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LYMPHOID NEOPLASIA

RhoA G17V is sufficient to induce autoimmunity and
promotes T-cell lymphomagenesis in mice
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Patients with angioimmunoblastic T-cell lymphoma (AITL) and other peripheral T-cell

. lymphomas that harbor features of follicular helper T (Tgy) cells have a very poor prognosis.
® Expression of RhoA

G17V in CD4+* cells
results in cellular
and humoral
autoimmunity.

These lymphomas commonly present with paraneoplastic autoimmunity and lymphopenia.
RhoA G17V mutation is present in 60% of Tgy-like lymphomas, but its role in tumorigenesis
is poorly understood. We generated transgenic mice that express RhoA G17V under the
control of murine CD4 regulatory elements at levels comparable to a heterozygous mu-
® RhoA G17V tation (tgRhoA mice). These mice had markedly reduced naive T cells but relatively in-
expression with Tet2
loss induces T-cell
lymphomas with
features of AITL.

creased Tgy-cell populations. Surprisingly, naive CD4 T cells expressing RhoA G17V were
hyperreactive to T-cell receptor stimulation. All tgRhoA mice developed autoimmunity
that included a cellular infiltrate within ears and tails that was recapitulated in wild-type
(WT) recipients after bone marrow transplantation. Older tgRhoA mice developed ele-
vated serum titers of anti-double-stranded DNA antibodies and renal immune complex
deposition. RhoA G17V mice crossed with Tet2"/#; Vav-Cre* mice, which delete Tet2 throughout the hematopoietic
compartment, developed T-cell lymphomas that retained histologic and immunophenotypic features of AITL and had
transcriptional signatures enriched for mechanistic target of rapamycin (nTOR)-associated genes. Transplanted tumors
were responsive to the mTOR inhibitor everolimus, providing a possible strategy for targeting RhoA G17V. Taken
together, these data indicate that RhoA G17V contributes to both neoplastic and paraneoplastic phenotypes similar to

those observed in patients with Tgy lymphomas. (Blood. 2018;132(9):935-947)

Introduction

A subset of peripheral T-cell ymphomas (PTCLs) have features of
follicular helper T (Tgy) cells.” These lymphomas, which share
both immunophenotypes and transcriptional profiles with Tey
cells, include angioimmunoblastic T-cell lymphoma (AITL) and a
subset of PTCL-not otherwise specified.?*

Ten cells are an effector T-cell subtype that enable B-cell pro-
liferation, differentiation, somatic hypermutation, isotype switch-
ing, and plasma cell differentiation in germinal centers.® Tgy cells
are marked by CXCR5 and PD-1 coexpression®’ and express
inducible T-cell costimulator (ICOS).8 Recent data have implicated
the mTORc1 and mTORc2 complexes in Tgy cell differentiation
and function, although conflicting results indicate that these
functions are likely to be context-specific.”°

Ten lymphomas are strongly associated with autoimmune
phenomena, including rashes, hypergammaglobulinemia, and
cytopenias.?® Only 20% to 30% of these lymphomas are cured,
so better treatments are desperately needed.? Recent studies of
the mutational landscape of PTCL samples have demonstrated
that up to 80% of Tey-like lymphomas have loss-of-function
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mutations in the methylcytosine dioxygenase TET2 that are
frequently biallelic,’"'2 and approximately 60% have G17V
substitutions in the small GTPase RhoA."3>

RhoA is important for multiple T-cell functions, including cell
polarization and migration, immune synapse formation, and
modulation of T-cell receptor (TCR) signaling.’® The RhoA G17V
substitution is highly specific for Tgy-like lymphomas and is typically
heterozygous.’>"> RhoA G17V fails to bind GTP and sequesters
guanine-nucleotide exchange factors,’>"® suggesting a dominant-
negative activity on Rho/Rac/Cdc42 or other GTPase signaling
that would differ from complete loss of RhoA function.

Zang et al.”” recently overexpressed RhoA G17V in peripheral
CDA4" T cells and then adoptively transferred them into TCRa-
deficient mice, reconstituting the T-cell compartment. In this
system, lentiviral transduction of RhoA G17V into wild-type (WT)
CD4" T cells followed by adoptive transfer did not result in
skewing of peripheral compartments toward Tgy cells, autoim-
munity, or T-cell tumors. In contrast, transduction of RhoA G17V
into Tet2™~ CD4" T cells and adoptive transfer led to lethal
autoimmunity.
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We sought to determine the effects of expression of RhoA G17V
at levels consistent with heterozygous mutation in a system that
does not require adoptive transfer and in vivo expansion. We
show that this approach leads to a reduction in peripheral naive
T cells and fully penetrant autoimmunity in mice expressing
RhoA G17V under CD4 control. When crossed with mice that
lack Tet2, RhoA G17V expression promotes the development of
mature T-cell lymphomas that are highly reminiscent of human
Ter-like lymphomas.

Materials and methods

Mice

The transgenic mouse construct was generated by insertion of
the human RHOA G17V-mutated coding sequence into the
mCD4 e/p Sal-(hCD2) plasmid,'® a gift from Dan Littman
(Addgene plasmid #24070). Transgenic mice Tg(Cd4-RHOAS')
DWsk were generated through injection of DNA into fertilized
C57Bl/6 zygotes, followed by implantation into pseudopregnant
females. We report mice derived from a founder with 1 to 2 copies
integrated, as determined by quantitative polymerase chain re-
action (QPCR), with the proposed transgene designation Tg(Cd4-
RHOAS™V)2DWsk.

