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1. Preface 

 

Parts of the abstract in chapter 2, data presented in chapter 6.1 and parts of the discussion in 

chapter 7.1 are from the manuscript “Evidence for an involvement of the ubiquitin-like mod-

ifier ISG15 in MHC class I antigen presentation” which has been submitted to the European 

Journal of Immunology. I planned and conducted all experiments and the manuscript was writ-

ten by me with some editing by Michael Basler and Marcus Groettrup (both University of Kon-

stanz). 

 

2. Abstract 

The interferon stimulated gene 15 (ISG15) encodes a 15-kDa ubiquitin-like protein, that is in-

duced by type I interferons and is conjugated to the bulk of newly synthesized polypeptides at 

the ribosome. ISG15 functions as an antiviral molecule possibly by being covalently conjugated 

to viral proteins and disturbing virus particle assembly. While ISGylation of many different 

viral proteins is reported, the fate of those conjugated viral proteins is unknown. Ubiquitin and 

the ubiquitin like modifier FAT10 can target modified proteins for degradation by the 26S pro-

teasome. Yet, the cellular function of ISG15 with respect to protein degradation remains highly 

controversial. In this project the effect of ISGylation on degradation and antigen presentation 

of viral and cellular proteins has been investigated. It could be shown that ISGylation did not 

induce proteasomal degradation of bulk ISG15 target proteins neither after overexpressing 

ISG15 nor after induction by interferon-β (IFN-β). The MHC class I cell surface expression of 

splenocytes derived from ISG15-deficient mice or mice lacking the catalytic activity of the 

major de-ISGylating enzyme USP18 was unaltered as compared to wildtype mice. Fusion of 

ubiquitin or FAT10 to the long-lived nucleoprotein (NP) of lymphocytic choriomeningitis virus 

was found to accelerate the proteasomal degradation of NP while fusion to ISG15 did not de-

tectably speed up NP degradation. Nevertheless, MHC-I restricted presentation of two epitopes 

of NP were markedly enhanced when it was fused to ISG15 similarly to fusion with ubiquitin 

or FAT10. Thus, first evidence is provided that ISG15 can enhance the presentation of antigens 

on MHC-I most likely by promoting co-translational antigen processing.  
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Antigen processing and presentation is a process that is extremely important for the adaptive 

immune response of our body to fight infections by pathogens. A brought variety of pathways 

and molecules are involved to help our body fight infections to stay healthy. Screening large 

amounts of chemical compounds on their ability to modulate antigen presentation and in a short 

amount of time would be very beneficial to our lab as well as others working in this field. 

Unfortunately, there is no test available that allows the investigation of influences on the antigen 

presentation pathway in a high-throughput fashion. In a second project a stable DC cell line 

expressing M1 protein and presenting the M158-66 epitope was generated. The M158-66 epitope 

was presented to a hybridoma line, which was generated by fusion of the T cell receptor-defi-

cient lymphoma line BWZ.36/CD8α with a M158-66 specific T cell line to isolated from HLA-

A*0201 transgenic AAD mice. Unfortunately, none of the generated hybridoma clones were 

found specific for the M158-66 epitope. Since the generation of a M158-66 specific T cell hybrid-

oma was unsuccessful, the high-throughput assay cannot be performed using M1 as an antigen. 

However, it was possible to generate a murine DC cell line stably expressing LCMV GP, which 

can be used in further assays to test the effect of chemical compounds on GP processing and 

GP276 presentation. Therefor pre-existent GP276 specific hybridoma cells can be utilized to 

measure the change of colour in a chromogenic LacZ assay. 

3. Zusammenfassung 

Das Ubiquitin-ähnliche Protein „interferon stimulated gene 15“ (ISG15) hat ein Molekularge-

wicht von 15 kDa. Typ-I-Interferone können die Expression von ISG15 induzieren, was die 

Modifizierung von neu synthetisierten Proteinen am Ribosom mit ISG15 bewirkt. Den Prozess 

der Proteinmodifizierung durch kovalente Bindung von ISG15 an seine Substrate nennt man 

„ISGylation“. Es handelt sich bei ISG15 um ein antivirales Molekül, welches seine Wirkung 

höchstwahrscheinlich durch kovalente Bindung an virale Proteine ausübt und so die Bildung 

neuer Viruspartikel unterbindet. Es ist bereits bekannt, dass viele verschiedene virale Proteine 

durch ISGylation modifiziert werden können. Allerdings konnte bis zum heutigen Tag nicht 

geklärt werden, was mit den viralen Proteinen geschieht, nachdem sie modifiziert wurden. 

Ubiquitin und auch das Ubiquitin-ähnliche Protein „FAT10“ sind in der Lage den Abbau von 

Proteinen durch das 26S Proteasom zu bewirken, indem sie diese durch kovalente Bindung 

modifizieren. Es ist immer noch höchst umstritten, ob ISG15 auch in der Lage ist den Abbau 

von Proteinen durch das 26S Proteasom zu bewirken. Aus genau diesem Grund wurde in diesem 

Projekt untersucht, ob ISGylation einen Abbau von viralen und zelleigenen Proteinen bewirken 
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kann. Des Weiteren wurde auch der Einfluss von ISG15 auf die Antigenpräsentation untersucht. 

Es konnte gezeigt werden, dass weder durch Interferon-β induziertes noch überexprimiertes 

ISG15 proteasomalen Abbau von Proteinen bewirken kann. Auch die Anzahl der antigenprä-

sentierenden Hauptgewebeverträglichkeitskomplex (MHC) Moleküle der Klasse I auf der 

Oberfläche von Milzzellen aus Mäusen wurde untersucht. Hierbei konnte jedoch kein Unter-

schied zwischen Milzzellen aus ISG15 defizienten Mäusen gegenüber Kontrollmäusen festge-

stellt werden. Weiterhin konnte gezeigt werden, dass eine Fusion von ISG15 an das Nukleopro-

tein (NP) des Lymphozytäre Choriomeningitis Virus (LCMV) im Gegensatz zu Ubiquitin und 

FAT10 nicht zu einem Beschleunigten Abbau von NP führt. Trotzdem wurde eine erhöhte An-

tigenpräsentation von zwei verschiedenen NP Epitopen festgestellt, wenn ISG15mit NP fusio-

niert wurde. Folglich wurden in dieser Arbeit erste Anhaltspunkte für eine verstärkte Antigen-

präsentation auf MHC Klasse I Molekülen durch IS1G15 aufgezeigt. Diese Erhöhung könnte 

aus cotranslationaler Prozessierung der Antigene resultieren. 

Die Prozessierung und die Präsentation von Antigenen sind zwei wichtige Prozesse der adapti-

ven Immunantwort, die den Körper dabei unterstützen gegen Infektionen durch verschiedenste 

Pathogene vorzugehen. Hierbei sind viele verschiedene Signalwege und Moleküle involviert, 

welche im Falle einer Infektion durch eingenommene Medikamente und deren Wirkstoffe be-

einflusst werden können. Große Mengen verschiedener Wirkstoffe vergleichbar auf ihren Ein-

fluss auf die Antigenprozessierung und die Antigenpräsentation zu untersuchen, wäre für unser 

Labor als auch für andere Forscher in diesem Feld von großem Vorteil. Allerdings gibt es bis 

zum heutigen Tag keine Hochdurchsatzmethode, um genau dies zu untersuchen. Aus diesem 

Grund wurde in einem zweiten Projekt in dieser Arbeit eine Zelllinie generiert, welche das 

Influenza Matrix Protein M1 exprimiert und das Epitop M158-66 auf der Oberfläche präsentiert. 

Weiterhin wurde Hybridomzellen aus T-Zellrezeptor defizienten BWZ.36/CD8α Lymphomzel-

len und einer M158-66 spezifischen T-Zelllinie aus HLA-A*0201 transgenen Mäusen generiert, 

welcher das M158-66 Epitop präsentiert werden sollte. Da die Generierung spezifischer Hyb-

ridomzellen nicht erfolgreich war, konnte folglich keine Hochdurchsatzmethode auf Basis des 

Influenza Matrix Protein M1 entwickelt werden. Es war jedoch möglich, eine Zelllinie zu ge-

nerieren, welche das LCMV Glykoprotein (GP) exprimiert und das Epitop GP276 präsentiert. 

Diese Zelllinie kann zukünftig in Hochdurchsatztests dazu verwendet werden den Einfluss von 

chemischen Wirkstoffen auf die Antigenprozessierung als auch auf die Antigenpräsentation zu 

untersuchen. Um diese Tests durchzuführen, kann eine bereits existierende GP276 spezifische 

Hybridomlinie verwendet werden.
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4. Introduction 

4.1. The Ubiquitin Proteasome System 

Since the discovery of ubiquitin in 1975 [1, 2], a wide range of studies have shown that the 

ubiquitin system is essential for maintaining homeostasis of the body by controlling a broad 

variety of cellular functions. Dysfunction of the ubiquitin system leads to numerous human 

diseases, particularly neurodegenerative disorders [3]. Ubiquitin is an evolutionarily conserved 

76-amino acid protein that can be covalently linked to target proteins for degradation by the 

ubiquitin-proteasome system (UPS) and is required for ATP dependent degradation of most 

intracellular proteins in eukaryotic cells [4]. The controlled degradation of proteins by the UPS 

is crucial in several cellular functions such as cell cycle progression, proliferation, cell survival 

and apoptosis [5]. It also plays a fundamental role in systemic pathways since host immune 

defence and cancer development can be dependent on UPS control and functionality [6-9]. As 

the name ubiquitin-proteasome system already states two mayor players are involved in this 

cellular process – namely the proteasome as well as ubiquitin which is conjugated to its target 

proteins.  

4.1.1. Structure and function of the proteasome  

In 1977 a study on ATP-dependent protein degradation in reticulocytes, suggested the presence 

of a second intracellular degradation mechanism apart from lysosomes, which are not present 

in reticulocytes [10]. The proteolytic activities of this system were initially isolated as a multi-

protein complex originally called the “multi-catalytic proteinase complex” [11]. The name re-

fers to the finding that this complex harboured activities such as several previously known pep-

tidases, which were lost upon the disassembly of the complex [11-13]. In 1988, the 

ATP-dependent proteolytic complex that was responsible for ubiquitin-dependent protein deg-

radation was discovered and was named proteasome [14]. The proteasome is a large cylindrical 

and multi-enzymatic complex of approximately 2,000 kDa. It is essential for the ATP-

dependent turnover of short-lived, misfolded, and damaged proteins within cells [15]. They are 

evolutionary highly conserved and can be found in eukaryotes and homologous structures exist 

in archaea [16] as well as in certain classes of bacteria [17]. All proteasomes harbour a 20S 

catalytic core particle (CP), which is capable of binding different regulatory particles [18]. This 

binding of one or both ends of the proteasome core particle is essential for the formation of a 
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fully functional proteasome [18, 19]. Also, hybrid proteasomes with different activators on ei-

ther end of the CP cylinder have been described [20].  

4.1.2. The 20S Proteasome 

The core particle of the proteasome is a barrel-shaped complex. It consists of four stacked hep-

tameric rings that are composed of two identical α and β rings, which are arranged in an α-β-β-α 

series (Figure 1) [20, 21]. In eukaryotes, each α- and β-ring is composed of seven different 

subunits, α1-α7 and β1-β7. The outer α-rings form a narrow substrate entry channels acting as 

a physical barrier to the inner β-rings. The β-rings create an internal chamber which contains 

the proteolytically active sites responsible for substrate degradation [22]. In the absence of pro-

teasome activators (PAs) the N-terminal peptides of the α-subunits protrude into the opening of 

the α-ring gate. Thereby they physically deny substrates to access the catalytic chamber [23]. 

The N terminal peptide of the α3 plays a major role in stabilising the closed α-ring gate for-

mation [23, 24]. Within the catalytic chamber three out of the seven β-subunits in each β-ring 

Figure 1 Schematic overview of the 26S proteasome. The 26S proteasome consists of the barrel-shaped catalytic 

20S core particle and the regulatory 19S particle. The Core particle is built of four stacked heptameric rings: two 

outer α rings (blue) and two inner β rings (red). The α rings form a restrictive entrance channel and the β rings 

contain the proteolytically active subunits. The 19S regulatory particle (also known as PA700) consists of the lid 

(purple) and base subcomplexes (green). These subcomplexes are composed of regulatory particle triple-A (RPT) 

and regulatory particle non-ATPase (RPN) subunits. RPN10 (yellow) is located at the base–lid interface. This 

figure and parts of the legend are adapted from [21]  
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possess proteolytic activity. However, the catalytic activity differs between the subunits. In to-

tal, the eukaryotic proteasome possesses six catalytically active sites, three in each β-ring, with 

3 different catalytic activities [25, 26]. These three subunits are the β1, β2 and β5 subunit, which 

are also called β1c, β2c and β5c as they are the constitutively expressed, catalytically active β-

subunits. The β1 subunit has a caspase-like activity, cleaving after acidic amino acids. The β2 

subunit bears a trypsin-like activity and cleaves following basic amino acids, while chymotryp-

sin-like cleavage after hydrophobic amino acids is facilitated by β5 subunit. The individual 

catalytic activities of these subunits result in the favoured cleavage after acidic (β1), basic (β2), 

and hydrophobic (β5) amino acids [25, 26]. Inside the catalytic chamber proteins are cleaved 

completely into small peptides with a length of 3-25 amino acids, preventing toxic effects of 

otherwise partially degraded proteins [27, 28]. In addition to the constitutively expressed, cat-

alytically active β-subunits β1c, β2c and β5c that are part of the constitutive proteasome, there 

are also inducible β-subunits. Under certain conditions the constitutive subunits β1c, β2c and 

β5c are exchanged by inducible or tissue-specific subunits, namely β1i (LMP2), β2i (MECL-1) 

and β5i (LMP7) (Figure 2). Upon their incorporation into the 20S CP instead of the constitutive 

subunits, the immunoproteasome is formed. In immunoproteasomes about 60 % of β1c, β2c 

and β5c are replaced by their inducible counterpart [29-36]. Despite the change in subunits, the 

rate of degradation by the immunoproteasome is unaffected compared to the constitutive pro-

teasome [37]. The immunoproteasome is constitutively expressed in hematopoietic cells and 

induced in non-immune cells following exposure to proinflammatory cytokines such as IFN-γ, 

IFN-α or IFN-β and tumour necrosis factor (TNF), of which IFN-γ is the most potent in its 

effects on immunoproteasome induction [34, 38, 39]. The subunit β1i harbours a chymotrypsin-

like activity in contrast to the caspase-like activity of β1c. Therefore, the exchange of these 

three subunits alters the cleavage specificity of the immunoproteasome and enhances produc-

tion of peptides with hydrophobic and basic residues at their C-terminus [40-45]. These altered 

peptide-cleavage properties enable more efficient antigen processing for presentation on major 

histocompatibility complex class I (MHC I) molecules [46, 47]. Crystal structures of the con-

stitutive proteasome and the immunoproteasome revealed that structural features within the 

subunits β1i and β5i are allowing the enhanced generation of more suitable MHC class I pep-

tides. Nonetheless, structural variations cannot explain the differences between the β2c- and 

β2i-subunit, since both share an identical substrate binding channel. Yet, the differences be-

tween the β2c- and β2i are evident in the phenotype of mice with a deficiency in β2i [8, 48, 49]. 

Mice deficient in each single immunoproteasome subunit exhibited rather modest defects in 

MHC class I antigen presentation [8, 50, 51]. However, a recent study with mice deficient in 
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all three immunoproteasome subunits showed strongly impaired and altered MHC class I 

epitope presentation [52]. Most of the MHC class I epitopes tested were poorly presented in 

mice deficient in all three induced subunits and only half of the MHC class I–binding peptides 

were shared between wildtype and triply deficient splenocytes. Hence this study suggests a 

prominent role of the immunoproteasome in antigen processing [52] Antigen processing and 

presentation is introduced in further detail in chapter 4.3. [53] 

 

4.1.3. Regulatory particles 

As already mentioned above the α ring gate is closed and binding of proteasomal activators 

leads to conformational changes and an opening of this channel [54]. Among the regulatory 

Figure 2 The constitutive and the immunoproteasome. The barrel-shaped constitutive 20S core particle consists 

of 4 heptameric rings in an α-β-β-α conformation. (A) Shows the 20S core particle bound to two 19S regulatory 

particles, thereby forming the 26S proteasome. The β rings contain three catalytically active subunits: β1, β2, and 

β5. (B) Under certain conditions, such as inflammation and presence of pro-inflammatory cytokines IFN-γ and 

TNF-α, these constitutive β subunits are exchanged for β1i (LMP2), β2i (MECL-1), and β5i (LMP7) and the 

immunoproteasome is formed. Thereby, the catalytic activity of the proteasome is changed: β1 – caspase-like 

cleavage, β2 –trypsin-like, β5 – chymotrypsin-like versus β1i – chymotrypsin-like, β2i – trypsin-like, β5i – chy-

motrypsin-like. Thus, the set of produced peptides for antigen presentation is altered. This figure and parts of the 

legend are adapted from [53] 
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particles (RP) of the constitutive 20S proteasome are the regulatory proteins 19S (PA700), 11S 

(PA28) and PA200 (PSME4) [29]. The CP can bind to equal RPs, but differently capped, so 

called hybrid-proteasomes also exist [18, 26]. The 19S RP is exclusively found in eukaryotes 

and is highly conserved. The 20S CP can bind either one or two of the 19S regulatory particles, 

which leads to the formation of an activated and fully assembled 26S or 30S proteasome, re-

spectively [18]. The 19S regulatory particles is composed of two subcomplexes called the lid 

and the base, that both consist of nine subunits [55]. Six regulatory particle triple-A ATPases 

(RPT1-6) and three regulatory particle non-ATPases (RPN1, RPN2, & RPN13) form the ring-

shaped heteromeric complex, which is called the base [56, 57]. The lid is formed by nine non-

ATPase subunits (RPN3, 5-9, 11, 12, 15) [56, 58]. When the hetero-hexameric complex of 

RPT1-6 binds to the α ring of the 20S CP the α-ring opens and mediates unfolding and translo-

cation of proteins into the catalytic chamber in an ATP-dependent manner [59, 60]. RPN1 and 

RPN2 mediate the shuttling of ubiquitin receptors, such as RPN13 or ubiquitin-like (UBL)-

ubiquitin-associated (UBA) domain proteins like ubiquilin-2 and NEDD8 ultimate buster 1 long 

(NUB1L), as well as proteasome associating deubiquitinating enzymes [56]. RPN11, located in 

the lid, also plays a key role in the assembled proteasome. Before proteins can be degraded by 

the proteasome, they need to be deubiquitinlated. Complete deubiquitination of proteins prior 

to their unfolding and translocation by the triple-A ATPase ring into the CP of the proteasome 

is facilitated by RPN11 [56].  

The other regulatory particles also bind to the 20S CP and open the α-ring gate; however, the 

mechanisms of binding differ from particle to particle. PA28 either exists as hetero-heptamer 

formed by four α and three β subunits (PA28αβ) or as homo-heptamer formed by only γ subu-

nits (PA28γ) [61-63]. The two variants differ in their subcellular localization and properties. 

PA28αβ localizes in the cytoplasm and in nucleoli and influences the peptide generation by the 

proteasome. Moreover, it is involved in processing of specific viral, bacterial and tumour-de-

rived antigens [64-71]. PA28γ on the other hand is only found in the nucleus [72, 73] and is 

involved in nuclear proteolysis and other various processes [73-76]. Furthermore, the α and β 

subunits are inducible by pro-inflammatory cytokines while the γ subunits are not inducible 

[77, 78]. Like PA28γ the regulator PA200 is expressed in the nucleus and is a monomeric pro-

tein of approximately 200 kDa [79, 80] and is involved in the maturation of the 20S core particle 

[81, 82]. Additionally, PA200 has been reported to be involved in DNA repair [80], however it 

has been shown that PSME4-deficient mice are viable and develop normally. Moreover, 

PSME4-deficient embryonic stem cells are not more sensitive to induced DNA damage [83]. 
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Not only activating regulatory particles can bind to the 20S CP, also inhibitory regulatory par-

ticles such as PR39 [84] or PI31 [62] can bind. However, the functional consequences and 

mechanisms of those inhibitory regulatory particles are still poorly understood. 

4.1.4. Ubiquitin 

Ubiquitin is a 8.6 kDa small molecular modifier that is expressed broadly in a large variety of 

species [1, 85]. The structure of ubiquitin is globular and consists of two α helices which are 

grasped by five β strands to form the β-grasp fold with a flexible six residue tail at the C termi-

nus [86, 87] (Figure 3). With only three conservative changes, ubiquitin is nearly invariant from 

yeast to human suggesting high evolutionary pressure conserving the structure of ubiquitin [86] 

The β-grasp fold or ubiquitin fold is not exclusive to eukaryotes. Antecedents were found in 

prokaryotic proteins such as ThiS, MoaD, and small archaeal modifier proteins (SAMPs), 

which all have similar conjugation machineries. Hence, all these β-grasp fold containing pro-

teins very likely evolved from a common ancestral protein, which gave rise to different but 

comparable conjugation systems present in all domains of life [88-90]. In eukaryotes, ubiquitin 

is expressed as an inactive precursor protein from a total of four different genes. Two of these 

genes, UBA52 and RPS27a, each encode one moiety of ubiquitin fused to ribosomal proteins 

L40 and S27a, respectively. The remaining two genes, UBB and UBC, encode for several ubiq-

uitin moieties that are expressed as polyubiquitin peptides in head to tail repeats. However, the 

number of repeats may vary between different species and strains [91, 92]. These precursor 

proteins are processed by isopeptidases called deubiquitinating enzymes (DUBs) to free the 

Figure 3 The ubiquitin structure. Ribbon diagram of the ubiquitin structure with its five β-sheets (purple) and 

two α-helices (cyan). The typical β-grasp fold is formed by the β-sheets and the central α-helix. This figure is 

adapted from [99]. 
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single ubiquitin molecules and expose their C-terminal diglycine residue [93, 94]. This free C-

terminal diglycine residue is essential for ubiquitin to become covalently conjugated to target 

proteins, however conjugation can also occur via the ubiquitin N-terminus [95, 96]. Target pro-

teins become either modified by a single ubiquitin molecule or by polymeric ubiquitin chains. 

These polymeric ubiquitin chains are linked via one of ubiquitin’s internal lysine (Lys6, Lys11, 

Lys27, Lys29, Lys33, Lys48, Lys63) [86, 97, 98]. Conjugation of ubiquitin to its target proteins 

is mediated via a three-step enzyme cascade consisting of an activating enzyme (E1), a conju-

gating enzyme (E2), and a ligase (E3) in an ATP dependent manner. [99] 

4.1.5. Ubiquitin Conjugation and De-Conjugation 

The process of ubiquitin conjugation or ubiquitination, based on an isopeptide linkage, requires 

the action of a multistep enzyme cascade, catalysing the activation and ligation of the C-termi-

nal glycine carboxylate to an ε-amino group of a specific lysine residue within the substrate 

sequence [100]. In humans ubiquitination is mediated by one of the two known E1 activating 

enzymes, UBA1 [101] and UBA6 [102-104], one of the approximately 40 known E2 conjugat-

ing enzymes and one of the over 600 hundred E3 ligating enzymes [95, 105, 106]. In the first 

step of ubiquitination one of the two E1 activating enzymes, either UBA1 or UBA6, binds a 

ubiquitin moiety, ATP and magnesium. This results in the formation of a ubiquitin adenylate at 

the C-terminal glycine residue and the release of pyrophosphate [107]. The highly energetic 

ubiquitin adenylate formed is bound to the adenylation site on the E1 activating enzyme. Re-

leasing AMP the ubiquitin adenylate next reacts with the active site cysteine of the E1 activating 

enzyme and forms a thioester bond between the C-terminal glycine residue and the active site 

cysteine. Following the release of AMP a second ubiquitin moiety is bound and adenylated at 

the adenylation site of the E1 activating enzyme with the already bound thioester-linked ubiq-

uitin. Ubiquitin is now activated for transfer and conjugation and the E1 activating enzyme is 

fully loaded. These conditions enable an E2 conjugating enzyme to attach to the fully loaded 

E1 enzyme [107-111]. Then, the fully loaded E1 activating enzyme mediates the transfer of the 

thioester-linked ubiquitin molecule onto the active site cysteine of an E2 conjugating enzyme 

in a transthiolation reaction. All E2 conjugating enzymes contain a catalytic ubiquitin-conjugat-

ing (UBC) domain. The UBC domain harbours the active site cysteine and enables E2 conju-

gating enzymes to interact with E1 activating enzymes as well as the E3 ligases [112]. E3 lig-

ases are responsible for the last step of ubiquitin conjugation either onto substrate proteins or 
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onto another ubiquitin moiety. The E3 ligase binds the E2-ubiquitinthioester complex and the 

substrate protein. The mechanism of the transfer however differs between the three main classes 

of E3 ligases. The “really-interesting-new-gene” (RING) domain containing E3 ligases, which 

include U box domain containing E3 ligases, function as adapter proteins. They mediate the 

close proximity of charged E2 conjugating enzymes and substrate proteins that is necessary for 

the ubiquitin transfer. In contrast, the classes of “homologous to E6AP C-terminus’ (HECT) 

domain and ‘RING-between-RING’ (RBR) domain E3 ligases contain an active site cysteine 

accepting ubiquitin from the E2 enzyme in another transthiolation reaction before they transfer 

the ubiquitin onto the substrate protein [113, 114]. This whole process is driven by the affinity 

of the mediating enzymes within the conjugation cascade. Therefore, loaded E1s are more likely 

Figure 4 Ubiquitin conjugation and substrate degradation. Ubiquitination and degradation of substrate proteins 

is achieved by a series of reactions mediated by the enzymes of the ubiquitin proteasome system. In the activation 

reaction, ubiquitin is transferred to an E1 enzyme in an ATP-dependent manner (step 1). Subsequently, the acti-

vated ubiquitin is transferred to an E2 enzyme in the conjugating reaction (step 2). Next, the E2 enzyme mediates 

binding with an E3 enzyme, also known as ubiquitin ligase (step 3). The E3 can covalently ligate ubiquitin to Lys 

residues on the substrate protein and mediates the substrate specificity. The process of ubiquitin ligation may be 

repeated with a Lys of the ubiquitin protein itself serving as the substrate, leading to the formation of a polyubiq-

uitin chain on the target protein. Deubiquitinating enzymes can reverse substrate protein ubiquitination (step 4). 

