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Abstract: 

Cathepsin X/Z/P (Cat X) is a lysosomal cysteine protease that exhibits mono-carboxypep�dase 

ac�vity. Increased cathepsin X expression is associated with cancer and inflamma�on; 

however, its roles in normal physiology are poorly understood. Cathepsin X is highly expressed 

by an�gen-presen�ng cells such as dendri�c cells (DCs). DCs undergo func�onal changes upon 

agonism of patern recogni�on receptors (e.g., Toll-like receptors) by pathogen-associated 

molecular paterns (e.g., bacterial DNA – CpG). Mature DCs can secrete cytokines and present 

an�gens to ac�vate adap�ve immunity. We hypothesised that cathepsin X contributes to DC 

func�on.  

Using ac�vity-based probes, immunoblo�ng, and immunofluorescence imaging, we 

measured ac�ve and total levels of cathepsin X in naïve immortalised DCs (DC1940) or those 

s�mulated with TLR-1/2, 2/6, 3, 4, 7/8, and 9 agonists (Pam3, FSL-1, Poly I:C, LPS, R-848, and 

CpG, respec�vely). Lysosomal and secreted cathepsin X levels were significantly elevated in 

response to TLR-9 agonist CpG treatment and to a much lesser extent with the other agonists. 

We further inves�gated this mechanism and found that IL-6 secreted upon TLR-9 agonism 

promotes cathepsin X upregula�on.  

To examine the impact of cathepsin X on DC func�on, we generated cathepsin X-deficient 

DC1940 cells using CRISPR-Cas9. DC matura�on, an�gen uptake and an�gen presenta�on 

were not affected by cathepsin X deficiency. We also inves�gated cytokine secre�on and 

found that IL-6, IL-10, IL-12, TNFα, and MCP-11 were not affected by cathepsin X deficiency, 

while secre�on of IL-1β was impaired. We further conducted shotgun proteomics to broadly 

inves�gate the impact of cathepsin X deficiency on DC immune func�on. We discovered that 

the expression of TMEM176B was significantly elevated in cathepsin X-deficient cells. 

TMEM176B has been reported to be a nega�ve regulator of inflammasome ac�va�on. We 

hypothesise that the impaired secre�on of IL-1β was due to the upregula�on of TMEM176B 

in cathepsin X-deficient cells.  
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We next inves�gated the impact of cathepsin X deficiency on the overall lysosomal proteoly�c 

environment. Cathepsin X-deficient cells exhibited altered processing of cathepsin L, while the 

processing and ac�vi�es of other lysosomal proteases and their inhibitors were unaffected. 

We further found that cathepsin X deficient cells exhibited lower levels of nuclear cathepsin 

L. Whether or not the altered processing of cathepsin L was related to nuclear localisa�on is 

s�ll under inves�ga�on. Furthermore, lower nuclear cathepsin L in the absence of cathepsin 

X resulted in reduced processing of its nuclear substrate, lamin B1. 

Collec�vely, our data indicate that cathepsin X was strongly upregulated by TLR-9 agonism in 

DCs. While it may not be essen�al for DC matura�on, an�gen uptake, and an�gen 

presenta�on, cathepsin X may regulate IL-1β secre�on through TMEM176B. In addi�on, the 

processing of cathepsin L was altered in cathepsin X-deficient cells, and the level of nuclear 

cathepsin L was reduced. Future studies will focus on the mechanis�c interac�on between 

cathepsin X and TMEM176B and inves�gate the impact of reduced nuclear cathepsin L on 

nuclear proteolysis to beter understand the role of cathepsin X in pathophysiology.  
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IMDM – Iscove’s Modified Dulbecco’s Medium 

IRF8 – IFN regulatory factor 8 

KDS-RPMI – Potassium dodecyl sulphate – Roswell Park Memorial Ins�tute 

LRR – Leucine-rich Repeat  

Mac-1 – Macrophage An�gen-1 

MPU – Media Prepara�on Unit 

NAIP – Neuronal Apoptosis Inhibitor Protein 

NBD – Nucleo�de-binding Domain 

NF water – Nanofiltered water  

NHS – Normal Horse Serum  

Nle – Norleucine  

NLR – Nucleo�de-binding Oligomeriza�on Domain (NOD)-like receptors 

NLRP – Leucine-rich Repeat 

NLS – Nuclear Localiza�on Signals 
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OVA – Ovalbumin 

PAMPs – Pathogen-associated Molecular Paterns 

PBS – Phosphate-buffered Saline 

PBST – Phosphate-buffered Saline Solu�on with 0.05% Tween™ 20 

PDI – The Peter Doherty Ins�tute for Infec�on and Immunity 

PE – Phycoerythrin 

PI – Propidium Iodide 

PPR – Patern Recogni�on Receptor  

RPMI – Roswell Park Memorial Ins�tute 

RUSH – Reten�on Using Selec�ve Hooks 

sCy5 – Sulfo-Cyanine5 

SY – Sulfoxonium ylides 

TLR – Toll-Like Receptor 

TWIK2 – Two-pore Domain Weak Inwardly Rec�fying K+ Channel 2  

WEHI – Walter and Eliza Hall Ins�tute of Medical Research 
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Chapter 1. Introduc�on 

1.1 Cathepsin X  

1.1.1 Cathepsins are a unique family of proteases.  

Proteases are hydroly�c enzymes that cleave the pep�de bonds of protein substrates and are 

responsible for protein degrada�on and turnover. Proteases contribute to diverse biological 

processes, including an�gen processing, cell signalling, migra�on, matura�on, and 

prolifera�on [1-4]. Abnormal regula�on of proteases is linked to various diseases, including 

cancer, inflamma�on, and cardiovascular diseases [5].  

Cathepsins are a unique family of proteases with broad pathophysiological roles. The name 

“cathepsin” is derived from ancient Greek, meaning “boiling down” or “so�en”, indica�ng its 

role as an enzyme. Cathepsins can be classified into three groups based on their ac�on of 

mechanism, including cysteine, serine, and aspar�c cathepsins. Of par�cular interest for this 

thesis, there are 11 human cysteine cathepsins, including cathepsin B, C, F, H, K, L, O, S, V, X, 

and W. Cathepsin V (also named as cathepsin L2) is only expressed in human. Human 

cathepsin V has about 75% sequence iden�ty with mouse cathepsin L; they are found to be 

func�onally overlapping with each other [6]. Mice have a unique cysteine cathepsin, called 

cathepsin J, that is 59.3% homologous to cathepsin L [7]. 

1.1.2 Trafficking and localisa�on of cathepsins   

Cathepsins are ini�ally synthesised as zymogens in the ER and trafficked to endosomes via the 

mannose-6-phosphate receptor (M6PR) pathway [8]. Upon reaching the acidic environment, 

they are ac�vated through autoac�va�on or cleavage by other proteases. Lysosomal 

cathepsins contribute to various vital cellular processes, including cell signalling, an�gen 

processing, matura�on of the MHC-II complex and TLR receptor processing and will be 

discussed in detail later in the introduc�on [9-12].   

Most cysteine proteases have op�mal ac�vity within the acidic environment of lysosomes. 

However, a few notable excep�ons include cathepsin B and S, which retain ac�vity at neutral 

pH, indica�ng their poten�al roles in cell compartments other than the lysosomes [13, 14]. 

There is increasing evidence of extra-lysosomal roles for cathepsins (Table. 1.1), including in 

the cytosol, extracellular environment, and the nucleus. With proper chaperons, such as the 

glycosaminoglycans (GAGs), structures of cathepsins can be stabilised in a neutral or even 
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alkaline pH in vitro, indica�ng cathepsins may properly fold and func�on other than in the 

lysosomes [15].  

Cytosolic cathepsins are primarily associated with inflamma�on during lysosomal rupture [16]. 

Cathepsin B, C, L, S, and X leaked from the lysosome during oxida�ve stress have been shown 

to impact the secre�on of IL-1β and pyroptosis [17-20].  

Cathepsins are also secreted into the extracellular environment, mainly in their inac�ve pro-

forms [21]. The pathway of how cathepsins are secreted is s�ll under debate. One possible 

route of cathepsin secre�on is via the exosomes. A study conducted by Jiang and colleagues 

showed that pro-cathepsin L was contained by exosomes released by microglia and 

exacerbated Parkinson's disease [22]. In addi�on to that, glycosyla�on on lysosomal proteases 

may play a role in protease secre�on: A disrup�on of the mannose 6-phosphate tagging may 

result in the mislocalisa�on of lysosomal proteases, making them secreted instead of 

transported to the lysosomes [23, 24]. 

When lysosomal proteases are secreted within exosomes, the exosomes may be endocytosed 

by other cells to modulate signalling pathways [25, 26]. Alterna�vely, in the context of the 

cancer microenvironment, the increased anaerobic glycolysis acidifies the local environment 

and subsequently facilitates the autoac�va�on of secreted pro-cathepsins. The secreted 

cathepsins can degrade the extracellular matrix and mediate cancer cell invasion [27, 28]. In 

addi�on, some lysosomal proteases possess an RGD mo�f and can bind to αVβ3 integrin 

receptors to trigger downstream signalling pathways independent of their proteoly�c ac�vity 

[29, 30]. 

Cathepsins have also been reported to reside in the nucleus, including cathepsin L, cathepsin 

V, and legumain [31-33]. Cathepsin L is reported to translocate into the nucleus through the 

impor�n β1 pathway [32], where it can modify the nuclear environment by cleaving nuclear 

substrates, including transcrip�on factors and nuclear membrane proteins [34, 35]. Nuclear 

cathepsin L also modulates the cell cycle and ul�mately contributes to colorectal carcinoma 

progression [36]. Similarly, nuclear cathepsin V (L2) is found in normal thyroid epithelial and 

carcinoma cells and may have a role in cancer cell hyperprolifera�on [31]. Legumain, a 

lysosomal cysteine endopep�dase that cleaves a�er an asparagine residue, has also been 
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characterised in the nucleus and found to cleavage histone H3.1 in colorectal cancer and 

Foxp3 transcrip�on factor in regulatory T cells [33, 37].  

Nonetheless, the cytosolic, nuclear, and extracellular environments significantly differ from 

the lysosomes. It is crucial to understand how lysosomal proteases (cathepsins) are trafficked 

into cellular loca�ons other than lysosomes. Whether cathepsins are first localised in the 

lysosomes and subsequently trafficked into other subcellular loca�ons or are directly 

trafficked to other loca�ons from the ER remains to be inves�gated.   

 

Table 1.1 Subcellular localisa�on of lysosomal proteases. 

Localisa�ons Pathways Func�on References 

Lysosomes Mannose-6-
phosphate (M6PR) 

pathway 

Cell signalling 
 
Immune func�on 
 
Protein turnover 
 

[12] 
 

[38] 
 

[39] 
 

Cytosol Lysosomal rupture 
 

Pyroptosis [17-20] 
 

Extracellular space Disrup�on of 
glycosyla�on 

 
Exosomes 

 

Cleavage of extracellular 
matrix 
 
Cell communica�on 
 
Integrin binding 

[27, 28] 
 
 

[25, 26] 
 

[29, 30] 
 

Nucleus Impor�n β1 Cleavage of nuclear 
proteins 
 
Cell cycle/cell progression 
 

[33-35, 37] 
 
 

[31, 36] 
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1.1.3 Cathepsin X is a cysteine protease.  

Cathepsin X (Z/P, CTSZ) is a papain-like cysteine protease that mainly resides in the lysosomes 

in cells of monocyte/macrophage lineage [40]. Like other cysteine proteases, cathepsin X 

mediates substrate hydrolysis through a cataly�c triad (Cys–His–Asn). However, cathepsin X 

shares only 26–35% of overall homology and has a rela�vely short pro-pep�de region 

compared to other cysteine proteases [41]. Most cathepsins are endopep�dases that cleave 

substrates in the middle of the pep�de chain [42]. Although it has been published that 

cathepsin X may have low endopep�dase and dipep�dase ac�vity, cathepsin X is generally 

considered a monocarboxy-exopep�dase at the op�mal pH of 5.0 [43], meaning that it cleaves 

one amino acid at a �me from the carboxy terminus of its substrates (Figure 1.1) [43-45]. This 

unique ac�vity is due to a “mini-loop” structure corresponding to residue His23 to Tyr27. The 

“mini-loop” restricts the accessibility of endopep�dase substrates into the ac�ve site of 

cathepsin X and, therefore, mediates the substrate preference of cathepsin X [43].  
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Figure 1.1 Mechanism of cathepsin X proteolysis. Cathepsin X cleaves off one amino acid at 

a �me from the carboxy terminus of its substrates. The ac�ve cysteine on cathepsin X conducts 

a nucleophilic atack on the carbonyl group of the P1 amino acid. The P1’ amino acid is 

subsequently released. Figure modified from Edgington et al. 2011 [46].  
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Cathepsin X is subject to complex post-transla�onal regula�on (Figure 1.2). It is first 

synthesised as an inac�ve zymogen and is transported to lysosomes via the mannose-6-

phosphate receptor pathway like most other lysosomal proteins [47]. The pro-pep�de 

sequence of cathepsin X contains three consecu�ve amino acids: an arginine, a glycine, and 

an aspar�c acid to form an RGD mo�f (Figure 1.2). This RGD mo�f can bind to extracellular 

domains of integrins to trigger downstream signalling pathways involving focal adhesion 

kinase (FAK) and Src kinase and ul�mately promote cell prolifera�on [48]. Most cysteine 

proteases have ac�ve proforms and can autoac�vate themselves into mature forms in the 

lysosome. However, the crystal structure of cathepsin X showed its ac�ve cysteine was linked 

to a cysteine in the pro-pep�de region with a disulphide bridge, thus making the proform 

inac�ve [49]. As a result, the ac�va�on of cathepsin X requires the removal of the pro-pep�de 

region by other proteases. It has been shown that pro-cathepsin X could be processed into 

mature ac�ve cathepsin X by cathepsin L in a reducing environment in an in vitro se�ng [43]. 

There is litle evidence of how cathepsin X is ac�vated in normal physiological condi�ons. 

Once ac�vated, many proteases are kept in check by endogenous inhibitors, including the 

cysta�n family (e.g., Cysta�n C). However, cathepsin X does not appear to be inhibited by 

cysta�n C, possibly due to the unique “mini-loop” structure preven�ng access of cysta�n C to 

the cathepsin X ac�ve site [43]. Whether cathepsin X is subject to regula�on by other 

endogenous inhibitors remains unknown.  
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Figure 1.2 Post-transla�onal regula�on of cathepsin X. Cathepsin X is first synthesised as an 

inac�ve zymogen. The pro-pep�de sequence is removed by proteolysis to ac�vate cathepsin 

X. Cathepsin L has been used to ac�vate cathepsin X in vitro. The ac�ve cathepsin X can cleave 

substrates in a mono-carboxypep�dase manner. Proteases are subject to the regula�on of 

endogenous inhibitors; whether or not cathepsin X has an endogenous inhibitor is unknown.  
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According to in vitro analyses, cathepsin X can accommodate a broad range of amino acid 

residues. Among the P2, P1, and P1′ sites, proline is not favoured at P1, P2 or P1′ sites. Glycine 

is not favoured at the P2 site but preferred at P1 and P1′ sites (Figure 1.1) [50, 51]. Its broad 

substrate specificity suggests that cathepsin X may cleave a wide range of substrates [51] 

(Table. 1.2). Cathepsin X is reported to cleave cxcl-12, enolase, and β2-integrin [3, 50, 52, 53]. 

Cleavage of these substrates was demonstrated only in an in vitro se�ng, however, and thus 

requires further valida�on to confirm that they are indeed physiological substrates. Cathepsin 

X can also cleave profilin and limit its neutrophilic func�on. The discovery of cathepsin X 

substrates must be coupled with more advanced technologies, such as C-terminomics [54]. 

This technique provides insight into protein degrada�on/processing under physiological 

condi�ons.  

 

Table 1.2 Cathepsin X substrates. 

Substrates Func�on/Pathophysiology Reference 

CXCL-12 

 

Cell adhesion and migra�on [50] 

Profilin 

 

Clathrin-Mediated Endocytosis [53] 

Enolase Impaired survival and 

neuritogenesis of neuronal cells 

 

[52] 

β2-integrin 

 

Dendri�c cell matura�on [3] 
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1.1.4 Using chemical probes to measure protease ac�vity. 

Due to the complexity of the post-transla�onal regula�on of protease ac�vity, conven�onal 

techniques such as immunoblo�ng, ELISA or immunofluorescence only reveal the total level 

of proteases. They do not report on the propor�on of ac�ve, func�onal enzymes. For example, 

a highly expressed protease may have low ac�vity in the presence of endogenous inhibitors, 

or the protease might exist predominantly in its proform. Therefore, measures of protease 

levels should be coupled with assessments of their ac�vity. For this purpose, ac�vity-based 

probes (ABPs) have been developed for various proteases. ABPs consist of three major 

features: a warhead, a recogni�on sequence, and a reporter group (Figure 1.3AB). The 

warhead is an electrophile that reacts and subsequently forms a covalent linkage with the 

nucleophilic residue within the ac�ve site of the protease. The recogni�on sequence mimics 

the substrate, incorpora�ng an amino acid that guides selec�vity towards specific proteases. 

The reporter group is typically a fluorophore but can also be modified to fit other applica�ons 

(e.g., bio�n) (Figure 1.3AB). Using imaging techniques, probe binding can be visualised at 

mul�ple levels, including whole organisms, �ssues, and cells. As the probe binds covalently to 

the protease of interest, the binding survives the reducing condi�ons of SDS-PAGE (sodium 

dodecyl sulphate polyacrylamide gel electrophoresis); protease binding can be detected by 

measuring in-gel fluorescence using flat-bed laser scanners [55].  

The Edgington-Mitchell Lab has recently developed a series of ac�vity-based probes for 

cathepsin X [56]. The most potent and selec�ve probe, sCy5-Nle-SY, has a sulfoxonium ylide 

warhead, a norleucine amino acid as the recogni�on site and a sulfo-Cy5 fluorophore (Figure 

1.3B). sCy5-Nle-SY exhibits high specificity to cathepsin X when applied to acidified cell or 

�ssue lysates (Figure 1.3C le�). However, when applied to living cells, it also targets cathepsin 

S. The molecular weight discrepancy between cathepsin X and S allows facile differen�a�on 

of the two proteases by in-gel fluorescence (Figure 1.3C right).  
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Figure 1.3 Mechanism and structure of the ac�vity-based probe for cathepsin X. A. Structure 

of cathepsin X ABP, sCy5-Nle-SY. B. Mechanism of cathepsin X ABP. C. Acidified dendri�c cell 

lysates (le�) and live dendri�c cells (right) were labelled by sCy5-Nle-SY as shown in gel-

fluorescence. 
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1.2 Dysregula�on of Cathepsin X is associated with diseases. 

Increased expression of cathepsin X has been associated with various diseases, including 

cancer, neurodegenera�ve diseases, and neuroinflamma�on [30, 57, 58] (Table 1.3). In 

addi�on, cathepsin X can promote disease development either through its proteoly�c or 

integrin-binding func�ons. The following examples will discuss the role of cathepsin X in 

disease progression in both the cataly�c and the RGD-mo�f-dependent manner.  

In pancrea�c cancer, the total level of cathepsin X was significantly elevated and correlated 

with cancer malignancy [48, 57]. Thus, the level of cathepsin X could be used as an indica�on 

for cancer diagnosis and prognosis [59]. Furthermore, cathepsin X may also contribute to 

cancer progression: in pancrea�c and breast cancer, overexpression of cathepsin X has been 

shown to induce epithelial-mesenchymal transi�on (EMT), a cri�cal marker for cancer 

invasiveness [57, 60]. Administra�on of a specific cathepsin X inhibitor Z9 resulted in breast 

tumour shrinkage and significantly reduced metastases [61]. However, another group showed 

that the increased cancer cell prolifera�on and invasiveness were not caused by the cataly�c 

ac�vity of cathepsin X as was once proposed. Instead, the RGD mo�f is responsible for its 

oncogenic property. When pro-cathepsin X is secreted into the tumour microenvironment by 

cancer cells or infiltra�ng immune cells, its integrin mo�f binds to β2 integrin receptors, 

promo�ng cancer progression by ac�va�ng Srk and FAK signalling pathways [48].  

The role of cathepsin X in cancers is not always detrimental [62]. Cathepsin X was reported to 

be protec�ve in H. pylori-induced gastric cancer. Cathepsin X-deficient mice developed more 

severe metaplasia, accompanied by more macrophage infiltra�on and prolonged cytokine 

secre�on, compared to wild-type mice. While the mechanism of how cathepsin X mediates H. 

pylori-induced gastric cancer is s�ll largely unknown, this study highlights contras�ng roles for 

cathepsin X across tumour types.   

Cathepsin X has also been reported to have a role in propaga�ng neuroinflamma�on. Inflamed 

brain �ssue exhibits increased cathepsin X expression and ac�vity in mice and rats in 

experiment-induced neuroinflamma�on models [30, 63]. In vitro, cathepsin X has been shown 

to cleave two amino acids from the C-terminus of a neurotrophic factor enolase, which limits 

its neurotrophic ac�vity. Administra�on of a cathepsin X inhibitor prevented this cleavage, 

leading to increased neuritogenesis and reduced serum-deprived cell death [52]. Cathepsin X 



Page | 34  
 

knockout mice exhibit reduced neuroinflamma�on symptoms due to reduced IL-1β and IL-18 

secre�on by immune cells, including macrophages and dendri�c cells [30]. Cathepsin X was 

further found to promote IL-1β secre�on through RGD-dependent ac�va�on of α5 integrin, 

which regulates NLRP3 inflammasome and caspase-1 ac�va�on [64]. 

To understand the contribu�on of cathepsin X to disease and to ul�mately validate it as a 

target for treatments, more informa�on is needed about its roles during basic immunological 

processes, which are s�ll largely unknown.  
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Table 1.3 Cathepsin X is associated with various diseases. 

Diseases Func�on  Reference 

H. pylori-induced 
gastric cancer 

 

 
Cathepsin X has a protec�ve role in H. pylori-
induced gastric cancer. 
 

[62] 

Pancrea�c cancer 

 
The RGD mo�f of cathepsin X contributes to cancer 
prolifera�on and invasiveness. 
 

[48] 

Hepatocellular 
carcinoma 

 

Cathepsin X induces epithelial-mesenchymal 
transi�on. [65] 

Breast cancer 

 
Cathepsin X, along with cathepsin B, induces 
epithelial-mesenchymal transi�on. 
 

[60] 

Neuroinflamma�on 
and Glioblastoma 

 

 
Cathepsin X cleaves enolase and impairs 
neuritogenesis. 
 

[52, 66] 
 

Mul�ple Sclerosis 

 
The RGD mo�f of cathepsin X regulates IL-1β 
secre�on and subsequently affects neuron 
inflamma�on. 
 

[30, 64] 
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1.3 Dendri�c cell biology: 

1.3.1 Cathepsin X is expressed by dendri�c cells. 

Cathepsin X is predominantly expressed by an�gen-presen�ng cells such as macrophages and 

dendri�c cells. Dendri�c cells act as a bridge between the innate and adap�ve immune 

systems. Naïve dendri�c cells have a high phagocy�c capacity and scavenge an�gens in �ssues. 

Once dendri�c cells interact with an�gens, they are ac�vated. Ac�vated dendri�c cells migrate 

to lymphoid organs, secrete cytokines, and present an�gens loaded onto major 

histocompa�bility complexes (MHC) to CD8+ cytotoxic T cells or CD4+ T-helper cells. Those T 

cells can further differen�ate into various T helper cell subtypes with dis�nct func�ons [11, 

67]. Related cathepsin family members have been reported to contribute to dendri�c cell 

func�on: Lysosomal cathepsins play a role in the uptake of exogenous an�gens [53], ac�va�on 

of TLR receptors [68], an�gen processing/presenta�on [11, 69], and cytokine regula�on [70]. 

These func�ons of cathepsins will be discussed in more detail in the following paragraphs.   

 

1.3.2 Dendri�c cell subtypes: 

Dendri�c cells have a complex lineage (Table 1.4). They are divided into myeloid DCs 

(conven�onal DCs in mice) and plasmacytoid DCs based on surface markers. Myeloid DCs 

(mDCs/cDCs) express high levels of CD11c, CD13, CD33 and CD11b and can further be split 

into CD1c+ or CD141+ lineage. These two lineages are homologous to murine CD11b+ (cDC2) 

or CD8+ (cDC1) lineage, respec�vely. Plasmacytoid DCs (pDCs) lack cDC surface markers and 

express high CD123, CD303, and CD304. There are also other minor subtypes of DCs, the 

monocyte-like DCs (CD1c+, CD14+ DCs) [71, 72] and Langerhans DCs [73]. The monocyte-like 

DCs belong to a subtype of CD11b+ and can be found in inflamed �ssues or cancers [74-76]. 

The classifica�on of Langerhans cells is controversial. Langerhans cells reside in the epidermis 

and are commonly associated with �ssue macrophages and microglia in the brain [77]. 

However, they are func�onally more similar to conven�onal dendri�c cells as they capture 

an�gens, mature and migrate to the lymph nodes [78].  

CD8+ cDCs were found to exhibit lower expression of lysosomal proteases, including cathepsin 

B, L, and S, in comparison to CD11b+ cDCs, implying that CD8+ cDCs are generally considered 

to be less proteoly�c [79]. However, our preliminary data indicated a specific increase in 



Page | 37  
 

cathepsin X ac�vity and total expression in CD8+ cDCs. This suggests a poten�al role for 

cathepsin X in the dis�nc�ve features of CD8+ cDCs. 

Furthermore, CD8+ cDCs are characterized by a unique ability known as an�gen cross-

presenta�on. This process involves a unique mechanism of an�gen presenta�on that will be 

discussed in more detail in the following introduc�on. In brief, CD8+ cDCs possess lysosomes 

with increased permeability, allowing exogenous an�gens they engulf to be released into the 

cytosol for degrada�on and subsequent presenta�on to T cells [80]. However, the precise 

mechanism underlying an�gen cross-presenta�on remains to be fully understood. Given the 

heightened ac�vity and expression of cathepsin X, along with the remarkable lysosomal 

characteris�cs, CD8+ cDCs were chosen as the primary focus of our study. 

 

 

Table 1.4 Dendri�c cells lineage 

Dendri�c cell lineage Characteris�cs 

 
 

Myeloid/Conven�onal 
DCs 

 
 

CD11b+ Myeloid DCs 
(cDC2) 

 

 
 

CD11c+, CD13+, 
CD33+, CD11b+ 

CD11b+ 

(Human CD1c+) 

CD8+ Myeloid DCs 
(cDC1) 

 

CD8+ 

(Human CD141+) 

Plasmacytoid DCs 
 

CD123+, CD303+, and CD304+ 

Monocyte-like DCs 
 

CD14+ 

Langerhans DCs 
 

Epidermis-resident 
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1.3.3 Conven�onal CD8+ dendri�c cell line: 

Because of the vulnerability of primary dendri�c cells and the difficul�es in obtaining enough 

CD8+ DCs from mice spleens, the DC1940 cell line is o�en used to study DC func�on in vitro 

[81]. This cell line preserves most characteris�cs of primary conven�onal CD8+ dendri�c cells. 

They can be ac�vated by Toll-like receptor agonists, including TLR1/2, TLR2/6, TLR3, and TLR9 

ligands (Pam3, FSL-1, Poly I:C and CpG, respec�vely) and express similar paterns of surface 

markers, cytokines, and chemokines as the primary splenic CD8+ cells do. Upon TLR ac�va�on, 

the expression of surface markers (co-s�mulatory molecules) CD40, CD80, and CD86 were 

significantly upregulated along with a slight increase in MHC-I, MHC-II, PD-L1 and PD-L2 

surface markers [81]. 

 

1.3.4 Toll-like receptors (TLRs): 

To mount an immune response, APCs such as dendri�c cells are first ac�vated by toll-like 

receptor agonists (Figure 1.4). Toll-like receptors are a family of patern-recogni�on receptors 

(PRRs) that reside either on the surface of immune cells or within the endocy�c pathway (e.g., 

endosomes). They can recognise pathogen-associated molecular paterns (PAMPs) derived 

from exogenous pathogens, including bacterial walls and DNA, or damage-associated 

molecular paterns (DAMPs) derived from endogenous �ssue damage. Upon interac�ng with 

TLR agonists, the receptors dimerise and couple with adaptor proteins, including: 

transloca�ng chain-associated membrane protein (TRAM) for endocytosed TLR4 receptor; 

Myeloid differen�a�on primary response 88 (MYD88) for TLR1/2, TLR2/6, surface TLR4, 

TLR7/8, and TLR9 receptors; TIR-domain-containing adapter-inducing interferon-β (TRIF) for 

endocytosed TLR4 and TLR3; or Mal/toll-interleukin 1 receptor (TIR) domain-containing 

adaptor protein (TIRAP) for TLR1/2, TLR2/6, and TLR4. The signalling cascade ul�mately 

transduces to the nucleus, where nuclear factor- κB (NF-κB) is ac�vated to s�mulate the 

synthesis of proinflammatory cytokines or interferon regulatory factors (IRFs) to boost the 

synthesis of type 1 interferons (IFNα and IFNβ) [82].  
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Figure 1.4 Overview of TLR signallings. When TLR receptors are s�mulated by their respec�ve 

ligands, they first go through dimerisa�on. The dimerised receptors then recruit adaptor 

proteins such as TIR Domain Containing Adaptor Protein (TIRAP), Toll/interleukin (IL)-1 

receptor (TIR)-domain-containing adaptor-inducing interferon-β (TRIF), myeloid 

differen�a�on primary-response protein 88 (MyD88), and TRIF-related adaptor molecule 

(TRAM). The adaptor proteins can ac�vate the downstream signalling cascade and eventually 

ac�vate transcrip�on factors, including nuclear factor kappa-light-chain-enhancer of ac�vated 

B cells (NF-κB) for the expression of the pro-inflammatory genes and Interferon regulatory 

factors (IRFs) for the expression of type-interferons. Created with BioRender.com 
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1.3.5 Inflammasome ac�va�on: 

Apart from the surface Patern Recogni�on Receptors (PRRs) such as the TLRs, as men�oned 

earlier, immune cells also possess intracellular supramolecular protein receptors that can 

sense the toxins released by invading pathogens or damaged �ssues in the cytosol. These 

receptors include nucleo�de oligomeriza�on domain (NOD)-like receptors (NLRs), Absent in 

melanoma 2 (AIM2)-like receptors (ALRs), pyrin receptors and caspase-11 (caspase-4/5 in 

humans) (Table 1.5). The engagement of the contributors with pathogenic or physiologic 

s�muli contributes to inflammasome ac�va�on [83, 84]. Upon inflammasome ac�va�on, 

caspase-1 is recruited by the inflammasome complex and undergoes autoac�va�on. The 

ac�vated caspase-1 then cleaves pro-IL-1β and IL-18 for their secre�on. The inflammasome 

ac�va�on also induces cell pyroptosis by ac�va�ng Gasdermin D (GSDMD). The whole process 

plays a vital role in comba�ng exogenous pathogens and ge�ng rid of infected/damaged cells.  
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Table 1.5 Types of inflammasome ac�va�on  

 

Family Types  Features S�muli Reference 

 
 
 
 
 
 
 
 
 
 
 

NLRs 

NLRP1 inflammasome 
 

The first cytosolic sensor 
iden�fied to form a 
caspase-1 ac�va�ng 
inflammasome. 
 

