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Abstract  

Klebsiella pneumoniae is a Gram-negative, multidrug-resistant (MDR) 

bacteria, causing nosocomial pneumonia, urinary tract infections (UTIs) and 

sepsis. Klebsiella’s subversion of the host immune response is critical for 

infection. Therefore, Klebsiella employs a range of novel mechanisms, 

including the targeting of host post-translational modifications (PTMs), to 

attenuate inflammation. The Bengoechea laboratory has previously 

demonstrated that Klebsiella triggers a type I interferon (IFN) response in vivo 

and here it is shown Klebsiella targets ISGylation, a type I IFN-dependent 

PTM, in vitro. ISGylation is analogous to ubiquitylation and involves the 

reversible conjugation of the ubiquitin-like modifier (UBL), IFN-Stimulated 

Gene 15 (ISG15) to target substrates. Whilst a crucial component of the host 

anti-viral response, the function of ISG15 and its associated PTM in the context 

of bacterial infection remains poorly understood.  

Using an in vitro infection model, I show that K. pneumoniae targets ISGylation 

and additional host PTMs to attenuate the innate immune response to 

infection. These results uncovered that Klebsiella inhibits IFN-β induced 

ISGylation and levels of unconjugated ISG15 levels in infected epithelial cells 

(A549 cell line). Klebsiella was found to reduce isg15 transcription by blocking 

the phosphorylation of ISG15’s transcription factor IRF3. Remarkably, 

Klebsiella targets two PTMs to achieve this, namely phosphorylation and 

ubiquitylation. First, by elevating expression of the ubiquitously expressed 

phosphatase PP2Ac, Klebsiella effectively reduces phosphorylation of IRF3. 
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Furthermore, Klebsiella inhibits K48-linked polyubiquitylation to prevent 

PP2Ac degradation. It was also determined that Klebsiella reduces the PTM 

NEDDylation, via increased expression of the deNEDDylases CSN5 and 

SENP8. This prevents activation of the E3 ubiquitin ligase component Cullin1 

to reduce ubiquitin-mediated PP2Ac degradation.  

Reduced ISGylation was achieved by increased expression of the deISGylase 

USP18 during infection. Remarkably, as was the case for PP2Ac, Klebsiella’s 

inhibition of ubiquitin-dependent proteolysis accounted for the elevated levels 

of USP18. Furthermore, elevated USP18 was also dependent on reduced 

Cullin1 NEDDylation. These findings indicate that Klebsiella increases USP18 

expression to limit activation of NF-kB-governed host antibacterial responses.  

It was determined that Klebsiella targets EGFR signalling to affect levels of the 

proteins involved in ISGylation and NEDDylation. Activation of an EGFR-PI3K-

AKT-ERK axis accounted for elevated USP18, CSN5, SENP8 and PP2Ac 

levels. Additionally, the bacterial factor activating this pathway was identified 

to be capsule polysaccharide (CPS).  

Furthermore, Klebsiella induces secretion of ISG15 from cells during initial 

infection. This extracellular ISG15 functions as a pro-inflammatory cytokine 

and, in conjunction with IL-12, is sufficient to trigger IFN-γ release by peripheral 

blood mononuclear cells (PBMCs). Remarkably, Klebsiella subsequently 

blocks this inflammatory loop, completely abrogating extracellular ISG15 

secretion by three hours post-infection. 
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Taken together, these results demonstrate that K. pneumoniae manipulates 

several host PTMs and extracellular cytokine release to enhance infection. 

Such findings add to the current understanding of the complex infection biology 

that Klebsiella engages in.  
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USP18/UBP43 Ubiquitin-specific peptidase 

UTI Urinary tract infection 

VEGF Vascular endothelial growth factor 



1 
 

1 Introduction 

1.1 Klebsiella pneumoniae: from original discovery to 

current species classification 

Klebsiella pneumoniae is a capsulated member of the Enterobacteriaceae 

family of Gram-negative bacteria (Friedlaender, 1882; Trevisan, 1885). 

Klebsiella was initially described by the German microbiologist Carl 

Friedlander in 1882, following its isolation from the lungs of patients with fatal  

pneumonia (Friedlaender, 1882). Originally named ‘Friedlander's bacillus’, it 

was renamed Klebsiella by the Italian microbiologist Trevisan in 1885, to 

honour the pioneering work of the German pathologist Edwin Klebs in the field 

of infectious disease (Trevisan, 1885).   

Recent whole-genome sequencing of over 320 worldwide K. pneumoniae 

isolates of human and animal origin provided compelling evidence for the 

further subclassification of this species group (Holt et al., 2015). The proposed 

sub-species phylogroups were KpI (K. pneumoniae), KpII (K. 

quasipneumoniae) and KpIII (K. variicola) (Holt et al., 2015). These groups 

comprise distinct bacterial populations, which appear to have evolved 

independently of each other and exhibit minimal homologous recombination (1 

out of >300 genomes) (Holt et al., 2015). A suggested barrier restricting gene 

flow is the evolutionary divergence of these groups into separate ecological 

niches (Holt et al., 2015). The KpI group exists ubiquitously in the environment, 
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commonly found in soil, vegetation, surface water and sewage (Bagley, 1985; 

Holt et al., 2015). KpI bacteria can be either carried asymptomatically or cause 

infections in animals and humans (Holt et al., 2015). KpII group members are 

found in humans only, whilst KpIII bacteria are associated with plants and 

asymptomatic carriage in the bovine rumen (Holt et al., 2015). Whilst both KpII 

and KpIII groups are capable of causing human infection, they are generally 

associated with carriage (Holt et al., 2015).  The KpI division is most frequently 

associated with human infection and contains the majority of hypervirulent, 

multidrug-resistant isolates, including the K. pneumoniae strain 52145 

(Kp52145 herein) used by the Bengoechea laboratory to study Klebsiella  

infection biology (Lery et al., 2014; Holt et al., 2015). 

1.2 Klebsiella is an opportunistic pathogen, causing 

hospital and community-acquired infection  

K. pneumoniae  exists asymptomatically in more than 40% of the population 

where it routinely colonises mucosae such as the gastrointestinal (GI) tract and 

oropharynx with no associated pathology (Podschun and Ullmann, 1998; 

Paczosa and Mecsas, 2016). However, K. pneumoniae is an opportunistic 

pathogen, which readily disseminates to other tissues, where it causes life-

threatening infections (Paczosa and Mecsas, 2016; Bengoechea and Sa 

Pessoa, 2019).  K. pneumoniae is regarded by healthcare professionals 

worldwide as a nosocomial pathogen of major concern, which causes 
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significant morbidity and mortality in the clinical setting (Boucher et al., 2009; 

Rock et al., 2014; Bengoechea and Sa Pessoa, 2019). One of the leading 

causes of hospital-acquired pneumonia, up to 8% of all nosocomial bacterial 

infections are due to K. pneumoniae (Podschun and Ullmann, 1998; Paczosa 

and Mecsas, 2016). Infection poses a very serious health concern in 

immunocompromised patients including neonates, chronic alcoholics and 

geriatrics (Jong et al., 1995; Gupta, 2002; Magill et al., 2014; Holt et al., 2015; 

Gorrie et al., 2018). Additionally, Klebsiella readily forms biofilms, colonising a 

range of common medical devices such as catheters, ventilators and 

endotracheal tubes (Stahlhut et al., 2012; Viaggi et al., 2015; Chung, 2016).  

K. pneumoniae is also a worldwide cause of community-acquired infection (Ko 

et al., 2002; Lin et al., 2010; Bengoechea and Sa Pessoa, 2019). In this setting, 

infection is associated with hypervirulent strains and results in high rates of  

morbidity and mortality (Ko et al., 2002; Paczosa and Mecsas, 2016; 

Bengoechea and Sa Pessoa, 2019). The clinical severity of K. pneumoniae 

infection ranges from UTIs to pneumoniae, sepsis and death (Paczosa and 

Mecsas, 2016). 

Of additional concern, many K. pneumoniae strains possess antibiotic-

resistance genes which encode resistance to carbapenems, third-generation 

cephalosporins and colistin (Bogdanovich et al., 2011; Ben-David et al., 2012; 

Kidd et al., 2017). Furthermore, K. pneumoniae can transfer these genes to 

other Gram-negative bacteria (Holt et al., 2015; Wyres et al., 2019). Despite 

its major clinical importance, the infection biology of K. pneumoniae is not fully 

understood. With the increase in MDR strains, it is of paramount importance 
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to advance the understanding of the complex nature of host-Klebsiella 

interactions. 

1.3 Detection of K. pneumoniae by the host innate 

immune system 

1.3.1 Pathogen Recognition Receptors (PRRs) 

Upon infection, K. pneumoniae must first subvert a range of host mechanisms 

to prevent detection by the innate immune system. Such defences include 

mucociliary clearance, bile, urine release, peristalsis and digestive enzymes 

(Paczosa and Mecsas, 2016). Klebsiella must also avoid activation of host 

sensors known as pathogen recognition receptors (PRRs) (Janeway and 

Medzhitov, 2002; Mogensen, 2009). PRRs are germ-line encoded receptors 

which are constitutively expressed in the host (Mogensen, 2009) . PRRs detect 

conserved, bacteria-specific molecular motifs known as pathogen-associated 

molecular patterns (PAMPs) (Mogensen, 2009). Additionally, PRRs detect 

endogenous ligands, termed damage-associated molecular patterns (DAMPs) 

released from compromised cells in response to infection (Matzinger, 1994). 

Of the existing PRRs, the most well studied groups are the toll-like receptor 

(TLR), the nucleotide-binding and oligomerisation domain (NOD)-like receptor 

(NLR) and the retinoic acid inducible gene I (RIG-I)-like receptor (RLR) families 

(Anderson and Nüsslein-Volhard, 1984; Steimle et al., 1993; Yoneyama et al., 
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2004). Activation of these PRRs triggers gene expression to induce production 

of inflammatory cytokines, chemokines and cellular adhesion molecules 

(Takeuchi and Akira, 2010). The resultant host signalling cascade enables a 

timely and co-ordinated response to infection. 

1.3.1.1 TLRs 

Being the first PRR subtype to be discovered, the TLR family  has been 

extensively characterised (Anderson and Nüsslein-Volhard, 1984; Kawasaki 

and Kawai, 2014). In humans, the TLR family consists of ten functional 

members (TLR1–10). Of these, TLR10 lacks a rodent homologue and its 

ligand remains yet to be identified (Hasan et al., 2005).  

TLRs are expressed by immune cells such as dendritic cells and macrophages 

and additionally by non-immune cells such as fibroblasts and epithelial cells 

(Kumar, Kawai and Akira, 2011; McClure and Massari, 2014). TLRs may be 

either membrane-associated or exist intracellularly and this localisation 

determines the nature of the PAMP detected (Chaturvedi and Pierce, 2009). 

TLRs on the cell surface generally identify microbial membrane-associated 

PAMPs such as lipid and lipoproteins (TLRs 1, 2, 6), lipopolysaccharide (LPS) 

(TLR4) and flagellin (TLR5) (Kumar, Kawai and Akira, 2011). Intracellular 

TLRs recognise double-stranded ribonucleic acid (dsRNA) (TLR3), single-

stranded (ss) viral RNA (TLR7, 8) and unmethylated microbial 5'-C-phosphate-

G-3' (CpG) DNA (TLR9). (Kumar, Kawai and Akira, 2011). Structurally, each 
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TLR is composed of a PAMP-recognising ectodomain, a transmembrane 

region and a cytoplasmic Toll/IL-1 receptor (TIR) domain (Kawasaki and 

Kawai, 2014). Following activation, TIR-containing adaptors such as MyD88, 

TIR domain-containing adaptor protein (TIRAP), TIR-domain-containing 

adapter-inducing interferon-β (TRIF) and TRIF-related adaptor molecule 

(TRAM) are recruited to the TIR domain (Takeuchi and Akira, 2010). This 

results in transcription factor induction which initiates downstream signalling 

pathways (Akira, Uematsu and Takeuchi, 2006; Takeuchi and Akira, 2010).  

Detection of K. pneumoniae is classically via  TLR4-mediated recognition of 

the bacterial LPS component (Poltorak et al., 1998).  Published evidence from 

the Bengoechea laboratory shows TLR4 also recognises Klebsiella CPS of 

serotypes K1 and K2, which are the capsular serotypes associated with 

hypervirulent strains (March et al., 2011). Additionally, TLR2-mediated 

recognition of bacterial lipoproteins, such as outer membrane protein A 

(OmpA) is an important component of detection (Wieland et al., 2011) . K. 

pneumoniae infection causes upregulation of both TLR4 and TLR2 expression 

in human airway epithelial cells  (Regueiro et al., 2009; Standiford et al., 2012). 

Furthermore,  TLR4−/− mice display reduced survival, elevated bacterial loads 

and bronchopneumonia during Klebsiella infection (Branger et al., 2004; 

Wieland et al., 2011; Standiford et al., 2012). TLR-mediated detection results 

in activation of mitogen-activated protein kinases (MAPKs) and transcriptional 

factors such as IFN regulatory factor 3 (IRF3), IRF7, IRF9 and NF-κB (Paczosa 

and Mecsas, 2016; Bengoechea and Sa Pessoa, 2019). In turn, this induces 

pro-inflammatory cytokine signalling via IFN, tumour necrosis factor (TNF) and 
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interleukins (ILs) released by a range of cells (Cai et al., 2009; Paczosa and 

Mecsas, 2016).  

1.3.1.2 NLRs 

NLRs are a large family of intracellular PRRs which detect PAMPs and 

endogenous molecules in the cytosol  (Kumar, Kawai and Akira, 2011). 

Structurally, NLRs consist of a N-terminal caspase recruitment domain 

(CARD), a central NOD region and a C-terminal leucine-rich repeat (LRR) 

(Kumar, Kawai and Akira, 2011). One of the most well characterised NLRs is 

NOD1, which recognises γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP), a 

peptidoglycan component found in all Gram-negative bacteria (Hasegawa et 

al., 2007). 

The Bengoechea laboratory has shown that NOD1 is an important target 

during Klebsiella infection in order to attenuate inflammation (Regueiro et al., 

2011; Frank et al., 2013). It has been demonstrated that Klebsiella inhibits the 

Rho GTPase, Rac1 to induce NOD1 activation, which upregulates expression 

of Mitogen-Activated Protein Kinase Phosphatase 1 (MKP1) and the 

deubiquitylase CYLD (Regueiro et al., 2011; Frank et al., 2013). MKP1 is an 

essential regulator of LPS-induced host inflammation (Regueiro et al., 2011). 

CYLD is a ubiquitin-specific protease (USP) which activates polyubiquitylated 

intermediates of NF-kB and MAPK signalling (Regueiro et al., 2011). The 

upregulation of MKP1 and CYLD results in MAPK dephosphorylation, thus 
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limiting the induction of associated inflammatory responses such as IL-8 

secretion (Regueiro et al., 2011; Frank et al., 2013). 

NLR proteins such as NLRP3 and NLRC4 can act as scaffold components of 

multimeric protein complexes, known as inflammasomes which are critical for 

the clearance of pathogens (Cai et al., 2012; He, Hara and Núñez, 2016).  

Following activation, inflammasomes induce expression of the cysteine 

protease caspase-1, which converts the pro-forms of IL-1β and IL-18 to 

biologically active inflammatory cytokines (Cai et al., 2012; He, Hara and 

Núñez, 2016).  A highly inflammatory caspase-1-dependent form of 

programmed cell death termed pyroptosis is also triggered (Cai et al., 2012; 

He, Hara and Núñez, 2016). A reduction in Klebsiella-induced IL-1β release 

and increased mortality is reported in infected NLRP3−/− mice (Willingham et 

al., 2009). However, the protective role of NLRP3 was not as critical as TLR4 

and TLR2 during in vivo infection (Willingham et al., 2009). The NLRC4 

inflammasome also contributes to Klebsiella-triggered IL-1β production. 

However the importance of NLRC4 during infection has not been fully 

determined as Klebsiella-induced pyroptosis is unaffected in NLRC4 −/− mice 

(Willingham et al., 2009; Cai et al., 2012). 

 

1.3.1.3 RLRs 

RLRs are cytoplasmically located RNA helicases which detect pathogenic 

double-stranded RNA (Kumar, Kawai and Akira, 2011). The expression of 
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RLRs is greatly enhanced in response to type I IFN stimulation or viral infection 

(Takeuchi and Akira, 2010). Thus far, three mammalian RLR families have 

been identified, namely retinoic acid-inducible gene I (RIG-I), melanoma 

differentiation-associated protein 5 (MDA5) and laboratory of genetics and 

physiology 2 (LGP2) (Takeuchi and Akira, 2010).  Of these, RIG-I and MDA5 

have an N-terminal CARD domain which interacts with the downstream 

adaptor mitochondrial antiviral signalling protein (MAVS) (Takeuchi and Akira, 

2010). This activates TRAF Family Member Associated NF-KB Activator 

(TANK)-binding kinase 1 (TBK1) and Inhibitor-κB kinase (IKK) mediated 

induction of IRFs and NF-κB, resulting in IFN-dependent gene and 

inflammatory cytokine production (Kumar, Kawai and Akira, 2011).  

In addition to RNA detection, the recognition of microbial DNA is also an 

important host surveillance mechanism (Paludan and Bowie, 2013). The 

cytosolic DNA sensor, Stimulator of interferon genes (STING) also activates 

the same pathway as RIG-I to induce type I IFN-dependent gene 

transcription and pro-inflammatory cytokine expression (Paludan and Bowie, 

2013).  However, there is limited knowledge on the involvement of RLRs in the 

context of bacterial infection (Marinho et al., 2017). Furthermore, there is no 

evidence that Klebsiella engages RIG-I or DNA sensors during infection. 
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1.3.2 Cell types and associated effectors activated in 

response to Klebsiella infection 

The key cells involved in the response to K. pneumoniae infection include 

epithelial cells, neutrophils, macrophages, dendritic cells, Natural Killer (NK) 

cells and γδ-T cells (Cortés, Álvarez, et al., 2002; Regueiro et al., 2006; Evrard 

et al., 2010; Murakami et al., 2016; Ivin et al., 2017).  Airway epithelial cells are 

located at the host-pathogen interface, thus are often the first line of defence 

against infection (Regueiro et al., 2009). Secretion of cationic antimicrobial 

peptides (AMPs) such as defensins by epithelial cells serves to effectively 

disrupt the anionic bacterial surface (Moranta et al., 2010). Regulation of 

epithelial cell activity occurs via γδ-T cell-mediated IL-17 production and NK 

cell-dependent IL-22 secretion (X. Xu et al., 2014; Murakami et al., 2016). Both 

of these cytokines induce the epithelial release of Lipocalin 2,  a siderophore-

binding AMP, which sequesters iron to inhibit  Klebsiella metabolism (Chan et 

al., 2009). Secretion of IL-17 and IL-22 also triggers release of the chemokine 

CXCL5 by epithelial cells which, in conjunction with IL-8, serves as potent 

neutrophil chemoattractant (Bals and Hiemstra, 2004; Chen et al., 2016).  

Activated complement also recruits neutrophils and macrophages to the 

infection site to phagocytose opsonised bacteria (Ricklin et al., 2016). 

Additionally, complement activates dendritic cells to coordinate the release of 

pro-inflammatory cytokines IL-12, IL-23 and IL-17 (Bhan et al., 2007).  An 

additional source of IL-17 release is from γδ-T cells which serves to activates 

macrophages (Xiong et al., 2016). This induces their secretion of the AMP 
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cathelicidin and pro-inflammatory cytokines TNF-α, macrophage inflammatory 

protein 1α (MIP-1α/CCL3), IL-6, IL-12 and IL-8 in response to infection (Xiong 

et al., 2016).  

The macrophage-mediated release of IL-23 induces NK cell secretion of IFN-

γ, which in turn further enhances the macrophage response (Ivin et al., 2017). 

The crosstalk between these cells is important, with macrophage release of 

type I IFN further amplifying the NK cell-mediated inflammatory response (Ivin 

et al., 2017). The co-ordinated innate immune response to Klebsiella infection 

is detailed in Figure 1. 

 
Figure 1. The innate immune response to K. pneumoniae infection involves the 
co-ordinated actions of a range of cell types and their associated effectors.  
K. pneumoniae directly interacts with epithelial cells, neutrophils, macrophages and 
dendritic cells, inducing their secretion of a range of pro-inflammatory cytokines and 
soluble mediators (shown by black arrows, detailed in text). Klebsiella infection also 
triggers cytokine-mediated regulation and co-ordination of a range of cellular 
responses (shown with blue arrows, detailed in text). Figure taken from (Bengoechea 
and Sa Pessoa, 2019). 
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1.4 K. pneumoniae infection involves a combination 

of host subversion and attack mechanisms 

1.4.1 The major virulence factors of Klebsiella 

Despite a range of host defences, early Klebsiella infection is associated with 

a lack of inflammation (Regueiro et al., 2011; Frank et al., 2013; Paczosa and 

Mecsas, 2016; Kidd et al., 2017; Mills et al., 2017). Considered a ‘stealth 

pathogen’, Klebsiella shields its PAMPs from host PRRs, as a pro-

inflammatory signal is crucial to clear infection (Regueiro et al., 2006; March 

et al., 2011; Paczosa and Mecsas, 2016; Kidd et al., 2017). To achieve this, 

Klebsiella employs a range of virulence factors, the most well-characterised of 

which will be discussed in this section.  

One of Klebsiella’s major virulence factors is its thick outer capsule, which 

covers the entire bacterial surface  and serves as a physical shield against 

unfavourable host environments (Schembri, Dalsgaard and Klemm, 2004; 

Doorduijn et al., 2016; Paczosa and Mecsas, 2016).  Capsule is comprised  of 

a matrix of strain-specific capsular polysaccharide (CPS) fibres termed K 

antigens which project  from the outer membrane (Figure 2a). (Amako, Meno 

and Takade, 1988). K. pneumoniae strains may have a capsule serotype 

ranging from K1-78  with a capsule diameter of approximately 160 nm (Amako, 

Meno and Takade, 1988; Shon, Bajwa and Russo, 2013). The degree of 

capsule thickness is the essential determining factor of virulence (Shon, Bajwa 
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and Russo, 2013; Holt et al., 2015) Overproduction of capsule is associated 

with hypervirulent isolates, which are predominantly of the K1 and K2 

serotypes (Shon, Bajwa and Russo, 2013; Holt et al., 2015) (Figure 2a). The 

critical nature of capsule has been demonstrated via mutation of clinical 

isolates, where deletion of capsule-forming genes renders these strains 

practically avirulent (Cortés, Borrell, et al., 2002; Shankar-Sinha et al., 2004; 

Lawlor et al., 2005). 

LPS, also known as endotoxin, is a major component of the outer membrane 

(OM) of Gram-negative bacteria, occupying up to 75% of surface area (Figure 

2) (Alexander and Rietschel, 2001; Klein and Raina, 2019). The core LPS 

components are a membrane-anchored lipid A molecule, an O antigen and a 

core oligosaccharide (detailed in Figure 2b) (Vinogradov et al., 2002). LPS 

serves as an OM permeability barrier to large, cationic and hydrophobic 

molecules and provides OM stability (Alexander and Rietschel, 2001; 

Rosenfeld and Shai, 2006). Whilst LPS is a major virulence factor of Klebsiella, 

it is also associated with immune activation (Shankar-Sinha et al., 2004; 

Rosenfeld and Shai, 2006). The highly conserved lipid A moiety is known to 

protect against AMPs however is a potent TLR4 ligand (March et al., 2013; 

Mills et al., 2017).  The O-antigen component is a long-chain polysaccharide 

linked to the oligosaccharide core of LPS (Kostina et al., 2005; Evrard et al., 

2010). Klebsiella possesses nine O-antigen variants, of which O1 is the most 

common (Paczosa and Mecsas, 2016). O-antigen is a known Klebsiella 

virulence factor, providing protection against the effects of the complement 

cascade (Merino et al., 1992). 
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Figure 2. The major virulence factors of K. pneumoniae. 
(a) The most well-characterised virulence factors of K. pneumoniae include CPS, 
LPS, fimbriae, siderophores and OmpA (not in diagram). The thick CPS matrix coats 
the entire bacterial surface, providing protection against unfavourable environments. 
Capsule serotypes may be K1-78, with hypervirulent strains predominantly of K1 
serotypes associated with hyperproduction of CPS. The LPS component is an OM 
glycolipid, which serves as a permeability barrier and contributes to membrane 
integrity. Klebsiella secretes a range of siderophores involved in iron metabolism, the 
most common of which is enterobactin. Fimbrae (type I and III) are membrane-bound 
protrusions, essential for adhesion and biofilm formation. Additionally, OmpA (not in 
diagram) is an OM β-barrel channel, functioning in molecule transport and membrane 
stability. (b) LPS is composed of three major subunits: lipid A, an oligosaccharide 
core, and O antigen. Lipid A is anchored in the bacterial membrane and is a potent 
activator of TLR-4 mediated host inflammation. Figure adapted from (Paczosa and 
Mecsas, 2016). 
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Klebsiella also produces fimbrae (type I or type III), also known as pili, which 

are essential mediators of adhesion (Figure 2a) (Paczosa and Mecsas, 2016). 

Type I fimbriae are membrane-bound, filamentous structures, expressed  by 

Klebsiella in the urinary tract,  where they engage in bladder cell invasion and 

biofilm formation (Stahlhut et al., 2012). Type III fimbriae are membrane-

bound, helical structures which are associated with biofilm formation on abiotic 

surfaces such as catheters (Stahlhut et al., 2012; Paczosa and Mecsas, 2016).  

Iron is an essential mineral required in Klebsiella metabolism and is acquired 

from the host environment, where it is often in limited supply (Podschun et al., 

2001). In response to infection, the host often sequesters iron and limits levels 

of free iron in the plasma to inhibit bacterial growth (Russo et al., 2011). To 

counteract this, Klebsiella employs the use of siderophores (Figure 2a). These 

are small, iron-chelating compounds, which exhibit a higher affinity for iron 

than host proteins (Paczosa and Mecsas, 2016). Siderophores can sequester 

iron from these host proteins or scavenge it from the environment (Lawlor, 

O’Connor and Miller, 2007). Enterobactin is the most common siderophore, 

produced by almost all K. pneumoniae strains (Russo et al., 2011). 

Yersiniabactin is secreted by the majority of hypervirulent  isolates and by 50% 

of classical K. pneumoniae strains (Lawlor, O’Connor and Miller, 2007). 

Additionally, K. pneumoniae’s OM protein A (OmpA) is a known virulence 

factor and a highly conserved structure among  the Enterobacteriaceae family 

(March et al., 2011; Bengoechea and Sa Pessoa, 2019).  It is an eight-stranded 

anti-parallel β-barrel which functions in molecular transport and membrane 

integrity in addition to its role in virulence (March et al., 2011).  
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Upon infection, Klebsiella is able to minimise its TLR4-mediated detection via  

alterations to its LPS structure (Alberti et al., 1993; Llobet et al., 2015; Mills et 

al., 2017). Via 2-hydroxylation of its Lipid A moiety, detection of this PAMP is 

effectively limited (Llobet et al., 2015). Klebsiella additionally blocks host 

complement activation via its  LPS O-antigen core inhibiting the binding of 

complement component C1q to porins (Alberti et al., 1993). CPS also inhibits 

complement, by blocking C3b deposition on the bacterial surface, thus 

preventing opsonisation (Alberti et al., 1993; Álvarez et al., 2000; Doorduijn et 

al., 2016).  

The bactericidal effects of host AMPs such as β-defensin and lactoferrin is 

inhibited via CPS effectively reducing the available surface area for these 

compounds to act upon (Campos et al., 2004; Llobet et al., 2011). In addition, 

anionic CPS is released in response to host AMPs. This CPS acts as a ‘decoy’, 

by binding and neutralising AMPs, to inhibit their interaction with the bacterial 

surface (Llobet, Tomás and Bengoechea, 2008). Lipid A modifications also 

increase resistance to AMPs via aceylation and addition of aminoarabinose. 

(Clements et al., 2007; Cheng, Chen and Peng, 2010)  

Initiation of neutrophil and macrophage-mediated phagocytosis by intercellular 

adhesion molecule-1 (ICAM-1) is inhibited via CPS reducing the available 

surface area for adhesion, thus preventing bacterial uptake (Regueiro et al., 

2006). Alveolar macrophage-mediated phagocytosis is additionally prevented 

via lipid A decorations of palmitate and aminoarabinose (March et al., 2011). 

Reduced neutrophil phagocytosis is also associated with the Klebsiella porin 

OmpK36 using the amoeba Dictyostelium discoideum (March et al., 2011, 
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2013) as a model for studying phagocytosis resistance genes, although the 

exact mechanism is unknown (Pan et al., 2011). It is known that an OM portion 

of Klebsiella activates DCs,  however the bacteria limits the effects of this 

recognition by inhibiting subsequent DC maturation via CPS and lipid A-

induced defective binding (Evrard et al., 2010). 

1.4.2 Klebsiella hijacks host signalling pathways to blunt cell 

intrinsic immunity 

In addition to a range of evasion strategies, K. pneumoniae also orchestrates 

a sophisticated offense on innate immunity via the targeted modulation of a 

range of host responses. (Moranta et al., 2010; Regueiro et al., 2011; Frank et 

al., 2013; Cano et al., 2015).  

Klebsiella has been shown to employ its CPS to induce cytotoxicity in airway 

epithelial cells, resulting in plasma membrane and genomic DNA degradation 

(Cano et al., 2009). Whilst traditionally considered an extracellular pathogen, 

K. pneumoniae can survive inside both human and mouse macrophages 

inside an acidic compartment termed a Klebsiella containing vacuole (KCV) 

(Cano et al., 2015). The targeting of a PI3K–AKT–Rab14 axis to inhibit 

phagosome maturation enables Klebsiella to survive inside this compartment 

(Cano et al., 2015). Data also suggests that Klebsiella induces an apoptosis-

like form of programmed cell death of macrophages, occurring 10 hours post-

infection (Cano et al., 2015). Whilst the exact molecular mechanism underlying 
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this cell death is unknown, it is dependent on the inoculum of bacteria (Cano 

et al., 2015). 