Flow cytometry

Flow cytometry was performed on single-cell suspensions of
thymus, spleen, lymph nodes, or tail skin as indicated, using
monoclonal antibodies against the noted antigens. Antibody
clone names are available in supplemental Methods, available
on the Blood Web site. Analysis was performed using eithera BD
Biosciences FACSCanto or LSRFortessa. Flow sorting for mixed
leukocyte reactions and transcriptomic analysis was performed
using a BD Biosciences FACSARIA. Intracellular staining was
performed with the Foxp3/Transcription Factor Staining Buffer set
(Thermo Fisher) or IC Fixation Buffer (Thermo Fisher) in combi-
nation with methanol. Tail skin was harvested for flow cytometry,
as previously described.”

Mouse immunizations

Mice included in the tumor cohorts were intraperitoneally injected
with a mixture of 100 pg NP40-Ovalbumin (Santa Cruz) with 50%
Alum (Thermo Scientific) in 100 uL total volume. For tumor in-
duction, mice were injected monthly to a maximum of 7 injections.

Everolimus treatment

After adoptive transfer of tumor cells, mice were dosed daily
with 10 mg/kg Everolimus (Selleck Chemicals) or 10% dimethyl
sulfoxide in phosphate-buffered saline by oral gavage for the
durations indicated. Mice were euthanized when they met In-
stitutional Animal Care and Use Committee criteria (eg, weight
loss, hind limb paralysis). For pharmacodynamic analysis, 14 days
after injection of 500 000 tumor cells, mice were dosed for 5 days
with 10 mg/kg daily with everolimus or vehicle and were eu-
thanized 2 hours after the final dose.

Statistical analysis

Comparison of continuous measures between 2 groups was made
using a 2-sided Welch's t test and were considered significant at
the <.05 level. Comparison of cells expressing CD25 and CD69
between tgRhoA-naive and WT T cells, and ovalbumin (OVA)
peptide and phorbol 12-myristate 13-acetate (PMA)-ionomycin
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were assessed using a 2-way analysis of variance with a Tukey
correction for multiple comparisons. A repeated measures
analysis of variance was used to the test for a difference in im-
munoglobulin G (IgG) antibody deposition in the glomeruli of
the mice between WT and tgRhoA based on 7 to 8 sections per
mouse. Differential expression between experimental criteria
was determined using raw counts and normalization procedures
within the DESeq?2 package in R, based on a negative binomial
distribution. Unsupervised clustering was performed using
the Euclidean distance with complete linkage method in the
R package pheatmap, and principal component analysis was
performed on the top 1000 most variable genes, as determined
using the rlog transformation function within the DESeq2
package to stabilize the variance. For better cluster visualization,
the range of colors was rescaled to —4 to 4 in increments of 0.5,
using breaks option within the pheatmap package. The false-
discovery rate (FDR) by the Benjamini and Hochberg method
was used to adjust for multiple comparisons. The ordered lists
determined by differential expression were then used in gene
set enrichment analysis (GSEA; Broad Institute), and the FDR
q values were reported. Overall survival was measured as the
time from birth to the time of death calculated using the method
of Kaplan and Meier, and curves were compared using a 2-sided
log-rank test and considered significant at the <.05 level.

Results

T-cell lymphopenia in CD4-RhoA G17V mice

We generated transgenic mice that express human RHOA G17V
transcript driven by elements from the murine Cd4 locus,'® with
the resultant strain Tg(Cd4-RHOAS7V)2DWsk hereafter referred
to as tgRhoA mice (Figure 1A). Mice harboring the transgene
were born in expected Mendelian ratios. We selected a founder
line with 1 to 2 copies of the transgene based on gPCR of
genomic DNA (Figure 1B). Probe-based gPCR of cDNA from
CD4* cells purified from lymph nodes indicated that the
transgene transcript was expressed at approximately 60% of
endogenous RhoA transcript levels (Figure 1C). Immunoblotting
with a human and mouse cross-reactive RhoA antibody dem-
onstrated no substantial differences in RhoA protein expression
from whole thymocytes (Figure 1D).

According to the transgene expression construct, RhoA G17V
expression should begin in the CD4*CD8" double-positive
stage of T-cell development.’® Analysis of thymic T cells from
6- to 10-week old tgRhoA mice showed increased CD4+*CD8*
(double-positive) T cells and decreased CD4*CD8~ and CD8"
CD4~ (single-positive) T cells compared with WT littermate
controls (Figure 1E). Thymic development can also be monitored
on the basis of the surface expression of TCRB and CD69.2° Cells
first express surface CD69 alone and then express TCRB with
CD69, and then downregulate CD69. Analysis of tgRhoA thy-
mocytes indicated a defect in development from the CD69
single-positive to the CD69/TCRB double-positive stage (sup-
plemental Figure 1A-B). According to previous studies,? this
indicates that tgRhoA CD4*CD8* thymocytes develop at least
through the initial stages of positive selection. Of the tgRhoA
cells that were TCRB™, there was a significant increase in the
percentage that expressed PD-1 (supplemental Figure 1B).

