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1. List of abbreviations 

 
 

 

AMP – Adenosine monophosphate 
 

BCP-ALL – B cell progenitor acute lymphoblastic leukaemia 
 

BCR -  B cell receptor 
 

BM – Bone marrow 
 

BMDC – Bone marrow derived dendritic cells 
 

BMMF – Bone marrow derived macrophages 
 

CD – Cluster of differentiation 
 

CD – Crohn´s disease 
 

CMO – Chronic multifocal osteomyelitis 
 

CRMO – Chronic recurrent multifocal osteomyelitis 

CR – Complement receptor 

 
DAMP – Damage associated pattern 

 

DSS – Dextran sodium sulphate 
 

FACS – Fluorescence-activated cell sorting 
 

fMLP – N-formyl-methionyl-leucyl-phenylalanine G-CSFR 

– Granulocyte colony-stimulating factor receptor GM-CSF 

– Granulocyte/monocyte colony stimulating factor GMP – 

Guanosine monophosphate IBD – Inflammatory bowel 

disease 

 
IFNγ – Intereferon gamma 

 

ITCH – Itchy E3 Ubiquitin Protein Ligase 
 

ITAM – Immuno tyrosine activatory motif 
 

ITIM – Immuno tyrosine inhibitory motif 
 

KO – Knockout 
 

LSK – Lineage
-
 Sca1

+
 c-Kit

+
 cells 

 

LST1 – Leukocyte specific transcript 1 
 

LPS – Lipopolysaccharide 
 

MAP – Mitogen-activated protein 
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MHC – Major histocompatibility complex 
 

NK – Naturla killer cells 
 

NKT – Natural killer T cells 
 

OPAL1 – Outcome predictor of acute leukaemia 

1 PAMP – Pathogen associated pattern PKC – 

Protein kinase C 

 
PMA – Phorbol myristate acetate 
 

PolyI:C – Polyinosinic:polycytidylic acid 
 

PSTPIP2 – Proline-serine-threonine phosphatase-interacting protein 2 

PTB – Phosphotyrosine binding 

 
PTM – Post-translational modification 
 

PTK – Protein-Tyrosine kinase 
 

PTPN – Protein tyrosine phosphatases non-receptor type 

qPCR – quantitative Polymerase chain reaction ROS – 

Reactive oxygen species 

 
SCIMP – SLP adapter and CSK-interacting membrane protein 
 

SCID – Severe combine immuno-defficiency 
 

SH – Src homology 
 

SUMO – Small ubiquitin-like modifier 
 

TCR – T cell receptor 
 

TLR – Toll-like receptor 
 

TNBS – Trinitrobenzene sulfonic acid 
 

TnT – Tunneling nanotubes 
 

TNF – Tumor necrosis factor 
 

TRAP – Transmembrane adaptor protein 
 

UC – Ulcerative colitis 
 

WBP1L – WW domain binding protein 1-like 
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2. Abstract 
 

Because of the profound effects of signal transduction on cell behaviour, the activity 

of signalling pathways must be carefully regulated. Otherwise, dysregulation of signalling 

might harm the organism by not responding to danger or by an excessively strong reaction. 

Therefore, various regulatory mechanisms became essential parts of signal transduction 

pathways. They affect these pathways at all levels, including ligands, receptors, signalling 

enzymes, adaptor proteins and other signalling mediators, as well as transcription factors 

further downstream. In this thesis, I present the results of the research on the role of 

transmembrane and membrane associated adaptor proteins LST1, SCIMP, PSTPIP2 and 

WBP1L in the regulation of leukocyte signalling and homeostasis. 

 

Transmembrane adaptor protein LST1 is a short protein expressed in the cells of 

the myeloid lineage. Observation of LST1
-/-

 mice revealed that these animals are overall 

healthy without visible phenotype, with the exception of mild reductions in myeloid, 

NK and NKT cell populations at the steady state. On the other hand, LST1 deficiency 

had significant protective effect during acute colitis induced by dextran sodium 

sulphate, suggesting the role of LST1 in the regulation of gut inflammation. 

 

Studies on PSTPIP2 and SCIMP presented in this thesis are also focused on 

inflammation. They show the role of PSTPIP2 in the regulation of reactive oxygen 

species production and associated inflammatory bone damage and the function of 

SCIMP in the regulation of macrophage and dendritic cell responses to fungal cell wall 

components. Finally, this thesis describes novel transmembrane adaptor WBP1L and its 

role in the regulation of CXCR4 signalling and haematopoiesis. 
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3. Abstrakt 

 

 

Buněčná signalizace má zásadní vliv na chování a funkci buněk, a proto musí 

být činnost signálních drah pečlivě regulována. Porucha regulace signalizace může 

poškodit organismus tím, že nezareaguje na nebezpečí nebo na něj zareaguje příliš 

silně. Proto se různé regulační mechanismy staly nezbytnou součástí signálních 

drah. Tyto mechanismy se uplatňují na všech úrovních, včetně ligandů, receptorů, 

signálních enzymů, adaptorových proteinů a dalších signálních mediátorů, jakož i 

transkripčních faktorů. V této práci předkládám výsledky výzkumu funkcí 

transmembránových a membránově asociovaných adaptorových proteinů LST1, 

SCIMP, PSTPIP2 a WBP1L při regulaci signalizace a homeostázy leukocytů. 

 

Transmembránový adaptorový protein LST1 je krátký protein exprimovaný v 

buňkách myeloidní linie. Pozorování myší LST1
-/-

 odhalilo, že tato zvířata jsou 

zdravá, bez viditelného fenotypu, s výjimkou mírného snížení populací myeloidních 

buněk, NK a NKT buněk v normálním stavu. Nedostatek LST1 měl naopak 

významný ochranný účinek při akutní kolitidě vyvolané dextran-sodium-sulfátem, 

což naznačuje úlohu LST1 v regulaci zánětu střev. 

 

Studie PSTPIP2 a SCIMP prezentované v této práci se také zaměřují na zánět. 

Ukazují roli PSTPIP2 v regulaci produkce reaktivních forem kyslíku a souvisejícího 

zánětlivého poškození kostí a funkci SCIMP v regulaci odpovědi makrofágů a 

dendritických buněk na složky buněčných stěn hub. V neposlední řadě tato práce 

popisuje nový transmembránový adaptér WBP1L a jeho roli v regulaci signalizace 

CXCR4 a hematopoézy. 
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4. Introduction 

 
 

 

Every cell gathers information from the environment through its senses - 

receptors. When a receptor recognizes its ligand, it triggers activation of signalling 

enzymes, followed by changes in gene expression, cellular metabolism and other 

processes regulated by this receptor. However, the cells can react only when the 

signal reaches its designated targets (proteins, enzymes or transcription factors). The 

process of sending the signal through the cell is called signal transduction. Signal 

transduction transmits signals from receptors to the designated places through the 

network of signalling pathways [1]. 

 

Receptors sharing similar structural features form receptor families. Signalling 

pathways of the same receptor family often use similar set of molecules for signal 

transduction. For example, Toll-like receptors (TLRs) recognize pathogens and 

danger associated molecular patterns (chaperons, DNA, RNA, LPS, 

peptidoglycans…) and their main signalling pathway depends on MYD88 adaptor 

protein. However, several TLRs, such as e.g. TLR4, also use adaptor protein TRIF. 

This variety of adaptor proteins activating different molecules, change the strength 

of signals and gives rise to specific patterns of pathway activity. It allows the cell to 

distinguish, which receptor was triggered and what response should occur, relying 

on a very tight regulation [2; 3]. 

 

Overall, signal transduction plays prominent role in the regulation of immune cells 

(leukocytes) and the immune system. Its perturbation can cause autoimmunity, 

insufficient or excessive immune reaction against pathogens and can be potentially 

harming for organism. To be able to prevent these unwanted outcomes, it is necessary to 

understand leukocyte signalling pathways and their regulation in sufficient detail. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

7 



4.1 Signalling pathway components 

 

 

4.1.1 Ligands 

 

Leukocytes react to ligands, which are associated with infection/danger or 

regulate behaviour of the cells. Infection/danger signals are known as DAMP 

(damage-associated molecular pattern) or PAMP (pathogen associated molecular 

pattern). 

 

The DAMPs are ligands that are released upon damage inflicted on the 

organism. For example, when the cell within the organism undergoes destruction, its 

content, including organelles and intracellular molecules are released and sensed by 

leukocytes. These are usually molecules which are not available under the normal 

conditions in the extracellular space, such as DNA, RNA, ATP, chaperons and other 

intracellular proteins. 

 

The PAMPs are molecules associated with foreign organisms. The most typical 

PAMPs include lipopolysaccharide (LPS) present in the cell walls of gram-negative 

bacteria, lipoteichoic acid of gram-positive bacteria, nucleic acids from viruses, 

mannans or β-glucans from fungi [4]. 

 

Hormones, growth factors, cytokines, and chemokines are ligands regulating 

response and behaviour of leukocytes. Hormones regulate many functions in the 

organism such as cell growth, differentiation or cell metabolism. In addition, they have 

a strong immunomodulatory effect on immune cells [5]. For example, glucocorticoids 

inhibit TLRs pro-inflammatory response by attenuation of AP-1, IRF3 and NF-κB 

signalling [6; 7; 8]. Glucocorticoids also directly stimulate expression of inhibitory 

proteins such as glucocorticoid-induced leucine zipper (GILZ), which inhibits MAP 

kinases, AP-1 and NF-κB [9]. Growth factors such as cytokines G-CSF, GM-CSF, M-

CSF or SCF regulate proliferation and differentiation of the cell [10]. Chemokines are 

typically known for regulation of cell migration. However, their functions are also in 

the cell proliferation, survival, activation (degranulation, oxidative burst), phagocytosis 

enhancement and induction of cell adhesion [11; 12]. Cytokines regulate proliferation, 

activation, inhibition or polarisation of the cells for specific patterns of differentiation or 

behavior (M1-M2 macrophages, Th1, Th2 cells and others [13; 14]). These ligands are 

distributed in an 
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autocrine (influencing the producing cell itself) or paracrine (influencing other cells) 

manner. 

 
 

 

4.1.2 Receptors and signal transduction molecules 

 

Receptors are proteins, which recognize the ligands with high affinity and 

specificity and after their binding initiate a signalling cascade. In the cells there are two 

main categories of receptors: cell-surface and intracellular. After the activation, they use 

various intermediary proteins and other molecules to send the signal downstream. These 

intermediaries vary depending on the receptor and its mechanism of function. In this 

respect the most common types of receptors include G-protein coupled receptors, 

protein kinase associated receptors, receptors employing homotypic domain 

interactions, nuclear receptors and ligand-gated channels [1]. 

 

Cell-surface receptors consist of extracellular part, which usually contains ligand 

binding site, transmembrane domain anchoring receptor in the cell membrane, and 

intracellular part with signalling function. 

 

Heterotrimeric G-protein coupled receptors (such as chemokine receptor 

CXCR4) undergo conformational changes upon ligand binding. This activates 

exchange of GDP for GTP in the Gα subunit of the heterotrimeric Gαβγ protein, 

which then dissociates from GPCR as subunits Gα and Gβγ. Both then directly or 

indirectly activate multiple signalling pathways, including, among others, ERK and 

P38 pathway and phospholipase Cβ, mediating production of diacylglycerol and 

inositol-1,4,5-trisphosphate, leading to subsequent activation of calcium signalling, 

AKT, JNK, MEK and ERK1/2 [15]. 

 

Ligand-gated ion channels open after ligand binding and cause influx or efflux of 

ions. This results in changes of membrane polarization and activation of signalling 

proteins. Typical ion in immune signalling is Ca
2+

. For example, T cell stimulation via 

TCR results in efflux of Ca
2+

 from endoplasmatic reticulum (ER) into cytoplasm. This 

is triggered by binding of inositol-3-phosphate to calcium channels in the ER 

membrane. Subsequently, protein detector STIM responds to the decrease of Ca
2+

 

concentration in ER and activates Calcium release activated channels (CRAC) in the 

plasma membrane. Activation of CRAC channels leads to further influx of Ca
2+

 ions 
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into the cytoplasm. Rise in Ca
2+

 concentration in the cytoplasm has various 

consequences. One of the best known is Ca
2+

 binding to protein calmodulin, which 

changes its conformation and activates phosphatase calcineurin, which then 

dephosphorylates and activates transcription factors of NF-AT family [16; 17]. 

 

Another type of receptors regulating immune cell behaviour are receptors 

associated with protein kinases. Protein kinases attach phosphate moiety to proteins. 

Some receptors, such as receptors for M-CSF or SCF, are themselves kinases, since 

they contain kinase domain in their intracellular part. Others interact with kinases 

non-covalently. Examples include, TCR, BCR and many others. When TCR 

encounters its ligand, it results in the activation of SRC family kinases, which then 

phosphorylate CD3 proteins of the TCR complex. Next, another kinase, ZAP70, is 

recruited to the phosphorylated CD3 proteins and sends signal further downstream 
 

[18]. Phosphorylation is rapid process, which can quickly change the protein cellular 

localisation (STAT transcription factors), interaction with partners (mediated by 

SH2 and PTB domains) or protein conformation and enzymatic activity (Src family 

kinases). Phospho-tyrosine containing sites are often present in the structure of 

adaptor proteins (LAT, LST1, SCIMP, SLP-65/76 etc.)[19; 20]. 

 

Signalling by a number of receptors recognizing molecular patterns associated 

with pathogens or receptors from TNF receptor family is dependent on another 

general mechanism, homotypic domain interactions, where two domains of the same 

type interact to transduce the signal. For example, TIR domains in the intracellular 

part of TLR4 or other TLRs bind TIR domains in the adaptor protein MYD88 to 

initiate signal transduction, which is further propagated via interactions of MYD88 

death domain with the death domains of IRAK kinases [21; 22]. Another 

characteristic feature of this type of receptors is a common use of ubiquitination in 

the downstream signalling pathways. Ubiquitination is primarily a degradation 

signal. When poly-ubiquitin chain is formed on the protein via ubiquitin ligases, it 

undergoes proteasomal degradation. Degradation can regulate protein localisation 

(degradation in specific compartments), protein turnover or stability of activated 

signalling complexes. However, based on how the ubiquitin molecules are linked to 

polyubiquitin chains (via Lysine 6, 11, 27, 29, 33, 48, or 63), it can also serve as 

localisation signal or a binding site for other proteins [23]. A great example is 

signalling of TNF receptor, which is ubiquitinated, internalised and degraded upon 
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activation. However, ubiquitination also has multiple positive effects on its 

signalling. These include activation of transcription factor NF-κB mediated by 

ubiquitin induced degradation of its repressor - protein IκBα [24; 25; 26]. In 

addition, during activation of the TNF receptor, ubiquitin linked via K63 serves as a 

scaffold supporting recruitment of parts of the NF-kB signalling pathway (TAK1-

TAB2-TAB3 komplex, NEMO-IKKa-IKKb complex, LUBAC complex) mediated 

by their ubiquitin binding domains [27; 28; 29]. 

 

Receptors for pathogens are located not only on the cell surface, but also in the 

endocytic vesicles and in the cytosol. Typical intracellular pathogens are viruses, 

which are recognised by DNA- and RNA-sensing intracellular receptors (e.g. 

TLR3,7,9 in the endosomes and NOD like receptors, RIG-I, or MDA5 in the 

cytosol) [3; 30]. Upon recognition of their ligands, they induce antiviral responses 

[1]. Other intracellular receptors such as nuclear receptors (e.g. androgen receptor, 

estrogen receptors) act like transcription factors [3]. 

 
 

 

4.1.3 Signalling regulation 

 

Together, the receptors work as the senses of the cells for a wide variety of 

signals. However, the decision whether to respond and with what intensity depends 

on the regulation of signalling pathways. Moreover, multiple receptors can share 

parts of signalling pathways or their signalling can produce a similar outcome. 

Regulation of the signalling enables proper integration of these signals and ensures 

an adequate response. 
 

Signalling pathway can be regulated from the outside or by its own components 

from within the pathway. Outside regulation is mediated by another pathway. For 

example, T cell signalling via TCR has positive effect of T cell activation and 

proliferation only when co-stimulation by CD28 receptor is present. Co-stimulation via 

CD28 enhances transcription of TCR induced genes and induces expression of proteins 

IL-2 and BCL-xL, which serve as proliferation and survival factors. However, when the 

T cells are stimulated only by TCR without co-stimulation, activation induces T cells 

anergy [31; 32; 33; 34]. Regulation from within the signalling pathway occurs when 

proteins in the pathway actively regulate its other components. For example, ERK 

signalling pathway is negatively self-regulated via ERK1/2-mediated 
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phosphorylation of upstream pathway components (RAF, MEK1/2, etc.). This form 

of inhibition is fast and regulates the kinetics shortly after activation. Signalling 

pathways can also induce expression of genes with inhibitory function. However, 

this form of inhibition has longer kinetics due to longer time required for gene 

expression. [35]. 
 

Signalling is also regulated by utilisation and combination of different signalling 

modules. This way of regulation relies on changes in spatiotemporal localisation of 

these signalling modules in the cell or on differential activation of distinct pathways 

by receptors. Signalling module regulation is often mediated by adaptor proteins 

that bind multiple signalling complexes together and allow signalling cascades to 

proceed. A great illustrative example of regulation by signalling modules is TLR4 

signal transduction. TLRs are localised at the plasma membrane (TLR1,2,4,5,6,10), 

or in the endosomes (TLR3, 7, 8, 9, 11, 12, 13) [3]. The canonical TLR signalling 

pathway (TLR1, 2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13) is initiated by MYD88 adaptor 

protein module, followed by phosphorylation, ubiqutination and degradation of 

IκBα. Degradation of this repressor protein allows the translocation of NF-kB 

transcription factor into the nucleus and expression of proinflammatory genes such 

as IL-1 and TNFa. In addition, MYD88 adaptor also activates MAP kinase pathways 

(p38, ERK) [36; 37]. TLR3 utilises different module starting with TRIF adaptor 

protein, which signals through TBK1 and again activates NF-kB. In addition, it also 

activates IRF3, which induces production of type I interferons [38]. However, TLR4 

is utilising both adaptor protein modules. Firstly, after ligand recognition, it begins 

to signal via MYD88. TLR4 is then internalized and interacts with TRIFF adaptor 

protein. Ultimately, activation of both signalling modules activates different pattern 

of signalling molecules, leading to corresponding gene expression and defence 

response [3]. 
 

Signalling pathways are fine and complex networks of proteins and other 

signalling molecules. Their precise regulation is essential to elicit an accurate 

response and maintain equilibrium between strength of defence and potential harm 

to organism [39; 40]. 
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5. Adaptor proteins in immune signalling 
 

5.1 Role of adaptor proteins in immune signalling 

 

Adaptor proteins are characterized as proteins without enzymatic activity that 

facilitate co-localization of the components of cellular signalling cascades and create 

signalling hubs, locating other signalling proteins in close proximity to each other. We 

recognize transmembrane adaptor proteins, plasma membrane associated adaptor 

proteins and cytosolic adaptor proteins [19]. Adaptor proteins contain protein binding 

domains, which allow them to bind additional proteins and act as scaffolds or docking 

platforms. By promoting co-localization of signalling cascade components, they enhance 

the selectivity, specificity and potency of signalling. Typical binding domains of adaptor 

proteins include the modular binding domains, such as phospho-tyrosine binding 

domain, SH2 or SH3 domain, pleckstrin homology or WW domain. In addition adaptor 

proteins often contain short sequence motifs that bind modular binding domains in other 

proteins. Examples include proline-rich sequences recognized by SH3 domains, PxY 

motifs interacting with WW domains, or phosphotyrosine-based motifs binding to SH2 

or PTB domains. Highly specialized examples of phosphotyrosine-based motifs include 

Immunoreceptor tyrosine-based activating motif (ITAM - YxxL/Ix(6-8)YxxL/I), or 

Immunoreceptor tyrosine-based inhibitory motif (ITIM - S/I/V/LxYxxI/V/L). After 

phosphorylation of their tyrosines, ITAM and ITIM serve as binding sites for SH2 

domains of SYK-family kinases or SHP/SHIP phosphatases, respectively [41]. 

Localisation of adaptor proteins themselves is regulated by their interaction domains and 

motifs. Membrane adaptor proteins are also associated with cellular membranes by 

transmembrane domains or membrane binding domains, such as F-BAR or PH domain 

or via posttranslational modification with fatty acyl or other hydrophobic moiety [19; 20; 

42; 43]. 

 

Transmembrane adaptor proteins (TRAPs) contain plasma membrane spanning 

domain, which localises the adaptor to the plasma membrane in the proximity of 

receptors. TRAPs usually have very short extracellular part, which is often without 

ligand or any known function, while their intracellular part contains various interaction 

motifs. Typical examples include proteins LAT, PAG, NTAL, SCIMP, LST1. Their 

membrane association is often supported by palmitoyl residue covalently bound to the 

adaptor at palmitoylation site close to the membrane spanning region [44]. Interestingly, 

TRAPs do not contain modular binding domains. On the other hand they 
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typically contain multiple phosphotyrosine-based motifs. Depending on the 

molecules these motifs recruit they either propagate/potentiate positive signals 

generated by receptors, or attenuate signalling, e.g. by recruiting protein tyrosine 

phosphatases (PTPs) [19; 41; 42]. 

 

Function of cytoplasmic adaptor proteins, like MYD88, TRIF, SLP65, SLP76 or 

GRB2 is similar, except that they are recruited to the receptor proximity by binding 

to the receptor itself or to membrane adaptor proteins and there they contribute to 

orchestrating signalling cascade in the cytoplasm. In addition to protein-binding 

motifs they also often contain one or more modular binding domains. Multiple motifs 

in the adaptor protein structure help organise their interaction partners and regulate 

downstream signalling [20; 42; 43]. 

 

The following chapters will describe signalling, regulation and function of the 

adaptor proteins important for this thesis. 

 
 
 

5.2 Proline-serine-threonine phosphatase-interacting protein 2 (PSTPIP2) 

 

PSTPIP2 belongs to the membrane associated adaptor protein family. It is 

associated with the plasma membrane via the phosphoinositide binding F-BAR 

domain at its N terminus [45]. The F-BAR domain is followed the C-terminal tail 

containing PEST phosphatases binding sequence [46] and tyrosine based 

phosphorylation motifs interacting with phosphoinositide phosphatase SHIP1 [47]. 

PSTPIP2 also binds negative regulator of SRC-family kinases CSK via an unknown 

binding site. PEST family of phosphatases contains three members: PEP/LYP, PTP-

HSCF and PTP-PEST. They have rather pleiotropic functions, including negative 

regulation of lymphocyte activation, as well as regulation of cytoskeletal 

rearrangement and vesicle trafficking in processes such as adhesion, migration, 

phagocytosis, antigen capture and antigen presentation [48; 49]. SHIP1 is recruited to 

PSTPIP2 phosphorylation sites after their phosphorylation increases upon cell 

activation and contributes to inhibition of inflammasome-mediated processing of pre-

IL-1β into its active form [50]. 

 

PSTPIP2 expression was reported mainly in myeloid cells. Mutation L98P in the 

mouse strain Pstpip2
cmo

 results in the loss of PSTPIP2 protein. As a consequence, 

these mice spontaneously develop autoinflammatory disease - Chronic multifocal 
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osteomyelitis (CMO), which is very similar to human Chronic recurrent multifocal 

osteomyelitis (CRMO) [45]. However, no PSTPIP2 mutation has been identified in 

human CRMO patients up to date [51; 52; 53]. CMO disease symptoms manifest as 

inflammation of soft tissues in the paws, tail, and ears and as inflammatory 

destruction of the bones. Activated osteoclasts are the major cause of bone damage in 

Pstpip2
cmo

 mice [45; 54; 55]. However, neutrophil granulocytes and deregulated IL-

1β expression are the main trigger of CMO. Mice lacking expression of IL-1β had 

attenuated disease or were completely healthy [56; 57; 58]. Because IL-1β is cleaved 

by Caspase-1, studies have been focusing on inflammasome function. They showed 

that deletion of Caspase-1 does not protect against the disease. The role of Caspase-1 

was further found redundant with Caspase-8, which can also cleave IL-1β. 

Simultaneous inactivation of genes coding for Caspase-1 and 8 significantly, but 

again incompletely, protected mice against autoinflammation, suggesting that IL-1β 

activation and lack of inflammasome inhibition are important part of CMO disease 

initiation [56; 59; 60; 61]. Altogether, available data on the PSTPIP2 adaptor protein 

indicate that it functions as negative regulator of pro-inflammatory signalling. 

 
 

 

5.3 SLP adapter and CSK-interacting membrane protein (SCIMP) 

 

SCIMP is transmembrane adaptor protein discovered in the previous decade. It is 

expressed exclusively in antigen presenting cells – B cells, dendritic cells, monocytes 

and macrophages. It is located in tetraspanin enriched microdomains. Upon activation, 

SCIMP translocates to the immunological synapse between antigen presenting cell and T 

cell. It was suggested that there it regulates reverse signalling in the antigen presenting 

cell during the encounter with T cell. Stimulation of antigen recognition receptor BCR in 

B cells does not trigger phosphorylation of SCIMP. However, when antigen presenting 

molecules MHCIIgp were cross-linked by anti-MHCII antibodies, SCIMP was 

phosphorylated [62]. SCIMP was also phosphorylated after activation by LPS, Poly I:C, 

Pam3CSK4 and CpG and subsequently it bound proteins GRB2, SLP65, LYN and CSK 

kinase. [63; 64; 65; 66; 67]. 
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5.4 WW Domain Binding Protein 1 Like (WBP1L) 

 

WBP1L – WW domain binding protein 1-like, also known as OPAL1 – 

Outcome predictor of Acute Leukaemia was discovered as a potential marker of 

favourable prognosis of acute lymphoblastic leukaemia [160]. Later it was shown 

that its expression is increased in acute lymphoblastic leukaemia with ETV6-RUNX1 

gene fusion which was known to have good prognosis. We have speculated that 

WBP1L expression may be linked to this positive outcome. However, nothing was 

known about its physiological function or function in leukaemia on which we could 

base any suggestions or speculations about its role [68; 69; 70]. WBP1L has also 

been predicted in several genetic studies as a marker for schizophrenia, high blood 

pressure and it was associated with placental DNA methylation and birth weight 

affected by prenatal smoking [71; 72; 73; 74]. 

