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Abstract 

Interleukins (ILs) are small, secreted proteins that are crucial for cell-cell communication 

and facilitate a precise regulation of the immune response. Cytokines of the IL-12 family 

are structurally unique due to their strictly heterodimeric architecture, with each 

heterodimer being composed of an  and a  subunit. Combinations of only three  and 

two  subunits result in the formation of the four established members IL-12, IL-23, IL-

27, and IL-35, which is enabled by extensive subunit sharing. In order to achieve correct 

folding that permits their secretion, all human subunits depend on assembly with their 

designated  subunit. Despite sharing many structural hallmarks, IL-12 family cytokines 

act in a broad range of divergent and even opposing biological pathways, ranging from 

pro- to anti-inflammatory reactions. Recent years have provided a better understanding 

of how cells specifically assemble and control the various IL-12 family members as well 

as structural insights into their receptor engagement. Only a comprehensive 

understanding of the underlying molecular mechanisms can open the door to translate 

these insights into new approaches for immunotherapy, for which IL-12 family cytokines 

are uniquely qualified.  

In this thesis, we investigated general principles of IL-12 family members with regard to 

their glycosylation pattern and in a further project focused our research on the 

immunosuppressive IL-35 by a thorough investigation of its unique secretion mode and 

the resulting biological effects. 

Protein glycosylation is a fundamental and highly regulated process which has significant 

effects on protein folding, conformation, distribution, stability, and activity. Here, we 

identified glycosylation sites within all human IL-12 family subunits that become modified 

upon secretion. Building on these insights, we showed that glycosylation is dispensable 

for secretion of human IL-12 family cytokines except for IL-35, which is strictly dependent 

on its glycosylation. Furthermore, our data reveal that glycosylation differentially impacts 

IL-12 family cytokine functionality, with IL-27 being most strongly affected. Taken 

together, our study provides a comprehensive analysis of how glycosylation affects 

biogenesis and function of a key human cytokine family and provides the basis for 

selectively modulating the secretion of its members via targeting glycosylation. 

IL-35 is among the most recently described and by far least understood member of the 

established IL-12 family. Our detailed investigation of this cytokine revealed that although 

IL-35 is commonly described as a strict heterodimer, its subunits IL-12 and EBI3 can 

also be secreted in an unassembled form. It therefore appears that IL-35 is in fact a 

compound cytokine, consisting of heterodimers and soluble subunits. By purifying 



Abstract 

II 
 

human IL-12 and EBI3 from mammalian cells, we were able to assess the biological 

function of both subunits in primary human immune cells and attribute them with immuno-

suppressive features. This exciting discovery manifests the outstanding position of IL-35 

in the IL-12 family and is key to understand its pleiotropic immunological effects. By 

considering IL-12 and EBI3 as natural extensions of the human cytokine repertoire, our 

results may pave the way for the development of therapeutic approaches in the treatment 

of severe immune diseases including asthma, chronic infections, and cancer. 
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Zusammenfassung 

Interleukine (IL) sind kleine sekretorische Proteine, die eine entscheidende Rolle in der 

Zell-Zell-Kommunikation und der präzisen Regulation des Immunsystems spielen. Die 

Zytokine der IL-12 Familie sind aufgrund ihres streng heterodimeren Aufbaus strukturell 

einzigartig, wobei jedes Heterodimer aus einer  und einer  Untereinheit besteht. Nur 

drei  und zwei  Untereinheiten werden benötigt um die vier etablierten Mitglieder IL-

12, IL-23, IL-27 und IL-35 zu bilden, was durch eine intensive gemeinsame Nutzung der 

Untereinheiten ermöglicht wird. Desweitern sind alle humanen  Untereinheiten auf die 

Assemblierung mit ihrer entsprechenden  Untereinheit angewiesen, um eine korrekte 

Faltung zu erreichen und sekretiert zu werden. Trotz der vielen strukturellen 

Gemeinsamkeiten ist das biologische Wirkspektrum der IL-12 Familie überraschend 

breit und ihre Mitglieder sind an pro- bis hin zu antiinflammatorischen Reaktionen 

beteiligt. In den letzten Jahren hat sich unser Wissen wie Zellen die verschiedenen 

Mitglieder der IL-12 Familie spezifisch zusammensetzen und kontrollieren sowie durch 

strukturelle Einblicke in ihre Rezeptorbindung signifikant erweitert. Dies sind 

entscheidende Fortschritte, denn nur aus einem umfassenden Verständnis der 

zugrundeliegenden molekularen Mechanismen können neue Ansätze für die Immun-

therapie abgeleitet werden. 

In dieser Arbeit wurden allgemeine Prinzipien der IL-12 Familie im Hinblick auf ihr 

Glykosylierungsmuster und in einem zweiten Forschungsschwerpunkt der einzigartige 

Sekretionsmodus und die daraus resultierenden biologischen Folgen für IL-35 

untersucht. 

Die Glykosylierung von Proteinen ist ein grundlegender und stark regulierter Prozess, 

welcher erhebliche Auswirkungen auf die Faltung, Konformation, Verteilung, Stabilität 

und Aktivität von Proteinen hat. Auch die Mitglieder der humanen IL-12 Familie werden 

vor ihrer Sekretion entsprechend modifiziert, wobei wir Glykosylierungsstellen in allen 

Zytokinen im Detail definieren konnten. Prinzipiell wiesen unsere Daten darauf hin, dass 

diese Modifizierung für die Sekretion der IL-12 Familienmitglieder entbehrlich ist, mit 

Ausnahme von IL-35, welches nur bei vollständiger Glykosylierung sekretiert werden 

kann. Darüber hinaus zeigten unsere Ergebnisse, dass die Funktionalität der IL-12 

Familien Zytokine auf unterschiedliche Weise durch die Abwesenheit von 

Glykosylierungen beeinflusst wird, wobei der stärkste Effekt für IL-27 beobachtet wurde. 

Somit bietet unsere Studie eine umfassende Analyse zur Auswirkung von Glykosylierung 

auf die Biogenese und Funktion einer wichtigen menschlichen Zytokinfamilie und liefert 

darüber hinaus die Grundlage für eine gezielte Modulation einzelner Mitglieder durch 

Anpassung ihrer Glykosylierung. 
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IL-35 ist das jüngste und bei weitem am wenigsten erforschte Mitglied der etablierten IL-

12 Familie. Obwohl IL-35 generell als striktes Heterodimer beschrieben wird, ergab 

unsere detaillierte Untersuchung dieses Zytokins, dass seine Untereinheiten IL-12 und 

EBI3 auch in nicht assemblierter Form sekretiert werden. Somit ist IL-35 aller 

Voraussicht nach ein komplexes Zytokin, welches aus Heterodimeren und löslichen 

Untereinheiten besteht. Durch Reinigung von rekombinanten, humanen IL-12 und EBI3 

aus Säugetierzellen konnten wir biologische Effekte beider Untereinheiten in primären 

menschlichen Immunzellen untersuchen und ihnen immunsuppressive Eigenschaften 

zuordnen. Diese faszinierende Entdeckung bestätigt die herausragende Stellung von IL-

35 innerhalb der IL-12 Familie und ist der Schlüssel zum Verständnis seines pleiotropen 

immunologischen Wirkspektrums. Unter Berücksichtigung von IL-12 und EBI3 als 

natürliche Erweiterung des menschlichen Zytokinrepertoires, können unsere Ergebnisse 

einen spannenden Weg eröffnen, der zur Entwicklung von therapeutischen Ansätzen in 

der Behandlung von schweren Immunkrankheiten wie Asthma, chronischen Infektionen 

und Krebs führt. 
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Abbreviations 