The anti-phagocytic activity of CPS has also been shown to abrogate 

neutrophil-mediated killing of Klebsiella (Regueiro et al., 2006). Recently, it 

was also demonstrated that K. pneumoniae also manipulates programmed cell 

death by interfering with efferocytosis of neutrophils (Jondle et al., 2018). The 

process of efferocytosis is derived from the Latin word efferre, meaning 'to take 

to the grave', and refers to the macrophage-mediated ‘burying’ or clearance of 

apoptotic neutrophils (Angsana et al., 2016). Efferocytosis is essential for 

restoring cellular homeostasis by inhibiting inflammation generated by 

apoptotic cells (Angsana et al., 2016). Klebsiella skew the efferocytosis 

response to favour the non-apoptotic cell death, necroptosis, in neutrophils 

(Jondle et al., 2018). In contrast to efferocytosis, necroptosis is associated with 

increased inflammation, heightened neutrophilia and poor disease outcome 

(Jondle et al., 2018). 

Klebsiella also targets nutritional immunity, with the siderophore yersiniabactin 

acting as a key virulence factor in low iron conditions during in vivo pulmonary 

infection (Lawlor, O’Connor and Miller, 2007). In addition, hypervirulent 

isolates of K. pneumoniae have been demonstrated to produce higher levels 

of siderophores compared to classical strains (Russo et al., 2011). 
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1.4.3 Klebsiella targets host PTMs to attenuate inflammation 

One of the most novel methods of immune modulation Klebsiella employs is 

the targeting of host PTMs to attenuate inflammation (Regueiro et al., 2011; 

Frank et al., 2013). PTMs are enzyme catalysed protein alterations which 

increase proteomic functional diversity relative to that initially encoded by the 

genome (Ribet and Cossart, 2010). More than 300 PTMs have been identified 

to date, many of which have key roles in innate immunity (Ribet and Cossart, 

2010; Liu, Qian and Cao, 2016) 

Our laboratory has demonstrated that Klebsiella inhibits inflammation by 

targeting the PTMs phosphorylation and ubiquitylation to limit IL-8 secretion by 

epithelial cells (Regueiro et al., 2011). Klebsiella achieves this by targeting the 

phosphatase MKP1 and the deubiquitylase CYLD (Frank et al., 2013). The 

Klebsiella-induced inhibition of Rac1 triggers a NOD1‐mediated upregulation 

of MKP1 and CYLD expression.  This results in MAPK dephosphorylation thus 

inhibiting IL-8 secretion (Regueiro et al., 2011).  (Figure 3). However, the 

bacterial factor involved in this phenotype is not yet elucidated. 

Additionally Klebsiella exploits CYLD to manipulate ubiquitylation in an EGFR-

dependent manner to attenuate inflammation (Frank et al., 2013), In this 

process, bacterial CPS is detected in a  TLR4-dependent manner. This 

activates the adaptor MyD88 to phosphorylate the kinase c-SRC, resulting in 

EGFR phosphorylation (Frank et al., 2013).  A sequential pathway of 

phosphorylation and activation exists between PI3K-AKT-PAK4-ERK, 
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resulting in inhibition of the host kinase GSK3β and elevated levels of CYLD 

(Frank et al., 2013).  Increased CYLD then prevents self-ubiquitylation of the 

ubiquitin ligase TRAF6 and its subsequent activation of the ubiquitin-

dependent kinase TAK1 (Figure 3). TAK1 is responsible for IKK activation, via 

phosphorylation of two serine residues in the activation loop of the IKK 

complex (Frank et al., 2013; Zhang et al., 2014). Inactivation of TAK1 thus 

blocks the subsequent IKK complex-mediated phosphorylation of the NF-κB 

repressor, IκBα (Frank et al., 2013). This prevents degradation of  IκBα by the 

26S proteasome and it remains bound to NF-κB (Frank et al., 2013) (Figure 

3). As a result, NF-κB nuclear translocation and associated pro-inflammatory 

gene transcription is inhibited (Frank et al., 2013) (Figure 3).   

Furthermore, an RNA screen performed by the Bengoechea laboratory has 

identified additional kinases targeted by Klebsiella which has not yet 

investigated (Frank et al., 2013). These findings reflect the complexity of anti- 

NF-kB strategies employed by Klebsiella’s targeting of PTMs. 
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Figure 3. K. pneumoniae CPS affects the PTMs of phosphorylation and 
ubiquitylation to attenuate host inflammation.       
Klebsiella CPS is detected by the EGF receptor, which causes activation of a PI3K-
AKT-PAK4-ERK signalling axis. This results in reduced levels of the kinase GSK3β, 
and elevated levels of the deubiquitylase CYLD. In turn, the accumulation of CYLD 
blocks the self-ubiquitylation of TRAF6 and subsequent TAK1 activation. This 
prevents activation of the downstream kinase complex, IKK. As a consequence, IκBα 
phosphorylation is inhibited, which limits its ubiquitin-dependent proteolysis by the 
26S proteasome. As a result, nuclear translocation of NF-κB and its activation of pro-
inflammatory gene transcription is prevented, thus attenuating inflammation. Figure 
adapted from (Frank et al., 2013).  

1.5 Type I IFNs and bacterial infection 

Type I IFNs are a group of cytokines, which exert various pleiotropic effects as 

a component of the innate immune response (Isaacs and Lindenmann, 1957; 

Pestka, Krause and Walter, 2004; Storek et al., 2015). The type I IFN family 

includes α, β, δ, ε, κ, ζ, ω and τ subtypes (Pestka, Krause and Walter, 2004). 
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Virtually all nucleated cells can produce IFN, and the predominantly expressed 

subtype in humans is IFN-β (Levy, 2002). 

Primarily associated with anti-viral immunity via activation of the JAK/STAT 

pathway (Levy et al., 1988; Schindler et al., 1992), type I IFNs are also induced 

in response to bacteria, where they may produce either beneficial or 

detrimental immune responses to infection (Rayamajhi et al., 2010; 

LeMessurier et al., 2013).   The disparity in type I IFN-mediated infection 

outcomes shows no  particular correlation with the  Gram-positive or Gram-

negative classification of the bacteria (Kovarik et al., 2016). Additionally, the 

nature of the IFN response cannot be predicted by bacterial location 

(intra/extracellular pathogen) or  by the route of infection (Boxx and Cheng, 

2016; Kovarik et al., 2016).  

Type I IFNs are protective against the Gram-positive extracellular 

Streptococcus pneumoniae, where they maintain pulmonary barrier integrity, 

to prevent localised infection developing into invasive disease (LeMessurier et 

al., 2013; Maier et al., 2016). However, type I IFNs induced by Staphylococcus 

aureus infection causes inappropriately amplified  JAK-STAT signalling and 

pro-inflammatory cytokine production (Maier et al., 2016). 

Type I IFNs are detrimental to the host during Mycobacterium 

tuberculosis infection, by inhibiting blocking IL-1β-mediated inflammation and 

result in increased bacterial loads (Manca et al., 2005; Mayer-Barber et al., 

2011). Type I IFNs inhibit the Gram-negative intracellular bacteria Legionella 
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pneumophila in macrophages, via alteration of the host proteome (Naujoks et 

al., 2016).  

Type I IFNs have been found to have both negative and beneficial responses 

against the Gram-positive intracellular Listeria monocytogenes. A number of 

studies  demonstrate type I IFNs enhance host susceptibility to infection by 

probing Ifnar1−/− mice (Auerbuch et al., 2004; O’Connell et al., 2004; Carrero, 

Calderon and Unanue, 2006). Mice deficient in IFNAR signalling exhibit pro-

apoptotic gene expression and enhanced T cell apoptosis (Carrero, Calderon 

and Unanue, 2006). Additionally, enhanced immunosuppression via IL-10 

elevation in conjunction with inhibition of TNF-α, IFN-γ and IL-17 result in 

reduced bacterial clearance (Auerbuch et al., 2004; O’Connell et al., 2004; 

Rayamajhi et al., 2010).  

Conversely, a beneficial type I IFN-mediated response has also been reported 

in  L. monocytogenes infection (Pontiroli et al., 2012; Kernbauer et al., 2013). 

Host resistance is increased via protective cytokine expression (Kernbauer et 

al., 2013). These examples highlight that the type-I IFN mediated clearance of 

bacterial infection requires a balance between prompt initiation of signalling, in 

conjunction with efficient re-establishment of host homeostasis.  
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1.5.1 K. pneumoniae induces a type I IFN-mediated immune 

response in vivo 

Our laboratory has shown that K. pneumoniae induces type I  IFN in vitro and 

in vivo via TLR4-dependent recogntion of CPS and LPS (Regueiro et al., 2006, 

2009; Ivin et al., 2017). Initial in vitro results demonstrated TLR4 activation 

triggers induction of a TRAM-TRIF-IRF3 axis to induce type I IFN stimulated 

gene (ISG) transcription in macrophages such as IFNAR1 and isg15 (Ivin et 

al., 2017). Additionally, in bone-marrow-derived macrophage  (BMDMs), levels 

of ISG15 protein expression were induced in response to Klebsiella infection 

(Ivin et al., 2017). Concurrently, reduced ISG15 expression was observed in 

macrophages from TLR4-/-  mice (Ivin et al., 2017). 

The in vivo role of Klebsiella-induced Type I IFN was assessed using a Type I 

IFN receptor 1 (Ifnar1)-deficient  (Ifnar1-/-)  murine model (Ivin et al., 2017). 

Relative to their wild-type littermates, Ifnar1-/- infected mice displayed severe 

bronchopneumonia and decreased survival rates. Additionally Ifnar1-/-  

infection was associated with an elevated bacterial burden in the lungs, with 

associated hepatic and splenic dissemination (Ivin et al., 2017). The immune 

response was significantly impaired in Ifnar1-/-  infected mice, observed by a 

marked reduction in IFN-γ, IL-12 and levels of the NK cell chemoattractant  

CXCL10 (Ivin et al., 2017).  Furthermore, the NK cell population in the lungs 

of Ifnar1−/− infected mice was reduced relative to wild-type mice (Ivin et al., 

2017).  This highlights how macrophage-mediated type I IFN signalling is 

essential for IFN-γ secretion by NK cells in vivo. In turn, this IFN-γ release 
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upregulated the macrophage-mediated IL-12 secretion which further 

enhanced the NK cell response (Ivin et al., 2017). Macrophage bactericidal 

activity and release of CXCL10 was also increased, to further recruit NK cells. 

The resultant inflammatory response  was sufficient to clear infection (Ivin et 

al., 2017).  The inability of Ifnar1-deficient mice to initiate an immune response 

was rescued via exogenous IFN-γ and NK cell administration which restricted 

bacterial growth (Ivin et al., 2017). This highlights how critical the type I IFN-

induced crosstalk between alveolar macrophages and NK cells functions in the 

innate immune response to Klebsiella infection in vivo. The fact that the 

induced response is sufficient to clear infection suggests that host IFN-

mediated immunity may be an important factor for K. pneumoniae to either 

evade or target during infection. 

1.6 ISG15 

1.6.1 History 

ISG15 was both the first ISG and UBL modifier identified (Farrell, Broeze and 

Lengyel, 1979).  It was initially described in 1979, as a novel 14.5 kDa protein 

which accumulated in the cytoplasm of IFN-treated Ehrlich ascites tumour 

(EAT) cells (Farrell, Broeze and Lengyel, 1979). Five years later, this protein 

was purified by another research group, as a 15 kDa protein produced in both 

human Daudi cells and Madin-Darby bovine kidney (MDBK) cells in response 

to IFN. The protein was observed to be more strongly induced by Type I IFNs  
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than IFN-γ treatment (Korant et al., 1984). In 1986, the cDNA encoding the 

same 15 kDa protein was cloned from mRNA isolated from IFN-β treated 

human Daudi cells. (Blomstrom et al., 1986). The PCR product matched the 

15 kDa molecular weight as previously reported, however researchers did not 

realise that the cDNA contained an extra nucleotide generating a premature 

stop codon. The following year, ISG15 was re-cloned, but with an observed 

molecular weight of 17.89 kDa (Reich et al., 1987). It was discovered that was 

the full-length, inactive precursor which undergoes C-terminal processing to 

generate the 15 kDa mature ISG15 (Knight et al., 1988). 

In 1987, whilst studying the effect of  Encephalomyocarditis Virus (ECMV) on 

ubiquitin pools in human A549 and murine L929 cells, the same protein was 

induced in infected cells (Haas et al., 1987). Researchers observed that in 

addition to exhibiting cross-reactivity with anti-ubiquitin antibodies, the protein 

shared striking homology with ubiquitin.  Thus, it was termed Ubiquitin Cross 

Reactive Protein (UCRP) (Haas et al., 1987). In 1987, the 15 kDa mature 

protein was identified as being encoded by a IFN-β stimulated gene (Reich et 

al., 1987; Kessler, Levy and Darnell, 1988). The name IFN-Stimulated Gene 

15 (ISG15) was assigned to the protein in the same year, and it was classified 

as the first  ever ubiquitin-like (UBL) modifier (Reich et al., 1987). 
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1.6.2 Biologically active ISG15 is generated via PTM of an 

inactive precursor 

ISG15 is initially translated as a biologically inactive precursor possessing a 

carboxyl terminal GTEPGGRS extension which blocks isopeptide formation 

between the precursor’s C-terminal glycine and  substrates (Potter et al., 

1999). This pro-ISG15 polypeptide comprises 165 amino acids (AAs) and has 

a molecular mass of 17 kDa. It then undergoes PTM via proteolytic cleavage 

of an eight AA extension peptide from the C-terminal Gly157-Gly158 peptide 

bond and a methionine residue from N-terminal (Haas et al., 1987; Potter et 

al., 1999). This PTM is catalysed by an unidentified 100 kDa enzyme, likely to 

be a thiol protease, which functions independently of IFN. Partial sequencing  

shows similarity to the human ortholog of  yeast deubiquitylating enzyme UBP1 

(Potter et al., 1999). This yields the mature and biologically active form of 

ISG15, consisting of 154 AAs and a molecular mass of 15 kDa (Knight et al., 

1988). Following cleavage, the mature 15 kDa protein terminates in a 

conserved  Leu Arg Leu Arg Gly Gly (152LRLRGG157 ) C-terminal motif, 

identical to that of ubiquitin (Knight et al., 1988). This sequence is required by 

ISG15 for isopeptide bond formation to lysine residues on substrates and for 

extracellular cytokine activity (Loeb and Haas, 1992).  
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1.6.3 ISG15 structure 

The N- and C-terminal domains of ISG15 share 33% and 32% homology with 

their corresponding ubiquitin terminals (Figure 4). Structurally, ISG15 consists 

of a tandem repeat of β-grasp (5 β-sheets and 1 α-helix) UBL folds, connected 

by a proline linker region (Narasimhan et al., 2005). Unlike ubiquitin, ISG15 is 

found in vertebrates only, where it displays a low level of cross-species 

conservation (Figure 4).  

Human ISG15 shares a sequence homology of only 66% with its murine 

ortholog (Narasimhan et al., 2005). Its low level of conservation and absence 

in lower  eukaryotes such as yeast and insects indicates that it is not a 

housekeeping gene but rather, is restricted to those higher organisms 

possessing an IFN response  (Narasimhan et al., 2005). 
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Figure 4. ISG15 is a structural homologue of ubiquitin which displays 
comparatively low level conservation across species.  
(a) The tertiary structures of ISG15 and ubiquitin. The structure of ISG15 comprises 
of a tandem repeat of two ubiquitin-like domains connected by a proline linker region. 
(b) ISG15 exhibits low cross-species homology. Analysis of AA sequence similarity 
was assessed in ISG15 and ubiquitin of human, bovine and zebrafish origin, and 
additionally ubiquitin of yeast origin. Conservation was scored with PRALINE, which 
scores 0 for the least conserved alignment (blue) position up to 10 for the most 
conserved (red). Figure adapted from (Bogunovic, Boisson-Dupuis and Casanova, 
2013). 
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Modelling of ISG15’s 3D arrangement was achieved due to its remarkable 

structural similarity to the UBL modifier, NEDD8 (Narasimhan et al., 2005). 

Independent roles have been assigned to each terminal of ISG15. The solvent-

exposed N-terminal domain is necessary for E3 enzyme-mediated ISG15 

transfer from the E2 enzyme to its conjugates (Chang et al., 2008). The C-

terminal domain of ISG15 covalently links ISG15 to the both the E1 and E2 

enzymes (Chang et al., 2008). ISG15 is the only UBL modifier reported to have 

terminal domains of differing functions (Chang et al., 2008). 

1.6.4 Induction of ISG15 

Transcription of isg15 is strongly upregulated in response to IFN-α and IFN-β 

(Farrell, Broeze and Lengyel, 1979; Der et al., 1998).  Therefore, isg15 is a 

bona-fide ISG. Similarly to other ISGs the isg15  promoter possesses a 5′ IFN 

stimulated response element (ISRE) (Reich et al., 1987).  Binding of 

transcription factors such as IRF3 to the ISRE induces isg15 expression (Reich 

et al., 1987; Nakaya et al., 2001).  Subsequent protein expression displays 

biphasic kinetics, with free ISG15 detected as early as 2 hours post-

stimulation, increasing to maximal expression at 18 hours (Loeb and Haas, 

1992). ISGylation occurs at least 18 hours after IFN treatment, corresponding 

with the delayed induction of the ISGylation E1, E2, and E3 enzymes, relative 

to that of ISG15 (Loeb and Haas, 1992; Dastur et al., 2006). Levels of 

ISGylation then continue to increase over a 72 hour period post-stimulation 

(Loeb and Haas, 1992) . In the absence of IFN, ISG15 is constitutively 
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expressed at basal levels (Villarroya-Beltri, Guerra and Sánchez-Madrid, 

2017) 

As a consequence of its IFN-inducible nature, ISG15 is expressed in response 

to viral infections and by dsRNA (Sen and Sarkar, 2007).  ISG15 is induced by 

retroviruses (HIV-1), DNA viruses (Vaccinia, Herpes Simplex I) and RNA 

viruses (Influenza A, Sindbis, Ebola) (Lin et al., 1998; Chang et al., 2008; 

Guerra et al., 2008; Malakhova and Zhang, 2008; Pincetic et al., 2010). Its 

importance in anti-viral immunity is evidenced by the array of strategies viruses 

have developed to block ISG15. Whist ISG15 expression is stimulated by IFN-

γ, this induction is markedly lower  relative to type I IFN treatment (Sadler and 

Williams, 2008).  

ISG15 is also induced by p53, to suppress tumour growth under DNA damage 

conditions (Hummer, Li and Hassel, 2001; Park et al., 2016). All ISGylation 

components contain a p53-response element and ISGylation of p53 occurs in 

DNA damage, which enhances its tumour inhibitory actions (Park et al., 2016). 

ISG15 is induced by several other stimuli, such as TNF-α, vascular endothelial 

growth factor (VEGF), poly I:C and retinoids (Pitha-Rowe, Hasse and 

Dmitrovsky, 2004; Chairatvit, Wongnoppavich and Choonate, 2012; Long et 

al., 2014; Liu et al., 2016) 

ISG15 is also induced in response to LPS stimulation (Li et al., 2001; 

Hamerman et al., 2002). When macrophages are treated with LPS, ISG15 can 

be detected as early as 1 hour post-stimulation, reaching maximal levels after 

four hours (Hamerman et al., 2002).  Administration of bacille Calmette–Guérin 
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(BCG) induces significant ISG15 expression in macrophages in vivo 

(Hamerman et al., 2002).  Additionally it has been determined that LPS-

dependent ISG15 expression occurs via a TRIF/IRF-3 axis (Kim et al., 2005). 

The role of ISGylation in response to specific bacterial infections is discussed 

in section 1.6.7 (ISGylation and bacterial infection). 

1.6.5 The protein ISGylation system 

In a Type I IFN-dependent PTM analogous to ubiquitylation, ISG15 is 

covalently conjugated to its target substrates via a sequential series of enzyme 

catalysed reactions, involving activation, conjugation and ligation (Yuan, 

2001). ISG15 is initially bound and activated in an ATP-dependent manner by 

the E1 activating enzyme, Ubiquitin Activating Enzyme E1 Like Protein 

(UbE1L). Following activation, ISG15 is transferred to Ubiquitin Conjugating 

Human enzyme 8 (UbCH8). Subsequently, the E3 enzyme, HECT and RCC1-

like domain (RLD) Containing E3 Ubiquitin Protein Ligase 5 (HERC5) 

catalyses the covalent conjugation of ISG15 to its target substrates. The PTM 

of ISGylation  is reversible in nature and is catalysed by the enzyme ubiquitin-

specific proteases 18 (USP18) to yield the non-conjugated form of ISG15 

(Schwer et al., 2000). An overview of ISGylation is shown in Figure 5. 
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Figure 5. ISG15 covalently conjugates to target substrates via the reversible, 
enzyme-catalysed, multi-step PTM, ISGylation. 
The inactive ISG15 precursor undergoes cleavage to remove a C terminal extension 
to form the mature and biologically active ISG15. ISG15 is then C- terminally bound 
and activated in an ATP-dependent manner by the E1 activating enzyme, UbE1L. 
Once activated, ISG15 is transferred to the E2 conjugating enzyme, UbCH8. Via the 
actions of the E3 ligase, HERC5, ISG15 is covalently conjugated to its target 
substrates. The reverse process of ISG15 deconjugation, termed deISGylation, is 
catalysed by the isopeptidase actions of USP18, which cleaves ISG15 from its 
substrates, to generate the unconjugated form of ISG15. 

1.6.5.1 UbE1L (ISG15 E1 Activating Enzyme) 

 UbE1L is a 112 kDa protein which catalyses ATP-dependent ISG15 activation 

(Kok et al., 1995; Yuan, 2001). The ube1l gene was initially discovered via the 

marked reduction in its mRNA expression in small cell lung cancer (Carritt et 
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al., 1993). Sharing 45% sequence homology with the human ubiquitylation E1 

enzyme, UbE1, it was initially considered to be an alternative E1 enzyme (Kok 

et al., 1993). However, it was subsequently shown to be incapable of ubiquitin 

activation (Yuan, 2001).  Its role in ISGylation was fortuitously discovered by 

researchers investigating conjugates of the influenza B virus protein NS1B 

(Yuan, 2001). UbE1L was found to exhibit a high level of specificity to the C-

terminal of ISG15, attributed to three nascent amino acid residues Lys90, 

Trp123 and Phe149 (Yuan, 2001). Additionally, mice lacking the UbE1L gene 

fail to form ISG15 conjugates (Osiak et al., 2005). 

UbE1L activates ISG15 via C-terminal adenylation, promoting subsequent 

ATP-dependent thioester linkage formation between an ISG15 terminal glycine 

and a conserved cysteine residue in UbE1L’s active site (Yuan, 2001). UbE1L 

is primarily a cytosolic protein, but nuclear localisation has been reported in 

some cell lines (Grenfell et al., 1994; McLaughlin et al., 2000). UbE1L is 

induced by type I IFN, with a conserved ISRE/IRFE binding site present in the 

upstream regulatory sequence of the UBE1L gene (Kim et al., 2004). However, 

its IFN-mediated expression is  weaker than that of ISG15 and the other 

ISGylation enzymes (Kim et al., 2005). Retinoic acid, which serves as a 

treatment option for Acute promyelocytic leukaemia (APL), has been 

demonstrated to strongly induce UbE1L expression (Langenfeld et al., 1997; 

Pitha-Rowe, Hasse and Dmitrovsky, 2004). In APL, UbE1L upregulation has 

anti-neoplastic effects via inhibiting the aberrant expression of the oncogene 

Cyclin D (McLaughlin et al., 2000; Feng et al., 2008). 
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1.6.5.2 UbCH8 (ISG15 E2 Conjugating Enzyme) 

The 17 kDa ubiquitin E2 conjugating enzyme  UbCH8 was also identified as 

the ISGylation E2 enzyme by two independent research groups (Kim et al., 

2004; Zhao et al., 2004). In the presence of UbE1L and ATP, activated ISG15 

forms a thioester bond with a C-terminal glycine of UbCH8 (Zhao C, et al., 

2004). In contrast to the ISG15-specific nature of UbE1L, UbCH8 freely 

conjugates to both ISG15 and ubiquitin (Zhao C, et al., 2004). Additionally, 

UbCH8 has been shown to negatively regulate ubiquitylation to mediate the 

immune response (Arimoto, Konishi and Shimotohno, 2008).   

1.6.5.3 E3 Ligases 

ISG15 is covalently conjugated to its target protein substrates via the actions 

of E3 ligases. A number of these enzymes have been identified, belonging to 

either the Homologous to E6AP Carboxyl Terminus (HECT) or the Really 

Interesting New Gene (RING) families (Dastur A, et al., 2006). 

1.6.5.3.1 HERC5 

HERC5 is considered the primary human ISG15 E3 enzyme. It serves as the 

ligase for over 90% of known substrates, as determined by siRNA interference 

studies (Wong et al., 2006).  Although induced by IFN, HERC5 is capable of 

ligase activity in its absence (Wong JJY, et al., 2006; Skaug B & Chen ZJ, 
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2010). HERC5 is predominantly ribosomally associated, therefore the majority 

of  ISGylated proteins are newly synthesised proteins (Durfee et al., 2010). 

Additionally, HERC5 has anti-viral capabilities such as blocking HIV-1 virion 

assembly at the plasma membrane via ISGylation of Gag, a key retroviral 

structural polyprotein (Pincetic et al., 2010). 

1.6.5.3.2 Additional E3 ligases 

A further E3 ligase identified in the literature is human homologue of 

Drosophila ariadne (HHARI/ARIH1), a member of the RING-in-between-RING 

(RBR) family of E3 ligases, which possesses three zinc binding domains 

(Eisenhaber B, et al., 2007). HHARI is a functional ligase in both ISGylation 

and ubiquitylation. It is specific for the substrate translation initiation factor 4E 

homologous protein (4EHP), an mRNA cap binding protein (Tan NG, et al., 

2003). 

Another human E3 ligase is an estrogen responsive finger protein (EFP) 

known as tripartite motif-containing protein 25 (TRIM25), which is a RING 

family protein (Eisenhaber B, et al., 2007). TRIM25, like HHARI, is bispecific 

for both ubiquitylation and ISGylation (Zou W & Zhang, 2006). It is substrate 

specific, acting on 14-3-3ε, a chaperone protein responsible for the 

translocation of RIG-I (Gack MU, et al., 2007; Liu HM, et al., 2012). TRIM25 

exhibits the ability to negatively self-regulate its ligase activity by undergoing 

autoISGylation at a conserved lysine residue, K117 (Zou W, et al., 2007). The 

bispecific nature of both TRIM25 and UbCH8 indicates possible convergence 
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or cooperation between ubiquitylation and UBL processes. This idea of 

overlapping PTM pathways has not been extensively explored in the literature, 

with the concept of distinct and parallel processes being the prevailing view for 

considerable time.  

1.6.5.4 USP18 (ISG15 deISGylating enzyme) 

ISGylation is a reversible process, with deconjugation of ISG15 from its 

substrates termed deISGylation. This reaction is catalysed by the ISG15-

specific ubiquitin specific peptidase 18 (USP18) enzyme (Liu et al., 1999; 

Malakhov et al., 2002). USP18 was the first ISGylation pathway member to be 

identified (Liu et al., 1999).Originally, it was named ubiquitin-specific protease 

(UBP43) as it encodes a 43-kDa protease (Liu et al., 1999). It’s nomenclature 

was then revised to ubiquitin specific peptidase 18 (USP18), assigning it to the 

largest  family of deubiquitylating enzymes, USPs (Baker et al., 1999)  Like 

other family members, USP18 exhibits a characteristic 3D conformation of 

finger, palm and thumb domains (Basters et al., 2017). ISG15 binding requires 

involvement of all three domains, arranged in an open conformation (Basters 

et al., 2017).  

USP18 activation is known to be induced by type I and III IFNs, LPS, 

TNFα  and poly I:C stimulation (Schwer et al., 2000; Kang et al., 2001; 

Malakhova et al., 2002; Kim et al., 2005; MacParland et al., 2016). 

Independent of its protease activity in deISGylation, USP18  is also a negative 
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regulator of  type I IFN signalling (Malakhova et al., 2006) (Figure 6). USP18 

achieves this via inhibition of the Janus kinase (JAK)–signal transducer and 

activator of transcription (STAT) pathway. Specifically, USP18 binds the IFN-

α/β receptor (IFNAR) to prevent  phosphorylation of the receptor associated 

tyrosine kinase, JAK1 (Malakhova et al., 2006). This inhibits JAK/STAT 

signalling and associated autoinflammation (Kim et al., 2005; François-Newton 

et al., 2011). 

 

 

Figure 6. Independent of its protease activity, USP18 functions as a negative 
regulator of Type I IFN signalling.  
USP18 expression is induced as a consequence of Type I IFN binding the dimeric 
IFNAR receptor. This binding activates the kinases TYK2 and JAK1 to recruit and 
phosphorylate STAT1 and STAT2, which in turn bind IRF9. This trimeric complex of 
transcription factors undergoes nuclear translocation to bind the ISRE element of 
promoters of ISGs. Expression of USP18, ISG15, UbE1L, UbCH8 and HERC5 is 
upregulated to induce ISGylation. USP18 also binds the IFNAR2 receptor subunit to 
inhibits receptor-associated JAK1 activity by blocking the interaction between JAK 
and the IFN receptor, thus negatively regulating IFN signalling. Abbreviations: IRF9, 
IFN-regulatory factor 9; ISRE, IFN Response Element; JAK1, Janus activated kinase 
1; STAT, signal transducer and activator of transcription; TYK2, tyrosine kinase 2;  
Figure adapted from (Basters, Knobeloch and Fritz, 2018). 
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In the presence of conjugated ISG15, USP18 deficiency results in high levels 

of ISGylation due to unregulated type I IFN signalling (Malakhova et al., 2006; 

Zhang et al., 2015). Furthermore ISG15 deficiency results in a lack of USP18 

induction and thus IFN-α/β mediated autoinflammation occurs (Malakhov et 

al., 2002; Zhang et al., 2015). Therefore, in conjunction with USP18, it appears 

that a balance in ISGylation levels is important in regulating Type I IFN-

mediated inflammation. 

