzed for glycolytic ATP production in RPMI medium (#61870044, Thermo Fisher Scientific) supplemented with 10% FBS.

Diagnosis of the biopsies was provided by histopathology analyses.

Plasmids and Generation of GAPDH-Overexpressing Cells and gapdh-Silenced Cells
The coding sequence of human gapdh (M33197) was first cloned by PCR into a pcDNA3.1/V5-His TOPO TA expression plasmid

(K480001, Invitrogen) following classical methods. gapdh was then subcloned into a pMIG vector (9044, Addgene) for retroviral

infection.
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The shRNA targeting mouse gapdh was obtained using the oligonucleotide sequences forward 5’-GATCCCCGTATGATGACATC

AAGAAGTTCAAGAGACTTCTTGATGTCATCATACTTTTTA-3’ and reverse 5’-AGCTTAAAAAGTATGATGACATCAAGAAGTCTCTTG

AACTTCTTGATGTCATCATACGGG-3’ and inserted into the pSUPER-retro.neo+ gfp vector (VEC-PRT-0006, Oligoengine) following

the manufacturer’s instruction. Self-inactivating retroviruses were generated by transient transfection of 293T cells (ATCC, #CRL-

1573) and tittered as described previously (Frecha et al., 2011). Briefly 8.6 mg of plasmid of interest was co-transfected with 3 mg

of envelope plasmid phCMV-VSV-G, 8.6 mg ofMLV-Gag-Pol (gift fromDr. Verhoeyen) using the classical calcium phosphatemethod.

72 hours after transduction, GFP positive cells were sorted (FACS Aria, BD Biosciences).

RNA Extraction and Real-Time Quantitative PCR

Total RNAwas extracted from cells (RNeasymini kit, #74104, Qiagen) according to themanufacturer’s instructions. 2mg of RNAwere

added to 20 ml reverse transcription-PCR using the Omniscript RT kit (#205113, Qiagen). The relative mRNA levels of gapdh expres-

sion (mouse or human) were obtained by real-time quantitative PCR (qPCR), using the TaqMan Fast Universal PCR Master Mix

(#4366072, Fisher Scientific) and TaqMan assay primer sets (mouse gapdh: Mm99999915_g1; human gapdh: Hs02758991_g1,

Thermo Fisher Scientific) on the Step One (Applied Biosystems) according to the manufacturer’s instructions. For mouse primary

malignant B cells, samples were normalized to mouse rn18s (Mm03928990_g1, Thermo Fisher Scientific). For human DLBCL cell

lines, samples were normalized to human rplp0 (Hs99999902_m1, Thermo Fisher Scientific).

To measure gapdh mRNA stability, cells were treated with 5 mg/ml of Actinomycin D (A9415, Sigma-Aldrich) for indicated period

of time.

Western Blot Analysis
Cells were washed in PBS and lysed in laemmli buffer. Tissue samples were collected and lysed in Precellys 24 (Bertin Instruments)

homogenizer (3x30 s, 6500g) in laemmli buffer. After quantification (Pirece BCA Protein Assay kit, #23225, Thermo Fisher Scientific),

40 mg of proteins were separated on 8% to 13% SDS polyacrilamide gels and transferred onto polyvinylidene difluoride membranes

(Millipore). Membranes were blotted with antibodies against indicated proteins. Immunoreactive bands were detected with an

anti-mouse (#7076, Cell Signaling Technology) or an anti-rabbit (7074S, Cell Signaling Technology) IgG horseradish peroxidase

(HRP)-linked antibodies. Immunoblots were visualized (FUJIFILM LAS4000) by chemoluminescence using Pierce ECL Western

Blotting substrates (#32106, Pierce ECL, Thermo Fisher Scientific). When indicated,Western blot quantification was performed using

ImageJ software.

Anti-V5 (R96025) was purchased from Invitrogen. Anti-Erk2 (sc-1647) was purchased from Santa Cruz. Anti-GAPDH (ab9485),

anti-LDH (ab52488), anti-LDH-B (ab85319), anti-GLS (ab93434) were purchased from Abcam. Anti-HKII (#2106), Anti-ENO1

(#3810), anti-PKM2 (#3198), anti-p53 (#2524), anti-phospho-ACC (Ser 79) (#11818), anti-ACC (3676), anti-phospho-p70-S6K

(T389) (#9234), anti-p70S6K (#9202), anti-phospho-Syk (Tyr 525/526) (#2710), anti-Syk (#2712) were purchased from Cell Signaling

Technology.

