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General introduction

This chapter was adapted from “Next top mouse models advancing CTCL research”

“Next top” mouse models advancing CTCL research

Yixin Luo', Frank R. de Gruijl', Maarten H. Vermeer', Cornelis P. Tensen’

1.Department of Dermatology, Leiden University Medical Center, Leiden, the
Netherlands

Front. Cell Dev. Biol., 10 April 2024. doi: 10.3389/fcell.2024.1372881
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Introduction

Cutaneous T-cell lymphoma (CTCL), a rare form of non-Hodgkin lymphoma, accounts for
approximately 3% of all lymphoma cases and presents unique challenges in oncological
research. Characterized by malignant T-cell accumulation in the skin, often without
initial spread beyond this organ, CTCL exemplifies the complexity and variability of rare
malignancies (1). CTCL represents a heterogeneous group of disorders, including subtypes
such as mycosis fungoides (MF), Sézary syndrome (SS) and CD30+ lymphoproliferative
disorders (LPDs). While primarily a skin disease, CTCL can evolve into systemic lymphoma,
spreading to lymph nodes and internal organs. As it constitutes approximately 75% of all
primary cutaneous lymphomas, understanding CTCL's intricate pathobiology demands
comprehensive and detailed research approaches (2). In this regard, in vivo mouse models
are potentially powerful tools in unraveling the complexities of CTCL's pathogenesis. Such
models can lead to the design of well-targeted early-stage treatments, which can then be

preclinically tested in these experimentally accessible models.

In this introductory chapter, we thoroughly examine various in vivo mouse models
currently at the forefront of CTCL research. This includes a focused discussion on the
latest developments in transplantation models and genetically engineered mouse models
(GEMMs). We will clarify the subtypes of CTCL if the references classify the model clearly.
When the model’s CTCL subtype is not clear, we will use the term ‘CTCL model’ broadly
to encompass the diverse spectrum of this disease. Each model provides insights into
different aspects of the disease, from tumor-host environment interactions and gene
functions to drug efficacy validation. These contribute to our deepening understanding
of CTCL and aid in the advancement of innovative therapeutic approaches. Here we will
categorize and introduce mouse models of CTCL including the next top mouse models,
serving as a reference for researchers unfamiliar with mouse experimentation when
selecting models for CTCL research.

1. Transplantation Mouse Models in CTCL Research

Transplant models are essential in CTCL research and typically involve transplanting
(human) donor cells or tissues into a recipient organism (mice). CTCL transplant models
focused on late-stage human cutaneous lymphomas. These ‘Xenograft models’ involve
transplants between different species, requiring immunodeficient mice to receive human
CTCL cells or tissues. However, these models lack a fully competent immune system, which
is a significant limitation, as it prevents a complete understanding of immune system
interactions in CTCL. Additionally, they primarily focus on established tumors, offering
limited insight into the early stages of CTCL pathogenesis. This underscores the need
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for cautious interpretation of results from these models, especially regarding immune
response and early disease development. ‘Syngeneic transplant models’ use genetically
identical mice to avoid graft-host reactions and preserve normal interactions between
tumor and immune system, but do not involve genuine human CTCL. These models,
detailed in subsequent sections, offer valuable insights into CTCL pathogenesis and
treatment response (3).

1.1. Immunodeficient Mouse Models with Transplantation

Immunodeficient mouse models are critical for CTCL research, allowing the study of
tumor progression and response to treatments. These models are particularly valuable
for precision medicine, enabling individualized testing of medication in the laboratory to
circumvent disease heterogeneity. Patient-derived xenograft (PDX) and cell line-derived
xenograft (CDX) models, wherein tumor cells from patients or established cell lines from
MF, SS and other CTCL subtypes are transplanted into immunodeficient mice, play a key
role. Among the cell lines utilized to study CTCL, SeAx, Sez4, SZ4, H9, and Hut78 correspond
to SS origins, providing insight into this subtype. Similarly, Myla and HH cell lines reflect
advanced MF, while Mac2A and PB2B are indicative of CD30+ LPDs, and MJ and Hut102
lines are associated with Adult T-cell Leukemia/Lymphoma (ATLL), demonstrating the broad
spectrum of CTCL manifestations (4) . The recipient mice for the PDX and CDX model, due
to targeted genetic modifications that eliminate certain crucial immune functions, do not
reject the transplanted cells or samples (5). However, the absence of a fully functional
tumor microenvironment and a comprehensive host immune response are notable
limitations of these models.

Current CTCL research lacks comprehensive studies comparing engraftment efficiency and
metastatic rates in various immunodeficient mouse strains (6-8). Predominantly, NSG,
NOG, and NRG mice have been preferred in recent CTCL studies due to their superior
engraftment capabilities, particularly effective in researching human acute leukemia and
melanoma (9, 10). Under specific pathogen-free conditions, these strains exhibit longer
lifespans, enhancing their value in xenotransplantation. The pioneering nude mouse
model, despite its historical significance in cancer research, shows lower engraftment
success (6).

Other strains like NSB, C.B-17 SCID Beige, and Rag2 -/- y -/- mice, despite shorter lifespans,
display impressive engraftment abilities. Each strain offers unique traits that are beneficial
for specific research purposes. For instance, NOD SCID mice are crucial in studying the
pruritic phenotype of CTCL (11, 12).
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Selecting the right immunodeficient mouse strain is critical for CTCL research and depends

on study goals, graft nature, and experimental conditions. Thoughtful selection is key to

translating preclinical results into clinical applications and advancing CTCL understanding

and treatment. Below we outline and compare various immunodeficient mice used in CTCL

research (refer to Tables 1 & 2).

Table 1. The main features of immunodeficient mouse models for transplantation in CTCL

research.

Mouse Strain Mutated gene

Cell population change

Main Features

NeC No T cells Long lifespan: a median
Prkdc™™ 112rg™™"  No B cells survival time of 89 weeks.
(6)
No NK cells High engraftment ability.
No T cells Similar to NSG
NOG scid tm1Su .
7) Prkdc® 112rg™ " No B cells Long lifespan.
No NK cells High engraftment ability.
cmiMom No T cells Similar to NSG
NRG Ragl No B cell L lif
. o Bcells ong lifespan.
(13) 112rg™"" ' & Hiesp -
No NK cells High engraftment ability.
No functional T cells
NSB No functional B cells Short lifespan: the average
Prkdc*™ B2m™"”  Diminished NK cells lifespan 30 weeks.

(9)

No MHC class |

No complement factor C5

High engraftment ability
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Nude nu/nu
Foxn1™
(14)

No T cells

Moderate lifespan: 6
months to one year.

Low engraftment ability.

NOD SCID Prkdc*™

(212) (NOD background)

No functional T cells

No functional B cells

Short lifespan: the median

survival time: 37 weeks

Moderate engraftment
ability. Slightly lower than
NSG, NOG and NRG

CB17SCID  Prkdc™™

Moderate lifespan: around

No T cells one year.
(15) (C.B-17 background) No B cells Moderate engraftment
ability.
CB17 SCID No T cells .
. SCID Moderate lifespan

beige No B cells

beige High engraftment ability.
(16) g g g Y

Defective NK cells

RagZ _/_ VC'/‘ Ragztml.lFlv

(17) llzrgtml,lFlv

No T cells

No B cells

No NK cells

Short lifespan: the average
lifespan 34 weeks.

High engraftment ability.

14



(£g) sus0
00T X170 {(d49-¥aD
-HH) (3u1] (192 41} HH

{9€) (6T3-d49-28)
-HH) 61Q2 pa1e2uUny
ssaJdxa 01 paanpsuesy
13Y1nj 3J3Mm pue
uia1o4d JUa2saJ0N|)
U348 pue usaug
3SEJIDJ12N| 311334 N2

(zg)
51192 40T x S :(aun

(6T) s1192
32 4IN) HH Jo ‘(3ul] 1192 T11v)
192 §5) 841NH

(92) S22 4,01 %S¢

(3U1] 132 T1LY) ZOTINH 40 “(3uU1] 132 11LV)
192 55) ¥ZS ‘(3u1] 192 §5) 8/1NH
‘(3u11 132 55) 6H “(3u1L 1192 4N} HH “(3uY
1192 5ad1 +0€A2) azad ‘(3ul 1130 4IA) BIAN

(52} SI192 ;0Tx Z (U1 1129 4N) HH

(¥T) sl92 40T
XT © (3UI] 192 4IA1) HH 40 (31 (192 5S) 8INH

(€2} s1192 50T x

$sa4dx3 01 SNJIAIUIY (81) s1192 1192 4IN) HH ‘(3uny | ST (aun (132 4IA1) eJAA 20 (3UN| (192 §S) 8ZINH | (9) DN
Lum paanpsuen 40T XTSI (132 §5) 8£INH
2J3M 5192 HH SALSD-DOOIG <c- | ¢ A (ze)
PIALISP-POOIA SS- | ‘(U1 1192 AN BIAW | ypyys yaim umopo0ux XOL UHM ‘s1j32 0T
: - xT :(au 122 J0 {3ul] |92 n
(c€) (v€) saul| 192 101D T :(3u1] 1192 41N} HH 40 (3UI] |92 §S) 8ZINH
SI132 40T OT :(3ul] (T2) dS-qSZT-HIW Yum pasiajsuest
1132 T1LY) ZOTINH '$|192 40T 8°0 :(3Ul] 1132 4IN) BIAA
SSUIIR2 1DLD- SUN (1927013 -
(g€} s122 (0z)
40T x (07 ~ 5) :5DINad S|192 40T X ¥ :PSALI3P-JOWN] 3SNOW XAd -
paAl=p-pooIg SS5- (6T) S1199 40T %
(0T-5) ;5214003 N3| pPaAlIap-apou YdWwA| 4N -
(8T} 40T XT :SDINBd P3ALIP-POOIE S -
Sunyess uonaaful uonaaful ulensg
uo1123[ul SNOUBABJIU| uonaaful snoaueinagns
Jowni/ups |RJIOWS)RIIU| |eanedayesiu] 9SNOIN

424B3S34 131D Ul S|2POW 3sNOW JU3RLapounwiwl 1o spoyiaw uonelueldsuel] ‘g 2|qel

15



(L)
$NOSUEBINIGNS WW
£x6 s1uswSes)
Jowni asnow
panlap-elA -

(TS) S119240T x 7 :(3U1] |12 JIAl) HH

(05) (6) SIIP2 40T x0T :(3U1] 1193 4IA1) HH
(81) SI199 40T x OZ :(3U1] 199 4IN) HH
(217} SI132 40T x0T :(3uy] 132 A1) BIAN
iSauN| 11921013 -

(v1)
nu/nu
3pNN

(9t7) s1192 40T =T :(3uy (132 4N) 00OZEIAN
(st)

{77) SI192 40T XT :(3UN 1192 4IN) 6SOZEIAN
1S2UN 1921210 -

(6) asN

(e¥) 6H pazwsyan|
Inoxyd0Uy 8EAD

1S3UI (192 101D

(8)
SII92 40T XT (U] 132 §5) BLINH pAZIAHIM

1$9UI |92 1210 -

{ET) DN

(zv

"TF) 0ST-YIW-d4D YUM P31I3JSUeI] 5[[32 40T
x 70 (U1l 122 4IN) HH JO (3u1] 1192 4IN) BJAIA
(0%) S1122 40T xT :(3u1] |12 41N} eJAIN

(6€) s1132 40T x

7 :(3UN 1132 §§) BLINH 51192 40T x Z :(aun 192
4N} HH ! s[192 50T x 2°0 :(3ul] 132 JIN) _IAIN

(8€) 51192 50T x QT :(3u1] 192 dIAl) HH

{£) 90N

(T€) s2US/ 5192 40T *x8'€ :T9DUL

- ‘GOU L-YNYYS-EISNI YHUM padnpsues)
'SINS/ 51190 40T & 8°€ (U 1122 11LY) TN
(0€) (ueyy) 51192 50T x € (Ul 192 §§) Xvas
(62) (4e3) 51192 40T x +°0 :(3Ul] 192 §§) XS
(82) {£2) 51192 40T

32 55) 8LINH

16



sap1o8uny siso2AW 14N ‘Bwodpuis Alezas iss {92 Jesjanu-ouow poojq [edeyduiad :DNgd fewoydwA| [|32 L snosueInd 131D

(19 si1e2
(e9) 40T (9 - 5'0) :{3u
(uoneipeutr yum) s||s2 . 1190 SS) Xxyas 4o _| (en /oA
40T % (T- 5°0) :sDlNIEd (3U1] 112 SS) 8£INH -/- z9ey
paAISp-poolg SS -
SIUN IS 101D -
(09) 51192 50T x T :(3u1 1199 JIA) HH w%mﬂ
- - - - (65) 51192 40T x € :(3uy ans
1192 4IN) 6507 BIAINI IO (U1 [|192 SS)8LINH [180
1S3V 1921010 -
(51) s3031d p o3 (8G) 51199 40T xS (U IR 4N) HH | (sT)aps
WWSL 'O x £ x¥:5S
woJ) Buiyeld uys - FSBUILIRA DL - {18
(£9) 51132 50T x 2°0 :(3u1] 1192 SS) X¥a5
{rs) (Ao 8'T) (95) NuIs - TNIE Yyum
pajeipetst Ajleyia|qns paoNpsues] ‘s|[92 40T X G {(BUN 192 4IN) HH (TT)
UM 'S|I32 0T x0T - - (65) 10129A-ZYs-T3Vd Y31 Yyum
(Ul 1122 TILY)Z0TINH padNpsueI] ‘s[192 0T x OF :(3U1] 192 4IA1) HH | QIDS AON

(17G) S1192 60T ¢ :(2uN 1192 11LY)Z0TINH
(€9) (2S) SII32 40T x0T :(3u1] 1192 4IA) BIAN
1S3V 132 121D -

17




1.1.1. NSG mouse in CTCL

NSG mouse strain, formally named NOD.Cg-Prkdc*™ 112rg™"", is indispensable for CTCL
studies because of its broad immunodeficiency (6). Their unique genetic background
amalgamates traits from NOD, SCID(Prkdc™™), and gamma mutation (1/2rg™""), resulting
in the absence of functional T cells, B cells, and NK cells. The profound immunodeficiency
of NSG mice positions them as an exemplary recipient for development of intrahepatic
xenograft models of CTCL, facilitating the evaluation of tumorigenicity and therapeutic
responses. The maintenance of NSG mice requires stringent pathogen-free conditions due
to their lack of immune defenses, which has implications for the management and costs
of these studies. Despite this, the NSG model’s inability to mount an adaptive immune

response offers an excellent recipient.

With the aid of this model, researchers have progressively unveiled tumor-driving pathways
and corresponding treatment of CTCL, e.g. the cMyc/miR-125b-5p signaling axis (21), TOX
genes (22), Mucin 1 (23), and the potential therapeutic effects of gallium maltolate in
inhibiting tumor growth (24). Furthermore, the NSG mouse model has demonstrated its
utility in the rapid assessment of CTCL (32), and in subsequently testing novel therapeutic
modalities, in particular employing demethylating agents in conjunction with mucin 1
inhibitors (25). These studies not only underscore the importance of CTCL heterogeneity
but also highlight the therapeutic potential of coordinated treatments involving PI13Kalpha/
delta and HDAC (18, 19, 26), kinase inhibitors with TAK1 (27, 29), the synergistic
combination of Bcl-2 and NFkB inhibitors (30) and the effectiveness of a bispecific IL2-CCR4
immunotoxin (34). Recent advancements include the superior performance of CCR4-IL2
immunotoxin (35), RT39 peptide therapy (33), novel drug NT1721 (28), JAK3-INSL3 fusion
transcripts (31), anti-CCR4 CAR T cells (36), universal CD2 CAR-T therapy (37) and the
antibody-drug conjugate SGN-CD70A (20) have further expanded the therapeutic research
landscape for CTCL.

1.1.2. NOG mouse in CTCL

The NOG mouse model, formally designated as NOD.Cg-Prkdc™ I12rg"™"**, stands out
in CTCL research for its pronounced immunodeficiency, miming severe combined
immunodeficiency (SCID) in humans (63). IN close similarity to NSG, this strain is void

scid

of functional B and T lymphocytes due to the Prkdc™® mutation and lacks natural killer
(NK) cells due to the /L-2Ry™" mutation, making them an ideal platform for human cell
engraftment (38). In researching the effects of microRNAs on CTCL, the NOG model has

revealed the tumor-suppressive role of microRNA-16, while 1L-22 may facilitate tumor
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metastasis (39, 40). Furthermore, miR-150 has demonstrated potential in inhibiting tumor
metastasis (41) and histone deacetylase inhibitors targeting miR-150 and CCR6, such as
Vorinostat, have presented new strategies for the treatment of advanced CTCL (42).

1.1.3. NRG mouse in CTCL

The official name for the NRG mouse model is NOD.Cg-Rag1™"°" 112rg"™"". Due to the
knockout of the Ragl and //12rg genes, this mouse model lacks mature T, B, and NK cells (13).

The studies using NRG mice for CTCL research found that the combined use of
chlorpromazine and romidepsin displayed significant antitumor activity (8), and the
expression of CD38 is associated with the progression of CTCL, suggesting that CD38 may
play a significant role in the immunopathogenesis of CTCL and could potentially become a
new target for therapeutic intervention (43).

1.1.4. NSB mouse in CTCL

The NSB mouse model with the official name NOD.Cg-Prkdc™™“B2m™""” distinct in their

immunodeficiency due to a B2m™™

mutation affecting MHC class | expression, lack
CD8+ T cells and exhibit impaired NK cell function (64). This characteristic enables the
strain to support the engraftment of malignant T cells such as Myla2059, providing a
robust model for the study of late-stage CTCL, especially MF, dissemination and treatment
(44). Additionally, the secretion of molecules such as galectin-1 and -3 by malignant T
cells has been associated with the disruption of skin architecture and the proliferation of

keratinocytes in CTCL (45, 46).

Distinct from the NOG and NSG strains, which suffer from impaired NK cell function due
to mutations in the IL2R gamma chain, the deficit in this strain arises from the impact of
the B2m mutation on MHC class | expression, marking its unique role in the study of CTCL
models

1.1.5. Nude (nu/nu) mouse in CTCL

The “nude” (nu/nu) mouse model, which lacks a mature thymus due to a Foxnl gene
mutation, resulting in underdeveloped T cells (14), has become a critical model for
evaluating CTCL therapies, especially in terms of treatment responses for MF patient-
derived skin lesions. These mice with transplants of MF have shown enhanced effects of
combination therapies, like PUVA and mogamulizumab, a monoclonal antibody targeting
CCR4, compared to monotherapies (47, 48). Further studies using “nude” mice have been

conducted to test the effectiveness of Vorinostat and the HIF-1a inhibitor Echinomycin,
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unveiling their potential in combating CTCL (49, 65). The dual PI3K/mTOR inhibitor PF-
502 has also been shown to prolong survival in “nude” mice, suggesting its potential as a
promising therapeutic for CTCL (50). And metabolic analysis of CTCL model mice has led to
the discovery of fluctuations in L-glutamate and adenosine monophosphate levels, which
could contribute to understanding CTCL the dynamics of biomarkers (51).

1.1.6. NOD SCID mouse in CTCL

The NOD SCID mouse model, formally designated as the NOD. CB17-Prkdc*™ strain, is
valuable in CTCL research as recipient mice due to its lack of mature T and B cells, making
it suitable not only for studying pruritus—a hallmark symptom of CTCL (12) —but also for
investigating tumor growth, early symptoms, and the role of gender in disease mechanisms
(52, 53). Employing the NOD SCID mice for the CTCL model, LW-213 has shown notable
therapeutic potential, inhibiting the growth of CTCL-associated xenograft tumors and
improving survival rates (54). Additionally, this model has been used to validate the role of
PAK1 in CTCL cell proliferation and the therapeutic potential of its inhibitors (55), as well
as to study the role of BIN1 in disease progression through its regulation of c-FLIP affected
Fas/FasL-mediated apoptosis (56). Moreover, the combined application of retinoic acid

and histone deacetylase inhibitors has demonstrated antitumor effects (57).

1.1.7. CB17 SCID mouse in CTCL

The CB17 SCID mouse model, originating from the C.B-17 strain, bears a Prkdc®® gene

mutation that results in a profound deficiency in adaptive immunity by impairing T and
B lymphocytes (66). This strain, as recipient mouse of CTCL from SS patient-derived skin,
provides valuable insights into the pathology and can aid in developing new therapeutic
strategies (15). Recent research has demonstrated that the combined use of Brentuximab
Vedotin (BV) with doxorubicin exhibits significant tumor suppression in the HH cell tumor
model in CB17SCID mice, further confirming the potential of this drug combination in the

treatment of T-cell lymphomas (58).
1.1.8. CB17 SCID Beige mouse in CTCL

The CB-17 SCID beige mouse model, due to the combined SCID and beige mutations,
possesses an extensive range of immunodeficiencies, including the absence of T
cells, B cells, and compromised NK cell function, providing a more comprehensive
immunodeficient model than the CB17 SCID defect only (16). As a recipient, these mice
excel in tumor studies due to their increased tumor growth rates compared to less
immunodeficient nude mice, ideal for aggressive tumor research contrasting slower-

progressing SS tumors (59). In CTCL research, these mice, together with the EL4 mouse T-cell
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lymphoma model, have aided in discovering that the expression of galectin-9 on tumor
cells is inversely proportional to CD8+ T cell infiltration in the skins of EL4 mouse model
and serum levels of galectin-9 correlate with disease severity. However, the anti-tumor
effect of exogenous high-dose galectin-9 administration demonstrated anti-tumor effects

in CTCL, underscore its significance as a potential therapeutic target (60).
1.1.9. Rag2-/- mousein CTCL

The Rag2-/- mouse model carries a mutation that disables the Rag2 gene, essential for
T and B lymphocyte development through V(D)J recombination. This mutation results
in a complete absence of mature T and B cells, creating a foundational model for
immunodeficiency studies (67). While not a primary model for CTCL itself, Rag2-/- mice
serve as recipients in specific studies, such as those involving subcutaneous injections of
modified CD4+ T cells from Myc+ Cdkn2a -/- mice, to explore the mechanisms of cutaneous
hypersensitivity and the immunological roles of IL-7 and IL-15 (68). An enhanced version
of this model, the Rag 2-/- yc-/- mice, lack functional T, B, and NK cells due to the knockout
of both the Rag2 and the interleukin-2 receptor gamma chain gene (l12rg or yc), which
affects cytokine receptor production. This strain is suitable for xenotransplantation studies
on SS, in particular it sustains long-term systemic repopulation with injected SS cell lines or

primary cells without immune rejection (61).