 

Structural analysis of WBP1L in silico discovered that it belongs to the 

transmembrane adaptor protein family. WBP1L contains C*C*CC*CC motif 

common to the Shisa-like proteins in its small extracellular part. In the intracellular 

domain WBP1L contains WW domain binding motifs (L-P-X-Y or P-P-X-Y), 

similar to those interacting with NEDD4 family ubiquitin ligases [75]. However, 

none of its interactions, effects on signalling pathways or physiological role had been 

addressed experimentally. 

 
 

 

5.5 Leukocyte specific transcript 1 (LST1) 

 

LST1 was found and cloned from an immunologically important genomic 

region, MHCIII locus [76; 77; 78]. Adjacent regions - MHCI and MHCII loci contain 

genes of antigen presenting molecules. The MHCIII locus contains genes 

participating in the regulation and activation of the immune system such as genes 

coding TNFα, complement proteins or lymphotoxins [78; 79]. Human LST1 gene has 

9 exons of which 5 are non coding. It undergoes immense splicing. A total of 16 

splice variants of human LST1 gene have been described [80; 81; 82]. In contrast, 

murine Lst1 has only two splice variants [83]. 

 

LST1 is 97 amino acids long transmembrane adaptor protein with very short 

extracellular part containing dimerization cysteine and a glycosylation motif. In the 
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intracellular part, LST1 contains ITIM (defined as (L/V/I)xYxx(L/V) ) and ITIM-like 

(defined as (D/E)YxE(V/I)(R/K) ) motif. Studies showed an interaction between 

LST1 and RalGPS2-TalA-Sec5, which affects formation of long (up to 100 µm) 

membrane protrusions called Tunnelling nanotubes (TnT). TnTs mediate cell to cell 

contact and transfer of molecules between the cells (e.g. of MHCIgp) [84; 85; 86]. 

Additionally, previous work in our laboratory showed binding of phosphatases SHP1 

and SHP2 to LST1 after phosphorylation of its ITIM motifs. Consistent with these 

data, LST1 inhibited Fc receptor-triggered total phosphorylation and calcium 

signalling after LST1 and Fc receptor co-crosslinking [87]. 

 

Expression of LST1 is still a widely discussed topic. Using our own antibody 

against human LST1, our group found expression of LST1 exclusively in myeloid 

immune cells, which was also confirmed by qPCR [87]. However, antibody 7E2 

developed by Schiller et al [88] detected LST1 also in lymphoid (Jurkat, B cells) and 

non-hematopoietic cells (HeLa, Capan-1, HepG2) [88]. LST1 expression was found 

to be increased under inflammatory conditions. LST1 mRNA was upregulated in cell 

lines stimulated with LPS and TNF, in samples from patients suffering from 

inflammatory bowel diseases (IBD) [89] and synovial fluid of rheumatoid arthritis 

(RA) patients [90; 91]. Moreover, LST1-deficient mice had more serious disease 

course and lower survival rate when challenged with influenza virus [92]. 

 

Overall, these results suggested its role not only in the Tunnelling nanotubes 

formation, but also in the regulation of immune response and inflammation. 

However, the exact processes and immune system activities regulated by LST1 have 

not been defined. 
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6. Inflammatory bowel diseases 
 

6.1 Classification of inflammatory bowel diseases 

 

Inflammatory bowel disease (IBD) is a group of disorders of small intestine and 

colon caused by a dysregulated immune system. The two major types of IBD are 

Crohn´s disease (CD) and Ulcerative colitis (UC) [93]. The Crohn´s disease displays 

transmural pleomorphic inflammation, which does not have to be continuous and can 

occur as multiple lesions. As a complication of the colon inflammation CD patients 

may develop fistulas, abscesses and often also granulomas and fissures in any part of 

the intestine. Symptoms unrelated to the colon are weight loss, fever, arthritis, 

pyoderma gangrenosum and sweet syndrome. In ulcerative colitis, inflammation is 

localised in colon and is mostly characterized by neutrophilic inflammation with 

crypt abscesses and pseudopolyps. The inflammation is continual and occurs in the 

submucosa/mucosa layer. Common complications are haemorrhage and toxic 

megacolon. Non-colon symptoms of UC are similar – weight loss, arthritis, sweet 

syndrome, pyoderma gangrenosum with addition of hepatitis and sclerosing 

cholangitis [94]. 

 

During last century incidence and prevalence of IBD have been increasing mainly in 

the western countries [95]. The IBD prevalence in the North America and European 

countries exceeds 0.3% [96]. Such prevalence represents a considerable burden for the 

healthcare system (capacity, financing) and patients, whose condition leads to a decrease 

in quality of life (anemia, disability, psychic disorders) [97; 98; 99; 100]. IBDs are 

complex diseases and for their development three factors are responsible: genetics, 

microbiota and nutrition. Relatives of patients with IBD have an increased risk of 

developing the disease, suggesting genetic factors influence onset of IBD [101; 102; 

103]. IBD are also often associated with monogenetic immunodeficiencies and those 

patients have early onset of the disease [94]. Immunodefficiencies connected with IBD 

are caused by defects in the genes of innate (NOD2/CARD11 [104], CYBB - chronic 

granulomatous disease) or adaptive immunity (BTK – agammaglobulinemia) or both 

(IKBKG - NEMO deficiency syndrome) [105], indicating multiple connections between 

immunity and IBD onset. Study in Sweden showed increased incidence of IBD in the 

second generation of former immigrants [106], connecting environmental factors 

(nutrition and microbiota) to the development of IBD as well. Even though, no single 

microbe or microbial milieu has been proven causal, IBD is strongly associated 
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with intestinal dysbiosis. Its changes have an important role in the onset of IBD in 

genetically predisposed individuals [107]. Dietary habits affect changes in microbiome 

as well. Several studies demonstrated association between reduced risk of IBD and diet 

rich in fruits and vegetables and, conversely, an increased risk of IBD connected to 

western diet rich in animal fats and refined sugar [108; 109; 110; 111]. 

 

Many animal models of spontaneous (IL-10
-/-

 [112], Muc2
-/-

 [113], NEMO
-/-

[114]) or chemically induced colitis (Trinitrobenzene sulfonic acid (TNBS) [115], 

Oxazolone [116], Dextran sodium sulphate (DSS) [117]) were developed. Studies of 

these models have helped identify genes and signalling pathways involved in the 

onset of IBD. They also have helped to identify resident microbiota, loss of oral 

tolerance, disruption of epithelial barrier or defects in immune system as factors that 

can initiate colon inflammation [118]. 

 
 

 

6.2 Dextran sodium sulphate induced colitis 

 

The dextran sodium sulphate (DSS) is sulphated polysaccharide of various sizes 

(between 500 kDa to 5 kDa). After administration in drinking water for 5-7 days 

[119]), DSS begins to dissolve mucin layer in the guts, leaving epithelial layer 

unprotected. Epithelium is then colonised and damaged by intestinal microbiota. This 

event alarms the immune system, which triggers inflammatory reaction resulting in 

colitis. DSS induced colitis can be employed to induce and study both acute and 

chronic colitis. In the beginning of inflammatory reaction, myeloid immune cells 

(neutrophils, macrophages, dendritic cells and monocytes) migrate to the colon to 

defend it against colonizing microorganisms. This immune response further damages 

the epithelium. As a result, mice suffer from diarrhoea, rectal bleeding, shortening of 

the colon, dehydration and weight loss [120]. After repeated administration of DSS, 

inflammation shifts to chronic colitis [121; 122]. Because DSS colitis can develop in 

SCID mice without adaptive immunity, it was believed that acute DSS colitis is 

initiated by myeloid lineage cells [123]. However, later studies have shown that 

lymphoid lineage also plays a key role in the pathology of both, acute and chronic 

colitis [124; 125; 126; 127; 128]. 

 

Characteristic features of DSS colitis are activation, migration and proliferation 

of all immune cell subtypes [124; 129] and increased expression of pro-inflammatory 
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cytokines –TNFα, IFNγ, IL1β, IL6, IL12, IL17, IL18 [130]. Studies of DSS colitis 

showed exacerbated disease in the murine knockout models of the pattern recognition 

receptors (PRRs) like Dectin-1 [131] and TLR2/4 [132]. In agreement with these results, 

colitis severity improves after stimulation of these receptors [133; 134]. Surprisingly, 

stimulation of TLR3 and TLR9 receptors recognizing viral particles in the endosomes 

also diminished severity of colitis [135; 136]. Stimulation of these receptors leads to an 

increased inflammatory response, which protects colon by clearance of bacteria, 

cytokine production and strengthening of epithelium (mucus and tight-junction protein 

expression [130]). Cytokine-based studies showed heterogeneous group of phenotypes in 

genetically modified mice. Suspension of pro-inflammatory cytokine production, 

including IL-1β [137; 138], IL-17 [139], and IFNγ [140] is protective against DSS. 

However, deletion or inhibition of IL12 [141] or TNFα 
 

[142] exacerbates colitis. Furthermore, mice lacking suppressive cytokines develop 

spontaneous colitis (IL-10) [112] or exacerbated symptoms (TGFβ) [143]. IL-18 is 

an intriguing cytokine in the regulation of the colitis. It has a dual role, which 

depends on the timing of stimulation. Addition of IL-18 before induction of the 

colitis protects the animals. However, addition of IL-18 during the colitis exacerbates 

the disease by inhibition of goblet cell maturation. Immature goblet cells then 

produce lower amount of mucus leaving epithelium unprotected [144; 145]. 

 

Although, IBD is extensively studied, pathology and regulation of the IBDs are 

still not fully understood and require deeper insight to discover other relevant factors 

and regulations. 
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7. Aims of the study 

 
 

 

The main aim of my projects was to study unknown roles of recently discovered 

adaptor proteins in the signalling of the immune cells and describe outcomes of their 

deficiencies. 

 
 

 The most important aim was to characterize the regulation of signalling by the 

adaptor protein LST1 in murine model and to describe the phenotype of LST1-

deficient mice. The project focused on the study of LST1 expressed in the 

dendritic cells and macrophages and on the effect of LST1 deficiency on 

severity of chemically induced colitis (DSS colitis). 

 

 

 Secondary aims included mainly characterization of adaptor proteins SCIMP, 

PSTPIP2 and WBP1L in murine models, especially with regard to their role in 

signal transduction and to the consequences of their deficiencies. The focus was 

on defining the role of SCIMP in Dectin-1 signalling in dendritic cells and  

macrophages,  on  studying  the  effect  of  ROS  production  in  the development 

of Chronic Multifocal Osteomyelitis (CMO) in Pstpip2
cmo

 mice, and finally, 

on characterizing the role of WBP1L in CXCR4 signalling and in the 

regulation of haematopoiesis. 
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8. Results and discussion 

 
 

 

8.1 Regulation of inflammatory response by transmembrane 
 

adaptor protein LST1 

 

Human variant of LST1 protein was studied in our laboratory in the past. We 

described its structure and motif composition containing glycosylation site, 

palmitoylation site and ITIM motifs. We also performed a limited functional 

analysis in human cell lines and described its possible role as inhibitory regulator of 

myeloid cell signalling [87]. However, in order to expand our knowledge about 

LST1, we obtained an LST1 knockout murine model from Centre 

d’Immunophénomique (PHENOMIN-CIPHE, Aix Marseille) for detailed 

mechanistic study and its phenotype description. 

 

 

8.1.1 LST1 detected on western blot shows glycosylation 

 

For the detection on the western blot we used our newly generated antibody 

LST1/06 raised against intracellular part of LST1 of murine origin. LST1/06 

antibody detects murine LST1 under non-reducing conditions. On SDS-PAGE it 

appears as unfocused double band with the mobility corresponding to 27-37 and 42-

71 kDa, which is more than predicted based on its amino acid sequence, suggesting 

that LST1 forms multimers and/or that it undergoes post-translational modifications. 

We found that glycosylation of the protein is responsible for at least part of this 

anomaly. After addition of Tunikamycin, which blocks glycosylation process, LST1 

was detectable as focused double band with lower molecular weight (29-48 kDa). 

 
 

 

8.1.2 LST1 is expressed in myeloid cells and its expression is increased after 
 

inflammatory stimulation 

 

Human LST1/A was found in human myeloid cell lines at mRNA and protein level 

[87]. Its mRNA expression was also found to be increased in IBD patient biopsy 

samples [89] and in the synovial fluid of arthritis patients [90]. We confirmed similar 

expression profile in the mouse primary cells where Lst1 mRNA and protein were 
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exclusively expressed in the myeloid lineage cells (Dendritic cells, Macrophages, 

Granulocytes, Monocytes) and not in lymphoid cells (T, B NK cells). Interestingly, 

its expression in bone marrow derived macrophages and dendritic cells was 

increased when these cells were stimulated with pro-inflammatory stimuli (LPS, 

PolyI:C, TNFα, IFNγ) overnight, indicating possible role of LST1 in the regulation 

of inflammatory signalling. 

 
 

 

8.1.3 LST1 influences the homeostasis of leukocyte populations 

 

Confirmation of same LST1 expression profile in murine and human cells led us to 

examine LST1 expressing myeloid populations in more detail. Therefore, we analysed 

the abundance of myeloid cell subsets in murine lymphoid organs (spleen, bone 

marrow, lymph nodes) and in the colon, where LST1 was previously found 

overexpressed in IBD patient samples. Analysis showed decreased percentages of 

myeloid immune cells - mainly macrophages, dendritic cells and granulocytes and 

surprisingly also LST1 non-expressing NK and NKT cells in the spleen, bone marrow 

and colon. The decrease of LST1
-/-

 NK and NKT cells suggest possible external 

regulation of these cells by LST1 expressing cells, which could be mediated by 

cytokines like IL-12, IL-15 or IL-18. Nevertheless, expression of these cytokines was 

not altered in the macrophages and dendritic cells. Cellularity of the analysed organs 

was not altered either. Therefore, changes in cell population numbers should be equal to 

the changes in the population percentages. The observed phenotype could be mediated 

by some generalized defect in cellular migration. However, the test of migratory 

capacity showed increased migration of LST1
-/-

 macrophages towards CXCR4 receptor 

ligand - CXCL12. These results excluded general defect in cellular migration as a cause 

of the observed phenotype. In addition, they suggested the role of LST1 in the negative 

regulation of CXCR4-mediated signalling/migration. 

 
 

 

8.1.4 LST1
-/-

 mice are more resistant to DSS colitis 

 

LST1 expression increased after cell activation with inflammatory stimuli. 

Therefore, we analysed mice treated with LPS, which we expected to enhance the 

differences between wild-type and LST1
-/-

 animals. Induction of inflammatory 
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environment by intraperitoneal injection of LPS resulted in increased levels of B 

cells and granulocytes in the spleen of both, wild-type and LST1
-/-

 mice. However, 

the differences between the two animal groups remained similar to the steady state 

after both 4 and 16 hours of treatment. In the plasma of treated mice we observed 

increase in total TNFα and IL-6 concentrations, but there was no significant 

difference between the strains. We obtained similar results for LPS-stimulated 

BMDC and BMDM. LPS treatment increased overall mRNA level of a number of 

cytokines, including Tnfa, Il-1b, Il-6, Il-12, Il-15, Il-18, Il-10 and Tgfb. However, 

there were again no significant differences between the strains. NF-κB signalling 

(IκBα degradation) and expression levels of LST1 binding partners SHP1 and SHP2 

also did not show any alterations after LPS stimulation. Thus, we concluded that 

LPS inflammatory model did not reveal any additional information about regulation 

of the immune system by LST1. 

 

Because of the increased expression of the LST1 in the histological samples of 

IBD patients, we decided to test murine model of IBD – dextran sodium sulphate 

(DSS) colitis. 2.5% DSS was administered in the drinking water for 6 days and then 

replaced with pure water for another 2 days. DSS colitis is characterized by a breach 

of the epithelial barrier by microbiota and subsequent colon inflammation. Colon 

epithelium is firstly damaged by microbiota and then by immune cell inflammatory 

reaction [120]. Mice weight, stool consistency and occult bleeding were measured. 

These factors were then integrated into Disease activity index (DAI), describing 

severity of the colitis. At the end of the experiment, mice were sacrificed and we 

measured colon length and performed flow cytometry analysis of immune organs 

(spleen, lymph nodes) and colon. 

 

LST1
-/-

 mice showed significant resistance (lower DAI) within the first 6 days 

during the onset and progression of the disease. After replacing DSS with water the 

WT mice began to improve, while LST1
-/-

 mice continued in the trend of increasing 

inflammation. Colon histological analysis showed smaller area of inflamed colonic 

lesions of the LST1
-/-

 mice, even after DSS replacement with water. Since colon 

epithelium does not express LST1 protein, this effect is likely mediated by immune 

cells. Surprisingly, all these differences did not affect the body weight loss, which 

remained comparable between the strains during the entire course of the experiment. 

It is somewhat unexpected, since it should be strongly affected by the size of colonic 
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lesions, severity of diarrhoea and dehydration during colitis. Another unexpected 

result showed that, except for non-significant decrease of granulocyte percentages in 

the colon, there were no alterations in the myeloid populations during colitis. Even 

differences observed at the steady state diminished. Among the LST1
-/-

 lymphoid 

populations we observed increased T cell percentages at day 5 and reduced CD4 T 

cell and NKT cell percentages at day 8. Furthermore, we were able to measure 

significantly reduced concentrations of TNFα and similar trend also for IL-6 in the 

LST1
-/-

 colon at day 5 of the colitis, but not before and after acute phase of the 

inflammation. 

 

Myeloid cells and cytokines produced by these cells belong to the first wave of 

colon immune defence, especially in the DSS colitis. Although we did not find 

differences in the percentages of LST1
-/-

 myeloid leukocytes, we revealed 

differences in the levels of pro-inflammatory cytokines TNFα and IL-6 during DSS 

colitis. This observation could be explained by reduced percentages and numbers of 

myeloid cells in the steady state. They might result in lesser scale of inflammation 

and cytokine production at the beginning of DSS treatment, causing observed 

delayed kinetics of colitis. However, pro-inflammatory cytokines expressed by 

dysregulated T cells could also be a possible explanation and we cannot exclude the 

impact of LST1 itself on the scale of inflammation. 

 

Up to date, LST1 was described as a possible marker for multiple inflammatory 

diseases (rheumatoid arthritis, influenza, inflammatory bowel diseases). This is the 

first evidence showing its direct impact in IBD model DSS colitis and on myeloid 

cells homeostasis. These two phenomena may be connected and result in the 

observed phenotype of resistance to the DSS colitis onset. 
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8.2 The Transmembrane adaptor protein SCIMP facilitates 
 

sustained Dectin-1 signalling in dendritic cells 

 

SCIMP is a palmytoilated transmembrane adaptor protein expressed in antigen 

presenting cells (APC – macrophages, dendritic cells and B cells). It is localized at 

the plasma membrane in the tetraspanin-enriched microdomains, where other 

immunologically important molecules reside, including Dectin-1 and MHCIIgp. 

SCIMP phosphorylation was shown to substantially increase after MHCIIgp 

crosslinking in B cells. Thus, it was expected to regulate signalling on the APC side 

of the immunological synapse during antigen presentation to T cells. Its binding 

partners revealed by biochemical analysis include adaptor proteins SLP-65, SLP-76, 

and GRB2 and protein tyrosine kinase CSK. The role of CSK, a major negative 

regulator of Src-family kinases, seems to be mainly in SCIMP auto-regulation, 

while overall SCIMP function appears to be as a positive regulator of signalling 

[62]. In our follow-up work presented here, we described the role of SCIMP in the 

murine dendritic cells and macrophages. We focused mainly on signalling via 

Dectin-1, a pattern recognition receptor binding β-glucan in fungal cell walls and 

described the role of SCIMP in signal transduction and cytokine production 

downstream of Dectin-1. 

 
 

 

8.2.1 SCIMP expression and leukocyte development in the SCIMP
-/-

 mice 

 

SCIMP expression was detected in mouse APCs – macrophages, dendritic cells and 

B cells. When we examined effect of SCIMP deletion on these and other murine 

immune populations, we did not find any alterations in leukocyte development and 

homeostasis in lymph nodes, spleen and bone marrow of SCIMP
-/-

 mice. However, in B 

cells, the effect of SCIMP on the signalling was previously only demonstrated after 

MHCIIgp crosslinking [62]. Moreover, in the murine populations of B cells, we found 

highest expression of SCIMP in B cells located in the germinal centers of lymph nodes, 

where they encounter antigens and mature into antibody secreting cells. Importantly, 

this process requires the interaction between MHCIIgp on B cells and TCR on helper T 

cells. Thus, we tested effect of impaired MHCIIgp signalling during antigen 

presentation on function of B cells in vivo after immunization with model 
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antigens and in vitro after MHCIIgp crosslinking. However, we did not find any 

defects in antibody production or altered signalling by murine SCIMP
-/-

 B cells. 

 

Next, we have analysed bone marrow derived dendritic cells (BMDC) produced 

by culturing bone marrow cells in the presence of GM-CSF. We detected high 

expression of SCIMP in these cells. In contrast, bone marrow derived macrophages 

(BMDM) had surprisingly low SCIMP expression, but it was substantially increased 

after GM-CSF addition. Therefore, we wanted to know whether expression of 

SCIMP in BMDC is affected by the process of their generation. BMDCs were 

generated via alternative method using FLT3 ligand instead of GM-CSF. We found 

strong expression of SCIMP even in FLT3 ligand produced BMDC, however it was 

still upregulated by GM-CSF addition. 

 
 

 

8.2.2 Phosphorylation and signalling of SCIMP upon activation 

 

SCIMP contains several tyrosines in its intracellular part. When these tyrosines are 

phosphorylated, proteins SLP-65/76, GRB2 and CSK interact with SCIMP and modify 

or transmit the signal further downstream. Surprisingly, phosphorylation of SCIMP 

tyrosines was very low in dendritic cells after crosslinking of MHCIIgp. However, 

treatment with zymosan (β-glucan-rich solid particles made from the cell walls of 

Saccharomyces cerevisiae) induced very strong SCIMP phosphorylation. Based on the 

localization of SCIMP to the tetraspanin enriched microdomains and upregulated 

phosphorylation after zymosan exposure, we suggest that SCIMP is a part of Dectin-1 

receptor signalling pathway. However, zymosan is also recognized by TLR2 receptor. 

To assess the role of TLR2, we obtained Myd88
-/-

 mice that cannot signal via TLR2. 

SCIMP phosphorylation was not inhibited in the Myd88
-/-

 BMDC. Therefore, we 

concluded SCIMP is a part of the Dectin-1, and not TLR2 pathway. 

 

Downstream signalling of Dectin-1 is executed, in part, by MAP kinases ERK and 

P38. After zymosan stimulation, their phosphorylation was not altered by SCIMP 

deficiency during short time points after stimulation (up to 30 minutes). However, 

SCIMP was still phosphorylated in BMDC even 24 hours after zymosan addition. 

Therefore, we tested MAP kinase signalling during later time points. After 24 hours of 

zymosan stimulation, phosphorylation of ERK and P38 decreased in SCIMP
-/-

BMDCs 

but was sustained in wild-type BMDC. This reduced activation of MAP 
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kinases led to lowered concentration of pro-inflammatory cytokines IL-6 and TNFα 

produced by SCIMP
-/-

 BMDCs at late time points after activation. These results are 

consistent with already published data, showing IL-6 and TNFα regulation by MAP 

kinases and their importance for anti-fungal immunity [146; 147; 148; 149]. 

However, events leading to their late production are still not fully understood. 

Similarly, Dectin-1 signalling pathway regulation by SCIMP is also still not fully 

revealed, as is the case with other receptors such as multiple TLRs that also use 

SCIMP as their regulatory adaptor [150; 151]. 
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8.3 Dysregulated NADPH oxidase promotes bone damage in 
 

murine model of autoinflammatory osteomyelitis 

 

In the mouse strain Pstpip2
cmo

, missense mutation in the gene coding adaptor 

protein PSTPIP2 leads to the loss of its expression at the protein level. As a result, 

these animals develop spontaneous inflammation of the bones, mainly in hind paws 

and tail, and in the surrounding soft tissue. This phenotype was named as chronic 

multifocal osteomyelitis (CMO), based on the resemblance with autoinflammatory 

disease chronic recurrent multifocal osteomyelitis (CRMO) [45]. Up to date, 

Pstpip2
cmo

 murine model serves as one of the best described models for studying 

autoinflammatory bone diseases. 

 

PSTPIP2 is an adaptor protein associated with cellular membranes via an F-BAR 

domain. The F-BAR domain is followed by a C-terminal tail containing tyrosine 

phosphorylation motifs binding negative regulator of signalling SHIP-1[47]. In addition 

PSTPIP2 binds phosphatases from the PEST family via a sequence encompassing 

Tryptophan 232 [46] and CSK via unknown binding site [47]. The major cause of CMO 

disease in Pstpip2
cmo

 mice is deregulated activation and release of IL-1β cytokine by 

neutrophil granulocytes. It is dependent on inflammasome and Caspase-1 and Caspase-

8 activation and to some extent also on neutrophil proteases [56; 59; 60; 61]. 

Previously, our laboratory has shown that the loss of PSTPIP2 increases signalling of 

ERK, AKT and P38, which are known to activate NLRP3 inflammasome [50] and 

upregulate IL-1β production [47]. Moreover, increased production of reactive oxygen 

species (ROS) by mitochondria and NADPH oxidase also leads to activation of NLRP3 

inflammasome. In the study presented here, we have discovered additional mechanism 

of the CMO disease progression, which includes dysregulated NADPH oxidase 

activation and increased ROS production. 

 
 

 

8.3.1 IL-1β and ROS production is dysregulated in the Pstpip2
cmo

 granulocytes 

 

Since increased ROS generation is one of the factors contributing to activation of 

inflammasome and IL-1β production, we tested cells from Pstpip2
cmo

 bone marrow, 

which contains a major neutrophil deposit in the organism, for the ROS production. 

Pstpip2
cmo

 bone marrow cell stimulation by an inflammasome activator silica led to 
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much higher ROS production when compared to wild-type mice. ROS generation 

was similarly increased, when measured in purified Pstpip2
cmo

 neutrophils. 

Interestingly, neutrophils were producing significantly more ROS after multiple 

different stimuli, including LPS, TNFα, fMLP, PMA, and E. coli bacteria. 

