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LYMPHOID NEOPLASIA

Somatic IL4R mutations in primary mediastinal large
B-cell lymphoma lead to constitutive JAK-STAT
signaling activation
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Primary mediastinal large B-cell lymphoma (PMBCL) is a distinct subtype of diffuse large

® Somatic IL4R
mutations were
identified in 24% of
primary PMBCL cases
(n = 62) and in 100% of
PMBCL-derived cell
lines.

® |L4R mutations lead to
hyperphosphorylation
of STAT proteins
activating
downstream
immunoregulatory
genes (CD23, CCL17).

B-cell lymphoma thought to arise from thymic medullary B cells. Gene mutations underlying
the molecular pathogenesis of the disease are incompletely characterized. Here, we de-
scribe novel somatic IL4R mutations in 15 of 62 primary cases of PMBCL (24.2%) and in all
PMBCL-derived cell lines tested. The majority of mutations (11/21; 52%) were hotspot
single nucleotide variants in exon 8, leading to an 1242N amino acid change in the
transmembrane domain. Functional analyses establish this mutation as gain of function
leading to constitutive activation of the JAK-STAT pathway and upregulation of down-
stream cytokine expression profiles and B cell-specific antigens. Moreover, expression of
1242N mutant IL4R in a mouse xenotransplantation model conferred growth advantage in
vivo. The pattern of concurrent mutations within the JAK-STAT signaling pathway suggests
additive/synergistic effects of these gene mutations contributing to lymphomagenesis.
Our data establish IL4R mutations as novel driver alterations and provide a strong pre-
clinical rationale for therapeutic targeting of JAK-STAT signaling in PMBCL. (Blood.

2018;131(18):2036-2046)

Introduction

Primary mediastinal large B-cell lymphoma (PMBCL) accounts
for ~2% to 4% of all non-Hodgkin lymphomas (NHLs) affecting
predominantly young female patients in their third and fourth
decades of life. PMBCL is thought to arise from thymic medullary
B cells and is clinically characterized by a large anterior medi-
astinal mass with a locally invasive growth pattern. Historically,
PMBCL was considered a subtype of diffuse large B-cell lym-
phoma (DLBCL), but subsequent molecular characterization
highlighted a similar gene expression profile with the nodular
sclerosis subtype of classical Hodgkin lymphoma (HL).2* Be-
cause of its clinical, pathological, and genetic features, PMBCL
was recognized as a distinct entity by the World Health Orga-
nization classification of lymphoid neoplasms in 2008.°

Recurrent somatic mutations in nuclear factor-kB (NF-«kB) and
JAK-STAT® signaling pathways, leading to their aberrant activation,
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constitute a hallmark of the disease.” The transcription factor NF-xB
regulates proliferation, survival, development, and activation of
immune cells,® and its deregulation provides survival and pro-
liferative advantage to malignant cells. Indeed, chromosomal am-
plification of REL (2p16.1),? BCL10 (1p22), and MALT1 (18p21) gene
loci,'® as well as inactivating biallelic mutations of the negative NF-xB
regulator TNFAIP3"" have been characterized as leading to con-
stitutively active nuclear NF-kB during PMBCL pathogenesis. Similar
to NF-kB, genomic hits targeting the JAK-STAT pathway have been
described, mostly in the setting of targeted single-gene mutational
studies. Most prominently, genomic amplification of JAK2 (9p24.1)2
and somatic mutations affecting negative regulators, such as
SOCS1" and the protein phosphatase PTPN1,'* potentiate the
activation of this oncogenic pathway.

More recently, the tumor microenvironment and its involve-
ment in lymphomagenesis has been highlighted based on key
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discoveries that linked somatic gene mutations with immune
escape phenotypes'?'31¢ and emergence of breakthrough im-
munotherapies targeting microenvironment biology, such as
immune checkpoint inhibition.’”-2° However, knowledge about
somatic gene mutations underlying crosstalk of lymphoma cells
with immune infiltrates and changes in microenvironment com-
position is very sparse. Proof of concept that microenvironment
biology and immune privilege are important aspects of PMBCL
pathogenesis was demonstrated in a previous study that es-
tablished frequent alterations of CIITA, the master transcrip-
tional regulator of major histocompatibility complex (MHC) class
Il expression, to underlie loss of MHC class Il expression in a
subgroup of patients, a finding that correlated with a reduced
number of cytotoxic T cells and T helper cells in the tumor
microenvironment.?' Moreover, structural genomic changes of
chromosome 9p24.1 have been shown to lead to increased
expression of the programmed death ligands PDL1 and PDL2
contributing to T-cell exhaustion.'?'¢22 However, very little is
known about the role of somatic mutations affecting microen-
vironment biology and its contribution to pathogenesis.