Bacillus anthracis lethal toxin [85] 

NLRP3 inflammasome 
 

Ac�va�on involves both 
the priming and ac�va�on 
steps. 

Signal 1: TLR agonists. 
 
Signal 2: Crystalline, 
extracellular ATP, pore-forming 
toxins, viral/fungal protozoan 
pathogens 
 

[86, 87] 

NLRP6 inflammasome 
 

Highly expressed in 
nonhematopoie�c cells 
Involved with intes�nal 
homeostasis. 
 

Microbiota [88, 89] 

NLRP12 inflammasome Involved with intes�nal 
homeostasis. 
 
Non-canonical NF-κB 
inhibitor. 
 

Yersinia pestis [90, 91] 

NAIP/NLRC4 
inflammasome 

 

NLRC4 partners with 
another NLR family 
member – NAIP 

PAMPs including bacterial 
flagellin and type III secre�on 
system (T3SS) components. 
 

[92, 93] 

 
 
 
 
 
 
 

Non-
NLRs 

AIM2 inflammasome 
 

Consists of an N-terminal 
PYD and a C-terminal 
HIN200 domain 
 

Bacterial, viral, or self-leaked 
DNA 
 

[94] 

IFI16 inflammasome 
 

The isolated IFI16 HIN200 
domain has a weaker 
affinity to DNA. The DNA 
binding affinity is 
associated with protein 
length. 
 

Viral DNA [95] 

Pyrin 
 

Sense Rho GTPase-
inac�va�on induced by 
bacterial toxins. 
 

detects inac�va�on of the Rho 
GTPase RHOA 
 

[96] 

Non-canonical 
inflammasomes 

 

Independent of caspase 1 LPS [97, 98] 
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The NLRP3 inflammasome is the most well-characterised pathway. The ac�va�on of the 

NLRP3 inflammasome requires two signals. The first signal involved the ac�va�on of TLR 

receptors. The TLR receptor signalling pathway eventually leads to the ac�va�on of the NF-κB 

transcrip�on factor and upregulates the expression of inflammasome genes, including NLRP3, 

pro-IL-1β and pro-caspase-1 [86].  The assembled NLRP3 inflammasome responds to the 

second signal. The second signal covers a wide range of s�muli which contains extracellular 

PAMPs, including toxins released by bacteria, viral, fungal, and protozoan pathogens, and host-

derived DAMPs, including ATP, uric acid crystals, and amyloid-β fibrils [87]. The ac�va�on of 

the NLRP3 inflammasome is also restrictedly regulated by ion flux. Potassium efflux and 

calcium influx are two major ion mobiliza�ons that regulate NLRP3 inflammasome ac�va�on. 

The K+ efflux is mediated by the two-pore domain weak inwardly rec�fying K+ channel 2 

(TWIK2). The necessary environment for NLRP3 ac�va�on requires a low concentra�on of 

cytosolic potassium [99]. Ca2+ influx has been reported to be the other crucial upstream 

regulator of NLRP3 inflammasome ac�va�on [100]. Unlike potassium, extracellular calcium 

influx is mediated by the P2X7 receptor [101]. Calcium influx can also come from the ER 

calcium storage by C/EPB homologous protein [102]. TMEM176B has been reported to be a 

nega�ve regulator of the cytosolic level of calcium. When TMEM176B was gene�cally deleted, 

the cytosolic calcium concentra�on increased, resul�ng in a more profound secre�on of IL-1β 

[103].  

NLRP3 inflammasome is expressed by innate immune cells, especially macrophages [104]. 

Some dendri�c cells are also thought to exhibit inflammasome ac�va�on. Most researchers 

use BMDCs derived from bone marrow progenitor cells culturing with GM-CSF, which 

generates a mixture of cell popula�ons containing bone marrow-derived macrophages 

(BMDM) and bone marrow-derived dendri�c cells (BMDC) [105]. It is unclear which 

subpopula�on contributes to the secre�on of IL-1β and IL-18 in these cultures. Using FLT3 to 

replace GM-CSF generates pure BMDCs with a more cDC-like phenotype [105]. cDC1 derived 

from Flt3-treated BMDC showed a low level of NLRP3 expression, while the cDC2 popula�on 

showed a much higher level of inflammasome components [106].  

Whether NLRP3 inflammasome has a role in primary cDC1 dendri�c cells is s�ll under debate. 

Chakraborty and colleagues reported that the ac�va�on of NLRP3 inflammasome in 

conven�onal dendri�c cells is an adjuvant to induce cytotoxic CD8+ T cell responses, indica�ng 
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that DC inflammasome ac�va�on has a physiological role [107]. On the other hand, it has been 

reported that both cDC1 and cDC2 conven�onal dendri�c cells acquire a mechanism in which 

transcrip�on factors IRF8 and IRF4 suppress the inflammasome-related genes. By doing this, 

conven�onal dendri�c cells can surpass inflammasome-induced cell pyroptosis, preven�ng 

them from dying and maintaining their ability to keep priming T cells [108]. Therefore, 

whether or not NLRP3 inflammasome ac�va�on has a vital role in DC immune func�on s�ll 

requires further inves�ga�on.  
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Figure 1.5 Overview of NLRP3 inflammasome ac�va�on. The NLRP3 inflammasome 

ac�va�on first requires the priming signal, TLR ac�va�on, which leads to NF-κB ac�va�on and 

upregula�on of inflammasome genes. Inflammasome pla�orms are assembled and sense the 

second signal derived from exogenous PAMPs or endogenous DAMPs. The ac�vated NLRP3 

inflammasome leads to ac�va�on of caspase-1, which performs two major func�ons: 1. 

Cleavage of pro-IL-1β and pro-IL-18 to promote their secre�on; 2. Cleavage and ac�va�on of 

GSDMD to drive pyroptosis. NLRP3 inflammasome ac�va�on is also regulated by ion flux. 

Potassium efflux and calcium influx both play vital roles in NLRP3 inflammasome ac�va�on. 

Modified from McDaniel et al. 2020 [108]. Created with BioRender.com 
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1.3.6 An�gen presenta�on: 

Upon matura�on by TLR agonists, one primary func�on of APCs is to present an�gens to 

effector T lymphocytes. An�gens are engulfed by cells and processed into an�genic pep�des 

by lysosomal proteases. The an�genic pep�des are then coupled to major histocompa�bility 

protein complexes (MHC), and the MHC-an�gen complex is subsequently transported to the 

plasma membrane for an�gen presenta�on. There are two subsets of MHCs, MHC-I and MHC-

II, each with unique func�ons (Figure 1.6).  

The MHC-II protein complex presents exogenous an�gens. The pathway starts when 

exogenous substances are engulfed by APCs, processed into an�genic pep�des by lysosomal 

proteases and loaded onto MHC-II molecules [9]. The an�gens are then presented to CD4+ T 

helper cells (Figure 1.6A), which subsequently differen�ate into diverse subtypes of CD4+ T 

cells, including Th1, Th2, Th9, Th17, CD4+ cytotoxic T lymphocytes, T follicular helper (T�) cells, 

and induced regulatory T cell (Treg). Each subtype secretes different cytokines and serves a 

specific role within immune responses.  

MHC-I usually presents self-an�gens. Full-length proteins undergo degrada�on in the 

cytoplasm by the proteasome and aminopep�dases. The degraded pep�des are then 

translocated to the endoplasmic re�culum, loaded onto the MHC-I complex [109], and 

presented to CD8+ T cytotoxic cells to eliminate cancer cells or damaged cells (Figure 1.6B).  

In some cases, exogenous an�gen pep�des can escape from endolysosomes and couple to 

MHC-I, a process referred to as cross-presenta�on [110]. Conven�onal CD8+ (CD141+ in 

humans) DCs comprise one of the two dendri�c cell subtypes that can cross-present an�gens 

[111]. Cross-presenta�on transforms naïve CD8+ T cells into cytotoxic T lymphocytes (Figure 

1.6C). The an�gen-cross presenta�on has an important role in the treatment of cancers and 

viral infec�ons, where we require a cytotoxic T cell immune response towards tumour cells 

and infected cells.   

 

 

 

 



Page | 46  
 

 

Figure 1.6 An�gen presenta�on and an�gen-cross presenta�on. A. An�gen presenta�on 

through MHC-II. B. Presenta�on of self-an�gen through MHC-I. C. An�gen cross-presenta�on 

through MHC-I. Created with BioRender.com 
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1.4 Proteases and immunity 

1.4.1 Proteases and an�gen uptake. 

Proteases contribute to many aspects of immune func�on, including an�gen presenta�on, 

an�gen processing, cytokine matura�on, and cytokine trafficking. Immune cells like dendri�c 

cells and macrophages scavenge for pathogens and subsequently engulf them to provoke 

immune responses.  

Lysosomal proteases mainly contribute to the processing and degrada�on of endocytosed 

substances. However, some reports indicate that lysosomal proteases may regulate the 

endocytosis mechanism. Cathepsin B and L are reportedly involved in the endocytosis of iota-

toxin from Clostridium perfringens type E [112]. Briefly, the extracellular lysosomal enzyme 

acid sphingomyelinase (ASMase) induces ceramide accumula�on on cell membranes and 

subsequently causes membrane invagina�on and hence endocytosis. Cathepsin B and L 

ac�vate ASMase in kidney epithelial cells, further affec�ng endocytosis [112].  

Cathepsin X has also been reported to be a nega�ve regulator of clathrin-mediated 

endocytosis in human prostate cancer cells [53]. Cathepsin X cleaves off the C-terminal Tyr139 

from profilin 1 and makes it unable to bind to clathrin. Clathrin and profilin 1 binding mediates 

endocy�c uptake [113]. Cleavage by cathepsin X perturbates their interac�on and nega�vely 

regulates clathrin-mediated endocytosis [53]. It needs to be noted that profilin is localised in 

the cytosol. Even though more evidence suggests that lysosomal proteases can escape to the 

cytosol during lysosomal rupture, it needs to be validated that cathepsin X can cleave a 

cytosolic protein at neutral pH.  

The two examples above revealed that lysosomal proteases regulate cellular components and 

modulate endocytosis. Another report indicates that cathepsin L cleaves exogenous viral 

protein to facilitate viral entry into the host cells. The S-spike protein on the COVID-19 viral 

envelope can be cleaved by cathepsin L. This cleavage is crucial for the fusion of the 

endosomal membrane and the viral envelope, which enables viral entry into the host cells 

[114].  

To conclude, there was scarce evidence about lysosomal modula�ng endocytosis. Lysosomal 

proteases may affect endocytosis by either modula�ng self-components or modifying 

exogenous substances.  
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Table 1.6 Proteases and endocytosis  

Protease Func�on Reference 

 

Cathepsin B and L 

 

Endocytosis of Clostridium perfringens 

iota-Toxin 

 

 

[112] 

 

Cathepsin L 

 

Cleavage of the SARS-CoV-2 spike protein 

to facilitate virus entry. 

 

 

[114] 

 

Cathepsin X 

 

Cleavage of Profilin 1 C-Terminal Tyr139 

and regula�on of Cathryn-mediated 

endocytosis 

 

 

[53] 
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1.4.2 Proteases and TLR signalling and matura�on. 

As discussed above, TLR receptors are PRRs that recognise PAMPs derived from exogenous 

pathogens. When TLR receptors interact with their designated agonists, the subsequent 

signalling pathway leads to DC matura�on by expressing inflammatory genes.  

TLR 3, 7, 8, and 9 are localised on endolysosomes (Figure 1.4). They possess a C-terminal 

leucine-rich repeat in an extracellular loop, a transmembrane domain, and an N-terminal 

endolysosomal domain that recognises viral and bacterial nucleic acids such as 

double/single-stranded RNA or double-stranded DNA.  

Several reports have suggested that the full ac�va�on of those TLR receptors requires a 

par�al cleavage in the endolysosomal compartments. Cathepsin B and H, but not cathepsin L 

and legumain, cleaves TLR3 between 252 and 346 amino acids, resul�ng in a func�onal 

receptor for downstream signalling [115].  

TLR9 is also processed by lysosomal proteases. TLR9 has a total molecular weight of ~130 

kDa and can be processed into an ac�ve smaller fragment with a molecular weight of 72 

kDa. Sepulveda et al. reported that pDCs lacking legumain failed to facilitate cleavage and 

secreted significantly less pro-inflammatory cytokines. They re-expressed the ac�ve 72 kDa 

TLR9 in legumain-deficient cells and showed that the ac�ve 72 kDa TLR9 restored the 

signalling [116].  In a different study, macrophages (RAW264.7) and DCs (DC2.4) showed that 

the cathepsins and legumain were involved in processing TLR9 receptors. They discovered 

that the loss of legumain ac�vity did not en�rely abolish TLR9 processing, while cathepsins 

could compensate for the loss of legumain and facilitate the processing. When a chemical 

inhibitor blocked both legumain and cathepsin ac�vi�es, the signalling of TLR9 was 

significantly impaired [117].  The two studies shown above used two different cell models. 

Sepulveda et al. used plasmacytoid dendri�c cells, while Ewald et al. mostly used 

macrophages and DC2.4. The DC2.4 cells cons�tu�vely express GM-CSF and may make the 

DCs phenotypically more macrophage-like [105, 118]. Therefore, it is likely that the 

processing of TLR9 differs across cell types.  
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Another protease-cell matura�on mechanism was found not to be related to TLR cleavage. 

Cathepsin X is reported to cleave the integrin β2 receptor to modulate pDC matura�on. The 

absence of such cleavage impaired surface marker expression, cytokine secre�on and cell 

adhesion [3].  
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Table 1.7 Protease and TLR signalling/ cell matura�on.  

Proteases Mechanism References 

 
Cathepsin B and H 

 
Cleavage of TLR3 for immune func�on 
 

 
[115] 

 
Legumain and cathepsins 

 

 
TLR9 processing and func�on in DCs 
 

 
[116, 117] 

 
Legumain and cathepsins 

 

 
TLR3 and TLR7 processing and func�on in 
macrophages  
 

 
[117] 

 
Cathepsin X 

 
Cleavage of integrin receptor to modulate 
pDC matura�on.  
 

 
[119] 
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1.4.3 Proteases in an�gen processing and presenta�on: 

The adap�ve immune response depends on processing exogenous an�genic pep�des and 

appropriate coupling between these pep�des and MHC-II complexes. Lysosomal proteases 

perform two cri�cal roles: proteoly�c processing of foreign pep�des into an�gens and 

matura�on of MHC-II complex that precedes successful coupling with an�gens.   

Exogenous an�gens need to be processed by endolysosomal proteases into an�genic pep�des 

before coupling to the MHC-II complex. The lysosomal proteoly�c system is redundant, and 

the exact proteases responsible for an�genic pep�de processing remain unknown [11]. It has 

been reported that cathepsin D, an aspartyl protease, can process an�gens and ac�vate T cells 

in vitro [120]. However, an�gen presenta�on by APCs derived from cathepsin D knockout mice 

showed no significant differences [121]. Cathepsin E is another aspartyl protease reported to 

have a role in the proteoly�c processing of an�gens: inhibi�ng cathepsin E impairs the ability 

of an�gen-presen�ng cells to present an�gens [122]. Recent reports also suggested the roles 

of cysteine cathepsins such as cathepsin L and cathepsin S in an�gen processing. Cathepsin L 

is found to directly influence the genera�on of cor�cal thymic epithelial cell an�genic pep�des 

[123], while cathepsin S contributes to processing some B cell pep�des in the spleen [124]. 

Moreover, legumain, a lysosomal cysteine protease, has been reported to have a defined role 

in the ini�al cleavage of tetanus toxin. Other proteases then process the protein into an�gen 

a�er the ini�al cleavage [125]. An�gen processing reflects a redundancy of proteases within 

the endolysosomal network, making it difficult to study the rela�onship between an�genic 

pep�des and specific lysosomal proteases.  

An�gen presenta�on also requires the matura�on of the MHC-II complex by endolysosomal 

proteases. MHC-II is assembled in the endoplasmic re�culum with a chaperone protein – the 

invariant chain (Ii cap). The Ii-MHC-II complex is then transported to the endosome, where 

lysosomal proteases degrade the invariant chain to prepare the complex for an�gen loading. 

Legumain has been reported to ini�ate cleavage of the invariant chain. While inhibi�ng 

legumain or muta�ng legumain cleavage sites delayed the processing of the invariant chain, 

it did not en�rely prevent it, indica�ng that other proteases can also process it [126]. 

Cathepsin L and S are cri�cal lysosomal proteases regula�ng MHC-II matura�on [11]. 

Cathepsin L and S have different �ssue-specific localisa�on; thus, they regulate MHC-II 

matura�on in a �ssue-specific manner. Cathepsin L is primarily ac�ve in the thymus but not in 
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the spleen [127], whereas cathepsin S is mostly ac�ve in the spleen [128]. Accordingly, 

cathepsin L is responsible for the late-stage degrada�on of the invariant chain in cor�cal 

thymic endothelial cells, while cathepsin S degrades the invariant chain in splenic B cells [69]. 
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1.4.4 Proteases in cytokine regula�on: 

Apart from an�gen processing and presenta�on, proteases govern immune func�on by 

regula�ng cytokine ac�va�on, inac�va�on/degrada�on, and trafficking. Interleukins are 

secreted from immune cells in response to inflamma�on. The regula�on of interleukin 1 

family inflammatory cytokines by proteases has been well-characterised in the field.  

Pro-IL-β and pro-IL-18 are converted to ac�ve IL-β and IL-18 by caspase-1 downstream of 

inflammasome ac�va�on [129-131]. However, bioac�ve IL-18 was also found in caspase-1-

deficient mice, indica�ng that caspase-1 is not the only ac�vator [132]. Neutrophil elastase 

and cathepsin G were also reported to cleave pro-IL-1β, although the resultant products had 

less bioac�vity than the caspase-1-processed product [133, 134]. IL-1α also belongs to the 

interleukin 1 family and is released during �ssue damage and necro�c cell death [135].  The 

processing of IL-1α into the mature form is regulated by mul�ple proteases, including elastase, 

granzyme B, and mast cell chymase [136]. Another interleukin 1 family member is IL-33, which 

proteases can ac�vate or inac�vate. IL-33 has some basal bioac�vity before protease 

ac�va�on. The principal ac�vator of IL-33 is caspase-1 [137]. Alterna�vely, its bioac�vity can 

be abolished by caspase-3 and -7 [138]. 

IL-37 is an an�-inflammatory cytokine in the interleukin 1 family. IL-37 exerts its an�-

inflammatory role by transloca�ng to the nucleus, which depends on its proteoly�c ac�va�on. 

Caspase-1 and caspase-4 can process IL-37 into bioac�ve form [139, 140]. A muta�on of the 

cleavage site makes the cytokine unable to be translocated to the nucleus, indica�ng that 

proteases are involved with ac�va�ng cytokines and regula�ng cytokine trafficking [141].  

Cathepsin B, a cysteine protease like cathepsin X, is involved in TNFα secre�on by 

macrophages. Secre�on of TNFα is reduced upon treatment of cells with cathepsin B inhibitors 

or cathepsin B knockdown. Upon inhibi�on of cathepsin B, pro-TNFα accumulated in TNFα-

containing vesicles, and the TNFα-containing vesicles were not transported to the plasma 

membrane, sugges�ng that cathepsin B mediates this transport or the shedding of pro-TNFα 

[70].  

There are other cathepsins involved in the secre�on of cytokines. However, these mechanisms 

are likely indirect. As described above, legumain and lysosomal cathepsins contribute to TLR3, 

7, and 9 ac�va�ons. Therefore, chemical inhibi�on of both legumain and cathepsins impaired 
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macrophage matura�on and reduced TNFα secre�on [117]. In addi�on, cathepsin X is 

responsible for TLR4 agonist-induced plasmacytoid dendri�c cell matura�on through the 

cleavage of β2-integrin. As a result, the inhibi�on of cathepsin X impaired pDC matura�on and 

reduced the produc�on of several cytokines, including TNFα, IL-10 and IL-12 [119].  
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1.4.5 Proteases and inflammasome ac�va�on. 

As described earlier, inflammasome ac�va�on serves a cri�cal role in innate immune func�on, 

and the process is heavily regulated by proteases, especially caspases and cathepsins. 

Caspase-1 is considered the central player of all other caspases in most inflammasomes, and 

caspase-11 (caspase-4/5 in humans) is involved in non-canonical inflammasome ac�va�on 

[131, 142]. Apart from the role in conver�ng pro-IL-1β and pro-IL-18 as described earlier, both 

caspase-1 and caspase-11 can cleave GSDMD, genera�ng a func�onal N-terminal fragment 

required for the secre�on of IL-1β and cell pyroptosis [143]. Caspase-8 is reported to play a 

role in apoptosis in addi�on to caspase-1 in various inflammasome ac�va�on pathways [144-

146]. This caspase-8-mediated cell death pathway is poten�ally important in cells lacking 

caspase-1 expression.  

In addi�on to caspases, lysosomal cathepsins have been increasingly reported contribu�ng to 

inflammasome ac�va�on. Upon NLRP3 ac�va�on, cathepsin B-deficient bone marrow-

derived macrophages showed reduced IL-1β secre�on and caspase-1 ac�va�on, indica�ng 

that cathepsin B somehow regulates NLRP3 inflammasome ac�va�on [147]. Cheviraux et al. 

reported that NLRP3 does not interact with cathepsin B in the lysosomes but in the ER. 

However, cathepsins in the ER stage are inac�ve pro-forms [16]. The co-localisa�on of 

cathepsin B and NLRP3 in the ER likely goes through similar protein transloca�on mechanisms 

post-protein synthesis. Cathepsin B has been reported to escape into the cytosol by the ac�on 

of trypsin [148]. Inves�ga�ng whether mature cathepsin B escapes the lysosomes to interact 

with NLRP3 in the cytosol will be necessary. Cathepsin G is a lysosomal serine protease 

reported to cleavage and ac�vate GSDMD in addi�on to caspase-1/11 [149]. 

Cathepsin X has also been reported to have a role in inflammasome ac�va�on. Cathepsin X-

deficient bone marrow-derived macrophages and dendri�c cells exhibited a reduc�on in the 

secre�on of IL-1β and IL-18 [30]. Its proposed mechanism is unexpected: the secreted inac�ve 

pro-cathepsin X contains an RGD mo�f that can bind to α5 integrin receptors. This interac�on 

subsequently regulates inflammasome ac�va�on [64]. Mul�ple studies reported that α5β1 

integrin engagement facilitates inflammasome ac�va�on; however, the exact mechanism 

remains to be elucidated [150-152]. The Syk tyrosine kinase is a cri�cal component in the 

signalling of mul�ple integrin receptors, and thus, it could be a poten�al player in modula�ng 

inflammasome ac�va�on, but this needs further valida�on [153, 154].  
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Table 1.8 Proteases and inflammasome ac�va�on 

Proteases Func�on Reference 

 
Cathepsin B 

 

 
Interac�on with NLRP3 inflammasome 
 

 
[147] 

 
Cathepsin G 

 

 
Cleavage and ac�va�on of GSDMD 
 

 
[149] 

 
Cathepsin X 

 

 
Secre�on of IL-1β and IL-18 

 
[30, 64] 

 
Caspase-1 

 
Matura�on of IL-1β and IL-18 
 

 
[131] 

 
Mouse Caspase-11 

(Human Caspase-4/5) 
 

 
Non-canonical inflammasome ac�va�on  

 
[155] 

 
Mouse Caspase-1/11 

(Human Caspase-1/4/5) 
 

 
Cleavage and ac�va�on of GSDMD 
 

 
[97, 98] 

 
Caspase-8 

 
AIM2, NLRP3, and NAIP–NLRC4 
inflammasomes ac�vated apoptosis.  
 

 
[144-146] 
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1.4.6 Cathepsin X and dendri�c cell func�on: 

Cathepsin X is highly expressed by an�gen-presen�ng cells such as DCs. We hypothesise that, 

like other cathepsins, cathepsin X may be necessary for dendri�c cell func�on. The ac�vity of 

cathepsin X is required to ac�vate plasmacytoid dendri�c cells through proteoly�c cleavage 

of integrin receptors [3]. However, cathepsin X is a lysosomal protease, and the carboxy 

cytosolic tail of the integrin receptor is not accessible by a lysosomal protease.  Even though 

cathepsin X may escape from the lysosome into the cytosol, there is insufficient evidence 

about the existence of ac�ve cathepsin X in the cytosol as it needs a slightly acidic 

environment to become ac�ve. Therefore, how cathepsin X may cleave a cytosolic substrate 

needs further valida�on. The same report also indicated that inhibi�ng cathepsin X 

significantly impaired the ability of human plasmacytoid dendri�c cells to secrete 

inflammatory cytokines, including TNFα, IL-10, and IL-12 [3]. These altered immunological 

phenotypes are most likely directly related to the impaired matura�on of dendri�c cells rather 

than the deficiency of cathepsin X.  

Another group showed IL-1β and IL-18 secre�on was impaired in bone marrow-derived 

dendri�c cells from cathepsin X-deficient mice, as discussed above in the neuroinflamma�on 

model [30]. The IL-1β-dependant Th17 cell response was also atenuated. The precise roles of 

cathepsin X in these pathways have been further elucidated more recently. The regulatory 

func�on of cathepsin X in IL-1β depends on the RGD mo�f of secreted pro-cathepsin X through 

the α5 integrin signalling pathway [64].  

Cathepsin X was shown to be expendable for Myelin oligodendrocyte glycoprotein (MOG)- 

related an�gen presenta�on [30]. As discussed above, cathepsin X has broad substrate 

specificity and func�ons as a mono-carboxypep�dase. While not required for MOG 

degrada�on, cathepsin X may contribute to other aspects of an�gen presenta�on, though this 

remains to be elucidated.  
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Table 1.9 Summary of proteases with known func�on in immunity. 

Protease Immune func�on Reference 

 
General lysosomal 

proteases 
 

 
General an�gen processing 
 

[9] 

 
Legumain 

 

 
Processing of tetanus toxin for MHC-II presenta�on 

[156] 

 
Legumain and 

cathepsins 
 

 
TLR9 processing and func�on in DCs 
 
TLR3 and TLR7 processing and func�on in macrophages  
 

 
[116, 117] 

 
[117] 

 
Cathepsin S 

 

 
Matura�on of the Invariant chain in B cells 
 

 
[69] 

 
Cathepsin L 

 
Matura�on of the Invariant chain in cor�cal thymic 
endothelial cells 
 
Toll-like receptor-related dendri�c cell ac�va�on 
 

 
[123] 

 
 

[68] 
 

 
Cathepsin B 

 
Regula�on of TNFα containing vesicles  
 
Ac�va�on of NLRP3  
 

 
[70] 

 
[147] 

 
Cathepsin G 

 
Cleavage of GSDMD and promo�on of inflammasome 
ac�va�on 
 

 
[149] 

 
Cathepsin X 

 
DC matura�on through integrin cleavage  
 
Endocytosis through profilin cleavage  
 
Regula�on of IL-1β secre�on through RGD mo�f 
 

 
[119] 

 
[53] 

 
[30, 64] 
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Caspase-1 

 
Conver�ng Pro-IL-1β into mature IL-1β 
 
Conver�ng Pro-IL-18 into mature IL-18 
 
Ac�vates IL-33 
 
Process IL-37 and facilitate nuclear transloca�on.  
 

 
[129] 

 
[130] 

 
[137] 

 
[139, 141] 

 
 

Mouse Caspase-
1/11 

(Human Caspase-
1/4/5) 

 

 
Cleavage and ac�va�on of GSDMD 
 

 
[97, 98] 

 
Caspase-3 and 

Caspase-7 
 

 
Deac�vate IL-33 

 
[138] 

 
Caspase-4 

 

 
Ac�vates IL-37 
 

 
[140] 

 
Mouse Caspase-11 
(Human Caspase-

4/5) 
 

 
Non-canonical inflammasome ac�va�on  

 
[155] 

 
Neutrophil elastase 

and cathepsin G 
 

 
Genera�ng bio-ac�ve IL-1β 
 
 

 
[133, 134] 

 
Elastase,  

granzyme B,   
mast cell chymase 

 

 
Ac�vate IL-1α 

 
[136] 
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1.5 Hypotheses and aims of the thesis. 

Due to the high involvement of general proteases and lysosomal cathepsins in immune 

func�on, we believe that cathepsin X may have a role in DC immunity. We hypothesise that 

cathepsin X ac�vity is cri�cal to DC immunity. Therefore, the loss of cathepsin X ac�vity may 

result in an impaired DC immune response and may also result in a changed lysosomal 

proteoly�c environment that causes biological consequences.  

 

To address this hypothesis, this thesis aims to achieve the following: 

1. To characterise the regula�on of cathepsin X ac�vity, total level, and other related 

lysosomal proteases during dendri�c cell matura�on.  

2. To inves�gate the impact of cathepsin X deficiency on dendri�c cell immune func�ons, 

including cell matura�on, an�gen uptake, an�gen presenta�on, and cytokine 

regula�on.  

