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ABSTRACT

CTLA4-CD28 gene fusion has been reported to occur in diverse types of T cell ymphoma. The fusion event
is expected to convert inhibitory signals to activating signals and promote proliferation and potentially
transformation of T cells. To test the function of the CTLA4-CD28 fusion gene in vivo, we generated
a murine model that expresses the gene in a T cell-specific manner. The transgenic mice have shorter life
spans and display inflammatory responses including lymphadenopathy and splenomegaly. T cells in turn
show higher levels of activation and infiltrate various organs including the lung and skin. T cells, in
particular CD4+ helper T cells, were also readily transplantable to immunocompromised mice.
Transcriptomic profiling revealed that the gene expression pattern in CD4 + T cells closely resembles
that of adult T cell leukemia/lymphoma (ATLL) and that of angioimmunoblastic T cell lymphoma (AITL)
tissues. Consistently, we detected supernumerary FOXP3+ cells and PD-1+ cells in transgenic and
transplanted mice. This is the first report demonstrating the transforming activity of the CTLA4-CD28
fusion gene in vivo, and this murine model should be useful in dissecting the molecular events down-

ARTICLE HISTORY
Received 23 May 2021
Revised 15 November 2021
Accepted 15 November 2021

KEYWORDS
CTLA4; CD28; murine model;
ATLL; AITL; fusion gene

stream to this mutation.

Introduction

CTLA4 and CD28 are well-known cell surface transmem-
brane proteins expressed in T cells." They respectively
mediate inhibitory and activating signals for T cells. The
two opposing signals are critical for tight regulation of
T cell activities. Insufficiency in T cell activation can result
in infections and malignancies, whereas over-activation can
lead to autoimmunity. Animal models generated by gene
targeting of CTLA4 and CD28 loci have provided consistent
phenotypes. Specifically, CTLA4-knockout mice display
a massive and rapid lymphoproliferation and organ
destruction, and CD28 null mice show reduced helper
T cell activity, low serum immunoglobulin levels and lack
of response to lectin stimulation.”™*

Remarkably, cases of the fusion of these two genes have
been reported in various types of T cell lymphoma. Yoo and
coworkers reported that CTLA4-CD28 fusion is found among
various types of lymphoma in variable rates, which included
angioimmunoblastic T cell lymphoma (AITL), peripheral
T cell lymphoma not otherwise specified and extranodal NK/
T cell lymphoma.5 Adult T cell leukemia/lymphoma (ATLL) is
a distinct type of lymphoma that is induced by infection with
human T cell leukemia virus type 1 (HTLV-1) in which
CTLA4-CD28 fusion has also been reported.® Of note,
Yoshida and coworkers recently reported a high incidence
(37.5%) of CTLA4-CD28 fusion among young (<50 years)

ATLL patients. They appear to constitute a separate group
from the typical patients who are over 70 years old at the
time of ATLL presentation.”

The resulting fusion gene encodes a protein featuring the
extracellular domain of CTLA4 and intracellular domain of
CD28. It has been proposed that this protein thus converts
the inhibitory signals into activating signals. Consistently, ecto-
pic expression of the CTLA4-CD28 fusion gene in various
T cell lymphoma cells including Jurkat and H9 cells led to
enhanced proliferation in turn raising a strong possibility that
this fusion gene could be a driver mutation for various types of
T cell lymphoma.” Clearly, an animal model carrying the
fusion gene and displaying relevant phenotypes would be of
great value not only for demonstrating its function in promot-
ing T cell proliferation but also in dissecting molecular
mechanisms of lymphomagenesis mediated by the fusion
gene. Here, we describe a novel mouse model that expresses
the CTLA4-CD28 fusion gene in a T cell-specific manner under
the control of the murine Ick distal promoter.*” The mouse
displays phenotypes consistent with T cell lymphoma originat-
ing from CD4+ population. Interestingly, gene expression pro-
filing indicates that the resultant disease closely approximates
ATLL as well as AITL. Consistently, we show that two distinct
populations of T cells, one being FOXP3+ and the other PD-1
+, were expanded in number and could be transplanted to
immunocompromised mice.
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Materials and Methods
Generation of transgenic mouse

