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ABSTRACT

Membrane adaptor proteins are proteins associated with cellular membranes that do not
themselves serve as receptors. Instead, they propagate or modify the signals of these receptors by
recruiting other signaling and regulatory proteins and arranging them into supramolecular
complexes. In this thesis, I sought to describe selected membrane adaptor proteins and their roles
in inflammation and regulation of hematopoiesis in mouse models using a reverse genetics
approach.

The main part of the work focused on the role of the membrane adaptor protein PSTPIP2
in suppressing inflammation. In mice, missense mutations in the Pstpip2 gene causing loss of
PSTPIP2 protein lead to the development of autoinflammatory disease chronic multifocal
osteomyelitis (CMO) characterized by sterile inflammatory lesions in the bones and adjacent soft
tissue. These mice represent a model of the human autoinflammatory disease, chronic recurrent
multifocal osteomyelitis. At the molecular level, neutrophils in the absence of PSTPIP2 exhibit
pathological hyperactivity of pathways regulating IL-1B and reactive oxygen species (ROS)
production, which are both implicated in the etiology of the disease. PSTPIP2 interacts with
several signaling regulators, including PEST family protein tyrosine phosphatases (PEST-PTPs)
and inositol 5'-phosphatase SHIP1. We hypothesized that these binding partners play a key role
in the suppression of inflammation by PSTPIP2. To test this hypothesis, we have generated
mutant mouse strains, in which the PSTPIP2 binding sites for PEST-PTPs or SHIP1 were
abolished. Analysis of these mouse mutants revealed that disruption of either of these two
interactions results in increased production of IL-1B. However, only loss of the interaction
between PSTPIP2 and PEST-PTP led to the production of harmful levels of ROS and subsequent
bone damage. PEST-PTPs also appeared to be a major regulator of chemokine production by
neutrophils, controlling neutrophil migration to the site of autoinflammation within a positive
feedback loop.

To further characterize the pathways regulated by PSTPIP2-organized regulatory
complex, we employed a mouse model of CMO deficient in receptor-type protein tyrosine
phosphatase CD45, where the activity of Src-family kinases in leukocytes is substantially
reduced. In these mice, we observed delayed disease onset and lower severity of sterile
inflammation, as well as reduced IL-1B production. These findings, together with previously
published data, suggested that the PSTPIP2-regulated pathway responsible for triggering
autoinflammation is controlled by Src-family kinases, likely using ITAM motif-dependent
signaling.

In this thesis I also present the results of functional analysis of two additional leukocyte
membrane adaptor proteins LST1 and WBP1L and their functional roles in mice. They are both
transmembrane proteins. LST1 was thought to be a negative regulator of signaling due to its
interactions with the phosphatases SHP-1 and SHP-2, whereas virtually nothing was known about
the physiological function of WBP1L. We found that LST1 deficiency in vivo leads to a protective
effect against intestinal inflammation during acute colitis induced by sodium dextran sulfate, a
model of human inflammatory bowel disease. Deficiency of WBPI1L revealed its function as a
negative regulator of CXCR4 signaling. The regulation is likely mediated by WBP1L binding to
NEDD4 family ubiquitin ligases. We also observed an increased ability of WBP1L-deficient bone
marrow cells to reconstitute the hematopoietic system after transplantation, demonstrating its role
in the regulation of hematopoiesis.






ABSTRAKT

Membranové adaptorové proteiny jsou proteiny asociované s bunéénymi membranami,
které samy o sobé neslouZzi jako receptory. Misto toho §ifi nebo modifikuji signaly téchto
receptort tim, ze vazi dalsi signalni a regulacni proteiny a organizuji je do supramolekularnich
komplext. V této praci jsem se snazila popsat vybrané membranové adaptorové proteiny a jejich
roli v z&dnétu a regulaci krvetvorby na mysich modelech pomoci pfistupu reverzni genetiky.

Hlavni Cast prace byla zamétena na roli membranového adaptorového proteinu PSTPIP2
v potlacovani zanétu. Mutace v genu Pstpip2 zpiisobujici ztratu proteinu PSTPIP2 vedou u mysi
k rozvoji autoinflamatorntho onemocnéni chronické multifokdlni osteomyelitidy
charakterizované sterilnimi zanétlivymi lézemi v kostech a pftilehlych mékkych tkanich. Tyto
myS$i predstavuji model lidského autoinflamatorniho onemocnéni chronické rekurentni
multifokélni osteomyelitidy. Na molekularni irovni vykazuji neutrofily pii absenci PSTPIP2
patologickou hyperaktivitu drah regulujicich produkci IL-1p a reaktivnich kyslikatych slouc¢enin
(ROS), které¢ se podileji na etiologii onemocnéni. PSTPIP2 interaguje s nc¢kolika regulatory
signalizace zahrnujicimi protein tyrozin fosfatdzy rodiny PEST (PEST-PTP) a inositol 5'-
fosfatdzu SHIP1. Predpokladali jsme, Ze tito vazebni partneti hraji klicovou roli v potlacovani
zéanétu proteinem PSTPIP2. K ovéfeni této hypotézy jsme vytvorili mutantni mysi kmeny, u nichz
byla odstranéna vazebnd mista PSTPIP2 pro PEST-PTP nebo SHIP1. Analyza téchto mysich
mutantl odhalila, Ze naruseni kterékoli z té€chto dvou interakci vede ke zvysené produkei IL-1p.
Avsak pouze ztrata interakce mezi PSTPIP2 a PEST-PTP vedla k produkci Skodlivych hladin
ROS a naslednému poSkozeni kosti. Ukazalo se, Ze PEST-PTP jsou také hlavnim regulatorem
produkce chemokinli neutrofily, které v rdmci pozitivni zpétnovazebné smycky fidi migraci
neutrofilii do mista autoinflamace.

K charakterizaci drah regulovanych regulacnim komplexem PSTPIP2 jsme pouzili téz
mysi model CMO s deficitem proteinové tyrozinfosfatazy receptorového typu CD45, u kterého
je vyrazné snizena aktivita kinadz rodiny Src v leukocytech. U téchto mysi jsme pozorovali
opozdény nastup onemocnéni a niz§i zavaznost sterilniho zanétu, jakoz i snizenou produkei IL-
1B. Tyto poznatky spolu s diive publikovanymi daty ukazuji, ze dréha regulovana PSTPIP2, ktera
je zodpovédna za spusténi autoinflamace, je fizena kindzami rodiny Src, pravdépodobné
vyuzivajicimi signalizaci zavislou na motivech ITAM.

V této praci piedstavuji také vysledky funkéni analyzy dalSich dvou leukocytarnich
membranovych adaptorovych proteinti LST1 a WBP1L. Oba jsou transmembranovymi proteiny.
LST1 byl povazovan za negativni regulator signalizace vzhledem ke svym interakcim s
fosfatazami SHP1 a SHP2, zatimco o fyziologické funkci WBPIL nebylo témét nic zndmo.
Zjistili jsme, ze inaktivace genu pro LST1 in vivo vede k ochrannému ucinku proti stfevnimu
zanétu béhem akutni kolitidy vyvolané dextran sulfatem sodnym, kterda je modelem
nespecifického stievniho zénétu u lidi. Deficit WBPIL pomohl identifikovat jeho funkci
negativniho regulatoru signalizace CXCR4. Regulace je pravdépodobné zprostiedkovana vazbou
WBPIL na ubikvitin ligdzy rodiny NEDD4. Pozorovali jsme také zvySenou schopnost bun¢k
kostni dfen¢ s deficitem WBPI1L rekonstituovat hematopoeticky systém po transplantaci, coz
ukazuje na jeho roli v regulaci krvetvorby.
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1. LIST OF ABBREVIATIONS

uCT - microcomputerized tomography

AIM2 - absent in melanoma 2

AKT - Protein kinase B

ALL - acute lymphoblastic leukemia

ATP - adenosine triphosphate

BMDC - bone marrow derived dendritic cells
BMDM - bone marrow derived macrophages
CAPS - cryopyrin-associated periodic syndrome
CARD?O - caspase recruitment domain—containing protein 9
Cas - Crk-associated substrate

CD - cluster of differentiation

CMO - Chronic Multifocal Osteomyelitis

CRMO - chronic recurrent multifocal osteomyelitis
CSK - C-terminal Src kinase

CTH - carboxyl-terminal homology

DALI - Disease Activity Index

DAMP - Damage-associated molecular pattern
DIRA - interleukin-1 receptor antagonist

DSS - dextran sodium sulphate

ELISA - enzyme-linked immunosorbent assay
ERK - Extracellular signal-regulated kinase

FAK - focal adhesion kinase

F-BAR - Fer kinase/CIP4 homology Bin-Amphiphysin-Rvs
FMF - familial Mediterranean fever

fMLF - N-Formylmethionyl-leucyl-phenylalanine
G-CSF - granulocyte colony-stimulating factor
GPCR - G-protein-coupled receptors

GSDMD - gasdermin D

HSPC - hematopoietic stem progenitor cells

IBD - inflammatory bowel disease

IFNy - interferon gamma

IL - interleukin
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ITAM - immunotyrosine activating motif

ITIM - immunoreceptor tyrosine-based inhibitory motifs
JAK - Janus kinase

L - ligand

LAT -Linker for Activation of T cells

Lck - lymphocyte-specific protein tyrosine kinase

LPS - lipopolysaccharide

LST1 - Leukocyte-specific transcript 1 protein

NADPH - Nicotinamide adenine dinucleotide phosphate
NET - neutrophil extracellular traps

NK - natural killer

NLRP - Nucleotide-binding oligomerization domain, Leucine rich Repeat and Pyrin domain
containing

OCP - osteoclast precursor

OPALI - Outcome Predictor in Acute Leukemia 1

PAMP - Pathogen-associated molecular pattern

PAPA - pyogenic sterile arthritis, pyoderma gangrenosum, pyogenic arthritis, pyoderma
gangrenosum, and acne syndrome

PH - pleckstrin homology

PI3K - phosphatidylinositol-3-kinase

PRR - Pattern recognition receptors

PSTPIP - Proline-serine-threonine-phosphatase-interacting protein
PTK - protein tyrosine kinase

PTP - protein tyrosine phosphatase

PTPRC - Protein tyrosine phosphatase receptor type C

Pyk2 - protein tyrosine kinase 2

RIPK3 - receptor-interacting serine/ threonine protein kinase 3
ROS - reactive oxygen species

SAPHO - synovitis, acne, pustulosis, hyperostosis, and osteitis
SFK - Src-family kinase

STAT - signal transducer and activator of transcription

SH - Src homology

SHIP1 - Src homology domain-containing inositol 5’-phosphatase 1
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SHP - Src homology region 2 domain-containing phosphatase
SYK - Spleen tyrosine kinase

TLR — Toll-like receptor

TNF-a - tumor necrosis factor alpha

WASP - Wiskott Aldrich syndrome protein

WT - wild type

WBPIL - WW domain binding protein 1-like
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2. INTRODUCTION
2.1. Receptor signaling in leukocytes

Functions of the immune system are highly dependent on leukocytes and their ability to
detect pathogens and other environmental cues and to communicate with each other.
Leukocytes are capable of sensing a wide array of molecules, including cytokines, growth
factors, hormones, pathogen-associated molecular patterns (PAMPs), complement fragments
and many other protein and non-protein molecules. Leukocytes can recognize and distinguish
these molecules from each other and respond to their presence [1]. In the extracellular space,
they are detected by receptors that bind these molecules extracellularly and transduce the signal
intracellularly using various signaling motifs and/or enzymatic activities that further transmit
the signal until the proper response is generated [2]. Intact signaling is absolutely crucial for
proper leukocyte function. It is a complex process, which involves activation of multiple
enzymes that at the end results in changes in cell behavior, proliferation, differentiation,
metabolism and/or gene expression [3].

2.2. Regulation of leukocyte signaling

Receptor signaling must be closely regulated to ensure sufficient leukocyte sensitivity, but
at the same time prevent excessive response, such as harmful inflammation or the development
of autoimmunity. The outcome of the signaling is influenced by the availability of the receptor
and the intensity and duration of the signaling. Receptor availability is governed by the receptor
synthesis and delivery to the plasma membrane, as well as by its downregulation and
degradation. Downregulation and degradation allow for rapid regulation, but also fine steady
state tuning, of cell sensitivity to a particular ligand. Ubiquitination and endocytosis of surface
receptors represent key mechanisms regulating their availability [4] [5]. Receptors that undergo
ubiquitination can be removed from the cell surface by endocytosis, and then may be recycled
back to the cell surface or targeted for lysosomal degradation [4, 6] [7]. Some ubiquitinated
receptors can also be subjected to proteasomal degradation [8]. In addition to receptor
availability, enzymatic activities employed in receptor signal transmission are also subject to
tight regulation. Within this thesis, I will focus mainly on the regulation connected to protein
and lipid phosphorylation.

Many receptors linked to cell activation are coupled to signaling pathways initiated by
phosphorylation of tyrosine residues. Some of these receptors contain immunoreceptor
tyrosine-based activation motifs (ITAMs) in their cytoplasmic domains [9]. These motifs
containing two tyrosines usually spaced by 9-11 amino acids are typically phosphorylated by
protein tyrosine kinases (PTK) from SRC-family [10]. This phosphorylation results in the
recruitment of additional PTKs from Spleen tyrosine kinase (SYK) family and their activation
[11]. Once activated, SRC and SYK kinases phosphorylate additional intracellular or
transmembrane adaptors and enzymes that further propagate signaling resulting in cytoskeletal
rearrangements, transcriptional activation, effector functions and, in the case of T cells and B
cells, proliferation and differentiation [11] [12]. Another group of receptors crucial for
leukocyte activation are cytokine receptors from hemopoietin family (Type I cytokine
receptors). These receptors also mediate their functions by inducing the phosphorylation of
tyrosine residues [13]. Although they do not have intrinsic PTK activity, they are coupled to
the Janus kinase (Jak) family of cytoplasmic PTKs and their substrates, proteins of the STAT
(signal transducer and activator of transcription) family, which are activated by
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phosphorylation and then serve as transcription factors directly regulating gene expression in
the nucleus [14].

Activity of PTKs is opposed by the activity of protein tyrosine phosphatases (PTPs).
PTPs are divided into two categories: receptor-type PTPs that are transmembrane proteins
containing extracellular, transmembrane and intracellular phosphatase domain, and non-
receptor-type PTPs, located entirely inside the cell, mainly in the cytoplasm [15]. For the topics
discussed in this thesis the most important representatives include receptor-type PTP CD45
and non-receptor-type PTPs, SH2 domain-containing protein tyrosine phosphatase-1 (SHP-1)
and 2 (SHP-2), and PTPs from the PEST family (PEST-PTPs). Non-receptor-type Src
homology domain-containing inositol 5’-phosphatase 1 (SHIP1) will also be discussed.
Although phosphatases are perceived mostly as negative regulators, they can also have positive
effects on cellular signaling [15].

CD45 (protein tyrosine phosphatase receptor type C, PTPRC) is an example of
(predominantly) positive regulator. It is a transmembrane glycoprotein expressed by all
nucleated cells of hematopoietic origin [16] [17]. It plays an essential role in antigen receptor
signal transduction and lymphocyte development [18]. In addition, it modulates signals from
integrin [19], Fc [20], cytokine [21], and other receptors in multiple hematopoietic lineages.
Most of these various functions are accomplished by regulation of phosphorylation of Src
family protein tyrosine kinases (SFKs). They are represented by 9 members SRC, LCK, LYN,
BLK, HCK, FYN, YRK (not found in mammals), FGR, and YES [22]. SFKs are important for
initiation of immune responses in T and B cells or innate responses of myeloid cells [23]. They
also modulate signals from growth factor, cytokine, and integrin receptors [24] [25]. SFKs also
function as negative regulators by phosphorylating ITIM motifs on inhibitory receptors, which
then leads to the recruitment and activation of inhibitory molecules such as the phosphatases
SHP-1 and SHP-2 and the SHIP-1 [26]. It was shown that CD45 positively regulates T cell
activation and development through its ability to dephosphorylate the inhibitory tyrosine of
SFKs in studies with CD45-deficient T cell lines and T cells from CD45-deficient mice [27].
In these cells high enhancement of phosphorylation at the inhibitory carboxy-terminal (C-
terminal) tyrosine residues of the SFKs Lck and Fyn was observed, which prevented T cell
activation [28].

Studies on the role of CD45 in myeloid lineage determined its unique function in
integrin-mediated cell adhesion. Absence of CD45 resulted in deficiency to maintain long term
adhesion to plastic by macrophages. CD45-deficient macrophages showed altered
phosphorylation and activation of Src family kinases, Hck and Lyn, but not of Fgr. They also
showed reduced FcR signaling and FcR-mediated phagocytosis, as well as decreased
lipopolysaccharide (LPS)-triggered production of tumor necrosis factor (TNF) [29] [30]. In
neutrophils, CD45 deficiency resulted in reduced adhesion, phagocytosis, oxidative burst and
bacterial killing. They also showed reduced responses to G-protein-coupled receptor (GPCR)
ligand N-Formylmethionyl-leucyl-phenylalanine (fMLF), including migration, calcium flux,
extracellular signal-regulated kinase (ERK) and protein kinase B (AKT) phosphorylation [31].

SHP-1 (Ptpn6) is an intracellular PTP, acting as effector of inhibitory receptors in
lymphocytes, including inhibitory natural killer (NK) receptors, CD22, PIR-B, and others.
Mutant mouse strain deficient in SHP-1 known as “motheaten” shows severe defects in
hematopoiesis, severe immune dysregulation and systemic autoimmunity [32]. In particular,
these mice exhibit chronic inflammation of the skin (leading to fur loss, hence the name
“motheaten”), splenomegaly, severe lung inflammation and die within 12 weeks of age [33].
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To dissect the contribution of innate immune cells to the motheaten phenotype using
floxed SHP-1 mice, it was shown that P#pn6 deletion in neutrophils resulted in enhanced
neutrophil integrin signaling through SRC- and SYK-family kinases causing cutaneous
inflammation but not autoimmunity. On the other hand, deficiency of SHP-1 in dendritic cells
led to exaggerated MyD88-dependent signaling causing severe autoimmunity. These studies
revealed contribution of SHP-1 to the regulation of multiple signaling cascades in different cell
types that upon the loss of this phosphatase contribute to the development of motheaten disease
[34]. In addition, disrupted SHP-1 signaling in mice (Ptpn6*®" mice) due to Y208N amino
acid substitution in the carboxy-terminus of SHP-1 leads to spontaneous development of severe
inflammatory disease, characterized by persistent footpad swelling and inflammation [35]
[36]. Interestingly, deletion of SHP-1 in BMDM also increases phagocytosis of tumor cells
diminishing transduction of “don't eat me” signal derived from SIRPa [37].

All these data suggest SHP-1 function as negative regulator of signaling [38]. The
predominant mechanism of activation of SHP-1 is through engagement of its SH2 domains by
phosphorylated tyrosine residues, particularly those found within ITIM motifs. In this manner,
SHP-1 can interact with a variety of tyrosine-phosphorylated molecules, especially receptors
bearing ITIMs in their cytoplasmic domain. Recruitment of SHP-1 to ITIMs is initiated by
tyrosine phosphorylation (by SFKs). During T cell activation, SHP-1 undergoes
phosphorylation at a tyrosine in its C-terminal tail (Tyr564), which enables its binding to Lck
and its future inactivation [39].

In contrast to SHP-1, the ubiquitously expressed SHP-2 is considered an overall
positive regulator of cell signaling. Even though, the mechanism is poorly understood, it is
known that SHP-2 promotes signaling through a variety of growth factor and cytokine receptors
essential for lymphoid development [40] and myelopoiesis [41]. Interestingly, in leukocytes
SHP-2 often binds the same ITIM motifs as SHP-1 [42] and it is possible that its negative
regulatory functions are masked by partial redundancy with SHP-1.

Another group of phosphatases widely expressed in hematopoietic cells is SHIP family,
represented by SHIP1 and SHIP2 [43]. SHIPs have the potential to regulate many effects
induced by phosphatidylinositol-3-kinase  (PI3K) pathway, including proliferation,
differentiation, apoptosis, cell activation, cell movement and adhesion [42]. PI3Ks transmit
signals from the cell surface to the cytoplasm by generating second messengers —
phosphorylated phosphatidylinositols — which in turn activate multiple effector pathways,
including AKT, nuclear factor-«B (NF-kB), and others [44]. SHIP1 and SHIP2 in vivo are
responsible for breaking down the product of PI3K phosphatidylinositol-3,4,5-trisphosphate to
phosphatidylinositol-3,4-bisphosphate [45], hence regulating PI3K pathway [46]. By
dephosphorylating position 5 of the inositol ring, it is not exactly opposing PI3K activity, since
PI3K phosphorylates position 3. However, studies using mice deficient in SHIP1 clearly show
its inhibitory function. SHIP1-deficient mice develop splenomegaly and a shortened life span
associated with massive myeloid cell infiltration to the lungs. Additionally, SHIP1~~ mice
display M2-macrophage-mediated lung pathology [47]. Furthermore, SHIP1 activation may be
pivotal in regulating neutrophil apoptosis in an inflammatory reaction and preventing tissue
damage and subsequent fibrosis. Upon SHIPI1 deletion, neutrophils show resistance to
enhanced apoptosis as a result of maintained AKT activity [48]. SHIP2 deficiency in mice
enhanced insulin receptor signaling and protected these animals from insulin resistance.
However, its effects on the immune system function were relatively mild without major

pathology [49] [50].
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SHIP1 also has some positive effects on immune response through its negative
regulation of myeloid-derived suppressor cells and Treg. Treatment with specific SHIP1
inhibitor, small molecule 3AC was shown to induce expansion of the myeloid-derived
suppressor cells and impairment of the immune system’s ability to prime allogeneic T cell
responses [51] in mouse models. In collagen-induced inflammatory arthritis, inhibition of
SHIP1 with 3AC expands myeloid-derived suppressor cells and Tregs and overproduction of
these regulatory cells attenuates development of inflammatory arthritis in mice [52].

Another family of phosphatases the proline-, glutamic acid-, serine- and threonine-rich
(PEST) family of PTPs contains 3 members: PTP-PEST (PTPN12), proline-enriched
phosphatase (PEP, also known as lymphoid tyrosine phosphatase (LYP) or PTPN22), and PTP-
hematopoietic stem cell fraction (PTP-HSCF, PTPN18) [53]. PEST family members are
differently expressed in leukocytes. PTP-PEST is expressed in non-hematopoietic as well as
hematopoietic cells with highest levels detected in neutrophils, mast cells and macrophages.
PEP/LYP shows the highest expression in various lymphocyte subsets [53]. PTP-HSCF was
identified mostly in primitive hematopoietic cells [54].

PTP-PEST is found mainly in the cytoplasm where it interacts with cellular proteins
and performs various regulatory functions. PTP-PEST binds to the adaptor protein Crk-
associated substrate (Cas), and its relatives Sin and CasL known to play important role in cell
adhesion processes in neutrophils [55]. It also interacts with the LIM domains of paxillin,
protein tyrosine kinase 2 (Pyk2) and focal adhesion kinase (FAK) involved in podosome
formation in polymorphonuclear neutrophils during migration [56]. PTP-PEST also associates
with SH3 domains of C-terminal Src kinase (CSK), involved in negative regulation of
neutrophil migration, likely through its inhibitory effects on Src-family kinases [57] [58] [59].

Functions of PTP-PEST in non-hematopoietic cells were mostly identified from
overexpression studies in fibroblasts and PTP-PEST-deficient mouse embryonic fibroblasts.
They showed that PTP-PEST is a positive regulator of adhesion and migration and acts by
dephosphorylating cytoskeletal proteins such as Cas, FAK, and Pyk2. PTP-PEST is also
required for the dissociation of focal adhesions by activating integrins. These latter effects are
correlated with dephosphorylation of the focal adhesion protein paxillin, Pyk2, Wiskott Aldrich
syndrome protein (WASP)-binding protein, and Vav [60] [61]. Mice lacking PTP-PEST could
not be properly analyzed due to early embryonic lethality (approximately at day 9.5). These
animals, due to enhanced tyrosine phosphorylation of Cas and aberrant cytoskeletal
organization, exhibited severe abnormalities in embryonic vascularization, mesenchyme
formation, neurogenesis, and liver development [62]. However, mice with conditional deletion
of PTP-PEST in several leukocyte subsets are viable and have been studied.

In T cells, PTP-PEST deficiency resulted in reduced secondary responses due to
increased propensity of these cells to enter anergy-like states. It was at least in part a
consequence of increased phosphorylation of PTP-PEST substrate PTK Pyk2, known to be
important for adhesion and migration [63]. Macrophage-specific PTP-PEST-deficiency in
mouse revealed the role of PTP-PEST in macrophage fusion. It resulted in specific
hyperphosphorylation of the protein tyrosine kinase Pyk2 and the adaptor paxillin involved in
critical events of macrophage fusion process, such as polarization, migration, and integrin-
induced spreading [60]. Similar mechanism was shown in dendritic cells upon dendritic cell-
specific loss of PTP-PEST. These cells exhibited hyperphosphorylation of Pyk2 and paxillin
affecting their migration from peripheral sites to secondary lymphoid organs. Hence, in vivo
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mice with dendritic cells deficient in PTP-PEST failed to fully induce T cell-dependent immune
responses [64].

Moreover, PTP-PEST plays role in tumor suppression via suppression of cell survival,
migration, and invasiveness. PTP-PEST controls glioblastoma cell invasion by guiding Cas to
ATP-dependent protein segregase that selectively extracts ubiquitinated proteins from
multiprotein complexes and targets them for degradation via the ubiquitin proteasome system
[65].

Another member of this family, PEP, binds CSK, a PTK involved in inactivating Src-
family kinases. Both proteins cooperate in inhibition of Src-family kinases in T cells by at the
same time dephosphorylating the activation loop and phosphorylating C-terminal inhibitory
tyrosine. PEP function in inhibition of T-cell activation was shown in overexpression studies
with wild-type PEP in a mouse T-cell line (BI-141) [66]. Negative regulatory function of PEP
was also supported by the data from PEP-deficient mice, which showed lymphadenopathy,
splenomegaly, spontaneous germinal center formation, and increased effector memory T cell
numbers, driven by enhanced SFK activity and TCR-mediated responses in effector memory
T cells [67]. In humans a polymorphism in the non-catalytic domain of LYP (R620W) is
associated with autoimmune diseases, including type 1 diabetes, rheumatoid arthritis, and
systemic lupus erythematosus [68].

PTP-HSCF is the least studied member of the PEST family, identified mainly in
primitive hematopoietic cells, brain and colon [53]. The role of PTP-HSCF was not elucidated
to the full extent. PTP-HSCF transcript expression was found in very early hematopoietic
progenitor cells and as cells differentiate it was downregulated suggesting role of this PTP in
the regulation of some aspects of early hematopoietic progenitor cell biology [69].
Furthermore, PTP-HSCF was reported as tumor suppressor given important role in negative
regulation of HER2 activation and following downstream events [70].

All three PEST-phosphatases bind adaptor proteins PSTPIP1 and PSTPIP2 through
their conserved carboxyl-terminal homology (CTH) domains. Mutations in PSTPIP1 were
identified in humans with pyogenic sterile arthritis, pyoderma gangrenosum, and acne (PAPA)
syndrome and familial recurrent arthritis, two autoinflammatory diseases. The disease-causing
mutations abrogate PSTPIP1 ability to bind PEST-PTPs, suggesting mutually redundant role
of PEST-PTPs as negative regulators of inflammation [71].

The data discussed above provide evidence on the importance of PTPs and PTKs in
leukocyte signaling, phosphorylating/dephosphorylating multiple substrates and either
promoting the signaling or inhibiting it. Maintaining a healthy balance between PTK and PTP
activities is important for adequate cell responses. Importantly, disruption of this equilibrium
results in the conditions like immunodeficiency, autoimmunity [72] [73] or malignancy [74],
which makes these molecules a perfect target for pharmacological interventions [75] [76] [77].

2.3. Membrane adaptor proteins in cell signaling

Another group of proteins important for cell signaling investigated in this work are
membrane adaptor proteins. Some of them were already mentioned in the paragraphs above as
binding partners of the reviewed enzymes. In contrast to these enzymes, membrane adaptor
proteins are characterized by the lack of own enzymatic activity. However, this does not restrict
their ability to alter key cellular decisions. They promote cell responses via different means,
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employing their specific binding motifs/domains to organize signaling complexes at cellular
membranes [78]. These specific motifs/domains define which components/proteins they can
bind, bring together or recruit to a specific location and, consequently, which signaling
pathways they regulate [79] [80]. Membrane adaptor proteins are involved in an array of
biological and physiological processes. Via tyrosine or proline-containing motifs they bind
enzymes essential for cell signaling and organize them into signaling complexes. Most studied
examples of the domains that bind to transmembrane adaptor proteins are Src homology (SH)
2 and PTB domains binding to tyrosine phosphorylation sites and SH3 domains binding
specific sequences containing proline residues [81] [82] [83]. These domains are found in many
enzymes and additional cytoplasmic adapters involved in leukocyte receptor signaling and
recruit these proteins to the complexes organized by membrane adaptors at plasma membrane
or other membrane structures. Plasma membrane association of membrane adaptors is
mediated by a transmembrane domain or one of the membrane lipid binding domains, such as
pleckstrin homology (PH) or Fer kinase/CIP4 homology Bin-Amphiphysin-Rvs (F-BAR)
domain [84].

The most important example from the first group is transmembrane adaptor protein Linker
for activation of T cells (LAT) [85]. After TCR engagement LAT is rapidly phosphorylated by
ZAP-70/SYK at its cytoplasmic tail and organizes a signaling complex critical for activation
of downstream pathways [86]. It contains several key signaling molecules that bind to LAT
either via SH2/SH3 domains (Grb2, Gads, PLCy1, Cbl-b), or indirectly (SLP-76, Sos, Itk, Vav)
via other adaptor molecules (i.e. Grb2, Gads) [87]. Mutant T cells lacking LAT fail to mobilize
Ca?" and are unable to upregulate downstream markers of activation, such as IL-2 or CD69,
upon TCR stimulation. Mice deficient in this adaptor protein lack mature peripheral T cells,
because their thymocytes fail to develop beyond the double-negative stage due to the early
block in TCR signaling. On the other hand, they develop normal and functional population of
B cells, NK cells, and platelets [88].

In myeloid cells LAT (36-kDa isoform) serves as an amplifier of FcyR-induced signal
transduction. BMDM isolated from Lat”" mice showed decreased phagocytosis in comparison
to the wild type (WT) cells [89]. Also, essential role of LAT was demonstrated in FceRI-
mediated signaling in mast cells. LAT-deficient bone marrow—derived mast cells displayed
reduced tyrosine phosphorylation of SLP-76, PLC-y1, and PLC-y2 and calcium mobilization
following FceRI engagement. In the absence of LAT these cells showed profound defects in
activation of mitogen-activated protein kinase, degranulation, and cytokine production after
FceRI cross-linking [90].

Other transmembrane adaptors are less critical, but they still have important regulatory
functions modulating signaling by membrane receptors. It is a group of more than ten proteins
further extended by an array of membrane adaptors interacting with cellular membrane by
means other than transmembrane domain as peripheral membrane proteins. For this thesis two
proteins are particularly important, leukocyte-specific transcript 1 protein (LST1) from the
transmembrane family and PSTPIP2 from the peripheral membrane group.

2.3.1. Leukocyte-specific transcript 1 protein (LST1)

LST1 protein has multiple splicing variants expressed at mRNA level, but only one
isoform LST1/A, has been detected at protein level. It is also the only isoform detected across
multiple mammalian species. It harbors key features of a transmembrane adaptor protein, a
very short extracellular domain (including a possibly dimerizing cysteine), followed by a
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transmembrane domain and a comparatively larger cytoplasmic tail. The protein lacks any
domain with enzymatic activity. Moreover, LST1 is unlikely to act as a receptor per se due to
its very short extracellular part. Previously, it was shown that LS7/ gene is located within
MHCIII locus together with genes for TNF-a and Lymphotoxin-f [91]. Polymorphisms of
human LST gene that affect its gene expression and splicing, are associated with inflammatory
conditions such as psoriasis, nephritis in systemic lupus erythematosus and rheumatoid
arthritis, or graft versus host disease severity [92] [93] [94].

LST1/A intracellular part contains ITIM and ITIM-like motifs, making it a potential
negative regulator of leukocyte receptor signaling. The ITIM and ITIM-like motifs in LST1/A
are upon phosphorylation used as docking stations for SHP-1 and SHP-2 [95] [96]. As
discussed above, both SHP-1 and SHP-2 were shown to be involved in the regulation of
essential immune processes, controlling phagocytosis in macrophages [37] or cytokine
signaling in myelopoiesis [97], respectively. These data suggest that LST1/A may play crucial
role in myeloid cell signaling and hence control vital cell processes through the regulation of
SHP-1 and SHP-2 phosphatases. Available data also pointed towards its role as a mediator of
inflammation in gastrointestinal tract. First, a significant increase of LST1 expression was
observed in intestinal epithelial and endothelial cells upon stimulation with common
proinflammatory agents. Second, its expression was increased in inflamed colonic tissue from
inflammatory bowel disease (IBD) patients [98].

2.3.2. Proline-serine-threonine-phosphatase-interacting protein 2 (PSTPIP2)

PSTPIP2 belongs to a superfamily of proteins harboring extended F-BAR domain [99].
F-BAR domains are characterized by compact banana-like shape and ability to bind
phospholipids of cellular membranes. They are often involved in remodeling these membranes
influencing membrane trafficking, cell morphology and migration [100]. They are also
involved in the control of signal transduction. PSTPIP2 protein shows similarity to another F-
BAR protein known as PSTPIP1. PSTPIP1 as many other members of F-BAR family proteins
possesses N-terminal F-BAR domain and the C-terminal SH3 domain. The SH3 domain
interacts with proline-rich motifs present in members of the WASP family and dynamin.
WASP has many effects on the immune system and participates in actin remodeling,
phagocytosis and cell migration [101] while dynamin-related proteins are important for
endocytosis [102]. SH3 domain is absent in PSTPIP2, hence it does not interact with WASP.
Instead, it possesses C-terminal tyrosine-phosphorylated sequence, which binds
phosphoinositide phosphatase SHIP1 discussed above. It also binds CSK, but the binding site
has not been identified yet [103]. Both PSTPIP1 and PSTPIP2 bind PEST-family phosphatases
via a sequence containing conserved tryptophan residue (W232 in both cases) [104].

The mutations in both PSTPIP1 and PSTPIP2 are associated with autoinflammatory
diseases in humans and/or mice. Previous reports have demonstrated that mutations in PSTPIP1
result in human PAPA syndrome (pyogenic sterile arthritis, pyoderma gangrenosum and acne)
[105] and a spectrum of related autosomal dominant autoinflammatory diseases. In mice,
PSTPIP2 gene is involved in murine autoinflammatory bone disorder CMO with symptoms
similar to a sterile bone inflammation seen in the human SAPHO (synovitis, acne, pustulosis,
hyperostosis, and osteitis) syndrome [106] and CRMO (chronic recurrent multifocal
osteomyelitis) [107],.The PSTPIP2 mutations in Pstpip2"° (L98P) and Pstpip2-**° (1282N)
mouse strains lead to autoinflammatory diseases with inflammatory bone resorption localized
mainly to hind feet, tail, and in some reports also skin, claws and ears [108]. Bone lesions
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in Pstpip2°™ mice resemble those observed in SAPHO or CRMO, with both acute and chronic
inflammatory bone resorption. The main difference with these diseases is the location of the
lesions: long bones (limbs and clavicles) are often affected by the inflammatory process in
SAPHO/CRMO patients but are spared in Pstpip2“"° mice, where the inflammation is localized
mainly to hind paws and tails. Interestingly, a study that involved 38 patients with SAPHO
syndrome [109] did not reveal any specific Pstpip2 variants in any of the patients studied.
Frequency of an alternatively spliced form (AE11 isoform) of a Pstpip2 haplotype was similar
in affected patients and in healthy controls. Even though, till now this disease in human has not
been associated with mutations in PSTPIP2 gene, it is believed that basic mechanisms
underlying the disease development are similar in both humans and mice, therefore intensive
studies are performed to investigate the mechanism behind the CMO development in the mouse
model.