The defects in T-cell development were associated with de-
creases in splenic CD4* and CD8" T cells compared with those
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Figure 1. Generation of Cd4-RHOAS"7Y transgenic mice. (A) Schematic representation of the transgene construct, which includes the murine Cd4 minimal enhancer fused to
the human CD4 minimal promoter followed by the murine Cd4 exon 1, which consists of 5" UTR, intron 1, and exon 2, with the human RHOA transgene inserted 5’ to the
endogenous ATG. E, murine Cd4 minimal enhancer; P, human CD4 minimal promoter; |, exon 1; Il, exon 2. (B) Quantitative PCR of genomic DNA from mouse tail DNA was
performed using SYBR green analysis of the RHOA transgene compared with endogenous Tet2 (P = .6953) or RhoA (P = .4444). (C) Quantitative PCR of transcripts from tgRhoA
CD4* lymph node cells using amplification and probe-based detection of sequences specific for mouse or human RhoA (112 253 vs 64 819; P = .0006). (D) Immunoblot analysis
of whole thymus extracts from tgRhoA or control littermates. Each lane represents whole thymic extracts from a single WT or tgRhoA mouse. The RhoA antibody cross-reacts
with human and mouse proteins, which have equivalent molecular weights. (E) Flow cytometric evaluation of tgRhoA or control littermate thymuses. Data are representative
of 3 independent experiments. (F) Flow cytometric analysis of splenic CD4* and CD8* cells of tgRhoA and control littermates. Data are representative of 3 independent

experiments. All P values calculated by t test with Welch's correction.

from WT littermates (Figure 1F). Taken together, this indicates
that expression of RhoA G17V during thymic development is
sufficient to impair the double-positive to single-positive T-cell
transition and to reduce peripheral T-cell numbers.

Autoimmunity from RhoA G17V expression

Between 8 and 10 weeks after birth, 100% of tgRhoA mice
developed a striking phenotype of dermatitis, soft tissue in-
flammation, and then fibrosis that first involved the ears and tails

RhoA G17V INDUCES AUTOIMMUNITY AND LYMPHOMAGENESIS

(Figure 2A), followed by progression to hair-covered skin.
Immunohistochemistry identified a mixed-cellular infiltrate of
polymorphonuclear and CD4* T cells within involved areas that
extended from skin into underlying connective tissue and muscle
(Figure 2A). To determine the cellular composition of the in-
filtrate, tail skin from 10-week old mice was dissociated to re-
cover hematopoietic cells.’” There were significantly increased
percentages of CD4*TCRB* T cells and CD11b*Ly-6G* myeloid
cells recovered from tgRhoA mice compared with hematopoietic
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Figure 2. TgRhoA mice develop hematopoietic cell-dependent autoimmunity. (A) Gross findings demonstrating fibrosis of ears and tail (red arrowheads) of mice from the
indicated genotypes (top). Hematoxylin and eosin (H&E) staining of mouse tail tips demonstrating a polymorphonuclear cell infiltrate (white arrowheads) and immunohis-
tochemistry of CD4-positive cells (bottom). Scale bars, 100 um. (B) Percentage of CD4/TCRB and CD11b/LyéG cells among CD45* hematopoietic cells recovered from tail skin.
(C) Mean fluorescence intensity of RORyt expression in tgRhoA CD4+ cells compared with isotype control (P = .0076). (D) H&E staining of tail tips from congenic recipient mice 10
weeks after injection with WT or tgRhoA bone marrow. Scale bars, 100 um. (E) Flow cytometric analysis of bone marrow donor (CD45.17) CD11b* cells. (F) Flow cytometric
analysis of bone marrow donor (CD45.17) CD4* cells in spleen or recovered from tail skin. (G) Representative flow cytometric profiles of splenic CD4 " naive and activated (top) or
Treg POpulations (bottom) along with quantification. Plots and graphs are representative of 3 experiments. (H) Expression of activation markers from sorted CD4*CD62L*CD44~
CD25 -naive T cells 48 hours after mixed leukocyte reaction of tgRhoA-OT-Il or WT-OT-II T cells unstimulated, stimulated with 5 pg/mL OVAgz,3-339 peptide, or stimulated with
PMA/lonomycin. Data are representative of 2 independent experiments. All P values calculated by t test with Welch's correction.

cells within tails from their WT littermates (Figure 2B; supple-
mental Figure 2A-B). The morphologic and immunophenotypic
characteristics of these tails were suggestive of a Ty17-type
inflammatory infiltrate. In fact, CD4* T cells infiltrating the tail
dermis expressed RORvt, the lineage-defining transcription
factor for T417 cells?' (Figure 2C; supplemental Figure 2C).

To confirm that this autoimmune phenotype was a result of

defects in hematopoietic cells, we transplanted irradiated,
congenic recipients with bone marrow from tgRhoA or WT
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littermate mice. All recipients of tgRhoA bone marrow, but none
that received WT bone marrow, developed ear and tail in-
flammation that began within 8 weeks of transplantation
(Figure 2D; supplemental Figure 3). Ten weeks after transplant,
recipients of both WT and tgRhoA bone marrow showed nearly
full donor myeloid chimerism, as noted by more than 90%
CD45.1-CD11b* cells (Figure 2E). Consistent with defects in
tgRhoA T-cell development, the proportion of donor-derived
splenic CD4" T cells was significantly lower in recipients of
tgRhoA bone marrow compared with recipients of WT bone
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marrow (Figure 2F). In contrast, the mean proportion of donor-
derived CD4* T cells recovered from tail skin of tgRhoA bone
marrow recipients was increased compared with recipients of
WT bone marrow (Figure 2F).