The SRG15 mouse, an advanced version of the Rag 2-/- model, combines Rag2-/-
, Yc-/- mutations and humanized IL15 and human signal regulatory protein alpha
(SIRPA) mutations (69). These ‘humanized’ mice are engineered to express human IL-
15, accommodating the growth of SS tissue samples more effectively than traditional
immunodeficient models. Integrating of human IL-15 and SIRPa genes in the SRG15 mice
enables them to support human NK and T cells, making them excellent tools for studying

human immune cell behaviors (62).
1.2. Non-immunodeficient Mouse Models with Syngeneic Transplantation

Syngeneic transplantation models, wherein syngeneic lymphomas are introduced into
the skin of mice, serve as valuable tools for investigating tumor behavior and host-
tumor interactions. These models allow for studying tumor dynamics within a genetically
consistent background, offering insights into the tumor’s interaction with a native
immune system. However, it is crucial to acknowledge that these models have limitations
in representing the human immune system and the diverse variants of the disease.
Specifically, they lack the complexity and heterogeneity inherent in human CTCLs. Such
differences are crucial for researchers to consider, ensuring that the distinct differences
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between model and human disease are accounted for in research conclusions and clinical

applications.
1.2.1. MBL2 mouse model in CTCL

The Mannose-Binding Lectin 2 (MBL2) mouse model, utilizing C57BL/6 mice as a syngeneic
platform, creates an auto transplantation model for CTCL by injecting MBL2 lymphoma
cells and inducing inflammation with DNFB. Although not based on genuine CTCLs, this
model effectively simulates the impact of inflammation observed in CTCL and highlights
the potential of anti-inflammatory treatments such as the PARP-1 inhibitor talazoparib and
IL-10 suppression in controlling tumor growth (70-72). Further research has confirmed
the efficacy of CD47 blockade agents and CCR2 inhibitors in slowing tumor growth and
modulating the tumor microenvironment (73, 74). The discovery that rapamycin inhibits
tumor growth by highlighting its impact on the metabolism of lymphoma cells, particularly
reducing the reliance on aerobic glycolysis, offers a new avenue for metabolic intervention
in treating CTCL (75).

1.2.2. EL4 mouse T-cell ymphoma model

The EL4 mouse model uses a T-cell lymphoma cell line derived from C57BL/6 mice and
serves as a syngeneic transplant model for CTCL by virtue of inoculation in the skin with an
impact on matching immune system. Studies utilizing this model in CTCL-related research
have shown that bexarotene demonstrates immunomodulatory potential by reducing
levels of CCL22 (76). Moreover, combining mogamulizumab with PUVA therapy shows
enhanced therapeutic effects (77). This model has also demonstrated a possible role for
CXCL11 in anti-CTCL treatment (78), revealed the role of TSLP in promoting a Th2-dominant
tumor environment (79), and identified galectin-9 as a potential new therapeutic target
for CTCL (80). Additionally, the EL4 model has elucidated the role of IL9 and its regulatory
factors in MF (80), as well as the importance of PIGF in promoting lymphoma cell growth

and disease progression in CTCL (81).

1.2.3. Murine bone marrow transplantation model

The bone marrow transplantation model for CTCL, examining the JAK3*7*Y

mutation,
provides insights into lymphocyte development and the mutation’s role in T-cell
proliferation and survival. This model reflects the pathological traits of aggressive
lymphoproliferative disorders, including CTCL, with manifestations such as skin

*572Y mutation’s capacity to induce

involvement in human CTCL. Findings indicate the JAK3
a transplantable, diverse CTCL-like disease, exacerbated by trisomy 21, which may result

in fatal leukemia from CTCL phenotypes (82, 83). Bone marrow transplantation models
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are relatively complex to operate and require high-standard experimental equipment and
environments, which limits the application of the model.

2. Non-Skin Target Genetically Engineered Mouse Models (GEMMs) in CTCL
Research: carcinogenesis from a to z.

Genetically Engineered Mouse Models (GEMMs) offer a physiologically relevant platform
to study human CTCL by introducing specific gene modifications (84). Genomic analysis has
identified a number of genes as potential therapeutic targets in CTCL (85). Given that mice
share about 85% genetic similarity with humans (86, 87), GEMMs facilitate understanding
the role of specific genetic modifications in CTCL development. These models enable
the study of natural cancer progression and interaction with the immune system from
the onset (88). However, non-skin target GEMMs primarily simulate systemic CTCL
pathogenesis and often do not originate from skin-homing CD4+ T cells, the main origin of
CTCL genesis, limiting their applicability to skin-centric CTCL features.

2.1. Knockout Mouse Models in CTCL Research: Starting from systemic
tumorigenesis.

Knockout mouse models are prevalent in CTCL research, enabling the study of gene
function by gene deletion, particularly in the core cell type implicated in CTCL, CD4+ T cells
(89). The CD4CreER™ transgenic mouse model exemplifies this, where Cre is controlled
by the CD4 promoter and gene editing thus selectively targets CD4+ T cells. The Cre/lox
system used here allows for temporal and cell-specific gene inactivation via tamoxifen-
activated CreER™ recombinase. Such inducible knockouts are tools for dissecting gene roles
in CD4+ T cells, providing insights into their complex functions in immunity and disease
progression. Although, they may predominantly manifest skin symptoms similar to CTCL,
they originate from systemic T cell disorders, aligning more with secondary CTCL types (90).
It highlights the need for careful consideration when extrapolating findings from these
models to primary CTCL.

2.1.1. R26STAT3C™"* cD4Cre Mouse Model

The R26STAT3C™""* CD4Cre mouse model is utilized to assess the consequences of
persistently active STAT3 in CD4+ T cells. These mice are genetically engineered to have a
modified STAT3C gene at the ROSA26 locus (91), which is continuously expressed in CD4
cells due to removing a stop sequence flanked by loxP sites through the CreLoxP system.
This persistent activation of STAT3 simulates skin abnormalities akin to those seen in CTCL.
Research by Fanok et al. using this model revealed that dysregulated cytokine signaling,
particularly aberrations in the IL-2 receptor signaling pathway and the JAK-STAT signaling
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pathway, as well as imbalances in microenvironmental factors, like the skin microbiome,

may promote the onset and progression of CTCL (92).
2.1.2. CD4CreER™Satb1™ Rosa26"'° Mouse Model

The CD4CreER™Satb1""Rosa26"™” mouse model is designed to study the role of SATB1
protein by deletion and Notchl by overexpression (intracellular domain N1-ICD) in
CD4+ T cells (not only those residing in the skin). This model mirrors advanced - CTCL
pathogenesis. SATB1 loss leads to increased chemokine receptors including CCR4, affecting
T-cell migration with the transformation of CD8+ T cells into CD4+ CD8+ double-positive
T cells and more infiltration of CD3+ T cells in the skin of the mice, and CTCL progression.
Moreover, with exhibiting CD8 and CD11b co-expression and symptoms like splenomegaly
and lymphadenopathy, it is a valuable tool for exploring late-stage CTCL's advancement and
treatment (93).

2.2, Transgenic Mouse Models in CTCL Research

Transgenic mouse models are created by inserting exogenous DNA into the mouse genome,
which allows for precise manipulation of gene expression to assess gene function and its
impact during a disease (94). In CTCL research, these models are crucial for exploring genes
associated with the disease, providing a window on the mechanisms of CTCL onset and

progression.
2.2.1. IL-15 Overexpression Mouse Model

The IL-15 overexpression mouse model uses transgenic technology to introduce an
exogenous /L-15 gene into the mouse genome, leading to its overexpression and causing
the mice to develop a CTCL-like disease similar to the human condition. IL-15 is a cytokine
involved in the maturation of lymphocytes (95, 96). This model mirrors the high levels of IL-
15 found in CTCL patients and allows for the observation of clinical symptoms and disease
progression in vivo, aiding in the understanding of the role of IL-15 in the pathogenesis
of CTCL (97, 98). It helps identify potential therapeutic targets, including the regulation
of Zeb1 and exploring inhibitors of HDAC and miR-214 (97, 99). The highlighted negative
regulatory relationship between miR-29b and BRD4 opens up new avenues for preventing
the progression of CTCL (100).

It is important to note that while the IL-15 overexpression mouse model provides valuable
insights into the role of IL-15 in CTCL, it cannot explain the mechanisms by which IL-15
overexpression occurs in patients. Therefore, further studies are needed to understand this
fully and develop effective treatments.
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Based on the latest advances in CTCL research, we aim to create autochthonous mouse
models that can effectively replicate the disease’s initial skin-based progression (1). These
models are designed to modify genes in skin-homing CD4+ T cells and local inflammation,
closely mimicking the natural development of CTCL. They significantly enhance our
understanding of the origins of early-stage CTCL and show promise in designing early
intervention measures.

The scope of this thesis

This thesis starts with an overview in Chapter 1, introducing the application of in vivo
mouse models in the study of CTCL. These mouse models are crucial for deciphering the
pathogenesis of the disease and testing potential treatment methods. My Ph.D. pursuit
aims to establish Skin-Targeted Genetically Engineered Mouse Models (GEMMs) using gene
alterations found in patient tumors through high-throughput sequencing, which might be
the key factors to trigger CTCL. These models are intended to investigate the pathogenic
role of these genes in the early stages of CTCL. Insights from these works are expected to

contribute to the advancement of CTCL research and personalized treatment strategies.

In Chapter 2, we first obtained GEMM mice capable of specific Socs1 knockout in skin-
homing CD4+ T cells through breeding. We explored optimal conditions for tamoxifen
administration outside the skin. Subsequently, an eight-week experiment using
GEMM mice demonstrated that a single copy loss of Socs1, combined with persistent
inflammation, was insufficient to initiate an early-stage mycosis fungoides-like phenotype

within these mice in eight weeks.

To further confirm the causal role of Socs1 allele loss in the development of MF, Chapter
3 involves a larger group size (8-9) for stronger statistical power and extends the duration
of the experiment. The experimentally induced contact allergic reaction continued for 20
weeks. Ten weeks after stopping the contact allergic challenge, we found that local Socs1
mono-allelic loss in CD4+ T cells in chronically inflamed skin leads to autonomous skin
inflammation with early MF characteristics.

Chapter 4 introduces a novel conditional knockout mouse model with Hnrnpk mono-allelic
deletion in CD4+ T cells in the skin. Repeated contact allergic challenges were performed to
maintain prolonged skin inflammation for 20 weeks, followed by a 20-week period without
further treatment. This model mimics key features of early CTCL, including chronic skin
inflammation, CD3+ CD4+ cell infiltration, and minimal disturbance in peripheral blood.

It offers an experimental pathway to study complex microenvironments and immune
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responses, enabling in-depth research into the function of HNRNPK, especially regarding

de novo development against CTCL.

In Chapter 5, we utilized the novel strain of homozygous and heterozygous mice developed
in Chapter 4 to elucidate the role of Hnrnpk as an initiating factor when deleted in skin-
homing CD4+ T cells, combined with repeated exposure to OXA. We further investigated
the role of Hnrnpk deletion as an initiating factor in the pathogenesis of CTCL in skin-
resident CD4+ T cells.

Chapter 6 presents a comprehensive overview of the data gathered in this study, along
with an exploration of both clinical and research implications associated with this thesis.
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Abstract:

Mycosis fungoides (MF), the most common type of Cutaneous T cell Lymphoma (CTCL),
is characterized by an inflamed skin intermixed with proliferating malignant mature skin-
homing CD4+ T cells. Detailed genomic analyses of MF skin biopsies revealed several
candidate genes possibly involved in genesis of these tumors and/or potential targets for
therapy. These studies showed, in addition to common loss of cell cycle regulator CDKN2A,
activation of several oncogenic pathways, most prominently and consistently involving
JAK-STAT signaling. SOCS1, an endogenous inhibitor of the JAK-STAT signaling pathway,
was identified as a recurrently deleted gene in MF, already occurring in the earliest stages
of the disease. To explore the mechanisms of MF, we create in vivo mouse models of
autochthonous CTCLs and these genetically engineered mouse models (GEMMS) can also

serve as valid experimental models for targeted therapy.

We describe the impact of allelic deletion of Socs1 in CD4+ T cells of the skin. To achieve
this, we crossed inducible Cre-transgenic mice in the CD4 lineage with transgenic mice
carrying floxed genes of Socs1. We first determined optimal conditions for Socs1 ablation
with limited effects on circulating CD4+ T-cells in blood. Next, we started time-course
experiments mimicking sustained inflammation, typical in CTCL. FACS analysis of the blood
was done every week. Skin biopsies were analyzed by immunocytochemical staining at the
end of the experiment. We found that the Socs1 knockout transgenic group had thicker
epidermis of treated skin compared with the control group and had more CD3+ and CD4+
cells in the skin of the transgenic group compared to the control group. We also noted
more activation of Stat3 by staining for p-STAT3 in Socs1 knockout compared to wt CD4+T
cells in the skin. The results also indicated that single copy loss of Socs1 in combination
with sustained inflammation is insufficient to start a phenotype resembling early-stage
mycosis fungoides within eight weeks in these mice.

In sum, we developed and optimized an autochthonous murine model permitting selective
knockout of Socs1 in skin infiltrating CD4+ T-cells. This paves the way for more elaborate
experiments to gain insight in the oncogenesis of CTCL.

Key words: Cutaneous T cell lymphoma; in vivo modeling; Inflammation; Mycosis

fungoides; Transgenic mouse.
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1 Introduction

Mycosis fungoides (MF), the most common type of Cutaneous T cell Lymphoma (CTCL),
is characterized by an inflamed skin intermixed with proliferating malignant mature skin-
homing CD4+ T cells. (1-3) It presents in the early stage with cutaneous patches and/
or plaques. The disease has a favorable prognosis in those early stages (IA-IB). However,
approximately 25% of patients progress to the advanced stage, presented with cutaneous
tumors or erythroderma or systemic involvement, and a dramatic reduction in five-year

survival from approximately 80% to 25%.

The exact molecular mechanisms of MF pathology remained unclear despite some
genomic and gene expression profile studies. Recent detailed genomic analyses (using
next-generation sequencing) of MF skin biopsies revealed several candidate genes possibly
involved in the genesis of these tumors and/or potential targets for therapy.(4) These
studies showed, in addition to the common loss of cell cycle regulator CDKN2A, activation
of several oncogenic pathways, most prominently and consistently involving JAK-STAT
signaling. However, the precise genetic alterations driving these oncogenic pathways, the
genetic drivers, remained unclear.

In mycosis fungoides, SOCS1 (the suppressor of cytokine signaling 1) was identified as
one of the highly recurrently deleted tumor suppressors and the gene rearrangements
of SOCS1 were already present in the earliest stages of MF.(5) SOCS1 belongs to the
suppressor of cytokine signaling (SOCS) family and is an endogenous inhibitor of the JAK-
STAT signaling pathway, inhibiting JAK-STAT phosphorylation and activation via a negative
feedback loop.(6) It plays critical roles in Th subset differentiation.(7) and the regulation
of Tregs.(8) SOCS1 is a unique tumor-suppressor gene that regulates inflammation-related

tumorigenesis.(9)

In early disease stages, the skin lesions contain of a small population of malignant T cells
immersed within a dense infiltrate of reactive immune cells. It is supposed that chronic
inflammation precedes and gives rise to the malignant cell clone, which takes the upper
hand as the tumor progresses. (10) It is now recognized that inflammation may not
only combat the tumor but may promote its development. Immunologic processes, and
in particular chronic inflammation, were added to Weinberg’s and Hanahan’s original
hallmarks of cancer. (11)

To elaborate on the function of SOCS1 and other identified genes in mycosis fungoides,
in particular in the initiating events, we aim to use mouse models. The currently
available mouse models (12) are nearly all based on cell lines and xenografts in immune
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compromised mice and models that represent early stages of MF are lacking. Here we
describe the development of a genetically engineered mouse model that aims to represent
autochthonous CTCLs, permitting the necessary next steps in dissecting the precise role(s)
of identified genes in the pathogenesis starting with SOCS1. We show that Socs1 deletion
in this in vivo model is limited to CD4+ T cells and chronic inflammation of the skin can be
maintained and eventually used to promote and enhance the tumorigenic process. The
irreplaceable merit of this autochthonous model is the possibility to study in detail the
impact of the interaction between the imposed tumor cells transformation and an intact
immune system. Finally, genetic mouse models might also serve as valid experimental

models for targeted therapy.
2.Materials and Methods
2.1.Mice

Conditional Socs1 knockout mice (13) (floxed Socs1) and tamoxifen-inducible Cd4-driven
CreER™-knock-in mice (Cd4CreER™) (14) were crossed. The Cd4-driven CreER"-knock-in
mice were purchased from Jackson’s Laboratories (#:022356). Conditional Socs1 knockout
mice (with loxP sites on either side of exon 2 of the targeted Socs1 gene; with inserted
reporter human CD4) were kindly obtained from Professor Warren Alexander at Walter
and Eliza Hall Institute. The first round of crossing yielded Socs1 fl/wt Cd4CreER™+/- and
Socs1 fl/wt Cd4CreER™-/- mice. The resulting offspring will have exon2 of Socs1 deleted in
Cre-expressing CD4+ T cells up on administering tamoxifen.

Of note is the sub-Mendelian low vyield of Socs1 fl/fl Cd4CreER™ pups which hampered

populating the experiments with an adequate number of these mice.

Genomic PCR was conducted to analyze the genotypes of mice using ear DNA and gene-

specific primers for the Socs1flox transgene and Cd4CreER™ construct.

All mice were housed in individually ventilated cages, maintained under specific pathogen-
free conditions, and had access to food and water ad libitum.

All mouse experiments were supervised by the animal welfare committee (lvD) of the
Leiden University Medical Center and approved by the national central committee of
animal experiments (CCD) under the permit number AVD116002015271, in accordance
with the Dutch Act on Animal Experimentation and EU Directive 2020/63/EU.

Mice entered the experiments at ages between 6 and 20 weeks. The mice were assigned
to control or experimental groups based on genotype and were assigned randomly to
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experimental treatments within each group.
2.2.Preparation and administration of Oxazolone and 4-hydroxy-Tamoxifen

Oxazolone (4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one, Sigma-Aldrich, Netherlands)
was dissolved in acetone. For every experiment performed, a freshly made solution was
used. Mice were sensitized with 1.5% oxazolone (100 pL) on the shaved abdomen skin (2
cm x 2 cm) under anesthesia. After seven days, mice were challenged with 0.5% oxazolone
(150 pL) on the shaved left flank skin (2 cm x 3 cm) and vehicle only (150 puL acetone) on
the shaved right flank skin (2 cm x 3 cm). To maintain the skin inflammation, mice received
0.5% oxazolone (150 pL) on the shaved left flank skin (2 cm x 3 cm) and again vehicle only
(150 pL acetone) on the shaved right flank skin (2 cm x 3 cm) three times a week.

4-hydroxy-Tamoxifen (40H Tam Sigma-Aldrich, Netherlands) was dissolved in ethanol (20
mg/ml) and was sonicated for 2 minutes. Then it was stored at -20 °C for the experiments.
For topical administration, 4OHT was reheated at 60 °C for 10 minutes and was

administered 1mg per mouse topically on left shaved skin (2 cm x 3 cm).
2.3.Flow Cytometry

Blood (501) was drawn from the tail veil every week. This was performed at least 24 hours
after OXA application. Whole blood samples were processed using lysis buffer (from
Hospital Pharmacy at LUMC) for 10 mins at 37 °C. Cells were incubated with monoclonal
antibodies for 30 min on ice.

Fluorescence-labeled antibodies including anti-mouse CD3 (clone 145-2C11, BD, The
Netherlands), anti-mouse CD19 (clone 1D3, Thermo Fisher Scientific, The Netherlands),
anti-mosue CD4 (clone RM4-5, Thermo Fisher Scientific, The Netherlands), anti-mouse CD8
(clone 53-6.7, Biolegend, The Netherlands) and anti-AhCD4 (clone RPA-T4, eBioscience™,
The Netherlands). Of note, the antibody for AhCD4 should be specifical clone that fits for
the surrogated reporter in Socs1flox transgenic mouse. Samples were processed in a BD

Fortessa flow cytometer and analyzed using the FlowlJo software.
2.4 Histological and immunohistochemical analyses

Skin samples were fixed with 10% neutral buffered formalin, dehydrated with increasing
grades of ethanol, cleared with xylene, and embedded in paraffin. Sections (4 um-thick)
were cut with a microtome (Leica 149MULTIOC1). Tissue sections were stained with

hematoxylin and eosin to visualize general histological architecture.

For immunohistochemical analyses, paraffin-embedded skin sections were dewaxed with

41



xylene and rehydrated. After that, the sections were blocked for endogenous peroxidase
using 0.3% hydrogen peroxide and nonspecific antibody binding using a blocking buffer
(SuperBlock, Thermo Fisher Scientific, The Netherlands). Antigen retrieval was performed
using citric acid (PH = 6.0) solution. The tissue sections were incubated with the following
primary antibodies at 4°C overnight: anti-human CD4 (1:2000, EPR6855, Abcam, The
Netherlands), anti-mouse CD3 (1:200, D7AG6E, Cell Signaling Technology, The Netherlands),
anti-mouse CD4 (1:100, D7D2Z, Cell Signaling Technology, The Netherlands), anti-mouse
CD8 (1:1600, 4SM15, eBioscience™, The Netherlands), anti-phospho-STAT3 (1:150, D3A7,
Cell Signaling Technology, The Netherlands).

Then sections were incubated with secondary antibody at room temperature for 60
min. Sections were visualized with Vectastain Elite Kit (Vector Labs, Netherlands) and
diaminobenzidine (Dako Omnis, Agilent Dako, Netherlands). After counterstaining with
hematoxylin, sections were mounted. The scanner (3DHISTECH, Pannoramic 250) was used

for microscopic examination and image acquisition.
2.5.Immunohistochemical evaluation

The layers of the epidermis were counted within at least 5 high power fields (HPF) (20x
maghnification) of each slide, and the means were assessed for further statistical analysis.

The numbers of AhCD4+, CD3+, CD4+, CD8+ and phospho-STAT3 positive cells in the dermis
were counted within 5 HPF (20x magnification) per case. The values were normalized
to cells/mm?, and the mean numbers were assessed for further statistical analysis. The
evaluations were conducted by two independent individuals who were blinded to samples

information.
2.6.Statistical Analysis

A paired t-test was used to compare treated skin and untreated skin from the same mouse
group. Nonparametric test and an analysis of covariance were used to compare the skin

between two different mouse groups.