In Pstpip2"° mice, the point mutation in Pstpip2 gene (L98P) results in a complete loss
of detectable protein, while there are normal levels of Pstpip2 mRNA. Absence of this protein
in mice leads to elevated levels of pro-inflammatory cytokines: IL-1B, IL-6, MIP-1a, TNF-a
and decreased levels of anti-inflammatory cytokines (IL-10) [110]. It was shown that
neutrophils play a major role in CMO development and upon neutrophil depletion, mice remain
healthy and with no bone inflammation [111].

PSTPIP2 controls autoinflammation via inhibition of two major pro-inflammatory
pathways: oxidative burst that is enhanced in the Pstpip2“"° neutrophils after various stimuli,
and IL-1pB production, shown to be increased in inflamed hind paw tissue. /n vitro upon silica
stimulation of the bone marrow cells isolated from Pstpip2“° mice, increased levels of active
form of IL-1B p17 were also detected [111].

To test whether and how these pro-inflammatory pathways contribute to the disease
development several studies were conducted. Firstly, mice with inactivated nicotinamide
adenine dinucleotide phosphate (NADPH)-oxidase and hence absent oxidative burst in
neutrophils and other phagocytes, still developed inflammation and had elevated levels of IL-
1B in hind paws. On the other side, these animals showed almost no bone inflammation [111].
Secondly, IL-1p receptor deletion in Pstpip2°"’ mice completely prevented development of the
disease. Similar results were also observed upon deletion of IL-18 [112]. Thus, while in the
absence of neutrophils, IL-1B or its receptor, Pstpip2°"° mice do not develop the disease,
targeting NADPH-oxidase can prevent severe bone damage, but cannot resolve soft tissue
inflammation [111].

PSTPIP2 interacts with several regulators of signaling. The most prominent include
PEST-PTPs and SHIPI1, binding of which is dependent on W232 and phosphorylated C-
terminal tyrosines of PSTPIP2, respectively [103]. However, whether there is a link between
these PSTPIP2 interactions and the pro-inflammatory pathways that drive disease symptoms
development in vivo was unclear. A single study, where the interactions of PSTPIP2 were
disturbed in osteoclast precursors showed how PSTPIP2 modulates osteoclast differentiation
[113]. Authors cultured osteoclast precursors for 5 days with CSF-1 and RANKL, to develop
multinucleated TRAP+ osteoclast-like cells. Mutant PSTPIP2 (W232A) unable to interact with
PEST-type phosphatases suppressed TRAP+ osteoclast-like cell development, but was less
effective at suppressing TRAP (marker of bone destruction) expression compared to osteoclast
precursors expressing WT PSTPIP2. In contrast, the mutant (Y2F) with mutations in two out
of the three C-terminal tyrosines forming the SHIP1 binding site lost the ability to suppress
osteoclast development completely. W232A mutant was comparable with PSTPIP2 WT in its
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ability to suppress osteoclast precursor (OCP) fusion, whereas the Y2F mutant, was less able
to inhibit OCP fusion. Concluding that PSTPIP2 tyrosine phosphorylation is essential for its
inhibition of TRAP expression and osteoclast precursor fusion, whereas interaction with PEST-
type phosphatases is required for suppression of TRAP expression [113]. The effects of these
mutations on the functions of neutrophils and on the disease development in vivo have not been
studied.

2.4. Inflammation: signaling, mediators and regulation

Most signal transduction pathways amplify the incoming signal via signaling cascades
[114] that transduce extracellular signals from a diverse range of stimuli and elicit the
appropriate physiological response. One of the critical responses vital for an organism that is
constantly exposed to invading pathogens is inflammation. It is indispensable for fighting the
infections and for subsequent tissue repair [115]. PAMPs initiate a cascade of signals that alert
neutrophils, macrophages and other innate immune cells to an ongoing infection [116]. As the
first line of defense, these cells phagocytose the pathogen and produce additional cytokines,
chemokines and pro-inflammatory mediators to recruit and activate more innate immune cells
and cells of adaptive immunity.

Neutrophils are among the first cells that enter the infected tissue. They develop in the
bone marrow from granulocyte—monocyte progenitors under the control of granulocyte colony-
stimulating factor (G-CSF). Once fully mature, neutrophils enter the circulation from where
they can migrate to the inflammation sites [117]. Neutrophil extravasation, migration towards
the site of infection and neutralization of invading microorganisms requires multiple receptors,
including various chemokine and chemoattractant receptors, adhesion receptors (such as
selectins/selectin ligands and integrins), Fc-receptors, Toll-like receptors (TLRs) and C-type
lectins. These receptors allow neutrophils to sense and locate the pathogen and/or inflammatory
environment and mount an appropriate response [118] [119]. They are equipped with several
potent antimicrobial mechanisms, including phagocytosis, neutrophil extracellular traps (NET)
generation, release of toxic granules, ROS, and pro-inflammatory cytokines (IL-1p, TNF-a)
[120] [121] [122]. These cytokines mediate further development of inflammation, activating
cells by binding cognate receptors and further amplifying a wide variety of effects associated
with innate immunity to help the organism to fight the infection [123, 124] [125].

Neutrophils also contribute to the resolution of inflammation by phagocytosing debris,
limiting NETosis, and helping repair damaged tissues. Phagocytosis of apoptotic neutrophils
also exerts anti-inflammatory effects on macrophages. However, these processes are disturbed
during chronic inflammation that keeps neutrophils activated, releasing NETs, and
exacerbating the tissue damage [126]. Emerging evidence suggests that unresolved neutrophil-
mediated inflammation plays an important role in several chronic diseases, such as
atherosclerosis, diabetes mellitus, nonalcoholic fatty liver disease and autoimmune disorders
[127] [128]. Although properly controlled and time-limited inflammation is a vital process for
the host, unresolved, chronic inflammation towards persistent agent can be harmful [129].
Severe or repetitive tissue injury that accompany chronic inflammation and failure to
adequately contain or eliminate the inciting factors can lead to a chronic wound-healing
response, with continued tissue damage, repair and regeneration, excessive accumulation of
fibrous connective tissue components of the extracellular matrix and, ultimately, fibrosis [130]
[131].
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Inflammation can also develop in the absence of microorganisms, as the result of injury or
exposure to toxic agents. Such an inflammation, which develops in the absence of invading
microorganisms, is termed “sterile inflammation”. It helps the body prevent infection of injured
tissue and start the healing processes. Similar to the inflammation triggered by infection, sterile
inflammation also involves recruitment of innate immune cells, particularly, neutrophils and
macrophages and production of pro-inflammatory cytokines like TNF and IL-1. It has also
similar negative side effects [129].

Sterile inflammation was shown to develop and persist in multiple diseases. Constant
activation of alveolar macrophages by repeated inhalation of irritants may result in interstitial
lung fibrosis [132]. Myocardial infraction followed by restoration of blood flow leads to
granulocyte infiltration, enhanced production of ROS and inflammatory responses to necrotic
cells [133]. Sterile inflammation is also implicated in gout, where acute neutrophilic infiltration
in the joints caused by deposits of monosodium urate crystals results in chronic inflammation,
fibrosis and cartilage destruction [134]. Understanding the molecular mechanisms of sterile
inflammation is important for the development of treatment strategies and identification of
disease markers.

The development of inflammation caused either by a pathogen or sterile agent is similar,
and may involve a similar network of receptors. The mechanism of the inflammatory response
to a pathogen involves sensing of the PAMPs carried or produced by microbes via pattern
recognition receptors (PRRs) [135]. Engagement of these receptors activates NF-kB, MAPK
and/or type I interferon pathways that trigger the production of pro-inflammatory cytokines,
chemokines and other mediators of inflammation. Upon severe tissue damage cells often die
by necrotic cell death allowing escape of intracellular material from the cell, such as chromatin-
associated protein high-mobility group box 1, heat shock proteins, and purine metabolites such
as adenosine triphosphate (ATP) and uric acid [136]. These cellular endogenous factors, which
under healthy physiological conditions are hidden intracellularly from recognition by the
immune system, have functions similar to PAMPs in activating pro-inflammatory pathways
upon their release and are referred to as damage-associated molecular patterns (DAMPs).
Hence, the presence of DAMPs in the extracellular space indicates tissue injury.

One of the mediators of sterile inflammation is IL-1P. Release of this cytokine by
macrophages results in upregulation of adhesion molecules on endothelial cells, important for
the recruitment of neutrophils and monocytes and for the induction of additional pro--
inflammatory mediators [137]. In gout, elevated IL-1 production leads to joint inflammation
and destruction of the bones [138].

IL-1P secretion involves several steps. The first step includes production of its inactive
precursor pro-IL-1B and upregulation of inflammasome components typically triggered by
PRR. The second step involves activation of inflammasomes containing caspase-1, which
cleave pro-IL-1p, generating its biologically active form. Caspase-1 also cleaves gasdermin D
(GSDMD) triggering its translocation to the plasma membrane to form round, pore-like
structures that are used to release IL-1p [139]. When these pores are present in large numbers
they also cause inflammatory cell death known as pyroptosis [140]. It is important to mention
that IL-1P precursor can also be processed by other proteases, such as Caspase-8 or those
present in neutrophil granules, including elastase, cathepsins, and proteinase-3 [141] however
with less efficiency [142].

25



Activation of inflammasomes is triggered by sensor proteins, majority of which are
from NOD-like receptor family. They can directly sense microbial products, or indirectly
microbial activities or cellular stress. The most studied of these is nucleotide-binding
oligomerization domain, leucine rich repeat and pyrin domain containing 3 (NLRP3). Its
activation is triggered by various forms of cellular stress via unclear molecular mechanism.
NLRP3 activators include ATP, potassium efflux, lysosomal damage or ROS production. ATP
binds to purinergic receptor P2X7, which leads to the opening of an ATP-gated cation channel
that induces K" efflux that is further sensed by NLRP3. ATP and lysosomal damage may occur
during necrosis and activate inflammasome. ROS production by neutrophils important for
pathogen destruction in high levels can lead to oxidative stress, cell death and necrosis, also
resulting in NLRP3 stimulation [143] [144]. NLRP3 inflammasome is associated with various
sterile inflammatory diseases as it is able to respond to sterile stimuli. Deletion or inhibition of
NLRP3 reduced levels of tissue infiltration by neutrophils or macrophages due to decreased
levels of IL-1B [145] [146]. Conversely, genetic defects leading to constitutive NLRP3
inflammasome activation are the cause of autoinflammatory diseases [147].

2.4.1. Autoinflammatory diseases driven by IL-1p

Autoinflammatory disorders are characterized by sterile tissue inflammation and
inflammatory tissue damage mediated solely by cells of innate immune system, in particular
monocytes, macrophages, and/or neutrophils. Pathways related to PRR signaling, including
NF-«B and inflammasome activation, type I interferon signaling and immuno-proteasome are
involved in the pathology of autoinflammatory diseases causing the respective pathologies
[139]. This group of diseases is characterized by inflammatory flares involving combined
variations of manifestations mainly in the skin, musculoskeletal and gastrointestinal systems
that develop in the absence of autoantibodies or autoreactive T Ilymphocytes [148].
Autoinflammation is a systemic disease affecting multiple organs, where tissues are infiltrated
with innate cells that produce and release excessive amounts of pro-inflammatory cytokines,
including TNF-a and IL-1p, in response to innocuous signals causing collateral damage to the
surrounding tissues. The treatment strategies include various non-specific anti-inflammatory
treatments or biological treatments targeting dysregulated molecular mechanism(s) [149].

Among the best studied are autoinflammatory diseases driven by dysregulated IL-183
production. IL-1fB is pro-inflammatory cytokine that plays key roles in acute and chronic
inflammatory and autoimmune disorders [150]. Indeed a number of inflammatory disorders
can be treated by targeted anti-IL-1 therapy [151]. The dysregulation in IL-1f production can
be caused by enhanced activity of IL-1B (and IL-18) processing platforms inflammasomes
(inflammasomopathies) or dysregulation of other mechanisms regulating production of IL-1p.
Inflammasome-triggered diseases include cryopyrin-associated autoinflammatory syndromes
(CAPS) caused by gain-of-function mutations in NLRP3 leading to constitutive activation of
the NLRP3 inflammasome (i.e. extremely low threshold for activation) and excessive secretion
of active IL-1P [152]. Another pathology within this group called Familial Mediterranean fever
(FMF) is caused by a mutation in another inflammasome protein pyrin, a part of so-called pyrin
inflammasome. Gain-of-function mutations in pyrin result in constitutive activation pyrin
inflammasome and IL-1f secretion [153]. PAPA syndrome in humans is rare genetic disorder
caused by mutation in the gene of adaptor protein PSTPIP]. It was discovered that the PAPA-
inducing mutation in PSTPIPI results in aberrant pyrin inflammasome activation,
overproduction of IL-1, driving development of pyogenic inflammation of the skin and joints
in patients [71].
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Another type of autoinflammatory disease includes the disorder caused by mutations of
ILIRN (interleukin-1 receptor antagonist) with prominent involvement of skin and bone,
resulting in a condition called deficiency of IL-1 receptor antagonist (DIRA). IL-1RA
deficiency results in uncontrolled IL-1a, IL-18 and NF-kB signaling [ 154]. Pro-inflammatory
cytokine IL-1 drives another inflammatory bone disease Majeed syndrome. This extremely rare
multi-system inflammatory disorder is caused by mutation in the gene encoding the
phosphatidic acid phosphatase LIPIN2. Disruption of the activity of Lipin2 results in enhanced
activation of the NLRP3 inflammasome leading to increased production of IL-1B and
autoinflammation [155].

Some of the IL- mediated diseases, including DIRA, Majeed and PAPA syndromes
are accompanied by sterile bone inflammation and autoinflammatory bone damage. Sterile
bone inflammation is also characteristic of another autoinflammatory disease CRMO. This
disease is sporadic, characterized by inflammatory bone lesions affecting almost any site of
skeleton. It seems to be driven by an imbalance between pro- and anti-inflammatory cytokine
expressions in monocytes [156], however the exact molecular pathophysiology of CRMO
remains elusive. To better understand the mechanisms driving this disease, several mouse
models were developed. Of these the best studied is the already mentioned Pstpip2<"° mouse
strain. These mice develop disease described as CMO, showing a phenotype similar to the
symptoms of CRMO, mainly a sterile inflammation of the bones and surrounding soft tissue.
It is predominantly localized to the hind feet and tail. As mentioned above, IL-1 and ROS
production by neutrophils are the crucial steps in disease development [111].

Extensive research was performed to identify additional factors and mechanisms
contributing to the CMO development [108] employing Pstpip2“"° mice deficient in various
additional molecules potentially involved in the disease pathophysiology in these mice. It
demonstrated that inflammasome associated molecule absent in melanoma 2 (AIM?2), receptor-
interacting serine/ threonine protein kinase 3 (RIPK3), and caspase recruitment domain—
containing protein 9 (CARDY9) are each non-essential for osteomyelitis initiation
in Pstpip2°" mice, whereas genetic deletion of SYK completely abrogated the disease
phenotype [157]. As noted above, SYK is an essential component of ITAM-dependent
signaling. In neutrophils, this type of signaling is employed by several receptors, including Fc
receptors, integrins, selectin  ligands (PSGL-1), paired immunoglobulin-like receptors
/leukocyte immunoglobin-like receptors, TARM1, TREM-1/2, dectins and other C-type lectins
[158] [159] [160] [161] [162]. Neutrophils deficient in SYK kinase fail to initiate respiratory
burst, degranulation, or spreading in response to proinflammatory stimuli [163].

Additional critical proteins, deficiencies of which ameliorate the disease include
caspase-1 and caspase-8. In their case, only combined deficiency of both proteins attenuates
CMO, suggesting that they have redundant roles in cleaving IL-1p and promoting this disease
[164]. Genetic data also suggest additional involvement of neutrophil proteases known to
process pro-IL-1p to active IL-1p. This redundancy in pro-IL-1fB processing pathways raises
the possibility that some upstream mechanism, such as enhanced activity of NF-kB leading to
increased levels of pro-IL1J could be a key element in the CMO development. Increased
amounts of pro-IL-1 could then be processed by any of these redundant pathways.

2.4.2. WBP1L (WW domain binding protein 1-like)

The last adaptor protein discussed in this thesis is WW domain binding protein 1-like
(WBPIL, also known as Outcome Predictor in Acute Leukemia 1 (OPALI)) of the
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transmembrane group of membrane adaptor family. Published data brought attention to this
adaptor protein as a potential novel prognostic marker. WBPIL was identified among the top
discriminating genes highly predictive of outcome in 254 patients with childhood acute
lymphoblastic leukemia (ALL). Interestingly, WBP1L was overexpressed mainly in ALL cells
positive for the ETV6-RUNXI1 gene fusion that correlates with favorable prognosis in the total
ALL group. [165] [166]

Further prognostic importance of WBP1L expression was investigated in 2 independent
cohorts of children with ALL treated on Cooperative Study Group for Childhood Acute
Lymphoblastic Leukemia (n = 180) and St Jude Total Therapy (n = 257), i.e. two independent
protocols with similar chemotherapeutic agents. WBP1L expression was found to be 2.8-fold
higher in ETV6-RUNX1-positive ALL compared with ETV6-RUNX1-negative ALL in both
cohorts. However, it was not consistently associated with other favorable prognostic indicators,
supporting the interpretation that this marker may not be an independent prognostic feature in
childhood ALL [167]. Interestingly, another study consistently discovered an association
between WBPIL expression and ETV6-RUNX1 chromosomal translocation [168]. ETV6-
RUNXI1 is a fusion gene, which despite having oncogenic properties, it has also been
correlating with favorable prognosis of B-cell precursor ALL [169]. This fact could probably
explain the initial observation of the correlation of WBPIL expression and similar outcome.
These data also raised the possibility that WBP1L may is some way functionally contribute to
the good prognosis of ETV6-RUNX1" leukemia. However, despite the promising value, almost
nothing was known about the function of WBP1L.
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3. AIMS OF THE WORK

Aim 1: Available data on PSTPIP2 adaptor protein highlight the importance of neutrophils
in the development of CMO. They also describe the main binding partners (PEST-PTPs,
SHIP1) and crucial pathways for the disease development. However, no research has been done
to determine whether these negative regulators of signaling contribute to the disease prevention
and what signaling pathways they control within CMO. The major goal of my doctoral research
was to determine the role of PSTPIP2 interactions with PEST-PTPs and SHIP1 via the analysis
of mutant mouse strains, where these interactions were abrogated. This included three specific
tasks:

= Monitoring of the generated mouse strains for the symptoms of autoinflammation to
find out whether abrogation of PSTPIP2 interactions with PEST-PTPs or SHIP1 are
sufficient to initiate the disease development.

=  Analysis of ROS and IL-1 production to verify how PSTPIP2 interactions with PEST-
PTPs and SHIP1 control these crucial inflammatory processes.

= Investigation of neutrophil infiltration and levels of chemokines involved in neutrophil
recruitment at the site of inflammation in the mutant mice and if possible, identification
of their source.

Aim 2: To investigate the involvement of Src-family kinases in the development of the
CMO disease via analysis of Pstpip2™ mice deficient in their major positive regulator protein
tyrosine phosphatase CD45.

Aim 3: To contribute to the studies of in vivo functions of transmembrane adaptor proteins
LSTI1 and WBPIL in the regulation of leukocyte development and functions.
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4. RESULTS AND DISCUSSION

4.1. Molecular interactions of adaptor protein PSTPIP2 control neutrophil-mediated
responses leading to autoinflammation

4.1.1. Generation of PSTPIP2 mutant mouse strains

We sought to describe the role of PSTPIP2 interactions with its most prominent
binding partners, PEST family phosphatases (PEST-PTPs) and phosphoinositide
phosphatase SHIP1, in the molecular pathways leading to CMO [103]. Using CRISPR/Cas9
technology [170], we generated mutant mouse strains harboring mutations in PSTPIP2 that
abrogate these interactions. To prevent interaction with PEST phosphatases, we mutated
their binding site W232 and replaced it with alanine, resulting in the mouse strain
Pstpip2"?3?4_To abrogate SHIP1 binding we had to introduce mutations in the C-terminal
tyrosines (Y323, Y329, Y333), that provide binding sites for SHIP1 upon phosphorylation.
We used several approaches to generate these mutant mice, however, only two were
successful and provided mutants that were used for the future analysis. These were, a strain
where a 17 bp deletion resulted in a stop codon immediately after Y323 (Pstpip24€'™) and
strain where Y323 is replaced with phenylalanine (Pstpip2¥3?3F). In addition, we generated
mouse strain with complete loss of PSTPIP2 expression (Pstpip2™).

Interestingly, W232A mutation resulted in lower expression of PSTPIP2 protein in
neutrophils to the levels observed in Pstpip2™ heterozygotes. This observation was noted
previously using a cell line harboring equal mutation [113]. Hence, we included Pstpip2*-
mice in subsequent analysis to monitor for the effects of reduced PSTPIP2 expression on
the phenotype of Pstpip2"?*?4 mice. Other two mouse strains harboring mutations
introduced in the C-terminus of the protein had PSTPIP2 expression level comparable to
neutrophils 1solated from wild-type mice. Predictably, no PSTPIP2 protein was detected in
Pstpip2°™ and Pstpip2” neutrophils.

4.1.2. PSTPIP2 mutations prevent binding of PTP-PEST and SHIP1

The effect of the introduced mutations on PSTPIP2 interactome was tested by
immunoprecipitation of PSTPIP2 from bone marrow cells isolated from the aforementioned
mouse strains. PTP-PEST, SHIP1, and (phospho-)PSTPIP2 were detected in the
immunoprecipitates by immunoblotting.

Deletion of the PSTPIP2 C-terminus after Y323 resulted in the loss of
phosphorylation of PSTPIP2 protein and consequent loss of SHIP1 binding without
affecting PTP-PEST interaction, while single Y323 mutation did not perturb SHIP1-
PSTPIP2 interaction. Furthermore, binding of PTP-PEST was abrogated with W232A
mutation while no effect on phosphorylation status was noted, suggesting that PEST-PTPs
do not regulate PSTPIP2 phosphorylation.

4.1.3. Disruption of PSTPIP2-PTP-PEST interaction in vivo leads to the
development of the osteomyelitis symptoms

To evaluate the function of PSTPIP2 interactions in the development of
osteomyelitis, we monitored mutant mice for the occurrence of visible symptoms of the
disease [110]. Mice deficient in PSTPIP2 protein, Pstpip2” and Pstpip2™® were the first
to develop symptoms within 8 weeks after birth. Among all the other mutants, only
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Pstpip2"?3?4 strain developed visible symptoms. However, disease seemed to appear later
(14-16 weeks of age), was not 100% penetrant, and showed milder symptoms than in
Pstpip29m°. In addition, part of the animals remained asymptomatic throughout the entire
42 weeks of observation. Importantly, this phenotype did not result from lower expression
of the PSTPIP2 protein, as Pstpip2*” mice did not develop any visible symptoms of
osteomyelitis.

These observations were in line with microcomputerized tomography (unCT) data of
the hind paws of these mice. Only Pstpip2°™, Pstpip2”-, and Pstpip2"?**4 mice showed
significantly elevated bone fragmentation, which in Pstpip2"?**4 was milder than in the
other two strains. On the contrary, animals carrying mutations in the C-terminus (Pstpip24¢-
term - Pstpip2¥323F) had no signs of bone damage. Typical osteomyelitis symptoms also
include soft tissue swelling. Soft tissue volume was significantly elevated only in
Pstpip2°™ and Pstpip2” mice, but not in the other mutants, including Ps#pip2"?*?4. The
reason why we failed to detect increase in the soft tissue volume in Pstpip27?3?4 mice,
despite clearly visible enlargement of inflamed toes is not entirely clear. It is possible that
the affected area was too small (mostly a single inflamed toe or no visual symptoms at all
at the time of measurement) or that the inflammation was limited only to the bones. Taken
together, inflammation that involves visible symptoms or symptoms detected by uCT i1s
controlled via interaction of PSTPIP2 and PTP-PEST, while, binding of SHIP1 is not
critical and even in the absence of SHIP1 binding, PSTPIP2 is still able to prevent
detectable inflammatory tissue damage.

4.1.4. Differential control of ROS and IL-1p production by PSTPIP2 binding
partners

Next, we focused on the mechanisms responsible for the development of the
symptoms in Pstpip2"?3?4 mice. These include IL-1p and ROS production pathways known
to be altered in neutrophils of Pstpip2™° mice. IL-1p is known to trigger inflammation,
while ROS contribute to the bone damage [111].

Following this notion, we aimed to evaluate whether and how PSTPIP2 binding
partners control these pathways to provide an explanation for the differences in the disease
severity among our mutants. As expected, bone marrow cells isolated from PSTPIP2
deficient strains Pstpip2°™ and Pstpip2”-showed substantially deregulated ROS production
upon silica stimulation. Very interestingly, equally deregulated ROS levels were observed
also in the bone marrow cells from Pstpip27?*?4 mutants. In contrast, cells with mutations
in PSTPIP2 C-terminus, Pstpip22<™  Pstpip2P?F as well as Pstpip2™ showed only
minor elevation of ROS production compared to WT bone marrow cells.

Next, we analyzed the levels of IL-1p in the inflamed tissues of hind paws, the sites
of disease manifestation [171], by enzyme-linked immunosorbent assay (ELISA). In contrast
to ROS production, we detected significantly increased levels of IL-1PB in the lysates
prepared from hind paws of all mutant strains (Pstpip2°™°, Pstpip2”-, Pstpip2"?3?4, and
Pstpip24¢®™)  Although in the strains, where the interaction of PSTPIP2 with PTP-PEST
or SHIP1 was abolished (Pstpip2"??4 and Pstpip24<®™ respectively) this elevation was
significantly lower than the one observed in PSTPIP2 fully deficient strains Pszpip2“"° and
Pstpip2”-. The same pattern was also observed when the active form of IL-1B pl7 was
detected in these lysates by Western blot and when production of IL-1p precursor, pro-IL-
1B was induced in vitro by LPS stimulation of bone marrow cells or purified neutrophils.

31



These affirming observations show comparable control of IL-1 production by both PEST-
PTPs and SHIP1, while the control of the oxidative burst is dominantly regulated by PEST-
PTPs.

These data suggest that both binding partners contribute to the suppression of crucial
signaling pathways during autoinflammation. However, only the loss of PSTPIP2-PEST-
PTP binding in Pstpip2"?3?4 mice results in the development of visual disease symptoms.
It 1s likely due to the dominant role of PEST-PTPs in the control of oxidative burst,
previously shown to be crucial for inducing inflammatory bone damage in Pstpip2“™° mice
[111]. However due to the substantially milder dysregulation of IL-1p production in
Pstpip2"?3?4 mice, the overall symptoms are also milder. Generation of the mouse model
with simultaneous loss of both binding sites (W232 and C-terminal tyrosines) in PSTPIP2
may result in similar deregulation of IL-1P production as under the full PSTPIP2 deficiency
with the development of the same visual symptoms. However, currently, such a model is
not available. It is also possible that some other binding partners or features of PSTPIP2
are contributing to the control of inflammation in addition to PEST-PTPs and SHIP1 that
we are not aware of at the moment.

In conclusion, we can hypothesize that abrogation of PSTPIP2-PEST-PTP or
PSTPIP2-SHIP1 interactions results in relatively mild dysregulation of IL-1p production
by neutrophils, which in itself is asymptomatic. This phenotype is transformed to a
symptomatic disease by increased levels of ROS observed only in mice lacking PSTPIP2-
PEST-PTP interaction. In line with this statement, previously published data showed that
ROS production is critical for the bone damage in mice lacking PSTPIP2 but 1s not required
for enhanced IL-1B production and soft tissue inflammation. In agreement with this notion,
we have not detected soft tissue swelling in hind paws of Pstpip2"?*4 mice, suggesting that
dominant role of increased ROS production is in triggering inflammation of the bone, but
not of the surrounding soft tissue. These data also support the idea of exploiting NADPH
oxidase as a potential pharmacological target in treatment strategies for inflammatory bone
diseases in humans.

4.1.5. Neutrophil recruitment to the site of inflammation under control of
PTP-PEST-PSTPIP2 interaction

It was previously published that neutrophils accumulate at the site of inflammation
in Pstpip2™ mice [172]. Therefore, to see whether milder symptoms of the disease in
Pstpip2™?34 mice are still accompanied by neutrophil infiltration and to compare it to the
mutant without the visible symptoms of the disease, Pstpip24¢™ we assessed the
neutrophil infiltration via detection of neutrophil markers elastase and Ly6G in the hind
paw lysates by Western blot. We included both symptomatic and asymptomatic
Pstpip2™?34 mice in this analysis. We have detected increased presence of neutrophil
markers in hind paws from Pstpip2°™ and Pstpip2”- mice. Strikingly, we detected increase
in neutrophil markers also in the hind paws of Pstpip2%?3*4 mice, regardless of the symptom
presence (although in asymptomatic mice the increase was less strong). However, no
increase in these markers was present in Pstpip24<"®™ mice. This observation suggests that
PEST-PTPs regulate neutrophil accumulation in the inflamed tissues and also that
neutrophil infiltration likely precedes the symptom appearance.

Next, we sought to find out how are the neutrophils attracted to the sites of sterile
inflammation in our mouse strains. We first focused on chemokines as neutrophil
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chemoattractants and IL-17 which controls their expression at the site of inflammation
[173] [174] [175]. Increased IL-17A/F levels were detected in the hind paw lysates from
Pstpip2°™ mice, but no alternations were detected in Pstpip2”?3?4 nor in Pstpip24¢-term
mice, suggesting that IL-17A/F may mediate the neutrophil recruitment in CMO mice but
not in Pstpip2”?3*4 mice. Next, hind paw lysates were tested for the presence of the most
prominent chemokines involved in neutrophils recruitment to the site of inflammation,
CCL3 (MIP-10), CXCL1 (KC), and CXCL2 (MIP-2) [176] via ELISA. While we noted
increased concentrations of all aforementioned chemokines in Pstpip2°™ mice, only
CXCL2 was significantly upregulated in Pstpip27?3?4 mice and none in Pstpip24<-™_This
data suggest that initial recruitment of neutrophils could be under the (sole) control of
CXCL2. As the disease progresses, the ongoing inflammation may promote secondary
expression of IL-17 and additional chemokines. Next, we asked what could be the source
of CXCL2 in the inflamed tissue. Data from ImGen Consortium show high expression of
CXCL2 1n thioglycolate induced neutrophils. Hence, we hypothesized that neutrophils
could be the source of this chemokine in Pstpip2°™ and Pstpip2"?3*4 mice. We isolated
neutrophils from the hind paws and measured their Cxc/2 mRNA levels. Remarkably, only
neutrophils isolated from the hind feet of the mutant mice that develop autoinflammatory
disease Pstpip2°™ and Pstpip2"?3?4 had similar substantially increased levels of Cxcl/2
mRNA. No difference from WT mice was noted for Pstpip24¢-®™ peutrophils. Collectively,
these data indicate that during the development of the disease, neutrophils are fueling their
initial own recruitment via a positive feedback loop driven by production of CXCL2,
ongoing inflammation than triggers expression of additional chemokines that further
support neutrophil infiltration of inflamed tissues. This may be also assisted by IL-17 and
chemokine expression triggered by this chemokine. However, in Pstpip2"?*?*4 mice, none
of these secondary events 1s required for the symptom development.

Our data also raised an interesting question of what makes the regulation of CXCL2
expression different from the other chemokines (CXCL1, CCL3) in Pstpip2"?3*4 mice. All
are known to be involved in neutrophil recruitment. Similar to pro-IL-1p, expression of all
three chemokines is controlled by transcription factor NF-xB [177] [178] [179] [157].
However only the expression of CXCL1 and CCL3 are negatively regulated by activating
transcription factor 3 (ATF3), itself a target of NF-xB. Hence, it is possible that under the
low level of NF-xB activity, ATF3 keeps CXCL1 and CCL3 loci silent and only CXCL2,
which 1s not regulated by ATF3 [180] [181] [182], can be expressed and drive neutrophil
recruitment. As the inflammation progresses, signaling by pro-inflammatory cytokines and
mediators overcomes inhibition by ATF3 and CXCL1 and CCL3 can join the response.
Similar observation was described in [180].

Thus, obtained data suggested that production of neutrophil-attracting chemokines
1s the third critical pathway (in addition to the production of IL- and ROS) that drives
CMO disease development. It allows neutrophils to create a positive feedback loop
propagated further via CXCL2, amplifying neutrophil response and recruitment,
exacerbating (in collaboration with IL-1B) production of additional CXCL2 and other
chemokines and propelling the disease to its symptomatic stage.

Above, I hypothesized that at mild level of IL-1p dysregulation in Pstpip27?3*4 and

Pstpip29<®™ mice, increased ROS production determines the outcome. However, it is very
likely, that chemokine production, also under the control of PSTPIP2-bound PEST-PTPs,
makes additional key contribution. The network of chemokines together with IL-17 may be
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important as potential pharmacological targets/biomarkers in similar diseases in humans.
However, to properly address their role, it is necessary to generate mice double deficient in
PSTPIP2 and chemokines/chemokine receptors or other critical components of these
pathways.
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4.2. The receptor-type protein tyrosine phosphatase CD4S promotes onset and
severity of IL-1p-mediated autoinflammatory osteomyelitis

Previous publications revealed two potentially important mechanisms in the
development of sterile osteomyelitis. Firstly, it was shown that the composition of microbiota
affects the disease development. These data suggested potential involvement of TLR signaling
in CMO [183]. Secondly, SYK was shown to be required for the initiation of sterile
osteomyelitis in Pstpip2<™° mice [157]. This finding rather suggested that receptors signaling
through ITAMs (immunoreceptor tyrosine-based activating motifs) could be part of the disease
triggering mechanism.

ITAMSs are typically phosphorylated by SFKs. Their phosphorylation leads to the
recruitment of SYK, which further propagates the signal. Due to their involvement in ITAM
phosphorylation, we hypothesized that SFKs could be involved in the CMO development in
our mouse model. SFKs can be found in two main conformations. The closed inactive
conformation is maintained via intramolecular interaction of their own SH2 domain with their
C-terminal negative regulatory phosphotyrosine, inducing changes to the kinase domain
resulting in the suppression of catalytic activity. De-phosphorylation of the C-terminal tyrosine
allows the kinase to assume an active conformation. It is mainly performed by CD45 protein
tyrosine phosphatase, which 1s the major positive regulator of SFKs in leukocytes [184]. To
investigate the role of SFKs in CMO disease development we could not use the typical
approach of mactivating SFK genes in Pstpip2°™ mice, since too many largely redundant
members of Src family are expressed in neutrophils. Instead, we decided to inactivate Ptpre
gene coding for their major positive regulator CD45. This was expected to lead to the
suppression of majority of SFK activity in leukocytes.