3. To inves�gate the impact of cathepsin X deficiency on the lysosomal proteoly�c 

network and to analyse the consequences of altered lysosomal proteoly�c 

environment.  

 

In Chapter 3, I characterised the ac�ve and total levels of both the intracellular lysosomal 

cathepsin X and secreted cathepsin X from dendri�c cells during TLR-mediated cell matura�on. 

In addi�on, the ac�ve and total levels of other related lysosomal proteases and intrinsic 

inhibitors were also inves�gated during DC matura�on. We eventually proposed a mechanis�c 

explana�on of cathepsin X regula�on during DC matura�on.  

 

In Chapter 4, I generated a cathepsin X deficient DC cell line using CRISPR-Cas9 to inves�gate 

the impact of cathepsin X on DC immunity. I subsequently analysed the ability of DCs to 

endocytose, present an�gens, and secrete cytokines. I also conducted shotgun proteomics to 

broadly inves�gate the impact of cathepsin X deficiency on DC immune func�on.  
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In Chapter 5, I inves�gated the impact of cathepsin X deficiency on the lysosomal proteoly�c 

network and its biological consequences.  

Overall, I characterised the regula�on of cathepsin X during TLR-mediated DC matura�on and 

inves�gated the role of cathepsin X in DC immune func�on and the lysosomal proteoly�c 

environment. The findings of my work will help to understand the rela�onship between 

lysosomal proteases and immunity with an ul�mate goal of understanding the role of 

cathepsin X during disease progression.  
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Chapter 2. Materials and methods: 

2.1 Cell culture 

Cell lines and the medium used are described in Table 2.1.  When passaging, DC1940 cells 

were li�ed from the flask using Ethylenediaminetetraace�c acid-balanced salt solu�on (EDTA-

BSS) (150 mM sodium chloride, 4 mM potassium chloride, 24 μM disodium hydrogen 

orthophosphate, 12 μM sodium dihydrogen orthophosphate, 15 mM HEPES, and 5 mM EDTA 

(The Peter Doherty Ins�tute for Infec�on and Immunity media prepara�on unit (MPU)) 

supplemented with 2%(v/v) FBS). Raw cells were li�ed from the flasks using a rubber 

policeman. All other cell lines were li�ed using trypsin (0.125% for HSC-3 and HEK 293T, 0.25% 

for SCC-9 cells.) Cells were maintained in humidified incubators at 37 °C and 5% CO2. 

 

2.2 Mice 

All experiments involving animals were conducted under the guidelines for using laboratory 

animals in research and approved protocols. All experiments were approved by the University 

of Melbourne Animal Ethics Commitee. C57BL/6 mice were obtained from the Melbourne 

Bioresources Pla�orm at Bio21 Molecular Science and Biotechnology Ins�tute.  

 

2.3 Harves�ng primary splenic dendri�c cells. 

Splenic dendri�c cells were harvested as described by Vremec [157]. Briefly, spleens were 

digested with 1 mg/mL DNase I (Boehringer Mannheim) and 7 mg/mL Collagenase Type III 

(Worthington) for 20 minutes at room temperature in KDS-RPMI-FBS (potassium dodecyl 

sulphate Roswell Park Memorial Ins�tute; RPMI 1640 containing 33.6 mM HEPES, 1 mM 

sodium pyruvate, 24 mM NaHCO3, 2% (v/v) FBS). Cell clumps were separated with 100 mM 

EDTA treatment for 5 minutes at room temperature. DCs were purified from blood cells with 

density gradient centrifuga�on in 1.977 g/cm3 Nycodenz (Nycomed Pharma). DC popula�ons 

were selected using a nega�ve selec�on method by an�-rat-IgG-coupled magne�c beads 

(BioRad) and surface molecule an�bodies (Table 2.2). DC purity was measured by flow 

cytometry for CD11c+ surface marker expression. Briefly, cells were stained with CD11c 

an�body (PE561, 1:400, Table 2.9) in the dark on ice for 20 minutes. Cells were washed with 
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EDTA-BSS twice to remove excessive an�bodies, followed by Propidium Iodide (PI) staining 

(0.5 µg/mL) to dis�nguish live/dead cells. Sample acquisi�on was carried out on LSR Fortessa 

(BD Bioscience). Cell popula�ons were iden�fied based on their forward and side scater, with 

cell viability determined by nega�ve staining with PI. DC purity was determined by posi�ve 

staining with CD11c an�body PE561 against all live cells. The cDC purity was above 90%. 

Primary cells were cultured at 37 °C and 10% CO2 in RPMI 1640 supplied with 33.6 mM HEPES, 

24 mM sodium bicarbonate (NaHCO3), 60 µg/mL penicillin, 100 µg/mL streptomycin and 100 

μM β-mercaptoethanol. 

 

2.4 Harves�ng T lymphocytes 

Total lymph node lymphocytes were isolated by forcing mashed �ssues through a 40 μm cell 

strainer (BD) with KDS-RPMI-FBS. For CD4+ and CD8+ cell enrichment, unwanted cells were 

nega�vely depleted by surface molecule cocktails (Table 2.2) and incuba�on with an�-rat-IgG-

coupled magne�c beads (BioRad). Purity was assessed by flow cytometry as men�oned above 

(CD4, TCRVα2 for CD4+ T cells, CD8, TCRVα2 for CD8+ T cells, Table 2.9). 
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Table 2.1 Descrip�on of cells. 

Cell line Cell type Media Supplements Origin 

Mutu 
DC1940 

 
 

Mouse 
dendri�c 

cells 

Iscove’s Modified 
Dulbecco’s 
Medium 

(IMDM)(Gibco) 

10% (v/v) FBS. 
60 μg/mL penicillin 

100 μg/mL streptomycin 
100 μM β-mercaptoethanol 

 

[81] 
 

Mutu 
DC1940 

Cas9 

Mouse 
dendri�c 

cells 

Iscove’s Modified 
Dulbecco’s 
Medium 

(IMDM)(Gibco) 

10% (v/v) FBS. 
60 μg/mL penicillin 

100 μg/mL streptomycin 
100 μM β-mercaptoethanol 

 

[158] 

Splenic 
CD11c+ 

Dendri�c 
cells 

 

Mouse 
primary 
dendri�c 

cells 

RPMI 1640 
(ThermoFisher) 

33.6 mM HEPES 
24 mM sodium bicarbonate 

(NaHCO3) 

60 µg/mL penicillin 
100 µg/mL streptomycin 

100 μM β-mercaptoethanol 
 

Harvested as 
described 

below. 

RAW 264.7 
 

Mouse 
macrophage 

Dulbecco’s 
Modified 

Eagle Medium 
(DMEM)(Gibco) 

 

10% (v/v) FBS. 
1% (v/v) an�bio�c-an�myco�c 

[159] 
 

HSC-3 Human oral 
squamous 

cell 
carcinoma 

DMEM(Gibco) 10% (v/v) FBS. 
1% (v/v) an�bio�c-an�myco�c 

Derived from 
metasta�c 

lymph nodes in 
the tongue 

[160] 
 

HEK 293T 
 

Human 
embryonic 
kidney cells 

 

DMEM(Gibco) 10% (v/v) FBS. 
1% (v/v) an�bio�c-an�myco�c 

[161] 
 

 

 

 

 

 



Page | 66  
 

Table 2.2 An�body deple�on cocktails. 

Cell type An�gen Host Clone Dilu�on Supplier 

CD11c+ DCs An�-mouse CD3 
 

Rat KT3-1.1 1:100  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

WEHI 
an�body 
factory 
facility 

An�-mouse CD90 
 

Rat T24/31.7 1:50 

An�-mouse 
erythroid lineage 

 

Rat TER119 1:10 

An�-mouse Ly6G & 
Ly6C 

 

Rat RB68C5 1:50 

An�-mouse 
CD45R/B220 

 

Rat RA36B2 1:100 

OT-1 CD8+ T 
cells 

An�-mouse an�-CD4 
 

Rat GK1.5 1:10 

An�-mouse an�-
CD11b 

 

Rat M1/70 1:50 

An�-mouse 
erythroid lineage 

 

Rat TER/119 1:10 

An�-mouse 
CD45R/B220 

 

Rat RA3-6B2 1:100 

An�-mouse Ly6G 
 

Rat 1A8 1:10 

An�-mouse MHCII 
 

Rat M5/114 1:20 

OT-II CD4 T+ 
cells 

An�-mouse CD8 
 

Rat YTS169.4 1:25 

An�-mouse CD11b 
 

Rat M1/70 1:50 

An�-mouse 
erythroid lineage 

Rat 
 

TER/119 1:10 

An�-mouse 
CD45R/B220 

 

Rat RA3-6B2 1:100 

An�-mouse Ly6G 
 

Rat 1A8 1:10 

An�-mouse MHCII 
 

Rat M5/114 1:20 
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2.5 Dendri�c cell s�mula�on 

1 x 106 DC1940 cells were plated in 6-well plates overnight for cell atachment. DC s�mulants 

were added a�er cells were atached for 24 hours, as shown in the table below. Primary 

splenic DCs were harvested as described above. Primary cells were subsequently plated in 6-

well plates at a 1 x 106 cells/mL density, followed by s�mula�on with TLR agonists and 

cytokines, as described below (Table 2.3), for 24 hours. 

 

Table 2.3 Dendri�c cell s�mula�on. 

S�mulants Concentra�on Product Number Supplier 

CpG 

 

0.500 µM -  Bioneer 

LPS 

 

1.00 µg/mL 14011 Cell Signaling 

Poly I:C 

 

100 µg/mL INV-tlrl-pic Invivogen 

Pam3CSK4 

 

500 ng/mL tlrl-pms Invivogen 

FSL-1 

 

0.500 µg/mL tlrl-fsl Invivogen 

R848 

 

2.00 µg/mL tlrl-r848 Invivogen 

IL-4 

 

20.0 ng/mL 214-14-20 Peprotech 

IL-6 

 

20.0 ng/mL 406-ML-005 R&D Systems 

IL-10 

 

20.0 ng/mL RMIL105 Invitrogen 

IFNγ 

 

50.0 ng/mL 315-05-100 Peprotech 
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2.6 Ac�vity-based probes: 

Live cell labelling: Referring to Table 2.4, probes were dissolved in DMSO, diluted from a 1 mM 

DMSO stock, and added to the cell culture 4 hours before harves�ng (final concentra�on 1 

μM, 0.1% DMSO). Cells were collected and centrifuged, and the supernatant was removed, 

followed by washing with PBS to eliminate excess probe and serum. PBS was removed by 

centrifuga�on and pipe�ng. Cells were lysed with PBS containing 0.1% Triton X-100. Cell 

lysates were cleared of debris by centrifuga�on at max speed for 7 minutes, and supernatants 

were transferred to a new tube. BCA assay (Thermo Fisher) was then used to determine the 

total protein concentra�on using Fluorostar® (GE). Sample buffer (10% glycerol, 40 mM Tris-

Cl, pH 6.8, 2% SDS, 0.01% bromophenol blue, 1.25% beta-mercaptoethanol) was added to 

each sample, followed by a 5-minute boiling at 95 °C. Equal protein amounts (in general 80 

µg) were resolved on homemade 15% SDS-PAGE gels. The gels were scanned for Cy5 

fluorescence using a Typhoon flatbed laser scanner (GE Healthcare). 

Lysate labelling: Cells were collected and pelleted by centrifuga�on. Media was removed, and 

cells were washed with PBS. PBS was removed by pipe�ng a�er centrifuga�on. For measuring 

proteases that require an acidic pH for ac�vity, cells were lysed using citrate buffer (50 mM 

citrate, pH 5.5, 0.5% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonic acid 

(CHAPS), 0.1% Triton X-100, 4 mM dithiothreitol (DTT)). Alterna�vely, cells were lysed with 

PBS containing 0.1% Triton X-100 for neutral pH proteases. Cell lysates were then cleared of 

debris by centrifuga�on, and supernatants were transferred to a new tube. BCA assay was 

used to determine the total protein concentra�on using Fluorostar® (GE). A total of ~80 μg 

protein was aliquoted into 20 µl lysis buffer, and ABPs were added from a 1:100 dilu�on of a 

100 µM DMSO stock (final concentra�on 1 μM, 1% DMSO). Samples were incubated at 37 °C 

for 20 minutes. Sample buffer (10% glycerol, 40 mM Tris-Cl, pH 6.8, 2% SDS, 0.01% 

bromophenol blue, 1.25% beta-mercaptoethanol) was added to each sample, followed by a 

5-minute boiling at 95 °C. Proteins were resolved on homemade 15% SDS-PAGE gels. The gels 

were scanned for Cy5 fluorescence using a Typhoon flatbed laser scanner (GE Healthcare). 
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Table 2.4 Ac�vity-based probes. 

Ac�vity-based probes Targets Reference 

sCy5-Nle-SY Cathepsin X/S [162] 

 

BMV109 Pan cathepsin probe [163] 

 

FY01 Cathepsin C [164] 

 

LE28 Legumain [165] 

 

PK105b Neutrophil elastase [166] 

 

PK-DPP Trypsin-like serine protease [167] 

 

FP-Bio�n Pan serine protease probe [168] 
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2.7 Small molecule protease inhibitors 

Small molecule protease inhibitors were diluted from 1000x DMSO stock and administered 

directly into cell culture (0.1% final DMSO) with an incuba�on �me of 24 hours. The 

concentra�on and target of each protease inhibitor are summarised in the table below (Table 

2.5). 

 

Table 2.5 Small molecule protease inhibitors. 

Inhibitors Target Concentra�on Reference 

MDV-590 

 

Cathepsin S 50 µM [169] 

Bio�n-Hex-Nle-SY 

 

Cathepsin X/S 50 µM Modified from 

sCy5-Nle-SY 

[162] 

 

SD134 

 

Legumain 100 µM [170] 

 

 

 

 

 

 

 

 

 

 

 



Page | 71  
 

2.8 Inhibi�on of NF-κB ac�va�on 

NF-κB Ac�va�on Inhibitor, 6-Amino-4-(4-phenoxyphenylethylamino) quinazoline 

(Calbiochem®, 481406) was recons�tuted in DMSO with an ini�al concentra�on of 50 mM.  

NF-κB Ac�va�on Inhibitor was diluted from 1000x DMSO stock and administered directly 

into cell culture (0.1% final DMSO) 4 hours before the administra�on of CpG. The final 

concentra�on used was indicated in the relevant sec�on.   

 

2.9 Analysis of condi�oned media 

For condi�oned media (CM) analysis, cells were washed with serum-free media when 

passaging to remove all serum. Cells were then plated at 1x106 cells/well in 6-well plates for 

24 hours. CM was collected a�er incuba�on and spun at 300 xg for five minutes to remove 

cell debris. The media was then concentrated using Amicon® Ultra 0.5 mL 3kDa Centrifugal 

Filters by centrifuga�on at 14,000 xg for 20 minutes at 4°C. Concentrated media was 

centrifuged from filters into a new collec�on tube at 1,000 xg for 2 minutes at 4°C. BCA assay 

was used to determine the total protein concentra�on using Fluorostar® (GE). A total of ~80 

μg protein was aliquoted into 20 µl lysis buffer, and ABPs were added from a 1:100 dilu�on of 

a 100 µM DMSO stock (final concentra�on 1 μM, 1% DMSO). Samples were incubated at 37 °C 

for 20 minutes. Sample buffer (10% glycerol, 40 mM Tris-Cl, pH 6.8, 2% SDS, 0.01% 

bromophenol blue, 1.25% beta-mercaptoethanol) was added to each sample, followed by a 

5-minute boiling at 95 °C. Proteins were resolved on homemade 15% SDS-PAGE gels. The gels 

were scanned for Cy5 fluorescence using a Typhoon flatbed laser scanner (GE Healthcare). 
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2.10 Immunoblo�ng 

Proteins on gels were transferred onto nitrocellulose membranes using a Trans-Blot Turbo 

Transfer System (BioRad) in transfer buffer (1x Trans-Blot® Turbo™ Transfer Buffer (BioRad) 

containing 20% ethanol). Membranes were incubated in primary an�bodies overnight in a 

cold room (4 °C) (Table 2.6). The membranes were washed with PBS containing 0.05% Tween-

20 (PBST) three �mes. Membranes were then incubated in the secondary an�body on an 

orbital shaker for one hour at room temperature (Table 2.6) and then washed three �mes 

using PBST and once with PBS. IR800 immunoblots were scanned using Typhoon. HRP labelling 

was visualised on a ChemiDoc® MP imager (BioRad) using Amersham ECL Western blo�ng 

reagents (GE). 

 

2.11 Immunoprecipita�on 

Lysates were previously labelled with probes, boiled, and solubilised with sample buffer (SB). 

The lysates were divided into input and pulldown samples, each containing an equal amount 

of total protein (generally 40 µg). 500 μL immunoprecipita�on (IP) buffer (PBS, pH7.4, 0.5% 

NP-40, 1 mM EDTA) was added to the pulldown sample. Protein A/G agarose beads (Santa 

Cruz Biotechnology; 40 μL slurry) were washed using IP buffer and then added to the pulldown 

sample along with an�body (Table 2.6, 1:100) on ice. The mixture was rotated overnight at 

4 °C. The beads were washed using IP buffer four �mes and a final wash with 0.9% NaCl. The 

remaining NaCl was removed using an insulin syringe, and 20 µl 2X sample buffer was added. 

The beads were boiled before running on the gel to elute immunoprecipitated proteins. 

Samples were resolved on homemade 15% SDS-PAGE gels. The gels were scanned for Cy5 

fluorescence using a Typhoon flatbed laser scanner (GE Healthcare). 

 

 

 

 

 

 



Page | 73  
 

Table 2.6 Western blo�ng and immunoprecipita�on an�bodies. 

An�gen Host Concentra�on Product Number Supplier 

Cathepsin X 
 

Goat 1:1,000 
1:100 for IP 

 

AF1033 R&D Systems 

Cathepsin S 
 

Goat 1:500 AF1183 R&D Systems 

Cathepsin B 
 

Goat 1:1,000 AF965 R&D Systems 

Cathepsin L 
 

Goat 1:1,000 AF1515 R&D Systems 

Cathepsin H 
 

Goat 1:1,000 AF1013 R&D Systems 

Legumain 
 

Goat 1:1,000 AF2058 R&D Systems 

Caspase-1 
 

Rabbit 1:1,000 A0964-100 Gene Search 

Stefin A 
 

Rabbit 1:1,000 AB61223 Abcam 

Stefin B 
 

Rabbit 1:1,000 AB92449 Abcam 

Cysta�n C 
 

Goat 1:1,000 AF1238 R&D Systems 

Cysta�n E/M 
 

Rat 1:1,000 MAB1284 R&D Systems 

β Ac�n 
 

Rabbit 1:10,000 MA5-15739 Life 
Technologies 

 
Tubulin 

 
Rabbit 1:10,000 A5060 Sigma 

Aldrich 
Lamin A 

(C-terminal) 
 

Rabbit 1:10,000 L1293 Sigma 
Aldrich 

Lamin B1 
 

Rabbit 1:10,000 33-2000 Invitrogen 

An�-Goat 800 
 

Donkey 1:10,000 92632214 Licor 

An�-goat HRP 
 

Donkey 1:10,000 A15999 Invitrogen 

An�-rabbit 800 
 

Donkey 1:10,000 92632213 Licor 
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2.12 Immunofluorescence 

Immunofluorescence for lysosomal cathepsin X: 

1 cm round coverslips were coated with 10 μg/mL an�-MHC class II N22 an�body (WEHI 

an�body factory facility) and incubated for 2 hours at 37°C in a humid incubator. The coverslips 

were washed twice with PBS containing 2% FBS and once with the DC culture media. 

1 x 105 cells were placed on the coverslip in 20 μL culture media and incubated for 10 minutes 

at room temperature, followed by 20 minutes at 37°C. 1 mL culture media with or without 0.5 

µM CpG was added to each well, and cells were incubated for 24 hours at 37 °C. The coverslips 

were washed twice with PBS, fixed and permeabilised with ice-cold methanol, and placed at 

-20°C for 5 minutes. The coverslips were washed with PBS 3 �mes and blocked with PBS 

containing 10% Normal Horse Serum (NHS) for 30 minutes at room temperature. 

An�-cathepsin X an�body was diluted in blocking buffer (1:200) and applied to coverslips at 

4 °C overnight. The primary an�body was washed away with PBS, and the secondary an�body 

(an�-goat 568; 1:1,000 in blocking buffer, ThermoFisher) was applied to coverslips for 1 hour 

at room temperature in the dark. The secondary an�body was then washed away using PBS. 

DAPI (1 μg/mL) was added to the coverslip for 5 minutes at room temperature and then 

washed with PBS. 

Coverslips were mounted on glass slides with the Prolong Diamond moun�ng solu�on 

(ThermoFisher). The coverslips were le� on the slides in the dark at room temperature for 24 

hours and then stored at 4 °C. Samples were imaged using the Leica SP8 Confocal Microscope 

(Leica) with a 63x/1.40 oil objec�ve. 
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Immunofluorescence for nuclear cathepsin L/X: 

Ibidi slide chambers (Ibidi 80826) were washed with 250 μL PBS twice and 250 μL IMDM media 

once. 25,000 cells were added to each chamber with 250 μL media and were incubated 

overnight. The atached cells were washed with 150 μL PBS twice and were fixed with 150 μL 

4% PFA in PBS at room temperature for 10 minutes. The cells were then permeablised with 

150 μL 0.1% Triton X-100 at room temperature for 3 minutes. The cells were subsequently 

washed with PBS, followed by blocking with blocking buffer (10% NHS in PBS) at room 

temperature for 30 minutes. 150 μL primary an�body diluted in blocking buffer (1:200) was 

added to each chamber, followed by incuba�on at 4 °C overnight. The cells were washed with 

150 μL 0.1 Triton X-100 in PBS twice. The secondary an�body was diluted in the blocking buffer 

(1:1,000) and added to each chamber, followed by an incuba�on at room temperature for 1 

hour. The cells were washed with 150 μL 0.1 Triton X-100 in PBS twice. The nuclei were stained 

with DAPI in PBS (1:1,000) at room temperature for 5 minutes. A�er washing with PBS 3 �mes, 

the cells were stored in the moun�ng buffer (90% Glycerol in PBS) and imaged using the Leica 

SP8 Confocal Microscope (Leica) with a 63x/1.40 oil objec�ve. 

The nuclear cathepsin L was quan�fied using ImageJ. Briefly, the area of nuclear (region of 

interest) was selected using the “Analyse Par�cles” func�on. The staining of nuclear cathepsin 

L was subsequently measured within the region of interest.   
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Table 2.7 Immunofluorescence an�bodies. 

An�gen Host Dilu�on Product Number Supplier 

Cathepsin X 

 

Goat 1:200 AF1033 R&D Systems 

Cathepsin L 

 

Goat 1:200 AF1515 R&D Systems 

An�-goat 568 

 

Donkey 1:1,000 A-11057 ThermoFisher 
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2.13 CRISPR-Cas9 Knockout 

Cathepsin X knockdown cell lines were generated using the CRISPR/Cas9 system. The 

FgH1tUTGCFP backbone vector (provided by Marco Herald, WEHI) was first linearised by 

mixing the backbone vector with 10X buffer 3.1 (NEB) and BsmB1. 100 μM of guide RNA was 

annealed by combining 3 M NaCl, 1 M MgCl2, 1 M Tris-HCl (pH7.5), and 1 M TE buffer. The 

mixture was incubated at 96 °C for 5 minutes and at 80 °C for one hour. Annealed 

oligonucleo�des were then phosphorylated at the 5’ end by incuba�ng with 10X T4 DNA ligase 

buffer (Promega, containing 1 mM ATP) and 0.5 U/μL T4 polynucleo�de kinase (Promega) at 

20 minutes at 37 °C and then 10 minutes at 70 °C. The phosphorylated oligonucleo�des were 

ligated with FgH1tUTGCFP vector with 10X T4 ligase buffer (Promega) and T4 ligase (Promega) 

overnight at room temperature.  

Stbl3 competent E. coli cells were transformed with the vector by heat shock. Briefly, E. coli 

cells were mixed with the vector for 30 minutes on ice, followed by a 45-second heat shock 

(42 °C). E. coli cells were incubated in SOC media (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 

8.56 mM sodium chloride, 10 mM magnesium chloride, 10 mM magnesium sulphate, 2.5 mM 

potassium chloride and 20 mM glucose (ThermoFisher)) for one hour at 37 °C with constant 

shaking. The E. coli was spread on separate LB/100Amp Agar plates and incubated overnight 

at 37 °C. The plasmid was extracted using a PureYield Plasmid Miniprep Kit (Promega) and was 

sequenced at the Australian Genome Research Facility (AGRF, PeterMac). The colony with 

successful insert was grown in LB (1% (w/v) Peptone 140, 0.5% (w/v) yeast extract and 0.5% 

(w/v) sodium chloride (ThermoFisher)) to amplify the plasmid DNA. DNA was extracted using 

a PureYield Plasmid Miniprep (Promega) for further transfec�on. 

HEK293T cells were used for plasmid transfec�on and packing len�virus. HEK293T cells were 

cultured in DMEM (Gibco) media at 37 °C and 10% CO2 un�l 70% confluent. Len�virus was 

formed by mixing 10 μg/mL plasmid DNA, 1 mg/mL PEI, 5 μg pDML, 2.5 μg RSV-REV, 3 μg VSV 

and 10 μg sgRNA vector with HEK293T cells overnight (37 °C, 5% CO2). The media was 

exchanged to IMDM DC media the next day, and HEK293T cells were permited to produce 

the virus in fresh media overnight (37 °C, 5% CO2). The supernatant containing the virus was 

filtered with a 0.45 μm filter and collected before adding it to target cells (DC1940/Cas 9 cells). 

The target cells and the viral supernatant were added with 8 μg/mL polybrene (Sigma-Aldrich) 

and centrifuged at 2200 rpm for 2 hours at 32 °C. Cells were grown in DC1940 media, and the 
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transduc�on efficiency was checked by ga�ng for Cyan Fluorescent Protein (CFP)-posi�ve cells 

on an L.S.R. Fortessa flow cytometer (BD Bioscience). CFP-posi�ve cells were sorted at 

Murdoch Children’s Research Ins�tute (MCRI) using BD Influx to obtain a pure popula�on. The 

knockout was induced by adding 1 μg/mL doxycycline (Sigma-Aldrich). In addi�on to bulk-

sorted cells, some CFP-posi�ve cells were sorted to make single-cell clones. 

hBIM cells were adopted as the wild-type nega�ve control and produced with the 

abovemen�oned technique. The hBIM cells were transduced with guide RNA targe�ng the 

human BCL2-like gene, which is not found in the mouse genome. Therefore, hBIM cells should 

not have genome edi�ng but have undergone the same procedure as the cathepsin X 

knockout cells.  
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Table 2.8 CRISPR-Cas9 oligos. 

Name Target gene Sequence Target Exon 

Guide RNA Cathepsin X 
(Ctsz) 

 

TTGCTACCATCCCATTCGCG Exon 1 

Guide RNA Human Bcl-2-like 
protein-11 

(hBIM) 
 

GCCCAAGAGTTGCGGCGTAT Exon 3 

Primers for 
sequencing 

Cathepsin X 
(Ctsz) 

 

Forward: 
GTCAAGAGGTCGAAGGTGCT 

 
Reverse:  

CCAGCAGAACCCAGGACTA 
 

Exon 1 
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2.14 Cathepsin X rescue 

Three constructs of murine cathepsin X cDNA cloned into the puc57 vector were purchased 

from Bioma�k. The three constructs include the WT cathepsin X, inac�ve cathepsin X, whose 

ac�ve cysteine was switched to a serine (C94S), and cathepsin X, whose RGD mo�f was 

mutated into an HGD mo�f (R40H). Without changing the amino acid sequence, the EcoRI 

restric�on site was mutated within all three constructs from GAATTC to GAGTTC; the PAM 

sequence following the guide RNA target site was mutated from GGG to GTG. Subsequently, 

the three cathepsin X variants were amplified by PCR with primers genera�ng Gibson 

Assembly overhangs:  

5' overhang = 5'CCTTCTCTAGGCGCCGGCCGGATCC 

3' overhang = 5'GTCGACCCTGTGGAATGTGTGTCAG 

According to the manufacturer’s protocol, the purified PCR products were cloned into the 

retroviral pBABE-puro vector with the Gibson Assembly kit (NEB). Sanger sequencing was 

subsequently conducted to ensure the correct inser�on of cDNA. According to the 

manufacturer's protocol, pBABE vectors were transfected into HEK293T cells along with pGag-

pol and pVSV-G vectors with Lipofectamine 3000 (Thermofisher). A�er 24 hours, the 

supernatant was replaced with fresh DC media. The cells were incubated further overnight to 

produce the virus. The resul�ng supernatant was then used to infect DC1940 cells by adding 

8 μg/mL polybrene for 24 hours. A nega�ve control in which no virus was added was 

implemented. The transduc�on mixture was replaced with fresh media the next day. The 

infected cells were then selected with 1 μg/mL puromycin un�l all the nega�ve control cells 

died.  

 

 

 

 

 



Page | 81  
 

2.15 Cytokine quan�fica�on: 

1 x 106 DC1940 cells were plated in a 6-well plate and cultured overnight for ataching. Cells 

were then treated with CpG for the indicated �me. Condi�oned media was then collected and 

briefly centrifuged to remove cell debris. The condi�oned media was subsequently analysed 

with Proteome Profiler Mouse XL Cytokine Array (R&D Systems, ARY028) or BD™ Cytometric 

Bead Array (CBA). Mouse Inflamma�on Kit (BD cat 552364) and Mouse IL-1β Flex Set (BD cat 

560232) were used according to the manufacturer’s manual.  

 

2.16 An�gen uptake assay: 

1 cm round coverslips were coated with 10 μg/mL an�-MHC class II N22 an�body (WEHI 

an�body factory facility) and incubated for 2 hours at 37°C in a humid incubator. The coverslips 

were washed twice with PBS containing 2% FBS and once with the DC culture media. 1 x 105 

cells were placed on the coverslip in 20 μL culture media and incubated for 10 minutes at 

room temperature, followed by 20 minutes at 37°C. 1 mL culture media with or without Lucifer 

yellow (Invitrogen, 1 mg/mL) was added to each well. Cells were incubated at 37°C 5% CO2 for 

15 minutes or one hour. Control cells were placed on ice for the indicated �me. Cells were 

then fixed with ice-cold methanol for 10 minutes and analysed using an SP8 microscope.  