Flow Cytometry Analysis
Intracellular staining for GAPDH was performed using the Cytofix/Cytoperm kit (#554714, BD Biosciences), anti-GAPDH (ab9485,

Abcam) and Alexa-Fluor 647 goat anti-rabbit IgG secondary antibody (ab150087, Abcam).

IgG or IgM expressions on the surface of DLBCL cell lines was analyzed using FITC-anti-IgG (#130-093-192, Miltenyi Biotec) and

APC-anti-IgM (#130-093-076, Miltenyi Biotec).

Staining were analyzed by flow cytometry (Miltenyi Biotec). Analysis of the FACS data was performed using Macsquantify Version

2.11 (Miltenyi).

Targeted LC-MS Metabolites Analyses
Metabolites were extracted as described (Mackay et al., 2015). Briefly, 1.106 Em-Myc cells (4 replicates per clones) were used for

extraction. Extraction solution was composed of 50%methanol, 30%ACN, and 20%water. The volume of extraction solution added

was adjusted to the number of cells (0.5 ml/1x106 cells). After addition of extraction solution, samples were vortexed for 5 min at 4�C
and then centrifuged at 16,000 g for 15 min at 4�C. The supernatants were collected and stored at�80�C until analyses. Liquid chro-

matography/Mass Spectrometry (LC/MS) analyses were conducted on a QExactive Plus Orbitrap mass spectrometer equipped with

an Ion Max source and a HESI II probe and coupled to a Dionex UltiMate 3000 UPLC system (Thermo, USA). External mass calibra-

tion was performed using the standard calibration mixture every 7 days as recommended by the manufacturer. 5 ml of each sample

was injected onto Zic-pHilic (150 mm3 2.1 mm i.d. 5 mm) with the guard column (20 mm3 2.1 mm i.d. 5 mm) (Millipore) for the liquid

chromatography separation. Buffer A was 20 mM ammonium carbonate, 0.1% ammonium hydroxide (pH 9.2); buffer B was aceto-

nitrile. The chromatographic gradient was run at a flow rate of 0.200 ml/min as follows: 0–20 min; linear gradient from 80% to 20% B;

20–20.5 min; linear gradient from 20% to 80% B; 20.5–28 min: hold at 80% B (Mackay et al., 2015). The mass spectrometer was

operated in full scan, polarity switching mode with the spray voltage set to 2.5 kV, the heated capillary held at 320�C. The sheath

gas flow was set to 20 units, the auxiliary gas flow was set to 5 units, and the sweep gas flow was set to 0 unit. The metabolites

were detected across a mass range of 75–1,000 m/z at a resolution of 35,000 (at 200 m/z) with the AGC target at 106, and the
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maximum injection time at 250 ms. Lock masses were used to insure mass accuracy below 5 ppm. Data were acquired with Thermo

Xcalibur software (Thermo Fisher Scientific). The peak area of metabolites was determined using Thermo TraceFinder software

(Thermo Fisher Scientific), identified by the exact mass of each singly charged ion and by known retention time on the HPLC column.

Statistical analyses were performed using Metaboanalyst 4.0 software.

1H HRMAS NMR Spectroscopy
Cell pellets (10 million cells) were frozen at -80�C. After thawing cell pellets, 10 microliters of D2O were added. Solvent and

cells were then placed into a 30 ml disposable insert introduced into a 4mm ZrO2 HRMAS rotor before NMR analysis. All the

NMR experiments were recorded on a Bruker Avance III spectrometer operating at 400 MHZ and 100MHZ for 1H and 13C, respec-

tively, and equipped with a 1H/13C/31P HRMAS probe. All the spectra were recorded at 4000 Hz spinning rate and a temperature

of 277 K. For each sample, 1H HRMAS NMR spectrum was acquired using the Carr-Purcell-Meiboom-Gill NMR sequence, pre-

ceded by a water presaturation pulse during relaxation time of 2 s. This sequence enables us to reduce the macromolecule

and lipid signal intensities using a T2 filter of 50 ms synchronised with the rotor rotation speed. For each spectrum, 256 free in-

duction decays of 20 800 data points, were collected using 8000 Hz of spectral window. The FIDs were multiplied by an

exponential weighting function corresponding to a line broadening of 0.3 Hz and zero-filled prior to Fourier transformation. The

calibration on the alanine doublet (d=1.47 ppm) and the phase and baseline corrections were performed manually for all

the spectra. The identification of the NMR signals was carried out using 1H-1H TOCSY, 1H-13C HSQC NMR experiments, online

databases (HMDB, BRMB) and literature (Nicholson et al., 1995; Wishart et al., 2013). Each spectrum was divided into 0.005

ppm-width integrated buckets and normalized to total spectrum intensity after having removed the presaturated water signal

region (4.85 -5.10 ppm) using AMIX software (Bruker Biospin GmbH, Karlsruhe, Germany). The water region must be removed

due to inconsistent signal suppression.

