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Peripheral T cell lymphomas (PTCLs) are a heterogeneous entity of neoplasms with poor prognosis, lack of effective therapies, and
a largely unknown pathophysiology. Identifying the mechanism of lymphomagenesis and cell-of-origin from which PTCLs arise is
crucial for the development of efficient treatment strategies. In addition to the well-described thymic lymphomas, we found that
p53-deficient mice also developed mature PTCLs that did not originate from conventional T cells but from CD1d-restricted NKT
cells. PTCLs showed phenotypic features of activated NKT cells, such as PD-1 up-regulation and loss of NK1.1 expression. Injec-
tions of heat-killed Streptococcus pneumonia, known to express glycolipid antigens activating NKT cells, increased the incidence
of these PTCLs, whereas Escherichia coli injection did not. Gene expression profile analyses indicated a significant down-
regulation of genes in the TCR signaling pathway in PTCL, a common feature of chronically activated T cells. Targeting TCR sig-
naling pathway in lymphoma cells, either with cyclosporine A or anti-CD1d blocking antibody, prolonged mice survival. Impor-
tantly, we identified human CD1d-restricted lymphoma cells within V51 TCR-expressing PTCL. These results define a new subtype
of PTCL and pave the way for the development of blocking anti-CD1d antibody for therapeutic purposes in humans.
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Non-Hodgkin lymphoma is a form of cancer that emerges
from the transformation of mature B, T, or NK cells. Periph-
eral T cell lymphomas (PTCLs) represent 12—15% of all lym-
phoid malignancies in Western countries and include >20
entities that can be grouped according to their presentation as
disseminated (leukemic), predominantly extranodal, cutane-
ous, or predominantly nodal diseases (Swerdlow et al., 2008).
Chemotherapy regimens that cure many patients with B cell
lymphomas have produced disappointing results in PTCL so
far, explaining a dismal prognosis with a 5-yr overall survival
rate barely exceeding 30%. Furthermore, compared with the
breakthrough achieved by anti-CD20 and BCR pathway in-
hibitors currently revolutionizing the management of B cell
malignancies, no major advances have been made during the
last decades in the study of PTCLs, emphasizing the need
for innovative approaches.

Identitying the cell origin from which lymphomas arise
is a field of intense research and has been fruitfully applied to
B cell lymphoma classification (Swerdlow et al., 2008). Un-
raveling the correlations between B cell lymphoma subtypes
and normal B cell development has helped to understand
transformation mechanisms, formed the basis for the current
classification of B cell lymphomas in humans, and, most im-
portantly, contributed to tailored therapeutic strategies. Such
a link between normal T cell developmental stages and the
cellular origin in T cell lymphomas is poorly elucidated. Ex-
cept for angioimmunoblastic T cell lymphoma, whose nor-
mal counterpart was identified as follicular helper T cells, the
cell-of-origin for most mature T cell malignancy is still a mat-
ter of speculation (de Leval et al., 2007). The complexity of
the T cell branch of adaptive immunity, encompassing numer-
ous subsets of conventional (restricted by MHC molecules)
and unconventional (restricted by MHC-like molecules) T
cells (Salio et al., 2014) with effector, memory, and regulatory
functions, might explain why PTCLs are still poorly defined.

Among unconventional T cells, invariant natural killer
T cells (NKT cells) represent a peculiar subset exhibiting
several unusual properties. First, they express an invariant
TCR o chain composed of a rearrangement of Val4-Jal8,
with a conserved CDR3a region generated by the rearrange-
ment (Bendelac et al., 2007). Second, whereas conventional T
cells recognize peptide fragments, iNKT cells recognize self-
antigens and microbial lipid-containing antigens presented by
CD1d, a nonpolymorphic MHC class I-like antigen-present-
ing molecule (Bendelac et al., 2007). Third, iNKT cells very
rapidly produce several effector cytokines and, like innate im-
mune cells, they lack a clear memory response.

Abbreviations used: ALK, anaplastic lymphoma kinase; aGalCer, a-galactosylceramide;
CsA, cyclosporine A; GEP, gene expression profile; GO, gene ontology; GSEA, gene set
enrichment analysis; H&E, hematoxylin and eosin; HSTL, hepatosplenic T cell lym-
phoma; iNKT, invariant NKT; MAIT, mucosal invariant T; MFI, mean fluorescence inten-
sity; M-FISH, multicolor fluorescence in situ hybridization; PCA, principal component
analysis; PLZF, promyelocytic leukemia zinc finger; PTCL, peripheral T cell lymphoma;
PTCL-NOS, PCTL-not otherwise specified; Spn, Streptococcus pneumonia; TdT, terminal
deoxynucleotidyl transferase; TL, thymic lymphoma; T-LGL, T cell large granular lym-
phocyte leukemia; T-PLL, T cell prolymphocytic leukemia.
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Figure 1. p53~'~ mice develop PTCL. (a) Survival and tumor develop-
ment spectrum in p53‘/‘ mice. Of note, the number of tumors (n = 34)
exceeded the total number of mice (n = 33) due to one animal bearing two
tumors (i.e., a solid tumor and a lymphoma). (b) Macroscopic and pheno-
typic characteristics of the three different types of lymphoma encountered
in p53‘/‘ mice (thymus, blue arrow; spleen, yellow arrow; liver, red arrow).
Contour plots were gated on abnormal FSC""/SSC™" tumor cells recov-
ered from the thymus for TLs and the liver for PTCLs. Data are representa-
tive of at least five different TLs and PTCLs.

Until recently, with the notable exception of anaplastic
lymphoma kinase (ALK) rearrangement in ALK-positive ana-
plastic large cell lymphoma, genetic alterations in most PTCL
entities were limited to the description of recurrent chromo-
somal gains and losses without established clinical and bio-
logical relevance (Gaulard and de Leval, 2014). However, the
advances in deep sequencing technologies have allowed the
discovery of recurrent alterations in several PTCLs. These in-
clude the recently described RHOA G17V hotspot mutation
found in up to 70% of angioimmunoblastic T cell lymphomas
(Palomero et al., 2014; Sakata-Yanagimoto et al., 2014;Yoo et
al., 2014), sometimes in association with FYN, TET2, IDH2,
or DNMT3A mutations (Quivoron et al., 2011; Cairns et al.,
2012; Couronné et al., 2012). Other genomic abnormalities
have also been identified, including rearrangements of the
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6p25.3 locus, involving DUSP22 in ALK-positive anaplastic
large cell lymphoma (Feldman et al., 2009); ITK-SYK re-
arrangements in some nodal PTCL-not otherwise specified
(NOS; Streubel et al., 2006); and STAT5B mutations in hep-
atosplenic T cell lymphomas (HSTLs; Nicolae et al., 2014).
Whole-exome sequencing of cutaneous T cell lymphomas
and Sézary syndrome have shown that the most prevalent
genetic abnormalities include frequent deletions and muta-
tions in chromatin-modifying genes (TET2, DNMT3A, and
ARID1A) and in multiple components of the TCR signaling
pathway (PTEN, PLCG1, PRKCQ, CD28, and TNFAIP3),
as well as TP53 (p53) mutations or copy number alterations
(Cristofoletti et al., 2013;Vaqué et al., 2014; Choi et al., 2015;
da Silva Almeida et al., 2015). Inactivating point mutations of
TP53 are particularly rare in other PTCL, but genome-wide
analyses have identified structural rearrangements of at least
1 of 5 TP53-related genes in 67% of PTCLs (Vasmatzis et
al., 2012). Moreover, the cytoplasmic p53 protein is overex-
pressed in many digestive, cutaneous, and nodal PTCLs (Mur-
ray et al., 1995; Lamprecht et al., 2012;Vasmatzis et al., 2012),
evocative of a dysfunctional p53 signaling pathway. However,
although 70% of p53™'~ mice spontaneously develop imma-
ture thymic lymphomas (TLs; Donehower et al., 1992; Jacks
et al., 1994), little 1s known about the role of p53 in mature
T cell lymphomagenesis in mice. Although p53™~ mice have
been used as a model for immature T cell lymphoma for years,
we demonstrate that they are also a suitable model for PTCL