DC1940 cells were resuspended at 1 million cells/mL in IMDM media. 200uL of cell suspension 

was added into each well in a 96-well plate. To make Cy5-OVA, 5 mg of OVA (A5503, Sigma) 

was dissolved into 500 μL PBS, followed by 45.3 μL of 2 mg/mL Cy5-NHS (Lumiprobe). The 

mixture was stored at 4°C overnight. An empty 1.5 mL 7k Zeba column (Thermo Scien�fic) was 

centrifuged at 1,500 g for 1 minute and flow-through discarded. The column was washed twice 

with 300 μL PBS each �me, followed by centrifuga�on at 1,500 g for 1 minute. The OVA-Cy5-

NHS mixture was added to the column and centrifuged at 1,500 g for 2 minutes. The 

concentra�on of the OVA-Cy5 was determined by the following formula:  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑀𝑀) =
𝐴𝐴280 − (𝐴𝐴𝐴𝐴𝐴𝐴𝑥𝑥𝑑𝑑𝑑𝑑𝑑𝑑  × 0.13)

31775
 

Cy5-OVA (300 μg/mL) was added into cell media and incubated with target cells for 4 minutes 

on ice or at 37°C 5% CO2. Cells were washed using EDTA-BSS (2%FCS) before flow cytometry 

analysis on L.S.R. Fortessa (BD Bioscience). 
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2.17 An�gen presenta�on assay: 

As described above, CD8+ or CD4+ T cells were harvested from OT-I or OT-II mouse lymph [171, 

172]. T cells were then labelled with Cell Tracer Violet (CTV, 1.67 μM; Sigma-Aldrich) to 

quan�fy prolifera�on. Target DCs were pulsed with OVA (1 mg/ml) and 0.5 μM CpG for 45 

minutes at 37°C. T cells and pulsed DCs were co-cultured for three days before analysing. Cells 

were stained with an�bodies for CD4/8 and TCRVα2. 25,000 coun�ng beads were added to 

each well and analysed using flow cytometry. CD4+, TCRVα2+, and alive cells (PI-) were gated, 

and a histogram of the CTV signal was created, separa�ng the proliferated T cells (differently 

strong CTV-stained cells in the histogram) from the non-proliferated cells. The number of 

proliferated cells was determined using the following formula: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑩𝑩𝑩𝑩)
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (𝑮𝑮𝑮𝑮) )

 ×  𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑷𝑷𝑷𝑷) 

 

2.18 Flow cytometry: 

DC1940 cell surface molecules were stained with fluorescent an�bodies, as listed in the table 

below (Table 2.9). Briefly, around 200,000 cells were seeded in 96-well plates. The cells were 

stained with specific an�bodies diluted in BSS-EDTA 2% FBS) in the dark at 4 °C for 20 minutes. 

Cells were centrifuged at 1,700 rpm for 2 minutes to remove the staining buffer. Cells were 

washed with BSS-EDTA 2% FBS followed by centrifuga�on at 1,700 rpm for 2 minutes twice. 

Propidium Iodide (PI) (0.5 µg/mL) was diluted in BSS-EDTA 2% FBS and resuspended the cell 

pellet to differen�ate live/dead cells. CBA cytometric beads were examined by flow cytometry 

according to the manufacturer’s protocol. Sample acquisi�on was conducted on L.S.R. 

Fortessa (BD Bioscience). Data analysis was performed using FlowJo V10.0.7 (TreeStar Inc.) or 

FCAP Array V3.0.1 (BD).  

Cell sor�ng was conducted using BD. Influx (Murdoch Children Research Ins�tute). 
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Table 2.9 An�bodies for flow-cytometry. 

An�gen Host Fluorophore Concentra�on Clone Catalogue Supplier 

CD11b Rat 

 

PE-Cy7 1:200 M1/70 101216 BioLegend 

CD11c Hamster 

 

PE561 1:400 N418 117308 BioLegend 

CD4 Rat 

 

FITC 1:200 GK1.5 100406 BioLegend 

CD8 Rat BV421 

 

FITC 

 

1:200 

 

1:200 

53-6.7 100738 

 

BioLegend 

 

WEHI 

an�body 

factory 

facility 

 

CD40 

 

Rat APC 1:200 FGK45.5 157505 BioLegend 

CD86 

 

Rat 

 

Rat 

 

PE 

 

APC 

1:200 

 

1:400 

GL-1 105007 

 

105011 

BioLegend 

 

BioLegend 

MHC-I 

 

Mouse APC 1:200 AF6-

88.5.5.3 

 

CABT-

L4417 

BioLegend 

MHC-II 

 

Rat AF700 1:200 M5/114 107621

  

BioLegend 

TCV Vα2 

 

Rat APC 1:400 B20.1  WEHI 

an�body 

factory 

facility 
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2.19 RNA isola�on, cDNA synthesis and quan�ta�ve real-�me PCR 

Cells were plated on 35 mm dishes. When confluent, cells were collected and lysed with 1 mL 

Trizol. 200 μL of chloroform was added. The samples were mixed by inver�ng the tubes and 

incubated at room temperature for 3 minutes. The samples were centrifuged at 12,000 g at 

4°C for 15 minutes. The resul�ng top clear phase contained RNA was collected, and the rest 

was discarded. 500 μL isopropanol was added to the collected clear phase, followed by a 10-

minute incuba�on at room temperature. The mixture was centrifuged at 12,000 g, 4°C for 15 

minutes. Supernatamt was removed. The RNA pellets were washed twice with 75% ethanol, 

followed by centrifuga�on at 12,000 g for 10 minutes to remove ethanol. The washed RNA 

pellets were dissolved with nanofiltered (NF) water.  

Before cDNA synthesis, we removed genomic DNA using DNase (Therscien�fic, EN0521). 

Briefly, 1 μg of RNA was mixed with 1 μL 10x reac�on buffer with MgCl2, 1 μL of DNase I, 

RNase-free (#EN0521), and NF water to a final volume of 10 μL. The mixture was incubated at 

37°C for 30 minutes. 1 μL of 50 mM EDTA was added to the mixture and incubated at 65°C for 

10 minutes.  

9 μL of the mixture was mixed with 1 μL of Random Primer from the cDNA synthesis kit 

(Promega, A5001). The mixture was heated at 70°C for 5 minutes in a PCR machine. The 

samples were chilled on ice for 5 minutes, followed by the addi�on of 5 μL GoScript 5X 

Reac�on Buffer, 1.5 μL MgCl2, 1 μL PCR Nucleo�de Mix, 0.5 μL Recombinant RNasin, 5 μL NF 

water, and 1 μL GoScript Reverse Transcriptase. The mixture was incubated at 25 °C for 5 

minutes, 42°C for 1 hour, and 70°C for 15 minutes for cDNA synthesis.  

For each qPCR reac�on, 5 μL GoTaq® qPCR Master Mix (Promega, A6001), 0.5 μL of both 

forward primer and reverse primer (Table 2.10), and 3 μL of NF water were added to 1 μL of 

cDNA sample. Gene expression was determined rela�ve to the housekeeping gene GAPDH 

using the QuantStudio™ 6 system (ThermoFisher).  
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Table 2.10 Primers for quan�tave PCR. 

Target Sequence 

Cathepsin X F: GGATTGTCCGAAATTCATGG 

R: ACTCTCGATGGCAAGGTTGT 

Cathepsin L F: AGAGTAGCACCAGTGGAAGT 

R: CCGTTGTGTAGCTGGATCATT 

 

GAPDH F: GGTGCTGAGTATGTCGTGGA 

R: CGGAGATGATGACCCTTTTG 
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2.20 Nuclear frac�ona�on  

Cells were seeded in 10 cm dishes. When confluent, cells were collected and lysed with 200 

μL buffer A (Table 2.11), followed by centrifuga�on at 4 °C, 3000 rpm for 10 minutes. The 

supernatant was collected and contained cytosolic frac�on. The remaining cell pellets 

contained nuclear frac�on and were dissolved with 50 μL buffer B (Table 2.11), followed by 

sonica�ng for 10 seconds 2 �mes at 40% amp (QSONICA Q500). The homogenate was le� on 

ice for 30 minutes, followed by centrifuga�on at max speed for 20 minutes at 4 °C. The 

supernatant contained the nuclear frac�on, and the debris was discarded. For cytosolic 

proteins, an equal protein amount (in general 80 µg) was resolved on homemade 15% SDS-

PAGE gels. The nuclear protein samples were loaded at the same volume as their 

corresponding cytosolic samples and, therefore, were 4 �mes more concentrated. The purity 

of the cytosolic frac�on and the nuclear frac�on was assessed with cytosolic marker tubulin 

an�body and nuclear marker Lamin A an�body (Table 2.6). 
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Table 2.11 Nuclear frac�ona�on buffer recipe. 

Buffer name Buffer A pH 7.9 Buffer B pH 7.9 

Components 10 mM HEPES 

1.5 mM MgCl2 

10 mM KCL 

0.5 mM DTT 

0.05 % NP40 

5 mM HEPES 

1.5 mM MgCl2 

0.2 mM EDTA 

0.5 mM DTT 

26% glycerol (v/v) 

300 mM NaCl 
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2.21 Shotgun proteomics 

DC1940 cells were plated in 6-well plates (triplicates) and treated with CpG as described above. 

Samples were prepared according to S-Trap™ mini spin column diges�on protocol, except as 

stated below. Briefly, cells were lysed with 46 μL 1x lysis buffer (5% SDS, 50 mM TEAB pH 8.5). 

Genomic DNA was digested by benzonase (100 units per 50 μg protein sample), followed by a 

10-minute room temperature incuba�on. Samples were reduced by adding 1 μL 120 mM 

tris(2-carboxyethyl) phosphine (TCEP) at room temperature for 10 minutes. Disulphide bonds 

were alkylated by adding 4 μL Chloroace�c acid (CAA, final concentra�on 40 mM), followed 

by a 15-minute incuba�on at 55°C with shaking. 1 μg trypsin (dissolved in 40 uL ace�c acid, 

50 mM Tetraethylammonium bromide (TEAB)) was used for each sample. Dried protein was 

stored at -80 °C un�l analysis. For analysis, 80 μL loading buffer (2% Acetonitrile (ACN), 0.1% 

Trifluoroace�c acid (TFA)) was added to the dried protein. The proteins were dissolved with 

vortexing and sonica�on for 15 minutes in a water bath sonicator. Samples were centrifuged 

at 21,000 xg for 10 minutes, and the supernatant’s protein concentra�on was measured using 

nanodrop (Thermo Scien�fic). Samples were diluted at 0.17 mg/mL with loading buffer (2% 

ACN, 0.1% TFA) and submited for data-independent acquisi�on (DIA) method on the Bruker 

TIMS-TOF Pro mass spectrometer machine at the Mass Spectrometry and Proteomics 

Facility at Bio21 Molecular Science and Biotechnology Ins�tute. Raw files were analysed using 

Spectronaut so�ware (Ver 15.2.21089, Biognosys). The search was against Murine's 

unreviewed and reviewed proteins from UniProt sequence databases (March 2021). Post-

analysis and volcano plots were conducted using Perseus (1.6.15.0). MS2Quan�ty parameter 

was used to determine the rela�ve amount of proteins detected and to calculate log2(x)-ra�os 

of each protein in WT/Ctsz-/- DC1940 cells. Three replicate groups were averaged, and only 

proteins quan�fied based on >2 unique pep�des were considered for analysis. Missing values 

were imputed in Perseus with the default se�ng. A volcano plot was generated as Ctsz-/- 

versus WT DC1940 cell.  
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2.22 Recombinant protease cleavage assay 

Recombinant proteases were dissolved in 50 mM Sodium Acetate and 500 mM Sodium 

Chloride. 500ng of each protease (Table 2.12) was used in the cleavage assay. Proteases 

(proteins) were incubated as indicated at 37 °C. Sample buffer (5X: 10% glycerol, 40 mM Tris-

Cl, pH 6.8, 2% SDS, 0.01% bromophenol blue, 1.25% beta-mercaptoethanol) was added to 

each sample, followed by a 5-minute boiling at 95 °C. Samples were resolved on homemade 

15% SDS-PAGE gels. The gels were scanned for Cy5 fluorescence using a Typhoon flatbed laser 

scanner (GE Healthcare). 

 

Table 2.12 Recombinant proteins 

Name Host Supplier Catalogue 

Legumain 

 

Human Kind gi� from H. 

Brandsteter 

 

- 

Cathepsin X 

 

Human R&D Systems 934-CY 

Cathepsin L 

 

Human R&D Systems 952-CY 

Trypsinogen 

 

Bovine Sigma T1143-250mg 
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2.23 Coomassie Stain 

The SDS-PAGE gel was stained with 0.5% Brilliant Blue (Sigma), 50% Methanol, and 10% 

Ace�c acid for 30 minutes. The gel was washed with Destain buffer three �mes (30% 

Ethanol, 10% Ace�c acid) on an orbital shaker for 10 minutes each �me. The gel was le� in 

the water on an orbital shaker overnight.  

 

2.24 Sta�s�cal analysis 

Sta�s�cal analyses were performed using GraphPad Prism 8. Unpaired t-tests were performed 

to analyse the differences between the two groups. Ordinary one-way ANOVA followed by 

Dunnet’s mul�ple comparisons test was used to compare more than two groups where 

indicated. Mean data points were expressed as mean ± SEM. P < 0.05 was considered 

significant. 
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Chapter 3. Characterising the regula�on of cathepsin X during dendri�c 

cell matura�on 

3.1 Introduc�on: 

Cathepsin X is a lysosomal cysteine protease with strict carboxyl-mono-exopep�dase ac�vity; 

it cleaves one amino acid from the C-terminus of its substrates. It is synthesised as an inac�ve 

zymogen with a short pro-pep�de sequence (40 aa in mice and 38 aa in humans) and trafficked 

through the mannose-6-phosphate pathway. When reaching the acidic environment in 

lysosomes, pro-cathepsin X is ac�vated by other lysosomal proteases by removing the pro-

pep�de sequence. A cysteine residue at the pro-pep�de region forms a disulphide bridge with 

the ac�ve cysteine, making pro-cathepsin X inac�ve and unable to autoac�vate. 

Cathepsin X is primarily ac�ve and located in the lysosome and requires an acidic pH for its 

proteoly�c ac�vity. Despite its intracellular lysosomal distribu�on, it has also been reported 

to be secreted. Secreted cathepsin X is mostly in its inac�ve zymogen form [21, 48]. Whether 

or not ac�ve cathepsin X can be secreted and cleave extracellular substrates is currently 

unknown. When secreted, however,  the RGD mo�f on the pro-pep�de sequence can bind to 

β3 integrins to promote cancer cell prolifera�on in pancrea�c cancer and bind to α5 integrins 

to affect inflammasome ac�va�on [48, 64].  

Cathepsin X has been associated with various diseases, including cancer and inflamma�on. 

However, its roles in normal physiological condi�ons are poorly understood. More informa�on 

about the func�on of cathepsin X in normal physiology needs to be inves�gated to understand 

its role in disease progression and ul�mately use it as a therapeu�c target.  

Cathepsin X is predominantly expressed by immune cells, such as an�gen-presen�ng cells, 

including dendri�c cells. Naïve dendri�c cells have high phagocy�c ac�vity. They scavenge and 

capture exogenous pathogens and are subsequently ac�vated by pathogen-associated 

molecular paterns (PAMPs) through Toll-like receptors (TLRs). They undergo func�onal 

changes and exert their immune func�ons upon ac�va�on, including presen�ng an�gens to T 

cells and secre�ng cytokines. Due to the temporal func�onal changes of dendri�c cells 

throughout the infec�on process, we speculate that protease regula�on is also constantly 

alterna�ng.  
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In this chapter, we characterised the change of ac�ve and total levels of cathepsin X and other 

related proteases in the context of DC matura�on. We showed the characterisa�on of 

intracellular lysosomal and secreted cathepsin X during DC matura�on. In addi�on, we 

proposed a poten�al regulatory mechanism of cathepsin X upregula�on in the context of TLR-

9 agonist (CpG)-mediated DC matura�on. 
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3.2 Results 

3.2.1 The ac�vity-based probe sCy5-Nle-SY labels ac�ve cathepsin X in dendri�c cells 

To study cathepsin X ac�vity in dendri�c cells, we used an ac�vity-based probe, sCy5-Nle-SY, 

which was developed in our lab [162].  We first characterised the specificity of this probe in 

an immortalised mouse dendri�c cell line, DC1940 (Table 2.1). We incubated sCy5-Nle-SY with 

living cells or cell lysates prepared in an acidic citrate buffer to achieve an op�mal acidic pH to 

maintain cathepsin X ac�vity. Proteins were resolved by SDS-PAGE, and probe labelling was 

analysed with a flatbed laser scanner using a Cy5 filter.  

As previously observed in macrophages, sCy5-Nle-SY exhibited differen�al labelling profiles in 

living dendri�c cells and lysates. In lysates, sCy5 specifically labelled cathepsin X. We 

confirmed the iden�ty of this band by immunoprecipita�on of the probe-labelled lysate with 

a cathepsin X-specific an�body (Figure 3.1A). In living cells, however, sCy5-Nle-SY labelled 

both cathepsin X (35 kDa) and cathepsin S (25 kDa) to similar extents (Figure 3.1BC). When 

cells were pre-treated with a cathepsin S-specific inhibitor, MDV590 [169], sCy5-Nle-SY 

exclusively labelled cathepsin X (Figure 3.1D). We opted to use live cell labelling for most 

experiments to reflect the state of cathepsin X ac�vity in situ without disrup�ons to 

compartmentalisa�on, pH levels, and protein interac�ons. As cathepsin X and S are clearly 

resolved by SDS-PAGE, the ac�vity of both proteases could be monitored simultaneously.  
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Figure 3.1 Applica�on of ac�vity-based probe sCy5-Nle-SY in Mutu DC1940 cells. A. sCy5-

Nle-SY  labelling of DC1940 cell lysates (input) and immunoprecipita�on with a cathepsin X-

specific an�body (Pull Down), as shown by in-gel fluorescence.  B.C. sCy5-Nle-SY labelling of 

live DC1940 cells and cathepsin X/S immunoprecipita�on, as shown by in-gel fluorescence. D. 

sCy5-Nle-SY labelling of live DC1940 cells a�er overnight pre-treatment with MDV590 (50 µM), 

as shown by in-gel fluorescence.  
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3.2.2 Cathepsin X is differen�ally regulated by TLR agonists 

To inves�gate whether cathepsin X is ac�vated during dendri�c cell matura�on, we s�mulated 

DC1940 cells with six different TLR agonists, including Pam3 (TLR1/2), FSL-1 (TLR2/6), Poly I:C 

(TLR3), LPS (TLR4), R848 (TLR7/8), and CpG (TLR9). Using flow cytometry, we measured the 

cell surface expression of CD86 in naïve and s�mulated cells to determine the extent of 

matura�on (Figure 3.2A). The cells strongly responded to Pam3 (TLR1/2), FSL-1 (TLR2/6), Poly 

I:C (TLR3), and CpG (TLR9). In response to LPS, there was only a par�al increase in CD86 surface 

expression, indica�ng only a subset of the DCs matured upon treatment. The DCs did not 

respond to R848.   

We then incubated sCy5-Nle-SY with live DCs to compare the levels of ac�ve cathepsin X in 

naïve and mature DCs. CpG treatment strongly induced cathepsin X ac�vity (11.15-fold, 

p=0.0391), while Pam3 and FSL-1 increased cathepsin X ac�vity to a lesser extent (4.694-fold, 

p=0.0009 and 7.008-fold, p=0.0255, respec�vely). Although Poly I:C treatment induced DC 

matura�on to a similar extent as CpG, Pam3, and FS-1, it did not significantly impact cathepsin 

X ac�vity. In agreement with LPS only par�ally inducing DC matura�on, this agonist slightly 

increased cathepsin X ac�vity (2.335-fold, p=0.007) (Figure 3.2BC). We next measured total 

cathepsin X levels by immunoblo�ng with a cathepsin X-specific an�body, which showed a 

similar patern as cathepsin X ac�vity (Figure 3.2BD). These results suggest that cathepsin X is 

differen�ally regulated at the expression level upon TLR-induced DC matura�on. Accordingly, 

mRNA expression of cathepsin X was significantly increased a�er CpG treatment, as measured 

by RT-PCR (4.214-fold, p=0.0007; Figure 3.2E). CpG treatment of primary CD11c+ DCs isolated 

from mice spleen also provoked a 2.216-fold increase (p=0.001) in total cathepsin X protein, 

mirroring the effect in the DC1940 cell line (Figure 3.2FG).  
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Figure 3.2 Cathepsin X is differently regulated by TLR agonists. A. Matura�on of DC1940 cells 

pre-treated with TLR agonists for 24 hours as shown by surface CD86 expression. B. Dendri�c 

cells were pre-treated with TLR agonists for 24 hours, followed by sCy5-Nle-SY as shown by in-

gel fluorescence. Cathepsin X total expression was examined by immunoblot using cathepsin 

X an�bodies. Ac�n expression and ponceau stain were used as loading controls. C. D. 

Densitometry of ac�ve (35 kDa) and total cathepsin X (35 kDa) bands displayed the average 

intensity normalised to the naïve state (fold change). Sta�s�cs were performed using the 

Brown–Forsythe and Welch ANOVA tests. n=3. E. Quan�ta�ve PCR analysis of cathepsin X 

mRNA normalised to mouse GAPDH in naïve and CpG-treated DC1940 cells, reported as fold-

change compared to naïve state. Sta�s�cs were performed using the unpaired Student's t-test. 

n=3. F. Primary CD11c+ cells were pre-treated with CpG for 24 hours, followed by 

immunoblo�ng. Ac�n and ponceau stain were used as a loading control. n=3. G. 

Densitometry of total cathepsin X (35 kDa) bands displayed the average intensity normalised 

to the naïve state (fold change). Sta�s�cs were performed using the unpaired Student's t-test. 

n=3. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 

0.0001. 
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3.2.3 CpG treatment increased intracellular and secreted cathepsin X. 

By immunofluorescence, we examined the localisa�on of cathepsin X in naïve and CpG-

ac�vated DCs. In agreement with the immunoblot, total cathepsin X levels were increased 

a�er matura�on. In both naïve and CpG-treated cells, cathepsin X exhibited a punctate 

cytoplasmic distribu�on consistent with lysosomal localisa�on (Figure 3.3A). We also 

demonstrated that cathepsin X secre�on is increased upon CpG treatment (3.213-fold, 

p=0.0011). In both naïve and mature DCs, however, cathepsin X was secreted primarily in the 

zymogen form, and thus, no labelling by sCy5-Nle-SY was detected (Figure 3.3B). Cathepsin X 

remained inac�ve in its pro-form as it contained a disulfide bridge connec�ng the cysteine 

residue in its pro-pep�de and mature pep�de [49]. We subsequently acidified the condi�oned 

media supplied with DTT to disrupt the disulphide bridge of pro-cathepsin X. The pro-

cathepsin X thus became ac�ve (Figure 3.3C). Cathepsin S is also ac�ve in neutral pH and thus 

could be labelled by BMV109 at both pH (Figure 3.3C)[173].  

We next demonstrated that the effect of CpG on ac�ve and total cathepsin X in DC1940 cells 

is concentra�on-dependent, with significant increases occurring as low as 0.04 µM and 

plateauing by 0.2 µM (Figure 3.3D).  We also inves�gated the �ming of cathepsin X regula�on 

by CpG. Cathepsin X was not significantly increased a�er 8 hours, reached maximal levels at 

24 and 32 hours, and declined by 48 hours (Figure 3.3E).  
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Figure 3.3 Intracellular and secreted cathepsin X were increased upon CpG ac�va�on. A. 

Intracellular cathepsin X in naïve and CpG-treated DCs as shown by immunofluorescence. 

Scale bar (single cell)=5μm. Scale bar (wideview) =30μm. B. Comparison of intracellular and 

secreted cathepsin X in naïve and CpG-treated DCs as shown by in-gel fluorescence and 

immunoblot. Densitometry of secreted pro-cathepsin X (37 kDa) bands displayed the average 

intensity rela�ve to the naïve state (fold change). Sta�s�cs were performed using unpaired 

Student's t-tests. n=3. C. Comparison of ac�vity-labelling of normal condi�oned media and 

acidified condi�oned media (acidified with 10x citrate buffer containing 40 mM DTT) labelled 

by BMV109. D. DC1940 cells were s�mulated with increasing concentra�ons of CpG for 24 

hours, followed by sCy5-Nle-SY labelling and immunoblo�ng. Ponceau stain was used as a 

loading control. Densitometry of ac�ve cathepsin X (35 kDa) and total cathepsin X (35 kDa) 

bands displayed the average intensity rela�ve to the naïve state (fold change). Sta�s�cs were 

performed using the Brown–Forsythe and Welch ANOVA tests. n=3. E. DC1940 cells were 

s�mulated with CpG at different �me points, followed by sCy5-Nle-SY labelling and 

immunoblo�ng. Ac�n expression and Ponceau stain were used as loading controls. 

Densitometry of ac�ve cathepsin X (35 kDa) and total cathepsin X (35 kDa) bands displayed 

the average intensity rela�ve to the naïve state (fold change). Sta�s�cs were performed using 

the Brown–Forsythe and Welch ANOVA tests. n=3. Error bars represent SEM. ns P > 0.05, *P 

≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001. 
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3.2.4 Lysosomal cysteine proteases and inhibitor cysta�n C are differen�ally regulated in 

response to TLR9 ac�va�on. 

We next aimed to examine whether upregula�on by CpG was specific to cathepsin X or a 

general feature of cysteine proteases. Using a pan-cathepsin ABP BMV109, which targets 

cathepsin B, L, S, and X, we again observed increased levels of cathepsin X upon CpG treatment. 

Cathepsin S ac�vity was significantly decreased (0.4791-fold, p=0.0001) upon matura�on, and 

this correlated with a decrease in total cathepsin S levels (0.4143-fold, p=0.0004) (Figure 3.4A). 

The 25 kDa band labelled by sCy5-Nle-SY was conversely increased upon CpG treatment 

(Figure 3.2B), sugges�ng that there may be another protease labelled by this probe that both 

co-migrates with cathepsin S and binds to the cathepsin S-specific inhibitor. We have not yet 

successfully purified this species, which has precluded defini�ve proteomic iden�fica�on. The 

ac�vi�es of cathepsin B and cathepsin L were lower than cathepsin X and S in DCs and were 

not consistently labelled by BMV109 (Figure 3.4AB). By immunoblot, mature DCs showed 

increased pro-form (~37 kDa) and single-chain forms of cathepsin B (~30 kDa) (1.826-fold, 

p=0.0009 and 2.163-fold, p=0.0014, respec�vely) upon CpG treatment. Pro-cathepsin L (~35 

kDa) and single chain cathepsin L (~27 kDa) also increased a�er CpG treatment (2.914-fold, 

p=0.0026 and =5.411-fold, p=0.0011, respec�vely). However, the heavy chain forms of both 

cathepsin B and L remained unchanged (Figure 3.4B). FY01, a cathepsin C-selec�ve probe, 

labelled mul�ple species in DCs, but we did not observe significant changes between naïve- 

and CpG-treated cells. Total cathepsin C levels were also unchanged (Figure 3.4C). Using LE28, 

we measured the ac�vity of another lysosomal cysteine protease legumain (asparaginyl 

endopep�dase). While legumain ac�vity and total mature legumain remained unchanged, we 

observed increased pro-legumain (3.322-fold, p=0.0002, Figure 3.4D). Finally, we examined 

levels of cysta�n C, an endogenous inhibitor of both cathepsins and legumain. In agreement 

with previous reports, cysta�n C expression was strongly downregulated upon DC matura�on 

(0.169-fold, p=0.0158, Figure 3.4E) [174].  Collec�vely, these data suggest that lysosomal 

cysteine proteases are differen�ally regulated by TLR9 agonism, with cathepsin X being the 

only protease exhibi�ng strong upregula�on in both total and ac�ve levels. 
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Figure 3.4. Lysosomal cysteine proteases and inhibitor cysta�n C are differen�ally regulated 

in response to TLR9 ac�va�on. A. DC1940 cells were s�mulated with CpG for 24 hours, 

followed by BMV109 labelling and cathepsin S immunoblo�ng. Ponceau stain was used as a 

loading control. Densitometry of ac�ve cathepsin S (25 kDa), pro-cathepsin S (37 kDa), and 

total cathepsin S (25 kDa) bands displayed the average intensity rela�ve to the naïve state 

(fold change). Sta�s�cs were performed using unpaired Student's t-tests. n=3. B. DC1940 cells 

were s�mulated with CpG for 24 hours, followed by BMV109 labelling and cathepsin B/L 

immunoblo�ng. Ac�n expression and Ponceau stain were used as loading controls. 

Densitometry of pro-cathepsin B/L, cathepsin B/L single chain, and cathepsin B/L heavy chain 

bands displayed the average intensity rela�ve to the naïve state (fold change). Sta�s�cs were 

performed using unpaired Student's t-tests. n=3. C. DC1940 cells were s�mulated with CpG 

for 24 hours, followed by FY01 labelling and cathepsin C immunoblo�ng. Ponceau stain was 

used as a loading control. Densitometry of ac�ve cathepsin C (21 kDa) and total cathepsin C 

(21 kDa) bands displayed the average intensity rela�ve to the naïve state (fold change). 

Sta�s�cs were performed using unpaired Student's t-tests. n=3. D. DC1940 cells were 

s�mulated with CpG for 24 hours, followed by LE28 labelling and legumain immunoblo�ng. 