All statistical analyses were performed using GraphPad Prism software version 8
(GraphPad). In all cases a P-value of 0.05 and below was considered significant (*), P <
0.01(**) and P < 0.001 (***) as highly significant.
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3.Results
3.1.Generation of a specific conditional Socs1 knockout mouse model

To knock out the Socs1 gene in murine CD4+ (mCD4) T cells, we crossed conditional
Socs1 knockout mice (floxed Socs1) and tamoxifen-inducible Cd4-driven CreER™-
knock-in mice (Cd4CreER™). The tamoxifen-inducible Cd4-driven CreER™ transgenic
mouse strain expresses a tamoxifen inducible Cre recombinase (CreER™) under the
control of the Cd4 gene promoter (Figure 1A). In the conditional Socs1 knockout
mouse, the endogenous Socs1 gene was replaced with a modified Socs1 gene
flanked by LoxP sites. The modified Socs1 gene harbors a 3’ reporter, AhCD4, which
comes under the control of the Socs1 promoter. This reporter, * A human CD4’

contains an F43/ mutation and intracellular truncation, which abrogates its function.

In Socs1flox Cd4CreER™+/- mice (Socs1 fl/wt Cd4CreER™+/- and Socs1 fl/fl Cd4CreER"+/-),
Cre recombinase is activated selectively in CD4+ T cells upon tamoxifen and deletes the
Socs1 sequence between loxP sites. Socsl1 wild-type alleles, Socs1 floxed alleles and
Cd4CreER” transgene were determined by PCR using genomic DNA from ear clips. (Figure
1B, & 1C)
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Figure 1. Creation of conditional Socs1 knockout mice permitting specific inactivation of the Socs1
gene in CD4+ T cells. (A). Breeding scheme used to create on conditional knockout mice permitting
specific deletion of functional Socs1 in CD4+ T cells. The transgenic Socs1flox Cd4CreER™+ (Socs1fl/
wt Cd4CreER™+ and Socs1fl/fl Cd4CreER™+) mice were generated by crossing Socs1flox (in which the
exon2 of Socs1 is flanked by LoxP sites) with the inducible Cd4CreER™ mice (in which Cre is under
the control of Cd4 promoter. Expression of the Cre recombinase gene is induced in CD4+ T cells
by giving the mice the drug tamoxifen, (shown in the figure as 40HT). Tamoxifen allows the Cre
recombinase to enter the nucleus of CD4+ T cells and recombine the loxP sites. In the event that
Socsifl was deleted by Cre, the inserted reporter human CD4 (hCD4) will be under control of the
endogenous Socs1 promoter and expressed instead of Socs1. The human CD4 reporter contains a
F43I mutation and intracellular truncation to abrogates its function. (B). Agarose gel electrophoresis
image of the Socs1 PCR product of Socs1fl/fl, Socs1fl/wt and Socs1wt/wt mice. Visible marker bands
indicate fragment sizes of 1000, 750, 500 and 250 bps from top to bottom (lane 1). (C). Agarose gel
electrophoresis image of the Cre PCR product of the Cd4CreER™+ and wildtype mice. Visible marker
bands indicate fragment sizes of 1000, 750 and 500 bps from top to bottom (lane 1).

3.2.Three doses of 40HT topical application have less systemic influence compared with
five doses of 40HT topical application

Two groups of Socs1 fl/wt Cd4CreER™+/- mice, with bilateral flank skin shaved, received
topical 40HT once daily on the left flank and acetone as a vehicle control once daily on the
right flank for 5 and 3 consecutive days, respectively. Blood (50 ul) was taken from the tail
vein before the 40HT application and three days after the last 40HT application. (Figure
2A)

The Socs1 deletion, showed by the reporter gene AhCD4 on CD4+ T cells, was measured
by flow cytometry in both groups. The results showed that Socs1 was successfully deleted
in circulating CD4+T cells after the 40HT application in both groups of mice. Moreover,
it confirmed that the activation of Cre-loxP system in our specific mouse model could
be achieved by using five doses of 40HT and three doses of 40HT, which resulted in the
deletion of Socs1 in CD4+ T cells. (Figure 2B) After 40HT, the Socs1 fl/wt Cd4CreER™+/-

mouse can be marked as the Socs1-/wt Cd4CreER™+/- (S+-C) mouse.

In quantifying the percentage of CD4+T cells with Socs1 deletion in circulating CD4+T
cells after 5 and 3 doses of 40HT, we observed a clear dose effect: 3 doses resulted in
statistically significantly less deletions than 5 doses. (Figure 2C)
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Figure 2. Effect of five and three times 40HT application on the skin. (A). Schematic representation
of the experiment determining the effect of 5 and 3 doses of 40HT. Blood (50 puL) was drawn from
the tail veil before 40HT application and 3 days after the last 40HT application and subjected
to FACS analysis. (B). Reporter AhCD4 expression in circulating murine CD4+T cells using FACS
analysis. Representative flow plots of blood obtained before 5 doses of 40HT, after 5 doses of
40HT, before 3 doses of 40HT, and after 3 doses of 40HT. (C). Cells with Socs1 deletion (resulting
in AhCD4 expression) in percentage of total circulating murine CD4+ T cells in transgenic Socs1fl/wt
Cd4CreER™+/- mice. Data are presented as mean * SD. Symbols in bar graphs represent individual

mouse. ¥*P<0.05

3.3.Long-term low concentration OXA is suitable for inducing and maintaining an
inflamed skin

In this experiment, we tried to avoid the damaging effect on murine skin of a high
concentration of OXA thereby reducing mouse distress/scratching, and optimized the OXA
dose to induce a sustainable skin inflammation in skin (no wounding from scratching). 1.5%
OXA was used for sensitization on the shaved abdomen on day 1. 0.5% OXA was used for
challenge on the shaved left flank seven days later. Then 40HT on the shaved left flank
was used for three consecutive days to knockout Socs1. After that, repeated dosing was
performed on the shaved left flank until day 56, with each dose at least 48h apart. Skin
samples were collected two weeks after the last dose. (Figure 3)

After 40HT, Socs1fl/fl Cd4CreER™+/- mouse are abbreviated as S--C (Socs1-/- Cd4CreER™+/-)

mouse, and the SocsIwt/wt Cd4CreER™+/- mouse as the C (control) mouse.

During the study, none of the mice showed open wounds or persistent severe pruritus on
the skin. The treated skin had obvious inflammation symptoms like erythema, scaling, and
skin roughness. The S--C group had the strongest skin inflammation among three groups.
Meanwhile, the shaved right flank with vehicle had no inflammation phenotype in each
group of mice. (Supplementary Figure 1) Flow cytometry data from weekly peripheral
blood during the experiment also showed no significant abnormalities in the immune
system of the mice.
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Figure 3. Scheme of the experiment performed using the conditional Socs1 knockout mouse model.
OXA also on the skin

3.4.S0cs1 was successfully deleted in circulating and skin-homing CD4+ T cells of the

transgenic mouse.

To confirm the Socs1 deletion in circulating CD4+ T cells, we measured the reporter AhCD4
in peripheral blood by flow cytometry. The results showed that Socs1 was deleted in
circulating CD4+ T cells in S--C and S+-C groups after the 40HT application on the skin. In C
group, no Socs1 deletion was detected. (Figure 4A) The Socs1 deletion level in circulating
CD4+ T cells from S--C and S+-C groups was long-lasting during the experiment. (Figure 4B)
It illustrates the stable knockout effect of our new transgenic mouse strain.

The Socs1 deletion in skin resident CD4+ T cells, showed by reporter gene AhCD4, was
confirmed by immunohistochemical staining. The results showed that there were AhCD4
positive cells in S--C and S+-C groups after the 40HT application on the skin. The number of
AhCD4 positive cells was most pronounced in the S--C group although this was not firmly
quantifiable with only two mice in this genotype group (see M&M section). In the control
group, no Socs1 deletion was detected. (Figure 4C) Among transgenic mice (S- -C and S+-
C), there is statistically significant more Socs1 knockout in the dermis of the treated skin

comparison with that of the untreated skin. (Figure 4D)
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Figure 4. Socs1 can successfully be deleted in circulating and skin-homing CD4+ T cells of the
transgenic mouse by 40H Tamoxifen application. (A). Circulating murine CD4+ T cells were analyzed
for AhCD4 expression by flow cytometry to show Socs1 deletion. Representative flow cytometry
plots for before and after 40HT application in FL/FL (Socsifl/fl Cd4CreER™+/-), FL/WT (Socs1fl/
wt Cd4CreER™+/-) and WT/WT (Socs1wt/wt Cd4CreER™+/-) mice. (B). Socs1 deletion (measured as
AhCD4 expression) in cells as a percentage of total circulating murine CD4+ T cells in S--C mice, S+-C
mice and C mice during the whole experiment. Each plot is the mean value of mice with the same
genotype. BL is baseline. W is week. S--C is Socs1 -/- Cd4CreER™+/-; S+-C is Socs1-/wt Cd4CreER™+/-;
C is control group. (C). Immunohistochemical staining of AhCD4+ To show Socs1 deletion in cells in
the murine skin. Representative photomicrographs of AhCD4 expression in treated and untreated
skin from S--C mice, S+-C mice and C mice respectively. Black arrows: AhCD4 positive cells. Scale
bar: 50 um. S--C is Socs1 -/- Cd4CreER™+/-; S+-C is Socs1-/wt Cd4CreER™+/-; C is control group. (D).
Quantification of AhCD4 positive cells in dermis of transgenic group (S--C mice, S+-C mice) and C
mice. Data are presented as mean = SD (N=5 in Tg and N=3 in C). * P < 0.05, ** P < 0.01, *** P <
0.001. Tg is transgenic group, C is control group. S--C is Socs1 -/- Cd4CreER™+/-; S+-C is Socs1-/wt
Cd4CreER™+/-.

3.5.Augmented inflammation in Socs1 knockout transgenic mouse

We performed immuno-histopathology on skin biopsies to characterize the effect of Socs1
deletion in our transgenic mice with chronic skin inflammation. The H&E staining of the
skin sections from the treated flanks of three group mice showed the thickness of the
epidermis of treated skin was most pronounced in the S--C group although this could not
be well evaluated statistically with only two mice. (Figure 5A) The epidermal layers were
assessed and quantitated in the transgenic group (S- -C and S+-C) and the C groups. The
transgenic group had thicker epidermis of treated skin compared with the control group.
(Figure 5B)

The inflammatory response was confirmed by immunohistochemical staining of CD3+,
CD4+and CD8+ of the skin sections of the mice. The numbers of inflammatory cells were
most pronounced in the S--C group although this was again not well quantitated with only
two mice in this genotype group. Quantifying positive staining cells showed a statistically
significant increase in CD3+, CD4+ and CD8+ cells in the dermis of the treated skin of mice
in the transgenic group (S- -C and S+-C) in comparison with the C group. In the untreated
skin dermis, the numbers of CD3+ and CD4+ in the transgenic group (S- - C and S+-C) also
showed a statistically significant increase comparison with the C group. The numbers of
CD8&+ in the untreated skin dermis of mice in the transgenic group (S- - C and S+-C) was not

different from that in the untreated skin dermis of mice in the C group. (Figure 5B)

In the transgenic group (S- - C and S+-C), there was statistically significantly more CD3+
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and CD4+ staining in the dermis of the treated flank than that of untreated skin. For CDS,
the dermis of treated and untreated flank was not different. Moreover, there was no
difference in inflammatory cells in the treated and non-treated skin of the control group.
The CD3+ and CD4+ were more abundant in the skin of the transgenic group compared to
the control group, suggesting that Socs1 deletion can promote skin inflammation. (Figure
5B)

A H&E CD3 CD4 CD8 p-STAT3

S--C mouse
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S+-C mouse
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C mouse
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Figure 5. Detailed histological analyses using H&E and immunohistochemical staining of murine
skin sections. (A). Representative photomicrographs of treated skin from S--C mice, S+-C mice and
C mice respectively. Black arrows: positive cells. Scale bar: 50 pm. S--C is Socs1 -/- Cd4CreER™+/-;
S+-C is Socs1-/wt Cd4CreER™+/-; C is control group. (B). Quantification of the layers of epidermis,
inflammatory cells and p-STAT3 positive cells in the dermis from transgenic group (S--C mice, S+-C
mice) and C mice. Data are presented as mean * SD. (N=5 and 3 in each group). * P < 0.05, ** P <
0.01, *** p < 0.001. Tg is transgenic group, C is control group. S--C is Socs1 -/- Cd4CreER™+/-; S+-C is
Socs1-/wt Cd4CreER™+/-.

3.6.phospho-STAT3 (p-STAT3) expression in CD4+ T cells of transgenic Socs1 knockout

mice

To further characterize the role of SOCS1 in the JAK-STAT signaling pathway, we examined
the p-STAT3 expression in skin biopsies by immunohistochemical staining. STAT3 activation
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was confirmed by immunohistochemical staining of p-STAT3 of the skin sections of
the three groups of mice. (Figure 5A) The number of p-STAT3 positive cells was most
pronounced in S--C mice although, again, this could not be well statistically evaluated
with only two mice in this genotype group. Quantifying positive staining cells showed a
statistically significant increase in number of p-STAT3 cells in the dermis of treated skin of
mice in the transgenic group (S--C and S+-C) compared to the treated skin in C group. The
amount of p-STAT3 positive cells in the untreated skin dermis of mice in the transgenic
group (S--C and S+-C) also showed a statistically significant increase comparison with the C
group. (Figure 5B)

In the transgenic group (S--C and S+-C), there were statistically significantly more p-STAT3
positive cells in the dermis of the treated flank compared to untreated skin. In contrast,
there was remarkably no difference in p-STAT3 positive cells in the treated and non-treated
skin of the Control group. (Figure 5B)

4.Discussion

This study is, to our best knowledge, the first that specifically focused on the function
of genes involved in mycosis fungoides by targeted deletion in skin homing T-cells in
combination with chronic inflammation using GEMMs.

To overcome the prenatal lethality of Socs1 deficiency during development (13, 15, 16)
and frame the Socs1 deletion in CD4+ T cells specifically, thus enabling studies on the
contribution of Socs1 in the pathogenesis of mycosis fungoides, we used cross breeding
of two existing transgenic mouse strains (Socs1flox and Cd4CreER™). This resulted in the
expected genotypes, however, a sub-Mendelian low yield of Socs1 fl/fl Cd4CreER™ pups
was observed probably due to leakage of Cre.

We first show that application of 40H tamoxifen on the skin of these transgenes effectively
targets local Cd4-Cre T-cells and that a decrease from five to three 40HT applications
statistically significantly reduces the systemic effect on circulating T cells. There are several
ways to apply Tamoxifen to activate Cre-loxP systems depending on various research aims.
(17, 18) A majority of studies use intraperitoneal injections as well as oral gavage to get
the potent systemic effect and the commonly used dosing is usually on 5 consecutive days
(Tamoxifen 1mg/per day/per mouse, 40HT 1mg/per day/per mouse). (19, 20) Since our
study’s target tissue are immune cells in the skin, we reasoned that topical administration
would be preferable. Five doses and three doses of 40HT topical application have been
applied in a few studies all targeting keratinocytes while studies that distinguish the
systemic effect from topical application are not available. (21-23) This study shows that
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Cre can be activated to knock out Socs1 in skin resident T-cells in a way that minimized the

systemic effect of 40HT on other circulating immune cells animals.

Next, we determined optimal conditions for simulation of a chronic dermatosis without
damaging skin integrity. Inflammation can exhibit tumor-promoting effects even at the
early phases of neoplastic growth and is characteristic for early-stage mycosis fungoides.
(11, 24) In addition, it can promote the progression of precancerous neoplasia into full-
blown malignancies. (25-28) In our study we induced chronic skin inflammation using
Oxazolone to add the possible tumor-promoting effects in the transgenic mouse, but also
to attract T-cells to the skin before application of 40HT to increase the probability to hit
the target cells. In previous studies, mouse ears were mostly used as a model for OXA-
induced long-term chronic skin inflammation. (29-32) Commonly used concentrations of
oxazolone are 1.5% - 2% in the sensitization phase and 0.4-1% in the challenging phase.
The maximum duration of repeated use of OXA for long-term chronic inflammation
studies was 3 weeks. (29, 33) In our study, low concentrations of OXA were repeatedly
applied 3 times per week on the flank of mice until 8 weeks (Day 56). The mice showed
typical inflammatory reactions such as erythema, scaling, and skin roughness. However,
open wounds, ulcers, and long-lasting, intense scratching were successfully avoided. It is
important in this study not only to exclude a specific tumor promotion from severe skin
trauma but also for the well-being of the experimental animals. (24)

Our immune-histochemical analyses additionally confirmed Socs1 was deleted successfully
in CD4+ T cells in the skin of transgenic mice upon treatment with 40HT. Expression of
the AhCD4 reporter (surrogate marker for Socs1 deletion) in CD4+ T cells was primarily
observed in the left, treated flank of transgenic Socs1 fl/wt Cd4CreER™+/- mice.

The thickness of epidermis and the immune-histochemistry results of CD3+, CD4+ and
CD8+ confirmed that Socs1 deletion augment the skin inflammation in the dermis of Socs1
flox Cd4CreER™ transgenic mouse specifically. Moreover, the numbers of CD3+ and CD4+
cells infiltration in the dermis of treated flanks are statistically higher than that of untreated
flanks. We collected the skin samples two weeks after the last OXA administration to assess
prolonged inflammation. The clinically observable skin inflammation in our mouse model
was alleviated over this time interval but could still be observed. Histology results showed
that the inflammatory response in the treated skin of Socs1-deleted mouse group was still
obvious. Socs1 deletion in CD4+ T cells increases prolonged skin inflammation. Consistent
with our observation, previous research indicates Socs1 loss relates to inflammation-
associated tumor development. The germline loss-of-function mutations in the SOCS1 gene
were associated with early onset autoimmune manifestations in a whole exome/genome

sequencing study. (34) Socs1 deletion in murine dendritic cells from induce stronger
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immune responses both in vitro and in vivo. (35) Finally, we determined whether JAK-STAT
signaling was enhanced as a result of Socs1 deletion by measuring p-STAT3. Our results
indicated more activation of STAT3 in Socs1 knockout compared to wt CD4+T cells in the

dermis.

These results are in line with the previous findings showing that the phosphorylation of
STAT3 was elevated in splenic T cells of Socs1-deficient mice relative to those of wild-type
mice. (36) Downregulation of Socs1 in rat hepatocytes activates JAK2-STAT3 in an animal
model of sepsis. (37) Aberrant activation of the JAK-STAT3 pathway due to down-regulation
of SOCS1 by miR-155 is observed in solid tumors, such as breast cancer and laryngeal
carcinoma. (38, 39) In melanoma, melanoma cell-secreted exosomal miR-155 suppressed
SOCS1 expression in CAFs. Suppression of SOCS1 in CAFs activated the JAK2-STAT3 signaling
pathway. (40) In CTCL, especially in advanced stages, constitutive expression of STAT3
has been consistently observed. IL-21 leads to more specific activation of STAT3 in Sézary
Syndrome, which in turn directly upregulates IL-21 expression leading to an enhanced
IL-21 autocrine signaling loop. (41) Constitutively active STAT3 can increase survival and

resistance to apoptosis in malignant T cells by promoting bcl-2 expression. (42)

In contrast to tumors, reduced miR-155 expression, upregulated SOCS1 expression, and
significantly reduced STAT3 phosphorylation were found in CD4+ T cells in autoimmune
SLE. IL21 expression was upregulated but induced STAT3 phosphorylation was inhibited.
STAT3 phosphorylation was increased after miR-155 overexpression. (43) SOCS1 is
necessary for stability and suppressor functions of Treg cells: SOCS1 protects Treg cells
from harmful effects of inflammatory cytokines. STAT3 overactivation in Socs1-deficient
Treg cells promotes the conversion of Treg cells to Th17-like cells. (8) Based on these and
other data (4, 5), a model explaining the role of SOCS1 in aberrant JAK-STAT signaling in MF

was postulated.

We also observed keratinocytes with more activated STAT3 in the epidermis of Socs1
knockout transgenic mice. STAT3 activation is associated with aberrant keratinocytes
differentiation and hyperproliferation. (44) STAT3 plays a major role in epithelial
carcinogenesis. This has been demonstrated in previous studies on wounds healing, UVB-
induced skin carcinogenesis and keratinocytes-specific Stat3-deficient mice. (45, 46)

There are some limitations in this study. The first is that there is obvious inflammatory
responses and STAT3 activation. However, this model has not yet shown significant
skin tumors. The second one is the small size of samples. In the future, we will use the
established model to conduct studies with larger sample sizes and longer-term experiments

for carcinogenesis.
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In sum, we developed and optimized an autochthonous murine model permitting selective
knockout of Socs1 in skin infiltrating CD4+ T-cells. Our results show that Socs1 deletion
specifically in CD4+ T cells can promote persisting inflammation in the skin of mice and
activate STAT3. This paves the way for more elaborate experiments, e. g. extending the

time of treatment, knockout of other genes to gain insight in the genesis of CTCL.
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Supplementary Information

S- -C mouse S+ -C mouse C mouse

Treated skin

Untreated skin

Supplementary Figure 1. Augmented skin inflammation induced by repeated low concentration
oxazolone. Representative images of the shave treated skin and untreated skin of S--C mice, S+-C
mice and C mice on day 35 during experiment. S--C is Socs1 -/- Cd4CreER™+/-; S+-C is Socs1-/wt
Cd4CreER™+/-; C is Socs1wt/wt Cd4CreER™+/-.
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Abstract:

Recent detailed genomic analysis of mycosis fungoides (MF) identified suppressor of
cytokine signaling 1 (SOCS1), an inhibitor of JAK-STAT signaling, as one of the frequently
deleted tumor suppressors in MF, and one-copy deletion of SOCS1 was confirmed in early-
stage MF lesions. To better understand the functional role of SOCS1 in the genesis of MF,
we used a genetically engineered mouse model emulating heterozygous SOCS1 loss in skin
resident CD4+ T cells. In these mice an experimentally induced contact-allergic reaction
was maintained for 20 weeks. Ten weeks after discontinuing contact-allergic challenges,
only the skin with locally one-copy deletion of Socs1 in CD4+ T cells still showed high
numbers of CD3+/CD4+ Socs1 k.o. cells in the dermis (p < 0.0001) with prevalent STAT3
activation (p <0.001). And in one out of 9 mice, this had progressed to far more dramatic
increases, including the thickened epidermis, and with an explosive growth of Socs1 k.o. T
cells in circulation; indicative of a cutaneous lymphoma. Hence, we show that Socs1 mono-
allelic loss in CD4+ T cells locally in a protractedly inflamed skin results in an autonomous
skin inflammation with features of early-stage MF.