In this study, we characterize novel somatic alterations occurring
in the interleukin 4 receptor (IL4R) in PMBCL. Specifically, we
uncover a recurrent hotspot mutation in the IL4R transmembrane
domain (NP_000409.1, p.I242N) that leads to constitutive JAK-
STAT activation, growth advantage in vivo, and an altered cy-
tokine expression profile. Moreover, we show the presence
of multiple mutational hits in the JAK-STAT pathway (JAK2,
SOCS1, STAT6, PTPN1, and IL4R) in primary specimens, sug-
gesting a synergistic/additive effect of these mutations in PMBCL
pathogenesis.

Methods

Tissue specimens, cell lines

Specimens from 62 PMBCL patients were selected from the
tissue archives of the Centre for Lymphoid Cancer of the British
Columbia Cancer Agency, the Arizona Lymphoma Repository,
and the Hopital Henri Mondor Pathology Department ac-
cording to the availability of fresh-frozen lymphoid tissue
biopsy material and clinical follow-up data. Additional infor-
mation is reported in supplemental Methods (available on the
Blood Web site).

Screening for IL4R somatic mutations
IL4R mutations were detected by deep amplicon sequencing
and were subsequently validated by Sanger sequencing.

IL4R expression, site-directed mutagenesis,

reporter gene assay in HEK293-STAT6 cells

The wild-type (WT) IL4R coding sequence was amplified by
polymerase chain reaction (PCR) using complementary DNA
from Karpas 1106P and cloned into the pcDNA3.1 mammalian
expression vector (Invitrogen). The IL4R [242N mutation was
created using the QuikChange XL site-directed mutagenesis
kit (Agilent Technologies) according to the manufacturer’s in-
structions. The remaining IL4R mutations (D37N, Y62C, N78Y,
G113D, F115L, N176S, R200W, C251W, K308N, E684Kfs*2)
were created using the GENEART site-directed mutagenesis
system (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Empty pcDNA3.1 was used as a mock-vector. The
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plasmids were purified by Spin Miniprep kit (Qiagen) and 1 png
of plasmid was transfected into HEK293 cells expressing STAT6
(HEK293-STATé; Invitrogen), seeded the day before at 0.25 X
10¢ cells/well (12 multiwell plate), using Lipofectamine2000
(Invitrogen). Twenty-four hours after transfection, cells were
cultured in the absence or presence of recombinant human IL-4
(0.1 ng/mL, 24 hours) (R&D Systems) and secreted embryonic
alkaline phosphatase (SEAP) levels assayed in cell-free super-
natant according to the manufacturer’s protocol.

Flow cytometry

Flow cytometry analysis for surface expression of IL4R (CD124)
and CD23 was performed using an LSR Fortessa special order
system (Becton-Dickinson Biosciences) as previously described.’

Quantitative RT-PCR

Total RNA was isolated using the RNeasy kit (Qiagen) and
treated with DNAse | (Promega). TagMan gene expression assay
probes were used to detect messenger RNA (mRNA) levels.

Preparation of doxycycline-inducible cell lines,
retroviral transduction, cell culture

Retroviral transduction of DEV cells was performed as previously
described.?32

Western blotting, immunoprecipitation
Western blotting and immunoprecipitation were performed as
previously described in Gunawardana et al'* and Rui et al.?®

Whole-transcriptome sequencing
RNA sequencing (RNA-Seq) was performed as previously de-

scribed using RNA extracted from DEV cells expressing ILAR WT
and 1242N.2¢

Gene expression by complementary DASL assay
The Illumina Whole-Genome DNA-mediated annealing, selec-
tion, extension, ligation (DASL) assay was performed on 400 ng
of RNA derived from 42 PMBCL tissue specimens (32 cases were
IL4R WT and 10 had mutations in the IL4R gene) by The Centre
for Applied Genomics (The Hospital for Sick Children, Toronto,
Canada), as previously published.?”

Murine xenograft model

The animal study was performed according to the animal care
protocol approved by the Institutional Animal Care Committee
(University of British Columbia). DEV cells in growth medium
(2 X 10¢) were mixed with Matrigel matrix (1:1 ratio, 100 pL) and
implanted subcutaneously into the back of female NSG mice
using a 27-gauge needle. Tumor growth was monitored by
measuring tumor dimensions with calipers beginning on ob-
servance of palpable tumors. Tumors were allowed to grow to a
maximum of 800 mm? before animals were euthanized (the first
mouse tumor was culled on day 24 and the last mouse tumor on
day 51). Following necropsy, part of the tumor was snap-frozen
for further molecular studies and part of the tumor was fixed in
10% neutral buffered formalin and processed for histopatho-
logical evaluation (hematoxylin and eosin [H&E]) and Kié7
staining.
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Immunohistochemistry

Immunohistochemistry (IHC) was performed on 4-um whole
tissue or tissue microarray sections on a Ventana Benchmark XT
and details are described in supplemental Methods.