Ac�n expression and ponceau stain were used as loading controls. Densitometry of ac�ve 

legumain (37 kDa), pro-legumain (60 kDa), and total legumain (37 kDa) bands displayed the 

average intensity rela�ve to the naïve state (fold change). Sta�s�cs were performed using 

unpaired Student's t-tests. n=3. E. DC1940 cells were s�mulated with CpG for 24 hours, 

followed by cysta�n C immunoblo�ng. Ac�n expression and ponceau stain were used as 

loading controls. Densitometry of total cysta�n C (13 kDa) bands displayed the average 

intensity rela�ve to the naïve state (fold change). Sta�s�cs were performed using unpaired 

Student's t-tests. n=3. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 

0.001, **** P ≤ 0.0001. 
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3.2.5 Cathepsin X upregula�on by CpG is IL-6 dependent. 

Having demonstrated that CpG treatment leads to robust upregula�on of cathepsin X 

transcrip�on in dendri�c cells, we next sought to determine the mechanisms that govern its 

expression.  

Ac�va�on of TLR9 leads to the transloca�on of NF-κB into the nucleus, where it acts as a 

transcrip�on factor to promote the expression of inflammatory genes (Figure 1.4). As the 

cathepsin X gene promoter contains a puta�ve NF-κB binding site [175], we queried whether 

cathepsin X transcrip�on in DCs was NF-κB-dependent. We used 6-Amino-4-(4-

phenoxyphenylethylamino) quinazoline to inhibit the NF-κB ac�va�on at different 

concentra�ons [176]. The NF-κB ac�va�on inhibitor reduced the secre�on of IL-6 (0.71-fold, 

p=0.0123), IL-10 (0.38-fold, p=0<0.0001), and TNFα (0.41-fold, p=0.0001), indica�ng effec�ve 

reduc�on in NF-κB ac�vity (Figure 3.5A).  

Treatment with this inhibitor, however, did not prevent the upregula�on of cathepsin X in 

response to CpG treatment (Figure 3.5B). This suggests that NF-κB is not likely to be 

responsible for directly promo�ng cathepsin X transcrip�on. This is in agreement with the 

observa�on that cathepsin X expression is induced at late �me points (24 h; Figure 3.3D).  

TLR9 signalling also leads to the ac�va�on of interferon regulatory factors (IRFs) and 

expression of Type I interferons, including IFNα and IFNβ (Figure 1.4). To inves�gate whether 

type I interferons could induce upregula�on of cathepsin X, we s�mulated DCs with both IFNα 

and IFNβ. We did not, however, observe significant changes between naïve cells and cells 

treated with IFNα or IFNβ (Figure 3.5C). Interes�ngly, we found that type II interferon IFNϒ 

prevented the upregula�on of cathepsin X by CpG (Figure 3.5D). 
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Figure 3.5 Cathepsin X upregula�on was not directly governed by NF-κB ac�va�on. A. 

Secre�on of IL-6, IL-10, and TNFα by DC1940 treated with NFκB ac�va�on inhibitor (5μM) for 

4 hours cells and s�mulated with CpG (0.5μM) for 24 hours. Sta�s�cs were performed using 

unpaired Student's t-tests. n=3. B. DC1940 cells were pre-treated with NFκB ac�va�on 

inhibitor for 4 hours, CpG (0.5μM) ac�va�on for 24 hours, and sCy5-Nle-SY labelling and 

cathepsin X immunoblo�ng. Ponceau stain was used as a loading control. C. DC1940 cells 

were pre-treated with CpG, IFN-α, or IFN-β for 24 hours, followed by sCy5-Nle-SY labelling and 

cathepsin X immunoblo�ng. Densitometry of ac�ve cathepsin X (35 kDa) and total cathepsin 

X (35 kDa) bands displayed as the average intensity rela�ve to the naïve state (fold change). 

Sta�s�cs were performed using unpaired Student's t-tests. n=3 D. DC1940 cells were pre-

treated with CpG, IFN-ϒ, or a combina�on treatment of CpG and IFN-ϒ for 24 hours, followed 

by sCy5-Nle-SY labelling and cathepsin X immunoblo�ng. Ponceau stain was used as a loading 

control. Densitometry of ac�ve cathepsin X (35 kDa) and total cathepsin X (35 kDa) bands 

displayed the average intensity rela�ve to the naïve state (fold change). Sta�s�cs were 

performed using unpaired Student's t-tests. n=3. Error bars represent SEM. ns P > 0.05, *P ≤ 

0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001. 
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We next hypothesised that the factors secreted by DCs during CpG-mediated matura�on could 

be responsible for promo�ng cathepsin X expression. To test this hypothesis, we pulsed DCs 

with CpG for 3 hours and then changed the media to wash out CpG. A�er 24 hours, we 

collected the condi�oned media containing secreted factors and applied it to naïve DCs for 24 

hours (Figure 3.6A). Ac�ve and total cathepsin X levels were significantly elevated in the cells 

treated with condi�oned media compared to naïve cells (3.170-fold, p=0.0009 and 1.447-fold, 

p=0.0457, respec�vely) (Figure 3.6B). This suggests that factors secreted from DCs 

downstream of CpG ac�va�on may be responsible for inducing cathepsin X expression.  

Using a cytometric bead array, we quan�fied the major cytokines secreted by DCs during CpG-

induced matura�on. Upon CpG treatment for 24 hours, the condi�oned media contained high 

levels of TNFα and IL-6 and a detectable level of IL-10 (Figure 3.6C). Secre�on of IFNϒ, MCP-1 

and IL-12 was negligible. According to the literature, IL-10 and IL-6, as well as IL-4 and IL-13, 

can ac�vate the STAT3/6 signalling pathways to upregulate the expression of several 

cathepsins in macrophages [21]. We tested whether IL-4, IL-6, and IL-10 could similarly affect 

cathepsin X expression in DCs. Treatment with IL-6, but not IL-4 or IL-10, significantly increased 

the ac�ve and total level of cathepsin X (2.439-fold, p=0.0002 and 1.736-fold, p=0.0383) 

(Figure 3.6DE). We further validated this by quan�ta�ve PCR, demonstra�ng that IL-6 could 

provoke cathepsin X mRNA expression in a �me-dependent manner, with a significant increase 

observed star�ng from the 8-hour �me point (1.451-fold, p=0.0014) through to 24-hour post-

treatment (2.285-fold, p=0.0002) (Figure 3.6F). Secre�on of IL-6 post-CpG s�mula�on was 

increased at 4 hours post-CpG administra�on and peaked at 8 hours post-CpG administra�on 

(Figure 3.6G), sugges�ng that IL-6 secre�on precedes cathepsin X upregula�on. As Poly I:C 

treatment did not elicit a robust increase in cathepsin X level (Figure 3.2B), we compared the 

level of IL-6 secre�on between CpG-treated DCs and Poly I:C treated DCs and found that CpG-

ac�vated DCs secreted significantly more IL-6 compared to Poly I:C treated DCs (20.120-fold, 

p=0.0080) (Figure 3.6H).  

CpG ac�va�on also increased the level of pro-cathepsin B and cathepsin B single chain but 

decreased the level of cathepsin S and cysta�n C. We further ques�oned whether IL-6 is 

responsible for media�ng these. We found that trea�ng DCs with IL-6 increased the level of 

cathepsin S, pro-cathepsin B, cathepsin B single chain, and cathepsin B heavy chain. The level 

of cysta�n C remained unchanged upon IL-6 treatment (Figure 3.6I). In addi�on, IL-6 and IL-
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10 co-treatment further increased the level of total cathepsin S (1.45-fold, p=0.0147). 

However, IL-10 treatment alone did not significantly change the level of cathepsin B, S, or 

cysta�n C (Figure 3.6I).  

Overall, these results suggest that IL-6 is at least par�ally responsible for media�ng the 

increase in cathepsin X expression during TLR9-induced DC matura�on.  
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Figure 3.6 Cathepsin X upregula�on by CpG is IL-6 dependent. A. Naïve DC1940 cells were 

treated with CpG for 3 hours, and the CpG was subsequently washed away. Cells were le� in 

fresh media to secrete factors for 24 hours. Condi�oned media was collected and applied to 

new naïve DC1940 cells for a further 24 hours. B. DC1940 cells were pre-treated with 

condi�oned media for 24 hours, followed by sCy5-Nle-SY and cathepsin X immunoblo�ng. 

Ac�n expression and Ponceau stain were used as loading controls. Densitometry of ac�ve and 

total cathepsin X bands displayed the average intensity rela�ve to the naïve state (fold change). 

Sta�s�cs were performed using unpaired Student's t-tests. n=3. C. DC1940 cells were pre-

treated with CpG for 24 hours. The concentra�on of IL-12 p70, TNFα, IFN-ϒ, MCP-1, IL-10, and 

IL-6 in the condi�oned media was analysed with the BD® Cytometric Bead Array. D. DC1940 

cells were pre-treated with IL-4 for 24 hours, followed by sCy5-Nle-SY and cathepsin X 

immunoblo�ng. Ponceau stain was used as a loading control. Densitometry of ac�ve and total 

cathepsin X bands displayed the average intensity rela�ve to the naïve state (fold change). 

Sta�s�cs were performed using unpaired Student's t-tests. n=3. E. DC1940 cells pre-treated 

with IL-6, IL-10, CpG, or a combina�on treatment of IL-6 and IL-10 for 24 hours, followed by 

sCy5-Nle-SY and cathepsin X immunoblo�ng. Ac�n expression and Ponceau stain were used 

as loading controls. Densitometry of ac�ve and total cathepsin X (35 kDa) bands displayed the 

average intensity rela�ve to the naïve state (fold change). Sta�s�cs were performed using 

unpaired Student's t-tests. n=3. F. Quan�ta�ve PCR analysis of cathepsin X mRNA normalised 

to mouse GAPDH in naïve, and IL-6 treated DC1940 cells at different �me points, reported as 

fold-change compared to the naïve state. Sta�s�cs were performed using unpaired Student's 

t-tests. n=3. G. Secre�on of IL-6 by DC1940 cells s�mulated with CpG at different lengths. 

Sta�s�cs were performed using the Brown–Forsythe and Welch ANOVA tests. n=3. H. 

Secre�on of IL-6 by DC1940 cells s�mulated with CpG or Poly I:C for 24 hours. Sta�s�cs were 

performed using the unpaired Student’s t-test. n=3. I. DC1940 cells were pre-treated with IL-

6, IL-10, or a combina�on treatment of IL-6 and IL-10 for 24 hours, followed by BMV109 

labelling, cathepsin B, S and cysta�n C immunoblo�ng. Ac�n expression and Ponceau stain 

were used as loading controls. Densitometry of ac�ve and total cathepsin S (25 kDa), pro-

cathepsin B (38 kDa), single-chain (32 kDa), heavy chain (29 kDa), and cysta�n C (13 kDa) 

bands displayed the average intensity rela�ve to the naïve state (fold change). Sta�s�cs were 

performed using unpaired Student's t-tests. n=3. The error bar represents SEM. ns P > 0.05, 

*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001.  
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3.3 Discussion 

In this chapter, we applied the cathepsin X-specific ac�vity-based probe sCy5-Nle-SY to 

DC1940 dendri�c cells. When applying the probe in acidified cell lysate, we showed that the 

sCy5-Nle-SY had a high specificity towards cathepsin X. By live cell labelling, we confirmed that 

sCy5-Nle-SY labels both cathepsin X and cathepsin S. The iden�ty of the band represen�ng 

cathepsin S was validated with immunoprecipita�on and a cathepsin S inhibitor MDV590. It 

remained a ques�on of why the probe labels cathepsin S in the live cell condi�on. Our current 

hypothesis is due to cell compartmentalisa�on. Some evidence suggests that different 

lysosomal cathepsins are located in different lysosomes [177]. Therefore, the probe may first 

enter the cells’ compartments with a higher level of cathepsin S and lower cathepsin X. As a 

result, the probe was forced to bind with cathepsin S. This needs further inves�ga�on with 

cell compartment markers and confocal microscopy.  

Next, we s�mulated DC1940 cells with mul�ple TLR agonists. DC1940 cells were readily 

ac�vated by Poly I:C, CpG, Pam3 and FSL-1, par�ally ac�vated by LPS and did not respond to 

R848. Cathepsin X ac�ve and total levels were significantly elevated when DC matured, 

especially upon CpG ac�va�on. In primary splenic cD11c+ dendri�c cells, we also observed a 

significant increase in cathepsin X total level post-CpG treatment. However, the sCy5-Nle-SY 

probe did not label ac�ve cathepsin X well in living primary cells. We speculated that the 

primary cells were stressed when culturing in vitro and were not ac�vely taking up the probe 

(data not shown).  

We subsequently conducted confocal microscopy looking at the intracellular staining of 

cathepsin X. Cathepsin X exhibited a typical lysosomal punctate staining, indica�ng its 

poten�al localisa�on. However, this needs to be further confirmed with co-stain with 

lysosomal markers (e.g., LysoTracker) in future experiments. Similarly, we observed an 

increased cathepsin X staining intensity in cells treated with CpG. However, we did not see a 

no�ceable difference in localisa�on in Naïve and CpG-treated cells. It would be interes�ng to 

incorporate the sCy5-Nle-SY into microscopy to inves�gate the localisa�on of ac�ve cathepsin 

X. The specificity of the probe can be improved by applying a cathepsin S inhibitor MDV590. 

Applying an endolysosomal marker may give us more insight into the trafficking and ac�va�on 

of cathepsin X in general or CpG-mediated DC matura�on.  
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Our data also showed that the secreted cathepsin X was significantly increased in CpG-

matured DCs. The secreted cathepsin X could not be labelled with ac�vity-based probes in 

neutral pH. By immunoblot, the secreted cathepsin X had a higher molecular weight than the 

intracellular lysosomal cathepsin X. We proposed that cathepsin X was mainly secreted in its 

proform which is in agreement with the study from Dongyao et al. [21]. Pro-cathepsin X 

contains a pro-pep�de sequence, and a disulphide bridge links a cysteine in the pro-pep�de 

sequence to the ac�ve site cysteine. We tried to add DTT to acidified condi�oned media to 

disrupt the disulphide linkage and make an op�mal pH environment for cathepsin X ac�vity, 

followed by administering pan cathepsin probe BMV109. In this condi�on, we could make the 

secreted cathepsin X ac�ve and able to be labelled by the probe (Figure 3.3C). This further 

validated that the secreted cathepsin X was in its proform. Whether secreted cathepsin X has 

extracellular substrates is not fully elucidated. Cathepsin X requires an acidic environment to 

be ac�ve and may not cleave its substrates in normal physiological condi�ons. However, in the 

context of an acidic cancer microenvironment, other secreted lysosomal proteases may 

autoac�vate and ac�vate pro-cathepsin X. Subsequently, cathepsin X may cleave some 

extracellular substrates and play a role in disease progression. Alterna�vely, the pro-pep�de 

sequence of cathepsin X contains an RGD mo�f that may be more relevant in normal 

physiological condi�ons. The RGD mo�f can bind to β2 integrin receptors to promote cell 

prolifera�on and to α5 integrin receptors to facilitate NLRP3 inflammasome ac�va�on [48, 64]. 

Whether or not the RGD mo�f has a role in the DC func�on needs further valida�on.  

Another cri�cal ques�on is how cathepsin X was secreted. Cathepsin X contains two 

glycosyla�on sites, which may play a role in its mannose 6-dependent trafficking. A disrup�on 

of the mannose 6-phosphate tagging may result in the mislocalisa�on of lysosomal proteases, 

making them secreted instead of transported to the lysosomes [23]. Inves�ga�ng and 

comparing intracellular and secreted cathepsin X glycosyla�on status using mass 

spectrometry techniques will be necessary.  

We were surprised that the extent of cathepsin upregula�on was not propor�onal to DC 

matura�on status. CpG, Pam3, FSL-1 and Poly I:C all s�mulated DC1940 cells to a similar extent; 

however, we only detected a minor increase in cathepsin X ac�ve level and total level in Poly 

I:C treated cells. We hypothesise that the discrepancy in cathepsin X expression was due to 

differences in downstream signalling nodes in different TLR agonists. In TLR1/2 (Pam3), TLR 
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2/6 (FSL-1), and TLR 9 (CpG) receptors, upon engaging with their specific TLR agonists, MyD88 

adaptor protein was recruited in the signalling pathway. By contrast, in TLR 3 (Poly I:C) 

mediated signalling, a different adaptor protein, TRIF, was recruited [82]. MyD88 and TRIF-

dependent signalling pathways ul�mately ac�vate two transcrip�on factors: the NF-κB and 

the interferon regulatory factors (IRFs). MyD88-dependent signalling cascade is inclined to NF-

κB ac�va�on and, subsequently, the induc�on of pro-inflammatory genes such as interleukins. 

Interleukins ac�vate the STAT3 transcrip�on factor to induce cathepsin expression. On the 

other hand, the TRIF-dependent pathway is more closely related to the IRF ac�va�on and 

triggers the expression of type I interferons (e.g., IFNβ) [178]. We speculated that the 

differences between the two signalling cascades might cause the differences in cathepsin X 

regula�on and may infer their biological relevance.  

TLR3 and TLR9 recognise different types of pathogen-related paterns. TLR3 primarily detects 

viral dsRNA, o�en resul�ng from intermediate viral replica�on in infected host cells [179]. On 

the other hand, TLR9 recognises CpG mo�fs commonly found in bacterial and viral DNA. When 

DCs encounter bacterial or viral DNA recognised by TLR9, it may signify the presence of an 

invading pathogen-like bacteria. In response, DCs may upregulate lysosomal proteases, 

including cathepsin X, to facilitate the degrada�on of the invading pathogen and the 

presenta�on of an�gens to the T cells. TLR3, on the other hand, recognises viral dsRNA, which 

is generated during viral replica�on [179]. Some evidence suggests that mRNA released by 

infected/necro�c cells can be endocytosed to ac�vate TLR3 signalling [180, 181]. In this case, 

the host cells do not require the same upregula�on of lysosomal proteases. The immune 

response is finely tuned to differen�ate different infec�on situa�ons to avoid excessive 

protease expression, which may cause further damage to cellular biology. 

We next proposed a poten�al mechanism that explains the upregula�on of cathepsin X during 

CpG-mediated DC matura�on. We no�ced that the upregula�on of cathepsin X occurred late, 

star�ng from 24 hours-post CpG s�mula�on. The ac�n levels were variable across the samples 

as the morphology of DCs would change during matura�on. Therefore, the measuring of 

protein loading was best to be accompanied by the ponceau stain. The second naïve sample 

showed a low ac�n level, and we believed this was probably due to insufficient an�body 

staining during western blot incuba�on, as the ponceau stain showed a similar total protein 

level compared to other related samples.  
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The secre�on of cytokines happened at a much earlier �me point. We demonstrated that IL-

6 secre�on occurred as early as 4 hours post-CpG treatment (Figure 3.6G). IL-6 expression is 

directly governed by the NF-κB ac�va�on. If the same NF-κB ac�va�on also controlled 

cathepsin X upregula�on, we would expect to see increased expression at earlier �me points. 

As a result, we speculated that the upregula�on of cathepsin X was not directly related to 

CpG-mediated NF-κB ac�va�on but to other post-matura�on mechanisms. We validated this 

hypothesis using an NF-κB inhibitor. When trea�ng the DC1940 cells with the NF-κB inhibitor 

and CpG, we found the DCs s�ll upregulate cathepsin X ac�ve/total level to the same extent 

as CpG-only treated cells. Inspired by Dongyao et al., who showed that inflammatory cytokines 

led to increased expression of mul�ple lysosomal proteases through STAT3 and STAT6-

dependent pathways, we hypothesised that the inflammatory cytokines secreted during DC 

matura�on might play a role in regula�ng the expression of cathepsin X [21]. 

We first designed an experiment and showed that cathepsin X ac�vity/total expression could 

be increased independently of direct CpG ac�va�on: we first treated DCs with CpG for a short 

period and washed away all the residue CpG with fresh DC media. The ac�vated cells were 

le� in fresh media overnight to secrete inflammatory factors. Using condi�oned media 

containing secreted factors (cytokines/chemokines) from CpG-ac�vated cells to treat naïve 

cells, we were able to increase the ac�ve/total level of cathepsin X. This indicates that the 

increased expression of cathepsin X was at least par�ally promoted by secreted factors. We 

subsequently treated naïve DC1940 cells with various inflammatory cytokines, including IL-4, 

IL-6, and IL-10, which have been reported to ac�vate the STAT3 and STAT6 transcrip�on factors 

to increase the expression of several lysosomal proteases. Cathepsin X ac�ve/total level was 

only increased by IL-6 but not IL-4 or IL-10. We further validated this by quan�ta�ve PCR and 

showed IL-6 treatment increased the mRNA level of cathepsin X, showing the IL-6-STAT3 

pathway regulated the expression of cathepsin X. We also s�mulated the naïve cells with type 

I interferons, including IFNα and IFNβ which were induced by the other TRIF-IRFs dependent 

arm of TLR signalling and showed the level of ac�ve/total cathepsin X remained unchanged.  

The results supported our hypothesis that cathepsin X upregula�on was not due to a direct 

CpG-mediated signalling pathway but rather the subsequent IL-6 secreted by CpG-ac�vated 

DCs. This may also explain why we did not see a robust increase in cathepsin X ac�ve/total 

level in Poly I:C treated DCs. DCs s�mulated with TLR3 (Poly I:C) had a dis�nct TLR signalling 
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pathway favouring Type I interferon expression [178]. We quan�fied IL-6 secre�on in the 

context of Poly I:C induc�on, and we found that the level of IL-6 secre�on was significantly 

lower than CpG-ac�vated DCs.  

In an in vivo context, it is essen�al to note that IL-6 can be secreted by various cell types when 

they encounter infec�ons. This includes immune cells, which respond to pathogen 

components by ac�va�ng TLRs [82]. Stromal cells, in addi�on to immune cells, can also 

produce IL-6 by ac�va�ng TLR2, TLR4, or NOD2 [182]. The secre�on of IL-6 by this diverse 

range of cells may have a pivotal role in orchestra�ng the regula�on of lysosomal proteases, 

which may have further cri�cal roles in processes like an�gen processing and presenta�on in 

immune cells.  

In addi�on to cathepsin X, we inves�gated the ac�ve and total levels of other lysosomal 

proteases in CpG-mediated DC matura�on. We used a pan-cysteine cathepsin probe BMV109 

to look at the ac�ve level of cathepsin B, L, S, and X. We observed inconsistencies in the 

labelling of cathepsin B and L between experiments; however, when they were observed, they 

were always labelled at much lower levels than cathepsin X and S. By immunoblo�ng, we 

found that the proform and the intermediate (single chain) forms of cathepsin B and L were 

significantly elevated. In contrast, the mature double chain forms of cathepsin B and L were 

unchanged. Using BMV109, we found that the ac�vity level of cathepsin S was reduced while 

sCy5-Nle-SY showed a slight increase in the ac�vity level. We further inves�gated this using 

cathepsin S immunoblot and showed that the level of mature cathepsin S was decreased. We 

s�ll could not explain why ac�ve cathepsin S was increased using sCy5-Nle-SY labelling. We 

speculate that the 25 kDa labelled by sCy5-Nle-SY was not solely cathepsin S but also a 

different protease with a similar molecular weight and could be inhibited by the cathepsin S 

inhibitor MDV590. Alterna�vely, the two probes may traffic to different compartments within 

the cells. This needs further inves�ga�on by pulling down the labelled proteases and analysis 

with mass spectrometry.  

Similarly, the legumain proform significantly increased while its mature form remained 

constant. This result indicated that cathepsin X was not the only lysosomal protease 

increasingly expressed in CpG ac�va�on. Cathepsin B/L and legumain were upregulated 

mainly in their proforms and intermediate forms. We may see more mature forms when 

leaving cells long enough in culture as the proform and intermediate forms get processed into 
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the final form. IL-6 24-hour treatment increased the heavy-chain form of cathepsin B (Figure 

3.6I), while CpG 24-hour treatment did not (Figure 3.4B). We hypothesise that the cells 

needed �me to respond to CpG to secrete IL-6. While direct IL-6 treatment readily ac�vated 

the STAT3 signalling, the cells had more �me to process pro-cathepsin B and cathepsin B single 

chain to the heavy chain.  

We also no�ce a reduc�on in the level of cathepsin S and cysta�n C during CpG ac�va�on. IL-

10 is an inhibitory cytokine secreted during DC matura�on and has been reported to induce 

the downregula�on of cathepsin S and cysta�n C [174, 183]. Therefore, we ques�oned if IL-

10 was responsible for the reduc�on of cathepsin S and cysta�n C in DC1940 cells during CpG 

ac�va�on. Chan and colleagues showed that the administra�on of IL-10 blunted the IFN-ϒ 

induced cathepsin S upregula�on in macrophages [183]. Our results suggested that IL-10 

treatment alone did not change the basal level of cathepsin S. However, co-trea�ng cells with 

IL-10 and IL-6 further increased the level of mature cathepsin S (Figure 3.6I). Indica�ng IL-10 

may have some synergis�c role in increasing cathepsin S expression with IL-6. This discrepancy 

may be due to different cell types (macrophages vs dendri�c cells) and s�muli (IFN-ϒ vs CpG).  

In addi�on, trea�ng DC1940 cells with IL-10 did not reduce the level of cysta�n C, which was 

inconsistent with the work from Xu and colleagues [174]. Xu and colleagues treated cells with 

IL-10 at a concentra�on of 50 ng/mL, which is higher than we did (20 ng/mL) and may explain 

the discrepancy. However, the DC1940 cells only secreted IL-10 at a concentra�on of ~1,000 

pg/mL a�er CpG ac�va�on (Figure 3.6C). Therefore, we doubt if such a high concentra�on 

was biologically relevant in DC1940 cells. Thus, the downregula�on of cathepsin S and cysta�n 

C during CpG ac�va�on seemed not related to IL-6 or IL-10 in DC1940 cells.  

Overall, the increased level of mul�ple proteases in DC matura�on suggests that these 

proteases may have a role in DC func�on.  
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Chapter 4. Inves�ga�ng the func�on of cathepsin X in  dendri�c cell 

immunity  

4.1 Introduc�on  

The previous chapter showed that intracellular and secreted cathepsin X were significantly 

upregulated during DC matura�on, especially upon CpG ac�va�on. Most related lysosomal 

proteases/cathepsins also showed an increased level of their pro-forms upon CpG ac�va�on 

except cathepsin S. We further found that the upregula�on of cathepsin X was not due to 

direct CpG-mediated TLR9 signalling. We proposed that upon CpG-mediated matura�on, 

dendri�c cells started to secrete IL-6, ac�va�ng the STAT3 signalling pathway and causing the 

upregula�on of cathepsin X. In contrast, Poly I:C mediated DC matura�on did not elicit a 

profound secre�on of IL-6 and, therefore, did not increase the level of cathepsin X. 

As cathepsin X was significantly upregulated during CpG-mediated DC matura�on, we 

hypothesised that cathepsin X was needed for DC func�on.  

Lysosomal proteases are reported to be involved with immune cell matura�on. Legumain, 

cathepsin B, and cathepsin L are all involved with TLR9-mediated cell matura�on [184, 185]. 

Legumain cleaves the TLR9 receptor in mDCs and pDCs to ac�vate the TLR receptor. Cathepsin 

B and L inhibi�on resulted in a downregula�on of cell matura�on in B cells under TLR9 

s�mula�on. However, inhibi�ng one lysosomal protease does not en�rely block the TLR9 

signalling, indica�ng that the ac�va�on of the TLR9 receptor is highly redundant. There might 

be mul�ple proteases able to cleave and ac�vate TLR9 receptor signalling. Cathepsin X is also 

linked to pDC matura�on by cleaving and subsequently ac�va�ng Mac-1 [3]. Inhibi�on of 

cathepsin X decreased pDC surface marker expression, cell migra�on/adhesion, and cytokine 

secre�on.  

Dendri�c cells are an�gen-presen�ng cells. They serve as the bridge between the innate and 

the adap�ve immune system. Naïve dendri�c cells scavenge exogenous an�gens and engulf 

them. Cathepsin X was thought to play a role in clathrin-mediated endocytosis through 

cleaving profilin 1 in human prostate cancer cells [53]. Upon endocytosing exogenous an�gens, 

lysosomal proteases par�cipate in the degrada�on of an�gens [11]. The resul�ng pep�des are 

presented to T cells for further immune ac�vi�es. Lysosomal proteases are heavily involved in 
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an�gen-presenta�on. Cathepsin L, S and legumain all have been reported to mature the MHC-

II complex [69, 126].  

Ac�vated DCs also exhibited increased expression and secre�on of inflammatory cytokines to 

regulate immunity. Proteases are well-known for their regula�on of cytokines. Some 

proteases are involved in the ac�va�on of cytokines. For example, caspase-1  cleaves and 

ac�vates IL-1β in the context of inflammasome ac�va�on [129, 130]. Cathepsin X also has a 

role in inflammatory cytokine regula�on. As men�oned above, cathepsin X regulates pDC 

matura�on; hence, lack of cathepsin X impairs the secre�on of TNFα, IL-10 and IL-12 [3]. In 

addi�on, secreted cathepsin X regulates the secre�on of IL-1β that is irrelevant to cell 

matura�on through RGD/α5-integrin interac�on  [30, 64].  

In this chapter, we analysed the impact of cathepsin X deficiency on DC matura�on, an�gen 

uptake, an�gen presenta�on and cytokine secre�on. Furthermore, shotgun proteomics was 

implemented to broadly inves�gate the impact of cathepsin X deficiency on DC biology.   
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4.2 Results  

4.2.1 Genera�ng cathepsin X deficient cells using CRISPR-Cas9 

Having demonstrated that cathepsin X was upregulated during DC matura�on, we aimed to 

interrogate its contribu�on to DC func�on, including matura�on, an�gen uptake, an�gen 

presenta�on and cytokine secre�on. 

We generated cathepsin X-deficient cells with CRISPR-Cas9. DC1940 cells stably expressing 

Cas9 were transduced with an inducible CFP-FGH1t len�viral vector containing a guide RNA 

targeted to the first exon of Ctsz. Successfully transduced cells expressing CFP were sorted, 

and knockout of cathepsin X was induced by the administra�on of doxycycline (Figure 4.1A). 

Control cells were similarly transduced with a vector containing the human hBIM (Bcl-2-like 

11) specific guide RNA, which does not target the murine genome.  