Ligation of polyubiquitin has diverse biological consequences for the substrate protein. Lys48 and Lys11-linked 

polyubiquitin chains target the substrate protein for proteasomal degradation (step 5). Conversely, linear, Lys63-

and Lys11-linked chains promote the assembly of signalling complexes (step 6). X, Y and Z: ubiquitin-binding 

proteins, Pi: inorganic phosphate, PPi: inorganic diphosphate, Ub: ubiquitin. This figure and parts of the figure 

legend are adapted from [117]. 
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to bind to free E2 enzymes. Also, E3 ligases have higher affinity for charged E2 enzymes than 

to uncharged E2 enzymes [4, 115, 116]. [117]  

The attachment of ubiquitin and chain formation can be reversed or edited by DUBs. The human 

genome encodes for about 100 DUBs, which are catalytically active and thereby counteract the 

function of E3 ligases [118-122]. All DUBs are either cysteine proteases or zinc metalloprote-

ases that are divided into six subfamilies according to their different structures and features. 

There are “ubiquitin C terminal hydrolases” (UCHs), “ubiquitin-specific proteases” (USPs), 

“ovarian tumour proteases” (OTUs), “Josephins”, “motif interacting with ubiquitin containing 

novel DUB family” (MINDys) [123] and “JAB1/MPN/MOV34 metalloenzymes” (JAMMs). 

All of these families of DUBs belong to the group of cysteine proteases with the exception of 

JAMMs, which are zinc metalloproteases [94, 124]. In addition to their catalytic domain, DUBs 

harbour several different domains that can mediate protein-protein interactions [94, 118, 125]. 

As already mentioned above DUBs free single ubiquitin moieties from their precursor polypep-

tides and edit or trim existing polyubiquitin chains on substrates. Furthermore, DUBs can re-

move single ubiquitin moieties or entire polyubiquitin chains from modified substrates. Thus, 

DUBs counteract the ubiquitin signalling imposed by the modification, such as proteasomal 

degradation. In this way ubiquitin molecules are being recycled from substrates that are being 

degraded as well as from free polyubiquitin chains. Hence, DUBs regulate ubiquitin signalling 

and maintain the pool of free ubiquitin in the cell [94]. 

 

4.1.6. Types of Ubiquitin Modifications 

Ubiquitin conjugation to a specific lysine residue within a substrate sequence can remain as a 

simple monoubiquitination. Furthermore, additional cycles of ubiquitin activation and conju-

gation to the same substrate by the respective E1, E2, E3 enzyme cascade may take place. These 

ongoing rounds of conjugation can target additional lysine residues as well as the N-terminus 

within the substrate, which results in multi- monoubiquitination modifications. However, ubiq-

uitin can also be conjugated to an already covalently-linked ubiquitin through one of the seven 

lysine residues within ubiquitin (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63) or through 

the N-terminal methionine (M1) of ubiquitin [86, 97, 98]. In this way polyubiquitin chains can 

be formed. A large variety of polyubiquitin chains can be achieved by the diversity of different 

E2 enzymes and possible interactions of E2 enzymes with different E3 ligases. Also post trans-

lational modifications of ubiquitin, such as phosphorylation or chain editing through DUBs 
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contribute to large variety of polyubiquitin chains [86, 126]. In addition to ubiquitin chains that 

are made of ubiquitin moieties attached to each other through the same lysine residue, there are 

also polyubiquitin chains consisting of mixed linkages and containing branched chains. Even 

chains with other ubiquitin-like modifiers have been reported [127-129]. Just like the possible 

combinations and compositions of these modifications on substrate proteins the functional con-

sequences of mono, multi-mono-, and polyubiquitination are very diverse. Monoubiquitination 

and multi-monoubiquitination might be the simplest modification by ubiquitin. Nevertheless, a 

broad range of functions, such as transcriptional regulation, endocytosis, nuclear import and 

export, as well as DNA damage repair and replication modification of proteins can be achieved 

with only one ubiquitin moiety at one or several lysine residues [130]. Lys48-linked chains 

were the first identified and are probably the best characterised type of ubiquitin chain. Lys48-

linked ubiquitin chains are involved in proteasomal degradation of the substrate protein [131, 

132]. Initially it was proposed that these Lys48-linked chains had to consist of at least four 

ubiquitin moieties to be efficiently degraded [133]. Yet, new studies revealed that also mono- 

and multi-monoubiquitination, as well as two di-ubiquitin chains are enough to target a sub-

strate for proteasomal degradation [134-136]. Moreover, it has been shown that conjugation 

with Lys11- and Lys63-linked polyubiquitin chains as well as mixed chains that contain 

Lys11/Lys48- linked molecules are able to induce proteasomal degradation [137-141]. Re-

cently, it was proposed in the ubiquitin-threshold model that not the type of linkage is important 

to induce proteasome dependent degradation but rather the amount of ubiquitin molecules 

within the substrate linked chain [128]. M1 and mixed M1/Lys63-linked chains on the other 

hand have been reported to be involved in different immune signalling pathways such as the 

regulation of NF-κB activation [142-144]. Homogeneous Lys63 polyubiquitin chains are pro-

posed to regulate proteolytic and also non-proteolytic processes, such as mitophagy [145, 146], 

DNA repair [147, 148], as well as autophagy [149, 150] and the innate immune response [151]. 

Polyubiquitin chains linked via either Lys6 or Lys27 have been observed to affect mitochon-

drial homeostasis [145, 146, 152]. Additionally, they are involved in recruitment of proteins 

involved in the DNA damage response and repair [153-156]. Lys33-linked ubiquitin chains are 

involved in intracellular trafficking [157] whereas Lys29-linked chains are reported to avert 

stress induced proteasomal degradation [158]. Mixed chain formation with other ubiquitin-like 

modifiers (ULM) such as neural-precursor-cell-expressed developmentally down-regulated 8 

(NEDD8) or the small ubiquitin-related modifier (SUMO) have also been reported, yet, the 

functional consequences of those mixed chains are not yet fully understood [128]. Recently it 

was reported that ubiquitin is a substrate of the ubiquitin-like modifier ISG15 with Lys29 on 
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ubiquitin being the major ISG15 acceptor site [127]. These Lys29 linked ISG15-ubiquitin 

mixed chains negatively regulate cellular turnover of ubiquitinated proteins and prevent them 

from proteasomal degradation. Hence, first functional consequences of mixed chains between 

ubiquitin and ubiquitin-like modifiers are being discovered. Nevertheless, further research is 

necessary to unravel the entire complexity and functions of ubiquitin conjugation. 

4.1.7. Ubiquitin-Like Modifiers 

Ubiquitin-like modifiers share, as the name already suggests, a similar three-dimensional struc-

ture with ubiquitin. The β-grasp fold is shared by ubiquitin, ULMs and ubiquitin-domain pro-

teins (UDPs) [159]. All of them form the family of ubiquitin-like (UBL) proteins [160, 161]. 

Even though UDPs contain the three-dimensional β-grasp fold among other domains or patches 

in a larger protein, they are not conjugated to substrate proteins via this domain. UDPs rather 

enable protein-protein interactions [162]. ULMs on the other hand are small proteins that prin-

cipally consist of the ubiquitin-like β-grasp fold [159, 163]. So far 11 different ULMs have been 

discovered and are listed in Table 1 adapted from Herrmann et al. [164]. 

Most of the ULMs share mutual characteristics such as their expression as precursors, depend-

ency on C-terminal processing prior to their activation by E1 enzymes as well as a conjugation 

machinery like ubiquitin [165]. But not all ULMs need processing to gain a free C terminal 

diglycine motif as FAT10, ATG12 and URM1 are translated as mature proteins that can be 

conjugation to their substrate proteins [165]. In contrast to other ULMs ISG15 as well as FAT10 

consist of two ubiquitin-like domains and furthermore belong, together with MNSFβ/FUBI, to 

the cytokine-inducible ULMs [166-170]. ISG15 and MNSFβ have even been reported to be 

secreted from cells acting in a cytokine-like manner [169, 171, 172]. While many of the ULMs 

possess a C-terminal diglycine residue others, like UFM1, Atg8 and Atg12 only possess one 

C-terminal glycine residue [173-175]. In UBL5 this C-terminal motif is lacking completely and 

instead UBL5 harbours a conserved dityrosine motif at this site [176]. While most ULMs are  
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Table 1 The known ubiquitin-like modifiers 

covalently conjugated to their substrates, UBL5 interacts with its target proteins only non-co-

valently and independent of ATP hydrolysis [192-196]. In accordance with this fact UBL5 and 

MUBs lack E1 activating, E2 conjugating enzymes as well as E3 ligases and de-conjugating 

enzymes [195]. MUBs represent a unique group of ULM. They harbour a conserved CaaX 

(cysteine-aliphatic-aliphatic-any amino acid) motif at their C-terminus. This motif enables 

MUBs to be anchored to membranes upon prenylation. Hence, it is possible that MUBs are not 

substrate modifying ULMs. Also, the structures of MUBs show that there are pronounced N- 

and C-terminal extensions as well as external loops that protrude from the β-grasp fold [191]. 

But not only MUB and UBL5 have a different conjugation pathway compared to other ULMs. 

The conjugation pathway of URM1 differs, too. Activation of URM1 by its E1 enzyme UBA4 

leads to the formation of a thiocarboxylate intermediate at the C-terminal glycine instead of the 

classical thioester intermediate. Upon activation URM1-thiocarboxylate likely conjugates to 

substrates without further involvement of E2 conjugating enzymes and E3 ligases [197-199]. 

For this reason and due to the sequence and structure of URM1, that is closely related to bacte-

rial sulphur carrier proteins [189], it is suggested to represent the evolutionary link between 

ULM Ubiquitin like modifier Reference 

ISG15 Interferon-stimulated gene 15 [177, 178] 

MNSFβ 
(FUB1, Fubi) 

Monoclonal nonspecific suppressor factor β 
(Fau ubiquitin-like protein) 

[179, 180] 

NEDD8 Neural precursor cell-expressed, 
developmentally downregulated 8 

[181, 182] 

FAT10 HLA-F locus associated transcript 10 [183, 184] 

SUMO1-3 Small ubiquitin like modifiers-1, -2, -3 [185, 186] 

ATG12 Autophagy related gene 12 [173, 187] 

ATG8 Autophagy related gene 8 [174, 188] 

URM1 Ubiquitin-related modifier-1 [189] 

UBL5  Ubiquitin-like 5  [190] 

UFM1 Ubiquitin-fold modifier-1 [175] 

MUB Membrane anchored ubiquitin-fold protein [191] 
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ubiquitin or ULM protein conjugation pathways in eukaryotes and ubiquitin-like sulphur trans-

fer pathways present in prokaryotes [96, 195, 200]. 

Apart from these differences, ULMs also share common features and may even overlap in their 

conjugation cascades. For instance, FAT10 and ubiquitin both can be activated by the E1 UBA6 

[104, 201-203] and UBE1 can also induce Nedd8 conjugation under stress conditions [109, 204, 

205]. The E2 conjugating enzyme UBE2L6 is specific for both ISG15 and ubiquitin. Both har-

bour a similar C terminal tail and are additionally cleared from protein substrates by similar 

DUBs [94, 206]. It has even been reported that ISG15-ubiquitin can form mixed chains [127]. 

Modifications with ULMs implicate a broad range of outcomes that are reviewed in [96, 195, 

207]. An in-depth description of the ULM ISG15 is presented in chapter 4.2. 

4.2. The ubiquitin like modifier ISG15 

The first ubiquitin-like protein to be discovered was ISG15. Two different laboratories inde-

pendently discovered this modifier during a study characterizing proteins induced by type I 

interferons (IFN) [178] and in an evaluation on how the pool of ubiquitin conjugates is affected 

by viral infection [208]. They found a protein that was rapidly and robustly induced after type 

I IFN stimulation or by viral infection, which cross-reacted with an antibody raised against 

ubiquitin. Therefore, ISG15 was originally named “ubiquitin cross-reactive protein”. ISG15 is 

composed of two ubiquitin-like domains that have approximately 30% amino acid sequence 

homology to ubiquitin, linked by a short hinge region [208-210], which could also be shown 

when the crystal structure of ISG15 was solved [211] (Figure 5). The protein is translated from 

a two-exon, 711 base-long mRNA to generate a 17-kDa, 165-amino acid precursor protein. The 

precursor is processed by the post-translational removal of the eight amino acids at the C ter-

minus and the N-terminal methionine resulting in a stable 156-amino acid protein of 15 kDa 

[178, 209, 212]. The C terminal processing exposes the diglycine residue of ISG15 [213, 214], 

that is common to most ULMs. Expression is not only strongly induced by type I interferons, 

but also by viral and bacterial infections [213, 215], lipopolysaccharide (LPS) [216], retinoic 

acid [217] or certain genotoxic stressors [218]. This indicates that the expression of ISG15 rep-

resents a host response to pathogenic stimuli. As a ULM, free ISG15 can be conjugated through 

a series of enzymatic reactions involving an E1, E2 and E3 enzyme to lysine residues of sub-

strate proteins similar to ubiquitin in a process referred to as ISGylation [208, 210, 219]. 
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4.2.1. ISG15 Conjugation and De-Conjugation 

ISGylation occurs through a series of enzymatic reactions that is similar to the ubiquitin conju-

gation pathway (Figure 6). The cognate ISG15 E1 activating enzyme is UbE1L. It initiates the 

ISG15 conjugation enzymatic pathway by forming an ATP-dependent thioester bond between 

the C-terminal diglycine motive of ISG15 and a cysteine residue of UbE1L [213, 220, 221]. As 

the only known E1 enzyme for ISG15 it appears to be specific for ISG15 as it has not formed 

thioester bonds with other ubiquitin-like modifiers [102, 213]. The importance of UbE1L in this 

pathway could be confirmed by investigating UbE1L deficient mice, which expressed uncon-

jugated ISG15 but did not form ISG15 conjugates [221]. Following activation by UbE1L, 

ISG15 is then transferred to the active-site cysteine of an E2 conjugating enzyme. UbcH8 (hu-

man) and UbcM8 (mouse) were shown to be the predominant E2 enzymes in the ISG15 conju-

gation system as siRNA knockdown of UbcH8 in human cells, and UbcM8 in mouse cells, 

results in nearly complete loss of ISG15 conjugate formation [222, 223]. Further experiments 

which assessed whether other proteins may serve as ISG15 E2 enzymes showed that transfer of 

ISG15 to UbcH5 and to UbcH7, the closest homologs of UbcH8, were highly unfavourable 

Figure 5 Structure of ISG15. (A) Ribbon diagram of ISG15 showing the N- and C-terminal domain as well as 

the connecting hinge. (B) Overlay of ribbon diagrams for ubiquitin (pink) with the N- (blue) and C-terminal (green) 

domains of ISG15 to emphasize the similarities in their respective β-grasp folds. This figure and parts of the figure 

legend are adapted from [211] 
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[220, 224]. Finally, an E3 ligase facilitates the conjugation of ISG15 to target proteins. HERC5 

as well as HHARI and Efp (TRIM25) have been demonstrated to be E3 ligases for ISG15 [225-

228]. While HHARI and Efp have been shown to act as E3 ligases for specific target proteins, 

siRNA knockdown of the HECT E3 ligase HERC5 has been proven to abrogate nearly all 

ISG15 conjugate formation. This suggests that HERC5 is the predominant E3 ligase for ISG15. 

Likewise it was demonstrated in knockdown studies in mouse cells that HERC6 is the predom-

inant ISG15 E3 ligase in mice [229-231]. In 2010 Durfee et al. [232] were able to show that 

ISG15 conjugates to almost any protein inserted into an expression vector suggesting that IS-

Gylation requires little sequence specificity. The ISGylation profile altered when truncated ver-

sions of target proteins were used, further suggesting that the specificity of ISG15 conjugation 

is not strictly determined by the local amino acid sequence environment of its lysine residues. 

Furthermore, it was shown that ISGylation targets newly translated proteins, as HERC5 is as-

sociated with polyribosomes [232]. Thus, the specificity of ISG15 is partially derived from the 

temporal expression of target proteins. The mechanism how, or if, ISG15 discriminates between 

proteins within the pool of actively translated proteins is uncertain. [233]  

ISGylation can be reversed by a deconjugating enzyme. Ubl carboxy-terminal hydrolase 18 

(USP18) has been shown to deconjugate ISG15 from ISGylated target proteins [234, 235]. 

Figure 6 The ISG15 conjugation pathway. ISGylation utilizes a three-step enzymatic cascade similar to that of 

ubiquitination. Following the ATP dependent activation of ISG15 by the E1 enzyme UBE1L, ISG15 is transferred 

to the active-site cysteine of the E2 enzyme. The E3 ligase, associated with polyribosomes, facilitates the conju-

gation of ISG15 to newly synthesized proteins. ISGylation is also reversible via the specific removal of ISG15 

from conjugated proteins by the deconjugating enzyme USP18. PPi: inorganic diphosphate. This figure and parts 

of the figure legend are adapted from [233] 
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USP18 specificity for ISG15 is achieved through a hydrophobic interaction between a hydro-

phobic patch in USP18 and a hydrophobic region that is unique to ISG15 [235]. In vitro studies 

as well as USP18 deficient mice were addressed to investigate the biological function of USP18 

and the effect of increasing ISG15 conjugation [234, 236, 237]. As USP18 binds to the inter-

feron α/β receptor (IFNAR) 2 and inhibits IFN signalling independent of its deconjugating ac-

tivity [238, 239], the results of these studies need to be interpreted with caution to distinguish 

the effects on ISG15 conjugation and the effects on dysregulated interferon signalling. Apart 

from USP18 also USP2, USP5, USP13 and USP14 have been shown to cleave peptides fused 

to the C-terminus of ISG15 [240]. Nevertheless, further studies are needed to determine whether 

they can serve as deconjugating enzymes removing ISG15 from ISGylated proteins and to elu-

cidate their biological roles in the regulation of ISGylation. 

Although the biochemical conjugation of ISG15 resembles that of ubiquitination, there are sev-

eral notable differences between their conjugation systems. First, ISG15 as well as all predom-

inant conjugation and deconjugation enzymes, UbE1L, UbcH8/UbcM8, HERC5/HERC6, and 

UBP43/USP18 are all induced by type I IFN stimulation. Furthermore, the ubiquitin conjuga-

tion system comprises a huge number of E2 enzymes and E3 enzymes [95, 105, 106]. This 

binding specificity of E2s to E3s and E3s to target proteins enables ubiquitin to affect a vast 

number of biological processes with great specificity. In contrast, conjugation of ISG15 to 

nearly all its target proteins occurs through a cascade involving one E2 enzyme and one E3 

enzyme. Finally, ISG15 does not conjugate to itself to form ISG15 chains in the manner of 

poly-ubiquitin modification. These differences between the ISG15 and ubiquitin pathways are 

not fully understood but most likely reflect the specific function of ISG15 conjugation. How-

ever, the molecular effect of ISGylation on a target protein is still poorly understood. ISG15 

has been reported to increase protein degradation by selective autophagy [241]. Furthermore, 

the formation of mixed chains of ubiquitin and ISG15 interferes with substrate degradation by 

the proteasome [242]. In contrast, it has also been reported that ISGylated p53 is degraded in a 

proteasome dependent manner [243]. The functions of ISG15 as a post-translational modifier 

and in its free form will be presented in the following chapters. 

4.2.2. The Roles of Free ISG15 

Initially ISG15 was thought to act only intracellularly. However, it has been detected in the 

serum of patients treated with interferon and in virus infected mice [171, 244-246]. Still, the 

mechanism of ISG15 secretion is not fully understood. It has been suggested that ISG15 is not 
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secreted by the Golgi complex, which is the classical protein transport pathway, as ISG15 does 

not contain a secretory signal peptide [246]. These findings led to the association of ISG15 with 

the proinflammatory cytokine Interleukin (IL)-1β as IL-1β [247, 248] and ISG15 are both syn-

thesized from a larger precursor protein [212]. Furthermore, both lack a secretory signal peptide 

[171] and are not secreted by the classical pathway [246]. IL-1β has previously been shown to 

reach the extracellular environment through several different molecular mechanisms. These in-

clude secretory lysosomes [248], shedding of plasma membrane microvesicles [249, 250], ex-

ocytosis of exosomes [251] or through apoptosis [252]. Recent studies have shown that ISG15 

could also be released via non-conventional secretion, including in exosomes [253] or through 

the release of neutrophil granules from secretory lysosomes as ISG15 colocalizes with gelati-

nase and secretory granules in neutrophils [254]. Neutrophils are the first cells arriving at the 

site of infections. They are able to produce numerous cytokines and chemokines that are crucial 

for the initial inflammatory response at the site of infection [255]. For example, IL-8, IL-6, and 

IL-1β are cytokines that have also been detected inside gelatinase granules of neutrophils [256]. 

Of note is that not only neutrophils but also monocytes, T cells, conventional dendritic cell 

(DC), plasmacytoid DC as well as NK cells produce ISG15. Therefore, they might be able to 

secret ISG15 [254]. Once secreted, ISG15 is able to modulate the function of different immune 

cells. It has been demonstrated that secreted ISG15 induces production of IFN-γ [257] and en-

hances NK cell proliferation in a B lymphocyte-depleted primary culture without inducing the 

production of IL-2 or IL-12 [258] and had chemo-attractant properties to murine neutrophils 

[259]. Yet, the mechanism in which secreted ISG15 acts to induce IFN-γ remained unknown 

until Swaim et al. [260] identified LFA-1 as the receptor for extracellular ISG15. Direct binding 

of ISG15 to LFA-1 initiates “outside-in” signalling and activation of Src-Family Kinases, lead-

ing to secretion of IFN-γ and IL-10 from Natural Killer cells [260]. A recent study suggests that 

secreted ISG15 promotes CTL responses via NK cell signalling through LFA-1 [261]. NK cells 

can help activate DCs and thus promote adaptive immunity [262]. Therefore, ISG15 might af-

fect NK cell–DC crosstalk and thereby create an optimal CTL response. This suggests a role of 

ISG15 in innate immunity that promotes a CTL response as an alternative or supplement to 

CD4+ T cell help [263]. 

Additional to these extracellular roles it has recently been shown that, similar to ubiquitin, free, 

intracellular ISG15 can non-covalently bind to intracellular proteins and thereby modulate their 

functions [264, 265]. For instance, ISG15 has been shown to bind to and block the enzymatic 

activities of enzymes [241, 266]. ISG15 is capable of regulating type I interferon signalling by 

stabilizing USP18 [267] and by interacting with leucine-rich repeat-containing protein 25 
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(LRRC25) ISG15 mediates autophagic degradation of retinoic acid-inducible gene I protein 

(RIG-I) [268]. 