This balance in the regulation of IFN signalling is highlighted in USP18 

deficient mice, where the prolonged amplification of the macrophage TLR4-

induced Type I IFN response actually resolves Salmonella typhimiurim 

infection relative to wild-type mice (Kim et al., 2005). However, the unregulated 

nature of the response was in turn, detrimental, resulting in hypersensitivity to 

LPS  (Kim et al., 2005). USP18 additionally attenuates TLR-induced NF-κB 

mediated inflammation via inhibition of ubiquitylation. In its inactive state, NF-

κB is complexed to its repressor, IκBα. Ordinarily, IκBα is phosphorylated by 

the IKK complex resulting in its degradation, allowing NF-κB nuclear 

translocation. However, USP18 blocks the K63-mediated ubiquitylation and 

activation of IKK to prevents the activation and nuclear translocation of NF-κB 

(Yang Z, et al., 2015). 
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1.6.6 Proteins identified as being targets of ISGylation 

Typically, ISGylation is considered an inefficient process, with only a small 

fraction of the target protein pool becoming ISGylated. Robust conjugation is 

considered to affect around 10–20% of the total target pool, however in most 

cases it is a much lower proportion. The proportion of viral conjugates does 

not generally exceed 5% of the total population. Through predominantly 

proteomics-based studies, ISG15 has been shown to have over 300 different 

targets (Hamerman et al., 2002; Malakhov et al., 2003; Giannakopoulos et al., 

2005; Zhao et al., 2005; Takeuchi, Inoue and Yokosawa, 2006; Wong et al., 

2006; Durfee et al., 2010; Yoo et al., 2018).  

Interestingly, the first ever ISGylated protein, serpin 2a, was identified was in 

the context of bacterial infection (Hamerman et al., 2002). Serpin 2a is a serine 

protease inhibitor expressed by macrophages upon in vivo infection with 

intracellular bacteria such as Mycobacterium bovis bacillus Calmette-Guérin 

(BCG), Listeria monocytogenes and Salmonella typhimurium. ISGylation of 

Serpin 2a occurs in activated macrophages upon in vitro LPS stimulation and 

in vivo following intraperitoneal infection of mice with BCG (Hamerman et al., 

2002). 

Of the ISG15 target substrates identified to date by proteomics, only a fraction 

have been experimentally validated as bona fide ISG15 targets (Malakhov et 

al., 2003). Additionally, the majority of these are constitutively expressed 

proteins, functioning in multiple cellular processes. ISGylated proteins are 
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associated with metabolism, apoptosis, cell cycle, cell structure, motility, 

oncogenesis, trafficking and signalling (Malakhov et al., 2003). ISGylated 

proteins involved in immunity and stress include heat shock proteins, 14,3,3 

protein (EGFR signalling), STAT1, DNA damage binding proteins, complement 

component C1q and anti-viral proteins (Malakhov et al., 2003; Giannakopoulos 

et al., 2005; Durfee et al., 2010). As ISGylated proteins are involved in a 

diverse range of cellular pathways, it is difficult to define a specific biological 

function for this PTM.  

1.6.7 ISGylation and bacterial infection 

There are a limited number of examples of examples of ISGylation in the 

context of bacterial infection in the literature. With respect to Mycobacterium, 

findings were observed in children of consanguineous parents (Bogunovic et 

al., 2012). Patients presented with a variant of the rare autoimmune condition 

Mendelian susceptibility to mycobacterial diseases (MSMD), due to an 

undetermined cause. MSMD  patients develop severe disease in response to 

weakly virulent mycobacteria strains, Bacille Calmette-Guérin (BCG) vaccine 

and Salmonella (Boisson-Dupuis et al., 2011; Tabarsi et al., 2011). Exome 

sequencing established that this disease subset was acquired via loss-of-

function mutations in ISG15 (Bogunovic et al., 2012). Interestingly, patients 

showed no increased susceptibility to viral infection. This is an important result 

as since its discovery, ISG15 has been traditionally described almost 

exclusively as anti-viral in nature (Lenschow et al., 2005; Osiak et al., 2005; 
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Guerra et al., 2008; Malakhova and Zhang, 2008; Hsiang, Zhao and Krug, 

2009; Pincetic et al., 2010). Rather, MSMD patients displayed enhanced 

susceptibility to Mycobacterium infections  (Bogunovic et al., 2012). 

Mechanistically, this is due to a lack of IFN-γ signalling, known to be induced 

by extracellular ISG15, which is required to clear Mycobacterium (Recht, 

Borden and Knight, 1991; Bogunovic et al., 2012). These findings are 

particularly insightful, given that they are from human subjects, as ISG15-

deficient mice investigated in the same study exhibited increased risk of viral 

infection (Bogunovic et al., 2012). This difference in phenotype ontologies 

across species is noteworthy as the anti-viral capabilities of ISG15 were 

initially elucidated in a murine model (Lenschow et al., 2005). 

Listeria monocytogenes also induces ISG15 expression both in vitro and in 

vivo (Radoshevich et al., 2015). Surprisingly, in non-phagocytic cells, this can 

occur in an IFN-independent manner. Bacterial detection is via the host 

cytosolic DNA sensor STING, subsequently inducing transcription factors IRF3 

and IRF7. This results in ISGylation of ER and Golgi proteins, which correlates 

with pro-inflammatory cytokine production, sufficient to counteract Listeria 

infection in vivo (Radoshevich et al., 2015). 

Very recent findings, using a combination of proteomics and murine models of 

either overexpressed or inhibited ISGylation, identified over 400 hepatic 

ISGylated substrates in response to L. monocytogenes infection (Zhang et al., 

2019). Predominantly, these proteins were related to autophagy and 

metabolism. Mice with increased ISGylation exhibited enhanced autophagy, 

both at basal level and in response to Listeria challenge. This was identified to 
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be due in part to modification of the kinase mTOR. Further to this influence on 

phosphorylation, the study also detected changes in the host ubiquitylome. 

This highlights how ISGylation engages in crosstalk and regulatory signalling 

known with multiple PTMs.  

1.6.7.1 Klebsiella induces ISGylation in vitro 

Our lab has also shown that in addition to triggering type I IFN in vivo, 

Klebsiella induces isg15 transcription and ISGylation in infected BMDMs in 

vitro (Ivin et al., 2017).  Induction of ISGylation is dependent on the IFNAR1 

and TLR4 receptors and the adaptors TRIF and TRAM (Ivin et al., 2017). 

1.6.8 Extracellular ISG15 

1.6.8.1 Mechanism of Release 

The extracellular release of free ISG15  was initially reported in 1991, when it 

was observed to be secreted from IFN-α treated monocytes, lymphocytes and 

the THP-1 cell line (Knight and Cordova, 1991). Additionally, it is known that 

ISG15 is released from a range of cells including human epithelial cells, 

neutrophils and fibroblasts both in basal conditions and in response to Type I 

IFN induction (Knight and Cordova, 1991; Bogunovic et al., 2012).   
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However, ISG15 lacks the characteristic leader sequence associated with 

secreted polypeptides (Knight and Cordova, 1991), suggesting that its release 

may be a passive process. ISG15 has been detected colocalised with 

gelatinase in the secretory granules of neutrophils (Bogunovic et al., 2012).  

ISG15 has also been identified in microparticles (MPs) secreted by 

macrophages infected with M. tuberculosis. Addition of these MPs to 

uninfected THP-1 cells triggered pro-inflammatory cytokine release and 

elevated isg15 and associated IFN-dependent gene transcription (Hare et al., 

2015).  ISG15, in addition to other anti-viral factors has been detected in 

exosomes released by TLR-3 activated human brain microvascular endothelial 

cells (HBMECs). These exosomes are subsequently endocytosed by 

macrophages where they mediate anti-HIV activity (Sun et al., 2016). 

1.6.8.2 Function of secreted ISG15 

Following its extracellular release, ISG15 is known to function as a pro-

inflammatory cytokine and chemokine (Owhashi et al., 2003; Bogunovic, 

Boisson-Dupuis and Casanova, 2013; dos Santos and Mansur, 2017; Swaim 

et al., 2017). In a murine model of malaria, ISG15 was identified as a potent 

neutrophil chemoattractant in red blood cells infected with the parasite 

Plasmodium yeolii. In turn, activated  neutrophils exerted  eosinophil 

chemotactic properties (Owhashi et al., 2003). Whilst the release mechanism 

of ISG15 remains to be clarified, its receptor has very recently been identified. 

ISG15 binds  leukocyte function-associated antigen-1 (LFA-1), a membrane-
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bound integrin composed of an αL and β2 subunit on the surface of NK and T 

cells (Swaim et al., 2017). Extracellular ISG15  has a crucial role in response 

to the intracellular bacterium M. tuberculosis (Bogunovic et al., 2012) (Figure 

7). Upon infection, macrophages secrete IFN-β, which stimulates ISG15 

synthesis and secretion by granulocytes (Bogunovic et al., 2012) (Figure 7). 

Once released extracellularly, free ISG15 binds the NK- associated LFA-1  

receptor (Swaim et al., 2017). In conjunction with IL-12, this induces 

extracellular IFN-γ release by NK cells (Bogunovic et al., 2012; Swaim et al., 

2017) (Figure 7). This Type II IFN response is critical for initiating the immune 

response to infection (Bogunovic et al., 2012). In addition, ISG15 enhances 

proliferation of NK cells and induces NK-derived lymphokine-activated killer 

(LAK) cells (D’Cunha et al., 1996). ISG15-deficient patients are, as a result of 

impaired IFN-γ production, highly susceptible to M. tuberculosis infection 

(Bogunovic et al., 2012). 

 

 

Figure 7. Extracellular ISG15 counteracts Mycobacterium tuberculosis infection 
by activating NK cells to release IFN-γ as a component of the immune response 
The intracellular bacteria M. tuberculosis induces Type I IFN release by infected 
macrophages. Secreted IFN-α/β then binds its cognate receptor on the surface of 
granulocytes. This stimulates the synthesis and secretion of ISG15 by granulocytes. 
Extracellularly, ISG15 functions as a pro-inflammatory cytokine, and is known to bind 
the LFA-1 integrin receptor on the NK cell surface. In conjunction with IL-12, ISG15 
induces IFN-γ production by Natural Killer (NK) cells, which triggers a robust immune 
response. Figure adapted from (dos Santos and Mansur, 2017). 
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1.7 Objectives 

Our lab has previously shown that K. pneumoniae induces type I IFN in vivo 

and induces isg15 transcription and ISGylation in macrophages in vitro (Ivin et 

al., 2017). On this basis, I wished to investigate:  

• Klebsiella’s effect on the IFN-induced expression of ISG15 (free ISG15 and 

ISGylation) in infected A549 cells (Chapter 3) 

• The molecular mechanisms underlying Klebsiella’s targeting of ISGylation 

including identification of the bacterial factor involved in observed 

phenotypes (Chapter 4) 

• Assess the functional outcomes of Klebsiella’s targeting of ISGylation and 

extracellular ISG15 (Chapter 5) 
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2 Methods 

2.1 Bacterial strains 

2.1.1 K. pneumoniae 52145 

The wild-type strain K. pneumoniae 52145 (Kp52145) is a hypervirulent, 

clinical isolate (serotype O1:K2) (Nassif and Sansonetti, 1986; Cortés, Borrell, 

et al., 2002). Kp52145 belongs to the phylogenetic group K. pneumoniae KpI, 

which contains the majority of strains associated with human infection (Holt et 

al., 2015). Of these, many are hypervirulent, MDR isolates (Holt et al., 2015). 

Kp52145 is known to encode the genetic determinants associated with severe, 

invasive human disease (Lery et al., 2014; Holt et al., 2015).   

2.1.2 K. pneumoniae 52145-ΔmanC 

The isogenic strain, Kp52145-ΔmanC, is a capsule polysaccharide (CPS)-

deficient mutant which has been previously described (Kidd et al., 2017). Such 

CPS-deficient strains are avirulent and are incapable of causing pneumonia 

and UTIs (Cortés, Borrell, et al., 2002; Llobet, Tomás and Bengoechea, 2008). 
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2.2 Bacterial culture 

Bacterial strains were stored at -80°C in glycerol stocks prepared from agar 

plates. Sterile glass tubes containing 5 mL of lysogeny broth (LB) (Melford 

Laboratories Ltd) were inoculated with a single colony of either Kp52145 or 

Kp52145-ΔmanC. Strains were incubated in an orbital shaker (180 rpm, 16 

hours, 37ºC). The following morning, 500 μL of each overnight culture was 

aseptically transferred into 4.5 mL of LB, then incubated in an orbital shaker 

(180 rpm, 2.5 hours, 37ºC). Bacterial cultures were then centrifuged (3000 x 

g, 25 minutes, RT). Supernatants were discarded and bacterial pellets were 

re-suspended in sterile phosphate buffered saline (PBS) (Sigma-Aldrich, Inc.) 

to OD600 = 1.0 (equivalent to 5.0 x 108 colony forming units (CFU) / mL). Optical 

density (OD) was determined using a Genova Plus Life Science 

spectrophotometer (Jenway). Suspension OD was measured at a wavelength 

of 600 nm Total CFU was determined by plating on LB agar.  

2.3 Cell Culture  

For cell culture, cells of passage 6-17 were routinely used. The cell culture 

media and buffers are detailed in Table 4, Annex and Cell Culture Reagents, 

Annex. 
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2.3.1 A549 cell seeding 

Human basal lung epithelial carcinoma A549 cells derived from type II 

pneumocytes were obtained from American Type Culture Collection 

(ATCC® CCL-185™). Cell monolayers were cultured to approximately 80% 

confluency in Roswell Park Memorial Institute (RPMI) media (GibcoTM) 

supplemented with 10% fetal bovine serum (FBS) (GibcoTM), 10 mM 4-(2-

hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES) (Sigma-Aldrich, Inc.) 

and 50 U/mL penicillin-streptomycin (GibcoTM). Cells were grown in either 70 

cm2 or 175 cm2 sterile tissue culture flasks (Sarstedt Ltd) (95% relative 

humidity, 5% CO2, 37°C).  

Prior to seeding, cells were washed twice with pre-warmed (37°C) PBS. 

Adherent cells were dissociated by addition of 2 mL pre-warmed (37°C) 0.5% 

Trypsin-EDTA 10X (Gibco®) and incubated for 5 minutes at 37°C. 

Trypsinisation was stopped by addition of 8 mL RPMI. Cells were then 

centrifuged (1000 x g, 5 minutes, RT). Once pelleted, cells were resuspended 

in 10 mL fresh media. Of this mixture, 10 µL was added to a haemocytometer 

slide for cell counting. Cells were seeded at a density of 1.5x105/mL media and 

incubated at 37°C with 5% CO2. 
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2.3.2 Sub-culture 

Sub-culturing was routinely performed in order to maintain the cell line. For cell 

passage, media was aspirated and adherent cells were washed and 

trypsinised for 5 minutes at 37°C. RPMI was then added to inactivate the 

trypsin as described in section 2.2.1. Cells were centrifuged (1000 x g, 5 

minutes, RT), resuspended in 10 mL media and counted to determine split 

ratio. Maximum passage of 17 was used for standard infections and no higher 

than passage 15 for siRNA transfection. Regular testing for Mycoplasma 

infection of cells was performed by PCR, carried out by Ciaran Hargey, lab 

technician.  

2.3.3 siRNA Transfection 

Per well of a 6 well plate, 220 µL Opti-MEM (Gibco) and 2.2 µL respective 

siRNA were combined in a microtube. An additional mixture of 220 µL Opti-

MEM and 6.6 µL Lipofectamine 2000 (Invitrogen) was also prepared. After 

separate incubation (15 minutes, RT) the two mixes were combined 1:1 (15 

minutes, RT). During this time, cells were trypsinised and resuspended in 10 

mL antibiotic-free RPMI. Cells were then centrifuged (1000 x g, 5 minutes, RT) 

and resuspended at density of 1.5 x105/mL in antibiotic-free media. Per well, 

400 µL transfection mixture was added, with 1.6 mL cells suspended in media 

seeded on top. Following gentle agitation to evenly distribute the mix, plates 

were incubated at 37°C with 5% CO2.  
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2.3.4 siRNA transfection efficiency 

A full list of siRNAs used is detailed in Table 7, Annex. Efficiency of siRNA 

transfection was confirmed by immunoblot when antibodies where available. 

In the cases where antibodies were not available, efficiency of transfection was 

determined by qPCR. Analysis of duplicate samples from three independent 

transfections was normalised to the glyceraldehyde 3-phosphate 

dehydrogenase (hGAPDH) gene and gene expression in knockdown sample 

was compared with the AllStars control. The percentage of transcript 

remaining after transfection is presented. Primers used for qPCR are listed in 

Table 6, Annex.  

2.3.5 Serum starvation and IFN-β pre-stimulation 

Twenty four hours after seeding or siRNA transfection, cells were serum-

starved, in order to synchronise the cell cycle to achieve optimal confluency. 

Cells were washed with PBS and 2 mL RPMI without FBS was added to each 

well. Cells were then pre-stimulated with human IFN-β (PeproTech) (10 ng/mL, 

16 hours, 37°C with 5% CO2). 
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2.3.6 in vitro infection 

On the morning of infection, culture media was aspirated, cells were washed 

twice with pre-warmed PBS and incubated in RPMI without antibiotic. Pre-

counted A549s were infected with bacterial suspensions at a multiplicity of 

infection (MOI) of 150 bacteria per cell. At the end of infection, plates were 

placed on ice, media aspirated and cells washed twice with ice-cold PBS. Cells 

were lysed with Laemmli buffer and lysates stored at -20 °C.  

2.4 Immunoprecipitation 

Cells were seeded in a 6 well format, with 2 wells pooled per condition and an 

additional 2 wells seeded for the IgG control (to detect non-specific binding). 

Prior to infection, cells were washed with PBS and 2 mL antibiotic-free RPMI 

supplemented with proteasome inhibitor MG262 (50 μM) was added per well. 

Cells were incubated with the inhibitor for 2 hours before infection. 

Fresh, ice-cold RIPA buffer (composition in Table 4, Annex) was prepared 

before each use, supplemented with HALTTM Protease Inhibitor Single-Use 

Cocktail 100x (Thermo Scientific) and PMSF (Sigma, to a final concentration 

of 1 μM). At the end of infection, plates were placed on ice and cells washed 

twice with ice-cold PBS. Per well, 500 μL RIPA buffer was added and 

respective wells pooled (total volume 1000 μL per condition) into pre-cooled 

microtubes. After incubation for 30 minutes on ice, samples were centrifuged 
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(8600 x g, 20 minutes, 4ºC). Supernatants (1000 μL whole cell lysates) were 

transferred to new microtubes and incubated with 1 µg antibody or respective 

IgG control on a rotary wheel mixer (2 hours, 4°C). Following this, 20 µL of 

vortexed agarose conjugate suspension (product code: sc-2003, Santa Cruz 

Biotechnology) was added to each microtube. Samples were incubated on a 

rotary wheel mixer (18 hours, 4°C). The pellet was collected by centrifugation 

(1000 x g ,1 minute, 4°C) and washed three times with ice-cold RIPA buffer. 

After the final wash, the supernatant was carefully aspirated and the pellet 

resuspended in 40 µL Laemmli buffer.  

2.5 Immunoblot 

A complete list of reagents and buffer composition used in immunoblotting is 

detailed in Table 4, Annex. 

2.5.1  Polyacrylamide gel preparation 

Acrylamide gels were made using the Bio-Rad Mini-Protean® System casting 

system using the solution components detailed in Table 1.  
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Table 1. Component quantities (in mL) of resolving and stacking gels for TRIS-
glycine SDS polyacrylamide gel electrophoresis according to gel percentage 
 

 
 
 
Solution 
Components 

Resolving gel 
Stacking 
Gel 

6% 8% 10% 12% 15% 5% 

Component volume (mL) 

H20 
 

2.6 2.3 1.9 1.6 1.1 1.7 

Acrylamide / Bis-
acrylamide, 30% 
solution 
 

1.0 1.3 1.7 2.0 2.5 0.42 

1.5M TRIS (pH 8.8) 
 

1.3 1.3 1.3 1.3 1.3 - 

0.5M TRIS (pH 6.8) 
 

     - - - 0.31 

10% SDS 
 

0.05 0.05 0.05 0.05 0.05 0.025 

Ammonium persulfate 
 

0.05 0.05 0.05 0.05 0.05 0.025 

TEMED 
 

0.004 0.003 0.002 0.002 0.002 0.0025 

 

 

The resolving gel percentage selected was relative to the molecular weight 

(MW) of the protein of interest (Sambrook, Russell and Maniatis, 1989), 

detailed in Table 2. 
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Table 2. Resolving gel percentages chosen for SDS-PAGE were based on the 
MW (kDa) of each protein (displayed in table in order of descending MW). 
 
 
 
Protein of interest Molecular weight  

(kDa) 

Resolving gel 

percentage 

pEGFR 175 6% 

Cullin 1  90 6% 

pTBK1 84 6% 

Cullin 2  83 6% 

Cullin 3 82/84 6% 

Cullin 5  63 6% 

pSRC 60 6% 

Conjugated ISG15  8% 

IRF3 45/55  10% 

pIRF3  45/55 10% 

IκBα  39 10% 

USP18 36/39  10% 

CSN5 37 10% 

PP2Ac  36 10% 

SENP8  24 15% 

Free ISG15 15 15% 
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2.5.2 Sample preparation for SDS-PAGE 

Prior to loading, samples were thawed and sonicated to shear chromosomal 

DNA (10% amplitude, 10 seconds) using a Branson 450 Digital Sonifier. 

Samples were boiled (95ºC, 5 minutes) and centrifuged (maximum speed, 1 

minute) and vortexed briefly. Samples were loaded in a Bio-Rad Mini-

Protean® Tetra Vertical Electrophoresis Cell cuvette. Any empty wells were 

filled with loading buffer. A colour pre-stained protein standard (5 μL) (New 

England Biolabs, catalogue number P7719) was used as a marker of protein 

MW. An electrophoresis speed of 80 V was initially used and increased to 100 

V through the resolving gel. 

2.5.3 Gel Transfer 

After electrophoresis, proteins were electro-transferred to a nitrocellulose 

membrane using a Bio-Rad Trans-Blot SD Semi-Dry Transfer unit. Transfer 

buffer containing 20% (v/v) methanol was used to pre-soak blotting paper (0.15 

x 10 x 7cm) (Type BP005, Hahnemühle FineArt GmbH) and membranes (9 x 

6cm) (BioTraceTM NT Cat. No: 66485, Pall Corporation). Each gel was placed 

on a membrane and paper, with one further pre-soaked paper placed on top 

of the gel. Once this ‘sandwich’ structure was assembled (Figure 8), a roller 

was used to remove any air bubbles. The gels were then transferred to the 

membrane (10 V, 1 hour).  
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Figure 8. Assembly of a typical immunoblot ‘sandwich’ used for semi-dry 
transfer. 
Per gel, one piece of blotting paper pre-soaked in transfer buffer (20% v/v methanol) 
is placed on the transfer unit, forming the ‘sandwich’ base’. A pre-soaked 
nitrocellulose membrane is then placed on top. The gel is then added to the 
membrane. An additional piece of pre-soaked blotting paper is added on top to 
‘sandwich’ the gel. Figure taken from (Bio-Rad, 2019). 
 
  
 

Following gel transfer, efficiency was checked using Ponceau S dye (Cat. No: 

P7170, Sigma) and the protein standard was marked using waterproof pencil. 

Membranes were blocked with 3% (w/v) bovine serum albumin (BSA)/Tris-

buffered saline, 0.1% Tween 20) (TBST) on a platform rocker (1 hour, RT). 

Membranes were washed in TBST (three times, 10 minute intervals). The 

appropriate primary antibody containing sodium azide (0.05% w/v, Sigma-

Aldrich, Inc., S2002-5G) to prevent microbial contamination was added. 

Membranes were then incubated on a platform rocker (18 hours, 4ºC). 

Following further TBST washing (three times, 10 minute intervals), membranes 

were incubated with horseradish peroxidase (HRP)-conjugated secondary 

antibody on a platform rocker (1.5 hours, RT). A full list of antibodies used in 

immunoblot is detailed in Table 3. 
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Table 3. Details of primary and secondary antibodies used in immunoblotting, 
including isotype, MW of protein of interest (kDa) and dilution of antibody. 
 
Name Molecular 

Weight 
(kDa) 

Source Product code Dilution 

ISG15  
(Rabbit) 
(Polyclonal)  
 

15 Cell Signaling 
Technology, 
Inc. 
 

2743 1:1000 

USP18 (D4E7)  
(Rabbit) 
(Monoclonal) 
 

34/39  Cell Signaling 
Technology, 
Inc. 

4813 1:1000 

SENP8 (E-11) 
(Mouse) 
(Monoclonal) 
 

24 Santa Cruz 
Biotechnology, 
Inc. 
 

sc-271498 1:2000 

COPS5 
(CSN5)  
(Rabbit) 
(Polyclonal)  
 

37 Cell Signaling 
Technology, 
Inc. 
 

6895S 1:1000 

PP2A 
Catalytic α  
(Mouse) 
(Monoclonal) 
 

36 BD Biosciences, 
Inc. 
 

610556 1:3000 

Cullin 1 
(AS97) 
(Mouse) 
(Monoclonal) 
 

85 Santa Cruz 
Biotechnology, 
Inc. 
 

sc-12761 1:500 

Cullin 2  
(Rabbit) 
(Polyclonal)  
 

83 Invitrogen TM 

 
51-1800 1:1000 

Cullin 3 
(Rabbit) 
(Monoclonal) 
 

82/84 Cell Signaling 
Technology, 
Inc. 
 

2759 1:1000 

Cullin 5 
(ZC009) 
(Mouse) 
(Monoclonal) 

63 Invitrogen TM  
 

39-9000 1:1000 

IκBα  
(Rabbit) 
(Polyclonal)  
 

39 Cell Signaling 
Technology, 
Inc. 
 

S9242  1:1000 

IRF3  
(Rabbit) 
(Monoclonal) 
 

45/55  Cell Signaling 
Technology, 
Inc. 
 

S4302 
 

1:1000 
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Name Molecular 
Weight 
(kDa) 

Source Product code Dilution 

pIRF3 
(Ser396) 
(4D4G) 
(Rabbit) 
(Monoclonal) 
 

45/55 Cell Signaling 
Technology, 
Inc. 
 

4947 
 

1:1000 

pEGFR 
(Rabbit) 
(Monoclonal) 
 

175 
 

Cell Signaling 
Technology, 
Inc. 
 

2232S 
 

1:1000 

pSRC 
(Rabbit) 
(Polyclonal)  
 

60 Cell Signaling 
Technology, 
Inc. 
 

2105S 1:1000 

pTBK1/NAK 
(Ser172) 
(D52C2) 
(Rabbit) 
(Monoclonal) 
 

84 Cell Signaling 
Technology, 
Inc. 
 

5483 1:1000 

UbE1L/UbA7 
(D6U4S) 
(Rabbit) 
(Monoclonal) 
 

110 Cell Signaling 
Technology, 
Inc. 
 

61266S 1:1000 

K48-linkage 
Specific 
Polyubiquitin  
(Rabbit) 
(Polyclonal)  
 

 Cell Signaling 
Technology, 
Inc. 
 

4289S 
 

1:1000 

α-Tubulin 50 Sigma-Aldrich, 
Inc. 
 

T6074 1:3000 

Normal Rabbit 
IgG 

 Cell Signaling 
Technology, 
Inc. 
 

2729S 
 

1 μg 

Anti-rabbit IgG 
horseradish 
peroxidase 
conjugate 
 

 Bio-Rad 
Laboratories, 
Inc. 
  

170-6515 
 

1:5000 

Anti-mouse 
IgG 
horseradish 
peroxidase 
conjugate 
 

 Bio-Rad 
Laboratories, 
Inc.  
 

170-6516 
 

1:5000 
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Following incubation, membranes were washed in TBST (three times, 10 

minute intervals). To develop the blot, 1 mL fresh enhanced 

chemiluminescence reagent (ECL) (components and recipe detailed in Tables 

4 and 5, Annex) was distributed evenly across the membrane for 1 minute. To 

assess loading of ISG15 in cellular supernatants, Coomassie staining was 

used. (components and recipe detailed in Table 4, Annex and Coomassie 

Staining, Annex). Images were developed using G: Box XRQ (Syngene) and 

GeneSys software (Syngene, version 1.6.3).  

2.5.4 Stripping membranes 

To probe for other proteins of interest or tubulin to assess quality of loading, 

each membrane was stripped according to the following protocol: 

• Washed twice, 10 mL stripping buffer, 10 minute intervals 

• Washed twice, 10 mL PBS, 10 minute intervals 

• Washed twice, 10 mL TBST, 10 minute intervals 

• Blocked, 10 mL 3% BSA/TBST, 1 hour 

 

The relevant primary antibody was then added to the membrane and incubated 

on a platform rocker as previously described.  
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2.6 qPCR 

A full list of reagents (with catalogue numbers and suppliers) used in RNA 

isolation, cDNA generation and qPCR is detailed in Table 4, Annex. Primer 

sequences are listed in Table 6, Annex. 