ALP   autophagosomal-lysosomal pathway 
Amp   ampicillin 
APC   antigen-presenting cell 
β-Me   β-mercaptoethanol 
BiP   immunoglobulin heavy-chain binding protein 
Breg   regulatory B cell 
BRET   bioluminescence resonance energy transfer 
CD   circular dichroism 
CNX   calnexin 
CRT   calreticulin 
CSF   colony-stimulating factor 
DAMP   damage associated molecular pattern 
DMEM   Dulbecco’s Modified Eagle Medium 
DNA   desoxyribonucleic acid 
EAE   Experimental autoimmune encephalomyelitis 
EAU   Experimental Autoimmune Uveitis 
EBI3   Epstein-Barr virus induced gene 3 
ECL   enhanced chemiluminescence reagent 
EDEM   ER degradation-enhancing alpha-mannosidase-like protein 
EDTA   ethylenediaminetetraacetic acid 
ER   endoplasmic reticulum 
ERAD   ER-associated degradation 
Ero1   ER oxidoreductin 1 
EV   extracellular vesicle 
FBS   fetal bovine serum 
Fn   fibronectin 
Foxp3   forkhead box P3 transcription factor 
GSH   reduced glutathione 
GSSG   oxidized glutathione 
HC   heavy chain 
HCD   heavy chain disease 
HEK   human embryonic kidney 
HSF1   heat shock factor 1 
HSP   heat shock protein 
HRP   horseradish peroxidase 
Ig   immunoglobulin 
IFN   interferon 
IL   interleukin 
IP   immunoprecipitation 
Jak   Janus kinase 
kDa   kilodalton 
LC   light chain 
LPS   lipopolysaccharide 
MBL   mannose-binding lectin 
MHC   major histocompatibility complex 
MTBST skim milk/Tris(hydroxymethyl)aminomethane buffered saline with 

Tween20 
MW molecular weight 
NBD nucleotide-binding domain 
NEF nucleotide exchange factor 
NMR nuclear magnetic resonance 
o/n overnight 
OST oligosaccharyl transferase 



Abbreviations 

VI 
 

PAGE polyacrylamide gel electrophoresis 
PAMP pathogen associated molecular pattern 
PBS phosphate buffered saline 
PDI protein disulfide isomerase 
PPIase peptidylprolyl isomerase 
PRR pattern recognition receptor 
PVDF polyvinylidene difluoride 
QC quality control 
RIPA radio immunoprecipitation assay 
RT room temperature 
SBD substrate-binding domain 
SDS sodium dodecyl sulfate 
SERCA sarco/endoplasmic reticulum Ca2+-ATPase 
SP signal peptide 
SPC signal peptidase complex 
SRP signal recognition particle 
STAT signal transducer and activator of transcription 
TGF transforming growth factor 
TLR toll-like receptors 
TNF tumor necrosis factor 
TRAP translocon-associated protein complex 
Treg regulatory T cell 
UGGT UDP-glucose:glycoprotein glucosyltransferase 
UPS ubiquitin-proteasome system 
w/o without 
wt wildtype 
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1 Introduction 

1.1 The world of proteins 

Within living systems, proteins are by far the most versatile macromolecules and play 

crucial functions in virtually every biological process. It is therefore fundamental to keep 

the proteome in a balanced and functional state, which is summarized by the term 

proteostasis. This portmanteau combines the two words protein and homeostasis and 

describes the dynamic regulation of concentration, conformation, binding interaction, and 

location of proteins1. In human cells, around 20% of the proteome are involved in this 

task and referred to as the proteostasis network2. This considerable amount highlights 

the effort and resources the cell invests in a well-balanced protein homeostasis. Key 

mediators of this crucial task are molecular chaperones by their assistance in client 

folding, assembly, targeting, transport, and degradation, amongst others. The processes 

they are involved in can be roughly subdivided into three main categories, protein 

synthesis and folding, maintenance of conformational stability, and protein degradation, 

which will be briefly discussed in the following. 

Protein synthesis and folding 

Proteins are generally assembled from 20 proteinogenic amino acids by forming covalent 

peptide bonds between the single residues. Newly synthesized proteins need to acquire 

their native conformation, since in most cases the function of a protein is a direct 

consequence of its three-dimensional structure3. The loss of structure does not only 

result in loss of function, but in several cases also leads to severe diseases, like 

Alzheimer’s or Parkinson’s disease. Almost 60 years ago, Anfinsen et al. discovered in 

an in vitro experiment that the primary amino acid sequence contains the entire 

information needed for a protein to fold into its native state4. Therefore, the native 

structure of a protein seems to be the thermodynamically most stable conformation5. Due 

to the large number of degrees of freedom in an unfolded polypeptide chain, a protein 

with 101 amino acids can theoretically explore 5 x 1047 different conformations. Even 

with very fast sampling rates of 1013 1/s it would still take 1027 years to adopt all 

configurations in a trial-and-error approach6. This contradicts the general observation 

that most proteins gain their native structure within milliseconds to minutes and is 

summarized by Levinthal’s paradox7. By considering both – kinetics and 

thermodynamics of protein folding – our current understanding of the folding process can 

be depicted by a complex funnel-shaped energy landscape in which a protein can 

navigate by several routes towards its native state (Figure 1.1). Some of those pathways 

lead to local energy minima however, trapping the protein in an intermediate state, which 
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could finally result in the formation of aggregates. To convert proteins from an 

intermediate towards their native state, chaperones are required to assist protein folding 

in vivo8.  

 

Figure 1.1: Energy landscape of the protein folding funnel. Unfolded proteins possess both high entropy 
and high free energy. As the protein starts to fold and descends the funnel, free energy is reduced and 
entropy decreases, according to the restriction of number of possible conformational states. Local minima 
along the way to a native state (green) trap the protein in folding intermediates (yellow) or potentially toxic 
(ordered) aggregates (red) resulting from intermolecular contacts. In vivo, molecular chaperones assist 
protein folding and promote reaching the native state by preventing folding intermediates and formation of 
aggregates. 

For decades, insights into protein structure were only possible via laboratory experiments 

like X-ray crystallography and nuclear magnetic resonance (NMR), which are often 

complex as well as time consuming, and therefore less than 10% of the human proteome 

is covered by experimental structures9. Although all the information for protein folding is 

comprised in the amino acid sequence, computational predictions of their three-

dimensional structure remained the Holy Grail of structural biology. A recent 

breakthrough was achieved in 2020 by release of Deepmind’s open source artificial 

intelligence program AlphaFold10. By predicting highly accurate protein structures it has 

already revolutionized the field of structural biology in short time and will be the driver for 

further progress, like RoseTTA fold from David Baker’s Lab, which generates accurate 

models of multi-protein complexes11. 

Maintenance of conformational stability 

After reaching their native state, proteins do not rigidly keep this conformation, but 

functional or environmental effects lead to structural dynamics in the lifetime of a protein. 
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The presence of heavy metals, reactive oxygen species, increased temperature or redox 

stress can provoke structural alterations that might lead to incorrect protein interactions 

and finally accumulation12. Considering the high energy requirements of de novo 

synthesis, it is efficient for the cell to avoid erroneous proteins by maintaining their 

conformational stability. A dedicated quality control system based on molecular 

chaperones performs this task, which acts in multiple cellular processes including 

assistance of folding and assembly or prevention of aggregation of its clients. Based on 

common characteristics, chaperones are classified into different families, with small heat 

shock proteins (sHSPs), HSP60, HSP70, and HSP90 being the most widely studied 

ones13. Molecular chaperones usually recognize hydrophobic, unstructured regions in 

their clients and assist the folding process in an either ATP-dependent or -independent 

way. The name HSP originates due to their first description by Ritossa, who observed 

chromosomal “puffs” after heat exposure in Drosophila larvae14. The so-called heat 

shock response is a prominent stress response in the cytosol, which is controlled by 

several transcription factors, including heat shock factor 1 (HSF1). Under normal 

conditions, HSF1 is in a complex with HSP90 and HSP70. Increasing amounts of 

unfolded proteins lead to the recruitment of these chaperones, thereby releasing HSF1, 

enabling its trimerization followed by localization into the nucleus and induction of heat 

shock related gene transcription15. Once the concentration of non-native proteins 

diminishes, HSC70 and HSC90 have the capacity to bind to HSF1 again, and the system 

returns to a balanced state. 

