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ABSTRACT

Angioimmunoblastic T-cell lymphoma (AITL) is a malignant hematologic tumor arising from T follicular
helper (Tfh) cells. High-throughput genomic sequencing studies have shown that AITL is characterized by
a novel highly recurring somatic mutation in RHOA, encoding p.Gly17Val (RHOA G17V). However, the
specific role of RHOA G17V in AITL remains unknown. Here, we demonstrated that expression of Rhoa
G17V in CD4™ T cells increased cell proliferation and induces Tfh cell specification associated with Pon2
upregulation through an NF-kB-dependent mechanism. Further, loss of Pon2 attenuated oncogenic
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function induced by genetic lesions in Rhoa. In addition, an abnormality of RHOA G17V mutation and
PON2 expression is also detected in patients with AITL. Our findings suggest that PON2 associated with
RHOA G17V mutation might control the direction of the molecular agents-based AITL and provide a new

therapeutic target in AITL.

Introduction

Angioimmunoblastic T-cell lymphoma (AITL) is a subtype of
peripheral T-cell lymphoma (PTCL) and accounts for nearly
20% of PTCL cases." It usually affects older adults with auto-
immune manifestations (e.g., hemolytic anemia, rheumatoid
arthritis, or autoimmune thyroiditis) and has limited responses
to intensive chemotherapy and high relapse rates.'”
T follicular helper (Tth) cells, which are a highly plastic subset
of CD4™ T cells specialized in regulating germinal center B cell
differentiation into plasma cells and memory B cells, have been
identified as cell-of-origin of AITL by immunohistochemical
analyses™ and gene expression profiling studies.*” However,
the mechanisms that drive Tth cell transformation in AITL
remain largely unclear.

Recently, high-throughput genomic sequencing technolo-
gies have shed light on the mutational profile of AITL and
revealed frequent mutations in epigenetic regulators, such as
TET2, DNMT3A, and IDH2.>"'? Following these discoveries,
a novel, highly recurring somatic mutation in RHOA, encod-
ing p.Glyl7Val, was identified in almost 70% of AITLs, in
a much smaller proportion of peripheral T-cell lymphomas,
not otherwise specified (PTCL-NOS), and was not detected
in B-cell or myeloid malignancies.”'' Following the discov-
ery of the RHOA G17V mutation in AITLs, animal model-
ing, and molecular modeling simulations support the RHOA

G17V mutation as a dominant-negative driver of AITL-
specific pathogenesis.'”>™'* Our previous data firstly showed
that coexistence of somatic mutations in the RHOA and the
5-methylcytosine oxidase TET2 cooperatively modulated
FoxO1 activity and further disrupted peripheral T cell home-
ostasis, and caused immunoinflammatory responses that are
commonly associated with AITL.'> Cortes et al.'’ have
shown that the coexistence of RHOA G17V and 5-methylcy-
tosine oxidase TET2 cooperatively resulted in CD4" T-cell
transformation and development of AITL in mice. Likewise,
Ng et al.'* have demonstrated that the RHOA G17V muta-
tion contributes to neoplastic and paraneoplastic phenotypes
similar to those observed in patients with Tfh lymphomas.
A novel mouse model for AITL expressing RHOA G17V
under the control of murine Lck distal promoter which in
the absence of further genetic manipulations develops multi-
ple AITL-like phenotypic traits."> Additional functional work
from RNA sequencing and bioinformatics analysis demon-
strated that expression of RHOA G17V in CD4" T cells
induced Tfh cell specification through inducible co-
stimulator (ICOS)-mediated phosphoinositide 3-kinase
(PI3K) and mitogen-activated protein kinase (MAPK) signal-
ing pathways with highly expressing PON2."> Despite these
findings, the clinical significance of the association between
RHOA G17V mutation and abnormal expression of PON2 in
AITLs remains unknown.
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PON2 is one of the three highly conserved members of the
paraoxonase family of enzymes consisting of PON1, PON2,
and PON3.'%!7 [n contrast to PON1 and PON3, PON2 is not
present in serum lipoprotein fractions, but in intracellular
proteins, particularly in the perinuclear region and endoplas-
mic reticulum, and plays a key role in organophosphate poi-
soning, diabetes, obesity, cardiovascular diseases, and innate
immunity.'® Recently, several studies observed marked over-
expression of PON2 in cancers, which include ovarian
cancer,'® pancreatic cancer,”’ and skin neoplasm.21 PON2
plays a role in protection against oxidative stress, inhibition
of apoptosis, and progression in malignancies.'® Tt has also
been found to be upregulated in hematopoietic neoplasms,
such as T-cell lymphoblastic leukemia and pediatric acute
lymphoblastic leukemia, and predicts poor outcome
prognosis.”” However, the role of PON2-mediated signaling
in the tumorigenesis and progression of RHOA G17V-mutated
AITLs has not been investigated.

In this study, we showed the biological function of Pon2 and
Rhoa G17V mutation in CD4" T-cell transformation and
polarizing toward Tth cells, which are the cell-of-origin of
AITL. In addition, immunohistochemistry (IHC) and DNA
sequencing analyses were applied to detect PON2 expression
and RHOA G17V mutation, respectively, to rule out the role of
the association between them in the progression and survival of
patients with AITL.

Materials and methods
Ethics statement

The human tissue specimen study protocol was approved by
the Research Ethics Committee of Ethics Committee of Fujian
Medical University (2017KY087) and Sun Yat-set University
Cancer Center (B2021-467-01), China. Written informed con-
sent requirements were waived for the nature of this study. The
handling of human tissue specimens was in strict accordance
with the relevant institutional and national guidelines and
regulations.