Knockout efficiency was assessed by analysing cathepsin X ac�vity with the sCy5-Nle-SY ABP 

and immunoblo�ng with a cathepsin X-specific an�body. Compared to hBIM control cells, the 

Ctsz-targeted cells exhibited a significant loss of cathepsin ac�vity and expression, while the 

cathepsin S ac�vity was unchanged (Figure 4.1B).  
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Figure 4.1 Genera�ng cathepsin X deficient DCs with CRISPR-Cas9. A. Schema�c diagram of 

CRISPR-Cas9 design. The guide RNA was designed to target the first exon of Ctsz. Successfully 

transfected cells expressed CFP fluorophore and were sorted and selected by flow cytometry. 

The expression of the guide RNA was induced by adding doxycycline. B. WT and cathepsin X-

deficient Mutu DC1940 dendri�c cells were labelled with sCy5-Nle-SY. Cells were then lysed 

and analysed by SDS-PAGE in-gel fluorescence. Total Intracellular cathepsin X was examined 

by immunoblot using cathepsin X an�body. Ac�n expression and Ponceau stain were used as 

loading controls. 
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4.2.2 Cathepsin X deficient cells mature normally upon CpG ac�va�on  

Cathepsin X has previously been reported to have a role in pDC matura�on [3], where 

matura�on-related surface markers decreased upon cathepsin X inhibi�on, including CD86 

and MHC-II.  

To determine whether cathepsin X func�ons similarly in cDCs (DC1940 cells), we compared 

the surface expression of four receptors known to be elevated during DC matura�on in wild-

type and Ctsz-/- cells. Surface expression of CD40, CD86, MHC-I and MHC-II was iden�cal 

between the two cell lines (Figure 4.2A-D), indica�ng the loss of cathepsin X did not impact 

DC matura�on.  

We further inves�gated the impact of cathepsin X deficiency on DC matura�on on different 

TLR agonists. Consistent with Figure 3.2A, DC1940 cells responded well towards CpG, Poly I:C, 

Pam3 and FSL-1. DC1940 cells responded par�ally upon LPS ac�va�on and did not respond to 

the R848 agonist (Figure 4.2 E-J). We found that cathepsin X deficiency did not alter DC 

matura�on upon CpG, Poly I:C, Pam3 and FSL-1 agonists. However, cathepsin X deficient cells 

showed an impaired matura�on upon LPS s�mula�on, which aligned with Obermajer et al. [3] 

(Figure 4.2F).  
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Figure 4.2 Surface expression of DC matura�on markers of WT and cathepsin X deficient 

cells. A-D. DC1940 cells were treated with CpG for 24 hours, followed by the flow cytometry 

analysis of DC surface markers CD40, CD80, MHC-I and MHC-II, respec�vely. E-J. DC1940 cells 

were treated with CpG, LPS, Poly I:C, FSL-1, Pam3 or R848 for 24 hours, followed by the flow 

cytometry analysis of the CD86 surface marker.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page | 124  
 

4.2.3 Cathepsin X deficiency did not alter the endocytosis of exogenous an�gens. 

Cathepsin X has been previously described to cleave profilin and may have a role in modula�ng 

clathrin-mediated endocytosis [53]. Endocytosis of an�gens is the first crucial step in DC 

immunity, as exogenous an�gens need to be engulfed by DCs into the endolysosomal 

compartment and subsequently processed into an�genic fragments for an�gen presenta�on. 

We, therefore, inves�gated the contribu�on of cathepsin X to the endocytosis of exogenous 

an�gens.  

We first used a small molecule dye, Lucifer Yellow, to examine its effects on liquid-phase 

endocytosis. Lucifer Yellow (LY) has a molecular weight of only 521.57 g/mol and is up taken 

by non-specific endocytosis. We incubated the dye with WT and Ctsz-/- DCs at 37°C or on ice 

as the control. At 37°C, the cells readily took up the dye, as indicated by punctate intracellular 

staining. No intracellular dye was observed a�er incuba�on on ice, reflec�ng suppression of 

endocytosis (Figure 4.3A). When dye intensity was normalised to cell number, we observed 

no significant differences in dye uptake between WT and Ctsz-/- cells (Figure 4.3B). 

We also examined if cathepsin X deficiency had an impact on macropinocytosis. Fluorescently 

labelled OVA has been widely used as a standard tool for studying macropinocytosis, although 

OVA can also be endocytosed via mannose receptor-mediated endocytosis [186-188]. 

Macropinocytosis is o�en described as "cell drinking". DCs non-specifically uptake exogenous 

soluble proteins or an�gens cons�tu�vely through this route and is a major mechanism of 

an�gen uptake. We incubated OVA-Cy5 with WT and Ctsz-/- DCs at 37°C or on ice as a control. 

When incubated on ice, the uptake of OVA-Cy5 was negligible (Figure 4.3CD). At physiological 

temperature, WT and Ctsz-/- cells exhibited no significant differences in fluorescence intensity 

(Figure 4.3CD), sugges�ng that cathepsin X deficiency does not significantly impact 

macropinocytosis or an�gen uptake.   
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Figure 4.3 Endocytosis analysis of WT and cathepsin X-deficient cells. A. 

Immunofluorescence of Lucifer Yellow uptake by WT and Ctz-/- DCs. B. Quan�fica�on of Lucifer 

Yellow intensity normalised to cell numbers. Sta�s�cs were performed using unpaired 

Student's t-tests. n=3. C. Flow cytometry analysis of OVA-Cy5 uptake by WT and Ctz-/- DCs. D. 

Quan�fica�on of mean fluorescence intensity of Cy5. Sta�s�cs were performed using 

unpaired Student's t-tests. n=3. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, **** P ≤ 0.0001.  
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4.2.4 Cathepsin X deficiency did not alter an�gen presenta�on and cross-presenta�on. 

An�gen presenta�on is the next important step in DC immunity. A�er exogenous an�gens are 

engulfed, they are processed within endolysosomes and presented to T cells. The MHC-II 

complex mediates the canonical pathway of exogenous an�gen presenta�on. CD8+ dendri�c 

cells can also conduct an�gen cross-presenta�on where exogenous an�gens are loaded onto 

MHC-I to present to T cells (Figure 1.5C). Herein, we sought to inves�gate the impact of 

cathepsin X deficiency on both an�gen presenta�on pathways.  

We used two transgenic mouse strains, OT-I and OT-II mice, to inves�gate an�gen presenta�on. 

CD4+ T cells derived from OT-II mice can primarily recognise ovalbumin pep�de residues 323-

339 when presented by MHC-II. CD8+ T cells isolated from OT-I mice have modified T cell 

receptors designed to recognise ovalbumin pep�de residues 257-264 when presented by 

MHC-I and can be used to study an�gen cross-presenta�on. Successful an�gen presenta�on 

leads to the prolifera�on of the specific type of T cells, and the extent of cell prolifera�on 

reflects the ability of DC an�gen prolifera�on. To quan�fy T cell prolifera�on, T cells were 

stained with Cell Tracer Violet (CTV). Each �me T cells go through cell division, the CTV 

intensity will be halved, allowing us to differen�ate the ac�vely prolifera�ng T cells from the 

inac�ve T cells.  

The prolifera�on of CD4+ and CD8+ in response to specific ovalbumin pep�des was unaltered 

in the absence of cathepsin X, sugges�ng this protease does not mediate canonical an�gen 

presenta�on or cross-presenta�on (Figure 4.4AB).  
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Figure 4.4 The comparison of an�gen presenta�on and cross-presenta�on between WT and 

cathepsin X-deficient DCs. A. An�gen cross-presenta�on assay of OVA to CD8+ T cells. B. 

An�gen presenta�on assay of OVA to CD4+ T cells. Sta�s�cs were performed using unpaired 

Student's t-tests. n=3. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 

0.001, **** P ≤ 0.0001.  
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4.2.5 Cathepsin X deficiency did not alter the secre�on of IL-6, IL-10, IL-12, TNFα and MCP-11 

Secre�on of inflammatory cytokines and chemokines is a crucial feature of DC matura�on. 

Cathepsin X inhibi�on has been previously reported to hinder plasmacytoid DC matura�on 

and, therefore, reduce the secre�on of TNFα, IL-6, and IL-12 [3]. In addi�on, cathepsin B, a 

closely related lysosomal cysteine cathepsin of cathepsin X, has also been proven to have a 

role in the trafficking of TNFα and hence regulate secre�on [70]. We, therefore, inves�gated 

the impact of cathepsin X on cytokine/chemokine secre�on.  

We first broadly examined the impact of cathepsin X deficiency on cytokine/chemokine 

secre�on using a cytokine array kit that captured 111 soluble proteins. A�er CpG ac�va�on, 

WT and Ctsz-/- cells exhibited increased secre�on of mul�ple soluble proteins (Figure 4.5AB). 

However, we did not observe apparent differences in any secreted proteins between WT and 

Ctsz-/- cells. Some secreted proteins were subtly different. The cathepsin X-deficient cells 

tended to secrete less CCL3/CCL4, CCL5, IL-6, and IL-12 (Figure 4.5AB); however, no sta�s�cal 

significance could not be obtained from the two replicates.  

We, therefore, inves�gated a more focused set of cytokines using a BD™ Cytometric Bead 

Array (CBA). We did not observe significant differences in secreted MCP-1/CCL2, IL-6, IL-10, IL-

12, and TNFα levels between WT and Ctsz-/- cells (Figure 4.5 C-G). Secre�on of IFNϒ was below 

the detec�on limit (data not shown). 
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Figure 4.5 Examina�on of cytokine secre�on in cathepsin X-deficient cells. A. Cytokine array 

analysis of secreted proteins from WT and Ctsz-/- DC1940 cells before and a�er s�mula�on 

with CpG for 24 hours. B. Heatmap of a cytokine array depic�ng 111 soluble proteins secreted 

by WT and Ctsz-/- DC1940 cells before and a�er s�mula�on with CpG for 24 hours. C-G. 

Comparison of IL-12, MCP, TNFα, IL-6, and IL-10 secre�on between WT and Ctsz-/- DCs 

s�mulated with CpG for 24 hours. Sta�s�cs were performed using unpaired Student's t-tests. 

n=3. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 

0.0001.  
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4.2.6 Cathepsin X deficiency causes an increase in TMEM176B and results in lower secre�on of 

IL-1β. 

To study the impact of cathepsin X deficiency on DC func�on in a more systema�c, unbiased 

manner, we applied shotgun proteomics. As expected, cathepsin X total protein level was 

significantly enriched in CpG-ac�vated wild-type cells compared to Ctsz-/- cells. We observed 

an addi�onal 39 proteins that were significantly enriched in wild-type cells and 17 proteins 

that were enriched in Ctsz-/- cells a�er CpG ac�va�on (log2(1.5) > 0.585, log10(0.05)> 1.301, 

n=3). Among the later group was TMEM176B (a 3.693-fold increase compared to Ctsz-/-, 

p=0.0130) (Figure 4.6A).  

TMEM176B, or transmembrane protein 176b, is a phagolysosomal resident protein and has 

been implicated in the regula�on of IL-1β secre�on [103]. TMEM176B can regulate 

inflammasome ac�va�on and IL-1β by modula�ng cytosolic calcium levels. Calcium influx into 

the cytosol is a prerequisite for inflammasome ac�va�on. Cytosolic calcium is essen�al in 

assembling the inflammasome and ac�va�ng caspase-1, which converts pro-IL-1β to mature 

IL-1β. In this context, TMEM176B is a nega�ve regulator of inflammasome ac�va�on. 

TMEM176B hinders the calcium influx and, therefore, halts the ac�va�on of caspase-1 (Figure 

4.6B).  

To verify that TME176B expression was regulated by cathepsin X and not CRISPR-mediated 

off-target effects, we re-expressed cathepsin X in the Ctsz-/- cell line. As demonstrated by sCy5-

Nle-SY labelling and cathepsin X immunoblot, the rescued cell line re-expressed func�onal 

cathepsin X (Figure 4.6C). By shotgun proteomics, cathepsin X was significantly enriched in 

the rescued cell line. TMEM176B was rescued in the re-expressed cells (a 6.731-fold increase 

compared to Ctsz-/-, p=0.0080) (Figure 4.6D), sugges�ng its levels are influenced by cathepsin 

X. However, in naïve DCs, we did not see a significant change in TMEM176B. Conversely, its 

paralog TMEM176A was found to be significantly increased cathepsin X-deficient cells (Figure 

4.6E). Trea�ng DCs with CpG also increased the level of TMEM176B (Figure 4.6F). 

We hypothesised that cathepsin X deficiency leads to increased TMEM176B and inhibited 

calcium influx, leaving Caspase-1 inac�ve and unable to convert pro-IL-1β to the mature, 

ac�vely secreted form (Figure 4.6B). To test this hypothesis, we aimed to inves�gate IL-1β 

secre�on in WT and Ctsz-/- DC1940 cells. Inflammasome ac�va�on requires two signals. The 

first signal is the priming of the cells with TLR agonists. The TLR signalling upregulates 
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inflammatory genes, including inflammasome ac�va�on-associated genes. We found that 

CpG ac�va�on increased the level of NLRP3 and Caspase-1 (Figure 4.6F). The second signal 

ac�vates the inflammasome. We used CpG or LPS and adenosine triphosphate (ATP) for the 

first and second signals, respec�vely. Co-administra�on of CpG and ATP did not elicit a boost 

in the secre�on of IL-1β, nor did LPS/ATP co-treatment (Figure 4.6G). This may be explained 

by the fact that CD8+ DCs, modelled by DC1940 cells, are not the primary cell type that goes 

through inflammasome ac�va�on. CpG treatment alone, however, induced some IL-1β 

secre�on compared to naïve cells (Figure 4.6G). We also measured the secre�on of IL-1β upon 

treatment with different TLR agonists and found that CpG treatment induced the most robust 

increase in IL-1β secre�on (Figure 4.6H). A�er pooling data from three independent 

experiments, we observed a ~20% reduc�on in the secre�on of IL-1β from Ctsz-/- cells 

compared to WT (p<0.0001) (Figure 4.6I). 

In conclusion, our data suggest that cathepsin X deficiency might result in impaired secre�on 

of IL-1β, possibly due to increased TMEM176B expression. The mechanism of TEM176B 

regula�on by cathepsin X remains enigma�c; however, there may be a direct interac�on as 

the two proteins are known to co-locate in endolysosomes. We looked at the TMEM176B 

pep�des iden�fied by mass spectrometry; however, this did not provide addi�onal insight into 

the regulatory mechanism.  
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Figure 4.6 Secre�on of IL-1β was impaired in Ctsz-/- cells and was poten�ally caused by the 

increased TMEM176B. A. Volcano plot from the shotgun proteomics analysis of CpG-treated 

WT vs Ctsz-/- DCs. B. Poten�al mechanis�c role of cathepsin X regula�ng IL-1β through 

TMEM176B. Created with BioRender.com. C. WT, Ctsz-/-, and Ctsz-/- cells with rescued 

expression of WT cathepsin X were labelled with sCy5-Nle-SY. Cells were then lysed and 

analysed by SDS-PAGE in-gel fluorescence. Intracellular cathepsin X total level was examined 

by immunoblot using cathepsin X an�body. Ponceau stain was used as a measure of protein 

loading. D. Volcano plot from the shotgun proteomics analysis of CpG-treated rescued WT vs 

Ctsz-/- DCs. E. Volcano plot from the shotgun proteomics analysis of naïve WT vs Ctsz-/- DCs. F. 

Volcano plot of the shotgun proteomics analysis of naïve WT DCs vs CpG ac�vated WT DCs. G. 

Quan�fying IL-1β secre�on from Mutu DC1940 cells s�mulated by CpG or LPS with ATP 

treatment for different lengths. H. Quan�fica�on of IL-1β secre�on from Mutu DC1940 cells 

s�mulated with TLR agonists. Sta�s�cs were performed using the Brown–Forsythe and Welch 

ANOVA tests. n=3 I. Secre�on of IL-1β between WT and Ctsz-/- DCs s�mulated with CpG for 24 

hours rela�ve to WT cells (fold-change). n=3. Sta�s�cs were performed using unpaired 

Student's t-tests. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, 

**** P ≤ 0.0001.  
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4.3 Discussion:  

In this chapter, we inves�gated the role of cathepsin X in dendri�c cell immune func�on. We 

first generated a cathepsin X-deficient DC1940 cell line using CRISPR-Cas9. We used a DC1940 

cell line cons�tu�vely expressing Cas9 protein [158]. The guide RNA of cathepsin X was 

designed to target the first exon of cathepsin X and was transduced with a doxycycline-

inducible len�viral system. Successfully transduced cells expressed a CFP protein for cell 

sor�ng. We also included a WT control cell line that underwent the same CRISPR-Cas9 process, 

while the guide RNA targeted the human BCL2-like gene (hBIM). The human BCL-2 gene does 

not exist in the murine genome, and there should be no gene�c edi�ng in the hBIM cells.  

In this study, we did not conduct single-cell cloning for both WT and Ctsz-/-. We previously 

observed significant clonal varia�ons. Ctsz-/- single-cell clones exhibited different growth rates 

and cytokine secre�on profiles. Therefore, we sorted successfully transduced cells based on 

CFP fluorescence. We collected all the CFP-posi�ve cells and cultured them as a bulk 

popula�on. We hypothesise that the bulk popula�on would maintain heterogeneity of the cell 

popula�on and minimise the impact of clonal varia�on.  

As CpG ac�va�on induced the most robust increase in cathepsin X upregula�on, we decided 

to inves�gate the role of cathepsin X in DC immunity upon CpG ac�va�on. We first inves�gated 

whether cathepsin X deficiency impairs DC1940 cell matura�on. We s�mulated DCs with TLR9 

agonist (CpG) for 24 hours and analysed the level of several surface molecules, including CD40, 

CD86, MHC-I and MHC-II. We did not observe any differences in the levels of all the surface 

markers we inves�gated. Obermajer and colleagues reported that cathepsin X inhibi�on 

impairs the matura�on of plasmacytoid dendri�c cells s�mulated with TLR4 agonist (LPS). It 

might be possible that cathepsin X does not regulate the TLR9 signalling pathway but other 

TLR receptors. We s�mulated DC1940 cells with LPS for 24 hours and looked at the surface 

expression of CD86. We did no�ce a reduc�on in CD86 surface expression in cathepsin X-

deficient cells (Figure 4.2F). However, DC1940 cells do not have a solid response to LPS, as 

shown in the previous result chapter. Inves�ga�ng whether cathepsin X is crucial for TLR4-

mediated matura�on of primary cDCs would be essen�al.  

We then inves�gated if cathepsin X deficiency would affect an�gen uptake using two different 

agents, Lucifer Yellow and OVA-Cy5. A non-specific endocy�c pathway endocytoses Lucifer 
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Yellow and reflects the impact of cathepsin X deficiency on general endocytosis. We did not 

observe any differences in LY uptake between wildtype and cathepsin X deficient cells. We 

repeated the experiment with a different agent, the OVA-Cy5, which is widely used to measure 

macropinocytosis and did not observe a difference either. However, OVA can also be 

endocytosed via the mannose receptor-mediated endocytosis [187, 188]. To validate if 

cathepsin X deficiency affects macropinocytosis specifically, the method needs to be improved 

by pre-trea�ng cells with a mannose receptor agonist, mannan, to inhibit mannose receptor-

mediated endocytosis before OVA-Cy5 addi�on.  

We also ques�oned whether losing a lysosomal protease would reduce the proteoly�c ac�vity 

of the dendri�c cells. As reported, cathepsin X deficiency did not alter the processing of Myelin 

oligodendrocyte glycoprotein an�gen in bone marrow-derived dendri�c cells [30]. Allan et al. 

differen�ated progenitor cells into dendri�c cells with GMCSF, and the resul�ng dendri�c cells 

were more macrophage-like [189]. The proteoly�c ac�vity of the cells can be analysed with 

DQ™ Ovalbumin, a fluorogenic substrate for proteases. When intact, the DQ™ Ovalbumin is 

quenched. Lysosomal proteases remove the quenching effect upon cleavage, and green 

fluorescence will be emited. However, the DC1940 cell line originally expressed GFP protein, 

making it unable to examine the lysosomal proteolysis with this method. To inves�gate if 

conven�onal dendri�c cells require cathepsin X for lysosomal proteolysis, we will need to 

isolate splenic dendri�c cells from cathepsin X-deficient mice and conduct DQ™ Ovalbumin 

analysis.  

As we could not inves�gate the impact of cathepsin X deficiency on an�gen processing, we 

sought to focus on the downstream effects of an�gen processing an�gen presenta�on. A 

reduced an�gen processing ability would reflect an impaired ability to process an�gens. We 

did not observe any differences in an�gen presenta�on between WT DCs and cathepsin X-

deficient DCs. This may reflect that cathepsin X deficiency did not alter an�gen processing. 

Therefore, unlike cathepsin S and cathepsin L, cathepsin X may not have a role in an�gen 

presenta�on [11].  

Given the delayed upregula�on of cathepsin X discussed in Chapter 3, cathepsin X may not 

play a role in the immediate immune func�on of DCs. In the same chapter, we demonstrated 

that the IL-6 signalling pathway induces the upregula�on of cathepsin X. IL-6 is known for its 

versa�le effects on various aspects of cellular behaviour, including growth, differen�a�on, 
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viability, and mobility, par�cularly within the context of immune responses, haematopoiesis, 

and inflammatory processes [190]. Notably, IL-6 has also been reported to act as an 

immunosuppressive cytokine, maintaining DCs in their naive state. IL-6 increases the 

expression of cathepsin S, which in turn degrades intracellular MHC-II αβ dimers, ul�mately 

leading to reduced T cell ac�va�on [191, 192]. Consequently, similar to cathepsin S, cathepsin 

X may not be immediately involved in the immune func�on of DCs but could be more focused 

on maintaining their matura�on status by degrading excess immune molecules. To validate 

this hypothesis, further inves�ga�on is required, specifically by comparing the matura�on 

status of DCs over an extended period between wild-type and cathepsin X-deficient cells. 

Allan et al. reported that cathepsin X deficiency impaired IL-1β secre�on during NLRP3-

mediated inflammasome ac�va�on. They further concluded that cathepsin X regulates IL-1β 

secre�on post-transla�onally as there were no significant differences in pro-IL-1β mRNA levels 

between WT and cathepsin X-deficient BMDMs/BMDCs [30]. Further studies showed that the 

mechanism of cathepsin X regula�on on IL-1β secre�on was not dependent on its proteoly�c 

ac�vity. Secreted pro-cathepsin X containing an RGD mo�f could ac�vate α5β1 and contribute 

to NLRP3 inflammasome ac�va�on [64].  

Our results suggested an alterna�ve way to explain the regula�on of cathepsin X on IL-1β. We 

did shotgun proteomics to examine the broader impact of cathepsin X deficiency. TMEM176B 

was significantly increased in cells lacking cathepsin X. TMEM176B has been reported to 

inhibit NLRP3 inflammasome ac�va�on. Gene�c deple�on of TMEM176B enhanced the 

ac�va�on of caspase-1 and subsequently increased the secre�on of IL-1β. The authors 

explained that TMEM176B inhibits calcium influx. The loss of TMEM176B increased the level 

of cytosolic Ca2+ and contributed to NLRP3 inflammasome ac�va�on [103]. To validate our 

hypothesis, our experimental approach will involve several key steps. First, we will assess and 

compare the cytosolic calcium levels in both wild-type and cathepsin X deficient dendri�c cells 

as they undergo matura�on. This will be accomplished by u�lising a calcium probe, such as 

Fura-2. Given that TMEM176B governs calcium influx, our expecta�on is that cathepsin X-

deficient cells will exhibit reduced cytosolic calcium level. Furthermore, we will examine the 

ac�va�on of caspase-1 through western blot. The reason for this inves�ga�on is that caspase-

1 ac�va�on is downstream of calcium influx and plays a vital role in inflammasome 

ac�va�on/IL-1β secre�on. Lastly, we will assess the mRNA expression of IL-1β in cathepsin X-
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deficient cells. This step is crucial as it will help us determine whether the observed 

impairment in IL-1β secre�on is due to post-transla�onal modifica�ons rather than altera�ons 

in mRNA expression. 

TMEM176B is a transmembrane protein localised on phagolysosomes [103]. Its localisa�on 

indicates a poten�al interac�on with cathepsin X. However, its N and C terminal tails reside 

outside the phagolysosomal lumen. As a carboxy-monopep�dase, cathepsin X cannot directly 

cleave TMEM176B. Evidence shows that lysosomal proteases can escape the lysosomal 

compartment and travel to the cytoplasm to cleave substrates [148]. Whether or not 

cathepsin X can escape the lysosomes and make a cleavage of TMEM176B needs more 

inves�ga�on. Alterna�vely, some endopep�dases might make an ini�al cleavage inside the 

phagolysosome, genera�ng a neo-c-terminal. Cathepsin X might then be able to cleave 

TMEM176B at the neo-c-terminal tail. The cleavage needs to be validated using mass-

spectrometry techniques, especially C-terminomics [54].  

TMEM176B has also been reported to be associated with the immature state of dendri�c cells 

[193]. Condamine et al. showed that BMDCs treated with TLR3 (Poly I:C) and TLR4 (LPS) 

exhibited downregulated TMEM176B. Our proteomics data showed different results: 

TMEM176B was increased a�er TLR9 (CpG) ac�va�on. This discrepancy maybe TLR agonist-

dependent or cell type-dependent.  

Unfortunately, DC1940 (CD8+ dendri�c) cells do not have a profound NLRP3 inflammasome 

ac�va�on mechanism. As reported, conven�onal dendri�c cells acquire a mechanism in which 

transcrip�on factors IRF8 and IRF4 suppress the inflammasome-related genes to maintain 

their viability to keep priming T cells [108]. We treated the DC1940 cells with two different 

TLR agonists, CpG and LPS, as the first priming signal for NLRP3 inflammasome ac�va�on. LPS 

is the most used priming agonist in NLRP3 inflammasome; however, DC1940 cells only 

par�ally respond to LPS. DC1940 cells exhibit a much greater response to CpG. Although using 

CpG as the priming signal for NLRP3 inflammasome ac�va�on is scarce in the literature, there 

is evidence showing TLR9 priming can induce NLRP3 inflammasome ac�va�on [194]. Our 

shotgun proteomics data revealed that priming DC1940 cells with CpG significantly increased 

the protein amount of both IL-1β and NLRP3 (Figure 4.6F). We used ATP as the second signal 

ac�va�ng the NLRP3 inflammasome. ATP ac�vates the P2X7 receptor and facilitates the efflux 

of K+ ions, subsequently ac�va�ng the inflammasome complex [195, 196]. However, neither 
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CpG nor LPS with ATP resulted in a substan�al secre�on of IL-1β. We observed a minor 

secre�on of IL-1β by DC1940 cells treated with CpG alone, but the addi�on of ATP did not 

propagate the secre�on. Therefore, the involvement of cathepsin X in TMEM176B expression 

and subsequent inflammasome ac�va�on needs to be further validated in the CD11b+ 

dendri�c cell popula�on that has a beter ability to form inflammasomes compared to CD8+ 

dendri�c cells or validated in the macrophages which are considered the canonical player in 

inflammasome ac�va�on.  

We did not observe significant contribu�ons of cathepsin X to several immune func�ons of 

DCs. One possible explana�on is the compensatory mechanism in the lysosomal proteoly�c 

environment: the host cell senses the loss of proteolysis and compensates for it by 

upregula�ng the expression of related proteases. For example, when legumain ac�vity was 

lost,  primary murine embryonic fibroblast responded to it by increasing the expression of 

cathepsin A, B, C, L, and X [197]. This compensatory mechanism makes it hard to inves�gate 

the role of one par�cular protease by either chemical or gene�c inhibi�on. 

Cathepsin X is not the only exopep�dase in the lysosomes. Cathepsin B is the other cathepsin 

with exo-dipep�dase ac�vity [189]. The loss of cathepsin X may be compensated by the 

presence of cathepsin B. Some evidence in the literature showed that inhibi�ng both 

cathepsin B and cathepsin X had a synergis�c effect [198]. Therefore, gene�cally knocking out 

both cathepsin B and X may result in a more obvious defect in lysosomal proteolysis.   

The impact of cathepsin X deficiency on the DC lysosomal proteoly�c network will be shown 

and discussed in the next chapter.  
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Chapter 5. Cathepsin X ac�vity controls cathepsin L processing and 

nuclear trafficking   

5.1 Introduc�on:  

In the previous chapter, I generated a cathepsin X deficient dendri�c cell line to inves�gate 

the role of cathepsin X in DC func�on. We examined the impact of cathepsin X deficiency on 

DC matura�on, endocytosis, an�gen presenta�on and cytokine secre�on and found that 

cathepsin X had a limited role in all these DC func�ons. We eventually conducted shotgun 

proteomics to broadly inves�gate the contribu�on of cathepsin X to DCs. We discovered that 

cathepsin X-deficient cells exhibited an increased level of TMEM176B. TMEM176B is a 

transmembrane protein involved with the inhibi�on of calcium influx. The increased level of 

TMEM176B in cathepsin X deficient cells resulted in an impaired calcium influx and 

subsequently halted IL-1β secre�on under inflammasome ac�va�on.  

The loss of one lysosomal proteoly�c protease’s ac�vity is o�en accompanied by upregula�on 

of other related lysosomal proteases [175, 197]. This compensatory mechanism may mask the 

impact of cathepsin X deficiency in dendri�c cells and may explain the minimal impact of 

cathepsin X deficiency on DC func�on. In this chapter, we focused on the impact of cathepsin 

X deficiency on the lysosomal proteoly�c network.  

Lysosomal proteases exist within a sophis�cated network and are interconnected with each 

other. To prevent unwanted protein diges�on, cysteine proteases are synthesised as inac�ve 

zymogens. Their ac�va�on requires proteoly�c removal of pro-pep�de domain(s) through 

auto- or trans-ac�va�on. Most endopep�dases autoac�vate, including cathepsin B, H, L, S, K, 

V and F. The exopep�dases cathepsin C and cathepsin X require the ac�vity of other proteases 

for ac�va�on. Pro-cathepsin C is cleaved by cathepsin L and S [199]. The cataly�c cysteine of 

cathepsin X forms a disulphide linkage with a cysteine residue in its pro-domain, making its 

pro-form incapable of autoac�va�on. In vitro, cathepsin X is ac�vated upon removal of the 

pro-domain by cathepsin L [43]. 