Key words: CD4+ T cells; Inflammation; Mycosis fungoides; Socs1; Transgenic mouse.
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1 Introduction

Mycosis fungoides (MF) is characterized by the proliferation of malignant mature skin
resident CD4+ T cells (1-3). Early-stage MF often presents with limited skin lesions such
as red, scaly patches or plaques and with the features of a substantial infiltration of
reactive immune cells and a small group of malignant T cells (4). In advanced stage, more
infiltrated plaques, generalized erythroderma or tumors can develop with extracutaneous
involvement (blood, lymph nodes, and other visceral organs) (2, 3, 4). The pathogenesis of
MF remains elusive. Genetic investigation of advanced MF indicates involvement of the NF-
kB, TCR, and JAK-STAT pathways (5, 6). SOCS1 is a member of the suppressor of cytokine
signaling (SOCS) family and inhibits immune-associated inflammatory responses mediated
by the JAK-STAT pathway and controls cancer-related inflammation (7, 8). Recent research
of our group has identified SOCS1 as one of the frequently deleted tumor suppressors in
MF and deletions have been detected in early-stage of MF (9).

Genetically engineered mouse models (GEMMs) have been established as versatile tools
to study the function of tumor suppressors and oncogenes, facilitated by the development
of advanced genetic techniques. In contrast to models inoculated with patient-derived
cancer cells (xenografts), GEMMs grow de novo tumors in an immune-competent natural
microenvironment as an experimentally accessible model of the pathogenesis (10, 11).
Thus, GEMMs can be used for the validation of candidate oncogenes, evaluation of
treatment and dissection of the role of the tumor microenvironment. In mycosis fungoides,
most in vivo models are xenografts and a pathogenic model of early-stage MF is lacking
(12,13). Early-stage MF skin lesions are densely infiltrated with reactive immune cells and
a small group of malignant T cells. A crucial step in the progression of MF from an early,
indolent stage to an advanced illness is the change in the inflammatory environment
associated with the tumor (4, 14). We created and improved an autochthonous mouse
model that allows selective Socs1 deletion in skin-infiltrating CD4+ T cells (15), based on
the observation that Socs1 is one of the most prevalent genetic changes in MF. The mouse
model has the CRE-loxP conditional knockout system controlled by the CD4 promoter. The
deletion of Socs1 in CD4+ T cells can be controlled in time and location by using 4-hydroxy-
tamoxifen (40HT) to activate CRE (15).

This study is a follow-up and extension of our previous small exploratory study (15), to firm
up the causal role of a SOCS1 allelic loss in the development of MF. Here, we used larger
group sizes (8-9) to strengthen statistics and extended the duration of the experiment
to establish more firmly what happens in the long run. A 20-week regimen of contact
allergic challenges was followed by an extended 10-week observational period to study the

course of skin inflammation long after discontinuing of contact allergic challenges. This 30-
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week experiment would also provide more time for the anticipated tumor development.
Moreover, we diminished the initial systemic effects of 4-repeated hydroxy-tamoxifen

applications by reducing it to just one application, which was proven to be adequate.

As chronic skin inflammation is suspected to precede MF, our experiment was targeted
to answer one main question: what is the impact of allelic loss of Socs1 in a protracted
skin inflammation — is it sufficient to lead up to MF? Therefore, the main experimental
comparison focuses on comparing a protractedly inflamed skin with a mono-allelic loss
of Socs1 in CD4+ T cells to one without this allelic loss. Thus, we clearly demonstrate that
mice with one-copy deletion of Socs1 in skin resident CD4+ T cells in protractedly inflamed
skin lead up to an autonomous inflammation and the features of early-stage mycosis
fungoides.

2.Materials and Methods
2.1.Mouse models

Socs1 fl/wt Cd4CreER™+/- and Socs1 fl/wt Cd4CreER™ -/- were generated as presented
in our previous study (15). However, compared with the previous study, this experiment
lasted more than 20 weeks longer, used a larger number of mice, and had less systemic
effects by only using a single dose of 40HT.

All mice were housed in individually ventilated cages, maintained under specific pathogen-
free conditions, and had access to food and water ad libitum.

All mouse experiments were supervised by the animal welfare committee (lvD) of the
Leiden University Medical Center and approved by the national central committee of
animal experiments (CCD) under the permit number AVD116002015271, in accordance
with the Dutch Act on Animal Experimentation and EU Directive 2020/63/EU.

2.2.Flow cytometry

Blood (50 uL) was collected weekly 24 hours after OXA application. Whole blood samples
were processed using lysis buffer (from Hospital Pharmacy at LUMC) for 10 mins at 37°C .
Cells were incubated with monoclonal antibodies for 30 min on ice.

Fluorescence-labeled antibodies including anti-mouse CD3 (clone 145-2C11, BD, The
Netherlands), anti-mouse CD19 (clone 1D3, Thermo Fisher Scientific, The Netherlands),
anti-mouse CD4 (clone RM4-5, Thermo Fisher Scientific, The Netherlands), anti-mouse CD8
(clone 53-6.7, Biolegend, The Netherlands) and anti-AhCD4 (clone RPA-T4, eBioscience™,
The Netherlands). Of note, the antibody for AhCD4 should be specific for this fragment of
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human-CD4 as a reporter in the Socs1flox transgenic mouse. Samples were processed in a

BD Fortessa flow cytometer and analyzed using the FlowJo software.
2.3.Histological and immunohistochemical analysis

All staining experiments were done on 4-um-thick sections from formalin-fixed paraffin-
embedded skin. Tissue sections were stained with hematoxylin and eosin to visualize
general histological architecture. We used anti-human CD4 (1:2000, EPR6855, Abcam, The
Netherlands), anti-mouse CD3 (1:200, D7A6E, Cell Signaling Technology, The Netherlands),
anti-mouse CD4 (1:100, D7D2Z, Cell Signaling Technology, The Netherlands), anti-mouse
CD8 (1:1600, 4SM15, eBioscience™, The Netherlands), anti-phospho-STAT3 (1:150, D3A7,
Cell Signaling Technology, The Netherlands). The scanner (3DHISTECH, Panoramic 250) was

used for microscopic examination and image acquisition.
2.4.Immunohistochemical evaluation

The layers of the epidermis were counted within at least 5 high power fields (HPF) (20x

magnification) of each slide, and the means were assessed for further statistical analysis.

The numbers of AhCD4+, CD3+, CD4+, CD8+ and phospho-STAT3 positive cells in the
dermis were counted within at least 5 HPF (20x magnification) per case. The values were
normalized to cells/mm?, and the mean numbers were assessed for further statistical
analysis. The evaluations were conducted by two independent individuals who were

blinded to samples information.
2.5.Statistical Analysis

A paired t-test was used to compare treated skin and untreated skin from the same mouse
group. An analysis of covariance was used to compare the epidermis layers, CD3+, CD4+
and p-STAT3 positive cells in the treated skin between two different mouse groups. A
nonparametric test was used to compare the number of CD8+ in the treated skin between

two different mouse groups.

All statistical analyses were performed using GraphPad Prism software version 8
(GraphPad). In all cases a P-value of 0.05 and below was considered significant (*), P <
0.01(**), P < 0.001 (***) and P < 0.0001 as highly significant.

68



3.Results
3.1.Experimental design

We used three groups of transgenic mce with the both genders (the gender was not
significant in the study) and with the age from 7 to 9 weeks: a. an experimental group (n
=9, 4 females, 5 males) with a floxed Socs1 gene deleted through tamoxifen-activated
Cre under the control of a Cd4 promoter (Socs1fl/wt Cd4CreER™+/- mice, abbreviated as
S+-C), b. a control group with Socsiwt/wt Cd4CreER™+/- mice (n=8, 5 females, 3 males,
abbreviated as C), and c. a blank group with Socs1fl/wt Cd4CreER™+/- mice (n=9, 2 females,
7 males) not receiving any experimental intervention. (Figure 1)

MAn=o MAn=s CAN=09 3
- S~ Socs1 fliwt Cd4CreER™+/- S~ Socs1 wt/iwt Cd4CreER™+/- & Blank Socs1 fl/wt Cd4CreER™+/-

N
W02 - W10 0.5% OXA 3 times per week W11 - W20 0.5% OXA 2 times per week W21 - W30 No treatment
1.5% OXA  0.5% OXA 4OHT on skin Skin samples
ooy ——| 1 : : :
D1 D8 D9 D11 D14 D16 D140 D210
End

Figure 1. Experimental scheme employing the Socs conditional knockout mouse model. OXA:
oxazolone. 40HT: 4-hydroxy-tamoxifen. D: day. W: week. OXA application on the skin: 3 times
per week from W02 to W10; 2 times per week from W11 to W20. Blank (Untreated) Socs1 fl/wt
Cd4CreER™+/- is without experimental intervention during the whole experiment. Blood (50 pL)
was collected weekly and was performed after 24 hours after OXA application. Skin samples were

collected at the end of the experiment.

Chronic skin inflammation was induced by maintaining a contact allergic reaction to
oxazolone, as described previously (15). To knock out Socs1, a single dose of 40HT (20mg/
ml in ethanol, 1mg 40HT per mouse) was used on the shaved left flank after inducing a
first contact allergic skin reaction to oxazolone, OXA (sensitizing with 1.5% concentration
in acetone on the shaved abdomen and evoking with 0.5% in acetone). (Figure 1) After
that, repeated dosing of OXA (0.5% concentration) was applied on the shaved left flank
three times a week from week 2 to week 10 and twice a week from week 11 to week 20,
with each dose at least 48h apart. (Figure 1) The shaved right flank was only treated with
a vehicle. Skin samples were collected on day 210. (Figure 1) The shaved left flank was
marked as treated skin and right flank as untreated skin.

69



The mice in the blank group did not show any phenotypical deviations, and no
abnormalities were seen in FACS or IHC. The data are available but not presented in the

figures.
3.2.Single dose topical application of 40HT is sufficient to delete Socs1 in CD4+ T cells

We used a single application of 40HT on the skin to delete Socs1 by activating the CRE-
loxP system. We detected the expression of truncated human CD4, (AhCD4), on cells in the
blood and the skin as a reporter only expressed upon deletion of the floxed fragment in
the Socs1 gene (15-17).

A single dose of 40HT applied topically to the skin of S+-C mice resulted in significantly
increased AhCD4+ CD4+ T cells over baseline in circulation, signifying induced Socs loss in
these cells, as detected by flow cytometry. (Figure 2A & 2B) No Socs1 knockout (AhCD4+)
was observed in the control group. (Figure 2A) This single application importantly reduced
the number of Socs1 ko cells in circulation in comparison to our previous exploratory
experiment (lower systemic effect).

The flow cytometry results showed one mouse from the experimental group, mouse S+-
C8, with a strongly growing percentage of Socs1 knockout cells among the circulating CD4+
T cells starting from week 16. Compared to S+-C8, other mice in this group had a stable,

enhanced percentage of Socs1 knockout cells in the circulating CD4+ T cell. (Figure 2C)

Immunohistochemical staining showed a persistent presence of Socs1 knocked out in
skin resident CD4+ T cells on day 210 in the treated flanks of S+-C mice, as flagged by
AhCD4 expression. There were no AhCD4+ cells in the control group mice (Figure 2D)
In the experimental group, the S+-C8 mouse was an outlier. (Figure 2E) In the dermis of
S+-C mice, the quantification of AhCD4+ cells revealed that the treated flank harbored
statistically significantly more cells with Socs1 knockout cells than the untreated flank.

There was no Socs1 knockout detected in the control group. (Figure 2F)
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Figure 2. Single dose application of 40HT knocked out Socs1 in circulating and skin-homing CD4+ T
cells in Socs1 fl/wt Cd4CreER™ +/- mouse. (A). The flow cytometry results of periphery blood before
and after a single dose application of 40HT on the skin. The loss of Socs1 (measured as AhCD4
expression) in murine CD4+ T cells was analyzed. (B). The percentage of cells with loss of Socs1
(measured as AhCD4 expression) in total circulating murine CD4+ T cells in Socs1 fl/wt Cd4CreER”
+/- group and Socs1 wt/wt Cd4CreER™ +/- group before and after single dose application of 40HT
on the skin. Symbols in bar graphs represent individual mice. Data are presented as mean * SD.
*¥**¥p < 0.001. (C). The overview of the percentage of cells with loss of Socs1 deletion (measured
as AhCD4 expression) in total circulating murine CD4+ T cells in Socs1 fl/wt Cd4CreER™ +/- group
during the whole experiment. Lines represent individual mice. BL is baseline. W is week. S+-C is
Socs1 fl/wt Cd4CreER™ +/-. (D). Immunohistochemical staining results of AhCD4 (to demonstrate
Socs1 knockout) in the dermis from S+-C mouse and C mouse. S+-C is Socs1 fl/wt Cd4CreER™ +/-. C is
Socs1 wt/wt Cd4CreER™ +/-. Scale bar: 50 um. Black arrows: positive cells. (E). Box and Whisker plots
representing the quantification of AhCD4-positive cells in the dermis of the S+-C group. S+-C is Socs1
fl/wt Cd4CreER™ +/-. The box in each plot spans the interquartile range of the data, with the median
indicated by a horizontal line within the box. The whiskers extend to the minimum and maximum
values within 1.5 times the IQR from the first and third quartiles, respectively. Outlier S+-C8 beyond
this range is displayed as an individual data point. (F). Quantifying dermal AhCD4-positive cells in
S+-C and C mice. S+-C is Socs1 fl/wt Cd4CreER™ +/-. C is Socs1 wt/wt Cd4CreER™ +/-. T is 40HT and
OXA treated skin; UNT is untreated skin. S+-C8 was excluded as an outliner. Data are presented as
mean + SD. ***P < 0.001.

3.3.Persistent skin inflammation with mono-allelic Socs1 loss in CD4+ T cells

The immunohistopathology of skin samples from different groups of mice showed a clear
effect of Socs1 knockout in CD4+ T cells in chronic skin inflammation. We excluded S+-C8 as
an outlier when we compared the S+-C group with the C group to avoid excessive skewing

by this outlier.

The HE staining and counting of the epidermal layers demonstrated that the treated skin
was thicker than the untreated skin in both the S+-C and C groups. (Figure 3A & 3B) There
was no difference between the epidermal layers of the S+-C and C groups’ treated skin.
(Figure 3B)

The immunohistochemical staining of T cells showed an augmented inflammation in the
skin of the S+-C group (Figure 3A). Quantifying the staining of cells showed that in the
S+-C group, the treated skin had a statistically significant increased number of CD3+,
CD4+, and CD8+ cells in comparison with the untreated skin. (Figure 3B) In the C group,
the treated skin also had a statistically significantly increased number of CD3+ and CD4+
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cells compared to the untreated skin. (Figure 3B) An elevated skin inflammatory response
by Socs1 deletion was demonstrated by the statistically more CD3+ and CD4+ cells in the
treated dermis through the S+-C group compared to the C group. (Figure 3B)
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Figure 3. The histological and immunohistochemical results of the skin samples in different groups.
(A). The HE and immunohistochemical staining for CD3, CD4, CD8, and p-STAT3 on the skin of S+-C
and C group. $+-C is Socs1 fl/wt Cd4CreER™ +/-. C is control group. S+-C8 was excluded. Scale bar:
50 um. Black arrows: positive cells. (B). Quantifying the epidermal layers, dermal inflammatory cells
(CD3+, CD4+, and CD8+), and p-STAT3 positive cells in S+-C group and C group. S+-C is Socs1 fl/wt
Cd4CreER™ +/-. S+-C8 was excluded as an outlier. Cis control group. T is 4OHT and OXA treated skin;
UNT is untreated skin. Data are presented as mean £ SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****p <
0.0001 and ns is not significant.

3.4.More STAT3 activation in skin resident T cells after the loss of one-copy Socs1 in CD4+
T cells

We used immunohistochemistry to quantify the expression of p-STAT3 (activated STAT3)
in the skin to determine how the absence of Socs1 in CD4+ T cells affected the JAK-STAT
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signaling pathway in mice. (Figure 3A) Quantification of these results showed that the
treated skin in both the S+-C and C groups had statistically more p-STAT3 positive cells in
the dermis when compared to the corresponding untreated skin (Figure 3B). In comparing
these two groups, there was, however, a clear increase in p-STAT3 positive cells that is
statistically significant in the dermis of treated skin in the S+-C group (Figure 3B) Hence,

Socs1 knockout in cutaneous CD4+ T cells appears to boost STAT3 activation.
3.5.Pathological expansion of lymphocytes in circulation and in the skin

After 16 weeks in the experiment, one mouse, S+-C8, among the S+-C mice appeared to
show explosive growth of AhCD4 expressing circulating CD4+ T cells, which prompted
further analyses. The ratio between circulating CD3+ to CD19+ in S+-C8 decreased slightly
from week 20 but increased more obviously from week 24 compared to the other mice
in the same group (Supplementary Figure 1). The ratio between circulating CD4+ to CD8+
decreased more obviously from week 20 compared to the other mice in the same group
(Supplementary Figure 2), indicating that there was ultimately a dominating expansion of
circulating CD8+ cells in this mouse. Importantly, we only observed mild patches on the
treated flank of this mouse. (Supplementary Figure 3) There were no severe clinical skin

manifestations like open wounds and ulcers. (Supplementary Figure 3)

We also performed immunohistochemical staining and analysis of skin samples from S+-
C8 (Figure 4). CD3+, CD4+, and CD8+ cells infiltrating the epidermis and dermis were
observed. (Figure 4) The infiltrate predominantly consisted of CD3+ and CD4+ cells. (Figure
4) The numbers of epidermal layers, inflammatory cells (CD3+, CD4+, and CD8+), and cells
with p-STAT3 expression in the dermis of this mouse were all higher than in the remainder
of the S+-C group. (Figure 4) These data demonstrated that this mouse developed a
pathological expansion of immune cells in the system and skin after the Socs1 knockout in
skin-resident CD4+ T cells.
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Figure 4. The histological and immunohistochemical results of the skins samples of S+-C8 mouse.
(A). The HE and immunohistochemical staining for CD3, CD4, CD8, and p-STAT3 on the treated and
untreated skin of S+-C8 mouse. $+-C is Socs1 fl/wt Cd4CreER™ +/-. Black arrows: positive cells. Scale
bar: 50 um. (B). Box and Whisker plots representing the epidermal layers, dermal inflammatory cells
(CD3+, CD4+, and CD8+), and p-STAT3 positive cells in treated and untreated skin of S+-C group. S+-C
is Socs1 fl/wt Cd4CreER™ +/-. The box in each plot spans the interquartile range (IQR) of the data,
with the median indicated by a horizontal line within the box. The whiskers extend to the minimum
and maximum values within 1.5 times the IQR from the first and third quartiles, respectively. Outlier

S+-C8 beyond this range is displayed as an individual data point.
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4.Discussion

In MF, one-copy deletion of SOCS1 was detected in early-stage lesions and SOCS1 was
found to be a tumor suppressor frequently deleted in MF (9). Considering the grave effects
caused by SOCS1 absence (18) and more particularly one-copy deletion of SOCS1 in CD4+ T
cells in MF, the present long-term in vivo experiments focused on the impact of conditional

Socs1 knockout in CD4+ T cells to mimic early-stage mycosis fungoides.

A single dose of 40HT topical application was confirmed to be sufficient to knock out
Socs1 in our transgenic mice. The Socs1 knockout level was stable during the whole
experiment in the S+-C group (excluding S+-C8). The statistical differences between the
number of inflammatory cells and STAT3 activation in treated skin of S+-C (excluding S+-C8)
and treated skin of the C group show that knockout of Socs1 in skin resident CD4 T cells
activate STAT3 and maintains and promotes the inflammatory response. The infiltration
of lymphocytes occurred mainly in the dermis. This is consistent with the results of the
previous study (15). The JAK-STAT signaling pathway is inhibited by members of the
SOCS family. SOCS1 stands out as one of the most effective family members and its role
is to interfere with JAK1 or JAK3, effectively reducing immune-associated inflammatory
responses mediated by the JAK-STAT system. When SOCS1 is silenced, the JAK-STAT
signaling pathway becomes dysregulated (8). In lymphomas, there is evidence of DNA
hypermethylation affecting the SOCS1 gene, which in turn can promote cell proliferation
by enhancing JAK2 activity (19). Studies have also reported the loss of SOCS1 in early-stage
mycosis fungoides patients (9). In 18% of MF cases, the SOCS1 promoter is inactivated due
to DNA methylation (20). Additionally, miR155, a microRNA targeting SOCS1 mRNA, has
been found to be upregulated in MF cases (21). The exacerbated inflammatory response in
the skin also aligns with the fact that patients may experience more severe inflammatory
lesions as mycosis fungoides disease progresses.

In the S+-C group (without S+-C8), there was a statistical difference between the number
of T cells (CD3+, CD4+) and STAT3 activation in oxazolone treated versus untreated
skin. Furthermore, the Socs1 knockout transgenic mice did not show other systemic
abnormalities. This suggests that this mouse model produces a dense infiltrate of reactive
immune cells and malignant T cells, which fits the features of early-stage mycosis fungoides
(4). This in vivo modelling preserves the microenvironment after Socs1 knockout in CD4+
T cells and the interaction between the oncogenic pathway and the immune system (5,
12). In the C group, the treated skin had a statistically significantly thicker epidermis, more
inflammatory cells (CD3+ and CD4+), and STAT3 activation of T cells in the dermis than the
untreated skin. It was evidently due to the long-term induction of chronic inflammation in

the treated skin (22, 23). However, only with a loss of one-copy Socs1 in skin-resident CD4+
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cells, in S+-C mice, the inflammatory response persisted and became more pronounced.