Patient samples

This study retrospectively investigated 46 diagnosed AITL
patients at the Union Hospital of Fujian Medical University
from January 2011 to September 2018 and 8 AITL patients at
Sun Yat-set University Cancer Center from January 2016 to
September 2018. AITL tissues were obtained from 54 patients
who underwent surgical biopsy, comprising 39 men and 15
women, with age ranging from 40 to 84 years (average age,
66 years). None of the patients received preoperative che-
motherapy or radiotherapy. AITL was diagnosed based on
histopathological and immunohistochemical examinations
conducted by two experienced hematopathologists (Mxu and
Szang) according to the 2017 WHO criteria. The Eastern
Cooperative Oncology Group performance status (ECOG PS)
and international prognostic index (IPI) for PTCL scores were
applied to assign risk stratification.”> Forty normal lymph
nodes from patients with inflammatory disease at the Union
Hospital of Fujian Medical University were used as controls.

Specimens were fixed in 10% neutral formalin and embedded
in paraffin.

Animals

Four-week-old female C57BL/6 and T cell receptor-transgenic
(TCR-tg) donor mice, e.g. OT-II mice in which T cells carry
a transgenic TCR recognizing ovalbumin (OVA) were main-
tained in temperature-controlled clean racks with a 12-h light/
dark cycle. The animals were allowed to acclimatize for 1 week
before the start of the experiment. All animal procedures were
conducted in full accordance with the Guidelines for the Care
and Use of Laboratory Animals, and they were approved by the
Institutional Animal Care and Use Committees at Sun Yat-set
University Cancer Center.

Follow-up

Complete follow-up information for 46 patients was acquired
until September 2018, and the median observation time was
8 months (range: 1-69 months). Overall survival (OS) was
defined as the interval between AITL diagnosis and death or
the last follow-up.

DNA extraction and targeted amplicon sequencing

DNA was extracted from formalin-fixed paraffin-embedded
tissues using a silica membrane-based DNA purification
method (DNA Micro Kit, Sangon Biotech, and Shanghai,
China). All extracted DNA samples were assessed for the
quality using PCR amplification. Forty-six AITLs were assessed
using targeted amplicon sequencing to detect the RHOA G17V
mutation in exon 2 of the RHOA gene (NM_001664).
A fragment of RHOA, including the p.Gly17Val site was ampli-
fied using DNA extracted from formalin-fixed paraffin-
embedded tissue sections, with 5'-
GCCCCATGGTTACCAAAGCA-3" and 5'-
TATCGAGGTGGATGGAAAGC-3" as sense and antisense
primers, respectively. A PCR-amplified product of 244 bp was
obtained in all cases, and direct sequencing of these products
was performed. The coding DNA position 50 G > T mutation
of the RHOA gene predicted a change in the wild-type G (Gly)
to the mutant type V (Val).

Immunohistochemistry and evaluation

Immunohistochemistry was performed using the EliVisionTM
Plus two-step system (Maixin Biotech, Fuzhou, China) accord-
ing to the manufacturer’s instructions. The slides were depar-
affinized, rehydrated, and immersed in 3% hydrogen peroxide
solution for 10 min. They were then boiled in citrate buffer (pH
6.0) for 3 min and cooled at room temperature for 1 h.
Blocking was conducted carried out with 10% normal goat
serum at 37°C for 30 min. The slides were then incubated in
a 1:100 dilution of rabbit monoclonal anti-human/mouse
PON2 antibody (Abcam, Cambridge, UK) for 1 h at 37°C,
followed by three washes with PBS. The slides were incubated
with polymerized horseradish peroxidase anti-rabbit IgG and
visualized with DAB. Counterstaining was performed using



hematoxylin. The negative control sections were incubated
with pre-immune serum. PBS was used for the primary anti-
body to serve as a blank control. Positive PON2 were evaluated
according to the intensity of the tumor cell-specific cytoplas-
mic staining. Moderate to strong cytoplasmic staining
observed in more than 10% of tumor cells was regarded as
positive. Faint cytoplasmic staining or moderate to strong
cytoplasmic expression observed in less than 10% of tumor
cells was regarded as negative, to account for background
staining or staining because of non-tumor cells. The staining
results were evaluated by two independent pathologists (Szang
and Mxu) without knowledge of the clinicopathologic features,
and differences in interpretation were resolved by consensus.

Mouse T cell isolation and activation

As described previously,'* mouse CD4" T-cells were purified
using a CD4" T cell isolation kit (mouse) (Miltenyi Biotec,
Germany). In brief, spleens and lymph nodes were isolated
from C57BL/6 mice (6-8 weeks-old) and ground with a syringe
plunger to release splenocytes and lymphocytes into a culture
dish. The homogenized cell suspensions were filtered with
a cell strainer (nylon mesh with 70 uM pores) to remove debris.
The suspended cells were centrifuged and the red blood cells
were lysed with ACK lysis buffer. The residual cells were then
purified by CD4" T cell isolation kits following the manufac-
turer’s instructions. The purity of the isolated T cells was
assessed by flow cytometric analysis. Then, CD4" T cells were
activated with plate-bound anti-CD3 (clone 145-2C11, 10 pg/
mL) plus soluble anti-CD28 (clone 37.51, 2 pg/mL) (BD
Bioscience, San Jose, CA).

Plasmid construction and retrovirus transduction

A cDNA fragment encoding FLAG-tagged murine Rhoa WT
was synthesized (Sangon Biotech, Shanghai, China) and cloned
into the MSCV-IRES-GEFP vector between the restriction sites
of Xhol and EcoRI. Mutagenesis to create the construct encod-
ing Glyl7Val mutant of Rhoa was carried out with the
Primestar Mutagenesis Basal kit (Takara, Japan) according to
the manufacturer's protocol by using MSCV-IRES-GFP-Rhoa
as a template. Based on the mouse Pon2 gene sequence in
GenBank (NM_183308.3) and shRNA design principles, two
sequences (shRNA1 and shRNA2) that specifically inhibited
Pon2 expression were designed and cloned into the MSCV-
IRES-mCherry vector between the restriction sites of Agel and
EcoRI. A nonspecific sShRNA was used as a negative control
(NC). All the plasmids were verified by Sanger sequencing
(Sangon Biotech, Shanghai, China). The correct plasmids
were prepared using PureLink HiPure Plasmid Maxiprep kit
(Thermo Fisher Scientific, MA, USA).