2.6.1 RNA Isolation  

At the end of the infection, cells were washed with room temperature PBS and 

1 mL TRIzol™ was added per well and incubated (5 minutes, RT). Cells were 

lysed by pipetting the TRIzol and scraping the wells with the pipette tip. Lysates 

were transferred to microtubes and either stored at -80°C or the protocol was 

continued by addition of 200 µL chloroform (per mL TRIzol™ used). Samples 

were vortexed briefly and incubated (3 minutes, RT). Samples were then 

centrifuged (12000 x g, 15 minutes, 4°C). The upper aqueous phase (400-500 

µL) containing the RNA was transferred to a new microtube. Subsequently, 

500 µL isopropanol was added to the aqueous phase, followed by a brief 

vortex and incubation (10 minutes, RT). Samples were then centrifuged 

(12000 x g, 10 minutes, 4°C). Supernatants were removed using a 

micropipette and the RNA pellet resuspended in 1 mL 75% (v/v) ethanol. 

Samples were vortexed briefly, then centrifuged (7500 x g, 5 minutes, 4°C). 

The ethanol was removed and the RNA pellet was left to dry (30 mins, RT). 

The pellet was resuspended in 20 µL RNase-free water and incubated at 60 

ºC for 15 mins. RNA concentration was measured using a NanoVue Plus™ 
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Spectrophotometer (GE Healthcare). Purity was determined by the A260/A280 

ratio where a value ≥ 1.80 was considered acceptable. RNA was stored at -

80°C until the cDNA synthesis step. 

2.6.2 Complementary DNA (cDNA) generation 

A volume of 1 μg total RNA was retrotranscribed using 1 µg oligo-DT (random 

primers) and 1 μL dNTPs, adjusted to a final volume of 11 μL with diH2O. The 

mixture was incubated in a Techne TC-512 PCR thermocycler (5 min, 65ºC). 

Next, 4 μL First Strand Buffer (5x) and 2 μL 0.1 M DTT were added and the 

mixture was incubated (2 min, 37ºC). Then 1 μL M-MLV RT enzyme was 

added, for a final incubation step (10 mins at 20°C, 50 minutes at 37°C, 15 

minutes at 70°C). The cDNA was then cooled and held at 4ºC. It was then 

diluted 1:10 and stored at -20°C until the qPCR step. 

2.6.3 qPCR 

Master mixes were prepared per primer set using 0.1 μL ROX Low, 0.4 μL 

respective primer mix and 2.5 μL KAPA (per reaction, per primer set. Of this 

mixture, 3 μL was added to each PCR tube, with 2 μL diluted cDNA. All 

samples were run in duplicate and glyceraldehyde 3-phosphate 

dehydrogenase (gapdh) was used as the housekeeping gene. A full list of 

primers used is detailed in Table 6, Annex. 
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qPCR was performed in Rotor Gene-Q real-time PCR cycler (QIAGEN) and 

cycling conditions were as follows: 

• 95°C for 3 min  

• 40 cycles of: 95°C for 10 seconds, 60°C for 20 seconds 

• Melting curve analysis: 95°C for 60 seconds, 30 s at 60 ºC ramping to 

30 s at 95 ºC  

• Samples were then held at 8°C  

 

The data was normalised for ROX and analysed using the ΔΔCT method. 

Initially, ΔCT values were obtained by subtracting expression values of each 

individual sample from the average of the corresponding gapdh housekeeping 

gene values. The ΔΔCT value was calculated by subtracting the difference in 

each sample value relative to the corresponding control value for that condition 

(non-infected control or other as referenced in the results section). Finally, fold 

change was calculated by the equation: 2^-ΔΔC
T. Values for three independent 

experiments were input to GraphPad Prism v8.0, statistically analysed by One-

way ANOVA and the resultant graph generated.  
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2.7 hIL-8 Enzyme-Linked Immunosorbent Assay 

(ELISA) 

Following 2 hours of infection with Klebsiella, cells were washed twice with pre-

warmed PBS and RPMI with 100 μg/mL gentamycin was added. Cells were 

incubated for 4 hours (37°C, 5% CO2) then supernatants were collected and 

stored at -20°C. Levels of IL-8 in cell supernatants were determined by ELISA 

according to the manufacturer’s instructions. Capture antibody was diluted in 

fresh PBS to a final concentration of 1 μg/mL.  Each well of a 96-well plate was 

then coated in 100 μL capture antibody (18 hours, RT).  

Wells were washed four times with wash buffer (0.05% (v/v) TWEEN-20 in 

PBS), then 200 μL blocking buffer (1% (w/v) BSA in PBS) was added per well, 

and the plate incubated for one hour at RT. Serial dilutions of standard were 

prepared from 0.01 μg/mL to zero in diluent (0.1% (w/v) BSA, 0.5% (v/v) 

TWEEN 20 in PBS). The plate was washed four times and 100 μL standard 

and samples were added in duplicate and incubated for 2 hours at RT. After a 

further four washes, 100 μL detection antibody (0.5 μg/mL) was added per well 

and incubated for 2 hours at RT. The washing step was repeated and 100 μL 

Streptavidin-HRP conjugate (diluted 1:20000 in diluent) was added per well 

and incubated for 30 min at RT. 

After a further wash step, 100 μL 3,3′,5,5′-Tetramethylbenzidine (TMB) 

substrate solution was added per well. The plate was incubated (15 minutes, 

RT) to allow TMB oxidation, evident by a blue colour change. At this point, 100 
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μL of 2 M hydrochloric acid was added per well to stop the reaction, producing 

a yellow colour change.  

OD readings were measured using POLARStar® Omega plate reader at a 

wavelength of 450 nm, with background OD measured at 650 nm. 

Concentrations (pg/mL) were determined by interpolation of a standard curve 

obtained by fitting a variable slope (four parameter) curve to a logarithm plot 

of know concentrations of hIL-8 and their respective OD. Plotting of graphs, 

curve fitting and interpolations were done via GraphPad Prism v8.0. All OD 

measurements higher than those obtained for the standard curve 

measurements were discarded and diluted samples were applied. 

2.8 Extracellular ISG15 quantification: Processing cell 

free supernatants 

StrataClean resin (Agilent) was thoroughly vortexed and added to 

supernatants (1 μL resin/100 μL supernatant) collected from an IFN-β pre-

treated three hour infection. Samples were vortexed thoroughly for 1 minute 

and centrifuged (9000 x g, 2 minutes, RT). Supernatants were carefully 

aspirated to prevent disruption of the resin pellet. The pellet was then lysed 

with 25 μL Laemmli buffer and pipetted gently to mix. For spin filtering, columns 

were prepared by wetting with 50 μL Laemmli buffer and centrifuging within a 

collection tube (8000 x g ,1 minute, RT). Filter columns were transferred to a 

new microtube, and sample applied carefully to the centre of the column. 
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Samples were then centrifuged (8000 x g, 1 minute, RT). Filtered samples 

were then boiled (5 mins, 95°C), then cooled on ice for 1 minute. Samples 

were centrifuged (9000 x g, 1 minute, RT) and loaded onto a polyacrylamide 

gel. 

2.9 PBMC  Stimulation 

2.9.1 PBMC Isolation via Ficoll-Paque protocol 

Peripheral blood mononuclear cell (PBMC) isolation was performed by Yu 

Sue, PhD student in Dr Krasnodembskaya's laboratory as follows: 

15 mL pre-warmed (37°C) Hank's Balanced Salt Solution (HBSS) was added 

per 50 mL falcon and the blood/buffy coat was added. Additional HBSS was 

added for a total volume of 140 mL for buffy coat or 210 mL for peripheral 

blood. Next, 35 mL diluted cell suspension slowly layered on top of Ficoll-

Paque (GE Healthcare, catalogue number 11768538) and the mixture was 

centrifuged (480 x g, 20 minutes, 20°C). Following centrifugation, PBMCs are 

enriched in the interphase (Figure 9). 
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Figure 9. Isolation of PBMCs by density gradient centrifugation.  
Following centrifugation, PBMCs are enriched in the interphase between the upper 
plasma and lower Ficoll layers, whereas granulocytes and red blood cells (RBCs) are 
pelleted. Figure reproduced from (Lin et al., 2014). 

Following centrifugation, the PBMC layer was removed using a sterile Pasteur 

pipette and transferred into a 50 mL falcon. HBSS was then added for a total 

volume of 50 mL and the mixture was centrifuged (1000 x g, 5 minutes, 4°C). 

The mixture was then pipetted down to 20 mL and the pellet was resuspended. 

HBSS was added again for a final volume of 50 mL and centrifugation 

repeated. The media was aspirated and the cell pellet resuspended in 50 mL 

HBSS and centrifugated as previous. The pellet was resuspended in 20 mL 

HBSS. The cell suspension was diluted 1:10 in HBSS and 20 µL was added 

to a haemocytometer slide and incubated (5 minutes, 37°C). PBMCs were 

counted and seeded at a density of 1.2x105 cells per well per 96 well plate in 

1% (v/v) antibiotic free RPMI. Following incubation (90 minutes, 37°C), the 

media was aspirated and cells were washed in HBSS to remove non-adherent 

cells. Immediately after, 200 µL 1% antibiotic free RPMI was added per well 

and the cells were incubated (18 hours, 37°C). 
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2.9.2 Preparation of A549 supernatants 

Supernatants were collected on ice from an IFN-β pre-stimulated three hour 

infection, and from a corresponding ISG15 knockdown versus AS control 

infection. Levels of extracellular proteins were concentrated by addition to 6 

mL protein concentrator columns (Pierce™, catalogue number 88516) and 

centrifuged (4000 rpm, 30 minutes, 4°C. Concentrated protein was transferred 

to microtubes and stored at -20°C until use. 

Prior to stimulation, RPMI was carefully aspirated and pre-warmed 

supernatants (250 μL/well) were added to the PBMCs, with or without 

recombinant hIL-12 (18 ng/mL). PBMCs were incubated (48 hours, 37°C) and 

supernatants were collected and stored at -20°C for use in an IFN-γ ELISA. 

2.9.3 Human IFN-γ ELISA 

ELISA was performed following manufacturer’s instructions. Capture antibody 

was diluted 1:250 in coating buffer (containing 0.1M sodium carbonate buffer, 

pH 9.5) and 100 µL added per well of a 96 well plate, which was sealed with 

parafilm and incubated (18 hours, 4°C). Wells were washed three times with 

300 µL/well wash buffer. Residual buffer was removed by inverting the plate 

and blotting on absorbent paper. The plate was then blocked with 200 µL/well 

of diluent and incubated (one hour, RT). The wash step was then repeated. 

Serial dilutions of standard were prepared according to the manufacturer’s 
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instructions and 100 µL standard and sample were added to wells in duplicate. 

The plate was sealed and incubated (two hours, RT). The plate was then 

washed five times. Working Detector was prepared by diluting biotinylated anti-

human INF-γ detection antibody 1:250 in diluent. Streptavidin-HRP conjugate 

was then diluted 1:250 in the diluted detection antibody and 100 µL was added 

per well. The plate was sealed and incubated (one hour, RT). The plate was 

then washed seven times, with each washing step comprising a 1 minute soak 

in wash buffer. Following this, 100 µL substrate solution was added to each 

well. The plate was then incubated in the dark (30 minutes, RT). Subsequently, 

50 µL of stop solution (1 M phosphoric acid) was added to each well. OD was 

measured immediately using POLARStar® Omega plate reader at a 

wavelength of 450 nm. Concentrations (in pg/mL) were determined as 

described for hIL-8 ELISA. 

2.10 Statistical analysis   

All experiments were performed at least three independent times (biological 

replicates). The number of technical and experimental replicates is indicated 

in each figure legend. Results are shown as the mean ± standard error of the 

mean (SEM) unless otherwise indicated. The data was analysed with 

GraphPad® Prism version 8.0 Software. 
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3 K. pneumoniae reduces levels of ISG15 in 

vitro  

3.1 Chapter focus 

This chapter will investigate Klebsiella’s effect on intracellular ISG15 

expression. Specifically, this chapter will predominately focus on the levels of 

the non-conjugated, ‘free’ form of the protein during IFN-β pre-stimulated K. 

pneumoniae infection. Associated isg15 gene expression will also be 

assessed under the same conditions. The levels of associated proteins 

involved in the IRF3-mediated transcription of isg15 during infection will be 

measured. Finally, the mechanisms employed by Klebsiella to alter relevant 

host protein expression will be elucidated.  

3.2 Klebsiella reduces the levels of IFN-β-induced 

ISG15 expression 

Experimentation began by investigating the expression of ISG15 in the 

presence or absence of type I IFN. Initially, the levels of both the non-

conjugated, ‘free’ form of the protein and its associated PTM, ISGylation were 

assessed in these conditions. To investigate this, A549 cells were pre-
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stimulated with IFN-β (10ng/mL, 16 hours) and infected with Kp52145 for three 

hours, versus a non-infected control. Immunoblots of cells lysates were 

performed, with conjugated and free ISG15 levels assessed on 8% and 15% 

gels respectively, with anti-ISG15 antibody.  

In A549s lacking prior IFN-β stimulation, expression of conjugated ISG15 was 

not detected, either in the non-infected control or during K. pneumoniae 

infection (Figure 10 a). However, in IFN-β pre-treated cells, conjugated ISG15 

expression (the occurrence of ISGylation) was observed in the non-infected 

control (Figure 10 b). Both of these results confirmed an appropriate 

experimental setup, as ISG15 and associated ISGylation components are 

strongly induced in response to type I IFN (Farrell, Broeze and Lengyel, 1979).  

Next, it was assessed if Klebsiella affected the levels of IFN-β -induced 

ISGylation present in the non-infected control (Figure 10 b). Indeed, during 

IFN-β pre-treated infection, a decrease in levels of conjugated ISG15 was 

observed at one hour infection (Figure 10 b). A further reduction was evident 

at three hours Klebsiella infection (Figure 10 b). These results indicate that K. 

pneumoniae reduces IFN-β induced ISGylation in a time-dependent manner. 

Levels of non-conjugated ISG15 were then measured. Without IFN-β 

stimulation, this form of the protein was not detected in the non-infected control 

or during infection (Figure 10 a). Following type I IFN treatment, non-

conjugated ISG15 was expressed in non-infected cells as expected (Figure 

10 b). Having observed a reduction in ISGylation during IFN-β pre-treated 

infection, I had expected to observe a corresponding increase in non-
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conjugated ISG15 expression under the same conditions. Surprisingly, free 

ISG15 levels decreased in conjunction with reduced ISGylation during 

infection, with the lowest expression observed at the three hour time point 

(Figure 10 b). 

 
 
 
Figure 10. K. pneumoniae reduces levels of both conjugated ISG15 (ISGylation) 
and non-conjugated ‘free’ ISG15 in IFN-β pre-stimulated A549 cells. 
(a) Immunoblot analysis of conjugated and free ISG15 levels in lysates of A549s 
without IFN-β treatment (-IFN-β), infected with Kp52145 for the indicated timepoints. 
Membranes were reprobed for α-tubulin as a loading control. NI – non-infected 
control. This data is representative of three independent experiments.    
(b) Immunoblot analysis of conjugated and free ISG15 levels in lysates of IFN-β pre-
stimulated (+IFN-β) A549s, infected with Kp52145 for the indicated timepoints. 
Membranes were reprobed for α-tubulin as a loading control. NI – non-infected 
control. This data is representative of three independent experiments. 
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3.3 K. pneumoniae reduces isg15 transcription in IFN-

β pre-stimulated A549s 

The reduction in both non-conjugated ISG15 and ISGylation led to the 

consideration that overall levels of the protein may be decreased in IFN-β pre-

treated infection. To investigate, qPCR was performed to measure isg15 

transcription in  infected cells versus a non-infected control, with or without 

IFN-β stimulation.  

Without type I IFN treatment, negligible isg15 transcription occurred, in the 

presence or absence of K. pneumoniae (Figure 11). However, in all IFN-β 

treated conditions, there was a significant increase in isg15 transcription 

relative to levels observed in the corresponding non-stimulated cells (Figure 

11). Furthermore, in IFN-β treated cells, a significant reduction in isg15 

transcription was observed at both one hour and three hours K. pneumoniae 

infection, relative to the non-infected control (Figure 11).  
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Figure 11. isg15 transcription is significantly reduced in IFN-β pre-stimulated K. 
pneumoniae infection.  
Transcription levels of isg15 in non-stimulated (-IFN-β) and IFN-β pre-stimulated 
(+IFN-β) A549s infected with Kp52145 for the indicated time points were determined 
by RT-qPCR and are normalised relative to the expression in the non-stimulated, non-
infected control (NI –IFNβ). Results represent means ± SEM. ***, P<0.001; between 
the indicated comparisons (determined using one-way analysis of variance (ANOVA) 
with Bonferroni’s multiple comparisons test). This data is from three independent 
experiments. 

The next step was to determine whether K. pneumoniae was specifically 

targeting isg15 expression, or if this reduced transcription was due to a 

generalised inhibition of type I IFN-dependent gene expression. To assess 

this, transcription levels of type I IFN-dependent genes were measured in an 

IFN-β pre-stimulated infection. Transcription of isg15 is known to be dependent 

on the transcription factor, IRF3 (Nakaya et al., 2001). Therefore, to ascertain 

the specificity of the Klebsiella-mediated reduction of isg15 transcription, both 
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IRF3-independent and dependent gene expression asssessed. The 

transcription levels of IRF3-independent transcription factors irf1 and irf7 were 

first measured. Gene expression of the IRF3-dependent ISGs, isg54 and isg56 

were also assessed (Nakaya et al., 2001; Grandvaux et al., 2002).  

In the case of both irf1 and irf7, transcription was evident in the non-infected 

control (Figure 12 a, 12 b). K. pneumoniae did not affect the IFN-β induced 

transcription of either of these genes after either one or three hours infection 

(Figure 12 a, 12 b). With respect to  both isg54 and isg56, transcription 

occured in the non-infected control as expected (Figures 12 c, 12 d).  

Expression of both genes was significantly increased during Klebsiella 

infection, with  highest expression observed at the one hour time point (Figure 

12 d). 
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Figure 12. Klebsiella does not significantly reduce other type I IFN-dependent 
gene transcription. 
(a)Transcription levels of irf1 in IFN-β pre-stimulated A549s infected with Kp52145 for 
the indicated time points were determined by RT-qPCR and are normalised relative 
to the expression in the non-infected control (NI). Results represent means ± SEM. 
ns, not significant; between the indicated comparisons (determined using one-way 
analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test). This data 
is from three independent experiments. 
(b)Transcription levels of irf7 in IFN-β pre-stimulated A549s infected with Kp52145 for 
the indicated time points were determined by RT-qPCR and are normalised relative 
to the expression in the non-infected control (NI). Results represent means ± SEM. 
ns, not significant; between the indicated comparisons (determined using one-way 
analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test). This data 
is from three independent experiments. 
(c)Transcription levels of isg54 in IFN-β pre-stimulated A549s infected with Kp52145 
for the indicated time points were determined by RT-qPCR and are normalised 
relative to the expression in the non-infected control (NI). Results represent means ± 
SEM. **, P<0.01; ***, P<0.001; between the indicated comparisons (determined using 
one-way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test). 
This data is from three independent experiments. 
(d)Transcription levels of isg56 in IFN-β pre-stimulated A549s infected with Kp52145 
for the indicated time points were determined by RT-qPCR and are normalised 
relative to the expression in the non-infected control (NI). Results represent means ± 
SEM. *, P<0.05; **, P<0.01; between the indicated comparisons (determined using 
one-way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test). 
This data is from three independent experiments. 
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This specific nature of reduced isg15 expression during IFN-β pre-treated 

infection prompted investigation into whether transcription of the ISGylation 

enzymes was also targeted by Klebsiella. The ISG15 E1-activating enzyme, 

UbE1L and the ISG15 E3 ligase, HERC5, both of which are induced by Type 

I IFN, were selected for assessment (Kim et al., 2004; Wong et al., 2006). 

Gene expression during a three hour IFN-β pre-stimulated infection versus a 

non-infected control was measured by qPCR. 

For both ube1l and herc5, transcription was evident in non-infected cells 

(Figure 13). Upon K. pneumoniae infection, there was no significant change 

in the IFN-β induced expression levels of either gene (Figure 13).  
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Figure 13. Transcription levels of ube1l (ISG15 E1 activating enzyme) and 
herc5 (ISG15 E3 ligase) are not significantly altered in IFN-β pre-stimulated 
Klebsiella infected A549s. 
(a)Transcription levels of ube1l in IFN-β pre-stimulated A549s infected with Kp52145 
for the indicated time points were determined by RT-qPCR and are normalised 
relative to the expression in the non-infected control (NI). Results represent means ± 
SEM. ns, not significant; between the indicated comparisons (determined using one-
way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test). This 
data is from three independent experiments. 
(b) Transcription levels of herc5 in IFN-β pre-stimulated A549s infected with Kp52145 
for the indicated time points were determined by RT-qPCR and are normalised 
relative to the expression in the non-infected control (NI). Results represent means ± 
SEM. ns, not significant; between the indicated comparisons (determined using one-
way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test). This 
data is from three independent experiments. 

3.4 K. pneumoniae reduces levels of pIRF3, without 

affecting activation of the upstream kinase TBK1 

To further investigate the decrease in isg15 transcription, the focused moved 

to it’s corresponding transcription factor, IRF3. A member of the Interferon 

Regulatory Factor (IRF) family, IRF3 is one of the most well-characterised 

regulators of type I IFN signalling (Sharma, 2003).  
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IRF3 is activated by the non-canonical IkB kinase (IKK), TBK1 (Fitzgerald et 

al., 2003). Autophosphorylation of TBK1 at residue Ser172 induces its 

activation, then pTBK1  phosphorylates and activates IRF3 (Ma et al., 2012). 

Subsequently, pIRF3 translocates from the cytoplasm to the nucleus, where it 

forms a heterodimer (Lin et al., 1998; Fitzgerald et al., 2003). Binding of pIRF3 

to IFN-stimulated response elements (ISREs) of the appropriate promoters 

induces type I IFN-dependent gene transcription to include isg15 (Sadler and 

Williams, 2008). An overview of this process is detailed in Figure 14.  

 
 
 
 
Figure 14. Overview of pTBK1-mediated activation of IRF3 and subsequent type 
I IFN-dependent gene transcription. 
The kinase TBK1 undergoes autophosphorylation to become activated. 
Subsequently, pTBK1 phosphorylates and activates the downstream transcription 
factor IRF3. The pIRF3 homodimer then translocates from the cytoplasm to nucleus. 
It then forms a heterodimer and binds the appropriate ISRE in the promoter. This 
induces the transcription of type I IFN-dependent genes to include isg15. Figure 
adapted from (Chau et al., 2008). 
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To confirm that isg15 transcription was dependent on IRF3 in this model, isg15 

expression was measured in cells treated with BX795, an inhibitor of IRF3 

phosphorylation and thus type I IFN-dependent transcription (Bain et al., 

2007). Non-infected cells were pre-treated with BX795 (5μM or 10μM, 2 hours) 

or DMSO (vehicle control), then challenged with IFN-β (10ng/mL, 2 hours) and 

isg15 gene expression was measured. It was observed that isg15 transcription 

was completely abrogated in the presence of BX795 relative to the DMSO-

treated control (Figure 15). Reduced transcription occurred in a BX795 dose-

dependent manner, with the lowest isg15 expression observed in those cells 

pre-treated with 10μM of inhibitor (Figure 15). 

 

 
 

Figure 15. isg15 transcription is abrogated in a dose-dependent manner in non-
infected A549s pre-treated with the pIRF3 inhibitor, BX795.  
Transcription levels of isg15 in BX795 (5 μM or 10 μM, 2 hours) or DMSO (vehicle 
solution)-treated non-infected (NI) A549s challenged with IFN-β (10ng/mL, 2 hours) 
were determined by RT-qPCR and are normalised relative to the expression in the 
DMSO-treated control (DMSO NI). Results represent means ± SEM. ****, P<0.0001; 
between the indicated comparisons (determined using one-way analysis of variance 
(ANOVA) with Bonferroni’s multiple comparisons test. This data is from three 
independent experiments. 
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As it was observed that isg15 transcription, confirmed to be IRF3-dependent, 

was reduced during IFN-β pre-treated infection, it was hypothesised that IRF3 

phosphorylation was also reduced in these conditions. To test this, pIRF3 

levels were assessed during an IFN-β pre-stimulated three hour infection by 

immunoblot.  

In the non-infected control, expression of pIRF3 was observed (Figure 16 a). 

During K. pneumoniae infection, phosphorylation of IRF3 was reduced in a 

time-dependent manner, with maximal reduction occurring at three hours 

infection (Figure 16 a). In order to confirm that K. pneumoniae reduced only 

the phosphorylation status of IRF3 and not overall levels of the protein, the 

membrane was reprobed for IRF3 (Figure 16 a). The levels of IRF3 remained 

unchanged in both the non-infected control and during K. pneumoniae 

infection (Figure 16 a).  

To determine the mechanism responsible for reduced IRF3 phosphorylation, 

the signalling upstream of the transcription factor was assessed. It was 

considered that K. pneumoniae may potentially block the phosphorylation and 

thus activation of the kinase TBK1, in order to inhibit IRF3 phosphorylation. To 

test this, lysates of IFN-β pre-treated Klebsiella infected A549s were 

immunoblotted and probed for pTBK1.  

In non-infected cells, phosphorylation of TBK1 was observed (Figure 16 b). 

Upon K. pneumoniae infection, equivalent levels of pTBK1 were detected at 

the one hour time point (Figure 16 b). Phosphorylation of TBK1 subsequently 

increased at three hours infection (Figure 16 b). This indicated that K. 
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pneumoniae does not target TBK1 in order to reduce IRF3 phosphorylation 

(Figure 16 b). 

 
 
 
Figure 16. K. pneumoniae reduces phosphorylation of the transcription factor 
IRF3 independently of TBK1 phosphorylation. 
(a) Immunoblot analysis of pIRF3 levels in lysates of IFN-β pre-stimulated A549s 
infected with Kp52145 for the indicated timepoints. The membrane was reprobed for 
IRF3 and for α-tubulin as a loading control. NI – non-infected control. This data is 
representative of three independent experiments.       
(b) Immunoblot analysis of pTBK1 levels in lysates of IFN-β pre-stimulated A549s 
infected with Kp52145 for the indicated timepoints. The membrane was reprobed for 
α-tubulin as a loading control. NI – non-infected control. This data is representative of 
three independent experiments. 

Following this result, it was hypothesised that Klebsiella may target a cellular 

phosphatase in order to reduce IRF3 phosphorylation. To test this, okadaic 

acid, a polyether neurotoxin derived from marine sponges and dinoflagellates, 

was employed (Tachibana et al., 1981). Okadaic acid  is a  potent inhibitor of 

protein phosphatases type 1 and type 2A (PP1 and PP2A), which are the 

most ubiquitously expressed serine/threonine phosphatases in eukaryotes 

(Bialojan and Takai, 1988). IFN-β pre-stimulated cells were treated with 

okadaic acid (100nM or 250nM, 2h) or DMSO (vehicle control) and infected for 
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three hours. Lysates were collected and immunoblotted to assess IRF3 

phosphorylation. 

In DMSO-treated cells, there was no phosphorylation of IRF3, either in the 

non-infected control or in Klebsiella infection (Figure 17). In cells pre-treated 

with 100nM okadaic acid, low levels of pIRF3 were detected in non-infected 

cells and an increase in IRF3 phosphorylation were observed in K. 

pneumoniae infection (Figure 17). 

At 250nM okadaic acid treatment, IRF3 phosphorylation was increased in both 

non-infected and Klebsiella infected cells compared to the corresponding 

100nM okadaic acid-treated conditions. (Figure 17). Furthermore, in 250nM 

okadaic acid-treated conditions, IRF3 phosphorylation was increased in 

infected cells relative to the non-infected control (Figure 17). This result 

demonstrates that IRF3 phosphorylation is restored in an okadaic acid dose-

dependent manner in K. pneumoniae infection. This strongly indicated that the 

Klebsiella-mediated decrease in IRF3 phosphorylation may be dependent 

upon a phosphatase. Interestingly, the presence of an additional band above 

the molecular weight of pIRF3 was observed, indicating the potential presence 

of a further PTM (Figure 17). 
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Figure 17. In K. pneumoniae infection, phosphorylation of IRF3 is restored in a 
dose-dependent manner in cells pre-treated with the phosphatase inhibitor, 
okadaic acid. 
Immunoblot analysis of pIRF3 levels in lysates of okadaic acid, C44H68O13 (100nM or 
250 nM, 2h) or DMSO (vehicle solution)-treated IFN-β pre-stimulated A549s infected 
with Kp52145 for the indicated time points. NI – non-infected control. The membrane 
was re-probed for α-tubulin immunoblotting as a loading control. This data is 
representative of three independent experiments. 

3.5 K. pneumoniae targets the phosphatase PP2A to 

reduce levels of pIRF3 

Okadaic acid inhibits  PP2A  phosphatases (IC50 = 0.1 nM) with stronger affinity 

than the PP1 subfamily (IC50 = 15-20 nM) (Cohen, Klumpp and Schelling, 

1989). On this basis, it was decided to investigate whether the PP2A family of 

phosphatases mediated the Klebsiella-induced decreased phosphorylation of 

IRF3.  

Ubiquitously expressed in cells, PP2A regulates the activities of over 30 

kinases involved in cell cycle, metabolism and apoptosis via its 

dephosphorylation activities (Alberts et al., 1993; Millward, Zolnierowicz and 

Hemmings, 1999; Honkanen, 2001). PP2A is considered activated via 
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methylation of its catalytic subunit, c, (PP2Ac) (Lee and Stock, 1993; Li and 

Damuni, 1994). Therefore, levels of PP2Ac were assessed by immunoblot in 

IFN-β stimulated infected A549s versus a non-infected control. The expression 

levels of PP2Ac were markedly elevated at both one and three hours Klebsiella 

infection relative to the non-infected control (Figure 18 a).  