JEM Vol. 213, No. 5

A
ﬂ«& ‘ ““‘.‘Au
47k

PTCL
|

Figure 2.  Histology and clonality of PTCLs.
(a) H&E staining of spleen and liver from nor-
mal and PTCL-bearing mice. Bar, 750 pm. Ex-
periments were conducted with five different
PTCLs with similar results. (b) H&E staining
of spleen and liver appositions from PTCL-
bearing mice. Bar, 50 pm. Experiments were
conducted with three different PTCLs with sim-
ilar results. (c) H&E staining of lung and kidney
from mice that developed PTCLs. Bars: 500 pm
(left); 100 um (right). Experiments were con-
ducted with five different PTCLs with similar
results. (d) TdT staining of formalin-fixed and
paraffin-embedded sections from thymi and
spleens of representative localized TL, gen-
eralized TLs, and PTCLs. Bars, 200 um. Exper-
iments were conducted with three different
PTCLs with similar results. (e) Clonality assess-
ment of the TRBV locus (TCRVp) of spleen cells

PTCL
\ from one WT mouse and two representative
PTCLs mice (out of seven analyzed specimens)
by genomic multiplex PCR.
TRBV29 (V7)

TRBV13-1 (Vp8.3)

development, and uncover a new cellular origin for PTCLs
with potential therapeutic application.

RESULTS

p53~~ mice develop PTCL

We studied peripheral lymphoma development in p53™/~
mice. As expected, all p53_/ ~ mice were dead after 278 d
(median survival = 166 d) and approximately two-thirds of
the mice developed T cell lymphoma (Fig. 1 a). As previously
demonstrated (Donehower et al., 1992; Jacks et al., 1994),
most of the mice developed well-known TL (44% of mice)
that could be further subdivided into localized TL, where only
thymus was macroscopically involved, and generalized TL,
where lymphoma cells had spread to liver and spleen (Fig. 1,
a and b). However, 21% of mice had massive hepatomegaly
and splenomegaly without thymic involvement reminiscent
of PTCL (Fig. 1, a and b). In PTCLs, all organs examined
(liver, spleen, lung, lymph nodes, bone marrow, and kidney)
were characterized by a polymorphic infiltrate of predomi-
nantly large cells (Fig. 2, a—c). The architecture of spleen and
liver from PTCL mice was nodular and diffuse, with massive
cell infiltration leading to the effacement of the normal struc-
ture (Fig. 2 a). Negative terminal deoxynucleotidyl transferase
(TdT) staining was observed across all samples analyzed, re-
gardless of the organ (thymus, spleen, liver, lymph node, lung,
and kidney), as opposed to a strong positive staining in all TLs
examined (Fig. 2 d), confirming the post-thymic or mature
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Figure 3. PTCLs in p53~/~ mice exhibit features of activated memo-
ry-phenotype T cells. (a) Co-receptor expression in PTCLs compared with
TLs, normal CD4*, and CD8" splenic T cells. (b) Surface staining of PTCLs
compared with normal splenic T cells (dark gray shaded histograms indi-
cate PTCLs; light gray shaded histograms indicate normal splenic T cells
and dotted lines indicate isotype controls). This staining is representative of
all seven PTCLs tested. (c) Expression of activation surface markers in PTCLs
compared with TLs and normal splenic T cells. P-values were determined by
Mann-Whitney U tests. **, P < 0.01. (d) Representative M-FISH images of
TLs (n = 2) and PTCLs (n = 3).

origin of these PTCLs. We also demonstrated clonality of the
PTCLs using assessment of the variable region of the TCR 8
chain (TRBV) locus by genomic multiplex PCR (Fig. 2 e).

PTCLs exhibit features of activated memory T cells

Compared with TL and normal CD8" or CD4" T cells, all
PTCLs had decreased expression of the CD4 and CD8 co-re-
ceptor molecules, with most of them being double negative
(Fig. 3 a). PTCLs were also CD44"CD25"CD62L", which
suggests an effector-memory T cell phenotype (Fig. 3 b).
These staining patterns were consistent across the different
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organs involved, including spleen, liver, blood, lymph node,
and bone marrow (unpublished data). Activation markers,
such as CD69, CD54, and B220 (Renno et al., 1998), were
significantly up-regulated in PTCLs (Fig. 3 ¢) compared
with TLs and normal T cells. Finally, cytogenetic alterations
of PTCLs were examined using multicolor fluorescence in
situ hybridization (M-FISH). In sharp contrast to the well-
documented aneuploidy observed in TLs (Liu et al., 2004)
and to the two TLs that served as positive controls in our
study, no clonal translocation or chromosomes number alter-
ations were observed in PTCLs (Fig. 3 d), giving strong sup-
port to a distinct pathophysiological transformation process
leading to this type of tumor.