The protocol for this study was approved by the Institutional
Animal Care and Use Committee (IACUC) of Ewha Womans
University. The murine Ick distal promoter region from —3037 to
+41 was PCR-amplified from the pw120 plasmid.>’ This was
ligated to a DNA fragment containing CTLA4-CD28 fusion gene-
coding sequence with the HA epitope at the C-terminus. Further
details of the cloning procedure are available upon request.
Pronuclear injection was performed on FVB/NJ mice eggs, and
a transgenic line was established based on genotyping results. The
oligonucleotide primers used for confirmation of transgene and
genotyping were the primers lck-F, Ick-R and ctla4-R whose
sequences are 5'-CCTCCCTCAGTATGAGTAGAAGC-3', 5'-
CCGTCGTAGTCACCACCTG-3" and 5'-
GCTTTGCAGAAGACAGGGATG-3' respectively.

Isolation of lymphocytes, RNA preparation and RT-PCR

Lymphocytes were isolated from the thymus and lymph nodes.
After staining with antibodies for CD4 (clone GK1.5, Cat. 552051,
BD Biosciences, San Jose, CA) and CD8 (clone 53-6.7, Cat.
553031, BD Biosciences), cells were sorted using BD FACSAria
(BD Biosciences). RNA was extracted using Trizol reagent, and
cDNA was synthesized using GoScript Reverse Transcriptase
PCR kit (Promega, Madison, WI). The oligonucleotide primers
used to detect transgene expression were 5-GAGCAAAATG
GTGAGGAGTAAG-3" and 5-AGCGTAGTCTGGGACGTCG
-3'. For quantitative real-time PCR, SYBR select master mix
(Cat. 4472908, Applied Biosystems, Foster City, CA) was used
in combination with CFX96 Touch Real-Time PCR Detection
System (BioRad, Hercules, CA).

Examination of T cell clonality

T cell receptor (TCR) P-chain diversity was examined by
nested 5 RACE PCR. Total RNA was isolated from lymph
nodes of 12-month-old mice using Trizol reagent. RNA was
processed for reverse-transcription using GeneRacer kit
(Invitrogen, Waltham, MA) according to the manufacturer’s
protocol. TCR B-chain was amplified by GeneRacer 5 oligo-
nucleotide primer (5-CGACTGGAGCACGAGGACACTGA
-3') and an oligonucleotide primer (5'-GTGGAGCTGAG
CTGGTGGG TGAATGG-3') from the constant region of -
chain. Second amplification was performed with GeneRacer 5'
nested oli-gonucleotide primer (5'-GGACACTGACATGG
ACTGAAG GAGTA-3') and a fluorescent nested oligonucleo-
tide primer (5- CTTCCCTGACCACGTGGAGCTGAGC-3'),
also from the constant region of -chain. Final PCR products
were analyzed by capillary electrophoresis using ABI PRISM
3730XL DNA analyzer and Gene Scan Version 1.2 software
(Applied Biosystems, Foster City, CA).

Immunoblotting and immunoprecipitation

Tissues isolated from 2-week-old transgenic mice were lysed
in RIPA bufter (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM
EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate,

0.1% SDS and 10 mM NaF) containing protease inhibitors
(Sigma-Aldrich, St. Louis, MO). Anti-HA (Cat. 2117, Cell
Signaling Technology, Beverly, MA), anti-AKT (Cat. 9272,
Cell Signaling Technology), anti-p-AKT (Cat. 4060, Cell
Signaling Technology), anti-ERK (Cat. 9102, Cell Signaling
Technology), anti-p-ERK (Cat. 9101, Cell Signaling
Technology) and anti-Tubulin (Cat. SAB3501072, Sigma-
Aldrich) antibodies were used to detect proteins, which were
visualized using an enhanced chemiluminescence detection kit
(Amersham-Pharmacia Biotech, Piscataway, NJ). For immu-
noprecipitation, spleen lysate from a transgenic mouse was
used. After preclearing for 4 hours at 4°C by protein A/G, the
supernatant was incubated with anti-HA antibody or control
IgG overnight at 4°C and subsequently for 2 hours with protein
A/G beads. The beads were washed with RIPA buffer and
boiled in SDS buffer. The supernatants were used for immuno-
blotting with anti-CTLA4 antibody (Cat. ab134090, Abcam,
Cambridge, MA) and anti-HA antibody.