Next, any potential relationship between PP2Ac, IRF3 phosphorylation and 

non-conjugated ISG15 levels during infection were investigated. To test this, 

IFN-β pre-stimulated A549s were transfected with PP2Ac siRNA or an AllStars 

(AS) negative control siRNA which has no homology to any known mammalian 

gene (Qiagen). PP2Ac siRNA transfection efficiency was checked by 

immunoblot (Figure 18 c). Following knockdown, cells were infected with 

Klebsiella for three hours and immunoblot was performed to assess the levels 

of IRF3 phosphorylation and non-conjugated ISG15.  

IRF3 was phosphorylated in the AS non-infected control and this level of 

phosphorylation decreased in Klebsiella infection as expected (Figure 18 b). 

However, in PP2Ac knockdown, IRF3 phosphorylation was increased in 

Klebsiella infection, relative to non-infected cells (Figure 18 b). 

Phosphorylation of IRF3 was also elevated in PP2Ac knockdown infection 

compared to AS infected cells (Figure 18 b).  

Expression of non-conjugated ISG15 was detected AS non-infected cells, the 

levels of which decreased in Klebsiella infection as expected (Figure 18 b). In 

contrast, in PP2Ac knockdown cells, free ISG15 expression was elevated in 

infection relative to the non-infected control (Figure 18 b). Taking these results 
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together, these findings indicate that Klebsiella increases the levels of the 

phosphatase PP2Ac to decrease the phosphorylation of IRF3 with a 

concomitant decrease in the levels of free ISG15. 

 

 

 
Figure 18. Reduced levels of IRF3 phosphorylation and free ISG15 are 
dependent upon elevated PP2Ac expression during K. pneumoniae infection. 
(a) Immunoblot analysis of PP2Ac levels in lysates of IFN-β pre-stimulated A549s 
infected with Kp52145 for the indicated timepoints. The membrane was reprobed for 
α-tubulin as a loading control. NI – non-infected control. This data is representative of 
three independent experiments.         
(b) Immunoblot analysis of pIRF3 levels in lysates of IFN-β pre-stimulated A549s 
transfected with PP2Ac siRNA versus an AS control and infected with Kp52145 for 
the indicated timepoints. The membrane was reprobed for ISG15 and for α-tubulin as 
a loading control. NI – non-infected control. This data is representative of three 
independent experiments.                                     
(c) Immunoblot analysis of PP2Ac levels in lysates of IFN-β pre-stimulated non-
infected A549s transfected with PP2Ac siRNA versus an AS control. The membrane 
was reprobed for ISG15 and for α-tubulin as a loading control. This data is 
representative of three independent experiments. 
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3.6 Elevated levels of PP2Ac during K. pneumoniae 

infection are not a transcriptional phenotype 

The mechanism behind the increased expression of PP2Ac observed during 

infection was then investigated. It was considered whether Klebsiella infection 

may upregulate the transcription of pp2ac. However, qPCR experiments 

revealed that K. pneumoniae did not significantly alter pp2ac gene expression 

during an IFN-β pre-stimulated three hour infection relative to a non-infected 

control (Figure 19). 

 
 
Figure 19. K. pneumoniae infection does not significantly alter pp2ac 
transcription. 
Transcription levels of pp2ac in IFN-β pre-stimulated A549s infected with Kp52145 for 
the indicated time points were determined by RT-qPCR and are normalised relative 
to the expression in the non-infected control (NI). Results represent means ± SEM. 
ns, not significant; between the indicated comparisons (determined using one-way 
analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test). This data 
is from three independent experiments. 
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3.7 K. pneumoniae infection reduces the K48-linked 

polyubiquitylation of PP2Ac 

After determining pp2ac transcription was unchanged in infection, it was 

hypothesised that the elevated PP2A levels may be due to K. pneumoniae 

inhibiting the K48-linked polyubiquitylation and degradation of the protein. 

Ubiquitin E3 ligases perform the final step in K48-linked polyubiquitylation of 

substrates bound for proteasomal degradation. The specific E3 ligase complex 

involved in PP2Ac polyubiquitylation has not been identified. In the two existing  

examples, the largest E3 ligase superfamily, Cullin-RING Ligases (CRLs) are 

described.  (J. Xu et al., 2014; Yu et al., 2015). CRLs are composed of four 

key components: a cullin, RING box protein-1 (Rbx1), Skp1 and a variable F 

Box protein (Cardozo and Pagano, 2004). Seven different cullins may function 

in CRLs and no individual cullin has been implicated in PP2Ac proteolysis (J. 

Xu et al., 2014; Yu et al., 2015).  

Therefore the most well-characterised CRL subfamily, the SCF (Skp1–

Cullin1–F-box protein) ligases was selected for investigation (Cardozo and 

Pagano, 2004; Lee and Diehl, 2014). In this complex, Cullin1 and Rbx1 form 

a catalytic core complex to recruit the E2 enzyme. Skp1 serves as an adapter 

linking Cul1 with the F-box protein, which acts a substrate recognition factor. 

Whilst over 60 F-box proteins have been identified in humans, the 

physiological functions of very few have been identified (Wang et al., 2014). 

Arguably one of the most extensively studied and best characterised F-box 
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proteins is Skp2 (Tokarz et al., 2004; Wang et al., 2012; Lee and Diehl, 2014). 

Therefore, Skp2 was selected as the F-box component for investigating PP2Ac 

degradation. An overview of SCFSkp2 mediated K48-linked polyubiquitylation 

and subsequent substrate degradation is outlined in Figure 20.  

                           
 
Figure 20. Model of SCFSkp2 complex-mediated degradation of K48-linked 
polyubiquitylated substrate by the 26S proteasome. 
The SCFSkp2 E3 ubiquitin ligase complex is comprised of four parts: Skp1, Rbx1, 
Cullin1, and the F-box component Skp2 which acts as the substrate recognition factor, 
initiating polyubiquitin transfer from the E2 enzyme to the substrate. The 
polyubiquitylated substrate is degraded by the 26S proteasome. Figure adapted from 
(Wang et al., 2012). 

Levels of PP2Ac were assessed when some key components of the E3 

ubiquitin ligase complex were knocked down. IFN-β treated non-infected 

A549s were transfected with either Cul1, Skp1, Skp2 or AS control siRNA. 

Following knockdown, immunoblot was performed to assess levels of PP2Ac. 
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There was a marked increase in the levels of PP2Ac in Cullin1, Skp1 and Skp2 

knockdown cells relative to the AS control (Figure 21 a). Transfection 

efficiency of these siRNAs was assessed by qPCR (Figure 21 b).These results 

confirmed that the levels of PP2Ac are controlled by the ubiquitin proteasome 

system. 

 

 
Figure 21. Levels of PP2Ac are elevated in Cullin1, Skp1 and Skp2 transfected 
non-infected A549s. 
(a) Immunoblot analysis of PP2Ac levels in lysates of IFN-β pre-stimulated non-
infected A549s transfected with Cul1, Skp1, or Skp2 siRNA versus an AS control. The 
membrane was reprobed for α-tubulin as a loading control. NI – non-infected control. 
This data is representative of three independent experiments.                                               
(b) Percentage of transcript remaining after transfection of Cullin1, Skp1 and Skp2 
siRNAs. Gene expression in knockdown samples was assessed by qPCR and 
normalised to the glyceraldehyde 3-phosphate dehydrogenase (hGAPDH). Efficiency 
is shown as the percentage of transcript remaining after transfection by assigning 
100% expression to the AllStars control samples. Analysis was performed in duplicate 
samples from three independent transfections. 
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This result then led to the assessment of the first step in the ubiquitin 

proteasome-mediated proteolysis of PP2Ac, namely the K48-linked 

polyubiquitylation which marks it for degradation. IFN-β pre-stimulated A549s 

were pre-treated with the proteasome inhibitor MG262 (10ng/mL, 2 hours), 

then infected with K. pneumoniae for three hours versus a non-infected control. 

Lysates were collected in RIPA buffer supplemented with protease inhibitors 

and were immunoprecipitated with PP2Ac or IgG control antibody (detailed in 

the Methods chapter) and immunoblotted for Ub48 (which recognises 

polyubiquitin chains formed specifically by Lys-48 (K48) residue linkage). The 

membrane was then reprobed for PP2Ac to assess input levels. 

The Ub48 band was present in non-infected cells, indicating occurrence of the 

K48-linked polyubiquitylation of PP2Ac (Figure 22). Upon K. pneumoniae 

infection, this level of K48 polyubiquitylation was reduced relative to the non-

infected control (Figure 22).  
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Figure 22. K48-linked polyubiquitylation of PP2Ac is reduced in K. pneumoniae 
infection. 
Immunoblot analysis of K48 linkage-specific polyubiquitylation levels (Ub48) of PP2Ac 
in immunoprecipitates of  MG262 treated (10ng/mL, 2hours), IFN-β pre-stimulated 
A549s infected with Kp52145 for 3 hours. The membrane was reprobed for PP2Ac to 
assess input levels. Preimmune mouse IgG was used as a negative control. NI – non-
infected control. Kp – 3 hour infection. This data is representative of three independent 
experiments.  

3.8 NEDDylation of Cullin1 is reduced in Klebsiella 

infection 

As PP2Ac expression was elevated in Cullin1 knockdown non-infected cells 

(Figure 21), it was considered that K. pneumoniae may targeted the E3 ligase 

cullin proteins in order to inhibit PP2AC polyubiquitylation.  

Cullin activation occurs via the PTM NEDDylation (Duda et al., 2008). In this 

process, the UBL modifier NEDD8 covalently conjugates to cullins,  inducing 

a conformational change, resulting in cullin activation which is essential for E3 

ligase function (Osaka, 2000; Duda et al., 2008). The process results in 

polyubiquitylated substrate degradation by the 26S proteasome (Duda et al., 
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2008). The reverse process, termed deNEDDylation is catalysed by one of two 

enzymes, SENP8 or CSN5 (Lyapina, 2001; Coleman et al., 2017) Cleavage of 

NEDD8 via deNEDDylation renders cullins inactivate, thus halting substrate 

degradation by the 26S proteasome (Lyapina, 2001). A simplified overview of 

this process is detailed in Figure 23. 

 

 
 
 
Figure 23. NEDDylation activates Cullin1, resulting in the K48-linked 
polyubiquitylation and 26S proteasome-mediated degradation of substrates. 
Cullin1 is activated by NEDD8 via the PTM NEDDylation. Binding of NEDD8 induces 
a conformational change in Cullin1, enabling transfer of ubiquitin (Ub) from the E2 
enzyme to the substrate (in this instance, PP2Ac). The K48-linked polyubiquitylated 
substrate then undergoes proteolysis. The reverse process, deNEDDylation, is 
catalysed by one of two deNEDDylase enzymes, SENP8 or CSN5. This results in 
cleavage of NEDD8 and renders Cullin1 inactive. This halts substrate 
polyubiquitylation and subsequent proteolysis. Figure adapted from (Skaar, Pagan 
and Pagano, 2014). 
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To begin, the NEDDylation status of a range of cullins in IFN-β pre-stimulated 

K. pneumoniae infection was assessed by immunoblot. NEDDylation is an 

indicator of cullin activation and is shown by the presence of a higher MW band 

above the corresponding cullin MW in each immunoblot (Figure 24).  

In the non-infected control, the Cullin1/NEDD8 band was observed, indicating 

occurrence of NEDDylation and thus Cullin1 activation (Figure 24 a). In 

infected cells, Cullin1 NEDDylation was reduced at the three hour time point 

(Figure 24 a).  

With respect to Cullin2, Cullin3 and Cullin5, the NEDDylated form of each 

protein was present in the non-infected control (Figure 24 b - d). K. 

pneumoniae infection did not affect the NEDDylation status of any of these 

cullins (Figure 24 b - d). 
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Figure 24. NEDDylation of Cullin1 is reduced in K. pneumoniae infection. 
(a) Immunoblot analysis of Cullin1 NEDDylation (upper MW band) in lysates of IFN-β 
pre-stimulated A549s infected with Kp52145 for the indicated time points. The 
membrane was reprobed for α-tubulin as a loading control. NI – non-infected control. 
This data is representative of three independent experiments.     
(b) Immunoblot analysis of Cullin2 NEDDylation (upper MW band) in lysates of IFN-β 
pre-stimulated A549s infected with Kp52145 for the indicated time points. The 
membrane was reprobed for α-tubulin as a loading control. NI – non-infected control. 
This data is representative of three independent experiments.     
(c) Immunoblot analysis of Cullin3 NEDDylation (upper MW band) in lysates of IFN-β 
pre-stimulated A549s infected with Kp52145 for the indicated time points. The 
membrane was reprobed for α-tubulin as a loading control. NI – non-infected control. 
This data is representative of three independent experiments.     
(d) Immunoblot analysis of Cullin5 NEDDylation (upper MW band) in lysates of IFN-β 
pre-stimulated A549s infected with Kp52145 for the indicated time points. The 
membrane was reprobed for α-tubulin as a loading control. NI – non-infected control. 
This data is representative of three independent experiments. 
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3.9 Levels of the deNEDDylases SENP8 and CSN5 are 

increased in K. pneumoniae infection 

It was then considered that Klebsiella may exploit the host deNEDDylase 

enzymes SENP8 and CSN5 to reduce Cullin1 NEDDylation. To test this, the 

expression of both deNEDDylases in IFN-β pre-stimulated infection was 

investigated.  

SENP8 levels were first assessed by immunoblot. In the non-infected control, 

SENP8 was expressed (Figure 25 a). Relative to this, SENP8 levels were 

markedly increased at one hour infection and remained elevated at the three 

hour time point (Figure 25 a). It was then investigated if  increased SENP8 

expression was due to elevated  transcription. By qPCR, a significant increase 

in senp8 gene expression at one hour Klebsiella infection was observed 

relative to the non-infected control (Figure 25 b). Subsequently, transcription 

was significantly reduced at three hours infection relative to the one hour time-

point (Figure 25 b). 

The levels of the second deNEDDylase, CSN5, were then measured by 

immunoblot under the same conditions. CSN5 levels were also increased in 

Klebsiella infection relative to the non-infected control (Figure 25 c). 

Additionally, csn5 transcription levels were assessed, but no significant 

change in gene expression in Klebsiella infection were found (Figure 25 d). 
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Figure 25. Levels of the deNEDDylases SENP8 and CSN5 are elevated in K. 
pneumoniae infection. 
(a) Immunoblot analysis of SENP8 levels in lysates of IFN-β pre-stimulated A549s 
infected with Kp52145 for the indicated time points. The membrane was reprobed for 
α-tubulin as a loading control. NI – non-infected control. This data is representative of 
three independent experiments.          
(b) Transcription levels of senp8 in IFN-β pre-stimulated A549s infected with Kp52145 
for the indicated time points were determined by RT-qPCR and are normalised 
relative to the expression in the non-infected control (NI). Results represent means ± 
SEM. **, P<0.01; ***, P<0.001; between the indicated comparisons (determined using 
one-way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test). 
This data is from three independent experiments.                  
(c) Immunoblot analysis of CSN5 levels in lysates of IFN-β pre-stimulated A549s 
infected with Kp52145 for the indicated time points. The membrane was reprobed for 
α-tubulin as a loading control. NI – non-infected control. This data is representative of 
three independent experiments.                    
(d) Transcription levels of csn5 in IFN-β pre-stimulated A549s infected with Kp52145 
for the indicated time points were determined by RT-qPCR and are normalised 
relative to the expression in the non-infected control (NI). Results represent means ± 
SEM. ns, not significant; between the indicated comparisons (determined using one-
way analysis of variance (ANOVA) with Bonferroni’s multiple comparisons test). This 
data is from three independent experiments.      
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3.10 Cullin1 NEDDylation is elevated in SENP8 and 

CSN5 knockdown cells 

The elevated levels of both deNEDDylases in infection led to the consideration 

that reduced Cullin1 NEDDylation was dependent upon this increased 

expression of SENP8 and CSN5. To test this, cells were pre-treated with IFN-

β and transfected with either CSN5 siRNA or SENP8 siRNA versus an AS 

control. Knockdown cells were infected with Klebsiella for three hours versus 

a non-infected control and immunoblotted for Cullin1. 

In the AS control, the Cul1-NEDD8 band was present in non-infected cells, 

with a decrease in NEDDylation observed during infection as expected (Figure 

26 a). In CSN5 knockdown non-infected cells, Cullin1 NEDDylation was higher 

than that of the AS control (Figure 26 a). In CSN5 knockdown infection, the 

level of Cullin1 NEDDylation was elevated compared to AS infection (Figure 

26 a). Similarly, in SENP8 knockdown infection, Cullin1 NEDDylation was 

increased relative to AS infected cells (Figure 26 a). Respective siRNA 

transfection efficiencies were assessed by immunoblot (Figure 26 b - c).  
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Figure 26. Cullin1 NEDDylation is increased in CSN5 and SENP8 knockdown 
cells. 
(a) Immunoblot analysis of Cullin1 NEDDylation (upper MW band) in lysates of IFN-β 
pre-stimulated A549s, transfected with CSN5 or SENP8 siRNA versus an AS control 
and infected with Kp52145 for 3 hours versus a non-infected control. The membrane 
was reprobed for α-tubulin as a loading control. NI – non-infected control. This data is 
representative of three independent experiments.      
(b) Immunoblot analysis of CSN5 levels in lysates of IFN-β pre-stimulated non-
infected A549s, transfected with CSN5 siRNA versus an AS control. The membrane 
was reprobed for α-tubulin as a loading control. This data is representative of three 
independent experiments.     
(c) Immunoblot analysis of SENP8 levels in lysates of IFN-β pre-stimulated non-
infected A549s, transfected with SENP8 siRNA versus an AS control. The membrane 
was reprobed for α-tubulin as a loading control. This data is representative of three 
independent experiments 

3.11 The K48-linked polyubiquitylation of PP2A is 

elevated in SENP8 and CSN5 knockdown 

Next, it was investigated if the reduction in K48-polyubiquitylation of PP2Ac 

(Figure 22) was dependent upon the decreased Cullin1 NEDDylation 
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observed in infection (Figure 24). To assess this, IFN-β pre-stimulated A549s 

were transfected with either SENP8 or CSN5 siRNA versus an AS control and 

pre-treated with MG262 (10ng/mL, 2 hours). Respective siRNA transfection 

efficiencies were assessed by immunoblot (Figure 26 b-c). Cells were then 

infected with Klebsiella for three hours versus a non-infected control. Lysates 

were immunoprecipitated with PP2Ac antibody or IgG control and 

immunoblotted for Ub48.  

In the AS control, a strong band of Ub48 was observed in non-infected cells, 

indicating K48-polyubiquitylation of PP2Ac (Figure 27). There was a reduction 

in this level of polyubiquitylation in infection as expected (Figure 27). In cells 

knocked down for both deNEDDylases, the K48-linked polyubiquitylation of 

PP2Ac was observed in non-infected cells (Figure 27). An increase in these 

levels of K48-linked polyubiquitylation was noted in Klebsiella infection relative 

to each respective non-infected control. (Figure 27).  
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Figure 27. K48-linked polyubiquitylation of PP2Ac is increased in SENP8 and 
CSN5 knockdown cells infected with Klebsiella. 
Immunoblot analysis of K48 linkage-specific polyubiquitylation levels (Ub48) of PP2Ac 
in immunoprecipitates of  MG262 treated (10ng/mL, 2hours), IFN-β pre-stimulated 
A549s transfected with either SENP8 or CSN5 siRNA versus an AS control and 
infected with Kp52145 for 3 hours. The membrane was reprobed for PP2Ac to assess 
input levels. Preimmune mouse IgG was used as a negative control. NI – non-infected 
control. Kp – 3 hour infection. This data is representative of three independent 
experiments. 

3.12 Levels of SENP8 and CSN5 are dependent upon 

each other in K. pneumoniae infection 

As expression of both SENP8 and CSN5 was increased in infection, with both 

exhibiting roles in the Cullin1 and PP2Ac phenotypes observed, I investigated 

whether any relationship existed between these deNEDDylases.  

Levels of SENP8 in IFN-β pre-treated CSN5 knockdown cells versus an AS 

control were assessed by immunoblot. SENP8 was expressed in the AS non-

infected control, with an increase in these levels observed in AS infection as 

expected (Figure 28). SENP8 levels were markedly reduced in CSN5 

knockdown infection, relative to both the CSN5 knockdown control and the 
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corresponding AS infection (Figure 28). The CSN5 siRNA transfection 

efficiency was assessed by immunoblot (Figure 26 b). 

 
 
 
Figure 28.  Levels of the deNEDDylase SENP8 are reduced in CSN5 knockdown 
Klebsiella infection. 
Immunoblot analysis of SENP8 levels in lysates of IFN-β pre-stimulated A549s, 
transfected with CSN5 siRNA versus an AS control and infected with Kp52145 for 
three hours versus a non-infected control. The membrane was reprobed for α-tubulin 
as a loading control. NI – non-infected control. Kp – 3 hour infection. This data is 
representative of three independent experiments. 

The corresponding levels of CSN5 in SENP8 knockdown cells were then 

assessed by immunoblot. The SENP8 siRNA transfection efficiency was 

assessed by immunoblot (Figure 26 c). CSN5 was expressed in the AS control 

and exhibited elevated levels during AS infection (Figure 29). In SENP8 

knockdown, there was a marked induction of CSN5 in non-infected cells, with 

a significant reduction in these levels during infection (Figure 29). 

 



103 
 

 
 
 
Figure 29. CSN5 levels are decreased in SENP8 knockdown Klebsiella infection. 
Immunoblot analysis of CSN5 levels in lysates of IFN-β pre-stimulated A549s, 
transfected with SENP8 siRNA versus an AS control and infected with Kp52145 for 
the indicated times. The membrane was reprobed for α-tubulin as a loading control. 
NI – non-infected control. This data is representative of three independent 
experiments. 
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3.13  Discussion 

To date, no extracellular bacteria has been shown to target host expression of 

ISG15. In this chapter I  have determined that K. pneumoniae inhibits both the 

PTM ISGylation and additionally levels of non-conjugated ISG15 in IFN-β 

treated A549 cells. Remarkably, to achieve this, Klebsiella targets an 

additional PTM, namely phosphorylation. During infection, by inhibiting the 

phosphorylation and thus activation of the  transcription factor IRF3, this 

inhibits isg15 transcription. Of note, to reduce IRF3 phosphorylation, Klebsiella 

increases levels of the phosphatase, PP2Ac. To date, this is the first known 

example of any bacteria targeting such a ubiquitously  expressed phosphatase 

which is implicated in such a wide range of cellular functions. This result 

supports previous findings by the Bengoechea group of Klebsiella’s 

manipulation of host phosphatases i.e. MKP1  (Regueiro et al., 2011). 

To achieve the increased PP2Ac, Klebsiella’s targeted an additional PTM, 

namely K48-linked polyubiquitylation to prevent PP2Ac proteolysis. A master 

regulator of host responses, Klebsiella employed a further PTM, namely 

NEDDylation to achieve this. Elevated levels of both deNEDDylases SENP8 

and CSN5 accounted for reduced NEDDylation and thus K48-linked 

polyubiquitylation of PP2Ac  during infection. The range of strategies employed 

by Klebsiella determined in this chapter are summarised in Figure 30. 
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Figure 30. Klebsiella alters the proteome of A549 cells in vitro by targeting 
multiple host post-translational modifications 
(1) Levels of the deNEDDylases SENP8 and CSN5 are elevated in K. pneumoniae 
infection (2) This reduces the NEDDylation of the ubiquitin E3 ligase component 
Cullin1 (3) As a consequence, this limits the K48-linked polyubiquitylation and 
proteolysis of the phosphatase PP2Ac. (4) Elevated PP2Ac reduces the 
phosphorylation of the transcription factor IRF3 (5) As a consequence,  isg15 
transcription is reduced (6) Levels of ISG15 are decreased 
 
 

 

Thus far, it has been established that Klebsiella  expertly manipulates the 

expression of multiple host proteins via a range of mechanisms. In addition to 

regulation at the transcriptional level, Klebsiella exploits multiple PTMS such 

as ISGylation, phosphorylation, ubiquitylation and NEDDylation to achieve 

precise expression of host proteins. 
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4 Elucidating the molecular basis underlying 

Klebsiella’s reduction of ISGylation 

4.1 Chapter focus 

This chapter will investigate the strategies employed by K. pneumoniae to 

inhibit ISGylation in IFN-β pre-stimulated conditions. The expression of the 

deISGylase, USP18, responsible for catalytically deconjugating ISG15 from 

target substrates, will be assessed. Additionally, the mechanisms employed 

by K. pneumoniae to alter levels of this enzyme during infection will be 

determined. The associated host signalling pathways exploited by the bacteria 

will be explored. In addition, the bacterial factor involved in the observed 

phenotypes during infection will be elucidated. 

4.2 USP18 expression is elevated during Klebsiella 

infection 

As a decrease in ISGylation during IFN-β treated infection was observed by 

immunoblot (Figure 10, Chapter 3), it was considered that K. pneumoniae 

may increase expression of the deISGylase USP18, in order to achieve this 

phenotype. First, USP18 level were assessed in non-stimulated or IFN-β pre-

treated (10ng/mL, 16 hours) A549s during a three hour infection versus a non-
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infected control. In immunoblot experiments, USP18 appears as a doublet of  

protein bands (Potu, Sgorbissa and Brancolini, 2010). The upper, slow-

migrating band  corresponds to the full-length protein (39 kDa) whereas the 

lower band represents a NH2-terminal–deleted USP18 isoform (34 kDa) (Potu, 

Sgorbissa and Brancolini, 2010). In A549s lacking IFN-β stimulation, USP18 

expression was not detected, neither in the non-infected control nor during 

infection (Figure 31 a). In IFN-β pre-stimulated conditions, expression of the 

double-banded USP18 protein was present in the non-infected control (Figure 

31 b). These results were expected, as USP18 is strongly induced by type I 

IFN (Liu et al., 1999; Burkart, Fan and Zhang, 2012).  Notably, in IFN-β treated 

cells, an increase in the levels of USP18 was observed at both one and three 

hours post-infection, relative to expression in the non-infected control (Figure 

31 b). 

 

  
 
Figure 31. Levels of the ISGylation deconjugating enzyme, USP18, are elevated 
in IFN-β pre-stimulated A549 cells infected with K. pneumoniae. 
(a) Immunoblot analysis of USP18 levels in lysates of A549s without IFN-β treatment 
(-IFNβ), infected with Kp52145 for the indicated timepoints. The membrane was 
reprobed for α-tubulin as a loading control. NI – non-infected control. This data is 
representative of three independent experiments. 
(b) Immunoblot analysis of USP18 levels in lysates of IFN-β pre-stimulated (+IFNβ) 
A549s, infected with Kp52145 for the indicated timepoints. The membrane was 
reprobed for α-tubulin as a loading control. NI – non-infected control. This data is 
representative of three independent experiments. 
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4.3 Reduced ISGylation is dependent upon elevated 

USP18 expression in Klebsiella-infected cells 

I then investigated if the reduction in ISGylation detected during IFN-β pre-

treated Klebsiella infection was due to the elevated USP18 expression 

observed in the same conditions. To assess this, IFN-β pre-stimulated A549s 

were transfected with USP18 siRNA versus an AS control. Following 

knockdown, cells were infected with K. pneumoniae for three hours versus a 

non-infected control and assessed ISGylation by immunoblot. 

In the AS non-infected control, strong expression of ISGylation was observed 

(Figure 32 a). There was a marked reduction in the levels of ISGylation during 

AS infection as expected (Figure 32 a). In USP18 knockdown, ISGylation was 

increased in non-infected cells relative to the AS control (Figure 32 a). In 

USP18 knockdown infection, there was no reduction in ISGylation as observed 

during AS infection (Figure 32 a). In fact, levels of ISGylation in USP18 

knockdown infection were markedly increased compared to AS infected cells 

(Figure 32 a). The USP18 siRNA transfection efficiency was determined by 

immunoblot (Figure 32 b). 
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Figure 32. ISGylation is increased in USP18 knockdown cells infected with 
Klebsiella. 
(a) Immunoblot analysis of conjugated ISG15 levels in lysates of IFN-β pre-stimulated 
A549s, transfected with USP18 siRNA versus an AS control and infected with 
Kp52145 for three hours. The membrane was reprobed for α-tubulin as a loading 
control. NI – non-infected control. Kp – 3 hour infection. This data is representative of 
three independent experiments.        
(b) Immunoblot analysis of USP18 levels in lysates of IFN-β pre-stimulated non-
infected A549s, transfected with USP18 siRNA versus an AS control. The membrane 
was reprobed for α-tubulin as a loading control. This data is representative of three 
independent experiments 
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4.4 usp18 transcription is not significantly altered in 

Klebsiella infection 

The mechanism behind the elevated USP18 levels observed during infection 

was investigated by qPCR. The transcription levels of usp18 in A549s, with 

and without IFN-β pre-stimulation, during a three hour infection versus a non-

infected control were measured. 

In A549s without prior IFN-β treatment, minimal usp18 transcription occurred 

in the non-infected control (Figure 33). Additionally, no significant changes in 

gene expression were detected across the three hour Klebsiella infection 

(Figure 33). In IFN-β pre-treated cells, there was a significant increase in 

usp18 transcription at all time points relative to corresponding non-stimulated 

conditions (Figure 33). This result was expected, given the type I IFN-

dependent nature of USP18 (Malakhov et al., 2002). However, within these 

IFN-β pre-treated conditions, there was no significant change in usp18 

transcription during Klebsiella infection, relative to the non-infected control 

(Figure 33). From the results of the qPCR, it was concluded that the elevated 

levels of USP18 observed in K. pneumoniae infection were not a 

transcriptional phenotype. 
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Figure 33. usp18 transcription is not significantly altered during IFNβ pre-
stimulated K. pneumoniae infection. 
Transcription levels of usp18 in non-stimulated (-IFNβ) and IFNβ pre-stimulated 
(+IFNβ) A549s infected with Kp52145 for the indicated time points were determined 
by RT-qPCR and are normalised relative to the expression in the non-stimulated, non-
infected control (NI –IFNβ). Results represent means ± SEM. ns, not significant; ***, 
P<0.001; between the indicated comparisons (determined using one-way analysis of 
variance (ANOVA) with Bonferroni’s multiple comparisons test). This data is from 
three independent experiments. 