PTCLs originate from invariant NKT (iNKT) cells

Clonality studies of PTCLs revealed a striking VP repertoire
usage bias with five PTCLs expressing the VP7 chain and
two the VP8 chain (Fig. 2 e and Table 1). Given the strong
VP8, VP7, and VP2 repertoire bias that characterizes mouse
iNKT cells (Lantz and Bendelac, 1994; Godfrey et al., 2004),
we hypothesized that PTCLs might derive from the trans-
formation of these cells. Indeed, a positive staining with
CD1d-a-galactosylceramide (axGalCer) tetramer, a specific
marker for iNKT cell detection, confirmed this hypothesis
(Fig. 4 a). In addition, the transcription factor promyelocytic
leukemia zinc finger (PLZF or ZBTB16), which directs the
effector program of the iNKT cell lineage, was significantly
expressed in these PTCLs (Fig. 4 b). The iNKT cellular ori-
gin of PTCLs was further validated by the expression of the
invariant Va14-Ja18 rearrangement of the TCR Va chain
repertoire (Fig. S1). Functionally, iNKT cells are known to
rapidly produce high levels of Th1, Th2, or Th17 cytokines
upon activation (Kronenberg, 2005; Coquet et al., 2008). All
PTCLs expressed IFN-y and IL-17, either spontaneously or
upon activation, but failed to produce IL-4, thereby display-
ing a Th1 and Th17 cytokine profile (Fig. 4 ¢). Similar to
their normal iNKT cell counterparts (Matsuda et al., 2002),
PTCLs expressed CD122 and CD127 and were highly de-
pendent on IL-15 and -7 for their survival in vitro (Fig. 4 d).
Finally, PTCLs were characterized by up-regulation of PD-1
and loss of NK1.1 expression, which are all features of ac-
tivated or anergic iNKT cells (Fig. 4 e; Wilson et al., 2003;
Chang et al., 2008). Consistent with the state of anergy, no
proliferation, either by [*’H|-thymidine incorporation or Cell
Trace Violet dilution, could be observed after ex vivo stim-
ulation of PTCLs with anti-CD3/anti-CD28—coated beads
or by PMA plus ionomycin in the presence of IL-7 (unpub-
lished data). All these data demonstrate that iNKT cells are
the cell-of-origin of these PTCLs, and support a transforma-
tion from an activated cell.

Chronic TCR stimulation drives iNKT cell lymphomagenesis

Because PTCLs expressed features of activated iNKT cells,
we explored whether deliberate activation of iNKT cells with
repeated injections of heat-killed Streptococcus pneumonia

CD1d-restricted peripheral T cell lymphoma | Bachy et al.
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Table 1. Characteristics of PTCL in p53-deficient mice injected with PBS or bacteria

No. Injections p53 genotype TCR Va/V§ chain® VB/Vy chain® Co-receptor CD1d-tetramer PLZF®
binding®

1 PBS —/- ap Vo4 Vp8.2 DN + +
2 PBS —[- off iVa14 Vp7 DN + +
3 PBS -~ op V14 Vp7 DN n.d. n.d.
4 PBS -/ o Val4 Vp7 DN + +
5 PBS -I- op Va4 VB7 cps® nd. n.d.
6 Spn —/- ap iVa14 Vp8.2 cDg® + +
7 Spn —/- ap iVa14 Vp8.3 DN + +
8 Spn —/- ap Va4 Vp7 DN n.d. n.d.
9 Spn —- op Va4 Vp8.2 Cpg® nd. n.d.
10 Spn —/- of Va14 V8.2 CDg® n.d. n.d.
1 Spn —|- ap Va4 Vp8.2 CDg® + +
12 Spn /- ap Va4 Vp8 CD4 + +
13 Spn +/— af Va4 V8.3 DN + +
14 Spn —/- ) V6.3 Vy1.1 DN - +
15 Spn —/- Y8 V86.3 Vy1.1 DN - +
16 Spn +- 8 V56.3 Vy1.1 DN n.d. n.d.
17 E. coli —/- ap Va4 n.d. DN + n.d.
18 E. coli —- off iVa14 n.d. CDg® + n.d.
19 E. coli -/- ap Va14 n.d. cps® + n.d.
20 E. coli /- ap iVa14 n.d. DN + n.d.
21 E. coli —/- ap iVa14 n.d. DN + n.d.
22 E. coli —/- ap Va4 n.d. DN + n.d.
23 E. coli —/- ap iVa14 n.d. CD4 + n.d.
24 E. coli —/- ap Va4 n.d. DN + n.d.
25 E. coli —/- ap Va4 n.d. CD8lo + n.d.
26 E. coli —- ap Va4 n.d. n.d. + n.d.
27 E. coli - ap Va4 n.d. n.d. + n.d.
28 E. coli /- ¥o V56.3 Vy1.1 DN - n.d.

Va/\Vy and VBIVS chains were determined using either antibody staining and flow cytometry analysis or RT-PCR and nucleotide sequencing of CDR3; iVa14 corresponds to the invariant

V14 described in iNKT cells.

°Assessed by flow cytometry analysis, after fixation and permeabilization for PLZF intracellular staining.

(Spn), a bacteria known to express glycolipid antigens that
activate iINKT cells through TCR stimulation (Kinjo et al.,
2011), could increase the incidence of PTCLs in p53™'~ mice.
As controls, we chronically injected p53™'~ mice with either
PBS or heat-killed Escherichia coli that do not express iINKT
cell antigens. In p53™~ mice, no difference, both in terms of
survival or incidence of solid versus hematopoietic tumors, was
observed between the PBS-injected group and the E. coli- or
Spn-injected experimental groups (Fig. 5 a). Repeated Spn
injections shortened survival of p53™~ mice (P = 0.0045)
by accelerating the development of solid tumors (P = 0.007;
Fig. 5 a). Importantly in p53™~ mice, PTCLs, unlike other
lymphoma subtypes, were overrepresented in the Spn-injected
group compared with the PBS- and E. coli-injected groups
(P < 0.05; Fig. 5 b). Moreover, although PBS-injected p53*~
mice did not develop PTCLs, chronic injection of heat-killed
Spn significantly promoted PTCL development in these mice
as well (P = 0.01; Fig. 5 b). The iNKT cellular origin of these
PTCLs was confirmed by CD1d-aGalCer tetramer staining,
PLZF expression, and invariant Val4-Jal8 TCR rearrange-
ments (Table 1). PTCLs expressing Vy1.1 and V6.3 TCR, a
previously reported population of y& NKT cells (Lees et al.,
2001), also arose in Spn-injected mice (Table 1).

JEM Vol. 213, No. 5

We next compared the gene expression profile (GEP)
of freshly isolated and sorted TLs and PTCLs with nor-
mal T and iNKT cells purified from p53~~ mice (either
resting or ex vivo activated). Using unsupervised hierar-
chical clustering, we confirmed that PTCLs were distinct
from TLs (Fig. 5 ¢). Two different clusters were observed
that discriminated normal resting T cells, activated T cells,
and resting iINKT cells (cluster 1) from tumor cells (cluster
2), with the exception of normal activated iNKT cells that
clustered very close to PTCL samples (Fig. 5 ¢). Thus based
on their GEP, PTCLs shared strong similarities with normal
activated iNKT cells. To look in more detail at what genes
might distinguish PTCLs from normal resting iNKT cells,
we performed gene set enrichment analyses (GSEA; Sub-
ramanian et al., 2005) using annotated gene sets from the
Molecular Signatures Database (Liberzon et al., 2011). No-
tably, there was a significant down-regulation of genes in the
TCR signaling pathway (FDR g-value, 0.011), a phenom-
enon previously reported in chronically TCR-stimulated
T cells (Fig. 5 d). In particular, CD247 (CD3(), LCK, and
LAT, genes known to be down-regulated upon repeated
stimulations arising in a context of chronic infection, auto-
immunity and inflammation (Baniyash, 2004), were found
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Figure 4. PTCLs are derived from iNKT cells. (a) A representative flow
cytometry histogram of PTCLs stained with CD1d-aGalCer tetramers is de-
picted on the left (shaded histogram indicates CD1d-«GalCer tetramer and
dashed line represents CD1d-empty tetramer). Sequential gating on ab-
normal FSC"9"/SSC"™" and CD3*Thy1.2* tumor T cells was performed. MFI
of CD1d-aGalCer tetramer stainings for different PTCLs are represented on
the right. Dotted line represents the highest MFl of CD1d-empty tetramer
staining. (b) A representative flow cytometry histogram of intracellular PLZF
staining of PTCLs is depicted on the left (shaded histogram indicates PLZF
and dashed line isotype control). MFI of PLZF staining for different PTCLs
is represented on the right. Dotted line represents the highest MFI of iso-
type control staining. (c) Cytokines secretion of different PTCLs cultured in
the presence or absence of anti-CD3e- and anti-CD28-coated beads for
24 h. Each color corresponds to one PTCL for IL-4, IL-17, and IFN-y secre-
tion. P-values were determined by Wilcoxon matched-pairs signed rank test.
* P < 0.05 and ns, nonsignificant. (d) Mortality measured by Annexin V stain-
ing after culture for 24 h of iNKT lymphoma cells in the absence or presence
of IL-7 (10 ng/ml) or IL-15 (10 ng/ml). Data are shown as mean + SD of one
PTCL in quadruplicate and are representative of four experiments performed
with different PTCLs (**, P < 0.001). (e) Surface expression of PD-1and NK1.1
in different PTCLs compared with normal iNKT cells. P-values were deter-
mined by Mann-Whitney U tests. **, P < 0.01.