Statistical analysis

Comparisons between groups were performed using a 2-sample
Student t test, 1-sample Student t test, 1-way analysis of variance
(ANOVA,) or 2-way ANOVA, where appropriate (GraphPad Prism
7). Time-to-event analyses were performed using the Kaplan-
Meier method; survival curves were compared by the log-rank test
using SPSS, version 14.0.

Results

IL4R is frequently mutated in PMBCL

We have previously described IL4R being mutated in 1 of 7
primary PMBCL specimens and 3 of 3 PMBCL cell lines analyzed
by whole transcriptome sequencing.' To uncover the prevalence
and type of genomic mutations affecting IL4R, we screened
the complete coding sequence of IL4R, comprising 9 exons, in
62 primary PMBCL specimens by Sanger sequencing and deep
amplicon sequencing. In total, after the exclusion of reported
single nucleotide polymorphisms and synonymous mutations, we
found 21 variants (16 mutations in 15 of 62 primary cases [24.2%)]
and 5 mutations in 3 of 3 cell lines [100%)]) (supplemental Table 4),
with 1 primary case and 2 cell lines harboring 2 mutations each.
The majority of mutations (95.2%) were missense mutations; the
exception was 1 frameshift mutation (4.8%) that putatively leads
to premature IL4R protein termination from the introduction of a
stop codon at amino acid position 686. The type, distribution, and
frequency of mutations for each exon are shown in Figure 1A. Nine
of the 16 mutations detected in primary cases (56.3%) showed a
strikingly recurrent hotspot mutation in exon 8 (hg19: chromo-
some 16: 27,367,183; ENST00000395762.6, c.725T>A), which
leads to the substitution of the isoleucine residue at amino acid
position 242 by an asparagine (1242N). This recurrent mutation was
confirmed as somatic by sequencing constitutional DNA extracted
from peripheral blood in 1 patient (supplemental Figure 1).

IL4R mutations lead to STAT6 phosphorylation in
engineered HEK 293 cells

To study the functional relevance of the IL4R 1242N mutation,
we ectopically expressed IL4R in engineered HEK293 cells ex-
pressing STAT6 (HEK293-STATé). The expression of IL4R protein
was increased in cells transfected with IL4R WT or mutants com-
pared with cells transfected with empty vector alone (Figure 1B;
supplemental Figure 2A-C). As expected, treatment of HEK293-
STAT6 cells with recombinant IL-4 induced phosphorylation of
STAT6 (supplemental Figure 2B,D) and STAT6-dependent ex-
pression of SEAP (Figure 1C; supplemental Figure 2E), but no
significant difference was observed between cells transfected with
WT, IL4R mutants, or empty vector. To determine if ILAR mu-
tants affected the phosphorylation status of STAT6 in a ligand-
independent manner, we analyzed cell lysates obtained from
unstimulated cells by westemn blot. Interestingly, only HEK cells
expressing the 1242N, D37N, Y62C, N176S, and R200W mutated
form of ILAR showed increased IL-4 independent phosphorylation
of STAT6 (Figure 1B; supplemental Figure 2F), indicating consti-
tutive activation of the JAK-STAT pathway. Consistently, a
higher amount of SEAP was detected in supernatants from cells
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expressing these mutants compared with WT [L4R (Figure 1C),
confirming the results obtained by western blot.

The activation of IL4R is known to induce additional downstream
signaling pathways such as phosphoinositol 3-kinase-AKT and
mitogen-activated protein kinase.?® To evaluate the role of IL4AR
mutants in phosphoinositol 3-kinase-AKT and mitogen-activated
protein kinase signaling pathways, we determined the phos-
phorylation of AKT and ERK1/2 in transfected HEK293-STAT,
respectively. Notably, only HEK293-STATé expressing the hotspot
mutation (1I242N) induced phosphorylation of ERK1/2, whereas no
significant AKT activation was observed for any mutant (supple-
mental Figure 3A-B).