Retroviruses encoding the target gene were generated using
MSCV and EcoPack plasmids transfected into the potent retro-
virus packaging cell line, Plat-E (Cell Biolabs, USA).
Retrovirus-containing supernatants were collected from trans-
fected Plat-E cells and then concentrated using ultracentrifuga-
tion (Beckman SW28 rotor, 20,000 rpm for 2 hr at 4°C).
Concentrated retroviruses were re-suspended, aliquoted, and
stored in —80°C up to 2 months.
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After 12-24 h stimulation of CD4" T cells, concentrated
retroviruses at optimized titers, along with polybrene (6 pug/mL,
EMD Millipore, MA, USA), were added to cultured T cells,
followed by centrifugation (2000 rpm at 37°C for 90 min). The
transduction efficiency of retroviruses was examined by flow
cytometry 24-48 h after transduction.

Adoptive T-cell transfer

As described previously,'> CD4" T cells isolated from OT-II
mice were transferred into 6 to 8 week-old C57BL/6 female
recipients by retro-orbital injection. We immunized the reci-
pient mice by standard foot pad immunization using 50 pg
NP14-OVA (Biosearch Technologies, Berlin, Germany) preci-
pitated in alum adjuvant (Thermo Fisher Scientific, MA, USA).

Flow cytometry analysis

Cells were re-suspended in FACS buffer (PBS with 1% BSA,
2 mM EDTA) and incubated with Fc blocker for 10 min on ice.
After washing with FACS buffer, cells were incubated with the
desired antibodies at optimal concentrations for 20 min on ice
in the dark. Cells were then washed with FACS buffer twice and
re-suspended in 200 uL FACS buffer for flow cytometry ana-
lysis (LSRIL, BD Biosciences, NJ, USA). For intracellular stain-
ing, cells were stained with surface markers as described above,
treated with cell fixation/permeabilization kit reagents (BD
Biosciences, NJ, USA) and then incubated with antibodies for
desired intracellular markers. CD4-PE, CD4-APC, or CD4-
eFluor 450 was purchased from BD Biosciences. Tth cell stain-
ing was performed using a three-step staining protocol.**
Annexin V-pacific Blue (Biolegend, CA, USA) was used to
assess the apoptotic status of cells. CellTrace Violet (CTV)
(Thermo Fisher Scientific, MA, USA) was applied to identify
cell proliferation status, and the proliferation index (P.I.) at
each division peak was calculated following the manufacturer’s
instructions. Flow cytometry analysis was performed using
a LSRII platform (BD Biosciences, NJ, USA) and data were
analyzed using FlowJo software 7.6 (TreeStar, CA, USA).

In vitro pharmacological treatments

To test the effect of a molecular inhibitor of PI3K on
suppressing Pon2 expression in Rhoa G17V-expressing
CD4 + T cells, we used a double PI3K$ and PI3Ky inhi-
bitor, Duvesilib (MedChemExpress LLC, Shanghai, China)
which was dissolved in a solution containing 5% DMSO
and 30% PEG 400 in phosphate buffered saline (PBS).
Briefly, Rhoa G17V-expressing CD4" T cells were plated
in 6 well plates (1 x 10° per well) and treated with
25 nM Duvelisib for 24 h. After treatment, cells were
assayed by western blot as indicated. Rhoa G17V activation
of NF-«xB was inhibited pharmacologically with 10 uM BAY
11-7082 (BAY) (Tocris Bioscience, Missouri, United
Kingdom) or by transduction with the murine S32/36A
mutant SR-IkBa that had been inserted into the pLZRS
retroviral vector downstream of an CMV promoter.
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Western blotting

Cells were lysed with RIPA buffer (150 mM NaCl, 50 mM Tris-
HCI, pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate and
0.1% SDS) supplemented with protease inhibitor cocktail
(GenDEPOT, TX, USA) and incubated on ice for 20 min.
Cell debris was removed by centrifuging at 12,000 rpm for
10 min at 4°C. Protein concentrations were measured using
a Pierce BCA protein assay kit (Thermo Fisher Scientific, MA,
USA). Samples were mixed with SDS sample bufter at 95°C for
10 min. Whole cell lysates were resolved by 10% or 15% SDS-
PAGE and transferred to nitrocellulose membranes. Proteins
were detected by immunoblotting in TBST (150 mM NaCl,
10 mM Tris-Cl, pH 8.0, 0.5% Tween-20) containing 5% low-fat
milk, followed by incubation with rabbit monoclonal anti-
human/mouse PON2 antibody (1:1000 dilution, Cell
Signaling Technology, MA, USA), rabbit monoclonal anti-
human/mouse Phospho-IKKa/p (Ser176/180) antibody (1:500
dilution, Cell Signaling Technology, MA, USA), rabbit mono-
clonal anti-human/mouse IKKp antibody (1:1000 dilution, Cell
Signaling Technology, MA, USA), rabbit monoclonal anti-
mouse IkBa antibody (1:1000 dilution, Cell Signaling
Technology, MA, USA), rabbit monoclonal anti-mouse IkBf
antibody (1:1000 dilution, Cell Signaling Technology, MA,
USA), rabbit polyclonal anti-human/mouse NF-kB p65 anti-
body (1:1000 dilution, Cell Signaling Technology, MA, USA),
or rabbit monoclonal anti-mouse B-Actin antibody (1:1,000
dilution, Sigma, CA, USA) at RT for 1 hr. Then, the membrane
was incubated with HRP-conjugated secondary antibody (goat
anti-mouse IgG HRP, Sigma, CA, USA) and proteins were
detected using the West-Q Pico Dura ECL kit (GenDEPOT,
TX, USA).