4.2.1. Essential role of CD45 in CMO development, while MyD88- and TRIF-
mediated signaling are dispensable

To investigate the effect of TLRs and SFKs on the development of CMO we crossbred
Pstpip2°™ mouse strain with mice where genes coding for MyD88 or TRIF, a key signal
transducers downstream of TLRs were inactivated or with Prpre¢™” mice to abolish CD45
expression. This way we could compare the effects of TLR-dependent and SFK-dependent
pathways on CMO development. In case of MyD88, we could not use whole body MyD88
knock out because of its involvement in IL-1 receptor signaling. Therefore, we employed
transplantation of Ps#pip2"°/MyD88 deficient bone marrow cells into WT recipients, since the
CMO disease development does not require of IL-1R signaling in leukocytes (only IL-1R on
radioresistant cells 1s required [185]).

Monitoring of the generated Pszpip2™ mice deficient in MyD88 or TRIF adaptor
proteins revealed that they had no influence on the course of autoinflammatory osteomyelitis
symptom development. Both strains had symptoms identical to Pstpip2°™ mice, leading to a
conclusion that MyD88/TRIF-mediated signaling does not contribute to CMO development.
On the other hand, visual monitoring of Pstpip2°™/Ptprc™'~ mice showed significantly delayed
development of symptoms. Moreover, part of the mice remained healthy throughout the whole
period of monitoring. Further analysis of Pstpip2°°/Ptprc™~ mice using pCT scans of hind
paws demonstrated that bone damage was significantly lower than in Ps#pip2™ mice, though
still present. Collectively these data suggested that tyrosine phosphorylation mediated
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signaling regulated by CD45 rather than MyD88/TRIF dependent signaling is responsible for
CMO development.

4.2.2. SFK phosphorylation in Pstpip2¢™° and Pstpip2°™°/Ptprc~’~ mice

As mentioned above, tyrosine phosphatase CD45 is a major SFK regulator. Of the SFKs
expressed in neutrophils, three are considered the most important, including LYN, HCK, and
FGR [186]. Next, we assessed the phosphorylation of their inhibitory tyrosines in bone marrow
cells and neutrophils from WT and mutant mice. As expected, lysates of bone marrow cells
and neutrophils displayed increased phosphorylation of inhibitory tyrosine of HCK and LYN
upon CD45 deletion, while FGR was not affected by CD45 deficiency. PSTPIP2 was shown
to interact with CSK, a kinase responsible for phosphorylating C-terminal SFK tyrosine.
Surprisingly, the absence of PSTPIP2 did not alter phosphorylation of any of the SFKs
investigated. These data demonstrated that on the global scale, PSTPIP2 does not regulate SFK
activity despite the interaction with CSK.

4.2.3. CD4S deficiency attenuates IL-1p production by neutrophils, but has no
effect on oxidative burst

Next, we investigated how CD45 deficiency affects major pathways involved in CMO
development in Pstpip2°™ mice, including ROS and IL-1p production. Cells isolated from
Pstpip2° and Pstpip2°™°/Ptprc™~ mice both showed substantially increased superoxide levels
upon silica or fMLP challenge. Since ROS were increased to a similar extent, and no significant
difference between Pstpip2™ and Pstpip2°™/Ptprc™’~ was detected, we concluded that CD45
does not regulate to the production of superoxide during sterile inflammation.

Strikingly, Pstpip2°™/Ptpre™~ bone marrow cells showed significantly reduced levels
of active IL-1p p17, a main driver of the disease upon activation of inflammasome by silica
particles. Moreover, we observed substantially reduced IL-1p levels in vivo in the footpads of
Pstpip2°/Ptprc™'~ mice when compared with Pstpip2°™. On the other hand, in LPS and silica-
stimulated purified neutrophils, we failed to detect any IL-1P pl17. We could only detect an
alternative form of active IL-1p p21 known to be generated via cleavage of pro-IL-1p by
neutrophil proteases. The levels of IL-1B p21 in Pstpip2™/Ptprc™’~ neutrophils were reduced
compared to Pstpip2"° neutrophils.

Even though silica is a commonly used activator of inflammasome in vitro, it is very
likely not involved in the CMO disease development in vivo. The agent activating
inflammasome during sterile inflammation in Pszpip2°° mice is not known. Moreover, NLRP3
inflammasome containing Caspase-1 plays a redundant role with Caspase-8-dependent
mechanism in the development of CMO and partially also with neutrophil proteases [185]
[171]. This led us to hypothesize that dysregulation may happen at the level of pro-IL-1B
precursor synthesis rather than its processing. Indeed, upon stimulation with relatively low
concentration of 10 ng/ml LPS, we detected a significantly higher pro-IL-1p production in
Pstpip2°™ bone marrow cells and neutrophils when compared to WT cells. This altered
production of pro-IL-1p was attenuated by CD45 deficiency. The same results were obtained
upon crosslinking of Fc receptors on both bone marrow cells and neutrophils [187]. These
observations changed our understanding of which step in the proinflammatory pathway leading
to IL-1p production is altered in Pstpip2°™° mice and shifted our attention from possible
dysregulation of Caspase-1 and Caspase-8 containing inflammasomes to an upstream step of
pro-IL-1p precursor generation as a major control point, dysregulation of which drives the
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disease in Pstpip2<° mice. The reason why this was missed in previously published work is
probably in the higher LPS concentrations used in the earlier studies to induce pro-IL-1
production, under which the differences are not observed. However, the low-level activation
might better reflect the situation in vivo, where pro-IL-1p production may be driven by less
powerful signals than high concentrations of LPS.

Taken together our data and previously published work show the involvement of
protein tyrosine phosphorylation-dependent pathway in the development of CMO in our mouse
model. Involvement of both SFKs and SYK suggests that receptors containing ITAMs can
potentially play a crucial role within the development of CMO. There are multiple such
receptors present in neutrophils (see chapter 3.4.1. above). Engagement of one or more of these
receptors may lead to pro-IL-1p synthesis. In the absence of PSTPIP2, this signaling is
enhanced, resulting in hyperproduction of pro-IL1f and disease initiation. Interestingly, despite
being involved in disease initiation/progression, SFKs do not appear to be regulated by
PSTPIP2, since no changes in their phosphorylation were detected in the absence of PSTPIP2.
This suggests that PSTPIP2 regulates a segment of the signaling cascade that is further
downstream from SFKs. Thus, I hypothesize that activation of so far unknown,
receptor/receptors (ligand-triggered or not) that contain ITAM motifs initiates normal early
phosphorylation events by SFKs. However, at some point downstream of these kinases the lack
PSTPIP2-mediated inhibition results in increased phosphorylation of one or more components
of the pathway and enhanced signaling leading to enhanced production of IL-1 with all the
deleterious consequences.
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4.3. Regulation of inflammatory response by transmembrane adaptor protein LST1

As stated above, LST1 is a member of transmembrane adaptor protein family. It
contains a short extracellular peptide and a transmembrane domain followed by cytoplasmic
tail with two ITIMs that can bind SHP-1 and SHP-2 phosphatases suggesting the role of LST1
as a negative regulator of signaling. It was published previously that expression of LSTI is
upregulated during inflammation and can be enhanced by LPS or TNF-a. Accordingly,
upregulated LST1 expression was detected in samples derived from patients suffering from
IBD and rheumatoid arthritis. However, the function of LST1 in the immune system was
unknown.

To analyze LST1 role in vivo, we have obtained Lst/”- mice. We found that expression
of murine LST1 1s restricted to the cells of myeloid lineage (macrophages, monocytes and
neutrophils) and 1s elevated in BMDM and bone marrow derived dendritic cells (BMDC) in
vitro upon overnight stimulation with pro-inflammatory agents (interferon gamma (IFNY),
LPS, TNF-a and PolyI:C).

Male LST1-deficient mice showed reduced numbers of less segmented trabeculae in
the trabecular bone tissue (determined as reduced ratio of trabecular bone surface and bone
volume).

Analysis of multiple organs did not show any significant differences in total leukocyte
numbers between the WT and Lst/”7- animals. However, percentages of myeloid splenocytes
(neutrophils, macrophages) and lymphoid cell subsets (NK and NKT cells) were reduced in
mutant mice. We observed decrease in percentages of macrophages and dendritic cells in the
colon and dendritic cells in the bone marrow that potentially can be related to altered migration
of these cells. Hence, we next aimed to investigate the expression levels of the chemokine
receptors and migration ability of these cells. BMDM from Lsz/” mice showed higher
migration efficacy towards CXCL12, ligand of chemokine receptor CXCR4, than WT cells in
a transwell assay. At the same time CXCR4 expression was not affected by LST1 deficiency,
suggesting that LST1 negatively regulates CXCR4-mediated signaling or migration.

Interestingly, NK and NKT cells, which showed reduced numbers in Lst/”~ mice, do
not express LST1. Therefore, it 1s possible that the effect of LST1 deficiency on these cells
might be indirect, mediated by myeloid cell-derived factors. Hence, we tested mRNA
expression of several cytokines that could affect NK cell numbers, including IL-15, IL-18, and
IL-12 in BMDCs and BMDMs. However, the mRNA levels of these cytokines were not altered
in Lst1” cells. Since equal numbers of WT and Lst/”" cells were used in this experiment, it is
still possible, that reduced numbers of myeloid cells producing these cytokines in vivo can be
responsible for the reduction of NK cell numbers.

To investigate the role of LST1 in systemic inflammation we challenged Lst/”-and WT
mice with LPS. During LPS-induced systemic inflammation we observed differences in the
cell numbers similar to those seen during the steady state. TNF-a and IL-6 cytokine levels in
the blood at 4 hours after LPS challenge were also not affected by LST1 deficiency. Moreover,
no alterations were detected in vifro in LPS-induced cytokine mRNA expression, including 7Z-
1B, IL-6,IL-12, TNF-a, IL-15,1L-18, IL-10, and TGFp in LST1 deficient BMDC. Additionally,
expression levels of LST1 binding partners SHP-1 and SHP-2 or activation of NF-kB pathway
also were not influenced by LST1 deficiency in LPS-treated BMDM. These data suggest that
LSTI in not involved in the regulation of inflammatory pathways induced by LPS.
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4.3.1. Mice show increased resistance to DSS-induced colitis upon LST1
deletion

Connections of LST1 expression to IBD and various other inflammatory conditions,
lead us to investigate the effects of LST1 deficiency on inflammatory response during dextran
sodium sulphate (DSS)-induced colitis, as a mouse model of IBD. Male mice were given DSS
in drinking water over the 6-day-long-period, followed by plain water for additional 2 days.
Disease activity was scored using Disease Activity Index — DAI (an integrated value
encompassing weight loss, rectal bleeding and stool consistency). In addition, we monitored
Lst] mRNA expression, count and area of the inflammatory lesions, length of the colon in these
mice.

During this experiment we did not detect any significant changes in mRNA levels of
LstI in the colon tissue. Importantly, the course of the disease was milder and delayed in Ls¢1”
" mice. While Lst/”"and WT mice showed similar disease activity on day 4 of DSS treatment,
starting from day 6, DAI in the Ls¢I”" mice was significantly lower than in the WT mice, which
was manifested by less severe rectal bleeding, better stool consistency, and milder colon
shortening compared to WT animals, with no impact on the body weight. Histology analysis
also confirmed that Lst/”~ mice had significantly smaller areas of damaged epithelium at day 6
and 8, and reduced levels of pro-inflammatory cytokines detected in colonic lysates at day 5.

Surprisingly, WT mice recovered faster after the switch from DSS to plane water, and
by the end of the experiment both strains had similar DAI with no detectable differences in
cytokine production at the day 8. However, colonic lesions still remained larger in Lst/”" mice
on day 8. Interestingly, myeloid lineage cell percentages showed similar changes in Lst/”" and
WT mice during DSS treatment.

During IBD in humans and DSS-induced colitis in mice, it was shown that the first
wave of immune response is initiated by resident and newly infiltrating myeloid immune cells.
Hence, the reduced percentages of myeloid cells in Lst/”" colon and lymphatic tissue prior to
the start of the experiment could be potentially responsible for the slower kinetics of disease
development.

In conclusion, we determined protein expression profile of LST1 adaptor protein in
mice and alternations in leukocyte subset composition upon its deletion at steady state and
under inflammatory conditions. We demonstrated the impact of LST1 deficiency on DSS-
induced colitis progression. These data suggest important regulatory functions. However,
precise mechanisms of these functions still remain unknown.
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4.4. Transmembrane adaptor protein WBPI1L regulates CXCR4 signaling and
murine hematopoiesis

WBPIL became a potentially interesting target when its expression was noticed to
correlate with good prognosis in childhood ALL. Apart from that, the protein remained
completely uncharacterized. Our goal was to determine its physiological function, which would
allow us to better understand the regulation of hematopoiesis, but also potentially give us some
clues about its role in leukemia response to treatment.

Since adaptor proteins mainly function by recruiting other effector molecules, we first
set out to map the interactions of WBP1L with other proteins to identify the singling pathways
it may be potentially involved in. We expressed FLAG-STREP-tagged WBPIL construct in
immortalized monocyte/macrophage progenitors, followed by tandem purification of WBP1L
and its interactome for mass spectrometry analysis. We detected that WBP1L interacts with
several members of NEDD4-family ubiquitin ligases: WWP2, ITCH, WWP1, and NEDD4L.
Intracellular part of WBP1L contains multiple [L/P]PXY motifs, which are known to interact
with WW domains of NEDD4-family ubiquitin ligases and we experimentally confirmed their
involvement in this interaction. We could also show that binding to WBPI1L activates multiple
members of this ubiquitin ligase family, suggesting WBPI1L acts as general regulator of these
enzymes.

One of the best-studied targets of NEDD4-family ubiquitin ligases is the chemokine
receptor CXCR4, involved in maintaining hematopoietic stem and progenitor cells (HSPC) in
the bone marrow by interacting with CXCL12 produced by stromal cells of the hematopoietic
niches. Interestingly, co-expression of WBPIL with CXCR4 in HEK293 cells resulted in
increased ubiquitination of CXCR4 and reduction in its protein levels. Moreover, WBP1L
downregulation in ETV6/RUNXI1" cell line REH and in immortalized murine
monocyte/macrophage progenitors resulted in enhanced CXCR4 signaling.

To further analyze the function of WBP1L in vivo, we obtained Whpll”~ mice. Basic
phenotyping of leukocyte subsets showed that WhpIl”~ adult mice had significant increase of
marginal zone B cells and dendritic cells in the spleen. Percentages of B1 cells were reduced
in peritoneal cavity with no alternations in percentages of other leukocyte subsets. In the bone
marrow we observed reduced percentages of B cell progenitors and increased percentages of
LSK cells (Lin~ Scal ™ ¢-kit"), which encompass stem and very early progenitor cell subsets.

The last observation prompted us to analyze the function of Whp /"~ hematopoietic stem
and progenitor cells in a competitive transplantation assay. WhpIIl”~ Ly5.2 bone marrow cells
were mixed 1:1 with WT Ly5.1/Ly5.2 and transplanted into lethally irradiated recipient mice
(Ly5.1). The results showed significantly better engraftment of WhpIl”- bone marrow cells.
Moreover, this difference was not the result of increased homing to the bone marrow or
increased proliferation, as no alternations to these processes were observed.

Our data show WBPIL as a negative regulator of hematopoietic stem and progenitor
cell function. Whether it is connected to its role in the regulation of CXCR4 is unclear, since
only acute deletion or downregulation of WBP1L resulted in increased function of CXCR4. In
the case of germline deletion in mice, leukocytes and their progenitors were largely able to
compensate for WBPIL loss. The underlying mechanism of this compensation remains
unknown. It is still unclear whether our data could explain correlation of WBP1L expression
with positive outcome in leukemia or if WBPIL has any role in better treatment response of

40



ETV6-RUNX1" BCP-ALL. ETV6 is known to repress WBP1L gene expression. In ETV6-
RUNXI1" BCP-ALL, ETV6 is typically inactivated by fusion of one allele with RUNX1 and
mutation in the other allele, which leads to increased WBP1L expression. It can be speculated
that the increase of WBPIL expression would attenuate CXCR4 signaling and disrupt
interaction of leukemic (stem) cells with the protective bone marrow niches, making them more
vulnerable to the drugs used during the treatment. In any case our data made WBP1L a relevant
target for future investigation.
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5. CONCLUSIONS

The research presented in this thesis was aimed at describing the role of selected
membrane adaptor proteins in cell signaling and impact of these proteins on immune processes.

My first author publication focused on the role of PSTPIP2 binding partners PEST-
PTPs and SHIP1 in the development of sterile osteomyelitis. We have found that PEST-PTPs
and SHIP1 bound to PSTPIP2, differentially regulate pathways crucial for the development
of CMO disease and production of IL-B, ROS, and neutrophil-attracting chemokines. We
have shown that recruitment of PEST-PTPs by PSTPIP2 is crucial for the regulation of
neutrophil migration to the site of inflammation. This is mediated, at least in part, by a
positive feedback loop where enhanced CXCL2 production by neutrophils attracts
additional neutrophils that produce more CXCL2 potentially spiraling neutrophil
recruitment out of control. The recruitment of PEST-PTPs to PSTPIP2 is also crucial for
the control of ROS. On the other hand, control of IL-1p pathway was similarly regulated
by PSTPIP2 interaction with PEST-PTPs and SHIP1.

In the publication where I shared the first authorship, we described how CDA45
contributes to CMO disease progression via positive regulation of SFKs. We showed that CD45
is involved in the regulation of the critical pathway controlling production of IL-1p the main
driver of CMO.

In a publication related to LST1 we determined the protein expression profile of LST1
in mice and described alterations in leukocyte subset composition upon its deletion at steady
state and under inflammatory conditions. We also demonstrated LST1 involvement in
controlling the progression of DSS-induced colitis.

Finally, we investigated of the role of WBP1L in hematopoiesis. We were able to show
that WBP1L can interact with NEDD4-family ubiquitin ligases and act as a negative regulator
of CXCR4. Moreover, we found that WBP1L is a negative regulator of hematopoiesis affecting
the ability of hematopoietic stem and progenitor cells to reconstitute hematopoiesis after bone
marrow transplantation.
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Introduction: Autoinflammatory diseases are characterized by dysregulation of
innate immune system leading to spontaneous sterile inflammation. One of the
well-established animal models of this group of disorders is the mouse strain
Pstpip2°™°. In this strain, the loss of adaptor protein PSTPIP2 leads to the
autoinflammatory disease chronic multifocal osteomyelitis. It is manifested by
sterile inflammation of the bones and surrounding soft tissues of the hind limbs
and tail. The disease development is propelled by elevated production of IL-1f
and reactive oxygen species by neutrophil granulocytes. However, the
molecular mechanisms linking PSTPIP2 and these pathways have not been
established. Candidate proteins potentially involved in these mechanisms
include PSTPIP2 binding partners, PEST family phosphatases (PEST-PTPs) and
phosphoinositide phosphatase SHIP1.

Methods: To address the role of these proteins in PSTPIP2-mediated control of
inflammation, we have generated mouse strains in which PEST-PTP or SHIP1
binding sites in PSTPIP2 have been disrupted. In these mouse strains, we
followed disease symptoms and various inflammation markers.

Results: Our data show that mutation of the PEST-PTP binding site causes
symptomatic disease, whereas mice lacking the SHIP1 interaction site remain
asymptomatic. Importantly, both binding partners of PSTPIP2 contribute
equally to the control of IL-1B production, while PEST-PTPs have a dominant
role in the regulation of reactive oxygen species. In addition, the interaction of
PEST-PTPs with PSTPIP2 regulates the production of the chemokine CXCL2 by
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neutrophils. Its secretion likely creates a positive feedback loop that drives
neutrophil recruitment to the affected tissues.

Conclusions: We demonstrate that PSTPIP2-bound PEST-PTPs and SHIP1
together control the IL-1B pathway. In addition, PEST-PTPs have unique roles
in the control of reactive oxygen species and chemokine production, which in
the absence of PEST-PTP binding to PSTPIP2 shift the balance towards
symptomatic disease.

KEYWORDS

neutrophils, autoinflammation, chronic multifocal osteomyelitis, PSTPIP2, PEST-
family phosphatases, SHIP1

1 Introduction

Chronic recurrent multifocal osteomyelitis (CRMO) is an
autoinflammatory disease characterized by the development of
sterile inflammatory lesions in the bones. Treatment strategies
include various ways to suppress inflammation. However, they
often fail to induce long-term remission and in many patients
the disease relapses (1-3). In part, this is the consequence of the
fact that the molecular mechanisms and genetic causes of this
disease are poorly understood. To gain better insight into the
mechanisms driving CRMO development, several mouse models
have been generated. One of the best studied is chronic
multifocal osteomyelitis (CMO) mouse model Pstpip27™?,
which develops sterile bone inflammation in the hind feet and
tail (4). The disease is caused by a point mutation in the Pstpip2
gene, which results in a complete loss of detectable expression of
the adaptor protein PSTPIP2 (proline-serine-threonine
phosphatase-interacting protein 2) (5, 6). The development of

C110

osteomyelitis in the Pstpip2“™® mice is hematopoietically driven
and occurs in the absence of lymphocytes, consistent with an
autoinflammatory mechanism of the disease (6). However,
similar to human CRMO, the signaling and inflammatory
pathways critical for CMO in mice are incompletely
understood. Previous studies identified neutrophil granulocytes
as a crucial cell type critical for the disease development in
Pstpip.
the pathways regulating production of active IL-1f and reactive

ZCWIO

mice (7, 8). They display pathological hyperactivity of

oxygen species (ROS). While IL-1f triggers autoinflammation,
ROS production is critical for the bone damage (7-11). Little is
known about the molecular mechanisms connecting PSTPIP2 to
these pathways.

PSTPIP2 interacts with several regulators of signaling. The
most prominent include PEST-family protein tyrosine
phosphatases (PEST-PTPs) and Src homology 2-domain-
containing inositol 5-phosphatase 1 (SHIP1), binding of which
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is dependent on W232 and phosphorylated C-terminal tyrosines
of PSTPIP2, respectively (12-14). These proteins are the best
candidates, through which PSTPIP2 could negatively regulate
pro-inflammatory signaling. The family of PEST-PTPs has three
members, PTPN12 (PTP-PEST), PTPN22 (LYP/PEP), and
PTPN18 (BDP1/PTP-HSCF), which all interact with PSTPIP2
(14, 15). While little is known about the roles of PTPN12 and
PTPN18 in neutrophils, deficiency in PTPN22 was shown to
impair neutrophil functions triggered by Fc receptor
stimulation, including adhesion, ROS production,
degranulation, and development of K/BxN arthritis (16).
These results suggested that PTPN22 promotes, rather than
inhibits, neutrophil-driven inflammation. On the other hand,
the in vitro data from overexpression studies in cell lines
suggested that PSTPIP2-bound PEST-PTPs suppress pro-
inflammatory signaling (14). While the data from in vivo
models are generally more reliable than cell line
overexpression studies, in this case the single deficiency in the
mouse model could have revealed only the unique role of
PTPN22, while the functions, where it is redundant with other
PEST-PTPs, could have remained hidden, leaving the overall
role of PEST-PTPs in neutrophil-mediated inflammatory
response unclear.

Another known binding partner of PSTPIP2, SHIP1 (14) is a
multifunctional protein expressed predominantly by
hematopoietic cells and osteoblasts. SHIP1 removes the 5
phosphate from the product of PI3-kinase, PtdIns(3,4,5)P3, to
generate PtdIns(3,4)P2 and this way partially antagonizes PI3-
kinase pathway (17). SHIP1 deficiency results in enhanced ROS
production and in reduced migration of neutrophils as a
consequence of increased cell adhesion (18). In vivo, SHIP1-
deficiency in mice causes inflammatory disease with myeloid
infiltrates to the lungs and other organs (19). These data are
generally consistent with anti-inflammatory function of SHIP1
and with connection to PSTPIP2. However, despite some
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common features, there are also many differences between the
consequences of SHIP1 and PSTPIP2 deficiency and it has been
unclear which functions of SHIP1 depend on their interaction.

To understand the in vivo function of PSTPIP2 interactions
with PEST-PTPs or SHIP1, we have investigated the effects of
mutations in PSTPIP2 that prevent binding of PEST-PTPs or
SHIP1 in vivo. We have established the links between PSTPIP2
interactions, dysregulations of the pro-inflammatory pathways
and disease symptoms and identified the functions of PEST-
PTPs and SHIPI in the context of their interactions with
PSTPIP2 and autoinflammation.

2 Materials and methods

2.1 Mice

Pstpip2°™® mice on C57Bl/6NCrl genetic background
carrying the ¢293T—C mutation in the Pstpip2 gene, were
generated from C.Cg-Pstpip2”"°/] mouse strain on Balb/C
genetic background (4, 5) obtained from The Jackson
Laboratory (Bar Harbor, ME), by backcrossing for more than
10 generations to C57Bl/6] (7) and then for more than 5
generations to C57Bl/6NCrl. C57BL/6NCrl and C57BL/6]
inbred strains were obtained from the animal facility of
Institute of Molecular Genetics, Czech Academy of Sciences
(Prague, Czech Republic). To generate mouse strains carrying
mutations in the C-terminal part of the Pstpip2 gene
(Pstpip2"3#F, Pstpip2*“™, and Pstpip2">***), specific guide
RNA recognizing exon 14 of Pstpip2 gene (5-AGATG
ATCCTGATTACTCTG-3") was designed and off-target
analysis was performed using the online software CRISPOR
Design Tool (http://crispor.tefor.net/). Cas9 protein and gRNAs
with corresponding ssDNA template (5'-CCAGGCAG
GTTAATGACTCTTACCACCTCTGACGTCACTGgaA
GAGCAAACTGaAATCTTCAACCACActaaaATCcGGAT
CATCTGCAAAGGGAAGGGCACAGGACAGAACTCAGC-
3') were used for a zygote electroporation as described elsewhere
W2324 and Pstpip2”” were
prepared by electroporation of gRNA recognizing exon 10 of
Pstpip2 (5'-ACTTCTTCCGGAATGCACTG-3’) together with a
corresponding ssDNA template (5'-CATTTGCGA
CACATTGTTGTGACAGCTGATTCAGATGCAAtgcCAaTG
CATTCCGGAAGAAGTTGATTCGTTCACATTCCTGAGC
C-37) (Figure 1A). Each strain was then backcrossed to
C57BL/6NCrl background for more than 5 generations. Unless
indicated otherwise, age of animals ranged from 8 to 12 weeks.

(20). Similarly, mouse strains Pstpip2

Experiments in this work conducted on animals were approved
by the Expert Committee on the Welfare of Experimental
Animals of the Institute of Molecular Genetics and by the
Czech Academy of Sciences and were in accordance with local
legal requirements and ethical guidelines.
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2.2 Micro computed tomography

Hind paws of 3-5 mice per strain (16-25 weeks old) were
used for the micro-CT analysis. They were scanned in vivo in X-
ray micro-CT Skyscan 1176 (Bruker, Belgium) using the
following parameters: voltage: 50 kV, current: 250 pA, filter:
0.5 mm aluminium, voxel size: 8.67 um, exposure time: 2 s,
rotation step: 0.3° for 180° total, object to source distance:
119.271 mm, and camera to source distance: 171.987 mm,
time of scanning: 26 min. Virtual sections were reconstructed
in NRecon software 1.7.1.0 (Bruker, Belgium) with following
parameters: smoothing = 3, ring artifact correction = 4, and
beam hardening correction = 36%. Intensities of interest for
reconstruction were in the range from 0.0045 to 0.0900
Attenuation units. Same orientation of virtual sections was
achieved with the use of the DataViewer 1.5.4 software
(Bruker, Belgium). Micro-CT data analysis was performed
using CT Analyser 1.18.4.0 (Bruker, Beelgium). Scans affected
by technical artifacts resulting from spontaneous movements of
animals were excluded from the analysis. Only distal half of the
paws (from the half of the length of the longest metatarsal bone
to fingertips) were analyzed. Bone damage (Figure 2D) is
represented by bone fragmentation, which is calculated as the
average number of bony objects (i.e. the bone with high density)
per one virtual section. Without bone damage, 4-5 bone
fragments (i.e. objects) per section are typically observed. With
bone damage, this number increases. To calculate the volume of
the soft tissue (Figure 2E), volumes of both high density and low
density (newly formed) bone were subtracted from the volume
of the entire paw (without background and noise).

2.3 Superoxide detection

Superoxide production in vitro was assessed by luminol-
based chemiluminescence assay (21, 22). BM cells in IMDM
supplemented with 0.2% FCS were plated at a density of 10° cells
per well into a black 96-well plate in duplicates (SPL Life
Sciences, Naechon-Myeon, Korea). Cells were rested for
10 min at 37°C and 5% CO,. Then, luminol (123072, Sigma-
Aldrich) at final concentration 100 mM and silica (S5631,
Sigma-Aldrich) 50 mg/cm® were added. Luminescence was
measured immediately on an EnVision plate reader (Perkin
Elmer, Waltham, MA); each well was scanned every minute
for 60 min.

2.4 Real-time quantitative PCR

RNA from neutrophils purified by negative selection was
isolated with Zymo Research Quick-RNA Miniprep Plus Kit.
The reverse transcription was performed with RevertAid First
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Strand cDNA Synthesis Kit (ThermoFisher Scientific). Real-time
quantitative PCR was carried out using LightCycler 480 SYBR
Green I Master mix (Roche) on Roche LightCycler 480 II
instrument. The following primers were used (5’-3’):

Cxcl2 AGTTTGCCTTGACCCTGAAGCC,
CCAGGTCAGTTAGCCTTGCCTTTG;

Actb (B-actin) GATCTGGCACCACACCTTCT,
GGGGTGTTGAAGGTCTCAAA;

Pstpip2 CGGACTTGCTCATACATCTC,
CTGGCAGAGTGAACACATTA.

2.5 Antibodies

Rabbit monoclonal antibodies to murine IL-1B (clone
D3H17Z), neutrophil elastase (clone ESU3X), PTP-PEST (clone
D4W7W), and rabbit polyclonal antibody to SHIP1 (D1163)
were from Cell Signaling Technology, rabbit polyclonal antibody
to GAPDH (#G9545) from Sigma-Aldrich. The monoclonal
antibodies to phosphotyrosine (clone 4G10) and PSTPIP2
(clones PSTPIP2-01 and PSTPIP2-03 (14)) were produced in-
house with the use of respective hybridomas. Flow cytometry
antibodies Ly6G-FITC (catalog # 127606, also used for Western
blot), Ly6C-PE-Cy7 (# 128018), CD11b-PE (# 101208) were
from Biolegend and CD62L-APC (# 177-0621-81) was from
eBioscience (ThermoFisher).

2.6 Cell isolation and activation

Hind paw leukocytes were isolated by crushing the tissue
using mortar and pestle in PBS with 2% FCS. The resulting
suspension was filtered over the cell strainer, followed by
centrifugation (500 x g, 5 min, 2°C) and erythrocyte lysis in
ACK buffer (150 mM NH,CI, 0.1 mM EDTA (disodium salt), 1
mM KHCOj3). Bone marrow cells were isolated by flushing
femurs (cut at extremities) with PBS supplemented with 2%
FCS, followed by red blood cell lysis with ACK buffer.
Neutrophils were isolated from bone marrow cells by negative
selection using mouse Neutrophil Isolation Kit (Miltenyi Biotec,
catalog # 130-097-658) and autoMACS Pro magnetic cell
separator (Miltenyi Biotec) according to manufacturer’s
instructions. For LPS activation, 2x10° cells in 700 uL IMDM
with 0.1% FCS were placed in low protein-binding
microcentrifuge tubes (Thermo Fisher Scientific).
Subsequently, the cells were activated with 10 ng/ml LPS
(L4516, Sigma-Aldrich) for 3 hours at 37°C, 5% CO,. For
pervanadate activation, pervanadate was prepared by mixing
10 mM sodium orthovanadate with 0.3% hydrogen peroxide
followed by 20 min incubation at room temperature. 100 pl of
the resulting mixture was used for activation of 1.2 x 107 cells in
1 ml media (20 min at 37°C).
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2.7 Cell lysis, and immunoprecipitation

For immunoblotting cell suspensions described above were
lysed by addition of an equal volume of a 2x concentrated SDS-
PAGE sample buffer (128 mM Tris [pH 6.8], 10% glycerol, 4%
SDS, 2% DTT), followed by the sonication and heating (99°C for
2 min). For immunoprecipitation cells were lysed in lysis buffer
(50 mM TRIS-HCI pH 7.5; 150 mM NaCl; 1% n-dodecyl B-d-
maltoside; 1000x diluted Diisopropyl-fluorophosphate [Sigma,
Merck]; cOmplete EDTA-free protease inhibitor cocktail
(Roche), PhosStop phosphatase inhibitor cocktail (Roche) at
1.2 x 10% cells in 1.2 ml, for 30 min on ice. Post-nuclear
supernatants were then incubated for 1 h with PSTPIP2-03
antibody (4.5 ug), followed by 1.5 h of incubation with 40 pl
Protein A/G Plus agarose bead suspension (Santa Cruz
Biotechnology) at 4°C. After washing on spin columns (Micro
Bio-Spin columns, Bio-Rad Laboratories), immunoprecipitates
were eluted with 30 pl SDS-PAGE sample buffer.

2.8 Tissue homogenates

Hind paw tissue was cut into small pieces and homogenized
with Avans AHM1 Homogenizer (30 s, speed 25) in 1 ml RIPA
buffer (TRIS-HCl pH7.5, 150 mM NaCl, 1% NP-40, 1%
Deoxycholate, and 0.1% SDS, 5 mM iodoacetamide, 100x
diluted Protease Inhibitor Cocktail set IIT [Calbiochem]). After
two rounds of centrifugation (each 20,000 x g, 5 min, 2°C) the
lysates were snap-frozen in liquid nitrogen and stored in -80°C.

2.9 ELISA

Frozen tissue homogenates (from 12-25 weeks old mice)
described above were thawed, total protein concentration was
measured using Pierce BCA Protein Assay Kit (Thermo
Scientific #23227) and the samples were adjusted to equal
protein concentration. ELISA was performed according to
manufacturer’s instructions using IL-1 beta Mouse Uncoated
ELISA Kit, MIP-2/CXCL2 Mouse ELISA Kit, MIP-1a (CCL3)
Mouse Uncoated ELISA Kit (Invitrogen, ThermoFisher
Scientific, catalog numbers 88-7013-88, EMCXCL2, and 88-
56013-88), Mouse IL-17A/F Heterodimer DuoSet ELISA, and
Mouse CXCL1/KC DuoSet ELISA DY5390-05, and DuoSet
ELISA Ancillary Reagent Kit 2 (R&D Systems, catalog
numbers DY5390-05, DY453-05, DY008).

2.10 Flow cytometry

Single-cell suspensions were labeled with 100x - 200x
diluted antibodies and Hoechst 33342 dye (to detect dead
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cells) in PBS/2%FCS for 40 min on ice. Cells were then washed in
PBS/2% FCS and analyzed on a BD Symphony flow cytometer.
The data were analyzed with FlowJo software (BD Biosciences,
Franklin Lakes, NJ).

2.11 Statistical analysis

The p values were calculated in GraphPad Prism software
(GraphPad Software, La Jolla, CA) using one-way ANOVA with
post-hoc t-test for data in Figures 3B, E, F, 4B-G (with Welch’s
correction where variances were unequal) or Kruskal-Wallis test
with post-hoc Mann-Whitney test for data with non-normal
distribution (Figures 2D, E, 3C-D). For multiple comparisons,
significance threshold was adjusted with Holm-Bonferroni
method. The p values for disease-free curves (Figure 2A) were
calculated using the long-rank (Mantel-Cox) test.