Protein degradation 

Protein degradation is a crucial process for the regulation of protein concentration and 

disposal of terminally misfolded proteins, which are a serious threat to the cell. Moreover, 

the synthesis of proteins is rather inefficient, resulting in the estimation that up to 30% of 

newly synthesized polypeptides are targeted for immediate degradation16. Two major 

proteolytic pathways are responsible for regulated protein degradation, which both 

require the support of chaperones to identify their substrates and keeping them in a 

degradation-competent state17. The ubiquitin-proteasome system (UPS) requires ATP 

and depends on a hierarchical organized set of enzymes, which transfer the degradation 

signal ubiquitin to their clients, thereby targeting them to the proteasome. The 

autophagosomal-lysosomal pathway (ALP) recognizes large, destructive cellular 

clusters like protein aggregates or even whole organelles. By enveloping its target and 

fusion with the lysosome, the biological material is enzymatically degraded18.  
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1.2 Protein folding in the endoplasmic reticulum 

Approximately one third of all proteins is destined for the cell membrane or the 

extracellular space and traverses the endoplasmic reticulum (ER), the central hub for 

protein biogenesis of the secretory pathway19. The ER is the largest organelle in the cell 

consisting of a continuous membrane network that forms tubules and sheets20. It quite 

likely originated from invagination of the cell membrane, as its luminal conditions 

resemble those of the extracellular space, therefore allowing protein maturation in an 

environment which already simulates their final destination21. Major differences between 

ER and cytosol are manifested in the Ca2+ concentration and the redox potential. With 

Ca2+ concentrations ranging from 100-800 µM, the ER exceeds the concentration of the 

cytosol by three to four orders of magnitude22,23. As many ER resident enzymes require 

Ca2+ ions for their native structure, the concentration must be held at a high level. This 

gradient is maintained by the restricted membrane permeability and active calcium 

pumping by sarco/endoplasmic reticulum Ca2+-ATPases (SERCAs)24. Furthermore, the 

ER enables oxidative protein folding due to the presence of many disulfide-generating 

enzymes in an optimized redox environment. The redox potential is generally mediated 

by the principal thiol redox couple glutathione (GSH) and glutathione disulfide (GSSG)25. 

Compared to the cytosol, the GSH to GSSG ratio is significantly lower in the ER with a 

roughly estimated ratio of 1:1-3:126. GSH is involved in reduction and activation of the 

ER oxidoreductin (Ero) 1, a flavoenzyme that constitutes, together with protein disulfide 

isomerases (PDIs), the major pathway of protein disulfide bond formation27,28. Whether 

the GSH/GSSG constitutes the ultimate redox couple of the ER, or if other mechanisms 

exist, is part of ongoing discussions29,30. 

The process of co-translational ER import begins with a protein carrying an amino-

terminal signal peptide (SP), characterized by hydrophobic residues. During the early 

stage of protein expression, the SP emerges from the ribosomal exit tunnel and is 

recognized by the signal recognition particle (SRP), which targets the ribosome-nascent 

chain complex to the ER. Binding to the SRP receptor results in conformational changes 

of the heterotrimeric Sec61 complex, a highly conserved, channel-forming pore in the 

ER membrane31. The translocation of precursor proteins into the ER lumen or membrane 

sometimes requires additional factors for channel opening of the Sec61 translocon, such 

as the translocon-associated protein complex (TRAP) or the Hsp70 molecular chaperone 

immunoglobulin heavy-chain binding protein (BiP)32. Furthermore, BiP can directly bind 

to the precursor polypeptide, assists efficient translocation, and inhibits backtrack into 

the translocon33. With its arrival in the ER, the translation of the protein is continued and 

it is introduced to the crowded environment of the ER, which includes a selected set of 
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ER resident factors that assist the folding and add modifications to their clients. One of 

the first modifications to occur is the cleavage of the SP, which is performed by the signal 

peptidase complex (SPC), an intramembrane-cleaving protease complex in the ER. 

Another important modification is the addition of sugar moieties to the protein. Due to 

their size and biophysical properties, glycosylations have a significant impact on the 

protein. The oligosaccharyltransferase (OST) complex transfers Glc3Man9GlcNAc2 units 

to the asparagine of the target protein in an NXS/T sequence, where X can be any amino 

acid residue except proline34. As N-glycosylation is a co-translational process, the folding 

of the protein is already affected by the presence of the large sugar moiety at an early 

state. Once secreted, a major effect of protein glycosylation is an increase in solubility 

and contribution to stability35. In addition to glycosylation, most proteins that pass the 

secretory pathway contain disulfides. Their introduction provides thermodynamic stability 

to the protein by reducing the entropy of the unfolded state and enthalpically stabilizing 

the folded confirmation36–38. The catalysis of oxidization and reduction of cysteine 

residues is performed by PDIs, a family of ER resident oxidoreductases. Structurally, 

most PDIs are characterized by four thioredoxin-like domains, two of which contain a 

CXXC active-site motif. In its oxidized state, the PDI can form a transient mixed disulfide 

with its client and by its reduction, the bond is subsequently transferred to the client. 

Ero1 and Ero1 are required for recharging the PDI’s active site by transferring the 

electrons to their cofactor FAD and finally to molecular oxygen39. Another important class 

of ER resident enzymes are the so called peptidyl-prolyl isomerases (PPIases), which 

catalyze the cis-trans isomerization of the peptide bonds preceding prolines40. Cis 

peptide bonds are characteristic features of turns in the secondary structure. Since 

spontaneous isomerization is a rate limiting step in the folding process of a protein, 

PPIases are required to facilitate this transition. 

The ER also harbors a large number of chaperones that are crucial to prevent protein 

aggregation in its crowded environment. One of the most abundant proteins in the ER is 

the HSP70 family member BiP, which binds exclusively to hydrophobic regions41. Its N-

terminal nucleotide-binding domain (NBD) is followed by a linker, connecting it to the 

substrate-binding domain (SBD) with a helical lid. In the ATP bound state, the NBD is in 

close proximity to the SBD, which is characterized by an open conformation of the lid 

and allows for low-affinity substrate binding. The substrate can be recruited to BiP by co-

chaperones of the Hsp40 family, the ERdjs, which additionally catalyze the intrinsic 

ATPase activity of BiP. Upon ATP hydrolysis, NBD and SBD become undocked, which 

induces closure of the lid. The substrate is trapped in a high-affinity state and the peptide 

exchange is much slower than in the ATP bound form. In a last step, nucleotide exchange 
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factors (NEFs) release ADP, which enables ATP binding, substrate release, and the start 

of another ATPase cycle of BiP42,43. 

Another major chaperone family of the ER are the lectins, which generally interact with 

glycosylated, incompletely folded proteins. Therefore, the attachment of glycans as 

described previously can additionally serve as a ticket to another quality control pathway 

termed the calnexin/calreticulin (CNX/CRT) cycle44. After trimming of two of the three 

glucose residues, the nascent glycoprotein can interact with CNX or CRT. While CNX is 

anchored to the ER membrane due to its transmembrane domain, CRT is a soluble 

protein. Additional folding factors like the PDI ERp57 are recruited by CNX/CRT to aid in 

folding of the client and subsequently trimming off the final glucosidase releases the 

protein from the lectin cycle45. However, if the protein is still unfolded, the UDP-

glucose:glycoprotein glucosyltransferase (UGGT) reverses this reaction by glucosylation 

of the substrate and reshuffles the protein into the CNX/CRT cycle, granting the protein 

precious time to attain a folded conformation. If too many cycles are required, ER 

mannosidase (ERMan) I and ER degradation-enhancing alpha-mannosidase-like 

proteins (EDEMs) remove mannose residues, thereby excluding the protein from re-

entering the CNX/CRT cycle and targeting it for degradation via ER associated 

degradation (ERAD) by transfer to the cytosolic UPS46,47. 