Immunofluorescent staining

Cell suspensions were attached to microscope slides through
low-speed cytospin centrifugation (400 g, 5 min) to get a uni-
form monolayer of cells. Cells were fixed in 2% paraformalde-
hyde for 20 min at room temperature and permeabilized in
0.5% Triton X-100 for 10 min in PBS. Slides were incubated
with primary antibody p65 (1:500 dilution, Cell Signaling
Technology, MA, USA) for 60 min. Nuclei were stained with
DAPI (Sigma-Aldrich, CA, USA). Immune complexes were
stained with secondary antibody conjugated to Alexa Fluor
488 or Alexa Fluor 546 (1:200 dilution, Molecular Probes,
Invitrogen, USA) and were viewed with an Olympus IX71
confocal microscope.

Multiplexed fluorescence immunohistochemistry and
analysis

Multiplexed fluorescence immunohistochemistry (mFIHC)
was performed to assess CD4 and PON2 stains in the AITL
samples by using TSA-RM staining kit (Panovue Biological
Technology, Beijing, China) according to the manufacturer’s
instructions. FFPE sections were dewaxed and rehydrated
through a series of xylene to alcohol washes before incubating
in distilled water. FIHC staining was then performed after
heat-induced antigen retrieval followed by cooling and Tris-

buffer treatment. First step: the slides were incubated in a 1:100
dilution of rabbit monoclonal anti-human/mouse PON2 anti-
body (Abcam, Cambridge, UK) for 30 min, then incubated
with Anti-Rabbit HRP (K4001; Dako) for 10 min, and ampli-
fied with TSA FITC for 10 min. Second step: the slides were
incubated with mouse monoclonal anti-human anti-CD4 in
a 1:400 dilution (Maixin, Fuzhou, China) for 30 min, followed
by Anti-Mouse HRP incubation for 10 min and amplification
with TSA Cy5 for 10 min. Nuclei were subsequently visualized
with DAPI (1:2000), and the section was coverslipped using
Vectashield Hardset mounting media. Specimens were scored
positive for PON2 (Green) or CD4 (Red) if strong membrane
and cytoplasmic staining in any percentage of tumor cells was
present. Any membrane and cytoplasmic staining in tumor
cells stained in yellow was considered positive for colocaliza-
tion of PON2 and CD4. DAPI (Blue) is for nuclei staining.

Statistical analysis

Statistically significant differences between groups were
assessed using Fisher’s exact test or one-way analysis of var-
iance with the statistical software SPSS (version 19.0; SPSS Inc.,
Armonk, NY, USA). Survival rates were calculated using the
Kaplan-Meier method, and comparisons of survival curves
were performed using the log-rank test. Differences were con-
sidered statistically significant at P values <.05.

Results
Pon2 is upregulated by Rhoa G17V in CD4" T cells

To investigate the role of RHOA G17V mutation in T cell
development and the pathogenesis of AITL, we first tested
the proliferative response of RhoA G17V-expressing murine
CD4" T cells to stimulation with anti-CD3 and anti-CD28
antibodies. We isolated total CD4" T cells from lymph nodes
and spleens of C57BL/6 mice and then transduced them with
a retrovirus encoding wild-type Flag-Rhoa (WT) or Flag-Rhoa
G17V or with an empty vector (control) expressing GFP as an
internal control for 24 hours in media with anti-CD3 and anti-
CD28 antibodies. After flow cytometry analysis showed
a retroviral transduction efficiency of 60- 80% in all the experi-
mental groups, as indicated by GFP signals (Figure la), we
labeled the cells with CellTrace Violet (CTV) and cultured
them for additional 4 days. The heterologous expression of
Flag-Rhoa, Flag-Rhoa G17V, and endogenous Rhoa was
further confirmed by western blotting (Figure 1b). The results
revealed a marked increase in cell division of Rhoa G17V-
expressing CD4" T cells as evaluated by CTV staining com-
pared to the control CD4™ T cells and WT groups (Figure 1c).
In parallel, we monitored cell apoptosis in Rhoa G17V-
expressing CD4" T cells. In comparison with WT and control
CD4" T cells, Rhoa G17V-expressing CD4™ T cells showed
significant reductions in cell apoptosis (annexin V staining)
(Figure 1d).

To further assess how Rhoa G17V affected the fate of CD4"
T cells, a significant upregulation of Pon2 in Rhoa G17V-
expressing CD4" T cells was observed by western blot
(Figure 2a). As reported before,'>'* expression of Rhoa G17V
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Figure 1. Rhoa G17V expression in CD4 + T cells increases cell proliferation. (a) Retroviral Flag-Rhoa WT, Flag-Rhoa G17V expression vectors, or GFP control vectors was
transduced into mouse CD4" T cells. Transduction efficiency was indicated as GFP signals by flow cytometry analysis. (b) Flag-Rhoa WT, Flag-Rhoa G17V, and
endogenous Rhoa expression in CD4" T cells transduced with retroviral Flag-Rhoa WT, Flag-Rhoa G17V expression vectors, or GFP control vectors were detected by
western blot analysis. B-Actin served as a loading control. (c) In vitro CellTrace Violet (CTV) proliferation assay of CD4* T cells transduced with retroviral Flag-Rhoa WT,
Flag-Rhoa G17V expression vectors, or GFP control vectors for four days. (d) Annexin V and 7-ADD staining of CD4™ T cells transduced with retroviral Flag-Rhoa WT, Flag-
Rhoa G17V expression vectors, or GFP control vectors on day three were analyzed by flow cytometric analysis. The P value in (C) and (D) was calculated by ANOVA
followed by Dunnett’s test using triplicate samples from two independent experiments. Columns indicate means; bars are the standard error. **P < .01.