A matrix of 42 samples and 1700 buckets was then created and exported to the software Simca-P v13 (Umetrics, Umea, Sweden)

for statistical analysis. Principal component analysis was first performed in order to detect intrinsic clusters and outliers within the

dataset. Since expected discrimination was not achieved using PCA, the data were analyzed with orthogonalized projections to

latent structures discriminant analysis (OPLS-DA). The OPLS algorithm derives from basic partial least-squares (PLS) regression

and allows a more effective use of the relevant discriminating variables by removing information orthogonal to the Y matrix (matrix

containing the sample classes), i.e., not relevant for this particular discrimination. The resulting scores and loading plots were used to

visualize respectively the samples and the NMR frequency signals (variables) in the predictive and orthogonal reduced component

frame. Resampling the model 999 times under the null hypothesis performed OPLS-DA model validation, i.e. by generating 999

models for each between 50 to 100 % of the Y matrix were permutated. The quality of the model was assessed by monitoring

changes in goodness-of-fit and predictive statistics, R2Y and Q2, respectively, between the models calculated from the permuted

Y-matrix and the original one.

The normalized signals of each discriminant metabolite were then integrated for each spectrum in order to calculate their respec-

tive fold change between the two groups. The significance of the fold change was tested using a two-tailed t-test with a significance

level of 0.05.

Plasma samples (200 ml) were frozen at -80 C. After thawing, 400 ml of 0.9% saline solution in D2O was added. Samples were then

placed into a 5mm NMR tube and NMR experiments were recorded on a Bruker Avance III spectrometer operating at 600 MHz and

150MHz for 1H and 13C, respectively, and equipped with a 1H/13C TXI probe. Spectra were recorded at 300 K. A Carr-Purcell-

Meiboom-Gill (CPMG) NMR spin echo sequence [90� — (t — 180� — t)n] with an effective spin echo time of 75.6 ms, preceded

by awater presaturation pulse during the relaxation timewas employed to reduce the signal intensities of lipids andmacromolecules.

A relaxation time of 33 s was necessary to achieve full relaxation for all the metabolites in order to enable absolute quantification.

For each sample, 128 free induction decays (FID) of 32768 complex data points were collected using a spectral width of

12 000 Hz. A sample of 1.67 mM of maleic acid was used as an external reference to calibrate the ERETIC signal (electronic signal)

used for the quantification of glutamine.

QUANTIFICATION AND STATISTICAL ANALYSIS

All survival analyses were performed on an intention-to-treat basis. Categorical variables were compared using the chi-squared or

Fisher exact tests. Progression-free survival (PFS) was defined as the time from study entry until disease progression or death.

Overall survival (OS) was defined as the time from the start of treatment until death. Survival functions were estimated using the

Kaplan-Meier method and compared with the log-rank test. Comparative tests were considered significant if a 2-sided p < 0.05.

Because the LNH2003-6 trial was not stratified by biological data, we controlled for the effects of prognostic factors on outcome

due to sampling fluctuations in the treatment groups with a multivariate analysis of survival in a Cox model. Statistical analyses of

clinical data were performed using R project software or SAS 9.2 (SAS Institute) and S-Plus 6.2 (MathSoft) software. Data distribu-

tions are presented using boxplots when needed, to provide a graphical representation of the variance. Statistical significance was

assessed using the Wilcoxon rank sum test. For all other clinical data, statistical analyses used for each of the figures is specified in
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the legends. For in vitro experiments, results are expressed as mean (-/+ s.d.) and statistical analyses were performed using

two-tailed Student’s t-test. A p value of less than 0.05 was considered to indicate statistical significance (*p <0.05, **p <0.01 and