To determine whether differential T-cell activation or differen-
tiation might contribute to this autoimmune phenotype, we
further analyzed peripheral CD4" T-cell populations. TgRhoA
mice between 8 and 12 weeks of age had a 25- to 30-fold re-
duction in absolute numbers of naive (CD62L*CD44~)2223 CD4*
T cells in spleen compared with WT littermates, (Figure 2G). In
contrast, the absolute numbers of activated (CD62L-CD44+)
splenic CD4* T cells were similar in tgRhoA and WT mice, which
resulted in a marked increase in the relative percentage of CD4*
cells in tgRhoA mice (Figure 2G). We hypothesized that defects
in regulatory T-cell (T,og) differentiation might contribute to
autoimmune phenotypes in tgRhoA mice. However, these mice
had a significantly increased proportion of T4 cells (marked by
coexpression of CD25 and Foxp32+2¢) compared with WT lit-
termates (Figure 2G), although there was a slight decrease in
absolute numbers.

Given the known role of RhoA and other small GTPases in
modulating TCR signaling,?’-?® we interrogated whether RhoA
G17V expression affected this pathway. To allow for antigen-
specific TCR activation, we bred tgRhoA or control littermates to
express the transgenic Ovalbumin specific OT-II T-cell receptor
(OT-II).2? We isolated naive CD4" T cells (CD4+CD62L+CD44~
CD257) and activated them with congenic irradiated spleno-
cytes pulsed with the Ovas;3.339 peptide or with the downstream
activator PMA-ionomycin for 48 hours. At this point, tgRhoA-
naive T cells activated by Ovasp3339 showed a significant in-
crease in expression of the activation markers CD69 (86.4% vs
59.0%; P < .001) and CD25 (85.3% vs 56.9%; P < .001) com-
pared with control littermates. This indicates that the threshold
for TCR activation by proximal TCR signaling in naive CD4 T cells
is reduced by RhoA G17V expression. This TCR-mediated hy-
perreactivity is consistent with a neomorphic function for RhoA
G17V and contrasts with the decreased response to TCR sig-
naling in a RhoA loss-of-function model.3® The percentage of
cells expressing CD25 induced by PMA-ionomycin was also
significantly higher in tgRhoA cells (Figure 2H), suggesting there
may be further effects of RhoA G17V on stimulation downstream
of the TCR.

Ten-cell expansion and humoral autoimmunity from
RhoA G17V

The strong association between RhoA G17V mutation and Tgy
lymphomas led us to postulate that expression of RhoA G17V in
CDA4 T cells might preferentially expand Tgy compartments or
follicular regulatory T cells (Tgg), which can modulate Tey
function.®'#2 To test this hypothesis, we evaluated splenic CD4*
cells from 10-week-old mice. tgRhoA mice had a 3-fold increased
percentage of CXCR5*PD-1* double-expressing cells, which mark
both Tey and Ter cells (Figure 3A). Flow cytometric analysis of
splenic CD4* cells revealed a 2-fold increase in the percentage of
CD4*CXCR5"PD-1*/Foxp3™* cells in tgRhoA mice compared with
WT littermates (supplemental Figure 4A-B). Thus, CD4-mediated
expression of RhoA G17V results in relative expansion of both Tgy
and Ter populations. Expression of ICOS was also significantly
increased in splenic CD4* cells from tgRhoA mice, both in

RhoA G17V INDUCES AUTOIMMUNITY AND LYMPHOMAGENESIS

comparison with WT naive T cells and to WT CD4*CXCR5*PD-
1* cells (Figure 3A-D). We found similar results in lymph nodes
harvested from these mice (supplemental Figure 5A).

We generated a transcriptional signature by comparing whole-
transcriptome sequencing (RNAseq) data from purified tgRhoA
activated (CD62L-CD44*) T cells and WT controls. GSEA using this
signature demonstrated enrichment of a Tgy molecular signature
compared with other CD4 effector T-cell types, including Ty1,
Tr2, and Ty17 cells (supplemental Tables 1 and 2).23

AITL is extremely uncommon in children and young adults,?
which raised the possibility that phenotypes from RhoA G17V
would be accentuated with aging. To address this, we analyzed
30-week-old tgRhoA mice and WT controls. CD4+*CXCR5*
PD-17 cells were increased in both aged tgRhoA mice and control
littermates compared with younger mice, with CXCR5*PD-1*
cells comprising 37.8% of CD4* cells in tgRhoA mice compared
with 16.2% of control littermates (Figure 3E-H). Again, we found
similar results in lymph nodes harvested from these mice (sup-
plemental Figure 5B).

Plasma IgG levels were similar in tgRhoA and WT controls
(Figure 3l), indicating that tgRhoA Tgy cells can promote dif-
ferentiation of B cells to plasma cells. In fact, 30-week-old
tgRhoA mice had elevated anti-double-stranded DNA titers in
peripheral blood (Figure 3C), which can result in immune
complex deposition in glomeruli.** Immunofluorescence stain-
ing of mouse IgG in kidneys demonstrated a significant increase
in 19G antibody deposition in the glomeruli of 30-week-old
tgRhoA mice compared with WT littermates (Figure 3J-K).
These increased immunoglobulin titers were not the result of
mono- or oligoclonality of plasma cell populations based on
serum protein electrophoresis (supplemental Figure 6A-B).
Taken together, this indicates that Cd4-mediated expression of
RhoA G17V results in humoral autoimmunity in aged mice.