Histology and immunohistochemistry

Lymph nodes were fixed in 10% neutral-buffered formalin and
embedded in paraffin. Tissue sections were typically 4-pm
thick and were examined after staining with hematoxylin and
eosin (H&E). For immunohistochemistry, the sections were
first boiled in a citrate-based solution to retrieve antigens and
subsequently quenched in 3% hydrogen peroxide. The antibo-
dies used included anti-FOXP3 (Cat. MAB8214, R&D systems,
Minneapolis, MN), anti-PD-1 (Cat. AF1021, R&D systems),
anti-CD3 (Cat. ab5690, Abcam, Cambridge, MA), anti-PAX5
(Cat. sc-1974, Santa Cruz Biotechnology, Dallas, TX), anti-
CD4 (Cat. 14-0042, eBioscience, San Diego, CA), anti-CD8
(Cat. 14-0081, eBioscience), anti-CD21 (Cat. Ab75985,
Abcam), MECA79 (Cat. 53-6036-80, eBioscience) and anti-
HA (Cat. 3724, Cell Signaling Technology) antibodies. After
biotinylated secondary antibody treatment, visualization was
carried out with Vectastain ABC-HRP kit (Vector
Laboratories, Burlingame, CA) or ABC-AP kit (Vector
Laboratories) in combination with DAB or with VectorRed
(Vector Laboratories) respectively.

Flow cytometry

For flow cytometric analyses of T cell and B cell populations,
single cells were first prepared from affected lymph nodes.
Briefly, after grinding with sieve and lysing red blood cells,
single cell suspensions were incubated with Zombie dye (Cat.
423101, BioLegend, San Diego, CA) to exclude dead cells. After
an Fc block (Cat. 553142, BD Biosciences) step, surface anti-
gens were stained for 1 hr at 4°C. In order to stain for Treg
cells, surface antibodies were applied first, and the cells were
subsequently fixed, permeabilized and stained for FOXP3. Treg
and Tfh cells were gated following previous reported
procedures.'”!" Antibodies for CD3 (Clone 17A2, Cat.
555276, BD Biosciences), CD19 (clone 1D3, Cat. 557398, BD
Biosciences), CD25 (Clone 7D4, Cat. 553071, BD Biosciences),
CD44 (Clone IM7, Cat. 561859, BD Biosciences), CD69 (Clone
H1.2F3, Cat. 557392, BD Biosciences), CD62L (Clone MEL-14,
Cat. 561917, BD Biosciences), FOXP3 (Clone MF23, Cat.



562996, BD Biosciences), CD4 (clone GK1.5, Cat. 552051, BD
Biosciences), B220 (clone RA3-6B2, Cat. 562290, BD
Bioscience), CD11b (clone M1/70, Cat. 563015, BD
Biosciences), PD-1 (clone J43, Cat. 562584, BD Biosciences)
and CXCR5 (clone 2G8, Cat. 560615, BD Biosciences) were
used. Cells were counted with BD LSRFortessa (BD
Biosciences) and analyzed using BD FACSDiva software (BD
Biosciences) and FlowJo software (FlowJo, Ashland, OR).

Cell transplantation

Typically, 1 x 10° cells from enlarged spleens of transgenic mice
were injected to NSG (NOD.Cg-Prkdc*“I12rg™"/Sz)) or FVB/
NJ mice via tail vein. Injected cells were either total splenocytes or
cells isolated with either CD4 + T cell isolation kit (Cat. 130-104-
454, Miltenyi Biotec, Bergisch Gladbach, Germany) or CD8a+
T cell isolation kit (Cat. 130-104-075, Miltenyi). Mice were sacri-
ficed in 2-month post-transplantation, and their spleens were
examined by immunohistochemistry and H&E staining.