IL4R 1242N mutation hyperphosphorylates STAT
proteins activating downstream JAK-STAT
signaling in lymphoma cells

To evaluate activation of the JAK-STAT pathway by IL4R 1242N
hotspot mutations in a B-cell lymphoma context, we expressed
ILAR 242N (DEV IL4R242N) or ILAR WT (DEV ILARYT) in the
nodular lymphocyte predominant HL-derived cell line DEV.
Equally increased transcript expression of IL4R in DEV ILARWT
and DEV IL4R?*N was confirmed by quantitative reverse tran-
scription PCR as compared with cells transduced with empty
vector (Figure 2A). However, DEV IL4R™?42N cells showed lower
ILAR protein levels (Figure 2B; supplemental Figure 4) and lower
surface expression (Figure 2C-D) compared with DEV IL4ARWT
cells. Following IL-4 stimulation, phosphorylation of STAT5 and
STAT6 was increased in DEV empty, ILAR"T, and ILAR'?*2N cells
(Figure 2B; supplemental Figure 4). In accordance with the lower
expression of IL4R mutant on the surface (Figure 2C-D), mutant
cells showed a less pronounced phosphorylation of STATS
compared with WT cells upon stimulation with IL-4 (Figure 2B).
Strikingly, the 1242N mutant hyperphosphorylated STAT5 and
STATé independent of IL-4 stimulation despite the lower levels
in IL4R expression observed (Figure 2B; supplemental Figure 4).
No appreciable changes in phospho-STAT3 levels were de-
tected between WT and the mutant in both IL-4-stimulated and
IL-4—unstimulated cells (Figure 2B). In addition, concordantly
with the results obtained in HEK293-STATé, DEV [L4R'242N
showed a slight increase in phospho-ERK1/2 compared with
DEV IL4RYT, but no difference in phospho-AKT was observed
(supplemental Figure 5A-B).

The 1242N mutation resides in the transmembrane domain of
the protein and affects an evolutionarily conserved residue. The
mutated residue is larger and more hydrophilic than the WT
residue. Therefore, we investigated the subcellular localization
of the mutant protein using fractionated westem blot and found
that ILAR remained in the membranous compartment of both WT
and mutant cells (supplemental Figure 6A). Because membrane-
bound IL4R can be proteolytically cleaved to form a soluble
fraction, which has been reported to enhance IL-4 signaling,?*°
we assayed secreted IL4R levels in WT and mutant cell culture
supernatants by enzyme-linked immunosorbent assay (ELISA), but
no significant differences were found (supplemental Figure 6B).

Mutant IL4R induces CD23 expression and

CCL17 secretion

To determine genome-wide gene expression changes in DEV
ILAR'?42N ys DEV ILARWT cells, we sequenced the transcriptomes

VIGANO et al
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Figure 1. IL4R mutations in PMBCL and their ability to induce constitutive phosphorylation of STAT6 in HEK293 cells. (A) Distribution of IL4R mutations in PMBCL cell lines
(n = 3) (O and O), previously reported in Gunawardana et al™* and PMBCL clinical samples (n = 62) (@) identified by targeted deep amplicon and Sanger sequencing. Missense
and frameshift mutations are represented by circles and squares, respectively. Variations in noncoding regions, reported single nucleotide polymorphisms, and synonymous
mutations are not shown. (B-C) HEK293-STATé cells were transfected with ILAR WT, ILAR mutants, or mock expression vector (empty) and either left UT or stimulated with human
recombinant IL-4 (0.1 ng/mL) for 24 hours. (B) Western blot analysis of IL4R, pSTAT6, STAT6, and GAPDH in cell lysates. (C) STAT6-dependent SEAP released in cell-free
supernatants. The values were normalized to untreated HEK293-STATé cells transfected with ILAR WT vector. (C) Mean = SD of 3 independent experiments; significance was
evaluated using 1-way ANOVA followed by Bonferroni post test. *P < .05; ***P < 001, ****P < .0001. SD, standard deviation; UT, untreated; UTR, untranslated region.

of both derivative cell lines by RNA-Seq. Forty-four genes were
upregulated and 2 were downregulated in the mutant cell line
compared with WT (fold change =0.6; Figure 3A; supplemental
Tables 5 and 6). Of these, the B-cell activation marker CD23
(encoded by FCER2) and the thymus and activation-regulated
chemokine (TARC; encoded by CCL17) were the most signifi-
cantly upregulated genes in DEV IL4R™%2N cells (Figure 3A). In
accord with the gene expression results obtained from the RNA-
Seq analysis, we detected higher amounts of CCL17 by ELISA in
the supernatant of DEV IL4R™242N cells compared with DEV [LARYT
(Figure 3B). Validation of CD23 upregulation was confirmed by
flow cytometry (Figure 3C; supplemental Figure 7A) and real-
time PCR (supplemental Figure 7B).