4.2.3. Intracellular Roles of ISGylation 

Apart from its free form ISG15 plays a role as a post-translational modifier that is being conju-

gated to substrate proteins. Deregulations in ISG15 and its conjugation are closely associated 

with pathogenesis of cancer as reviewed by Han et al. [269]. However, the by far most studied 

effect of ISG15 is its central role in the host antiviral response. The antiviral activity of ISG15 

was first observed during Sindbis virus infection [270] where mice infected with a Sindbis virus 

expressing ISG15 were protected from virus induced lethality compared to a control Sindbis 

virus. The generation of ISG15 deficient mice later on allowed verification of its antiviral ac-

tivity in vivo [271]. When ISG15−/− mice were infected with Sindbis virus they were found to 

be more susceptible to lethality when compared to WT mice [272]. This effect was rescued 

when the mice were infected with a recombinant virus expressing ISG15, but not when infected 

with a recombinant virus expressing an ISG15 mutant incapable of forming conjugates due to 

the lacking diglycine motive [272]. These findings indicate that in this viral model the antiviral 

activity of ISG15 was dependent on its ability to conjugate to proteins. This was confirmed by 

using UbE1L−/− mice, unable to conjugate ISG15 to substrate proteins, that were also more 

susceptible to Sindbis virus infection [273]. Moreover, ISG15−/− mice exhibited increased mor-

tality after infection with influenza A and influenza B viruses [244, 272]. During late influenza 

B virus infection, ISG15−/− mice showed dramatic weight loss and viral loads were up to 

1000-fold higher compared to control mice. Furthermore since UbE1L −/− mice infected with 

influenza B virus displayed very similarly lethality and increased viral burden compared to 

control mice, these findings supported an ISG15 mediated protection from influenza B virus, 

which is dependent on the ability of ISG15 to form conjugates [244]. Studies using cox-

sackievirus B3 virus (CVB3) were able to confirm an antiviral role for ISG15 that is mediated 

through its conjugation activity [274]. ISG15−/− as well as UbE1L−/− mice infected with this 

virus displayed more severe myocarditis, increased viral loads and increased lethality following 

the infection [274]. Development of USP18C61A mice, in which the gene encoding USP18 is 

mutated at the active site cysteine to disrupt the deconjugating activity while leaving its ability 

to regulate interferon signalling intact, confirmed that an accumulation of ISG15 conjugates 

resulted in increased resistance to infection during influenza B and vaccinia virus infection 

[275]. Regardless of this diverse array of viruses that appear to be affected by ISG15, ISG15−/− 

mice did not displayed increased susceptibility to all viruses tested. Following infection of 
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ISG15−/− mice with lymphocytic choriomeningitis virus (LCMV) or vesicular stomatitis virus 

(VSV) no phenotype was observed [271].However, in in vitro studies VSV has been reported 

to be inhibited by ISG15. In addition, also Influenza virus [272], vaccinia virus [276], Newcas-

tle disease virus (NDV), Sendai virus (SeV) [277], Japanese encephalitis virus (JEV) [278], 

human immunodeficiency virus 1 (HIV-1) [279, 280], avian sarcoma leucosis virus (ASLV) 

[279, 281], human papilloma virus (HPV) [232], Ebola virus-like particles (VLPs) [266, 282], 

dengue virus and West Nile virus (WNV) [283] have all been reported to be inhibited by ISG15 

in vitro. Yet, most of those effects could not be confirmed in vivo. Therefore, the antiviral ac-

tivity of ISG15 remains complex and not completely understood. In vitro and in vivo studies 

have shown that ISG15 is able to target viruses from diverse families ranging from retroviruses 

(ASLV, HIV-1), to large DNA viruses (vaccinia virus, HSV-1), to both positive (Sindbis virus) 

and negative sense (Influenza A virus) RNA viruses [266, 272, 276, 279]. The mechanisms 

through which ISG15 mediates protection are just as diverse. Many studies have shown that 

ISGylation of both host and viral proteins as well as the non-covalent binding of ISG15 to host 

proteins can disrupt viral replication.  

Several studies have shown that ISG15 can influence the viral life cycle at the stage of virus 

release. Inhibited virus release was observed when investigating the effect of ISG15 on HIV-1 

replication in Hek 293T cells. In cells transfected with proviral DNA of HIV-1 release of HIV-1 

was found to be inhibited when co-transfected with a plasmid expressing ISG15 [266]. ISG15 

successfully inhibited HIV-1 release into the supernatant, however it did not alter HIV-1 protein 

production. Expression of ISG15 inhibited the mono-ubiquitination of the HIV-1 Gag polypro-

tein, thereby disrupting the interaction between Gag and the host tumour susceptibility gene 

101 protein (TSG101), both of which are required for HIV-1 budding and release [284]. The 

inhibition of HIV-1 release was enhanced when UbE1L was co-transfected, however ectopic 

expression of ISG15 alone could inhibit the Gag-Tsg101 interaction. This suggests that the 

unconjugated form of ISG15 may be partly mediating this inhibition. Anyhow, a different study 

showed that HERC5 mediated ISGylation of the HIV-1 Gag protein was able to inhibit HIV-1 

budding from the plasma membrane [280]. Furthermore, it was also shown that overexpression 

of ISG15 without HERC5 resulted in an accumulation of Gag in cytoplasmic clusters, whereas 

co-expression of ISG15 with HERC5 resulted in an accumulation of Gag at the plasma mem-

brane. These findings indicate two distinct mechanisms by which unconjugated ISG15 and IS-

Gylation may act to block budding of HIV-1. Recent studies also showed that the transport of 

influenza a virus (IAV) haemagglutinin (HA) to the cell surface in a semi-intact cell system can 
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be inhibited by the ISGylation of TSG101. In this study, HA transport was restored when sam-

ples were treated with USP18 [285]. ISG15 was also shown to inhibit Ebola virus-like particles 

(VLPs) budding by a similar mechanism. Two studies demonstrated that the co-expression of 

ISG15 with the Ebola matrix protein VP40 can inhibit VP40 VLP release by inhibiting Nedd4 

ligase activity, and thus inhibiting ubiquitination of VP40 [266, 282]. Overexpression of ISG15 

alone was able to disrupt Ebola release, suggesting that unconjugated ISG15 might be capable 

of inhibiting Nedd4 ligase activity [266]. Therefore, ISG15 can limit the replication of some 

viruses through modifications of proteins that are involved in transport, budding and release of 

the virus. 

Also, direct ISGylation of viral proteins can disrupt viral replication. As mentioned before, it 

was found that HIV-1 Gag protein can be ISGylated by HERC5 [280]. Furthermore, ISGylation 

of the non-structural protein 1 of IAV (NS1/A) at Lys41 inhibits the nuclear translocation of 

NS1/A by disrupting its interaction with importin-α [286]. Therefor the virus is left susceptible 

to inhibition by interferon as NS1/A plays a crucial in viral replication by inhibiting the induc-

tion of type I interferons [287]. Other studies investigating influenza B virus (IBV) and HPV 

have suggested that ISGylation of viral proteins blocks oligomerization. This disrupts the func-

tion and geometry of viral complexes. Oligomerization of IBV nucleoprotein (NP) forms the 

viral ribonucleoprotein, which is required for viral RNA synthesis. ISGylated IBV NP acts as 

a dominant-negative inhibitor of the oligomerization of unmodified NP. In this way it restricts 

viral RNA synthesis and reduces IBV replication [288]. The HPV capsid protein L1 can also 

be ISGylated. When ISGylated L1 is incorporated into viral particles the number and the infec-

tivity of particles were found to be decreased, possibly resulting from the alterations in the 

geometry of the viral capsid [232].This model could explain how ISG15 is capable of having a 

strong antiviral effect even though only a minor fraction of proteins is ISGylated. Changing the 

capsid structure by ISGylation of only a small fraction of the total pool of a protein could lead 

to a large downstream effect on viral fitness.  

In addition to viral proteins also host proteins can be modified. Both Janus kinase 1 (Jak1) and 

Signal transducer and activator of transcription 1 (STAT1) were shown to be ISGylated in hu-

man thymus tissue [289]. In proteomic studies, many ISGs have been identified as ISG15 tar-

gets [290, 291]. For instance ISGylation of Interferon regulatory factor 3 (IRF3) has been 

shown to stabilize activated IRF3, thereby positively regulating the type I IFN response [277, 

292]. IRF3 has been shown to be ISGylated on multiple lysine residues which prevents ubiqui-

tination and degradation of IRF3, resulting in a more robust IFN response [292]. Likewise, 
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ISGylation of STAT1 interferes with its ubiquitination and subsequent degradation [293]. 

Moreover, retinoic acid inducible gene I (RIG-I) was found to be ISGylated in ISG15 trans-

fected cells [294]. Overexpression of the ISG15 conjugation machinery also resulted in de-

creased levels of non-ISGylated RIG-I in a non-proteasome dependent manner. This reduction 

of RIG-I levels was not observed in UbE1L−/− cells. This implicates the importance of ISG15 

conjugation to facilitate this phenomenon. The reduction of RIG-I protein levels correlated with 

a reduction in the intensity of the IFN response triggered by Newcastle disease virus [294]. 

These studies suggest that the regulation of interferon signalling can be altered by ISG15. How-

ever, it is noteworthy that regardless of the number of studies evaluating the regulation of ISGs 

by ISG15, studies in ISG15−/− mice and ISG15−/− cells could not demonstrate that ISGylation 

plays a role in the regulation of the type I IFN response [221]. 

4.2.4. Human ISG15 Deficiency 

The antiviral activity of ISG15 has been investigated in numerous in vitro and in vivo studies. 

Due to the various modes of action that ISG15 utilizes to exert its antiviral role, there are many 

questions remaining regarding its contribution to the host response to infection. In the past years 

several human patients have been identified with ISG15 deficiency [267, 295]. Contrary to the 

expectation that these individuals would be susceptible to viral infections as implicated by many 

studies in mice, these ISG15 deficient patients rather displayed an enhanced type I IFN signa-

ture in their blood, increasing their resistance to viral infections [267, 296]. In fact, these indi-

viduals presented a susceptibility to environmental mycobacteria. Studies of these patients pro-

vided insight into the function of ISG15. It was demonstrated that a lack of secreted free ISG15 

resulted in impaired lymphocyte IFN-γ production. These lower levels of IFN-γ were found to 

be corrected by stimulation with recombinant human ISG15 [295]. The ISG15 deficient indi-

viduals were tested positive in serological tests for common viruses [295, 297]. However, no 

individual presented an atypical viral disease phenotype, suggesting that ISG15 is completely 

dispensable for antiviral immunity, at least for the viruses that these patients had encountered 

[295]. These findings contrast strongly with the large amount of data from mouse in vivo studies 

showing that ISG15 deficiency can lead to greater susceptibility to viral infection. This highly 

argues for a difference between the functions of ISG15 in humans and mice. Additional studies 

will be required to better understand these differences. 
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4.3. Antigen Processing and Presentation 

Antigen presentation is a vital immune process that is crucial for T cell immune response. T 

cells can only recognise antigens in the peptide-binding groove of surface-expressed MHC mol-

ecules. For this to happen antigen processing must occur, before the antigen fragment can be 

transported to the surface of the cell. There are two major classes of MHC molecules which 

execute this function differently. MHC class I molecules report on intracellular events such as 

viral infection, the presence of intracellular bacteria or cellular transformation to CD8+ T cells, 

whereas for MHC class II molecules, the goal is to sample the extracellular milieu and present 

antigens to CD4+ T cells [298].  

4.3.1. MHC class II pathway 

MHC class II molecules are primarily expressed by professional antigen presenting cells 

(APCs), such as dendritic cells, macrophages and B cells. However, MHC class II expression 

can be induced by IFN-γ and other stimuli in non-APCs, including mesenchymal stromal cells 

[299] as well as fibroblasts and endothelial cells [300]. On MHC class II, soluble and particulate 

antigens are efficiently captured by DCs and are degraded in the endocytic pathway by several 

proteases [301].There are three different MHC class II loci in humans, namely HLA-DR, HLA-

DQ and HLA-DP. MHC class II molecules are polymorphic, and more than 3,000 alleles are 

known [302]. The polymorphic amino acids of these molecules cluster in and around the pep-

tide-binding groove, shaping the peptide-binding pockets. Therefore, different MHC II alleles 

bind different peptides by virtue of their different anchor residues [303] An MHC class II mol-

ecule consists of transmembrane α- and β-chains, which are assembled in the endoplasmic re-

ticulum (ER) (Figure 7). Both transmembrane chains associate with the invariant chain (Ii) 

[304]. It is believed that the class II-associated Ii peptide (CLIP) region of Ii blocks the MHC 

class II peptide-binding groove, thus preventing the binding of other peptides in the ER. It has 

been shown, that the levels of endogenous antigen presentation are higher in Ii-deficient mice 

[305]. However, biochemical analyses of the same mice suggests that this is not an efficient 
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process, as hardly any MHC class II molecules are in a stable peptide-loaded form in the ab-

sence of Ii [306, 307]. The Ii–MHC class II complex is transported to a late endosomal com-

partment, which termed the MHC class II compartment (MIIC). After proteolytic degradation 

of proteins in the early endosome, which is tightly regulated by the ratio between cathepsin S 

and its endogenous inhibitor cystatin C, the chaperones HLA-DM/HLA-DO in humans and H2-

M/H2-O in mice facilitate CLIP removal and allow the binding of peptides with higher affinities 

[308, 309]. MHC class II molecules are then transported to the plasma membrane to present 

their peptide cargo to CD4+ T cells. [310]  

Figure 7 MHC class II antigen presentation pathway. MHC class II α- and β-chains assemble in the ER and 

form a complex with Ii. The Ii–MHC class II heterotrimer is transported through the Golgi to the MIIC, which can 

happen directly or via the plasma membrane. Endocytosed proteins and Ii are degraded by resident proteases in 

the MIIC. The CLIP fragment of Ii remains in the peptide-binding groove of the MHC class II dimer and is ex-

changed for an antigenic peptide. This is facilitated by the chaperone HLA-DM. Subsequently, MHC class II 

molecules are transported to the plasma membrane to present antigenic peptides to CD4+ T cells. This figure and 

parts of the figure legend are adapted from [310] 
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4.3.2. MHC class I pathway 

MHC class I molecules are expressed by all nucleated cells and present protein fragments of 

cytosolic and nuclear origin at the cell surface. These proteins of cytosolic and nuclear origin 

include intracellular viral and bacterial proteins as well as endogenous proteins. For presenta-

tion they are degraded to short peptides, bound to MHC class I molecules and presented to 

CD8+ cytotoxic T lymphocytes (CTL) on the cell surface [311, 312]. Proteasomal degradation 

results in peptides ranging from about 2-25 amino acids in length [27]. These peptides can be 

further trimmed or destroyed by cytosolic peptidases [7]. The resulting peptides are translocated 

into the ER by transporter associated with antigen presentation (TAP) in an ATP dependent 

manner [313] (Figure 8). TAP displays the highest transport efficiency for peptides with the 

length of 8-10 amino acid that additionally harbour a hydrophobic C-terminus. These charac-

teristics in peptides are ideal for their binding to MHC class I molecules [314] once they are in 

the ER. Loading onto MHC class I molecules is facilitated by the peptide loading complex. 

This complex consists of TAP, the chaperones calreticulin and tapasin and the thiol oxidore-

ductase ERp57 [315]. These chaperone proteins keep the heterodimer composed of the heavy 

chain (α-chain) and β2-microglobulin (β2m) stable. Only with a short peptide as a third com-

ponent a stable MHC class I molecule is formed [316]. In a process referred to as “peptide 

editing” tapasin ensures binding of a high-affinity peptide [317]. N-terminally extended pep-

tides can be further trimmed by ER aminopeptidases (ERAP1 and ERAP2 in humans, ERAAP 

in mice) until the optimal length is achieved [318, 319]. Additionally, C-terminal trimming is 

possible but not very frequent [320]. When the peptide binds to MHC class I molecules, the 

chaperones are released and the fully assembled and peptide loaded MHC class I complex 

leaves the ER for presentation at the cell surface via the Golgi complex. Conversely, peptides 

and MHC class I molecules that fail to associate in the ER are returned to the cytosol for deg-

radation [321, 322].  
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Figure 8 MHC class I antigen presentation pathway. Post degradation of proteins by the proteasome and 

further trimming by aminopeptidases peptides may be transported into the ER lumen via TAP. In the ER lumen 

peptides may bind with MHC class I molecules directly or they may require further trimming by ER aminopep-

tidase associated with antigen processing (ERAAP) before they are considered suitable for MHC class I binding. 

Peptide–MHC class I complexes are then released from the peptide loading complex and the ER. They are 

transported to the plasma membrane for antigen presentation to CD8+ T cells. A fraction of peptides can enter 

the MHC class I pathway in neighbouring cells following translocation through gap junctions. Peptides may 

also derive from imperfectly made proteins (DRIPs), which are rapidly degraded by the proteasome. Surface 

MHC class I molecules can be ubiquitinated by MARCH family proteins to promote their internalization and 

lysosomal degradation. A fraction of endocytosed MHC class I molecules may be recycled after peptide ex-

change with endosomal peptides. This figure and parts of the figure legend are adapted from [310] 
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4.3.3. Source of antigenic peptides 

As mentioned above the short peptides that are presented by MHC class I are generated by 

proteasome-mediated degradation of proteins. Any cellular protein, including proteins of path-

ogenic origin can be the source of antigenic peptides [323, 324]. MHC class I cell surface ex-

pression and peptide-presentation have been shown to strongly depend on proteasomal activity 

[325-327]. As half-lives of proteins vary greatly and range from minutes to days, it would be 

expected that the time between the synthesis of a protein and the presentation of its peptides by 

MHC class I molecules should be comparable to the half-life of the protein. However, during a 

viral infection viral antigen are presented by MHC class I molecules much quicker than their 

natural half-lives would allow. For this reason, another mechanism must assist to allow fast 

presentation of antigens. Studies found that a large fraction of proteins is immediately degraded 

after synthesis before even forming functional proteins [328, 329]. These defective ribosomal 

products (DRiPs) are derived from defective transcription or translation [330, 331]. In addition, 

it has been shown that DRiPs may also arise from alternative reading frame usage, destabiliza-

tion of mRNAs by miRNAs or shRNA, failed assembly into larger protein complexes, the in-

corporation of wrong amino acids owing to mistakes by aminoacyl-tRNA synthetases or altered 

ubiquitin modifications [330, 332-339]. While all these mechanisms are able to produce sub-

strates for antigen processing their relative contribution and significance still remains elusive. 

The sheer accessibility of nascent chains to proteasomal degradation rather than defectiveness 

might render newly synthesized polypeptides the predominant source of antigen presentation 

[340]. Due to this translation-coupled degradation pathway, the translation of viral products is 

also directly coupled to MHC class I antigen presentation. Hence, DRiPs can explain why in-

fluenza virus is recognized by T cells approximately 1.5 hours post-infection, rather than 8 h 

later, when the first stable viral proteins are degraded in infected cells [341]. Furthermore, using 

DRiPs as a source of antigenic peptides enables the cells to reflect the protein synthesis rate 

rather than protein concentration on their surface. This becomes highly beneficial during infec-

tions with viruses, which tend to hijack most of a cell’s translation machinery [342]. 

Apart from the proteasome, other cellular pathways can contribute to the immunopeptidome 

[343]. Most peptidases in the cytosol and secretory pathway cooperate with the proteasome in 

antigen processing. Yet a few peptidases are suggested to be involved in proteasome-independ-

ent antigen processing [344]. Peptides presented on MHC class I can also derive from leader 

sequences cleaved off of ER-targeted polypeptides [345-347]. Also, autophagy, induced under 

various stress conditions, can be another source of antigenic peptides [348-350]. 
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4.3.4. Cross-Presentation 

The MHC class I antigen presentation system is designed in such a way that most cells exclu-

sively present their own antigens. However, in a special process referred to as cross-presenta-

tion, that is unique to DCs and macrophages, MHC class I molecules are also involved in the 

presentation of exogenous internalized antigens to stimulate CD8+ T cells [351-353]. Cross-

presentation is quite important as it plays a vital role in immune surveillance [353-355]. It al-

lows dendritic cells to acquire antigens from other infected cells and cancers in the periphery 

and then report their presence to naive CD8+ T cells in lymphoid organs, thus initiating an 

immune response. Phagocytes acquire these antigens via phagocytosis, micropinocytosis [356-

359] or via receptor-mediated endocytosis [360, 361]. There is more than one mechanism by 

which ingested antigens can be cross-presented. In the first pathway referred to as “cytosolic 

pathway”, antigens from the phagosome are transferred into the cytosol for degradation by the 

proteasome [362-364]. Afterwards, the fragments can be loaded on MHC class I molecules in 

the ER or be translocated back into the phagosome for local MHC class I peptide loading [357]. 

In a second pathway, called the “vacuolar pathway”, proteins are cleaved into peptides by en-

dosomal proteases like cathepsin S. Subsequently they are then bound by MHC class I mole-

cules possibly directly in the endocytic compartment in a pathway similar to MHC class II 

molecules [365-367]. TLR signalling can induce the accumulation of MHC I in recycling en-

dosomes to promote cross-presentation [368]. However, the vacuolar pathway might result in 

priming CD8+ T cells to different peptides than the ones T cells will encounter in infected cells, 

as the priming peptides are not generated by the proteasome but by proteases with potentially 

differing catalytic activity. Nevertheless, this may also be a problem in the cytosolic pathway 

as in the absence of inflammation, immunoproteasomes in dendritic cells may also generate 

different fragments than the constitutive proteasome in most peripheral cells [369]. Thus, 

whether and how cross-presentation allows the activation of CD8+ T cells recognizing the full 

range of antigenic peptides presented by peripheral cells remains unclear. However, regardless 

of the exact mechanism, cross-presentation allows MHC I molecules to present peptides from 

antigens that usually exclusively handled by MHC II molecules. 
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4.3.5. MHC class I polymorphism  

In most species, MHC class I heavy chains are encoded by three genes. In humans these are the 

human leukocyte antigen (HLA)-A, -B, and -C and in mice the histocompatibility-2 (H-2) K, 

D, and L. All these molecules are composed of an α-chain and β2m. The α-chain consists of the 

three domains α1, α2, and α3. The α1 and α2 together form the peptide-binding groove and 

display their cargo to the T cell receptor (TCR). The α3 domain facilitates interaction with the 

CD8 co-receptor of the TCR. The high polymorphism of the MHC proteins results in different 

peptide-binding grooves that recognize unique peptides owing to variations in the anchor resi-

dues to which the peptides dock [370]. Furthermore, HLA-A and HLA-B exhibit higher expres-

sion levels compared to HLA-C. Human HLA-C and H2-L in mice are poorly expressed for 

several reasons, which include transcriptional and/or post-transcriptional control by mi-

croRNAs [371, 372] and a more restricted peptide repertoire that limits assembly [373]. There 

are also differences when it comes to peptide loading. While most HLA-B in humans are almost 

always loaded with peptides, only a fraction of 30–70% of HLA-A and HLA-C are loaded 

[371]. Whereas the routes of antigen presentation by MHC class I molecules are well under-

stood, the consequences of polymorphisms in these molecules are only beginning to be appre-

ciated. 

 

4.3.6. Modulation of Antigen processing and presentation 

Many signalling pathways are important for various aspects of the host immune response. How-

ever, not much is known in terms of the participation of cell signalling pathways in antigen 

processing and presentation, the necessary first steps in the immune response. One of the best 

understood cell signalling pathway families is that mediated by mitogen-activated protein ki-

nases (MAPK) [374]. Upon receiving a cell stimulus like infection with a pathogen or exposure 

to inflammatory cytokines the subsequent activation of the MAPK pathways results in inflam-

mation, cell growth, differentiation or apoptosis. Thus, the activation of MAPK pathways is 

likely to potentially influence the ability of the host’s immune cells to appropriately respond to 

an infection. By blocking the MAPK p38 for example the clustering of dendritic cell and T cell 

is impaired, which can reduce effector T cell activation [375]. Furthermore, p38 is important 

for antigen presentation by MHC class I and II molecules as it increases antigen uptake of den-

dritic cells [376]. Also, the MAPK JNK has effects on many of the same cellular functions as 

p38 [377]. It was shown that mice deficient in the JNK isoform JNK2 generate more CD8+ T 
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cells in response to IL-2 [378], and more antiviral CD8+ cells are found in these mice following 

an infection with LCMV [379]. This suggests that JNK might have a negative effect on MHC 

class I mediated antigen presentation. In addition, the MAPKs ERK1/2 have been published to 

influence MHC class I and class II presentation [380, 381]. Also, the JAK/STAT signalling 

pathway [382-386] as well as signalling mediated by Toll-like receptors (TLR) [387-394] have 

been demonstrated to impact the class I and class II antigen presentation pathways. Moreover, 

the UPS plays a central role in the cellular immune response by generating peptides from intra-

cellular antigens. Consequently, interfering with this system has an impact on class I antigen 

presentation, as it is generally accepted that the UPS is responsible for the generation of the 

majority of MHC class I ligands [311].  

Chloroquine, which is a chemical compound primarily used to prevent and treat malaria, has 

been shown to decrease antigen processing and presentation by both macrophages [395] and 

lymphoid dendritic cells [396]. It has been shown that Chloroquine has an antiviral effect [397] 

and increases the late endosomal and lysosomal pH. This results in impaired release of viruses 

from the endosome or lysosome [398, 399]. However, it is exactly this elevation in pH that 

inhibits the dissociation of Ii, which is blocking the MHC class II peptide-binding groove. 

Therefore, a higher affinity of peptide for the α and β chains is required to displace Ii and form 

the α-β-peptide complex. 

By modulation of signalling pathways or important steps in antigen processing and presentation 

the immune response might be altered in a way that might not be favourable for the host. For 

this reason, chemical compounds used as drugs to treat patients should be investigated for their 

possible effects on antigen processing and presentation. Nevertheless, so far there is no test 

available that allows the investigation of influences on the antigen presentation pathway in a 

high-throughput fashion.  
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4.4. Aim of this Study 

The interferon stimulated gene 15 (Isg15) encodes a 15-kDa ubiquitin-like protein, that is 

strongly induced by type I interferons. ISG15 is conjugated to the bulk of newly synthesized 

polypeptides at the ribosome. Furthermore, ISG15 functions as an antiviral molecule and is one 

of the most strongly induced genes in response to a viral infection. The exact mechanism by 

which ISG15 operates to function as an antiviral molecule is still highly debated and remains 

unknown. It is hypothesized that ISG15 disturbs virus particle assembly by being covalently 

conjugated to viral proteins. While ISGylation of many different viral proteins is reported, the 

fate of those conjugated viral proteins however is unknown. Ubiquitin and the ubiquitin like 

modifier FAT10 can target modified proteins for degradation by the 26S proteasome. However, 

the cellular function of ISG15 with respect to protein degradation remains highly controversial. 