3 Results

3.1 Generation of mouse strains with
mutations in Pstpip2

To investigate the role of the interactions between PSTPIP2
and PEST-PTPs or SHIPI, we employed CRISPR/Cas9
technology to generate mutant mouse strains harboring
mutations in PSTPIP2 that abrogate these interactions.
Binding to PEST-family phosphatases is known to require
W232, while binding to SHIP1 is dependent on C-terminal
tyrosines (Y323, Y329, Y333) (Figure 1A). First, we generated
mouse strain where W232 was replaced with alanine to prevent
interaction with PEST phosphatases (Pstpip2"?***)(Figure 1A
and Supplementary Figure 1A). In addition we attempted to
generate a strain where all three C-terminal tyrosines were
replaced with phenylalanines. Our targeting strategy was
expected to also result in various truncations in the PSTPIP2
C-terminus. While the attempt to generate triple tyrosine
mutant was unsuccessful, we obtained a strain, where a single
nucleotide insertion into the codon of the first C-terminal
tyrosine (Y323) created a stop codon resulting in the loss of
the last twelve amino-acids (323-334), including all three
targeted tyrosines (Pstpip2">**) (Supplementary Figure 1B). In
addition we also obtained a strain where a 17 bp deletion
resulted in a stop codon immediately after the first of the three
tyrosines, Y323 (Pstpip2”“**"™) (Figure 1A and Supplementary
Figure 1C). In this strain, while Y323 is preserved, the absence of
the amino acids immediately following it was expected to result
in a loss of SHIP1 SH2 domain binding, because the amino acids
downstream of the phosphorylated tyrosine are critical for this
interaction (23-25). Thus, we expected that in this strain
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PSTPIP2 C-terminus including all the C-terminal tyrosines
was effectively non-functional. Finally, within this attempt we
obtained an additional strain where Y323 is replaced with
phenylalanine (Pstpip2">**) (Figure 1A and Supplementary
Figure 1C). In addition we generated mouse strain with 116
bp deletion encompassing part of the exon coding W232
together with a part of the preceding intron, resulting in the
complete loss of PSTPIP2 expression (Pstpip2”")
(Supplementary Figure 1D). Alignments of mutant and wild-
type sequences are shown in Supplementary Figures 1A-D.
While PSTPIP2 protein levels were normal in Pstpip2">**F
mouse strain (Figure 1B), other mutations we introduced
influenced its protein expression levels in neutrophil
granulocytes. This was most evident in Pstpip2"**** mice
where we detected only very low amounts of PSTPIP2 protein,
ca 20 - 25% of wild-type levels (Supplementary Figure 1E).

Interestingly, in Pstpip2<e™

mice, where the stop codon was
only one position downstream, PSTPIP2 expression was
comparable to wild-type (WT) mice. Since it was not possible
to distinguish the effects of reduced PSTPIP2 expression on
disease development from the effects of the mutation, we
excluded Pstpip2'??** from subsequent analysis. Expression
levels of W232A mutant were also somewhat reduced.
However, they were comparable to PSTPIP2 expression in
Pstpip2™~ heterozygotes (Figure 1B). Hence, we included
Pstpip2*” mice in subsequent analysis to control for the
effects of reduced PSTPIP2 expression on the phenotype
of Pstpip2"/?324
Pstpip2°™®
Pstpip2 mRNA levels were normal in Pstpip2“™° neutrophils,
while only traces of Pstpip2 mRNA could be detected in
Pstpip2”” cells (Supplementary Figure 1F).

mice. PSTPIP2 protein was not detected in
and Pstpip2”” neutrophils (Figure 1B). Interestingly,

C110

3.2 Pstpip2 mutations abolish binding to
PTP-PEST and SHIP1

To verify that the mutations had the intended effect and
abolished interactions with major PSTPIP2 binding partners, we
immunoprecipitated PSTPIP2 from bone marrow cells isolated
from the individual mouse strains, followed by detection of PTP-
PEST, SHIP1 and (phospho-)PSTPIP2 by immunoblotting.
W232A mutation resulted in the loss of PTP-PEST binding
without affecting PSTPIP2 phosphorylation, suggesting that
PEST-PTPs bound to PSTPIP2 do not control its
phosphorylation (Figure 1C). Conversely, the deletion of PSTPIP2
C-terminus resulted in the loss of PSTPIP2 phosphorylation, but it
did not affect binding to PTP-PEST (Figure 1C). As expected,
deletion of PSTPIP2 C-terminus also resulted in the loss of SHIP1
binding. Interestingly, mutation of a single C-terminal tyrosine
Y323 did not have any effect on SHIP1 binding (Figure 1D).
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3.3 Mutation of W232 results in
symptomatic disease, while mutations of
the PSTPIP2 C-terminus do not cause
disease symptoms

Each mutant mouse strain was monitored for the
development of chronic multifocal osteomyelitis symptoms
(Figure 2A). Pstpip2”" and Pstpip2”™ mice developed the first
visually observable symptoms within 8 weeks after birth. In
Pstpip2"/?*** strain the first symptom occurrence was delayed
till 14-16 weeks of age. Only hind paws were affected in this
strain. Visible kinks or swelling in the tails were not detected. In
addition, the disease was much milder and not 100% penetrant
since part of the animals remained asymptomatic throughout
the entire 42 weeks of observation. The mutations of the
PSTPIP2 C-terminus did not result in any visually detectable
symptoms. The same was true for heterozygous Pstpip2*~ mice
(Figures 2A, B).

In agreement with these results, micro-CT data (Figure 2C)
showed significantly elevated bone damage in Pstpip2™,
Pstpip2™”, and Pstpip2™?*** mice, while in the animals
carrying mutations in the C-terminus (Pstpip2* ™",
Pstpip2Y323F), no bone damage was detected (Figure 2D).
Compared to Pstpip2™® and Pstpip2”", the bone damage in
Pstpip2"**** animals was very mild, though still significantly
increased. Soft tissue volume, a measure of swelling, was
significantly higher only in Pstpip2°® and Pstpip2”" mice
(Figure 2E). No significant increase of soft tissue swelling was
detected in Pstpip2"??** animals. Taken together, the

interaction with PEST-PTPs abrogated by W232A mutation
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plays more important role in the control of inflammation than
binding of SHIPI, the loss of which does not contribute to the
development of visible symptoms.

3.4 Differential control of ROS and IL-1j
production by PSTPIP2 binding partners

Two key pro-inflammatory pathways are known to be
dysregulated in Pstpip2”"’ neutrophils, pathway leading to the
activation of NADPH oxidase and pathway stimulating
production of IL-1B. While IL-1B overproduction triggers
spontaneous inflammation, superoxide production by NADPH
oxidase is critical for the bone damage (8). Therefore, we aimed
to evaluate whether the interactions of PSTPIP2 with PEST-
PTPs and SHIP1 control these pathways and, consequently a
pathogenesis of CMO. Consistent with previously published
data, we observed substantially increased ROS production by
Pstpip2°™ and Pstpip2” cells upon silica stimulation. Strikingly,
in Pstpip2"?*** cells ROS production was deregulated to a
similar extent as in Pstpip2™® and Pstpip2” cells. On the
other hand, cells from mice that do not develop any visible
disease symptoms, including Pstpip2*““™, Pstpip2">*F and
Pstpip2*”~ showed only minor elevation of ROS production
(Figures 3A, B). To test the activity of IL-1B pathway, we
measured the concentration of IL-1p in the lysates from hind
paws of WT and mutant mice. IL-1P levels measured by ELISA
were significantly increased in Pstpip2°™°, Pstpip2”",
Pstpip2"?*4, and Pstpip2”“™™ mice. However, in contrast to
the ROS production, IL-1f pathway dysregulation was milder in
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statistical analysis.

2W232A AC-term

Pstpip. and Pstpip2 mice, when compared to the
strains completely lacking PSTPIP2 protein (Figure 3C). We
have also performed an analysis of active form IL-1f p17 in the
strains that had abrogated binding between PSTPIP2 and its
interacting partners. It showed similar results with the highest
increase in Pstpip2”™® mice and a small increase in Pstpip2">***
and Pstpip2°<erm

the in vitro ability of isolated bone marrow cells from these

mice (Figure 3D). Next, we sought to evaluate

mutants to produce pro-IL-1f upon LPS stimulation. Consistent
with the in vivo results, the highest pro-IL-1f production was
observed in Pstpip2”® and Pstpip2”" cells while Pstpip2"?3%4
and Pstpip2“ ™ displayed only moderate increase (Figure 3E).

C110

Similar results were also obtained with purified bone marrow
neutrophils, although in Pstpip2°““"™ mice the increase in pro-
IL-1B production was not statistically significant (Figure 3F).
These observations suggest that PSTPIP2-bound PEST-PTPs
play dominant role in the control of the oxidative burst, while
the regulation of IL-1B production is more equally divided
between the both PSTPIP2 binding partners.

Frontiers in Immunology 07

3.5 PEST-PTPs regulate neutrophil
recruitment to the site of inflammation

Neutrophils, a critical cell type in osteomyelitis development
in Pstpip
inflammation in these animals. To assess the extent of
neutrophil infiltration, we detected neutrophil markers
neutrophil elastase and Ly6G in the lysates prepared from
hind paws of WT and mutant animals. Increased presence of
these markers was detected in Pstpip2°™°, Pstpip2”", and
Pstpip2™?32A
but not in Pstpip2““™™ (Figure 4A). These data confirm the
involvement of neutrophils in the development of sterile
inflammation. They also document the importance of
PSTPIP2 binding to PEST-PTPs, which prevents neutrophil
accumulation in the affected tissues. To further assess the

2% mice, were found to infiltrate the sites of

tissues even in the absence of visible symptoms,

activation status of these neutrophils, we measured the levels
of CD62L on neutrophils isolated from hind paws of these
animals. CD62L is shed as a result of neutrophil activation
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FIGURE 3

Production of superoxide and pro-IL-1B by neutrophils from WT and mutant mouse strains. (A) Superoxide production by silica-stimulated bone
marrow cells measured in 1-min intervals by luminol-based chemiluminescence assay. (B) Quantification of the area under the curve for
superoxide production measurements performed as in (A) on bone marrow cells from multiple mice. (C) IL-1 concentration in hind paw lysates
detected by ELISA. (D) Quantification of active IL-1 p17 in hind paw lysates detected by Western blot. (E, F) Pro-IL-1B production by bone
marrow cells (E) or purified neutrophils (F) activated with 10 ng/ml LPS detected by immunoblotting. Error bars represent mean + SEM in

(B, E, F) and median with interquartile range in (C, D). Asterisks above individual columns describe p values for comparisons with WT, asterisks
above connecting lines describe p values for comparisons of the columns connected by these lines; *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not
significant. See Materials and Methods for further details on statistical analysis.

" mice, the

and lost from neutrophil surface (26). In Pstpip.
proportion of activated (CD62L") neutrophils was significantly
increased, when compared to the WT animals. Strikingly, group
that contained both symptomatic and asymptomatic
Pstpip2"?**4 mice also showed significantly increased levels of
neutrophil activation. No such increase was observed in
PstpipZAC't”m mice (Figure 4B). Thus, PEST-PTP binding to
PSTPIP2 is an important component of the mechanism
controlling neutrophil activation and infiltration to the site
of inflammation.

Chemokines play a key role in the neutrophil recruitment to
the inflamed tissues (27). One of the factors able to control
chemokine production in these tissues is IL-17 (28). Indeed, IL-
17A/F levels were increased in the lysates prepared from
footpads of Pstpip
Pstpip2™??* and Pstpip2
alterations. Thus, while in Pstpip2”™® mice IL17A/F could be
contributing to the neutrophil recruitment to the inflammatory

2°"° mice (Figure 4C). However,

Ac-t : :
™ mice did not show any

lesions, in Pstpip2"'?*** mice this recruitment appears to be
IL17A/F independent. Next, we focused on the most prominent
chemokines known to attract neutrophils to the sites of
inflammation, including CCL3 (MIP-1at), CXCL1 (KC), and
CXCL2 (MIP-2). Concentration of all three chemokines
measured by ELISA in hind paw lysates was increased in
Pstpip
concentration of CXCL2 was elevated in Pstpip

ZCWIO

mice (Figures 4D-F). Importantly, only the

2W232A mice
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and none in Pstpip22<term

animals, suggesting that
dysregulation of CXCL2 is responsible for the early neutrophil
recruitment initiating the disease development. Production of
the other chemokines, as well as IL-17A/F, may be triggered later
on as a secondary effect of progressing inflammation. CXCL2 is
known to be secreted by tissue resident cells, such as epithelial
cells, fibroblasts, mast cells or macrophages (29-34). However,
the data of Immunological Genome Project Consortium (35)
showed a very high expression of CXCL2 in thioglycolate
induced peritoneal neutrophils, raising the possibility that in
the context of CMO, neutrophils could be a major source of this
chemokine. Strikingly, neutrophils purified from footpads of
Pstpip2 and Pstpip2™?324
substantially increased levels of Cxcl2 mRNA. On the other
hand, Pstpip2**“™ neutrophils displayed levels comparable to

cmo mice both showed similar

their WT counterparts (Figure 4G). These results support the
hypothesis that during CMO disease development, neutrophils
are fueling their own recruitment via a positive feedback loop
driven by production of CXCL2, which is further assisted by
other chemokines in the later stages of the disease.

4 Discussion

During inflammatory response, neutrophils are capable of
producing substantial collateral damage. It is exemplified by the
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Neutrophil recruitment to the sites of inflammation. (A) Detection of neutrophil elastase and Ly6G in the hind paw lysates as a hallmark of
neutrophil presence. (B) Percentages of activated (CD62L") neutrophils within total neutrophils isolated from hind paws of the mice of indicated
mouse strains measured by flow cytometry. (C-F) Concentrations of IL-17A/F (C), CCL3 (D), CXCL1 (E), and CXCL2 (F) in hind paw lysates
detected by ELISA. (G) Cxcl2 mRNA levels in neutrophils purified from hind paws of the mice of indicated mouse strains determined by
quantitative RT-PCR. Error bars represent mean + SEM. Asterisks above individual columns describe p values for comparisons with WT, asterisks
above connecting lines describe p values for comparisons of the columns connected by these lines; *p < 0.05, **p < 0.01, ***p < 0.001. See

Materials and Methods for further details on statistical analysis.

development of autoinflammatory disease caused by the loss of
PSTPIP2 adaptor protein, where hyper-activated neutrophils are
the critical cell type required for inducing harm to the tissues (7,
8). Similar to other adaptor proteins, function of PSTPIP2 is
mediated by its interactions with other signaling molecules. The
most prominent include PEST-family PTPs and SHIP1 (12-14).
However, their particular roles in the suppression of
inflammation by PSTPIP2 have been unknown. Our data
demonstrate the importance of the interactions of PEST-PTPs
with PSTPIP2. The loss of their binding leads to the
development of autoinflammatory disease, which is milder but
otherwise similar to the disease that develops as a consequence
of the inactivation of PSTPIP2 gene. The loss of interaction with
SHIP1 does not result in visible disease symptoms. Nevertheless,
certain level of immune system dysregulation can still be
observed. These data suggest that both binding partners
contribute to the suppression of pro-inflammatory signaling
and autoinflammation. However, only the loss of PEST-PTP
binding results in the dysregulation strong enough to cause
visually observable disease symptoms.

Interestingly, PEST-PTPs play an important role in another
autoinflammatory disorder named PAPA syndrome (pyogenic
sterile arthritis, pyoderma gangrenosum, and acne) which is
caused by the loss of their binding to PSTPIP1, a homologue of
PSTPIP2. However the mechanism triggering the disease is very
likely different. In PSTPIP1, the loss of PEST-PTP binding
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results in PSTPIP1 hyperphoshorylation and consequent
hyperactivation of pyrin inflammasome (36). Here, we did not
observe any changes in PSTPIP2 phosphorylation after the loss
of PEST-PTP binding. Moreover, when we abrogated this
phosphorylation by the deletion of PSTPIP2 C-terminus, we
observed increase of pro-inflammatory markers, while if the
analogy with PSTPIP1 were valid, we would rather expect
the opposite.

Interestingly, the mouse strains, where interactions with
PEST-PTPs or SHIP1 were abolished, both displayed similar
level of dysregulation of IL-1B pathway. Thus, the observed
differences in disease manifestation cannot be explained by
differential IL-1B production. On the other hand, ROS
production in Pstpip2"**** mice lacking PSTPIP2 - PEST-PTP
interaction was deregulated to a similar extent as in mice entirely
lacking PSTPIP2 protein, while the loss of SHIP1 binding in
Pstpip2*“*™ animals had only mild effect on ROS. These data
suggested that deregulated ROS production determines whether
the mice develop bone damage and visible disease symptoms.
We have shown before that ROS production is critical for
damage to the bones in mice lacking PSTPIP2 but it is not
required for enhanced IL-1f production and soft tissue
inflammation (8). In line with this finding, our microCT
analysis did not detect any evidence of soft tissue swelling in
Pstpip2™?324
CMO disease, ROS production may decide between

mice. Our data suggest that in mild variants of
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symptomatic and asymptomatic outcome and could be
considered as a potential pharmacological target in treatment
strategies for similar diseases in humans.

The milder dysregulation of IL-1f production in
Pstpip2"?3?4 than in Pstpip2”~ and Pstpip2
potentially explain the milder phenotype observed in these
mice. These data show that PEST-PTPs are not sufficient for
PSTPIP2-mediated control of inflammation and other factors

"% mice can

must play a role. Similar level of IL-1B dysregulation in
Pstpip22C-term
control IL-1 pathway and attenuate inflammatory response in
Pstpip2"???* mice. Analysis of a mouse model with
simultaneous loss of both binding sites in PSTPIP2 could help
clarify the role of SHIP1, since IL-1B deregulation there may
reach higher levels sufficient for the development of fully

mice suggests that SHIP1 can to some extent

expressed symptoms. However, at present, such a model is not
available. It is also possible that some other binding partners or
features of PSTPIP2 are contributing to the control of
inflammation in addition to PEST-PTPs and SHIP1.

The increased neutrophil infiltration in hind paws of
Pstpip2"?*** and PSTPIP2-fully deficient mouse strains but
not in Pstpip2*“ '™ animals suggested that chemokine
production regulating neutrophil recruitment could also be
dysregulated and help explain differences in disease
2W2324 and Pstpip
animals. Indeed, we have observed increased amounts of
CXCLI1, CXCL2, and CCL3 in the hind paws of PSTPIP2 fully
deficient mice. However only CXCL2 showed increased levels in
Pstpip2"232A
mRNA expression in Pstpip2

manifestation between Pstpip pAC-term

mice. Moreover, we detected high increase of Cxcl2
and Pstpip2">**4
purified from the site of inflammation. This increase appeared

e neutrophils

higher (more than ten-fold) than overall increase in the inflamed
tissues (less than four-fold). These data suggested that
neutrophils are a major source of CXCL2 during CMO
development. Increased activation of transcription factor NF-
kB was demonstrated in Pstpip2"® mice (37). Production of
pro-IL-1PB, which is elevated in these mice, as well as production
of CXCL1, CXCL2 and CCL3 are driven by this transcription
factor (37-45). This suggests that there could be a common

2cmo

pathway, which is dysregulated in Pstpip mice, leading to
enhanced NF-kB activity followed by increased production of
pro-IL-1P and the chemokines. In contrast to Cxcll and Ccl3,
Cxcl2 gene expression is not negatively regulated by a
transcription factor ATF3, which may explain increased
sensitivity of Cxcl2 gene expression to pro-inflammatory
signaling and selective upregulation in Pstpip2"?*** mice (46—
48). CXCL2 production by neutrophils may represent an
additional critical step in disease progression. It is very likely
that activation of the positive feedback loops driven by
neutrophil-produced IL-1f and CXCL2 result in substantial
amplification of neutrophil response via further neutrophil
recruitment and secondary production of additional IL-1j,
CXCL2 and other chemokines, propelling the disease to its
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symptomatic stage. Our results also suggest that chemokine
networks together with IL-17 may represent potential
pharmacological targets/biomarkers in similar diseases in
humans. However, proper analysis of their role would require
further testing using mice double deficient in Pstpip2 and
receptors or other critical components of these pathways.

In summary, together with earlier published results, our data
demonstrate dysregulation of three major pathways, including
production of IL-B, reactive oxygen species, and neutrophil-
attracting chemokines, which jointly contribute to the
development of CMO disease in Pstpip2“"® mouse model.
Recruitment of PEST-PTPs and SHIP1 by PSTPIP2 have
differential regulatory effects on these pathways. PEST-PTPs
have a dominant role in the control of reactive oxygen species
and to some extent also in the control of chemokine production,
while they appear similarly important as SHIP1 in the control of
IL-1P pathway. Direct targets of these phosphatases that regulate
these pathways still remain unknown. However, the new mouse
models generated within this work will be instrumental for their
future identification.
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Supplementary Figure 1. (A-D). Alignments of WT and mutant nucleotide and amino acid
sequences. The sequences were determined by Sanger sequencing of PCR products generated by
amplification of the targeted regions from the genomic DNA. (A) Pstpip2"?3?4; mutated nucleotides
and corresponding amino acid are labelled in red, sequence of Nsil restriction cleavage site
introduced for genotyping purposes is underlined. (B) Pstpip2¥?*"; inserted nucleotide is labelled in
red, the resulting stop codon is at the amino acid level represented by red asterisk. (C) Pstpip2¥2F,
Pstpip24<tem™: mutated nucleotides and corresponding amino acid are labelled in red, sequence of
BspEI restriction cleavage site introduced for genotyping purposes is underlined. Deletion is depicted
as dashed red line, the resulting stop codon is labelled in red and at the amino acid level represented
by red asterisk. (D) Pstpip2”; deletion is depicted as dashed red line, affected exon is boxed. (E)
PSTPIP2 protein expression in neutrophils from Pstpip27?*” mouse strain detected by
immunoblotting. As a loading control B-ACTIN was stained on the same membrane. (F) Pstpip2

mRNA level in WT, Pstpip2°™, and Pstpip2” neutrophils was determined by quantitative real-time
PCR.
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A number of human autoinflammatory diseases manifest with
severe inflammatory bone destruction. Mouse models of these
diseases represent valuable tools that help us to understand mo-
lecular mechanisms triggering this bone autoinflammation. The
Pstpip2°® mouse strain is among the best characterized of these;
it harbors a mutation resulting in the loss of adaptor protein
PSTPIP2 and development of autoinflammatory osteomyelitis. In
Pstpip2°® mice, overproduction of interleukin-1p (IL-1B) and
reactive oxygen species by neutrophil granulocytes leads to
spontaneous inflammation of the bones and surrounding soft
tissues. However, the upstream signaling events leading to this
overproduction are poorly characterized. Here, we show that
Pstpip2°° mice deficient in major regulator of Src-family kinases
(SFKs) receptor-type protein tyrosine phosphatase CD45 display
delayed onset and lower severity of the disease, while the devel-
opment of autoinflammation is not affected by deficiencies in
Toll-like receptor signaling. Our data also show deregulation of
pro-IL-1f production by Pstpip2“" neutrophils that are attenu-
ated by CD45 deficiency. These data suggest a role for SFKs in
autoinflammation. Together with previously published work on
the involvement of protein tyrosine kinase spleen tyrosine kinase,
they point to the role of receptors containing immunoreceptor
tyrosine-based activation motifs, which after phosphorylation by
SFKs recruit spleen tyrosine kinase for further signal propagation.
We propose that this class of receptors triggers the events
resulting in increased pro-IL-1p synthesis and disease initiation
and/or progression.

Cytokine-driven inflammation is a critical component of the
immune system’s defense mechanisms. However, its dysregu-
lation can cause a severe harm to the host. To date, a number of
mutations compromising the regulation of proinflammatory
cytokine production have been identified. In extreme cases,
deregulated cytokine secretion caused by these mutations can
result in spontaneous inflammation and severe disease. One of
the frequently affected cytokines capable of driving pathological
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inflammation is interleukin-1p (IL-1p). Mutations to the genes
controlling the level of its secretion often lead to auto-
inflammatory disorders characterized by seemingly unprovoked
fever attacks and sterile inflammatory damage to various organs
and tissues (1). While it is clear that deregulated production of
IL-1p is key part of this pathological response, the initiating
events that trigger harmful inflammation remain unknown in
many cases. They may include excessive response to innocuous
endogenous ligands or microbiota or receptor-independent
activity of proinflammatory signaling pathways.

In order to wunderstand the mechanisms of auto-
inflammatory diseases, mouse models proved highly valuable.
One of the best studied is the mouse strain known as
Pstpip2?° (2). This strain harbors a point mutation in Pstpip2
gene resulting in complete absence of corresponding PSTPIP2
protein (3, 4). Its deficiency leads to chronic multifocal oste-
omyelitis (CMO), an autoinflammatory disease characterized
by inflammatory bone damage and soft tissue swelling local-
ized mainly to hind paws and tail area. The disease resembles
several human autoinflammatory disorders, including chronic
recurrent multifocal osteomyelitis and synovitis—acne—pustu-
losis—hyperostosis—osteitis syndrome (2, 5). CMO develop-
ment in Pstpip2””® mouse strain can be prevented by
inactivation of the genes coding for IL-1f or its receptor (6-8),
demonstrating that IL-1p is critical for disease initiation. The
disease can also be prevented by inactivation of Myd88 gene
essential for signal transduction by IL-1 receptor (9). In
addition, increased production of active IL-1f was observed in
affected tissues and in Pstpip2“™° neutrophils (6-8, 10), a cell
type critical for triggering this disease (7, 9). These results
clearly demonstrated that IL-1f is a crucial element of the
mechanism driving spontaneous inflammation and bone
damage in Pstpip2”® mouse strain. However, similar to a
number of other autoinflammatory diseases, the initial trig-
gering event remains unclear. Gut microbiota may play a role,
since it has been shown that their altered composition is
important for the disease development in Pstpip2“™° mice (7).
In addition, excessive reactive oxygen species (ROS) produc-
tion by Pstpip2°™° neutrophils has been observed in vivo in
tissues typically affected by the disease weeks before the first

J. Biol. Chem. (2021) 297(4) 101131 1

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).



CD45 in autoinflammatory osteomyelitis

visible symptoms, suggesting that Pstpip2“”"° neutrophils are
responding to a so far unknown stimulus in the affected tissues
early on during the disease development (9).

Since PSTPIP2 is an adaptor protein, its function is likely
dependent on its interaction partners. These include all members
of the PEST family of protein tyrosine phosphatases, phosphoi-
nositide phosphatase SHIP1, and inhibitory kinase Csk, key
negative regulator of Src-family kinases (SFKs) (10, 11). To what
extent each partner contributes to IL-1pB regulation and CMO
development has not been studied so far. However, these in-
teractions suggest that PSTPIP2 regulates signaling pathways
dependent on protein tyrosine (and phosphoinositide) phos-
phorylation. Csk and PEST-family PTPs were shown to bind each
other and cooperate in the negative regulation of SFK (12-15).
SFKs are critical for initiation of signaling by a number of key
leukocyte receptors, including those expressed by neutrophils
(16). Moreover, there is a growing evidence about regulation of a
major activator of IL-1p processing, NLRP3 inflammasome, by
SFKs and downstream protein tyrosine kinases (17-23).

Crossbreeding of Pstpip2””® mice with strains lacking
components of IL-1B pathway proved a useful strategy in
determining the roles of these molecules in disease develop-
ment (6-8, 24, 25). However, it is not possible to use this
strategy for SFK. Neutrophils express almost all Src family
members, which are to a significant extent redundant with
each other (26). It is not technically feasible to genetically
inactivate all these kinases simultaneously. Therefore, to
analyze the role of SFKs in CMO disease outcome, we decided
to crossbreed Pstpip2”"° mice with mice lacking receptor-like
protein tyrosine phosphatase CD45 encoded by Ptprc gene.
CD45 is an abundantly expressed surface glycoprotein in the
cells of hematopoietic origin. One of the major roles of CD45
phosphatase is in allowing the activation of SFK by dephos-
phorylation of their C-terminal inhibitory tyrosine (27). It
counterbalances the effect of Csk kinase, which is the main
negative regulator of SFKs and binding partner of PSTPIP2
(10, 28). By inactivating Ptprc gene in Pstpip2“™® mice, we
aimed at reducing SFK activity in leukocytes of these mice by
increasing the phosphorylation of their inhibitory tyrosines to
obtain evidence supporting the involvement of SFK-dependent
signaling in CMO development. We show that while de-
ficiencies in components of Toll-like receptor signaling path-
ways do not affect CMO development, deficiency in CD45
phosphatase lowers IL-1p levels in Pstpip2“"® mice leading to
mitigation of osteomyelitis and tissue inflaimmation. These
data suggest an important role of CD45 phosphatase in the
regulation of the signaling pathways leading to enhanced IL-1f3
production and imply SFK-dependent receptors in the devel-
opment of autoinflammatory osteomyelitis. At the same time,
they bring evidence against the major role of TLRs.

Results

MYDB88- and TRIF-mediated signaling are dispensable for
CMO development while CD45 plays an important role

First, we compared the effects of MyD88-/TRIF-dependent
Toll-like receptor signaling and signaling dependent mainly
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on protein tyrosine phosphorylation in the development of
autoinflammatory osteomyelitis. To do this, we crossbred
Pstpip2°™® mouse strain with strains deficient in key com-
ponents of these pathways, including adaptor proteins
MyD88 (29) and TRIF (30) and receptor protein tyrosine
phosphatase CD45 (encoded by Ptprc gene) (31). As a result,
we obtained three double-mutant strains Pstpip2“°/
Myd88™"~, Pstpip2°™/Trif P**'P2, and Pstpip2°™/Ptprc™"".
We have shown previously that Pstpip2”°/Myd88~'~ mice
do not develop any symptoms of the disease, demonstrating
the key role of this adapter in CMO development (9). It can
be likely explained by its involvement in IL-1 receptor
signaling, which is required for the disease development in
Pstpip2°™° mice. Importantly, expression of IL-1 receptor on
nonhematopoietic (radioresistant) cells is required while its
expression on radiosensitive hematopoietic cells does not
appear to play a role in CMO (24). This allowed us to analyze
the contribution of leukocyte-expressed TLR/MyD88 to the
disease development using bone marrow chimeras. We per-
formed bone marrow transplantation from young asymp-
tomatic Pstpip2™® or Pstpip2”"°/Myd88~~ donors into
lethally irradiated WT recipients. Unexpectedly, we observed
complete disease development without any delay in disease
progression, regardless of the donor cell origin (Fig. 1A).
Since TRIF is not critical for IL-1 receptor signaling, we
could analyze the role of TRIF directly in Pstpip2“™°/
Trif 7*?'72 mice without the transplantation. Pstpip2“™’/
Trif7**"7*2 mice developed the CMO disease with identical
kinetics as Pstpip2“”"° mice (Fig. 1B). These data suggest that
priming of leukocytes through TLR/MyD88 or TLR/TRIF
signaling does not play any major role in CMO development
since Pstpip2?° hematopoietic cells without functional
MyD88 or TRIF adaptors were fully capable of driving the
autoinflammation. This result also confirmed the earlier
finding that IL-1 receptor on hematopoietic cells is
dispensable for CMO development (24). In contrast, moni-
toring of Pstpip2°™°/Ptprc™’~ mice revealed that the disease
development in these mice was significantly delayed with
part of the mice remaining healthy throughout the experi-
ment (Fig. 1C). These results suggested that protein tyrosine
phosphorylation regulated by CD45 contributes to CMO
development.

Symptoms of autoinflammation in Pstpip2™° mice are milder
in the absence of CD45

To better understand the effects of CD45, we performed
more careful analysis of Pstpip2“™°/Ptprc™’~ mice. Symptom
evaluation revealed that the severity of the disease was sub-
stantially milder than in Pstpip2“™® strain (Fig. 24). Micro-
computerized tomography (pCT) scans of hind paws
demonstrated that bone damage was significantly
lower than in Pstpip2“"° mice, though still present (Fig. 2, B
and C). Soft tissue swelling was also detected by puCT in
some animals, although for the entire group as the whole
it did not reach the level of statistical significance
because of the presence of a number of animals where
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Figure 1. CD45 deficiency but not deficiencies in Toll-like receptor signaling adaptors attenuate autoinflammatory osteomyelitis progression in
Pstpip2°™ mice. A, WT mice were lethally irradiated and transplanted with bone marrow from Pstpip2°™ or Pstpip2°™°/Myd88~~ mice. Appearance of diseases
symptoms was followed for 120 days (n = 29). B and C, time of disease symptom appearance in Pstpip2°™°, Pstpip2°™°/Trif PP and Pstpip2°™°/Ptprc™’~
mice (n > 18).In (B) Pstpip2°™ and Pstpip2™°/Trif *****2 mice are compared, whereas in (C), the same Pstpip2°™ mice are compared with Pstpip2°™°/Ptprc ™"

the swelling was only mild or not observed at all (Fig. 2D).  Phosphorylation of SFK inhibitory tyrosine is increased in the
These data demonstrate that CMO disease is clearly absence of CD45, while the loss of PSTPIP2 does not have any
present in CD45-deficient Pstpip2“° mice. However, its effect
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Figure 2. Milder disease symptoms in CD45-deficient Pstpip2“"° mice. A, disease severity scored by visual inspection of the hind paw photographs
collected over the course of this study (scale from 0 to 8). Each point is a mean value representing the mice of the same age and genotype. Lines were
generated using linear regression. B, representative X-ray pCT scans of hind paw bones from 20-week-old mice. The scale bar represents 1 mm. C,
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via binding to Csk, a kinase phosphorylating this tyrosine, is
expected to inhibit SFK activity (10, 32, 33). To assess the
effects of the loss of CD45 and PSTPIP2 on SFK phosphory-
lation at their inhibitory tyrosines, we prepared lysates from
bone marrow cells and purified neutrophils of mice carrying
these mutations and probed for phosphorylation of these sites.
We focused on the three most important myeloid cell SFKs
LYN, HCK, and FGR. As expected, in both, bone marrow cells
and purified neutrophils, CD45 deficiency resulted in a sub-
stantial increase in phosphorylation detected by antibody to
inhibitory tyrosine of SFK LYN (Fig. 3, A and B). For HCK
inhibitory tyrosine, we only obtained reliable signal from pu-
rified neutrophils. There, the pattern of phosphorylation was
similar to Lyn (Fig. 3C). To further verify these results, we
immunoprecipitated LYN from bone marrow cell lysates fol-
lowed by staining with antibody to LYN inhibitory tyrosine.
Similar to the whole cell lysates, LYN was hyper-
phosphorylated on inhibitory tyrosine in both samples lacking
CD45 (Fig. 3D). Unfortunately, three different antibodies to
HCK we tested did not immunoprecipitate murine HCK, and
so for HCK, we could not perform this experiment. To our
knowledge, there are no reliable phosphospecific antibodies to
Fgr inhibitory tyrosine. However, we found that after immu-
noprecipitation with FGR-specific antibody, it is recognized by
antibody to inhibitory tyrosine of SFK LCK, C terminus of
which shows sequence homology to FGR. Surprisingly, CD45
deficiency did not have any effect on FGR phosphorylation
detected by this antibody (Fig. 3E). The absence of CD45 only
mildly affected phosphorylation of the SFK activating tyrosine
(Fig. 3, D-@). Interestingly, the presence or the absence of
PSTPIP2 did not alter phosphorylation of any of these SFK
(Fig. 3, A-G).