We next sought to examine if the upregulation of CD23 and
CCL17 observed in DEV IL4R?42N would also be reflected in
primary PMBCL tumors. The lllumina Whole-Genome DASL
assay revealed higher expression of both CD23 and CCL17
mRNA in lymphomas carrying the IL4R mutation compared with
samples expressing WT IL4R (1.5 fold higher expression of CD23
[P < .05] and CCL17 [P = .066]) (supplemental Table 7).

We also investigated in primary cases if mutations in IL4R were
capable of driving the PMBCL-specific gene expression profile
previously described by Rosenwald and colleagues.® Indeed,
cases carrying a mutation in IL4R were significantly associated
(Qvalue < 0.001), with increased expression of the PMBCL gene
signature, including CCL17, PDCD1LG2, and CD23 (Figure 3D-E)
in comparison with WT cases. Similarly, the PMBCL gene

IL4R MUTATIONS IN PMBCL

signature was enriched in cases carrying a mutation in PTPN1
and STATé (supplemental Figure 8A-D), but not in SOCS1
(supplemental Figure 8E-F). Because SOCS T mutations are highly
recurrent in PMBCL cases, we decided to distinguish the cases
carrying either the SOCS1 mutation alone vs the cases in which
SOCS1T mutations cooccurred with additional mutations in the
JAK-STAT pathway (ie, IL4R, PTPN1, and STAT). Only specimens
having cooccurring mutations in SOCST and IL4R, PTPN1, or
STAT6 showed significant correlation with the PMBCL-specific
gene expression profile (supplemental Figure 8G-J).

Moreover, a significant overlap of differentially expressed genes
(P < .001) was observed between DEV cells (IL4AR?42N vs [L4ARWT)
and the primary PMBCL study cohort (n = 42; IL4R mutated vs
IL4AR WT) (supplemental Figure 9). Molecular pathway and bi-
ological processes analysis of both datasets using the DAVID tool
showed enrichment of genes involved in inflammatory responses,
immune responses, plasma membrane integrity, chemokine sig-
naling, and cytokine receptor interactions (supplemental Table 8).

IL4R 1242N mutation hyperphosphorylates STAT
proteins but not JAKs

To delineate molecular mechanisms that might lead to constitutive
activation of pSTAT5 and pSTAT6 in DEV [LAR?*2N, we investigated
phosphorylation of JAK family members. Because of difficulties in
the detection of JAK (JAK1, JAK2, JAK3, and TYK2) phosphory-
lation by conventional direct protein blotting,?® we first immuno-
precipitated tyrosine-phosphorylated protein and subsequently
immunoblotted with antibodies that recognize JAK1, JAK2, JAK3,
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Figure 2. IL4AR 1242N mutant induced STAT activation in DEV cells. Transduced DEV cells with retrovirus control (empty) or retrovirus expressing IL4R WT or hotspot
1242N mutant under control of doxycycline (20 ng/mL, 48 hours) were treated with human recombinant IL-4 (20 ng/mL) for (A,C-D) 24 hours, (B) 20 minutes, or left UT. (A)
mRNA expression of IL4R measured by quantitative real-time PCR. (B) Phosphorylation status of STAT3, STAT5, and STAT6 and protein level of IL4R were determined by
western blot. (C-D) Flow cytometry analysis of cell-surface expression of IL4R represented as a (C) scatter plot and (D) bar plot. (C) Numbers represent the mean = SD of the
percentage of IL4R-expressing cells and the respective GM,; the scatter plots correspond to representative data of 3 independent experiments. (A,D) Graphs show the mean * SD
of 3independent experiments; significance was evaluated using 1-way ANOVA with Tukey posttest. *P < .05; **P < .01; ***P < .001. GM, geometric mean; n.s., nonsignificant.

and TYK2. Activation of all JAKs and TYK2 was observed in IL-
4—treated DEV ILAR™T, and their phosphorylation was decreased
when cells were pretreated with a pan-JAK inhibitor (Pyridone 6)
and a JAK2 inhibitor (Pacritinib) (Figure 4A). In comparison with
DEV IL4ARWT, DEV ILAR?42N showed a slightly lower phosphorylation
of JAKs following the stimulation with the ligand that was not
prevented by the inhibitors (Figure 4A). No activation of JAKs
was observed in untreated DEV IL4R2*2N (Figure 4A), despite
the constitutive activation of STATs. Because of the oncogenic
role of the JAK-STAT pathway in PMBCL,?' we explored the