The most interesting observation is that under these conditions, one mouse in the
experimental S+-C group showed a growing dominance of loss of Socs1 among circulating
CD4+ T cells after week 16. The circulating CD8+ cells in this mouse appeared to expand
strongly after week 20, perhaps in a reactive response to the prior expansion of CD4+
cells with Socs1 knockout. The skin samples showed a thicker epidermis with lymphocyte
infiltration. The epidermis of treated and untreated skin from this mouse was thicker than
other S+-C mice. The numbers of inflammatory cells CD3+, CD4+, and CD8+ in the dermis
were also higher than in other S+-C mice. The number of CD4+ cells in the skin of this
mouse was much higher than that of CD8+ cells, but in circulation, the latter ultimately
dominated. The immune response toward the malignant cells, similar to the early
inflammation in MF, includes a cell-mediated anti-tumor response that actively suppresses
the malignant cell’s expansion (24-26). It also agrees with earlier findings that OXA-induced
inflammation contains both CD4+ and CD8+ cells (23, 27). All the data showed a strong
pathological expansion of immune cells in the skin and blood in this one mouse. Moreover,
the STAT3 activation of T cells in the dermis of this mouse was also much more increased
than in other S+-C mice according to the quantification of IHC staining. The constitutive
STAT3 activation of T cells in the dermis and the STAT3 activation of keratinocytes in the
epidermis (10 weeks after the last challenge with OXA) is also evidence of early stages of

carcinogenesis and malignant progression in vivo (28-31).

There are some limitations to the present study. The first is that only one mouse
developed noticeable signs of tumorigenesis, also reflected in circulating lymphocytes.
The skin showed a noticeably thicker epidermis, massive inflammatory cell infiltration and
increased STAT3 activation. But the persisting skin infiltration of CD4+ T cells in all skin
samples within the mono-allelic Socs1 in CD4+ T cells can be considered as a potential skin
condition from which MF may develop. The observation from the one outliner mouse
merely as an initial indication, suggests the need for further investigation. To establish
more robust findings, it is crucial to conduct a more extensive and prolonged experiment
that includes a larger sample size. Another limitation is that we were unable to include
Socs1 fl/fl Cd4CreER™ +/- mice because of a none Mendelian extremely low vyield of this
genotype from our breeding colony. In further research, we will perform again longer-
term experiments with more mice to increase the number of mice with the features of

lymphoma development.

In summary, this long-term experiment confirmed that Socs1-knockout in skin-resident
CD4+ T cells in a protracted contact-allergic reaction results in an autonomous skin

inflammation with features of early-stage mycosis fungoides.
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Supplementary Figure 1. The overview of the ratio between circulating CD3 and CD19 in Socs1 fl/wt
Cd4CreER™ +/- group during the whole experiment. Lines represent individual mice. BL is baseline. W
is week. S+-C is Socs1 fl/wt Cd4CreER” +/-.

The ratio between circulating CD4 cells and CD8 cells S+-C1

S+C2
S+C3
S+C4
S+C5
S+C6
S+C7
S+C8
== S+C9

Ptha

t o

0 T T T T T T T T T
BL w4 w8 w12 W16 W20 W24 W28 W30

weeks

Supplementary Figure 2. The overview of the ratio between circulating CD4 and CDS8 in Socs1 fl/wt
Cd4CreER™ +/- group during the whole experiment. Lines represent individual mice. BL is baseline. W
is week. S+-C is Socs1 fl/wt Cd4CreER™ +/-.
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Supplementary Figure 3. Augmented skin inflammation induced by repeated low concentration
oxazolone. Representative images of the shave treated skin and untreated skin of S+-C mice and C
mice on day 168 (W24) during the experiment. $+-C is Socs1 fl/wt Cd4CreER™ +/-, C is control group.
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Abstract:

Cutaneous T-cell lymphomas (CTCLs), particularly Mycosis fungoides (MF), frequently
exhibit deletions and reduced expression of HNRNPK in CD4+ T cells. To enable in vivo
studies, we developed a conditional Hnrnpk knockout mouse that thrives, facilitating the
investigation of HNRNPK’s role in CTCL onset. We generated mice with a floxed Hnrnpk
allele, then crossbred them with Cd4CreER™ mice to generate Hnrnpk flox Cd4CreER™ mice,
all in BL6 background. PCR confirmed the targeted the deletion of Hnrnpk in CD4+ T cells
after tamoxifen i.p. injection. Skin allergic reactions were induced with oxazolone, and Cre
was activated in skin-infiltrating CD4+ T cells using tamoxifen topically after the first allergic
skin reaction. The mice exhibited no immediately obvious phenotype. Flow cytometry and
histopathological analysis were conducted on blood and skin samples collected throughout
the experiment. Following 20 weeks of sustained allergic reactions, inflammation
persisted over 20 weeks after challenges ceased, demonstrating early CTCL characteristics
such as chronic skin inflammation, CD3+ CD4+ T cell infiltration, and stable peripheral
blood parameters. This mouse model provides experimental access to the complex
microenvironment and immune responses involved in early inflammatory stages, providing
opportunities for further research into the role of HNRNPK in CTCL and the development of

effective therapeutic interventions for this challenging malignancy

Key words: Cutaneous T-cell lymphomas; Mycosis fungoides; CD4+ T cells; HNRNPK;
Transgenic mouse
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1 Introduction

Cutaneous T-cell lymphomas (CTCL) are a diverse group of non-Hodgkin’s lymphomas
(NHL) characterized by the localization of neoplastic T lymphocytes to the skin. (1, 2)
Recent advancements have significantly contributed to our understanding of the molecular
mechanisms underlying CTCL, revealing the involvement of genes such as heterogenous
nuclear ribonucleoprotein K (HNRNPK) and Suppressor of cytokine signaling 1(SOCS1).
(3-5) However, a comprehensive understanding of CTCL requires the development of
appropriate model systems that can capture the complex nature of the disease and
facilitate the identification of effective therapeutic strategies. (6)

The role of the tumor microenvironment within the lesions in the development,
progression and treatment resistance of CTCL has become an important area of research
due to its complicated pathogenesis. (7) In vitro models, although valuable, have
limitations in simulating essential factors such as the tumor microenvironment and
intact immune system, emphasizing the need for in vivo models. (8-10) Therefore, more
sophisticated tools, such as genetically engineered mouse models, are indispensable for
comprehensively exploring T-cell malignancies.

HNRNPK, a DNA and RNA-binding protein, regulates numerous cellular processes
through transcriptional, posttranscriptional, and translational mechanisms. (11,12)
Notably, its oncogenic and tumor-suppressive functions are context-dependent. Both
overexpression and abnormally low expression of HNRNPK can be pathogenic, likely due
to the dysregulation of multiple cellular oncogenes or tumor suppressor genes. (13) In
the context of hematological malignancies, it has been observed that a 9921.32 deletion
encompassing the HNRNPK gene occurs in acute myeloid leukemia patients, resulting in
the loss of one copy of HNRNPK. (14,15) Interestingly, the recurrent deletion of HNRNPK
has been reported in mycosis fungoides (MF) and other CTCL subtypes. (16,17) Therefore,
there is a compelling need to establish a CD4+ T-cell-specific murine model of Hnrnpk
that accurately represents the intact immune system and tumor microenvironment. Such
a model would be pivotal in elucidating the intricate and multifaceted role of HNRNPK in
CTCL, ultimately leading to a better understanding of the disease and developing more
effective therapeutic interventions.

This work describes a novel Hnrnpk mouse model designed based on the CTCL gene
sequencing results. Here, we primarily wanted to examine the basic impact of Hnrnpk-
ko limited to CD4+ T cells in an inflamed skin site on subsequent chronic (allergic)
inflammation at this site as suspected prelude to CTCL. In this mouse model, the immune

homeostasis in peripheral blood remains relatively undisturbed under chronic antigen
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exposure, while T-cell infiltration is confined to the skin. The skin lesions predominantly
exhibit lymphocytic infiltration characterized by CD3+ CD4+ cells, and the infiltration
persists without regression, aligning with early-stage CTCL characteristics.

2.Result
2.1.Generation of Hnrnpk flox and Hnrnpk flox Cd4CreER™ mice

To generate conditional knockout Hnrnpk mice, we employed CRISPR/Cas9 RNPs and
200 bp single-stranded oligodeoxynucleotides (ssODN) to sequentially target intron 2
and in the resulting mouse intron 6 of the Hnrnpk gene, in murine oocytes on C57BL/
J background We designed the 5' ssODN (for intron 2) with a LoxP site, and introduced
it into oocytes along with the CRISPR/Cas9 RNP complex.(Figure 1A) Additionally, we
designed the 3' ssODN (for intron 6) with a LoxP site, , and 3' HA, and introduced it into the
resulting mouse line to target the LoxP site in intron 6. (Figure 1B) (gRNA, ssODN listed in
Supplementary Table 1)

We screened the offspring for the correct insertion of the LoxP sites on genomic DNA
from ear-clip biopsies by PCR and Sanger Sequencing (primers listed in Supplementary
Table 2). (Figure 1 C, 1D, & 1E). To confirm correct integration loxP site in intron 6, TOPO-
TA PCR product subcloning was performed. As shown in Figure 1F, the Hnrnpk flox mice
were inserted with two loxP sites flanked exon 3 to 5. We bred these conditional mice to
homozygosity and the offsprings are healthy.
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Figure 1. (A, B) The structure of designed single-stranded oligodeoxynucleotides (ssODN) for intron
2 and intron 6 of Hnrnpk. (C, D) Agarose gel electrophoresis image showing the PCR product of

LoxP inserted in intron 2 and intron 6 of Hnrnpk. (E) Sanger sequencing chromatogram of both
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modifications. (F). The structure of the Hnrnpk flox modified gene with two LoxP sites in Hnrnpk flox

mouse.
2.2.Hnrnpk Knockout in CD4+ T cells confirmation

To induce Hnrnpk knockout in CD4+ T cells, we crossed Cd4CreER™ mice with Hnrnpk flox
mice. Details of the cross-breeding scheme can be found in Figure 2A. In Cd4CreER™ mice,
Cre recombinase is controlled by the Cd4 gene promoter and can be induced by tamoxifen.
Homozygous Hnrnpk flox (Hnrnpk fl/fl) mice were crossed with the transgenic mice
expressing Cre recombinase under the control of the CD4 promoter (Cd4CreER™ mice) to
yield heterozygous littermates with the Cd4CreER™ transgene. Offspring inherited both the
targeted Hnrnpk fl/wt allele and the Cd4CreER™ transgene.

In Hnrnpk flox Cd4CreER™ mice, tamoxifen can selectively knock out Hnrnpk in CD4+ T
cells. After five consecutive days of intraperitoneal tamoxifen injections in Hnrnpk fl/wt
Cd4CreER™+ mice, splenocytes were collected and CD4+ T cells were enriched. (Figure 2B)
Flow cytometry analysis showed that CD4+ T cells accounted for approximately 94.1% after
enrichment. (Figure 2C). DNA was extracted from the enriched CD4+ T cells. Successful
Hnrnpk deletion in CD4+ T cells of Hnrnpk flox Cd4CreER™ mice treated with tamoxifen
was confirmed through PCR analysis (primers listed in Supplementary Table 3) showing
the recombinant Hnrnpk (Hnrnpk KO). In contrast, the spleen CD4+ T cells enriched from
mice not receiving tamoxifen injections showed no recombinant gene fragments following
Hnrnpk deletion (Hnrnpk WT). (Figure 2D).
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Figure 2. (A) Breeding scheme used to create Hnrnpk flox/wt Cd4CreER™ mouse. (B) Schematic
diagram illustrating the Hnrnpk knockout using Tamoxifen in Hnrnpk flox/wt Cd4CreER™ mouse.

91



Tamoxifen was administered to mice for 5 continuous days via intraperitoneal injection (i.p.). On day
8, the spleen was collected, and CD4+ T cells were enriched. TAM: tamoxifen, i.p: intraperitoneal.
(C) Representative flow cytometry plots showing CD3+ CD4+ T cells in splenocytes before and
after CD4+ T cell enrichment. (D) Agarose gel electrophoresis image displaying the PCR product of
recombinant Hnrnpk following Hnrnpk deletion (Hnrnpk KO) using three different sets of primers,

and unrecombined Hnrnpk (Hnrnpk WT) also using three different sets of primers.

2.3.T-cell infiltration limited to cutaneous region and undisturbed immune homeostasis
in peripheral blood in the conditional knockout mice with single-copy Hnrnpk deficiency
in skin-resident CD4+ T cells

In this experiment, Hnrnpk fl/wt Cd4CreER"™ mice were used to induce sustained chronic
inflammation in the skin using OXA and topically applied tamoxifen to knock out Hnrnpk
in CD4+ T cells within the skin. (Figure 3A) One flank was treated and the collateral flank
was left untreated as matched internal control. The specific application of reagents was
implemented as previously described. (18,19) From these earlier experiments we know
that without tamoxifen (no recombination at floxed sites) the chronic inflammation faded
after discontinuation of the allergic challenges very much to a level observed in untreated

flanks in the test animals.

Flow cytometry analysis of peripheral blood during the 40-week experiment showed
that repeated topical application of low-concentration OXA did not result in significant
abnormalities in immune cell populations. The ratio of CD3+ cells to CD19+ cells in
peripheral blood of all mice did not exhibit noticeable fluctuations (Figure 3B). Similarly,
the ratio of CD4+ cells to CD8+ cells in peripheral blood of all mice also did not show
significant fluctuations. (Figure 3C). The ratios of immune cell subpopulations remained

relatively stable throughout the experiment.

Flow cytometry analysis showed successful cell extraction from mouse skin, and the
proportion of CD4+ and Cd8+ cells among CD3+ cells was determined. In the cells extracted
from the skin, the percentage of CD4+ cells among CD3+ cells in the left flank (treated
flank) was significantly higher compared to the percentage of CD4+ cells among CD3+
cells in the right flank (untreated flank) to a statistically significant level. (Figure 3D, & 3E).
Similarly, the percentage of CD8+ cells among CD3+ cells in the left flank was significantly
higher than that of CD8+ cells among CD3+ cells in the right flank. (Figure 3F, & 3G)
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Figure 3. (A) Schematic diagram illustrating the experiment in Hnrnpk flox CD4CreER™ transgenic

mice. D: day, W: week, OXA: oxazolone, 40HT: 4-hydroxy-tamoxifen. Blood collection was performed

24 hours after OXA application. Skin samples were collected at the end of the experiment. (B,

C) Overview of the ratio between CD3+ cells and CD19+ cells, and between CD4+ cells and CD8+

cells in peripheral blood throughout the experiment. (D, E) Representative flow cytometry plots
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and quantitative analysis of CD3+ CD4+ T cells in treated and untreated flanks. P = 0.0159. (F, G)
Representative flow cytometry plots and quantitative analysis of CD3+ CD8+ T cells in treated and
untreated flanks. P= 0.0111. The data were presented as means + SDs. Statistical analysis was
performed using a pair t-test. Differences were considered statistically significant when P < 0.05 (*p <
0.05).

2.4.Increased skin inflammation with dermal infiltrating lymphocytes, primarily
characterized by CD3+ CD4+ cells in transgenic mice with single-copy Hnrnpk deficiency
in skin-resident CD4+ cells

In addition to isolation of intact cells from mouse skin, we made sections of paraffin
embedded formalin fixed biopsies of mouse skin and performed histopathological analysis
using haematoxylin and eosin (H&E) staining and immunohistochemistry (IHC). The H&E
staining revealed a minor amount of epidermal cell swelling and lymphocyte infiltration in
the dermis of the treated flanks. (Figure 4A) No significant abnormalities were observed
in the epidermis and dermis of the untreated flanks. Quantitative statistical analysis of
the epidermal layers showed that the treated flanks exhibited thicker epidermis than the
untreated flanks. (Figure 4A)

Furthermore, we conducted immunohistochemical staining on the mouse skin samples
using T-cell (inflammation) markers CD3, CD4, and CD8. The staining results revealed
scattered or focal distribution of CD3+ and CD4+ cells in the dermis of the treated flanks,
and the presence of CD8+ cells, although with a scattered distribution. In contrast, the
untreated flanks showed fewer CD3+, CD4+, and CD8+ lymphocyte infiltrations. (Figure
4B) Quantitative analysis of CD3+, CD4+, and CD8+ infiltration in the dermis demonstrated
a significant increase in the number of CD3+, CD4+, and CD8+ cells in the treated flanks
compared to the untreated flanks. (Figure 4B)
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Figure 4. (A) Representative HE staining images and immunohistochemistry staining image of CD3,
CD4 and CD8. in treated flanks and untreated flanks. (B) Quantitative analysis of the layer numbers of
epidermis (P = 0.0312) and the quantitative analysis of CD3 (P = 0.000052), CD4 (P = 0.000019) and
CD8 (P =0.000002). The results were obtained by counting within five high-power fields (HPFs) at 20x
magnification for each slide, with the mean values displayed in the figure. Scale bar = 50 um. The
data were presented as means + SDs. A paired t-test or non-parametric test was used. A p-value of

0.05 or below was considered significant (*) and p < 0.0001 (****) was considered highly significant.
3.Discussion

We established a novel controlled knockout transgenic mouse model to study the function
of one-copy loss of Hnrnpk in CD4+ T cells. HNRNPK has a dual role in tumor suppression
and tumor promotion, and its expression may be upregulated or downregulated in
different types of tumors. (13, 20, 21) Previous RNA sequencing studies have shown

downregulation of HNRNPK expression in CD4+ T cells from patient skin lesions of MF, the
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most common type of CTCL. (5, 22) This abnormality may lead to HNRNPK dysfunction,
affecting RNA processing and gene expression regulation. (23) Deletions in HNRNPK have
also been identified in malignant cells from patients with Sézary syndrome and skin tumor
samples from patients with MF. (17)

In further validating our Hnrnpk flox Cd4CreER™ model, we conducted a comparison
with the established Socs1 flox Cd4CreER™ transgenic mouse model. (19) The Socs1
flox Cd4CreER™ mice serve as targeting skin GEMMs (Genetically Engineered Mouse
Models) in CTCL research. Specifically, the inflammatory responses observed following
the deletion of Socs1 in CD4+ T cells suggest that Socs1 deletion may act as a potential
initiator for CTCL. (18) This is similar to our approach in the Hnrnpk flox Cd4CreER™ model,
where the Socs1 flox Cd4CreER™ mice employ a targeted gene knockout strategy. This
method has effectively simulated the very early characteristics of CTCL, underscoring the
relevance and applicability of our technique in studying CTCL pathogenesis. The precision
in gene manipulation and the resulting phenotypic manifestations observed in the Socs1
flox Cd4CreER™ model lend credibility to the skin painting method and gene knockout

technique used in our study.

Thanks to the reporter gene, deletion of the Socs1 gene in the CD4+ T cells of these
hybrid mice can be detected via flow cytometry. (24) In the Hnrnpk flox Cd4CreER™ mice,
the knockout of Hnrnpk, which lacks a reporter gene, is verified by extracting DNA from
enriched CD4+ T cells and employing PCR technology. These procedures have effectively
confirmed the efficacy of the Cd4CreER™ knockout tool.

In the Socs1 flox Cd4CreER™ model, deletion of the Socsl gene, combined with
topical sensitizing stimuli, leads to autonomous skin inflammation exhibiting early MF
characteristics. This closely mirrors the conditions observed in early-stage human CTCL.
(25) Similarly, in our Hnrnpk flox Cd4CreER™ mice, the targeted gene knockout resulted in
a phenotype that accurately reflects early CTCL characteristics, particularly in early-stage
MF. This similarity not only validates our methodological approach but also significantly
enhances the potential of our model in revealing new insights into the molecular basis
of CTCL. The ability to precisely knockout genes of interest, as demonstrated in both the
Socs1 flox Cd4CreER™ and our Hnrnpk flox Cd4CreER™ models, is crucial for dissecting the
complex interplay of genetic factors in the pathogenesis and progression of CTCL.

Our novel mouse model shows no significant disturbances in the immune cell population
in peripheral blood, aligning with the localized nature of MF in CTCL and the challenge
of distinguishing benign and malignant T cells in early-stage MF skin lesions. (4,8) In
our new mouse model, skin inflammation persists even after the stimulus is removed,
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indicating a sustained chronic inflammatory response locally. However, there were no
significant disturbances observed in the immune cell population in the peripheral blood.
This pattern aligns with the early manifestations MF in CTCL, characterized by long-lasting
and persistent inflammation limited to the skin. (2,26) Most MF patients also suffer from
localized skin diseases, and distinguishing between benign and malignant T cells in early-
stage MF lesions is challenging due to their shared T-cell characteristics and overlapping
phenotypes. (27)

CTCL involves the coexistence of malignant CD4+ T cells, secreting cytokines, and
normal tissue-resident memory T cells (TRM cells) that also contribute to the complex
microenvironment through cytokine secretion.(28) CTCL cells, and CD4+ TRM cells, share a
common tissue differentiation program likely influenced by the skin microenvironment. (29)
In our mouse model, dermal infiltrating lymphocytes in Hnrnpk knockout mice primarily
consisted of CD3+ CD4+ cells, mirroring the lymphocyte profile seen in human CTCL skin
lesions. The increase in CD8+ T cells was less pronounced, suggesting an expansion of
cytotoxic CD8+ T cells followed by gradual depletion.

Next to introducing the new mutant mouse model in this study, several limitations need
to be addressed. The first limitation is the sample size of mice in long-term experiments.
Additionally, further investigations are needed to validate the findings from sequencing
studies in CTCL patients and explore the role of HNRNPK deletion in CTCL development and
progression.

In conclusion, we established a novel genetically modified mouse model with conditional
Hnrnpk knockout specifically in CD4+ T cells to investigate its role in CTCL pathogenesis.
This model exhibits features consistent with CTCL, such as chronic skin inflammation,
lymphocytic infiltration predominantly composed of CD3+ CD4+ cells. Our work provides
insights into the mechanisms underlying CTCL progression and validates findings from
sequencing studies in CTCL patients. Future mice studies with larger sample sizes and
longer follow-up are necessary to further enhance our understanding of HNRNPK
involvement in CTCL.

4.Materials and Methods
4.1.Animals

All mouse experiments were supervised by the animal welfare committee (lvD) of the
Leiden University Medical Center and approved by the national central committee of
animal experiments (CCD) under the permit number AVD116002015271, in accordance
with the Dutch Act on Animal Experimentation and EU Directive 2020/63/EU.
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Hnrnpk flox (Hnrnpkeml1Lumc; MGI:99894) mice where loxP sites were introduced
in Hnrnpk intron 2 and intron 6 were generated at LUMC. Hnrnpk flox mice using
CrisprCas9 RNP and 200 bp single-stranded oligodeoxynucleotides (ssODN). (all from IDT)
Cd4CreER™ mice (Tg(Cd4-cre/ER™)11Gnri/J; MGI:5493114; JAX:022356) expressing CreER™
recombinase under the control of the Cd4 promoter were purchased from The Jackson
Laboratory (JAX). Hnrnpk flox mice were mated with Cd4CreER” mice to generate Hnrnpk
flox Cd4CreER™ mice. The offspring inherited both the targeted Hnrnpk flox allele and the
Cd4CreER"™ transgenes.