Transcriptome analysis

RNA was extracted from the isolated CD4 + T cells, and mRNA
libraries were prepared using the TruSeq Stranded mRNA
Preparation kit (Illumina, San Diego, CA) according to the
manufacturer’s instructions. RNA sequencing (RNA-Seq) was
performed with Illumina NovaSeq 6000 sequencing platform
for 101-mer paired-end reads. Fastx_toolkit was used for trim-
ming adapter sequences and discarding low-quality reads. The
reads were mapped to the reference mouse genome (mm10)
using STAR alignment program (version 2.6.1d)."> RSEM (ver-
sion 1.3.3) was used to quantify the transcriptome
abundance."” Transcriptome data of transgenic and wild type
mice were fed to Gene Set Enrichment Analysis (GSEA) pro-
gram (version 4.1)" to identify the differential biological func-
tions. We calculated the enrichment scores for the Hallmark
gene sets of the MSigDB.'> GSEA was also applied to test for
the enrichment of Treg gene signature'® and Tfh gene
signature.'’The RNA-Seq data have been deposited in the
Gene Express Omnibus (GEO) database [GEO: GSE161035].

Clustering and correlation analyses

Transcriptome data of lymphoma patients including ATLL,
AITL, PTCL-NOS, ENKTL and anaplastic large-cell lym-
phoma (ALCL) were collected from the GEO database.
Specifically, RNA-Seq data were downloaded from six different
studies (SRP243673, SRP029591, SRP099016, SRP039591,
SRP049695, and SRP044708), which constituted a collection
of 8 ATLL, 9 AITL, 10 PTCL-NOS, 17 ENKTL and 23 ALCL
patient samples. Sequencing data were processed with the same
pipeline for our mouse transcriptome data except using the
human reference genome (hgl9). Subsequently, we performed
the between-study normalization to remove batch effect using
ComBat algorithm in the Bioconductor sva package.'®
Correlation analysis of transcriptome data between transgenic
mice and human samples was performed using 1,523 differen-
tially expressed genes between transgenic and wild type mice
(FDR < 0.05 with DESeq2 software).'” These genes were
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converted to the human orthologues according to the MGI
Vertebrate Homology database.”® Pearson correlation coeffi-
cient was calculated for all pairs of mouse and human samples.

Results
Generation of CTLA4-CD28 transgenic mouse

We generated a murine model that expresses human CTLA4-
CD28 in a T cell-specific manner, utilizing the distal promoter
of mouse lymphocyte-specific protein-tyrosine kinase (Ick)
gene. The murine Ick distal promoter becomes active as thy-
mocytes mature into peripheral T cells and has been used to
express candidate oncogenes for induction of T cell
lymphoma.®? The span of the genomic region used (-3037 to
+41) is known to encompass the essential cis-elements for
proper expression of a transgene during development and
differentiation of T cells. We used this promoter to express
the fusion gene, which contains the exons 1, 2 and 3 of human
CTLA4 and the exon 4 of human CD28 (Figure 1a). When this
fusion gene is translated into a protein, the extracellular
domain and transmembrane domain would be from CTLA4
and the intracellular domain from CD28 with the HA tag at the
C-terminus. Notably, the transgenic CTLA4-CD28 fusion gene
was most highly expressed in CD4"CD8™ cells although expres-
sion was also seen in CD4"CD8" and CD4"CD8" cells as well
as at a low level in CD4"CD8" cells (Figure 1b). This is con-
sistent with that transgenic mice expressing the fusion gene
more strongly as T cells mature, particularly into CD4+ cells.
At the 2-week point, transgenic protein was detected only in
lymphoid organs such as thymus, lymph node and spleen
(Figure 1c). Transgene expression was confirmed by immuno-
histochemistry in lymph nodes of transgenic mice but not in
the wild type mice (Figure 1d). Co-staining for CD3 and HA
epitope indicated that >50% of the T cells expressed the trans-
gene at detectable levels in the lymph node and spleen
(Supplemental Figure 1 A, B). We also carried out immuno-
precipitation using anti-HA antibody and examined the pre-
cipitate by immunoblotting with anti-CTLA4 antibody and
confirmed specific expression of HA-tagged CTLA4- contain-
ing gene in the spleen of transgenic mice (Figure 1le).