4.5 The K48-linked polyubiquitylation of USP18 is 

reduced in Klebsiella-infected cells 

To explain the elevated levels of USP18 observed during infection, I 

considered the possibility that the ubiquitin-dependent proteasomal 
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degradation of USP18 was reduced in K. pneumoniae infected cells. 

Therefore, I investigated whether Klebsiella was targeting the K48-linked 

polyubiquitylation of USP18. 

Experimentation began by confirming that USP18 expression in this model 

was dependent on the E3 ligase components of the ubiquitylation machinery. 

In the literature, Skp2 is identified as the E3 ligase F-box protein that 

recognises USP18 for ubiquitin-dependent proteolysis (Tokarz et al., 2004). 

Skp2, in conjunction with Cullin1 and Skp1 are key components of the well-

established SCFSkp2 ligase complex (Tokarz et al., 2004; Wang et al., 2012). 

Therefore, USP18 expression in IFN-β treated non-infected cells silenced for 

these E3 ligase components was assessed. The respective transfection 

efficiency of Cul1, Skp1 and Skp2 siRNAs was assessed by qPCR (Figure 21 

b). 

In the AS control, USP18 was expressed as expected (Figure 34). In Cullin1 

knockdown, there was a marked increase in the levels of USP18 relative to the 

AS control (Figure 34). In fact, the silencing of Cullin1 induced the highest 

expression of USP18 observed across all knockdown conditions (Figure 34). 

In Skp1 knockdown cells, there was a modest increase in USP18 expression 

relative to the levels observed for the AS control (Figure 34). In Skp2 

knockdown, there was a noticeable increase in USP18 expression relative to 

the AS control (Figure 34). The elevated levels of USP18 detected in the 

knockdown of E3 ubiquitin ligase components support the published results 

regarding SCFSkp2-mediation USP18 degradation (Tokarz et al., 2004) and 
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confirm that USP18 expression is regulated by ubiquitin-mediated proteolysis 

in this model. 

 
 
 
Figure 34. USP18 expression is markedly elevated in non-infected cells 
knocked down for the E3 ubiquitin ligase components, Cul1 and Skp2. 
Immunoblot analysis of USP18 levels in lysates of IFN-β pre-stimulated, non-infected 
A549s transfected with either Cul1, Skp1, or Skp2 siRNA versus an AS control. The 
membrane was reprobed for α-tubulin as a loading control. This data is representative 
of three independent experiments. 

These findings indicated that the levels of K48-linked polyubiquitylation of 

USP18 during infection should be directly assessed by immunoprecipitation. 

Cells were pre-treated with IFN-β and MG262 (as previously described) and 

infected with Klebsiella for three hours versus a non-infected control. Lysates 

were immunoprecipitated with anti-USP18 antibody or an IgG control antibody 

(procedure detailed in Methods Chapter). Immunoblot for Ub48 levels was 

performed and the membrane was reprobed with anti-USP18 antibody to 

assess input levels. 

A strong Ub48 band was present in immunoprecipitates of the non-infected 

control, indicating the occurrence of K48-linked polyubiquitylation of USP18 
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(Figure 35). In K. pneumoniae infection, there was a marked reduction in this 

level of K48-linked polyubiquitylation relative to non-infected cells (Figure 35).  

 
 
 
Figure 35. The K48-linked polyubiquitylation of USP18 is reduced in Klebsiella-
infected cells. 
Immunoblot analysis of K48 linkage-specific polyubiquitylation (Ub48) levels of 
USP18 in immunoprecipitates of  MG262 treated (10ng/mL, 2hours) IFN-β pre-
stimulated A549s infected with Kp52145 for 3 hours. The membrane was reprobed 
for USP18 to assess input levels. Preimmune mouse IgG was used as a negative 
control. NI – non-infected control. Kp – 3 hour infection. This data is representative of 
three independent experiments.  

4.6 Levels of USP18 are dependent upon Klebsiella’s 

inhibition of NEDDylation 

I have established that Klebsiella reduces the SCFSkp2-mediated K48-linked 

polyubiquitylation of USP18, a process which involves Cullin1. I previously 

determined Klebsiella inhibits Cullin-1 activation via increased expression of 

the deNEDDylases SENP8 and CSN5 (Figure 26, Chapter 3). Therefore, I 

considered if increased USP18 expression was dependent upon the elevated 
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levels of the deNEDDylases during infection. To assess this, IFN-β pre-treated 

cells were transfected with either SENP8 or CSN5 siRNA versus an AS control. 

Respective siRNA transfection efficiencies were assessed by immunoblot 

(Figure 26 b-c). Cells were infected with K. pneumoniae for three hours versus 

a non-infected control and immunoblotted lysates for levels of USP18. 

In the AS control, USP18 was detected in non-infected cells, with expression 

levels increasing during infection in a time-dependent manner (Figure 36). In 

SENP8 knockdown, there was a marked reduction in USP18 expression in 

both non-infected cells and during Klebsiella infection, relative to the 

corresponding AS control (Figure 36 a).  

In CSN5 knockdown, USP18 expression in non-infected cells was similar to 

that of the AS control (Figure 36 b). However, USP18 levels were reduced in 

CSN5 knockdown infection, compared to corresponding AS infected cells 

(Figure 36 b). A marked reduction in USP18 expression was observed at three 

hours CSN5 knockdown infection relative to the corresponding AS time point 

(Figure 3 b).  

Taken together, these results indicate that the elevated expression of USP18 

in Klebsiella-infected cells is dependent upon the increased levels of both 

deNEDDylases and thus reduced NEDDylation in infection. 
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Figure 36. Levels of USP18 are reduced in SENP8 and CSN5 knockdown 
Klebsiella infection. 
(a) Immunoblot analysis of USP18 levels in lysates of IFN-β pre-stimulated A549s, 
transfected with SENP8 siRNA versus an AS control and infected with Kp52145 for 
the indicated times. The membrane was reprobed for α-tubulin as a loading control. 
NI – non-infected control. This data is representative of three independent 
experiments.                       
(b) Immunoblot analysis of USP18 levels in lysates of IFN-β pre-stimulated A549s, 
transfected with CSN5 siRNA versus an AS control and infected with Kp52145 for the 
indicated times. The membrane was reprobed for α-tubulin as a loading control. NI – 
non-infected control. This data is representative of three independent experiments. 

Next, it was directly investigated if the reduced K48-linked polyubiquitylation of 

USP18 observed in Klebsiella-infected cells (Figure 35) was dependent upon 

the elevated expression of SENP8 or CSN5. To assess this, IFN-β pre-

stimulated A549s transfected with either SENP8 or CSN5 siRNA versus an AS 

control were pre-treated with MG262 (as previously described). Cells were 

infected with Klebsiella for three hours versus a non-infected control and 
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lysates were immunoprecipitated with anti-USP18 antibody or an IgG control. 

Immunoblot was then performed to assess levels of Ub48. The membrane was 

reprobed with USP18 to assess input levels. Respective siRNA transfection 

efficiencies were assessed by immunoblot (Figure 26 b-c).  

In the AS non-infected control, a strong Ub48 band was detected (Figure 37). 

This level of K48-linked polyubiquitylation was decreased in AS infection as 

expected (Figure 37). In SENP8 knockdown, low expression levels of Ub48 

were detected in non-infected cells (Figure 37). However, in SENP8 

knockdown infection, levels of K48-linked polyubiquitylation were markedly 

increased relative to the SENP8 knockdown control (Figure 37). In CSN5 

knockdown, K48-linked polyubiquitylation was elevated in infection compared 

to non-infected cells (Figure 37). There was an increase in the K48-linked 

polyubiquitylation in CSN5 knockdown infection relative to both AS infected 

cells and the CSN5 knockdown control (Figure 37). 
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Figure 37. K48-linked polyubiquitylation of USP18 is restored upon 
deNEDDylases knockdown. 
Immunoblot analysis of K48 linkage-specific polyubiquitylation levels (Ub48) of 
USP18 in immunoprecipitates of IFN-β pre-stimulated, MG262 (10ng/mL, 2hours)-
treated, A549s transfected with either SENP8 or CSN5 siRNA versus an AS control 
and infected with Kp52145 for three hours. The membrane was reprobed for USP18 
to assess input levels. Preimmune mouse IgG was used as a negative control. NI – 
non-infected control. Kp – 3 hour infection. This data is representative of three 
independent experiments. 

As the levels of deISGylase USP18 were found to be dependent on both 

SENP8 and CSN5, I then directly investigated if ISGylation was influenced by 

the deNEDDylases during infection. To test this, IFN-β pre-stimulated cells 

were knocked down for SENP8 or CSN5 versus an AS control and infected 

with Klebsiella for three hours. Respective siRNA transfection efficiencies were 

assessed by immunoblot (Figure 26 b-c). Levels of conjugated ISG15 were 

assessed by immunoblot.  

In the AS control, ISGylation occurred in non-infected cells and was decreased 

in AS infection as expected (Figure 38). In the SENP8 knockdown control, 

there was an increase in ISGylation, relative to the AS control (Figure 38). 

Additionally, Klebsiella did not decrease the levels of ISGylation in SENP8 

knockdown cells (Figure 38). Similarly, ISGylation was elevated in the CSN5 

knockdown non-infected cells relative to the AS control (Figure 38). 
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Furthermore, ISGylation was not reduced in Klebsiella-infected CSN5 

knockdown cells. (Figure 38).  

 

 
 
 
Figure 38. Klebsiella does not reduce ISGylation in SENP8 or CSN5 knockdown 
cells. 
Immunoblot analysis of conjugates ISG15 levels in lysates of IFN-β pre-stimulated 
A549s, transfected with SENP8 or CSN5 siRNA versus an AS control and infected 
with Kp52145 for three hours versus a non-infected control. The membrane was 
reprobed for α-tubulin as a loading control. NI – non-infected control. Kp – 3 hour 
infection. This data is representative of three independent experiments. 
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4.7 USP18 and deNEDDylase expression is dependent 

on ISG15 in Klebsiella infection 

Having established that Klebsiella does not reduce ISGylation in cells silenced 

for USP18 and the deNEDDylases, I wished to further explore the relationship 

between these proteins. In the literature, ISG15 has been shown to directly  

induce USP18 (Liu et al., 1999; Zhang et al., 2015). As the Klebsiella-induced 

elevated USP18 levels are deNEDDylase-dependent, I considered ISG15 may 

influence CSN5 and SENP8 expression in infection. To assess this, IFN-β pre-

treated cells were transfected with ISG15 siRNA versus an AS control and 

infected with Klebsiella for three hours. Immunoblot was performed to measure 

levels of USP18, SENP8 and CSN5 (Figure 39 a - c). The ISG15 siRNA 

transfection efficiency was determined by immunoblot (Figure 39 d).  USP18 

exhibited elevated expression during AS infection relative to the non-infected 

control (Figure 39 a). In the ISG15 knockdown control, USP18 expression was 

markedly lower than the AS control (Figure 39 a). USP18 levels were further 

decreased in ISG15 knockdown infection, exhibiting marked reduction relative 

to AS infection (Figure 39 a). SENP8 levels were then assessed, which were 

increased in AS infection relative to the AS control (Figure 39 b). In ISG15 

knockdown cells, SENP8 expression was decreased during the final two hours 

of infection relative to both AS infection and the ISG15 control (Figure 39 b). 

CSN5 levels were increased in AS infection relative to the AS control (Figure 

39 c). CSN5 expression was reduced in both the ISG15 knockdown control 

and infected cells relative to the corresponding AS expression (Figure 39 c).  
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Figure 39. Levels of the deISGylase USP18 and the deNEDDylases SENP8 and 
CSN5 are reduced in ISG15 knockdown cells infected with Klebsiella. 
(a) Immunoblot analysis of USP18 levels in lysates of IFN-β pre-stimulated A549s, 
transfected with ISG15 siRNA versus an AS control and infected with Kp52145 for the 
indicated times. The membrane was reprobed for α-tubulin as a loading control. NI – 
non-infected control. This data is representative of three independent experiments. 
(b) Immunoblot analysis of SENP8 levels in lysates of IFN-β pre-stimulated A549s, 
transfected with ISG15 siRNA versus an AS control and infected with Kp52145 for the 
indicated times. The membrane was reprobed for α-tubulin as a loading control. NI – 
non-infected control. This data is representative of three independent experiments. 
(c) Immunoblot analysis of CSN5 levels in lysates of IFN-β pre-stimulated A549s, 
transfected with ISG15 siRNA versus an AS control and infected with Kp52145 for the 
indicated times. The membrane was reprobed for α-tubulin as a loading control. NI – 
non-infected control. This data is representative of three independent experiments. 
(d) Immunoblot analysis of ISG15 levels in lysates of IFN-β pre-stimulated non-
infected A549s, transfected with ISG15 siRNA versus an AS control. The membrane 
was reprobed for α-tubulin as a loading control. This data is representative of three 
independent experiments. 
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4.8 Reduced ISGylation induces EGFR activation in 

Klebsiella infection  

Next, the cellular pathways affected by Klebsiella’s inhibition of ISGylation 

were investigated. Our lab has previously shown that Klebsiella causes 

sequential phosphorylation and  activation of Src kinases and EGFR, in a 

process which involves the PTM ubiquitylation (Frank et al., 2013).  Therefore 

it was considered whether this pathway and the PTM of ISGylation were also 

linked in Klebsiella-infected cells. To initially assess this, Src phosphorylation 

was measured in USP18 knockdown infection versus an AS control. The 

USP18 siRNA transfection efficiency was determined by immunoblot (Figure 

32 b). 

Src phosphorylation was detected in the AS control, the levels of which 

increased in AS infection (Figure 40). However, in USP18 knockdown 

infection, levels of Src phosphorylation were reduced compared to the 

corresponding AS infection (Figure 40). 
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Figure 40. Src phosphorylation is reduced in USP18 knockdown cells infected 
with Klebsiella. 
Immunoblot analysis of pSrc levels in lysates of IFN-β pre-stimulated A549s, 
transfected with USP18 siRNA versus an AS control and infected with Kp52145 for 
the indicated times. The membrane was reprobed for α-tubulin as a loading control. 
NI – non-infected control. This data is representative of three independent 
experiments. 

This result suggested Src phosphorylation was dependent on the elevated 

levels of USP18 (thus inhibited ISGylation) during infection. The downstream 

levels of EGFR phosphorylation were then assessed in IFN-β treated cells in 

which ISGylation components were silenced during Klebsiella infection. The 

knockdown conditions selected were:   

(a) USP18 knockdown: uninhibited ISGylation  

(b) USP18/UbE1L knockdown: to confirm any phenotype observed in 

USP18 knockdown is due solely to increased ISGylation. This is 

achieved by UbE1L knockdown to inhibit ISGylation. Additionally, 

knockdown of USP18 eliminates its potential regulation of type I IFN-

signalling 

(c) UbE1L knockdown: ISGylation is inhibited 

(d) ISG15 knockdown: all forms of ISG15 are inhibited 
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Cells were transfected with the above siRNAs versus an AS control. The 

USP18 siRNA transfection efficiency was determined by immunoblot (Figure 

32 b). The ISG15 siRNA transfection efficiency was determined by immunoblot 

(Figure 39 d). The UbE1L siRNA transfection efficiency was determined by 

immunoblot (Figure 41 e). Cells were infected for three hours versus a non-

infected control and EGFR phosphorylation was assessed by immunoblot. 

In the AS control, EGFR phosphorylation was increased during infection 

compared to non-infected cells (Figure 41). In USP18 knockdown non-

infected cells, EGFR was phosphorylated, however this expression was lower 

than the AS control (Figure 41 a). In USP18 knockdown infection, EGFR 

phosphorylation was markedly reduced relative to the corresponding AS 

infection (Figure 41 a). Notably at three hours of infection, phosphorylation of 

EGFR was barely detected in USP18 knockdown (Figure 41 a). This indicates 

that activation of EGFR is dependent upon elevated levels of USP18. 

In USP18/UbE1L knockdown infection (inhibited ISGylation), the expression of 

pEGFR was unchanged, and similar levels of EGFR phosphorylation were 

observed relative to that of AS infection (Figure 41 b). In ISG15 knockdown 

cells, EGFR phosphorylation was reduced in both non-infected cells and 

during infection relative to corresponding levels in the AS control (Figure 41 

c). In UbE1L knockdown infection, EGFR phosphorylation was markedly lower 

compared to AS infection (Figure 41 d). Expression of pEGFR was also 

reduced at three hours UbE1L knockdown infection relative to the UbE1L non-

infected cells (Figure 41 d).  
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Figure 41. EGFR phosphorylation is dependent upon reduced ISGylation in 
Klebsiella infection. 
(a) Immunoblot analysis of pEGFR levels in lysates of IFN-β pre-stimulated A549s 
transfected with USP18 siRNA versus an AS control and infected with Kp52145 for 
the indicated times. NI – non-infected control. This data is representative of three 
independent experiments. 
(b) Immunoblot analysis of pEGFR levels in lysates of IFN-β pre-stimulated A549s 
transfected with USP18 and UbE1L siRNA versus an AS control and infected with 
Kp52145 for the indicated times. NI – non-infected control. This data is representative 
of three independent experiments. 
(c) Immunoblot analysis of pEGFR levels in lysates of IFN-β pre-stimulated A549s 
transfected with ISG15 siRNA versus an AS control and infected with Kp52145 for the 
indicated times. NI – non-infected control. This data is representative of three 
independent experiments. 
(d) Immunoblot analysis of pEGFR levels in lysates of IFN-β pre-stimulated A549s 
transfected with UbE1L siRNA versus an AS control and infected with Kp52145 for 
the indicated times. NI – non-infected control. This data is representative of three 
independent experiments. 
(e) Immunoblot analysis of UbE1L levels in lysates of IFN-β pre-stimulated non-
infected A549s, transfected with UbE1L siRNA versus an AS control. This data is 
representative of three independent experiments.   
In all panels, the membrane was reprobed for α-tubulin as a loading control. 
 
 
 
 

Taken together, these results indicate that EGFR phosphorylation is reduced 

in unregulated ISGylation (USP18 knockdown) and is supported by the reverse 

phenotype being evident in inhibited ISGylation (USP18/UbE1L knockdown 
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infection). However some level of ISG15 is required for EGFR activation, as 

evidenced by the reduced levels of pEGFR in ISG15 and UbE1L knockdown. 

 

4.9  Klebsiella activates the EGFR-PI3K-AKT-ERK 

pathway to reduce NEDDylation and ISGylation 

Based on the knowledge that the EGFR-PI3K-AKT-ERK axis is activated by 

Klebsiella to increase levels of the deubiquitylase, CYLD (Frank et al, 2013), 

and given that EGFR is activated by reduced ISGylation (section 4.8), it was 

next investigated if the downstream pathway was implicated in reducing 

ISGylation. To assess this, several steps of the pathway were blocked by pre-

treating cells with chemical inhibitors (details in Methods Section) versus 

DMSO (vehicle control) for two hours. Cells were then infected for three hours 

and immunoblotted for levels of SENP8, CSN5 and USP18. 

In the DMSO control, SENP8 expression was elevated during infection relative 

to non-infected cells (Figure 42 a). In contrast, SENP8 levels decreased when 

cells were treated with the EGFR, PI3K and the AKT inhibitors (Figure 42 a). 

Treatment with the ERK inhibitor produced no increase in SENP8 levels upon 

infection relative to non-infected cells (Figure 42 a). 

Expression of CSN5, the levels of which increased upon Klebsiella infection in 

vehicle-control cells (Figure 42 b). In cells treated with the EGFR inhibitor, 
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equal CSN5 expression was observed in the non-infected control and during 

infection (Figure 42 b). In PI3K inhibitor-treated cells, CSN5 levels decreased 

in K. pneumoniae infection relative to non-infected cells (Figure 42 b). The 

same observation was made in cells pre-treated with the ERK inhibitor and in 

AKT X treated cells (Figure 42 b).  

The levels of USP18 were elevated upon Klebsiella infection in vehicle control 

cells (Figure 42 c). For both EGFR and PI3K inhibitor-treated cells, equal 

USP18 expression was observed in both non-infected cells and during 

Klebsiella infection (Figure 42 c). In cells treated with the ERK and AKT 

inhibitors, USP18 levels were reduced in Klebsiella infection relative to non-

infected cells (Figure 42 c).  
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Figure 42. Elevated expression of SENP8, CSN5 and USP18 is dependent upon 
activation of the EGFR-PI3K-AKT-ERK pathway in Klebsiella-infected cells. 
(a) Immunoblot analysis of SENP8 levels in lysates of IFN-β pre-stimulated A549s 
treated with AG1478 (5 mM), LY294002 (20 μM), UO126 (10 μM), AKT X (30 μM) or 
vehicle solution (DMSO) for 2 hours prior to infection with Kp52145 for the indicated 
times.  
(b) Immunoblot analysis of CSN5 levels in lysates of IFN-β pre-stimulated A549s 
treated with AG1478 (5 mM), LY294002 (20 μM), UO126 (10 μM), AKT X (30 μM) or 
vehicle solution (DMSO) for 2 hours prior to infection with Kp52145 for the indicated 
times.  
(c) Immunoblot analysis of SENP8 levels in lysates of IFN-β pre-stimulated A549s 
treated with AG1478 (5 mM), LY294002 (20 μM), UO126 (10 μM), AKT X (30 μM) or 
vehicle solution (DMSO) for 2 hours prior to infection with Kp52145 for the indicated 
times.  
In all panels, the membrane was reprobed for α-tubulin as a loading control. NI – non-
infected control. This data is representative of three independent experiments. 
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4.10 Bacterial CPS induces elevated deNEDDylase and 

USP18 levels, to reduce ISGylation 

On the basis of these results, the next step was to determine the bacterial 

factor involved in the elevated levels of SENP8, CSN5 and USP18 and the 

corresponding decreased levels of ISG15. CPS was considered to be a likely 

candidate as the Bengoechea laboratory has shown it triggers EGFR 

activation (Frank et al., 2013). To investigate if this was the case, IFN-β pre-

stimulated A549s were infected with either with wild-type Kp52145 or the CPS-

deficient mutant strain Kp52145-ΔmanC and immunoblotted for levels of the 

respective proteins. 

In the case of SENP8, expression was increased in Kp52145 infection relative 

to the non-infected control (Figure 43 a) SENP8 levels were reduced in 

infection with Kp52145-ΔmanC relative to the levels observed during wild-type 

K. pneumoniae infection. (Figure 43 a). Similarly, levels of both CSN5 (Figure 

43 b) and USP18 (Figure 43 c) were elevated in infection with Kp52145 

relative to non-infected cells. There was a decrease in both CSN5 (Figure 43 

b) and USP18 expression in Kp52145-ΔmanC infection versus the wildtype 

strain (Figure 43 c). Levels of ISGylation were decreased in Kp52145 infection 

relative to the non-infected control (Figure 43 d). Correspondingly, ISGylation 

was elevated in infection with the acapsular mutant relative to expression 

observed in infection with Kp52145 (Figure 43 d). 
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Figure 43. Levels of the deNEDDylases SENP8 and CSN5, the deISGylase 
USP18 and ISGylation are dependent upon CPS expression in IFN-β pre-
stimulated Klebsiella-infected A549s. 
(a) Immunoblot analysis of SENP8 levels in lysates of IFN-β pre-stimulated A549s 
infected with either Kp52145 versus Kp52145-ΔmanC for three hours.  
(b) Immunoblot analysis of CSN5 levels in lysates of IFN-β pre-stimulated A549s 
infected with either Kp52145 versus Kp52145-ΔmanC for three hours.  
(c) Immunoblot analysis of USP18 levels in lysates of IFN-β pre-stimulated A549s 
infected with either Kp52145 versus Kp52145-ΔmanC for three hours.  
(d) Immunoblot analysis of ISG15 levels in lysates of IFN-β pre-stimulated A549s 
infected with either Kp52145 versus Kp52145-ΔmanC for three hours.  
In all panels the membrane was reprobed for α-tubulin as a loading control. NI – non-
infected control. This data is representative of three independent experiments. 
 
 
 
 
 
 
. 
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4.10.1  CPS-dependent activation of EGFR-PI3K-AKT-ERK 

signalling increases PP2Ac expression 

I have previously shown that deNEDDylase and ISG15 levels influence PP2Ac 

expression in infection (Chapter 3). In this chapter I have determined that 

reduced NEDDylation and ISGylation was achieved via CPS-mediated 

activation of the EGFR-PI3K-AKT-ERK axis in infected cells. Therefore, the 

next step was to investigate if elevated PP2Ac levels may also be due to 

activation of the same pathway in infection. PP2Ac levels were measured in 

pathway inhibitor pre-treated infected cells and during infection with wild type 

Klebsiella versus the acapsular mutant, Kp52145-ΔmanC. 

PP2Ac levels were first assessed in inhibitor-treated cells. In the DMSO 

control, PP2Ac expression was elevated during infection compared to non-

infected cells (Figure 44 a). However, across all inhibitor-treated conditions, 

PP2Ac levels were not increased during Klebsiella infection relative to non-

infected controls (Figure 44 a). This indicated pathway involvement in the 

elevated PP2Ac expression observed in Klebsiella infection. Furthermore, 

reduced levels of PP2Ac were found during infection with Kp52145-ΔmanC 

relative to expression observed in cells infected with wild-type Klebsiella, 

confirming CPS involvement (Figure 44 b). 
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Figure 44. Elevated expression of the phosphatase PP2Ac is dependent upon 
activation of the EGFR-PI3K-AKT-ERK pathway in a CPS-dependent manner in 
Klebsiella-infected A549s. 
(a) Immunoblot analysis of PP2Ac levels in lysates of IFN-β pre-stimulated A549s 
treated with AG1478 (5 mM), LY294002 (20 μM), UO126 (10 μM), AKT X (30 μM) or 
vehicle solution (DMSO) for 2 hours prior to infection with Kp52145 for the indicated 
times. The membrane was reprobed for α-tubulin as a loading control. NI – non-
infected control. This data is representative of three independent experiments. 
(b) Immunoblot analysis of PP2Ac levels in lysates of IFN-β pre-stimulated A549s 
infected with either Kp52145 versus Kp52145-ΔmanC for three hours. The membrane 
was reprobed for α-tubulin as a loading control. NI – non-infected control. This data is 
representative of three independent experiments. 
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4.11 Discussion 

This chapter has added to the findings obtained from Chapter 3, revealing an 

additional mechanism that contributes to decreased ISGylation during 

infection. This is achieved via Klebsiella’s targeting of the deISGylase, USP18. 

The elevated expression of USP18 was due to Klebsiella’s inhibition of its K48-

linked polyubiquitylation and thus proteasomal degradation. This was achieved 

via reduced NEDDylation. Thus, Klebsiella manipulates the expression of the 

deISGylase USP18 in the same manner as observed for the phosphatase 

PP2Ac. 

Activation of EGFR and a subsequent PI3K/AKT/ERK axis was associated 

with increased levels of both USP18 and PP2Ac. This indicates that regulation 

of  both these proteins converges in a common mechanism: EGFR dependent 

pathway activation in a CPS-dependent manner to prevent K48-linked 

proteolysis. This serves to achieve a common outcome of reducing levels of 

ISG15. This, in addition to regulation at the transcriptional level indicates how 

crucial reduced ISG15 levels are during infection. The fact that a  decrease as 

opposed to a complete elimination of ISG15 levels is required was evidenced 

by the fact that in ISG15 knockdown, there was a lack of EGFR activation. 

Thus Klebsiella orchestrates a delicate balance of host proteins to aid 

infection. These findings add to previous work by the Bengoechea laboratory 

which determined that Klebsiella targets the same EGFR dependent axis to 

affect K63-linked ubiquitination (Frank et al., 2013). 
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The findings from this chapter in conjunction with the results from Chapter 3 

are detailed in Figure 45.  

 

 

Figure 45: Klebsiella activates an EGFR based PI3K/AKT/ERK axis in a CPS-
dependent manner and inhibits the K48-linked polyubiquitylation and 
proteolysis of both PP2Ac and USP18 to reduce levels of ISG15 during 
infection. 
(1) Klebsiella’s CPS activates the EGFR (2) This results in subsequent activation of a 
PI3K/ERK/AKT axis (3) The elevated levels of the deNEDDylases SENP8 and CSN5 
are dependent upon activation of this pathway in infection (4) Increased SENP8 and 
CSN5 expression reduces NEDDylation of the ubiquitin E3 ligase component Cullin1 
(5) As a consequence, this limits the K48-linked polyubiquitylation and proteolysis of 
the phosphatase PP2Ac and the deISGylase USP18. (6) Elevated PP2Ac reduces 
the phosphorylation of the transcription factor IRF3 (7) As a consequence,  isg15 
transcription is reduced (8) Levels of ISG15 are decreased. (9)  Increased levels of 
USP18 reduce ISGylation during infection. 
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5 Klebsiella  reduces ISGylation and levels of 

extracellular ISG15 release to promote 

infection 

5.1. Chapter Focus 

This chapter will investigate the functional outcomes resulting from K. 

pneumoniae’s combined circumvention and pro-active manipulation of innate 

immunity. Specifically, why Klebsiella elevates expression of the deISGylase 

USP18 in order to reduce ISGylation will be determined. The connection 

between ISGylation and activation of host inflammation will be explored via 

assessment of canonical NF-κB signalling. Additionally, the role of free ISG15 

will be investigated as a pro-inflammatory cytokine in response to Klebsiella 

infection.  
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5.2. NF-κB activation is elevated in USP18 

knockdown cells infected with Klebsiella 

First, it was investigated if the Klebsiella-induced reduction of ISGylation, via 

elevated expression of the deISGylase USP18, influenced inflammation by 

assessing canonical NF-kB signalling. To assess this, A549s were pre-

stimulated with IFN-β (10ng/mL, 16 hours) and transfected with USP18 siRNA 

versus an AS control. Cells were infected with Klebsiella for three hours versus 

a non-infected control. Immunoblot of cell lysates was then performed and 

probed for IκBα to assess NF-kB activation. 