Some cathepsins also undergo addi�onal processing. Cathepsin B, C, D, H and L all have a 

single-chain form a�er pro-pep�de removal. The single chain is subsequently cleaved and 

processed into a two-chain form consis�ng of a heavy and light chain (Figure 5.1A). The 

processing of cathepsin B, H, and L single chain to the two-chain form depends on the cysteine 
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protease legumain. The ac�vi�es of single-chain and two-chain forms also differ. Upon 

legumain inhibi�on, cathepsin B and L exhibited increased proteoly�c ac�vity when the single 

chain accumulated, while cathepsin H ac�vity was diminished [200]. The single-chain and two-

chain forms may also have different substrate specifici�es; the two-chain form of cathepsin L 

has gela�noly�c ac�vity, while the single-chain form does not [201]. Thus, protease interplay 

can influence their ac�vity, structure, and substrate specificity.  

Inhibi�on or gene�c dele�on of a specific protease also alters the expression of other 

proteases. For example, when the ac�vity of legumain is lost, the host cell can sense the loss 

of legumain proteolysis and respond to it by upregula�ng other related proteases, including 

cathepsin A, B, C, L and X through lysosomal biogenesis [197, 202].  

In addi�on, some proteases have been shown to change the localisa�on of other proteases. 

Cathepsin B, a lysosomal cathepsin, has also been detected in the cytosol. The trafficking to 

the cytosol depends on trypsin, although the mechanism remains unknown. Cathepsin B is 

ac�ve in the neutral pH of the cytosol and can subsequently ac�vate the inflammasome to 

induce cell death [148].  

In this chapter, we analysed the expression and processing of related lysosomal proteases and 

their inhibitors in the context of cathepsin X deficiency. We discovered that cathepsin X 

deficiency leads to altered processing of cathepsin L, whereby cathepsin L pro-form and single 

chain accumulate in cells lacking ac�ve cathepsin X. We also showed that cathepsin L is 

trafficked to the nucleus preferen�ally in its two-chain form. In the absence of cathepsin X 

ac�vity, nuclear transloca�on of cathepsin L heavy chain was diminished, thereby impairing 

the processing of its nuclear substrates.  
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5.2 Results 

5.2.1 Processing of cathepsin L is altered in cathepsin X deficient cells. 

To inves�gate the impact of cathepsin X deficiency on the lysosomal protease network, we 

examined the expression and ac�vity of select proteases and their endogenous inhibitors in 

wild-type and Ctsz-/- dendri�c cells. Consistent with the results from the previous chapter, 

cathepsin B and L ac�vity, as detected by BMV109 labelling, was minimal compared to 

cathepsin S, which was not impacted by the loss of cathepsin X (Figure 5.1B). By immunoblot, 

cathepsin X-deficient cells showed no apparent changes in total expression and processing of 

cathepsin B and S (Figure 5.1B). The processing of cathepsin L, however, was altered: pro-

cathepsin L and its single-chain form accumulated in the absence of cathepsin X (1.405-fold, 

p=0.0112 and 6.855-fold, p=0.0169, respec�vely) (Figure 5.1BG). Using the ac�vity-based 

probe, FY01, we did not observe any differences in cathepsin C ac�vity (23 kDa) (Figure 5.1C). 

Total expression and processing of cathepsin C by immunoblot were also unchanged (Figure 

5.1C). Cathepsin H, which exhibits a similar processing mechanism as cathepsin L, was 

unchanged in the context of cathepsin X deficiency (Figure 5.1D).  

As legumain is known to mediate the processing of the cathepsin L single chain, we 

hypothesized that single-chain accumula�on in the absence of cathepsin X might be mediated 

by altered legumain ac�vity. However, using LE28, a legumain-specific ac�vity-based probe, 

and immunoblo�ng, we did not observe significant differences in total and ac�ve legumain 

between wild-type and Ctsz-/- cells (Figure 5.1E). Moreover, we did not observe changes in the 

expression of cysteine protease inhibitors, including stefin A, stefin B and cysta�n C (Figure 

5.1F).  

Collec�vely, these results suggest that cathepsin X selec�vely regulates the single-chain 

processing of cathepsin L in a legumain-independent manner.  
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Figure 5.1. The processing of related lysosomal proteases and their inhibitors in the context 

of cathepsin X deficiency. A. The post-transla�onal processing of cathepsin L. B. BMV109 

labelling of live WT and Ctsz-/- DC1940 cells, as shown by in-gel fluorescence. Cathepsin B, S, L 

immunoblot of WT and Ctsz-/- DC1940 cells. C. FY01 labelling of live WT and Ctsz-/-  DC1940 

cells, as shown by in-gel fluorescence. Cathepsin C immunoblot of WT and Ctsz-/- DC1940 cells. 

D. Cathepsin H immunoblot of WT and Ctsz-/- DC1940 cells. E. LE28 labelling of live WT and 

Ctsz-/- DC1940 cells, as shown by in-gel fluorescence. Legumain immunoblot of WT and Ctsz-/- 

DC1940 cells. F. Stefin A, B and Cysta�n C immunoblot of WT and Ctsz-/- DC1940 cells. G. 

Densitometry of 35 (pro-cathepsin L), 27 (single chain), and 23 (heavy chain) kDa bands 

displayed the average intensity rela�ve to the WT (fold change). Sta�s�cs were performed 

using unpaired Student's t-tests. n=3. Error bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P 

≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001. 
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5.2.2 Cathepsin L pro form and single chain accumulated in cathepsin X-deficient cells and 

depended on ac�ve cathepsin X. 

To confirm whether loss of cathepsin X ac�vity or its integrin-binding capabili�es were 

responsible for inducing cathepsin L single chain accumula�on, we atempted to rescue the 

phenotype of the cathepsin X-deficient cells with either wild-type, cataly�cally dead (R94S) or 

RGD mutant (R40H) cathepsin X constructs. Re-expression was assessed using the cathepsin 

X ac�vity-based probe sCy5-Nle-SY and immunoblot. WT (rWT) and R40H (rR40H) construct 

recovered cathepsin X ac�vity while rC94S was inac�ve (Figure 5.2A). The three rescued cell 

lines all expressed a similar level of cathepsin X, slightly higher than the WT cells (Figure 5.2A).  

By cathepsin L immunoblot, cells expressing inac�ve cathepsin X showed an accumula�on of 

cathepsin L single chain similar to cathepsin X-deficient cells. In contrast, the two cell lines 

expressing ac�ve cathepsin X did not have the accumula�on of cathepsin L single chain (Figure 

5.2A). These results suggest that cathepsin L single-chain accumula�on depends on cathepsin 

X ac�vity, not its RGD mo�f. 

Next, we validated the above discovery with a cathepsin X inhibitor to confirm the loss of 

cathepsin X ac�vity could impact cathepsin L processing. The cathepsin X inhibitor Bio�n-Hex-

Nle-SY is derived from its ac�vity-based probe. We switched the sCy5 fluorophore into bio�n 

and added a six-carbon linker between the Norleucine and the bio�n. We found that this 

inhibitor diminished the level of ac�ve cathepsin X in both RAW264.7 and DC1940 cell lines, 

as shown by sCy5-Nle-SY labelling (Figure 5.2CD).  

In DC1940 cells, cathepsin X inhibi�on and its gene dele�on caused a slight but significant 

increase in pro cathepsin L (1.276-fold, p=0.0333- and 1.572-fold, p=0.0035, respec�vely). 

Cathepsin L single chain was also significantly increased a�er both inhibi�on and dele�on of 

cathepsin X (2.974-fold, p=0.0040- and 3.779-fold, p=0.0006, respec�vely) (Figure 5.2CE). We 

found in RAW264.7 macrophages that the inhibitor caused an accumula�on of cathepsin L 

single chain (2.346-fold, p=0.0047), while the pro-form and heavy chain levels remained 

unchanged (Figure 5.2DF).  

Collec�vely, inhibi�on of cathepsin X ac�vity leads to altered processing of cathepsin L. This 

phenomenon is not restricted to DCs but could also be observed in macrophages. 

Accumula�on of pro-cathepsin L was only observed in DC1940 cells.  
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Figure 5.2. The altered processing of cathepsin L depends on ac�ve cathepsin X. A. sCy5-Nle-

SY labelling of live WT, Ctsz-/-, Ctsz-/- re-expressing WT, C94S, and R40H cathepsin X DC1940 

cells, as shown by in-gel fluorescence and cathepsin X/L immunoblot. Ac�n expression was 

used as a loading control. B. Densitometry of 35 (pro-cathepsin L), 27 (single chain), and 23 

(heavy chain) kDa bands displayed the average intensity rela�ve to WT (fold change). Sta�s�cs 

were performed using the Brown–Forsythe and Welch ANOVA tests. n=3 C. D DC1940 or 

RAW264.7 cells were pretreated with 50 µM Bio�n-Hex-Nle-SY overnight. Ac�ve cathepsin X 

was examined with sCy5-Nle-SY. Total cathepsin X and cathepsin L expression were shown by 

immunoblot. Ac�n immunoblot was used as a loading control. E. F. Densitometry of 35 (pro-

cathepsin L), 27 (single chain), and 23 (heavy chain) kDa bands in DC1940 or RAW264.7 cells 

displayed the average intensity rela�ve to the vehicle-treated cells (fold change). Sta�s�cs 

were performed using unpaired Student's t-tests. n=3. Error bars represent SEM. ns P > 0.05, 

*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001. 
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5.2.3 Cathepsin L single-chain accumula�on was not due to direct cathepsin X cleavage, 

lysosomal oxida�ve stress, glycosyla�on or cathepsin L secre�on. 

Cathepsin X is a carboxy-exopep�dase that is not known to possess endopep�dase ac�vity. 

While cathepsin L processing depends on cathepsin X ac�vity, we hypothesized that the effect 

was not likely to be through direct cleavage of cathepsin L by cathepsin X. To eliminate this 

possibility, we incubated recombinant cathepsin L and cathepsin X in vitro and analysed 

processing of cathepsin L by immunoblo�ng. We did not observe the forma�on of cathepsin 

L heavy chain in the presence of cathepsin X (Figure 5.3A). Conversely, cathepsin L cleaved 

pro-cathepsin X and processed it into mature cathepsin X at ~35 kDa. Using the BMV109 probe, 

both the pro-cathepsin X and cathepsin L cleaved cathepsin X were ac�ve in vitro, with 

increased ac�vity for the cleaved cathepsin X (Figure 5.3B). This has been observed previously, 

and cathepsin L is o�en used to ac�vate recombinant pro-cathepsin X [43]. We observed 

similar results when Coomassie was used to stain all protein on the gel. No new cathepsin L 

fragments were produced in the presence of cathepsin X, while cathepsin X was cleaved by 

cathepsin L, resul�ng in a slight band shi� (Figure 5.3C).  

Cathepsin L was generally believed to be processed by legumain in the field. Unexpectedly, 

we found that legumain could not directly cleave cathepsin L into its heavy chain form, though 

cathepsin L cleaved legumain, resul�ng in a minor band shi� (Figure 5.D). On the other hand, 

legumain cleaved trypsinogen, a previously iden�fied substrate [203], verifying that legumain 

was ac�ve under these reac�on condi�ons (Figure 5.3E). These results suggest that processing 

of cathepsin L single chain into its double chain may not be directly mediated by legumain or 

cathepsin X, or other factors not captured in our in vitro cleavage assay may be required.  

While cathepsin X-deficient cells exhibited accumula�on of pro-cathepsin L and cathepsin L 

single chain, the heavy chain levels remained primarily unchanged. Cathepsin X deficient cells 

subsequently had more intracellular cathepsin L than WT cells. We next hypothesised that 

cathepsin X deficient cells may have an increased cathepsin L mRNA expression. Other 

research groups have shown that loss of proteoly�c ac�vity of one lysosomal protease (e.g., 

legumain) promotes oxida�ve stress and STAT3-dependent upregula�on of the expression of 

other lysosomal proteases [197, 202].  
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We used quan�ta�ve PCR to measure the mRNA expression of cathepsin L in WT and 

cathepsin X-deficient cells but observed no significant differences (Figure 5.3F). Therefore, the 

altered level of intracellular cathepsin L is not likely due to increased transcrip�on. Moreover, 

using CellROX™ Deep Red Reagent and flow cytometry analysis, we did not observe an 

increase in the lysosomal oxida�ve stress of Ctsz-/- cells compared to WT (Figure 5.3G). 

We next ques�oned if the mul�ple forms of cathepsin L were not proteoly�cally processed 

but were different glycosylated forms. We treated WT and Ctsz-/- cell lysates with PNGase F 

and found all three forms of cathepsin L were similarly glycosylated in WT and Ctsz-/- cells 

(Figure 5.3H). 

We next hypothesised that cathepsin X deficiency led to impaired secre�on of the cathepsin 

L single chain, which would account for its intracellular accumula�on. In wild-type cells, 

cathepsin L was primarily secreted as the pro-form and, to a lesser extent, in the two-chain 

form (Figure 5.3G). Single-chain cathepsin L was only secreted from Ctsz-/- cells. These results 

suggest that its intracellular accumula�on is not due to impaired secre�on without the 

cathepsin X ac�vity.  

Collec�vely, our results suggest that cathepsin X regulates cathepsin L processing in an 

ac�vity-dependent manner and that this effect is not likely through direct proteolysis or due 

to alterna�ons in mRNA expression, oxida�ve stress, glycosyla�on, or secre�on.  
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Figure 5.3. Cathepsin L single-chain accumula�on was not due to direct cathepsin X cleavage, 

lysosomal oxida�ve stress, glycosyla�on or cathepsin L secre�on. A. Cleavage assay of 

human recombinant cathepsin X on human recombinant cathepsin L single chain form as 

shown by cathepsin L immunoblot. B. Cleavage assay of human recombinant cathepsin L single 

chain on human recombinant cathepsin X as shown by cathepsin X immunoblot and BMV109 

labelling. C.D.E. Cleavage assays of cathepsin X on cathepsin L single chain form, legumain on 

cathepsin L single chain form, and legumain on trypsinogen as shown by Coomassie stain. F. 

Quan�ta�ve PCR analysis of cathepsin L mRNA normalised to mouse GAPDH in WT and 

cathepsin X deficient DC1940 cells rela�ve to WT cells (fold-change). Sta�s�cs were performed 

using the unpaired Student's t-tests. n=3. G. Quan�fica�on of lysosomal oxida�ve stress using 

CellROX™ Deep Red Reagent in WT and cathepsin X deficient DC1940 cells. Sta�s�cs were 

performed using unpaired Student's t-tests. n=3. H. Cell lysates were pretreated with PNGase 

F and shown by cathepsin L immunoblot. I. Cathepsin L secre�on in WT and Ctsz-/- cells, as 

shown by cathepsin L immunoblot. J. Densitometry of secreted 35 (pro-cathepsin L), 27 (single 

chain), and 23 (heavy chain) kDa bands displayed the average intensity rela�ve to the WT cells 

(fold change). Sta�s�cs were performed using unpaired Student's t-tests. n=3. Error bars 

represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001. 
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5.2.4 Cathepsin L can be localised in the nucleus. 

In addi�on to secre�on, cathepsin L is known to be trafficked to the nucleus in an impor�n β-

dependent manner (Figure 5.4A) [32]. We subsequently did immunofluorescence, looking at 

the localisa�on of cathepsin X and L in the DC1940 cells. For cathepsin X, its staining avoided 

the nucleus, indica�ng its localisa�on was mainly in the cytoplasm (lysosomal). The staining 

of cathepsin L was more dispersed than that of cathepsin X (Figure 5.4B). We believed that 

cathepsin L was present in the cytoplasm and the nucleus. Furthermore, we quan�fied the 

cathepsin L that resided in the nucleus in WT and Ctsz-/- DC1940 cells and found that the 

nuclear level of cathepsin L in the Ctsz-/- DC1940 cells was significantly less (0.93-fold, 

p=0.0002) (Figure 5.4CD). 

The human oral squamous carcinoma cells (HSC-3) were also applied to inves�gate the 

localisa�on of cathepsin L. Unexpectedly, we found a high nuclear cathepsin L localisa�on in 

those cells. Conversely, cathepsin X was s�ll mostly cytosolic (Figure 5.4E). As HSC-3 cells 

showed a profound cathepsin L nuclear staining, we treated them with the cathepsin X 

inhibitor Bio�n-Hex-Nle-SY and compared them with DMSO-treated cells. Similarly, we found 

that cells with cathepsin X inhibi�on showed a significantly lower nuclear cathepsin L level 

(0.83-fold, p<0.0001) (Figure 5.4FG).  

These data showed that the nuclear localisa�on of cathepsin L is poten�ally mediated by 

cathepsin X ac�vity. The loss of cathepsin X ac�vity may result in an impaired cathepsin L 

nuclear localisa�on.  
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Figure 5.4. Cathepsin L is also localised in the nucleus. A. Pathway of cathepsin L 

transporta�on into the nuclear compartment. Created with BioRender.com. B. Intracellular 

cathepsin X/L in naïve DC1940 cells as shown by immunofluorescence. Scale bar = 5μm. C. 

Intracellular cathepsin L in WT and Ctsz-/-DC1940 cells as shown by immunofluorescence. Scale 

bar = 30μm. D. Quan�fica�on of nuclear cathepsin L in naïve WT and Ctsz-/- DCs. Sta�s�cs were 

performed using unpaired Student's t-tests. E. Intracellular cathepsin X/L in HSC-3 human oral 

squamous carcinoma cells as shown by immunofluorescence. Scale bar = 5μm. F. Intracellular 

cathepsin L in Vehicle treated and cathepsin X inhibitor (Bio�n-Hex-Nle-SY) treated HSC-3 cells 

as shown by immunofluorescence. Scale bar = 30μm. G. Quan�fica�on of nuclear cathepsin L 

in HSC-3 cells treated with vehicle or the cathepsin X inhibitor Bio�n-Hex-Nle-SY. Sta�s�cs 

were performed using unpaired Student's t-tests. 
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5.2.5 Cathepsin X-deficient cells exhibited impaired cathepsin L nuclear localisa�on and 

nuclear proteolysis. 

To confirm the localisa�on of cathepsin L and X, we frac�onated the nucleus and cytosol of 

DC1940s and looked at the nuclear localisa�on of several lysosomal proteases. The purity of 

the cytosolic frac�on and the nuclear frac�on was confirmed by their specific markers, Tubulin 

and Lamin A, respec�vely.  

Our data showed that cathepsin B and X were mainly in the cytosolic (lysosome-containing) 

frac�on and were absent in the nuclear frac�on (Figure 5.5A). Conversely, cathepsin L, H, S 

and legumain were in cytosolic and nuclear frac�ons. Legumain was found in the nucleus in 

its mature form (Figure 5.5A). Cathepsin S was in the nucleus with a molecular weight slightly 

higher than its mature cytosolic form (Figure 5.5A). Cathepsin H was in the nucleus only in its 

single-chain form (Figure 5.5A).   

Consistent with our previous data, cathepsin L was present in the cytosolic frac�on, mainly in 

its heavy chain form in WT cells. Cathepsin X-deficient cells exhibited an accumula�on of 

cathepsin L single chain in the cytosolic frac�on (Figure 5.5AB). However, cathepsin L was in 

the nucleus only in its heavy chain form, regardless of the presence of cathepsin X (Figure 

5.5A). In addi�on, we found that the level of nuclear cathepsin L was reduced in cathepsin X-

deficient DCs (0.23-fold, p=0.0028, Figure 5.5C).  

To inves�gate whether an ac�ve cathepsin X was required for cathepsin L nuclear localisa�on, 

we frac�onated Ctsz-/- that re-express WT, C94S or R40H cathepsin X. Cathepsin X-deficient 

cells and rC94S cells showed significantly lower levels of nuclear cathepsin L than WT, rWT or 

rR40H cells (Figure 5.5BC). Therefore, in the absence of ac�ve cathepsin X, the cathepsin L 

single chain accumulated in the cytoplasm and trafficking of the heavy chain to the nucleus 

was impaired. 

As legumain also alters the processing of cathepsin L, we examined cathepsin L localiza�on in 

DCs a�er treatment with a legumain inhibitor, SD134. Legumain inhibi�on led to a 

pronounced accumula�on of cathepsin L single chain and loss of the heavy chain in the 

cytosolic frac�on (Figure 5.5D). Moreover, legumain inhibi�on significantly reduced nuclear 

cathepsin L levels (0.60-fold, p=0.0243, Figure 5.5E). Inhibi�ng legumain ac�vity in the context 



Page | 156  
 

of cathepsin X deficiency further augmented cathepsin L single chain accumula�on and 

reduced nuclear cathepsin L levels (0.18-fold, p=0.0032, Figure 5.5E)  

As nuclear cathepsin L has been shown to cleave lamin B1 [35], we subsequently examined 

lamin B1 processing in cells lacking nuclear cathepsin L due to cathepsin X deficiency, legumain 

inhibi�on or both. Full-length lamin B1 (~60 kDa) and its processed form at ~25 kDa were 

observed. The processed form was diminished in the absence of cathepsin X or legumain 

ac�vity and even more so in cells lacking the ac�vity of both proteases (Figure 5.5D).  

Overall, the data showed that the localisa�on of cathepsin L depends on ac�ve cathepsin X 

and that the processing of nuclear cathepsin L substrates is regulated by cathepsin X and 

legumain.  
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Figure 5.5. Cathepsin X deficiency impaired cathepsin L nuclear localisa�on and nuclear 

proteolysis. A. Cathepsin B, H, L, S, X and legumain immunoblot in the cytosolic and nuclear 

frac�on. Tubulin expression was used as a cytosolic marker and loading control. Lamin A 

expression was used as a nuclear marker and loading control. B. Cathepsin L immunoblot in 

the cytosolic frac�on and nuclear frac�on of WT, Ctsz-/-, rWT, rC94S, rR40H DC1940 cells. 

Tubulin expression was used as a cytosolic marker and loading control. Lamin A expression 

was used as a nuclear marker and loading control. Ponceau stain was used as a second 

measure of protein loading. C. Densitometry analysis of nuclear 23kDa bands detected by 

cathepsin L immunoblot displayed the average intensity normalised to WT (fold change). 

Sta�s�cs were performed using unpaired Student's t-tests. n=4. D. Cathepsin L and Lamin B1 

immunoblot in the cytosolic frac�on and nuclear frac�on in WT or Ctsz-/- cells treated with or 

without legumain inhibitor SD134 (100 µM). Tubulin expression was used as a cytosolic 

marker and loading control. Lamin A expression was used as a nuclear marker and loading 

control. Ponceau stain was used as a second measure of protein loading. E. Densitometry 

analysis of nuclear 23kDa bands detected by cathepsin L immunoblot displayed average 

intensity normalised to WT control (fold change). Sta�s�cs were performed using unpaired 

Student's t-tests. n=3. Error bars represent SEM. F. Densitometry analysis of processed lamin 

B1 (25 kDa) detected by lamin B1 immunoblot displayed average intensity normalised to WT 

control (fold change). Sta�s�cs were performed using unpaired Student's t-tests. n=3. Error 

bars represent SEM. ns P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001. 
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5.3 Discussion: 

In this chapter, we assessed the impact of cathepsin X deficiency on related lysosomal 

proteases and their inhibitors. Among all the proteases and inhibitors we examined, cathepsin 

L was the only protein altered by cathepsin X deficiency. Specifically, we observed 

accumula�on of the cathepsin L heavy chain in the absence of cathepsin X, and this effect was 

confirmed to be dependent on the ac�vity of cathepsin X but not its integrin-binding func�ons.  

Cathepsin L processing from the single chain into its heavy chain has been characterised as 

legumain dependent. Both legumain inhibi�on and gene�c dele�on resulted in the 

accumula�on of cathepsin L single chain and reduced level of cathepsin L heavy chain [203-

205]. Legumain expression and ac�vity, however, were not altered in the context of cathepsin 

X deficiency, sugges�ng that cathepsin X does not regulate cathepsin L processing through 

modifica�on of legumain ac�vity.  

We also examined differences in cathepsin L processing between cathepsin X deficiency and 

legumain inhibi�on. Usually, when a protein is cleaved to produce a more mature form, the 

loss of its immature form is concomitant with the appearance of the mature form. In 

legumain-deficient mice, cathepsin L accumulates in its single-chain form, and no heavy chain 

can be detected [204]. In our legumain inhibi�on experiments, we also observed 

accumula�on of cathepsin L single chain and loss of the heavy chain. By contrast, however, 

cathepsin X-deficiency increased the cathepsin L single chain without affec�ng heavy chain 

levels. This suggests that legumain and cathepsin X may regulate cathepsin L through dis�nct 

mechanisms.  

To inves�gate whether cathepsin X ac�vity is required for its effects on cathepsin L, we first 

rescued it back into the cathepsin X-deficient cells. We found that cells expressing inac�ve 

cathepsin X behaved similarly to cathepsin X-deficient cells, showing an accumula�on of 

cathepsin L single chain. The rescued assay proved that the altered processing of cathepsin L 

depended on ac�ve cathepsin X, whether directly or indirectly.  

Cathepsin X is an exopep�dase that cleaves off one amino acid at a �me from the carboxy 

terminus of its substrates. Cathepsin B, the cathepsin most similar to cathepsin X, is primarily 

a dipep�dyl carboxypep�dase (DPCP) but also exhibits endopep�dase ac�vity [206]. We used 

a recombinant protein cleavage assay to query whether cathepsin X may have a poten�al 
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endopep�dase ac�vity to process the cathepsin L. Our result showed that cathepsin X did not 

directly cleave cathepsin L single chain to its two-chain form. As a result, although cathepsin 

X ac�vity may be required for the conversion, the effect is not driven by direct cleavage. 

Interes�ngly, we also found that legumain could not directly cleave cathepsin L single chain to 

generate its two-chain form. It is widely accepted in the field that cathepsin L processing is 

stalled by legumain deficiency; however, no studies have proven that legumain performs the 

cleavage directly. Possibly, the in vitro condi�ons of our experiment did not fully recapitulate 

the cellular condi�ons. Addi�onal chaperones or binding partners may be required to ini�ate 

cleavage. Alterna�vely, legumain may not directly cleave cathepsin L single chain. An 

intermediate protease might mediate the cleavage of cathepsin L single chain, and legumain 

plays a role in ac�va�ng this intermediate unknown protease directly or through the 

degrada�on of an inhibitor of that protease. Without legumain ac�vity, the intermediate 

unknown protease may not be ac�vated, thus unable to process cathepsin L.  

However, Colbert and colleagues recons�tuted legumain in live macrophages, which could not 

process the cathepsin L single chain into its heavy-chain form [207]. Briefly, they isolated bone 

marrow-derived macrophages from legumain-deficient mice and showed accumula�on of 

cathepsin L single chain. They further recons�tuted legumain by adding recombinant 

legumain to the cell culture. The recombinant legumain was endocytosed, and western blot 

analysis confirmed that the endocytosed pro-legumain was processed into ac�ve legumain. 

Unexpectedly, restoring intracellular legumain reversed the accumula�on of single chain 

cathepsin D but failed to process cathepsin L single chain into the heavy chain [197, 207]. 

Therefore, whether cathepsin L processing is regulated by legumain ac�vity remains a 

ques�on and needs further valida�on. It will be cri�cal to immunoprecipitate cathepsin L in 

mul�ple forms and determine the exact cleavage site using mass-spectrometry techniques. 

This method will tell us whether the C-terminus of the heavy chain ends in asparagine, which 

would indicate direct cleavage by legumain.  

We next sought alterna�ve explana�ons for the increased total level of cathepsin L in 

cathepsin X-deficient cells. We first hypothesised that the expression of cathepsin L was 

increased due to lysosomal oxida�ve stress. However, we did not observe differences in the 

mRNA level of cathepsin L between WT and Ctsz-/- cells. We also ques�oned whether 

cathepsin X deficiency altered cathepsin L secre�on and subsequently caused the stalling of a 
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single chain in the cytosol. By contrast, cathepsin X-deficient cells secreted more cathepsin L 

pro-form and single chain. As such, the mechanism by which cathepsin X regulates cathepsin 

L levels remains poorly understood, but we instead turned to iden�fying possible 

consequences. 

Ul�mately, we found cathepsin L could be localised into the nucleus, and when cathepsin L 

single chain was accumula�ng in the cell cytosolic frac�on, we observed a decreased level of 

nuclear cathepsin L. This discovery is very striking; however, one crucial ques�on must be 

solved. Cathepsin L accumula�on in the cytosol was in its single-chain form, while cathepsin L 

localised in the nucleus was already processed into heavy-chain. The rela�onship between the 

cytosolic (lysosomal) single chain and the nuclear heavy chain remains unclear.  

Another ques�on remains: how exactly cathepsin L is translocated into the nucleus, and how 

is this dependent on cathepsin X ac�vity? Using the cNLS Mapper (nls-mapper.iab.keio.ac.jp), 

the nuclear localisa�on signals recognised by impor�n α for mul�ple proteases were 

summarised in the below table (Table 5.1) [208-210]. The search was conducted with a cut-

off score of 5: Score ≥8, and the protein is exclusively localised in the nucleus; 8≥Score≥6, 

the protein is par�ally localised in the nucleus; 6≥Score≥3, the protein is localised both in 

the nucleus and in the cytoplasm; Score <3, the proteins is localised in the cytoplasm [208].  

We iden�fied that murine cathepsin L contains both a monopar�te and a bipar�te NLS 

sequence. The classical NLS can be divided into monopar�te NLS and bipar�te NLS. The mono 

par�te NLS contains a single cluster of consecu�ve basic amino acids – K(K/R)X(K/R) [211]. In 

murine cathepsin L, the monopar�te NLS signal contains a string of “KKGR”, which can serve 

as the NLS signal. On the other hand, bipar�te NLS contains two clusters of basic residues and 

a 10-12 amino acid linker [211]. Cathepsin L contains two possible bipar�te NLS sequences 

with decent scores. The search results indicated that cathepsin L is likely transported to the 

nucleus in an impor�n α-dependent pathway. When impor�n α recognises the cNLS 

containing cargo, the complex forms a trimer with impor�n β1 and subsequently gets sent to 

the nucleus [212].  