Histopathological and immunological examination of
CTLA4-CD28 transgenic mice

CTLA4-CD28 transgenic mice developed skin lesions by
12 weeks of age (Figure 2a). The average life span of transgenic
mice was 12.8 months, which is significantly shorter than that
of wild-type mice from littermate groups (Figure 2b). Notably,
virtually all transgenic mice developed splenomegaly and lym-
phadenopathy by this stage. We compared the weight of the
largest lymph nodes from transgenic and wild-type mice and
found the weight difference of >10-fold (Figure 2c). Spleen also
showed significant differences in size and weight (Figure 2c).
We examined the clonality of T cells by amplifying the
TCR B chain using 5RACE and nested PCR techniques in
combination with GeneScan analysis. In contrast to a highly
diverse T cell population present in the wild-type lymph
nodes, a far more limited repertoire of TCR was observed
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Figure 1. Generation and characterization of CTLA4-CD28 transgenic mice. (a) A schematic representation of the structure of CTLA4-CD28 fusion gene driven by the Ick
distal promoter. The arrows indicate positions of oligonucleotide primers used for genotyping by PCR. (b) Real-time PCR analysis of the transgene expression.
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Immublotting showing expression of the transgenic protein in lymphoid and non-lymphoid organs of a 2 week-old mouse. (d) Immunostaining of lymph nodes from
a wild type (WT) littermate and transgenic (TG) mouse with anti-HA antibody. (e) Immunoblotting (IB) with indicated antibodies following immunoprecipitation (IP) with
anti-HA antibody. IgG was used in control immunoprecipitation.
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Figure 2. Gross pathological phenotypes of CTLA4-CD28 transgenic mice. (a) A 12 week-old CTLA4-CD28 transgenic mouse with typical skin lesions. (b) Kaplan-Meier survival
curves of wild-type littermates (n = 19) and CTLA4-CD28 transgenic mice (n = 19). P-value <0.0001 from log-rank test. (c) Lymph node (left) and spleen (right) of TG mice
(n = 7; red arrow heads) compared with organs from age-matched WT littermates (n = 7). (****) represents P-value <0.0001, and (*) represents P-value <0.05 from t-test.
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Figure 3. Immunoproliferation in CTLA4-CD28 transgenic mice. (a) Lymph nodes from 2 WT and TG mice were used for examination of TCR {3 chain diversity. 5’RACE PCR
amplification of rearranged TCR B chain was followed by Gene Scan analyses. (b) Flow cytometric analyses with pan T cell marker (CD3) in combination with T cell activation
markers (CD25, CD44 or CD69) or with a naive T cell marker (CD62L). CD19 was used as a B cell marker. In the case of T cells, numbers represent mean percentage + SD of
double positive cells from three independent experiments. For B cells, numbers represent mean percentage + SD of CD19+ cells from three independent experiments. In all
cases, the differences between WT littermates and TG mice were statistically significant (P-value < 0.05). (c) H&E and immunostaining for CD3, CD4, CD8 and PAX5 in the
lymph node and spleen of a 12 week-old TG mouse. (d) H&E and immunostaining for CD3, CD4, CD8 and PAX5 in the skin and lung of a TG mouse.

in transgenic lymph nodes consistent with oligo-clonality of
the T cells (Figure 3a). Given that the fusion gene is
expected to activate T cells, we examined activation status
of the T cells. The proportions of CD3+ CD25+, CD3
+ CD44+ and CD3+ CD69+ cells which represent activated
T cells were elevated and that of CD3+ CD62L+ cells which
represent naive T cells was diminished in transgenic mice
in comparison with proportions of corresponding cells

from wild-type littermates (Figure 3b). B cells, examined
by CD19 expression, also showed an increase in proportion
among lymph node cells (Figure 3b). We also examined if
CTLA4-CD28 activates the CD28 signaling pathway.
Consistently, levels of phosphorylated AKT and ERK were
increased in CD4+ cells of transgenic mice (Supplemental
Figure 2a). RT-PCR analyses also revealed up-regulation of
CTLA4, IFN-y, IL2 and PDCD1 (Supplemental Figure 2b,
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c). These changes are consistent with well-established
down-stream responses to activation of CD28 signaling as
well as with our RNA-Seq data (Supplemental tables 1, 2),
which show upregulation of the four genes examined by
RT-PCR>!