in CD4" T cells dramatically increased PI3K/Akt signaling
(Figure 2a). In order to test whether Rhoa G17V regulated
Pon2 expression through PI3K/Akt signaling, we focused on
the phosphorylated IkB kinase (IKK) complex, which is most
prominently known to regulate the IxB degradation in the
cytosol as well as the release of NK-xB that can then translocate
to the nucleus with the ability to induce gene transcription,
including PON2 transcription. As illustrated in Figure 2a, Rhoa
G17V-expressing CD4" T cells exhibited a higher level of the
phosphorylated IKK complex and lower expression of IkBa
and IkBp than in both WT and control CD4" T cells. Thus,
we hypothesized that RHOA G17V in CD4" T cells activated
PI3K/Akt/IKK signaling to stimulate NF-kB, which is the key
transcription factor of PON2. In parallel, we performed an
immunofluorescence assay and observed a significant increase
in the percentage of cells with nuclear NF-kB p65 in Rhoa
G17V-expressing CD4" T cells compared to WT and control
CD4" T cells (P = .0001; Figure 2b). To confirm the

immunofluorescence data, we examined the levels of NF-«kB
p65 in nuclear fractions by using western blot analysis. The
results showed an increase of NF-«B p65 in the nuclear fraction
in Rhoa G17V-expressing CD4" T cells, as compared to WT
and control CD4" T cells (Figure 2¢c). We next applied for the
duvelisib (IPI-145), a clinically approved PI3kd/y inhibitor
with high activity in follicular lymphoma and chronic lympho-
cyte leukemia,” as well as AITL in a phase 1 trial,” to test
whether a molecular inhibitor of PI3K could suppress Pon2
expression in Rhoa G17V-expressing CD4™ T cells. Our data
show that duvelisib decreased the phosphorylated IkB kinase
(IKK) complex, inactivated the NF-«xB p65, and perturbed the
expression of Pon2 (Figure 2d).

Based on our results showing Rhoa G17V mediated NF-kB
activity by regulating the PI3K/Akt/IKK pathway and
increased Pon2 expression, we hypothesized that Pon2 expres-
sion is dependent on NF-kB activation in Rhoa G17V-
expressing CD4" T cells. In order to test this hypothesis, we
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Figure 2. Rhoa G17V induces Pon2 expression through activation of the PI3K/Akt/NF-kB pathway in CD4" T cells. (a) Immunoblots showing expression of Pon2,
phosphorylated Akt, phosphorylated IkB kinase, IKKB, IkBa, and IkBp in CD4* T cells transduced with retroviral Flag-Rhoa WT, Flag-Rhoa G17V expression vectors, or GFP
control vectors. B-Actin served as a loading control. (b) Representative confocal images showing immunostaining of NF-kB p65 (Green) in CD4* T cells transduced with
retroviral Flag-Rhoa WT, Flag-Rhoa G17V expression vectors, or GFP control vectors. DAPI (Blue) was used as a nuclear counterstain. Original magnification, x400. The
bar graphs on the bottom are showing the quantification of NF-kB p65 immunostaining in at least 200 counted cells, presented as percentage + SEM. ** P < .01. (c)
Immunoblots showing an increase of NF-kB p65 in the nucleus from Rhoa G17V-expressing CD4™ T cells. Whole-cell lysates (WCL) and nuclear lysates from CD4* T cells
of the indicated groups were immunoblotted with antibodies as indicated. Histone H3 (His H3) is nuclear, while tubulin are cytosolic. (d) Immunoblots showing
Duvelisib suppressed the expression of Pon2, decreased the phosphorylated IkB kinase (IKK) complex, and activated the NF-kB p65 in Rhoa G17V-expressing CD4*
T cells. B-Actin served as a loading control. (€) Immunoblots showing BAY and Ik-B super repressor inhibited NF-kB p65 activation and Pon2 expression in Rhoa G17V-
expressing CD4* T cells. B-Actin served as a loading control.




used BAY 11-7082 (BAY), a specific NF-kB pathway inhibitor
or IkB super-repressor plasmid. Our data showed, as expected,
that both BAY and the IkB super-repressor completely abol-
ished the expression of phospho-NF-kB p65 and Pon2
(Figure 2e). Given these findings, we conclude that genetic
defects in RHOA upregulated the abnormal expression of
PON2 to promote TCR-driven proliferation through the acti-
vation of the PI3K/Akt/NF-kB pathway in CD4" T cells.

Knockdown of Pon2 in CD4" T cells suppresses Rhoa
G17V-induced cell proliferation

Expression of Rhoa G17V in CD4" T cells increased cell pro-
liferation with upregulation of Pon2. Here, we tested whether
knockdown of Pon2 would functionally impact Rhoa G17V
mutation in CD4" T cells in vitro. We first transduced Rhoa
G17V-expressing or control CD4" T cells with a retrovirus
encoding either Pon2-shRNA-IRES-mCherry or nonspecific
shRNA control (Figure 3a). Retrovirus Pon2 shRNA expres-
sion vectors and the nonspecific shRNA control vector are
listed in Supplemental Table 1. The inhibition of Pon2 protein
expression by Pon2-shRNA in Rhoa G17V-expressing CD4"
T cells was confirmed using western blot analysis (Figure 3b).
Since the protein level of Pon2 in the normal CD4" T cells is
quite low, knockdown of Pon2 in the normal CD4" T cells was
unable to exert an obvious effect on T cell development. In
striking contrast, knockdown of Pon2 antagonized the effects
of genetic lesions in Rhoa by suppressing the proliferation
(Figure 3c) and promoting apoptosis (Figure 3d) of Rhoa
G17V-expressing CD4" T cells during 4 days of in vitro stimu-
lation. These data demonstrate the crucial role of Pon2-
mediated signaling in the Rhoa G17V-induced T cell develop-
ment and pathogenesis.