2040 @& blood® 3 MAY 2018 | VOLUME 131, NUMBER 18

potential therapeutic effect of pacritinib on ameliorating STATS
and STATé activation. Pacritinib treatment effectively in-
hibited IL-4-induced phosphorylation of STATs (supplemental
Figure 10A-C), supporting the role of JAK2 during extrinsic re-
ceptor activation.3'32 Conversely, pacritinib treatment only par-
tially prevented the activation of STAT5 (Figure 4B; supplemental
Figure 10C). Moreover, no inhibition of STATé constitutive
phosphorylation (Figure 4B; supplemental Figure 10C) and no
reduction of CD23 surface expression (Figure 4C; supplemental
Figure 10D) were observed in pacritinib-treated [L4R242N,

VIGANO et al
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Figure 3. IL4R mutations led to CCL17 and CD23 expression as part of a PMBCL-characteristic phenotype. (A) Differential gene expression of RNA isolated from doxycycline-
treated DEV ILARVT and ILAR?N cells by RNA-Seq. The most significantly changed genes are shown (Q value = 0.01). (B-C) Transduced DEV cells with retrovirus control (empty) or
retrovirus expressing IL4R WT or 242N mutant under control of doxycycline (20 ng/mL, 48 hours) were treated with human recombinant IL-4 (20 ng/mL) for 24 hours or left UT. (B) CCL17
released in supernatants by transduced DEV cells was measured by ELISA. (C) Flow cytometry analysis of cell-surface expression of CD23 represented as bar plot. (D-E) GSEA of
the differential gene expression obtained from specimens overlapped with PMBCL gene-expression signature described in Rosenwald et al.? is represented as waterfall plot (D) and
GSEA enrichment plot (E). (B-C) Graphs show the mean = SD of 3 (B) or 4 (C) independent experiments and significance evaluated using 2-sample 2-tailed Student t test. *P < .05;
**P < 01. ES, enrichment score; FDR, false discovery rate; GSEA, gene-set enrichment analysis; NES, normalized enrichment score.

IL4R 1242N xenografts promote tumor formation
and decrease survival in transplanted mice

We next evaluated the tumorigenic role of IL4R mutations in
vivo. DEV cells transduced with IL4R?*2N and IL4RYT were injected

IL4R MUTATIONS IN PMBCL

subcutaneously into the back of female NSG mice. In contrast to
animals xenografted with IL4RYT cells, mice xenografted with

IL4R?42N cells formed larger tumors by day 20 (mean, 211.7 mm?in
mutant vs mean, 55.0 mm?3 in WT; P < .01; Figure 5A) and these
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Figure 4. IL4R-1242N induced STAT6 but not JAK2 activation in DEV cells. Transduced DEV cells with retrovirus control (empty) or retrovirus expressing ILAR WT or [242N
mutant under control of doxycycline (20 ng/mL, 48 hours) were pretreated with PYR or PAC for (A-B) 2 or (C) 24 hours followed by stimulation with (A) human recombinant
IL-4 (20 ng/mL) for 20 minutes or (B,C) left UT. (A) Immunoblot analysis of JAKs (JAK1, JAK2, JAK3, and TYK2) phosphorylation was performed following IP with an anti-
phosphotyrosine (p-Tyr) antibody. GAPDH analysis in samples before IP was used as a loading control. (B) Phosphorylation status of STAT5 and STAT6 were determined
by western blot in DEV cells pretreated with PAC (0.1, 0.25, 0.5, and 1 uM). (C) Flow cytometry analysis of cell-surface expression of CD23 in DEV transduced with IL4R
1242N mutant represented as a scatter plot. Numbers represent the mean *+ SD of the percentage (%) and GM of CD23 expressing cells and the scatter plots correspond
to a representative experiment. IP, immunoprecipitation; PAC, pacritinib; PYR, pyridone 6.

mice showed inferior overall survival (50% of mutant mice sur-
vived only 29 days compared with 50% of WT mice who survived
41 days; P <.01; Figure 5B). Consistent with our in vitro results, ex
vivo tumors obtained from IL4R?*2N xenografted mice expressed
significantly higher levels of CCL17 and FCER2 mRNA while
showing similar IL4R expression (Figure 5C). To determine if
differences in tumor volumes are attributed to increased cell
proliferation of transplanted DEV IL4R?%2N cells, we investigated
the proliferation rate of DEV ILARVT and DEV ILAR?*N cells in
xenograft tumors using H&E and Ki67 staining of tumor sections.
We found significantly more Ki67* cells in DEV ILAR?#2N compared
with DEV IL4ARWT (Figure 5D-E), consistent with increased in vivo
cell proliferation in tumors expressing mutant IL4R. Interestingly,
no differences in proliferation between DEV ILARYT and DEV
IL4R242N cells were detected in vitro (supplemental Figure 11).
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The JAK-STAT pathway is frequently targeted