Thus, the aim of this study was to elucidate the fate of ISGylated proteins in terms of degrada-

tion by the proteasome. Since proteins modified by ubiquitin or the ubiquitin-like modifier 

Fat10 are degraded by the proteasome and generate peptides that will be loaded on major his-

tocompatibility complex (MHC) class-I molecules we furthermore aimed to investigate the role 

of ISG15 in antigen presentation of viral and cellular proteins.  

In a second project we aimed to develop an assay to test the influence of chemical compounds 

on antigen specific stimulation of T‐cells by dendritic cells. Until this day and to the best of our 

knowledge there is no test available that allows the investigation of influences on the antigen 

presentation pathway in a high-throughput fashion. However, being able to screen large 

amounts of chemical compounds on their ability to modulate antigen presentation comparably 

in a short amount of time would be very beneficial to our lab as well as others working in this 

field. Therefore, the T cell receptor-deficient lymphoma line BWZ.36/CD8α expressing CD8α 

and a lacZ reporter construct under the control of the IL-2 promoter was used as a fusion partner 

for a M158-66 specific T cell line to generate a T cell hybridoma. Furthermore, a stable DC cell 

line expressing M1 protein and presenting the M158-66 epitope should be generated to present 

the antigen to the T cell hybridoma. This system would permit monitoring of T cell hybridoma 

stimulation in chromogenic lacZ assays. 
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5. Material and Methods 

5.1. Cell culture 

The human embryonic kidney cell line HEK293T (ATCC, USA), Hek-Db (Hek cells stably 

transfected with a plasmid encoding H-2Db) (kindly provided by M. Basler), Hek-Ld (Hek cells 

stably transfected with a plasmid encoding H-2Ld) (kindly provided by A. Bitzer) and mouse 

embryonic fibroblasts (MEFs) were cultured in complete Dulbecco’s modified Eagle medium 

(DMEM). Mutant human B-lymphoblastoid cell lines LCL721.45 cells (.45) [400], a wildtype 

derivative of LCL721 was cultured in complete RPMI 1640 medium. BWZ.36/CD8α [401] 

cells were cultured in complete IMDM supplemented with 500 µg/mL Hygromycin B and used 

as fusion partner for antigen specific CD8+ T cells. The human monocytic cell line THP I [402] 

was cultured in complete RPMI 1640 medium. The murine dendritic cell line DC2.4 (H-2b) 

was a kind gift from K. Rock (University of Massachusetts Medical School Worcester, MA) 

and cultured in complete RPMI 1640. All cell lines were cultured at 37°C and 5% CO2. Aliquots 

of 2x106 cells of each cell line were frozen gradually in 90% FCS with 10% DMSO (Sigma-

Aldrich) in freezing containers at -80°C overnight and finally transferred to a -150°C deep-

freezer for long-term storage. Culture media and supplements were obtained from Thermo 

Fisher Scientific (Germany) unless otherwise stated.  

 

Prior to every experiment cell viability was assessed. Cells were stained using acridine orange 

and propidium iodide (AO/PI) staining solution in a Cellometer 2000 Auto Cell Counter instru-

ment (Nexcelom Bioscience). Buffers and media used for maintaining cells are summarised 

below. 

Complete DMEM/RPMI 1640/IMDM 

90% (v/v) DMEM/RPMI 1640/IMDM 

with GlutaMAX 

10% (v/v) foetal calfserum (FCS) 

100 U/mL penicillin 

100 μg/mL streptomycin 

1x PBS, pH 7.4 

137 mM NaCl (Roth) 

10 mM Na2HPO4 (Sigma-Aldrich) 

1.8 mM KH2PO4 (Sigma-Aldrich) 

2.7 mM KCl (Roth) 

in ddH2O, autoclaved 
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5.2. Mouse strains  

C57BL/6 (H-2b) and BALB/c (H-2d) mice were originally obtained from Charles River Labor-

atories and A/H2-D (AAD) mice were obtained from The Jackson Laboratory (Bar Harbor, 

ME, USA). AAD mice express a recombinant class I MHC molecule, which consists of peptide 

binding regions of human HLA-A*0201 linked to the CD8 binding domain of murine H2Db, 

thus recognizing HLA-A*0201 restricted peptide epitopes. All three strains were further bred 

in the animal facilities of the University of Konstanz. Isg15−/− and USP18C61A have been pub-

lished previously [271, 275] and were a kind gift of K.P. Knobeloch. Mice were kept in a spe-

cific pathogen-free facility in accordance with the rules of the veterinarian authority of Regier-

ungspräsidium Freiburg. Animals were used at 8–10 weeks of age. To induce a type I interferon 

response mice were i.p. inoculated with 50 µg polyinosinic:polycytidylic acid (poly I:C) dis-

solved in 100 µL phosphate-buffered saline (PBS).  

5.3. Genotyping of AAD mice 

After digestion of the tail biopsies in 600 μl 50 mM NaOH (Sigma) at 96°C and 900 rpm for 

45 min, the digest was neutralized with 50 μl 1 M Tris pH 8.0. Afterwards samples were cen-

trifuged at 11000 g for 5 min. 2 μl of the supernatant were used as PCR template. PCR was 

performed with GoTaq polymerase (Promega) according to manufacturer’s instruction (Table 

2) using T3 Thermocycler (Biometra). The primer pairs (Microsynth) including an internal con-

trol displayed in Table 3 were used. 

Table 2: Primer for AAD mice genotyping PCR 

 Sense Primer (5´→ 3´) Antisense Primer (5´→ 3´) 
AAD ACGGAAAGTGAAGGCCCACTC  GCAGCCATACATCCTCTGGACG  

Control CAAATGTTGCTTGTCTGGTG  GTCAGTCGAGTGCACAGTTT  
 

Table 3: PCR program for genotyping of AAD mice 

 
Cycle 

Temperature Time Step 

1 94°C 3 min Initial denaturation 
 

35 
94°C 30 s Denaturation 
67°C 1 min Primer annealing 
72°C 1 min Elongation 

1 72°C 2 min Final elongation 
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5.4. Generation of murine embryonic fibroblasts (MEFs) 

Preparation of MEFs was performed from mouse embryos on gestation day 14. Head and liver 

were removed, embryos were minced and digested in trypsin/EDTA solution (Invitrogen) for 

15 min at 37°C.Trypsin digestion was stopped with excessive culture medium followed by cen-

trifugation. Cells were passed through a 100 μm filter and cultured for two days at 37°C, 5% 

CO2. Aliquots were cryo-conserved at -150°C (DMEM, 10% DMSO, 20% FCS). MEFs were 

generated and provided by M. Basler.  

5.5. Generation of Competent Bacteria 

To generate chemically competent bacteria an aliquot of 5 mL of lysogeny broth (LB) was 

inoculated with the desired E. coli strain and grown overnight at 37°C and 250 rpm. A 1:100 

dilution of this pre-culture was used to inoculate fresh LB that was grown further at 37°C and 

250 rpm. OD600nm was determined with the SmartSpec Plus spectrophotometer (Bio-Rad). Upon 

reaching the OD600nm of 0.5, the bacterial culture was placed on ice for 15 min and was kept on 

ice during the following procedures. The bacterial culture was centrifuged successively at 4000 

g and 4°C for 10 min in 50 mL tubes. The bacteria were resuspended carefully in 50 mL of 0.1 

M ice-cold sterile MgCl2 (Acros Organics). After a further centrifugation step at 4000 g and 

4°C for 10 min in 50 mL tubes bacteria were resuspended carefully in 50 mL of 0.1 M ice-cold 

sterile CaCl2 (Roth), in which they were incubated on ice for 20 min. Following a last centrif-

ugation step, the bacteria were resuspended carefully in a total volume of 5 mL of sterile 

CaCl2/glycerol. Until further use aliquots of 200 μL of the chemically competent bacteria were 

stored at -80°C. All media and buffers used to generate chemically competent bacteria are sum-

marised below. 

Lysogeny broth (LB) 

1% (w/v) tryptone (BD Bioscience) 

1% (w/v) NaCL (Roth) 

0.5% (w/v) yeast extract (BD Bioscience) 

in ddH2O, autoclaved 

CaCl2/Glycerol 

86 mM CaCl2 (Roth) 

10% (v/v) glycerol (VWR) 

in ddH2O, sterile filtered 
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5.6. Cloning 

5.6.1. Plasmid Vectors and Standard Cloning Procedure 

All Primers used were ordered from and synthesised by Microsynth. Plasmid vectors were 

maintained and amplified in the E. coli strain TOP10F’ (Thermo Fisher Scientific). All plasmid 

vector sequences were verified by sequencing (Eurofins Genomics). Plasmid vectors were gen-

erated by restriction enzyme cloning. Therefor plasmid vectors containing the DNA of interest 

were amplified using the Q5 High-Fidelity DNA Polymerase (New England Biolabs) according 

to the manufacturer’s instruction with respective primers. Amplified inserts were purified using 

the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel). Next, the inserts and backbone 

plasmid vectors were digested with restriction enzymes (New England Biolabs) according to 

the double-digest recommendations. Following the restriction enzyme digest, backbone plas-

mid vectors were dephosphorylated using Shrimp Alkaline Phosphatase (New England Bi-

olabs) according to the manufacturer’s instruction. Digested inserts and backbone plasmid vec-

tors were separated on agarose gels and were subsequently purified using the NucleoSpin Gel 

and PCR Clean-up Kit (Macherey-Nagel). Ligations were performed using the T4 DNA ligase 

(New England Biolabs) according to the manufacturer’s instruction at a molar ratio of 1:5 back-

bone plasmid vector to insert. The cloning of ISG15-NP was performed as previously described 

for FAT10-NP [403]. Furthermore, a GG-to-VA mutation was introduced at the C-terminal end 

of the amino acid sequence of ISG15 to prevent cleavage of ISG15-NP. 

Table 4 List of all primers used for cloning 

Name Sequence (5´→ 3´) 

NP forward primer TAT GAT GAA TTC ATG TCC TTG TCT AAG GAA 
GT 

NP reverse primer ATC CCC GCG GCC GCT TAG AGT GTC ACA ACA 
TT 

GP forward primer GTA CTA GCT AGC ATG GGT CAG ATT GTG 

GP reverse primer GTA CTA GCG GCC GCT CAG CGTC TCT TCC AAA 
C 

ISG15 forward primer GTA CTA CTC GAG ATG TCG GTG TCA GAG CTG 
AAG 

ISG15 reverse primer TTA ATT GAA TTC GGC TAC CCG CAG GCG CAG 
ATT C 
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5.6.2. Site directed mutagenesis 

The mutagenesis primers (Table 5) to generate the M1 I24E/L28E mutant were designed with 

the web based QuikChange primer design program which is provided by Agilent on their 

homepage (www.agilent.com/genomics/qcpd). QuikChange Lightning Site-Directed Mutagen-

esisKit (Agilent) was used according to the manufacturer’s instruction to introduce the muta-

tions. Successful mutation was verified by sequencing (Eurofins Genomic). For Plasmid puri-

fication the NucleoSpin Plasmid MiniPrep Kit (Macherey-Nagel) was used according to the 

manufacturer’s instruction. 

 

Table 5 List of all primers used for site directed mutagenesis 

5.7. Agarose gel electrophoresis 

Agarose gels were poured with 1.5% to 1.8% (w/v) agarose in TAE buffer. Per 50 ml liquid 

agarose solution 3 μl MIDORI Green Advanced DNA stain (Nippon Genetics) was added dur-

ing gel casting. 18-25 μl PCR products were loaded into gel cavities and run at 100 V (~ 30 min 

at RT). SmartLadder SF was used as a marker. 

M1 expression forward pri-
mer 

TAC ACC TGC TAT GAG TCT TCT AAC CGA G 

M1 expression reverse pri-
mer 

CCG CTC GAG TTA CTT GAA CCG TTG CAT CTG 

M1 lentivirus forward pri-
mer 

ATT GTA AGC CAC CAT GAG TCT TCT AAC CGA G 

M1 lentivirus reverse pri-
mer 

GTA CTA GCG GCC GCT TAC TGG AAC CGT TGC 
ATC TG 

Name Sequence (5´→ 3´) 

M1-I24E/L28E forward TCC AGC AAA GAC ATC TTC CTC TCT CTG TGC 
CTC CTC GGC TTT GAG GGG GCC 

M1- I24E/L28E reverse GGC CCC CTC AAA GCC GAG GAG GCA CAG AGA 
GAG GAA GAT GTC TTT GCT GGA 
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TAE buffer 

40 mM Tris base 

20 mM acetic acid 

1 mM EDTA 

In ddH2O, pH 8 

 

 

5.8. Transformation of Bacteria 

Chemically competent bacteria were thawed on ice and aliquots of 50 μL distributed into pre-

cooled tubes. Approximately 100 ng of pure plasmid vector DNA or ligation reactions were 

added and mixed with the bacteria. The pUC18 plasmid vector was used as positive control, 

and ddH2O was used as negative control. This mixture was incubated on ice for 30 min fol-

lowed by a heat shock at 42°C for 45 s and an incubation on ice for 2 min. Subsequently, 500 

μL of SOC medium was added. Bacteria were grown for 1 h at 37°C and 250 rpm. To isolate a 

single clone a 50 μL of bacterial culture was streaked onto pre-warmed LB agar plates contain-

ing 100 μg/mL ampicillin (Roth). LB agar plates were incubated inverted at 37°C overnight. 

Single colonies, i.e. individual clones, were used to inoculate aliquots of 5 mL of LB supple-

mented with 100 μg/mL ampicillin (Roth). These cultures were grown at 37°C and 250 rpm 

overnight. For long-term storage and further use 800 μL of the bacterial culture were mixed 

with 200 μL of sterile glycerol (VWR) and stored at -80°C. For large-scale purifications of 

plasmid vector DNA, 200 mL of bacterial cultures in LB supplemented with 100 μg/mL ampi-

cillin (Roth) was prepared. Plasmid vector DNA was isolated using the NucleoSpin Plasmid kit 

or the NucleoBond PC 500 kit (both Macherey-Nagel). Isolated plasmid vector DNA was stored 

at - 20°C. When bacteria were transformed with a ligation reaction plasmid vector DNA was 

send for sequencing to verify successful cloning. All media and buffers used to transform bac-

teria are summarised below. 

 

 

LB agar 

1.5% (w/v) agar (BD Biosciences) 

in LB, autoclaved 

50% glucose 

500 g/L glucose (Merck) 

in ddH2O, sterile filtered 
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Super optimal broth (SOB) 

2% (w/v) tryptone (BD Bioscience) 

0.5% (w/v) yeast extract (BD Biosciences) 

0.05% (w/v) NaCl (Roth) 

0.0186% (w/v) KCl (Roth) 

0.095% (w/v) MgCl2 (Acros Organics) 

in ddH2O, autoclaved 

50% glucose 

500 g/L glucose (Merck) 

in ddH2O, sterile filtered 

SOB with catabolite repression (SOC) 

1% (v/v) 50% glucose 

in SOB, sterile filtered 

 

 

5.9. Expression and Purification of Recombinant Proteins 

Recombinant expression of Matrix protein 1 (M1) was performed in Escherichia coli 

BL21(DE3) in LB. M1 was inserted into the multiple cloning site (MCS) of p6xHis-Sumo-MCS 

(kindly provided by N.Catone). Thus, M1 protein was an N-terminally tagged for purification 

with a 6xHis tag as well as a SUMO tag. For recombinant expression, plasmid vectors were 

always transformed freshly into bacteria. The 50 µL of the transformation was spread onto LB 

agar plates containing 50 μg/mL kanamycin (Roth) and the plates were incubated inverted at 

37°C overnight. The next day a colony was used to inoculate a starter culture of 25 mL in LB 

supplemented with 50 μg/mL kanamycin. After overnight incubation at 37°C and 220 rpm, the 

OD600nm was measured using the SmartSpec Plus spectrophotometer (Bio-Rad). 3 L of fresh 

LB supplemented with 50 μg/mL kanamycin were inoculated with the starter culture to a start 

OD600nm of 0.1. The culture was grown in a bioreactor at 30°C, 500 rpm and an airflow of 

5 L/min. OD600nm was measured regularly and upon reaching OD600nm of 5 expression was in-

duced using IPTG (Roth) at a final concentration of 0.4 mM. The culture was further grown at 

30°C and samples to confirm successful induction and expression of recombinant M1 protein 

by SDS-PAGE, Coomassie staining and western analysis. The amount of recombinant protein 

expressed was calculated based on these samples. As soon as the growth kinetic of the culture 

reached its plateau the reaction was stopped, and the bacteria were harvested. 

For purification of recombinant proteins, bacteria were centrifuged for 10 min at 4°C and 4000 

rpm in the fixed-angle Sorvall rotor SLA-3000 (Thermo Fisher Scientific). Afterwards bacteria 

were resuspended in 50 mL of bacterial lysis buffer supplemented with 1 mg/mL lysozyme 

(Sigma-Aldrich) and 100 μg/mL DNase I (Roche). The suspension was incubated on ice for 45 
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min followed by a single sonication step of 20 s with 5 cycles at 70% intensity using the Sono-

plus sonicator (Bandelin). Lysed bacteria were centrifuged for 10 min at 4°C and 14,000 rpm 

in the fixed-angle Sorvall rotor SS-34 (Thermo Fisher Scientific). The cleared supernatant was 

transferred into a fresh tube and was incubated with the respective amount Protino Ni-IDA 

nickel beads (1g resin per 20 mg recombinant protein) (Macherey Nagel) at 4°C overnight un-

der steady rotation. After incubation, the nickel beads were pelleted, and the supernatant was 

discarded. The beads were washed with a wash buffer supplemented with 20 mM imidazole 

(Merck) to remove non-specific bound proteins from the beads. Next beads were washed two 

more times using wash buffer followed by incubation of the beads in wash buffer supplemented 

with 6xHis-Ulp1-protease (4µg/mg protein) overnight at 4°C. Ulp1-protease cleaved at the C-

terminal end of the SUMO tag [404] releasing M1 into the supernatant. Subsequently the su-

pernatant was concentrated to 1.5-2 mL using an Amicon Ultra-15 centrifugal filter unit 

(Merck) with a molecular weight cut-off (MWCO) of 10 kDa according to the manufacturer’s 

instruction. Finally, concentrated protein samples were dialysed against 2 L of 1x PBS at 4°C 

overnight for 3 mL of sample. The protein sample was recovered and stored at 4°C on ice until 

further use. Concentration of the purified recombinant M1 protein was assessed using Coo-

massie staining. All buffers and solutions necessary for expression and purification of recom-

binant proteins are listed below.  

Bacterial lysis buffer 

50 mM Tris-HCl (Roth), pH 7.5 

0.15 M NaCl (Roth) 

10% (v/v) glycerol (Roth) 

1 mM DTT (Sigma-Aldrich) 

10 mM imidazole (Merck) 

Wash buffer 

50 mM Tris-HCl (Roth), pH 7.5 

0.15 M NaCl (Roth) 

1 mM DTT (Sigma-Aldrich) 

 

 

 

Table 6 Plasmids used for recombinant protein expression 

Name Published Supplier 

p6xHis-Sumo-M1 Unpublished This study 
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5.10. Transient Transfection 

For transient overexpression, cells were transfected using the TransIT-LT1 transfection reagent 

(Mirus, Madison, WI, USA), or polyethylenimine (PEI; linear; MW 25,000) (Polysciences). 

Prior to transfections, cells were cultured to reach a density of 70% when being transfected 

using TransIT-LT1 reagent. When using PEI cells were grown to a confluency of 80-90% be-

fore they were transfected. The culture medium was replenished with fresh complete medium 

2h prior to transfections. In case of PEI, antibiotics were omitted from the culture medium. All 

cell lines were transfected at a ratio of 3 μg of PEI or 3 μL of TransIT-LT1 reagent to 1 μg of 

plasmid vector DNA. Plasmid vector DNA was diluted in serum-free medium first, and then 

transfection reagent was added. This mixture was incubated at RT for 20 min and finally added 

dropwise to the cells. If PEI was used for transfection, the medium was changed after 8 h due 

to its toxicity. Transfected cells were incubated at 37°C for 20-24 h prior to further processing.  

Table 7 Plasmids used for transient transfection 

Name Published Supplier 

pcDNA3.1 / Invitrogen 

His6-3xFLAG-ISG15 [291]  

pCDH-CMV-MCS- EF1α-

copGFP 

Commercially available System Biosciences/BioCat 

pCDH-EF1α-MCS-IRES-

copGFP 

Commercially available System Biosciences/BioCat 

pMD2.G Addgene plasmid #12259 Dr. Richard Schregle, Uni-

versity of Konstanz 

psPAX2 Addgene plasmid #12260 Dr. Richard Schregle, Uni-

versity of Konstanz 

pCDH-EF1α-ISG15-IRES-

copGFP 

Unpublished This study 

pCDH-EF1α-M1-IRES-

copGFP 

Unpublished This study 
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pCDH-EF1α-M1-

I24E/L28E-IRES-copGFP 

Unpublished This study 

pCDH-CMV-M1- EF1α-

copGFP 

Unpublished This study 

pCDH-EF1α-GP-IRES-

copGFP 

Unpublished This study 

pCMV-NP [405] / 

pCMV-Ub-NP [403] / 

pCMV -FAT10 [403] / 

pCMV-NP-ISG15 Unpublished This study 

 

5.11. Generation and purification of Lentiviral particles 

Lentiviral particles were produced by transient co-transfection of a lentiviral expression vector, 

the lentiviral envelope vector pMD2.G and the lentiviral packaging vector psPAX2 into 

HEK293T cells using PEI. Therefor lentiviral vector DNA was mixed at a ratio of 1 μg 

pMD2.G: 1.84 μg psPAX2 : 2.1 μg lentiviral expression vector in serum-free IMDM. 8–16 h 

later the medium was removed and replaced with lentivirus harvest medium. Supernatant con-

taining lentiviral particles was harvested 48 h and 72 h post transfection. Contaminating plas-

mid vector DNA was digested by adding 1 μg/mL DNase I (Roche) and 1 mM MgCl2 (Acros 

Organics) and incubating at 37°C for 20 min. Additionally, the supernatant was sterile filtered 

(0.45 μm, polyethersulfone membrane) (TPP) and aliquots of 34 mL of the supernatant were 

distributed into 50 mL tubes. To precipitate generated lentiviral particles, 8.5 mL of 50% 

PEG6000 (final concentration 8.5% (w/v)) as well as 2.8 mL of 5 M NaCl (Roth) (final con-

centration 0.3 M) were added. Afterwards, the tubes were filled up to 50 mL with PBS, mixed 

by inverting, and incubated at 4°C overnight. To collect the precipitated lentiviral particles, 

samples were centrifuged at 4600 g and 4°C for 30 min. The cleared supernatant was discarded, 

and the pellet was dried for 2 min at RT. Afterwards, 100-200 μL of cold PBS were added to 

dissolve each pellet, and pellets were incubated spinning at 4°C overnight, before they were 

carefully resuspended and combined on the next day. Subsequently, aliquots of 100 μL were 
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prepared on ice in pre-cooled PCR tubes, snap-frozen in liquid nitrogen, and stored at -80°C 

until further use. To titrate the generated lentiviral stocks tenfold serial dilutions ranging from 

100-10-5 were used to transduce HEK293T. 3 days post transfection the percentage of GFP-

expressing cells was determined by flow cytometry. To calculate the functional titre, only dilu-

tions resulting in a low transfection range of 1-25% GFP-positive cells were used. The titre was 

determined according to the equation below and given as transducing units (TU)/mL: 

𝑇𝑖𝑡𝑟𝑒
𝑇𝑈

𝑚𝐿
=

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ×  
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 GFP pos.  𝑐𝑒𝑙𝑙𝑠

100
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑙𝑒𝑛𝑡𝑖𝑣𝑖𝑟𝑢𝑠 𝑠𝑡𝑜𝑐𝑘 𝑜𝑓 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 [𝑚𝐿]

 

 

All media and buffers used to generate lentiviral particles are summarised below. 

Lentivirus harvest medium 

15% (v/v) FCS 

100 U/mL penicillin 

100 μg/mL streptomycin 

in IMDM with GlutaMAX 

50% PEG6000 

50% (w/v) polyethylene glycol (PEG) with 

an average molecular weight of 6,000 Da 

(Sigma-Aldrich) 

in ddH2O, autoclaved 

5.12. Lentiviral Transduction  

THP I, DC2.4 and LCL721.45 cells were transduced using a MOI of 25-30 in 10 cm dishes. 

Lentiviral particles were mixed with protamine sulphate (final concentration of 50 μg/mL) 

(MP Biomedicals) and added to the cells. Transduced cells were cultured for three days at 37°C 

before the medium was exchanged and the GFP expression of the cells was analysed using flow 

cytometry. To obtain a single cell clone the GFP+ population was single cell sorted using FACS. 