 

Figure 1.2: The calnexin/calreticulin (CNX/CRT) cycle in glycoprotein folding. Newly synthesized 
proteins are co-translationally equipped with the oligosaccharide Glc3Man9GlcNAc2 at the asparagine (N) 
residue of the consensus sequence N-X-S/T by the oligosaccharyltransferase (OST) complex. Glucosidase 
(Glc) I and II sequentially trim the two distal glucose residues. The resulting GlcMan9GlcNAc2 intermediate 
is recognized by membrane bound CNX or its soluble counterpart CRT, which together with protein disulfide 
isomerases (PDIs, e. g. ERp57) assist protein folding by their lectin activity. Glc II trims the final glucose 
residue and if correctly folded, the protein is released for transport to the Golgi complex. The folding sensor 
UDP-glucose:glycoprotein glucosyltransferase (UGGT) adds a glucose residue to folding intermediates, 
thereby allowing re-entering into the CNX/CRT cycle. Permanently misfolded proteins are recognized by ER 
mannosidase (ERMan) I and ER degradation-enhancing alpha-mannosidase-like proteins (EDEMs), which 
trim further mannose residues, prevent re-entering into the cycle, and target the protein to degradation. 
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1.2.1 Assembly of protein complexes 

The term molecular chaperone was originally introduced by Laskey et al. to describe a 

protein that enabled the assembly of histone proteins and DNA into an oligomeric 

structure48. Although the term nowadays usually confines to protein folding, the original 

context highlights a further and major function of chaperones. Protein complexes are key 

organizational units of the proteome and indispensable for proper cell function. Their 

interface, however, is often hydrophobic and, when unassembled, requires shielding to 

prevent aberrant interactions49. In the cytosol, assembly appears to be dependent on a 

co- rather than a post-translational process, evading decreased concentrations of the 

assembly-competent subunits after release from the ribosome50. This is opposed to the 

ER, where oligomerization generally occurs after the subunits have acquired near-native 

structures51. In many cases, unassembled monomers are retained by assembly factors 

and can only be released after binding of the actual partner, which competes for the 

same binding site. A well-studied example is given by Immunoglobulin G (IgG) 

antibodies, which are composed of two light and two heavy chains. Two or four Ig 

domains, characterized by a compact -sheet structure, are required to build the light or 

heavy chain, respectively. Usually, unassembled heavy chains are tightly prevented from 

secretion, as their antigen-binding domain is incomplete and unspecific immune 

responses might occur by cellular recognition of their Fc region. The heavy chain disease 

(HCD) is a striking demonstration about the impact of erroneous retention of 

unassembled heavy chains52. On a molecular level, an intrinsically disordered domain of 

the heavy chain is recognized by BiP, which binds to its client and prevents its secretion. 

Only after assembly with the light chain, BiP is released and allows for complete folding 

of the heavy chain and formation of an interchain disulfide bond between light and heavy 

chain, which finally allows the covalent complex to be secreted53. Another prominent 

example for assembly-induced folding is the T cell receptor (TCR), a protein complex 

found on the surface of T cells. The formation of the central /TCR heterodimer is a 

prerequisite to release the  chain from ER retention, which is not correctly folded when 

unassambled54. Only upon interaction with the  chain, the  chain obtains its native 

structure, thereby preventing further processing of unassembled chains along the 

secretory pathway and efficient quality control of this important immune receptor. 

1.3 Our immune system and its language 

Our immune system is strikingly efficient and reliable in its enduring competition with 

pathogens. Basically, it can be described as a vast communication network of lymphoid 

organs, cells, and chemical signals distributed in blood and tissue throughout the human 

body, which regulates normal growth and development of the organism while protecting 
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against disease. Fulfilling this task requires a fine-tuned system that is able to 

discriminate self from non-self. However, the immune system is also a double-edged 

sword, in that over- or underreaction can lead to severe diseases including autoimmune 

deficiencies or cancer. Key for the effectiveness of the human immune system is its 

highly interconnected multi-layered structure, which can be categorized into two main 

lines of defense: the innate and the adaptive immunity. Figure 1.3 summarizes the main 

components of the innate and adaptive immunity, which will be shortly described in the 

following. 

 

Figure 1.3: Components of the immune system. Cells of the innate immune system and the complement 
cascade provide rapid but poorly specific immune responses. The later onset adaptive immunity includes B 
cell-mediated humoral immunity by production of antigen-specific antibodies and T cell-mediated cellular 
immunity. 

1.3.1 Innate immune system 

The innate immune system owes its name to the fact that its main constituents are 

encoded in the host’s germline. It builds the first barrier against invading pathogens and 

is rapid but unspecific. Moreover, innate immunity can be subcategorized into further 

types of defensive barriers: anatomic, physiologic, endocytic and phagocytic, and 

inflammatory55. Although it is referred to as nonspecific, recognition of pathogens is 

possible due to conserved pathogen associated molecular patterns (PAMPs), including 

lipopolysaccharides (LPS). Molecules released by damaged host cells (DAMPs) can also 

be recognized, allowing the innate immune system to furthermore react on infected cells. 

Identification of PAMPs or DAMPs occurs via a specialized set of pattern recognition 

receptors (PRRs), which can be either soluble, including the mannose-binding lectin 

(MBL), or on the surface of different immune cells, like the toll-like receptors (TLR). 

Signaling via PRRs activates different pro-inflammatory and microbicidal responses, 
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such as phagocytosis, that finally lead to the rapid elimination or containment of 

infectious drivers56. Another critical effector mechanism is the so-called complement 

system, which consists of constitutively expressed serum glycoproteins that act in a 

biochemical cascade to identify and opsonize bacteria and other pathogens57. The 

cellular components of the innate immune response consist of many different cell types, 

such as phagocytes (macrophages and neutrophils), dendritic cells, natural killer cells, 

mast cells, basophils, and eosinophils (Figure 1.3). One of the first cell classes that 

respond to initial infections are macrophages and neutrophils. Macrophages originate 

from blood monocytes, which differentiate into distinct macrophage populations 

depending on the tissues they are migrating into. The heterogeneity amongst those 

different populations is reflected in their morphology and production levels of distinct 

cytokines and demonstrates their required level of specialization58. Alveolar 

macrophages, for example, are the most abundant type of immune cells in the lung and 

are specialized in initiation and control of the immunity in response to respiratory 

pathogens59. Both macrophages and neutrophils are able to phagocytose harmful 

organisms by engulfing them via pseudopodia, thereby mediating pathogen clearing. 

Further signaling pathways are initiated by their release of cytokines, and macrophages 

are additionally able to display antigens via their major histocompatibility complex (MHC) 

class II, thereby recruiting cells of the adaptive immune system. 

1.3.2 Adaptive immune system 

While the innate immune system provides an effective early defense, it is in many cases 

inefficient, and the elimination of escaped pathogens requires the second branch of 

immunity. The adaptive immune system is antigen-specific, therefore extremely precise, 

and a hallmark of higher animals60. It creates an immunological memory, which facilitates 

a more rapid response after recurring antigen exposure. However, this high specificity 

comes at the cost of speed, resulting in a lag time between exposure and response that 

can last from days to weeks61. Only if both systems work hand in hand, the host is able 

to combat infection while minimizing collateral damage. 

Key players of the adaptive immune response are T and B cells, which express antigen-

specific receptors on their membrane (Figure 1.3). For their activation, cells of the 

adaptive immune response require the help of so-called antigen presenting cells (APCs). 

After contact with the antigen, APCs, including macrophages, dendritic cells, and B cells, 

present fragments of this peptide via their MHC class I or II molecules on their surface. 

T cells can recognize the peptide-MHC complex, which leads to their activation and 

differentiation. 
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B cells develop in the bone marrow and are characterized by a unique B cell receptor 

consisting of a membrane bound Ig molecule and a signal transduction moiety62. Binding 

to the antigen occurs directly and results in proliferation and differentiation into antibody-

secreting plasma cells or memory B cells. While the first group is rather short-lived and 

concentrates on the immediate secretion of large amounts of soluble antibodies, memory 

B cells have life spans ranging from several months to a lifetime63. A small population of 

B cells exhibits immunosuppressive functions and is referred to as regulatory B cells 

(Bregs). Together with regulatory T cells (Tregs) they dampen harmful immune 

responses by the production of inhibitory cytokines. 

T cells mature in the thymus from common lymphoid progenitors and each of these cells 

is characterized by an antigen receptor of a single specificity64. Binding to the 

complementary antigen induces the differentiation into two major subtypes, marked by 

the cluster of differentiation (CD): cytotoxic T cells (CD8+) or T-helper cells (Th, CD4+). 

Cytotoxic T cells are activated via interaction with MHC class I molecules and are 

generally involved in the elimination of infected cells or tumor cells that express 

appropriate antigens55. They are directly toxic to their target cells by inducing apoptosis, 

either by releasing granzymes or binding of target-cell death receptors65. Th cells bind to 

MHC class II molecules and secrete a distinct selection of cytokines, which shape the 

immune reaction of other cells. They are functionally subdivided into Th1, Th2, Th17, 

Th9, and Treg cells, depending on their cytokine expression pattern62. Tregs are crucial 

mediators of immune homeostasis by their ability to dampen excessive immune 

responses. Generally, they can be grouped into natural Tregs (nTregs) and induced 

Tregs (iTregs)66. The first subset is generated in the thymus and depends on the 

expression of the forkhead box P3 transcription factor (Foxp3) for its development. On 

the other hand, iTreg cells differentiate from naïve CD4+ T cells in extrathymic tissues 

and the expression of Foxp3 seems to be variable in this subtype64. Due to their 

development in the periphery, they appear to be able to recognize both self- and foreign 

antigens67. Both classes of Tregs depend on the anti-inflammatory cytokines IL-10, TGF-

, and IL-35 to mediate their suppressive function68–70. 