Strikingly, they were producing increased amount of ROS even in the basal steady 

state. Potentiation of ROS production is one of the hallmarks of neutrophil priming 

[152]. Therefore, we suspected that Pstpip2
cmo

 granulocytes could be spontaneously 

primed. However, we did not observe any changes in several markers of neutrophil 

priming, including CD11b expression, actin reorganization and transcription of IL-

1β coding gene. We were also interested, whether abrogation of IL-1β signalling in 

vivo is going to inhibit ROS production. To analyse this, we crossed the Pstpip2
cmo

 

mice with the Myd88
-/-

strain, to abrogate IL-1β signalling, since MYD88 is key 

adaptor essential for signaling by IL-1 receptor [153; 154]. As expected, double-

deficient mice did not develop CMO disease due to the block in IL-1 receptor 

signaling and we did not observe any inflammation and bone damage. However, we 

still observed elevated ROS production after activation of the granulocytes by silica, 

demonstrating that increased ROS production is an IL-1β independent effect. 

 

Phosphorylation of NADPH oxidase, including its p47phox subunit, is a key event 

leading to its activation [155; 156]. Importantly, Pstpip2
cmo

 granulocytes showed 

increased phosphorylation of p47phox, suggesting that increased NADPH oxidase 

phosphorylation in Pstpip2
cmo

 mice is responsible for increased ROS production. 

Protein kinases C (PKC) and also MAP kinases were previously shown to 

phosphorylate NADPH oxidase. We have also described increased ERK 

phosphorylation in Pstpip2
cmo

 granulocytes [47]. However, inhibition of ERK pathway 

did not have any effect on the intensity of ROS production. On the other hand, 

inhibition of protein kinase C almost completely inhibited phosphorylation of p47phox 

in the Pstpip2
cmo

 mice. Thus, we concluded that dysregulated phosphorylation of 

NADPH oxidase by PKC is responsible for its increased activity. However, the exact 

mechanism of why is this phosphorylation elevated is still unclear. 

 

In order to elucidate the effect of ROS on CMO disease phenotype, detection of 

ROS-elicited luminescence was followed in vivo to observe production of ROS in 

living animals. Strikingly, we detected deregulated ROS production already in the 

freshly weaned mice Pstpip2
cmo

 mice, before the development CMO symptoms, 
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which typically begin to manifest at 7-8 weeks of age. This observation shows the 

onset of spontaneous ROS production prior to the onset of CMO symptoms. 

Gp91phox
-/-

 neutrophils with NADPH oxidase deficiency are unable to produce 

ROS after stimulation. Nevertheless, double knockout Pstpip2
cmo

 x gp91phox
-/-

 

strain was still able to initiate CMO disease with slightly delayed kinetics even 

without functional NADPH oxidase. However, these mice did not show almost any 

signs of bone damage, only soft tissue inflammation. Therefore, ROS is not 

responsible for or able to initiate CMO itself, but it is necessary for the bone 

destruction accompanying this disease. 

 

Our data suggest that PSTPIP2 is a regulator of NADPH oxidase. Loss of 

PSTPIP2 leads to elevated ROS production, which exacerbate bone inflammation 

and inflammatory bone damage during CMO disease. CMO osteoclastogenesis has 

been shown to be upregulated together with osteoclasts activity [157] and 

osteoclasts activity is known to be enhanced by ROS [158]. Thus, the effect of 

increased ROS in Pstpip2
cmo

 mouse is likely to stimulate osteoclasts, which leads to 

the subsequent bone destruction. 
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8.4 Transmembrane adaptor protein WBP1L regulates CXCR4 
 

signalling and murine haematopoiesis 

 

WW domain binding protein 1-like (WBP1L) was a poorly studied adaptor 

protein without known functions and binding partners. The bioinformatics analysis 

predicted WW domain binding motifs (L-P-X-Y or P-P-X-Y) that could potentially 

interact with WW domain containing proteins, such as NEDD4-family ubiquitin 

ligases [75]. In the study, we have confirmed this prediction and co-

immunoprecipitated ubiquitin ligases WWP1, WWP2, ITCH and NEDD4 together 

with WBP1L. We have also confirmed that WW binding motifs in the intracellular 

part of the protein are interaction sites for these ubiquitin ligases. Further 

examination of the ligases auto-ubiquitination, which is the sign of their activation 

and regulation, revealed increased ubiquitination in the presence of WBP1L. 

Overall, the data suggested possible inhibitory role of WBP1L mediated by its 

interaction with NEDD4-family ubiquitin ligases. 

 

WBP1L expression in the murine cells was evaluated by Geneinvestigator tool 

and by immunoblotting, which both revealed its broad expression in hematopoietic 

cells – T cells, B cells, neutrophils, monocytes, BMDC, BMDM and in 

hematopoietic progenitors. In addition, WBP1L is overexpressed in B cell 

progenitor acute lymphoblastic leukaemia (BCP-ALL) carrying ETV6-RUNX1 

fusion gene [69]. In agreement with these data, increased WBP1L expression was 

found in REH cells derived from ETV6-RUNX1
+

 BCP-ALL. One of the best studied 

targets of NEDD4 ubiquitin ligases in the hematopoietic system is chemokine 

receptor CXCR4. It is a key receptor critical for proper hematopoiesis, retention of 

the progenitors in their niches in the bone marrow and the maintenance of 

hematopoietic stem cells. CXCR4 receptor co-transfection with WBP1L into 

HEK293 cells led to increased ubiquitination of the CXCR4. The ubiquitination was 

accompanied with expected reduction of the receptor levels. In agreement, shRNA 

downregulation of WBP1L in cells with its high expression (immortalised 

progenitors and REH cells) results into positive effect – increased ERK and AKT 

phosphorylation after stimulation with CXCR4 ligand CXCL12. 
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8.4.1 WBP1L affects development and homeostasis of the progenitor cells 

 

In WBP1L
-/-

 mice, we observed reduced numbers of Lin
−
SCA1

+
KIT

+
 (LSK) cells 

representing hematopoietic stem and early progenitor cells and increased B cell numbers 

in the bone marrow, as well as and increased percentages of marginal zone B cells and 

dendritic cells in the spleen. To elucidate function of LSK cells, we performed 

competitive transplantation of bone marrow cells. For that purpose we used congenic 

markers Ly5.1 and Ly5.2, which are alleles of Cd45 protein recognizable via different 

antibodies. This approach allows to detect origin and genetic background after 

transplantation of donor cells to recipient animal with different congenic marker 
 

[159]. Therefore, we transplanted mixture of Ly5.2 WBP1L
-/-

 and Ly5.1 WT cells into 

lethally irradiated Ly5.1 recipient animals and observed threefold increase of Ly5.2 
 

WBP1L
-/-

 cells engraftment. The more efficient engraftment could be potentially 

explained by hyperactivity of CXCR4 signalling in the primary bone marrow cells. 

However, we did not observe any difference of CXCR4 signalling in bone marrow 

cells. Adaptor proteins often have redundant functions and cells are able to 

compensate for their loss. Thus, we produced WBP1L
fl/fl

-CreERT murine model of 

inducible knockout. Indeed, after acute deletion of WBP1L we observed increased 

CXCR4 signalling in several major bone marrow cell subsets (T cells, monocytes 

and neutrophils). In addition this deletion in KIT
+
 progenitor cells resulted in 

increased levels of CXCR4 and consequently, also increased CXCR4-induced ERK 

phosphorylation. These results correlated with increased levels of BM homing of 

theWBP1L
fl/fl

-CreERT KIT+ progenitor cells with acutely deleted WBP1L. 

 

Altogether the results show that WBP1L is a negative regulator of hematopoietic 

stem and progenitor cells. We also suggest that CXCR4 is a major actor of the 

observed phenotype. However, the regulation of CXCR4 by WBP1L should be 

further studied to discover exact effects and additional interacting molecules 

involved in the regulation of CXCR4 signalling. Also, we cannot exclude the broad 

influence of dysregulated NEDD4 family ubitquitin ligases and their other targets on 

the observed phenotype, which should be further addressed in the future. 
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9. Conclusions 
 

The projects described in this thesis were focused on the adaptor protein 

functions in leukocytes. In order to study their function and the role in diseases at 

the organismal level, all studies were performed on the murine knockout models. 

 

My first author publication studied transmembrane adaptor protein LST1. We 

confirmed expression pattern of the murine LST1 in the myeloid lineage cells. 

Moreover, we found that its expression was upregulated after pro-inflammatory 

stimuli. We discovered alterations in the LST1
-/-

 leukocyte subset abundance, 

specifically a decrease in several myeloid cell subsets, as well as reduction of NK 

and NKT cell percentages in the bone marrow, spleen and colon. These changes 

were not accompanied by changes in cytokine production in LST1
-/-

 cells. Since 

LST1 was found overexpressed in the patient samples suffering from inflammatory 

bowel diseases, we tested its effects on the severity of dextran sodium sulphate-

induced colitis. This model revealed that LST1
-/-

 mice are more protected during the 

onset of the DSS colitis. However, severity of the disease matched the WT animals 

at later time points. Thus, we concluded LST1 adaptor protein is not only an 

expression marker of IBD, but also plays an active part in the development and 

kinetics of the disease. 

 

Second project was focused on SCIMP transmembrane adaptor of antigen 

presenting cells. In this study, we found SCIMP is contributing to signalling 

downstream of pattern recognition receptor (PRR) Dectin-1, which is important in 

anti-fungal immunity. Subsequently, we described SCIMP effects on ERK 

phosphorylation and pro-inflammatory cytokine production in the prolonged 

signalling after Dectin-1 stimulation by Zymosan. 

 

In the project focused on membrane associated adaptor protein PSTPIP2, we 

expanded our knowledge about its signalling pathways responsible for disease 

Chronic Multifocal Osteomyelitis (CMO). We found NADPH oxidase dysregulation 

and subsequent increased ROS production is mainly responsible for bone 

destruction in the Pstpip2
cmo

 mouse model. 

 
Last project studied transmembrane adaptor WBP1L. We discovered its interactions 

with NEDD4 family ubiquitin ligases ITCH, NEDD4, WWP1 and WWP2. We found 

that WBP1L promotes activation of these ubiquitin ligases and, as 
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a result, inhibition of their targets. One such target is the chemokine receptor 

CXCR4, which regulates hematopoietic progenitor cells homing and maintenance. 

The loss of WBP1L led to increased signalling downstream of CXCR4. In addition, 

WBP1L
-/-

bone marrow showed around 3-fold more efficient engraftment in the 

competitively transplanted mice. 
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10. Contributions 
 
 

 

1. Regulation of inflammatory response by transmembrane adaptor protein 

LST1 
 

This is my first author publications where I conducted majority of the experiments. I 

also substantially contributed to writing of the publication. 

 

 

2. The Transmembrane adaptor protein SCIMP facilitates sustained dectin-

1 signalling in dendritic cells 
 

In this article I contributed to the animal work. In addition I was maintaining 

primary cells cultures. I also performed ERK signalling assays and 

immunoprecipitation assays. 

 

 

3. Dysregulated NADPH oxidase promotes bone damage in murine model of 

autoinflammatory osteomyelitis 
 

For the study of PSTPIP2 adaptor protein I contributed to the preparation and 

isolation of primary granulocytes. I also performed qPCR experiments and 

measurements of ROS production in the cells maintained in suspensions. 

 

 

4. Transmembrane adaptor protein WBP1L regulates CXCR4 signalling 

and murine haematopoiesis 
 

In this project studying protein WBP1L (OPAL1) I contributed to the animal 

work, primary cell preparation and flow cytometry experiments. 
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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. LST1 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 

LST1 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 

LST1 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 LST1 gene (also known as B144) 

localized in MHCIII locus. This genomic site harbors many 

immunologically important genes, such as genes coding for 

Lymphotoxin-b, Tumor Necrosis Factor a, 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, Lst1 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 LST1 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

tm1(KOMP)Vlcg
 on C57Bl/6J 

genetic background (abbreviated as Lst1-/-) was obtained from 
International Knockout Mouse Consortium. These animals were  

 
 

 
crossed to C57Bl/6J mice from Animal facility of the Institute 

of Molecular Genetics to obtain heterozygotes Lst1
-/-

 x 

C57Bl/6J. 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 mm 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 NH4Cl, 0.1 mM EDTA 

(disodium salt), 1 mM KHCO3). 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
2+

 and Mg
2+

 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 × 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 µm 

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 µm 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 µm 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 µm filter into 15 ml tubes. TrypLE
™

 

enzymes were neutralized by washing filter with 3 ml of HBSS 

(without Ca
2+

 and Mg
2+

), 3% FBS, 2 mM EDTA (pH 8.0, ice 

cold). Cells were centrifuged for 10 min (4°C, 300 × 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 × 10

6
 cells per well and 

treated with Tunicamycin (Sigma) - 0.5 µg/ml and 1 µg/ml for 
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24 hours followed by lysis (300 µl 2× 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
6
 cells per well) 

and then incubated for indicated time-points with IFNg (Peprotech) 

– 50 ng/ml, TNFa (Peprotech) – 20 ng/ml, LPS (Sigma) – 100 

ng/ml and PolyI:C (Invivogen, low molecular weight) – 20 µg/ml, 

GM-CSF – 3% supernatant from J558 cells. Subsequently, cells 

were lysed in 2 × 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 

Lst1-/- 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), IkBa (Cell Signaling 

Technology, #9242). Western blot ECL signals were detected with 

Azure c300 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, CD11c, F4/80, Ly6C, Ly6G). Cell 

populations were gated as: CD4 T cells – CD3
+
 CD4

+
; CD8 T cells – 

CD3
+
 CD8

+
; B cells – CD19

+
 CD3

-
; NK cells  

– NK1.1
+
 CD3

-
; NK1.1

+
CD3

+
; Macrophages – CD11b

low
 

F4/80
+
; Monocytes – CD11b

+
 Ly6C

hi
 Ly6G

-
; Neutrophils – 

CD11b
+
 Ly6C

med
 Ly6G

+
; Dendritic cells – CD11b

+
 CD11c

+
. 

Colon leukocytes were measured on BD
™

 FACSymphony flow 

cytometer (Becton Dickinson) according to International Mouse 

Phenotyping Consortium standards
1
 and gated as CD45+ cells. 

Staining was divided into two sets – A (CD49d, CD4, Klrg1, 
CD44, CD8a, gdTCR, NK1.1, GITR, CD25, CD62L), B (Ly6G, 
CD19, Ly6C, CD11b, CD21/CD35, F4/80, Bst2, NK1.1, CD23, 

CD11c, 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 –  

 
1 https://www.mousephenotype.org/impress/ProcedureInfo?action=list

&procID=  
1225&pipeID=7  

 

 

 

CD11b
+
 Ly6C

med
 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 × g, 10 min, 4°C). Supernatant (plasma) was 

then transfered to fresh tubes and frozen in -80°C. Colons were 

homogenized in 400 µl 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 µm with 0.5 mm aluminum filter (voltage = 50 kV, 

current = 250 µA, 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 µg 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 mm 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
2
 (4-5 

animals per group). 
 

Migration Assay  
Corning 6.5 mm diameter Transwell Permeable Supports with 8.0 
µm pores were used. Inserts (upper well) with pores were coated 
with 100 µl fibronectin (50 µg/ml) for 2 hours at room temperature 
and washed two times with migration media (IMDM without 

antibiotics, 0.5% BSA). 10
5
 macrophages were added into the 

insert with migration media and 600 µl of migration media with 
CXCL12 (100 ng/ml) into the bottom well. After 2 hours at 37°C, 

5% CO2 migrated cells were collected (attached cells were released 
with 0.2% EDTA in PBS). The collected cells were mixed with 10 

µl 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 

IFNg, LPS, TNFa and PolyI:C (Figures 2B, C). 
 
 

LST1 Deficiency Results in Sex-Dependent 
Alterations of Trabecular Bone Structure in 
Mice  
Lst1-/- 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
2
 (17), showed slight 

increase in the bone mineral density in Lst1-/- 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 Lst1-/- BMDM in non-reduced 

samples (n=3). (B) Murine BMDM were cultured in the presence of tunicamycin 

(0.5 and 1 µg/ml). 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 (µCT) 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 Lst1-/- 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  
 
2 https://www.mousephenotype.org/data/genes/MGI:1096324  

 
 
 
 
 

A 
 
 
 
 
 
 
 
 
 
 

 
B 

 
 
 
 
 
 
 
 
 

 
C 

 
 
 
 
 
 
 
 
 

 
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 Lst1-/- bone marrow-derived macrophages in a 

transwell assay. Surprisingly, Lst1-/- 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 LST1 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 µCT scan of male bones with 

diminished numbers of trabeculae in Lst1-/- 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 Lst1-/- 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 Lst1-/- 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 Lst1-/- mice were observed (not 

shown). TNFa 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-1b, IL-6, IL-12, TNFa, IL-15, IL-18, IL-10, and 

TGFb (Supplementary Figure S2B). 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 Lst1 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). Lst1 mRNA expression in the colon tissue did not 

significantly change during the course of the experiment 
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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/ml) (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. 

 
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  

 

 
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 
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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 Lst1-/- 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 

S3B). 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 Lst1-/- 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 Lst1-/- 

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, Lst1-/- 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 Lst1-/- 

mice. On the other hand, we have not detected any changes in pro-

inflammatory cytokine production in the steady state gut in Lst1-/- 

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 

LST1 gene (5). Some of these polymorphisms, thought to affect 

mainly LST1 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
th

 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, DAI 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 Lst1-/- 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 Lst1-/- 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 Lst1 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 TNFa 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 Th1 cell numbers in 

the gut and reduced TNFa 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 Lst1
-/-

 (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) TNFα 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 β-actin. (n=5-13) (C) IκBα 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 ANOVA with Tukey post test and two-sided Grubb´s test. 
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Supplementary Table S1. List of flow cytometry antibodies   
 

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 – PK136  
 

Ly6G 
BV421 – BD Biosciences – 1A8 e450 – Biolegend – 1A8  

 

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  
 

CD11c PE-Cy7 – BD Biosciences – HL3 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 BV510 – BD Biosciences – R1-2   
 

CD5 BV421– BD Biosciences – 53-7.3   
 

CD4 FITC – BD Biosciences – RM4-5   
 

Klrg1 PerCP-Cy5.5 – Biolegend – 2F1/KLRG1   
 

γδTCR 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 – L276F12   
 

CCR5 PE – Biolegend – HM-CCR5   
 

CCR6 BV785 – Biolegend – 29-2L17   
 

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   
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Supplementary Table 2. List of qRT-PCR primers 
 

 Forward Reverse 
 

IL-1β TGT-AAT-GAA-AGA-CGG-CAC- TCT-TCT-TTG-GGT-ATT-GCT-TGG 
 

 ACC  
 

IL-6 TGA-TGG-ATG-CTA-CCA-AAC- TTC-ATG-TAC-TCC-AGG-TAG- 
 

 TGG CTA-TGG 
 

IL-10 CAG-AGC-CAC-ATG-CTC-CTA- TGT-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  
 

TNFα TCT-TCT-CAT-TCC-TGC-TTG- GGT-CTG-GGC-CAT-AGA-ACT-GA 
 

 TGG  
 

TGFβ 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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Transmembrane adaptor proteins are molecules specialized in 

recruiting cytoplasmic proteins to the proximity of the cell 

membrane as part of the signal transduction process. A member of 

this family, SLP65/SLP76, Csk-interacting membrane protein 

(SCIMP), recruits a complex of SLP65/SLP76 and Grb2 adaptor 

proteins, known to be involved in the activation of PLC 1/2,  
Ras, and other pathways. SCIMP expression is restricted to anti-gen-

presenting cells. In a previous cell line-based study, it was shown 

that, in B cells, SCIMP contributes to the reverse signal-ing in the 

immunological synapse, downstream of MHCII glyco-proteins. There 

it mainly facilitates the activation of ERK MAP kinases. However, its 

importance for MHCII glycoprotein-de-pendent ERK signaling in 

primary B cells has not been analyzed. Moreover, its role in 

macrophages and dendritic cells has remained largely unknown. 

Here we present the results of our analysis of SCIMP-deficient mice. 

In these mice, we did not observe any defects in B cell signaling and B 

cell-dependent responses. On the other hand, we found that, in 

dendritic cells and macrophages, SCIMP expression is up-regulated 

after exposure to GM-CSF or the Dectin-1 agonist zymosan. More-

over, we found that SCIMP is strongly phosphorylated after Dectin-1 

stimulation and that it participates in signal transduc-tion 

downstream of this important pattern recognition recep-tor. Our 

analysis of SCIMP-deficient dendritic cells revealed that SCIMP 

specifically contributes to sustaining long-term MAP kinase signaling 

and cytokine production downstream of Dectin-1 because of an 

increased expression and sustained phos-phorylation lasting at least 

24 h after signal initiation. 
 
 
 

 
Dectin-1 is a pattern recognition receptor from the C-type lectin 

receptor family (1). It is expressed in macrophages, den-dritic cells, 

neutrophils, and a subset of T and B cells (2– 4). Through its 

carbohydrate recognition domain, it specifically recognizes b-1,3-

glucan (5), which is a typical component of fungal cell walls (6). 

Dectin-1 is considered a major receptor for 
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b-glucans and plays an important role in the defense against various 

species of pathogenic fungi in mice, including Candida albicans, 

Aspergillus fumigatus, and Pneumocystis carinii (7–11). The 

importance of dectin-1 for antifungal defense has also been 

demonstrated by studies of human patients with dis-rupted dectin-1 

function who display increased mucosal colo-nization with Candida 

species and suffer from recurrent muco-cutaneous fungal infections 

(12, 13).  
Dectin-1 signaling is initiated by phosphorylation of the 

hemITAM motif in its intracellular tail, leading to the recruit-

ment and activation of the protein tyrosine kinase Syk. This is 

followed by sequential activation of PLCg2 and PKCd. Stimu-

lation of this pathway as well as of additional Syk-independent 

pathways results in the activation of the transcription factors 

NF-kB, nuclear factor of activated T cells (NFAT), and IRF1/5 

and initiation of signaling by the MAP kinases ERK, p38, and 

JNK, which then contribute to downstream cellular responses 

(14 –16). Activation of Dectin-1 leads to phagocytosis of 

fungi or any other b-glucan-containing particles. In addition, it 

also triggers the production of reactive oxygen species and 

proin-flammatory cytokines (7, 17, 18). Cytokines produced in 

response to Dectin-1 stimulation also promote Th1 and Th17 

polarization of helper T cells necessary for defeating fungal 

infection (14 –16). Interestingly, only b-glucan in the form of 

particles can elicit the full activity of Dectin-1, whereas 

soluble b-glucans, which also bind to the receptor, lack strong 

activat-ing properties and can inhibit the responses to 

particulate b-glucan (19). The difference is thought to be 

caused by the ability of particulate b-glucan to induce the 

formation of a phagocytic synapse that excludes CD45 and 

CD148 phospha-tases (19).  
As any important receptor, Dectin-1 is tightly regulated. This 

regulation occurs not only at the level of signaling pathways but also 

at the level of expression. Dectin-1 is highly up-regulated after IL-4, 

IL-13, and GM-CSF treatment, whereas IL-10, LPS, and 

dexamethasone down-regulate its expression (20).  
To elicit the full antifungal immune response, Dectin-1 

cooperates with several TLRs
4
 (most importantly TLR2) (17). Its 

function is also complemented by other C-type lectin recep-tors, 

such as Dectin-2, which recognizes mannan structures in  

 
4 The abbreviations used are: TLR, Toll-like receptor; gp, glycoprotein; 

SCIMP, SLP76/SLP65-interacting membrane adaptor protein; APC, 
antigen-pre-senting cell; CFSE, 5-(and 6)-carboxyfluorescein 
diacetate succinimidyl ester; NP, 4-hydroxy-3-nitrophenylacetyl; 
BMDC, bone marrow-derived dendritic cell; BMMF, bone marrow-
derived macrophage; IMDM, Iscove’s modified Dulbecco’s medium. 
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fungal cell walls (1). In addition, Dectin-1 interacts with tetras-panin 

molecules, which form the basis of tetraspanin-enriched 

microdomains and were suggested to be involved in Dectin-1 

trafficking (21–23). However, the effects of tetraspanins on Dectin-1 

signal transduction are at present unclear. 

Tetraspanin-enriched microdomains in some Dectin-1-ex-pressing 

cells also interact with MHCII glycoproteins (MHCIIgp) and a small 

palmitoylated transmembrane adaptor protein, SCIMP (23–25). 

Expression of SCIMP is highly specific for the tissues of the immune 

system, where it is confined to the pro-fessional antigen-presenting 

cells (dendritic cells, B cells, and macrophages). In B cells, SCIMP is 

phosphorylated after MHCIIgp cross-linking, and it is thought to be 

involved in the reverse signaling at the APC side of the 

immunological synapse. In the K46 B cell line, it was shown to be 

mainly responsible for supporting ERK signaling upon MHCIIgp 

stimulation (24).  
The SCIMP molecule has four potential tyrosine phosphor-

ylation sites. When phosphorylated, it binds Grb2, SLP-65, or 

SLP-76 and Csk via their Src homology 2 (SH2) domains. 

Through a proline-rich sequence, SCIMP is constitutively 

asso-ciated with the Src family kinase Lyn. Despite the 

interaction with a negative regulator of the Src family kinases 

Csk, SCIMP plays an overall positive regulatory function 

mediated by the recruitment of the Grb2 SLP-65 complex, 

whereas Csk binding seems to be only responsible for negative 

feedback regulation of this process (24, 25).  
Here we have investigated SCIMP function in vivo using a 

SCIMP-deficient mouse model. Although we did not observe 

any effects of SCIMP deficiency on MHCIIgp signaling, we 

found that it is involved in the signaling by Dectin-1 in 

dendritic cells and macrophages, where it is important for 

sustaining pro-longed MAP kinase activity and pro-

inflammatory cytokine production. 
 