Single cells were kept in culture at 37°C and were reanalysed for expression of GFP or the 

transduced protein of interest using flow cytometry. 

5.13. Induction of cell lines 

Prior to interferon treatment, cells were cultured to reach a density of 70-80%. ISG15 expres-

sion was induced using 1000 U/mL interferon-β (IFN-β) (PeproTech). Induced cells were in-

cubated at 37°C for 20 - 24 h prior to further processing.  
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5.14. Cycloheximide chase  

Protein degradation kinetics were performed 24 h post transient transfection or induction. Cells 

were treated with 50 μg/mL cycloheximide (CHX) (Sigma-Aldrich) over a course of 5 h. Pro-

teasome inhibitor MG132 (10 µM) was added to a control sample to confirm proteasome de-

pendent degradation of the protein of interest. Samples were taken every hour; cells were pel-

leted and whole cell lysates were generated. Afterwards samples were analysed using SDS-

PAGE and Western Blotting.  

5.15. Radiolabelling and pulse chase experiments 

Radioactive protein degradation kinetics were performed 24 h post transient transfection. Cells 

were radiolabeled with 35S-methionine+cysteine 24 h after transfection. Afterwards they were 

washed with PBS and incubated prior to labeling for 1 h with starvation medium. After starva-

tion the medium was washed off and replaced by labeling medium (starvation medium supple-

mented with 15 μg·mL−1 L‐methionine and 0.25 μCi 35S-methionine+cysteine) for 1 h. For short 

term pulse chase experiments cells were pulsed with labeling medium for 15 min. Subsequently 

cells were washed with PBS and further incubated in medium at 37°C. Samples were taken at 

different time points, cells were pelleted and whole cell lysates were generated. Radioactivity 

of cleared lysates was quantified using a scintillation counter (TOPcount NXT, Canberra Pack-

ard). Measured values were used to adjust supernatants before immunoprecipitation (IP) over-

night at 4°C. The next day beads were boiled for 5 min at 95°C in 2 x SDS sample buffer 

supplemented with 20mM Dithiothreitol and proteins were separated by SDS-PAGE. Gels were 

dried and exposed to a radiosensitive photo plate. 24 h later the radioactive signals were visu-

alized using a phosphor imager (Molecular Imager FX; Bio-Rad). Signals were quantified using 

ImageJ (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). 

Starvation medium 

RPMI 1640 lacking L‐glutamine, cysteine 

and methionine 

10% (v/v) foetal calf serum (FCS) 

300 μg·mL−1 L‐ glutamine 

100 U/mL penicillin 

100 μg/mL streptomycin 

Labeling medium 

Starvation medium 

15 μg·mL−1 L‐methionine  

0.25 μCi 35S-methionine+cysteine  
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5.16. Generation of cell lysates 

Whole cell lysates where generated by lysing cells using RIPA buffer either after harvesting 

and centrifugation at 1500 g for 3 min at 4°C. RIPA buffer used for cell lysis was supplemented 

with 1x protease inhibitor cocktail (complete Mini EDTA-free) (Roche) prior to use. Insoluble 

debris in whole cell lysates was discarded after 15 min centrifugation at 14000 g at 4°C and 

cleared lysates were transferred to new tubes. To preserve post-translational modifications on 

proteins, the whole lysates were immediately boiled at 95°C for 5 min in SDS sample buffer 

and then stored at -20°C until further use. All media and buffers used to generate whole cell 

lysates are summarised below 

RIPA lysis buffer 

50 mM TRIS-HCl, pH 8 (Roth) 

150 mM NaCl (Roth) 

1% (v/v) NP-40/Igepal (Sigma-Aldrich) 

0.5% (w/v) deoxycholate (Sigma-Aldrich) 

0.1% (w/v) SDS (Serva) 

in ddH2O 

4x SDS sample buffer (Laemmli) 

250 mM TRIS-HCl, pH 6.8 (Roth) 

40% (v/v) glycerol (Roth) 

8% (w/v) SDS (Serva) 

0.4% bromophenol blue (AppliChem) 

in ddH2O, aliquots stored at -20°C, 

add 400 mM DTT (Sigma-Aldrich) prior to 

use to get 3x sample buffer 

 

5.17. Immunoprecipitation 

Following the adjustment of radioactive signals in cleared cell lysates samples were used for 

IP. FLAG-tagged proteins were immunoprecipitated using EZview™ Red ANTI-FLAG® M2 

Affinity Gel beads (Sigma). IP of NP-fusion constructs was performed using EZview™ Red 

Protein G Affinity Gel beads (Sigma) pre-incubated for 1h at room temperature with NP spe-

cific antibody KL53. Following overnight IP at 4°C beads were washed twice with 1 mL NET‐

TN and twice with 1 mL NET‐T. Afterwards beads were boiled for 5 min at 95°C in SDS 

sample buffer supplemented with 400 mM Dithiothreitol and proteins were separated by 

SDS-PAGE. All media and buffers used for IP are summarised below. 
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NET-TN (high salt wash buffer) 

50 mM TRIS-HCl, pH 8 (Roth) 

650 mM NaCl (Roth) 

5 mM EDTA (Roth) 

0.5% (v/v) Triton X-100 (Fluka) 

in ddH2O, prepared freshly 

NET-T (low salt wash buffer) 

50 mM TRIS-HCl, pH 8 (Roth) 

150 mM NaCl (Roth) 

5 mM EDTA (Roth) 

0.5% (v/v) Triton X-100 (Fluka) 

in ddH2O, prepared freshly 

5.18. SDS-PAGE and Western Blotting 

Protein samples were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) under denaturing conditions using the Mini-PROTEAN 3 or Tetra cell system 

(both Bio-Rad). Gels for SDS-PAGE were prepared and run using the discontinuous Laemmli 

buffer system [406]. Sample protein amount was adjusted using either equal volumes of lysate 

(normalization on equal cell count in the respective experiment) or after protein concentration 

assessment using DC protein assay (Biorad) including reagent S for detergent-rich samples 

(normalization on total protein content). Equal protein amounts were separated by SDS-PAGE 

in 10 or 12% separation gels and 5% stacking gels with the following exemplified gel compo-

sitions: 

5% stacking gel (6 mL)  

4.1 mL MilliQ-H2O 

1 mL acrylamide mix 

0.75 mL 1.0 M Tris (pH 6.8) 

0.03 mL 20 % SDS 

0.06 mL APS 

0.006 mL TEMED 

12% separation gel (10 mL) 

4.9 mL MilliQ-H2O 

6.0 mL acrylamide mix 

3.8 mL 1.5 M Tris (pH 8.8) 

0.075 mL 20 % SDS 

0.15 mL APS 

0.009 mL TEMED) 

 

PageRuler Prestained Protein Ladder (10-180 kDa) (Thermo Fisher Scientific) was used as mo-

lecular weight marker. Protein separation was performed in SDS running buffer at constant 

voltage of 55 V to allow the protein samples to align at the running front and to enter the seper-

ation gel. Subsequently, the voltage was increased to 110 V to separate the proteins. Following 

SDS-PAGE separation, proteins were blotted onto nitrocellulose membranes (Protran 0.45 NC 

Premium nitrocellulose membrane) by wet blot using MiniTrans-Blot® Cell (Biorad) in Tow-

bin’s blotting buffer [407]. Proteins were transferred at 110 V for 90 min. After blotting the 
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membranes were kept in clean, ponceau-S free and bromphenol-blue free plastic boxes for all 

incubation steps. Membranes were blocked for 1 h using Intercept (TBS) Blocking Buffer (LI-

COR) and incubated with primary antibodies at 4°C overnight. The next day membranes were 

washed three times in TBS-T buffer at RT before they were incubated with secondary antibod-

ies in Intercept (TBS) Blocking Buffer for 1 h. Afterwards membranes were again washed in 

TBS-T. Signals were quantified and images processed to jpg-file format using the LI-COR Od-

yssey Imager and Image Studio Lite Vers.5.2. All media and buffers used for SDS-PAGE and 

Western Blotting are summarised below. 

10x running buffer (Laemmli), pH 8.3 

250 mM Trizma (Sigma-Aldrich) 

1.92 M glycine (Roth) 

in ddH2O 

1x running buffer (Laemmli) 

10% (v/v) 10x running buffer (Laemmli) 

0.1% (w/v) SDS (Serva) 

in ddH2O, prepared freshly 

Towbin’s blotting buffer, pH 8.3 

10% (v/v) 10x running buffer (Laemmli) 

20% (v/v) methanol, 

in ddH2O, prepared freshly 

 

 

Table 8 Primary antibodies used for Western Blot analysis 

Target species Target Host Clone Concentration/ 

Dilution 

Supplier 

Tag FLAG Mouse M2 0.1 μg/mL Sigma-Aldrich 

Human/Mouse γ-Tubulin Mouse GTU-88 1:10000 Sigma-Aldrich 

Mouse ISG15 Rabbit / 1:1000 Kind gift of K.P. 

Knobeloch 

Human/Mouse GAPDH rabbit 71.1 1:10000 Sigma-Aldrich 

 M1 mouse GA2B 1:1000 Abcam 

Tag Penta-HIS mouse P-21315 0.2 μg/mL Quiagen 
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Table 9 Secondary antibodies used for Western Blot analysis 

Target species Host Lable Concentration/ 

Dilution 

Supplier 

Mouse or Rabbit 

IgG 

Goat IRDye800CW 1:15000 LI-COR Biosciences 

Mouse or Rabbit 

IgG 

Goat IRDye680RD 1:15000 LI-COR Biosciences 

5.19. Coomassie staining  

To visualize successful expression and purification of recombinant proteins a Coomassie stain-

ing was performed. Samples were separated by SDS-PAGE and afterwards gels were stained 

using sensitive Coomassie solution for 20 min under gentle agitation. To remove background 

staining gels were incubated in destaining solution until the background was fully destained. 

Signals of purified recombinant protein and a BSA standard were quantified using ImageJ FIJI 

software version 1.51s [408] on a sensitive Coomassie-stained gel. Finally, the total amount of 

the recombinant protein in the sample was calculated using the BSA standard. All solutions 

necessary for Coomassie staining of proteins are listed below. 

Sensitive Coomassie staining solution 

0.02% (w/v) Coomassie G‐250 (Serva) 

5% (w/v) Al2(SO4)3 x 14-18H2O (Sigma-Al-

drich) 

10% (v/v) ethanol, p.a. (Roth) 

2% (v/v) H3PO4 (Roth) 

in ddH2O, stored in the dark 

Sensitive Coomassie destaining solution 

10% (v/v) ethanol, p.a. (Roth) 

2% (v/v) H3PO4 (Roth) 

in ddH2O 

5.20. Acid wash 

Acid wash treatment was performed 24 h post transfection to remove MHC molecules from the 

cell surface. Cells were harvested and centrifuged at 400 g for 5 min and the supernatant was 

discarded. Cell pellets were chilled on ice and gently resuspended in 1.5 ml ice-cold citric acid 

buffer for 90 sec. Two volumes of ice-cold PBS were added followed by ten volumes of cell 
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culture medium. Cells were centrifuged at 400 g and 4°C for 5 min. Subsequently the superna-

tant was aspirated, and cells were washed two more times with cold cell culture medium. Cell 

suspensions were further incubated in complete medium at 37°C and analysed for MHC class I 

surface expression by flow cytometry at different time points. Samples taken directly after acid 

wash served as time point zero for all groups. The composition for citric acid buffer is summa-

rised below. 

Citric acid buffer (pH 3) 

0.131 M citric acid 

0.066 M NaH2PO4 

 

5.21. Isolation of splenocytes 

To isolate splenocytes mice were sacrificed, spleens were harvested and homogenized spleno-

cytes were isolated by mechanical disruption. Cells were gently pressed through a 40 µm nylon 

cell strainer (BD Bioscience) to generate a single cell suspension. Splenocytes were kept in 

complete IMDM and were additionally supplied with 50 μM β-mercaptoethanol. 

5.22. Generation of specific CD8+ T-cell lines 

NP396-404/H-2Db-specific CD8+ T-cell lines were generated from C57BL/6 mice at 8 to 10 weeks 

of age. Naïve mice were intravenously (i.v.) injected with 200 pfu LCMV. Starting from 3 

weeks after infection, memory mice were used for the generation of NP396-specific CTL lines. 

Therefor memory mice were sacrificed, spleens were harvested and homogenized. Isolated 

splenocytes were further purified by Ficoll density gradient centrifugation (GE Healthcare) and 

washed with PBS. Purified splenocytes were pulsed with 10-6 M of NP396 peptide and co-

cultured in 6-well plates (1.5 x 107 cells/well) in the presence of 20 U/mL interleukin (IL)-2. 

On day 5 density gradient centrifugation was repeated to remove dead cells. Remaining sple-

nocytes were washed with PBS and further cultured in the presence of IL-2. Specific CTL lines 

were used between day 7 and 9 of culture and specificity measured independently of the re-

spective experiment. Ficoll density gradient centrifugation was performed to remove dead cells 

and debris from the suspension. To obtain NP118-126 specific T-cells BALB/c mice were i.v. 

injected with 200 pfu LCMV-WE. At day 8 after the infection the mice were sacrificed, spleens 

harvested and homogenized. Isolated splenocytes were used ex vivo to detect presentation of 

NP118-126 on H-2Ld. 
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5.23. Generation of a specific Hybridoma cell line 

For the fusion of specific CD8+ T-cell with BWZ.36/CD8α cells 5 x 106/mL living specific 

CD8+ T-cell were mixed with the same amount of BWZ.36/CD8α cells. The cell mix was pel-

leted and resuspended in 40 mL warm and serum free medium. Next the cells were centrifuged 

at 1700 rpm for 5 min. Medium was carefully aspirated. The pellet was gently loosened by 

tapping the tube. Subsequently 1 mL of pre-warmed 50% PEG solution (Sigma-Aldrich) was 

added dropwise over the course of 1 min while gently stirring the solution in between drops 

with the tip of the pipet. After adding the 50% PEG solution cells were stirred for an additional 

minute. Afterwards 2 mL of warm serum free medium were added dropwise over the course of 

2 min followed by addition of 7 mL serum free medium over the course of of 3 minutes. Cells 

were then kept for 8 minutes at 37°C and centrifuged at 1400 rpm for 5 min. The cell pellet was 

carefully resuspended in 1 mL/1 x 106 input cells complete prewarmed medium. Viability was 

assessed using AO/PI staining solution in the Cellometer 2000 Auto Cell Counter. 5000 living 

cells per well were seeded in 96 well plates and cultured at 37°C. 24h later cells were cultured 

in complete medium supplemented with sodium hypoxanthine, aminopterin and thymidine 

(HAT) supplement (Thermo Fisher Scientific) as well as 500 µg/mL Hygromycin B (Thermo 

Fisher Scientific). Apparent growing and positive hybridoma cells were transferred to a 24 well 

plate and further cultured in medium supplemented with sodium hypoxanthine and thymidine 

(HT) supplement (Thermo Fisher Scientific) and 500 µg/mL Hygromycin B. Hybridoma cells 

were screened for antigen specificity by LacZ assay. 

5.24. LacZ assay  

LacZ assays were performed to verify antigen specificity of generated hybridoma clones. 

104 antigen presenting cells were seeded in a 96 well plate and pulsed with a final concentration 

of 10-7 M M158-66 peptide. Cells were cultured for 1h at 37°C. Subsequently peptide pulsed 

antigen presenting cells were washed twice using PBS. Afterwards 5 x 104 hybridoma cells 

were added. Following brief centrifugation for 10 sec at 1200 rpm the mixed culture of antigen 

presenting cells and hybridoma cells were cultured overnight at 37°C. The next day, cells were 

washed once using PBS. Next all samples were resuspended in 100 µL LacZ buffer and the 

cells were kept for another 4h at 37°C. Hybridoma cells stimulated with PMA/Ionomycin were 

used as positive control. To analyse the change of colour in this chromogenic assay samples 

were measured at 570 nm wavelength and 620 nm reference wavelength using a TECAN plate 
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reader (TECAN group Ltd.). All buffers necessary for the performance of a LacZ assay are 

listed below. 

 

5.25. Preparation of Polylactic-Co-Glycolic Acid Microspheres 

Polylactic-Co-Glycolic Acid (PLGA) microspheres (MS) were prepared from 14 kDa PLGA 

50:50 carrying hydroxyl- and carboxyl-end groups (Resomer® RG502H, Evonik). The peptides 

(Table 10) and TLR ligands were microencapsulated by spray drying as previously described 

by Waeckerle-Men et al. [409]. Briefly, 10 mg of peptides or 50 mg of protein and 5 mg CpG 

oligodeoxynucleotides with a phosphothioate backbone (CpG-Oligodeoxynucleotides (ODN) 

1826, Microsynth) or 0.5 mg polyI:C (Sigma-Aldrich) were dissolved in 0.5 mL 0.1 M NaHCO3 

(aqueous phase). The aqueous phase was mixed with 1 g of PLGA dissolved in 20 mL dichloro-

methane (organic phase). Subsequent, the aqueous and the organic phase were homogenized 

using ultrasonication (Hielscher, UP200 H, Ampl. 40%) for 10 s on ice. The obtained aqueous 

phase/organic phase dispersion was immediately spray dried using a Büchi Mini Spray-Dryer 

191 (Büchi Flawil) at a flow rate of 2 mL/min and inlet/outlet temperatures of 40°C/37°C. The 

generated MS were washed out of the spray-dryer´s cyclone with 0.05% Synperonic F68 solu-

tion, collected on a cellulose acetate membrane filter and dried under reduced pressure (20 

mbar) for at least 18 h at RT. Subsequently the MS were stored at 4°C. Immediately before use, 

MS were dissolved in PBS by ultrasonication (Transsonic DigitalS, Elma Schmiedbauer, 100%) 

for 30 s to obtain a homogenous MS solution. All solutions necessary for the preparation of 

PLGA-MS are listed below. 

 

LacZ buffer 

1M MgCl2 (Roth) 

10 % (v/v) NP40 (Roth) 

2.3 mg Chlorophenol red-β-D-galactopyranoside (CPRG) (Merck) 

in 25 mL PBS 

 

Synperonic F68 solution 

0.05 M Synperonic F68 (Serva Electrophoresis) 

in ddH2O 

0.1 M NaHCO3 

0.1 M NaHCO3 (Roth) 

in ddH2O 
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Table 10 Microencapsulated peptides  

Name Sequence 

M158-66 NH2 – GILGFVFTL – COOH 

M1-20aa NH2 – SPLTKGILGFVFTLTVPSER – COOH 

M1-40aa NH2 – ALMEWLKTRPILSPLTKGILGFVFTLTVPSERGLQRRRFV – COOH 

 

5.26. Characterization of PLGA-MS 

PLGA MS were characterized by encapsulation and release efficiency of the incapsulated pep-

tide or protein. 50 μg of the respective peptide were dissolved in a volume of 250 μl, as peptide 

control.  Encapsulation efficiency was determined by dissolving 5 mg MS in 50 μl DMSO 

(Sigma). Dissolved MS were incubated for 30 min at RT and afterwards, 200 μl 0.1 M NaOH 

was added to the solution. Release of the peptides from PLGA-MS was identified by dispersing 

5 mg PLGA-MS in 250 μl PBS by ultrasonication (Transsonic DigitalS, Elma Schmiedbauer) 

for 30 s. After 6 days, samples were spun down and the supernatant was analysed using the 

Micro BCA Protein Kit (Thermo Fisher Scientific) according to the manufacturer´s instruction. 

5.27. Immunization of mice with PLGA-MS 

Mice were immunized by subcutaneous vaccination with PLGA-MS at the base of the tail. A 

mixture of 5 mg MS containing peptide (50 μg) or protein (250 μg) and CpG-ODN (25 μg) and 

5 mg polyI:C MS (2.5 μg) were injected in a total volume of 200 μl at a single site at the base 

of the tail. Control groups received 5 mg CpG-ODN MS (25 μg) and 5 mg poly I:C MS (2.5 μg) 

or empty MS. Successful immunization was confirmed by intracellular cytokine staining fol-

lowed by flow cytometry analysis.  

5.28. Flow Cytometry 

Surface staining as well as viability staining were performed with antibodies diluted in PBS for 

20 min at 4°C followed by 3 x washing in FACS buffer before analysis. Samples that had been 

infected with a virus or were stained intracellular were fixed in 4% PFA for additional 5 min, 

followed by 1 x washing in FACS buffer. Subsequently the intracellular staining was performed 
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for at least 1 h up to overnight at 4°C in permeabilization buffer. The next day, samples were 

washed 3 x in permeabilization buffer for 15 min at 4°C to remove unbound antibodies. After-

wards cells were resuspended in FACS buffer for analysis. Cells were acquired using a 

FACSVerse flow cytometer (BD Biosciences) and analysed using FlowJo software (BD Bio-

sciences). The antibodies used for surface and intracellular staining as well as viability stainings 

are listed in Table 11 and Table 12. All buffers and solutions used for flow cytometry analysis 

are listed below. 

FACS buffer 

2% (v/v) FCS 

2 mM EDTA (Sigma-Aldrich) 

In 1x PBS, sterile filtered 

Permeabilization buffer 

0.1% (w/v) Saponin (Sigma) 

in 1x FACS buffer 

4% PFA solution 

4% (w/v) Paraformaldehyd (Sigma) 

in 1x PBS, pH adjusted to 6.9 

 

 

Table 11: Antibodies used for flow cytometry 

Epitope Isotype Clone Lable Target 
species 

Supplier 

CD3e Mouse IgG1, κ UCHT1 APC mouse Biolegend 

CD3e Mouse IgG1, κ 145-2C11 V450 mouse BD Biosciences 

CD8 Mouse IgG2a, κ 53-6.7 V450 mouse eBioscience 

CD11c Hamster IgG1, 
λ2 

HL3 APC mouse BD Biosci-
ences 

CD19 Rat IgG2a, κ 6D5 APC mouse Biolegend 

Fixable via-
bility stain 

780 

/ / / / BD Biosci-
ences 

F4/80 Rat IgG2a, κ BM8  mouse eBioscience 

GP Mouse IgG1, κ KL25 / / / 

IFN-γ, Rat IgG1, κ XMG1.2 APC mouse eBioscience 
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H-2Db Mouse IgG2a, κ 28-14-8 PE mouse BD Biosci-
ence 

H-2Kb Mouse IgG2a, κ AF6-88.5.5.3 PE mouse eBioscience 

H-2Ld human IgG1, κ REA695 APC mouse Miltenyi Bio-
tec 

HLA-A2 Mouse IgG2b, κ BB7.2 APC human  

MHC I ABC Mouse IgG2a, κ W6/32 APC human eBioscience 

MHC II I-
A/I-E 

Rat IgG2b, κ M5/114.15.2 BV421 mouse Biolegend 

NK1.1 Mouse IgG2a, κ PK136 APC mouse eBioscience 

 

Table 12 Secondary antibodies used for flow cytometry 

Target Clone Lable Supplier 

Anti-mouse IgG / FITC Chemicon 

 

5.29. Single cell sorting 

Fluorescence-activated cell sorting (FACS) was performed on a BD FACSAria lllu cell sorter 

(BD Biosciences) by the staff members of the FlowKon Core Facility. Single cells were col-

lected in 96 well plates in 200 µL complete IMDM. Lentiviral transduced cells were passaged 

for at least two weeks before sorting. Single cell clones were grown until colour change of the 

medium was visible. Successful stable transduction was verified once again by flow cytometry.  
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5.30. In vitro antigen presentation assays and intracellular cytokine staining 
(ICS) 

To determine the extent of direct presentation after transfection of NP-constructs the activation 

of CD8+ T-cells was measured in an in vitro assay. Transfected cells were seeded 24 h post 

transfection in a 96-well plate. NP-specific CD8+ T-cell (2 x 105) and brefeldin A in a final 

concentration of 10 µg/mL were added. Positive controls were stimulated with external peptide 

(final concentration of 10-7 M) while negative controls were treated with the same volume of 

DMSO. Samples were incubated for 5 h at 37 °C before they were fixed using 4% paraformal-

dehyde and stained using the following antibodies: anti-CD 8a (5 3-6.7), anti IFN-γ (XMG1.2) 

and fixable viability stain 780 (BD Bioscience). Samples were analysed by flow cytometry. The 

gating strategy of the intracellular cytokine staining for is shown exemplarily in Figure 9. 

 

 

 

 

Figure 9 Gating strategy for intracellular cytokine staining. Stained lymphocytes were gated on living cells 

followed by gating on cell size. Afterwards doublets were excluded, and the remaining single cells were gated on 

CD8+ cells. Interferon- γ positive cells were analysed in the CD8+ gate. 
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5.31. ELISPOT assay 

To detect IFN-γ producing cells a commercially available antibody pair (BD Biosciences) was 

used according to the manufacturer´s instruction. ELISPOT 96 well plates were coated with 

anti-IFN-γ antibody and subsequently blocked. Splenocytes were incubated in presence or ab-

sence of 10 μM of the respective peptide overnight. After incubation with a biotinylated anti-

body for two hours, a streptavidin-alkaline phosphatase enzyme conjugate was added for 40 

minutes at room temperature. Spots of the dried plate were counted using an ImmunoScan in-

strument (C.T.L., Cellular Technology Ltd., USA). 