1.3.3 Interleukins mediate immune cell communication 

As previously illustrated, immune protection is orchestrated by a myriad of cell types with 

dedicated, highly specialized roles. This division of labor is only possible due to the 

existence of an efficient and reliable communication based on soluble signals, the so-

called cytokines. This inhomogeneous group of small, secreted proteins bind to their 

specific receptors in an autocrine and paracrine fashion, and downstream signaling is in 

most cases mediated by the Janus kinase (Jak) family of molecules that subsequently 
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phosphorylate the signal transducers and activators of transcription (STAT) family64. 

Cytokines are further subdivided into chemokines, interferons (IFNs), colony stimulating 

factors (CSFs), tumor necrosis factors (TNFs), and interleukins (ILs)71. 

ILs are a structurally diverse class of secreted proteins with more than 60 known 

members to date72. They are important players in immune cell communication and 

facilitate a wide variety of functions, including cell growth, differentiation, and activation. 

Despite low sequence homology, different attempts were made to classify ILs into 

subfamilies resulting in a partially confusing nomenclature73. Depending on literature, ILs 

are currently categorized into nine families based on structural similarities and receptor 

engagement74. Overlaps exists, as demonstrated by the IL-6/IL-12 family75, the latter of 

which will be described in more detail in the following. 

1.4 The Interleukin 12 family 

First identified in 1989, IL-12 was the founding cytokine of a whole family76. It was 

originally described as “cytotoxic lymphocyte maturation factor” and “natural killer cell 

stimulatory factor”, based on its observed functions76,77. With the discovery of IL-2378, IL-

2779, and IL-3580 the family was extended and even today there are discussions about 

further existing members81–83. By their ability to bridge the innate and adaptive immune 

system, IL-12 family cytokines play a pivotal role in shaping our immune response. 

Severe pathologies, including cancer and immune-mediated inflammatory diseases, 

relate to impaired IL-12 family signaling and highlight its importance for a balanced 

immune system. Accordingly, IL-12 family cytokines are already targeted by antibodies 

in the clinics and currently investigated as promising approaches in immunotherapy. In 

the following, the IL-12 family will be described in more detail with emphasis on structure, 

function, and assembly. 

1.4.1 Similar in structure yet distinct in function 

The IL-12 family is unique amongst all ILs due to its strictly heterodimeric character, 

which is reflected by its evolutionary history: each family member consists of an  and a 

subunit. The subunits comprise a four-helical bundle structure typical for many 

human cytokines, including IL-2 and IL-484. The four -helices are arranged in an ‘up-

up-down-down’ fashion, which originates from the anti-parallel orientation of two 

consecutive pairs of helices first described for porcine growth hormone85. The secondary 

structure of the subunits is defined by a -sheet architecture, similar to cell-surface 

type I and II cytokine receptors and comprises fibronectin type III and immunoglobulin 

domains (Figure 1.4A). And indeed, heterodimeric IL-12 cytokines have likely evolved 

from ‘classical’ cytokines and their receptors, the latter of which have become soluble 
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components of the cytokines themselves during evolution86. This is reminiscent of 

proteolytic shedding of cell-surface cytokine receptors, where shed receptor subunits 

pair with their cytokine partner to act as one signaling entity87. Each IL-12 cytokine 

consists of one  (IL-12, IL-23, IL-27) and one  (IL-12, Epstein-Barr virus-induced 

gene 3 (EBI3)) subunit. Extensive subunit sharing allows the formation of the four distinct 

heterodimers IL-12 (IL-12:IL-12), IL-23 (IL-23:IL-12), IL-27 (IL-27:EBI3), and IL-

35 (IL-12:EBI3) (Figure 1.4B). This combinatorial complexity also applies to IL-12 family 

receptors, which are generally also heterodimers, formed by five different shared chains 

(Figure 1.4C). Binding of the corresponding IL induces receptor chain heterodimerization 

thereby activating Jak/STAT signaling pathways. 

Subunit sharing on the level of cytokines and receptors may suggest closely related 

functions of IL-12 family cytokines, but this notion is misleading. IL-12 is a key immune-

activating cytokine that is secreted from APCs and regulates pro-inflammatory functions 

of T cells, e. g. by inducing Th1 cells and CD8+ cytotoxic T cells that are key for 

inflammatory reactions in fighting infections but also tumors88. IL-23 is the most pro-

inflammatory IL-12 family member and plays a key role in inducing and maintaining Th17 

cell populations that secrete the strongly pro-inflammatory cytokine IL-1778. IL-27 is an 

immune-modulatory cytokine, which on the one hand is able to promote Th1 

differentiation and on the other hand suppresses pro-inflammatory Th17 cells and 

induces anti-inflammatory IL-10 producing Treg1 cells79. IL-35 is the only strictly immune-

inhibitory family member. It suppresses conventional T cells and induces their conversion 

into suppressive Treg cells89. With the distinct and even opposing immune functions of 

its members, the IL-12 family holds a key role in balancing our immune system. 

In addition to the four established IL-12 family members, new intra-family subunit pairings 

termed IL-Y and IL-39 have been reported, yet their natural existence is debated82,90 

(Figure 1.4D). In addition to the heterodimeric family members, isolated IL-12 family 

subunits can also perform immune-regulatory functions. Unpaired forms of IL-12IL-

27 and EBI3 are secreted from certain cell populations and in certain species, and free 

IL-12 and EBI3 are often secreted in excess over IL-12, IL-23 and IL-27 

heterodimers79,80,91 (Figure 1.4D). Another exception of the rule is the unusual receptor 

repertoire of IL-3592 (Figure 1.4D), which will be discussed in a later chapter. Together, 

this establishes a highly complex molecular network that underlies IL-12 family cytokine 

functions. Since IL-12 family members have very potent immune-regulatory functions, 

their secretion thus needs to be tightly regulated. 
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Figure 1.4: Setup of the human IL-12 family. A) Schematics of IL-12 family cytokine subunits. subunits 
possess a four-helical bundle structure with an ‘up-up-down-down’ topology (arrows) of helix A to helix D 
connected via loops.  subunits contain two fibronectin type III (FnIII) domains and in case of IL-12 an 
additional N-terminal immunoglobulin (Ig)-like domain. B) The four IL-12 family members are made up of 
five different subunits: IL-23, IL-12, IL-27, IL-12, and EBI3. One subunit pairs with one subunit to 
form the respective heterodimeric cytokine IL-23, IL-12, IL-27, or IL-35. Crystal structures of IL-23 (PDB: 
3D87) and IL-12 (PDB: 3HMX), a modeled structure of IL-2793 and a hypothetical model for IL-35 are 
depicted. Position of free cysteines and disulfide bonds are indicated as orange spheres, numbering of 
residues corresponds to processed proteins. C) IL-12 family receptors pair to form functional receptors and 
are shared between ILs. High resolution structures for IL-23R (PDB: 5MZV), gp130 (PDB: 3L5H), and IL-
12R1 (PDB: 6WDP) are shown in surface representation, unresolved structures are depicted as schematic. 
Divergent immunological functions are mediated via different Janus kinase (Jak1, Jak2, Tyk2)-Signal 
Transducers and Activators of Transcription (STAT) pathways94,95. D) Left: New IL-12 family members IL-39 
and IL-Y (covalently linked) are depicted as AlphaFold models. Middle: Single subunits IL-27, EBI3, and 
IL-12 were reported to be secreted independent of their partner subunits. Right: In murine T and B cells, 
further IL-35 receptor pairings in addition to IL-12R2/gp130 (see (C)) have been reported. 
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1.4.2 Detailed insights into IL-12 family cytokine assembly 

Once translated, IL-12 family cytokines need to assemble to form bioactive 

heterodimers. This assembly occurs in the ER, under the control of intricate 

mechanisms and machineries that support IL-12 cytokine formation. This is highly 

relevant due to the shared subunits IL-12 family cytokines use and the autonomous 

functions some unpaired subunits possess. At the same time, it provides another layer 

of control for immune system functions whose basis we are just beginning to understand. 