Results 
 

Normal Leukocyte Development and Distribution in 

SCIMP-deficient Mice—To determine the physiological 

function of SCIMP, we obtained the SCIMP-deficient mouse 

strain Scimptm1a(KOMP)Wtsi (hereafter termed Scimp / ) from 

the International Knockout Mouse Consortium (for details, see 

“Experimental Procedures”). First we verified SCIMP defi-

ciency at the protein level. As expected, there was no 

detectable SCIMP protein present in the lysates of Scimp / 

splenocytes and dendritic cells (Fig. 1A).  
Next, we assessed leukocyte development and leukocyte sub-

set representation in lymphoid organs obtained from SCIMP-

deficient mice. Bone marrows, spleens, lymph nodes, and 

peripheral blood were isolated from 6- to 8-week-old wild-type 

and Scimp 
/
 animals. After preparation of single cell suspen-sions, 

a multiparametric flow cytometry analysis was carried out. This 

analysis determined the percentages of T cells, B cells, and their 

subpopulations as well as the representation of major myeloid cell 

subsets. However, Scimp 
/
 mice did not show any statistically 

significant differences from wild-type animals under steady-state 

conditions (Fig. 1, B–E).  
Normal Function of SCIMP-deficient B Cells—In B cells, SCIMP 

was shown to be involved in signal transduction down-stream of 

MHCIIgp (24). Moreover, we found that GL7 ger- 
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minal center B cells express higher levels of SCIMP than naïve B 

cells (Fig. 2A). This suggests that SCIMP may participate in 

signaling in B cells during the process of obtaining antigen-

specific T cell help in the germinal centers of lymphoid follicles. 

This eventually results in B cell differentiation into plasma cells 

and secretion of specific antibodies. To test the effect of SCIMP 

deficiency on this process, we immunized wild -type and Scimp 
/
 

mice intradermally with ovalbumin. After the immu-nization, we 

collected the serum from immunized animals and measured 

antigen-specific IgM and IgG by ELISA. Although there was a 

significant increase in immunoglobulin production after 

immunization, there were no significant differences between 

wild-type and Scimp 
/
 animals in the detected levels of antigen-

specific IgM or IgG (Fig. 2B). Similar results were also obtained 

when we used different antigen (a small recom-binant fragment 

from ARHGEF4 protein, data not shown).  
Another option was that SCIMP may support the function 

of B cells as antigen-presenting cells. To test this, we 

performed a B cell antigen presentation assay. Scimp / and 

wild-type mice were crossed with the transgenic mouse strain 

B1– 8i express-ing B cell antigen receptor (BCR) specific for 

4-hydroxy-3-ni-trophenylacetyl (NP) hapten. Then we isolated 

B cells from these mice and fed them with NP-ovalbumin to 

allow its pro-cessing and presentation on MHCII molecules. 

Next we tested the ability of these B cells to stimulate OTII T 

cells expressing transgenic T cell antigen receptor (TCR) 

specific for ovalbumin peptide. The proliferation and 

activation of antigen-specific T cells were measured by flow 

cytometry (Fig. 2C). Similar to the previous experiment, we 

did not observe any differences between WT and Scimp / B 

cells in their ability to activate antigen-specific T cells.  
Finally, we also tested signaling downstream of MHCIIgp 

in SCIMP-deficient B cells. Specifically, we analyzed ERK 

MAP kinase activation triggered by MHCIIgp cross-linking, 

which was shown previously to be reduced in the K46 B cell 

line after SCIMP down-regulation (24). However, in contrast 

to the K46 B cell line, murine purified B cells isolated from 

Scimp / spleen did not show any defects in ERK 

phosphorylation when compared with wild-type B cells (Fig. 

2D). Moreover, calcium responses after MHCIIgp and IgM 

cross-linking were also not altered (Fig. 2E). This lack of 

differences at the single cell level in vitro may explain the lack 

of differences during the antigen presentation assay and 

antigen-specific antibody response in vivo.  
SCIMP Expression in Myeloid Cells—SCIMP is expressed not 

only in the B cell lineage but also in myeloid cells, such as den-dritic 

cells and macrophages. Strong expression of SCIMP was observed in 

dendritic cells differentiated from human mono-cytes using GM-

CSF- and IL-4-supplemented medium (24). Interestingly, in bone 

marrow-derived macrophages (BMMFs), SCIMP expression is 

relatively low. However, it can be strongly up-regulated after GM-

CSF treatment (Fig. 3A). Therefore, we wanted to find out whether 

SCIMP expression in BMDCs pre-pared by culturing bone marrow 

cells in GM-CSF-containing medium is caused by the presence of 

GM-CSF or whether it is their intrinsic quality. To test this, we used 

another method of BMDC generation from bone marrow cells that 

employs Flt3L instead of GM-CSF. As Fig. 3B shows, SCIMP is 

expressed even 
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FIGURE 1. Verification of SCIMP protein deficiency and leukocyte subset analysis in Scimp / mice. A, lysates of splenocytes and BMDCs prepared from WT 

and Scimp / (KO) mice were probed for the presence of SCIMP and GAPDH (loading control) by Western blotting. B–E, percentages of major leukocyte subsets in the 

bone marrows (B), spleens (C), lymph nodes (D), and peripheral blood (E) of WT and Scimp / mice determined by flow cytometry. The individual subpopulations were 

gated as follows. Bone marrow: B cells (B220 ), CD43 B cells (B220 , CD43 ), CD43 B cells (B220 , CD43 ), dendritic cells (F4/80 , Ly6C , CD11blow, CD11chi), 

monocytes (Mono, F4/80 , CD11b , Gr1low, Ly6Chi), granulocytes (Granulo, F4/80 , Ly6C , Gr1hi), and basophils (Baso, ckit , 
CD49b  , FceR  ). Spleen and lymph nodes: B cells (CD19  ), MZ B cells (B220  , IgMhi, IgD  , CD1d  ), T1 B cells (B220  , IgM  , IgD  ), T2 FM 

B cells (B220  , IgD  ), 
T cells (CD3 ), CD4 T cells (CD3 , CD4 ), CD8 T cells (CD3 , CD8 ), monocytes (F4/80 , CD11b , Gr1low, Ly6Chi), granulocytes (CD3 , CD19 , CD11b , 
Gr1hi), classical dendritic cells (CD11c , Ly6C ), CD4 classical dendritic cells (CD11c , Ly6C ,CD4 ), CD8 classical dendritic cells (CD11c , Ly6C ,CD8 ), 

plasma-cytoid dendritic cells (CD11clow, Ly6C , B220 ), and macrophages (CD11blow, F4/80 ). Peripheral blood: B cells (CD19 ), T cells (CD3 ), monocytes 
(SSAlow, CD11b ), granulocytes (CD11b , LyGhi, Ly6Clow), basophils (ckit , CD49b , FceRIa ), and eosinophils (Eosino, CD11b , Ly6Clow, Ly6G , SSAhi). 

 

in BMDCs differentiated by Flt3L, although it is still further 

up-regulated after GM-CSF exposure (Fig. 3B).  
Finally, to assess SCIMP expression in dendritic cells in vivo, we 

sorted classical dendritic cells from murine spleens and ana-lyzed 

SCIMP expression in these cells by Western blotting. These results 

clearly showed the presence of SCIMP in primary DCs (Fig. 3C). 

From these results we can conclude that SCIMP is expressed in 

dendritic cells in vitro and in vivo and that its expression is enhanced 

by the presence of GM-CSF. 

 
 

SCIMP Is Phosphorylated After Stimulation of Dendritic Cells and 

Macrophages with Zymosan—Because of the strong SCIMP 

expression in BMDCs, we decided to search for its func-tion in this 

cell type. Surprisingly, we observed only a marginal increase in 

SCIMP phosphorylation after MHCIIgp cross-link-ing on the surface 

of these cells (Fig. 4A). Thus we hypothesized that, in BMDCs, 

SCIMP acts downstream of a different recep-tor. Dectin-1 was a very 

good candidate because, similar to SCIMP, it is present in 

tetraspanin-enriched microdomains 
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FIGURE 2. Normal responses of Scimp / B cells. A, sorted naïve mouse B cells from control mouse or GL7 germinal center (GC) B cells from sheep red blood cell-
immunized mice were lysed in SDS-PAGE sample buffer and probed for SCIMP protein by immunoblotting. GAPDH staining served as a loading control. IP, 

immunoprecipitation; WB, Western blotting. B, sera from WT (n 5) or Scimp / (KO, n 6) mice immunized intradermally with ovalbumin in incomplete Freund adjuvant 
were collected, and immunoglobulins specific to ovalbumin were detected by ELISA. As a control, preimmune sera from the same mice were used. C, proliferation of 

OTII transgenic T cells labeled with CFSE was measured after 48 h co-culture with NP-ovalbumin-fed B1– 8i transgenic B cells (WT or Scimp / ) by flow cytometry. T 
cells cultured alone served as a negative control ( ). Percentages of dividing cells and median CFSE fluorescence of cells that underwent at least one division are 

shown. D, ERK1/2 phosphorylation after MHCIIgp cross-linking in WT and Scimp / primary splenic B cells was analyzed by immunoblotting. E, splenocytes isolated 

from WT and Scimp / mice were stained with APC-conjugated anti-CD3 and anti-CD11b antibodies. The increase in calcium flux after MHCIIgp or IgM cross-linking 
was evaluated in B cells (gated as CD3 CD11b ) using a Fura Red calcium-sensitive probe. 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 3. Expression of SCIMP and its regulation in dendritic cells 
and macrophages. A, BMMFs were differentiated from bone marrow cells 
for 7 days in M-CSF-containing medium. On day 7, the medium was 
replaced with GM-CSF-containing medium, and after an additional 24 h, 
cells were lysed in SDS-PAGE sample buffer. SCIMP was detected by 
immunoblotting. WB, West-ern blotting. B, dendritic cells were generated 
using Flt3L- and stem cell fac-tor-containing medium. On day 8, 
plasmacytoid dendritic cells were removed using anti-mPDCA-1 magnetic 
beads, and the rest of the dendritic cells were cultured for 24 h in GM-CSF-
containing medium followed by analysis of SCIMP expression by 
immunoblotting. C, splenic cDCs (CD11c , B220 , Ly6C ) were sorted from 
the spleens of wild-type mice, lysed, and subjected to immunoblotting with 
SCIMP and GAPDH antibodies. BMDCs served as a positive control.  
 
(24), and it is up-regulated in the presence of GM-CSF. We used 

zymosan as a well established Dectin-1 activator. Zymosan is a 

preparation of small particles rich in the Dectin-1 ligand b-glu-can, 

prepared from the yeast Saccharomyces cerevisiae (26). Strikingly, 

treatment of BMDCs with zymosan resulted in a strong increase of 

SCIMP phosphorylation (Fig. 4B). Moreover, SCIMP localized into 

zymosan-containing phagosomes and remained there for at least 30 

min (Fig. 4C and supplemental Movie 1). SCIMP phosphorylation 

was very stable, with only a 

 
 
minor reduction during the 30-min experiment (Fig. 4D). A 

similar observation was also made with BMMFs (Fig. 4E). 

SCIMP Is Involved in Dectin-1 Signaling—Dectin-1 signal 

transduction is initiated by Src family kinases and Syk (15). To test 

which kinases are responsible for SCIMP phosphorylation after 

zymosan treatment, we stimulated BMDCs with zymosan in the 

presence of specific inhibitors of Src family kinases and Syk. The 

results suggested that both Src family and Syk kinases are required 

for SCIMP phosphorylation after zymosan treat-ment because 

SCIMP phosphorylation was most profoundly reduced when both Src 

family kinase (PP2) and Syk (Syk inhib-itor IV) inhibitors were 

combined (Fig. 5A).  
The composition of zymosan is relatively complex. In addi-tion to 

b-glucan, it also contains mannans (ligands of Dectin-2) and TLR2 

ligands (26, 27). To confirm Dectin-1 involvement in the induction of 

SCIMP phosphorylation, we exploited the much stronger 

responsiveness of Dectin-1 to particulate b-glu-can than to soluble b-

glucan as a unique feature of this receptor. As a result, many aspects 

of Dectin-1 signaling after stimulation with particulate b-glucan can 

be inhibited by soluble forms of b-glucan (19). Thus, in the next 

experiment, we stimulated BMDCs with zymosan particles in the 

presence or absence of soluble b-glucan. Indeed, treatment with 

soluble b-glucan sub-stantially inhibited SCIMP phosphorylation, 

whereas soluble mannan had no effect (Fig. 5B), suggesting that 

SCIMP is indeed a part of the Dectin-1 signaling pathway. To further 

support this conclusion, we investigated SCIMP phosphoryla-tion in 

MyD88-deficient BMDCs, which have impaired func-tion of multiple 

TLRs, including TLR2, the main TLR activated 
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FIGURE 4. SCIMP is phosphorylated in response to zymosan stimulation. A, SCIMP phosphorylation in SCIMP immunoprecipitates (IP) prepared from 
BMDCs stimulated for 5 min by MHCIIgp cross-linking. WB, Western blotting. B, SCIMP phosphorylation in SCIMP immunoprecipitates prepared from 
BMDCs stimulated for 5 min with 300 mg/ml zymosan. C, localization of SCIMP-YFP into zymosan-containing phagosomes in BMDCs retrovirally 
transduced with a SCIMP-YFP coding construct. Zymosan is visible because of its strong autofluorescence. Scale bars 10 mm. D, sustained SCIMP 
phosphorylation in SCIMP immunoprecipitates prepared from BMDCs stimulated for the indicated times with 300 mg/ml zymosan. E, sustained SCIMP 
phosphorylation in SCIMP immunoprecipitates prepared from BMMFs stimulated for the indicated times with 300 mg/ml zymosan. 
 
by zymosan (17, 28, 29). SCIMP phosphorylation was not affected 

by the disruption of TLR signaling (Fig. 5C). Based on these 

experiments, we concluded that Dectin-1 is responsible for inducing 

SCIMP phosphorylation after zymosan treatment. 

SCIMP Is Important for Sustained MAP Kinase Signaling and 

Cytokine Production After Stimulation with Zymosan—To test the 

functional significance of SCIMP in Dectin-1 signaling, we first 

measured ERK activation in zymosan-stimulated BMDCs 

because the ERK pathway was affected in the previous study of 

the SCIMP-deficient K46 B cell line (24). We stimulated BMDCs 

with zymosan for 30 min and followed ERK phosphor-ylation in 

the lysates prepared from these cells at various time points. 

Surprisingly, we could not detect any reproducible dif-ferences in 

ERK phosphorylation between wild-type and Scimp 
/
 BMDCs 

(Fig. 6A). Similar results were also obtained for p38 and JNK 

MAP kinases (Fig. 6A and data not shown). We also crossed 

Scimp 
/
 mice with a MyD88-deficient strain to avoid interference 

from the TLR pathways. However, even in MyD88-deficient 

BMDCs, no differences in signaling caused by SCIMP deficiency 

could be detected (data not shown).  
As shown in Fig. 4D, SCIMP phosphorylation after zymosan 

activation was stable for at least 30 min. When we analyzed this 

further, we found that increased SCIMP phosphorylation could be 

observed even as late as 24 h after addition of zymosan (Fig. 6B). 

However, it also seemed that the amount of SCIMP immu-

noprecipitated from zymosan-treated cells was higher. Indeed, when 

we tested cell lysates from untreated and zymosan-acti- 

 
 
vated BMDCs, we observed that SCIMP expression was up-reg-

ulated after zymosan-mediated activation (Fig. 6C). Therefore, 

we decided to investigate the signaling downstream of Dectin-1 in 

Scimp 
/
 BMDCs at 24 h after initiation of signaling. To avoid 

interference from TLR pathways, we used mice with a MyD88-

deficient genetic background for this experiment. Consistent with 

the long-lasting SCIMP phosphorylation, we observed a 

significant reduction of ERK and p38 phosphoryla-tion in 

SCIMP-deficient BMDCs at this late time point (Fig. 6, D and E). 

This effect seemed selective for MAP kinase signaling because 

we did not detect any differences in the phosphoryla-tion of 

PKCd in the same samples (Fig. 6F). We also tested the 

activation status of JNK and the members of the NF-kB path-way 

(p65 and IKKa/b), but we could not detect any phosphor-ylation 

of these proteins, which at this late stage of signaling could have 

already been down-regulated. 

Finally, we tested whether the defects in MAP kinase signal-

ing influence downstream functional responses in dendritic cells. 

In a recent study, activation of the ERK pathway was shown to be 

critical for inflammatory cytokine production in BMMFs (30). 

Because we were unable to detect any significant defects in 

cytokine production in Scimp 
/
 BMDCs during the typical 

experimental setup, where the readout was measured within the 

first 24 h of stimulation (data not shown), we focused our analysis 

on late phases of cytokine production beyond the 24-h time 

frame. At these late phases, the alterations to sus-tained MAP 

kinase activity observed in Scimp 
/
 BMDCs were 
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FIGURE 5. SCIMP is part of the Dectin-1 signaling pathway. A, BMDCs were incubated with 10 mM PP2 or 2 mM Syk inhibitor IV (SI IV) or a combination of them for 

5 min. Next, 300 mg/ml zymosan was added, and cells were incubated in its presence for the indicated times, lysed, and subjected to SCIMP immunopre-cipitation (IP) 

followed by immunoblotting with phosphotyrosine (P-Tyr) and SCIMP antibodies. WB, Western blotting. B, BMDCs were incubated at 37 °C with 600 mg/ml mannan or 

600 mg/ml soluble b-glucan alone or in combination with 300 mg/ml zymosan. The level of SCIMP phosphorylation was detected as in A. C, MyD88-deficient or wild-

type BMDCs were activated with 300 mg/ml zymosan for 5 or 15 min, and SCIMP phosphorylation was detected as in A. 

 

more likely to have an effect. To measure the prolonged cyto-

kine production, we washed away cytokines produced during 

the initial 48 h of stimulation and then cultured the cells for an 

additional 24 h before collecting the supernatants. This way 

we obtained samples containing only the cytokines produced 

between 48 –72 h after zymosan stimulation. Under these con-

ditions, we observed a significant reduction in the production 

of TNFa and IL-6 by Scimp/MyD88 / BMDCs compared with 

MyD88 / cells (Fig. 6G). These data are in agreement with our 

observations that SCIMP deficiency affects mainly the late 

phases of Dectin-1 signaling. 
 
Discussion 
 

In this article, we describe an initial analysis of SCIMP-

defi-cient mice. Analysis of lymphocyte subsets in these mice 

at steady state showed that SCIMP is dispensable for 

leukocyte development and homeostasis. On the other hand, 

our results also showed that SCIMP is involved in Dectin-1 

signaling, where it appears to be selectively involved in 

sustaining long-term ERK and p38 MAP kinase activation and 

pro-inflamma-tory cytokine production.  
An earlier cell line-based study from our laboratory (24) sug-

gested that, in B cells, SCIMP is involved in the reverse signaling at 

the B cell side of the immunological synapse downstream of 

 

 

MHCII glycoproteins. Specifically, it showed that SCIMP accu-

mulates at the APC side of the immunological synapse and that 

shRNA-mediated SCIMP down-regulation results in a defect in 

ERK signaling downstream of MHCIIgp in the K46 murine B cell 

line. However, our analysis of primary murine B cells from 

SCIMP-deficient mice showed that, in contrast to the K46 B cell 

line, SCIMP deficiency has no significant impact on ERK sig-

naling elicited by MHCIIgp cross-linking in primary mouse B 

cells. One possible explanation was that the K46 cell line may be 

more related to activated B cells, such as those present in the 

germinal center (31). Indeed, germinal center B cells express 

higher levels of SCIMP than naïve B cells and thus seem more 

likely to be affected by the loss of SCIMP. Nevertheless, we have 

not observed any effects of SCIMP deficiency on germinal cen-

ter B cell numbers in Scimp 
/
 mice, and our experiments with 

isolated germinal center B cells did not reveal any differences in 

MHCIIgp signaling between WT and Scimp 
/
 GC B cells (data 

not shown). Moreover, intact antibody production by Scimp 
/
 

mice (Fig. 2B) also suggested that germinal center reaction is not 

affected by SCIMP deficiency.  
We also tested a possible involvement of SCIMP in MHCIIgp 

signaling in dendritic cells. However, despite the high levels of 

SCIMP in these cells, MHCIIgp cross-linking resulted only in a 
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FIGURE 6. SCIMP enhances long-term MAP kinase activation and pro-inflammatory cytokine production after stimulation with zymosan. A, BMDCs from WT 

and Scimp / (KO) mice were stimulated with 300 mg/ml zymosan for the indicated times, and ERK1/2 and p38 phosphorylation was analyzed by immunoblotting. WB, 
Western blotting. B, BMDCs from C57Bl/6J mice were stimulated with 300 mg/ml zymosan for 24 h or left unstimulated, lysed, and subjected to SCIMP 
immunoprecipitation followed by immunoblotting with phosphotyrosine (P-Tyr) and SCIMP antibodies. C, levels of SCIMP protein in the lysates of BMDCs stimulated 
with 300 mg/ml zymosan for 24 h or left unstimulated were analyzed by immunoblotting with SCIMP antibodies. D, phosphory-lation of ERK1/2 in the lysates of WT and 

Scimp / BMDCs stimulated with zymosan for 24 h or left unstimulated (left panel). The right panel shows the results of densitometric quantification of ERK 
phosphorylation in samples prepared from 4 mice/genotype. E, a similar analysis of p38 phosphorylation in the samples from D. F, a similar analysis of PKCd 

phosphorylation. G, late production of TNFa and IL-6 by WT and Scimp / BMDCs. BMDCs were stimulated with 300 mg/ml zymosan for 48 h, washed, and cultured for 
an additional 24 h in the absence of stimulus. After this period, culture supernatants were collected and analyzed by ELISA for the presence of TNFa and IL-6. In the 
experiments shown in B–G, mice with a MyD88-deficient genetic background were used. 

 

marginal increase in SCIMP phosphorylation, suggesting that, in 

dendritic cells, SCIMP may function differently from B cells and act 

downstream of a different receptor. Our candidate-based approach 

led to the identification of the b-glucan recep-tor Dectin-1 as a 

receptor employing SCIMP in its signal trans-duction. Because both 

SCIMP and Dectin-1 are associated with tetraspanins (21, 22), we 

hypothesized that, via tetraspanin-enriched microdomains, SCIMP 

and Dectin-1 may interact and, as a result, that SCIMP may be 

involved in coupling of Dectin-1 to downstream signaling pathways. 

Indeed, in both 

 

 

dendritic cells and GM-CSF-activated macrophages, SCIMP is 

strongly phosphorylated after Dectin-1 stimulation with zymo-

san. However, zymosan also contains ligands for additional pat-

tern recognition receptors, and so we performed a series of 

experiments indicating that Dectin-1 is indeed the receptor 

triggering SCIMP phosphorylation. These experiments showed 

that SCIMP phosphorylation induced by zymosan treatment is not 

affected in Myd88 
/
 dendritic cells with dysfunctional TLR 

signaling. In addition, zymosan-triggered SCIMP phos-

phorylation was inhibited by soluble b-glucan, which can spe- 
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cifically bind to the receptor but does not fully activate it (19). 

In contrast, a soluble form of mannan, another major zymosan 

component, did not inhibit SCIMP phosphorylation after 

zymosan treatment. Interestingly, soluble mannan alone elic-

ited moderate SCIMP phosphorylation, suggesting that there 

may be a minor contribution from a mannan receptor, such as 

Dectin-2 (32), to zymosan-induced SCIMP phosphorylation.  
SCIMP phosphorylation lasts for many hours after the encounter 

with zymosan. Moreover, zymosan stimulation also enhances SCIMP 

expression. Because SCIMP typically displays a certain level of 

constitutive phosphorylation even in quiescent cells, SCIMP protein 

up-regulation can contribute to the increased phosphorylation 

observed at the very late time points. However, the relative 

contribution of increased SCIMP expression and Dectin-1-induced 

phosphorylation to global levels of phosphorylated SCIMP remains 

unclear. Phosphoryl-ated SCIMP appears to be important for 

sustaining ERK and p38 activation for prolonged periods of time. 

The precise mech-anism of how SCIMP mediates ERK and p38 

signaling is not entirely clear. Dectin-1 activates, by an unclear 

mechanism, PLCg2, which is indispensable for ERK activation (33). 

PLCg2 products also activate PKCd, which then phosphorylates the 

adaptor protein CARD9, resulting in activation of the NF-kB pathway 

(15). A recent study showed that CARD9 also plays a critical role in 

ERK activation by bringing together Ras and RasGRF1, resulting in 

the activation of Ras and ERK further downstream (30). However, 

the existence of CARD9-indepen-dent pathways cannot be ruled out. 

Previously published data showed that SCIMP binds the 

SLP65/SLP76 adaptor proteins, which are known to be involved in 

PLCg1/2 activation (24, 34). In addition, SCIMP also binds Grb2, 

which can then recruit Sos proteins, well characterized exchange 

factors for Ras and acti-vators of the Ras/ERK pathway. Products of 

PLCg2 also activate another family of Ras exchange factors, RasGRP 

proteins, which activate Ras downstream of TCR, BCR, and other 

immu-noreceptors (35). Clearly, there are multiple options of how 

SCIMP can contribute to Dectin-1-dependent ERK activation. It 

certainly is not the only player connecting Dectin-1 to the ERK 

pathway, and especially at the early stages of signaling, other 

pathways dominate the response. However, at the very late stages of 

Dectin-1 stimulation, SCIMP activity becomes more apparent. 

 

 
In addition to ERK, SCIMP also contributes to the activation of 

p38 MAP kinase. The mechanism of p38 activation down-stream of 

Dectin-1 is less well understood. In contrast to ERK, it was shown to 

be independent of CARD9 (30). Our observations of similar defects 

in ERK and p38 activation in SCIMP-deficient animals together with 

unperturbed PKCd activity suggest that SCIMP affects a CARD9-

independent pathway that may be involved in the activation of both 

of these MAP kinases.  
Dectin-1 is an important innate immune receptor recogniz-ing a 

number of pathogenic fungi. It supports the immune response by 

mediating phagocytosis of these pathogens by trig-gering an 

oxidative burst and by inducing the production of cytokines (7, 17, 

18). We have analyzed all of these downstream responses in BMDCs 

from SCIMP-deficient mice, but we did not observe any differences 

between WT and SCIMP-deficient cells when stimulated by zymosan 

(data not shown). The only 
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exceptions were the late phases of TNFa and IL-6 production 

(Fig. 6G). Our data are consistent with previous observations 

that ERK signaling is required for the production of TNFa and 

IL-6 downstream of Dectin-1 (30, 36). p38 signaling in macro-

phages and dendritic cells has also been shown to contribute to 

pro-inflammatory cytokine production (37, 38). Although the 

precise function of the late sustained production of these cyto-

kines still remains to be clarified, the role of these cytokines in 

antifungal defense has already been well established. Mice 

defi-cient in TNFa or IL-6 were shown to be highly 

susceptible to fungal infections (39 – 42). Moreover, the use 

of agents blocking the function of TNFa or IL-6 in human 

patients is also associ-ated with an increased incidence of 

infection with opportunis-tic fungi (43).  
Taken together, our study describes a novel branch of Dec-tin-1 

signaling that is driven by the small transmembrane adap-tor SCIMP. 