CD45 deficiency does not affect generation of ROS

So far, two important processes dysregulated in Pstpip2“"°
mice have been shown to contribute to CMO disease severity.
These are generation of ROS by phagocyte NADPH oxidase and
production of IL-1p mediated by NLRP3 inflammasome,
caspase-8, and neutrophil proteases (6-9, 24, 25). Our mea-
surements of ROS production in bone marrow cells after silica or
fMLP exposure confirmed previous observations of substantially
increased superoxide levels generated by Pstpip2?™ cells.
Surprisingly, superoxide production by Pstpip2”™°/Ptprc™ cells
was increased to a similar extent, and no significant difference
between Pstpip2™™ and Pstpip2™/Ptprc™’~ was detected (Fig. 4,
A and B).

Reduced IL-1B production in CD45-deficient mice

In contrast to the ROS production, exacerbated production of
processed IL-13 p17 observed after activation of inflammasome
by silica particles in Pstpip2“° bone marrow cells was signifi-
cantly reduced in Pstpip2“™°/Ptprc™’~ cells (Fig. 5, A and B). In
addition, we also observed substantially reduced IL-1p levels
in vivo in the footpads of Pstpip2”"°/Ptprc”’~ mice when
compared with Pstpip2® (Fig. 5C). Neutrophils are the most
critical cell type indispensable for disease development in
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Pstpip2°™ mice (7, 9). However, we did not observe any p17 in
neutrophil lysates after induction of pro-IL-1p production by
lipopolysaccharide (LPS) followed by inflammasome activation
by silica (Fig. 5D). Nor could we detect any inflammasome-
generated caspase-1 p20 or any significant differences in gas-
dermin D cleavage between Pstpip2°”° and Pstpip2“™/Ptprc™~
cells that could help explain differences in disease severity
between these two strains (Fig. S1). On the other hand, we could
observe IL-1f p21 thought to be generated via cleavage of pro-
IL-1PB by neutrophil proteases (34) with the highest levels in
Pstpip2?° neutrophils that were significantly reduced in
Pstpip2"°/Ptprc™" cells (Fig. 5, D and E).

Published observations demonstrating the roles of multiple
caspases and neutrophil proteases in CMO disease develop-
ment (7, 24) suggested that there might be a step upstream of
all these factors that is dysregulated in Pstpip2“”® mice. This
notion prompted us to investigate the production of IL-1f
precursor—pro-IL-1p. Our previous observations suggested
that LPS-induced pro-IL-1B production is not altered in
Pstpip2°™ bone marrow cells and neutrophils (10). However,
relatively high LPS doses were used in those experiments.
When we used lower dose of 10 ng/ml LPS, we detected a
significantly higher pro-IL-1p production in Pstpip2"® bone
marrow cells when compared with WT cells (Fig. 64). In
addition, we also detected deregulated LPS-induced produc-
tion of pro-IL-1B in purified Pstpip2“”® neutrophils (Fig. 6B).
Importantly, CD45 deficiency significantly attenuated this
production. Given the dependence of LPS-triggered signaling
on MYDS88, our data in Figure 1A make LPS an unlikely
candidate for CMO triggering factor in Pstpip2“"® mice
in vivo. On the other hand, published data on the critical
importance of spleen tyrosine kinase (SYK) (35), as well as the
data presented in this article, suggest an involvement of an
immunoreceptor tyrosine-based activation motif (ITAM)-
containing receptor. As a model of these receptors we selected
Fc receptors, where the signaling is dependent on the ITAM
motif in the receptor gamma chain. First, we tested if Fc re-
ceptor crosslinking results in any production of pro-IL-1f in
bone marrow cells. This experiment demonstrated that Fc
receptor activation is capable of triggering pro-IL-1f synthesis
in these cells. Importantly, its production was significantly
higher in bone marrow cells from Pstpip2“”® mice (Fig. 6C).
Next, we performed a similar experiment on purified neutro-
phils from mice of all four genotypes. This experiment again
showed enhanced production of pro-IL-1B by Pstpip2™°
neutrophils, which was significantly attenuated in CD45-
deficient Pstpip2"°/Ptprc™’~ cells (Fig. 6D). This experiment
suggested an involvement of ITAM-containing receptors in
disease initiation in Pstpip2“”° mice and a role of pro-IL-1p
generation in this process.

Discussion

In mice, PSTPIP2 deficiency results in CMO, an auto-
inflammatory disease driven by deregulated IL-1 and ROS
production by neutrophils (6-9, 24, 25). The signaling event
that triggers the disease onset in vivo is currently unknown.
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Because of the strong effect of microbiota on the disease
course (7), we have suspected that one or more TLRs might be
involved in its initiation. However, our analysis of Pstpip2“"*°
mice with deficiencies in essential TLR signaling adaptors
MYD88 in hematopoietic cells or TRIF in the whole body
demonstrated that the disease development is triggered with
unchanged kinetics even when they are inactivated. It should
be noted that there may be a certain level of redundancy be-
tween MYD88 and TRIF, and so their role still cannot be
completely excluded. On the other hand, the loss of CD45,
which results in downregulation of the activity of SFK-
dependent pathways, resulted in delayed kinetics and allevia-
tion of the disease symptoms. Apart from SFK, CD45 has been
reported to dephosphorylate other substrates, including TCRG,
SKAP55, DAP12, JAK kinases, and PAG/Cbp (36-39). How-
ever, to our knowledge, SFKs are the only enzymes where
CD45 has positive regulatory function (either direct or via
some of the aforementioned substrates). Reduced disease
severity observed in Pstpip2“™°/Ptprc”’~ mice is consistent
with the loss of activating effect of CD45, rather than lack of
inhibitory function associated with substrates other than SFK.
These observations strongly support the hypothesis that
symptom alleviation is caused by reduced activity of SFK.
Importantly, Dasari et al. (35) recently demonstrated that
another protein tyrosine kinase, SYK, is also essential for
triggering the disease in Pstpip2“"*° mice. Both SFK and SYK
are key components of ITAM signaling pathways (40). Hence,
these results suggest that the exaggerated signaling leading to
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CMO disease may be initiated by an ITAM-containing re-
ceptor. There are number of these receptors in neutrophils,
including Fc  receptors, dectins, integrins, paired
immunoglobulin-like receptors/leukocyte immunoglobin-like
receptors, TARM1, TREM-1/2, and other FcRy chain or
DAP12-associated receptors, number of which have endoge-
nous ligands (16, 41-44). We have shown previously that Fc
receptor signaling is deregulated in Pstpip2“”"° mice. However,
it is possible that other ITAM-dependent receptors could be
similarly affected by PSTPIP2 deficiency, since they share the
same basic signaling mechanisms.

Interestingly, we have not observed any changes in SFK
phosphorylation in Pstpip2?™® mice. These results favor the
interpretation that the dysregulation of signaling caused by the
absence of PSTPIP2 is not at the level of SFK activity or ITAM
phosphorylation by SFK but rather further downstream in this
pathway. In such case, ITAM-containing receptors themselves
still could be essential for disease development, yet not directly
deregulated in the absence of PSTPIP2. This interpretation
would also be consistent with a rather generalized hypersen-
sitivity of Pstpip2™® neutrophils to a broad range of different
stimuli observed previously (9, 10). However, precisely which
part of the ITAM-dependent signaling cascade is affected by
PSTPIP2 deficiency remains still unclear.

We have observed increased production of active IL-1 p17,
typically generated by inflammasome, in nonseparated
Pstpip2°™ bone marrow cells. On the other hand, in purified
neutrophils, we were unable to detect this protein.
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Figure 5. CD45 deficiency results in a significant reduction of active IL-18 production in Pstpip2“™®

mice. A and B, IL-1 processing to active IL-13 p17

was analyzed by immunoblotting of bone marrow cells activated by LPS and silica. Representative Western blot (A) and quantification of multiple ex-
periments (normalized to ERK and reference sample loaded on each gel) (B) are shown. G, IL-1B in the footpad homogenates from 20-week-old mice of
indicated genotypes was quantified by ELISA. D and E, IL-1(3 processing in purified neutrophils activated by LPS and silica was analyzed by immunoblotting
of the whole cell lysates. Representative Western blot (D) and quantification of p21 signal from multiple experiments normalized to GAPDH signal (E) are
shown. Vertical line in (A) separates samples that were at different positions on the same immunoblot membrane. A.U., arbitrary units.

Nevertheless, neutrophils were shown to be absolutely
required for CMO disease development in Pstpip2“”° mice
(7, 9). It is possible that deregulated activity of Pstpip2°™°
neutrophils promotes production of active IL-1f by monocytes
present in the same bone marrow cell samples or that neu-
trophil’s own production is below Western blot detection limit
but still present and compensated for by large neutrophil
numbers in vivo. There are multiple pathways of pro-IL-1p
processing and production of active protein involved in CMO
development in mice, including NLRP3 inflammasome/
caspase-1, additional mechanism involving caspase-8, and
neutrophil proteases (multiple have been tested in Pstpip2°"°
mice, including elastase, proteinase 3, cathepsins B, C, G)
(7, 24). Genes for all these proteins have been individually
inactivated in Pstpip2“™° mice without any effect on disease
development (with the exception of limited but significant
disease alleviation in case of cathepsin C, which is known to be
an essential upstream activator of the other neutrophil pro-
teases) (7, 8, 24, 45). Importantly, combined deficiency of the
individual inflammasome components and caspase-8 almost
completely prevented disease development (7, 24). These data
suggested that any of the two pathways, (i.e., NLRP3 inflam-
masome or caspase-8) can drive the disease on its own with
some contribution from neutrophil proteases, whereas none of
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these pathways alone is critical because of their mutual
redundancy. There may be more efficient activators of these
pathways in neutrophils than silica. Silica has been frequently
used as a model inflammasome activator in studies of
Pstpip2°™ mice (7-10), but it is unlikely to be responsible for
the CMO disease initiation in vivo. There are many other
inflammasome activators of both endogenous and exogenous
origin (46), some of which may be more potent activators in
neutrophils and also more important in vivo. Inflammasome
activation triggered by these activators does not have to be
dysregulated in Pstpip2”® neutrophils for the disease to
develop. The dysregulation at the level of synthesis of pro-IL-
1B, a precursor of active IL-1B, would likely be sufficient to
drive the disease development in Pstpip2“”° mice. Dysregula-
tion at this upstream step could explain the redundancy of
multiple downstream pathways of pro-IL-1( processing into
active protein.

Increased pro-IL-1B production by Pstpip2°”*® neutrophils
can be triggered not only by LPS exposure but also by Fc re-
ceptor stimulation. Consistent with ITAM/SFK role in the
disease development discussed previously, it is likely that Fc or
other ITAM-dependent receptor is involved in disease initia-
tion in vivo. Fc receptor signaling pathway is well defined, and
CD45 and SFK are both important players in Fc receptor
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Figure 6. Enhanced production of pro-IL-1f in Pstpip2°™® mice and its attenuation by CD45 deficiency. A, lysates of bone marrow cells from WT and

zcmo

Pstpip.

mice activated with a low dose of LPS (10 ng/ml) were subjected to immunoblotting with antibody to pro-IL-18. B, similar experiment as in (A) on
lysates of purified neutrophils from mice of indicated genotypes. C, lysates of Fc receptor-activated bone marrow cells from WT and Pstpip

2 mice were

subjected to immunoblotting with antibody to pro-IL-1p. D, similar experiment as in (C) on lysates of purified neutrophils from mice of indicated genotypes.
For each experiment, representative immunoblot and quantification of multiple experiments after normalization to GAPDH signal are shown. Vertical line in
(A) and (C) separates samples that were at different positions on the same immunoblot membrane. A.U., arbitrary units.

signaling in myeloid cells (28, 40, 47). Thus, our current
knowledge leads to a conclusion that the reduced SFK activity
in CD45-deficient Pstpip2°™® cells results in attenuated Fc
receptor signaling and diminished Fc receptor-dependent pro-
IL-1p production. Given the universality of the basic principles
of ITAM-mediated signaling, similar mechanism, potentially
involving other ITAM-bearing receptors, is also likely at play
in vivo.

In summary, based on our findings and previously published
data, we propose a hypothesis where PSTPIP2 negatively
regulates a step common to multiple signaling pathways in
neutrophils, among which ITAM-dependent signaling plays a
key role. A so far unknown endogenous ligand/ligands or,
perhaps, even tonic signals in the absence of any ligand trigger
ITAM-dependent signaling, which after reaching the step
regulated by PSTPIP2, becomes exacerbated and drives
increased pro-IL-1f production making more of this precursor
available for inflammasome, caspase-8, and neutrophil prote-
ase cleavage. Increased IL-1( generation then leads to disease
development. In the absence of CD45, SFKs become hyper-
phosphorylated on their inhibitory tyrosines, which results in
their reduced activity, reduced ITAM signaling, and pro-IL-1§3
production, ultimately resulting in disease alleviation. The
identity of the pathway step directly regulated by PSTPIP2 still
remains unclear. Available data nevertheless suggest that in-
hibition of ITAM-mediated signaling by pharmacological
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inhibitors should be considered as therapeutic approach in
similar diseases in humans.

Experimental procedures
Antibodies

Rabbit polyclonal antibodies to phospho-LYN Y507 (#2731),
phospho-LCK Y505 (#2751), and phospho-Src Family Y416
(#2101), and rabbit monoclonal antibodies to IL-1f (clone
D3H1Z; #12507) and gasdermin D (clone E9S1X; #39754)
were from Cell Signaling Technology; rabbit polyclonal anti-
body to phospho-HCK Y521 (PA5-37592) was from Invi-
trogen, Thermo Fisher Scientific; rabbit polyclonal antibody to
GAPDH (G9545) and mouse monoclonal antibody to B-actin
(clone AC-74) were from Sigma-—Aldrich; rabbit polyclonal
antibody to ERK (C-14, sc-154), and mouse monoclonal an-
tibodies to HCK (clone 3D12E10) and FGR (D-6) were from
Santa Cruz Biotechnology; mouse monoclonal antibody to
caspase-1 (p20, Casper-1) was from AdipoGen Life Sciences.
Mouse monoclonal antibody to LYN was a kind gift of Petr
Draber, Institute of Molecular Genetics of the Czech Academy
of Sciences.

Mice

Pstpip mice on C57Bl/6] genetic background carrying
the ¢.293T—C mutation in the Pstpip2 gene, which results in a
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loss of PSTPIP2 protein, were described earlier (9). They were
generated from C.Cg-Pstpip2™°/] mouse strain on Balb/C
genetic background (2, 3) obtained from The Jackson Labo-
ratory, by backcrossing for more than ten generations to
C57Bl/6]. All Pstpip2®™ mice and their derivatives used in this
study were on C57Bl/6] background. Ptprc”~ mouse strain
backcrossed to C57Bl/6] (B6;129—Ptprc™ ™ /H), lacking the
expression of CD45 because of exon 9 deletion (31) was ob-
tained from European Mouse Mutant Archive (48).
Pstpip2™°/MyD88 "~ mouse strain was described earlier (9)
and was generated with the wuse of B6.129P2(SJL)-
Mde&'”"“Deﬁ /] mouse strain (29) obtained from The Jackson
Laboratory. TRIF-deficient mouse strain Trif 7***7*? (30) was a
kind gift from B. Beutler. C57Bl/6] inbred strain was obtained
from the animal facility of Institute of Molecular Genetics,
Academy of Sciences of the Czech Republic. Experiments in
this work that were conducted on animals were approved by
the Expert Committee on the Welfare of Experimental Ani-
mals of the Institute of Molecular Genetics and by the Acad-
emy of Sciences of the Czech Republic and were in agreement
with local legal requirements and ethical guidelines.

Cell activation, ROS, and IL-1B detection

Bone marrow cells were isolated from mice (sacrificed by
cervical dislocation) by flushing femurs and tibias, cut at the
extremities, with PBS containing 2% fetal bovine serum (FBS).
Erythrocytes were removed by lysis in ACK buffer (150 mM
NH,Cl, 01 mM EDTA [disodium salt], 1 mM KHCO,).
Neutrophils were isolated from bone marrow cells using
Neutrophil Isolation Kit (Miltenyi Biotec; #130-097-658) ac-
cording to the manufacturer’s instructions followed by sepa-
ration on Miltenyi AutoMACS magnetic cell sorter (negative
selection). Purity of isolated neutrophils was verified by flow
cytometry using CD11b, Ly6C, and Ly6G markers. For mea-
surement of ROS (superoxide) production by luminol-based
assay (49, 50), bone marrow cells were plated in a black 96-
well plate (SPL Life Sciences) at 10° cells per well in IMDM
supplemented with 0.2% FBS and rested for 30 min at 37 °C
and 5% CO,. Then 100 uM luminol and 50 pg/cm? silica or
100 pM luminol and 1 pg/ml fMLP (all from Sigma—Aldrich)
were added, and the luminescence was immediately measured
on EnVison plate reader (PerkinElmer) every minute for
70 min. For detection of IL-1f p17 and p21 by immunoblot-
ting, cells were plated in 96-well tissue culture plate at 2 x 10°
per well in IMDM containing 0.1% FBS and 100 ng/ml LPS.
After 3 h at 37 °C and 5% CO, silica at 50 pg/cm” was added
for additional 30 min. Then the cells were lysed by adding
equal volume of 2x concentrated SDS-PAGE sample buffer
followed by 15-s sonication and subjected to immunoblotting
with IL-1B antibodies. For detection of pro-IL-1B, 2 x 10° cells
in 700 pl IMDM containing 0.1% FBS and 10 ng/ml LPS were
placed in low protein-binding microcentrifuge tubes (Thermo
Fisher Scientific) and incubated 3 h at 37 °C and 5% COs,.
Next, the cells were centrifuged, resuspended in 100 pl IMDM
containing 0.1% FBS, and lysed by adding equal volume of 2x
concentrated SDS-PAGE sample buffer followed by 15-s

SASBMB

CD45 in autoinflammatory osteomyelitis

sonication and immunoblotting with IL-1p antibodies. For Fc
receptor activation, the cells were incubated with 50x diluted
culture supernatant from 2.4G2 rat hybridoma (51) (American
Type Culture Collection) producing antimouse Fc receptor
(CD16/CD32) antibodies (30 min on ice, low protein-
binding microcentrifuge tubes). Then, the cells were centri-
fuged, resuspended in 700 pl IMDM containing 0.1% FBS and
5 pg/ml F(ab'), Mouse Anti-Rat antibody (Jackson Immu-
noResearch), and incubated for 3 h at 37 °C and 5% CO,. The
lysis and immunoblotting procedures were the same as for the
aforementioned LPS activation. For measurement of IL-1p
concentrations in vivo, footpads from mice sacrificed by cer-
vical dislocation were homogenized using Avans AHM1 Ho-
mogenizer (30 s, speed 25) in 1 ml radioimmunoprecipitation
lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, and 0.1% SDS) supplemented with
5 mM iodoacetamide (Sigma) and 100x diluted Protease
Inhibitor Cocktail Set III (Calbiochem, Merck). Insoluble
material was removed by centrifugation (20,000g, 5 min, 2 °C).
Protein concentration in the supernatants was determined
using Bradford solution (AppliChem) and adjusted to equal
level. Concentrations of IL-1f were then determined by Ready-
SET-Go! ELISA kit from eBioscience (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions.

Immunoprecipitation of SFKs

About 8 x 107 bone marrow cells were resuspended in 1 ml
lysis buffer (50 mM Tris—HCl, pH 7.5, 150 mM NaCl, 1%
n-dodecyl B-p-maltoside, 100x diluted Protease Inhibitor
Cocktail Set III [Calbiochem, Merck], 1000x diluted Diiso-
propylfluorophosphate [Sigma, Merck] and 50x diluted
PhosStop solution made by dissolving 1 PhosStop pellet
[Roche] in 200 pl water) and incubated for 30 min on ice. Next
the lysates were centrifuged at 25,000¢ for 10 min. About 2 pg
antibody per sample were added followed by 1-h incubation on
ice. Next, 30 pl of protein A/G agarose resin (Santa Cruz
Biotechnology) was added followed by incubation at 4 to 8 °C
with rotation for 90 min (in case of LYN, the antibody was first
incubated with protein A/G agarose and then added to the
lysates). The resin was washed two times (50 mM Tris—HCl,
pH 7.5, 150 mM NaCl, 0.1% n-dodecyl B-p-maltoside, 100x
diluted Protease Inhibitor Cocktail Set III, and 200x diluted
PhosStop), and the proteins were eluted using 2x concentrated
SDS-PAGE sample buffer.

Bone marrow transplantations

In bone marrow transplantation experiments, recipient mice
were lethally irradiated with a single dose of 7 Gy. After 6 h,
mice were injected with 2 x 10° bone marrow cells from
Pstpip2”™ or Pstpip2™°/MyD88~ mice into tail vein. Mice
were monitored for the presence of paw swelling and inflam-
mation twice a week.

X-ray uCT

Hind paws were scanned in vivo in X-ray pCT Skyscan 1176
(Bruker) using the following parameters: voltage: 50 kV,
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current: 250 pA, filter: 0.5 mm aluminium, voxel size: 8.67 pm,
exposure time: 2 s, rotation step: 0.3° for 180° total, object to
source distance: 119.271 mm, camera to source distance:
171.987 mm, and time of scanning: 30 min. Virtual sections
were reconstructed in NRecon software 1.7.1.0 (Bruker) with
the following parameters: smoothing = 3, ring artifact
correction = 4, and beam hardening correction = 36%. In-
tensities of interest for reconstruction were in the range from
0.0045 to 0.0900 attenuation units. Same orientation of virtual
sections was achieved with the use of the DataViewer 1.5.4
software (Bruker). uCT data analysis was performed using
CT Analyser 1.18.4.0 (Bruker). Scans affected by technical
artifacts caused by spontaneous movements of animals were
excluded from the analysis. Only distal half of the paws (from
the half of the length of the longest metatarsal bone to
fingertips) were analyzed. Bone fragmentation (Fig. 2C) is
represented by the average number of bony objects per section.
Total object (i.e., distal paw) volume, total bone volume, and
total bone surface were computed to compute bone surface/
bone volume ratio (Fig. 2C) as the second parameter corre-
sponding to bone fragmentation, and volume of the soft tissue
(as total volume minus total bone volume—Fig. 2D).

Statistical analysis

The p values were calculated with GraphPad Prism soft-
ware, version 5.04 (Graphpad Software, Inc), using Gehan—
Breslow—Wilcoxon test for Figure 1; Kruskal-Wallis test
with Dunn’s multiple comparison test for Figures 2, C and D,
4, A and B, and 5C; repeated-measures ANOVA and Bon-
ferroni's multiple comparison post-test for Figures 3, 5E, and
6, B and D; one-way ANOVA and Bonferroni’s multiple
comparison post-test for Figure 5B; paired ¢ test, two-tailed,
for Figure 6, A and C. The asterisks represent p values as
follows: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001,
n.s.—not significant. Error bars in the figures represent
mean + standard deviation.

Data availability

Representative experiments are shown in the figures. For
any additional information, please contact the corresponding
author.
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LST1 is a small adaptor protein expressed in leukocytes of myeloid lineage. Due to the
binding to protein tyrosine phosphatases SHP1 and SHP2 it was thought to have negative
regulatory function in leukocyte signaling. It was also shown to be involved in cytoskeleton
regulation and generation of tunneling nanotubes. LST7 gene is located in MHCIII locus
close to many immunologically relevant genes. In addition, its expression increases under
inflammatory conditions such as viral infection, rheumatoid arthritis and inflammatory
bowel disease and its deficiency was shown to result in slightly increased sensitivity to
influenza infection in mice. However, little else is known about its role in the immune
system homeostasis and immune response. Here we show that similar to humans, LST1
is expressed in mice in the cells of the myeloid lineage. In vivo, its deficiency results in
alterations in multiple leukocyte subset abundance in steady state and under inflammatory
conditions. Moreover, LST1-deficient mice show significant level of resistance to dextran
sodium sulphate (DSS) induced acute colitis, a model of inflammatory bowel disease.
These data demonstrate that LST1 regulates leukocyte abundance in lymphoid organs
and inflammatory response in the gut.

Keywords: LST1, inflammation, colitis, inflammatory bowel disease, myeloid cells

INTRODUCTION

Leukocyte-specific transcript 1 protein (LST1) is a small, 97 amino acid long, transmembrane
adaptor protein. It is composed of a very short extracellular segment with a dimerization cysteine, a
single transmembrane domain, immediately followed by a palmitoylation site, and a larger
cytoplasmic tail with two immunoreceptor tyrosine-based inhibitory motifs (ITIM). Despite of
its small size, at least 16 LSTI splice variants of various length (transmembrane and soluble
isoforms) were described in human mRNA. However, only one of these variants LST1/A has been
detected at the protein level (1-4). The role of this extensive splicing is not known. It has been
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speculated that it might function as a transcription and
translation regulation tool (5). Interestingly, only two RNA
splice forms have been detected in mouse (2). In this report,
we will refer to the protein expressed from human and murine
LST1I genes only as LST1.

Our previous analysis of LST1 expression pattern by in-house
generated monoclonal antibody LST1/02 recognizing human but
not murine LST1 revealed its expression exclusively in leukocytes
of the myeloid lineage (macrophages, dendritic cells, monocytes,
granulocytes) and in related cell lines (U-937, THP-1) (1).
However, there is a discrepancy between these results and results
obtained with another monoclonal antibody 7E2, which showed
expression of LST1 also in lymphoid (Jurkat, B cells) and non-
hematopoietic cells (HeLa, Capan-1, HepG2) (3). LST1 expression
appears to be regulated during inflammation. Increased expression
of LST1 mRNA isoforms was detected in cell lines after treatment
with pro-inflammatory compounds (LPS, TNFa). Its expression
was also elevated in histological colon samples from patients with
inflammatory bowel disease (IBD) (6) and in the synovial fluid of
patients with rheumatoid arthritis (7).

LST1 is coded by LST1I gene (also known as B144) localized in
MHCIII locus. This genomic site harbors many immunologically
important genes, such as genes coding for Lymphotoxin-f,
Tumor Necrosis Factor o, several complement proteins and
others. High LST1 expression in leukocytes together with
localization of its gene in one of the immunologically most
important loci, raises a question about the function of LST1 in
the immune system (8, 9). Previous work from our laboratory
demonstrated that ITIM motifs in LST1 bind phosphatases SHP1
and SHP2 and suggested that it is a negative regulator of
signaling in myeloid cells, although the processes that LST1
regulates in vivo were not defined (1).

In HeLa cells, overexpression of LST1 induced formation of
tunneling nanotubes via interaction with RalA-M-Sec—exocyst
complex, and transfer of MHC class I molecules through these
nanotubes between the cells (10-12). In a genomic study, LstI
was identified as a gene connected to host response to influenza
virus (13). This was further corroborated by a subsequent study
showing that LST1-deficient mice display higher susceptibility to
influenza infection when compared to the wild type mice (14).
Increased expression of LSTI in tissues affected by IBD or
rheumatoid arthritis suggests that it may also be involved in
other inflammatory conditions. In this work we describe basic
features of LST1 deficient mice and analyze the role of LST1 in the
dextran sodium sulphate (DSS)-induced colitis, a mouse model of
IBD. We show that the LST1 deficiency results in alterations in
innate leukocyte subset composition and in milder progress of
DSS-induced colitis, demonstrating LST1 involvement in the
regulation of leukocyte homeostasis and inflammation.

MATERIALS AND METHODS

Mice

LST1-deficient mouse strain LST1™!KOMPVie o, C57B]/6]
genetic background (abbreviated as Lst1”") was obtained from
International Knockout Mouse Consortium. These animals were

crossed to C57Bl/6] mice from Animal facility of the Institute of
Molecular Genetics to obtain heterozygotes LstI”™ x C57Bl/6].
Their homozygote offspring were used as littermates for
comparative experiments at the age of 6 - 10 weeks. Animal
experiments were approved by the Animal Care and Use
Committee of the Institute of Molecular Genetics and were in
agreement with local legal requirements and ethical guidelines.

Primary Cell Isolation and Activation

Animals were sacrificed by cervical dislocation and single cell
suspensions were prepared. Lymph node and splenic cell
suspensions were prepared by pressing the lymph node or
spleen tissue through 42 um cell strainer. Bone marrow cells
were isolated by flushing femurs cut at the extremities with cold
PBS/2% FCS using syringe and 30 Gauge needle. Erythrocytes
were removed by lysis in ACK buffer (150 mM NH,CI, 0.1 mM
EDTA (disodium salt), 1 mM KHCOj3). Colon lamina propria
cells were isolated from entire colon. The colon was opened
longitudinally, washed with cold PBS and then rocked for 1 hour
in 10 ml solution of 5mM EDTA/2% FCS/HBSS without Ca*
and Mg*" at 4°C followed by washing with 10 ml HBSS/2% FCS.
Colon was then cut to 3 mm pieces and digested with the
solution containing collagenase II (2 mg/ml, Gibco #17101-
015, CAS No. 9001-12-1) and DNase I (0.5mg/ml, Sigma
powder DN25-100MG; CAS No. 9003-98-9) in DMEM/2%
FCS with shaking (37°C, 2 x 30 min). After each digestion
round, tissues were poured onto petri dish and triturated gently
with plastic Pasteur pipette in order to obtain the lamina propria
cells. Cell suspension was filtered through 100 um Sysmex filters,
centrifuged, resuspended in 5 ml of PBS/2% FCS and kept on ice.
After the second round of digestion, cells were pooled together,
centrifuged, resuspended in PBS/2% FCS and filtered again
through 50 um Sysmex filters to obtain single cell suspension
of colon lamina propria cells. For murine colonic epithelial cell
isolation, colon was opened longitudinally and washed vigorously
in PBS on ice. Then it was cut to shorter fragments and incubated
in 20 ml pre-heated HBSS, 3% FBS, 2 mM EDTA twice at 37°C.
The suspension with released cells was then collected and filtered
through 100 pm filter. Filtered cells were resuspended in 1 ml
(1 min, 37°C) TrypLE"™ Express Enzyme (Thermo Fischer
Scientific, 12605010), resuspended by pipetting and filtered
again through 40 pm filter into 15 ml tubes. TrypLE'" enzymes
were neutralized by washing filter with 3 ml of HBSS (without
Ca™ and Mg™"), 3% FBS, 2 mM EDTA (pH 8.0, ice cold). Cells
were centrifuged for 10 min (4°C, 300 x g), stained with CD45 and
EpCAM fluorescent antibodies and sorted on BD FACSAria' " cell
sorter as CD45" EpCAM™". Bone marrow derived dendritic cells
(BMDC) and bone marrow derived macrophages (BMDM) were
generated from isolated mouse bone marrow cells by culturing
in IMDM culture media supplemented with 10% FCS and 3%
supernatant from J558 cells containing GM-CSF for 10 days
(BMDC) or 5% supernatant from CMG 14-12 cells containing
M-CSF for 7 days (BMDM) as described in detail here (15).

Glycosylation Assay
BMDM were plated in a 6-well plate at 2 x 10° cells per well and
treated with Tunicamycin (Sigma) - 0.5 pg/ml and 1 pg/ml for
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24 hours followed by lysis (300 pl 2x concentrated SDS-PAGE
sample buffer). Lysed samples were sonicated, heated to 95°C for
10 minutes and analyzed by immunoblotting under non-
reducing conditions.

Cell Activation

BMDM and BMDC were cultured overnight in DMEM without
M-CSF/GM-CSF in a 12-well tissue culture plate (10° cells per
well) and then incubated for indicated time-points with IFNy
(Peprotech) - 50 ng/ml, TNFa. (Peprotech) - 20 ng/ml, LPS
(Sigma) - 100 ng/ml and Polyl:C (Invivogen, low molecular
weight) - 20 pg/ml, GM-CSF - 3% supernatant from J558 cells.
Subsequently, cells were lysed in 2 x concentrated SDS-PAGE
sample buffer (128 mM Tris pH 6.8, 10% glycerol, 4% SDS, 1%
DTT) and subjected to immunoblotting with indicated antibodies.

Antibodies

Flow cytometry antibodies are listed in Supplementary Table S1.
LST1/06 mouse mAb recognizing murine LST1 on Western blots
and in immunoprecipitation was generated by immunization of
LstI”” mice with recombinant intracellular domain of murine
LST1 (starting at Cys40) produced in Escherichia coli. After
immunization, splenocytes were fused with Sp2/0 myeloma
cells and antibody producing hybridomas were cloned by
limiting dilution. Antibodies used for Western blot detection:
SHP-1 (SH-PTP1 Antibody, C-19, Santa Cruz Biotechnology),
SHP-2 (SH-PTP2 N-16, Santa Cruz Biotechnology), GAPDH
(Anti-GAPDH antibody produced in rabbit, Sigma-Aldrich),
IxBow (Cell Signaling Technology, #9242). Western blot ECL
signals were detected with Azure ¢300 imaging system (Azure
Biosystems) and quantified using AIDA image analyzer software
(Elysia-raytest, Straubenhardt, Germany).

Flow Cytometry

Cells of bone marrow, spleen and lymph nodes were incubated
with fluorescently labeled antibodies and Fc-receptor blocking
antibody (2.4G2) and analyzed on BD'" LSRII flow cytometer
(Becton Dickinson). Staining was divided into two sets - A (CD3,
CD4, CD8, CD19, NK1.1), B (CD11b, CDl1c, F4/80, Ly6C,
Ly6G). Cell populations were gated as: CD4 T cells - CD3"
CD4%;CD8 T cells - CD3" CD8; B cells - CD19" CD37; NK cells
- NK1.1* CD3’; NK1.1*CD3*; Macrophages - CD11b'*" F4/80%;
Monocytes - CD11b* Ly6C™ Ly6G’; Neutrophils - CD11b*
Ly6C™? Ly6G*; Dendritic cells - CD11b* CD11c*. Colon
leukocytes were measured on BD'" FACSymphony flow
cytometer (Becton Dickinson) according to International
Mouse Phenotyping Consortium standards' and gated as
CD45+ cells. Staining was divided into two sets — A (CD49d,
CD4, Klrgl, CD44, CD8a, Y0TCR, NK1.1, GITR, CD25, CD62L),
B (Ly6G, CD19, Ly6C, CD11b, CD21/CD35, F4/80, Bst2, NK1.1,
CD23, CD11¢, MHCII). Populations were gated as: CD4 T cells -
CD5" CD4%; CD8 T cells - CD5" CD8"; B cells - CD19"
MHCII'; NK cells - CD5 CD161%; NKT cells - CD5*
CD161"; Monocytes — CD11b" Ly6C" Ly6G’; Neutrophils -

"https://www.mousephenotype.org/impress/Procedurelnfo?action=list&procID=
1225&pipelD=7

CD11b* Ly6C™? Ly6G*; Macrophages - CD11b* F4/80%;
Dendritic cells - CD11b*" MHCII* CD11c*. Data were
analyzed in FlowJo'" software.

Cytokine Detection by ELISA

Blood from tail vein was collected into EDTA tubes (EDTA
1000A, ref. 078035, KABE LABORTECHNIK, GmbH) and
centrifuged (16 000 x g, 10 min, 4°C). Supernatant (plasma)
was then transfered to fresh tubes and frozen in -80°C. Colons
were homogenized in 400 pl RIPA lysis buffer (20 mM TRIS pH
7.5, 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate,
0.1% SDS) containing 5 mM iodoacetamide (Sigma-Aldrich) and
diluted Protease Inhibitor Cocktail Set III (Calbiochem, Merck)
using AvansAHM1 Homogenizer on ice (10 s, maximum speed).
The homogenates were cleared by centrifugation and frozen in
-80°C. Concentrations of cytokines in blood plasma or colonic
lysates were determined using IL-6 and TNF alpha Mouse Uncoated
ELISA Kit with Plates (88-7324-22, 88-7064-22, Thermo Fischer
Scientific) according to the manufacturer’s protocols.