Transcriptional effects from RhoA G17V expression
in CD4 T cells

To nominate pathways that mediate the phenotypes associated
with RhoA G17V expression, we performed RNAseq of naive and
activated CD4" populations. Principal component analysis
demonstrated that differences between activation status rather
than expression of RhoA G17V dominated the variance in gene
sets (Figure 4A). Clustering analysis of the top 1000 variable
genes showed the expected clustering of biological replicates
(Figure 4B). GSEA, using the Hallmark signatures®® from the
Broad Institute MSigDB database, identified multiple mTORc1-
associated signatures among the top 10 enriched among
tgRhoA T cells (FDR g < 0.0001; Figure 4C).

The mTORc1 pathway is known to modulate T-cell activation,®
and key components of mMTORc1 and mTORc2 complexes affect
Try differentiation and function.”'® RhoA and its yeast homolog
Rho1 negatively regulate mTORc1 and its homolog TORC1,
respectively.¥”® A dominant-negative effect on RhoA signaling
induced by the G17V mutation would thus be expected to promote
mTORc1 signaling. We noted that a PI3K-AKT-mTOR signaling
signature was also among the top 10 enriched in tgRhoA-naive
CD4 T cells (Figure 4C). This is consistent with findings by
Zang et al'” and a report by Cortes et al,> which both identified
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Figure 3. TgRhoA mice have increased Ty compartments. (A) Splenic CD4* cell expression of CXCR5 and PD-1 in CD4 cells from 10-week-old WT vs tgRhoA littermates.
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from at least 7 different sections per mouse, and the mean IgG deposition per section is shown for WT and tgRhoA (4.26 vs 9.61; P = .0206). All P values from t test with Welch's

correction.

PI3K activation in T cells expressing RhoA G17V. Other gene sets
highly enriched in tgRhoA naive T cells (allograft rejection, oxidative
phosphorylation, c-MYC signaling) are consistent with heightened
proliferation and metabolism in these cells.

Because of the high frequency of concurrent TET2 and RHOA
G17V mutations in Tgy-like lymphomas, we crossed tgRhoA mice
to conditional Tet2# mice* and induced Tet2 deletion with the
Vav-Cre transgene. This approach results in loss of Tet2 throughout
the hematopoietic compartment, and thereby recapitulates the
sequence of events in patients with Tey-like lymphomas. In these
patients, TET2 mutations can be present within hematopoietic
stem cells, but RHOA G17V develops within differentiating T cells.'
RhoA G17V maintains many of its functional consequences
when combined with Tet2 deletion, as tgRhoA; Tet2#; Vav-Cre™*
mice developed the tail inflammation and fibrosis observed in
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tgRhoA mice, whereas Tet2", Vav-Cre* mice showed no signs
of this phenotype (supplemental Figure 7A-B).

Next, we used RNAseq to determine differential gene expres-
sion of Tgy cells from tgRhoA; Tet2f; Vav-Cre™ mice compared
with Tey cells from Tet2%; Vav-Cre™ mice 6 days after immu-
nization with NP40-Ovalbumin, with alum as an adjuvant (NP40-
Ova) (Figure 4A-B). We were unable to recover enough Te cells
from tgRhoA mice to perform RNAseq and compare with the
other populations. As observed in RhoA G17V-expressing naive
T cells, GSEA using this differential analysis identified marked
enrichment of the mTORc1 associated signature in Tgy cells from
tgRhoA; Tet2"; Vav-Cre™ mice (FDR g < 0.0001; Figure 4D). No
enrichment of mTORc1-associated pathways was observed in the
top 10 gene sets that distinguished between Tet2¥; Vav-Cre* Ty
cells and WT Tgy cells (supplemental Figure 8). Interestingly,
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enrichment of the IL2-STAT5 signaling pathway was observed in
tgRhoA Tgy cells (Figure 4D), naive tgRhoA CD4* T cells
(Figure 4C) and Tet2"f; Vav-Cre* Tgy cells (supplemental Fig-
ure 8) compared with their WT counterparts. This suggests that
enrichment of this signature may be a nonspecific indicator of
cell activation that can be affected by both RhoA G17V and Tet2
loss.

To determine whether mTORc1 signaling in tgRhoA T cells could
be enhanced by proximal TCR signaling, we activated splenic
naive CD4* T cells from 10-week-old mice through crosslinking
of CD3 and CD28. Signaling through the proximal TCR can
activate mTORc1 signaling in a Carma- and MALT1-dependent
fashion.*" WT and tgRhoA naive CD4* T cells showed equal
increases in phosphorylation of mMTORc1 pathway targets S6 and
4EBP1 after 5 minutes of incubation (Figure 4E; supplemental
Figure 9A). After 30 minutes of activation, tgRhoA cells showed
increased phosphorylation of S6, 4EBP1, and the mTOR regu-
lator Akt (Figure 4E; supplemental Figure 9B) compared with
WT cells. Taken together, this indicates that RhoA G17V ex-
pression results in increased mTORc1 signaling that can be
stimulated by proximal TCR signaling.