Biogenesis in the ER will be described in the following for each of the four established 

IL-12 family members. 

Biogenesis of IL-12 

Whereas IL-12secretion depends on its pairing with a partner subunit, IL-12can also 

be secreted in isolation, as a monomer and homodimer with likely autonomous and 

distinct immunological functions96,97. Other modes of IL-12secretion and IL-12 

formation are discussed, but their mechanistic basis remains to be defined98. Since IL-

12 is expressed in many cell types, the dependency on a partner subunit generally 

allows regulation of IL-12 secretion. Recent work has revealed the molecular basis of 

this behavior (Figure 1.5A). If unpaired, IL-12 fails to acquire its native structure, forms 

non-native disulfide bonds and various molecular species including homodimers and 

oligomers. Due to this misfolding in isolation, unpaired IL-12 is recognized and retained 

in the cell by the ER chaperone machinery, including members of the PDI family99–101. In 

the light of this finding, it is interesting to note that IL-12has three intramolecular 

disulfide bonds (Figure 1.4B), two of which are dispensable for assembly-induced folding 

and formation of IL-1299. This may argue that cysteine:PDI interactions play a role in 

regulating the secretion of IL-12 family members. The same applies to the disulfide bond 

that covalently stabilizes the interaction between IL-12 and IL-12 it is dispensable for 

secretion of the heterodimer but may stabilize the heterodimer against dissociation once 

secreted102. If no pairing with IL-12occurs, IL-12will ultimately be degraded via ER-

associated degradation, which involves the ERAD factor HERP and potentially also the 

PDI ERdj5 to reduce wrong disulfide bonds99,103,104. In contrast, if pairing with IL-

12occurs, IL-12correctly folds and is efficiently secreted as heterodimeric IL-1297,99 

Since the IL-12 cytokine family subunits are shared and structural changes occur upon 

heterodimer formation, the dimerization interface is of special interest. The interlocking 

topography of IL-12 and IL-12 is mediated by several charged residues via the helical 

face of the A and D helices and the AB-loop of IL-12 packing against loops 1 and 3 

from domain 2 and loops 5 and 6 from domain 3 of IL-12. Characteristic is the central 
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Arg189 residue of IL-12 helix D reaching into a deep arginine-binding pocket of IL-12 

with Asp290 at its base to form an Arg-Asp salt bridge. Hydrogen bonds and hydrophobic 

interactions line the pocket, completing the interface102 (Figure 1.5A). Considering this 

complex interface, it is noteworthy that, whereas isolated IL-12 has a strong tendency 

to misfold, no misfolding is observed in model cell lines upon co-expression of IL-12. 

This may argue for a substantial amount of structure also in unpaired IL-12, where parts 

of the dimerization interface outlined above may be present. Such species could 

potentially form a reservoir for assembly with IL-12, once expression of IL-12 begins, 

allowing for rapid pro-inflammatory responses.  

Biogenesis of IL-23 

Although IL-12 and IL-23 share the same  subunit, the interactions between IL-23 and 

IL-12 are somewhat different compared to IL-12. In comparison to IL-12 the IL-23 

subunit is tilted and rotated within the heterodimeric structure. As a consequence, IL-23 

Arg159 of helix D forms the critical salt bridge to Asp290 of the IL-12 arginine-binding 

pocket and is surrounded by different hydrophobic contacts and polar interactions at the 

interface periphery than for IL-12. Furthermore, compared to the largely disordered AB-

loop in IL-12, IL-12 forms several more contacts with the AB-loop of IL-23 near its 

interchain disulfide bond linkage105 (Figure 1.5B). IL-12β thus engages in at least two 

cytokines. Although the nature of the interactions that constitute the interface, i.e., 

charged interactions lined with hydrophobic and peripheral polar interactions, is 

conserved in IL-12 and IL-23, most of the interface is structurally distinct and unique. 

Like IL-12, IL-23 depends on assembly with IL-12for secretion and forms multiple 

redox species via non-native disulfide bonds in its absence78,99,106. Interestingly, like IL-

12 IL-23 populates dimeric species in the absence of IL-1299,106. Assembly with IL-

12 induces correct folding of the IL-23 subunit, a process into which structural insights 

could be obtained recently (Figure 1.5B). In the absence of IL-12IL-23 shows overall 

high flexibility and the first of its four helices (helix A) appears to be mostly unstructured. 

Upon assembly with IL-12, helix A becomes structured and the remainder of IL-23 is 

stabilized106. These structural changes are coupled to an intricate chaperone recognition 

mechanism: helix A contains two free cysteines and binding sites for BiP. While unpaired, 

the sites are free to engage PDIs, including ERp44 as well as BiP106. This confers ER 

retention of unassembled IL-23Once assembled with IL-12, due to the folding of helix 

A, the chaperone binding sites are buried within the native structure, allowing release 

from the ER. The single internal disulfide bond within IL-23is needed for IL-23 

secretion, whereas, like for IL-12 the covalent disulfide linkage of IL-23 with IL-12 is 
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dispensable for subunit interaction and secretion106. IL-23 has thus developed an 

intricate mechanism that allows the ER chaperone machinery to oversee its assembly, 

and which likely plays an active role in tuning it. In the light of this complex assembly 

control, it is noteworthy that biological functions for unpaired IL-23have also been 

described107. It will be important to reveal how IL-23in this case obtains a biologically 

active structure. 

Biogenesis of IL-27 

IL-27 shows close structural homology to the aforementioned  subunits with the 

exception of a unique glutamic acid stretch (poly-Glu loop) in the CD loop108. In isolation, 

human IL-27 is not secreted but requires interaction with EBI3 for assembly-induced 

secretion as part of the heterodimeric IL-27 complex79. The underlying mechanisms were 

recently revealed (Figure 1.5C). Structural dynamics of the poly-Glu loop and exposed 

hydrophobic residues causes BiP binding to IL-27, which results in ER retention and 

rapid degradation of the unassembled IL-27 subunit via ERAD109. Only upon co-

expression of EBI3, IL-27 is stabilized and hydrophobic regions are buried within the 

helical structure, which releases it from chaperone-mediated retention109. Once 

assembled, the heterodimeric complex further traverses through the Golgi where human 

IL-27 becomes O-glycosylated before secretion79,110. Unlike IL-12 and IL-23, human 

IL-27 has only one single cysteine residue located in helix B. It therefore lacks an 

internal disulfide bond109. Within the IL-27 interface the conserved and solvent-exposed 

Trp97 of IL-27 interacts with Phe97 of EBI3. This aromatic interaction is further 

supported by salt bridges between the rather positively charged surface of IL-27 (e. g. 

Arg216) and the negatively charged surface of EBI3 (e. g. Glu159, Asp210)93,111 (Figure 

1.5C). Although an IL-27 crystal structure is yet not available, critical interface residues 

could be verified via mutation and the slightly rotated conformation of and  subunits 

compared to IL-12 and IL-23 could be confirmed by molecular docking93, further 

extending the structural setups found for IL-12 cytokine heterodimerization.  

Biogenesis of IL-35 

In contrast to IL-12, IL-23, and IL-27, for which detailed structural insights into the 

heterodimerization interface are available, the IL-35 interface remains completely 

undefined (Figure 2D). Furthermore, IL-35 is largely unaffected by amino acid 

substitutions that do affect other IL-12 family members112. IL-35 thus seems to have a 

distinct pairing interface compared to all other IL-12 family members. In agreement with 

this notion, bacterially produced IL-12 could form IL-12 but not IL-35, which may be due 

to the lack of glycosylation in bacterially produced proteins, as recent data suggest 
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glycosylation to be important for IL-35 formation110,113. Together, these findings indicate 

that complex formation of IL-12 and EBI3 might be weaker and that it clearly differs 

from the other family members. Despite these differences and analogous to IL-12, EBI3 

is required to release IL-12 from ER retention and for subsequent secretion of the 

heterodimeric complex80 (Figure 1.5D). In contrast to IL-12, IL-35 secretion is by far less 

efficient, which might be due to the inefficient secretion of EBI3 itself compared to IL-

12 and likely due to differences in complex formation80,112. Furthermore, EBI3 not only 

induces secretion of IL-12 but is itself more efficiently secreted in the presence of IL-

12, although the effect is less pronounced. This mutual secretion of an and  subunit 

can further be observed for IL-27 arguing that, for human IL-27 and IL-35, both the and 

the subunit are labile in isolation and need each other for stabilization and efficient 

export. In agreement with this, the lectin chaperone CNX associates with EBI3114. 