In contrast, none of the other lysosomal proteases we searched for contained a canonical NLS 

sequence as predicted by the cNLS mapper. Surprisingly, cathepsin H, S and legumain were 

found in the DC nuclear frac�on even though the cNLS mapper did not observe an NLS 
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sequence (Figure 5.5A, Table 5.1). Cathepsin H exhibited a similar patern in the cytosolic 

frac�on, consis�ng of a pro-form, a single chain, and a heave chain. The loss of cathepsin X 

did not alter the processing of cathepsin H in the cytosol nor its nuclear localisa�on (Figure 

5.1D, Figure 5.5A). We also found a species in the nuclear frac�on using a cathepsin S-specific 

an�body. This species, however, has a slightly higher molecular weight than mature cathepsin 

S (25 kDa) (Figure 5.5A). We are currently unsure of the iden�ty of this species and will need 

further valida�on using a cathepsin S gene�c knockout cell line. Legumain was found in the 

nuclear frac�on in its mature form (Figure 5.5A). It remained a ques�on of how these 

lysosomal proteases were trafficked into the nucleus without a canonical NLS signal. Cathepsin 

H, S and legumain may contain a non-canonical NLS or be trafficked to the nucleus through an 

unknown pathway. 

 

Table 5.1 Canonical Nuclear localisa�on signals of murine lysosomal proteases. 

Name 
 

Type Posi�on NLS sequence Score 

Cathepsin B 
 

Bipar�te 19 DKPSFHPLSDDLINYINKQNTTWQAGRN 2.1 

Cathepsin C 
 

- - - - 

Cathepsin H 
 

Bipar�te 28 IEKFHFKSWMKQHQKTYSSVEYNHRLQMF 2.0 

Cathepsin L Monopar�te 96 RHQKHKKGRLFQE 
 

4.0 

Bipar�te 
 
 

96 
 

289 
 

RHQKHKKGRLFQEPLMLKIPK 
 
DSNKNKYWLVKNSWGSEWGMEGYIKIAKD 
 

5.0 
 

6.1 

Cathepsin S 
 

Bipar�te 301 DYWLVKNSWGLNFGDQGYIRMARNNKNHCGI 2.1 

Cathepsin X 
 

Bipar�te 24 RARLYFRSGQTCYHPIRGDQLALLGRRTYP 2.0 

Legumain 
 

- - - - 
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Proline-tyrosine-NLS (PY-NLS) is the most characterised non-canonical NLS. The consensus 

sequence is represented as [basic/hydrophobic]-Xn-[R/H/K] -(X)2–5-PY, where “X” refers to any 

amino acid [213]. Such NLS-containing proteins are trafficked to the nucleus through impor�n 

β2 [214]. We found that cathepsin H contains a possible PY-NLS sequence: 
85FAEIKHKFLWSEPQNCSATKSNYLRGTGPY114. However, we did not find any PY-NLS in legumain 

or cathepsin S. There are other types of non-canonical nuclear localisa�on signals, including 

KRX(W/F/Y)XXAF and (P/R)XXKR(K/R), which bind directly to impor�n α [209], and arginine-

rich sequences that can bind to impor�n β1 [215]. However, neither cathepsin S nor legumain 

contains the above-men�oned NLS. Other chaperone proteins may facilitate the nuclear 

localisa�on of these lysosomal proteases. 

For cathepsin L, the first NLS could serve as both monopar�te NLS or bipar�te NLS. The first 

bipar�te NLS sequence is located at the intersec�on of the ac�va�on pep�de and the heavy 

chain, indica�ng the pro-cathepsin L can be trafficked to the nucleus. Our data showed a high 

molecular form of cathepsin L at ~40 kDa, which might be the pro-cathepsin L. This needs to 

be further validated with gene�c knockout models or mass-spectrometry. The second 

bipar�te NLS sequence is located at the intersec�on of the second pro-pep�de and the light 

chain. This loca�on indicates that cathepsin L must be transported into the nucleus in the 

complete single chain form. However, in our nuclear frac�on, we observed that the nuclear 

cathepsin L was mostly in its heavy chain form. Therefore, there might be some processing of 

cathepsin L in the nucleus. Legumain s�ll exists in the nuclear frac�on, so it may further 

process cathepsin L (Figure 5.5A). Sullivan and colleagues showed that in human colon 

adenocarcinoma, cathepsin L was localised in the nucleus in both pro-form and heavy chain 

fo, suppor�ng our data [216].  

In DC190 cells, nuclear cathepsin L was mainly in the heavy chain form, which agrees with 

several other published studies [217, 218]. Burton et al. demonstrated a possible pathway of 

nuclear localisa�on of cathepsin L heavy chain through the impor�n β1 pathway [32]. The 

trafficking of cathepsin L heavy chain into the nucleus depends on the snail transcrip�on factor. 

Snail acts as a chaperone protein interac�ng with cathepsin L. The snail contains an NLS 

pep�de sequence and was found to be cri�cal for the transloca�on of cathepsin L into the 

nucleus. Therefore, it seems the nuclear trafficking of cathepsin L is independent of its own 
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NLS sequences. Whether or not other lysosomal proteases can be sent to the nucleus in a 

similar pathway needs further valida�on.  

Another research paper proposed a cathepsin L nuclear localisa�on mechanism by alterna�ve 

splicing. They showed that a variant of cathepsin L devoid of the signal pep�de did not go 

through canonical trafficking to the lysosomes but to the nucleus [219]. This alterna�vely 

spliced form starts at methionine at posi�on 56 and is upstream of the first bipar�te NLS 

sequences. This opened a new route to inves�gate alterna�ve splicing of cathepsin L in 

cathepsin X-deficient cells and raised the ques�on of whether different iso-forms of cathepsin 

L observed in our western blots were cathepsin L alterna�ve splicing forms rather than 

differen�ally cleaved forms. As legumain and cathepsin X could not directly cleave cathepsin 

L single chain, conduc�ng quan�ta�ve PCR and RNAseq to inves�gate alterna�ve splicing of 

cathepsin L in cathepsin X/legumain deficient cells will be cri�cal.  

To determine whether cathepsin L is trafficked directly to the nucleus upon synthesis or first 

trafficked to the lysosome, the Reten�on Using Selec�ve Hooks (RUSH) system can be used. 

The RUSH system consists of a hook protein fused to core streptavidin and stably anchored in 

the donor compartment, such as the ER or Golgi, and fluorescent-tagged cathepsin L fused 

with a streptavidin-binding pep�de. The addi�on of bio�n will release fluorescent-tagged 

cathepsin L, allowing us to monitor the trafficking of cathepsin L using live cell imaging [220].  

Eventually, we wish to inves�gate the substrates of nuclear cathepsin L. Several nuclear 

substrates of cathepsin L were published, including the CCAAT-displacement protein/cut 

homeobox (CDP/Cux) transcrip�on factor and Lamin B1 [35, 221]. We also validated that the 

nuclear processing of Lamin B1 was impaired when there was less nuclear cathepsin L due to 

cathepsin X deficiency or legumain inhibi�on. To broadly inves�gate nuclear cathepsin L 

nuclear substrates, we plan to do N-terminomics with our cathepsin X-deficient cells [54]. 
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Chapter 6. Final discussion: 

Cathepsin X is a lysosomal cysteine protease. It is �ghtly associated with various diseases, 

including cancer and neuron inflamma�on [30, 58, 60, 65]. There is also evidence showing 

cathepsin X may exacerbate the progression of such diseases, and its inhibi�on leads to 

mi�ga�on of disease progression [30, 61, 222]. However, the func�on of cathepsin X in normal 

physiological condi�ons remains poorly understood. The expression of cathepsin X is mainly 

restricted to immune cells, including monocytes, macrophages and dendri�c cells [223]. In 

order to beter understand the role of cathepsin X in disease development and ul�mately use 

it as a therapeu�c target, more informa�on is required for its role in normal physiology.  

We hypothesise that cathepsin X may play a role in dendri�c cell immune func�on. We first 

characterised cathepsin X in dendri�c cells during DC matura�on. In Chapter 3, we 

characterised the cathepsin X ac�vity/expression change during CpG-mediated DC matura�on 

using a cathepsin X-specific probe sCy5-Nle-SY. We reported that the level of cathepsin X was 

significantly increased a�er CpG priming, and IL-6 caused this upregula�on. Although the 

results seem promising, some issues s�ll need to be addressed.  

Firstly, according to Yan et al., IL-6 and IL-10 both ac�vate the STAT3 signalling pathway and 

increase the expression of cathepsins [21]. Unexpectedly, we only observed an upregula�on 

of cathepsin X a�er IL-6 treatment but not IL-10. IL-10 is an an�-inflammatory cytokine 

compared to IL-6, a pro-inflammatory cytokine. Even though both cytokines phosphorylate 

and ac�vate STAT3, there are some differences in the signalling pathway. IL-6 phosphorylates 

STAT3, and the phosphoryla�on declines rapidly. Conversely, IL-10 phosphorylates STAT3 while 

the phosphoryla�on remained up to 2 hours post-treatment. These temporal differences 

resulted in a similar transcrip�onal response between IL-6 and IL-10 in the ini�al STAT3 

phosphoryla�on but a significantly different transcrip�onal response later [224]. The 

difference between IL-6 and IL-10 STAT3 signalling may explain why only IL-6 – STAT3 signalling 

induced cathepsin X upregula�on. From the perspec�ve of DC immunity, cathepsins are 

required in various immune responses, including an�gen processing, presenta�on, and 

cytokine regula�on. It seems reasonable to think that a pro-inflammatory cytokine (IL-6) 

contributes to the upregula�on of cathepsins, while an an�-inflammatory cytokine (IL-10) 

does not.  
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We previously showed that an NF-κB inhibitor did not blunt the upregula�on of cathepsin X 

upon CpG ac�va�on and concluded that the upregula�on was independent of NF-κB signalling. 

However, the expression of pro-inflammatory cytokines is directly regulated by NF-κB 

signalling. Therefore, when NF-κB signalling was inhibited, we would expect less secre�on of 

pro-inflammatory cytokines and, subsequently, less STAT3 ac�va�on. Our explana�on is that 

the NF-κB ac�va�on inhibitor we used did not en�rely block the expression of IL-6. Even 

though we saw a significant reduc�on in IL-6 secre�on (Figure 3.5A), the reduced level of IL-

6 was enough to elicit the upregula�on of cathepsin X.  

Furthermore, we saw that CpG + IFNϒ co-treatment reverted the upregula�on of cathepsin X 

caused by CpG alone. We first thought the co-treatment might reduce the secre�on of IL-6. 

Conversely, the co-treatment induced a higher transcrip�on and secre�on of IL-6, according 

to our data and Marraco et al. [81]. These results showed that the regula�on of cathepsin X 

by cytokines is sophis�cated.   

We also inves�gated the ac�ve and total levels of other related lysosomal cysteine proteases 

and inhibitors during DC matura�on. Apart from cathepsin X, we found that the pro- and 

intermediate forms of cathepsin B and L were significantly increased in CpG-ac�vated cells. 

Pro-legumain was also upregulated. We speculated that these lysosomal proteases were 

upregulated similarly through STAT3 ac�va�on according to the literature [197, 225]. 

Cathepsin S, however, was downregulated a�er CpG ac�va�on. Chan and colleagues reported 

that cathepsin S upregula�on could be induced by IFNϒ through STAT1 signalling in human 

macrophages [183]. They further reported that IL-10 downregulated cathepsin S through 

STAT3 signalling ac�va�on. As described above, although IL-6 and IL-10 both ac�vate the 

STAT3 signalling pathway, they could exhibit different transcrip�onal responses over a more 

extended period. Thus, the different regula�on of cathepsin S may suggest that it has a dis�nct 

role in DC func�on compared to other lysosomal cysteine proteases.  

Our data showed that the cysteine inhibitor cysta�n C was downregulated and agreed upon, 

as previously reported [174]. Xu and colleagues reported that the expression of Cysta�n C 

depended on the transcrip�on factor IFN regulatory factor 8 (IRF8). IRF8 expression was 

reduced when IL-10 was secreted from CpG-ac�vated DCs. The reduced IRF8 expression 

subsequently reduced the level of Cysta�n C. Collec�vely, the upregula�on of mul�ple 
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lysosomal proteases and the downregula�on of cysteine protease inhibitor cysta�n C pointed 

out that lysosomal proteolysis may play a vital role during DC matura�on and func�on.  

The apparent upregula�on of cathepsin X made us further hypothesise that it might be 

required by dendri�c cells during matura�on for their func�on. We, therefore, generated a 

cathepsin X deficient cell line and analysed the impact of cathepsin X deficiency on DC func�on. 

In Chapter 4, we conducted several func�onal assays to inves�gate the role of cathepsin X in 

the DC func�on. We found that cathepsin X was dispensable for DC matura�on, fluid-phase 

endocytosis, an�gen presenta�on, and secre�on of most pro-inflammatory cytokines.  

As we did not find any profound impact of cathepsin X deficiency on DC immunity, we 

conducted shotgun proteomics to broadly inves�gate the impact of cathepsin X deficiency on 

DC biology. In the shotgun proteomics, we observed an addi�onal 39 proteins that were 

significantly enriched in wild-type cells and 17 proteins that were enriched in Ctsz-/- cells a�er 

CpG ac�va�on. We re-expressed cathepsin X in the Ctsz-/- cells (rWT) and compared the 

pep�des enriched in rWT cells with Ctsz-/- cells a�er CpG ac�va�on. We further validated that 

2 proteins were constantly enriched in wild-type and rWT cells. These 2 proteins were 

Cathepsin X (Ctsz) and Nec�n-1 (Nectin-1). In addi�on, 4 proteins were significantly enriched 

in Ctsz-/- cells, including Transmembrane protein 176b (Tmem176b), Stefin A2 (Stfa2), and 

Anthrax toxin receptor 2 (Antxr2), CD302 an�gen (Cd302). 

Transmembrane protein 176b, as men�oned in Chapter 4, may provide an alterna�ve 

explana�on for impaired IL-1β secre�on in cathepsin X deficient cells. The drawback of the 

experiment was that conven�onal DCs did not exhibit profound inflammasome ac�va�on. In 

the shotgun proteomics, we observed a significant enrichment in NLRP3 and Caspase-1, 

indica�ng that DC1940 cells had some extent of NLRP3 inflammasome priming upon CpG 

treatment. However, the level of IL-1β secre�on was deficient. We hope to test our hypothesis 

using other cell types, such as THP1-derived macrophages, splenic cDC2 dendri�c cells, and 

bone marrow-derived macrophages/dendri�c cells.  

Nec�n-1 was significantly enriched in WT cells. Nec�n-1 is an immunoglobulin-like cell 

adhesion molecule located on cell membranes. In the neuronal system, nec�n-1 has been 

found to localize at the presynap�c cell membrane and promote the forma�on of synapses 

[226]. Nec�n-1 is also involved in other cellular biology, including cell migra�on, adhesion, 
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and prolifera�on [227]. Nec�n-1 has been characterised to have a role in herpes simplex virus 

I (HSV-1) entry on primary murine dermal fibroblasts [228]. 

Anthrax Toxin Receptor 2 (ANTXR2, also named capillary morphogenesis gene 2 (CMG2)) is 

significantly enriched in Ctsz-/- cells. It is a membrane protein that binds to Anthrax toxin 

protec�ve an�gen and facilitates receptor-mediated endocytosis [229]. Apart from its anthrax 

toxin binding ability, its muta�on causes autosomal recessive syndromes, including Juvenile 

hyaline fibromatosis (JHF) and infan�le systemic hyalinosis (ISH) [230]. Fibroblasts collected 

from both JHF and ISH pa�ents showed an impaired ability to atach to the Laminin matrix, 

while atachments to collagen type I and IV were not affected, indica�ng that ANTXR2 had a 

poten�al role in cell adhesion [230].  

 CD302 belongs to the C-type lec�n receptors family. CD302 is highly expressed in 

macrophages and dendri�c cells.  CD302 colocalises with F-ac�n and may have a role in 

adhesion and migra�on. In addi�on, C-type lec�n receptors can act as patern recogni�on 

receptors and mediate endocytosis.[231].  

It does not look like a coincidence that mul�ple significantly enriched proteins enriched in the 

shotgun proteomics were found to be membrane-anchored proteins, including Nec�n-1, 

TMEM176B, ANTXR2, and CD302. Obermajer et al. reported that cathepsin X trafficked the 

plasma membrane during cell matura�on and mediated a cleavage on the Mac-1 surface 

receptor  [3]. However, in Chapter 3.2.3, we did not see such a reloca�on of cathepsin X. In 

DC1940 cells, cathepsin X likely remained in the cytosolic lysosomes during DC matura�on 

(Figure 3.3A). All the data from our results and the literature suggested that cathepsin X may 

alter membrane-anchored proteins through its enzyma�c ac�vity or an unknown mechanism.  

Nec�n-1, ANTXR2 and CD302 are all involved in endocytosis and have their specific an�gens. 

In Chapter 4, we examined the impact of cathepsin X deficiency in endocytosis using Lucifer 

Yellow and homemade Cy5-OVA. Both substances were taken up by fluid-phase endocytosis 

independent of surface receptor binding[232, 233]. This may explain why we did not observe 

any differences in endocytosis.  

Nec�n-1, ANTXR3, and CD302 also involve cell adhesion and migra�on. We inves�gated 

whether cathepsin X deficiency altered cell adhesion with or without laminin coa�ng. 

However, we did not see any differences in cell adhesion. We have not yet examined if 
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cathepsin X deficiency would alter cell migra�on. DC migra�on is an important feature of 

dendri�c cell immune func�on. A�er exposure to an�gens, DCs need to migrate from 

inflamed peripheral �ssue to the draining lymph nodes to prime naïve T cells [234]. DC 

migra�on can be analysed using the Transwell migra�on assay in the future [235].  

Stefin A2 belongs to the A family of cysta�ns, and there are three different variants of Stefin 

As, including S�a1, S�a2 and S�a3. S�a2 is a potent inhibitor for endopep�dase papain and 

cathepsin L and S [236]. The significant increase of S�a2 in cathepsin X deficient cells further 

showed the impact of cathepsin X deficiency on the lysosomal proteoly�c network, as we 

showed in Chapter 5. However, how the increased level of S�a2 affects the overall proteolysis 

remained to be tested. Ctsz-/- cells exhibited increased ac�ve cathepsin L single chain level and 

may increase overall lysosomal proteolysis [200]. The cells may respond to the increased 

proteolysis and increase the expression of S�a2 to maintain lysosomal homeostasis.  

Overall, we found cathepsin X was dispensable for most immune func�ons we inves�gated. In 

Chapter 3, we saw that the upregula�on of cathepsin X occurs late (24-32h post ac�va�on). 

The late response may explain the dispensable role of cathepsin X in these immediate immune 

func�ons. DC matura�on markers and cytokine expression are directly promoted by NF-κB 

signalling (htps://www.bu.edu/nf-kb/gene-resources/target-genes/) and are transcribed 

much earlier. Therefore, according to the �meline, cathepsin X may not affect earlier immune 

responses, and we will assess the role of cathepsin X in an extended period of �me in DC 

func�on [191, 192].  

Alterna�vely, we suspected that the minor impact of cathepsin X on DC func�on was due to 

the compensatory mechanism of lysosomal proteases. Briefly, when the proteoly�c ac�vi�es 

of one or several proteases are diminished either by chemical inhibi�on or gene�c dele�on, 

the lysosomes become incapable of conduc�ng proteolysis and may be overloaded with 

substrates. The host cells will respond to it by upregula�ng the expression of other related 

proteases to overcome the loss of proteolysis [175, 197].  

Cathepsin B, an exo-dipep�dase in the cysteine cathepsin family, may compensate for the loss 

of the exo-monopep�dase ac�vity of cathepsin X. Double deficiency of cathepsin B and 

cathepsin X had a synergis�c role in preven�ng breast cancer metastasis and progression, 

indica�ng these two cathepsins may have some func�onal overlap [198]. 

https://www.bu.edu/nf-kb/gene-resources/target-genes/
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In Chapter 5, we demonstrated that cathepsin X deficiency resulted in an accumula�on of 

cathepsin L single chain. The accumula�on of cathepsin L may also compensate for the loss of 

cathepsin X. Shirahama-Noda et al. reported that cathepsin L exhibited increased proteoly�c 

ac�vity when the single chain accumulated [200]. Therefore, in future experiments, it would 

be necessary to generate cathepsin B/X or cathepsin L/X double knockout cells to inves�gate 

further the role of lysosomal cathepsins in DC immune func�on.   

Other than cathepsin L, in Chapter 5, we discussed the impact of cathepsin X on the general 

lysosomal proteoly�c network. We screened and inves�gated the expression/processing of 

mul�ple lysosomal proteases and their inhibitors. However, we revealed that the loss of 

cathepsin X deficiency specially resulted in an increased level of single chain cathepsin L. 

Further inves�ga�on showed that the accumula�on of cathepsin L single chain was not due 

to direct cathepsin X cleavage nor altered legumain, which had been shown in the literature 

to facilitate cathepsin L processing. We also showed that recombinant legumain could not 

process recombinant cathepsin L single chain into the heavy chain form. More and more 

evidence suggests that cathepsin L processing is not directly related to legumain cleavage 

[207]. We thus had a bold assump�on that the different forms of cathepsin L were different 

spliced forms of cathepsin L. Cathepsin L alterna�ve splicing had been studied in human 

fibroblasts and breast cancer cells [219, 237]. We hope to observe the cathepsin L splicing 

variant with RNA-Seq and explore the processing of cathepsin with different spliced forms. 

Even though we did not have an explana�on for the altered cathepsin L processing in 

cathepsin X deficient cells, we further found that cathepsin X deficient cells exhibited 

accumula�on of cathepsin L single chain in the cytosolic frac�on (including lysosomes). In 

contrast, the nuclear cathepsin L level was reduced. The reduced nuclear cathepsin L further 

impacted the proteolysis of nuclear proteins such as Lamin B1. However, we are s�ll 

inves�ga�ng how the accumulated lysosomal cathepsin L single chain affects nuclear 

cathepsin L, which is in the heavy chain form.  

Studies of the mis-localisa�on of lysosomal proteases are emerging. In Chapter 3, we showed 

that CpG ac�va�on induced an increased secre�on of cathepsin X, but we are currently unable 

to explain how cathepsin X was secreted and why its secre�on was increased during DC 

matura�on. Several hypotheses in the field uncover lysosomal protease secre�on. Dongyao 

and colleagues raised the first hypothesis. They proposed that pro-inflammatory cytokines, 
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including IL-4, IL-6, and IL-10 cytokines, ac�vate the unfolded protein response (UPR) and 

facilitate the secre�on of cathepsins in their pro-forms. They showed that cathepsin B, L and 

S mainly were secreted under this mechanism. The secreted proteases could degrade the 

extracellular matrix and promote cancer cell invasion and inhibi�on of UPR-impaired cancer 

progression [212]. This hypothesis seemed to fit my data that during DC matura�on, the cells 

start to secrete pro-inflammatory cytokines, increasing the expression of lysosomal proteases 

and their secre�on. However, CD8+ dendri�c cells do not express IL-4. Even though they do 

express IL-4 receptors, we did not see IL-4 treatment alter cathepsin levels. This pathway may 

differ in different cell types.  

There is a more recent proposed explana�on of lysosomal protein secre�on. Lysosomal 

proteins are trafficked into the lysosomes under the M6PR pathway. Several research groups 

showed that LYSET (TMEM251) was responsible for the stability of GlcNAc-1-

phosphotransferase. The loss of LYSET failed M6P tagging and, subsequently, the secre�on of 

lysosomal proteins, including lysosomal proteases [23, 238, 239]. Inspired by their fantas�c 

research techniques and data, I wonder if the increased secre�on of cathepsin X was due to 

the increased expression of cathepsin X. When cathepsin X expression was largely increased, 

the GlcNAc-1-phosphotransferase could not efficiently tag the excessive cathepsin X and 

resulted in the untagged cathepsin X ge�ng secreted. However, this bold hypothesis needs 

further experimental valida�on. We could overexpress the GlcNAc-1-phosphotransferase and 

inves�gate whether a higher expression of GlcNAc-1-phosphotransferase could reduce the 

secre�on of cathepsin X under CpG ac�va�on.  

Nuclear localisa�on of lysosomal proteases is another example of mis-localisa�on and is not 

rare. A variety of research has reported the existence of nuclear localised lysosomal proteases. 

These nuclear proteases may cleave nuclear substrates and affect cell func�ons [31-37]. 

We also found that the nuclear localisa�on of lysosomal proteases differed in different cell 

lines. We did not observe nuclear cathepsin B in DC1940 cells. However, in HSC-3 human 

squamous carcinoma cells, we could spot nuclear cathepsin B (data not shown). Interes�ngly, 

research showed nuclear localisa�on of most lysosomal cathepsins, including cathepsin X, in 

kidney cells. They also found that the level of nuclear lysosomal proteases differs between 

normal and cancerous kidney cells, indica�ng that the nuclear localisa�on of lysosomal 

proteases may also indicate a role in disease progression [240]. 
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Our knowledge of the route for lysosomal protease trafficking to the nucleus is scarce. We 

conducted a cNLS signal search and found that only cathepsin L had canonical NLS signals. 

However, other lysosomal proteases were also observed in the nucleus, and therefore, the 

nuclear localisa�on of those lysosomal proteases is not solely dependent on canonical NLS. 

The complexity of non-canonical NLS and cell line discrepancies make it hard to inves�gate 

the nuclear trafficking pathway. The RUSH system can be used as a powerful tool to track the 

trafficking of cathepsin L to the nucleus [220]. We hope future studies will give us more 

insights into the mechanism of nuclear localisa�on of lysosomal proteases.  

Collec�vely, the data we generated may have some future implica�ons for pathophysiology. 

We first showed that cathepsin X was primarily secreted as pro-forms. Pro-cathepsin X 

contains an RGD mo�f located on its pro-pep�de sequence. The RGD mo�f can interact with 

β2 integrin receptors to promote pancrea�c cancer cell prolifera�on and invasiveness through 

FAK/Src signalling [48]. The cancer microenvironment is usually coupled with increased 

infiltra�on of immune cells. Our result showed that cathepsin X was secreted by dendri�c cells 

even in their naïve state. Therefore, more RGD-containing pro-cathepsin X may be released 

into the extracellular matrix, with more immune cells accumula�ng in the tumour 

microenvironment. Whether or not the prolifera�on/invasiveness of other cancer types can 

be triggered by RGD-FAK/Src signalling needs future valida�on. The level of secreted cathepsin 

X can poten�ally become a biomarker for cancer prognosis and a therapeu�c target.  

Cathepsin B is a carboxy-exo-dipep�dase. Therefore, it exhibited a similar proteoly�c 

mechanism as cathepsin X. Regarding breast cancer, both cathepsin B and cathepsin X were 

found to play a role in cancer progression and metastasis. Co-inhibi�on/silencing of cathepsin 

B and cathepsin X has been shown to elicit a synergis�c effect on preven�ng cancer 

progression and invasion [60, 198]. Therefore, when evalua�ng cathepsin X as a therapeu�c 

target in cancer treatment, co-inhibi�on of both cathepsin B and X should be considered.  

The data generated from the shotgun proteomics also indicated some new direc�ons 

involving cathepsin X and disease progression. Nec�n-1, an immunoglobulin-like cell adhesion 

molecule, is decreased in cathepsin X-deficient cells. Nec�n-1 has been implicated in HSV-1 

entry [228]. Therefore, the absence of cathepsin X may result in lower expression of Nec�n-1 

and subsequently reduce viral entry. ANTXR2, similar to Nec�n-1, mediates Anthrax toxin 

endocytosis [229]. Conversely, its protein level was increased in cathepsin X-deficient cells. 
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Therefore, cathepsin X may play a protec�ve role in preven�ng the endocytosis of Anthrax 

toxin.  

In addi�on, cathepsin X has been reported to regulate IL-β secre�on in the neuroinflamma�on 

model [30, 64]. Cathepsin X deficiency resulted in a reduc�on in IL-1β secre�on while the 

mRNA expression of IL-1β remained constant. In addi�on, the literature reported that the 

modula�on mechanism is through the integrin binding ability of pro-cathepsin X. We 

proposed a different mechanism in which cathepsin X modulates inflammasome ac�va�on 

through TMEM176B. We hypothesised that cathepsin X modulated IL-1β secre�on through 

modula�ng calcium influx and was independent of pro-IL-1β mRNA expression. However, 

more evidence is required of how cathepsin X changes the expression of TMEM176B. Our data, 

consistent with Allan and colleagues’ data, showed that cathepsin X deficiency reduced the 

secre�on of IL-1β and may play a protec�ve role in neuron inflamma�on diseases [30]. 

Furthermore, both cathepsin L and X have been reported to be overexpressed in 

neuroinflamma�on [30, 35]. Distor�on of nuclear lamina structure is a newly discovered 

factor contribu�ng to the progression of neuronal inflamma�on.  Abnormally increased level 

of nuclear cathepsin L has been reported in AD pa�ents’ �ssues and contribute to the 

excessive cleavage of Lamin B1, exacerba�ng AD progression. Our results showed a novel 

linkage between cathepsin L and X. The loss of cathepsin X ac�vity resulted in the stalling of 

cathepsin L single chain in the cytosol and preven�ng cathepsin L heavy chain transloca�on 

into the nucleus. When cells regained func�onal cathepsin X, the cytosolic stalling 

disappeared, and the nuclear cathepsin L level was also restored. This may have a link within 

the context of neuroinflamma�on. Neuroinflamma�on is characterised by an increased 

expression of cathepsin X [30]. The increased ac�vity of cathepsin X may facilitate an increased 

nuclear localisa�on of cathepsin L, resul�ng in excessive degrada�on of Lamin B1, eventually 

leading to exacerbated neuroinflamma�on.  

In conclusion, this study showed that DC matura�on was accompanied by cathepsin X 

regula�on through an IL-6 – Stat3 dependent manner. We further proposed that cathepsin X 

may modulate the secre�on of IL-1β through TMEM176B. We eventually showed a 

modifica�on of lysosomal cathepsin L processing by ac�ve cathepsin X and a novel lysosomal 

and nuclear proteolysis connec�on. These data, collec�vely, may contribute to disease 

progression, especially in the context of cancer and neuron inflamma�on.  
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