Knockdown of Pon2 in CD4* T cells impairs Tfh cell
polarization and function

To further investigate the role of PON2 in T cell specifica-
tion and the pathogenesis of RHOA G17V-induced AITL,
we performed adoptive T cell transfer experiments since
Tth cell cannot be successfully induced in vitro. We first
isolated naive CD4" T cells from OT-II mice and then
transduced with Rhoa G17V-expressing or control OT-II
CD4" T cells with a retrovirus encoding either Pon2-
shRNA-IRES-mCherry or nonspecific control-shRNA-IRES-
mCherry in vitro to yield four groups (GFP-control shRNA,
GFP-Pon2 shRNA, or Rhoa G17V-control shRNA, Rhoa
G17V-Pon2 shRNA). We then retro-orbitally injected
them into 4-week-old female C57BL/6 mice, which were
subsequently immunized with OVA conjugated to
4-hydroxy-3-nitrophenylacetyl (NP-OVA) (Figure 4a).
After the follow-up period of 3 months, we found that
the inguinal lymph nodes from the mice injected with
Rhoa G17V-expressing CD4™ T cells with Pon2 knockdown
were much smaller than the Rhoa G17V-expressing CD4"
T cells group (Figure 4b). H&E staining further showed
that the inguinal lymph nodes isolated from Pon2 knock-
down Rhoa G17V-expressing CD4" T cells have a marked
decrease in the numbers of secondary lymphoid follicles
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compared to the control knockdown group (Figure 4c).
We then monitored Tfh polarization by analyzing the
expression of Tth surface markers. Flow cytometric analysis
revealed a most notable increase in the population of Tth
cells (CD4"CXCR5"Bcl6") in Rhoa G17V-expressing CD4"
T cells. Expectedly, knockdown of Pon2 in CD4" T cells
suppressed Rhoa G17V-induced Tth cell polarization
(Figure 4d).

Furthermore, we observed a decrease in the population of
Tth cell-stimulated germinal center B cells (B220"GL7"Fas™)
when Pon2 was knockdown in Rhoa G17V-expressing CD4"
T cells (Figure 4e). We also observed the decreased serum
levels of Tth cell-produced proinflammatory IL-6 and IL-21
cytokines by ELISA analysis in Rhoa G17V-expressing CD4"
T cells with Pon2 knockdown (figure 4f). After 1-year period of
follow-up, the amount of Rhoa G17V-expressing CD4™ T cells
with Pon2 knockdown in recipient mice gradually decreased
(data not shown). However, Rhoa G17V-expressing CD4"
T cells in the recipient mice continuously expanded for the
long-term observation (data not shown), indicating Rhoa
mutation maintained a malignant proliferation of CD4"
T cells. In summation, these data imply that Pon2 might con-
stitute one of the critical targets subjected to modulation by
Rhoa-associated pathways in CD4 + T cells to play an impor-
tant role in the initial step of the development of Tth-associated
malignancies, such as AITL.

PON_2 expression is associated with RHOA G17V mutation
in AITLs

Given the close relationship of Pon2 with Rhoa G17V
mutation in the mouse Rhoa G17V-expressing CD4"
T cells, which are the cell-of-origin of AITL,"” we explored
whether PON2 immunostaining was associated with the
RHOA G17V mutation in patients with AITL. We success-
tully performed targeted amplicon sequencing of exon 2 of
the RHOA gene in 46 AITLs with available tissues and
confirmed the presence of a substitution mutation of Gly
to Val in codon 17(p.G17V) in 24 (52.2%) AITL biopsies
(Supplemental Table 2), which is similar to the rate
reported by other investigators.®’

In normal lymph nodes, immunohistochemical staining
of PON2 was detected in a few cells in the germinal center,
but the signal was quite weak (Figure 5a). There was some
PON2 signal in the paracortex region of the lymph nodes
(Figure 5a). Among the 54 AITLs assessed using IHC, 33
tumor samples showed strong staining for PON2, located in
the cytosol of tumor cells (Figure 5b). Compared with
AITLs without the RHOA G17V mutation (Figure 5c),
AITLs harboring the RHOA G17V mutation showed robust
expression of PON2 (Figure 5b). To further confirm that
the PON2 positivity is really coming from the neoplastic
T cells, we performed the Multiplexed fluorescence immu-
nohistochemistry (mFIHC) to assess CD4 and PON2 stains
in the AITL samples. Figure 5d clearly showed CD4 and
PON2 colocalized in the same cells, which proved PON2
expression is in AITL cells.

Among these 46 AITLs with available tissue for sequencing
of the RHOA gene, PON2 was expressed in 63.0% (29/46) of
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Table 1. Relationship between PON2 expression and RHOA G17V mutation in patients with AITL.

PON2
Feature No. of patiens Positive(n = 29) Negative(n = 17) X2 P value
RHAO G17V
Yes 24 22 2 17.651 <0.001
No 22 7 15

Entries in boldface have significance (P < 0.05).

the patients. Approximately 31.82% (7/22) of AITLs without
RHOA G17V mutation showed expression of PON2 (Table 1).
In striking contrast, approximately 91.67% (22/24) of AITLs
harboring the RHOA G17V mutation showed expression of
PON2 (Table 1). There was a positive association between the
percentage of RHOA G17V mutation and PON2 expression in
patients with AITL (Figure 5e; Table 1, P = .000). In order to
confirm that this association between RHOA G17V mutation
and PON2 expression was specific, we also tested the connec-
tion between PON2 expression and the mutation status of
IDH2, which is also frequently mutated in AITLs and contri-
butes to the Tth phenotype of AITL. Among the 46 patients
with AITL, 14 patients (~30.4%) had IDH2 R172 mutations
(Supplemental Table 3). Nonetheless, patients with AITL with
IDH2 R172 mutation showed heterogeneous PON2 staining
and there was no correlation between PON2 immunostaining
and the mutation status of IDH2 in 46 patients with AITL
(figure 5f; Supplemental Table 4, P = .908). Thus, our data
imply that PON2 might be closely associated with RHOA-
associated pathways but not IDH2 to play an important role
in the development of AITL.