5.32. Statistical analysis 

For statistical analyses, groups from similar experiments were pooled and analysed for signifi-

cant differences as indicated in the graph. All statistical analyses were performed using 

GraphPad Prism software (version 6.04) (GraphPad, San Diego, CA). Error bars represent 

mean ± SD unless otherwise stated. 
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6. Results 

6.1. Evidence for a role of the ubiquitin-like modifier ISG15 in MHC class I 
antigen presentation 

The functional consequences of ISGylation regarding degradation of target proteins remains 

poorly understood and contradictory. Ubiquitin and the ubiquitin-like modifier HLA-F-adjacent 

transcript 10 (FAT10) can target modified proteins for degradation by the 26S proteasome [99, 

410]. Since proteins modified by ubiquitin or Fat10 are degraded by the proteasome and gen-

erate peptides that will be loaded on major histocompatibility complex (MHC) class-I mole-

cules [311] we aimed to re-investigate the fate of ISGylated proteins. 

6.1.1. Isg15 conjugates are not degraded by the proteasome 

To investigate the functional consequences of ISGylation we aimed to clarify the fate of            

ISGylated target proteins in terms of proteasomal degradation. Therefore, cycloheximide-chase 

experiments were performed in human HEK293T cells transiently transfected with plasmids 

encoding FLAG-ISG15 together with its cognate human E1 enzyme UBE1L (UBA7), its E2 

enzyme UbcH8 (UBE2L6), and the major E3 ligase Herc5 (Figure 10A). In addition, endoge-

nous mouse ISG15 was induced along with its E1/E2 and E3 enzymes in murine embryonic 

fibroblasts (MEFs) by stimulation with IFN-β (Figure 10B) in order to examine the fate of 

ISGylated proteins. One day post transfection or induction respectively Western Blot analysis 

was performed to monitor the degradation of bulk ISGylated conjugates and free ISG15. How-

ever, no degradation of free ISG15 or ISG15 conjugates was detectable over the course of 5 h 

in neither of the two settings. For a more sensitive and longer lasting radioactive pulse-chase 

experiment with 35S-methionine+cysteine, HEK293T cells were likewise transiently trans-

fected with FLAG-ISG15 and E1/E2/E3 expression plasmids. Even though this assay is more 

sensitive compared to Western Blotting the radioactive labeled ISG15 conjugates were not de-

graded even within 24 h. Interestingly the free FLAG-ISG15 decreased over the course of time 

(Figure 10C). However, proteasome inhibition with MG132 did not rescue the degradation of 

free FLAG-ISG15. Remarkably, when the members of the conjugation cascade of ISG15  
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Figure 10 Kinetics of protein degradation in ISG15 overexpressing and IFN-β induced cells. (A) Cyclo-
heximide (CHX) chase analysis of monomeric and conjugated FLAG-ISG15 after transient co-transfection of 
HEK293T cells with expression constructs for human FLAG-ISG15 and the E1 (UBE1L), E2 (UbcH8), and E3 
(Herc5) enzymes of ISG15 (+ E1, E2, E3). (B) CHX-chase analysis of endogenous monomeric and conjugated 
mouse ISG15 after IFN-β mediated ISG15 induction in mouse embryonic fibroblast (MEF) cells. Shown on the 
left are representative FLAG and mouse ISG15 Western Blots. Proteasome activity was inhibited with 10µM 
MG132 for indicated time periods of CHX chase. Quantification of the band intensity of ISG15 (separately for 
monomeric and conjugated form) after normalization to γ-tubulin used as loading control is shown on the right. 
(C, D) HEK293T cells overexpressing FLAG-ISG15 with (C) or without (D) ISGylation enzymes were labeled 
with 35S-methionine+cysteine for 1 h. After labeling, samples were taken at indicated time points and radioactive 
bands were visualized using a phosphorimager. Graphs (right side) show the quantification of FLAG- ISG15 sig-
nals (monomeric and conjugated form) derived from three independent experiments. Where specified the medium 
was additionally supplemented with proteasome inhibitor MG132 (10 µM) or Bafilomycin A1 (BafA1) (0.1 µM). 
Representatives of three independent experiments are shown. 
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(UBE1L, UbcH8, Herc5) were not co-transfected in HEK293T cells, free FLAG-ISG15 re-

mained stable over time in pulse-chase experiments (Figure 10D). Of note, a minor amount of 

the singly expressed free FLAG-ISG15 could be immunoprecipitated from the cell culture me-

dium in accordance with earlier reports that ISG15 can be secreted [246, 260]. Hence, the ob-

served loss of free FLAG-ISG15 from cells over time (Figure 10C) is probably due to secretion 

or de novo conjugation to substrate proteins rather than degradation as the decrease in signal 

was not stopped by MG132. Taken together, these results show that ISGylated proteins are not 

substantially degraded by the proteasome.  

6.1.2. No fast proteasomal degradation of an ISG15-NP fusion protein 

To further investigate the impact of ISG15 on the degradation rate, the fate of a single 

ISG15-linked protein rather than bulk ISGylated proteins was studied. To this aim, a plasmid 

encoding for ISG15 fused N-terminally to the rather long-lived nucleoprotein (NP) of lympho-

cytic choriomeningitis virus (LCMV) was generated [341]. Previously, we have shown that 

N-terminal fusion of ubiquitin (Ub) or FAT10 to LCMV-NP accelerated its degradation mark-

edly [403]. Hence, the degradation kinetics of ISG15-NP was compared to those of Ub-NP, 

FAT10-NP and NP alone in radioactive pulse-chase experiments after transient transfection of 

HEK293T cells. (Figure 11A-D). One day post transfection HEK293T cells were starved for 1 

h in medium lacking S-methionine+cysteine followed by radioactive labelling in medium sup-

plemented with 35S-methionine+cysteine for 1 h. In agreement with previous data, LCMV-NP 

was not detectably degraded over the chase time of five hours. Ub-NP and FAT10-NP however 

were rapidly degraded in a proteasome dependent manner as evidenced by stabilization with 

MG132. Radioactive ISG15-NP largely disappeared from the transfected cells over the course 

of five hours. Like the loss in signal of FLAG-ISG15 also the loss of ISG15-NP signal could 

not at all be rescued by proteasome inhibition with MG132 (Figure 11D). Interestingly, like 

FLAG-ISG15 (Figure 10C, D), the ISG15-NP fusion protein could be prominently detected in 

the supernatant after five hours of chase time (Figure 11E). These results strongly suggest se-

cretion of ISG15NP rather than degradation. Taken together the degradation data generated 

from bulk conjugation following transient transfection and endogenous induction as well as the 

degradation data of the fusion protein ISG15-NP indicate that ISGylated proteins are not des-

tined for proteasomal degradation. 
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Figure 11 Degradation kinetics of radioactively labeled LCMV-NP and NP fusion proteins. The degradation 

of LCMV-NP (A) was compared to fusion proteins ubiquitin (Ub)-NP (B), FAT10-NP (C) as well as ISG15 (D). 

The proteins were overexpressed in HEK293T cells and 35S-methionine+cysteine labeled for 1 h. After labeling, 

samples were taken at indicated time points of chase and used for immunoprecipitation using the NP specific 

antibody KL53. Radioactive proteins were visualized using a phosphorimager. Graphs (right side) show the mean 

value of indicated fusion protein signals derived from two independent experiments. Representative autoradio-

grams of two independent experiments are shown. Where indicated proteasome activity was inhibited during the 

chase period with 10 µM MG132. (E) NP specific antibody KL53 was used to immunoprecipitate ISG15-NP from 

the cell culture supernatant of 35S-methionine+cysteine labeled ISG15-NP transfected HEK293T cells. The exper-

iments were performed three times, yielding similar results. 
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6.1.3. MHC class I surface expression is downregulated in cells expressing high 
amounts of ISG15 conjugates 

Previous studies showed an antiviral role for ISG15 that is mediated through ISGylation [411]. 

It was recently reported that ISG15 enhances MHC-class I antigen presentation [412]. Although 

ISGylated proteins do not seem to be degraded by the proteasome (Figure 10, Figure 11), ISG15 

can regulate cytokine responses [245] and up-regulates IFN-γ production [295]. Therefore, we 

wanted to re-examine whether ISG15 modifies antigen presentation by measuring MHC-I sur-

face expression. HEK293T cells were transiently transfected with murine or human ISG15 with 

or without its cognate E1, E2, and E3 enzymes. In addition, cells were co-transfected with a 

plasmid encoding GFP to select for transfected cells (Figure 12 A). One day post transfection 

the expression of ISG15 was verified using Western Blot analysis (Figure 12 B). An acid wash 

treatment was performed to remove MHC-I – peptide complexes from the cell surface while 

control cells were left untreated. Following the acid wash treatment cells were further cultured, 

and samples were taken over a course of 5 h. The re-appearance of MHC-I molecules at the cell 

surface was determined by flow cytometry. Remarkably, we observed that in cells transfected 

with ISG15 in the presence of the conjugation machinery the reappearance of MHC-I molecules 

was slowed down significantly compared to control cells or cells transfected with ISG15 alone 

(Figure 12 C, D). In accordance with previous observations [412], we found that cells express-

ing murine ISG15 displayed significantly higher MHC-I surface expression compared to con-

trol cells (Figure 12 C). Furthermore re-appearance of MHC-I molecules was faster when cells 

were overexpressing monomeric murine ISG15 while it was slowed down when its cognate E1, 

E2 and E3 enzymes were co-expressed. However, cells expressing human monomeric ISG15 

did not display higher MHC-I surface expression (Figure 12 D). The decreased MHC-I surface 

expression in cells co-expressing the E1, E2 and E3 enzymes was observed with human ISG15 

as well. These data indicate that ISG15, at least when overexpressed, can modulate MHC-I 

surface expression.  
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Figure 12 Altered MHC class I cell surface expression in ISG15 overexpressing HEK293T cells. HEK293T 

cells were transiently transfected with FLAG-ISG15 alone or together with expression constructs for ISGylation 

enzymes (E1, E2, E3). Additionally, cells were co-transfected with a plasmid encoding GFP to gate on transfected 

cells in flow cytometry experiments (A). The histogram shows samples as a percentage of the maximum count. 

(B) FLAG-Western Blot analysis of HEK293T cells used for flow cytometric analysis 24 h post transfection to 

confirm the expression and conjugation of human (h) and murine (m) FLAG-ISG15. A representative blot of three 

independent experiments is shown. (C, D) Reappearance of MHC class I molecules on the cell surface of cells 

overexpressing murine ISG15 (C) or human ISG15 (D) in the absence (ISG15) or presence (ISG15 + E1, E2, E3) 

of conjugation enzymes was analysed by flow cytometry at indicated time points post acid wash treatment. Un-

washed and untransfected cells served as a reference for maximum MHC-I surface expression Median fluores-

cence intensity (MFI) of HLA-A,B,C was normalised to the HLA-A,B,C expression of control cells. One-way 

ANOVA with Sidak’s multiple comparison test, *p< 0.05; **p< 0.01; ***p<0.005; ****p<0.0001 was applied for 

data analysis. 
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6.1.4. Unchanged MHC-I surface expression in splenocytes from ISG15−/− 
and ISG15-deconjugation deficient mice 

To further investigate a possible effect of ISG15 on class I surface expression but under in vivo 

conditions, the MHC-I surface expression on lymphocytes of C57BL/6, Isg15−/− and 

USP18C61A mice was analysed. In USP18C61A mice the gene encoding USP18 (also desig-

nated UBP43), which is the major ISG15 isopeptidase in vivo, is mutated at the active site cys-

teine to encode functionally inactive USP18C61A thus leading to increased levels of ISG15 

conjugates in these mice [275]. The three mouse strains were intraperitoneally (i.p.) inoculated 

with 50 µg per mouse of the toll-like receptor 3 (TLR3) agonist polyinosinic:polycytidylic acid 

(polyI:C) to induce a type I interferon response and thereby ISG15 and its conjugation cascade 

[413]. ISG15 up-regulation in the mice was confirmed in ISG15 Western Blots of splenocytes 

24 h after polyI:C administration showing induction of monomeric ISG15 and ISG15 conju-

gates in wildtype mice, elevated ISG15 conjugate levels in USP18C61A mice and absence of 

ISG15 in splenocytes from ISG15−/− mice (Figure 13A). Next, H-2Kb and H-2Db cell surface 

expression was analysed in T-cells (Figure 13B), B-cells (Figure 13C), dendritic cells (DCs) 

(Figure 13D), macrophages (Figure 13E) and NK cells (Figure 13F) using flow cytometry. The 

gating strategy used to gate on these lymphocyte subsets is shown in Figure 14. Even though 

ISG15 expression and ISGylation had been strongly induced (Figure 13A), no differences in 

H-2Kb and H-2Db expression could be detected between ISG15−/−, USP18C61A and C57BL/6 

mice in any of the investigated subsets. These data indicate that ISG15 and ISGylation do not 

alter the MHC class I expression under endogenous conditions in mice. Thus, a change of bulk 

MHC class I surface expression does not seem to contribute to the reported antiviral role of 

ISG15 in mice.  
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Figure 13 MHC class I surface expression of different splenocyte sub-populations derived from wt,          

ISG15-/-, and USP18C61A mice. ISG15 -/-, USP18C61A, and C57BL/6 wt mice were treated with 50 µg poly-

inosinic:polycytidylic acid (poly I:C) for 24 h. (A) ISG15 Western Blot analysis of total splenocytes isolated from 

ISG15-/-, USP18C61A, and C57BL/6 wt mice. γ-tubulin served as a loading control. (B-F) Surface expression of 

MHC class I molecules H-2Kb and H-2Db was analysed in different immune cell subsets (CD3+ (B), CD19+ (C), 

CD11C+ MHC II+ (D), F4/80+ (E), and CD3-NK1.1+ (F) by flow cytometry. MFI of H-2Kb or H-2Db was normal-

ized to signals detected in cells of wt mice. A representative blot of two independent experiments is shown. ISG15 

-/- n=3, USP18C61A n=3, C57BL/6 n=3. 
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Figure 14 Gating strategies of different immune cell populations. H-2Kb and H-2Db expression of different 

immune cell populations from splenocytes of C57BL/6, ISG15-/- and USP18C61A mice were analysed by flow 

cytometry. Subsequent of gating on size, doublet discrimination and viability staining the median fluorescent in-

tensity of H-2Kb and H-2Db was analysed in the following gates: CD3+, CD19+, CD11C+ MHC II+, F4/80+ and 

CD3-NK1.1+. 



Results 71

 

6.1.5. Increased presentation of NP epitopes after fusion of NP to ISG15 

Since ISGylation modifies viral proteins at the ribosome [232, 289, 414, 415] and since ‘defec-

tive ribosomal products’ (DRiPs) or newly translated but rapidly degraded polypeptides con-

tribute to MHC class I restricted antigen presentation [341, 416], we further investigated a po-

tential role of ISG15 in the generation of MHC-I ligands. To elucidate the nature of ISG15 in 

the generation of MHC-I ligands in vitro HEK293T cells stably expressing murine MHC mol-

ecules H-2Ld (Hek-Ld) or H-2Db (Hek-Db) were used. Expression of murine MHC molecules 

was verified by flow cytometry (Figure 15A, B). Cells were transfected with constructs encod-

ing for LCMV NP or the NP fusion proteins Ub-NP, Fat10-NP, and ISG15-NP (Figure 11). 

One day post transfection, Hek-Db or Hek-Ld cells were used to stimulate primary NP396-404-

specific CD8+ T-cell lines or splenocytes derived from LCMV infected BALB/c (H-2d) mice, 

which mainly contain NP118-126-specific CTLs. Presentation of the epitopes NP396-404 (H-2Db) 

and NP118-126 (H-2Ld) was determined by double staining for CD8 and intracellular IFN-γ and 

subsequent analysis by flow cytometry. In agreement with our previous report [403], presenta-

tion of NP396-404 as well as NP118-126  were significantly increased when LCMV-NP was N-ter-

minally fused to degradation promoting ubiquitin or FAT10 as compared to cells stably ex-

pressing the long-lived unmodified NP (Figure 16A, B). Unexpectedly, we observed the same 

increase in NP118-126 and NP396-404 presentation when NP was N-terminally fused to ISG15. 

These data suggest that a fusion of ISG15, like ubiquitin or FAT10, promotes the presentation 

of epitopes of its fusion partner.  

Figure 15 Expression of murine MHC molecules H-2Ld and H-2Db on stable Hek cell lines. Histograms of 

H 2Ld (A) and H-2Db (B) expression of Hek-Ld or Hek-Db cells analysed by flow cytometry. Subsequent to gating 

on size, doublet discrimination and viability staining the expression of MHC in living cells was analysed. The 

histograms show samples as a percentage of the maximum count. 
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6.1.6. Proteasomal inhibition decreases presentation of NP epitopes after 
fusion of NP to ISG15 

Even though previous data argues against proteasomal degradation of ISGylated proteins the 

observed increase in NP118-126 and NP396-404 presentation by N-terminally fusing ISG15 to 

LCMV-NP suggests otherwise. As the increased presentation of epitopes by ubiquitin or FAT10 

fusion is proteasome dependent [403] and similar results were observed for ISG15, the involved 

pathway might be the same. To further investigate the involvement of the proteasome in the  

 

Figure 16 Fusion of ISG15 to NP increases antigen presentation of NP-derived epitopes. HEK293T cells 

stably expressing murine MHC class I molecules H-2Ld (A) or H-2Db (B) were transfected with constructs encod-

ing for LCMV NP or indicated NP fusion proteins. After 24 h, indicated numbers of cells were used to stimulate 

NP118-126/H-2Ld- (A) or NP396-404/H-2Db (B) - specific CD8+ T-cells. Activation of NP118-126 - or NP396-404 - spe-

cific CD8+ T-cells was analysed by staining for CD8 and intracellular IFN-γ. Graphs show the percentages of 

IFN--γ positive cells of CD8+ cells as determined by flow cytometry. GFP co-transfection served as a control for 

transfection efficiency (right side). Pooled data of three independent experiments are shown. 
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Figure 17 Proteasome inhibition decreases antigen presentation of ISG15-NP-derived epitopes. HEK293T 

cells stably expressing murine MHC class I molecules H-2Ld (A) or H-2Db (B) were transfected with constructs 

encoding for LCMV NP or indicated NP fusion proteins. After 24 h, 2 x 105 cells were acid washed and treated 

with MG132 (10µM) or BafA1 (0.1µM) for 5h. These cells were used to stimulate NP118-126/H-2Ld- (A) or 

NP396-404/H-2Db (B) - specific CD8+ T-cells. Activation of NP118-126 - or NP396-404 - specific CD8+ T-cells was ana-

lysed by staining for CD8 and intracellular IFN-γ. Graphs show the percentages of IFN-γ-positive cells of CD8+

cells as determined by flow cytometry. GFP co-transfection served as a control for transfection efficiency and H-

2Ld or H-2Db staining as a control for acid wash efficiency (right side). (C) HEK293T cells overexpressing ISG15-

NP were labeled with 35S-methionine+cysteine for 15 min. After labeling, samples were taken at indicated time 

points and radioactive bands were visualized using a phosphorimager. Pooled data of three independent experi-

ments are shown. One-way ANOVA with Sidak’s multiple comparison test, *p< 0.05; **p< 0.01; ***p<0.005; 

****p<0.0001 was applied for data analysis. 
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presentation of NP epitopes after fusion of NP to ISG15 HEK293T cells stably expressing mu-

rine MHC molecules H-2Ld (Hek-Ld) or H-2Db (Hek-Db) (Figure 15) were transfected with 

constructs encoding for LCMV NP or the NP fusion proteins Ub-NP, Fat10-NP, and ISG15-

NP. One day post transfection the cells were acid washed to remove MHC molecules from the 

cell surface. Additionally, cells were treated with MG132 or BafA1 for 5h before they were 

used to stimulate NP118-126 or a NP396-404 specific CD8+ T-cells. A significant decrease in presen-

tation of NP epitopes fused to ubiquitin or FAT10 was observed when cells were treated with 

MG132 compared to untreated cells (Figure 17A, B). Interestingly the same effect was observed 

when ISG15-NP expressing cells were acid washed and treated with MG132, thus indicating 

involvement of the proteasome in presentation of NP epitopes after fusion of NP to ISG15. 

Since fusion of ISG15 did not detectably accelerate proteasomal degradation of NP and since 

proteasome inhibition did not lead to an accumulation of ISG15-NP (Figure 11D), we per-

formed short term pulse chase experiments and investigated the degradation kinetic of radioac-

tively labelled ISG15-NP over the chase time of one hour (Figure 17C). However, also in this 

setting neither accelerated degradation nor an effect of MG132 were detectable. Therefore, 

linkage to ISG15 might efficiently feed antigens into co-translational processing via a so far 

uncharacterized pathway which can’t be easily tracked with conventional degradation assays. 
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6.2. Development of a High‐Throughput assay to test the influence of 
chemical compounds on antigen specific stimulation of T‐cells by DCs 

Antigen processing and presentation is a process that is extremely important for the adaptive 

immune response of our body to fight infections by pathogens. A brought variety of pathways 

and molecules are involved to help our body fight infections to stay healthy. As there are so 

many pathways and molecules involved there is also a lot of room for potential modifications 

and alterations by chemical compounds such as medications during an infection. Until this day 

there is no test available that allows the investigation of influences on the antigen presentation 

pathway in a high-throughput fashion. However, being able to screen large amounts of chemical 

compounds on their ability to modulate antigen presentation in a short amount of time would 

be very beneficial to our lab as well as others working in this field. In this project we aimed to 

generate a stable DC cell line expressing and presenting an antigen. As we meant to design this 

assay with a clinically relevant antigen we chose the influenza matrix protein 1 (M1) and the 

M158-66 epitope, as this epitope is the immunodominant epitope during an influenza infection 

[417-420]. Furthermore, an M158-66 specific CD8+ T cell line was used to generate a T cell 

hybridoma. These two components would be sufficient to set up an assay that would permit 

monitoring of T cell hybridoma stimulation by the stable DC cell line.  

6.2.1. Generation of a M158-66 overexpressing THP I cell line  

To present the M158-66 epitope of M1, a cell line stably expressing M1 needed to be generated. 

Additional to the stable expression of M1 this cell line had to be of the HLA serotype 

HLA-A*0201 as the M158-66 epitope is HLA-A*0201 restricted. Surface staining with an 

HLA-A*02 antibody confirmed expression of the necessary MHC class I molecule on the cell 

surface of THP I cells compared to THP I cells stained with an isotype control (Figure 18 A). 

As transfection of THP I cells using commercially available transfection reagents is known to 

be difficult the stable THP I cell line was generated using Lentiviral transduction. The M1 gene 

was inserted into the multiple cloning site of the pCDH-CMV-MCS-EF1α-copGFP plasmid 

and the pCDH-EF1α-MCS-IRES-copGFP plasmid. Two batches of lentiviral particles were 

produced in Hek293T cells using these plasmids. After purification of lentiviral particles THP 

I cells were transduced for 2 days at 37°C. Subsequent to transduction GFP expression was 

analysed using flow cytometry. THP I cells transfected with either of the lentiviral particles 

displayed a GFP+ population of 30-40% when compared to wt THP I cells (Figure 18 B). 
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Figure 18 Overexpression of M1 in THP I cells. (A) Histogram of HLA-A*02 surface expression on THP I 

cells. Successful lentiviral transduction of THP I cells was verified by GFP expression using flow cytometric 

analysis (B). Subsequent to gating on size, doublet discrimination and viability staining GFP expression of living 

cells was analysed. (C&D) Western Blot analysis was used to confirm M1 expression in the GFP positive cells. 

Representative blots of three independent experiments are shown. (E) Exemplary histogram of the reanalysis of 

GFP expression of single cell sorted pCDH-CMV-MCS-EF1α-copGFP and pCDH- EF1α -MCS-IRES-copGFP 

transduced THP I cells. Samples are shown as a percentage of the maximum count. (F) pCDH- EF1α -MCS-IRES-

copGFP THP I cells were used to stimulate splenocytes isolated from HLA-A*0201 transgenic AAD mice vac-

cinated with PLGA MS containing M158-66 peptide. The CTL response was analysed by ICS and flow cytometry. 

Shown are the percentages of IFN-γ-positive cells of CD8+ cells. Exemplary data of three independent experiments 

is shown. 
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Western Blot analysis confirmed that the M1 protein was expressed while it was lacking in 

control THP I cells (Figure 18 C). GFP+ cells were single cell sorted and clones were cultured 

for further analysis. Surprisingly, after further culturing the M1 signal in clones transduced with 

pCDH-CMV-M1-EF1α-copGFP was not detectable anymore whereas pCDH-EF1α-M1-IRES-

copGFP transduced clones were still expressing the protein (Figure 18 D). Nevertheless, all 

clones were still expressing GFP (Figure 18 E). For this reason, only pCDH-EF1α-M1-IRES-

copGFP transduced clones were used for further experimentation.  