In the lymph node and spleen of the transgenic mice, we
noticed general structural disorganizations marked by
abnormal follicles which in turn showed mixed cortical
and paracortical hyperplasia with increased numbers of
lymphocytes some of which were found outside the folli-
cular areas as well (Figure 3c; Supplemental Figure 3a, b).
Consistently, histological analyses revealed the presence of
T cells in organs other than lymphoid organs (Figure 3d).
Lung and skin in particular were infiltrated with CD3+,
CD4+ and CD8 + T cells (Figure 3d). B cells, marked by
PAX5, were also present increased numbers in the lymph
node and spleen (Figure 3c) as well as in the lung but not
extensively in the skin (Figure 3d).

Allogenic transplantation of cells from CTLA4-CD28
transgenic mice

We carried out transplantation of spleen cells from the trans-
genic mice to NSG mice in order to examine the transformation
status of the lymphocytes. By the 9-week point, all recipient mice

developed skin lesions (Figure 4a) and showed significant enlar-
gement of their spleen compared to the wild-type NSG mice
(Figure 4b). HA expressing cells were found throughout the
spleen throughout white pulp areas in variable densities but
mostly forming small clusters consistent with clonal expansion
(Supplemental Figure 4). To determine the cell types that
induced these symptoms from the NSG mice, we examined the
marker expression of the lymphocytes. Cells positive for T cell
markers, CD3, CD4 and CD8, were readily detected, but vir-
tually no PAX5 positive B cells were seen (Figure 4c). Also,
infiltrating cells in the affected skin area appeared to be T cells
(Figure 4d). Of note, in both the spleen and skin, CD4+ cells
clearly outnumbered CD8+ cells, indicating that CD4 + T cells
were the major transplantable population from CTLA4-CD28
transgenic mice. Interestingly, transplantation of same cells to
syngeneic FVB/NJ mice did not lead to enlargement of the
lymph nodes or spleen (Supplemental Figure 5a). We also
could not detect HA expressing cells in the spleen of the trans-
planted FVB/NJ mice (Supplemental Figure 5b). These observa-
tions suggest a possible immune reaction to human CTLA4-
CD28 fusion gene in these immunocompetent mice.

To further examine the role of CD4 + T cells and
CD8 + T cells, we isolated each cell type from the trans-
genic mice and injected them to NSG mice. When observed
10 weeks afterward, skin lesions were found only in mice
injected with CD4 + T cells (Figure 5a), and spleens of the
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CD4 + T cells injected NSG mice were larger than those of
CD8 + T cell injected NSG mice (Figure 5b). There were
some cross contamination of cells, as some CD8+ cells were
found in CD4+ cell-transplanted mice and vice versa
(Figure 5c¢). It is possible that multiple populations are co-
expanding in the transgenic and NSG mice some of which
may be non-transformed. This raises the issue of the iden-
tity of transformed T cell subtype. Of note, we found more
CD4+ cells in CD4+ cell-injected mice than CD8+ cells in
CD8+ cell-injected mice suggesting that at least CD4+ cells
expanded in number when transplanted. Consistently, when
the T cells were co-stained for ki67, a marker for cellular
proliferation, we were able to readily identify CD4+ ki67
+ cells while virtually no CD8+ cells were ki67+
(Supplemental Figure 6). In addition, infiltration of lym-
phocytes was observed only in the liver and skin of
CD4 + T cell-injected NSG mice (Figure 5d).

ATLL-like and AITL-like features of CTLA4-CD28
transgenic mice

To characterize CD4 + T cells at the molecular level, we carried
out transcriptome sequencing of CD4+ cells isolated from
transgenic and wild-type littermate mice in duplicates.
Biological functions different between transgenic and wild-
type mice were identified by applying a gene set enrichment
analysis (GSEA) method on the hallmark gene sets in the
MSigDB. We found 14 significant gene sets (FDR < 0.05)
including ‘IL2-STATS5 signaling’, and ‘“TNF-a signaling via
NF-kB’ (Figure 6a and 6b). These two top-scoring categories
have been implicated in development and regulation of