Table 2. Relationship between PON2 expression and clinicopathologi

PON_2 expression correlates with aggressive
clinicopathological features and poor prognosis of AITL

Pathologic features (growth pattern, follicular dendritic cell
proliferation, microvessel density, EBV infection, and Tth phe-
notype) were assessed for each case. Interestingly, the mean
microvessel density and number of Tth markers appeared to
correlate with the RHOA G17V mutation status and PON2
expression (P < .05; Supplemental Table 5). Other pathologic
features, such as growth pattern, follicular dendritic cell pro-
liferation, and EBV infection were not associated with the
RHOA G17V mutation status and PON2 expression (P > .05;
Supplemental Table 5). Notably, AITLs with RHOA G17V
mutation or PON2 expression have classic pathological fea-
tures of the Tth phenotype (Supplemental Figure 1).

Table 2 shows the relationship between the PON2 expres-
sion and selected clinicopathological parameters. PON2
expression did not vary significantly with age, sex, LDH level,
splenomegaly, or systemic symptoms. However, patients with
PON2 expression were prone to have an advanced tumor stage
(P = .001), higher ECOG PS (P = .028), presence of BM

c characteristics of patients with AITL.

PON2

Feature No. of Patiens Positive(n = 33) Negative(n = 21) X2 P value

Sex
Male 39 26 13 1.823 0.177
Female 15 7 8

Age,y
60 or younger 14 8 6 0.125 0.723
Older than 60 40 25 15

B syptoms
Yes 28 18 10 0.247 0.497
No 26 15 1"

Splenomegaly
Yes 27 19 8 1.948 0.163
No 27 14 13

ECOG ps
0-1 21 9 12 4.818 0.028
2-4 33 24 9

Ann Arbor stage
1=l 11 2 9 10.711 0.001
-1v 43 31 12

LDH level
Normal 25 12 13 3.367 0.067
High 29 21 8

BM involvement
Involved 22 19 3 9.962 0.002
Not involved 32 14 18

PIT
1-2 19 6 13 10.761 0.001
3-4 35 27 8

All entries in boldface have significance (P < 0.05).

Abbreviations: ECOG ps, Eastern Cooperative Oncology Group performance status; LDH, lactic dehydrogenase; BM, bone marrow; IPI,

international prognostic index.



2134536-12 (&) F.QUEET AL.

a
~100 ——~RHOA wt
N
e
~ -—~RHOA G17V
T
2
£
2 50 . ) )
2 -
4
>
)
P=0.344
20 40 60 80
OS time (months)

b

100 ~~PON2(-)
$

e

< ~PON2(+)
3

z

z

350

3

)

>

é

P=0.032
0 20 40 60 80

OS time (months)

Figure 6. PON2 expression correlates with poor prognosis in AlTLs. Kaplan—Meier analysis of overall survival for patients with AITL with or without RHOA G17V mutation

or PON2 expression.

invasion (P = .002), and higher IPI (P = .001), as well as the
presence of RHOA G17V mutation (Table 2). Thus, the expres-
sion of PON2 is associated with multiple malignant character-
istics of AITL.

We subsequently assessed the influence of RHOA G17V
mutation and PON2 expression on clinical outcomes in
patients with AITL. From the results of the Kaplan-Meier
statistical analysis, our data showed no difference in overall
survival between patients with RHOA G17V-mutated AITL
versus wildtype AITL (y° = 0.896, P = .344, Figure 6a), which
is similar to the studies reported by other investigators,”*”*®
and one recent meta-analysis.”® The survival rates of the group
with or without PON2 expression both declined progressively.
However, Kaplan-Meier analysis showed that patients with
PON2-positive tumors experienced significantly shorter over-
all survival than those with PON2-negative tumors (y° = 5.545,
P = .019, Figure 6b). This data implies that PON2 might be
closely associated with RHOA-associated pathways to play
a cumulative effect in the development and progression of
RHOA G17V-mutated AITLs.

Discussion

The combination of whole-exome sequencing, RNAseq, and
deep targeted sequencing recently revealed a new highly pre-
valent RHOA mutation (RHOA G17V) in almost 60% of AITL
cases, most commonly associated with loss-of-function muta-
tions in the TET2 tumor suppressor gene.>” RHOA is a small
GTPase involved in diverse cellular processes by cycling
between an inactive GDP-bound state and an active GTP-
bound state.’>”' It is required for thymocyte development
and controls the adhesion, polarization, and migration of
T cells.>** Inhibition of RHOA function in the thymus by
overexpressing the bacterial toxin C3 led to aggressive thymic
lymphoma of T-cell origin, suggesting that RHOA-mediated
signaling is critical for the transformation of T cells.”?
Although some of the analyses carried out in vitro have pro-
vided data consistent with the proposed effects of RHOA G17V
mutation as a dominant-negative driver of AITL-specific
pathogenesis, animal models carrying this mutation showing
AITL like phenotypes were attained only upon combining with
homozygous null mutation in Tet2 gene.'>'* However, a novel
mouse model for AITL expressing human RHOA G17V

mutation under the control of murine Lck distal promoter
which in the absence of further genetic manipulations develops
multiple AITL-like phenotypic traits."® This is in clear contrast
to the previous murine model of AITL.">""* Obviously, the role
of RHOA G17V-mediated signaling in the tumorigenesis and
progression of AITLs remains unclear.