Bone MicroCT Analysis

Femurs of 28 mice were scanned in-vivo under 20% zoletile
anesthesia in SkyScan 1176 (Bruker, Belgium) at the resolution of
8.67 um with 0.5 mm aluminum filter (voltage = 50 kV, current =
250 pA, step rotation = 0.3°) with 180° rotation, and
reconstructed in NRecon 1.6.10.4 (Bruker, Belgium) with
parameters of smoothing = 4, ring artifact correction = 7,
beam hardening correction = 23%, and spread of intensities
from 0.007 to 0.11 AU. Only reconstructions without artifacts
underwent analysis resulting in 42 femurs analyzed. The femurs
were segmented in CT Analyzer 1.16.4.1 (Bruker, Belgium) and
reoriented in DataViewer 1.5.2 (Bruker, Belgium). CT Analyzer
was also used for semiautomatic selection of regions of interest
(central diaphysis for cortical bone, and distal metaphysis for
trabecular bone) and subsequent 2D and 3D analysis. Parameters
describing bone volume, porosity, and structural complexity
were recorded. Bone mineral density (BMD) and tissue
mineral density (TMD) were recorded for trabeculae and
corticals, respectively, based on the correlation with calibrated
hydroxyapatite phantoms.

Induction of Inflammatory Response

In Vivo

For LPS challenge, mice were intraperitoneally injected with LPS
(50 pg per animal). After 4 and 16 hours blood samples were
collected and then mice were sacrificed by cervical dislocation and
splenocyte subsets analyzed. To induce colitis with dextran
sodium sulphate (DSS), littermates of Lst1”” and WT mice
(males, 8 weeks old) were fed with 2,5% DSS dissolved in
drinking water for 6 days to induce acute colitis. Starting on
day 7, DSS solution was changed for plain water. Parameters
defining disease activity index, i.e. stool consistency, occult
bleeding (Hemoccult Fecal Occult Blood Test, Beckman
Coulter) and body weight on days 0, 2, 4, 5, 6, 8 were measured
during the experiment. Mice in control group were administered
only plain water. On day 8, mice were anesthetized with
isoflurane (0.3L/min) for collection of blood sample from the
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eye vein and sacrificed. Colon length was recorded, organs were
collected (spleen, mesenteric lymph nodes, blood sample and
colon), processed into single cell suspensions and measured with
BD"™ FACSymphony flow cytometer. Disease Activity Index was
evaluated as average of the three measured parameters (weight
loss, stool consistency and occult bleeding index) on a particular
day. Scoring values were normalized to day 0, which has an
arbitrary value 0. Scoring system for body weight: 1, loss of 1% -
5% weight; 2, loss of 5% —10% weight; 3, loss of 10% -20% weight;
4, 20% and higher body weight loss. Stool consistency: 0, well-
formed stool pellets; 1, loose stool pellets; 2, pasty and semi-
formed stools that did not adhere to the anus (mild diarrhea); 3,
slimy stool (moderate diarrhea); 4, severe watery diarrhea that
adhered to the anus and contained with blood. Occult bleeding: 0,
no blood; 2, positive Hemoccult test, and 4, gross rectal bleeding.

Histology

The entire colon was opened longitudinally, flushed with PBS
and fixed in 4% neutral buffered formaldehyde for 48 hours as
swiss roll. Samples were dehydrated, embedded in paraffin and
sectioned at 5 um and stained with hematoxylin-eosin. For
histological evaluation, areas of inflammatory lesions were
microscopically evaluated and quantified as described (16).
Area of damaged colon epithelium was assessed in FIJI editor
after recalculating pixel area to the real area in mm® (4-5 animals

per group).

Migration Assay

Corning 6.5 mm diameter Transwell Permeable Supports with
8.0 um pores were used. Inserts (upper well) with pores were
coated with 100 ul fibronectin (50 pg/ml) for 2 hours at room
temperature and washed two times with migration media
(IMDM without antibiotics, 0.5% BSA). 10> macrophages were
added into the insert with migration media and 600 ul of
migration media with CXCL12 (100 ng/ml) into the bottom
well. After 2 hours at 37°C, 5% CO, migrated cells were collected
(attached cells were released with 0.2% EDTA in PBS). The
collected cells were mixed with 10 ul of Flow Cytometry Absolute
Count Standard™ (Bangs Laboratories) and counted in BD™
FACSymphony flow cytometer (Becton Dickinson).

Quantitative Real-Time PCR

The total cellular RNA was isolated using Quick-RNA Miniprep
Plus kit and transcribed into cDNA by RevertAid RT Reverse
Transcription Kit, both used according to manufacturer’s
instructions. The cDNA was then used as a template for real-
time quantitative PCR performed on LightCycler 480 using
SYBR Green I Master mix (Roche). Primers used in cytokine
mRNA detection are listed in Supplementary Table S2.

Statistics

Student’s t-test (two-tailed, unpaired) and One-way ANOVA
with Tukey posttest for P-values and two-sided Grubb s test for
outlier recognition was performed in Graphpad Prism Software.
Bars in figures represent mean + SD, if not stated otherwise.
P values lower than 0.05 are marked with asterisks as follows:
*p <0.05, * p < 0.01, ** p < 0.005, *** p < 0.0001.

RESULTS

Murine LST1 Is Glycosylated
Transmembrane Adaptor Protein

LST1 is a small transmembrane adaptor protein, which makes
homo-dimers via cysteine bridges (1). Our previously generated
monoclonal antibody LST1/02 to human LST1 (1) did not
recognize murine protein. For detection of murine LST1, we
have generated a novel monoclonal antibody LST1/06, against
recombinant intracellular segment of murine LST1 and verified
its specificity (Figure 1A). It preferentially binds LST1 under
non-reducing conditions, i.e. in its dimeric form, which can be
detected on Western blot as a broad double-band of ca 27-37 and
42-71 kDa, depending on the cell type (Figures 1A, B, 2). Lower
than expected electrophoretic mobility and presence of N-
glycosylation motif (NxS) in the short extracellular sequence
suggested that murine LST1 could be glycosylated. Indeed, after
addition of glycosylation inhibitor tunicamycin to the BMDM,
its apparent molecular mass decreased to ca 29-48 kDa
(Figure 1B).

LST1 Protein Levels Are Increased by Pro-
Inflammatory Stimuli

The LST1 protein expression analysis using LST1/06 antibody,
revealed that LST1 expression in cells that were not activated by
proinflammatory stimuli is relatively low. As a result, multiple
background bands cross-reacting with LST1/06 antibody,
including a band of a similar molecular weight as LST1,
became apparent during prolonged Western blot exposures.
However, the use of the Lst1”" cells as controls allowed us to
distinguish the specific signal. Under these conditions, LST1
could be detected in the cells of myeloid lineage, including
macrophages (MF), neutrophils (Neu), monocytes (Mon), but
not in lymphoid lineage cells (T, B cells and NK cells) (Figure
2A). Since it has been observed previously that LST1 expression
is elevated by inflammatory stimuli in human cell lines and in
inflamed colon tissue (6), we decided to test if LST1 expression is
upregulated under inflammatory conditions in leukocytes of
myeloid lineage. Indeed, we observed elevated expression of
LST1 in vitro in murine BMDM and BMDC after overnight
(16 hours) stimulation with IFNy, LPS, TNFa and Polyl:C
(Figures 2B, C).

LST1 Deficiency Results in Sex-Dependent
Alterations of Trabecular Bone Structure

in Mice

LstI”” mice were born at standard Mendelian ratios without any
manifestation of disease during their aging. The phenotypical
analysis of this mouse strain presented on the website of
International mouse phenotyping consortium® (17), showed
slight increase in the bone mineral density in LstI”" animals,
suggesting potential effect on the function of osteoclasts or
overall bone homeostasis, which are known to be affected by
immune system activity. Though the finding was not considered
significant, low p-value associated with the data prompted us to
re-evaluate these results. Our analysis by microcomputerized
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FIGURE 1 | Murine LST1 is a glycoprotein recognized by a newly developed
antibody LST1/06. (A) Detection of murine LST1 by LST1/06 antibody in the
LST1/06 immunoprecipitates from WT and Lst7”~ BMDM in non-reduced
samples (n=3). (B) Murine BMDM were cultured in the presence of tunicamycin
(0.5 and 1 pg/mi). Cells were lysed and LST1 immunoprecipitated and
analyzed by immunoblotting with LST1/06 antibody under non-reducing
conditions (n=3). Note the electrophoretic mobility shift after tunicamycin
treatment, which is indicative of LST1 glycosylation.

tomography (uCT) did not confirm any differences in the bone
mineral density (not shown). On the other hand, it revealed
reduced numbers of trabeculae in the trabecular bone tissue of
Lst1”" mice (Figures 3A, B). The trabeculae were also less
segmented as demonstrated by the reduced ratio of trabecular
bone surface and bone volume (Figure 3B). Interestingly, these
differences were restricted only to male animals (Figures 3A,B;
Supplementary Figure S1).

LST1 Deficient Mice Show Alterations in
Leukocyte Subset Composition

Analysis of steady state lymphocyte populations in LstI”" mice
revealed that while B cell and T cell subsets are without change
and their percentages are comparable to the wild type mice
(WT), other populations show reduced numbers. These include
mainly bone marrow and splenic NK cells and splenic NKT cells
(Figures 4A-C). Among the splenocytes of myeloid lineage,
reduced percentages were observed for neutrophils, F4/80"
macrophages and to some extent also dendritic cells (Figure
4C). Reduced percentages were also observed for dendritic cells
in the bone marrow (Figure 4A). Importantly, we also observed

*https://www.mousephenotype.org/data/genes/MGI:1096324
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FIGURE 2 | Murine LST1 is expressed in the cells of myeloid lineage and its
expression increases after pro-inflammatory stimuli. (A) Murine LST1 was
detected in total cell lysates by immunoblotting (n=3). MF — bone marrow
derived macrophages, DC - bone marrow derived dendritic cells, Neu —
Neutrophils, B — B cells, T — T cells, Mono — monocytes, NK — NK cells. Its
molecular weight varies between 42 to 71 kDa, likely due to the glycosylation.
(B, C) Expression of LST1 in bone marrow derived macrophages (B) and
dendritic cells (C) after treatment with various pro-inflammatory stimuli (n=3,
see Materials and Methods for concentrations).

decrease in macrophage and dendritic cell percentages in the
colon (Figure 4D). Total cell numbers were not significantly
changed between the WT and Lst1”~ animals in any of the organs
analyzed (Figure 4E). Reduced percentages of multiple leukocyte
subsets could result from defect in cellular migration. To test the
migratory capacity of LST1-deficient cells we analyzed
chemokine-mediated migration of LstI”~ bone marrow-derived
macrophages in a transwell assay. Surprisingly, LstI”" cells
migrated more efficiently towards CXCL12, ligand of
chemokine receptor CXCR4, than WT cells (Figure 4F). At the
same time CXCR4 expression was not affected by LSTI
deficiency (Figure 4G). This finding suggests that LST1
negatively regulates CXCR4-mediated migration. It also shows
that the migratory capacity of Lst1”" cells is not compromised
and that there is no general defect in cellular migration that could
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FIGURE 3 | Altered trabecular bone structure in Lst1”" mice. (A)
Representative picture of trabecular bone pCT scan of male bones with
diminished numbers of trabeculae in Lst7”" animals (B) Quantification of
trabeculae numbers in 2D plane and ratio between trabecular bone surface
and bone volume of WT (n=10) and Lst1”" (n=13) mice. Lowered ratio is an
evidence of reduced trabeculae segmentation. Dots in scatter plots represent
biological replicates (hind limbs, i.e. two dots per mouse). Statistics evaluation
was done by Student’s t-test (two-tailed, unpaired) and two-sided Grubb’s

test. **p < 0.01, **p < 0.005.

be responsible for reduced percentages of leukocyte subsets
described above.

Normal Response of Lst1”~ Mice to LPS
Challenge

Data showing increase in LST1 expression level after exposure to
pro-inflammatory stimuli indicated that LST1 could be involved
in the control of inflammation. In addition, we expected that the
differences between WT and LstI”" mice will be more apparent
under the conditions where LST1 expression is high in WT

animals. Therefore, we decided to induce systemic inflammation
in WT and LstI”" mice by intraperitoneal injection of LPS. In the
spleens of both strains, this resulted in increased percentages of B
cells and neutrophils and decreased percentages of other cell
populations. When comparing WT and Lst1”" mice, majority of
the differences and trends observed in the steady state remained
preserved or even enhanced. These included mainly reduced
percentages of NK and NKT cells, monocytes, dendritic cells and
similar (but outside the borderline of statistical significance)
reduction in neutrophils (Figure 5A). Total numbers of
splenocytes remained comparable (Figure 5B). In the bone
marrow and blood, no additional alterations in LstI”" mice
were observed (not shown). TNFo and IL-6 levels in the blood
at 4 hours after LPS challenge were also not affected by LST1
deficiency (Supplementary Figure S2A). In BMDCs LST1
deficiency did not result in any alteration in LPS-induced
cytokine mRNA expression, including IL-1f3, IL-6, IL-12,
TNFaq, IL-15, IL-18, IL-10, and TGFf} (Supplementary Figure
S$2B). Similar results were also obtained in a more limited
analysis of BMDM (not shown). In line with these
observations, LPS-induced NF-kB activation pathway in
BMDM was not affected by LST1 deficiency (Supplementary
Figure S2C). Moreover, expression of LST1 binding partners
SHP1 and SHP2 also was not influenced by LST1 deficiency in
LPS-treated BMDM (Supplementary Figure S2D) Thus, we
concluded that LPS challenge did not reveal any new major
differences between leukocyte subset composition and behavior
in WT and Lst1”" mice.

Lst1”~ Mice Show Increased Resistance to
Acute Colitis Induced by DSS

Previously published article (6) showed elevated expression of
LST1 in inflamed colon tissue from a patient with inflammatory
bowel disease (IBD). This disease is characterized by an
exaggerated immune response to commensal microbiota and
breach of intestinal barrier. However, its etiology is still not
completely understood. DSS-induced acute colitis is a widely
used mouse model of IBD, where myeloid cells play a major role
(18, 19). Due to LST1 expression in the target tissues and our
data showing effects of LST1 deficiency on several myeloid
populations, we decided to induce DSS colitis in Lst1”~ male
mice to test the effects of LST1 deficiency on the severity of this
disease. We used only males for this experiment, since they are
more sensitive to DSS treatment (20). This way we reduced
variability and a number of animals needed for this experiment
and increased probability of detecting differences between WT
and Lst1”” mice. DSS at concentration 2.5% dissolved in drinking
water was administered to the mice for 6 days. Then, DSS
solution was changed for plain water for the remaining two
days of the experiment (day 7 and 8). Mice were monitored for
Lst] mRNA expression and for number and area of
inflammatory lesions, length of the colon and overall disease
activity defined by Disease Activity Index — DAI (an integrated
value encompassing weight loss, rectal bleeding and stool
consistency). Lst] mRNA expression in the colon tissue did
not significantly change during the course of the experiment
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and it was absent from isolated colonic epithelial cells.
(Supplementary Figure S3A). Disease activity was similar in
both WT and Lst1”" mice until the day 4 of DSS treatment.
However, from the sixth day on, the colitis DAI of Lst1”~ mice
appeared significantly lower than that of WT animals (Figure
5C). Lst1”" mice displayed less severe rectal bleeding, better stool
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FIGURE 4 | Alterations of leukocyte subset percentages in Lst1”" mice. (A-D) Steady state percentages of main leukocyte subsets (n=5-15) in the bone marrow (A),
lymph nodes (B), spleen (C), and colon (D). Dots in scatter plots represent biological replicates. (E) Absolute numbers of cells in steady state spleen, bone marrow and
lymph nodes (n=14-25). (F) Number of bone marrow derived macrophages (BMDM) that after 2 hours migrated towards CXCL12 (100 ng/mi) (n=6-8). Control samples were
without CXCL12 chemo-attractant (n=3). (G) Quantification of CXCR4 expression on BMDM surface (n=6). Dots in scatter plots represent biological replicates. Statistics
evaluation was done by Student's t-test (two-tailed, unpaired) and two-sided Grubb’s test. *p < 0.05, **p < 0.01, ns, not significant.

consistency, and milder colon shortening than WT animals
(Supplementary Figure S3B). Moreover, areas of damaged
colonic epithelium were significantly smaller at days 6 and 8 in
the Lst1”” mice (Figures 5D, E). Expression of pro-inflammatory
cytokines detected in colonic lysates was also reduced at day 5 of
the experiment (Figure 5F). Surprisingly, these differences in

Frontiers in Immunology | www.frontiersin.org

April 2021 | Volume 12 | Article 618332



Fabisik et al. LST1 Deficiency in Mice

Spleen - LPS i.p. treatment Il Wt (C57BL/6J) M LST1+
4hours  ohgyTcells CD8+Tcells  Bcells NK cells NKT cells Monocytes  Neutrophils Macrophages Dendritc cells
ns. ns. p=0.0124 ns. p=0.0111 p=0.0444 ns.
. 24 14 70,7 6 209 P 51, +, 3 e 6 p—00605 6 p_01379
D~ . . . 4 n
=0 * 15 .
§ g 20 -. u Y .I. u 44 L) 3 &. % 2 % E
o2 10{ege "= 504 g® 1.0 . .
3 : %
D5 16 af= O 2 . "
538 L 8 . 404 %% 05 = 4
B ® u® .
2b—F — — L 00l ol 01— T 0l T
16 hours
CD4+ Tcells CD8+T cells B cells NK cells NKT cells Monocytes  Neutrophils ~ Macrophages Dendritic cells
X . X 0.0013 0.0001 =0.0017 =0.0692 ns. =0.0118
0, ™ 157 s 80, S 34 P00 067 RO gg4q P00 p 15 P
8~ . . : "
=0 E o, " 704, 03 s . o 3
9% 20 104 ¢ 2{de o 04 T 10 1.01 Fe
2o . ol u
39 60 % . ,} {T 02 . 2
o = o L1 N
L5 104 = 51 ° .1 02 " 5{ & % 05 * i
\(Z k=3 504 e n 0.1 . - 1 ]
ol — 0l —— 40l — 0l—— 00l —— 00L — 0l+——— 00— T 0l T
B c Disease activity index E Area of colon lessions
2,5% DSS treatment g4 46 48
Number of splenocytes ns. p:0,049 p<0.0001
B 40 o
2007 o 25 o 081';‘0;3"58 W WT (C57BL/6J)
150 £ 20 M LST1+ s
3 515 t
S 100 > g20
=) L0
x o8 10
o= F = ;
0
0 00l 4 = r T T T T LST1 LST1’ WT LST1 -
WT LST1+ do d2 d4 d5 d6 d8

DSS 2,5% Water

LST1+
DSS day 0 DSS day 5 DSS day 8
colon colon colon W WT (C57BL/6J)
TNFa IL-6 TNFa IL-6 TNFa IL-6 W LsT1*
80 p:o'f§'707 15, ™ 4 ".:0;3028 3007 p=00os7 : :
30
— % - 200
£ £ .
B 40 > 20 N
a a -
. £ 100
: i
0 0 0 ol ¥

FIGURE 5 | Inflammatory response in Lst1”" mice. (A) Percentages of major splenocytes subsets 4 and 16 hours after IP injection of LPS (n=8-9). Dots in scatter
plots represent biological replicates. (B) Spleen cellularity 16 hours after LPS IP injection. (n=10) (C) DSS-induced colitis disease activity index (n=6-19 per time point)
determined as described in Materials and Methods (higher numbers correspond to more severe symptoms) (D) Representative picture of colon sections stained with
hematoxylin and eosin from control and DSS challenged WT and Lst7 7 mice. Lesions are highlighted with black line (100x magnification) (E) Quantitative evaluation
of the size of colonic lesions induced by DSS treatment during multiple experiments (n=3-5 animals [26-56 lesions] per time point). (F) Concentrations of TNFa. and
IL-6 in colon homogenates from DSS-treated mice. Statistics evaluation was done by Student’s t-test (two-tailed, unpaired) and two-sided Grubb’s test. **p < 0.01,
***p < 0.0001, ns, not significant.

colon inflammation did not have an impact on body weight loss,
which was similar for both genotypes (Supplementary Figure
$3B). After changing DSS solution for plain water, WT mice
began to recover more rapidly and the DAI reached the same

values for both strains at the end of the experiment (Figure 5C).
The differences in cytokine expression were also no longer
detectable at day 8 (Figure 5F). On the other hand, colonic
lesions in Lst1”~ animals were still significantly smaller at that
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time point (Figure 5E). Surprisingly, flow cytometry analysis of
leukocyte subsets in the colon did not show any striking
differences between WT and Lst1”" mice. DSS treatment resulted
in multiple changes in myeloid immune cells percentages (Figure
4D, Supplementary Figure S3C). However, they were similar in
both genotypes. In the lymphoid compartment, we observed
slightly reduced LstI” T cell percentages on day 5 which then
recovered, and increased Lst1”" CD4 T cell percentages could be
observed on days 6 and 8 (Supplementary Figure S3C). Together,
these data suggest that LST1 is not just an expression marker in
colon samples of IBD patients but likely also an immune system
regulator with moderate effects on leukocyte functions,
homeostasis and development of colitis.

DISCUSSION

During the past two decades multiple observations have been made
of elevated LST1 mRNA and protein levels under inflammatory
conditions and during disease, including IBD, rheumatoid arthritis,
and influenza (2, 6-8, 14, 21). Location of LST1 gene in MHCIII
locus also suggests function in the regulation of immune response
or inflammation. In spite of this, its role in these processes or in
leukocyte homeostasis remained largely unknown. In this article,
we provide data on LST1 protein expression in mice and show
alterations in leukocyte subset composition caused by LST1
deficiency at steady state and under inflammatory conditions. In
addition we bring evidence of LST1 effects on the severity of
experimentally induced acute colitis.

Expression of LST1 protein has previously been analyzed in
human cells and tissues with conflicting results. Monoclonal
antibody LST1/02 recognizing human but not murine LST1,
which was developed in our laboratory, revealed expression
pattern largely restricted to the leukocytes of myeloid linage
(1), while antibody developed by Schiller et al. showed broad
expression pattern including expression outside hematopoietic
system (3, 6). Here we describe another monoclonal antibody
LST1/06, which recognizes murine LST1. It was generated
separately from LST1/02 after immunization with recombinant
protein comprising the entire cytoplasmic part of the murine
LST1 and its specificity was validated on HEK293 transfectants
expressing the murine LST1 (data not shown) and on LST1-
deficient mice. The intensity of signals we obtain with LST1/06
antibody on Western blots is generally lower than the intensities
we typically observe when using LST1/02 antibody on human
samples. However, the reactivities of both antibodies are very
similar, showing expression pattern restricted to myeloid cells
and an absence in lymphocytes [Figure 2A and (1)]. Publically
available data on human LST1 mRNA expression from Human
Protein Atlas (22) and on mouse LST1 mRNA from ImmGen
consortium (23) both support conclusions reached with our
antibodies showing myeloid cell-restricted expression pattern,
though low level of expression in other tissues cannot be
completely excluded. Consistently with already published data
(2, 6), pro-inflammatory stimuli enhanced expression of LST1 in
myeloid cells.

LST1 deficiency in the mouse influences leukocyte
homeostasis. We observed decreased percentages of myeloid
cells in LstI”" mice. Significant reduction or at least a similar
tendency were almost universally observed for majority of
analyzed myeloid cell subsets in the bone marrow, spleen and
colon, though the changes were usually relatively modest
(Figures 4A-D). Some of the possible explanations of this
phenotype include differences in chemokine receptor
expression and differences in migration ability. We have
analyzed expression of chemokine receptors CCR5, CCR6 and
CXCR4 on leukocyte subsets in the spleen, bone marrow and
colon at steady state and after DSS treatment, but we did not
observe any significant differences between WT and Lst1”"
animals that could explain alterations in frequencies of these
subsets (not shown). Intriguingly, LstI”~ BMDM showed
enhanced migration towards CXCL12. While this observation
is interesting, it does not show any attenuation of migratory
capacity and, as a result, cannot explain the reduced percentages
of macrophages and other cell types in the lymphoid organs
analyzed in this study. Reduced percentages were frequently
observed also for LST1 non-expressing NK and NKT cells
(Figures 4A, C). Since NK and NKT cells do not express LST1
the effect on these cells must be indirect, possibly mediated by
myeloid cell-derived cytokines or other factors. We have tested
mRNA expression of several cytokines that could affect NK cell
numbers, including IL-15, IL-18, and IL-12 in Lst1”~ BMDCs
and BMDMs. However, their levels were not altered in these cells
(Supplementary Figure S2B and not shown). It is also possible
that other cytokines were involved or that the NK cell supporting
cytokine production in vivo was attenuated due to the diminished
numbers of myeloid cells producing these cytokines rather than
due to the reduction in cytokine expression levels.

Immune system of the gut and gut microbiota are known to
have effects on bone homeostasis (24, 25). Germ-free mice were
shown to have increased trabecular bone volume while gut
dysbiosis after antibiotic treatment results in reduction in
trabecular bone volume (26, 27). One could speculate that
effects of LST1 on the activity of the immune system of the gut
are linked to the alterations in trabecular bone structure observed
in the present study. The experiments with the mouse model of
DSS induced colitis suggested altered response to intestinal
microbiota in LstI”" mice. On the other hand, we have not
detected any changes in pro-inflammatory cytokine production
in the steady state gut in LstI”" mice that could be a sign of
altered activity of the gut immune system. In addition, during
DSS-induced colitis, LST1 deficiency had mitigating effects on
gut inflammation further arguing against the possibility that the
lack of LST1 in the gut promoted inflammation-driven changes
in trabecular bone structure. Chronic inflammation in other
parts of the body could potentially also affect various parameters
of the bone. However, so far we have not found any evidence of
chronic inflammation in Lst1”~ mice. Finally, it is also possible
that LST1 deficiency in the osteoclasts leads to alterations in their
function and defects in trabecular bone formation. Currently
available data do not provide sufficient support for any of these
explanations and further research is needed to clarify this issue.
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A number of polymorphisms have been detected in human
LSTI gene (5). Some of these polymorphisms, thought to affect
mainly LSTI gene expression and splicing, are associated with
inflammatory conditions such as psoriasis, nephritis in systemic
lupus erythromatosus and rheumatoid arthritis, or graft versus
host disease severity (5). Moreover, expression of LST1 is
increased in rheumatoid arthritis patients (7) and in colon
samples from patients with inflammatory bowel disease (IBD)
(6). These connections to IBD and various other inflammatory
conditions, prompted us to test the effects of LST1 deficiency on
inflammatory response and, in particular, on DSS-induced colitis
in mice. DSS-induced collitis is one of the most widely used
models of human IBD (28). Its overall symptoms and course are
similar to this disease (19). DSS ingested by experimental
animals with drinking water is cleaved into smaller fragments,
penetrates colon barrier and dissolves the mucus layer. This leads
to infiltration, colonization and damaging of colon epithelium by
bacteria and viruses. Colonization of colon epithelia by bacteria
is followed by infiltration of myeloid immune cells (neutrophils,
dendritic cells, monocytes), causing acute colon inflammation
and its symptoms (blood in the stool, colon shortage, diarrhea).
Lymphoid cells (T, B, NK cells) and their interplay with myeloid
immune cells also showed important impact on the severity of
acute colitis (29-35).

Strikingly, Lst1”~ mice showed milder and delayed course of
the disease. Disease Activity Index was significantly lower on the
6" day of DSS treatment. These results were also confirmed by
histology, which showed less severe destruction of colon
epithelium (Figures 5D, E). In the final part of the experiment,
after changing DSS solution for plain water on day 6, DAl of WT
animals improved while in the Lst1”~ mice DAI kept rising even
after DSS solution was changed for plain water. On day 8, DAI
reached the same severity as already improving WT mice. Data
from mouse and patient samples show that resident and newly
infiltrating myeloid immune cells are responsible for the first
wave of immune response during DSS induced colitis (36).
Reduced myeloid cell percentages in LstI”” colon and
lymphatic tissue might explain the slower kinetics of disease
development. On the other hand, LST1 may also be contributing
to the resolution of inflammation. This could explain why the
DAI in LstI”" mice was still raising after day 6, when the WT
mice were already in the process of healing. However, there are
currently no data addressing the role of LST1 in the resolution of
inflammation. Additional possibilities include direct effects of
LST1 expressed by epithelial cells on their barrier function or
compensatory changes in SHP1 and SHP2 expression in myeloid
cells. However, we could not detect any LstI mRNA in colonic
epithelial cells nor any compensatory changes in SHP1/2
expression in LPS-treated BMDM. On the other hand, we
observed significant reduction in TNFa expression in the gut
on day 5 of DSS colitis and a similar trend for IL-6. TNFa is
known to be involved in the pathogenesis of IBD and can be
upstream of IL-6 expression (37). It is produced not only by
myeloid cells, but also by Th1 cells. Myeloid cell numbers in the
gut and their ability to produce TNFo. in vitro were not affected
by LST1 deficiency. On the other hand, overall T cell numbers

were reduced in the gut on day 5 of DSS colitis. Since T cells do
not express LST1, their reduced numbers could be the result of
altered chemokine expression by myeloid cells or altered kinetics
of dendritic cell-mediated antigen presentation, T cell activation
or differentiation in Lst1”~ mice. Any of these changes could lead
to transient reduction in Thl cell numbers in the gut and
reduced TNFo. production. However, these hypotheses have to
be further elucidated in future studies. Molecules and molecular
mechanisms affecting the course and outcome of DSS-induced
collitis often play a role in human IBD (19). Our results suggest
that defects in LST1 expression and LST1 polymorphisms should
be considered in future studies of this and related diseases
in humans.
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Supplementary figure S1. Trabecular bone structure in Lst1”- female mice. Quantification of
trabeculae numbers in 2D plane and ratio between trabecular bone surface and bone volume did not
show any differences between female WT and LstI”~ (n=8-14) mice. Statistics evaluation was
performed by Student’s t-test (two-tailed, unpaired) and two-sided Grubb’s test.
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Supplementary figure S2. Inflammatory response in LST1”" mice. (A) TNFa and IL-6 levels in
plasma measured by ELISA 4 hours after intraperitoneal LPS injection (n=11-13) (B) Cytokine mRNA
expression measured by quantitative real-time PCR in BMDC after 4 hours of stimulation with LPS
(100 ng/ml), expression was normalized to P-actin. (n=5-13) (C) IxBa degradation in BMDM
stimulated with LPS (100 ng/ml). Quantification and representative immunoblot (n=4-9) (D)
Expression of SHP1 and SHP2 phosphatases in BMDM after 16 hour incubation with LPS (100 ng/ml)
(n=5). Statistics evaluation was done by Student’s t-test (two-tailed, unpaired), One-way ANOVA with
Tukey post test and two-sided Grubb’s test.
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Supplementary figure S3. DSS-induced colitis in LST1”~ mice. (A) Expression of LST1 mRNA in
colon epithelium cells compared to the WT macrophages and LST1”~ macrophages (n=2, technical
triplicates from representative experiment are shown), and of LST1 mRNA in colonic tissue from
DSS-treated mice (n=5), expression was normalized to ubiquitin. (B) Parameters used for calculation
of disease activity index in Figure 5C and changes in colon length, an additional parameter
characterizing the disease severity (n=5-20). (C) Leukocyte subsets present in the colon at day 5, 6
and day 8 after the initiation of DSS treatment (n=3-13). Statistics evaluation was done by Student’s
t-test (two-tailed, unpaired), One-way ANOV A with Tukey post test and two-sided Grubb’s test.



Supplementary tables

Supplementary Table S1. List of flow cytometry antibodies
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Marker Fluorophore — Company - Clone Fluorophore — Company - Clone

CD8a PE-CF594 — BD Biosciences — 53-6.7 FITC — ExBio — 53-6.7

NK1.1 APC — BD Biosciences — PK136 PB — Biolegend — PK 136
BV421 — BD Biosciences — 1A8 e450 — Biolegend — 1A8

LysG BV510 — Biolegend — 1A8

CD19 BV510 —BD Biosciences — 1D3 APC — Biolegend — 605

Ly6C FITC — BD Biosciences — AL.-21 PE-Cy7 — Biolegend — HK1.4

CD11b PerCP-Cy5.5 — Biolegend — M1/70 PE — Biolegend — M1/70

F4/80 PE-Dazzle594 — Biolegend — BM8 A488 — Biolegend — BM8

CDl11c PE-Cy7 — BD Biosciences — HL.3 APC — Biolegend — N418

Fc block 2.4g2 supernatant (produced in lab.) 2G4 - BD Biosciences

CD45 A700 — Biolegend — 30-F11 APC —Biolegend — 104

CD44 PE — Biolegend — IM7

CD49 BVS510 — BD Biosciences — R1-2

CD5 BV421- BD Biosciences — 53-7.3

CD4 FITC — BD Biosciences — RM4-5

Klrgl PerCP-Cy5.5 — Biolegend — 2F1/KLRG1

vdTCR BV605 — BD Biosciences — GL3

GITR BV711 — BD Biosciences — DTA-1

CD25 PE-CY7 — BD Biosciences — PC61

CD62L APC-CY7- BD Biosciences — MEL14

CD21/CD35 PE — BD Biosciences — 7G6

Bst2 BV605 — Biolegend — 927

CXCR4 APC — Biolegend — L.276F12

CCR5 PE — Biolegend — HM-CCRS5

CCR6 BV785 — Biolegend — 29-2L.17

CCR7 APC-eFluor 780 — eBioscience — 4B12

sCD23 BV711 — BD Biosciences — B3B4

MHCII APC-Cy7 — Biolegend — M5/114.15.2

EpCAM APC — Biolegend - G8.8

Ghost Dye™ UV450 — Tonbo biosciences —13-0868




Supplementary Table 2. List of qRT-PCR primers

Forward Reverse

IL-1p TGT-AAT-GAA-AGA-CGG-CAC- | TCT-TCT-TTG-GGT-ATT-GCT-TGG
ACC

L6 TGA-TGG-ATG-CTA-CCA-AAC- | TTC-ATG-TAC-TCC-AGG-TAG-
TGG CTA-TGG

1L-10 CAG-AGC-CAC-ATG-CTC-CTA- | TGI-CCA-GCT-GGT-CCT-TTG-TT
GA

IL-12 CCA-GGT-GTC-TTA-GCC-AGT- | GCA-GTG-CAG-GAA-TAA-TGT-
cC TTC-A

IL-15 AAC-AGC-TCA-GAG-AGG-TCA- | CCA-TGA-AGA-GGC-AGT-GCT-TT
GGA

IL-18 GAC-AAC-ACG-CTT-TAC-TTT- | CAG-TGA-AGT-CGG-CCA-AAG-TT
ATA-CGG

TNFa TCT-TCT-CAT-TCC-TGC-TIG- | GGI-CTG-GGC-CAT-AGA-ACT-GA
TGG

TGFp TGG-AGC-AAC-ATG-TGG-AAC- | CAG-CAG-CCG-GTT-ACC-AAG
TC

Beta-actin_| GAT-CTG-GCA-CCA-CAC-CTT- | GGG-GTG-TTG-AAG-GTC-TCA-AA
CT

Ubiquitin | ATG-TGA-AGG-CCA-AGA-TCC- | TAA-TAG-CCA-CCC-CTC-AGA-CG
AG

LST1 CTG-ATG-ACA-ATG-GGA-TCT- | CAG-GAT-GAT-GAC-AAG-CAG-GA
GGT
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1 | INTRODUCTION

WW domain binding protein 1-like (WBP1L) also known as outcome
predictor of acute leukaemia 1 (OPAL1) has attracted attention
because of a report showing that its elevated expression at mRNA
level correlates with favourable outcome in childhood acute lym-
phoblastic leukaemia (ALL).! These data suggested that it could po-
tentially serve as a prognostic marker. Later, it was shown that its
levels are particularly increased in B cell progenitor ALL (BCP-ALL)
with chromosomal translocation t(12;21)(p13;q22), which results in
expression of ETV6-RUNX1 fusion transcription factor.2® In BCP-
ALL, this translocation is associated with good prognosis, which
likely explains the correlation between WBP1L expression and fa-
vourable outcome.? However, it is not known whether WBP1L func-
tionally contributes to it.