Our data suggest that the early and late phases of Dectin-1 signaling 

are differentially regulated. The late sus-tained phase of Dectin-1 

signaling is partly dependent on SCIMP, which in dendritic cells 

promotes MAP kinase signal-ing and production of TNFa and IL-6, 

important mediators of the inflammatory response during fungal 

infections. 
 
Experimental Procedures 
 

Antibodies—Antibodies to the following antigens were used for 

Western blotting detection: GAPDH (Sigma-Aldrich); phospho-

ERK (Thr-202/Tyr-204), phospho-PKCd/u (Ser-643/ 676), PKCd, 

phospho-p38 (Thr-180/182), and p38 MAPK, (Cell Signaling 

Technology); ERK1/2 (Promega); and phospho-tyro-sine (4G10, 

Upstate Biotechnology). Rabbit polyclonal antibod-ies against 

murine SCIMP were described earlier (24). For the flow 

cytometry analysis, antibodies against the following mouse 

antigens conjugated to the indicated fluorophores were used: 

CD3-PE-Cy7, CD5-PE, CD11b-FITC, CD11b-PE, CD11b-APC, 

CD19-eFluor 660, CD19-FITC, CD23-Dye 647, F4/80-FITC, 

Gr1-PB, Ly6G-FITC, CD49b (DX5)-APC, c-kit-PE, Gr1-PE, 

Ly6C-PE-Cy7, B220-FITC, IgM- FITC, MHCII-FITC, FceRIa-

PB, and CD86-APC (Biolegend); CD1d-FITC, CD4-PE, CD8-

e450, CD11c-APC, CD43-PE, GL7-FITC, B220-e450, IgD-APC, 

and CD80-APC (eBiosciences); and CD3-APC and CD8-FITC 

(EXBIO). The anti-IgM-Dy547 antibody was con-jugated in-

house. For MACS purification, anti-CD43, anti-CD11b, anti-

CD19, anti-FITC, and anti- mPDCA-1 MicroBeads (Miltenyi 

Biotec, Bergisch Gladbach, Germany) were used. Other 

antibodies used in this study were anti-mouse I-A/I-E-biotin 

(Biolegend), HRP-conjugated goat anti-mouse IgG (Sigma-

Aldrich), HRP-conjugated goat anti-rabbit IgG Fc fragment-

specific, goat anti-mouse IgM F(ab)2 (Jackson Immu-noResearch 

Laboratories), Fc Bloc (2.4G2) (BD Biosciences), and HRP-

conjugated goat anti-rabbit polyclonal antibody (Bio-Rad). 

 
Other Reagents—We also used mannan from S. cerevisiae (Sigma-

Aldrich), zymosan A from S. cerevisiae (Sigma-Aldrich), streptavidin 

(Jackson ImmunoResearch Laborato-ries), CFSE (5-(and 6)-

carboxyfluorescein diacetate succinimi-dyl ester; eBioscience), and 

NP(14)-ovalbumin (Bioresearch Technologies, Inc.). Soluble b-

glucan (Wellmune Soluble) was a kind gift from Bengt Hansson 

(Biogredia AB, Sandef- 
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jord, Norway). The Src family kinase inhibitor PP2 and Syk 

inhibitor IV (BAY 61-3606) were from Calbiochem/Merck 

(Darmstadt, Germany).  
Mice—The SCIMP-deficient mouse strain Scimp

tm1a(KOMP)Wtsi
 

on the C57Bl/6J genetic background (throughout this article 

labeled as Scimp 
/
 ) was generated at the Wellcome Trust Sanger 

Institute (Cambridge, UK) within International Knock-out Mouse 

Consortium Project 24100 and was directly obtained from the 

Wellcome Trust Sanger Institute. B1– 8i B cell antigen receptor-

transgenic mice (44), the OTII transgenic mouse strain (C57BL/6-

Tg(TcraTcrb)425Cbn/Crl), and the Myd88-deficient mouse strain 

(B6.129P2(SJL)-Myd88tm1. 1Defr/J) derived from Myd88fl mice 

(45) were obtained from The Jackson Laboratory (Bar Harbor, 

ME). C57Bl/6J for com-parative experiments originated from 

crossing Scimp 
/
 heterozygotes. Other C57Bl/6J mice were from 

the animal facil-ity of the Institute of Molecular Genetics of the 

Academy of Sciences of the Czech Republic (IMG ASCR) 

(Prague, Czech Republic). All experiments in this work 

conducted on animals 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.  
Cell Lines and Primary Cells—Primary mouse B cells were 

isolated from spleens of Scimp 
/
 and C57Bl/6J mice by nega-tive 

selection using anti-CD43 and anti-CD11b MicroBeads (Miltenyi 

Biotec) on an AutoMACS magnetic cell sorter (Milte-nyi Biotec) 

and subsequently cultured in Iscove’s modified Dul-becco’s 

medium (IMDM). BMMFs were differentiated from mouse bone 

marrow cells in DMEM conditioned with 10% L929 culture 

supernatant containing M-CSF for 7–9 days. BMDCs were 

differentiated in DMEM conditioned with 3% LUTZ cell culture 

supernatant containing GM-CSF for 10 –12 days. Ftl3L-generated 

dendritic cells were cultured in 100 ng/ml rmFLT3L (Peprotech) 

and RPMI medium supple-mented with stem cell factor 

(supernatant from HEK293 cells transfected with a stem cell 

factor-coding construct) for 8 days, and then plasmacytoid 

dendritic cells were removed using anti- mPDCA- 1 microbeads 

on an AutoMACS, and the rest of the dendritic cells were used 

further.  
To prepare primary classical dendritic cells, splenocytes from 

C57Bl/6J mice were incubated with Fc bloc, CD3-FITC, IgM-

FITC, and Ter119-FITC and precleared on an AutoMACS using 

anti-FITC magnetic beads (Miltenyi Biotec). The nega-tive 

fraction was further stained with B220-e450, Ly6C-PE_Cy7, and 

CD11c-APC and sorted by BD Influx FACS (BD Biosciences) 

for classical DCs (CD11c , B220 , Ly6C ) (46). For GL7 germinal 

center B cell purification, all splenic B cells were first purified 

from mice immunized intraperitoneally with sheep red blood cells 

by negative selection using CD11b and CD43 microbeads on an 

AutoMACS magnetic cell separator. The obtained B cells were 

then stained with GL-7-FITC anti-body, followed by positive 

selection with anti-FITC magnetic beads using the same 

AutoMACS separator. Phoenix Eco cells were obtained from 

Origene and cultured in DMEM. All media were supplemented 

with 10% fetal calf serum and antibiotics. The cells were cultured 

at 37 °C in 5% CO2.  
DNA Constructs, Transfection, and Transduction—The 

mouse SCIMP-YFP construct coding for full-length mouse 

 
 

 

SCIMP tagged at the C terminus with yellow fluorescent pro-

tein was cloned into the pMSCV-LNGFR retroviral vector. 

Lipofectamine 2000 (Invitrogen/Thermo Fisher Scientific) 

was used according to the protocol of the manufacturer for the 

transfection of SCIMP-YFP/pMSCV-LNGFR construct to 

Phoenix Eco cells to produce viral particles. Retrovirus-con-

taining supernatants were then harvested, supplemented with 

Polybrene (10 mg/ml, Sigma-Aldrich), and added to the 

freshly isolated bone marrow cells. The cells were then 

centrifuged at 1250 g for 90 min at 30 °C and differentiated 

into BMDCs or BMMFs.  
Cell Activation, Lysis, and Immunoprecipitation—To test the 

effect of zymosan and other activators on BMDCs, fully differ-

entiated BMDCs were plated on 6-well plates (2 10
6
 cells/ well) 

in culture medium and allowed to adhere to the plastic overnight. 

Then the medium was changed for DMEM without GM-CSF. 

After 2 h, zymosan in DMEM was added to a final concentration 

of 300 mg/ml. The activation of cells was stopped after the 

indicated time periods by lysis in SDS-PAGE sample buffer. For 

immunoprecipitation, the cells (BMDCs or BMMFs) were plated 

on 10-cm dishes and activated as above or by biotinylated anti 

mouse I-A/I-E antibody (Biolegend, 10 mg/ml), followed by 

cross-linking with 10 mg/ml streptavidin (Jackson 

ImmunoResearch Laboratories). They were then lysed in lysis 

buffer containing 1% laurylmaltoside (Calbiochem/ Merck), 20 

mM Tris (pH 7.5), 150 mM NaCl, 5 mM iodoacet-amide, 5 mM 

NaF, 1 mM Na3VO4, 2 mM EDTA, and 100 diluted protease 

inhibitor mixture set III (Calbiochem) for 30 min on ice. 

Postnuclear supernatants were incubated for 1–2 h with anti-

SCIMP rabbit antiserum followed by 1–2 h of incu-bation with 

protein A/G Plus-agarose beads (Santa Cruz Bio-technology) at 4 

°C. After washing, the immunoprecipitates were eluted with 40 

ml of SDS-PAGE sample buffer.  
B cell stimulations were carried out in suspension. B cells 

were resuspended in a concentration of 5 107/ml in IMDM and 

activated by labeling with 10 mg/ml biotinylated anti-mouse I-

A/I-E antibody, followed by cross-linking with 10 mg/ml 

streptavidin in IMDM at 37 °C for the indicated time intervals. 

The activation of cells was stopped by addition of an equal 

volume of 2 concentrated SDS-PAGE sample buffer. Western 

blotting quantification was performed by densitome-try of 

scanned films using AIDA image analyzer software (Ely-sia-

raytest, Straubenhardt, Germany), and the obtained values 

were inserted into the figures below the individual blots.  
Flow Cytometry—Single cell suspensions were prepared from 

spleens, lymph nodes, bone marrow, and peripheral blood from 6- 

to 8-week-old mice. Erythrocytes were lysed with ACK buffer 

(150 mM NH4Cl, 0.1 mM EDTA (disodium salt), and 1 mM 

KHCO3). The remaining cells were incubated with Fc-bloc and 

fluorophore-conjugated antibodies and analyzed on a BD LSRII 

Flow cytometer. For calcium response measurement, a single cell 

suspension of splenocytes (after erythrocyte lysis in ACK buffer) 

was loaded with 2 mM calcium indicator Fura Red (Invitrogen) 

and subsequently stained with anti-CD3-APC and anti-CD11b-

APC. Samples were analyzed using a BD LSRII flow cytometer 

for 30 s at rest and then another 150 s after activation (either with 

10 mg/ml anti-mouse IgM F(ab)2 anti-body (Jackson 

ImmunoResearch Laboratories) or with 10 
 

16538  JOURNAL OF BIOLOGICAL CHEMISTRY                                VOLUME 291 • NUMBER 32 • AUGUST 5, 2016 



 

 
mg/ml streptavidin, which cross-linked MHCIIgp molecules on B 

cells preincubated with biotinylated anti-I-A/I-E antibody 

(Biolegend). The relative calcium concentration was measured as a 

ratio of the Fura Red fluorescence intensity elicited by exci-tation 

wavelengths of 405 nm (emission measured at 635–720 nm) and 488 

nm (emission measured at 655– 695 nm). Data were analyzed using 

FlowJo software (TreeStar).  
Antigen Presentation Assay—For the antigen-presentation assay, 

we modified a method published previously (47). CD4 T cells 

isolated from lymph nodes of OTII mice using negative selection 

(CD11b, CD8, CD19-FITC) on AutoMACS were cul-tured for 2 days 

in RPMI medium supplemented with 100 ng/ml anti-CD3 antibody 

and 2 units/ml IL2 for 48 h. B cells negatively selected on 

AutoMACS were fed for 1 h with 10 mg/ml NP-ovalbumin at 37 °C, 

washed with PBS, and cultured in a ratio of 1:1 with CFSE-stained T 

cells. After 48 h, cell pro-liferation was measured using a BD LSRII 

flow cytometer.  
Immunization—For antibody detection, Scimp / and 

C57Bl/6J mice, 6 – 8 weeks old, were intradermally injected 

with 100 mg of ovalbumin/mouse in incomplete Freund adju-

vant. The second immunization followed 21 days after the first 

immunization. Serum from mice was collected on day 10 after 

the second immunization. Antibody concentration was mea-

sured by ELISA.  
Cytokine Detection—Concentrations of TNFa and IL-6 in 

BMDC culture supernatants were determined by Ready-SET-

Go! ELISA kits from eBioscience according to the 

instructions of the manufacturer.  
Microscopy—For live cell microscopy, BMDCs and 

BMMFs expressing SCIMP-YFP were transferred into Lab-

Tek cham-bered coverglass (Nunc, Thermo Fisher Scientific), 

and strongly autofluorescent zymosan particles were 

subsequently added. Cells were observed in a climate chamber 

(37 °C, 5% CO2) under a Leica TCS SP5 confocal microscope 

using a 63 objective lens (Leica Microsystems). Data were 

analyzed using LAS AF software (Leica Microsystems).  
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Autoinflammatory diseases are characterized by dysregulation of the innate immune system, leading to spontaneous inflammation. 

Pstpip2
cmo

 mouse strain is a well-characterized model of this class of disorders. Because of the mutation leading to the lack of adaptor 

protein PSTPIP2, these animals suffer from autoinflammatory chronic multifocal osteomyelitis similar to several human syndromes. 

Current evidence suggests that it is driven by hyperproduction of IL-1b by neutrophil granulocytes. In this study, we show that in 

addition to IL-1b, PSTPIP2 also negatively regulates pathways governing reactive oxygen species generation by neutrophil NOX2 

NADPH oxidase. Pstpip2
cmo

 neutrophils display highly elevated superoxide production in response to a range of stimuli. Inactivation of 

NOX2 NADPH oxidase in Pstpip2
cmo

 mice did not affect IL-1b levels, and the autoinflammatory process was initiated with similar 

kinetics. However, the bone destruction was almost completely alleviated, suggesting that dysregulated NADPH oxidase activity is a key 

factor promoting autoinflammatory bone damage in Pstpip2
cmo

 mice. The Journal of Immunology, 2020, 204: 1607–1620. 
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A utoinflammatory diseases represent a distinct class of disorders 

of the innate immune system. They are char-acterized by a pathological 
inflammation that typically arises spontaneously without detectable 

extrinsic cause and in  
the absence of autoantibodies or autoreactive T cells. The symp-

toms are rather diverse. The most characteristic include periodic 

fever attacks, skin rashes, arthralgia, myalgia, abdominal pain, 

arthritis, osteomyelitis, and other signs of systemic or organ 

specific inflammation (1–3). A number of autoinflammatory 

diseases are caused by a pathological hyperactivity of IL-1b 

pathway, either as a result of mutations in single genes affecting 

inflammasomes and other components of IL-1b activation ma-

chinery or from more complex causes in which the underlying 

genetic lesion is unknown (1, 3).  
Bone damage or other types of bone involvement are common in 

IL-1b–driven autoinflammatory diseases (4). IL-1b promotes os-

teoclast activity by stimulating RANKL expression in osteoblasts and 

by direct binding to osteoclasts. This way it likely stimulates  
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inflammatory bone resorption by these cells during the course of 

the disease (4, 5). Interestingly, different diseases of this group 

show different and distinct types of bone damage. Moreover, the 

bone damage is often observed only in a fraction of patients with 

a particular disease (4, 6, 7). These observations suggest that the 

character of genetic lesion, genetic modifiers, or other circum-

stances are critically affecting the outcome (4). However, the 

identity of these factors and the mechanisms of how they change 

the clinical picture are largely unknown. 
 

One of the key activators of IL-1b pathway mutated in several 

autoinflammatory conditions is NLRP3 inflammasome. It is acti-

vated by aberrant ion fluxes; lysosomal damage by crystalline matter, 

such as silica or monosodium urate crystals; mitochondrial damage; 

presence of reactive oxygen species (ROS); and various microbial 

products and molecules associated with cellular damage (8–12). 

Several unifying mechanisms enabling recognition of such a variety 

of stress agents by a single type of inflammasome have been 

suggested, but none of them has yet gained universal 
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acceptance (8, 9, 11–13). Production of ROS represents one such a 

mechanism that could connect cellular stress to NLRP3 inflam-

masome activation (for review, see 10, 14). In most of the cell types, 

there appear to be at least two main sources of ROS, NADPH 

oxidases, and mitochondria (15). In phagocytes, NOX2 NADPH 

oxidase is activated downstream of receptors for mi-crobial products 

and other proinflammatory stimuli. It generates superoxide anion, 

which can be further converted to a number of additional ROS toxic 

to microorganisms. Various NADPH oxidases are also part of a broad 

array of signaling pathways in multiple cell types (16, 17). 

Mitochondrial ROS are produced mainly as a result of respiratory 

chain activity, and their genera-tion can be enhanced by stress or 

mitochondrial damage (18–20). Although initial reports suggested 

that NADPH oxidase–derived ROS are critical for NLRP3 

inflammasome triggering, more recent studies rather support the view 

that mitochondria are the essential source of ROS required for its 

activation (21, 22). However, whether NADPH oxidase ROS can 

contribute to NLRP3 inflam-masome activation when deregulated as 

a result of neutrophil priming or during diseases that result in 

exaggerated NADPH oxidase-dependent ROS production has not 

been studied. 
 

Several studies have shown increased production of ROS in 

monocytes from autoinflammatory disease patients (10, 23–28). 

In some of these works it has been proposed that these ROS are of 

mitochondrial origin (10, 23), but there are only limited options of 

how to study this aspect in patients. The effects of increased ROS 

production, whether of mitochondrial or NADPH oxidase origin, 

on the development and/or severity of autoinflammatory diseases 

is currently unknown.  
There are relatively few mouse models of autoinflammatory bone 

diseases. One of the best characterized is Pstpip2
cmo

 mouse strain, 

which spontaneously develops severe bone and soft tissue 

inflammation mainly in hind paws and tail. In several aspects, the 

disease resembles a human condition known as chronic recurrent 

multifocal osteomyelitis (CRMO) and was thus termed chronic 

multifocal osteomyelitis (CMO). From there, the strain derives its 

name Pstpip2
cmo

 (29). The disease is caused by a point mutation in 

the gene coding for the adaptor protein PSTPIP2 (30). As a result, no 

PSTPIP2 is detectable in these mice at the protein level (31). The 

mechanism by which PSTPIP2 deficiency leads to CMO disease is 

only partially understood. It binds several inhibitory molecules, 

including PEST-family protein tyrosine phosphatases, 

phosphoinositide phosphatase SHIP1, and inhibitory kinase Csk, 

which likely mediate its negative regulatory effect on the in-

flammatory response (32, 33). In addition, it has been reported that 

osteomyelitis in Pstpip2
cmo

 mice is completely dependent on ex-

cessive IL-1b production by neutrophilic granulocytes (34–36). 

Genetic studies suggest a combined involvement of the NLRP3 

inflammasome and a poorly characterized mechanism dependent on 

caspase-8. A relatively limited role of neutrophil proteases has also 

been demonstrated (36, 37). The involvement of NLRP3 

inflammasome suggests that cellular stress and ROS might be 

involved in CMO disease pathology, especially, when we consider 

the fact that neutrophils are very potent producers of NADPH 

oxidase–derived ROS. Moreover, ROS are also activators of os-

teoclasts (38), a cell type likely responsible for inflammatory bone 

damage in CMO mice (39). In this study, we show that in Pstpip2
cmo

 

neutrophils, superoxide generation by NADPH oxidase is profoundly 

dysregulated and these cells produce substantially increased amounts 

of superoxide in response to variety of stimuli. Strikingly, the 

dysregulated superoxide production by these neutrophils does not 

have a strong effect on IL-1b production and soft tissue 

inflammation, but rather on the bone inflam-mation and subsequent 

bone damage, suggesting that the role of 

 

 
NADPH-oxidase–derived ROS is not in triggering the CMO but 
rather in directing the damage accompanying this disease to the 

bones. 

 

Materials and Methods  
Abs 
 
Abs to the following murine Ags were used: RAC1/2/3 (catalog no. 2465; 
Cell Signaling Technology, Danvers, MA); p47phox (D-10) and ERK2 
(C-14) (Santa Cruz Biotechnology, Dallas, TX); B220-biotin, TER119-
biotin, c-Kit-biotin, CD3ε-biotin, Ly6G-biotin, CD115-biotin, CD11b-
allophycocyanin, CD11b-FITC, CD11b-PE, B220-FITC, Ly6C-PE-Cy7, 
Ly6C-FITC, Ly6G-FITC, Ly6G-allophycocyanin, c-Kit-PE, Sca-1-
allophycocyanin, and CD16/32-PE/Cy7 (BioLegend, San Diego, CA); 
CD34-FITC, DX5-biotin, F4/80-biotin, and Thy1.2-FITC (eBioscience, 
ThermoFisher Scientific, Waltham, MA); Fc Block (2.4G2) (BD Bio-
sciences, San Jose, CA); and HRP-conjugated goat anti-mouse IgG 
(Sigma -Aldrich) and HRP-goat anti-rabbit (Bio-Rad, Hercules, CA). The 
mouse mAb that recognizes murine PSTPIP2 has been described earlier 
(33). Heat-aggregated IgG was prepared as follows: IgG was purified 
from mouse serum (Sigma-Aldrich) on protein A–Sepharose (GE 
Healthcare, Uppsala, Sweden), transferred to PBS, and concentrated to 30 
mg/ml on an Amicon Ultracel–30K unit (Millipore, Merck, Darmstadt, 
Germany). The aggregation was induced by heating to 63˚C for 30 min. 
 
Other reagents 
 
In this study we also used luminol, HRP, LPSs from Escherichia coli O127:B8, 

fMLP, PMA, (all from Sigma-Aldrich), L-012 (Wako Chem-icals), TNF-a, G-

CSF (PeproTech, Rocky Hill, NJ), U0126 (Cell Signaling Technology), and 

Go¨6976 (Calbiochem, Merck). Silica (silicon dioxide crystals) was obtained 

from Sigma-Aldrich. To enable fluorescent labeling for microscopy, 5 mg/ml 

silica particles were first coated with nonfat dry milk (2% in PBS, 1 h at room 

temperature) and then labeled with 5 mM Cell Proliferation Dye eFluor 670 

(eBioscience), 30 min at 37˚C. 
 
Mice 
 
Pstpip2

cmo
  mouse strain  (C.Cg-Pstpip2

cmo
/J)  carrying  the  c.293T→C 

mutation in the Pstpip2 gene (on BALB/C genetic background) resulting in an 

L98P change in the PSTPIP2 protein (29, 30), B6.129S-Cybb
tm1Din

/J  
lacking NADPH oxidase subunit gp91phox (40); MyD88 deficient mouse 

strain (B6.129P2(SJL)-MyD88
tm1.1Defr

/J, derived from MyD88
fl

 mice 

(41); B6.SJL-Ptprca Pepcb/BoyJ (CD45.1
+
) congenic strain (42),  

B6.Cg-Tg(S100A8-cre,-EGFP)1Ilw/J with granulocyte-specific CRE 

expression (MRP8-Cre) (43); and Gt(ROSA)26Sor
tm1(DTA)Lky

/J strain (44),  
in which diphtheria toxin expression can be induced by CRE recombinase, 

were obtained from The Jackson Laboratory (Bar Harbor, ME). Pstpip2
cmo

 

mouse strain was backcrossed on C57BL/6J background for at least 10 
generations and then used in the majority of experiments, with the ex-ception 
of experiments in Figs. 1E, 4A, 4D–F and Supplemental Fig. 1. For these 

experiments, the original Pstpip2
cmo

 strain on BALB/c genetic background has 

been selected due to the higher number of neutrophils that could be obtained by 
the negative selection method and due to the better quality of immortalized 
granulocyte progenitors derived from this strain. Both genetic backgrounds 
showed similar disease symptoms and similar dysregulation in superoxide 
production. The BALB/c and C57BL/6J inbred strains were obtained from the 
animal facility of Institute of Mo-lecular Genetics, Academy of Sciences of the 

Czech Republic (Prague, Czech Republic). Pstpip2
cmo

-DTA-MRP8-Cre 

mouse strain was generated  
by breeding of the Pstpip2

cmo
 mice on C57BL/6J background with 

Gt(ROSA)26Sor
tm1(DTA)Lky

/J strain mouse strain. Breeding this strain to B6. 
Cg-Tg(S100A8-cre,-EGFP)1Ilw/J mice carrying Cre transgene under the 
control of granulocyte-specific MRP8 promoter resulted in the generation of 

Pstpip2
cmo

-DTA-MRP8-Cre strain lacking almost all granulocytes 

(Supplemental Fig. 3B, 3C). Mice were housed and bred in an accredited 
animal facility at the Institute of Molecular Genetics of the Czech Acad-emy of 
Sciences (registration number CZ11760038). They were main-tained under 
specific pathogen-free conditions. Animals were fed by standard breeding 
fortified diet (Altromin) cereal-based (soy, wheat, corn) fixed formula, which 
is free of alfalfa and fish/animal meal and deficient in nitrosamines, containing 
22.6% crude protein, 5% crude fat, 4.5% crude fiber, 7.1% crude ash, 

autoclavable, and increased vitamin content. The drinking water was purified 

via reverse osmosis system and chlorinated by chlorine dioxide (ClO2) as an 

alternative disinfectant to prevent secondary contamination. The final 
concentration of active chlorine was maintained between 0.6 and 1.0 ppm (in 
acid pH 4–5). Experimental cohorts, sex and age matched, were made from 
both genders, and standard randomization 
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was applied. Unless indicated otherwise, age of animals ranged from 6 to 
14 wk. Experiments in this work that were conducted on animals were 
approved by the Expert Committee on the Welfare of Experimental 
Animals of the Institute of Molecular Genetics and by the Academy of 
Sciences of the Czech Republic (registration numbers 69/2014, 62/2015, 
50/2016, 66/2016, 45/2018) and were in agreement with local legal re-
quirements and ethical guidelines. 
 