In the present study, we have collected compelling evidence
to support the notion that genetic defects in RHOA upregu-
lated the abnormal expression of PON2 to promote TCR-
driven proliferation in vitro and in vivo through activation of
the PI3K/Akt/NF-xB pathway in CD4" T cells. In CD4" T cells,
RHOA G17V mutation activates the PI3K/Akt pathway, result-
ing in the production of the second messenger phosphatidyli-
nositol-3,4,5 trisphosphate, activation of the serine/threonine
kinases Akt and SGKI, and the phosphorylation of different
substrates actively participating in the malignant transforma-
tion of T-cells.'>"3* Among these substrates, IkB kinase (IKK)
phosphorylation by Akt triggers the IkB degradation in the
cytosol and the release of NK-kB that can then translocate to
the nucleus with the ability to induce gene transcription.** In
this study, Rhoa G17V-expressing CD4" T cells exhibited
a higher level of the phosphorylated IKK complex and lower
expression of IxkBa than in both WT and EV-control CD4"
T cells. Compared to control CD4* T cells, in Rhoa G17V-
expressing CD4" T cells, we also observed higher nuclear
expression and localization of NK-xB p65, which is the key
transcription factor of PON2. In addition, the duvelisib (IPI-
145), a clinically approved PI3kd/y inhibitor, perturbed the
expression of PON2, decreased the phosphorylated IxB kinase
(IKK) complex, and inactivated the NF-kB p65. Thus, RHOA
G17V mediated PI3K/Akt/NF-«B activity by regulating IKK
pathway and increased PON2 expression in CD4" T cells.

We further show that inhibition of the NF-kB pathway
significantly abolished the expression of phospho-NF-kB and
Pon2 in Rhoa G17V-expressing CD4™ T cells. Therefore, Pon2
expression is dependent on NF-xB activation in Rhoa G17V-
expressing CD4" T cells. Given these findings, we conclude
that genetic defects in RHOA upregulated the abnormal
expression of PON2 to promote TCR-driven proliferation
truly through activation of the NF-xB pathway in CD4"
T cells. Furthermore, loss of Pon2 has been shown to repress
the cell proliferation and induced cell apoptosis in Rhoa G17V-
expressing CD4" T cells. These results suggest that PON2



activation arising from genetic defects in RHOA could lead to
oncogenic function and have a cumulative effect in the initial
development step of Tth-associated malignancies, such as
AITL. Despite these findings, the clinical significance of the
association between RHOA G17V mutation and abnormal
expression of PON2 in AITLs remains unknown.

In this study, the RHOA G17V mutation was detected in
52.2% of AITLs. Interestingly, we observed that 91.67% of
patients with RHOA G17V mutation showed PON2 expres-
sion, which was correlated with the RHOA G17V mutation but
no IDH2 mutation in AITLs. Despite the established and
dominant role of paraoxonases in cardiovascular diseases and
relevant parameters, more recent studies revealed antioxidant
and antiapoptotic activities of PON2 in cancers.'®*> Several
studies have indicated that PON2 is commonly upregulated in
several tumor types, including pancreatic cancer, %3¢ hepato-
cellular carcinoma (HCC),” skin neoplasm,*”® prostate
cancer,”” and acute lymphoblastic leukemia.*>*' A study
reported that PON2 promotes cancer growth and metastasis
in pancreatic cells by increasing cellular glucose uptake by
modulating the GLUT1-mediated transport.”* PON2 knock-
down in pancreatic cancer cells in vitro and a mouse model
inhibited cell growth and induced apoptosis through the
AMPK-FOXO3A-PUMA pathway.”” Pan et al.** identified
aberrant expression of PON2 in B-cell acute lymphoblastic
leukemia (B-ALL) as a mechanism to bypass metabolic gate-
keeper functions. Other authors have demonstrated that PON2
is among a small group of upregulated genes that characterize
pediatric ALL patients with very poor outcome prognosis.*’
PON?2 was also identified in an outcome-specific gene expres-
sion signature of primary imatinib-resistant chronic myeloid
leukemia patients.*> These findings indicate an oncogenic role
for PON2 in tumorigenesis. However, whether PON2 expres-
sion and the RHOA G17V mutation have a cumulative effect
on the tumorigenesis and progression of AITLs is not clearly
understood.

We retrospectively investigated how PON2 abnormalities
with a RHOA G17V mutation can promote the initiation and
progression of AITL. IHC immunostaining of PON2 was very
weak in Tth cells in the germinal center of the lymph nodes. In
contrast, we found that PON2 expression was detected in
approximately 63% of AITLs. We categorized AITL samples
into PON2 expression and PON2 negative expression cohorts.
Patients with PON2 expression tended to have an advanced
stage, high ECOG PS, presence of BM invasion, and high PIT
score. Notably, this study shows that PON2 is expressed in
AITLs at a high frequency, which ultimately supports the
tumorigenic potential of PON2 as a potential tumor marker.
Furthermore, PON2 was associated with RHOA G17V muta-
tion and the combined effect of the two proteins and genetic
biomarker might control the direction of the molecular agents-
based AITL.

Tth cells are a specialized subset of CD4" T cells that
migrate into germinal centers to help B cells maturation via
stimulation of FDC proliferation. The close relationship
between AITL cells and Tth cells implies that aberrant deregu-
lated genes in AITL are likely relevant for normal Tth devel-
opment and function. Conversely, Tth differentiation and
proliferation pathways may provide important growth and
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survival cues contributing to the pathogenesis of AITL. In
our mouse studies, expression of Rhoa G17V in CD4 + T
cells significantly increases differentiation toward the Tth line-
age, as showed by increased numbers of CD4" CXCR5" PD1"
cells, suggesting an instructive role for this mutation in the
establishment of the Tth features characteristic of AITL. Due to
the lack of the cell lines and animal models of AITL, we fail to
know how the associations of PON2 and RHOA G17V muta-
tion exactly promote disease progression in patients with
AITL. Although further analyses will be necessary to under-
stand how PON2 could influence CD4" T cells and AITL cell
metabolism and phenotype, our results suggest that PON2
expression resulting from RHOA G17V mutation provides an
additional basis for devising new diagnosis, prognosis, and
therapeutics for lymphoma.
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