RhoA G17V promotes Tgy-like lymphomas

Tet2¥; Vav-Cre* mice can develop myeloid malignancies as
early as 140 days after birth,*42 and mice homozygous for
a hypomorphic Tet2 mutation develop Tgp-like lymphomas
beginning at 300 days.*® To assess the effects of RhoA G17V
on T-cell lymphomagenesis, we generated tgRhoA; Tet2#,
Vav-Cre*: OT-ll and Tet2": Vav-Cre*; OT-Il mice and immunized
monthly with NP-40-Ova using Alum as an adjuvant. NP-40-Ova
immunization of Ova-specific OT-II T cells was performed in an
attempt to mimic AITL microenvironments, which almost uni-
versally harbor EBV infected B cells** that may provide a chronic
source of T-cell stimulation.*> Mice harboring tgRhoA had re-
duced median survival (205 vs 314 days; P < .0001; Figure 5A,
supplemental Table 3). All deaths before day 270 among Tet2#,
Vav-Cre*; OT-Il mice were a result of myeloproliferative tumors.
In contrast, at least 4 of 10 tgRhoA; Tet2"#, Vav-Cre™; OT-Il mice
succumbed to T-cell lymphomas before day 270 (P = .0177;
Figure 5B; supplemental Table 3).

Mice with T-cell lymphomas developed lymphadenopathy,
splenomegaly, and diffuse liver infiltration by large, irregular
CD4* T cells (Figure 5C; supplemental Figure 10A). High en-
dothelial venule formation (supplemental Figure 10A), another
characteristic feature of AITL, was also present. Tumor cells
were CD4*CXCR5*PD-1* and subset BCL6* (Figure 5C; sup-
plemental Figure 10B), similar to human Tgy-like lymphomas.#¢
Analysis of 3 tumors with RNAseq identified somatic single
nucleotide variants that were confirmed with Sanger sequencing
(supplemental Figure 10C). The OT-II transgene precludes the
use of TCRB rearrangements to establish clonality. Thus, we
performed PCR to detect TCR Vy1 rearrangements from equal
amounts of genomic DNA, which showed evidence of clonal
restriction in these tumors (supplemental Figure 10D). In addi-
tion, we observed the spontaneous development of grossly
enlarged lymph nodes and spleens in 2 tgRhoA; Tet2"f; CD4-
Cre* mice at 12 and 23 months of age with histology and
immunophenotypic findings consistent with T-cell transformation
(supplemental Figure 11A-D). Together, these data indicate that

RhoA G17V INDUCES AUTOIMMUNITY AND LYMPHOMAGENESIS

RhoA G17V expression in CD4" cells promotes the development
of Tey-like lymphomas in conjunction with Tet2 loss.

Approximately 300 000 tumor cells from a tgRhoA; Tet2""; Vav-
Cre*; OT-Il mouse were transplanted into Nod.SCID.IL2ry =/~
mice. All recipients were euthanized because of progressive
lymphoma within less than 28 days after transplant (Figure 5D,
5E). Interestingly, tumor cells were not detectable within 180 days
or more after transplantation into either WT or TCRB-knockout
mice.

Differential gene expression analysis comparing sorted CD4*
CXCR5*PD-1* tumor cells from tgRhoA; Tet2?#, Vav-Cre*; OT-II
mice with Tet2#, Vav-Cre* Tgy cells using GSEA of Hallmark
gene sets again demonstrated enrichment of gene sets
reflecting mTORc1 activity in multiple tumors (Figure 5F; sup-
plemental Figure 12A-C). These tumors also demonstrated
enrichment of GSEA signatures associated with Tgy cells®:48
(supplemental Figure 13A), showed evidence of homogenous
Bcl6 and ICOS expression, and did not express Foxp3 (sup-
plemental Figure 13B-D).

Given the increased mTORc1 activity present in these cells, we
tested the activity of the mTOR inhibitor everolimus® in Nod.
SCID.IL2ry ™/~ mice transplanted with tgRhoA; Tet2"; Vav-Cre*;
OT-ll lymphoma cells. After 5 days of treatment, everolimus-
treated mice had significantly decreased spleen size and percent
CD4* cells in the spleen compared with vehicle-treated controls
(Figure 6A-B). In fact, splenic involvement was reduced in
everolimus-treated mice compared with mice euthanized before
treatment, indicating that treatment with everolimus reduces
lymphoma involvement (Figure 6B-C). Tumor cells from everolimus-
treated mice showed significantly decreased phosphorylation of
S6, 4EBP1, and Akt compared with vehicle-treated controls
(Figure 6D-G) consistent with an on-target effect for everolimus.
Finally, we treated a separate cohort of mice transplanted with
tgRhoA; Tet2", Vav-Cre*; OT-ll lymphoma cells for 21 days
beginning 14 days after injection. Treatment with everolimus
markedly improved overall survival compared with vehicle that
extended for 12 days after drug cessation (Figure 6H).