Normally, CNX mostly acts on membrane-associated proteins115. It is thus interesting to 

note that, although lacking a membrane anchor, EBI3 has been described to localize to 

the cell surface114, potentially also in a complex with IL-23R116 and that co-localization 

of IL-12 and EBI3 on the surface of tolerogen-specific regulatory T cells has been 

reported117. In agreement with a somewhat special role of EBI3 in the IL-12 family, EBI3 

itself seems to have chaperone-like functions also on other proteins. By binding of EBI3 

to CNX and IL-23R in a peptide-dependent manner, IL-23R expression is augmented, 

and degradation is reduced116. Even though CNX is necessary for this EBI3-mediated 

folding, and further data to back up these ideas are needed, EBI3 may thus perform 

intracellular roles independent of the cytokines to which it contributes. 
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Figure 1.5: Molecular mechanisms of human interleukin (IL)-12 cytokine biogenesis. Critical elements 
(highlighted in red) and molecular chaperones involved in IL-12 family ER quality control are depicted for 
each member. Successful biogenesis of heterodimeric ILs leads to secretion (extracellular), otherwise 
subunits are degraded via ER-associated degradation (ERAD). Interfaces are shown as magnified images 
(boxes) (IL-12, PDB: 3HMX; IL-23, PDB: 3D87; IL-27 model93). Critical interface residues are labelled and 
marked in orange. Residues forming salt-bridges or hydrophobic interactions in the direct surrounding of the 
core are shown as sticks. Details on the subunit pairings: (A) In isolation, IL-12 forms non-native disulfide 
bonds (red dashed lines), thus misfolds and forms redox species of high molecular weight (HMW), including 
dimers. Upon pairing with IL-12, the correctly folded, disulfide-linked IL-12 is secreted. The arginine-binding 
pocket with its charged interaction is highlighted in the interface structure. (B) Helix A of IL-23is 
unstructured, highly flexible and erroneous disulfide-linked redox species of IL-23 are formed in absence 
of IL-12. The interface of the covalently linked IL-23 heterodimer with its charged interaction is magnified. 
(C) Hydrophobic residues of IL-27 are exposed in the absence of EBI3 due to the flexibility of the AB and 
poly-Glu loops109. Subunit interactions of the non-covalently linked IL-27 are mediated via aromatic and 
charged residues. (D) For IL-35, IL-12 and EBI3 mutually enhance their secretion. IL-12 in isolation 
behaves like described in (A). EBI3 is bound by the chaperone calnexin (CNX). For IL-35, depicted as 
hypothetical model, neither its structure nor the interface is known. 
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Biogenesis of IL-12 family cytokines: general principles  

For human IL-12 family cytokines, a clear principle has emerged in recent years to 

underlie their biogenesis: subunits are incompletely structured in isolation and hardly, 

if at all, secreted by themselves. Instead, isolated subunits are targeted for 

degradation. In contrast, human β subunits are secretion-competent on their own, induce 

structure formation in their designate partner subunit and thus regulate trafficking and 

export of the heterodimeric cytokine. Interestingly, in other species this behavior is 

reversed, e. g. mouse IL-27is readily secreted, but mouse EBI3 depends on IL-27 co-

expression for secretion79,93. Notwithstanding these differences, we generally have one 

secretion-competent and one assembly-dependent subunit. This principle is of great 

biological relevance: the secretion competent IL-12 family subunits, be it the or the 

subunit, often perform autonomous immune-modulatory functions. This argues that this 

behavior has likely evolved due to functional needs of e. g. maintaining balanced immune 

reactions. A further general principle that emerges from recent studies on IL-12 family 

cytokines is that, quite unusual for secreted proteins, they have several disulfide bonds 

that are dispensable for secretion. These cysteines may thus be present to engage 

cellular chaperone machineries to regulate and control IL-12 family cytokine assembly, 

which is crucial in the light of distinct biological functions but subunit sharing. 

1.5 IL-35 – stranger in the family? 

In 1996 Devergne et al. discovered a novel gene encoding soluble receptor with 

homology to ciliary neurotrophic factor receptor (CNTFR) (30%) and IL-12 (27%)114. 

This protein, which lacks a membrane anchoring motif and was initially found to be 

secreted by Epstein-Barr virus (EBV)-transformed lymphocytes, was designated 

Epstein-Barr-virus-induced gene 3 (EBI3) and gave rise to further expansion of the IL-

12 family. Only one year later, the same group demonstrated non-covalent binding of 

EBI3 to IL-12, the first hint of a new, IL-12 related cytokine80. Immunological properties 

were not yet identified, although high levels of both subunits in human placental 

trophoblasts already suggested a possible immunosuppressive role118. For another 

decade, the physiological relevance of the cytokine remained elusive until Collison et al. 

found high expression levels of IL-12 and EBI3 in a distinct set of Tregs89. In their study 

they were able to assign functions to this newly established cytokine and named it IL-35. 

After the discovery of IL-23 (in 200078) and IL-27 (in 200279), IL-35 was the latest addition 

to the IL-12 family.  
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1.5.1 Composition of IL-35 and its unusual receptor repertoire 

The heterodimeric IL-35 is built by non-covalent interaction of IL-12 and EBI3, which 

are both shared subunits of other IL-12 family members (IL-12, IL-27). While 

experimental IL-12 and IL-23 structures are known and computational, experimentally-

verified models of IL-27 exist, further supported by recent insights into its receptor-

binding119, IL-35 remained elusive to detailed insights into its architecture. Since all  

and  subunits share high structural homology, it would appear that the mode of 

interaction within the IL-12 family follows a conserved mechanism. Indeed, structural 

studies concerning the rest of the family propose a common principle of interaction with 

residues of helices A and D from the  subunit interacting with the hinge region between 

the two FnIII domains of the  subunit93,102,105,111. These so-called Site 1 interactions can 

be further found in the IL-6 family of cytokines, where the helical cytokine interacts with 

its primary receptor (e. g. IL-6 and IL-6R)120. To shed light on the IL-35 

heterodimerization mode, Jones et al. followed this path by an extensive mutational 

screen in 2012112. By mutating residues within the conserved interface, they were able 

to affect the complex formation of IL-12 and IL-27 but no such effect could be observed 

in case of IL-35. Though complex formation between mouse IL-12 and human EBI3 

(and vice versa) indicate at least an interspecies conserved interface112, their results 

indicate that the character of interaction for IL-35 substantially differs from the other 

family members. It should be noted however, that the experiments in this study were 

performed on cell lysates only. Since only secreted IL-35 is fully post-translationally 

modified, this might affect its complex formation as well. In agreement with this, 

recombinant IL-12 purified from bacteria was indeed not able to form a complex with 

EBI3, in contrast to IL-12113. In the same study, linked constructs of essential members 

of the IL-6 and IL-12 cytokine families were generated, which were all secretion 

competent and biologically active with only one exception: Hyper-IL-35 remained 

secretion incompetent, regardless of using different cell types or linker lengths113. 

Collectively, IL-35 assembly differs in several aspects from the other family members, 

and it is questionable whether only weak interactions are the source of this fundamentally 

different behavior of IL-35. One possible explanation could be the existence of additional 

factors that are required for effective subunit interaction and secretion but have yet been 

unexplored. Another hypothesis was provided by Sullivan et al., who observed IL-12 

and EBI3 co-localization on the surface of tolerogen-specific Tregs117. In their study they 

postulate an alternative and atypical mode for IL-35 signaling, in which both subunits are 

present on the surface of extracellular vesicles (EVs) in association with the tetraspanin 

CD81117. While their results provide an explanation for the difficulty in producing a stable, 
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soluble, bioactive cytokine, it remains to be investigated whether this mode of secretion 

is limited to specific cell types and if only a minor fraction of secreted IL-35 is associated 

to EVs. 