6.2.2. M1 overexpressing THP I cells do not stimulate a CTL response in 
HLA-A*0201 transgenic M1 immunized mice 

THP I clones stably expressing M1 were tested for their ability to present the M158-66 epitope 

to T cells. MS encapsulating the HLA-A*0201 specific M158-66 peptide along with MS contain-

ing the TRL ligand polyI:C were used to s.c. immunize HLA-A*0201 transgenic mice. 6 days 

post immunization mice were sacrificed, splenocytes were harvested and re-stimulated in vitro 

using either the M158-66 peptide or the generated THP I clones while control cells were left 

untreated. The CTL response was analysed by ICS and flow cytometry. When restimulated with 

external peptide more than 3% of the CD8+ cells produced IFN-γ whereas untreated cells did 

not display an IFN-γ response at all (Figure 18 F). Nonetheless this was also the case for all M1 

expressing THP I clones tested. These data suggest that even though the cells express high 

amounts of M1 protein they do not present the M158-66 epitope to T cells.  

6.2.3. Destabilizing mutation of M1 does not increase the presentation of its 
epitopes 

Previous studies showed that mutating the hydrophobic residues contributing to the hydropho-

bic core of M1 destabilizes the protein and therefore facilitates faster degradation by the pro-

teasome as well as the presentation of its epitopes [421]. To achieve this destabilisation, the 

residues isoleucine 24 and leucine 28 were replaced by negatively charged glutamic acid resi-

dues. Using site directed mutagenesis, M1 in pCDH-EF1α-MCS-IRES-copGFP was mutated. 

Afterwards the pCDH-EF1α-M1-I24E/L28E-IRES-copGFP plasmid was used to produce len-

tiviral particles that were used to transduce THP I cells for 2 days at 37°C. Western Blot analysis 

following transduction revealed that mutation of isoleucine 24 and leucine 28 in the M1 protein 

lead to a depletion of the M1 signal (Figure 19 A). These results suggest very fast degradation  
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Figure 19 Overexpression of M1-I24E/L28E in THP I cells. M1 in pCDH-EF1α-MCS-IRES-copGFP was 

destabilised by mutation of isoleucine 24 and leucine 28. THP I cells were transduced with lentiviral particles 

and successful transduction was confirmed by Western Blot using an M1 antibody (A) and by flow cytometry 

(B). The histogram shows samples as a percentage of the maximum count. Cells expressing M1 and M1-

I24E/L28E were used to stimulate specific T cell line isolated from HLA-A*0201 transgenic AAD mice vac-

cinated with PLGA MS containing M158-66 peptide. External peptide stimulation of the T cell line was used as 

positive control. The CTL response was analysed by ICS and flow cytometry (C). Exemplary data of three 

independent experiments is shown. 
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of the mutated version or disruption of the epitope that was detected by the antibody used for 

Western Blot analysis. GFP expression was analysed using flow cytometry and GFP+ cells were 

bulk sorted (Figure 19 B). To analyse potentially increased antigen presentation of the mutation 

HLA-A*0201 transgenic mice were s.c. immunized using M158-66 encapsulating MS. 6 days 

post immunization mice were sacrificed, splenocytes were harvested and re-stimulated in vitro 

using the M158-66 peptide. Cells were kept in culture for 7 days and every second day the me-

dium was supplemented with IL-2. To test the M1-I24E/L28E mutants the generated M158-66 

specific T cell line was restimulated using M158-66 peptide, peptide loaded THP I cells, THP I 

– M1 or THP I – M1 I24E/L28E clones. Flow cytometry following an ICS revealed that stim-

ulating the CTL line using M158-66 peptide as well as peptide loaded THP I cells produced a 

very strong IFN-γ response (Figure 19 C) compared to untreated and wildtype THP stimulated 

cells. Unfortunately, cells stimulated with THP I – M1 or THP I – M1-I24E/L28E clones did 

not produce an IFN-γ response that differed from wildtype THP stimulated cells. These findings 

indicate that mutation of isoleucine 24 and leucine 28 in the M1 protein did not lead to higher 

presentation of its epitopes.  

6.2.4. M1 overexpressing LCL cells stimulate CTL responses in HLA-A*0201 
transgenic M1 immunized mice 

Since THP I cells did not present M1 epitopes when stably expressing the protein in high 

amounts a different cell line was addressed. Cells which have been reported to be 

HLA-A*0201+ [422] were stained for HLA-A*02 and analysed using flow cytometry. As this 

cell line was expressing the desired MHC class I molecule (Figure 20 A) the cells were trans-

duced with lentiviral particles packaged with pCDH-EF1α-M1-I24E/L28E-IRES-copGFP and 

pCDH-EF1α-M1-IRES-copGFP. Afterwards cells were analysed by flow cytometry for GFP 

expression and by Western Blot analysis for M1 expression (Figure 20 B). Both cell lines were 

found to express GFP in high amounts. As seen before only cells transduced with pCDH-EF1α-

M1-IRES-copGFP lentiviral particles showed specific M1 signals in Western Blot analysis 

while pCDH-EF1α- M1-I24E/L28E-IRES-copGFP lentiviral particle transduced cells did not 

(Figure 20 C). However, due to the high GFP expression cells were very likely transduced. To 

analyse antigen presentation of LCL721.45 cells expressing M1-I24E/L28E or M1 respectively 

HLA-A*0201 transgenic mice were s.c. immunized using M158-66 encapsulating PLGA-MS. 6 

days post immunization mice were sacrificed, splenocytes were harvested and re-stimulated in 

vitro using the M158-66 peptide. Cells were kept in culture for 7 days and every second day the  
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Figure 20 M1 overexpressing LCL721.45 cells. (A) Histogram of HLA-A*02 surface expression on LCL721.45 

cells. Successful lentiviral transduction of THP I cells was verified by GFP expression using flow cytometric 

analysis (B) and Western Blot analysis (C). The histograms show samples as a percentage of the maximum count.

Cells expressing M1 and M1-I24E/L28E were used to stimulate a specific T cell line isolated from HLA-A*0201 

transgenic AAD mice vaccinated with PLGA MS containing M158-66 peptide. The CTL response was analysed by 

ICS and flow cytometry (D&E). External peptide stimulation of the T cell line was used as a positive control.

Percentages of IFN-γ-positive cells of CD8+ cells are shown (E). 
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medium was supplemented with IL-2. Following stimulation of the cells using M158-66 peptide, 

peptide loaded LCL721.45 cells, LCL721.45-M1 or LCL721.45- M1-I24E/L28E cells antigen 

presentation was analysed by ICS and subsequent flow cytometric analysis (Figure 20 D, E). 

Stimulating the T cell line using M158-66 peptide as well as peptide loaded LCL721.45 cells 

produced a very strong IFN-γ response of more than 90 % IFN-γ +CD8+ cells when compared 

to unstimulated cells. The generated LCL721.45 lines both produced a significantly IFN-γ re-

sponse of 7 % in the T cell line. Even though this response was significantly weaker compared 

to peptide restimulation as well as peptide loaded LCL721.45 the generated M1 and M1-

I24E/L28E expressing cell lines were able to successfully present the M158-66 epitope. The mu-

tation of isoleucine 24 and leucine 28 introduced in the M1 gene however did not result in a 

significant increase of antigen presentation. Nonetheless these data clearly demonstrate that 

generating a cell line presenting the M158-66 epitope was successful.  

6.2.5. Expression and purification of recombinant influenza matrix protein 1 

After successfully generating a cell line stably expressing and presenting the M158-66 epitope 

for the high-throughput assay a M158-66 specific hybridoma cell line still had to be generated to 

be able to quantify the antigen presentation in vitro. To generate the hybridoma cell line M158-66 

specific CD8+ T cells had to be fused with BWZ.36 cells. To isolate M158-66 specific CD8+ T 

cells from HLA-A*0201 transgenic mice, mice were supposed to be immunized with recombi-

nant full length M1 protein. Therefore, the M1 gene was inserted into the multiple cloning site 

of the p6xHis-SUMO expression vector. Recombinant expression of M1 was performed in the 

Escherichia coli strain BL21(DE3) in LB medium. Following transformation, the bacteria were 

cultured overnight at 37°C and constant shaking at 220 rpm. The next day the starter culture 

was diluted to OD600nm of 0.1 and further cultured at 37°C and 220 rpm. Reaching OD600nm of 

0.6 expression was induced using IPTG at a final concentration of 0.4 mM and the bacteria 

were cultured for another 4h. Next bacteria were harvested, lysed and His-tag affinity chroma-

tography was performed. However, quantification of the purified recombinant protein revealed 

that a 4h expression in a total volume of 1 L in erlenmeyer flasks only yielded an amount of 

10 mg of recombinant 6xHis-SUMO M1. The amount of purified protein needed to proceed to 

the next step in developing the high-throughput-assay were at least 50 mg though. For this 

reason, 3 L LB medium were inoculated with a starter culture to a start OD600nm of 0.1 and 

further cultured in a bioreactor at 30°C. Upon reaching OD600nm of 5 expression was induced 

(Figure 21 A). The culture was further grown at 30°C. Successful induction and expression of 

recombinant M1 protein was confirmed by SDS-PAGE, Coomassie staining and Western Blot 
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analysis. Coomassie staining confirmed that signals at the calculated molecular weight of 38 

kDa were increasing during the time of expression. In Western Blot analysis bands started to 

become detectable after 1 – 2 h of expression using a His specific antibody (Figure 21 B). As 

soon as the growth kinetic of the culture reached its plateau (Figure 21 A) the bacteria were 

harvested. Subsequent lysis and His-tag affinity chromatography purity of the protein was val-

idated using SDS-PAGE and Coomassie staining. A strong signal was detected when His-tag 

affinity chromatography was performed compared to the full cell lysate (Figure 21 B). The 

protein was eluted from the beads in a small volume by removing the 6xHis-SUMO-tag using 

an Ulp1-protease and dialysed to remove the protease from the solution. Elution was carried 

out in a small volume to achieve a concentration of 100 mg/mL as the protein was needed as 

concentrated as possible to encapsulate it in PLGA-MS. The concentration of the purified re-

combinant M1 protein was assessed using Coomassie staining titrating M1 against a bovine 

Figure 21 Expression and purification of recombinant M1 Recombinant 6xHis-SUMO-M1 was expressed in 

E. coli cultured in a bioreactor. (A) The culture was started at an OD600nm of 0.1 and when OD600nm 5 was reached 

the expression was induced using IPTG at a final concentration of 0.4 mM. The culture was harvested when the 

growth curve reached its plateau. (B) Induction and expression of M1 was verified by Coomassie staining and 

Western Blot analysis. (C) A BSA standard was used to titrate the purified M1 protein and determine the amount 

of protein purified. Therefore, increasing amounts of eluate were loaded in lanes a to f. 
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serum albumin (BSA) standard (Figure 21 C). Quantification revealed that a total of 160 mg 

had been purified from the culture grown in the bioreactor. Therefore, the reaction yielded 

enough protein to proceed in the generation of the high‐throughput assay. To avoid precipitation 

of the protein PLGA-MS were sprayed immediately after dialysis.  

6.2.6. No CTL response to influenza matrix protein 1 microspheres 

Since enough recombinant protein was successfully purified the next aim was to prepare the 

protein for vaccination of mice. Therefor recombinant M1 was encapsulated in PLGA-MS. Two 

batches of MS were produced containing a total 50 mg or 100 mg of M1 protein respectively. 

In both batches 5 mg CpG-ODN were co-encapsulated. The encapsulation and release effi-

ciency of M1 protein in both batches was assessed and encapsulation as well as the release 

efficiency for the 100 mg batch was lower compared to the 50 mg batch (Figure 22 A). Never-

theless, both batches contained encapsulated protein and were able to release the encapsulated 

protein over the course of 6 days. To test the release of M1 protein and assess the presentation 

of the known HLA-A*0201 epitope M158-66 (GILGFVFTL), HLA-A*0201 transgenic AAD 

mice were s.c. immunized with 5 mg of M1 protein PLGA-MS and 5 mg polyI:C PLGA-MS. 

On day 6 after immunization, splenocytes were harvested and restimulated in vitro with the 

epitope M158-66. Surprisingly neither of the MS batches produced a CTL response in these mice 

when compared to MS encapsulated with the peptide M158-66 (Figure 22 B). These results sug-

gest that full length recombinant M1 protein does not produce a CTL response in the HLA-

A*0201 transgenic mice. 

6.2.7. Long peptides produce no CTL response in HLA-A*0201 transgenic 
mice 

Due to full length M1 MS not producing the expected CTL response we addressed long peptides 

as an alternative for the usage of full-length protein. They provide the advantage of higher sol-

ubility but also some disadvantages like the loss of CTL and helper epitopes, which restrict the 

immune response. As the purpose of the immunization was solely the isolation of CD8+ cells 

specific to M158-66 the disadvantages could be neglected. We designed two long peptides of 20 

(M1-20aa) and 40 amino acid length (M1-40aa), both including the known HLA-A*0201  
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Figure 22 Characterisation of M1 PLGA microspheres. PLGA MS containing the TLR9 agonist CpG and 

different amounts of recombinant M1 protein or M1 peptides with different amino acid length were spray dried. 

Encapsulation and release properties of protein (A) and peptide (C) containing PLGA MS were characterised. To 

verify the ability of the PLGA MS to produce an immune response they were s.c. injected into HLA-A*0201 

transgenic AAD mice. 6 days post vaccination the mice were sacrificed and splenocytes were used to perform an 

ICS (B&D) or an ELISPOT assay (E). The percentages of IFN-γ-positive cells of CD8+ cells (B&D) and the 

number of IFN-γ spots (E) are shown. Pooled data of three independent experiments are shown. One-way ANOVA 

with Sidak’s multiple comparison test, *p< 0.05; **p< 0.01; ***p<0.005; ****p<0.0001 was applied for data 

analysis. 
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epitope M158-66. MS containing these long peptides were analysed for their encapsulation and 

release characteristics. While encapsulation of M1-40aa was 20% lower and release even 30% 

lower when compared to M158-66 the shorter M1-20aa performed comparable to M158-66 (Figure 

22 C). However, all MS batches were found to have peptides encapsulated and were able to 

release these peptides. To test their ability to produce a CTL response HLA-A*0201 transgenic 

AAD mice were s.c. immunized. 6 days post co-injection of 5 mg PLGA-MS containing the 

long peptides M1-20aa or M1-40aa and 5 mg polyI:C PLGA-MS splenocytes were harvested 

and restimulated in vitro with the HLA-A*0201 epitope M158-66. Splenocytes were analysed by 

intracellular cytokine staining (Figure 22 D) as well as ELISPOT assay (Figure 22 E). Spleno-

cytes from mice immunized with M158-66 MS produced a significant CTL response when com-

pared to splenocytes of mice that were immunized with CpG-ODN MS only. The M1-40aa as 

well as the M1-20aa MS however were not able to induce an IFN-γ response in CD8+ cells. 

Even though M1-20aa MS induced a response of 0.6% CD8+ IFN-γ+ cells in a subset of mice 

(Figure 22 D), these findings could not be verified in an ELISPOT assay (Figure 22 E). Hence 

these data strongly indicate that an induction of CD8+ T cells in HLA-A*0201 transgenic mice 

using MS encapsulated with M1-20aa and M1-40aa is not possible. Nevertheless, immunizing 

HLA-A*0201 transgenic AAD mice using M158-66 MS has proven effective in inducing the 

desired M158-66 specific CTL response.  

6.2.8. Generation of a M158-66 specific hybridoma line 

To generate a M158-66 specific hybridoma line for the High‐Throughput assay PLGA-MS en-

capsulating the HLA-A*0201 specific M158-66 peptide were co-injected with MS containing the 

TLR3 ligand polyI:C. Following the immunization of an HLA-A*0201 transgenic mouse the 

splenocytes were harvested 6 days post immunization and restimulated in vitro using M158-66 

peptide. Successful immunization was confirmed by ICS and subsequent flow cytometric anal-

ysis. As an increase in CD8+ IFN-γ+ cells was detectable (Figure 23 A top row), the isolated 

and restimulated splenocytes were kept in culture at 37°C for 7 days. Every second day the 

medium was supplemented with IL-2 to promote the differentiation of T cells into effector T 

cells upon the antigen stimulation on the day of isolation. 7 days post restimulation the CD8+ 

IFN-γ+ population of the splenocytes was again analysed by flow cytometry. (Figure 23 A bot-

tom row). As the splenocytes displayed a significantly enlarged CD8+ IFN-γ+ population Ficoll  
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Figure 23 M158-66 specific hybridoma cells. Following immunization of HLA-A*0201 transgenic mice, sple-

nocytes were isolated 6 days post vaccination and kept in culture with repeated IL-2 stimulation. Specificity 

towards M158-66 was verified by ICS and flow cytometry (A). M158-66 specific T cells were fused with 

BWZ.36/CD8α cells and limiting diluted clones were tested for their specificity (B). Hybridoma cells were 

stimulated with M158-66 peptide loaded THP I cells. PMA/Ionomycin and wt THP I cells were used as positive 

and negative control respectively. Specific clones were further cultured and retested (C). Exemplary hybridoma 

clones are shown. 
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density gradient centrifugation was performed to remove dead cells and debris from the sus-

pension. Then the remaining living cells were given 24 h to recover before they were used for 

a fusion with BWZ.36/CD8α cells. Successfully fused and growing clones were further cultured 

in HT medium and tested for their antigen specificity.  

6.2.9. M158-66specific hybridoma clones lose their specificity  

To verify M158-66 specificity of the generated hybridoma clones HLA-A*0201+ THP I cells 

were externally loaded with M158-66 peptide for 2 h. Afterwards peptide loaded THP I cells were 

used to stimulate equal amounts of hybridoma cells of every clone generated.Cells were co-

cultured overnight and a LacZ assay was performed the next day. Signal intensity was meas-

ured, and all clones were compared to PMA and Ionomycin stimulated cells that served as a 

positive control (Figure 23B). Furthermore, signal intensity of the THP I cells and every hy-

bridoma clone without stimulation were measured. Signal to noise ratios were calculated that 

served as basis for evaluation. Clones displaying a high signal to noise ratio e.g. clone A4, A9 

and B4 (Figure 23 B) were kept in culture. Regardless of the signal to noise ratio when first 

tested, all positive clones seemed to lose their specificity to M158-66 when the assay was repeated 

after further culturing. When the hybridoma clones were again stimulated with peptide loaded 

THP I cells and compared to hybridoma cells stimulated with wildtype THP I cells none of the 

positive tested clones displayed any specificity to M158-66 (Figure 23 C). Hence a functional 

hybridoma recognizing the M158-66 epitope could not be achieved. 

6.2.10. GP overexpressing DC2.4 cells stimulate a GP276 specific hybridoma 
cells 

Since the generation of a M158-66 specific T cell hybridoma was unsuccessful, the high-through-

put assay cannot be performed using only in vitro methods. The missing M158-66 specific T cell 

hybridoma can be substituted by specific T cell lines from vaccinated HLA-A*0201 transgenic 

AAD mice. Therefore, the assay would not be as reproducible as desired, as these T cell lines 

do not survive a long period of time in ex vivo culture and thus would have to be isolated re-

peatedly. Furthermore, the amount of specific T cells in the culture may vary. To circumvent 

these problems another antigen presenting cell line was generated. As our lab regularly works 

with LCMV and since several T cell hybridomas specific for LCMV epitopes were available a 

LCMV glycoprotein (GP) expressing DC2.4 cell line was generated. pCDH-EF1α-GP-IRES-
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copGFP was used to generate lentiviral particles, which were used to stably transduce DC2.4 

cells. GP expression was verified using flow cytometry (Figure 24 A). GFP+ cells were bulk 

sorted and subsequently used to stimulate equal amounts of GP33 and GP276 specific T cell 

hybridomas. Cells were co-cultured overnight and a LacZ assay was performed the next day. 

Signal intensity was measured, and all clones were compared to PMA and Ionomycin stimu-

lated cells and GP33 or GP276 peptide loaded DC2.4 respectively. GP276 specific T cell hybrid-

omas were stimulated significantly when compared to control cells (Figure 24 B), while GP33 

hybridoma cells were not stimulated by the generated DC2.4 cells nor by peptide loaded DC2.4 

(Figure 24 C). To improve the stimulation by the DC2.4 cells they were single cell sorted. All 

clones were analysed for their signal to noise ratio when stimulating the GP276 specific T cell 

hybridoma cells. Clone 14 presented the highest signal to noise ratio (Figure 24 D). This clone 

of the DC2.4 cells stably expressing LCMV GP can be used in further assays to test the effect 

Figure 24 GP expressing DC2.4 cells. DC2.4 cells were lentivirally transduced to express LCMV GP. Expression 

of GP was analysed by flow cytometry. GP expressing cells (blue) were compared to wt DC2.4 (red) (A). DC2.4 

GP cells were used to stimulate GP33 and GP276 specific hybridoma cells (B, C). PMA/Ionomycin and DC2.4 wt 

cells were used as positive and negative control respectively. Pooled data from three independent experiments are 

shown. (D) Single cell sorted DC2.4 clones were analysed for their signal to noise ratio when stimulating the GP276

specific hybridoma cells. 
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of chemical compounds on GP processing and GP276 presentation to the GP276 specific hybrid-

oma cells measuring the change of colour in a LacZ assay.  
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7. Discussion 

7.1. The role of the ubiquitin-like modifier ISG15 in MHC class I antigen 
presentation 

The ubiquitin-like modifier ISG15 serves an important role in innate immune defense against 

infections with a broad range of viruses [423, 424]. Recent studies have advanced our under-

standing by elucidating how ISG15 antagonizes viral replication during acute and latent infec-

tions. While several functions of ISG15 have been elucidated throughout the past decade, there 

are still mechanistic aspects of ISG15 action that remain to be determined. In particular, the 

functional consequences of ISG15 conjugation to proteins remain largely unknown and contro-

versial. It is reported that ISG15 might simply disrupt the function of ISGylated proteins [291, 

425]. However, others showed that ISGylation is capable of negatively regulating the turnover 

of ubiquitinated proteins by the proteasome [293, 426, 427]. In contrast to this, it has also been 

reported that ISGylation directly targets some of its substrate proteins for degradation in a pro-

teasome dependent manner [243]. The aim of this study was to elucidate the fate of ISGylated 

proteins in terms of proteasomal degradation, especially as other ubiquitin family modifiers 

such as ubiquitin and FAT10 target their modified protein substrates for degradation by the 26S 

proteasome [99, 410]. In this respect parallels between ISG15 and FAT10 are noteworthy as 

both consist of two ubiquitin-like domains and both are massively induced by interferons i.e. 

ISG15 by IFN-α/β and FAT10 by IFN-γ together with TNF-α. Moreover, ubiquitin, FAT10 and 

ISG15 modify newly translated proteins which can give rise to peptide ligands of MHC class I 

molecules [415].  

 In our experimental settings, we could demonstrate that conjugation of ISG15 does not 

target the bulk of its substrate proteins for efficient degradation by the proteasome (Figure 10) 

regardless of using overexpressed (Figure 10 A, C) or type I IFN induced ISG15 (Figure 10 B). 

Additionally, neither signals for overexpressed nor induced monomeric ISG15 were signifi-

cantly reduced over the course of time in these experiments (Figure 10 A, B). When addressing 

the same issue using LCMV NP fusion proteins we were able to confirm these findings (Figure 

11 E). Interestingly, we did detect a decline of unconjugated ISG15 (Figure 10 C) as well as 

ISG15-NP signals over the course of time (Figure 11 D). This loss in signal was abrogated when 

the conjugation machinery of ISG15 was not co-transfected (Figure 10 D). Furthermore, we 

were able to immunoprecipitate unconjugated ISG15 (Figure 10 D) as well as ISG15-NP 

(Figure 11 E) from the cell culture supernatants. As ISG15 is known to be secreted [171, 244-
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246], it is plausible that the loss in signal that is detected is due to secretion or even to de novo 

conjugation rather than degradation. Unfortunately, it was not possible to confirm the findings 

on FLAG-ISG15 secretion with induced endogenous ISG15, as until this day there is no anti-

body available that is capable of immunoprecipitating ISG15. Experiments using trichloroacetic 

acid and sodium deoxycholate to precipitate secreted endogenous ISG15 from cell culture su-

pernatants were not successful. Even though released extracellular ISG15 cannot impact deg-

radation of proteins in a proteasome dependent manner anymore, its impact on the overall im-

mune response is not extenuated as ISG15 has long been implicated as having a role as a 

cytokine-like molecule. It has been reported that treatment of peripheral blood lymphocytes 

with recombinant ISG15 resulted in specific proliferation of natural killer cells due to the in-

duction of IFN-γ [258, 295]. The identification of LFA1 as the first ISG15 receptor may help 

with further characterization of extracellular ISG15 [260]. This is especially true as free ISG15 

has recently been shown to boost CTL responses in vivo via NK cells in the absence of CD4+ T 

cell help. Hence, free ISG15 might be part of the innate immune response to promote the CTL 

response via facilitating NK cell–DC crosstalk [261]. 