in PMBCL

Complete mutational data for the JAK-STAT pathway genes
PTPN1, IL4R, SOCS1, STATé, and fluorescence in situ hybrid-
ization results for JAK2 gain/amplification were available for 30
primary PMBCL cases (Figure 6A). In line with data published in
the literature, we found frequent mutations in JAK-STAT path-
way genes, and 27/30 (90%) of the cases harbored at least 1
genetic alteration in the genes/chromosomal areas analyzed and
19/30 (63.3%) of the cases had 2 or more genetic hits (Figure 6A).
SOCS1 was the most frequently mutated gene (53.33%), fol-
lowed by STATé6 (43.33%), JAK2 gain/amplification (40.74%),
PTPN1(26.66%), and IL4R (20%). We then assessed downstream
targets of the JAK-STAT pathway (eg, pSTAT6, CD23, CCL17)
by immunohistochemistry and observed that they significantly

VIGANO et al


http://www.bloodjournal.org/
http://www.bloodjournal.org/site/subscriptions/ToS.xhtml

From www.bloodjournal.org by guest on January 29, 2019. For personal use only.

Figure 5. IL4R-1242N induced tumorigenesis in mu-
rine xenografts. (A) Tumor volume and (B) Kaplan- A B
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correlate with each other (Figure 6A-B). Specimens with 2 or more
JAK-STAT pathway hits were significantly more often positive
for at least 1 of those markers compared with cases with 1 or no
genetic aberrations (Fisher exact test P < .05) (Figure 6A-B).

Discussion

In the present work, we confirmed the high prevalence of re-
current somatic aberrations affecting the JAK-STAT pathway in
PMBCL. Using targeted sequencing, we described novel and
recurrent IL4R missense mutations in PMBCL (24.2%) with a
hotspot mutation in exon 8 affecting the transmembrane domain
of the IL4R protein. This hotspot single nucleotide variant,
encoding an 242N substitution, acts as a gain-of-function mu-
tation leading to constitutive activation of the oncogenic JAK-
STAT pathway that guides an altered cytokine profile.

Mutations in IL4R have been sporadically identified in solid
tumors®3*37 and lymphoid cancers'383? but, up to now, no
previous studies have elucidated the mechanism of IL4R mu-
tations in B-cell lymphoma. Here, we identified novel mutations
that are spread across all domains (extracellular, transmembrane,

IL4R MUTATIONS IN PMBCL

and cytoplasmic) of IL4R in PMBCL. Among all the mutations
discovered, the 1242N hotspot mutation represented >56%
(9/16) of the primary cases, suggesting its ability to confer a
tumorigenic advantage. The hotspot mutation (1242N) is located
in the transmembrane domain, which is highly conserved be-
tween species and composed of numerous hydrophobic amino
acids (ie, isoleucine, leucine, and valine), which can be involved
in binding/recognition of hydrophobic ligands. Indeed, the
conversion of transmembrane residues to potentially charged
amino acids has been shown to alter the fate of transmembrane
proteins, affecting their translocation to the surface and leading
to endoplasmic reticulum retainment and degradation.® This
could explain the reduction in the amount of global and surface
ILAR protein observed in cells expressing the IL4R'242N, Recently,
Kurgonaite and colleagues described the importance of in-
creased internal local concentration of IL4R to initiate the
downstream JAK-STAT signaling transduction.*’ Therefore, the
accumulation of mutant IL4R in the endoplasmic reticulum could
allow the initiation of ligand-independent signaling. Previous
reports showed the presence of heterozygous activating mu-
tations in another type | cytokine receptor, IL7R, in T-cell acute
lymphoblastic leukemia.*>43 Similar to the hotspot mutation
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Figure 6. Aberrations in the JAK-STAT pathway in
A PMBCL. The frequency and presence of aberrations af-
Frequency (2 2 mutations) = 63.3% Frequency fecting 5 genes (SOCS1, STATé, JAK2, PTPNT1, IL4R) are
— displayed in the first 5 rows for 30 PMBCL patients. Each
SOCS1T mut 16/30 column represents a patient, and rows are ordered by the
STAT6 mut 13/30 presence of mutations from the most to the least fre-
quently mutated gene. For each patient, IHC analysis of
9p24.1 amp 11/27 CD23, CCL17, and pSTAT6 are displayed (staining is
PTPN1 mut 8/30 considered positive when the percentage of positive cells
is =10%); significant correlation was evaluated using
IL4R mut 6/30 2-sided Fisher exact test. **P < .01; ***P < .001. Gray, data
not evaluable. (B) Representative IHC sections stained
CD23* ]** with H&E, CD23, pSTATé, and CCL17. Images were ac-
cCcL17+ :| Hkk quired using an Eclipse E600 microscope, DS-F1 camera,
. ] :| o and DS-L2 acquisition software (Nikon); original magnifi-
PSTAT6 | | cation X40; numerical aperture of objective lenses, 0.75.
#2 #29
B
CCL17 pSTAT6
T z T
g Ut Y <
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observed here in IL4R, noncysteine in-frame mutations affecting
the transmembrane domain of IL7R led to ligand-independent
activation of the JAK-STAT signaling pathway and induced tu-
morigenesis in vivo.** However, mutations in IL7R did not affect
global and surface protein levels. Also, in contrast to IL7R mu-
tations, the IL4R hotspot mutation did not stabilize the receptor
oligomerization in vitro (data not shown), suggesting the in-
volvement of a different mechanism of activation. It has been
reported that STAT activation can occur without the involvement of
JAKs. 44 |nterestingly, we did not observe constitutive activation
of JAKs in cells expressing ILAR?42N, suggesting that ILAR?*2N might
induce STAT activation in a noncanonical fashion.