ETV6, a fusion partner in ETV6-RUNX1, is a transcriptional re-
pressor and WBP1L is one of its target genes.*® In general, ETV6
targets are of high interest because of critical importance of ETV6 in
haematopoiesis and its involvement in leukaemia. Around 30 fusions
of ETVé to different partner genes and a number of mutations in
ETV6 have been identified so far, many of them implicated in various
haematological malignancies of myeloid and lymphoid origin.”2 In
addition, its critical role in normal haematopoiesis has been revealed
in studies of ETVé6-deficient mice, which show profound defects
in haematopoietic stem and progenitor cell function and inability
of these cells to reconstitute haematopoiesis after bone marrow
transplantation.®*°

Bioinformatic sequence analysis revealed that WBP1L is a trans-
membrane adaptor protein with a very short extracellular/luminal
part followed by a single transmembrane domain and a larger cy-
toplasmic tail.** Although relatively short, the extracellular/lumi-
nal part presumably forms a small compact domain held together
by disulphide bridges formed among cysteines in the C*C*CC*CC
motif.}! The cytoplasmic part of WBP1L contains several potential
interaction motifs corresponding to the consensus sequence of WW
domain binding motifs L-P-X-Y or P-P-X-Y.1*

Except for the limited bioinformatics analysis, WBP1L protein
remained completely uncharacterized. Its physiological function
has been unknown and whether it has any functional features that
may link it to normal haematopoiesis or neoplasia has never been

WiLEY-2

bone marrow homing, bone marrow transplantation, CXCR4, ETV6, haematopoiesis,
haematopoietic stem cell, NEDD4 family, OPAL1, RUNX1, WBP1L

investigated. Here, we show that it binds several members of the
NEDDA4-family of ubiquitin ligases and that its deficiency results in
enhanced surface expression and signalling of critical chemokine
receptor CXCR4. WBP1L deficiency also results in alterations in
B cell development and altered dynamics of stem and progenitor
cells in the bone marrow. Taken together, we establish the role of
WBP1L in CXCR4 signalling and in normal haematopoiesis. These
findings also form the basis for further research on its potential
role in leukaemia.

2 | MATERIALS AND METHODS

2.1 | Proteinisolation, detection and quantification
assays

Immunoprecipitations (IP) and immunoblotting were performed
essentially as reported with adjustments described in online sup-
plement. Western blot quantifications were carried out using
Azure c300 imaging system (Azure Biosystems) and Aida Image
Analysis software (Elysia-raytest). WBP1L expression in B cell
lines was analysed by size exclusion chromatography-microsphere-
based affinity proteomics analysis described in detail here,® and
the data were quantified using Matlab (MathWorks). Tandem
purification of WBP1L was based on the following publication®?
with modifications described in online supplement. WBP1L pal-
mitoylation was analysed using metabolic labelling with palmitic
acid analogue 170DYA followed by reaction with biotin-azide and
enrichment on streptavidin-coupled beads as described in detail in
online supplement.

2.2 | Antibodies

Antibodies are listed in Tables S1 and S2. WBP1L antisera were
generated by immunization of rabbits with KLH-conjugated peptide
from WBP1L C-terminus while WBP1L monoclonal antibodies were
prepared by standard hybridoma technology after immunization of
mice with recombinant C-terminal part of murine WBP1L protein as
described in online supplement.
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2.3 | Cloning, qPCR, DNA transfection, virus
preparation and cell infection

cDNA was generated using Quick-RNA kit (Zymo Research), revert aid
reverse transcriptase (Thermo-Fisher) and oligo-dT primer. qPCR re-
actions were run on LightCycler 480 Instrument Il using LightCycler
480 SYBR Green | Master mix (Roche). List of gPCR primers is in Table
S3. For construct preparation see online supplement and Table S4.
Phoenix cell transfection, virus generation and cell transduction were
performed as described.*® For lentivirus production, the procedure was
to a minor extent modified as described in online supplement. Infected
cells were sorted on Influx (BD) or selected on G418 (Thermo-Fisher).

2.4 | Mouse experiments, homing assays

Whbp1l”~ mice (Wbp1[tm2alEUCOMMHmsY) o C57BI/6) genetic back-
ground were obtained from International Mouse Phenotyping
Consortium. In these mice, gene trap flanked by FRT sites followed
by coding region of exon 5 surrounded by LoxP sites were inserted
into Whbp1l locus by homologous recombination (Wbp1l™). Mice
were bred in specific pathogen free conditions. To obtain induc-
ible Wbp1I™CreERT mice, we crossed animals of the Wbp1l™~ strain

to B6.Cg-Tg (ACTFLPe)9205 Dym/J mice to remove the gene trap,
and subsequently, to B6.129-Gt(ROSA)26Sor™ =/ERT2I /) animals.
Both mouse strains were purchased from the Jackson Laboratory
(Bar Harbor). To achieve Wbp1l deletion, mice were injected intra-
peritoneally with five daily doses of 2 mg of tamoxifen (Merck) in
corn oil (Merck). For homing and transplantation assays, congenic
Ly5.1 (C57BL/6NCr) or Ly5.1/Ly5.2 (C57Bl/6J) heterozygote recipi-
ents were sublethally (three Grey) or lethally (seven Grey) irradi-
ated, followed by injection of transplanted cells into the tail vain.
For experiments we used 8- to 12-week-old sex and age matched
animals. Housing of mice and in vivo experiments were performed
in compliance with local legal requirements and ethical guidelines.
The Animal Care and Use Committee of the Institute of Molecular
Genetics approved animal care and experimental procedures (Ref.
No. 69/2014, 6/2016).

2.5 | Transwell migration

1 x 10° Cells in DMEM with 0.2% BSA were plated in the upper well
of 5um pore Transwell apparatus (Corning). After 4 hours, migrated
cells in the bottom well were counted using a flow cytometer (LSRII;
BD).
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FIGURE 1 WBPI1L is a palmitoylated glycoprotein, broadly expressed in haematopoietic cells. (A) Verification of new WBP1L rabbit
antisera specificity on the lysates of HEK293 cells transfected or not with WBP1L construct. (B) Western blot analysis of WBP1L expression
in murine leucocyte subsets. T cells (CD37), B cells (CD43~, CD11b7) and neutrophils (Ly6G*) were isolated from the spleen or bone marrow.
Bone marrow-derived macrophages (BMDM) and bone marrow-derived dendritic cells (BMDC) were differentiated in vitro from murine
bone marrow. N = 3. (C) Expression of WBP1L in BCP-ALL cell lines was probed using size exclusion chromatography-microsphere-based
affinity Proteomics method. Expression in ETV6-RUNX1* B cell line REH and ETV6-RUNX1™ lines TOM-1, NALM-6, NALM-24, RS4.11

and SUB B15 was probed by two antibody clones to WBP1L (OPAL-01, OPAL-02) and quantified as an area under the curve on parts of
chromatograms representing fractions corresponding to WBP1L (N = 1 per antibody clone). (D) Expression of WBP1L mRNA in different
ETV6-RUNX1™"~ REH clones from two independent sources of REH cells. Data are plotted as 22 (N = 3). (E) Schematic representation of

WABP1L structure and conserved sequence motifs (F) Analysis of WBP1L glycosylation in BMDM. BMDM treated or not with 1 or 10 pmol/L
tunicamycin (overnight) were subjected to WBP1L immunoprecipitation followed by immunoblotting with WBP1L antisera. p-actin was
stained in the corresponding cell lysates (N = 2). Irrelevant lines from the blot image were removed and replaced with a vertical dividing line.
(G) Analysis of palmitoylation of WBP1L. HEK293 cells expressing WBP1L-FLAG-STREP were metabolically labelled with palmitate analogue
170DYA and lysed. 170DYA labelled proteins were tagged in a click chemistry reaction with biotin-azide, purified on streptavidin-coupled
beads and analysed for the presence of WBP1L with anti-FLAG antibody (upper panel) or FLOTILLIN-2 as a representative of endogenous
palmitoylated proteins (middle upper panel). WBP1L expression in cell lysates (middle lower panel) and comparable loading were verified by
immunoblotting with antibodies to FLAG-tag (WBP1L) or FLOTILLIN-2, respectively (N = 3)
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2.6 | Statistics

Results represent means + SEM. If not specified otherwise, P-values
were calculated using two-tailed Student's t test, one-way ANOVA
or Q test. N represents number of animals or values per group or

number of independent experiments.

3 | RESULTS
3.1 | WBP1L is a palmitoylated glycoprotein broadly
expressed in haematopoietic cells

Analysis of WBP1L protein and mRNA expression in murine
and human haematopoietic system with a newly generated
polyclonal rabbit antibody (Figure 1A) and with Genevestigator
tool, respectively, revealed that WBP1L is broadly expressed
across multiple human and murine haematopoietic cell subsets
(Figure 1B and S1). In addition and in agreement with previous
reports of deregulated WBP1L expression in ETV6-RUNX1* BCP-
ALL, we have found elevated levels of WBP1L protein in REH cell
line, which is derived from ETV4-RUNX1* BCP-ALL. (Figure 1C
and S2A). Interestingly, the genetic deletion of ETV6-RUNX1 in

WEBP1L

REH cells (Figure S2B,C) did not alter WBP1L expression in these
cells (Figure 1D).

Imaging of murine bone marrow-derived macrophages trans-
duced with retroviral vector coding for murine WBP1L fused to EGFP
revealed relatively broad distribution of WBP1L-EGFP within these
cells. We have observed co-localization with plasma membrane,
Golgi, endoplasmic reticulum, and to a limited extent with lysosomes
and/or other acidic organelles (Figure 53). On the other hand, no
co-localization with mitochondria could be detected (Figure S3).

The N-terminal part of WBP1L protein is highly conserved
among major vertebrate classes (Figure S4). This region contains
several conserved motifs, including potential N-glycosylation
(NXS) and palmitoylation sites (Figure 1E and S4). Indeed, we
could confirm that WBP1L is both glycosylated and palmitoylated
(Figure 1F,G).

3.2 | WBP1L interacts with NEDD4-family E3
ubiquitin ligases

Cytoplasmic part of WBP1L contains three WW domain binding mo-
tifs ([L/PIPXY) (Figure 1E and S4). It has been speculated that they
may interact with WW domains of NEDD4-family ubiquitin ligases.**
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FIGURE 2 WBP1L binds multiple NEDD4-family E3 ubiquitin ligases. (A) Data from two independent mass spectrometry analyses (l.

and I1.) of WBP1L binding partners. Wbp1l”~ monocyte/macrophage progenitors were transduced with the constructs coding for WBP1L-
FLAG-STREP or EGFP with the same tag. The cells were stimulated for 2 min with CXCL12 or left untreated. Tagged proteins with their
binding partners were isolated by tandem purification and subjected to mass spectrometry analysis. The data are presented as colour-

coded intensities obtained by label-free quantification of NEDD4-family E3 ubiquitin ligases. Values represent number of peptides used for
intensity calculation/ number of unique peptides. Samples, where no peptides from a particular E3 ligase were detected, are coloured in grey
(B) Label-free quantification of interacting E3 ligases from mass spectrometry experiment. Combined average intensities from both CXCR4
stimulated and non-stimulated samples are plotted (experiment I. form (A) only). (C) mRNA expression of NEDD4-family E3 ubiquitin ligases
in immortalized monocyte/macrophage progenitors (iProgenitors). Plotted in brown are those ligases that interacted with WBP1L in mass
spectrometry experiments (N = 3). (D) WBP1L interaction with NEDD4-family E3 ligases is dependent on WW binding motifs in WBP1L
N-terminus. HEK293 cells were transfected with WBP1L-Myc or WBP1LAN-Myc (with segment containing all WW binding motifs deleted)
together with ITCH or WWP2. Following WBP1L immunoprecipitation, the isolated material and the original lysates were immunoblotted
with antibody to ITCH or WWP2 and various controls as indicated (N = 3). (E) mRNA expression of NEDD4-family E3 ligases in BMDM.
Plotted in brown are those ligases that interacted with WBP1L in mass spectrometry experiment (N = 3). (F) Endogenous interaction of
WBP1L with WWP1 in BMDM. WBP1L immunoprecipitates from WT or Wbp1/”~ BMDM were immunoblotted with antibody to WWP1 and
WBP1L. Input lysates were probed with antibody to WWP1 (N = 3). See also Figure S5
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FIGURE 3 WBPI1L regulates ubiquitination and expression of NEDD4-family E3 ubiquitin ligases and CXCR4. (A) HEK293 cells

were cotransfected with individual Myc-tagged NEDD4-family E3 ubiquitin ligases and non-tagged WBP1L or its mutant lacking PPPY

WW domain interacting motif. E3 ligases were immunoprecipitated via the Myc-tag from the lysates of these cells and subjected to
immunoblotting with anti-MYC-tag or anti-UBIQUITIN antibody. (B) ITCH and WWP2 stability in HEK293 cells in the presence of
WBP1L-MYC, WBP1L AC-MYC (deletion of almost entire intracellular part of WBP1L except for WW binding motifs) or WBP1L AN-MYC
(deletion of WW binding motifs). Lysates from HEK293 cells transfected with ITCH-MYC or WWP2-MYC and WBP1L constructs were
immunoblotted with antibody to MYC-tag to visualize ITCH, WWP2 and all forms of WBP1L and with antibody to ACTIN. Quantifications of
the data are plotted as values normalized to ACTIN signal and then further normalized to experiment average to allow for comparison among
the experiments (N = 3). (C) WBP1L-mediated increase in CXCR4 ubiqutination and down-regulation of CXCR4 protein levels in HEK293
cells. WBP1L-MYC, WBP1LAC-MYC or WBP1LAN-MYC were cotransfected with CXCR4-HA followed by CXCR4 imunoprecipitation and
immunoblotting with antibodies to ubiquitin or HA-tag. Lysates were probed with antibodies to HA-tag (CXCR4), MYC-tag (WBP1L) or
GAPDH (N = 3). For quantification, ubiquitination was normalized to HA-tag (CXCR4) signal (left panel) and CXCR4 expression to GAPDH
(right panel). Both were further normalized to experiment average to allow for comparison among the individual experiments

However, this family has nine different members. To investigate other hand, not all NEDD4-family members expressed in these cells
whether WBP1L interacts with any of these ligases, we have expressed could be co-isolated with WBP1L. These data suggest a certain level of
a FLAG-STREP-tagged WBP1L construct in immortalized monocyte/ WBP1L selectivity for individual NEDD4-family members.

macrophage progenitors. We have selected this cell type because of To find out whether NEDD4-family ligases bind WBP1L via its
a relatively high level of Wbpl1 mRNA in myeloid progenitors (Figure [L/PIPXY WW domain binding motifs we have co-expressed the
$1). We isolated the FALG-STREP-tagged construct together with its two highest scoring NEDD4-family ligases from the mass spec-
associated binding partners from the lysates of these cells via a tan- trometry experiment, WWP2 or ITCH, with wild-type WBP1L
dem purification on anti-FLAG and Streptactin beads. Mass spec- construct or with mutant WBP1LAN lacking the membrane-prox-
trometry analysis of the isolated material revealed that WBP1L indeed imal WW domain binding sequences (Figure 2D) in HEK293 cells.
interacts with several members of NEDD4-family. In this particular These cells allow for relatively high level of overexpression, which
cell type, WWP2 was the most prominent. However, ITCH, WWP1 was ideal for reliable identification of NEDD4 family binding sites
and NEDDAL could also be detected in one experiment (Figure 2A). in WBP1L. Both E3 ligases could be readily co-immunoprecipi-
Interestingly, the mass spectrometry signal intensities corresponded to tated with wild-type WBP1L but not with WBP1LAN (Figure 2D).
the relative expression levels of these NEDD4-family members in im- These data were further confirmed in a similar experiment in J774
mortalized monocyte/macrophage progenitors (Figure 2B,C). On the macrophage-like cell line, which expresses relatively high level of
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ITCH (not shown). The endogenous ITCH could be co-isolated with
wild-type WBP1L but not with WBP1LAN from these cells (Figure
S5). To confirm the interaction of WBP1L with a NEDD4-family
member at the endogenous protein level, we have selected bone
marrow-derived macrophages (BMDM) which express the high-
est levels of WBP1L among the cell types we have tested so far
(Figure 1B). WWP1, which is the most abundant NEDD4-family
member in this cell type (Figure 2E), could be co-isolated with
WBP1L in this experiment (Figure 2F).

3.3 | WBPLL regulates ubiquitination and
expression level of NEDD4-family E3 ubiquitin
ligases and of CXCR4

Interaction with WW domain binding motifs is known to result in
the activation and autoubiquitination of NEDD4-family ubiqui-
tin ligases.***> To test whether WBP1L can activate NEDD4 fam-
ily members, we have cotransfected WBP1L-interacting (Figure 2A)
NEDD4-family ligases with wild-type WBP1L, or its mutant lacking
one of the conserved WW domain binding motifs, into HEK293 cells.
This analysis demonstrated that cotransfection with wild-type but
not mutant WBP1L resulted in a substantial increase in ubiquitina-
tion of all these ligases, which is a sign of their activation (Figure 3A).
Published work suggests that in the case of ITCH this ubiquitination
results in down-regulation of its protein levels, while WWP2 appears

relatively resistant to this negative feedback regulation. Thus, to fur-
ther explore the mechanism of how WBP1L regulates these ubiquitin
ligases, we co-expressed wild-type WBP1L, WBP1LAN or WBP1LAC
(lacking C-terminal region of unknown function) with ITCH or WWP2
in HEK293 cells. Co-expression of ITCH with wild-type WBP1L and
WBP1LAC resulted in significantly reduced ITCH protein level when
compared to co-expression with WBP1LAN. As expected, this effect
was much more limited in case of WWP2 (Figure 3B).

One of the best-studied targets of NEDD4-family ubiquitin [i-
gases in the haematopoietic system is the chemokine receptor
CXCRA. It is involved in the maintenance of haematopoietic stem
and progenitor cells and in promoting niche interactions in the bone
marrow. It is also thought to support the survival and treatment re-
sistance of leukaemic cells.*®*” Based on these features, we have se-
lected CXCR4 for a similar set of experiments to test whether WBP1L
regulates its protein expression levels and ubiquitination. Indeed,
co-expression of WBP1L with CXCR4 in HEK293 cells resulted in
increased ubiquitination of CXCR4 (presumably by an endogenous
NEDD4-family ligase). This effect was almost completely abolished
by mutation of the WW domain binding motifs (WBP1LAN) while
deletion of the C-terminal sequence (WBP1LAC) had a more limited
effect (Figure 3C). CXCR4 ubiquitination was further accompanied
by reduction in CXCR4 protein levels (Figure 3C). We also observed
that WBP1L co-expression resulted in a striking increase in CXCR4
electrophoretic mobility (Figure 3C). The reason for this mobility
shift is at present unknown.
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FIGURE 4 ShRNA-mediated down-regulation of WBP1L results in enhanced CXCR4 signalling in human and murine cell lines. (A, B)
WBP1L immunoprecipitates from REH cells (A) or immortalized monocyte/macrophage progenitors (B) transduced with Wbp1l shRNA

were stained with WBP1L antisera to demonstrate WBP1L down-regulation. Equal input of lysates to immunoprecipitation was verified by
ACTIN immunoblotting. Quantification of multiple experiments (after normalization to ACTIN signal) was plotted as a percentage of WBP1L
expression in non-transduced cells. (C, D) ERK1/2 and AKT phosphorylation downstream of CXCR4 in REH cells (C) and immortalized
monocyte/macrophage progenitors (iProgenitors) (D), where WBP1L was down-regulated by shRNA. Cells were stimulated with 100 nmol/L
CXCL12, lysed and subjected to Western blot analysis of ERK1/2 and AKT phosphorylation. Data represent mean of fluorescence intensity
normalized to GAPDH. The P-value was calculated to compare maximum responses of cells transduced with non-silencing control and
silencing shRNA. Asterisks denote significant differences in individual time-points. (N = 4)
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FIGURE 5 Altered leucocyte homeostasis in WBP1L-deficient mice. (A) Western blot analysis of WBP1L immunoprecipitates or whole
cell lysates prepared from WT and Whp1I™~ cells. nOPAL-01/03 antibodies were used for immunoprecipitation and WBP1L rabbit antisera
for Western blotting. N = 3 (bone marrow), N = 5 (BMDM,). (B) Flow cytometry analyses of E10.5 WT and Wbp1I~~ yolk sac cell subsets.
Primitive macrophages were defined as Ter119~ CD11b* F4/80*. (C) Absolute numbers of splenocytes obtained from WT and Whp1l~/~

mice and flow cytometry analyses of WT and Wbp1l™~ splenocytes defined using the following markers: B cells (B220%), MZ B cells (B220°,
AA4.1°, CD237"°", CD1d"), T cells (CD3"), macrophages (F4/80*, CD11b ™), DC (CD11c", LY6C™"®") and neutrophils (LY6G*, CD11b*, LY6C)).
(D) Flow cytometry analyses of WT and Whp1I™~ leucocytes in the peritoneum, defined using the following markers: B1 cells (SSC'*%, FSC'®,
B220*, CD23~"°%), B2 cells (SSC'°*, FSC'** B220* CD23*) and macrophages (large peritoneal macrophages, CD11b"&" FA/80Me"). (E) Flow
cytometry analyses of WT and Whp1l~”~ bone marrow cell subsets, defined using the following markers: T cells (CD3*), monocytes (LY6C*,
CD11b*, LY6G", CD197, TER119", CD3", NK1.1), neutrophils (KIT-, B220~, TER119", CD3", LY6G"®") (F) Flow cytometry analyses of stem

and progenitor cells in the bone marrow. Cell subsets were defined using following markers: common myeloid progenitors—CMP (lin", c-kit",
CD34*, CD16/32"& ' SCA1Y), granulocyte-monocyte progenitors—GMP (lin”, KIT*, CD34*, CD16/32"€" SCA1"), megakaryocyte-erythroid
progenitors—MEP (lin~, KIT*, CD34", CD16/32", SCA1") and LSK (lin~, KIT*, SCA1). (G) Flow cytometry analysis of bone marrow B cell
subsets. B cells (B220%), pro-B cells (CD43*, B220*, IgM"), pre-B cells (CD43~, B220"°", IgM"), immature B cells (CD43", B220'°, IgM*) and
mature B cells (CD43", B220"", IgM*)

3.4 | WBPI1L inhibits CXCR4 signalling in
murine and human cell lines

or CXCR4 is highly relevant. These included human leukaemic cell
line REH as a representative of ETV6-RUNX1* leukaemia, where
we have down-regulated WBP1L by a single shRNA specific for
To analyse the effects of the endogenous WBP1L on CXCR4, we
have selected two cell lines where the expression of WBP1L and/

human WBP1L and immortalized murine monocyte/macrophage
progenitors as a representative of bone marrow progenitors, where
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we used a different shRNA targeting murine Wbp1l (Figure 4A,B).
After stimulation with CXCR4 ligand CXCL12, these cells showed
enhanced activity of downstream signalling pathways, resulting in
increased phosphorylation of ERK1/2 and AKT (Figure 4C,D and S6).
CXCRY, another known receptor for CXCL12, did not contribute to
the signalling output under these conditions (Figure S7). These data
demonstrated that WBP1L is involved in the negative regulation of
CXCR4 signalling.

3.5 | Altered haematopoiesis in Whp1l-
deficient mice

To further analyse the physiological function of WBP1L, we have
acquired Whbpll-deficient mouse strain Whp1[fm2a(EUCOMMIHmgu
(hereafter referred to as Wbp1l™) from the International Mouse
Phenotyping Consortium. These mice appeared grossly normal and
healthy, were born in normal Mendelian ratios and did not express
WBP1L protein (Figure 5A).

To characterize the haematopoietic system in Whpll™™ mice,

we have analysed major cell subset frequencies in adult mice and in
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embryos. The embryonic haematopoietic cell numbers were grossly
normal with small increases in the yolk sac CD45" KIT cells and
CD11b* F4/80* yolk sac macrophages (Figure 5B). In the peripheral
tissues of the adult mice, there was a significant increase in mar-
ginal zone B cell fraction in the spleen (Figure 5C) and a reduction
in B1 cell percentages in the peritoneal cavity (Figure 5D). We also
observed increased frequencies of splenic dendritic cells in Wbp1/~/~
mice (Figure 5C). Otherwise, the frequencies of other leucocyte
subsets found in peripheral tissues were normal (Figure 5C,D). Bone
marrows from Wbp1/~~ animals showed the same cell counts as wild-
type bone marrows (Figure 5E). Most of bone marrow cell subsets
were also found in normal numbers, including T cells, monocytes,
neutrophils (Figure 5E) and the majority of progenitor populations
(Figure 5F). However, there were two notable exceptions. First, the
overall B cell percentages in the bone marrow were significantly
reduced (Figure 5G). The reduction was most pronounced in early
developmental stages (pro- and pre-B cells). At the later stages, in-
cluding immature and mature B cells a similar trend was observed,
but it was outside the threshold for statistical significance (P-values
.06 and .08, respectively) (Figure 5G). The cell cycle of B cell pro-
genitors was not substantially changed with the exception of a very
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FIGURE 6 Enhanced engraftment of Wbp1l™”~ bone marrow. (A) Ly5.2* bone marrow (WT or Whbp1I™") was mixed with Ly5.1* bone

marrow (always WT) in a ratio 1:1 and 2 x 10 cells were transplanted into Ly5.1 lethally irradiated mice. Mice were analysed 2 months post-
transplantation. Flow cytometry analyses show the ratio between Ly5.2 and Ly5.1 cells in the bone marrow, blood and spleen. (B) LSK cells
sorted from Ly5.2* bone marrow (WT or Wbp1l”") were mixed with LSK from Ly5.1/Ly5.2* heterozygous bone marrow (always WT) in a ratio
1:1 and 20 000 cells together with support of 0.5 x 10° Ly5.1 bone marrow cells were injected into tail vain of Ly5.1 lethally irradiated mice.
Data represent the ratio between Ly5.2" and Ly5.1/Ly5.2" cells detected in the recipient blood 4 wk post injection. One of two independent
experiments is shown (N > 8). (C) Ly5.2* bone marrow (WT or Whp1I~~) was mixed with Ly5.1/Ly5.2* heterozygous bone marrow (always
WT) in a ratio 1:1 and 2 x 10° cells were transplanted into Ly5.1 lethally irradiated mice. At indicated time-points, the ratio between Ly5.2
and Ly5.1/Ly5.2 cells in blood was measured by flow cytometry. (D) Homing of WT and Wbp1I”~ bone marrow cells in a competitive set-up.
WT or Whbp1l™~ bone marrow (Ly5.2*) was each combined with WT bone marrow from Ly5.1/Ly5.2* heterozygotes in a ratio 1:1 and 2 x 10°
cells were injected into the tail vain of sublethally irradiated recipient (Ly5.1"). Data represent the ratio between Ly5.2* and Ly5.1/Ly5.2" cells
detected in the recipient bone marrow 16 h post injection (N 2 8). (E) Competitive bone marrow transplantation was performed as in (C) and
3 wk after the transplantation expression of Ki67 proliferation marker was measured in transplanted cells
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small but significant increase in G1 phase pre-B cells in Wbp1l™~ mice

(Figure S8). Second, Lin"SCA1"KIT* (LSK) cells encompassing early
progenitors and stem cells (HSPC) showed slightly but significantly
increased percentages in these animals (Figure 5F).

To test their functionality in vivo, we performed a competitive
bone marrow transplantation assay, whereby we mixed wild-type
or Whp1lI”~ Ly5.2 cells with wild-type Ly5.1 bone marrow cells in
a 1:1 ratio and transplanted these mixtures into lethally irradiated
recipient mice (Ly5.1). Nine weeks later, we have analysed their en-
graftment. Strikingly, Wbp1I~”~ bone marrow engrafted significantly
better and the ratio between Wbp1/”~ and wild-type cells increased
from 1:1 to ca 3:1 (Figure 6A), whereas wild-type Ly5.2 and Ly5.1 BM
engrafted with equal efficiency. The difference could be observed
across all bone marrow leucocyte subsets analysed except for LSK
cells, where a similar trend in favour of Whp11~~ cells was also present
but was not statistically significant (Figure S9). The difference was
also maintained in the periphery, where the ratio between Whp1/~/~
and wild-type cells was roughly 2:1 (Figure 6A). Similar difference
in engraftment efficiency was also observed when we transplanted
sorted LSK cells in the 1:1 ratio (Figure 6B). Next, we investigated
how this ratio changes with time. A significant difference between
the engraftment efficiency could be observed as early as 3 weeks
after the transplantation and was maintained till at least 18 weeks
after the transplantation (Figure 6C). The increased efficiency in the
bone marrow engraftment was not the result of increased homing
to the bone marrow or increased proliferation, which did not dis-
play any alteration (Figure 6D,E). Collectively, these data are show-
ing negative role of WBP1L in HSPC function. Persistence of the
engraftment advantage for more than 16 weeks suggests that the
haematopoietic system is affected already at the level of haemato-
poietic stem cells.

3.6 | Compensatory mechanisms restore CXCR4
signalling when WBP1L is lost in the germline, but the
effects of WBP1L deficiency on CXCR4 signalling can
be observed upon its acute deletion

Part of the data described above are consistent with CXCR4 hyper-
activity. However, the same homing capacity of the wild-type and
Wbp1I~~ bone marrow cells (Figure 6D) is incompatible with enhanced
CXCRA4 function. These results prompted us to test whether bone mar-
row cells from Whp1I~~ mice display similar CXCR4 dysregulation as
shRNA-treated cell lines. Surprisingly, we did not observe any altera-
tions in CXCL12-triggered ERK phosphorylation in bone marrow cells
from Wbp1I”~ mice (Figure 7A). This result was in disagreement with
our analysis of the effects of shRNA-mediated WBP1L down-regula-
tion in cell lines (Figure 4). To exclude the possibility that enhanced
CXCR4 signalling observed there was the result of non-specific off-tar-
get effects of Wbp1l shRNAs, we expressed shRNA targeting Wbp1l in
immortalized monocyte/macrophage progenitors from wild-type and
Whp1I”~ mice. Because of the absence of WBP1L, only non-specific
activity of Whbp1l shRNA can be detected in Wbp1I™~ progenitors. As

expected, Wbpll shRNA significantly enhanced CXCL12-triggered
ERK activation in wild-type cells. On the other hand, only negligible
insignificant changes were detected in Wbp1l~'~ cells (Figure 7B). These
results demonstrated that the effects of Whp1l shRNA are dependent
on Wbp1l and, thus, specific. When we used the same cells in an in
vivo homing experiment, we observed that WBP1L down-regulation
significantly enhanced bone marrow homing of wild-type cells, when
compared to Whp1I™~ cells (Figure 7C). This outcome is consistent with
the results of our in vitro analyses showing that WBP1L negatively
regulates activity of CXCRA4.

To definitely prove the validity of our shRNA data, we have
generated a mouse strain Whp1/"-CreERT where the Wbp1l gene
can be acutely inactivated upon injection of 40H-tamoxifen. Acute
Whbp1l deletion in this model resulted in enhanced ERK phosphor-
ylation in response to CXCL12 stimulation in total bone marrow as
well as in several major subsets, including T cells, monocytes and
neutrophils, whereas in B cells, the difference was small and not
statistically significant (Figure 7D and S$10). No effects of WBP1L
deficiency on total ERK expression were observed (Figure 7E). The
enhanced CXCR4 signalling did not translate to any immediate effect
on steady-state numbers of major bone marrow and splenic cell sub-
sets (Figure S11A). However, it is likely that only much more substan-
tial increase in CXCR4 signalling would be needed to alter leucocyte
bone marrow retention within this timescale.

The data presented above suggested that the effects of WBP1L
down-regulation can only be observed after its acute deletion. To
further address this possibility, we have established primary culture
of isolated KIT* bone marrow cells from Whp1/""-CreERT mice, where
Whp1l could be deleted by 40H-tamoxifen. Importantly, cells cultured
outside the bone marrow are not exposed to continuous CXCL12
stimulation and desensitization and are, thus, having high expression
of CXCR4 and stronger signalling capacity. In agreement with our pre-
vious observations, after acute Whp1l deletion by CRE recombinase
(but not after germline deletion), these progenitors showed increased
ERK phosphorylation in response to CXCL12 stimulation (Figure 7F
and S11B). Wbp1l deletion also resulted in an increase in steady-state
CXCR4 surface expression with no other effects on the rate of
CXCL12-triggered receptor internalization in these cells (Figure 7G and
511C). The same increase in CXCR4 expression was also observed on
KIT* progenitors from peripheral blood of animals after acute Whp1l
deletion (Figure 7H). Similar, though not significant, trend was also
observed when CXCR4 was measured on fixed and permeabilized
cells (Figure S11D). Finally, cells with acute Whp1l deletion showed in-
creased migration towards CXCR4 ligand CXCL12 in a transwell assay
in vitro (Figure 71) and increased bone marrow homing efficiency in
vivo (Figure 7J). These data confirm that WBP1L negatively regulates
CXCR4 expression and signalling in primary cells.