Primary cells and cell lines 
 
All primary cells and cell lines were cultured at 37˚C with 5% CO2 in 
IMDM supplemented with 10% FCS and antibiotics. For bone marrow 
(BM) cell isolation, mice were sacrificed by cervical dislocation, BM was 
flushed with PBS supplemented with 2% FCS, and erythrocytes were 

lysed in an ACK buffer (150 mM NH4Cl, 0.1 mM EDTA [disodium salt], 

1 mM KHCO3). Murine neutrophils were isolated from BM cells using 
anti-biotin MicroBeads and LS magnetic columns (Miltenyi Biotec, 
Bergisch Gladbach, Germany). For negative selection, cells were labeled 
with bio-tinylated Abs to B220, F4/80, DX5, c-Kit, CD3ε, CD115, and 
Ter119 prior to magnetic bead purification. For positive selection, only 
anti-Ly6G biotin was used. The purity of isolated cells was determined by 
flow cytometry. Primary murine monocytes were sorted from BM cells as 
Ly6G negative, Ly6C highly positive, and side scatter–low cells using BD 
Influx sorter (BD Biosciences). The following cell lines were used in this 
study: HEK293FT cells (Invitrogen), Platinum Eco cells (Plat-E cells; 
Cell Biolabs, San Diego, CA), and immortalized granulocyte progenitors. 
For preparation of immortalized granulocyte progenitors we used a mod-
ified version of the protocol for generation of immortalized macrophage 
progenitors (45). The progenitors were first enriched by the depletion of 

Mac-1
+
, B220

+
, and Thy1.2

+
 from mouse BM cells and cultured in the 

presence of IL-3, IL-6, and SCF (supplied as culture supernatants from 
HEK293FT cells transfected with constructs coding for respective 
cytokines) for 2 d. Next, progenitors were transduced with ER-HoxB8 
construct. The transduced cells were enriched for the GMP progenitor 

population by FACS (Lin2, Sca-12, c-Kit
+
, FcgR

+
, CD34

+
) and propa-

gated in a medium containing 1 mM b-estradiol and 1% SCF-containing 
supernatant. Granulocyte differentiation was induced by b-estradiol 
withdrawal or by the b-estradiol withdrawal and replacement of SCF for 
G-CSF (50 ng/ml). 
 
Flow cytometry 
 
Single-cell suspensions of BM cells were incubated with Fc block and 

fluorophore-conjugated Abs and analyzed on a BD LSR II flow cytometer. For 

calcium response measurement, single-cell suspensions of BM from 6- to 8-

wk-old mice were loaded with 2 mM calcium indicator Fura Red (Invitrogen). 

Samples were analyzed using a BD LSR II flow cytometer for 30 s at rest and 

then another 210 s after activation (with fMLP, Silica, or E. coli with OD = 

0.8). The relative calcium concentration was mea-sured as a ratio of the Fura 

Red fluorescence intensity elicited by excitation wavelengths of 405 nm 

(emission measured at 635–720 nm) and 488 nm (emission measured at 655–

695 nm). Data were acquired on a BD flow cytometer LSR II. Granulocytes 

were gated according to forward and side scatter properties. For F-actin 

detection, BM cells were fixed with 4% formaldehyde and labeled with 

fluorophore-conjugated Abs to CD11b, Ly6C, and Ly6G. Next, the cells were 

permeabilized with l-a-lysophosphatidylcholine (80 mg/ml; Sigma-Aldrich) 

and simultaneously stained with Alexa Fluor 488–conjugated phalloidin 

(Invitrogen). The cell fluorescence was measured on a BD LSR II flow 

cytometer. Gran-ulocytes were gated as CD11b
+
, Ly6C

int
, and Ly6G

+
. The 

data were analyzed with FlowJo software (Tree Star, Ashland, OR). 

 

Superoxide detection 
 
Superoxide production in vitro was assessed by luminol-based chemilu-

minescence assay as published previously (46, 47). BM cells or purified 

murine neutrophils in IMDM supplemented with 0.2% FCS were plated in a 

density of 10
6
 cells per well into a black 96-well plate (SPL Life Sci-ences, 

Naechon-Myeon, Korea). Cells were rested for 30 min at 37˚C and 5% CO2. 

Then, luminol at final concentration 100 mM and stimuli (100 ng/ml LPS, 

fMLP 1 mg/ml, TNF-a 10 ng/ml, E. coli OD600 ∼0.8– 53 diluted, silica 50 

mg/cm
2
, heat-aggregated murine IgG 300 mg/ml, PMA 100 ng/ml) were 

added. Luminescence was measured immediately on an EnVision plate reader 

(Perkin Elmer, Waltham, MA); each well was scanned every minute for 70 

min. For fMLP-induced superoxide production, scanning every 10 s for 5 min 

was also used as indicated in figure legends. To measure superoxide 

production by cells in suspension, the cells were kept at 10
7
 per 0.9 ml IMDM 

with 0.2% FCS and 100 mM luminol in an Eppendorf tube at 37˚C. After 

stimulation with 100 ml silica (1 mg/ml), 

 
 
every 5 min a 100-ml aliquot of cell suspension was gently transferred into an 
empty well of a black 96-well plate and the luminescence was immediately 
measured on an EnVision plate reader. When fMLP (1 mg/ml) was used as a 

stimulant, only a single aliquot of 10
6
 cells was measured in 10-s intervals in a 

single well immediately after cell transfer to the plate and activation. For 
exogenous peroxidase treatment, cells were incubated with HRP (10 mg/ml) 
for 30 min prior to stimulation with silica.  

To assess ROS production in vivo, mice were i.p. injected with lumi-
nescence reporter L-012 in final concentration 75 mg/kg (1.8 mg/25 g 
mouse) dissolved in PBS as previously described (48). Luminescence 
signal was acquired by Xtreme whole body imager (Bruker, Billerica, 
MA), with the following settings: binning 8 3 8, exposure time: 5 min. 
The quantification of photon counts was performed in Molecular Imag-ing 
Software (Bruker). 
 
DNA constructs 
 
Generation of MSCV-PSTPIP2-EGFP construct was as follows. The coding 

sequence of mouse PSTPIP2 was amplified from cDNA of mouse common 

myeloid progenitors and subcloned into pXJ41-EGFP cloning vector (Chum et 

al. 2016). IRES and Thy1.1 coding sequence was removed from MSCV-IRES-

Thy1.1 retroviral vector (Clontech, Mountain View, CA) by digestion with 

EcoRI and ClaI followed by blunt ligation. PSTPIP2-EGFP coding sequence 

was then subcloned into modified MSCV vector using BglII and XhoI 

restriction sites to generate MSCV-PSTPIP2-EGFP.  
Generation of MSCV-mPSTPIP2-TetOn inducible constructs. Wild-

type (WT) and mutated sequences (W232A or 3YF) of mouse PSTPIP2 
de-scribed earlier (33) were fused to C-terminal EGFP by PCR using P2A 
sequence as a linker. Fusion constructs were cloned into pLVX-Tet3G 
doxycycline inducible vector (Clontech) using AgeI and BamHI restric-
tion sites. Resulting vectors were used as templates to amplify the Tet-On 
3G, TRE3G, and PSTPIP2 sequences by PCR, and the resulting product 
was cloned into MSCV-IRES-EGFP vector using ClaI and BglII re-
striction sites. 
 
Retroviral transduction 
 
For confocal microscopy, c-kit+ stem and progenitor cells were obtained 

from BM of Pstpip2
cmo

 (C57BL/6J) mice using magnetic purification (c-
kit–biotin Ab, Anti-biotin microbeads). Cells were expanded in IL-3, IL-
6, and SCF-supplemented media for 20 h, then infected with PSTPIP2-
EGFP retroviral construct. For the production of replication incompetent 
retrovirus, ecotropic packaging cells (Plat-E) were plated in a 10-cm dish 
and transfected with 24 mg of plasmid DNA using Lipofectamine 2000 
Reagent (Life Technologies) according to the manufacturer’s instructions. 
Virus-containing supernatant was collected, concentrated with Amicon 
Ultra centrifugal filters with molecular mass cut-off 100 kDa (Merck 
Millipore), and immediately used to infect the cytokine expanded c-kit+ 
BM cells. These cells were centrifuged with 150 ml of concentrated virus 
supernatant and 2.4 ml of Lipofectamine 2000 Reagent (Sigma-Aldrich) 
at 1250 3 g for 90 min at 30˚C and then incubated for another 4 h at 37˚C 

in 5% CO2 in a humidified incubator before the exchange of the media. 
Immortalized granulocyte progenitors were propagated in IMDM with 1 
mM b-estradiol and 1% SCF-containing supernatant and then infected 
with PSTPIP2 mutant constructs using the same procedure described 
above. 
 
Real-time quantitative PCR 
 
RNA was purified with Zymo Research Quick-RNA Miniprep Plus Kit from 

neutrophils isolated by positive selection (see above). The reverse tran-

scription was performed with RevertAid First Strand cDNA Synthesis Kit 

(ThermoFisher Scientific). Real-time quantitative PCR was carried out using 

LightCycler 480 SYBR Green I Master mix (Roche) and the following 

primers: 59-TGTAATGAAAGACGGCACACC-39 + 59-TCTTCTTTG-

GGTATTGCTTGG-39 for IL-1b and 59-GATCTGGCACCACACCTTCT-39 

+ 59-GGGGTGTTGAAGGTCTCAAA-39 for b-actin on Roche LightCycler 

480 Instrument II. The primer functionality was verified on LPS-stimulated 

BM-derived dendritic cells. 
 
Microscopy 
 
One day postinfection, EGFP-positive cells were sorted on an Influx sorter and 

injected into sublethally irradiated (6 Gy in a single dose) CD45.1
+
 recipient 

mice. After 2 wk, mice were sacrificed, and BM cells isolated and resuspended 

in IMDM with 0.1% FCS. The cells were activated by 50 mg/cm
2
 fluorescent 

silica (see above) in a 96-well plate for 10 min. The cells were transferred to 
4% paraformaldehyde in PBS and fixed at room temperature for 20 min. Cell 
nuclei were stained with 10 mg/ml Hoechst 33258 (Sigma-Aldrich) for 15 min. 
Cells were than washed two 
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times with PBS, resuspended in 150 ml of ddH2O, and centrifuged on 
glass slide at 300 3 g for 5 min using Centurion Scientific K3 cytospin 
cen-trifuge (Centurion Scientific, Stoughton, U.K.). Cell samples were 
then mounted in 10 ml of DABCO mounting reagent (Sigma-Aldrich) and 
covered with glass coverslip (Zeiss, Oberkochen, Germany). The micro-
scope setup was as follows: sequential two-color imaging was performed 
using a Leica TCS SP8 laser scanning confocal microscope (Leica, 
Wetzlar, Germany) with a 63 3 1.4 numerical aperture oil-immersion 
objective. Acquired images were manually thresholded to remove signal 
noise detected outside of the cell using ImageJ software. 

 

 
Bradford solution (AppliChem). Concentrations of IL-1b in the samples 
were determined by Ready-SET-Go! ELISA kits from eBioscience 
according to the instructions of the manufacturer. 
 
Histology 
 
The paws were fixed in 10% formol solution for 24 h and decalcified in 
Osteosoft (Merck) solution for 1 wk, followed by paraffin embedding and 
histological cutting. The slides were stained in automatic system Ventana 
Symphony (Roche), and slides were scanned in Axio Scan.Z1 (Zeiss). The 
image postprocessing and analysis was done in Zen software (Zeiss). 
 

Cell activation, lysis, and immunoprecipitation 
 
For Western blotting, the cells were washed and resuspended in IMDM 

with 0.1% FCS at a concentration of 1–4 3 10
7
 cells/ml. Subsequently, the 

cells were stimulated as indicated at 37˚C. The activation of cells was 
stopped by the addition of an equal volume of a 23 concentrated SDS-
PAGE sample buffer (128 mM Tris [pH 6.8], 10% glycerol, 4% SDS, 2% 
DTT), followed by the sonication and heating of the samples (99˚C for 2 
min). The samples were analyzed by SDS-PAGE followed by Western 
blotting. For detection of p47phox phosphorylation, phosphoproteins were 
isolated from BM cells using PhosphoProtein purification Kit (Qiagen, 
Hilden, Germany) according to manufacturer’s instructions, followed by 
detection of p47phox by immunoblotting. 
 
RAC activity assay 
 
A total of 2 3 10

7
 neutrophils (silica activated or not) were lysed in 1 ml 

lysis buffer (25 mM HEPES [pH 7.2], 150 mM NaCl, 10 mM MgCl2, 1 
mM EDTA, 1% NP-40, 10% glycerol, 100 3 diluted Protease Inhibitor 
Cocktail Set III [Calbiochem, Merck]) containing 5 mg PAK-RBD-GST 
(RAC-binding domain from PAK1 fused to GST, isolated from E. coli 
strain BL21 transformed with corresponding expression plasmid). After 
preclearing the lysate by centrifugation, the complexes of active RAC and 
PAK-RBD-GST were isolated on Glutathione Sepharose (GE Healthcare). 
RAC was then detected by immunoblotting. 
 
Anesthesia 
 
Mice for in vivo imaging were anesthetized by i.m. injection of Zoletil (20 
mg/ml)–Xylazine (1 mg/ml) solution with Zoletil dose 100 mg/kg and 
Xylazine dose 1 mg/kg. 
 
X-ray microcomputerized tomography 
 
Hind paws were scanned in in vivo x-ray microcomputed tomography 
(mCT) Skyscan 1176 (Bruker). Scanning parameters were voltage, 50 kV; 
current, 250 mA; filter, 0.5 mm aluminum; voxel size, 8.67 mm; 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; with time of 
scanning, 30 min. Reconstruction of virtual slices was performed in 
NRecon software 1.6.10 (Bruker) with setup for smoothing = 3, ring ar-
tifact correction = 4, and beam hardening correction = 36%. Intensities of 
interest for reconstruction were in the range of 0.0045 to 0.0900. For 
reorientation of virtual slices to the same orientation, the DataViewer 
1.5.2 software (Bruker) was used.  

For mCT data analysis, CT Analyzer 1.16.4.1 (Bruker) was used. The 
volume of interest was chosen there containing the distal part of hind paw 
starting from the half of metatarsus. Based on differences of x-ray 
absorption, three parts were analyzed separately: the whole volume of 
interest, the newly formed bone connected mostly with arthritis, and the 
area inhabited by the original bone of phalanges and metatarsi. The total 
volume was recorded for all three parts. For original and new bone, other 
parameters from two-dimensional and three-dimensional analysis were 
recoded to describe changes in the structure, namely, surface of the bone, 
surface/volume ratio, number of objects, closed porosity, mean fractal 
dimension, mean number of objects per slice, mean closed porosity per 
slice, and mean fractal dimension per slice. Scans with technical artifacts 
caused by spontaneous movements of animals were excluded from the 
analysis. Raw data are available upon request. 
 
Cytokine detection 
 
Murine paws were homogenized in 1 ml 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 100 3 
diluted Protease Inhibitor Cocktail Set III (Calbiochem, Merck) using 
Avans AHM1 Homogenizer (30 s, speed 25). Any insoluble material was 
re-moved by centrifugation (20,000 3 g, 5 min, 2˚C), and concentration of 
the proteins in the samples were normalized to the same level using 

  
Statistical analysis 
 
The p values were calculated in GraphPad Prism software (GraphPad 
Software, La Jolla, CA) using unpaired t test (two-tailed) for data in Figs. 
2B–G, 2I, 3C, 5E; one-way ANOVA with Tukey–Kramer or Bonferroni 
multiple comparison posttest for data in Figs. 1E, 4A, 6E, 7B, and 7D; 
Mann–Whitney U test for Fig. 5C; and Gehan–Breslow–Wilcoxon test for 
disease-free curve in Fig. 6C. Symbol meanings are as follows: n.s. p . 
0.05, *p # 0.05, **p # 0.01, ***p # 0.001, ****p # 0.0001. Unless stated 
otherwise, “n” in figure legends represent number of experi-ment repeats, 
points in column scatter plots represent biological replicates (in most 
cases animals), error bars in these plots show median with inter-quartile 
range, and points and error bars in superoxide production time course 
curves (arbitrary luminescence intensity curves) represent mean 6 SEM 
values obtained from two to eight technical replicates. 

 

Results  
Pstpip2

cmo
 neutrophils produce substantially more superoxide 

in response to inflammasome activator silica than WT 
neutrophils 
 
Disease development in Pstpip2

cmo
 mice is, in part, dependent on 

NLRP3 inflammasome (37). Because ROS are involved in the 

NLRP3 inflammasome regulation, we tested if their production was 

dysregulated in Pstpip2
cmo

 BM cells. We isolated these cells from 

WT C57BL/6 and Pstpip2
cmo

 mice (backcrossed to the same genetic 

background) and stimulated these cells with silica parti-cles, a well-

established activator of NLRP3 inflammasome (49) employed in 

previous studies of Pstpip2
cmo

 mice (33–35). Strik-ingly, this 

stimulation led to a substantially higher superoxide production by 

Pstpip2
cmo

 cells, when compared with their WT counterparts (Fig. 

1A). This assay was performed in a 96-well plate, where the response 

could be affected by adhesion of the cells to plastic. Therefore, we 

carried out a similar measurement on the cells maintained strictly in 

suspension. This resulted in signals of lower intensity. However, the 

dysregulation of superoxide pro-duction by Pstpip2
cmo

 cells could 

still be observed (Fig. 1B).  
Because superoxide generation is a characteristic feature of 

neutrophils, which form a large fraction of BM leukocytes (Fig. 1C), 

we have isolated these cells for further testing. Silica stimulation of 

adherent neutrophils, isolated by negative selection, led to even 

higher production of superoxide when compared with the full BM. 

Moreover, the difference between WT and Pstpip2
cmo

 cells was still 

preserved (Fig. 1D). In our experiments, negatively selected 

neutrophils were typically more than 90% pure. However, a large 

fraction of the contaminating cells were monocytes. Be-cause these 

cells are also known to respond by ROS production to a variety of 

stimuli, we have analyzed superoxide generation by purified 

monocytes. To determine the impact of these cells on our results, we 

have adjusted the quantity of monocytes to 10% of the neutrophil 

numbers, which is similar to the amount of monocytes contaminating 

our neutrophil samples prepared by negative se-lection. We compared 

the response of these monocytes with the superoxide production by 

neutrophils isolated by positive selec-tion on Ly6G. This purification 

resulted in virtually pure (more than 99%) neutrophils. The response 

of purified monocytes was almost two orders of magnitude lower than 

that of purified neu-trophils, and there was no significant difference 

between WT and 
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FIGURE 1. Pstpip2

cmo
 neutrophils produce higher amounts of superoxide. (A) Superoxide production by silica-stimulated Pstpip2

cmo
 (CMO) and WT BM cells 

measured in 1-min intervals by luminol-based chemiluminescence assay (for quantification of multiple experiments, see Fig. 2B). (B) Similar measurement as in (A) 
performed on BM cells held in suspension (5-min intervals; for quantification of multiple experiments, see Fig. 2C). (C) Representative flow cytometry dot plot 

showing percentages of monocytes and neutrophils in Pstpip2
cmo

 BM (n . 5). (D) Similar experiment as in (A) performed on neutrophils purified by negative 

selection (for quantification of multiple experiments, see Fig. 2B). (E) The superoxide production by silica-stimulated neutrophils purified by positive selection (10
6
 

per well) is compared with superoxide production by FACS-sorted (Ly6C
+
, Ly6G

2
) monocytes (10

5
 per well) stimulated in the same manner in the presence or 

absence of HRP (n = 3). ****p # 0.0001. A.L.I., arbitrary luminescence intensity; A.U.C., area under the curve. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 D
o

w
n

lo
ad

ed
 fro

m
 h

ttp
://w

w
w

  
Pstpip2

cmo
 cells (Fig. 1E). Addition of exogenous peroxidase (HRP) 

to compensate for lower myeloperoxidase expression in monocytes 

(50) did not substantially alter the results (Fig. 1E). These data 

demonstrated that in the neutrophil samples prepared by negative 

selection, the monocyte contribution to the measured superoxide 

production is negligible. They also lead to the conclu-sion that even 

in nonseparated BM, the vast majority of superoxide originated from 

neutrophils and that neutrophils are responsible for enhanced 

superoxide production by Pstpip2
cmo

 BM cells. 
 
Higher superoxide production by Pstpip2

cmo
 neutrophils is 

observed across a range of conditions 
 
To find out how universal the superoxide overproduction in 

Pstpip2
cmo

 neutrophils is, we treated either BM cells or purified 

neutrophils with silica, PMA, live E. coli bacteria, heat-aggregated 

mouse IgG (as a model of immunocomplexes), TNF-a, LPS, or 

fMLP. All these experiments demonstrated dysregulated super-oxide 

production in Pstpip2
cmo

 BM cells (Fig. 2A–D, 2F) and purified 

neutrophils (Fig. 2B, 2E). The same dysregulation was also observed 

in the BM cells with Pstpip2
cmo

 mutation on BALB/c genetic 

background (Supplemental Fig. 1A). These results show that 

PSTPIP2 deficiency renders neutrophils more sensitive and prone to 

produce more ROS than WT cells. Interestingly, unsti-mulated BM 

cells from Pstpip2
cmo

 mice produced low but de-tectable levels of 

superoxide even in the absence of any stimulus.  
This constitutive production has not been observed in WT BM (Fig. 

2A, 2G). It also was not observed in both WT and Pstpip2
cmo  

cells maintained in suspension (data not shown). In addition, 

nonadherent cells also did not show any superoxide production in 

response to treatment with LPS, TNF-a, and fMLP when mea-

sured in 5-min intervals (data not shown). However, in the case of 

fMLP, rapid transient response was detectable within the first 5 

min of the measurement (Fig. 2H). Maximum superoxide pro-

duction was not significantly altered in Pstpip2
cmo

 BM cells. 

However, it was more sustained, and total superoxide production 

was thus higher than in WT cells (Fig. 2I). 

 
Pstpip2

cmo
 neutrophils do not produce excessive superoxide 

as a consequence of ongoing inflammation and do not show 
the signs of spontaneous priming 
 
Higher superoxide production under resting conditions and after 

activation with a wide range of stimuli demonstrates general 

dysregulation of pathways leading to superoxide production in 

Pstpip2
cmo

 neutrophils. This dysregulation could be cell intrinsic 

because of PSTPIP2 deficiency or a side effect of ongoing bone 

inflammation, which could prime BM neutrophils located in the 

proximity of the inflamed tissue. It has previously been reported that 

autoinflammation in Pstpip2
cmo

 mice is completely dependent on IL-

1b and its receptor (34, 35). Signaling through this receptor is 

critically dependent on MyD88 adaptor protein (51). To deter-mine 

whether the observed overproduction of ROS in Pstpip2
cmo

 

neutrophils is not just the effect of ongoing inflammation, we crossed 

Pstpip2
cmo

 mice with MyD88-deficient strain to block IL-1b 

signaling. As expected, Pstpip2
cmo

 mice were in the absence of 

MyD88 completely protected from the disease development as 

determined by visual inspection (Fig. 3A) and x-ray mCT of hind 

paws (Fig. 3B). MyD88-deficient Pstpip2
cmo

 BM cells displayed the 

same dysregulation in superoxide production triggered by a variety of 

stimuli as Pstpip2
cmo

 cells. Treatments with LPS or E. coli were the 

only exceptions where the response was substantially lower in both 

Pstpip2
cmo

/MyD882/2 and MyD882/2 cells, probably due to the 

higher dependence of signaling triggered by these activators on the 

TLR/MyD88 pathway. Nevertheless, even in MyD88-deficient cells, 

the cmo mutation gave rise to a stronger response to these two stimuli 

when compared with MyD88-deficient cells without the cmo 

mutation (Fig. 3C, Supplemental Fig. 1B). These results demonstrate 

the cell-intrinsic dysregulation of NADPH oxidase machinery that is 

not caused by chronic exposure to the in-flammatory environment. 

 
Another potential explanation for the observed dysregulation of 

superoxide generation is that Pstpip2
cmo

 neutrophils are in a 
constitutively primed state. Increased superoxide production is 
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FIGURE 2. Increased superoxide production by Pstpip2
cmo

 neutrophils is triggered by a variety of stimuli. (A) Superoxide production by adherent 

Pstpip2
cmo

 (CMO) and WT BM cells treated with indicated agents (for quantification of multiple experiments, see D–G). (B) Quantification of 

superoxide production by adherent BM cells and neutrophils after silica treatment (n = 4 for BM and n = 5 for neutrophils). (C) Quantification of 

superoxide production by BM cells activated by silica in suspension (n = 2). (D) Quantification of superoxide production by adherent BM cells treated 

with live E. coli bacteria (E.coli), mouse aggregated IgG (IC), fMLP, TNF-a, and LPS (n = 4). (E) Similar analysis as in (D), performed on neutrophils 

purified by negative selection (n = 5 for E. coli and n = 3 for aggregated [Agg.] IgG). (F) Quantification of superoxide production by adherent BM cells 

and neutrophils after treatment with PMA (n = 4). (G) Quantification of basal superoxide production by nonstimulated adherent BM cells. (H) Superoxide 

production by nonadherent Pstpip2
cmo

 (CMO) and WT BM cells treated with fMLP. Measurement was performed in 10-s intervals, and data were 

normalized to basal ROS production. (I) Quantification of data in H (n = 2). “n” represents the number of independent experiments that were combined to 

generate the scatter plots in (B)–(I), and points in scatter plots represent biological replicates (i.e., cells from individual mice). *p # 0.05, **p # 0.01, ***p 

# 0.001, ****p # 0.0001. A.L.I., arbitrary luminescence intensity; A.U.C., area under the curve; n.s., p . 0.05. 
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FIGURE 3. Overproduction of superoxide is not triggered by ongoing inflammation. (A) Representative hind paw photographs of 23- to 26-wk-old WT, 

MyD882/2, Pstpip2
cmo

 (CMO), and Pstpip2
cmo

/MyD882/2 (CMO/MyD882/2) mice. (B) Representative x-ray mCT scans of hind paws from MyD882/2, 

Pstpip2
cmo

, and Pstpip2
cmo

/MyD882/2 mice, 14 wk old (n = 5 for Pstpip2
cmo

/MyD882/2 and n = 3 for MyD882/2). (C) Quantification of superoxide  
production by BM cells isolated from WT, MyD882/2, Pstpip2

cmo
, and Pstpip2

cmo
/MyD882/2 mice and treated with indicated stimuli. For silica, n = 5; 

aggregated [Agg.] IgG, LPS, TNF-a, n = 4; E. coli, n = 6; fMLP, n = 3. (D) CD11b surface expression in resting neutrophils gated as Ly6G
+
 Ly6C

+
 (see 

Fig. 1B) measured by flow cytometry. Representative FACS plot and quantification of mean fluorescence intensities (MFI) measured in multiple exper-

iments are shown (n = 3). (E) F-actin content in resting neutrophils gated as Ly6G
+
Ly6C

+
 measured by flow cytometry with the use of fluorescent 

phalloidin on fixed and permeabilized cells. In controls, phalloidin staining was omitted (n = 3). (F) Real-time quantitative PCR quantification of IL-1b 
mRNA in resting neutrophils (n = 3). *p # 0.05, **p # 0.01, ***p # 0.001, ****p # 0.0001. n.s., p . 0.05. 
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one of the hallmarks of neutrophil priming. However, number of 

other changes also characterize primed neutrophils, including 

increased CD11b surface expression, actin cytoskeleton reorga-

nization, and increase in IL-1b promoter activity (52–58). We 

have analyzed all these parameters, but we could not detect any 

alterations in these features (Fig. 3D–F). 
 