T cells.>>?°
Next, we explored which subtypes of human T cell lymphoma

show pathological profile closest to that of our transgenic mice.
For this purpose, we identified the differentially expressed genes
between the transgenic and wild-type mice (876 up- and 647
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Figure 6. Transcriptome analysis of CD4 + T cells from CTLA4-CD28 transgenic mice. (a) Gene set enrichment analysis (GSEA) result using the hallmark gene sets of
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down-regulated genes at FDR < 0.05; Supplemental Tables 1),
which were converted into 1,245 orthologous human genes. Then,
we compared the expression profile of these genes between the
transgenic mice and 67 human T cell lymphoma samples that
included 8 ATLL, 9 AITL, 10 PTCL-NOS, 17 ENKTL, and 23
ALCL cases (see Materials and Methods). The distribution of
pairwise correlation coefficients showed that the expression pro-
file of our transgenic mice was the most similar to those of ATLL
and AITL patients (Figure 6¢c). Treg cell and Tth cells have been
proposed to be the transformed cells of ATLL and AITL
respectively.”’>° Consistently, GSEA indicated both Treg and
Tth signatures were enriched (Figure 6d).

FOXP3 expression in tumor cells is one of the key features
of a significant subset of ATLL cases.”” We used flow cytometry
to examine if Treg cells were found in increased numbers
consistent with induction of ATLL-like lymphoma. To this
end, CD3+ CD4+ cells were examined for expression of
CD25 and FOXP3. Indeed, the proportion of CD25+ FOXP3
+ cells among CD4 + T cells was elevated by more than 2.5-fold

in the transgenic mice compared to wild-type littermates
(Figure 7a). FOXP3+ cells were also readily detectable by anti-
body staining of the lymph nodes (Figure 7b). While a few
positive cells were seen within the follicles of wild type litter-
mates, transgenic mice showed numerous FOXP3+ cells
throughout their lymph nodes. FOXP3+ cells were also found
in clusters in the spleen (Figure 7c) and in the liver and
pancreas (Figure 7d) of NSG mice transplanted with CD4
+ cells indicating that FOXP3+ cells were indeed transformed
cells.

AITL is proposed to be a cancer of Tth cells.”*** Flow
cytometric analyses showed a clear increase in the proportion
of PD-1+ cells among CD4+ B220- CD11b- cells from trans-
genic mice compared to wild-type littermates (Figure 8a).
However, these cells were not strongly positive for CXCR5
despite the seeming statistical significance. In addition, there
was no massive proliferation of CD21+ cells or endothelial
venules in transgenic mice indicating AITL-like phenotype
was limited in extent (Supplemental Figure 7a). The CD21
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+ cells were also not seen in the spleen of NSG mice trans-
planted with CD4+ cells from transgenic mice again consistent
with limited AITL-like phenotype (Supplemental Figure 7b).
Still, histological examination clearly showed an increase in the
number of PD-1+ cells in the lymph nodes of transgenic mice
(Figure 8b). In fact, PD-1+ cells were found outside the follicles
indicating an abnormal growth. We were also able to readily
identify PD-1+ cells in the spleen (Figure 8c) and in the liver
and pancreas (Figure 8d) of NSG mice transplanted with CD4
+ cells indicating that PD-1+ cells were also transformed cells
not dependent on other cell types or particular milieu for
survival. Finally, we examined the overlap of the FOXP3
+ cells and PD-1+ cells using serial sections from a lymph
node of a transgenic mouse (Supplemental Figure 8). It was
readily observed that most of the FOXP3+ cells were outside
the germinal center while most of the PD-1+ cells were inside
the germinal center indicating that the two types of cells repre-
sent distinct populations.

Discussion

High throughput sequencing has led to the discovery of
numerous candidate oncogenes in various types of cancer
cells in the form of mutated and differentially expressed
genes. Yoo and coworkers reported isolation of the CTLA4-
CD28 fusion gene from their RNA-Seq analyses of multiple
types of lymphoma including AITL, PTCL-NOS and ENKTL.”
In addition, the fusion was also discovered in a significant
subset of young ATLL patients who have presumably under-
gone distinct genetic alterations from typical septuagenarian
patients of this cancer type.” A case involving a single patient
suffering from Sezary syndrome with the CTLA4-CD28 fusion
has also been reported.”* That the patient responded tempora-
rily to Ipilinumab, an anti-CTLA4 antibody strongly suggests
that this fusion mutation was the driver mutation of the
pathology. Our study presents consistent results in that the
expression of CTLA4-CD28 fusion in a T cell-specific manner
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leads to T cell lymphoma. Inflammatory pathological features
including lymphadenopathy and splenomegaly as well as skin
lesions were seen with high penetrance.