Male Hnrnpk flox/wt Cd4CreER™+ mice, 12-15 weeks old, were housed in a temperature-
controlled room with a 12-hour light-dark cycle. Throughout the experiment, food and tap
water were available ad libitum.

4.2 Tamoxifen and oxazolone application

Tamoxifen (TAM, Sigma-Aldrich, Netherlands) was dissolved in peanut oil at a concentration
of 10 mg/ml, and 4-hydroxy-Tamoxifen (40HT, Sigma-Aldrich, Netherlands) was dissolved
in ethanol (20 mg/ml) and sonicated for 2 minutes. Tamoxifen was administered at a
dose of 1 mg per mouse per day by intraperitoneal injection for 5 consecutive days.
40HT was topically administered at a dose of 1mg per mouse on the left shaved skin (2
cm x 3 cm). Oxazolone (4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one, Sigma-Aldrich,
Netherlands) was dissolved in acetone. A freshly made solution of oxazolone was used for
each experiment. The application schedule was as follows: On the first day, 1.5% OXA was
applied to the abdomen for induction. On the eighth day, 0.5% OXA was applied to the left
flank. On the ninth day, the CRE-Lox system was activated with 40HT to knock out HNRNPK
in CD4+ T cells. From week 2 to week 10, 0.5% OXA was applied three times per week to
the left flank. From week 11 to week 20, 0.5% OXA was applied twice per week to the
left flank. From week 21 to week 40, the mice were monitored for their overall condition,
particularly their skin condition. The corresponding right flank was used as the control

using the vehicle only.

Peripheral blood samples were collected from mice via the tail vein weekly or biweekly,
and flow cytometry was performed to analyze the immune cell populations in the
peripheral blood. At the end of week 40, skin specimens were collected from both the
left and right flanks of the mice for cell extraction and preparation of paraffin-embedded

sections.
4.3.Cell isolation and DNA isolation

Intact skin cells were isolated by taking a 4 mm?® skin biopsy, which was then digested
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using the whole skin dissociation Kit (Miltenyi Biotec, NL) following the manufacturer's
instructions. CD4+ T splenocytes were isolated and enriched by processing the spleen using
lysis buffer (from Hospital Pharmacy at LUMC) to obtain splenocytes. CD4+ T cells were
enriched from the splenocyte suspension using The BD IMag™ Mouse CD4+ T Lymphocyte
Enrichment Set (BD Biosciences, NL). DNA was isolated from ear-clips and the CD4+ T cells
from splenocytes using DNeasy Blood & Tissue Kits (Qiagen, NL).

Genomic PCR was conducted to analyze the genotypes of mice using ear DNA and gene-
specific primers (Supplementary Table 1) for the Hnrnpk flox transgene and Hnrnpk
wildtype gene. Genomic PCR was conducted on the DNA from enriched CD4+ splenoctyes
to detect the recombinant Hnrnpk transgene and unrecombined Hnrnpk wildtype gene
using the three different sets of gene-specific primers respectively (Supplementary Table
2).

4.4.Flow cytometry

Samples from isolated skin cells, splenocytes before and after CD4+ T cell enrichment, and
blood were used for flow cytometry. Blood samples were handled and stained as described
previously. (18) Fluorescence-labeled antibodies, including Live/Dead marker (clone
Zombie, BD, Netherlands), anti-mouse CD3 (clone 145-2C11, BD, Netherlands), anti-mouse
CD19 (clone 1D3, Thermo Fisher Scientific, Netherlands), anti-mouse CD4 (clone RM4-
5, Thermo Fisher Scientific, Netherlands), and anti-mouse CD8 (clone 53-6.7, Biolegend,
Netherlands), were used. Samples were processed in a BD Fortessa flow cytometer, and

the data were analyzed using FlowJo software.
4.5.Histological and immunohistochemical analyses

Skin samples were fixed with 4% paraformaldehyde, dehydrated, and paraffin-embedded.
Sections (4 um-thick) were cut with a microtome (Leica 149MULTIOC1). Tissue sections
were stained with hematoxylin and eosin. For immunohistochemistry analyses, tissue
sections were deparaffinized, rehydrated, and blocked for endogenous peroxidase
using 0.3% hydrogen peroxide and nonspecific antibody binding using a blocking buffer
(SuperBlock, Thermo Fisher Scientific, The Netherlands). Antigen retrieval was performed
using citric acid (pH 6.0) solution. The tissue sections were incubated with the following
primary antibodies at 4°C overnight: anti-mouse CD3 (1:200, D7A6E, Cell Signaling
Technology, Netherlands), anti-mouse CD4 (1:100, D7D2Z, Cell Signaling Technology,
Netherlands), anti-mouse CD8 (1:1600, 4SM15, eBioscience™, Netherlands). Then,
sections were incubated with secondary antibodies at room temperature for 60 minutes.
Sections were visualized with the Vectastain Elite Kit (Vector Labs, Netherlands) and
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diaminobenzidine (Dako Omnis, Agilent Dako, Netherlands). After counterstaining with
hematoxylin, sections were mounted. The scanner (3DHISTECH, Pannoramic 250) was used

for microscopic examination and image acquisition.

The layers of the epidermis were counted within 5 high-power fields (HPF) (20x
magnification) of each slide, and the mean values were calculated for subsequent
statistical analysis. The numbers of CD3+, CD4+, and CD8+ lymphocytes in the dermis were
counted within 5 HPF (20x magnification) per case. The values were normalized to cells/
mm?, and the mean numbers were assessed for further statistical analysis. The evaluations
were conducted by two independent individuals who were blinded to sample information.

4.6.Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 8.0.1). A paired
t-test was used to compare the treated flank and untreated flank in mice. A p-value of 0.05
or below was considered significant (*), p < 0.01 (**), p < 0.001 (***) and P < 0.0001 (****)

was considered highly significant.
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Supplementary Information

Supplementary Table 1. Sequence information

Sequence

5’Loxp ssODN

GCAGTACAGTTTTTCCAACCAACATTTTAA
TCCTTTGAAATACTTATTAAAATAAGGCCTT
TGATATTAGGGATATTAGGGAGACAAataac
ttcgtataatgtatgctatacgaagttatctcgagAGG
CAGGGACTTAAAAAGTGGCTTCAATTACC
CTTTCTTGGGGGATGTTTCTAATTGAAAAT
TTAAACTTTAA

Homology arms in
uppercase; loxP+
restrictionsite in
lowercase

5’sgRNA intron 2

AGGGATATTAGGGAGACAA

3’Loxp ssODN

GGAAGTTTATTTATAGTTCAGTTCCAGGTT
ACTTCCATCTTAGGCAGTTGCAGCTACAG
GAGCTTGTCATAGTGTTTGTATAGACAAGG
tctagaataacttcgtataatgtatgctatacgaagtta
tAGGAAGCACTGGGCCTATGAGTTCTGCT
GTTAGGCTTATTTTCTTTATTAACATTAAGA
GTCTAATCA

Homology arms in
uppercase; loxP+
restrictionsite in
lowercase

3’sgRNA intron 6

TAGTGTTTGTATAGACAAGG

Supplementary Table 2. Primer information

Primer Sequence

Hn_int2_Fw TTCTTGCACAGGTTAAAAAGCA
Hn_int2loxP_Fw TCGAGAGGCAGGGACTTAAA
Hn_ex3_Rev CCATATCTTCTGCAGGGCGT
Hn_int6_Fw AGGCTGGCCATTCCTAGAGT
Hn_int6loxP_Fw TAGGCAGTTGCAGCTACAGG
Hn_ex7_Rev ACAGCATCAGATTCGAGCGG
Hn_KO_Fw AGTAACCTTTTCTTGCACAGGT
Hn_KO_Rev CGTGATCAGGCTATTGTCGC

Supplementary Table 3. Primer information

Primer Sequence
hnRNPK_KO_F1 AGTAACCTTTTCTTGCACAGGT
hnRNPK_KO_R1 CGTGATCAGGCTATTGTCGC

hnRNPK_KO_F2

CCTTTTCTTGCACAGGTTAAAAAGC

hnRNPK_KO_R2

CAGGCTATTGTCGCATATATTGGT

hnRNPK_KO_F3

AGCAGTACAGTTTTTCCAACCA
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hnRNPK_KO_R3 AGTGTCTAGCGTGATCAGGC
hnRNPK_WT_F1 TTCCCCAACACCGAAACCAA
hnRNPK_WT R1 CAGTAGAGTGAGGGCAGCAC
hnRNPK_WT_F2 TCAGAGTCTGGCAGGAGGAA
hnRNPK_WT R2 CCATGCCATCATAGCGGTCT
hnRNPK_WT_F3 GTGCTGCCCTCACTCTACTG
hnRNPK_WT R3 GGGCTCCATGTGTCAATTGC

Supplementary Figure 1. Representative images of the shave treated flank and untreated flank on
D19(week 3) and D67 (week 67) during experiment.

o D19 W3

One day after 0.5%0XA

Treated flank

Untreated flank
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Abstract:

Background: Recent genomic analysis has unveiled recurrent heterogeneous nuclear
ribonucleoprotein K (HNRNPK) gene deletions in cutaneous T-cell lymphoma (CTCL).
HNRNPK acts as a tumor suppressor by inhibiting the JAK-STAT pathway. Objective: This
study investigates the pivotal role of Hnrnpk deletion in initiating CTCL pathogenesis
using a transgenic mouse model. Methods and Results: Hnrnpk was knocked out
in skin-infiltrating CD4+ T cells in transgenic mice (oxazolone, OXA, contact allergic
reaction followed by topical tamoxifen to activate k.o.) which were then subjected to
repeated applications of OXA (3-2/wk for 20 wks). After discontinuing OXA, autonomous
inflammation persisted. Remarkably, Hnrnpk haploinsufficiency alone was sufficient to
elicit these phenotypic changes. Comprehensive flow cytometry analyses of blood samples
in the course of the experiment showed no evident effect but post mortem analyses of
skin samples corroborated and characterized the persistent inflammation. Histological
examinations revealed increased epidermal thickness and inflammatory cell infiltration,
particularly CD3+ CD4+ T-cells, in Hnrnpk knockout mice exposed to long-term OXA
treatment. Immunohistochemistry demonstrated heightened cell proliferation (Ki-67
expression) and augmented JAK-STAT signaling (p-STAT3) in these mice — all reminiscent of
early CTCL. Conclusion: Our results underscore the significance of Hnrnpk deletion in CD4+
T-cells leading to autonomous skin inflammation, emulating early stages of CTCL, thereby
confirming HNRNPK’s tumor-suppressive role. This in vivo model gives experimental access
to the intricate processes involving HNRNPK in T-cell modulation, affecting epidermal
homeostasis, and in CTCL pathogenesis, opening new avenues for potential therapeutic

interventions.

Key words: Cutaneous T-cell lymphomas; JAK-STAT Pathway; CD4+ T cells; HNRNPK;

Transgenic mouse
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1 Introduction

Recent genomic analysis of cutaneous T-cell lymphoma (CTCL) has revealed recurrent
deletion of the heterogeneous nuclear ribonucleoprotein K (HNRNPK) gene in two of the
most common subtypes of CTCL, mycosis fungoides (MF) and Sézary syndrome (SS). (1-
3) HNRNPK is a tumor suppressor gene that inhibits the JAK-STAT signaling pathway, and
its deletion can lead to dysfunction of HNRNPK, which affects RNA processing and gene
expression regulation. (4-6)

The potential impact of haploinsufficiency in this tumor suppressor gene is one of the
notable characteristics of HNRNPK. HNRNPK haploinsufficiency resulted in reduced
survival, increased tumor formation, genomic instability, and the development of
transplantable hematopoietic neoplasms with myeloproliferation. (7) Haploinsufficiency
of tumor suppressor genes (TSGs) can contribute to tumor development and progression
by reducing levels of proteins, accelerating tumor development, promoting cancer
progression, and collaborating with other haploinsufficient TSGs. (8-10)

The deletion of HNRNPK and other tumor suppressor genes (such as SOCS1, STK11, and
CDKN2A/B) involved in commonly deregulated pathways in MF has been identified through
next-generation sequencing (NGS) analysis. (1) A new mouse model with conditional
HNRNPK knockout has been successfully established, which solves the lethality issue of
direct HNRNPK knockout and confirms that this new mouse strain maintains relatively

undisturbed immune homeostasis in the peripheral blood under chronic antigen exposure.

This study utilized a novel strain of homozygous and heterozygous mice to elucidate the
role of Hnrnpk as an initiating factor when deleted in skin-homing CD4+ T cells, combined
with repeated exposure to OXA simulation skin inflammation. Even after discontinuing 20
weeks of OXA applications, lymphocytic infiltration persisted, resulting in an authonomous
inflammation with increased cell proliferation and sustained JAK-STAT pathway activation;
features consistent with precursor stages of CTCL. A comparison between Hnrnpk double-
copy deletion and Hnrnpk single-copy deletion mice revealed that the loss of a single allele

of the Hnrnpk gene was already sufficient to cause this phenotypical change.

In sum, we investigated the role of Hnrnpk deletion as an initiating factor in the
pathogenesis of CTCL in skin-homing CD4+ T cells, confirming the tumor-suppressive

function of Hnrnpk and the impact of haploinsufficiency.
2.Result
2.1.Contact-allergic reaction in inducible Hnrnpk knock-out mice from long-term and
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short-term oxazolone treatment groups

To determine the effect of oxazolone (OXA) treatment in inducing and maintaining inflamed
skin in inducible Hnrnpk knock-out mice, a 1.5% concentration of OXA was administered
topically on the shaved abdominal skin to sensitize Hnrnpk fl/fl Cd4CreER™+/- (FL/FL),
Hnrnpk fl/wt Cd4CreER™+/- (FL/WT), and Hnrnpk wt/wt Cd4CreER™+/- (WT/WT) mice.
Subsequently, a 0.5% concentration of OXA was applied 3 times a week (initially, and then
twice after 10 weeks) on the shaved left flank from week 2 to week 20 (Figure 1A). This
regimen established the experimental group as the long-term OXA group. An additional
group of mice was included as a control group for the initial short-term OXA exposure. This
group did not receive any application of 0.5% OXA on their skin from week 2 to week 20, as
depicted in Figure 1B.

In both experimental groups, none of the mice displayed any signs of wounding from
scratching in response to a possible pruritus (Supplementary Figures 1 and 2). Visible
signs of inflammation, such as redness, flaking, and a rough texture, were observed on
the treated flanks of all mice one day after the first application of 0.5% OXA on the skin. In
contrast, the untreated skins of all mice in both long-term and short-term OXA treatment

groups did not show any indication of inflammation.

A\n=6 M\ n=6 N=6
((’ <~ Hnrnpk fI/fil Cd4CreER™+/- ((’ <~ Hnmpk fliwt Cd4CreERT™+/- ((’ Hnrnpk wt/wt Cd4CreER™+/-

) —_ —
W02 - W10 0.5% OXA 3 times per week W11 - W20 0.5% OXA 2 times per week W21 - W40 No treatment

1.5% OXA  0.5% OXA 40HT on skin Skin samples

f—xr

Day T T T
D1 D8 D9 D11 D14 D16 =+ D140 D280
End
A N=6 A N=6 A N=6
\/(’ - < Hnrnpk fI/fl Cd4CreER™+/- ((/ < Hnmpk fl/iwt Cd4CreER™+/- ((/ - < Hnrnpk wt/wt Cd4CreER™+/-
= Y Y
1.5% OXA  0.5% OXA 4OHT on skin No treatment Skin samples
Day il 1
D1 D8 D9 D280
End

Figure 1. Schematic time-course representation of the experimental groups and different treatment
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periods with oxazolone. (A). Long-term treatment period: the left flanks of Hnrnpk fl/fl Cd4CreER™+/-,
Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice were treated with OXA 3 times per
week from week 2 to 10 and 2 times per week from week 11 to 20. From week 21 to 40, no OXA was
administrated on the skin of the mice. B) Short-term treatment period: Hnrnpk fl/fl Cd4CreER™+/-,
Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice without OXA treatment from
week 2 to 40. In both treatment groups the mice were treated on day 1 and 8 with OXA and 40HT
was applied on day 9. Mice were sacrificed on day 280. n is 6 per genotype. Abbreviations: D is day,
W is week, OXA is oxazolone, 40HT is 4-hydroxy-tamoxifen. Blood collection was performed 24 hours

after OXA application. Skin samples were collected at the end of the experiment.

2.2.Long-term oxazolone application caused local skin inflammation rather than systemic
effect

Flow cytometry analysis showed successful cell extraction post mortem from mouse skin,
and the proportion of CD4+ and CD8+ cells among CD3+ cells was determined. (Figure 2A)
The long-term OXA group exhibited a statistically significant increase in the proportion of
CD4+ cells among CD3+ cells in the treated flanks of Hnrnpk knockout mice (FL/FL and FL/
WT), as compared to the treated flanks of WT/WT mice. No statistically significant disparity
is observed in the proportion of CD4+ cells among CD3+ cells in the treated flanks when
comparing FL/FL and FL/WT conditions. (Figure 2B) In addition, there was a notable rise in
the proportion of CD4+ cells to CD3+ cells in the treated flanks of Hnrnpk knockout mice (FL/
FL and FL/WT) compared to the untreated flanks. Similar results were seen for the fraction
of CD8+ cells among CD3+ cells. (Figure 2C) In the short-term OXA treatment group, no
statistically significant differences were observed between the treated and untreated

flanks when comparing across all groups.

Flow cytometry analysis was performed on the peripheral blood samples collected weekly
from the mice in both experimental groups. The ratio of circulating CD3+ and CD19+ cells
and CD4+ and CD8+ cells was measured to assess the overall status of the mice’s immune
system. In both the long-term and short-term groups, the peripheral blood of all mice did
not show any disturbance in the ratio of CD3+ cells to CD19+ cells. (Figure 2D) Likewise,
the proportion of CD4+ cells to CD8+ cells in the peripheral blood of all mice exhibited no
noticeable variations. (Figure 2E) Throughout the investigation, the sub-population ratios

of immune cells remained relatively stable.
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Figure 2. Flow cytometry analysis of skin and peripheral blood of Hnrnpk fi/fl Cd4CreER™+/-, Hnrnpk
fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice from the long-term and short-term OXA
treatment groups showed T cells infiltration in skin and no systemic inflammation. (A). Representative
flow cytometry plots and quantitative analysis of CD3+ CD4+ T cells and CD3+ CD8+ T cells in treated
flanks of mice from the long-term group. (B) The quantitative analysis of CD3+ CD4+ T cells in the
flanks of mice from long-term group. (C) The quantitative analysis of CD3+ CD8+ T cells in the flanks
of mice from long-term group. (D) The ratio of CD3 to CD19 cells isolated from peripheral blood
of mice in both long-term and short-term groups. (E) The ratio of CD4 to CD8 cells isolated from

peripheral blood of mice in both long-term and short-term groups. Abbreviations: FL/FL is Hnrnpk
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fi/fl Cd4CreER™+/-. FL/WT is Hnrnpk fl/wt Cd4CreER™+/-. WT/WT is Hnrnpk wt/wt Cd4CreER™+/-. T
is treated flank. UNT is untreated flank. ‘LO’ is the long-term OXA treatment group, and ‘SO’ is the

short-term OXA treatment group.

2.3.Hnrnpk deletion with long-term oxazolone treatment caused autonomous skin

inflammation

HE staining was conducted on skin samples to assess and quantify the number of epidermal
layers in the long-term and short-term treatment groups (Figure 3, & Supplementary
Figure 3). In the long-term OXA group, the number of epidermal layers in treated flanks
from FL/FL and FL/WT mice were significantly greater than those in untreated sides
(Figures 3A, & 3B). There were no significant differences between genotypes. In the short-
term treatment group, there were no statistically significant differences in the number of
epidermal layers between the FL/FL and FL/WT mice and the WT/WT mice and the treated
and untreated flanks from the same genotype. This showed that Hnrnpk deletion, in

combination with long-term OXA treatment, caused a significant inflammatory response.
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Figure 3. Histological examination of skin sections from the long-term treatment group indicated an
increased number of epidermal layers in the treated flanks of Hnrnpk fl/fl Cd4CreER™+/- and Hnrnpk
fl/wt Cd4CreER™+/- mice. (A). HE stained sections from treated and untreated flanks of mice in the

long-term treatment group. Maghnification is 20x and scale bar is 50 um. (B) Quantification of the
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number of epidermal layers of treated and untreated skin of the mice from long-term treatment
group. Paired t-test and two-way ANOVA with a Tukey’s post hoc test were used for statistical
analysis. Error bars represent SEM and * indicates a significant difference (*P < 0.05). n is 5 or 6 per
genotype. Abbreviations: FL/FL is Hnrnpk fl/fl Cd4CreER™+/-. FL/WT is Hnrnpk fl/wt Cd4CreER™+/-.
WT/WT is Hnrnpk wt/wt Cd4CreER™+/-. T is treated flank. UNT is untreated flank.