Superoxide hyperproduction in Pstpip2
cmo

 neutrophils is 

suppressed by PSTPIP2 binding partners and is accompanied 
by hyperphosphorylation of p47phox 
 
To elucidate the mechanism of how PSTPIP2 suppresses su-
peroxide production, we employed conditionally immortalized 

 
 

Pstpip2
cmo

 granulocyte progenitors (45) we had established pre-

viously (33) and reconstituted these cells with doxycycline-inducible 

retroviral constructs coding for WT PSTPIP2 and its mutated versions 

unable to bind PEST-family phosphatases (W232A) and SHIP1 

(3YF) (32, 33). After maturation of these progenitors into neutrophils 

and induction of PSTPIP2 expression with doxycycline, we treated 

these cells with silica and measured su-peroxide production. We 

observed around 50% reduction of su-peroxide generation in cells 

expressing WT PSTPIP2. In contrast, both mutated versions of 

PSTPIP2 were unable to substantially inhibit silica-induced 

superoxide production (Fig. 4A), despite similar expression levels of 

these constructs (Fig. 4B). 

http://www.jimmunol.org/
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FIGURE 4. PSTPIP2-mediated suppression of superoxide production in neutrophils is dependent on PSTPIP2 binding partners and involves negative 
regulation of p47phox phosphorylation. (A) Suppression of superoxide production by WT and mutant PSTPIP2 in mature granulocytes differentiated from 
conditionally immortalized granulocyte progenitors. Expression of PSTPIP2 was triggered by overnight incubation with doxycycline. On the vertical axis, 
percentage of superoxide response by doxycycline-treated cells when compared with doxycycline nontreated cells is shown. Error bars represent SEM of 

three biological replicates. (B) Equal expression levels of PSTPIP2 variants from (A) after induction with doxycycline. (C) Calcium response of WT and 

Pstpip2
cmo

 neutrophils (gated from full BM) after silica treatment (n = 3). (D) Phosphorylation of p47phox in WT and Pstpip2
cmo

 BM cells and 

neutrophils after 30 min incubation with silica. To detect p47phox phosphorylation, total phosphoproteins were isolated from cell lysates followed by 
p47phox detection by immunoblotting (n = 3). (E) P47phox phosphorylation in BM cells at various time points. The phosphorylation was detected as in 

(D) (n = 3). (F) Phosphorylation of p47phox in Pstpip2
cmo

 neutrophils treated for 30 min with silica together with PKC inhibitor Go¨6976 or MEK 

inhibitor U0126. Phosphorylation of p47phox was detected as in (D) (n = 4 for Go¨6976 and n = 2 for U0126). (G) RAC activation in WT and Pstpip2
cmo

 

neutrophils. Active RAC was isolated using PAK1-RBD-GST (RBD pull-down) and detected by immunoblotting with Ab to all three RAC proteins 
(RAC1/2/3) (n = 2). **p # 0.01, ***p # 0.001. 
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To analyze subcellular localization of PSTPIP2 during silica 

stimulation, we isolated BM progenitors from Pstpip2
cmo

 mice 

and transduced these cells with retroviral construct coding for 

PSTPIP2 fused to EGFP. Next, we transplanted these cells into 

lethally irradiated mice, and after 2 wk, we collected neutrophils 

expressing PSTPIP2-EGFP for microscopy analysis. In neutro-

phils, PSTPIP2 showed diffuse distribution throughout the cyto-

plasm, with occasional formation of speckles in a small fraction 

of cells (Supplemental Fig. 2, left panel, see an arrowhead). After 

addition of fluorescently labeled silica particles, neutrophils 

interacted with these particles and phagocytosed some of them 

(Supplemental Fig. 2, right panel, see an arrowhead). However, 

we did not observe any changes in PSTPIP2 subcellular 

localization during this process (Supplemental Fig. 2). This result 

suggests that large-scale redistribution of PSTPIP2 inside the cells 

is not part of the mechanism of how PSTPIP2 controls neutrophil 

activity during the treatment with silica. 
 

To identify the dysregulated process leading to superoxide 
overproduction at the biochemical level, we measured the calcium 

response in WT and Pstpip2
cmo

 BM cells. Cells were loaded with 

Fura Red dye and stimulated with silica particles. We observed the 

same calcium response in both WT and Pstpip2
cmo

 cells (Fig. 4C), 

 
indicating that proximal signaling steps leading to calcium re-
sponse are not responsible for increased ROS production in 

Pstpip2
cmo

 cells.  
One of the major events further downstream is phosphorylation 

of NADPH oxidase cytosolic subunits by members of protein 

kinase C (PKC) family, including phosphorylation of p47phox, 

which then serves as an assembly hub for building the active 

NADPH oxidase complex (16, 59). To detect p47phox phos-

phorylation, we isolated phosphoproteins from untreated and 

silica-treated BM cells or purified neutrophils and detected 

p47phox in the isolated material by immunoblotting. In both 

Pstpip2
cmo

 BM cells and neutrophils, we found substantially 

stronger phosphorylation of p47phox when compared with WT 

cells (Fig. 4D). This difference was observed as early as 5 min 

after stimulation and was maintained for at least 30 min (Fig. 4E). 
 

Although PKCs are critical for p47phox activation, costimula-

tory effects of other kinases have also been demonstrated (59, 60). 
Of these, ERK MAP kinase was shown to be dysregulated in 
silica-treated CMO neutrophils (33). To assess the roles of PKCs 

and ERK pathway in p47phox dysregulation, we have treated 

Pstpip2
cmo

 neutrophils either with PKC inhibitor Go¨6976 or 

MEK1/MEK2 inhibitor U0126 prior to activation with silica. 
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FIGURE 5. Neutrophil-dependent superoxide production in vivo precedes the onset of the disease. (A) Representative in vivo measurement of superoxide 

in 4-wk-old anesthetized WT and Pstpip2
cmo

 (CMO) mice injected i.p. with L-012 chemiluminescent probe. Superoxide-induced luminescence is shown 

as a heat-map in artificial colors on the background of an x-ray image. (B) Time course quantification of absolute L-012 luminescence driven by in vivo 

ROS production in Pstpip2
cmo

 mice. The luminescence was quantified separately for paws and tails (n = 6 per time point, mean 6 SEM). (C) 

Representative in vivo measurement of ROS production in anesthetized 4-wk-old Pstpip2
cmo

-DTA mice where neutrophils were depleted or not via 

MRP8-CRE-dependent expression of diphtheria toxin (Neutrophil2). The left panel shows quantification of in vivo ROS production in multiple mice of 
both genotypes (3–4 wk old). (D) Representative photographs of hind paws of 26-wk-old mice of the same genotypes as in (C). (E) Representative x-ray 
mCT scans of bones from 20-wk-old mice of the same genotypes as in (C). Gray images represent visualization of total bone tissue. Pseudocolor images 
distinguish between old (in yellow) and newly formed (in blue) bone mass. Quantification of bone surface/bone volume ratio (BS/BV) and bone 
fragmentation in paw bones of multiple mice is shown on the right. **p # 0.01, ****p # 0.0001. 
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Only the treatment with PKC inhibitor led to specific block of 
p47phox phosphorylation (Fig. 4F).  

Small G-protein RAC is another critical component of active 
NADPH oxidase. We have tested the activation status of RAC 
after silica treatment of BM cells, but no difference between WT 

and Pstpip2
cmo

 cells has been observed (Fig. 4G).  
Collectively, these data suggest that PSTPIP2 via its binding 

partners suppresses pathways leading to PKC-mediated p47phox 

phosphorylation and that this is the mechanism by which PSTPIP2 

attenuates NADPH oxidase activity and superoxide production. 
 
Unprovoked ROS production by neutrophils in vivo precedes 
the onset of the disease 
 
To analyze the ROS production in vivo during the disease devel-

opment, we used luminol derivative L-012 to visualize ROS 

generation in living anesthetized mice. Very interestingly, we 

observed a strong luminescent signal already in freshly weaned 3-

wk-old mice that were otherwise asymptomatic (Supplemental 

Fig. 3A). The signal was mostly localized along the tail and with 

weaker intensity in the hind paws. Visualization at later time 

points revealed that at 4 wk of age, the ROS production was 

equally intensive in the tail and paws (Fig. 5A, 5B) and gradually 

moved to the hind paws during the weeks 6–8. At this age, ROS 

 
production became predominant in hind paws with more re-
stricted focal localization (Fig. 5B, Supplemental Fig. 3A).  

To test if neutrophils are the source of dysregulated ROS ob-

served in vivo, we have generated Pstpip2
cmo

 mouse strain where 

the majority of neutrophils were deleted via MRP8-CRE-

dependent expression of Diphtheria toxin (Pstpip2
cmo

-DTA-

MRP8-CRE, Supplemental Fig. 3B, 3C). In vivo ROS imaging 

revealed that ROS production in the tails and hind paws of these 

mice was almost completely abolished (Fig. 5C). In addition, 

these mice also did not show any symptoms of autoinflammatory 

disease, whether determined by visual inspection (Fig. 5D) or by 

x-ray mCT analysis (Fig. 5E). These data strongly support the 

idea that increased ROS production preceding the onset of the 

disease originates in neutrophils and, at the same time, confirm 

that neutrophils are critical for the development of disease 

symptoms (36). 
 
NADPH oxidase deficiency has specific effects 
on bone destruction 
 
Strong unprovoked production of ROS in very young mice pre-

ceding visible symptoms weeks before their demonstration sug-

gested that ROS may act upstream of IL-1b in osteomyelitis 

development. To determine the contribution of high in vivo ROS 
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FIGURE 6. Limited effect of gp91phox deficiency on visible symptom development and IL-1b production. (A) In vitro superoxide generation induced by 

silica treatment in BM cells from 13- to 16-wk-old WT, Pstpip2
cmo

, gp91phox2/2, and Pstpip2
cmo

/gp91phox2/2 mice. Representative of two independent 

experiments. (B) Representative photographs of hind paws of 18- to 19-wk-old WT, Pstpip2
cmo

, gp91phox2/2, and Pstpip2
cmo

/gp91phox2/2 mice. (C) 

Disease-free curve comparing the time of disease appearance in Pstpip2
cmo

 and Pstpip2
cmo

/gp91phox2/2 mice. Development of visible symptoms was 

evaluated two to three times per week. (D) Disease severity was scored (scale from 0 to 8) by visual inspection of photographs of the hind paws collected 
over the course of this study. Each point represents mean value for the mice of the same age and genotype. Lines were generated using linear regression. 
(E) ELISA analysis of IL-1b from hind paw lysates. Samples were adjusted to the same protein concentration before analysis. Bars represent median with 
interquartile range. (F) Presence of processed IL-1b in the lysates from BM cells treated for 60 min (or not) with silica was detected by immuno-blotting 
(n = 4). n.s., p . 0.05. 
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generation to disease development, we crossed Pstpip2
cmo

 mice to 

gp91phox-deficient mouse strain. In the absence of gp91phox, we 

were unable to detect any superoxide production upon silica, E. coli, 

or aggregated IgG stimulation even in Pstpip2
cmo

 cells (Fig. 6A, data 

not shown). These data confirm that NADPH oxi-dase was 

responsible for the dysregulated ROS production in Pstpip2
cmo

 

neutrophils. Surprisingly, Pstpip2
cmo

 mice lacking gp91phox 

developed similar disease symptoms as Pstpip2
cmo

 mice (Fig. 6B) 

and with similar, only slightly delayed, kinetics (Fig. 6C). Blind 

scoring of the disease severity by visual inspection of hind paw 

photographs collected throughout various experiments revealed that 

the symptoms of the disease are only partially alleviated in gp91phox-

deficient animals, by approximately one to two points on 8-point 

scale (Fig. 6D). Moreover, ELISA analysis detected comparable 

amount of IL-1b in hind paw extracts from Pstpip2
cmo

 and 

Pstpip2
cmo

/gp91phox2/2 animals (Fig. 6E), and similar amount of 

processed IL-1b p17 was found in the lysates of silica-stimulated BM 

cells by immunoblot (Fig. 6F).  
These data demonstrated that the phagocyte NADPH oxidase is 

dispensable for autoinflammatory disease initiation, but it 

  
affects the severity of the disease. We also noticed that the 
character of the hind paw edema was somewhat different in 

Pstpip2
cmo

/gp91phox2/2 mice. Typically, the swelling was most 
serious at the distal part of phalanges and only rarely affected 

metatarsal area in Pstpip2
cmo

/gp91phox2/2 animals, whereas in 

Pstpip2
cmo

 mice, metatarsi were frequently enlarged and the 
phalanges were often most seriously affected in their central parts 
(Fig. 6B).  

To find out if these differences were caused by different character 
of bone inflammation, we performed x-ray mCT analysis of 

Pstpip2
cmo

 and Pstpip2
cmo

/gp91phox2/2 mice. Very surprisingly, 

bone destruction in Pstpip2
cmo

/gp91phox2/2 animals was almost 

entirely missing, whereas in Pstpip2
cmo

 mice substantial bone 

damage could be observed (Fig. 7A). To support this obser-vation 
with a quantitative analysis, we calculated bone surface to volume 
ratio and bone fragmentation from the x-ray mCT data. 

Pstpip2
cmo

/gp91phox2/2 mice showed similar values to WT, whereas 

values for Pstpip2
cmo

 mice were substantially higher (Fig. 7B). 

Timeline x-ray mCT scans of hind paws revealed progressive bone 

lesion formation in Pstpip2
cmo

 mice whereas 

http://www.jimmunol.org/
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FIGURE 7. Almost complete absence of bone damage in gp91phox-deficient PSTPIP2
cmo

 mice. (A) Representative x-ray mCT scans of bones from 14-

wk-old mice. Gray images represent visualization of total bone tissue. Pseudocolor images distinguish between old (in yellow) and newly formed (in blue) 

bone mass. (B) Quantification of bone surface/bone volume ratio (BS/BV) and bone fragmentation in paw bones of 14-wk-old mice. Bars represent 

median with interquartile range. (C) Sections of paraffin embedded tissue from tarsal area of hind paw stained with H&E. Scale bars, 500 mm. The 

regions in the blue squares are magnified and shown at the right of each image. (D) Volume of soft tissue in hind paws calculated as a total paw volume 

from which the bone volume has been subtracted. Values were calculated from x-ray mCT data. ***p # 0.001. n.s., p . 0.05. 
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Pstpip2

cmo
 gp91phox2/2 littermates remained largely protected 

(Supplemental Fig. 4).  
The lack of bone damage can also be demonstrated on tissue 

sections from tarsal area of hind paws (Fig. 7C). The CMO mice 

show very high level of osteolysis of tarsal bones, with almost 

missing joint cartilages due to arthritic changes accompanied with 

robust granulomatous infiltration. The WT mice have normally 

developed and structurally well-defined tarsal bones with un-

damaged joint cartilages with no infiltration of immune cells and 

no adverse changes in the BM. The Pstpip2
cmo

/gp91phox2/2 mice 

show a rescue effect in ossified parts of tarsal bones with no or 

minimal signs of bone damage by immune cells, and the soft 

tissue infiltration in the metatarsal area is minimal compared with 

CMO mice. The cartilages are also well shaped and are covering 

the joint areas comparably with WT animals. The difference from 

WT animals is in hypercellular structure of BM resulting in de-

creased volume of ossified tissue.  
To address protection potential of gp91phox deficiency in old 

Pstpip2
cmo

 mice, we performed x-ray mCT scans on 7-mo-old  
mice. Old Pstpip2

cmo
 mice suffered from strong bone destruc-tion 

and remodeling but Pstpip2
cmo

/gp91phox2/2 mice were still 
protected from adverse effects of osteomyelitis (Supplemental 
Fig. 4). To gain a quantitative insight into the level of soft tissue 

  
inflammation, we have performed computational reconstruction 
of soft tissues from x-ray mCT scans described above in Fig. 7B 
and calculated soft tissue volume. This measurement revealed that 

soft tissues in Pstpip2
cmo

/gp91phox2/2 hind paws were 

significantly enlarged, albeit not to the same extent as in 

Pstpip2
cmo

 mice (Fig. 7D). Collectively, these data demonstrate 
that despite sig-nificant swelling that can be detected in the hind 

paw soft tissues of Pstpip2
cmo

/gp91phox2/2 mice, bones remain 

largely protected in the absence of NADPH oxidase activity. 
 

Discussion  
Monogenic autoinflammatory diseases develop as a result of 

dysregulation of the innate immune system. Although the speci-ficity 

of this branch of the immune system is relatively limited, these 

diseases still show tissue and organ selectivity. The mechanisms of 

this selectivity are often poorly understood (3). Pstpip2
cmo

 mice 

represent an important model of tissue-selective IL-1b–driven 

autoinflammatory disease that affects mainly bones and surrounding 

tissue in hind paws and tails (29–31). Our current studies demonstrate 

that IL-1b pathway is not the only pathway dysregulated in these 

animals. Superoxide production by neutrophil NADPH oxidase is 

also substantially enhanced, independently of IL-1b activity. 

Moreover, our data suggest that dysregulated ROS 
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production is a critical part of the selectivity mechanisms 
directing inflammatory damage to the bones.  

Increased superoxide generation by neutrophil NADPH oxidase 

is one of the major consequences of neutrophil priming. It is a 

state of enhanced responsiveness attained after an exposure to 

priming agents such as LPS or TNF-a. These agents typically do 

not elicit superoxide production by themselves but rather increase 

its gen-eration triggered by other substances (53, 54). To find out 

if Pstpip2
cmo

 neutrophils are spontaneously constitutively primed, 

we have tested several additional parameters known to be asso-

ciated with neutrophil priming, including increased expression of 

integrin subunit CD11b, changes in cytoskeleton organization, 

and IL-1b promoter activity (52–58). However, none of these 

traits were altered in Pstpip2
cmo

 neutrophils.  
Neutrophil adhesion is also often considered a priming 

stimulus, because it results in similar phenotypic changes and is 
able to elicit enhanced superoxide production, even in response to 
solely priming agents such as TNF-a (54, 61). Accordingly, 
whereas we observed TNF-a– and LPS-induced superoxide 
production by adherent neutrophils, cells in suspension did not 
show any re-sponse, regardless of the genotype. The reaction to 
silica and fMLP was also substantially attenuated in nonadherent 

cells. However, the deregulation of responses in Pstpip2
cmo

 

neutrophils could still be detected under these conditions. These 
data support the conclusion that dysregulation of NADPH oxidase 

activity in Pstpip2
cmo

 neutrophils is independent of adhesion. 

They also show that Pstpip2
cmo

 neutrophils are not fully primed 

and can still undergo priming.  
Collectively, our data do not support the idea of spontaneous 

priming of Pstpip2
cmo

 neutrophils. They rather suggest dys-

regulation of pathways controlling NADPH oxidase activity. 
However, it should be noted that different priming agents elicit 

varying sets of phenotypic changes in neutrophils (53), and some 
specific form of constitutive priming cannot be com-pletely 
disregarded.  

We found that increased ROS production in Pstpip2
cmo

 mice 

was associated with p47phox hyperphosphorylation, leading to 

the conclusion that one or more pathways governing p47phox 

phos-phorylation are negatively regulated by PSTPIP2. MAP 

kinase ERK was shown to have a supporting role in p47phox 

activation by phosphorylating Ser 345 and 348 (62, 63). We have 

shown previously that ERK is also hyperactive in silica-treated 

CMO neutrophils (33). However, in this study we found that ERK 

pathway inhibition did not have any substantial effect on p47phox 

phosphorylation, whereas this phosphorylation could be almost 

completely abolished by inhibition of PKC (Fig. 4E). These data 

suggest that PSTPIP2 deficiency mainly affects the phosphoryla-

tion of p47phox that is PKC mediated. However, the precise 

mechanism is still unclear.  
To our knowledge, genetically determined hyperactivation of 

NADPH oxidase has not yet been described or studied in the context 

of IL-1b activation or in autoinflammatory disease. Our observations 

show that elevated NADPH oxidase activity does not affect IL-1b 

pathway but rather the inflammatory bone damage in CMO. These 

data are in agreement with several other reports that disprove the role 

of NADPH oxidase–generated ROS in IL-1b processing by 

inflammasome. They are mainly based on analyses of monocytes and 

macrophages from NADPH oxidase–deficient patients and mice, 

where IL-1b production is not altered or it is even enhanced (64–67). 

In a single study on human neutrophils, NADPH oxidase deficiency 

also did not lead to reduction of NLRP3 inflammasome activity (68). 

In contrast, inhibition of mitochondrial ROS production in 

monocytes/macrophages results in an impairment of IL-1b production 

in these cells (19, 69), 

 

 
showing that the majority of ROS supporting inflammasome ac-
tivation in these cell types is generated by mitochondria.  

The roles of IL-1b and ROS in CMO pathophysiology appear 

to be different form each other. Whereas dysregulated IL-1b pro-
duction is a critical trigger of the disease development, enhanced 
ROS production modifies the outcome. However, ROS are not 

able to initiate the disease on their own in the absence of IL-1b 
sig-naling. It is documented by our experiments with MyD88-

deficient Pstpip2
cmo

 mice, which displayed the same ROS 

dysregulation as Pstpip2
cmo

 mice and yet they did not develop 

any symptoms of autoinflammation. These data also demonstrate 

that enhanced ROS production is not downstream of IL-1b 
because MyD88 is critical for signaling by IL-1R (70).  

ROS are known to play a key role in differentiation and activity 

of osteoclasts. These cells are responsible for physiological bone 

resorption during bone remodeling processes. They are also in-

volved in pathological bone damage in a number of disease states 

(71). Pstpip2
cmo

 mice exhibited increased osteoclastogenesis and 

osteoclast hyperactivity, suggesting that osteoclasts are responsi-

ble for inflammatory bone damage in these mice (39). Our data 

show that the bone damage can be almost completely abolished 

when phagocyte NADPH oxidase is inactivated by deletion of its 

gp91phox subunit. One possibility is that deficiency in osteoclast 

gp91phox results in defects in their differentiation and activity 

and reduced bone damage. However, in gp91phox2/2 mice, no 

bone abnormalities have been observed. In addition, gp91phox-

deficient osteoclasts differentiate normally and have normal bone 

resorp-tion activity (72–74). These results show that gp91phox 

expressed in osteoclasts is dispensable for differentiation and 

activity of these cells. In fact, other NADPH oxidases were shown 

to be more important for their function (72, 75). In contrast, 

exogenous ROS generated in culture media after addition of 

xanthine oxidase were shown to upregulate osteoclast numbers 

and activity in bone cultures in vitro (76). Our data together with 

published results thus favor the explanation that exogenous ROS 

originating from hy-peractive neutrophils, ample production of 

which we observed in Pstpip2
cmo

 mice in vivo, lead either 

directly or indirectly to in-creased differentiation and/or activity 

of osteoclasts and resulting bone damage.  
PSTPIP2 mutations in humans have not yet been described. 

However, PSTPIP2 gene has been sequenced only in a limited 

number of CRMO patients and patients with closely related 

SAPHO syndrome (77–79). CRMO and SAPHO form a rather 

heterogeneous disease spectrum, which may in fact represent a 

number of distinct disorders in which various defects at the mo-

lecular level may lead to similar outcome, and so PSTPIP2 mu-

tations in some of these patients may still be discovered in the 

future. The data on ROS production in these diseases are also 

largely missing. We are aware of only a single study in which the 

superoxide production by neutrophils was analyzed in two 

SAPHO patients from a single family without any mutations in 

PSTPIP2 gene. These data showed reduced superoxide generation 

after activation with multiple activators, including PMA, fMLP, 

and TNF-a, when compared with healthy controls (77). However, 

from the information provided, it was unclear whether the patients 

were undergoing anti-inflammatory treatment that could suppress 

the response at the time of analysis. Further studies are needed to 

fully understand the role of PSTPIP2 and ROS in CRMO, 

SAPHO, and other inflammatory bone diseases in humans.  
Inflammatory bone damage is a serious problem accompany-ing a 

number of human disorders. Full understanding of possible 

mechanisms that can govern its development is critical for de-signing 

successful therapeutic interventions. Our data reveal how 

dysregulated ROS production results in bone damage in the specific 
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case of CMO. However, these findings may represent a more 

general mechanism with broader validity for other syndromes 

where inflammatory bone damage is involved, and analysis of 

ROS production in other instances of inflammatory bone damage 

may prove beneficial. 
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Supplementary figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Supplemental Figure 1. Dysregulated superoxide production by bone marrow cells from Pstpip2cmo 

mice of Balb/c (A) or MyD88-/- (B) genetic background. Superoxide production was detected by Luminol-
based assay, exactly as described in Figure 2A. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Supplemental Figure 2. Subcellular localization of PSTPIP2 in primary murine neutrophils. Neutrophils 

differentiated in vivo from bone marrow cells transduced with retroviral PSTPIP2-EGFP construct (green) 

were activated or not by silica (red) and imaged by confocal microscopy. Bar = 10 μm. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Supplemental Figure 3. Neutrophil-dependent ROS production in vivo. (A) In vivo ROS production 

in WT and Pstpip2cmo (CMO) mice of various ages: representative images of the animals that were part 

of the analysis in Figure 5B. (B) Neutrophils were depleted in Pstpip2cmo -DTA mice via MRP8-CRE-

dependent expression of Diphtheria toxin (MRP8-CRE+) or left untouched in the absence of MRP8-CRE 

(MRP8-CRE-). Representative FACS plots of CD11b+ cells further gated for granulocytes (Ly6GHigh, 

Ly6CLow) and monocytes (Ly6G-, Ly6CHigh ) are shown. (C) Efficiencies of granulocyte depletion in 
multiple animals. Shown are the percentages of granulocytes gated as in (B). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Supplemental Figure 4. Time course of bone damage development in Pstpip2cmo and 

Pstpip2cmo/gp91phox-/- mice. (A) Mice at 8, 10, 12, and 14 weeks of age were anesthetized and their hind 

paw bones were imaged on X-ray µCT scanner. (B) The same analysis performed on 7 months old animals.  