underexpressed compared with normal resting iNKT cells
(Fig. 5 e). Furthermore, genes up-regulated by c-Myc were
significantly overexpressed (FDR g-value, 0.036) in PTCLs
as compared with normal resting iNKT cells (Fig. 6, a and
b). MYC expression was also significantly up-regulated in
PTCLs compared with NKT cells, but more importantly,
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compared with TLs (Fig. 6 ¢; P < 0.05, Mann-Whitney).
Expression of MYC is known to be up-regulated after li-
gation of TCR-CD3, as well as after stimulation with PMA
and 1onomycin (Lindsten et al., 1988), and is required for
TCR-induced proliferation (Guy et al., 2013; Wang et al.,
2013). MYC signature was the second most significantly
enriched signature when the whole oncogenic (i.e., C6
Molecular Signatures Database) database from the Broad
Institute was queried (unpublished data). Together with
the down-regulation of genes in the TCR pathway upon
chronic stimulation, MYC overexpression supports the hy-
pothesis that cell proliferation is mediated by the activation
of TCR pathway in PTCLs.

PTCLs survival depends on TCR-CD1d interactions

A key property of memory T cells generated after acute in-
fection is their ability to persist without antigen encounter
(Kaech et al., 2002; Wherry and Ahmed, 2004). Similarly,
normal iNKT cells persist in vivo in the absence of TCR—
CD1d interactions (Matsuda et al., 2002; Vahl et al., 2013).
Conversely, during chronic infections, such as human immu-
nodeficiency virus or hepatitis C virus infections, the survival
of antigen-specific memory T cells relies on the persistence
of cognate antigens through repeated TCR engagements
(Shin et al., 2007). Whether this also applies to chronically
activated iNKT cell survival is unknown. To investigate the
role of TCR signaling in PTCL survival, we first used cyclo-
sporine A (CsA), a calcineurin inhibitor known to strongly
suppress TCR signaling. The viability of PTCL was reduced
in a dose-dependent manner in vitro (Fig. 7 a). Furthermore,
the in vivo administration of CsA significantly increased the
survival of wild type (WT) recipient mice transferred with
PTCLs (Fig. 7 b), suggesting that PTCL survival partly relies
on TCR signaling pathway. To examine the importance of
CD1d-mediated TCR engagement, we transferred PTCLs
into Cd1d ™"~ recipient mice. All Cd1d ™'~ mice transferred
with PTCL survived whereas WT mice did not (Fig. 7 ¢),
suggesting that TCR engagement by CD1d-glycolipid com-
plexes is also a requisite for PTCL survival. On the contrary,
CD1d-unrestricted TL did not require TCR—CD1d interac-
tion for survival (Fig. 7 d), thus demonstrating that PTCLs
is truly CD1d dependent.

Having established that interrupting the CD1d-TCR
interaction is detrimental for PTCL survival, we next evalu-
ated the therapeutic potential of in vivo administration of a
blocking CD1d mAb. PTCL cells were transterred into WT
C57BL/6 syngeneic recipient mice, followed by blocking
CD1d mAD injections twice a week from day 1 (i.e., at the
day of PTCL transfer) or day 21 (i.e., at the appearance of
the first clinical signs of lymphoma engraftment) until ani-
mals had to be sacrificed. Treatment of PTCL-bearing mice
with the blocking CD1d mAb, but not with its IgG1 iso-
type control, delayed PTCL development and significantly
increased mouse survival, regardless of the start of the in-
jection (Fig. 7, e and f).
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Figure 5. Chronic stimulation of TCR drives PTCL lymphomagenesis. (a) Survival curves of PBS-, Spn-, and E. coli-injected p537/-, and PBS-, and
Spn-injected p53*/~ mice. Red symbols correspond to mice that developed PTCLs. P-values were determined by log-rank test. (b) Lymphoma spectrum in
PBS- (n = 24), Spn- (n = 16), and E. coli-injected (n = 24) p53~~ and PBS- (n = 50) and Spn-injected (n = 53) p53*"~ mice (solid tumors were not taken
into account). P-values were determined by x? test (PTCLs vs. all other lymphomas). In the legend, other corresponds to PTCL originating from conventional
T cells. (c) Unsupervised hierarchical clustering based on GEP analysis from nine PTCL samples, TL samples and normal samples from tumor-free p53~/~ mice
that included resting T.and iNKT cells and ex vivo activated T and iNKT cells. The bar on the right of the dendrogram is color-coded according to sample type.
(d) GSEA for a set of genes from the TCR signaling pathway. Downward deflection indicates enrichment of the TCR signaling pathway signature in resting
iNKT cells from tumor-free p53~'~ mice (FDR = 0.011). NES, normalized enrichment score; FDR, false discovery rate. (e) The heat map shows expression of

all genes included in the TCR signature.