Most curiously, our data indicate that the cancer cells are
CD4+ cells whose gene expression profile closely and equally
resembles those of ATLL and AITL among the diverse types of
T cell lymphoma. ATLL is a type of T cell lymphoma known to
result from infection by HTLV-1.® Mechanistic analyses of the
pathogenesis included generation of murine models that
express viral oncogenes in T cell-specific manners. Hasegawa
and coworkers expressed viral regulatory protein Tax, which
has an in vitro transforming activity, under the control of the
Ick proximal promoter.”” These mice developed pre-T cell
(CD4-CD8-) lymphoma that only partially simulates ATLL in
that T cells associated with clinical cases of this lymphoma are
generally of a mature T cell type phenotype. Driving the expres-
sion of the same gene under the control of the Ick distal
promoter also induced lymphoma, and in this case the cells

were of more mature phenotype being either CD4+ or
CD8 + .>> This disparity likely reflects the choice of the pro-
moter as the Ick proximal promoter and the Ick distal promoter
are respectively active in early and late periods of T cell devel-
opment. The latter model still falls short of fully replicating the
ATLL phenotype in that the cancer cells were not CD25 + .
Another viral protein HTLV-1 bZIP, when expressed in a CD4-
specific manner, also could induce ATLL-like phenotype.”* In
fact, as in the case of a large majority of ATLL cases, the murine
model featured an increase in CD4+ FOXP3+ Treg cells thus
better replicating the disease phenotypes. Interestingly how-
ever, CD25+ FOXP3+ cells decreased in proportion in this
transgenic mice. Qur transgenic mice expressing the CTLA4-
CD28 fusion gene under the control of the Ick-distal promoter
represent the first model for ATLL that uses no viral oncogenes.
Given that we have an increased number of both mature T cells
and CD25+ FOXP3+ cells, our transgenic mice appears to be an
excellent model for ATLL.



AITL is a cancer of Tth cells.”**® Multiple recent studies have
revealed somatic mutations associated with this lymphoma
type.”>>” The most highly recurrent and specific mutation
appears to be a missense mutation in RHOA encoding p.
Glyl7Val. Transgenic mice expressing this mutant gene show
variable inflammatory and immunoproliferative phenotypes.*®~
4 Once again, the choice of promoters seems to affect the
severity of the disorder, but in all cases expression of the mutant
gene alone does not seem to suffice for induction of full-blown
lymphoma which was seen only after combining with a loss-of-
function mutation with Tet2.”>*’ It is therefore somewhat sur-
prising that expression of CTLA4-CD28 alone was able to gen-
erate transplantable PD-1+ cells. It should be noted that these
cells are CXCR5- and may not have all the salient features of Tth
cells. These observations raise the possibility that the PD-1+ cells
are not Tth cells but simply exhausted T cells, also known to
express PD-1 at high levels. Of note, the number of CD21
+ dendritic cells and the extent of endothelial venules were
similar between the transgenic mice and the wild-type litter-
mates indicating that a full blown AITL is not occurring here.
On the other hand, transcriptomic analysis indicated that Tth-
specific genes were highly expressed in CD4+ cells which is
consistent with at the least a partial progression of transforma-
tion. It is possible that as in the case of RHOA p.Gly17Val model,
additional mutations are needed for a closer simulations of AITL
and settle the identity issue of the PD-1+ cells.

In summary, we present a transgenic murine model that
partly recapitulates ATLL and AITL among the diverse lym-
phoma types in which CTLA4-CD28 fusion is found. It is inter-
esting that the phenotypes associated with two distinct types of
lymphoma coexist in this model. Clearly, the CTLA4-CD28
fusion gene can drive proliferation of both PD-1 + T cells and
FOXP3 + T cells which is the basis of the lymphoma-like phe-
notypes. Furthermore, it appears that the transformation of the
both types of T cells has occurred in the absence of additional
mutations as evidenced by their transplantable phenotypes. This
murine model therefore should be useful in finely dissecting the
molecular function of the CTLA4-CD28 fusion gene in different
types of T cells implicated in different types of lymphoma.
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