Discussion

Our study demonstrates that Cd4-mediated expression of RhoA
G17V is sufficient to dysregulate T-cell development and confer
autoimmunity. The thymic developmental block in tgRhoA mice
occurs at the transition between the CD69+*TCRB'® and CD69+
TCRB" stages, which suggests that at least some degree of
positive selection has occurred.?® We also noted increased ex-
pression of PD-1 in the CD69*TCRB" and CD69TCRB" pop-
ulations. On the basis of previous studies, this would be consistent
with an increased rate of negative selection,*® although experi-
ments using transgenic TCR constructs that enforce negative
selection would be necessary to fully confirm such a model. TCR
hyperreactivity resulting from RhoA G17V expression could pro-
mote this negative selection in the thymus and underlie the in-
creased proportion of Treg and Trg cells observed in tgRhoA mice.
In the periphery, this hyperreactivity likely contributes to the
autoreactive phenotypes we observe and possibly further de-
pletes the naive T-cell compartment through aberrant activation
of these cells.
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An alternative, although not mutually exclusive, possibility is that
RhoA G17V-mediated alterations in cytoskeletal function influ-
ence differentiation by altering fundamental processes within
T cells, including synapse formation, cellular polarization, or
cellular migration. Additional studies will be required to de-
termine which of these mechanisms contributes to the pheno-
types observed in RhoA G17V-mutated T cells.

Our finding that the CD4 compartment is already skewed to-
ward Tgy differentiation in young mice suggests there is either
a bias in effector cell differentiation or that Tgy cells prefer-
entially expand in the periphery compared with other effector
cell populations at a very early age. The finding that this
compartment is further expanded in aged mice indicates
that expression of RhoA G17V supports the survival and/or
differentiation of these cells. Both findings are consistent
with clinical data from patients with PTCL showing an almost
absolute association between RhoA G17V mutation and
Trr-like gene expression and immunophenotype.®'2 Although
Trr cells are relatively expanded in tgRhoA mice, they do not
abrogate autoimmunity induced by Tgy cells or lymphoma-
genesis, raising the possibility that these cells may be func-
tionally defective. Alternatively, RhoA G17V expressing Tgy cells
may overcome suppressive signaling from Tgg cells.

The autoimmunity observed in tgRhoA mice could result from
a combination of factors, including the observed TCR hyper-
reactivity, changes in the polarization of tgRhoA CD4 T cells,
and/or dysfunctional regulatory hematopoietic cell populations
that result from transgene expression. Experiments to address
the relative contributions of each of these factors are warranted
to explore whether and how RhoA G17V mutation promotes
autoimmunity in patients.

In combination with Tet2 deletion, Cd4-mediated expression
of RhoA G17V led to T-cell transformation before 10 months of
age. In previous studies, mice carrying homozygous Tet2 hy-
pomorphic mutations or complete loss of Tet2 combined with
DNMT3A R882H mutation developed mature T-cell tumors, but
only after 1 year or more.***3 We used a transgenic TCR and
stimulated with NP40-Ova, so a direct comparison in latency
between our model and previous studies is problematic. The
presence of the transgenic TCR precluded use of TCRB se-
quencing platforms to establish clonality of the tumors; however,
we showed clonal restriction based on Vy1 rearrangements.

Our tumors required immunocompromised hosts for propaga-
tion and did not engraft into TCRB-deficient mice. This is pos-
sibly a result of the presence of TCRy3 cells and/or NK cells
within TCRB-deficient (but not Nod.SCID.IL2ry~'~) mice that
mediate rejection of the tumor cells. Further studies are required
to investigate which components of host immunity underlie this
finding. Nonetheless, our findings that RhoA G17V increases the
frequency of T-cell lymphomas and reduces latency confirms its
role as a T-cell lymphoma oncogene and indicates that cellular or
molecular aberrancies arising as a result of this mutation underlie
key checkpoints in the progression of lymphomagenesis.

We observed enrichment of mTORc1-associated gene expres-
sion in both RhoA G17V expressing nonmalignant and T-cell
tumor cells. We also demonstrated evidence of increased
mTORc1 signaling after proximal TCR stimulation with an ag-
onistic costimulatory signal. This is highly concordant with the
finding from Zang et al."” that RhoA G17V/Tet2-deficient T cells
have perturbed FoxO1 expression, phosphorylation, and sub-
cellular localization, as FoxO1 is a negative regulator of mTORc1
signaling.®* Similarly, Cortes et al.3? recently described a RhoA
G17V knock-in model and reported that RhoA G17V increases
PI3K-mTORc1 signaling in CD4 T cells through 1COS.3? Thus,
there are now 3 independent models using distinct approaches
(adoptive transfer, knock-in, and germ line transgene) that all
identify aspects of PI3K-mTOR signaling induced by RhoA G17V.
It will be essential to determine whether RhoA G17V mutation in
patient AITLs confers a signature similar to the ones observed in
these model systems. Of note, mTORc1 activity is essential for
Tu17 cell differentiation, as we observed in the inflamed tails of
tgRhoA mice, because deletion of Raptor (the defining subunit
of the mTORc1 complex) in T cells abrogates development of
this population.>®

The role of mMTORc1 in Tgy cell production remains unclear, as a
recent report indicates that Try cells in Peyer's Patches are
significantly reduced in the absence of Raptor or Rictor (the
defining subunit of the mTORc2 complex), using OX40-Cre-
targeted deletion of these genes.’® In contrast, a previous
publication reported an increase in Tgy differentiation when
Raptor expression was knocked down using shRNA, whereas
Rictor knockdown had minimal effect.” Thus, mTORc1 activity
may in some contexts partially inhibit Tgyy differentiation, whereas
its ongoing activity is necessary for proliferation of these cells once
fully differentiated.