The JAK-STAT signaling pathway is tightly regulated under
physiological conditions, and its aberrant activation is a hallmark
of lymphoma pathogenesis. In agreement with published data in
the field, genetic alterations in PMBCL affecting the JAK-STAT
pathway (such as JAK2, STAT6, SOCS1, and PTPNT)'21447 oc-
curred in the majority of cases analyzed (90%). Our data show
that 63.3% of the primary specimens analyzed harbor multiple
mutational hits in the JAK-STAT pathway, suggesting additive/
synergistic effect of mutations that contribute to the deregula-
tion of this pathway and the pathogenesis of PMBCL. Immu-
nohistochemistry data confirmed that the hyperactivation of the
JAK-STAT pathway leads to an increase in pSTAT6, CD23, and
CCL17 protein expression. CD23 and CCL17 are highly ex-
pressed in PMBCL and HL compared with DLBCL and have been
used as part of a molecular signature proposed to discriminate
PMBCL from DLBCL,® which also includes genes such as MAL,
NFKB2, LY75, PDCD1LG2, IL411, and TNFSF4. Our data strongly
suggest that mutations in the JAK-STAT pathway have an
additive effect in contributing to PMBCL pathogenesis and
regulating the expression of CD23 and CCL17. Our experimental in
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vitro studies in DEV cells explicitly demonstrate upregulated CD23
and CCL17 expression in cells harboring mutant IL4R. Signaling
through CD23 has been reported to induce mitogen-activated
protein kinase pathway activation through the phosphorylation of
ERK1/2,%847 which can in tum regulate cell proliferation. This could
explain the increased ERK1/2 phosphorylation observed in IL4R"242N
in vitro. Moreover, CD23 can be released as soluble fragments and
have an autocrine/paracrine effect. Indeed, CD23 has been shown
to sustain the growth of a human pre-B-acute lymphocytic leu-
kemia cell line,*® adding another possible explanation for the in-
creased proliferation observed in [L4AR?#N in vivo.

In B-cell lymphoma, the survival of malignant lymphocytes is not
only driven by cell-intrinsic mechanisms, but is also modulated
by the interaction with cells and soluble molecules present in
the microenvironment. The microenvironment of PMBCL re-
sembles to some extent that of HL,* which has been extensively
investigated.'”*" CCL5, CCL17, and CCL22 chemokines are
highly expressed by HL tumor cells®? and secreted in the mi-
croenvironment, where they attract CCR4* tumor promoting
cells, such as CD4* T cells and T regulatory cells.>3*> No mu-
tations in IL4R have been found in HL cases (data not shown and
previous studies®*’). Here we establish a link between somatic
IL4R mutations and CCL17 expression in B cells. Indeed gain-of-
function mutation in IL4R led to a significant increase in ex-
pression and release of CCL17 in vitro and in vivo. We speculate
that this might be one of the mechanisms by which tumor cells
orchestrate a pro-tumorigenic microenvironment. In parallel to
the T-cell recruitment mediated by CCL17, activation of the JAK-
STAT signaling pathway in B cells can also induce the expression
of the coregulatory molecules PDL1/PDL2,%8 which negatively
regulate T-cell function, allowing PMBCL tumors to acquire an
immune escape phenotype.
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In summary, we have discovered novel recurrent somatic mutations
in the cytokine receptor IL4R and demonstrate that the hotspot
mutation in exon 8 constitutively activates the JAK-STAT signaling
pathway. Our data suggest that these activating mutations con-
tribute to the remodeling of the microenvironment and patho-
genesis of PMBCL, with implications for future treatment strategies.
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