Gene expression patterns of murine PTCLs resemble those of
specific human T cell malignancies

To find the human counterpart to CD1d-restricted mu-
rine PTCL (hereafter referred to as mPTCL), we com-
pared GEP of mPTCLs to those of human PTCLs. GEP
data of >400 human PTCL samples from previously pub-
lished datasets were analyzed (Travert et al., 2012; Igbal et al.,
2014) and compared with the orthologue-based profiles of
mPTCLs. Unsupervised hierarchical clustering between mu-
rine and human data showed that the closest human entities
to mPTCLs were HSTL and T cell prolymphocytic leukemia
(T=PLL; unpublished data). Similarly, principal component
analysis (PCA) revealed that mPTCLs are closer to human

JEM Vol. 213, No. 5

HSTL and T-PLL compared with other human mature T cell
malignancies (Fig. 8 a). Genes expressed in NK cells, such as
NCAMT1 (CD56) and KLRD1 (CD9%4), were found to drive
mPTCL and HSTL clustering, as well as chimerin2 (CHN2),
a gene overexpressed in HSTLs (Finalet Ferreiro et al., 2014)
and known to regulate TCR signaling (Siliceo and Mérida,
2009; Fig. 8 b). Among other genes, BCL7A, a subunit of
the mammalian SWI-SNF complex (Kadoch et al., 2013),
and LEF],a transcription factor promoting iNKT cell expan-
sion and differentiation (Carr et al., 2015), drove clustering of
mPTCLs with T-PLL (Fig. 8 b). Significantly shared gene ex-
pression clusters between human and murine subtypes were
illustrated by a heat map based on 82 orthologues among the
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100 genes that best discriminated the human PTCL types
from one another (based on an F test; Fig. 8 ¢ and Table S1).
Finally, analysis of Gene Ontology (GO) biological processes
significantly overexpressed in mPTCL, human HSTL and
T-PLL compared with other human entities identified mainly
chromosome organization, DNA repair, and epigenetic mod-
ifications (Fig. 8 d and Table S1). Conversely, a pronounced
down-regulation of immune, cytokine, and inflammatory re-
sponses was found. This is consistent with a negative feed-
back mechanism seen in the context of the chronic antigenic
stimulation process suggested in HSTL development (Belhadj
et al,, 2003). Importantly, removing the murine samples
from the analysis led to similar results for HSTL and T-PLL
compared with other human lymphomas, implying that the
negative feedback loop observed in mPTCLs overdrove GO
analysis (unpublished data).

Figure 6. GEP analysis displays features of c-Myc ac-
tivation in PTCL. (a) GSEA analysis of genes up-regulated
by c-Myc. Upward deflection of the green line indicates that
PTCLs are enriched for genes that are up-regulated by c-Myc,
compared with resting iNKT cells; (FDR = 0.036). NES, nor-
malized enrichment score; FDR, false discovery rate. (b) Heat
map showing the differential expression of all the genes that
constitute the c-Myc signature between PTCLs and resting
iNKT cells. (c) MYC mRNA up-regulation in PTCLs based on
GEP data compared with normal resting and activated iNKT
cells, as well as TLs. P-value was determined by Kruskall-
Wallis test. P-values between PTCLs and TLs, resting NKT, or
activated NKT were determined by Mann-Whitney U tests.
* P<0.05;* P<0.01.

aGalCer or the self-lipid sulfatide presented by the CD1d
molecule (Bai et al., 2012; Luoma et al., 2013; Uldrich et
al., 2013). We therefore studied whether HSTLs were CD1d-
restricted T cell malignancies using human CD1d-loaded
tetramers. All VO1-expressing lymphoma cells from primary
HSTL samples bound human CD1d tetramers loaded with
sulfatide but not with aGalCer (Fig. 9 a). Based on the GEP
data results, we also tested whether human CD1d tetramers
would bind to T-PLL that express ap TCR. All four T-PLL
tested were negative for CD1d tetramer staining, regardless of
the glycolipid (Fig. 9 b). This demonstrates that despite their
clustering with mPTCLs in terms of GEP, T-PLL 1s not CD1d
restricted. To determine whether the CD1d restriction was
dictated by the type of PTCLs or by the nature of the TCR
expressed, we examined the binding of human CD1d tetram-
ers to PTCL-NOS and T cell large granular lymphocyte leu-

kemia (T-LGL) expressingV1,V82, or af TCR. No binding

V51 TCR-expressing human PTCLs are CD1d restricted

HSTLs mostly derive from y8T cell subsets and exhibit a sub-
stantial V&1 TCR bias (Belhadj et al., 2003). Several lines of
evidence indicate that the surveillance of lipid antigens is not
solely restricted to iINKT cells and can be substantially com-
plemented by YO T cells (Bendelac et al.,2007).Their role may
even be more prominent in humans, where iNKT cells are
>10-fold less abundant than in mice (Bendelac et al., 2007).
Recent reports have demonstrated that, like iNKT cells, a
minor population of VO1 TCR-expressing T cells recognizes

848

was observed for VO2- and TCRafp-expressing PTCL-NOS
and T-LGL. However, both PTCL-NOS and T-LGL bear-
ing the V&1 TCR stained positive for sulfatide-loaded CD1d
tetramers, thus confirming a broad CD1d restriction for all
tested VO1-expressing mature T cell malignancies beyond the
GEP similarities (Fig. 9, ¢ and d).

DISCUSSION
Mice deficient in p53 are predisposed to develop cancer,
such as TL and sarcoma, with 100% cancer-related mortal-

CD1d-restricted peripheral T cell lymphoma | Bachy et al.
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ity by ~300 d (Donehower et al., 1992; Jacks et al., 1994).
However, little is known about the role of p53 in mature
T cell lymphomagenesis, although structural rearrangements
of at least 1 of 5 p53-related genes have been described in
67% of PTCLs (Vasmatzis et al., 2012). In this study, using
P53~ mice, we identified a new entity of PTCL that does
not originate from conventional T cells but from CD1d-
restricted T cells. Most PTCLs arising in p53~'~ mice
were derived from iNKT cells, the most abundant CD1d-
restricted T cell subset in mice. The iNKT origin of these
PTCLs was demonstrated by CD1d-aGalCer tetramer
staining, expression of the transcription factor PLZF or
ZBTB16, invariant Val4-Jal8 rearrangement of the TCR
Va chain, and rapid secretion of Th1 and Th17 cytokines
upon activation. Although these lymphomas have never
been characterized in previous studies, they were proba-
bly described as splenic marginal zone B cell lymphomas
because they were defined in p53™~ mice as B220- and
CD5-positive, two markers expressed by mPTCLs (Ward
et al., 1999). Furthermore, whereas many B cell lympho-
mas were encountered in p53+/_ mice, we never identified

JEM Vol. 213, No. 5

were considered moribund and euthanized. Transfer experi-
ments conducted with three different PTCLs provided similar
results. (f) Survival curves of WT mice transferred with 10°
TCRap-expressing PTCL cells and injected twice a week by i.p.
route with 15 mg/kg of either IgG1 control isotype (n = 8 mice)
or blocking CD1d mAb from day 21 (n = 8 mice; i.e., when ab-
domen enlargement was clinically detectable) and until mice
were considered moribund and euthanized. Transfer experi-
ments conducted with three different PTCLs provided similar
results. P-values in b—f were determined by log-rank test.

CD19" or Ig" B cell lymphomas in p53™'~ mice, whatever
the condition (injection with HK Spn or controls).

Unlike the well described CD4"CD8" double positive
TLs that develop in p53~~ mice, PTCLs exhibited a normal-
or minute-sized thymus with a widespread involvement of
all analyzed peripheral organs, including bone marrow, lung,
kidney, spleen, and liver, and a lack of immaturity markers,
such as TdT. Altogether, these findings led us to consider these
lymphomas as postthymic. The liver was predominantly in-
volved in all the diseased mice, consistent with the known
preferential localization of normal iNKT cells to the sinusoids
of the liver (Bendelac et al., 2007).