In AS non-infected control cells, IκBα expression was detected (Figure 46). 

These levels increased during AS infection relative to the AS control (Figure 

46). This lack of NF-kB activation during infection is a typical non-inflammatory 

phenotype of Klebsiella, which has been previously demonstrated by the 

Bengoechea group. (Regueiro et al., 2006, 2011; Moranta et al., 2010; Frank 

et al., 2013). 

In USP18 knockdown, IκBα was expressed in the non-infected control, 

however this was at a higher level than the corresponding AS control (Figure 

46). Across the duration of the USP18 knockdown infection, activation of NF-

kB was observed (Figure 46). This was evidenced by a marked decrease in 

IκBα expression relative to levels in both AS infection and the USP18 

knockdown control (Figure 46). These results suggest that unregulated 

ISGylation is associated with inflammation. 
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Figure 46 NF-kB activation is increased in USP18 knockdown cells infected with 
Klebsiella. 
Immunoblot analysis of IκBα levels in lysates of IFN-β pre-stimulated A549s 
transfected with USP18 siRNA versus an AS control and infected with Kp52145 for 
the indicated timepoints (shown in minutes) versus a non-infected control. The 
membrane was reprobed for USP18 to assess knockdown efficiency and for α-tubulin 
as a loading control. NI – non-infected control. This data is representative of three 
independent experiments.   

5.3. Inflammation is increased in infected cells 

silenced for ISG15 and ISGylation  

To further assess ISGylation in the context of inflammation, cells were knocked 

down for either ISG15 expression or ISGylation via transfection of ISG15 

siRNA or UbE1L (ISGylation E1 activating enzyme) siRNA respectively. A549s 

were pre-stimulated with IFN-β and transfected with these siRNAs versus an 

AS control. Cells were infected with Klebsiella for three hours versus a non-

infected control. Immunoblot was then performed, probing for IκBα. 

In the AS non-infected control, IκBα expression was detected and during the 

AS infection there was no degradation of IκBα as expected (Figure 47).  
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In ISG15 knockdown, similar levels of IκBα expression were observed in non-

infected cells versus the AS control (Figure 47 a). In ISG15 knockdown, IκBα 

levels remained unchanged at both 30 minutes and one hour infection relative 

to control cells (Figure 47 a). However, IκBα expression at both these time 

points was reduced compared to AS infection (Figure 47 a). At two hours 

infection, IκBα degradation was observed, relative to both earlier infection and 

the ISG15 knockdown control (Figure 47 a). Expression of IκBα was also lower 

at ISG15 knockdown two hours infection than the corresponding AS time point 

(Figure 47 a). Similar levels of IκBα degradation were evident at three hours 

infection (Figure 47 a). Additionally, expression of IκBα at this time point was 

lower than in AS three hour infection (Figure 47 a).  

IκBα expression was then assessed in UbE1L knockdown conditions (Figure 

47 b). In non-infected cells, IκBα was detected, however this was at a reduced 

level relative to the AS control (Figure 47 b). Levels of IκBα remained uniformly 

low across the first two hours of UbE1L knockdown infection and were 

markedly reduced relative to corresponding AS infection time points (Figure 

47 b). At three hours infection, a minor reduction in IκBα levels was observed 

relative to earlier UbE1L knockdown timepoints, with a marked reduction in 

expression compared to AS three hour infection (Figure 47 b).  
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Figure 47. Increased NF-kB activation occurs in both ISG15 and UbE1L 
knockdown A549s infected with K. pneumoniae. 
(a) Immunoblot analysis of IκBα levels in lysates of IFN-β pre-stimulated A549s 
transfected with ISG15 siRNA versus an AS control and infected with Kp52145 for the 
indicated timepoints (shown in minutes) versus a non-infected control.    
(b) Immunoblot analysis of IκBα levels in lysates of IFN-β pre-stimulated A549s 
transfected with UbE1L siRNA versus an AS control and infected with Kp52145 for 
the indicated timepoints (shown in minutes) versus a non-infected control.    
In both panels, the membrane was reprobed for α-tubulin as a loading control. NI – 
non-infected control. This data is representative of three independent experiments. 

The results obtained in ISG15 and UbE1L knockdown infection indicate that 

total silencing of ISG15 and ISGylation triggers inflammation. In conjunction 

with the result in USP18 knockdown where unregulated ISG15 also induces 

NF-κB activation, it may be that Klebsiella requires a certain level of ISG15 

during infection to trigger USP18 expression. 

 



140 
 

Previous findings from Chapter 4 demonstrated elevated USP18 expression 

was dependent on reduced NEDDylation during infection. It was then 

considered that Klebsiella’s elevation of deNEDDylase expression may 

therefore also influence NF-κB signalling. To assess this, A549 cells were pre-

stimulated with IFN-β and transfected with either SENP8 or CSN5 siRNAs 

versus an AS control. Cells were infected with Klebsiella for three hours versus 

a non-infected control. cell lysates were then immunoblotted to measure levels 

of IκBα (Figure 48 a).  

In the AS control, IκBα expression , was observed in non-infected cells, which 

remained at a similar level after 30 minutes infection (Figure 48 a). At one hour 

infection, the levels of IκBα were increased and remained elevated for the 

remainder of the infection, relative to AS non-infected cells (Figure 48 a). 

In SENP8 knockdown, IκBα was strongly expressed in non-infected cells, and 

was at a higher level than the AS control (Figure 46 8). Equivalent IκBα 

expression was observed during the first hour of SENP8 knockdown infection, 

with levels higher than that of the corresponding AS infection (Figure 48 a). At 

the SENP8 knockdown two hour time point, NF-κB activation was evident via 

a marked decrease in IκBα expression (Figure 48 a). Levels of IκBα began to 

recover at three hours, however expression was still lower compared to both 

the equivalent AS infection time point and the SENP8 knockdown control 

(Figure 48 a).  

IκBα levels were then assessed in CSN5 knockdown cells (Figure 48 b). 

Expression of IκBα was observed in the non-infected control, with levels 
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increasing during the first hour of K. pneumoniae infection (Figure 48 b).There 

was a subsequent decrease in IκBα expression at the two hours infection time 

point (Figure 48 b). These levels were also markedly lower than those of the 

equivalent AS time point (Figure 48 b). Expression levels remained similar in 

CSN5 knockdown at three hours infection (Figure 48 b). 

 
 
 
Figure 48.  NF-kB activation is increased in SENP8 knockdown and CSN5 
knockdown A549s infected with K. pneumoniae. 
(a) Immunoblot analysis of IκBα levels in lysates of IFN-β pre-stimulated A549s 
transfected with SENP8 siRNA versus an AS control and infected with Kp52145 for 
the indicated timepoints (shown in minutes) versus a non-infected control.   
(b) Immunoblot analysis of IκBα levels in lysates of IFN-β pre-stimulated A549s 
transfected with CSN5 siRNA versus an AS control and infected with Kp52145 for the 
indicated timepoints (shown in minutes) versus a non-infected control.                
In both panels, the membrane was reprobed for α-tubulin as a loading control. NI – 
non-infected control. This data is representative of three independent experiments. 
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5.4. The anti-inflammatory phenotype of 

Klebsiella is abrogated upon USP18 and ISG15 

knockdown 

Our results demonstrate that Klebsiella infection is associated with a lack of 

inflammation. Next,  Klebsiella’s ability to block a pro-inflammatory challenge 

and whether this was affected during USP18 or ISG15 knockdown infection 

was assessed.  

To investigate, IFN-β pre-stimulated A549 cells were transfected with either 

USP18 or ISG15 siRNAs versus an AS control. Cells were then infected with 

Kp52145 versus a non-infected control. Cells were infected for two hours as 

NF-kB activation was previously observed occurring in ISG15 knockdown 

infection at this time point (Figure 47 a). To induce NF-kB activation, cells were 

stimulated with recombinant human IL-1β (1ng/mL). Inflammatory readout was 

assessed via measurement of IκBα levels in cell lysates by immunoblot. 

In the AS non-infected control, IκBα was expressed as expected (Figure 49). 

Following IL-1β stimulation, complete degradation of IκBα was observed in AS 

non-infected cells (Figure 49). In AS infected cells, IκBα was expressed and 

following addition of IL-1β, was still detected. (Figure 49). This demonstrates 

a strong anti-inflammation phenotype during Klebsiella infection.  

I then assessed if this anti-inflammatory capability was altered in USP18 

knockdown infected cells (Figure 49 a). Expression of IκBα was detected in 
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USP18 knockdown non-infected cells, which was at a higher level than the AS 

control (Figure 49 a). Upon IL-1β addition, IκBα was completely degraded in 

USP18 knockdown non-infected cells (Figure 49 a). During USP18 

knockdown infection, IκBα expression was lower than the USP18 knockdown 

control, which supports the inflammatory phenotype observed in Figure 46. 

Following IL-1β pre-treatment, there was complete degradation of IκBα in 

USP18 knockdown infection, indicating the loss of Klebsiella’s anti-

inflammatory phenotype (Figure 49 a). 

Klebsiella’s anti-inflammatory capacity in ISG15 knockdown conditions was 

then investigated (Figure 49 b). Expression of IκBα occurred in non-infected 

cells, however this was at a reduced level relative to the AS control (Figure 49 

b). Upon addition of IL-1β to ISG15 knockdown non-infected cells, total 

degradation of IκBα was noted (Figure 49 b). During ISG15 knockdown 

infection, IκBα was expressed but at a reduced level relative to both the 

corresponding AS infection and ISG15 knockdown control cells (Figure 49 b). 

Following IL-1β stimulation, there was complete abrogation of IκBα expression 

in ISG15 knockdown infection (Figure 49 b), indicating the loss of Klebsiella’s 

anti-inflammatory ability. 
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Figure 49. The anti-inflammatory phenotype of Klebsiella infection is lost in 
USP18 and ISG15 knockdown cells. 
(a) Immunoblot analysis of IκBα levels in lysates of IFN-β pre-stimulated A549s 
transfected with USP18 siRNA versus an AS control, infected with Kp52145 for 2 
hours versus a non-infected control, with or without addition of IL-1β (1ng/mL, added 
at 1h 50 mins).                        
(b) Immunoblot analysis of IκBα levels in lysates of IFN-β pre-stimulated A549s 
transfected with ISG15 siRNA versus an AS control, infected with Kp52145 for 2 hours 
versus a non-infected control, with or without addition of IL-1β (1ng/mL, added at 1h 
50 mins).             
In both panels, the membrane was reprobed for α-tubulin as a loading control. NI – 
non-infected control. Kp – 2 hour infection. This data is representative of three 
independent experiments.  
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5.5. il-8 transcription is elevated in Klebsiella-

infected USP18 knockdown cells 

My initial results by immunoblot indicated that in unregulated ISGylation 

(USP18 knockdown), Klebsiella cannot inhibit NF-κB activation. However in 

total silencing of ISG15 and UbE1L, inflammation also occurred. Therefore, to 

clarify this inflammatory phenotype, il-8 transcription was measured in IFN-β 

pre-stimulated A549s in the following knockdown conditions: 

 

(a) USP18 knockdown: uninhibited ISGylation.  

(b) UbE1L/USP18 double knockdown: to confirm any phenotype observed in 

USP18 knockdown is due solely to increased ISGylation. 

(c) UbE1L knockdown:  Only ISGylation is inhibited.  

(d) ISG15 knockdown: all forms of ISG15 are inhibited. 

Cells were then infected with Klebsiella for three hours versus a non-infected 

control and il-8 transcription was measured by qPCR. 

In USP18 knockdown (unregulated ISGylation) infection, a significant increase 

in il-8 transcription was measured relative to that of AS infected cells (Figure 

50). Gene expression was also significantly increased compared to the USP18 

knockdown non-infected control (Figure 50).  
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A significant reduction in il-8 transcription was observed in UbE1L/USP18 

double knockdown (inhibition of ISGylation) infection, relative to levels in the 

reverse USP18 knockdown (unregulated ISGylation) infection (Figure 50). 

Furthermore, the inflammatory phenotype in UbE1L/USP18 knockdown 

mimicked that of AS infection, with no significant change in il-8 transcription 

observed between the two (Figure 50). Across all other knockdown infections, 

il-8 transcription was significantly increased relative to AS infected cells 

(Figure 50). 

In ISG15 knockdown infection, a significant increase in il-8 gene was observed 

expression relative to AS infection (Figure 50). Transcription was also 

significantly increased compared to the ISG15 knockdown control (Figure 50). 

In UbE1L knockdown (inhibition of ISGylation) infection, il-8 transcription was 

significantly increased compared to AS infection (Figure 50). Transcription 

levels were also significantly increased compared to UbE1L knockdown non-

infected cells (Figure 50).  
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Figure 50. il-8 transcription is significantly elevated during unregulated 
ISGylation (USP18 knockdown)  in K. pneumoniae infection. 
Transcription levels of il-8 in IFN-β pre-stimulated A549s transfected with either 
USP18, USP18/UbE1L, ISG15 or UbE1L siRNA versus an AS control then infected 
with Kp52145 for three hours versus non-infected cells. Gene expression in 
knockdown samples was assessed by qPCR and normalised to glyceraldehyde 3-
phosphate dehydrogenase (hGAPDH) expression in the AS non-infected control (AS 
NI). NI – non-infected control. Kp – three hour K. pneumoniae infection. Results 
represent means ± SEM. **, P<0.01; ***, P<0.001; between the indicated comparisons 
(determined using one-way analysis of variance (ANOVA) with Bonferroni’s multiple 
comparisons test. This data is from three independent experiments. 
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These results suggest that unregulated ISGylation (USP18 knockdown) is 

associated with an inflammatory response. This is supported by the fact that 

the reverse condition of inhibited ISGylation (USP18/UbE1L knockdown 

infection) mimics the non-inflammatory phenotype of AS infection.  

5.6. IL-8 secretion is elevated in USP18 

knockdown infection 

As earlier previous results indicated a potential ISGylation-associated 

inflammatory phenotype, I focused on comparing levels of pro-inflammatory 

cytokine release by USP18 and USP18/UbE1L knockdown cells. Following 

siRNA transfection, cells were infected with Klebsiella for two hours, then 

washed with PBS to remove residual bacterial. After a further incubation period 

of four hours in RPMI supplemented with gentamicin (100 µg/mL), 

supernatants were collected and IL-8 ELISA was performed (as detailed in the 

Methods section).  

In USP18 knockdown infection, there was a significant increase in IL-8 release 

compared to levels observed in USP18/UbE1L knockdown infected cells 

(Figure 51). Furthermore, IL-8 secretion in USP18 knockdown infection was 

also significantly increased relative to AS infection (Figure 51). Additionally 

there was a significant increase in IL-8 release in USP18 knockdown infection 

relative to the USP18 knockdown non-infected control (Figure 51).  
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USP18/UbE1L knockdown infection mimicked the non-inflammatory 

phenotype observed in AS infection, with no significant change in IL-8 

secretion observed between these two conditions (Figure 51). There was also 

no significant change in IL-8 secretion in USP18/UbE1L knockdown infection 

relative to the USP18/UbE1L knockdown control cells (Figure 51). The same 

finding was observed in AS infected cells relative to the AS non-infected control 

(Figure 51). 
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Figure 51. IL-8 secretion is significantly increased in USP18 knockdown A549s 
infected with Klebsiella. 
ELISA of hIL-8 released IFN-β pre-stimulated A549s transfected with USP18 siRNA, 
or USP18 and UbE1L siRNA, versus an AS control, infected for 2 hours with Kp52145 
versus a non-infected control. Cells were washed at 2 hours with PBS and incubated 
in RPMI supplemented with gentamicin (100 µg/ml) for four hours. (NI – non-infected 
cells incubated for 2 h, PBS wash, 4 h incubation). (Kp- 2 hour infection, PBS wash, 
4 hour incubation). Results represent means ± SEM. **, P<0.01; ***, P<0.001; 
between the indicated comparisons (determined using one-way analysis of variance 
(ANOVA) with Bonferroni’s multiple comparisons test). This data is from three 
independent experiments.  
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5.7. Klebsiella abrogates extracellular ISG15 

release by A549 cells 

It is known that ISG15 is released from a range of cells including epithelial cells 

in response to Type I IFN induction (Knight and Cordova, 1991; Bogunovic et 

al., 2012).  In the context of bacterial infection, extracellular ISG15 has been 

shown to have a crucial cytokine role in response to the intracellular bacterium 

Mycobacterium tuberculosis (Bogunovic et al., 2012). To date, there is no 

known example of extracellular ISG15 secretion by cells in response to 

extracellular bacterial infection. I sought to determine if K. pneumoniae 

infection affected extracellular ISG15 secretion by A549 cells.  

To assess this, IFN-β pre-stimulated A549s were infected with Klebsiella for 

three hours versus a non-infected control. Cell supernatants were then 

collected and concentrated (as detailed in the Methods Chapter) and 

extracellular ISG15 levels were assessed by immunoblot (Figure 52).  

In the supernatants of the non-infected control, there was no observed no 

extracellular secretion of ISG15 (Figure 52). However, at one hour K. 

pneumoniae infection, marked expression of extracellular ISG15 occurred 

(Figure 52). However, at three hours infection, extracellular ISG15 secretion 

was completely eliminated, matching the expression levels of the non-infected 
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control (Figure 52). These results indicated that infection may induce the 

release of ISG15 from cells. Furthermore, at three hours infection, Klebsiella 

may be effectively limiting the extracellular ISG15 induced by initial infection.  

 
 

Figure 52.   K. pneumoniae blocks the release of extracellular ISG15, induced 
by initial infection 
Immunoblot analysis of ISG15 levels in supernatants of IFN-β pre-stimulated A549s 
infected with Kp52145 for the indicated timepoints versus a non-infected control. 
Coomassie staining was used as the loading control. NI – non-infected control. This 
data is representative of three independent experiments. 

5.8. Extracellular ISG15 released by Klebsiella 

infected A549s functions as a pro-inflammatory 

cytokine  

The observed ISG15 secretion upon initial infection led to the consideration 

that ISG15 was being released as a pro-inflammatory cytokine. The complete 

abrogation of ISG15 expression at three hours infection led to the 

consideration that Klebsiella may be blocking pro-inflammatory effects 

associated with this cytokine release.  
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Recent published literature has shown that extracellular ISG15 functions as a 

pro-inflammatory cytokine, in conjunction with IL-12, to induce IFN-γ release 

from PBMCs (Swaim et al., 2017). In this process, IL-12 binds its cognate 

surface receptor on NK cells, thus activating transcription of IFNG and IL-10 

(Swaim et al., 2017). Simultaneously, ISG15 binds its newly identified surface 

receptor, the LFA-1 integrin, causing phosphorylation of Src kinases (Swaim 

et al., 2017). This results in the release of IFN-γ and IL-10 from NK cells 

(Swaim et al., 2017). The relationship is synergistic, with IL-12 inducing 

cytokine expression and ISG15 driving cytokine release (Swaim et al., 2017). 

This mechanism of ISG15 and IL-12 induced IFN-γ release by NK cell is 

detailed in Figure 53. 
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Figure 53. IL-12 and extracellular ISG15 synergistically induce IFN-γ and IL-10 
secretion from PBMCs. 
(1) IL-12 binds its cognate receptor on the surface of the NK cell, resulting in IFNG 
and IL-10 transcription. These cytokines are then contained within cytosolic vesicles. 
(2) Simultaneously, ISG15 binds the LFA-1 integrin surface receptor, inducing 
phosphorylation and thus activation of Src-family kinases. The combined actions of 
extracellular ISG15 and IL-12 drive the release of IFN-γ and IL-10 from the cell, 
enabling the coordination of a range of immune responses. Figure taken from (Swaim 
et al., 2017). 

Our results, in conjunction with these published findings led to the investigation 

of whether Klebsiella was actively blocking the pro-inflammatory cytokine 

function of extracellular ISG15. To assess this, supernatants from IFN-β pre-

stimulated A549S infected with Klebsiella for three hours were collected, and 

from a corresponding ISG15 knockdown versus AS control infection. Levels of 

extracellular proteins in these supernatants were concentrated via 

centrifugation (as detailed in the Methods Chapter). PBMCs were cultured in 

this media with addition of recombinant human IL-12 (18 ng/mL) versus non-
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treated cells for 48 hours. After this time, supernatants were collected and IFN-

γ secreted by PBMCs was measured by ELISA (as detailed in the Methods 

Chapter). 

In IL-12 supplemented conditions, IFN-γ secretion was significantly increased 

in PBMCs cultured in media from A549s infected for one hour relative to non-

infected A549s (Figure 54). IFN-γ release was significantly reduced in PBMCs 

incubated in media from three-hour infected A549s relative to PBMCs cultured 

in media from one-hour infected cells (Figure 54).  

Correspondingly, there was a significant increase in IFN-γ secretion by 

PBMCS cultured in media from AS one-hour infection, versus AS non-infected 

media (Figure 54). Additionally, there was a significant reduction in IFN-γ 

release by PBMCs incubated in media from AS three-hour infection relative to 

AS one-hour infected cells (Figure 54).  

There was a significant reduction in IFN-γ secretion by PBMCs incubated 

media from ISG15 knockdown one-hour infection, versus PBMCs cultured in 

media from the corresponding AS one-hour infection (Figure 54). 

In IL-12 supplemented conditions, PBMCs incubated in media from all one 

hour infection timepoints secreted significantly increased IFN-γ relative to 

PBMCs cultured in media from the corresponding non-infected controls 

(Figure 54). Additionally, IL-12 supplemented PBMCs in media from all three-

hour infections released significantly less IFN-γ versus than PBMCs in media 

from corresponding one hour infections (Figure 54). The IFN-γ release by IL-
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12 supplemented PBMCs in media from all one-hour infections was 

significantly increased versus PBMCs in the same media without IL-12 (Figure 

54). 

These results demonstrate the pro-inflammatory cytokine capacity of the 

extracellular ISG15 secreted by one-hour infected A549s. The significantly 

reduced IFN-γ release by PBMCs cultured in media from three-hours infection 

indicates that Klebsiella effectively blocks this initial inflammation. 
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Figure 54. IFN-γ secretion is signficantly increased in IL-12 supplemented 
PBMCs cultured in conditioned media from A549s infected with Klebsiella for 
one hour. 
ELISA of hIFN-γ released by PBMCs cultured in supernatants of IFN-β pre-stimulated 
A549s (infected for 3 hours with Kp52145 versus a non-infected control) or transfected 
with ISG15 siRNA versus AS control (infected for hours with Kp52145 versus a non-
infected control) left untreated (-IL-12) or stimulated with hIL-12 (+IL-12,18 ng/mL) for 
48 hours. NI – non-infected. Results represent means ± SEM. *, P<0.05; **, P<0.01; 
***, P<0.001; between the indicated comparisons (determined using one-way analysis 
of variance (ANOVA) with Bonferroni’s multiple comparisons test). This data is from 
three independent experiments.  
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5.9.  Discussion 

In this chapter, I have discovered a range of inflammatory outcomes 

accounting for why K. pneumoniae inhibits both ISGylation and extracellular 

ISG15 release during infection. Firstly, in the presence of unregulated 

ISGylation (USP18 knockdown), Klebsiella cannot limit canonical NF-κB 

signalling, as evidenced by increased IκBα degradation via immunoblot 

(Figure 46). This would serve as a logical reason to explain why Klebsiella 

inhibits ISGylation during IFN-β pre-stimulated infection (Figure 10 b, Chapter 

3).  

A similar inflammatory phenotype was detected by immunoblot in both ISG15 

and UbE1L knockdown infection (Figure 47). This may indicate the 

requirement of some level of ISGylation to trigger USP18 expression during 

infection. USP18 has been shown in the literature to be directly induced by the 

presence of ISG15 (Potter et al., 1999; Malakhova, 2003). Therefore, in the 

total absence of ISGylation (ISG15 and UbE1L knockdown infection), USP18 

is not induced, which may explain why NF-KB activation occurred.  

Additionally, Klebsiella exhibits potent anti-inflammatory potential, evidenced 

by its ability to block IL-1β-mediated activation of NF-κB signalling (Figure 49). 

Klebsiella’s anti-inflammation capacity was completely lost in the presence of 

unregulated ISGylation (USP18 knockdown infection) (Figure 49). This further 

supports why Klebsiella may seek to limit ISGylation. The loss of this anti-
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inflammatory ability in ISG15 knockdown again indicates a requirement of 

some ISG15 expression during infection.  

An ISGylation-associated inflammatory phenotype was indicated in the 

significantly increased il-8 transcription in USP18 knockdown infection (Figure 

50). Furthermore, when ISGylation was inhibited (UbE1L/USP18 knockdown 

infection), this phenotype was reversed, with significantly reduced il-8 

transcription relative to USP18 knockdown infection (Figure 50). Indeed, the 

non-inflammatory phenotype in UbE1L/USP18 knockdown infection was not 

significantly different to that observed during AS infection (Figure 50). 

 Further supporting the connection between unregulated ISGylation and 

inflammation, significantly elevated IL-8  was released in USP18 knockdown 

infection (Figure 51). Additionally, this inflammatory phenotype was reversed 

in UbE1L/USP18 knockdown (inhibited ISGylation) infection (Figure 51). The 

IL-8 release in UbE1L/USP18 knockdown infection mimicked the inflammatory 

phenotype of AS infection, with no significant difference in cytokine secretion 

observed between the two (Figure 51). 

I also demonstrated that initial K. pneumoniae infection appears to trigger the 

release of ISG15 by IFN-β stimulated A549s (Figure 52). To my knowledge, 

this is the first example of an extracellular bacteria inducing extracellular ISG15 

release. Rather remarkably, Klebsiella demonstrates the ability to completely 

abrogate this release by three hours post-infection (Figure 52). A possible 

reason for the inhibited isg15 transcription observed during IFN-β pre-

stimulated infection (Figure 11, Chapter 3) may be to limit the free ISG15 
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available for extracellular release. As extracellular ISG15 is a pro-inflammatory 

cytokine (Bogunovic, Boisson-Dupuis and Casanova, 2013), it is logical that 

Klebsiella would want to block this release. However, further investigation into 

this theory is required. 

The pro-inflammatory capacity of ISG15 was evidenced by the significantly 

increased IFN-γ release from IL-12 supplemented PBMCs from infected cells 

(Figure 54). Furthermore, Klebsiella successfully blocked this inflammatory 

loop, shown by the significantly reduced IFN-γ release by IL-12 supplemented 

PBMCs in media from three hours infection relative to the one hour time point 

(Figure 54). Additionally, IFN-γ secretion was significantly reduced in IL-12 

supplemented PBMCs in media from ISG15 knockdown one hour infection, 

indicating that IFN-γ is dependent on presence of ISG15 (Figure 54). A 

summary of all of the mechanisms employed by Klebsiella to reduce levels of 

ISG15 and thus attenuate inflammation are detailed in Figure 55. 
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Figure 55 Klebsiella’s CPS activates an EGFR based pathway to alter the 
proteome of A549 cells in vitro, via its targeting of numerous host PTMs and 
negatively regulating isg15 transcription. This results in decreased ISGylation, 
and reduced levels of intracellular and secreted ISG15. As a consequence, 
inflammation is attenuated. 
 (1) Klebsiella’s CPS activates the EGFR (2) This results in subsequent activation of 
a PI3K/ERK/AKT/ axis (3) The elevated levels of the deNEDDylases SENP8 and 
CSN5 are dependent upon activation of this pathway in infection (4) Increased SENP8 
and CSN5 expression reduces NEDDylation of the ubiquitin E3 ligase component 
Cullin1 (5) As a consequence, this limits the K48-linked polyubiquitylation and 
proteolysis of the phosphatase PP2Ac and the deISGylase USP18. (6) Elevated 
PP2Ac reduces the phosphorylation of the transcription factor IRF3 (7) As a 
consequence,  isg15 transcription is reduced (8) Levels of ISG15 are decreased. (9)  
Increased levels of USP18 reduce ISGylation (10) Klebsiella reduces extracellular 
ISG15 secretion (11) As a consequence of these actions, inflammation is attenuated 
during infection. 

 

Taken together, these findings demonstrate that Klebsiella limits both the 

levels of ISGylation and extracellular ISG15 release in IFN-β pre-stimulated 

conditions to effectively blunt the host inflammatory response and promote 

infection. 
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6 Discussion 

K. pneumoniae is known to target PTMs (Frank et al., 2013) and until now, no 

extracellular pathogen has been demonstrated to target ISGylation. Given that 

IFN and ISG15 production occur upon Klebsiella infection in vivo, I sought to 

investigate if Klebsiella affected ISGylation in A549 cells. This epithelial cell 

line was chosen as it is  physiologically relevant to infection (Cortés, Álvarez, 

et al., 2002; Moranta et al., 2010). A549s however do not internalise Klebsiella, 

as  macrophages do (Cortés, Álvarez, et al., 2002; Ivin et al., 2017). Thus, they 

do not produce the IFN observed during in vivo infection. Indeed, in A549s 

without addition of IFN-β, there was no expression of ISGylation or free ISG15 

in both the non-infected control and during infection (Figure 10 a). For this 

reason, cells were pre-treated with IFN-β to recreate the conditions known to 

be induced in vivo by infection. Indeed, following IFN-β stimulation, ISGylation 

and free ISG15 were detected in non-infected cells (Figure 10 b). In Klebsiella-

infected cells, despite these IFN rich conditions, ISGylation was reduced in a 

time-dependent manner over the course of infection (Figure 10 b). To my 

knowledge, this is the first report of an extracellular bacteria which actively 

targets ISGylation. The few existing examples described to date pertain to 

intracellular bacteria namely Mycobacterium spp. and Listeria 

monocytogenes, where ISGylation is induced in response to infection 

(Bogunovic et al., 2012; Radoshevich et al., 2015).   
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Furthermore, Klebsiella reduced levels of intracellular free ISG15 (Figure 10 

b), by inhibiting isg15 transcription (Figure 11). The fact that isg15 gene 

expression was reduced independently of all other Type-I IFN dependent gene 

transcription measured, highlights a specific importance of ISG15 in response 

to Klebsiella infection (Figures 12-13). 