Grey images represent visualization of total bone tissue. Pseudocolor images distinguish between  
old (in yellow) and newly formed (in blue) bone mass. 
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Abstract   
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haematopoietic and in non-haematopoietic cells. However, its physiological function 

has been un-known. Here, we show that WBP1L negatively regulates signalling 

through a critical chemokine receptor CXCR4 in multiple leucocyte subsets and cell 

lines. We also show that WBP1L interacts with NEDD4-family ubiquitin ligases and 

regulates CXCR4 ubiquitination and expression. Moreover, analysis of Wbp1l-

deficient mice revealed alterations in B cell development and enhanced efficiency of 

bone marrow cell trans-plantation. Collectively, our data show that WBP1L is a novel 

regulator of CXCR4 signalling and haematopoiesis. 
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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).1 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.2,3 In BCP-

ALL, this translocation is associated with good prognosis, which 
 
likely explains the correlation between WBP1L expression and fa-

vourable outcome.2 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.4-6 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 ETV6 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.7,8 In 

addition, its critical role in normal haematopoiesis has been revealed in 

studies of ETV6-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.9,10 
 

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.11 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.11 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.11 
 

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 

 

 
investigated. Here, we show that it binds several members of the 

NEDD4-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 | Protein isolation, 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,3 and the data 

were quantified using Matlab (MathWorks). Tandem purification of 

WBP1L was based on the following publication12 with modifications 

described in online supplement. WBP1L pal-mitoylation was 

analysed using metabolic labelling with palmitic acid analogue 

17ODYA 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 to B6.Cg-Tg (ACTFLPe)9205 Dym/J mice to remove the gene trap, 
 

preparation and cell infection and subsequently, to B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J animals. 
 

    Both mouse strains were purchased from the Jackson Laboratory 
 

cDNA was generated using Quick-RNA kit (Zymo Research), revert aid (Bar Harbor). To achieve Wbp1l deletion, mice were injected intra- 
 

reverse transcriptase (Thermo-Fisher) and oligo-dT primer. qPCR re- peritoneally with five daily doses of 2 mg of tamoxifen (Merck) in 
 

actions were run on LightCycler 480 Instrument II using LightCycler corn oil (Merck). For homing and transplantation assays, congenic 
 

480 SYBR Green I Master mix (Roche). List of qPCR primers is in Table Ly5.1 (C57BL/6NCr) or Ly5.1/Ly5.2 (C57Bl/6J) heterozygote recipi- 
 

S3. For construct preparation see online supplement and Table S4. ents were sublethally (three Grey) or lethally (seven Grey) irradi- 
 

Phoenix cell transfection, virus generation and cell transduction were ated, followed by injection of transplanted cells into the tail vain. 
 

performed as described.13 For lentivirus production, the procedure was For experiments we used 8- to 12–week-old sex and age matched 
 

to a minor extent modified as described in online supplement. Infected animals. Housing of mice and in vivo experiments were performed 
 

cells were sorted on Influx (BD) or selected on G418 (Thermo-Fisher). in compliance with local legal requirements and ethical guidelines. 
 

    The Animal Care and Use Committee of the Institute of Molecular 
 

2.4 | Mouse experiments, homing assays 

Genetics approved animal care and experimental procedures (Ref. 
 

No. 69/2014, 6/2016). 
 

Wbp1l−/−  mice (Wbp1ltm2a(EUCOMM)Hmgu) on C57Bl/6J genetic back- 

2.5 | Transwell migration 
 

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 1 × 105 Cells in DMEM with 0.2% BSA were plated in the upper well 
 

into Wbp1l locus by homologous recombination (Wbp1l−/−). Mice of 5µm pore Transwell apparatus (Corning). After 4 hours, migrated 
 

were bred in specific pathogen free conditions. To obtain induc- cells in the bottom well were counted using a flow cytometer (LSRII; 
 

ible Wbp1lfl/flCreERT mice, we crossed animals of the Wbp1l−/− strain BD). 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FI G U R E 1   WBP1L 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 (CD3+), B cells (CD43−, CD11b−) 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 2- ct (N = 3). (E) Schematic representation of 

WBP1L structure and conserved sequence motifs (F) Analysis of WBP1L glycosylation in BMDM. BMDM treated or not with 1 or 10 µmol/L 

tunicamycin (overnight) were subjected to WBP1L immunoprecipitation followed by immunoblotting with WBP1L antisera. β-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 

17ODYA and lysed. 17ODYA 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 ETV6-RUNX1+ BCP-ALL. (Figure 1C and S2A). 

Interestingly, the genetic deletion of ETV6-RUNX1 in 
 

 

 
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 S3). 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/P]PXY) (Figure 1E and S4). It has been speculated that they 

may interact with WW domains of NEDD4-family ubiquitin ligases.11 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FI G U R E 2   WBP1L binds multiple NEDD4-family E3 ubiquitin ligases. (A) Data from two independent mass spectrometry analyses (I. and 

II.) 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 WBP1L N-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 Wbp1l−/− 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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FI G U R E 3   WBP1L 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 C-MYC (deletion of almost entire intracellular part of WBP1L except for WW binding motifs) or WBP1L N-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, WBP1L C-MYC or WBP1L N-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/P]PXY WW domain binding motifs we have co-expressed the 
 

S1). 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 WBP1L 

 
N 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 NEDD4L 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 WBP1L 

 
N (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 WBP1L N 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 | WBP1L 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.14,15 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, WBP1L N or WBP1L C 

(lacking C-terminal region of unknown function) with ITCH or WWP2 

in HEK293 cells. Co-expression of ITCH with wild-type WBP1L and 

WBP1L C resulted in significantly reduced ITCH protein level when 

compared to co-expression with WBP1L N. As expected, this effect 

was much more limited in case of WWP2 (Figure 3B). 
 

One of the best-studied targets of NEDD4-family ubiquitin li-

gases in the haematopoietic system is the chemokine receptor 

CXCR4. 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.16,17 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 

(WBP1L N) while deletion of the C-terminal sequence (WBP1L C) 

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. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FI G U R E 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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FI G U R E 5   Altered leucocyte homeostasis in WBP1L-deficient mice. (A) Western blot analysis of WBP1L immunoprecipitates or whole 

cell lysates prepared from WT and Wbp1l−/− cells. mOPAL-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 Wbp1l−/− yolk sac cell subsets. 

Primitive macrophages were defined as Ter119− CD11b+ F4/80+. (C) Absolute numbers of splenocytes obtained from WT and Wbp1l−/−  
mice and flow cytometry analyses of WT and Wbp1l−/− splenocytes defined using the following markers: B cells (B220+), MZ B cells (B220+, AA4.1−, 

CD23−/low, CD1d+), T cells (CD3+), macrophages (F4/80+, CD11b int), DC (CD11c+, LY6C−/low) and neutrophils (LY6G+, CD11b+, LY6C−).  
(D) Flow cytometry analyses of WT and Wbp1l−/− leucocytes in the peritoneum, defined using the following markers: B1 cells (SSClow, 

FSClow, B220+, CD23−/low), B2 cells (SSClow, FSClow, B220+, CD23+) and macrophages (large peritoneal macrophages, 

CD11bhigh,F4/80high). (E) Flow cytometry analyses of WT and Wbp1l−/− bone marrow cell subsets, defined using the following markers: T 

cells (CD3+), monocytes (LY6C+, CD11b+, LY6G−, CD19−, TER119−, CD3−, NK1.1−), neutrophils (KIT−, B220−, TER119−, CD3−, LY6Ghigh) 
(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+, CD16/32neg−low, SCA1−), granulocyte-monocyte progenitors—GMP (lin−, KIT+, CD34+, 

CD16/32High, 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−, B220low, 

IgM−), immature B cells (CD43−, B220low, IgM+) and mature B cells (CD43−, B220high, IgM+) 

 

3.4 | WBP1L 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 human WBP1L and immortalized murine monocyte/macrophage 
 
have selected two cell lines where the expression of WBP1L and/ progenitors as a representative of bone marrow progenitors, where 
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we used a different shRNA targeting murine Wbp1l (Figure 4A,B). embryos. The embryonic haematopoietic cell numbers were grossly 
 

After stimulation with CXCR4 ligand CXCL12, these cells showed normal with small increases in the yolk sac CD45+  KIT− cells and 
 

enhanced activity of downstream signalling pathways, resulting in CD11b+ F4/80+ yolk sac macrophages (Figure 5B). In the peripheral 
 

increased phosphorylation of ERK1/2 and AKT (Figure 4C,D and S6). tissues of the adult mice, there was a significant increase in mar- 
 

CXCR7, another known receptor for CXCL12, did not contribute to ginal zone B cell fraction in the spleen (Figure 5C) and a reduction 
 

the signalling output under these conditions (Figure S7). These data in B1 cell percentages in the peritoneal cavity (Figure 5D). We also 
 

demonstrated that WBP1L is involved in the negative regulation of observed increased frequencies of splenic dendritic cells in Wbp1l−/− 
 

CXCR4 signalling. mice (Figure 5C). Otherwise, the frequencies of other leucocyte 
 

 subsets found in peripheral tissues were normal (Figure 5C,D). Bone 
 

 marrows from Wbp1l−/− animals showed the same cell counts as wild- 
  

3.5 | Altered haematopoiesis in 

Wbp1l-deficient mice 

  
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 
 

To further analyse the physiological function of WBP1L, we have (Figure 5F). However, there were two notable exceptions. First, the 

acquired  Wbp1l-deficient  mouse  strain  Wbp1ltm2a(EUCOMM)Hmgu overall B cell percentages in the bone marrow were significantly 

(hereafter referred to as Wbp1l−/−) from the International Mouse reduced (Figure 5G). The reduction was most pronounced in early 
Phenotyping Consortium. These mice appeared grossly normal and developmental stages (pro- and pre-B cells). At the later stages, in- 

healthy, were born in normal Mendelian ratios and did not express cluding immature and mature B cells a similar trend was observed, 

WBP1L protein (Figure 5A). but it was outside the threshold for statistical significance (P-values 

To characterize the haematopoietic system in Wbp1l−/−  mice, .06 and .08, respectively) (Figure 5G). The cell cycle of B cell pro- 
we have analysed major cell subset frequencies in adult mice and in genitors was not substantially changed with the exception of a very  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FI G U R E 6   Enhanced engraftment of Wbp1l−/− bone marrow. (A) Ly5.2+ bone marrow (WT or Wbp1l−/−) was mixed with Ly5.1+ bone 

marrow (always WT) in a ratio 1:1 and 2 × 106 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 × 106 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 Wbp1l−/−) was mixed with Ly5.1/Ly5.2+ heterozygous bone marrow (always 

WT) in a ratio 1:1 and 2 × 106 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 Wbp1l−/− bone marrow cells in a competitive set-up. WT or 

Wbp1l−/− bone marrow (Ly5.2+) was each combined with WT bone marrow from Ly5.1/Ly5.2+ heterozygotes in a ratio 1:1 and 2 × 106 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 ≥ 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 

Wbp1l−/− 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, Wbp1l−/− bone marrow engrafted significantly 

better and the ratio between Wbp1l−/− 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 Wbp1l−/− 

cells was also present but was not statistically significant (Figure 

S9). The difference was also maintained in the periphery, where the 

ratio between Wbp1l−/− 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 

Wbp1l−/− bone marrow cells (Figure 6D) is incompatible with enhanced 

CXCR4 function. These results prompted us to test whether bone mar-

row cells from Wbp1l−/− 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 Wbp1l−/− 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 Wbp1l−/− mice. 

Because of the absence of WBP1L, only non-specific activity of Wbp1l 

shRNA can be detected in Wbp1l−/− progenitors. As 

 

 
expected, Wbp1l 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 Wbp1l 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 Wbp1l−/− cells (Figure 7C). This 

outcome is consistent with the results of our in vitro analyses 

showing that WBP1L negatively regulates activity of CXCR4. 
 

To definitely prove the validity of our shRNA data, we have 

generated a mouse strain Wbp1lfl/fl-CreERT where the Wbp1l gene 

can be acutely inactivated upon injection of 4OH-tamoxifen. Acute 

Wbp1l 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 S10). 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 Wbp1lfl/fl-CreERT mice, where Wbp1l 

could be deleted by 4OH-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 Wbp1l 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 S11C). 

The same increase in CXCR4 expression was also observed on KIT+ 

progenitors from peripheral blood of animals after acute Wbp1l 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 Wbp1l deletion showed in-creased 

migration towards CXCR4 ligand CXCL12 in a transwell assay in vitro 

(Figure 7I) 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 WBP1L gene is heightened in ETV6-RUNX1+ 

paediatric BCP-ALL and was shown to correlate with favourable 
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treatment response.1- 3 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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FI G U R E 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 Wbp1l−/− (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 Wbp1l−/− 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 Wbp1l−/− 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 1way 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 

Wbp1l−/− 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 Wbp1l. 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 Wbp1lfl/fl-CreERT and Wbp1lfl/fl (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 Wbp1lfl/fl-CreERT and Wbp1lfl/fl (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 Wbp1lfl/fl-CreERT and Wbp1lfl/fl 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 Wbp1lfl/fl-CreERT and Wbp1lfl/fl mice. Significant outlier was 

discarded based on q test (N = 10). (I) Migration of 4-hydroxytamoxifen-treated KIT+ progenitors from Wbp1lfl/fl-CreERT and Wbp1lfl/fl mice 

towards 500 nmol/L CXCR4 in a transwell assay in vitro (N = 5). (J) Ly5.2+ KIT+ progenitors (from Wbp1lfl/fl-CreERT or Wbp1lfl/fl 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 effects, these data show that enhanced CXCR4 activity does not 

in B cell development and increased ability of bone marrow stem have to lead to leukopenia in the peripheral tissues, nor to major 

and progenitor cells to reconstitute haematopoietic system after alterations in leucocyte subset numbers and frequencies in the bone 

the bone marrow transplantation. In addition, acute Wbp1l deletion marrow. It is possible that the lack of receptor desensitization rather 

resulted in increased progenitor homing to the bone marrow. How than alterations in peak signal intensity may be the key factor driving 

much of this phenotype can be attributed to CXCR4 hyperactivity peripheral leukopenia in CXCR4WHIM mice. 
is still an open question. There are at least two other mouse models Since in mice with germline Wbp1l deletion we have not observed 

that show increased CXCR4 activity. One of these strains carries a up-regulation in CXCR4 activity, it is difficult to unequivocally an- 

mutation in CXCR4 that prevents its desensitization and down-reg- swer the question if alterations in Wbp1l−/− B cell development are 

ulation (CXCR4WHIM). The same mutation in humans causes immuno- caused by CXCR4 dysregulation. This phenotype is strikingly similar 

deficiency known as WHIM syndrome.18-20 CXCR4WHIM mice display to the one observed in CXCR4WHIM animals. It is possible that not all 
a similar selective dysregulation in the bone marrow B cell compart- haematopoietic cell subsets are able to compensate for the loss of 

ment as Wbp1l−/− mice with the reduction in B cell percentages that WBP1L. Early B cell progenitors represent a relatively small popula- 

is most profound at the B cell progenitor level.20 They also show tion, and their WBP1L expression based on the data from ImmGen 

increase in marginal zone B cell percentages. On the other hand, consortium23 is similar to other B cell subsets (not shown). The op- 

some of their symptoms were not detected in Wbp1l−/− mice, includ- tions to analyse their CXCR4 signalling pathways are relatively lim- 

ing blood neutropenia and lymphopenia and reduced spleen size.20 ited. Those that can be analysed by flow cytometry, including ERK 
Increased CXCR4 expression and CXCR4-mediated signalling were and STAT3 phosphorylation, as well as calcium response appear to 

also observed in mice deficient in the expression of BAR domain be hypo/non-responsive in this particular cell type despite clearly 

containing adaptor protein Missing In Metastasis (MIM). In these measurable CXCR4 expression (not shown). As a result, B cell pro- 

animals, leucocyte development and percentages appeared largely genitors contribute very little to ERK phosphorylation of the entire 

normal and no leukopenia has been observed. Rather they showed B cell pool measured in our experiments where the more mature 

slightly increased white blood cell counts and splenomegaly.21,22 stages dominated the response. The other pathways we were not 
Even though MIM deficiency has a number of CXCR4-independent 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 Wbp1l−/− 

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 CXCR4WHIM cells, clearly showing an inverse 

correlation between CXCR4 activity and transplantation 

efficiency.24,25 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.4 In ETV6-RUNX1+ BCP-ALL, one allele of 

ETV6 is inactivated by fusion with RUNX1, while the other is often 

inactivated as well.26 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 ETV6 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 Wbp1l deletion was 

induced with 1µM 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 × 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 

µg/ml Hoechst 33342 (Merck). Data were collected on LSRII flow cytometer (BD Biosciences, San 

Jose, CA) and analyzed with FlowJo software (FlowJo LLC, Ashland, OR). 
 

 

Other reagents and their sources 
 

β‐estradiol (Merck), 4‐Hydroxytamoxifen (Merck), recombinant murine and human SDF1α 

(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). 
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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 105 in 60‐mm dish) were transfected with 6 μg of WBP1L‐ FLAG‐

STREP‐bearing pBABE using FuGENE (Promega, Madison, WI) according to manufacturer’s instruction. 

After 24 h, cells were labeled with 50 μM 17‐octadecynoic acid (17ODYA) 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 μM 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 H2O 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 µ‐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 63×1.4 NA oil‐immersion objective. Acquired images were manually 

thresholded to remove signal noise detected outside of the cell using ImageJ 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‐RUNX1 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. 
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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% β‐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 1µg 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 µm ID, PepMap C18, 2 µm particles, 

100 Å 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 µm, 300 Å Wide Pore, 300 µm x 5 mm, 5 

Cartridges) for 4 min at 15 μl/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 × 105 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 104 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. 
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Protein immunoprecipitation 
 

Cells were lysed in lysis buffer described in the tandem purification method above. In co‐ 

Immunoprecipitation experiments 1% β‐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, N (with deletion of the following sequence 

QQRQHEINLIAYREAHNYSALPFYFRFLPNSLLPPYEEVVNRPPTPPPPYSAFQL deleted) C (lacking entire C‐ 

terminus starting from PPPPQGGPPGGSPPGAD...) were generated by PCR and cloned into pcDNA3 

vector. For WBP1L palmitoylation analysis and tandem purification, WBP1L 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. WBP1L 

shRNA (silencing/nonsilencing murine TRCN0000297606/085, human TRCN0000282025/275362) 

was obtained from Merck. Full length Cre (a gift from Dušan Hrčkulák) 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. 
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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   BioLegend  
 

 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  
 

 IgM   EB121‐15F9   Mus musculus   FITC   eBioscience  
 

 CD43   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   BioLegend  
 

 CD19   6D5   Mus musculus   FITC   BioLegend  
 

 CD11c   N418   Mus musculus   APC   BioLegend  
 

 F4/80   BM8   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   AA4.1   Mus musculus   PerCP‐Cy5.5   BioLegend  
 

 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‐   
Mus musculus 

  
PB 

  
BioLegend 

 
 

 Lineage Cocktail   6B2/Ter‐119/M1/70 
       

 

             
 

               
 

 KOMBITEST™ CD3             
 

 FITC / CD16+ CD56  UCHT1/3G8/LT56/MEM‐   
Homo sapiens 

  
FITC, PE, PerCP, APC 

  
Exbio 

 
 

 + PE / CD45 PerCP  28/LT19        
 

            
 

 / CD19 APC             
 

 CD14   MEM‐18   Homo sapiens   FITC   Exbio  
 

       Mus musculus        
 

 CXCR4   2B11   and Homo   APC   Thermo‐Fisher  
 

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

 Antigen  Clone  Company  Comments 
 

 
WBP1L 

  
Rabbit polyclonal 

  
Custom made, Eurogentec 

  Human/mouse WBP1L for 
 

       Western Blotting  

          
 

 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 
 

 β‐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  9B11  Cell Signalling Technology    
 

 UBIQUITIN  Rabbit polyclonal (A100)  Boston Biochem    
 

 UBIQUITIN  P4D1  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          
 

 IgG Antibody  
M205 

  
Genscript 

  
For I.P. 

 
 

 conjugated to       
 

          
 

 peroxidase          
 

 Goat Anti‐Mouse,          
 

 light chain specific,  
Monoclonal, not specified 

  
Jackson Immunoresearch 

  
For I.P. 

 
 

 conjugated to       
 

          
 

 peroxidase          
 

 Mouse Anti‐Rabbit,          
 

 light chain specific,  
Monoclonal, not specified 

  
Jackson Immunoresearch 

  
For I.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           
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Table S3. List of qPCR 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  
 

 WWP2 forward  GCCGGTTACCAGCTCAAA   Mus musculus   Merck  
 

 WWP2 reverse  TCAAAGATACAGGTCTGCAAGC   Mus musculus   Merck  
 

 SMURF2     
Mus musculus 

    
 

 forward 
 TTACATGAGCAGGACACACTTACA 

    Merck 
 

 

        
 

 SMURF2     
Mus musculus 

    
 

 reverse 
 GCTGCGTTGTCCTTTGTTC 

    Merck 
 

 

        
 

 SMURF1     
Mus musculus 

    
 

 forward  GGGTCAGTGGTGGACTGC     Merck  
 

        
 

 SMURF1     
Mus musculus 

    
 

 reverse 
 CCAGGGCCTGAGTCTTCATA 

    Merck 
 

 

        
 

 NEDD4L     
Mus musculus 

    
 

 forward 
 TGAGCAAGCTCACCTTCCA 

    Merck 
 

 

        
 

 NEDD4L reverse  CCCGTGACAGTTGACGAAC   Mus musculus   Merck  
 

 NEDD4 forward  GCCGGTTACCAGCTCAAA   Mus musculus   Merck  
 

 NEDD4 reverse  TCAAAGATACAGGTCTGCAAGC   Mus musculus   Merck  
 

 ITCH forward  TTGATGCGAAGGAATTAGAGG   Mus musculus   Merck  
 

 ITCH reverse  GGTGTAGTGGCGGTAGATGG   Mus musculus   Merck  
 

 β‐ACTIN     
Mus musculus 

    
 

 forward 
 GATCTGGCACCACACCTTCT 

    Merck 
 

 

        
 

 β‐ACTIN reverse  GGGGTGTTGAAGGTCTCAAA   Mus musculus   Merck  
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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 
 

 
NEDD4L 

  Homo   Addgene, Plasmid: 27000   
+ 

 
 

   

sapiens 
  

Gift from Joan Massague [11] 
   

 

          
 

 
ITCH 

  Mus   Addgene, Plasmid 11427   
‐ 

 
 

   

musculus 
  

Gift from Allan Weissman [12] 
   

 

          
 

 
WWP1 

  Homo   
Gift from Paul Bieniasz, ADARC, NY 

  
+ 

 
 

   

sapiens 
     

 

           
 

 
WWP2 

  Homo   
Gift from Paul Bieniasz, ADARC, NY 

  
+ 

 
 

   
sapiens 
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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      
 

 CD43 (Ly48)   not specified by the   
Mus musculus 

 
Coated 

 
MiltenyiBiotec 

 
 

 
MicroBeads 

  
company 

     
 

           
 

 KIT   Ack2   Mus musculus  Biotin  In house  
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Supplemental figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure S1. WBP1L expression in human leukocytes and leukocyte progenitor subsets. Expression profile of 

WBP1L 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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A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 

 

 

Original sequence 150 GCCTCGAGCGTCA‐‐‐‐‐‐‐‐GGATGGAGGAAGACTCG 180 

Clone #17 .............AA‐‐‐‐‐‐................. 

Clone #23 .............CG‐‐‐‐‐‐................. 

Clone #190 .............GG‐‐‐‐‐‐................. 

Clone #192 .............GGGGC‐‐‐................. 

Clone #200 .............AGATAGAC................. 

C   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

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‐RUNX1‐ 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‐RUNX1 mRNA 

expression in the clones from (B) determined by qPCR. The data are plotted as 2‐ CT. 
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Figure S3. Subcellular localization of WBP1L. Confocal imaging of BMDM from Wbp1l‐/‐ 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 µm. N ≥ 3. 
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Figure S4. Alignment 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 J774 cells stably expressing MYC‐tagged WBP1L wild‐type form or WBP1L N 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 µg/ml of CXCR4 antagonist AMD3100 or treated with 

1 µM 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 Wbp1l‐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 (CD43‐, B220low, IgM‐), Immature B cells (CD43‐, B220low, IgM+), Mature B cells (CD43‐, 

B220high, 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 Wbp1l‐/‐ bone marrow. Ly5.2+ bone marrow (WT or Wbp1l‐/‐) was 

mixed with Ly5.1+ bone marrow (always WT) in a ratio 1:1 and 2 × 106 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 (B220low, IgM‐), Immature B cells 

(B220low, IgM+), Mature B cells (B220high, IgM+), Lin‐C‐kit+ cells (lin‐, c‐kit+), LSK cells (lin‐, c‐kit+, SCA1+). 
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Figure S10. Effects of inducible Wbp1l deletion on ERK activation in bone marrow cell subsets. (A) Wbp1l 

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 Wbp1l‐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 Wbp1l‐/‐ cells. (A) Total numbers of splenocytes and bone marrow cells 
and percentages of major leukocyte subsets 5‐7 days after Tamoxifen‐induced deletion of Wbp1l. The 

splenocyte subsets were defined using the following markers: T cells (CD3+), B cells (B220+), DC (CD11c+, 

Ly6C‐/low), Macrophages (F4/80+, CD11bint). The bone marrow cell subsets were defined using the following 

markers: Neutrophils (Ly6Cint, CD11b+, Ly6G+), B cells (B220+), Monocytes (Ly6Chigh, CD11b+, Ly6G‐), T cells 

(CD3+). (B) Similar experiment as in Figure 7F. However, here the cells with constitutive Wbp1l inactivation 

were used (N=4). (C) CXCR4 surface expression was measured in cultured KIT+ bone marrow progenitors 
with constitutive Wbp1l inactivation 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 Wbp1l 
inactivation by flow cytometry of fixed and permeabilized cells. 
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