Several lines of evidence suggested a contribution of
chronic TCR engagement to the development of these
PTCLs: (1) the cells showed typical features of activated
iNKT cells, such as PD-1 up-regulation and loss of NK1.1
expression; (2) chronic injection of Spn, a bacteria known to
express glycolipid antigens that activate iNKT cells through
TCR stimulation (Kinjo et al., 2011), significantly increased
the incidence of PTCLs; (3) GSEA indicated a significant
down-regulation of genes in the TCR signaling pathway,
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Figure 8. Gene expression patterns of murine PTCLs resemble those of human HSTL and T-PLL. (a) Unsupervised PCA showing similarities between
murine PTCLs, and human HSTL, and T-PLL compared with other human mature T cell lymphoid malignancies (n = 420 samples). Axes are scaled according
to mean-centering and component score distribution. (b) Correlation circle from the unsupervised PCA. Genes highlighted in blue and purple are genes
with known function contributing positively to the clustering of murine PTCLs and human HSTLs, and murine PTCLs and human T-PLL, respectively. (c) Heat
map of supervised clustering based on GEP analysis from nine murine PTCLs samples and human tumor samples. 82 genes, with orthologues in mouse and
human among the 100 genes that best discriminated the human PTCL types from one another (based on an F test), are depicted. The bar above the heat
map is color-coded according to the sample type. For better readability, a maximum of only 20 randomly selected human samples per lymphoma subtype
are represented (among >400 human samples analyzed). Black boxes indicate clusters of genes overexpressed (red color-coded) or underexpressed (blue
color-coded) in mPTCLs and HSTLs or T-PLL clusters compared with other entities. Selected human gene names are shown in capital letters and murine
orthologues are shown in lowercase on the left side of the heat map. (d) Representation of the 10 most highly significant subsets among GO biological
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previously reported for chronically TCR -stimulated T cells
(Baniyash, 2004); (4) CsA, a TCR signaling inhibitor, de-
creased tumor cell survival in vitro, and prolonged mouse
survival after transfer of PTCL cells into recipient mice;
(5) engraftments of PTCLs into mice treated with blocking
CD1d mAbD or into Cd1d™’~ mice were partially or com-
pletely inhibited, respectively, compared with engraftments
conducted into WT mice. It could be hypothesized that
PTCL cells displayed a poor engraftment in these condi-
tions because they rely on specific CD1d/TCR interactions
to survive and/or to proliferate. Indeed, although survival of
WT iNKT cells does not require TCR signaling (Vahl et al.,
2013) or CD1d expression (Matsuda et al., 2002), it is pos-
sible that iNKT cells that have been repeatedly stimulated
could become addicted to their cognate antigen and use
TCR signaling for long-term maintenance, like exhausted
memory CD8" T cells in chronic infections (Wherry, 2011).

However, if iNKT cell lymphomagenesis is driven by
chronic TCR stimulation, spontaneous emergence of PTCLs
in p53~'~ mice raises the question of whether lymphoma-
genesis could have been driven by environmental factors or
self-antigens. Indeed, iNKT cells recognize both self- and
microbial lipid-based antigens bound to CD1d. These an-
tigens are widespread in the environment (Wingender et
al., 2011) and are also abundant in commensal organisms
of the microbiota (Wieland Brown et al., 2013). All PTCLs
displayed the same typical features of activated iNKT cells,
such as PD-1 up-regulation and loss of NK1.1 expression,
lending support to a similar mechanism of transformation in
the different groups of mice (spontaneous emergence, PBS-,
E. coli—, or Spn-injected mice). Whether the increased inci-
dence of PTCLs, in the context of chronic pneumococcal
stimulation, is only a result of TCR activation triggered by
microbial lipid antigen presented by CD1d (Kinjo et al.,
2011) or also caused in part by activation by self-antigens
presented by CD1d and inflammatory signals from the bac-
teria remains to be seen. However, no increased incidence
of PTCLs in p53~'~ mice chronically injected with E. coli,
known to activate iINKT cells through innate cytokine pro-
duction (Brigl et al., 2011), was observed. This argues that
microbial lipid antigens presented by CD1d play a direct
role in iNKT cell lymphomagenesis.

Repeated engagements of self- and nonself-antigens,
as well as constitutive signaling downstream of the BCR,
now emerge as mechanisms by which human B cell type
lymphomas might develop and expand (Kiippers, 2005;
Shaffer et al., 2012). An analogous role of chronic antigenic
stimulation via TCR signaling in mature T cell malignancies
development is far less documented. However, recent data
from mouse models indicated that constitutive TCR signal-

ing by the fusion kinase ITK-SYK drives transformation of
mature T cells (Pechloff et al., 2010). In addition, SNF5™~
mice develop TCR-dependent PTCLs arising from a pecu-
liar CD8*CD122"° and IL-15-independent memory T cell
population (Wang et al., 2011). In humans, a link between
chronic stimulation by pathogens or self-antigens and lym-
phomagenesis has been speculated for T-LGL (Rodriguez-
Caballero et al.,2008) and HSTL (Belhadj et al., 2003). GEP
analysis showed that murine PTCLs displayed similarities
with human HSTL and T-PLL compared with other entities.
However, CD1d restriction in human T cell malignancies
extended far beyond all V81 TCR-expressing lymphoma
cells, identifying for the first time lymphomas deriving from
human CD1d-restricted T cells. Interestingly, a recent re-
port described a NKp46" NKT-like population both in
the IL-15 transgenic mouse model of T-LGL and in human
T-LGL (Yu et al., 2011). However, this population was not
CD1d-restricted like bona fide mouse iNKT cell lympho-
mas or CD1d-restricted human PTCLs described here.

Aside from CD1d-restricted cells, other unconven-
tional T lymphocytes also recognize nonclassical MHC
molecules, such as some of the CD8xat TCRaf} intraepi-
thelial lymphocytes, MR 1-specific mucosal invariant T
(MAIT) cells (Le Bourhis et al., 2010), and CD1b-restricted
human T cells (Van Rhijn et al., 2013). It is tempting to
speculate that a previously unsuspected number of human
PTCLs could also derive from the transformation of these
unconventional T cells. In agreement with this hypothesis,
PLZF expression in at least 20% of lymphoma cells has been
described in 2 of 26 PTCL-NOS, which were thereafter
found to originate from MAIT cells as demonstrated by the
TRAV1-2-TRAJ33 TCRa rearrangement (Voal-2-Ja33;
McGregor et al., 2014).