Klebsiella inhibited isg15 transcription by reducing phosphorylation of its 

transcription factor, IRF3 (Figure 16 a). Surprisingly, the reduction in pIRF3 

occurred independently of phosphorylation of the upstream kinase TBK1. In 

fact, pTBK1 levels were elevated during infection (Figure 16 b). This increase 

in TBK1 phosphorylation supports previous finding by the Bengoechea group 

obtained in  K. pneumoniae infected BMDMs (Ivin et al., 2017).  

Remarkably, it was found that Klebsiella elevates levels of the upstream 

phosphatase PP2A to reduce IRF3 phosphorylation (Figure 18). This is a 

completely novel approach, with no previously known reports of a human 

pathogen targeting a phosphatase in this manner. PP2A is a ubiquitously 

expressed, highly conserved protein which regulates many cellular processes 

(Tung, Alemany and Cohen, 1985). Furthermore, PP2A is translationally 

autoregulated in order to maintain constant cellular expression levels 

(Baharians and Schönthal, 1998).  The targeting of PP2A, despite potentially 

affecting a multitude of cell dynamics, highlights Klebsiella’s ability to 

successfully alter the delicate immune balance. Additionally, it is reasonable 

to speculate that Klebsiella may also affect some of these PP2A mediated 

processes. Future studies are warranted to investigate this notion. This 
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elevated PP2A expression during infection supports previous findings of 

Klebsiella’s manipulation of host phosphatases, namely the increased 

expression of MKP1  (Regueiro et al., 2011).  The targeting of PP2A is a further 

example of Klebsiella’s ability to manipulate the balance of key host 

phosphorylation events.  

These results evidenced that in contrast to ISG15 regulation, PP2Ac elevation 

was not a transcriptionally dependent phenotype (Figure 19). Rather, 

Klebsiella reduced K48-linked polyubiquitylation to inhibit PP2Ac degradation 

(Figure 22). This result broadens current knowledge of Klebsiella’s 

manipulation of ubiquitylation as previous findings by the Bengoechea 

laboratory were made in respect to K63-linked polyubiquitylation of proteins 

(Regueiro et al., 2011; Frank et al., 2013). Current research in the Bengoechea 

group also reveals Klebsiella targets ubiquitylation mediated degradation of 

other proteins in the same manner as PP2Ac. Therefore, the targeting of K48-

linked polyubiquitylation may be a general strategy employed by Klebsiella. It 

has been found Klebsiella reduces the K48-linked polyubiquitylation of the 

protease SENP2 in epithelial cells. SENP2 functions as a deconjugating in the 

PTM SUMOylation, a process which is analogous to ubiquitylation (Wilkinson 

and Henley, 2010).  SUMOylation regulates a range of processes involved in 

immune responses, apoptosis and DNA damage repair (Wilkinson and Henley, 

2010). The Klebsiella-mediated inhibition of SENP2 degradation results its 

accumulation in the cytoplasm of infected cells. This promotes deconjugation 

of the UBL modifier SUMO1 from its substrates, thus decreasing overall levels 
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of SUMOylation. As a consequence, inflammation is attenuated (work 

submitted for publication).  

Elevated PP2Ac levels during Klebsiella infection were additionally achieved 

via the targeting of a further PTM, NEDDylation. The K48-linked 

polyubiquitylation of PP2Ac was found to be dependent upon the elevated 

levels of deNEDDylases in infection (Figures 25-27). Additionally, reduced 

levels of Cullin1 NEDDylation were evident during infection (Figure 24) and 

that PP2Ac levels were elevated when CRL components were silenced 

(Figure 21). To my knowledge this is the first example of a pathogenic bacteria 

exploiting NEDDylation. In the literature, the targeting of Cullin-1 NEDDylation 

has only been reported with respect to commensal bacteria (Collier-Hyams et 

al., 2005). In this study, non-pathogenic Salmonella typhimurium and  

Escherichia coli  human commensal strains  reduced Cullin-1 NEDDylation in 

infected epithelial cells (Collier-Hyams et al., 2005). The researchers 

postulated that reduced Cullin-1 NEDDylation was due to blocking of new 

NEDDylation via activity of the deNEDDylase CSN5. A correlation between 

reduced Cullin-1 NEDDylation and lack of IκBα degradation was also observed 

(Collier-Hyams et al., 2005). As both these phenotypes are present 

independently in the findings, it would be interesting to assess NF-κB 

activation during Cullin-1 knockdown infection. 

It was also found that Klebsiella reduced levels of ISGylation (Figure 10) and 

enhanced expression of the deISGylase USP18 (Figure 31). Furthermore, 

ISGylation was restored in USP18 knockdown (Figure 32). As was the case 
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for PP2Ac, the elevated levels of USP18 were due to reduced ubiquitylation-

mediated degradation during infection (Figure 35). This further supports the 

idea that the targeting of K48-linked poly ubiquitylation may be a widely used 

mechanism employed by Klebsiella. 

Klebsiella- increased USP18 expression was also shown to be directly 

dependent on deNEDDylase levels. (Figure 36). Of note, USP18 levels were 

reduced in CSN5 knockdown in an infection dependent manner, whilst in the 

SENP8 knockdown cells, USP18 reduction occurred regardless of infection. 

While CSN5 is recognised as the main deNEDDylase enzyme, SENP8 is an 

alternative which predominately acts on non-cullin substrates (Lyapina, 2001; 

Coleman et al., 2017) . SENP8 also deNEDDylates the NEDD8 E2-conjugating 

enzyme, Ubc12, to prevent aberrant NEDDylation of substrates (Coleman et 

al., 2017).  In SENP8 knockdown, this extra regulation of NEDDylation is thus 

removed and may be an explanation for reduced USP18 expression observed 

in these conditions. 

The reduced ISG15 levels evident in infection were restored in deNEDDylase 

knockdown (Figure 38). A reciprocal relationship was evident in ISG15 

knockdown, where levels of both deNEDDylases and USP18 were reduced 

(Figure 39). This evidences the complex interplay that exists between the 

PTMs of ISGylation and NEDDylation. In the literature ISGylation is 

additionally identified as influencing ubiquitylation (Villarroya-Beltri, Guerra 

and Sánchez-Madrid, 2017; Yoo et al., 2018). By conjugation to ubiquitin E2 

and E3 enzymes and the formation of mixed polyubiquitin chains, ISGylation 
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indirectly affects protein turnover (Villarroya-Beltri, Guerra and Sánchez-

Madrid, 2017; Yoo et al., 2018). 

The experimental focus then switched to identifying the cellular pathway 

targeted by Klebsiella. It was determined that USP18 knockdown resulted in 

reduced EGFR phosphorylation during infection (Figure 41 a). It is important 

to consider that this result cannot solely be attributed to unregulated ISGylation 

in these conditions. USP18 is known to have additional functions independent 

of its deISGylase activity. It is a known regulator of type I IFN signalling via 

JAK/STAT inhibition, so further investigation to clarify this phenotype is 

necessary. Additionally ISG15 knockdown also decreased EGFR 

phosphorylation (Figure 41 c). As Klebsiella’s efforts to reduce levels of ISG15 

have been apparent from the earliest results, this finding was initially 

surprising. However, the results in ISG15 knockdown indicate some presence 

of ISG15 is required to induce USP18. This can therefore explain decreased 

EGFR phosphorylation in ISG15 knockdown. Whilst expression of ISG15 has 

been altered, ISGylation and associated proteins via knockdown, it is virtually 

impossible to study the effects of any these condition in isolation. As previously 

discussed, USP18 has additional functions and ISGylation has influences on 

other PTMS, so any phenotype must also be considered with this in mind.  

Klebsiella’s targeting of the EGFR-PI3K-AKT-ERK axis was found to be 

responsible for alterations in NEDDylation, ISGylation-associated protein 

levels and expression of the phosphatase PP2Ac (Figures 41, 43). This 

supports previous findings by the Bengoechea group demonstrating Klebsiella 
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affects this pathway to alter ubiquitylation (Frank et al., 2013) Targeting of 

EGFR  to aid infectivity has been shown in other pathogenic Gram-negative 

bacteria including Haemophilus influenzae, Neisseria spp, and Helicobacter 

pylori (Hoffmann et al., 2001; Mikami et al., 2005; Yan et al., 2009; Swanson 

et al., 2011; Edwards et al., 2013).  

Levels of ISGylation, USP18, both deNEDDylases and the phosphatase were 

found to be dependent on the bacterial factor CPS (Figures 42-43). The 

Kp52145 strain used to generate findings has a K2 capsular serotype. 

However, previous work by the Bengoechea laboratory has demonstrated that  

EGFR can also be activated by CPS of capsular serotype K1 (Frank et al., 

2013). Therefore, it is likely that strains of this serotype will also trigger the 

same changes in ISGylation and NEDDylation components. Furthermore, the 

majority of hypervirulent isolates belong to either the K1 or K2 serotype (Holt 

et al., 2015) therefore this pathway may potentially be implicated in infection 

with these strains.  

Then  it was assessed why Klebsiella orchestrated the complex manipulation 

of these PTMs. Known as a ‘stealth’ pathogen, K. pneumoniae has been 

shown by the Bengoechea group and others to be associated with attenuation 

of inflammation via reduced canonical NF-κB and IL-8 signalling (Cortés, 

Borrell, et al., 2002; Moranta et al., 2010; Regueiro et al., 2011; Kidd et al., 

2017). Indeed, in IFN-β pre-stimulated infection, there was a lack of IκBα 

degradation (Figures 44-47). This result supports previous findings obtained 

in non-IFN stimulated A549s by the Bengoechea group (Regueiro et al., 2006).  
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Our results indicate that Klebsiella’s reduction of ISGylation is important in 

minimising inflammation. This was evidenced by the marked NF-kB activation 

observed in USP18 knockdown infection (Figure 44). However, given that 

USP18 also is a negative regulator of inflammation via inhibition of JAK/STAT 

signalling (Malakhova et al., 2006), this result may also be reflective of this 

function. Both ISG15 and UbE1L knockdown were also were associated with 

enhanced NF-kB activation (Figure 45). This indicate that a total reduction of 

ISG15 and ISGylation is not beneficial for Klebsiella in this context. It is not 

known which ISGylated protein(s) are important here and future studies should 

focus to identify them. These results support the previous observation that 

some level of ISG15 is required for USP18 induction (Figure 38) and for EGFR 

activation (Figure 40 c) which is known to control immune activation during 

infection (Frank et al., 2013).  This result of increased NF-κB activation in 

SENP8 and CSN5 knockdown supports the results in USP18 knockdown, as 

USP18 expression is dependent upon deNEDDylases in infection (Figure 35). 

The potent anti-inflammatory phenotype of Klebsiella was evidenced in the 

blocking of IL-1β-mediated degradation of IκBα during infection (Figure 47). It 

is remarkable that in addition to blocking inflammation upon infection, 

Klebsiella can inhibit this cytokine-induced NF-κB activation. This result 

supports previous findings by the Bengoechea group obtained in non-IFN 

stimulated A549s (Regueiro et al., 2011). However, in these IFN stimulated 

conditions, Klebsiella’s inhibition of canonical NFκB signalling was dependent 

upon levels of both ISG15 and USP18 (Figure 47).  
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Significantly elevated levels of inflammation was also evident in unregulated 

ISGylation (USP18 knockdown) via increased il-8 transcription (Figure 48). 

USP18/UbE1L knockdown was performed to attribute any phenotype in 

USP18 knockdown to ISGylation. Indeed, in inhibited ISGylation 

(USP18/UbE1L knockdown) il-8 levels were significantly reduced relative to 

USP18 knockdown and showed no significant difference to AS infection 

(Figure 48). Significantly increased il-8 transcription was observed in ISG15 

knockdown infection, which again may suggest that ISG15 is required for 

USP18 induction (Figure 48). Further experimentation is necessary to clarify 

this. The significantly increased IL-8 secretion in USP18 knockdown infection 

in conjunction with the reverse phenotype displayed in USP18/UbE1L 

knockdown infection supports the findings regarding transcription (Figure 49). 

The targeting of extracellular ISG15 appear to be another outcome of infection 

(Figure 50). Surprisingly, extracellular ISG15 was detected in cell 

supernatants after one hour infection only. There was no observed 

extracellular ISG15 release by non-infected cells despite the known presence 

of ISG15 in the cytosol. This suggests the requirement of an infection 

challenge to activate the secretion of ISG15. These findings are almost 

identical to that observed in Mycobacterium, where BCG stimulation of 

leukocytes induced extracellular ISG15 release, relative to absence of 

secretion in the non-treated control (Bogunovic et al., 2012). The reduction in 

levels of extracellular ISG15 at three hours infection indicate that Klebsiella 

may actively inhibit this secretion. It is tempting to speculate that the inhibition 

of isg15 transcription may be a mechanism to limit the levels of intracellular 
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ISG15 available for extracellular release. However further investigation is 

necessary to clarify any connection between these observations. 

Knowing that ISG15 in conjunction with IL-12 induces IFN-γ (Swaim et al., 

2017), and that IFN-γ is protective during in vivo infection (Ivin et al., 2017), it 

was logical to assess if Klebsiella was blocking the cytokine function of ISG15.  

Indeed, IFN-γ was significantly increased in IL-12 supplemented PBMCs 

cultured in supernatants from one hour infected A549s, which matched when 

ISG15 was detected in supernatants by immunoblot (Figure 50). Furthermore, 

IFN-γ release was significantly reduced by PBMCs in supernatants from ISG15 

knockdown from one-hour infection supplemented with IL-12 (Figure 52). This 

suggests K. pneumoniae limits extracellular ISG15 secretion to minimise IFN-

γ production. 

 Given the interplay and regulation that occurs between PTMs, it is extremely 

difficult to study any processes in true isolation. Future work to identify 

ISGylated, ubiquitylated, phosphorylated and NEDDylated proteins pre- and 

post-Klebsiella infection would prove invaluable. This would aid interpretation 

of K. pneumoniae’s manipulation of PTMs in a more holistic manner. This 

would build upon existing findings of the ISGylated proteins identified in the in 

vivo ISGylome during Listeria infection (Zhang et al., 2019).  

Additionally the role of ISGylation in vivo would ideally be researched via 

Klebsiella infection of ISG15-/- mice and comparing bacterial loads versus 

wild-type littermates. With respect to NEDDylation, it would be beneficial to 
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establish the mechanism behind elevated CSN5 levels in infection to give a 

more comprehensive account of Klebsiella’s targeting of this PTM. As 

previously mentioned, it would be invaluable to determine if Klebsiella actively 

induces and subsequently abrogates extracellular ISG15 secretion. 

Furthermore it would be interesting to determine if the reduced levels of 

intracellular ISG15 achieved via blocking isg15 transcription contribute to this 

phenotype via reducing levels of ISG15 available for secretion. 

In summary, Klebsiella exploits a range of PTMS to include ISGylation, 

NEDDylation, ubiquitylation and phosphorylation to manipulate protein 

expression and favourably redress the immune balance. Its pro-active assault 

on innate immunity is initiated by bacterial CPS and its triggering of EGFR 

signalling pathways. The range of strategies it employs have the combined 

effect of attenuating inflammation, thus enhancing infection. To increase 

understanding of this we must increase the level of current data on PTMs, their 

crosstalk, their substrates and associated physiological changes these protein 

modifications make. This will facilitate better understanding of the complexity 

and precision with which K. pneumoniae manipulates host PTMs. 
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Annex 

 

Table 4. Common reagents and resources (including supplier, product code 

and concentration, where applicable) used in experimental procedure 

 

REAGENT or 
RESOURCE 

SOURCE CATALOGUE 
NO. 

CONCENTRATION 
(if applicable) 

Cell culture 

A549s 
 

American 
Type Culture 
Collection 
(ATCC) 
 

CCL-185  

Roswell Park Memorial 
Institute (RPMI) 1640 
Medium 
 

GibcoTM  21875  

Hank's Balanced Salt 
Solution 
 

GibcoTM  14025092  

Fetal Bovine Serum 
(FBS) 
 

GibcoTM  10270 10% 

Phosphate buffered 
saline tablets (PBS) 
 

Sigma-
Aldrich, Inc. 

P4417 0.01 M phosphate 
buffer 
0.0027 M KCl  
0.137 M NaCl 
 

Bovine Serum Albumin 
(BSA) 
 

Melford 
Laboratories 
Ltd. 
 

A1302 10% 

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic 
acid (HEPES)  
 

Sigma-
Aldrich, Inc. 

H0887 10 mM 

Penicillin/Streptomycin 
 

GibcoTM  15140 50 U/mL  
 

Gentamicin 
 

Sigma-
Aldrich, Inc. 
 

G3632-5G 100 μg/mL 

Trypsin-EDTA  
 

GibcoTM  25200 0.25% (v/v) trypsin 
0.9 mM EDTA 
 

Transfection reagents    
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REAGENT or 
RESOURCE 

SOURCE CATALOGUE 
NO. 

CONCENTRATION 
(if applicable) 

OPTImem Gibco TM  
 

31985070  

LipofectamineTM  2000 Invitrogen TM 

 
11668027  

 

Immunoblot reagents    

Laemmli 2X buffer: 
 
▪ SDS 
 
▪ 2-mercaptoethanol  
 
▪ Glycerol 
 
▪ TRIS  
 
▪ Bromophenol blue 

 
 
Melford 
Laboratories 
Ltd. 
Sigma-
Aldrich, Inc. 
Sigma-
Aldrich, Inc. 
Sigma-
Aldrich, Inc. 
Sigma-
Aldrich, Inc. 
 

 
 
S1030 
 
 
M6250 
 
G5516 
 
T6066 
 
B8026 
 

 
 
4% (w/v) 
 
 
10% (v/v) 
 
20% (w/v) 
 
125 mM 
 
0.004%(w/v) 

Acrylamide/Bis-
acrylamide,  
30% solution 
 

Sigma 
Aldrich, Inc. 
 

A3574  

TEMED Sigma 
Aldrich, Inc. 
 

T9281  

APS Sigma 
Aldrich, Inc. 
 

A3678 
 

 

Hydrochloric Acid 
 

Sigma 
Aldrich, Inc. 
 

258148  

Panceau S solution Sigma 
Aldrich, Inc. 
 

P7170  

Bio-TraceTM NT 
nitrocellulose membrane 
(30cm x 300cm) 
 

Pall 
Corporation 

66485  

Blotting paper (1.5 mm 
thick) 

Hahnemühle 
FineArt 
GmbH 
 

BP005  

Enhanced Chemiluminescence (ECL) Reagents 

Luminol  Sigma 
Aldrich, Inc. 
 

A8511-5G 
 

2.5 mM 

p-Coumaric acid 
 

Sigma 
Aldrich, Inc. 
 

C9008-10G 
 

0.4 mM 

https://www.thermofisher.com/order/catalog/product/11668027
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REAGENT or 
RESOURCE 

SOURCE CATALOGUE 
NO. 

CONCENTRATION 
(if applicable) 

Hydrogen peroxide 
 

Sigma 
Aldrich, Inc. 
 

H1009-100ML 0.2 mM 

Coomassie Brilliant Blue 
R-250 
 

Fisher BP101-25  

Commercial Assays 

Human IL-8 (CXCL8) 
Standard ABTS ELISA 
Development Kit 
 

PeproTech, 
Inc. 
 

900-K18  

TMB solution I 
 

Biopanda 
Diagnostics 
 

TMB-S-001 1x 

hIFN-γ ELISA Set 
containing: 
 

• Capture Antibody 
Purified Anti-
Human IFN-γ  

• Detection 
Antibody Biotin 
Anti-Human IFN-
γ  

• Recombinant 
hIFN-γ 
Lyophilised 
Standard  

• Streptavidin-HRP 
conjugate (SAv-
HRP) 
 

BD 
Biosciences, 
Inc. 
 

 555142 
 
51-26131E 
 
 
51-26132E 
 
 
51-26136E  
 
 
 
51-9002208 

 

Cytokines 

Recombinant Human IL-
12 p70 (HEK293 
derived) 
 

PeproTech, 
Inc. 

200-12H 18 ng/mL 

Recombinant human 
IFN-β 
 

PeproTech, 
Inc. 
 

300-02BC 10 ng/mL 

Recombinant human IL-
1 β 

PeproTech, 
Inc. 
 

200-01B 
 

1 ng/mL 

Chemical Inhibitors 

Dimethyl 
sulfoxide (DMSO) 
 

Sigma-
Aldrich, Inc. 
 

D5879  

AG1478 
 

Calbiochem® 658552 5 μM 

LY294002 
 

Calbiochem® 440202 20 μM 
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REAGENT or 
RESOURCE 

SOURCE CATALOGUE 
NO. 

CONCENTRATION 
(if applicable) 

UO126 
 

Calbiochem®  662005 10 μM 

AKT X Calbiochem® 124020  30 μM 
 

BX795 
 

InvivoGen Ltd 702675749 5-10 μM 

Okadaic Acid 
 

Abcam PLC ab120375 100-250 nM 

MG262 
 

Calbiochem® 539163 500 ng/mL 

Halt™ Protease and 
Phosphatase Inhibitor 
Single-Use Cocktail, 
EDTA-Free 
 

Thermo 
Scientific™ 

78443 
 

100x 

Phenylmethylsulfonyl 
fluoride (PMSF)  
 

Thermo 
Scientific™ 

78830 100 μM 

RNA extraction/cDNA synthesis/qPCR reagents 

TRIzol 
 

Invitrogen™ 15596018  

dNTPs 
 

New England 
BioLabs 
 

N0447L 10 mM 

Random primers 
 

Invitrogen TM  
 

48190011  

Moloney Murine 
Leukemia Virus Reverse 
Transcriptase (M-MLV 
RT) 
5X First Strand Buffer   
DTT  
 

Invitrogen TM  
 

28025013 0.1 M 

KAPA SYBR® FAST 
ROX low 
 

Roche KK4600  

Plasticware 

TC flasks 175 cm2 

 

SARSTEDT 
AG & Co. KG 
 

83.3912  

TC flasks 75 cm2 

 
SARSTEDT 
AG & Co. KG 
 

83.3911  

6 well plate   
 

SARSTEDT 
AG & Co. KG 
 

83.3920  

 

 
 
 

http://www.merckmillipore.com/GB/en/life-science-research/inhibitors-biochemicals/calbiochem-inhibitors/CIab.qB.Q7EAAAFA_vhkiQd2,nav
https://www.thermofisher.com/order/catalog/product/28025013
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Table 5. Recipe for ECL preparation 
 
 
 

ECL I ECL II 

8.85 mL milliQ water  9 mL milliQ water  
 

1 mL Tris-HCl (1 M, pH 8.5)  
 

1 mL Tris-HCl (1 M, pH 8.5)  
 

100 μL Luminol (250 mM in DMSO)  
 

6 μL 30% (w/w) hydrogen peroxide 

44 μL p-Coumaric acid (90 mM in 
DMSO)  
 

 

 

 

• Per blot, 0.5 mL of each ECL reagent was combined and pipetted 

evenly across the membrane for 1 minute, prior to visualisation 

 

 

 

 

Coomassie Staining 

As a loading control for extracellular ISG15, Coomassie R-250 dye was 

prepared as follows: 

   

• 100 mL glacial acetic acid was added to 500 mL milliQ water 

• 400 mL methanol was added and mixed to distribute 

• 1 g Coomassie R250 was added and mixed to distribute 

• 1 mL Coomassie was pipetted evenly across the membrane for 1 

minute, prior to visualisation 
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Recipes for stock solutions and common reagents 

 

1X TBS: 

• 20 mM TRIS 

• 150 mM NaCl 

• Concentrated HCl (adjust to pH 7.6) 
 

1X TBST: 

• 1 X TBS with 0.1% (v/v) TWEEN-20  

 

1X SDS-PAGE running buffer: 

• 25 mM TRIS 

• 190 mM glycine 

• 0.1% {w/v} SDS 

 

Transfer buffer: 

• 25 mM TRIS  

• 0.2 M Glycine 

• 20% v/v methanol added prior to each use of transfer buffer  
 

Blocking buffer (10 mL/blot): 

• 3% (w/v) BSA/TBST  
 

Mild stripping buffer:   

• 1.5% glycine added to diH2O, adjust to pH 2.2 using 37% HCl  

• 0.1% SDS  

• 1% Tween-20 

 

LB medium:  

• 25 g LB high salt 

• 1 L diH2O  

 

LB agar:  

• 25 g LB high salt 

• 15 g agar  

• 1 L diH2O   
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Cell Culture Reagents 

 

Complete RPMI: 

• 500 mL RPMI 1640 containing L-Glutamine  

• 5.5 mL Penicillin/Streptomycin 10,000 U/mL  

• 5.5 mL HEPES  

• 55 mL FBS  
 

 
Antibiotic-free RPMI:  

 

• As for complete RPMI, without addition of Penicillin/Streptomycin 
 

 
FBS-free RPMI:  

 

• As for complete RPMI, without addition of FBS 
 

 
1X PBS:  

• 1 tablet per 200 mL diH20  
 
 

Gentamicin (30 mg/mL stock solution):  

• 30 mg gentamicin sulphate salt  

• 1 mL diH2O 
 

  RIPA buffer 

• 1% (v/v) Triton X-100 (or NP-40)  

• 1% (w/v) Sodium deoxycholate   

• 0.1% (w/v) SDS  

• 150 mM Sodium Chloride 

• 50 mM Tris-HCl, pH 7.2 
 

 

 

 



200 
 

Table 6. List of primer sequences used in qPCR 
 
 

Target gene 
 

Primer  Sequence (5’->3’) 

isg15 hISG15-F 
hISG15-R 

TTTGCCAGTACAGGAGCTTGTG 
GGGTGATCTGCGCCTTCA 

irf1 hIRF1-F  
hIRF1-R 

AGGCCAAGAGGAAGTCATGTG 
CTGTGTAGCTGCTGTGGTCA 

irf7 hIRF7-F  
hIRF7-R 

AGCGGCTGCTATGAGGGGCT 
GCCACAGCCCAGGCCTTGAA 

isg54 hISG54-F 
hISG54-R 

AGCGGCTGCTATGAGGGGCT 
GCCACAGCCCAGGCCTTGAA 

isg56 hISG56-F 
hISG56-R 

CACCATTGGCTGCTGTTTAGCTCC 
GGCAGCCGTTCTGCAGGGTTTT 

ube1l hUBE1L-F  
hUBE1L-R 

AAGCGAATTGTGGGCCAGAT 
CCAGCTGGTACCTTCAGACG 

herc5 hHERC5-F  
hHERC5-R 

CGAACTCTTGCACCGTCTCA 
CCTCAATTGCTGCCGACCTA 

pp2ac hPP2Ac-F 
hPP2Ac-R 

CCACAGCAAGTCACACATTGG 
CAGAGCACTTGATCGCCTACAA 

usp18 hUBP43-F 
hUBP43-R 

GACTACCCTCATGGCCTGGT 
TCTCCTCTGCTCGTCAGCTC 

senp8  hSENP8-F 
hSENP8-R 

GAAAGGATCGCGACTAAGGAG 
GATTGCCGCAGTAGACTGTC 

csn5 hCSN5-F 
hCSN5-R 

AAG AAATCCTGGCGGCGAA 
GCATCAGACCCATCACTTCCA 

il-8 hIL8-F 
hIL8-R 

CTTGGCAGCCTTCCTGATTTC 
TTTGGGGTGGAAAGGTTTGG 

cullin1 hCUL1-F 
hCUL1-R 

GAGGGACGCAGCTAGACCTT 
GGCAAACCCGCATCTCTGT 

skp1 hSKP1-F 
hSKP1-R 

TGAACTCATTCTGGCTGCAAA 
ACTGTGTGCTACCTACCTGG 

skp2 hSKP2-F 
hSKP2-R 

GGCTGAAGAGCAAAGGGAGT 
ATCAGACGCTAGGCGATACC 

gapdh hGAPDH-F 
hGAPDH-R 

GAGAAGGCTGGGGCTCATTT 
AGTGATGGCATGGACTGTGG 
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Table 7. List of siRNA sequences used in transfection 

 

Target  
 

siRNA Sequence (5’->3’) 

Human ISG15 
 

hISG15  GCAACGAAUUCCAGGUGUC 

Human USP18 
 

hUSP18 CUGCAUAUCUUCUGGUUUAdTdT 

Human SENP8 
(Stealth) 

hSENP8 ACUGUGGGAUGUACGUGAUAUGUAA 
 

Human CSN5 
 

hCSN5 GGAUCACCAUUACUUUAAGUU 

Human PP2AC 
 

hPP2AC GAATCCAACGTTCAAGAGG 

Human UbE1L 
 

hUBE1L AACUUGUUCUGAUGGGUGUG 
 

Human Cul1 hCUL1 UUGUGCCUACCUCAAUAGAUUUU 
 

Human SKP1 
 

hSKP1 GGAAGAUUUGGGAAUGGAU 

Human SKP2 
 

hSKP2 ACUCAA GUCCAGCCAUAAG 

ALLSTARS 
negative control 
 

AS- 
 

UUCUCCGAACGUGUCACGUdTdT 
 

 

 

 

 

 
 

 

 

 