 Since Burks et al. recently published that intracellular unconjugated ISG15 might con-

tribute to activation of the adaptive immune system by enhancing MHC-class I antigen presen-

tation [412] we wanted to follow up on these findings. In accordance with their results, we 

observed a small but significant increase in MHC-I surface expression in mISG15 overexpress-

ing cells (Figure 12 C). In contrast, a slight but again significant decrease in MHC-I surface 

expression was detected in cells overexpressing ISG15 together with its conjugation enzymes 

(Figure 12 C, D). However, following up on these findings, we were not able to detect any 

differences in the class I H-2Db nor in the H-2Kb cell surface expression on splenocytes isolated 

from C57BL/6, ISG15-/-, and USP18C61A mice one day after treatment with poly I:C (Figure 

13 B-F). Hence, the differences observed with the human embryonic kidney cell line HEK293T 

in vitro employing ISG15 overexpression could not be confirmed in vivo in mouse models. Still, 

the possibility of this effect being one of the many described differences between the function 

of ISG15 in human and mouse cannot be ruled out completely. Yet, the observed increase in 

MHC class I surface expression in HEK293T cells is more likely to be caused by the overex-

pression of unphysiological amounts of ISG15 and might therefore be an artefact.  

 The key finding of this study is that an increase in the presentation of the NP specific 

epitopes NP396-404 and NP118-126 was found in HEK293T cells expressing the fusion protein 

ISG15-NP as compared to unmodified NP (Figure 16 A, B). Similar results have previously 
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been obtained with Ub-NP and FAT10-NP fusion proteins [403], which could be confirmed in 

this study. This is particularly interesting as FAT10 and Ubiquitin are known to target proteins 

for proteasomal degradation and thereby increase the peptide pool for MHC-I presentation [428, 

429] whereas an involvement of ISG15 in the generation of class I ligands has not yet been 

reported. Furthermore, a previous study of the ISG15-/- mice found no significant alterations in 

the CTL response to LCMV at least when the immunodominant LCMV epitopes were analysed 

[271]. However, due to the ISG15 conjugation system being intimately tied to protein transla-

tion [232] it seems reasonable to hypothesize an involvement of ISGylated proteins in MHC-I 

antigen presentation, especially as most of the newly synthesized proteins during a viral infec-

tion will be viral proteins. We observed a significant decrease in MHC-I antigen presentation 

when acid washed and MG132-treated ISG15-NP overexpressing cells were used to present 

NP-derived epitopes to specific CD8+ T-cell lines (Figure 17 A, B). This finding strongly indi-

cates the involvement of the proteasome in the ISG15-mediated generation of class I ligands. 

Nevertheless, in our CHX-chase and pulse-chase experiments we have not obtained evidence 

that conjugation or fusion of ISG15 to proteins accelerates their proteasomal degradation. It 

should be mentioned though, that such assays have failed to show a proteasomal degradation 

of LCMV-NP even over days in spite of NP giving rise to the immunodominant class I epitopes 

NP396-404 and NP118-126 [341]. The demonstration that their presentation on class I relies on ne-

osynthesis strongly suggests that these class I peptide ligands are generated from NP polypep-

tides shortly after or during their translation at the ribosome. Degradation of such polypeptides 

can occur within 30 minutes after their synthesis [328], yet degradation analyses of ISG15-NP 

with ultra-short term pulse chase experiments did not reveal a role of ISG15 in targeting them 

for proteasomal degradation (Figure 17 C). However, it is possible that this assay is still not 

sensitive enough to detect small amounts of degraded protein. Another possible explanation for 

the lack of observable degradation could be the fact, that the antibody used for immunoprecip-

itation is only able to bind the LCMV-NP if it is fully folded. Thus, aggregated or partially 

unfolded subsets of the ISG15-NP pool cannot be detected in this assay. N-terminal fusion of 

ISG15 to NP might impede the correct folding of ISG15-NP fusion proteins and thereby facil-

itate the formation of DRiPs. As DRiPs are a peptide source for MHC class I presentation and 

are dependent on the proteasome this theory might be able to explain comparable antigen 

presentation to FAT10 and Ub (Figure 16 A, B) and the decrease in antigen presentation upon 

MG132 treatment (Figure 17 A, B). Studies have suggested that ISGylation of viral proteins 

can block their oligomerization. Thereby ISGylation disrupts the function and geometry of viral 
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complexes and significantly reduces the viral fitness [232, 288]. Thus, ISG15 is known to con-

jugate to viral proteins and modify their structure. These finding support a potential role of 

ISG15 in generating DRiPs and thereby feeding peptides into the MHC class I pathway in a 

proteasome dependent manner.  

In so far unpublished data, our lab recently investigated the effect of ISG15 on antigen presen-

tation during a viral infection. Bone marrow of C57BL/6 and ISG15-/- mice was isolated and 

matured bone marrow derived DC (BMDC) were generated and subsequently infected with 

LCMV. Infected BMDC from wt mice displayed only a tendency of reduction in presentation 

of LCMV specific epitopes compared to those of ISG15-/- mice. These tendencies of reduction 

were especially detectable for the NP396-404 epitope. Anyhow, no significant differences in an-

tigen presentation were observed and this in vitro antigen presentation system failed to confirm 

an involvement of ISG15 in antigen presentation. However, it is noteworthy that several in vivo 

studies in mice indicate that ISG15 conjugation does not have an antiviral effect during an 

LCMV infection with neither the WE or the Armstrong strain [221, 271, 275]. Then again 

Ritchie et al. found an antiviral effect during an LCMV infection in USP18-/- mice. Also in 

in vitro studies using MEFs and bone marrow-derived macrophages from USP18-/- mice re-

stricted LCMV replication was found [236], suggesting that the ISG15 protease USP18 and 

possibly protein ISGylation have a role in innate immunity against viral infections. These con-

tradicting studies demonstrate the complexity of finding the antiviral role of ISG15. Even within 

the same infection system the role of ISG15 is still unclear.  

A recent study by Nakashima et al. suggested that ISGylated proteins can be a target of lysoso-

mal degradation. They suggest an involvement of ISG15 in p62-mediated aggresome formation 

and autophagic degradation of aggregates under conditions of cellular stress [241]. Peptides 

generated via this pathway could be cross-presented on MHC-I molecules [349] thereby cir-

cumventing the need for a proteasome dependent pathway. Less consistent with this hypothesis 

and aggregate formation of ISGylated proteins is the fact that we have observed secretion of 

soluble conjugated proteins (Figure 11 E). Moreover, p62 has also been shown to bind to the 

26S proteasome and promote proteasomal degradation of protein substrates [430] which could 

play a role in a putative proteasome-dependent antigen targeting mechanism involving ISG15. 

While the effects and function of ISG15 are slowly emerging, there are still many details re-

maining to be determined. Especially when it comes to the mechanism of its action. While 

ISG15 and ISGylation knockouts have been key to establishing the basic modes of action 
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against several viruses, more nuanced methods may be necessary to fully grasp ISG15 function, 

as the immune functions of ISG15 are clearly more complex than initially thought. 

 In summary, we could show that ISG15 can increase the amount of LCMV-NP peptide 

antigen presented on MHC-I molecules as potently as ubiquitin and FAT10 at least when N-ter-

minally fused to NP. To show whether such an effect is also observed when ISG15 gets isopep-

tide-linked to antigens is technically much more challenging especially because the effect of 

ISGylation may be overruled by that of ubiquitination or FAT10ylation. Furthermore, also al-

terations of the ISGylation pattern and amount caused by other ubiquitin like modifiers might 

be possible as cross-talk between SUMOylation and ISGylation in response to interferon has 

recently been published [431]. Nevertheless, first experimental evidence reported herein that 

ISG15 in addition to exerting direct antiviral and cytokine-like functions can also contribute to 

the class I antigen presentation pathway warrants further investigations in particular with re-

spect to elucidating the underlying mechanisms. 

7.2. Development of the High‐Throughput assay  

By modulation of signalling pathways or important steps in antigen processing and presentation 

the immune response might be altered in a way that might not be favourable for the host. The 

malaria drug chloroquine for example, has been shown to decrease antigen processing and 

presentation by both macrophages [395] and lymphoid dendritic cells [396]. Recently chloro-

quine is also being studied to treat COVID-19 [432, 433], as it has an antiviral effect [397] and 

acted as an effective inhibitor of the replication of the severe acute respiratory syndrome 

(SARS) coronavirus in 2004 in vitro [434]. As impairing antigen processing and presentation 

during infections or other diseases is not beneficial chemical compounds used as drugs to treat 

patients should be investigated for their possible effects on antigen processing and presentation. 

Therefore, in this project we aimed to develop a high-throughput assay to test the influence of 

chemical compounds on antigen specific stimulation of T‐cells by DCs. As we meant to design 

this assay with a clinically relevant antigen we chose the influenza matrix protein 1 (M1) and 

the M158-66 epitope, as this epitope is the immunodominant epitope during an influenza infec-

tion [417-420]. 
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7.2.1. Generation of a stable antigen expressing cell line 

During the generation of THP I cells stably expressing M1 various transfection agents that are 

commercially available were tested. However, none of the tested reagents delivered the ex-

pected results. All transfection reagents resulted in viable cells that did not survive the selection 

process using puromycin, which acts quickly and can kill up to 99% of non-resistant cells within 

48 hours. This usually suggests a failed transfection or transfection in such little extend that 

viable cells were not detected when the viability of the transfectants was assessed. This did not 

change, when the transfectants were kept in culture for longer periods of time. Other transfec-

tion reagents resulted in barely any viable cells and those who survived did not survive the 

selection process. Furthermore, transfection of THP I cells using commercially available trans-

fection reagents is known to be difficult. For this reason, lentiviral transduction was addressed. 

Particles produced using pCDH-CMV-M1-EF1α-copGFP as well as pCDH-EF1α-M1-IRES-

copGFP resulted in a significant proportion of viable and GFP positive cells (Figure 18 B). 

While the bulk of GFP positive THP I cells expressed M1 (Figure 18 C) many single cell sorted 

clones lost M1 expression and only the cells transduced with pCDH-EF1α-M1-IRES-copGFP 

particles showed M1 signals in Western Blot analysis (Figure 18 D). All cells transduced using 

pCDH-CMV-M1-EF1α-copGFP particles tested negative. Several colleagues also experienced 

the same lack or loss of signal over time using pCDH-CMV-MCS-EF1α-copGFP construct. 

CMV promoters are known to be prone to transcriptional silencing that is associated with DNA 

methylation [435, 436], thus explaining the lack of M1 while the cells still expressed a very 

high amount of GFP. Hence, the pCDH-CMV-M1-EF1α-copGFP construct had to be excluded 

from further experimentation. Besides, constructs harbouring the EF‐1α promoter tend to be 

more stable in long‐term culture, even in the absence of selection pressure [437]. This turned 

out to be the case for the pCDH-EF1α-M1-IRES-copGFP construct. 

Unfortunately, the cells failed to stimulate the M158-66 specific CD8+ T cell line generated from 

vaccinated HLA-A*0201 transgenic AAD mice. Likewise, the less stable M1-I24E/L28E mu-

tant that was generated to increase the degradation of M1 by the proteasome [421] and thereby 

generate more peptides for antigen presentation failed to stimulate the M158-66 specific CD8+ T 

cell line generated from vaccinated HLA-A*0201 transgenic AAD mice . In a study published 

in 2015, the authors claim THP-1 cells are HLA-A*0201− [438]. This could explain the lack of 

M158-66 presentation. However, THP I cells clearly tested positive for HLA-A*02 (Figure 18 A) 

and the antibody has been used successfully by colleagues to verify expression of HLA-A*02. 

As HLA-A*0201 is the most frequent HLA allele in the Caucasian population the likelihood of 
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cells that test positive for HLA-A*02 are also HLA-A*0201 positive is very high. Thus, there 

are also studies that claim THP I cells are HLA-A*0201+ [439]. When the same HLA-A*02 

antibody was used to test LCL721.45 cells, which are known to be HLA-A*0201+ [422], the 

cells were found to be positive (Figure 20 A) and therefore the antibody is very likely to be 

specific. Consequently, the lack of M158-66 presentation by the stable THP I cells must be caused 

by something else but the absence of HLA-A*0201. This hypothesis is further supported by the 

fact that external peptide loading of THP I cells did result in a stimulation of the M158-66 specific 

CD8+ T cell line. (Figure 19 C). The IFN-γ response of peptide loaded THP cells used for T cell 

stimulation was comparable to peptide restimulated T cells, implicating that THP I cells are 

capable of presenting the correct epitope. Nonetheless the stable THP I clones failed to stimu-

late the M158-66 specific CD8+ T cell line generated from vaccinated HLA-A*0201 transgenic 

AAD mice, indicating that processing must be impaired in some capacity, as peptide loaded 

THP I cells were able to present. Since this problem could not be resolved LCL721.45 were 

addressed to generate the M158-66 peptide from stably expressed M1 and M1-I24E/L28E. Using 

the lentivirally transduced LCL721.45 it was possible to achieve a stimulation of the M158-66 

specific CD8+ T cell line (Figure 20 D). Even though the IFN-γ response of stimulation by M1 

and M1-I24E/L28E expressing LCL721.45 was significantly lower compared to peptide loaded 

LCL721.45, it was still significantly different to wt LCL721.45 cells.  

Surprisingly, during the generation of M1-I24E/L28E expressing THP I and LCL721.45 cells 

it was found, that the introduced mutation of isoleucine 24 and leucine 28 in the M1 protein 

lead to a depletion of the M1 signal in Western Blot analysis (Figure 19 A, Figure 20 C). These 

results suggest very fast degradation of the mutated version or disruption of the epitope that 

was detected by the antibody used for Western Blot analysis. Presentation of M158-66 by 

LCL721.45 cells expressing M1-I24E/L28E compared to LCL721.45 cells expressing M1 is 

only slightly higher with no significant differences (Figure 20 D, E). This suggests that, even if 

the two introduced mutations do alter the degradation rate of M1, it does not influence the 

amount of peptide generated for antigen presentation as there were no significant differences 

between M1 and M1-I24E/L28E expressing LCL721.45 cells. Another plausible explanation 

for the disappearance of the M1-I24E/L28E signal in Western Blot analysis is the disruption of 

the epitope the antibody recognizes. Yet, all other M1 antibodies that were tested did not rec-

ognize unmodified M1 and therefore did not recognize M1-I24E/L28E as well.  
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In conclusion, a LCL721.45 cell line stably expressing M1 / M1-I24E/L28E protein that can 

present the HLA-A*0201 restricted epitope M158-66 has been generated successfully. These cells 

can be used as antigen presenting cells in further experiments. 

7.2.2. Generation of a M158-66specific T cell hybridoma line 

For the second part of the high-throughput assay a M158-66 specific CD8+ T cell line was used 

to generate a T cell hybridoma. To generate the T cell line, M1 antigen was encapsulated in 

PLGA-MS and HLA-A*0201 transgenic AAD mice were vaccinated. Using PLGA-MS to vac-

cinate offers several advantages. Following hydrolysis of the polymer in an aqueous solution 

α-hydroxyacids lactic acid and glycolic acid are released which can subsequently be metabo-

lized in the citric acid cycle. Encapsulated proteins are continuously released from the MS at a 

low level with a peak of release during the first day and complete release within around thirty 

days [440, 441]. This controlled and prolonged release from PLGA-MS bears the possibility to 

eliminate the need for booster doses. 

Recombinant M1 was expressed by E.coli in a bioreactor as a 1 L culture in a flask failed to 

yield the needed amount of protein. Using the bioreactor, it was possible to express an amount 

of protein that could be used for several batches of PLGA-MS, hence reducing possible varia-

tions in protein purity following His-tag affinity chromatography. Purity as well as the amount 

of recombinant M1 protein (Figure 21 C) were more than sufficient. Nonetheless, vaccinations 

using the purified protein did not result in a T cell response (Figure 22 B). As very high protein 

amounts had to be solved in only a few millilitres of buffer for spray-drying of the PLGA-MS 

it is possible that the M1 protein did not stay in solution but precipitated. The stabilizing SUMO 

tag had been removed and as already mentioned the concentration of protein was increased 

drastically for spray-drying. Both events will influence the solubility of the protein in a negative 

manner. Still, protein was encapsulated and released from the PLGA-MS (Figure 22 A). These 

released proteins could have been any proteins that were encapsulated, but as the Coomassie 

staining of the M1 titration following His-tag affinity chromatography revealed that nearly no 

contaminants were purified (Figure 21 C) it was very likely that the released protein from the 

MS was indeed M1. Unfortunately, this could not be confirmed using Western Blot analysis as 

the M1 antibody used for other experiments of this thesis was not available at that time and the 

antibodies used were not specific. Therefore, Western Blot analysis was only possible as long 

as M1 was His-tagged. Anyhow, also other variants of M1 like the long peptides M1-20aa and 

M1-40aa did not stimulate a T cell response when they were used for vaccination with PLGA-
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MS. Encapsulation of peptides does usually not result in precipitation as they are used in a 

lower concentration compared to full length proteins. Additionally, also these peptides were 

detected in encapsulation and release assay confirming their successful encapsulation and re-

lease. A very striking observation in the vaccination experiments is, that all PLGA-MS contain-

ing protein or peptide that requires further processing before the M158-66 epitope can be pre-

sented, like recombinant M1 (Figure 22 B) and the long peptides M1-20aa and M1-40aa (Figure 

22 D, E) did not result in a T cell response while vaccination with PLGA-MS containing M158-66 

peptide did. Although AAD mice express a recombinant class I MHC molecule, enabling them 

to recognize HLA-A*0201 restricted peptide epitopes the M158-66 epitope is not presented. This 

indicates that despite being able to recognize these epitopes they might not be able to process 

the long peptides and the full-length protein to form the M158-66 epitope. Consequently, a vac-

cination with the recombinant M1 protein was not feasible and M158-66 peptide PLGA-MS were 

used to generate the specific CD8+ T cell line. 

After the fusion of the M158-66 specific CD8+ T cell line with the BWZ.36/CD8α cells clones 

were further cultured in HT medium. When the cells were tested for their antigen specificity 

several clones were found M158-66 specific but lost their specificity over the course of time. As 

the cells were continuously cultured in HAT and afterwards in HT medium unfused cells should 

not have survived to the time point of the specificity tests. Additionally, when the M158-66 spe-

cific CD8+ T cell line was fused with the BWZ.36/CD8α cells usually 60-80% of the CD8+ T 

cell line were found to be specific for M158-66 (Figure 23 A). Consequently, a fusion of a 

BWZ.36/CD8α cell with a M158-66 specific CD8+ T cell was very likely. Nevertheless, the hy-

bridoma cells that displayed specificity lost it when they were further cultured. The protocol 

used to generate the hybridoma cell line has been successfully used in our lab to generate other 

T cell hybridoma lines. Another protocol published by Canaday et al. [442] did not alter the 

outcome and no M158-66 specific fusions were generated. It must be mentioned that the two 

protocols that have been used do not differ in most of the steps and there are only minor differ-

ences in some parts of the procedure. Therefore, it could have been expected that both protocols 

would result in a similar outcome. A functional hybridoma recognizing the M158-66 epitope for 

the high-throughput assay could not be achieved.  

Since our lab regularly works with LCMV and several T cell hybridomas specific for LCMV 

epitopes were available a LCMV glycoprotein (GP) expressing DC2.4 cell line was generated. 

This way it was possible to have a functional antigen presenting cell line (Figure 24) as well as 

a hybridoma recognizing the epitope presented. Nevertheless, a DC2.4 clone was generated that 
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presents a high amount of the GP276 epitope and thus can be used in further assays to test the 

effect of chemical compounds on GP processing and GP276 presentation to the GP276 specific 

hybridoma cells measuring the change of colour in this chromogenic LacZ assay. However, the 

original intention of this project was to develop the assay with a human epitope. Additionally, 

we meant to design this assay with a clinically relevant antigen and hence influenza M1 was 

chosen as the M158-66 epitope is the immunodominant epitope during an influenza infection 

[417-420]. LCMV GP is not a human but a murine epitope and it is also not clinically relevant. 

Nonetheless, the GP expressing DC2.4 cells in combination with the GP276 hybridoma cells can 

be used to investigate the influence of chemical compounds on antigen processing and presen-

tation. In addition, the LCL721.45 cell line stably expressing M1 or M1-I24E/L28E protein can 

be used to present the M158-66 epitope to specific CD8+ T cell lines generated from vaccinated 

HLA-A*0201 transgenic AAD mice. 
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CD Cluster of differentiation ERAAP ER aminopeptidase associated 
with antigen processing 

CHX cycloheximide ERK extracellular signal-regulated 
kinase 

CLIP class II-associated Ii peptide FAT10 HLA-F associated transcript 10 

CMV cytomegalovirus FACS fluorescence-activated cell 
sorting 

copGFP copepod green fluorescent 
protein 

FCS foetal calf serum 

COVID-19 coronavirus disease 2019 FSC forward scatter 

CP core particle GAPDH glyceraldehyde 3-phosphate de-
hydrogenase 

CPRG Chlorophenol red-β-D-galac-
topyranoside 

GFP Green fluorescent protein 

CTL cytotoxic T lymphocyte GM-
CSF 

granulocyte-macrophage colony-
stimulating factor 

CVB3 coxsackievirus B3 virus GP glycoprotein 
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HA haemagglutinin IRF interferon regulatory factor 

HAT hypoxanthine-aminopterin-
thymidine 

ISG15 interferon-stimulated gene 15 

HECT homologous to E6-AP carboxyl 
terminus 

JAK1 Janus kinase 1 

HEK human embryonic kidney JAMM JAB1/MPN/MOV34 metalloen-
zymes 

HERC5 HECT And RLD Domain 
Containing E3 Ubiquitin Pro-
tein Ligase 5 

JEV Japanese encephalitis virus 

HIV-1 human immunodeficiency vi-
rus type 1 

JNK c-Jun N-terminal kinase 

HLA human leukocyte antigen kDa kilodalton 

HPV human papilloma virus KO knockout 

HT hypoxanthine-thymidine LB lysogeny broth 

IAV influenza A virus LCMV lymphocytic choriomeningitis 
virus 

IBV influenza B virus LFA-1 lymphocyte function-associated 
antigen 1 

IFN interferon LMP low molecular mass protein 

ICS Intracellular cytokine staining MAPK mitogen-activated protein ki-
nases 

IgG immunoglobulin G MCS multiple cloning site 

IL interleukin MECL-
1 

multicatalytic endopeptidase 
complex subunit-1 

IMDM Iscove's modified Dulbecco's 
medium 

MEF mouse embryonic fibroblast 

IP immunoprecipitation MFI median fluorescence intensity 

IPTG isopropyl beta-D-1- thio-
galactopyranoside 

MHC major histocompatibility com-
plex 

IRES internal ribosome entry site MINDy motif interacting with ubiquitin 
containing novel DUB family 

    



   104

 

miRNA micro ribonucleic acid PBS phosphate buffered saline 

MoaD molybdenum cofactor biosyn-
thesis protein D 

PEG polyethylene glycol 

MOI multiplicity of infection PEI polyethylenimine 

mRNA messenger ribonucleic acid PFA Paraformaldehyde 

MNSFβ Monoclonal nonspecific sup-
pressor factor β 

PI propidium iodide 

MUB Membrane anchored ubiqui-
tin old protein 

PLGA Polylactic-Co-Glycolic Acid 

MWCO molecular weight cut-off polyI:C polyinosinic:polycytidylic acid 

MIIC MHC class II compartment RBR RING-between-RING 

MS microspheres RIG-I retinoic acid inducible gene 1 

NDV Newcastle disease virus RING really interesting new gene 

NEDD8 neuronal precursor cell-ex-
pressed developmentally 
downregulated protein 8 

RNA ribonucleic acid 

NF-κB nuclear factor kappa-light-
chain enhancer of activated B 
cells 

RP regulatory particle 

NK natural killer cells RPMI 
1640 

Roswell Park Memorial Institute 
1640 

NP nucleoprotein RPN regulatory particle non-ATPase 

NS1/A non-structural protein 1 of 
IAV 

RPT regulatory particle triple-A 
ATPase 

NUB1L NEDD8 ultimate buster 1 
long 

RT room temperature 

OD600nm optical density at 600 nm SAMP small archaeal modifier protein 

ODN Oligodeoxynucleotides SARS severe acute respiratory syn-
drome 

OTU ovarian tumour protease SDS sodium dodecyl sulphate 

PA proteasome activator SeV Sendai virus 

PAGE polyacrylamide gel electro-
phoresis 

siRNA Small interfering ribonucleic acid 

shRNA Small hairpin ribonucleic acid VLP Virus like particle 
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SOB Super optimal broth WNV West Nile virus 

SOC Super optimal broth with with 
catabolite repression 

VSV vesicular stomatitis virus 

SSC  sideward scatter   

STAT1 activator of transcription 1   

SUMO small ubiquitin-related modi-
fier  

  

TAE Tris-Acetat-EDTA   

TAP transporter associated with 
antigen presentation 

  

TLR Toll-like receptor   

TNF tumour necrosis factor   

TSG101 tumour susceptibility gene 
101 protein 

  

UBA ubiquitin-associated domain   

UbcH8 ubiquitin/ISG15-conjugating 
enzyme E2 L6 

  

UBL ubiquitin-like domain   

UCH ubiquitin C terminal hydro-
lase 

  

UDP ubiquitin-domain protein   

UFM1 ubiquitin-fold modifier-1   

ULM ubiquitin-like modifier   

UPS ubiquitin-proteasome system   

URM1 ubiquitin-related modifier-1   

USP ubiquitin-specific proteases   
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