4 | DISCUSSION

Expression of the WBPIL gene is heightened in ETV6-RUNX1*
paediatric BCP-ALL and was shown to correlate with favourable
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treatment response.*® However, the function of its protein prod-
uct WBP1L in healthy and leukaemic cells has not been investigated.
Here, we attempted to uncover its physiological function. Our initial

analysis shows that WBP1L binds several NEDD4-family E3 ubiqui-
tin ligases and its deficiency results in augmented surface expres-
sion and signalling of CXCR4, one of their known target proteins.
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FIGURE 7 Acute loss of WBP1L results in enhanced CXCR4 signalling but germline deficiency is compensated for. (A) ERK1/2
phosphorylation downstream of CXCR4 in WT and Wbp1I~'~ (germline deletion) bone marrow cells. Cells were stimulated with 100 nmol/L
CXCL12, fixed, stained for phosphorylated ERK1/2 and analysed by flow cytometry. Data represent percentage of responding cells (N = 6).
P-value was calculated for maximum response of WT and Whbp1I™~ cells regardless of the time-point where it was reached. (B) Erk1/2
activation after CXCL12 stimulation (100 nmol/L) of immortalized monocyte/macrophage progenitors (iProgenitors) from WT and Whp1I™~
mice and of the same cells transduced with Wbp1l shRNA. Erk phosphorylation was measured by flow cytometry of fixed and permeabilized
cells stained with fluorescent P-Erk1/2 antibody. Peak response detected during 5 min measurement is shown. Data are represented as
medians of fluorescence intensity (N = 3). P-values were calculated using 1lway ANOVA with Bonferroni's multiple comparison test. (C) WT
cells transduced or not with Wbp1l shRNA were mixed 1:1 and their bone marrow homing ability was analysed as in Figure 6D. As a control
Whbp1l™" cells transduced or not with Wbp1l shRNA and also mixed in a ratio 1:1 were used. Ratios of shRNA transduced and non-transduced
cells are plotted for each genotype (n = 8). P-value was calculated for the differences between these two ratios. Significant outliers were
discarded based on q test. As not all cells expressed shRNA containing vector after transduction, the true ratio was lower than 1:1 at the
time of injection. The final data were normalized to this true ratio. (D) CXCR4 signalling in bone marrow cell subsets after acute deletion

of Wbpll. In the top row, CreERT expressing cells treated either with tamoxifen or vehicle (corn oil) are compared. In the bottom row, the
comparison is made between tamoxifen-treated Whp1I"-CreERT and Wbp1/™* (without CreERT) bone marrow cells. Cells were stimulated
with 100 nmol/L CXCL12, fixed, stained for extracellular markers and intracellular P-ERK and analysed by flow cytometry. Data represent
percentage of responding cells from whole bone marrow (N = 7), T cells (CD3*, N = 7/8), monocytes (Ly6C" Ly6G~, N = 11) and neutrophils
(Ly6G* Ly6C N = 7). Significant outliers were discarded based on q test. P-value was calculated for maximum response (regardless of the
time-point at which this maximum was reached). In addition, significant differences in individual time-points are labelled with asterisks.

(E) Expression of total ERK1/2 in the bone marrow cells where Wbp1l was deleted as in (D). Protein level was measured using Western

blot. ERK1 and ERK2 were probed separately and signal was summed and normalized to actin loading control (N = 5) (F). CXCR4 signalling
in in vitro 4-hydroxytamoxifen treated KIT* progenitors isolated from Wbp1I™™-CreERT and Whp1/™" (without CreERT) bone marrow. ERK
phosphorylation was measured after stimulation with 100 nmol/L CXCL12 by flow cytometry on fixed and permeabilized cells. Peak
response detected during 5 min measurement is shown. One of two independent experiments is shown, N = 6. (G) CXCL12-induced changes
of CXCR4 surface expression on KIT* bone marrow progenitors. These cells were isolated from Whp1I™™-CreERT and Wbp1/™" bone marrow,
treated with 4-hydroxytamoxifen to induce Wbp1l deletion and stimulated with CXCL12 for indicated time intervals. FACS data are plotted
as median fluorescence intensities (left graph) or as percentage of expression level on non-stimulated cells (right graph) (n = 7). (H) CXCR4

expression on KIT® progenitors detected in the blood of tamoxifen-treated Wbp1/™™-CreERT and Whp1

1" mice. Significant outlier was

discarded based on g test (N = 10). (I) Migration of 4-hydroxytamoxifen-treated KIT* progenitors from Wbp1I™™-CreERT and Wbp1/™™ mice

towards 500 nmol/L CXCR4 in a transwell assay in vitro (N = 5). (J) Ly5.2* KIT* progenitors (from Wbp1I"-CreERT or Wbp1i™"f mice, treated
with 4-hydroxytamoxifen) were mixed 1:1 with Ly5.1/Ly5.2* heterozygous KIT* progenitors from WT mice and 107 cells were injected into
Ly5.1 sublethally irradiated recipients. After 16 h, the ratio between Ly5.2 and Ly5.1/Ly5.2 cells in the bone marrow was measured by flow

cytometry (N = 11)

At the organismal level, WBP1L deficiency resulted in perturbations
in B cell development and increased ability of bone marrow stem
and progenitor cells to reconstitute haematopoietic system after
the bone marrow transplantation. In addition, acute Whp1! deletion
resulted in increased progenitor homing to the bone marrow. How
much of this phenotype can be attributed to CXCR4 hyperactivity
is still an open question. There are at least two other mouse models
that show increased CXCR4 activity. One of these strains carries a
mutation in CXCR4 that prevents its desensitization and down-reg-
ulation (CXCR4"H™)_The same mutation in humans causes immuno-
deficiency known as WHIM syndrome.*32° CXCR4""™ mice display
a similar selective dysregulation in the bone marrow B cell compart-
ment as Whp1l”~ mice with the reduction in B cell percentages that

1.2° They also show

is most profound at the B cell progenitor level
increase in marginal zone B cell percentages. On the other hand,
some of their symptoms were not detected in Wbp1l™~ mice, includ-
ing blood neutropenia and lymphopenia and reduced spleen size.?®
Increased CXCR4 expression and CXCR4-mediated signalling were
also observed in mice deficient in the expression of BAR domain
containing adaptor protein Missing In Metastasis (MIM). In these
animals, leucocyte development and percentages appeared largely
normal and no leukopenia has been observed. Rather they showed
slightly increased white blood cell counts and splenomegaly.?%-??

Even though MIM deficiency has a number of CXCR4-independent

effects, these data show that enhanced CXCR4 activity does not
have to lead to leukopenia in the peripheral tissues, nor to major
alterations in leucocyte subset numbers and frequencies in the bone
marrow. |t is possible that the lack of receptor desensitization rather
than alterations in peak signal intensity may be the key factor driving

peripheral leukopenia in CXCR4"H™

mice.
Since in mice with germline Wbp1I deletion we have not observed
up-regulation in CXCR4 activity, it is difficult to unequivocally an-

-

swer the question if alterations in Wbp1I™™ B cell development are

caused by CXCR4 dysregulation. This phenotype is strikingly similar

RAWHIM animals. It is possible that not all

to the one observed in CXC
haematopoietic cell subsets are able to compensate for the loss of
WBP1L. Early B cell progenitors represent a relatively small popula-
tion, and their WBP1L expression based on the data from ImmGen
consortium?® is similar to other B cell subsets (not shown). The op-
tions to analyse their CXCR4 signalling pathways are relatively lim-
ited. Those that can be analysed by flow cytometry, including ERK
and STAT3 phosphorylation, as well as calcium response appear to
be hypo/non-responsive in this particular cell type despite clearly
measurable CXCR4 expression (not shown). As a result, B cell pro-
genitors contribute very little to ERK phosphorylation of the entire
B cell pool measured in our experiments where the more mature
stages dominated the response. The other pathways we were not
able to analyse in this relatively rare subpopulation and so it is still
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possible that reduction in B cell progenitor numbers in Wbp1I™'~ mice
is caused by some aspect of CXCR4 signalling, which we could not
measure.

WBP1L may also have other functions besides regulation of
CXCR4. They may be responsible for a part of the phenotype of
WBP1L-deficient cells and animals. WBP1L binds multiple NEDD4
family members and very likely other proteins, which can result in
pleiotropic effects on leucocyte biology. It has been shown that in
competitive transplantation assay HSPC with only one functional
CXCR4 allele perform better than wild-type cells, which perform
better than CXCR4""™ cells, clearly showing an inverse correlation
between CXCR4 activity and transplantation efficiency.?*?> This
observation is rather counterintuitive and opposite to the results
we obtained with Wbp1l™~ cells. An explanation suggested in these
studies was that CXCR4 promotes haematopoietic stem cell quies-
cence leading to competitive disadvantage when CXCR4 signalling
is up-regulated. This leads to the conclusion that though CXCR4
role cannot be completely excluded by our experiments, effects of
WBP1L on transplantation efficiency are likely CXCR4-independent.
The molecular mechanism of how WBP1L regulates bone marrow
engraftment will have to be addressed in future studies. On the
other hand, functional effects of acute down-regulation of WBP1L
are more clearly connected to CXCR4, leading to increased surface
expression of CXCR4, increased CXCR4 signalling and improved
homing efficiency, similar to mouse models with increased CXCR4
activity.

It is at present unclear what is the reason for the unequal effects
of the acute and constitutive OPAL1 deletion on CXCR4 signalling.
We can speculate that WBP1L may be rather general regulator of
expression and/or activity of NEDD4 family ligases. However, there
are many additional mechanisms regulating these enzymes. In the
majority of cases, these might be able to compensate for the loss
of WBP1L in the long-term. However, their ability to rapidly react
to acute WBP1L loss would likely be more limited, as it may require
changes in the gene expression pattern or other time-consuming
adaptations.

Another important question is the role that WBP1L potentially
plays in leukaemia. The WBP1L gene is a target gene of ETV6, which
suppresses its expression.* In ETV6-RUNX1* BCP-ALL, one allele of
ETV6 is inactivated by fusion with RUNX1, while the other is often
inactivated as well.?¢ This could explain the increase of WBP1L ex-
pression in ETV6-RUNX1* BCP-ALL. It is also in agreement with our
data showing that in REH cells (which already have both ETVé alleles
inactivated) ETV6-RUNX1 genetic deletion did not have any further
effect on WBP1L expression. ETV6 inactivation likely represents
part of the mechanism leading to the development of leukaemia
and defining its features. In principle, WBP1L in this context can
have two different functions. First, negative regulation of CXCR4
by WBP1L could dampen the interactions of leukaemic (stem) cells
with protective bone marrow niches, making them more sensi-
tive to treatment. Second, WBP1L may also have negative effect
on leukaemic stem cells similar to its negative regulatory effects
on HSPCs that were revealed in our competitive transplantation

experiment. Our data do not specifically address the role of WBP1L
in leukaemia. However, the effects of WBP1L deficiency on normal
haematopoiesis that we observed here and the fact that WBP1L is
an ETV6 target gene make WBP1L a relevant target of future re-
search in this field.
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Supplemental methods

Cell culture

REH cells were cultured in RPMI (Thermo Fisher Scientific, Waltham, MA), 293T and J774 cells and
Phoenix cells were cultured in DMEM (Thermo Fisher), other BCP-ALL cell lines were cultivated as
described previously [1]. Media were supplemented with 10% fetal bovine serum (Thermo Fisher)
and antibiotics. Immortalized monocyte-macrophage progenitors were cultivated and generated
using conditional HOXB8 construct as described previously [2,3]. KIT* cells were cultured in IMDM
media supplemented with 0.1% IL-6, 0.2% IL-3, 1% SCF, supplied as supernatants from HEK293 cells
transfected with constructs coding for respective cytokines. CRE-mediated Wbp1/ deletion was
induced with 1pM 4-hydroxytamoxifen. BMDM were prepared and cultivated as described [4].

Antibody generation

Preparation of the rabbit anti-WBP1L polyclonal antibody was outsourced to Eurogentec (Seraing,
Belgium). The QAREHGHPHLPRPPAC peptide, which is close to the WBP1L C-terminus and is identical
in the human and mouse sequences, was conjugated to keyhole limpet hemocyanin (KLH) for use as
the antigen. The same peptide was used to affinity purify the antibody. OPAL-01 and OPAL-02
antibodies to human WBP1L were described previously [1]. mOPAL-01 and mOPAL-03 mouse
monoclonal antibodies to murine WBP1L were generated by standard hybridoma technology using
splenocytes of mice (F1 hybrids of BALB/c x B10) immunized with recombinant intracellular part of
murine WBP1L protein and Sp2/0 myeloma cells as a fusion partner.

Flow cytometry

For surface staining, cells were incubated with antibodies and Fc-block (Clone 2.4G2) in PBS with 2%
FBS for 30 min. For intracellular staining, cells were fixed with 4% formaldehyde (Thermo Fisher),
then stained for surface markers, permeabilized with 90% methanol (Lachner, Neratovice, Czechia),
blocked with 5% BSA (Merck, Darmstadt, Germany) 0.3% Triton X-100 (Merck) in PBS and stained for
intracellular antigens in 1% BSA 0,3% Triton X-100 in PBS. For cell cycle analyses or Ki67 staining,
cells were not permeabilized by methanol and after antibody staining were stained with 2 pg/ml
Hoechst 33342 (Merck). Data were collected on LSRII flow cytometer (BD Biosciences, San Jose, CA)
and analyzed with Flowlo software (FlowlJo LLC, Ashland, OR).

Other reagents and their sources

B-estradiol (Merck), 4-Hydroxytamoxifen (Merck), recombinant murine and human SDFla
(Immunotools, Friesoythe, Germany), Lipofectamine 2000 (Thermo Fisher), Protein A/G (Santa Cruz
Biotechnology, Dallas, TX), tunicamycin, Lysotracker Red DND-99, ER-Tracker Red, MitoTracker Red
(Thermo Fisher), TC14012 (RanD corporation), AMD3100 (Merck).



Analysis of WBP1L palmitoylation

Palmitoylation of WBP1L was analyzed using click reaction-based approach, essentially as described
earlier [5]. Briefly, HEK293 cells (5.5 x 10° in 60-mm dish) were transfected with 6 pg of WBP1L-
FLAG-STREP-bearing pBABE using FUGENE (Promega, Madison, WI) according to manufacturer’s
instruction. After 24 h, cells were labeled with 50 uM 17-octadecynoic acid (170DYA) or exposed to
0.05% DMSO carrier (1.5 h, 37 °C). Cells were lysed in a buffer containing 4% SDS and lysates
subjected to click reaction with biotin-azide (500 M biotin-PEG3-azide; Merck). Proteins were
precipitated with chloroform:methanol [6] and resupended in the presence of 0.5% SDS and 1%
Brij97. Biotin-tagged proteins were enriched on streptavidin-coupled beads (Thermo Fisher), eluted
in hot H,0 followed by series of buffers and analyzed by immunoblotting using mouse anti-FLAG IgG
(Merck) and rabbit anti-FLOTILLIN-2 IgG (Cell Signaling Technology, Danvers, MA).

Microscopy

BMDM were plated overnight on eight well p-plate (IBIDi). The next day the cells were directly
imaged or stained with organelle specific dye (MitoTracker Red 1:500, LysoTracker Red DND-99
1:1000, ER-tracker Red 1:1000, all Thermo Fisher) and directly imaged, or stained with CD11b-APC
(Table S1) and subsequently fixed with 4% formaldehyde (Merck) and stained with Hoechst 33342
(Merck). Sequential 2-color imaging was performed using Leica TCS SP8 laser scanning confocal
microscope with a 63x1.4 NA oil-immersion objective. Acquired images were manually thresholded
to remove signal noise detected outside of the cell using Imagel software.

Isolation of cell subsets from organs

Mouse blood was collected by cheek bleeding to EDTA tubes (KABE Labortechnik, Numbrecht-
Elsenroth, Germany). B cells and T cells were isolated from splenocyte suspensions and neutrophils
and KIT* cells from bone marrow cell suspensions using magnetic microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany, see Supplementary Table S5) on an AutoMACS magnetic cell sorter
(Miltenyi Biotec). Cells from murine embryo proper and yolk sac were isolated by digestion of
respective tissue in dispase (1mg/ml, Thermo Fisher) in HBSS for 10 min followed by erythrocyte lysis
with ACK buffer.

Knock-out cell line preparation

ETV6-RUNX1”" REH cell lines were established using CRISPR/Cas9 technology. pLV-U6g-EPCG plasmid
(Merck) was used with guide RNA (GTGCCTCGAGCGCTCAGGATGG) against exon 2 of ETV6 gene.
Since the second allele of ETV6 is deleted in REH cell line, this targeting sequence is specific for
fusion gene only. Knockout of ETV6-RUNXI gene was confirmed by Sanger sequencing, on mRNA
and protein level (Figure S2 and data not shown). As a control, REH cell line transduced with non-
targeting CRISPR/Cas9 vector was used.



Tandem purification of WBP1L for mass spectrometry analysis of WBP1L-binding proteins

Cells were lysed in lysis buffer (30mM TRIS, pH 7.4, 120 mM NaCl, 2 mM KCl, 10% Glycerol, 1% B-D-
dodecylmaltoside, 10 mM Chloroacetamide, Phosphatase inhibitor tablets (PhosSTOP, Roche, Basel,
Switzerland), Protease Inhibitor Cocktail (Roche)) and tagged proteins were immunoprecipated from
postnuclear supernatants on anti-flag M2 affinity gel (Merck), eluted with 3x FLAG peptide (Merck),
followed by second round of affinity purification on Strep-Tactin sepharose (IBA Lifesciences,
Goettingen, Germany) and elution with 2% sodium deoxycholate (Merck) in 50mM TRIS (pH 8.5).
Cysteines in eluted proteins were reduced with 5mM final concentration of TCEP (Tris(2-
carboxyethyl)phosphine hydrochloride) and blocked with 10mM final concentration of MMTS
(methyl methanethiosulfonate). Samples were cleaved with 1ug of trypsin. After digestion, samples
were acidified with TFA (Trifluoroacetic acid) to 1% final concentration. Sodium deoxycholate was
removed by extraction to ethylacetate [7]. Peptides were desalted on Michrom C18 column.

nLC-MS 2 Analysis

Nano Reversed phase column (EASY-Spray column, 50 cm x 75 pum ID, PepMap C18, 2 um particles,
100 A pore size) was used for LC/MS analysis. Mobile phase buffer A was composed of water and
0.1% formic acid. Mobile phase B was composed of acetonitrile and 0.1% formic acid. Samples were
loaded onto the trap column (Acclaim PepMap300, C18, 5 um, 300 A Wide Pore, 300 pm x 5 mm, 5
Cartridges) for 4 min at 15 pl/min. Loading buffer was composed of water, 2% acetonitrile and 0.1%
trifluoroacetic acid. Peptides were eluted with Mobile phase B gradient from 4% to 35% B in 60 min.
Eluting peptide cations were converted to gas-phase ions by electrospray ionization and analyzed on
a Thermo Orbitrap Fusion (Q-OT- qIT, Thermo Fisher). Survey scans of peptide precursors from 400
to 1600 m/z were performed at 120K resolution (at 200 m/z) with a 5 x 10° ion count target. Tandem
MS was performed by isolation at 1.5 Th with the quadrupole, HCD (Higher-energy collisional
dissociation) fragmentation with normalized collision energy of 30, and rapid scan MS analysis in the
ion trap. The MS 2 ion count target was set to 10* and the max injection time was 35 ms. Only those
precursors with charge state 2—6 were sampled for MS 2. The dynamic exclusion duration was set to
45 s with a 10 ppm tolerance around the selected precursor and its isotopes. Monoisotopic
precursor selection was turned on. The instrument was run in top speed mode with 2 s cycles [8].

Data analysis of mass spectrometry

All data were analyzed and quantified with the MaxQuant software (version 1.5.3.8) [9]. The false
discovery rate (FDR) was set to 1% for both proteins and peptides and we specified a minimum
length of seven amino acids. The Andromeda search engine was used for the MS/MS spectra search
against the Mus musculus database (downloaded from Uniprot on March 2018, containing 25 527
entries). Enzyme specificity was set as C-terminal to Arg and Lys, also allowing cleavage at proline
bonds and a maximum of two missed cleavages. Dithiomethylation of cysteine was selected as fixed
modification and N- terminal protein acetylation and methionine oxidation as variable modifications.
The “match between runs” feature of MaxQuant was used to transfer identifications to other LC-
MS/MS runs based on their masses and retention time (maximum deviation 0.7 min) and this was
also used in quantification experiments. Quantifications were performed with the label-free
algorithms described recently [9]. Data analysis was performed using Perseus 1.5.2.4 software.



Protein immunoprecipitation

Cells were lysed in lysis buffer described in the tandem purification method above. In co-
Immunoprecipitation experiments 1% B-D-dodecylmaltoside was replaced with 1% NP-40 substitute
(AppliChem GmbH) and in WBP1L immunoprecipitation from multiple B cell lines (Figure S2) RIPA
buffer (50 mM TRIS pH7.4, 150 mM NaCl, 1% NP-40 substitute, 1% Deoxycholate (Merck), 0.1% SDS
(Merck)) with the same protease and phosphatase inhibitors was used. Lysates were incubated with
WBP1L monoclonal antibodies followed by isolation of antibody-bound complexes on protein A/G
agarose beads (Santa Cruz Biotechnology) and elution with SDS-PAGE sample buffer.

Construct preparation and lentiviral production

If not otherwise specified, inserts were amplified from cDNA using Q5 polymerase (New England
BioLabs, Boston, MA). Myc-tagged WBP1L WT, AN (with deletion of the following sequence
QQRQHEINLIAYREAHNYSALPFYFRFLPNSLLPPYEEVVNRPPTPPPPYSAFQL deleted) AC (lacking entire C-
terminus starting from PPPPQGGPPGGSPPGAD...) were generated by PCR and cloned into pcDNA3
vector. For WBP1L palmitoylation analysis and tandem purification, WBPIL or EGFP were cloned into
tagging vector (pBABE containing C-terminal 3xFlag-2x Srep-tag-UGA —IRES-G418). For microscopy,
WBP1L was cloned into MSCV vector in front of MYC-tag-EGFP-UAA. Golgi-mApple was amplified
from mApple-Golgi-7 (mApple-Golgi-7 was a gift from Michael Davidson, Addgene plasmid # 54907)
and subcloned into MSCV. E3 ligase cloning is summarized in Table S3. WBPIL shRNA
(silencing/nonsilencing murine TRCNO000297606/085, human TRCN0000282025/275362) was
obtained from Merck. Full length Cre (a gift from Dusan Hrékulak) was cloned into pHIV-EGFP vector
(pHIV-EGFP was a gift from Bryan Welm & Zena Werb, Addgene plasmid # 21373 [10]).

For lentiviral transductions HEK293T cells were transfected with Lentiviral Packaging vector (Thermo
Fisher) and a vector of interest in ratio 1:2.5 using polyethyleneimine (PEI) (Polysciences,
Warrington, PA). Virus was concentrated on centrifugal filter (Amicon 100K, Millipore). Cell infection
was performed similarly to retroviruses as described here [4]. After infection with shRNA constructs,
the infected cells were sorted based on the reporter (EGFP) expression and used in experiments no
later than 3 weeks after the infection.



Table S1. List of flow cytometry antibodies

Antigen Clone Species tested | Conjugate Company
P-ERK 197G Mus musculus | Alexa 647 Cell Signalling

Technology
Ly5.1 A20 Mus musculus | APC, FITC BiolLegend
Ly5.2 104 Mus musculus | PE-Cy7, PB, Biolegend
cD3 17A2, 1452/C11 Mus musculus | PE, PB Biolegend
Ly6C HK1.4 Mus musculus | FITC, PE-Cy7 Biolegend
Ly6G 1A8 Mus musculus | PB, FITC, PB, APC Biolegend
B220 RA3-6B2 Mus musculus | e450 Thermo-Fisher
IsM EB121-15F9 Mus musculus | FITC eBioscience
CDh43 eBioR2/60 Mus musculus | PE eBioscience
KIT 2B8 Mus musculus | PE, FITC Biolegend
SCA-1 E13-161.7 Mus musculus | APC Biolegend
CD16/32 93 Mus musculus | FITC BiolLegend
CD19 6D5 Mus musculus | FITC BiolLegend
CD11c N418 Mus musculus | APC BiolLegend
F4/80 BMS8 Mus musculus | PE, FITC, PE-Cy7 Biolegend
CD11b M1/70 Mus musculus | PE, BV785, A700, APC | Biolegend, Sony
TER119 TER-119 Mus musculus | PB, Qdot605 Biolegend,
CD34 RAM34 Mus musculus | FITC eBioscience
CD93 AA41 Mus musculus | PerCP-Cy5.5 BiolLegend
CD23 B3B4 Mus musculus | e660, APC Thermo-Fisher
CD1d 1B1 Mus musculus | FITC Biolegend
CD5 57-7.3 Mus musculus | PE Thermo-Fisher
CD45 30-F11 Mus musculus | PerCP-Cy5.5 Biolegend
Ki67 16A8 Mus musculus | APC Biolegend
anti-mouse 17A2/RB6-8C5/RA3- .
Lineage Cocktail 652{'{er—119fl\;1/70 Mus musculus | PB Biolegend
KOMBITEST™ CD3
EIEE ﬁ EgingPg?CSPﬁ l2J é: R}ifGSﬂTSwMEM_ Homo sapiens FITC, PE, PerCP, APC Exbio
/ CD19 APC
CD14 MEM-18 Homo sapiens FITC Exbio

Mus musculus
CXCR4 2B11 and Homo APC Thermo-Fisher
sapiens




Table S2. List of antibodies for immunoprecipitation and Western blotting.

Antigen Clone Company Comments

WBP1L Rabbit polyclonal Custom made, Eurogentec ;l\;Jen;ll r:{\n;f;tstaien\é\r‘BPlL for
WBP1L OPAL-01 Made in house Human WBP1L
WBP1L OPAL-02 Made in house Human WBP1L
WBP1L mOPAL-01 Made in house Mouse WBP1L
WBP1L mOPAL-03 Made in house Mouse WBP1L
B-ACTIN AC15 Merck

P-ERK 197G2 Cell Signalling Technology

ERK 1 MK12 BD Bioscience

ERK 2 Rabbit polyclonal Santa Cruz Biotechnology

P-AKT D9E Cell Signalling Technology

GAPDH Rabbit polyclonal Merck

MYC-tag 9811 Cell Signalling Technology

UBIQUITIN Rabbit polyclonal (A100) Boston Biochem

UBIQUITIN P4AD1 Cell Signalling Technology CXCR4 ubiquitination
ITCH Rabbit polyclonal LifeSpan BioSciences Itch staining in Fig. 5C
ITCH D8Q6D Cell Signalling Technology Itch expression in progenitors
WWP1 Rabbit polyclonal Abcam

WWP2 Rabbit polyclonal Abcam

CXCR4 2B11 BD Bioscience

HA-tag C29F4 Cell Signalling Technology

FLOTILLIN-2 Rabbit monoclonal Cell Signalling Technology Western Blotting
FLAG M2 Merck

Mouse Anti-Rabbit

G Antibody M205 Genscript For L.P.

conjugated to

peroxidase

Goat Anti-Mouse,

||ght.: chain specific, Monoclonal, not specified | Jackson Immunoresearch For .P.

conjugated to

peroxidase

Mouse Anti-Rabbit,

||ght.: chain specific, Monoclonal, not specified | Jackson Immunoresearch For .P.

conjugated to

peroxidase

Goat anti-Mouse IgG

(H+L), conjugated to | Polyclonal Bio-Rad For lysates
peroxidase

Goat anti-Mouse IgG

(H+L), conjugated to | Polyclonal Bio-Rad For lysates

peroxidase




Table S3. List of gqPCR primers

Primer Sequence Species tested Company
WBP1L forward | CTCAGCGCTGCCATTTTATT Homo sapiens Merck
WBP1L reverse | GCTGGAAGGCACTGTATGGT Homo sapiens Merck
GAPDH forward | CCACATCGCTCAGACACCAT Homo sapiens Merck
GAPDH reverse | CCAGGCGCCCAATACG Homo sapiens Merck
WBP1L forward | CGTTGCCGTTTTACTTCAGG Mus musculus Merck
WBP1L reverse | GAGCTGGAAGGCACTGTACG Mus musculus Merck
WWP1 forward | GTTGCTGCCAGACCCAAA Mus musculus Merck
WWP1 reverse TAGGACAGATGATGATTCTCCATTA Mus musculus Merck
WWQP2 forward | GCCGGTTACCAGCTCAAA Mus musculus Merck
WWP?2 reverse TCAAAGATACAGGTCTGCAAGC Mus musculus Merck
SMURF2 Mus musculus

forward TTACATGAGCAGGACACACITACA Merck
SMURF2 Mus musculus

reverse GCTGCGTTGTCCTTTGTTC Merck
SMURFL Mus musculus

forward GGGTCAGTGGTGGACTGC Merck
SMURFL Mus musculus

reverse CCAGGGCCTGAGTCTTCATA Merck
NEDDAL Mus musculus

forward TGAGCAAGCTCACCTTCCA Merck
NEDDAL reverse | CCCGTGACAGTTGACGAAC Mus musculus Merck
NEDD4 forward | GCCGGTTACCAGCTCAAA Mus musculus Merck
NEDDA4 reverse | TCAAAGATACAGGTCTGCAAGC Mus musculus Merck
ITCH forward TTGATGCGAAGGAATTAGAGG Mus musculus Merck
ITCH reverse GGTGTAGTGGCGGTAGATGG Mus musculus Merck
B-ACTIN Mus musculus

forward GATCTGGCACCACACCTTCT Merck
B-ACTIN reverse | GGGGTGTTGAAGGTCTCAAA Mus musculus Merck




Table S4. List of Nedd4-family cDNA constructs.

Recloned to pK-MYC-C1 and thus

E3 ligase Species Plasmid or insert origin adding Myc-tag
Homo Addgene, Plasmid: 27000

NEDDAL sapiens Gift from Joan Massague [11] N

TCH Mus Addgene, Plasmid 11427 i
musculus Gift from Allan Weissman [12]

WWP1 Homo Gift from Paul Bieniasz, ADARC, NY +
sapiens

WWP2 Homo Gift from Paul Bieniasz, ADARC, NY +
sapiens




Table S5 List of magnetic cell sorting reagents.

Antigen Clone Species tested | Conjugate Company

Ly6G 17A2 Mus musculus | Biotin Biolegend

CD3 145/2C11 Mus musculus | Biotin Biolegend
Mus musculus

CD11b MicroBeads | M1/70 and Homo Coated MiltenyiBiotec
sapiens

C[.)43 (Ly48) not specified by the Mus musculus | Coated MiltenyiBiotec

MicroBeads company

KIT Ack2 Mus musculus | Biotin In house
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Figure S1. WBP1L expression in human leukocytes and leukocyte progenitor subsets. Expression profile of
WBP1lL mRNA generated by Genevestigator gene expression analysis tool, based on manually curated gene
expression data from public repositories [13]. The box delimits the area between the upper and lower
quartiles. Whiskers represent the lowest or highest data point still within 1.5 times this area in each direction.
Stars represent data points outside this range.
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Figure S2. Expression of WBP1L in ETV6-RUNX1* and ETV6-RUNX1 cell lines and deletion of ETV6-RUNX1 in
REH cells. (A) WBP1L immunoprecipitates from ETV6-RUNX1* B cell line REH and ETV6-RUNXI" lines TOM-1,
NALM-6, and SUB B15 were immunoblotted with antibody to WBP1L and actin. For quantification, data were
normalized in each experiment to actin and then to experiment average to allow comparison among
experiments. Statistical significance was calculated using one way ANOVA with Dunnett’s post test. (N=3). (B)
Results of ETV6 exon2 CRISPR/CAS9 target site sequencing in individual ETV6-RUNX1-deficient REH clones. (C)
ETV6-RUNXI mRNA expression in the clones from (B) determined by qPCR. The data are plotted as 2.
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WBP1L WBP1L WBP1L WBP1L WBP1L

PM + Nuclei Lysosomes Mitochondria

Figure S3. Subcellular localization of WBP1L. Confocal imaging of BMDM from Whp1/”- mice transduced with
WBP1L-EGFP. The following markers were used: Plasma membrane (PM) — CD11b, Nuclei — Hoechst 33342,
both on fixed cells; Golgi — Golgi-7-mApple retroviral construct, Endoplasmic reticulum (ER) — ER-Tracker-Red,
Lysosomes and other acidic organelles — LysoTracker Red, Mitochondria — MitoTracker Red, all live cell
imaging. Bar =10 pm. N =2 3.
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Figure S4. Alighment of WBP1L sequences from representatives of major vertebrate classes. Sequences were
aligned with MUSCLE algorithm using MegAlign Pro software from DNASTAR Lasegene suite. Conserved
features are highlighted with red boxes.
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Figure S5. WBP1L interaction with ITCH in J774 macrophage-like cell line. MYC-tag imunoprecipatates from
1774 cells stably expressing MYC-tagged WBP1L wild-type form or WBP1LAN lacking WW domain interacting
motifs. Western blots were stained with anti-ITCH antibody and anti MYC-tag antibody. Irrelevant lines from
the blot image were removed and replaced with vertical dividing lines. N=2.
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Figure S6. Representative Western blots showing data quantified in Figure 4C (A) and 4D (B).
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Figure S7. ERK1/2 phosphorylation downstream of CXCR4 or CXCR7 in immortalized monocyte/macrophage
progenitors and REH cells transduced with WBP1L or control shRNA. Cells were treated with 100 nM CXCL12
alone or together with 1 pg/ml of CXCR4 antagonist AMD3100 or treated with 1 pM specific agonist of CXCR7
TC14012. ERK1/2 phosphorylation was analyzed by flow cytometry. Data are normalized to non-transduced

cells (left panel N=3, right panel N=4).
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Figure S8. Analysis of cell cycle in bone marrow B cell progenitors from wild-type and Whp1/-deficient mice.
Bone marrow cells were fixed, stained for surface markers, permeabilized, and stained with Ki67 and Hoechst
33342. Individual B cell subsets were defined using following markers: Pro-B cells (CD43%, B220*, IgM"), Pre-B
cells (CD437, B220"°v, IgM’), Immature B cells (CD437, B220"°%, IgM*), Mature B cells (CD43", B220"e", IgM*). The
right panel of FACS plots shows gating strategy of cell cycle analyses. Representative FACS plots of stained cells

with and without (Ki67 FMO) Ki67 staining are shown.
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Figure S9. Enhanced engraftment of Whp1l” bone marrow. Ly5.2* bone marrow (WT or Whp1/#) was mixed
with Ly5.1* bone marrow (always WT) in a ratio 1:1 and 2 x 108 cells were transplanted into Ly5.1 lethally
irradiated mice. Mice were analyzed two months post transplantation. Flow cytometry analyses show the ratio
between Ly5.2 and Ly5.1 cells determined for individual bone marrow cell subsets. Individual cell subsets were
defined using following markers: Granulocytes (LY6C, CD11b*, LY6G*), Monocytes (LY6C, CD11b*, LY6G'),
Dendritic cells (CD11c*), T cells (CD3%), Pro/Pre B cells (B220'*, IghVI"), Immature B cells (B220'"°%, IgM*), Mature
B cells (B220Me", IgM*), LinC-kit* cells (lin", c-kit*), LSK cells (lin", c-kit*, SCA1*).
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Figure S10. Effects of inducible Whp1/ deletion on ERK activation in bone marrow cell subsets. (A) Whp1/
mRNA expression after in vitro 4-hydroxytamoxifen induced deletion in samples from Figure 7F compared to 4-
hydroxytamoxifen-induced deletion in vivo in the whole bone marrow and spleen from Whp1/-CreERT mice
(samples from Figure 7D). (B) Representative FACS plots for data shown in Figure 7D.
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Figure S11. Additional analyses of Whp1l+~ cells. (A) Total numbers of splenocytes and bone marrow cells and
percentages of major leukocyte subsets 5-7 days after Tamoxifen-induced deletion of Whp1/. The splenocyte
subsets were defined using the following markers: T cells (CD3*), B cells (B220%), DC (CD11c*, Ly6C”*"),
Macrophages (F4/80%, CD11b™). The bone marrow cell subsets were defined using the following markers:
Neutrophils (Ly6C™, CD11b*, Ly6G*), B cells (B220*), Monocytes (Ly6C"e", CD11b*, Ly6G), T cells (CD3*). (B)
Similar experiment as in Figure 7F. However, here the cells with constitutive Wbp1/ inactivation were used
(N=4). (C) CXCR4 surface expression was measured in cultured KIT* bone marrow progenitors with constitutive
Whp1linactivation by flow cytometry. One significant outlier was removed based on Q test. (D) Total CXCR4
expression was measured in cultured KIT* bone marrow progenitors with constitutive Wbp1/ inactivation by
flow cytometry of fixed and permeabilized cells.
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