***p <0.001). n for the different groups are provided in the figure legends.

DATA AND SOFTWARE AVAILABILITY

Code Availability
R code for microarray analysis has been deposited to Mendeley Data and is available at https://doi.org/10.17632/f4f3wbszmd.1.
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The Future: In Vivo
CAR T Cell
Gene Therapy
Rana Mhaidly1 and Els Verhoeyen1,2

https://doi.org/10.1016/j.ymthe.2019.03.012

Chimeric antigen receptor (CAR) T cells
represent a revolutionary therapy for
combatting cancers.1 This novel immuno-
therapy was only approved in 2017 for treat-
ment of advanced blood cancers in the US
and Europe. The most frequently used vehi-
cles for CAR gene delivery in autologous
T cells are lentiviral vectors (LVs) pseudo-
typed with the vesicular stomatitis virus
glycoprotein (VSV-G-LV). Ex vivo gene de-
livery employing these broad spectrum LVs
might, however, lead to off-target transduc-
tion of contaminating cancer or antigen-pre-

senting cells with these CARs leading to
severe health risks and adverse events.2 In a
new study published in Molecular Therapy
– Methods and Clinical Development, Jamali
et al.3 limit these risks by using CD4+ or
CD8+ T cell targeted LVs for CAR gene
transfer. The authors engineered human
CD4+ and CD8+ T cell-targeted LVs capable
of selective gene delivery into human CD4+

or CD8+ T cells, respectively.4,5

The targeting of LVs is based on the principle
that fusion-activation of a chimeric envelope

should be triggered by the interaction of the
ligand displayed on the vector surface with
its specific receptor on the target cell. Buch-
holz and co-workers3 designed a novel strat-
egy based on the fact that paramyxoviruses
separated the two functions, cell binding
and virus-cell fusion, into separate glycopro-
teins. In this case, redirection of the glyco-
protein that confers binding to the target
cell leaves the fusion glycoprotein (gp) “un-
touched” and functional. This strategy
was initially successful for LVs pseudo-
typed with measles virus (MV-LVs) retar-
geted glycoproteins and more recently LVs
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pseudotyped with receptor-targeted Nipah
virus glycoproteins (NiV-LVs). These effec-
tively enter into cells when using cell surface
proteins as receptors that bring them suffi-
ciently close to the cell membrane.6

Jamali et al.3 demonstrated exclusive trans-
duction of CD4+ or CD8+ T cells in total pe-
ripheral blood mononuclear cells (PBMCs)
with an anti-CD19 CAR encoding
CD4MV- or CD8NiV-retargeted LVs,
respectively. Moreover, in the presence of
an LV facilitating agent, Vectofusin, trans-
duction with CD19-CAR-targeted LVs was
comparable to T cell transduction levels
achieved with VSVG-LVs currently used in

the clinic. This was achieved without
compromising the specificity for the target
T cells (Figure 1). Although such a targeted
approach will make ex vivo CAR T cell ther-
apy safer, it remains a highly personalized
treatment that likely requires a costly clinical
manufacturing grade and labor-intensive
ex vivo T cell manufacturing process.
These considerations highlight the obstacles
associated with manufacturing of this kind
of patient-specific therapy. Therefore, imple-
mentation of CAR T cell therapy for routine
use in the clinic remains a real challenge and
this new therapeutic product may be out of
reach for many cancer patients in need of
this novel therapy. A future approach avoid-

ing the above concerns may be in vivo CAR
T cell generation.

The Buchholz team7 has very recently per-
formed a first step toward in vivo reprogram-
ming of CAR T cells using CD8NiV-targeted
LVs. A single systemic injection of CD19-
CAR-encoding CD8-LVs into immune-defi-
cient mice engrafted with a human blood
system generated in vivo CAR T cells, which
effectively wiped out the human B cells (Fig-
ure 1).7 This outcome supports the feasibility
of in vivo CAR T cell therapy. Remarkably,
NiV-LVs could be produced at up to two or-
ders of magnitude higher titers compared to
their MV-based counterparts and were at

Figure 1. Toward In Vivo CAR T Cell Therapy

Exclusive transduction of CD4+ or CD8+ T cells in total PBMCs with an anti-CD19 CAR encoding CD4darpinMV- and CD8scFvNiV-retargeted lentiviral vectors, respectively.