In conclusion, our work describes a previously unrec-
ognized lymphoma entity emerging from CD1d-restricted
T cells in mice and humans. Our data highlight the major
role of TCR in CD1d-restricted T cell lymphomagenesis
and the potential contribution of chronic antigenic stimu-
lation in PTCL etiology, extending to PTCLs the concepts
of antigen receptor signaling dependence and chronic stim-
ulation broadly accepted in B cell lymphomagenesis (Suarez
et al., 2006). Our present findings, that blocking anti-CD1d
mAb delays CD1d-restricted T cell lymphoma engraft-
ment and prolongs the survival of mice, pave the way for
the development of a new therapeutic approach for patients
with CD1d-restricted PTCLs. In summary, the identifica-
tion of CD1d-restricted PTCLs in mice and humans alters
current classifications of the disease, provides a previously
unrecognized animal model, and might lead to promis-
ing therapy for patients.

processes when comparing mPTCLs, HSTLs, and T-PLL to other human entities. Processes encompassing up-regulated genes are color-coded in red and
processes encompassing down-regulated genes are color-coded in blue. The 300 most differentially up-regulated and down-regulated genes were taken

into account for analysis.
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MATERIALS AND METHODS

Mice

P53~ mice (B6.129S2-Tirp53™'™/]) were purchased from
The Jackson Laboratory. p53™~ mice were generated by cross-
ing p53™~ mice with C57BL/6] WT mice purchased from
Charles River Laboratories. CD3¢™"~ mice were obtained from
M. Malissen (Centre d’Immunologie Marseille-Luminy, Mar-
seille, France). Cd1d™"~ (Cd1"™“™) mice were provided by L.
Van Kaer (Howard Hughes Medical Institute, Nashville, TN).All
mice were on the C57BL/6] background and were maintained
in specific pathogen—free conditions at the Plateau de Biolo-
gie Expérimentale de la Souris (Ecole Normale Supérieure de
Lyon, Lyon, France). All studies and procedures were performed
in accordance with European Union guidelines and approved
by the local Animal Ethics Evaluation Committee (CECCAPP).
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Human lymphoma/leukemia cells

Frozen cells were obtained from blood or lymph nodes of
lymphoma patients, with informed consent from the patients
and review board number 008—09 from the Comité de Pro-
tection des Personnes - Ile-de-France IX.

Flow cytometry analysis

Single-cell suspension prepared from spleen, mesenteric,
or mediastinal lymph nodes, liver, and bone marrow were
stained with a panel of fluorescently labeled antibodies. Be-
fore staining, Fc receptors were blocked for 15 min at 4°C
with 24G2 hybridoma supernatant. Data were collected
using LSRII and LSR Fortessa flow cytometers (BD) and
analyzed with FlowJo software (Tree Star). The follow-
ing membrane mAbs reactive with murine cells were pur-
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chased from BD: CD3e (145-2C11), CD4 (GK1.5), CD8«
(53-6.7),B220 (RA3-6B2), CD69 (H1.2F3), CD62L (MEL-
14), CD54 (3E2), CD44 (IM7), CD25 (PC61), TCRf (H57-
597), TCRyd (GL3), CD5 (53-7.3), CD19 (1D3), CD127
(A7R34), CD122 (TM-p1), NK1.1 (PK136), VP5.1+5.2
(MR9-34),VB8.1+8.2 (MR5-2),Vf8.3 (1B3.3) andVd6.3/2
(8F4H7B7). Antibodies were conjugated to FITC, PE, PerCP,
PerCP-Cy5.5, APC, PE-Cy7,APC-Cy7, or Alexa Fluor 647.
PerCP-conjugated anti-Thy1.2 (30-H12) mAb, and PE-
conjugated anti-Vyl.1 (4B2.9) mAb reactive with mu-
rine cells was purchased from BioLegend. PE-conjugated
anti-PD-1 (J43), PE-conjugated anti-PLZF (Mags.21F7;
anti-mouse and —human), and FITC-conjugated anti—
human TCRaf (IP26) were purchased from eBioscience.
FITC-conjugated anti-human V91 (TS8.2) and anti-human
V82 (15D) were purchased from Thermo Fisher Scientific.
For all antibodies, corresponding isotype controls were pur-
chased from the same suppliers. Results expressed in AMFI
(mean fluorescence intensity) were obtained after subtraction
of isotype control MFI from specific marker MFI. PE- and
APC-conjugated mouse CD1d-aGalCer tetramers (PBS57)
were obtained from the National Institutes of Health Te-
tramer Core Facility. PE- and APC-conjugated unloaded
mouse CD1d tetramers from the same supplier were used
as control. Human CD1d tetramers were produced as previ-
ously described (Sidobre and Kronenberg, 2002) using aGal-
Cer (Kirin) and sulfatide (Avanti).

Clonality assessment

PTCL cells from involved spleen or liver were sorted on a FACS
Aria sorter (BD). Murine T-lymphocyte repertoire diversity
was measured using Immun’Ig tests (ImmunID Technology).
Genomic DNA was extracted using standard techniques, and
Multi-N-plex PCR reactions were performed using an up-
stream primer specific to all functional members of a given
TRBYV family and a downstream primer specific to a given
TRBJ segment (international ImMunoGeneTics information
system). This assay allows the simultaneous and exhaustive de-
tection of VP—JP rearrangements in the same reaction. Each
Vx—J1,]2,]3,J4, and Jn product was separated as a function of
its size, and the Constel’ID software (ImmunlID Technologies)
was used for further analytical studies, including generation of
three-dimensional repertoire illustrations.

Bacterial culture and injections

The encapsulated serotype 3 WU2 strain of S. pneumonia,
obtained from A. Fleer (University Medical Center, Utrecht,
The Netherlands), was grown in Todd-Hewitt broth supple-
mented with 0.5% yeast extract to mid-log phase, and then
enumerated by plating the suspension on blood agar plates.
The E. coli strain 25922 from ATCC was grown in LB me-
dium to mid-log phase, and then enumerated by plating the
suspension on TBX agar plates. Bacteria were washed twice
in PBS and heat-inactivated by a 1-h incubation at 60°C.
Aliquots of this suspension were stored at —80°C until use.
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At the time of injection, 5 X 10° bacteria were diluted in
200 pl of sterile PBS for intraperitoneal injection, as previ-
ously described (Kuranaga et al., 2006). Animal experiments
were performed in a biosafety level 2 animal care facility.

CDR3 sequences of the TCRa and TCRp chains of PTCL
RNA extracted from cell preparations was converted into
cDNA. Samples of cDNA were amplified by PCR for
B chain with VB- and Cp-specific primers and for o chain
withVal4 and Ca primers and IQ SuperMix reagents (Bio-
Rad Laboratories). PCR were run on a Gene AMP PCR
System2700 (Applied Biosystems) with the following con-
ditions: a first cycle at 94°C for 10 min, 35 cycles of 94°C
for 3 s, 60°C for 3 s, 72°C for 3 s, and a last cycle at 72°C
for 10 min. PCR products were precipitated with ethanol
and sequenced using C- and V-specific primers by Cogen-
ics. Primers for constant regions were reverse to transcription
orientation: Cf, 5-CAGCTCAGCTCCACGTGGTCA
GG-3"; Ca, 5'-CTGGGGTAGGTGGCGTT-3". Primers
for the variable regions were specific and in the transcrip-
tion orientation: VP8, 5-GGCATGGGCTGAGGCTGA
TCC-3"; VB2, 5-TCACTGATACGGAGCTGAGGC-3';
VP7, 5'-TACAGGGTCTCACGGAAGAAGC-3";Val4, 5~
CTAAGCACAGCACGCTGCACA-3".