2.4.Hnrnpk deletion increased the number of lymphocytes and caused autonomous skin

inflammation

To evaluate the inflammatory response in the skin of transgenic mice, IHC staining was
conducted to quantify the amount of CD3+, CD4+, and CD8+ T-cells in the dermis of the
long-term and short-term OXA groups (Figure 4; Supplemental Figures 4, 5 & 6). The
number of CD3+ and CD4+ positive stained cells in the treated flanks of transgenic mice (FL/
FL and FL/WT) was considerably and statistically significantly higher in the long-term OXA
group compared to the treated flanks of WT/WT mice (Figure 4A, 4B, & 4C). Moreover,
the number of CD3+ and CD4+ cells in the dermis of the treated flanks of FL/FL and FL/
WT mice was statistically significantly higher than in the untreated flanks (Figures 4A, 4B,
& 4C; Supplemental Figure 5). Similar observations were made for CD8+ positive stained
cells (Figures 4A, & 4D; Supplemental Figure 5). However, no significant change was seen
between the treated flank sections of FL/FL mice and FL/WT mice. CD3+, CD4+, and CD8+
T-cells in the long-term OXA group showed in clusters. The short-term OXA group had no
significant increases in inflammatory cells within or between groups. (Supplementary
Figures 4, & 6). In untreated flanks, these findings showed that CD3+, CD4+, and CD8+
T-cells were more abundant in the treated skin sections of the transgenic mice in the long-
term OXA group, particularly in the FL/FL and FL/WT mice when compared to the WT/WT
mice, clearly showing that Hnrnpk loss along with long-term OXA treatment increased the

skin inflammatory response.
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Figure 4. Histological analysis of treated skins from Hnrnpk fl/fl Cd4CreER™+/-, Hnrnpk fl/wt
Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the long-term treatment group revealed
increased number of CD3+, CD4+ and CD8+ cells in dermis. (A). Skin sections from the treated
flanks of mice in the long-term treatment group, stained with markers for CD3, CD4, and CD8.
Magpnification is 20x and scale bar is 50 um. (B, C, D) Quantification of the positive stained CD3+ (B),
CD4+ (C) and CD8+ (D) cells in the dermis of treated (T) and untreated (UNT) flanks of the mice in
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long-term treatment group. Paired t-test and two-way ANOVA with a Tukey’s post hoc test were used
for statistical analysis. Error bars represent SEM and * indicates a significant difference (*P < 0.05,
**p < 0.01, ¥***P < 0.001, ****P < 0.0001). n is 5 or 6 per genotype. Abbreviations: FL/FL is Hnrnpk
fl/fl Cd4CreER™+/-. FL/WT is Hnrnpk fl/wt Cd4CreER™+/-. WT/WT is Hnrnpk wt/wt Cd4CreER™+/-. T is
treated flank. UNT is untreated flank.

2.5.Loss Hnrnpk in autonomous skin inflammation affected cell proliferation index

To investigate the impact of Hnrnpk deletion in CD4+ T-cells Ki-67 immunohistochemical
staining was conducted on dermal samples of both the long-term and short-term
treatment groups. The results of this analysis are presented in Figure 5 and Supplementary
Figure 7. The long-term treatment group exhibited a notable increase in Ki-67 positive
cells in the flanks of FL/FL and FL/WT mice compared to WT/WT mice (Figure 5A, & 5B).
Furthermore, a notable increase in Ki-67 activation was observed in both the dermis of the
treated compared to those untreated flanks in FL/FL and FL/WT groups (Figure 5A, & 5B).
No significant changes were found within and between the genotypes in the short-term
therapy group (Supplemental Figure 7). The results of this study indicated that the levels
of Ki-67 cells were enhanced in the treated skin sections of the transgenic mice subjected
to to the long-term treatment. This showed that combining Hnrnpk deletion and long-term
OXA treatment increased cell proliferation.
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Figure 5. Histological analysis of treated and untreated skins from Hnrnpk fl/fl Cd4CreER™+/-,
Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the long-term treatment group
revealed increased number of Ki-67 positive cells in dermis. (A). Skin sections from the treated
and untreated flanks of mice in the long-term treatment group, stained with Ki67. Magnification
is 20x and scale bar is 50 um. (B). Quantification of the positive stained p-STAT3 cells in dermis of
treated and untreated skins of the mice from long-term treatment group. Paired t-test and two-way
ANOVA with a Tukey’s post hoc test were used for statistical analysis. Error bars represent SEM and *
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indicates a significant difference (*P < 0.05, ***P < 0.001, ****P < 0.0001). n is 5 or 6 per genotype.
Abbreviations: FL/FL is Hnrnpk fl/fl Cd4CreER™+/-. FL/WT is Hnrnpk fl/wt Cd4CreER™*+/-. WT/WT is
Hnrnpk wt/wt Cd4CreER™+/-. T is treated flank. UNT is untreated flank.

2.6.Loss Hnrnpk in autonomous skin inflammation affected the JAK-STAT signaling

pathway

IHC staining was performed to analyze the number of p-STAT3 positive cells in the dermis
of the long-term and short-term treatment groups to see if the Hnrnpk deletion in CD4+
T-cells with persistent skin inflammation affected the JAK-STAT signaling pathway (Figure 6;
Supplementary Figure 8). In the long-term OXA group, the treated flanks of FL/FL and FL/
WT mice had a significantly higher number of p-STAT3 positive cells than those of WT/WT
mice (Figures 6A, & 6B). Furthermore, p-STAT3 activation was significantly higher in the
treated flanks’ dermis than in the untreated flanks of FL/FL and FL/WT mice (Figures 6A,
& 6B). There were no significant changes among or between genotypes in the short-term
OXA group (Supplementary Figures 8). These data revealed that p-STAT3 cells were more
numerous in the treated flanks of transgenic mice in the long-term OXA group, implying
that Hnrnpk deletion combined with long-term OXA boosted Stat3 activation, enhancing
the JAK-STAT signaling pathway.
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Figure 6. Histological analysis of treated and untreated skins of Hnrnpk fl/fl Cd4CreER™+/-, Hnrnpk
fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice from the long-term treatment group
revealed increased number of p-STAT3 positive cells in dermis. (A). Skin sections from the treated
and untreated flanks of mice in the long-term treatment group, stained with p-STAT3. Magnification
is 20x and scale bar is 50 um. (B). Quantification of the positive stained p-STAT3 cells in dermis of
treated and untreated flanks of mice from the long-term treatment group. Paired t-test and two-way
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ANOVA with a Tukey’s post hoc test were used for statistical analysis. Error bars represent SEM and *
indicates a significant difference (*P < 0.05, ***P < 0.001, ****P < 0.0001). n is 5 or 6 per genotype.
Abbreviations: FL/FL is Hnrnpk fl/fl Cd4CreER™+/-. EL/WT is Hnrnpk fl/wt Cd4CreER™+/-. WT/WT is
Hnrnpk wt/wt Cd4CreER™+/-. T is treated flank. UNT is untreated flank.

3.Discussion

This study showed that transgenic mice with Hnrnpk deletion in CD4 skin-infiltrating cells
and subsequent repeated OXA applications resulted in features of early-stage cutaneous
T cell lymphoma. These included autonomous skin inflammation, CD3+ CD4+ lymphocytic
infiltration, increased Stat3 signaling, and enhanced lymphocyte proliferation index. Our
findings supported prior studies by demonstrating the CTCL-like features associated with
both biallelic and monoallelic Hnrnpk deletions, shedding light on their significant impact

and likely underlying pathways in CTCL formation.

Our previous experience with OXA application revealed that applying modest doses to the
skin surface three times a week could reduce skin inflammation without any discomfort.
(11) Nevertheless, in the present study, we observed an increase in epidermal layer
thickness and dermal infiltration by inflammatory cells in the treated flanks of Hnrnpk

knockout mice in the long-term OXA group.

While previous research has indicated HNRNPK’s involvement in regulating T-cell activation
and cytokine production, the precise role of HNRNPK in influencing the infiltration of
inflammatory cells in the dermis remains inconclusive. (12) This study added to the body of
evidence by revealing the various impacts of HNRNPK on T-cell activity.

An earlier research has shown that reduced Hnrnpk expression in mice resulted in the
development of malignant T-cell lymphoma, marked by the expansion of abnormal
lymphocytes and an increase in pro-inflammatory cytokines such as IL-2 and TNF-a. (7) The
dual role of HNRNPK in tumor suppression and inflammation promotion is also evident in
acute myeloid leukemia and lung cancer. (13, 14) Given the inconsistent results of earlier
investigations, the mechanisms by which HNRNPK deficiency increases inflammation
and cancer remain unknown. Some studies have even proposed that HNRNPK acts as an
oncogene due to its elevated levels in various inflammation-related malignancies, including
melanoma, colorectal, and prostate cancer. (15-17) These divergent findings underscore
the importance of maintaining the homeostatic balance of HNRNPK expression in
preventing disease mechanisms and tumor formation. Our study further supports HNRNPK
deletion increased cell proliferation (Ki-67 expression) and JAK-STAT pathway activation.

In the context of cancer, HNRNPK has been suggested to have a dual role, acting as both a
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tumor suppressor and an oncogene. (7) A role as oncogene is supported by the notion that
elevated HNRNPK expression is associated with increased Ki-67 expression in breast cancer
(18), down-regulation led to impaired proliferation in head and neck squamous carcinoma
with reduced Ki-67 expression. Overexpression of HNRNPK in a mouse model increased
tumor size and Ki-67 expression, while HNRNPK knockdown reduced tumor size and Ki-67
expression. (19). For AML and CTCL a tumor suppressor function for HNRNPK is more likely.
Our mouse model shows that the proliferation marker Ki-67, which increases with disease
progression and has been identified as a prognostic marker in MF, particularly in tumor-
stage (20, 21) is increased after knockout of Hnrnpk in CD4+ T cells. (22, 23)

The JAK-STAT3 signaling pathway has been confirmed to play a significant role in CTCL
pathogenesis. Persistent activation of STAT3 has been observed in CTCL and identified as a
driving force behind this malignant condition. (24) Aberrantly active STAT3 promotes tumor
cell survival, proliferation, upregulation of immune suppressive factors, and inhibition of
Th1 mediators, among other oncogenic properties. (25) Constitutive activation of STAT3
is associated with malignant T-cell proliferation, resistance to apoptosis, and inflammation
in CTCL. The expression of phosphorylated STAT3 and its critical role in the survival of
CTCL cell lines have been documented. (26) Moreover, STAT3 is expressed in early-stage
CTCL but not elevated in healthy skin dermis. (27) Sustained activation of Stat3 in T cells
drives disease progression in a CTCL mouse model, although this model exhibited changes
in STAT3 in all T cells rather than specifically in CD4+ T cells. (28) HNRNPK also inhibits
cancer cell proliferation through the p53 signaling pathway, with p53, p21, and CCND1
playing pivotal roles. HNRNPK’s involvement in regulating the cancer proteome, including
the STAT signaling pathway, also reinforces its influence on tumor growth. (29) (30) We
observed enhanced JAK-STAT signaling in heterozygous and homozygous Hnrnpk knockout
mice. These findings align with previous research suggesting lymphoma development is
mediated through Hnrnpk-mediated Stat3 activation. (7)

Deletion of a single allele of the Hnrnpk gene is sufficient to influence the phenotype
of the mouse model, with no significant differences observed between the phenotypes
resulting from biallelic and monoallelic gene deletions. Our study included homozygous
Hnrnpk knockout, heterozygous Hnrnpk knockout, and wild-type Hnrnpk mice, facilitating
comprehensive genotype comparisons to enhance our understanding of the gene’s
function and its impact on the biological processes studied. (31) All experimental mice
were subjected to identical environmental conditions, mitigating potential confounding
factors and enhancing the reliability of the results. Considering the possible variability, the
incorporation of various genotypes and the increase in the number of mice were crucial for
obtaining more reliable and reproducible results. (32)
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In conclusion, this extensive research underscores the pivotal role of Hnrnpk in CD4+ skin-
homing T cells within chronically inflamed skin, exacerbating skin inflammation reminiscent
of the early stages of MF. These findings suggest that HNRNPK may play an initiating role in
the development of MF.

4.Methods and Materials
4.1.Mice

All mouse experiments were supervised by the animal welfare committee (lvD) of the
Leiden University Medical Center and approved by the national central committee of
animal experiments (CCD) under the permit number AVD116002015271, in accordance
with the Dutch Act on Animal Experimentation and EU Directive 2020/63/EU.

Hnrnpk flox (HnrnpkemILumc; MGI:99894) mice where loxP sites were introduced in
Hnrnpk intron 2 and intron 6 were generated at LUMC. Hnrnpk flox mice using CrisprCas9
RNP and 200 bp single-stranded oligodeoxynucleotides (ssODN). Cd4CreER™ mice (Tg (Cd4-
cre/ER™)11Gnri/); MGI:5493114; JAX:022356) expressing CreER™ recombinase under the
control of the Cd4 promoter were purchased from The Jackson Laboratory (JAX). Hnrnpk
flox mice were mated with Cd4CreER™ mice to generate Hnrnpk flox Cd4CreER™ mice. The

offspring inherited both the targeted Hnrnpk flox allele and the Cre transgene.

Inducible homozygous (FL/FL) and heterozygous (WT/FL) Hnrnpk knockout mice were
obtained by crossing conditional Hnrnpk knock-out mice (LUMC) with 40HT inducible Cd4-
CreER™-knock-in mice (Jackson’s Laboratories) in the C57BL6/6J) background. Resulted
offspring was characterized by exon 3 to exon 6 deletion in Hnrnpk in Cre-expressing CD4+
T cells upon 40HT administration. Wild type littermates (WT/WT) with Cd4CreER™ in the
C57BL6/6J background were used as a control group throughout the experiment. All mice
were assigned to experimental or control groups based on their genotype. Treatments
were assigned randomly. Mice were housed in a temperature-controlled room with a 12-
hour light-dark cycle. Throughout the experiment, food and tap water were available ad
libitum.

4.2.0xazolone preparation and administration

Sensitization and inflammation of mouse skins were described as before.(33) The skin
inflammation was induced by oxazolone (4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one,
OXA, Sigma-Aldrich) dissolved in acetone (Macron) to a concentration of 1.5% or 0.5% for
each experiment. 1.5% OXA was used to sensitize shaved abdomen skins. After 1 week,
0.5% OXA was applied on shaved left flanks to induce skin inflammation. To maintain skin
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inflammation, 0.5% OXA was administrated on shaved left flanks. As control, acetone was
administrated on right shaved flanks. Before shaving and OXA treatment, mice were placed
in isoflurane box and anesthetized with 2 - 4% isoflurane (Karizoo). Anesthesia was put on
0.25 - 2% isoflurane during shaving and OXA application.

4.3.4-hydroxy-tamoxifen preparation and administration

Cre-mediated deletion of Hnrnpk was performed in 6 to 20 weeks old mice with 40HT
(Sigma-Aldrich). 40HT was dissolved in ethanol (J. T. Baker) and peanut oil (Sigma-Aldrich)
to a concentration of 20 mg/ml. Dissolved 40HT was placed in ultrasound sonicator
(Branson 2510) for 2 minutes at room temperature and stored at 4 °C. Before each
experiment, 40HT was warmed to room temperature and administrated once on left
shaved skins with 1 mg per mouse. As control, ethanol was administrated on right shaved
flanks.

4.4.Flow cytometry

Skin cells were isolated by taking a 4 mm? skin biopsy post mortem, which was then
digested using the whole skin dissociation Kit (Miltenyi Biotec, NL) following the
manufacturer’s instructions. Blood samples of mice (50 uL) were obtained from tail vein
every week 24 hours after OXA treatment. Samples were transferred to tubes with lysis
buffer (Hospital Pharmacy LUMC) and incubated for 10 minutes at 37 °C. After incubation,
phosphate-buffered saline (PBS; Orphi Farma) was added to tubes and centrifuged for
5 minutes at 1600 rpm at room temperature. Lysates were transferred to FACS plates
and centrifuged for 3 minutes at 1400 rpm at room temperature. Plates were washed
with FACS buffer (Thermo Fisher Scientific). Fluorescence-labeled antibodies, anti-mouse
CD3 (clone 145-2C11, BD Biosciences), anti-mouse CD19 (clone 1D3, Thermo Fisher
Scientific), anti-mouse CD4 (clone RM4-5, Thermo Fisher Scientific) and anti-mouse CD8
(clone 53-6.7, Biolegend), were added to the cells and incubated for 30 minutes on ice.
After incubation, cells were washed 2 times with FACS buffer and transferred to tubes
with paraformaldehyde (PFA, Sigma-Aldrich). BD Fortessa flow cytometer was used for
measurements and samples were analyzed with FlowJo software. For compensation,
labeled beads (Thermo Fisher Scientific) were made by the same procedure and used

shortly before the measurements.
4.5.Histological and immunohistochemical staining

Mice skin samples were obtained after CO2-mediated sacrifice and fixed with 4% PFA
(Added Pharma). Skin tissues were dehydrated with increasing grade of ethanol (50%,
70%, 100%), cleared in xylene (J.T. Baker) and embedded in paraffin (Klinipath) using
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Leica HistoCore Arcadia H machine. Embedded skins were placed in microtome (Leica
149MULTIOC1) and sliced at thickness of 4 um. Skin sections were dewaxed with xylene
and rehydrated with decreasing grade of ethanol (100%, 70%, 50%). Slides were stained
with haematoxylin and eosin (HE) staining and dehydrated with increasing grade of ethanol
(95% and 100%) followed by xylene. Skin sections were mounted on glass lids using Depex
(Sigma-Aldrich).

For immunohistochemical (IHC) stainings, paraffin-embedded skin sections were dewaxed
with xylene and rehydrated in 100% ethanol. Afterwards, skin sections were blocked with
0.3% hydrogen peroxidase (H202, Sigma-Aldrich) and rehydrated with decreasing grade
of ethanol (95%, 85%, 70%). Antigen retrieval was performed in 0.01M sodium citrate
solution (Merck; pH 6) for 10 minutes at low-medium in the microwave (Etna). Skin slices
were washed 3 times with PBS/0.05% Tween (Sigma-Aldrich). Sections were blocked with
SuperBlock (Thermo Fisher Scientific) for 30 minutes at room temperature and incubated
with primary antibodies, anti-mouse CD3 (D7AG6E, Cell Signaling Technology, dilution 1:200),
anti-mouse CD4 (D7D2Z, Cell Signaling Technology, dilution 1:100), anti-mouse CD8 (4SM15,
eBioscienceTM, dilution 1:1600) and anti-mouse p-STAT3 (D3A7, Cell Signaling Technology,
dilution 1:150), at 4 °C overnight. All primary antibodies were dissolved in PBS with 1%
bovine serum albumin (BSA, Thermo Fischer Scientific).

Next day, skin slices were washed 3 times with PBS/0.05% Tween and incubated with
secondary antibody goat-anti-rabbit (IgG biotinylated, Sigma-Aldrich, dilution 1:200) or
rabbit-anti-rat (IgG biotinylated, Sigma-Aldrich, dilution 1:200) dissolved in PBS/1% BSA for
30 minutes at room temperature. Sections were washed 3 times with PBS/0.05% Tween.
Slides were incubated with Vectastain Elite Kit (Vector Labs, dilution 1:200) for 30 minutes
at room temperature and washed 3 times with PBS. Skin sections were visualized with
diaminobenzidine (DAB, Dako Omnis, dilution 1:100) for 5 minutes at room temperature
and washed with MilliQ water. Nuclei were counterstained with filtered haematoxylin
(dilution 1:5) for 3 seconds at room temperature. Skin slides were washed in tap and
MilliQ water and dehydrated with increasing grade of ethanol (70%, 85%, 95%, 100%). Skin

sections were mounted on glass lids using Entellan (Sigma-aldrich).

All slices were photographed and examined with bright field microscope scanner (3D
HISTECH, Pannoramic 250). For HE analysis, epidermal layers of each skin section were
counted at 20x magnification. Means were estimated and used for statistical analysis. For
IHC analysis, CD3, CD4, CD8, Ki-67 and p-STAT3 positive cells were counted in each slide at
20x magnification. Normalization was performed at number of positive cells per mm? and

means were estimated for statistical analysis.
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4.6.Statistical analyses

All data was statistically analyzed and graphed in GraphPad Prism (version 9.3.1). For flow
cytometry analysis, mixed-effect analysis with Tukey’s post hoc test was performed. For
histological and immunohistochemical analysis, paired t-test was used to compare treated
skin with untreated skin within same genotype. In addition, two-way ANOVA test with
Tukey’s post hoc comparison was used to compare skin samples between genotypes. P

values less than 0.05 were considered as significant.
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Supplementary Information

A Long-term OXA
T UNT

FL/FL

FL/WT

WT/WT

Supplementary Figure 1. Macroscopic analysis of treated and untreated skin from Hnrnpk fl/fl
Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice shows presence of

inflammation symptoms in treated skins in the long-term group.

Representative clinical photos of treated and untreated skin images of Hnrnpk fl/fl Cd4CreER™+/-,
Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the long-term treatment group.
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A Short-term OXA
T UNT

FL/FL

FL/WT

WT/WT

Supplementary Figure 2. Macroscopic analysis of treated and untreated skin from Hnrnpk fl/fl
Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice shows presence of

inflammation symptoms in treated skins in the short-term treatment group.

Representative clinical photos of treated and untreated skin images of Hnrnpk fl/fl Cd4CreER™+/-,
Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the short-term treatment

group.
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Supplementary Figure 3. Histological analysis of treated and untreated skin from Hnrnpk fl/fl
Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the short-
term treatment group demonstrates no changes in number of epidermal layers. (A) Treated and
untreated skin sections of Hnrnpk f/fl Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/
wt Cd4CreER™+/- mice stained with the HE staining. Magnification is 20x and scale bar is 50 um.
B) Quantification of the number of epidermal layers of treated and untreated skin from Hnrnpk fl/
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fl Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice. A paired t-test
and two-way ANOVA with a Tukey’s post hoc test were used for statistical analysis and error bars

representing standard errors of the mean (SEM). n is 5 or 6 per genotype.
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Supplementary Figure 4. Histological analysis of treated skin from Hnrnpk fl/fl Cd4CreER™+/-, Hnrnpk
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fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the short-term treatment group
demonstrates no differences in number of CD3, CD4 and CD8 cells in the dermis. (A) Treated skin
sections of Hnrnpk fl/fl Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/-
mice stained with CD3, CD4 and CD8 IHC staining. Magpnification is 20x and scale bar is 50 um. Black
arrows indicate stained cells. B, C, D) Quantification of the positive stained CD3 (B), CD4 (C) and
CD8 (D) cells in the dermis of treated and untreated skin from Hnrnpk fl/fl Cd4CreER™+/-, Hnrnpk fl/
wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice. A paired t-test and two-way ANOVA with
a Tukey’s post hoc test were used for statistical analysis. Error bars represent SEM and n is 3 per
genotype.
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Supplementary Figure 5. Histological analysis of untreated skin from Hnrnpk fl/fl Cd4CreER™+/-,
Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the long-term treatment group
reveals unchanged number of CD3, CD4 and CD8 cells in the dermis. Untreated skin sections of
Hnrnpk fi/fl Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice stained
with CD3, CD4 and CD8. Maghnification is 20x and scale bar is 50 um. Black arrows indicate positive
stained cells. nis 5 or 6 per genotype.
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Supplementary Figure 6. Histological analysis of untreated skin from Hnrnpk fl/fl Cd4CreER™+/-,
Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the short-term treatment group
demonstrates no differences in number of CD3, CD4 and CDS8 cells in the dermis. Untreated skin
sections of Hnrnpk fl/fl Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER+/- and Hnrnpk wt/wt Cd4CreER™+/-
mice stained with CD3, CD4 and CD8. Magnification is 20x and scale bar is 50 um. Black arrows
indicate positive stained cells. n is 3 per genotype.
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Supplementary Figure 7. Histological analysis of treated and untreated skins from Hnrnpk fl/fl
Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the short-term
treatment group shows no changes in number of Ki-67 positive cells in the dermis.