CAR T cells were able to specifically deplete healthy and cancer CD19+ cells ex vivo. In vivo injection of CD8scFvNiV-retargeted lentiviral vectors into non-obese diabetic/

severe combined immunodeficient (NOD/SCID) gC�/� mice that were engrafted with hCD34+ stem and progenitor cells resulted in expression of the CD19 directed CAR

solely on CD8+ cells in vivo which, upon encounter with CD19+ B cells, were strongly expanded and resulted in B cell depletion in vivo. This represents a first step toward

in vivo CAR therapy but evaluation in non-human primates will be required before these tools can enter the clinic for patient treatment.
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least 10,000-fold less effectively neutralized
than MV glycoprotein pseudotyped LVs by
human serum, underlining their potential
as a medicine that is applicable for in vivo
delivery.4

However, some of the CD8NiV-LV injected
humanized mice developed a cytokine storm
equivalent to some CAR T cell treated pa-
tients, which warrants further preclinical
testing of the in vivo approach. A next logical
step will be to test the performance of in vivo
CAR T cells therapy in mice carrying patient
derived tumor xenografts (PDX mice
models). However, humanized mice do not
recapitulate a fully functional immune sys-
tem and evaluation in large animal models
such as non-human primates may be needed
before a first clinical trial on in vivo CAR
T cell gene therapy can commence (Figure 1).
Nonetheless, once these steps have been

successfully completed future CAR T cell
therapy might consist of a single injection
of a vectorized medicine into the blood
stream, circumventing the current cost-
intensive ex vivo production of CAR
T cells, and thus making this therapy more
broadly available to patients.
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L’activation des lymphocytes T (LT) et l’acquisition des fonctions effectrices sont des phénomènes 

récemment décrits pour être régulés par le métabolisme cellulaire, introduisant ainsi la notion 

d’« immunométabolisme » dans de nombreuses études biologiques. 

Dix enzymes métaboliques participent à la conversion du glucose en énergie cellulaire (glycolyse). 

Parmi celles-ci, des études récentes ont fait émerger la glycéraldéhyde 3-phosphate déshydrogénase 

(GAPDH) comme un acteur principal de la survie et de la différenciation des LT.  Dans ce rôle, la 

balance entre ses fonctions glycolytiques (associées à la catalyse du glycéraldéhyde-3-phosphate en 

le 1,3-bisphosphoglycérate) et non-glycolytiques (stabilité des ARNm des cytokines et activation des 

voies de signalisation) est un phénomène majeur contrôlant la sélection et l’activation des LT. 

Afin d’étudier les fonctions glycolytiques et non-glycolytiques de la GAPDH dans le développement 

lymphocytaire, nous avons généré un modèle de souris transgéniques surexprimant la GAPDH 

exclusivement dans les LT (plck-GAPDH).  

Une première caractérisation de ces souris montre que la surexpression de la GAPDH n’a pas d’effet 

sur les stades précoces de développement des LT. De façon intéressante, nous avons observé dans les 

souris âgées (>18 mois) des changements phénotypiques évidents, notamment : une splénomégalie, des 

ganglions lymphatiques hypertrophiés et une infiltration lymphocytaire majeure au niveau du foie et de 

la moelle osseuse. Un immunophénotypage détaillé de ces tissus a montré une augmentation de la 

proportion des LT folliculaires helpers (Tfh) CD4+ Bcl-6+CXCR5+ PD-1high. De plus, ces cellules, 

fortement prolifératives et clonales, interagissent avec les lymphocytes B CD95+ GL7+ du centre 

germinatif, eux-mêmes associés à des cellules dendritiques folliculaires, formant ainsi un 

microenvironnement tumoral dans notre modèle plck-GAPDH.  

À la recherche d'un équivalent humain à notre modèle, nous avons découvert que les caractéristiques 

pathologiques, l’immunophénotypage et le profil génétique des souris plck-GAPDH correspondaient 

étroitement au lymphome T angio-immunoblastique humain (AITL). Il s’agit d’une hémopathie maligne 

rare pour laquelle aucune stratégie thérapeutique n’a été clairement décrite. Nous avons également mis 

en évidence dans les souris plck-GAPDH une activation de la voie NF-kB non canonique, également 

activée chez les patients AITL. Le ciblage de cette voie par un nouvel inhibiteur associé à une 

immunothérapie anti-PD1 a augmenté la survie des souris. Ce traitement permet une induction efficace 

de la réponse immunitaire anticancéreuse et représente une nouvelle perspective thérapeutique pour les 

patients atteints d’AITL. 

En conclusion, ce nouveau modèle de souris AITL capable de mimer étroitement les caractéristiques du 

lymphome humain, permettra d’élucider l'origine possible de la maladie, d’identifier d’autres voies de 

signalisation impliquées et de tester de nouvelles lignes thérapeutiques. 