Tumor transplantation and therapeutic in vivo experiments
For transfer experiments, 10° thawed PTCL cells isolated
from liver and cryopreserved in 10% DMSO in liquid ni-
trogen were injected. PTCLs were injected 1.v. into synge-
neic Cd1d™’~ and WT mice. For therapeutic trials, 20 mg/kg
of CsA (Novartis Pharma) or 15 mg/kg of blocking CD1d
mAbs (clone HB323; BioXcell) diluted in 200 pl of PBS were
injected daily or twice a week, respectively, from day 1 after
transfer of PTCLs or when tumors became clinically apparent
in the transplant-recipient mice (i.e., at day 21). All groups of
mice were age and sex matched.

Immunostaining

For immunohistochemistry, thymus, spleen, liver, kidney,
lung, and mesenteric or mediastinal lymph nodes were fixed
in 10% formaldehyde and paraffin embedded. 4-pm-thick
sections were stained with hematoxylin and eosin (H&E) or
immunostained with anti-TdT (A3524; Dako). For cytology,
fresh tissue appositions were obtained by touch imprints of
spleen and liver. Sections and appositions were viewed using
a Leica DMR microscope and images were captured with a
digital camera (DXM 1200C; Nikon).

Microarray analysis

Cell sorting. Thymic and PCTL tumoral cells from thymus or
liver, respectively, were sorted on a FACSAria sorter (BD).
Purity was consistently >98%. Sorted normal iNKT cells
from liver and normal T lymphocytes pooled from spleen and
mesenteric lymph nodes from age-matched WT animals were
used as controls. For normal iNKT cell and T cell activation,
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anti-CD3/anti-CD28—coated beads (Invitrogen) were used at
a 1:1 bead-to-cell ratio in 3-d cultures.

Target labeling. Total RNA was extracted using TRIzol-
Reagent (Invitrogen) and was amplified by two rounds of in
vitro transcription (IVT) using an ExpressArt C&E mRINA
amplification nano kit (AmpTec GmbH). During the second
IVT amplification, RNA was biotin-labeled using BioArray
HighYield RNA Transcript Labeling kit (Enzo Life Sciences).
Before amplification, spikes of synthetic mRINA (GeneChip
Eukaryotic Poly-A RNA Controls; Affymetrix) at different
concentrations were added to all samples; these positive con-
trols were used to ascertain the quality of the process. Bioti-
nylated antisense cRINA quantification was performed with
Nanodrop 1000 (Nanodrop) and quality checked with Agi-
lent 2100 Bioanalyzer (Agilent Technologies).

Array hybridizations, scanning, and normalization. Hybrid-
ization was performed following the Affymetrix protocol. In
brief, 15 pg of labeled cRINA was fragmented and denatured
in hybridization buffer, and then 10 pg was hybridized on
GeneChip Mouse Genome 430 2.0 array (Affymetrix) for
16 h at 45°C with constant mixing by rotation at 60 rpm in
the Hybridization Oven 640 (Affymetrix). After hybridiza-
tion, arrays were washed and stained with streptavidin-
phycoerythrin (GeneChip Hybridization Wash and Stain kit)
in the Fluidics Station 450 (Affymetrix) according to the
manufacturer’ instruction. The arrays were read with a con-
focal laser (GeneChip Scanner 3000 7G; Affymetrix). The
CEL files were generated using the Affymetrix GeneChip
Command Console software 3.0. The obtained data were
normalized with Affymetrix Expression Console software
using MASS5 statistical algorithm.

GSEA was performed using the publicly available desk-
top application from the Broad Institute after normalization
with Affymetrix Expression Console software using MAS5
statistical algorithm. Affymetrix CEL files from mouse sam-
ples were also analyzed in R using the Bioconductor. Raw
probe signals were background-corrected using the maxi-
mum likelihood estimation of the normal-exponential mix-
ture model, and normalized using the variance-stabilization
transformation, followed by a quantile normalization. Sum-
marization was performed using the median-polish version
17.1 of the Entrez Gene-based reannotated chip description
file. Murine microarray data have been deposited into the
Gene Expression omnibus (GEO) database under accession
no. GSE63264. GEP from human samples for hierarchi-
cal clustering, PCA, and GO analyses were collected from
ArrayExpress accession nos. E-TABM-702, E-TABM-783,
and E-TABM-638, and GEO accession nos. GSE19067,
GSE58445, GSE19069, and GSE6338. The various human
GEP datasets were normalized in BRB-ArrayTools v4.5.0
Beta 2 using default settings, exported, combined, and
batch corrected via Combat. The batch corrected datasets
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were reimported into BRB-ArrayTools, but not renormal-
ized. The mouse expression matrix was combined with the
human expression matrix, pairing orthologue genes based
on the information in version 68 of HomoloGene. In the
PCA analysis, distance between individual samples was de-
picted according to the first two principal components. First
and second principal components accounted for >40% of
the total variance. For analysis of GO biological processes,
the 300 most differentially up-regulated or down-regulated
genes between groups of entities were considered.

IL-7, IL-15m, and CsA in vitro experiments

PTCL viability was assessed after 24 h of culture in medium
alone or in medium supplemented with 10 ng/ml of IL-7 (R&D
Systems) or IL-15 (R&D Systems), or with increasing concen-
trations of CsA (Sigma-Aldrich).Viability was assessed by PTCL
staining with FITC-conjugated AnnexinV at the indicated time.

M-FISH

M-FISH was performed on chromosome spreads obtained
from fixed-cell material and prepared using standard cytoge-
netic protocols. A mix of 21 labeled painting probes specific
to the different mouse chromosomes was used (MetaSys-
tems). Experiments were performed according to the manu-
facturer’s protocols. Metaphase spreads were analyzed using a
fluorescence microscope (Axioplan II; ZEISS) equipped with
appropriate filters (DAPI, FITC, Spectrum Orange, TRITC,
Cy5, and DEAC). Images were captured and processed using
the ISIS/mFISH imaging system (Metasystems).

Statistical analyses

All analyses were performed using Prism (GraphPad Soft-
ware) version 6.0. In all figures, histograms represent mean
and error bars represent SD. Comparisons were made with
the % test or the Fishers exact test for categorical variables,
and with Mann-Whitney nonparametric test for continuous
parameters. Survival curves were constructed with the Ka-
plan-Meier method and survival distributions were compared
by the log-rank test. All tests were two-sided and p-values of
<0.05 were considered statistically significant.

Online supplemental material

Fig. S1 shows CDR3 nucleotide and amino acid sequences
of the TCR Va rearrangements of PTCL. Table S1 shows
gene ontology terms most strongly up-regulated and down-
regulated in mPTCL, human HSTL, and T-PLL compared
with other human PTCL entities. Online supplemental
material is available at http://www.jem.org/cgi/content
/full/jem.20150794/DC1.
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