Our study indicates that everolimus can inhibit the proliferation
of RhoA G17V-mutated lymphomas, and it possibly exerts cy-
totoxic effects (Figure 6A-C). To our knowledge, only 1 previous
study tested everolimus in patients with T-cell lymphomas, and
that study enrolled only a single patient with Tgy-like lym-
phoma.> Cortes et al similarly reported that the PI3K-8y inhibitor
Duvelisib was effective in their RhoA G17V-driven lymphomas,*?
suggesting that multiple nodes within the PI3K-mTOR pathway
may be targetable. Of note, we recently reported a higher than
50% response rate among patients with peripheral T-cell lym-
phomas to single-agent Duvelisib, including 2 of 3 (1 complete
response, 1 partial response) patients with AITL.>” Unfortunately,
RHOA genotyping was not performed in these cases, but an
ongoing trial of Duvelisib in combination with either romidepsin
or bortezomib (NCT02783625) will include genotyping.

There are notable differences between our findings and those
of Zang et al.”” Transgenic RhoA G17V expression was sufficient
to induce lymphopenia and autoimmunity in our mice. Unlike
Zang et al.,"” our mice also had increased percentages of
Foxp3-expressing cells, including T,eg and Te cells. In addition,
our tgRhoA mice demonstrated a relative expansion of Tey cells
independent of Tet2 mutation. Our tgRhoA; Tet2"; Vav-Cre*

Figure 4 (continued) naive or (D) tgRhoA; Tet2""; Vav-Cre* vs Tet2" Vav-Cre* Tey cells, using Hallmark GSEA gene sets. Gene sets are ranked by normalized enrichment score
values. (E) Representative flow cytometric intracellular staining of phospho-S6 (0S6), phospho-4EBP1 (p4EBP1), and phospho-Akt (pAkt) in splenic WT or tgRhoA naive CD4
T cells after CD3 and CD28 cross-linking for the indicated durations. All histograms display frequency of events as percentage of cells within the population indicated.
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Figure 5. Cd4-RhoA G17V promotes T-cell transformation in concert with Tet2 loss. (A) Overall survival from birth for Tet2"; Vav-Cre*; OT-ll (red, n = 10), tgRhoA; Tet2"";
Vav-Cre™; OT-ll (blue, n = 10), or Tet2""; OT-II (green, n = 4) mice. Mice were immunized monthly with NP40-Ovalbumin, using alum as an adjuvant for up to 7 injections. One
mouse from Tet2"", Vav-Cre*; OT-Il and 1 mouse from tgRhoA; Tet2"", Vav-Cre*; OT-II cohorts were found dead and could not be analyzed. P < .0001 by Mantel-Cox test.
(B) Survival of Tet2""; Vav-Cre™*; OT-Il (red, n = 3) or tgRhoA; Tet2""; Vav-Cre*; OT-lI (blue, n = 4) mice that were confirmed to have developed T-cell tumors. P = .0177 by Mantel-
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node and liver with markers as noted. Scale bars, 100 pM. Images taken at X 1000 except for B220 at x200. (D) Immunohistochemical analysis of the spleen from a mouse
transplanted with T-cell tumor 1 from tgRhoA; Tet2"; Vav-Cre*; OT-Il donor. Scale bars, 100 uM. Images taken at X400. (E) Flow cytometric analysis of CD4* tumor cells from
primary tgRhoA; Tet2; Vav-Cre*; OT-Il mouse and from secondary recipient. (F) GSEA of Hallmark mTORc1 gene set compared with Tet2; Vav-Cre*; OT-Il Tgy cells
(FDR g = 0.001125).
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Figure 6. Everolimus suppresses mTOR signaling and improves survival in mice transplanted with tgRhoA; Tet2-deleted tumor cells. (A) Spleen weight as percentage
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daily gavage of 10 mg/kg Everolimus (Ever) or vehicle (Veh) daily for 5 consecutive days until they were euthanized for analysis 2 hours after the final dose. Quantification of the
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mice also generated tumors, which could result from differences
in transgene dosage and/or stimulation with NP40-Ova. By
expressing a germ line transgene, we ensured that all CD4-
expressing cells contained the RhoA G17V construct, which
overcomes concerns that transduction may bias toward specific
T-cell populations.

The stages of T-cell differentiation in humans at which RhoA
G17V mutation occur are currently not known. If the mutations
occur within more differentiated CD4* cells (eg, effector or
memory CD4* cells), some of the phenotypes we observe may
not be clinically relevant. In contrast, it is possible that patients

RhoA G17V INDUCES AUTOIMMUNITY AND LYMPHOMAGENESIS

who present with lymphopenia and/or autoimmunity may have
developed the mutation at an earlier stage of CD4 T-cell dif-
ferentiation, and thus manifest similar phenotypes to our mice.

In conclusion, expression of RhoA G17V in murine CD4+ cells has
dual effects both by contributing to CD4 T-cell autonomous
transformation and by promoting immune dysregulation that results
in autoimmunity. Studies of patients with Tey-like lymphomas are
needed to determine whether specific aspects of immune dysre-
gulation, including rash, autoimmune hemolytic anemia, immune
thrombocytopenia, and hypergammaglobulinemia,?® also result
from the expression of RhoA G17V in nonmalignant cells. Finally,
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the identification of additional aberrancies that fully transform T cells
in conjunction with RhoA G17V and Tet2 loss, as well as the
vulnerabilities induced by these aberrancies, are now feasible.
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