A) Treated and untreated skin sections of Hnrnpk fl/fl Cd4CreER"+/-, Hnrnpk fl/wt Cd4CreER™+/-
and Hnrnpk wt/wt Cd4CreER™+/- mice stained with Ki-67. Magnification is 20x and scale bar is 50
um. Black arrows indicate stained cells. B) Quantification of the positive Ki-67 cells in the dermis of
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treated and untreated skin from Hnrnpk fl/fl Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk
wt/wt Cd4CreER™+/- mice. Paired t-test and two-way ANOVA with a Tukey’s post hoc test were used

for statistical analysis. Error bars represent SEM and n is 5 or 6 per genotype.
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Supplementary Figure 8. Histological analysis of treated and untreated skins from Hnrnpk fl/fl
Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/- and Hnrnpk wt/wt Cd4CreER™+/- mice of the short-term

treatment group shows no changes in number of p-STAT3 positive cells in the dermis.
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A) Treated and untreated skin sections of Hnrnpk fl/fl Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/-
and Hnrnpk wt/wt Cd4CreER™+/- mice stained with p-STAT3. Magnification is 20x and scale bar is 50
um. Black arrows indicate stained cells. B) Quantification of the positive stained p-STAT3 cells in the
dermis of treated and untreated skin from Hnrnpk fl/fl Cd4CreER™+/-, Hnrnpk fl/wt Cd4CreER™+/-
and Hnrnpk wt/wt Cd4CreER™+/- mice. Paired t-test and two-way ANOVA with a Tukey’s post hoc test
were used for statistical analysis. Error bars represent SEM and n is 5 or 6 per genotype.
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General discussion



General discussion and future perspective

The work presented in this thesis focused on developing advanced genetically engineered
mouse models (GEMMs) to enhance research on Cutaneous T-cell Lymphoma (CTCL). By
specifically targeting skin-homing CD4+ T cells and incorporating an inflammatory skin
reaction, these models replicate the natural progression of CTCL, significantly improving
our understanding of its early-stage genesis. They also offer promising avenues for the
development of early interventions. This final chapter summarizes and discusses the
findings of Chapters 2, 3, 4, and 5, culminating in conclusions and future perspectives.

Cd4CreER™ System and Inducible Conditional Knockout Mouse Generation

In Chapter 1, we provided an overview of mouse models utilized in CTCL research, with
a particular emphasis on the importance of the development of GEMMs. In the realm of
CTCL studies, GEMMs are categorized into non-skin targeted and skin-targeted CD4+ T cell
GEMMs. The latter category, which is the main content in this thesis and characterized by
skin-target CD4+ T cells, offers a more faithful representation of the natural origin of CTCL
pathogenesis.

The most commonly used tool for targeting gene knockout in (skin-homing) CD4+ T cells is
the Cd4CreER™ system. (1) This innovative system combines the versatility of the Cre-loxP
recombination strategy with the precision of inducible gene targeting, making it an useful
tool in the study of gene function in a temporally controlled manner. (2) Fundamentally,
the Cd4CreER™ system relies on Cre recombinase, derived from the P1 bacteriophage,
renowned for its ability to catalyze site-specific recombination between loxP sites. These
loxP sites are short DNA sequences strategically inserted into the genome, flanking the
target gene. (3) Cre recombinase efficiently excises or inverts the DNA between these loxP
sites, leading to the deletion or modification of the gene of interest. (4)

The unique aspect of the Cd4CreER™ variant lies in the fusion of Cre recombinase with a
mutated estrogen receptor (ERT2), which renders the enzyme inactive at physiological
estrogen levels. (5) This inactivity persists until the administration of Tamoxifen, a
selective estrogen receptor modulator. Tamoxifen binds to the ERT2 portion, causing
a conformational change that activates the Cre recombinase. (6) This inducible system
provides a high degree of control over the timing of gene recombination, allowing
researchers to study gene function in various developmental stages or disease states.
In addition, topical administration of tamoxifen (e. g. painting on the skin) offers the
possibility to restrict recombination in discerning regions of the body.
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This Cd4CreER™ system is crucial to our thesis’s main experiments. In Chapters 2 and
Chapter 3, we crossed Cd4CreER™ mice with Socs1 flox mice, while in Chapters 4
and Chapter 5, the crossbreeding involved Cd4CreER™ and Hnrnpk flox mice. The Cre
recombinase in this context is under the control of the Cd4 promoter, enabling its specific
activation in CD4+ T cells. The knockout of Socs1 in CD4+ T cells of these crossbred mice
could be detected using flow cytometry, thanks to a reporter. (7) For Hnrnpk, which lacks a
reporter, the knockout was verified by extracting DNA from enriched CD4+ T cells and using
PCR techniques. These procedures have confirmed the effectiveness of the Cd4CreER”

tool.

In the Cre-lox system, there are various methods to activate Cre with Tamoxifen,
especially in in vivo models. These methods include intraperitoneal injection, gavage (oral
administration), and intravenous injection, depending on the experimental purpose and
the target cells. (1) (8) (9) To verify the effectiveness of the Cd4CreER™-LoxP system in
our mouse model, we initially used intraperitoneal injection of Tamoxifen for validation
(Chapter 2). Our research focuses on primary cutaneous T-cell lymphoma, targeting skin-
homing CD4+ T cells. Hence, we employed a topical application method. Additionally,
since Tamoxifen needs to be metabolized in the liver to form 40H Tamoxifen, and topical
Tamoxifen cannot undergo this metabolism, we used the active form, 40H Tamoxifen,
directly. There is no standard protocol for the topical application of 40H Tamoxifen, so
we compared the effects of 3 and 5 topical applications on the genes in systemic CD4+ T
cells. We determined that three topical applications of 40H Tamoxifen were sufficient to
knock out the target gene in skin-homing CD4+ T cells (Chapter 2). In further research,
we optimized the use of 40H Tamoxifen. Our study data show that even a single topical
application of Tamoxifen is enough to activate the Cd4CreER™-LoxP system and can do so
with minimal systemic disturbance (Chapters 3, 4, and 5).

Initial Effects of Genome Alteration in the Pathogenesis of CTCL

Genetic alteration in the Janus kinase-signal transducers and activators of transcription
(JAK-STAT) pathway is a critical chain of interactions between proteins within a cell. Genetic
alterations in the JAK-STAT pathway, including deletions and mutations, play a significant
role in the pathogenesis of CTCL. (10) Activating mutations in JAK kinases have been
reported in CTCL. (11) These mutations frequently occur in the JAK-STAT signaling pathway
and may serve as indicators for targeted therapy. (12) For instance, recurrent mutations
in genes of the JAK-STAT signaling pathway, including STAT3, JAK1, and others have been
identified. (11) (13) In addition to mutations, deletions of tumor suppressors HNRNPK
and SOCS1 were found to be the most frequent genetic alterations in MF after deletion
of CDKN2A. (14) Notably, SOCS1 deletion could be detected even in early-stage MF. These
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deletions, resulting from genomic rearrangements, lead to up-regulation of the JAK-STAT

pathway, among others.
Biallalic knockout and Haploinsufficient of tumor suppressor genes in CTCL

Biallelic knockout, which involves the complete loss of both alleles of a gene, can result
in the complete absence of gene function. In the context of CTCL, this can be particularly
relevant when studying TSGs (Tumor Suppressor Genes) that are implicated in the

regulation of T-cell proliferation and survival. (15)

Understanding the consequences of biallelic knockout of specific TSGs can provide insights
into whether their loss contributes to the uncontrolled proliferation of CD4+ T cells seen in
CTCL. On the other hand, haploinsufficiency arises when an organism possesses only one
functional copy of a gene due to the loss of function of a single allele. (16) In the context of
CTCL, haploinsufficiency of certain TSGs may lead to reduced protein levels in CD4+ T cells,
potentially impairing their normal regulatory functions. This can create an environment

conducive to the development and progression of CTCL. (17)

Exploring the interplay between biallelic knockout, haploinsufficiency, and specific TSGs
in the context of CTCL offers a deeper understanding of the molecular mechanisms
underlying this lymphoma. (18) By elucidating how genetic alterations in TSGs affect T-cell
behavior, researchers can uncover novel therapeutic targets and potential interventions for
CTCL.

Specific Insights into Biallalic knockout and Haploinsufficiency of Socs1 and Hnrnpk
Genes

Haploinsufficiency of SOCS1 is a recognized cause of early-onset autoimmune diseases. (19)
Human studies align with findings in mice, notably that Socs1-/- mice experience neonatal
lethality attributed to excessive IFN-y signaling and extensive inflammatory infiltration. (7)
Lineage mutations in SOCS1 leading to haploinsufficiency result in heightened activation of
the JAK-STAT pathway in response to various cytokines. (20) Mice with a haploinsufficient
dose of Socs1 can survive to adulthood, but with age, they develop systemic autoimmune
diseases. Given the widespread expression of SOCS1 and the coordinating role of cytokines
in the immune system, multiple cell types may contribute to autoimmunity under
conditions of SOCS1 haploinsufficiency.

While SOCS1 haploinsufficiency is a recognized cause of early-onset autoimmunity, our
study is the first to demonstrate data specifically focused on Socs1 haploinsufficiency in
skin-resident CD4+ T cells. In Chapter 2, although the experiments conducted over only
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8 weeks showed that Socs1 monoallelic knockout in skin-homing CD4+ T cells was not
sufficient to induce CTCL, we were able to observe differences between experimental
mice and wild-type mice, confirming the impact of Socs1 haploinsufficiency even when
restricted to CD4+ T cells.

Additionally, despite insufficient numbers of mice with bi-allelic knockout of Socs1
for statistical analysis, all these mice exhibited visibly thicker epidermis, increased
inflammatory cell presence (CD3, CD4, CD8), and a greater number of cells positive for
p-STAT3 in the lymphocytes. Even without quantitative statistical data, the distinctions
between mice with homozygous Socs1 knockout and heterozygous Socs1 knockout in CD4+
T cells were evident, suggesting that homozygous Socs1 knockout in CD4+ T cells could
lead to more pronounced phenotypic changes.

In Chapter 3, with an extended experimental period, the differences in phenotype between
mice with monoallelic knockout of Socs1 in skin-homing CD4+ T cells and wild-type mice
were more pronounced, likely indicating systemic pathological lymphocyte proliferation.
This further confirmed the effects of Socs1 haploinsufficiency, highlighting the role of Socs1
as a tumor suppressor gene.

The knockout of both alleles of Hnrnpk (Hnrnpk-/-) is generally incompatible with
embryonic survival; complete loss of Hnrnpk is lethal in early developmental stages. (21)
(22) Such loss also severely impairs the function and development of functional CD4+
T cells. (23) This underlines the significance of our development of Hnrnpk flox mice in
Chapter 4, where, through crossing with Cd4CreER” mice, we obtained a model that allows
controlled timing of specific Hnrnpk knockouts in skin-homing CD4+ T cells.

Hnrnpk functions as a haploinsufficient tumor suppressor. Hnrnpk haploinsufficiency
can lead to reduced survival, increased tumor formation, genomic instability, and the
development of transplantable hematologic malignancies. (24) In Chapter 4, we present,
for the first time, data on the effects of single-gene knockout of Hnrnpk in skin-homing
CD4+ T cells combined with chronic skin allergies. Coupled with the homozygous knockout
mice of Hnrnpk in Chapter 5, our research encompasses homozygous and heterozygous
Hnrnpk knockouts, as well as wild-type Hnrnpk mice, allowing for comprehensive
comparison. We confirmed that the loss of a single allele of the Hnrnpk gene is sufficient
to affect the phenotype of the mouse model, and no significant differences were observed

between the phenotypes resulting from bi-allelic and mono-allelic knockouts.
The Role of SOCS1 in the Pathogenesis of Early-Stage CTCL

SOCS1, a key regulator of cytokine signaling, when knocked out in skin-resident CD4+ T
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cells, leads to a state of autonomous skin inflammation. (Chapter 2 and Chapter3) The
Socs1 knockout mouse model mimics the features of early-stage mycosis fungoides, the
most common form of CTCL. The loss of Socs1 results in uncontrolled JAK-STAT signaling,
leading to the initiation of skin inflammation that does not resolve on its own, along with
sustained activation of STAT3 within the skin.

Within these Socs1 knockout mice, we observe a significant increase in T-cell infiltration
in the skin, along with heightened and sustained expression of activated STAT3. These
changes are indicative of the disrupted immune surveillance and control mechanisms
typically seen in CTCL. The prolonged contact-allergic reaction in these mice further
demonstrates the potential for chronic inflammation to progress into a malignant state,
emphasizing the critical role of Socs1 in maintaining normal immune homeostasis and

preventing the onset of CTCL.

The Socs1 flox Cd4CreER™ mouse model discussed in Chapter 2 and Chapter 3 is of
importance in CTCL research, especially for understanding the role of SOCS1 in the
progression of the disease. SOCS1 has been found to be deficient in patients with CTCL,
particularly in those with early-stage MF. (14) By selectively deleting the Socs1 gene in the
CD4+ T cells of mice—which is accomplished by the cross breeding of Cre transgenic and
Socs1 floxed mice - researchers can observe the effects of the absence of this gene in skin-
resident T cells involved in inflammation of the skin (activation of Cre by topical application
of tamoxifen on the inflamed skin). This model has revealed that isolated loss of the Socs1
gene does not lead to pronounced malignant changes, even when coupled with short term
inflammatory challenges.

However, with protracted challenges - specifically, over a period of 20 weeks— the skin
inflammation becomes autonomous and mirrors early-stage MF, offering a more profound
understanding of the disease’s early development and potential intervention.

Hnrnpk Knockout Mouse Model and Its Implications in Early-Stage CTCL

Hnrnpk flox Cd4CreER™ mouse model can be utilized to examine the impact of Hnrnpk gene
haplodeficiency or its complete absence in CD4+ T cells, aiming to elucidate its role in CTCL
pathogenesis. (14, 25) This aproach is informed by prior studies highlighting significant
deletions of Hnrnpk in the JAK-STAT pathway among CTCL patients. (25) It builds on the
foundational research conducted using the Socs1 flox Cd4CreER™ mouse model, which has
paved the way for exploring the effects of these genes related to CTCL.

The Hnrnpk knockout model has provided significant insights into the pathogenesis of
early- stage CTCL. The loss of one copy of Hnrnpk in CD4+ T cells leads to a cascade of

146



molecular events that simulate the early stages of CTCL. (Chapter 4 and Chapter 5) This
model has shed light on the intricate role of Hnrnpk in maintaining genomic stability and
regulating gene expression. The Hnrnpk knockout mice exhibit characteristics such as
increased cellular proliferation, impaired apoptosis, and dysregulated cytokine signaling,

all of which are hallmarks of early-stage CTCL.

The induction of chronic skin inflammation in these mice parallels the inflammatory
environment seen in CTCL patients. Notably, the persistent activation of the JAK-STAT
pathway, a consequence of Hnrnpk loss, mirrors the cytokine dysregulation observed in
CTCL. These findings underscore the importance of HNRNPK as a regulatory factor in T-cell

homeostasis and its potential role in the initiation of lymphomagenesis.

Comparing the Socs1 knockout model with Hnrnpk knockout model reveals both
overlapping and unique features pertinent to CTCL pathogenesis. Although, the
function of Hnrnpk emphasizes the role of genetic stability and gene regulation in the
disease’s progression (26), whereas the function of Socs1 gene related the impact of
disrupted cytokine signaling control. Both models show dysregulated JAK-STAT signaling,
an important pathway in CTCL, the similar inflammatory environment seen in CTCL
patients and the pathological proliferation of immune cells. (14) Together, these models
significantly contribute to our understanding of early-stage CTCL. The insights gained from
these models are crucial for the development of targeted therapies and offer a more
detailed understanding of the molecular mechanisms underlying CTCL.

Future Perspectives and Concluding Remarks

In this thesis, the work has provided a viable model and practical methods for the
targeted knockout of skin-homing CD4+ T cells in the mouse skin, along with an optimized
approach applying Tamoxifen topically. Our data indicates that under current experimental
conditions, although the mice exhibit early-stage CTCL-like characteristics, they are not yet

satisfactory as a fully developed, ready-to-use tumor model.

As a next step from Chapter 2 and Chapter 3, which explored the role of Socs1 following
its knockout in mouse skin-homing CD4+ T cells, our goal is to further validate our results
by expanding the sample size of mice with Socs1 bi-allelic knockout. We aim to assess
whether bi-allelic and mono-allelic knockouts of Socs1 have different impacts on the onset
and progression of CTCL.

Our subsequent steps for Hnrnpk gene research in Chapter 4 and Chapter 5 are similar to
those for Socs1. Additionally, transcriptome analysis of skin-homing CD4+ T cells isolated

from Hnrnpk knockout mice can be used to characterize the imbalance of affected target
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genes and transcripts. This approach helps identify cellular processes impacted by the
loss of the Hnrnpk gene, ultimately elucidating the mechanisms behind the exacerbated
skin inflammation observed in our transgenic mice. Moreover, this method can be
employed to validate the enhanced JAK-STAT signaling pathways observed in our Hnrnpk
gene heterozygous and homozygous knockout mice treated and challenged with OXA. By
extending the experimental period and utilizing skin-homing CD4+ T cell bi-allelic knockout
GEMM mice, along with constructing large-sample experiments, we can further determine
and optimize early-stage CTCL mouse models.

Continuously refining our model-building approach for gene knockout in skin CD4+ T cells
is a key focus. Our next step is to explore genetic alterations relevant to CTCL pathogenesis,
using our knockout models to investigate potential gene changes. In future model
construction, we plan to cross with other GEMMs harboring genetic alterations, such as
loss of Cdkn2A often observed in CTCL(10) or, which hold potential for tumorigenesis.
These endeavors will enhance our understanding of CTCL's genetic underpinnings and
might contribute to more efficient model development.

In conclusion, our research focuses on establishing autochthonous mouse models closely
resembling CTCL, allowing selective gene knockouts in skin-homing CD4+ T-cells. While
our skin-target GEMMSs may not capture all malignant aspects, they closely mimic CTCL's
origin and early changes. Future research will leverage emerging technologies like CRISPR-
Cas9 gene editing to enhance model accuracy and relevance, enabling exploration of gene
effects and understanding the genesis of early-stage CTCL. This work can contribute to a
better understanding of CTCL pathogenesis, validates the driving role of relevant genes in
its early stages, and creates research platforms for (precision) medicine in early-stage CTCL
treatment.
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Nederlandse Samenvatting

Deze PhD-thesis, getiteld “Validatie van de Genetische Veranderingen bij Cutaan T-cel
Lymfoom: Het Ontrafelen van de Rol van SOCS1 en HNRNPK door Middel van Genetisch
Gemodificeerde Muismodellen”, presenteert een uitgebreide studie naar CTCL, een
zeldzame vorm van non-Hodgkin lymfoom. Het onderzoek richt zich op het verkennen van
de genetische factoren die van invloed zijn op CTCL en maakt gebruik van geavanceerde
in vivo muismodellen om ons begrip van de ziekte te verdiepen. Het eerste hoofdstuk
introduceert de toepassing van in vivo muismodellen in CTCL-onderzoek, waarbij de
nadruk ligt op hun cruciale rol bij het ontrafelen van de pathogenese van de ziekte en het
testen van mogelijke behandelingsmethoden. Het doel van dit proefschrift is het opzetten
van Huid-Gerichte Genetisch Gemodificeerde Muismodellen door gebruik te maken van
genveranderingen gevonden in tumoren van patiénten, die mogelijk een sleutelrol spelen
in het ontstaan van CTCL. Deze modellen zijn ontworpen om de pathogene rol van deze

genen in de vroege stadia van CTCL te onderzoeken.

In Hoofdstuk 2 wordt de rol van het SOCS1-gen in CTCL onderzocht. Er werd gebruik
gemaakt van GEMM-muizen die in staat zijn tot specifieke SocsI-uitschakeling in
huidgerichte CD4+ T-cellen. Deze muizen toonden aan dat een enkelvoudig verlies van
Socs1, gecombineerd met aanhoudende ontsteking, niet voldoende is om een vroeg-

stadium mycosis fungoides-achtig fenotype te induceren binnen acht weken.

Hoofdstuk 3 bevestigt de causale rol van Socs1-allelverlies in de ontwikkeling van MF. Een
grotere groep muizen werd gebruikt voor een betere statistische onderbouwing en de duur
van het experiment werd verlengd tot 20 weken. Lokaal SocsI mono-allelisch verlies in
CD4+ T-cellen in chronisch ontstoken huid leidt tot autonome huidontsteking met vroege

MF-kenmerken.

In Hoofdstuk 4 wordt een nieuw conditioneel knockout-muismodel met Hnrnpk mono-
allelische deletie in CD4+ T-cellen geintroduceerd. Dit model bootst belangrijke kenmerken
van vroege CTCL na, waaronder chronische huidontsteking, CD4+ T-celinfiltratie en minimale
verstoring in perifeer bloed. Het biedt een experimenteel traject om de complexe micro-

omgevingen en immuunreacties te bestuderen.

Het onderzoek beschreven in Hoofdstuk 5 gebruikt de nieuwe stam van homozygote
en heterozygote muizen die ontwikkeld zijn in Hoofdstuk 4 om de rol van Hnrnpk als
een initiérende factor bij de pathogenese van CTCL in huidgerichte CD4+ T-cellen te

verduidelijken.
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Hoofdstuk 6 presenteert een uitgebreid overzicht van de verzamelde gegevens, samen
met een verkenning van zowel de klinische als onderzoeksimplicaties die samenhangen

met deze thesis.

Ter afsluiting, deze PhD-thesis draagt significant bij aan het begrijpen van de genetische
grondslagen van CTCL en draagt bij aan de ontwikkeling van gerichte therapieén voor de
vroege behandeling van deze complexe ziekte. Het onderzoek legt een fundament voor
toekomstige studies die opkomende technologieén zoals CRISPR-Cas9-genbewerking

gebruiken om modelnauwkeurigheid en relevantie in CTCL-onderzoek te verbeteren.
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