Chain sharing is a common principle within the IL-12 family and furthermore extends to 

their receptors and downstream signaling components. Considering that IL-35 shares 

subunits with IL-12 and IL-27, it was reasonable to assume that also receptor chains of 

both cytokines are utilized. Indeed, a heterodimer consisting of IL-12R2 and gp130 

could be identified on T cells as the main IL-35 receptor92. Surprisingly, even in the 

absence of one chain, immunological effects were still detectable and IL-35 was 

consequently reported to signal via a receptor triad consisting of IL-12R2 homodimers, 

gp130 homodimers, and IL-12R2:gp130 heterodimers, though the latter is required for 

its maximal suppressive capacity92. Only a few years later, Wang et al. further expanded 

this receptor repertoire of IL-35, by identification of a novel heterodimeric receptor 

comprising IL-12R2 and IL-27R on the surface of B cells121. Since B cells additionally 

express gp130 the discovery of this completely new receptor combination was quite 

unexpected. Downstream signaling in T cells revealed that IL-35 induced the formation 

of a STAT1:STAT4 heterodimer, which induces a positive feedback loop by binding the 

Il12a and EBI3 promoters, thereby inducing their gene transcription92. Furthermore, 

signaling via IL-12R2 homodimers resulted in STAT1 and engagement of gp130 

homodimers in STAT4 phosphorylation, respectively92. Although gp130 signaling via 

homo- and heterodimers is described for other proteins122–124, it comes with a surprise 

that in case of IL-35, STAT3 phosphorylation was obsolete, which has not been reported 

for another cytokine that signals via gp13075. By a receptor shuffling approach, Floss and 

colleagues reconstituted all described IL-35 receptors but detected a more canonical 

signaling via STAT1 and STAT3125. However, the genetic lack of STAT4 in Ba/F3 cells 

confines the global impact of their observations. Likewise, IL-35 signaling in B cells was 

also mediated via STAT1 and STAT3 activation and the authors of the same study 

detected STAT3 phosphorylation in T cells, as opposed to Collison et al.121. This is further 

supported by Liu et al., who confirmed that trophoblast derived IL-35 activates STAT1 

and STAT3 phosphorylation in human T cells but STAT4 phosphorylation was absent126. 

Moreover, in metastatic tumor cells, macrophage secreted IL-35 revealed activation of 

STAT6 in an IL-12R2 dependent way127. This multi layered complexity indicates that IL-

35 might utilize different receptors and signaling components depending on cell type, 

source, and species. Despite minor inconsistencies, it can be noted that IL-35 signals 

via multiple receptors that are constructed by IL-12R2, gp130, and IL-27R and a 

selection of different STAT molecules, including STAT1, STAT3, STAT4, and STAT6. 
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How one cytokine is able to signal via this apparent receptor complexity is currently ill-

defined and further research is necessary to establish the physiological relevance of all 

receptor combinations.  

1.5.2 The complex immunobiology of IL-35 and its role in disease 

Within the IL-12 family, IL-35 holds an outstanding position as its immunobiology 

contrasts with the other family members. While IL-12, IL-23, and IL-27 are reported to be 

primarily produced by APCs, IL-35 was initially found to be secreted by Foxp3+ Treg 

cells only105. With the steadily increasing number of IL-35 based studies, further IL-35 

producing cell types were identified, such as Breg cells121,128, DCs129,130, and 

macrophages127. Additionally, IL-35 secretion was also detected by non-immune cells 

like tumor cells131, or placental trophoblasts126, suggesting an even broader impact of 

this cytokine. 

Not only the producer cells are remarkably variable, but also the IL-35 mediated effects 

are considerably distinct from those of its siblings. IL-35 is the only IL-12 family member 

with exclusively inhibitory functions and was initially found to cause primary 

immunosuppression of effector T cell responses89. Moreover, its inhibitory role is not only 

mediated by suppressing the proliferation of effector T cells but also by their conversion 

into IL-35 producing Foxp3- cells, a process called infectious tolerance70. This novel 

iTR35 population which was generated by stimulation of naïve T cells with IL-35, did not 

require other suppressive cytokines like IL-10 or TGF- for its conversion, but IL-35 

secretion was necessary for its maximal suppressive activity70. The inhibitory impact of 

IL-35 is not only restricted to CD4+ Tregs but further includes a CD8+ tumor specific Treg 

line in prostate cancer patients132. Moreover, Treg derived IL-35 has been demonstrated 

to suppress Th17 responses by inhibiting the differentiation of CD4+ T cells into Th17 

effector cells133. Besides T cells, IL-35 was also shown to act on other cell populations, 

including B cells, for which the conversion into IL-35+ Breg cells has been reported121,128, 

Macrophages134, and DCs135. 

With its high suppressive capacity, IL-35 is associated with the development of a variety 

of diseases. Generally, increased IL-35 levels are often connected with immune escape 

and are therefore present in different cancers136. In acute myeloid leukemia, patients 

revealed significantly higher IL-35 plasma levels than the healthy donor control group, 

and there was a positive correlation between the severity of the disease and IL-35 

expression levels137. Furthermore, murine models of melanoma and colorectal 

carcinoma indicate increased IL-35 production by tumor-infiltrating Treg cells70. On the 

other hand, impaired IL-35 signaling stands in direct relation to different autoimmune 
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diseases. Recent studies revealed that the IL-35 plasma concentration in patients with 

psoriasis, a chronic, inflammatory skin disease, is significantly lower than in healthy 

individuals134,138. A similar coherence of decreased IL-35 levels is reported for asthma 

and chronic obstructive pulmonary disease139, atherosclerosis and coronary artery 

disease140, and multiple sclerosis141.  

The broad impact of IL-35 on different immune-related diseases indicates its crucial role 

in a balanced and healthy immune system. With an increasing number of studies, the 

incorporation of IL-35 based therapeutic strategies in the near future might hold a great 

clinical potential. Gene therapy, injection of rIL-35, transfer of iTR35 cells, or blocking 

antibodies are possible applications that are currently studied in murine disease models 

and first encouraging results are reported. In cancer, promising achievements were 

reported among others by Turnis et al136. In their study they investigated the effect of IL-

35 blockade in murine models of human melanoma, colon adenocarcinoma, and 

metastatic tumors and were indeed able to detect limited tumor growth and enhanced T 

cell memory responses. By intraperitoneal injection of rIL-35, Niedbala and coworkers 

demonstrated a significant reduction in the incidence and intensity of a murine model of 

collagen-induced arthritis, and Wirtz et al. used gene therapy of a single-chain IL-35 

construct to treat inflammatory bowel disease in mice resulting in decreased symptoms 

of colitis and a reduction of inflammatory markers133,142. Another desirable feature of IL-

35 is its capability to induce a potent inhibitory iTreg cell population. In immunotherapy 

there is a substantial interest in ex vivo generated iTreg cells and their potential in 

antigen-specific regulatory populations, however current approaches are limited due to 

complex generation protocols and short half-lives143,144. In their study, members of the 

Vignali lab were however able to convert T cells into iTR35 cells in vitro with highly potent 

and stable characteristics in vivo70.  

While the increasing number of therapeutical approaches imply a bright future for IL-35 

in the clinics, discernible limitations and contradictions in the current literature are 

reasons to proceed with caution. The immunobiology of IL-35 still seems to be ill-defined, 

as there are additional studies suggesting anti-tumor capacities in colon cancer and 

hepatocellular carcinoma, thereby disagreeing with the exclusive inhibitory role of IL-

35145,146. It should be further mentioned that in order to study IL-35, knockout models 

come with the complexity of IL-12 family subunit and receptor sharing, and research 

based on knockout cells requires very careful interpretation to dissect the observed 

effects. So far, successful purification of recombinant mouse or human IL-35 has not 

been described and is one of the major hindrances in the field. The questionable activity 

and purity of currently available IL-35 versions should be re-evaluated and thus the linked 
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publications. Another significant limitation is the lack of high-quality antibodies against 

IL-35. Recent data reveal serious drawbacks in previous published studies based on an 

allegedly IL-35 specific antibody despite its demonstrated unspecificity against IL-35147. 

However, although accurate assessment of IL-35 reagents and controls is inevitable, the 

overall trend indicates that increased IL-35 serum levels correlate with a state of immune 

escape in different tumors, while reduced levels seem to be associated with chronic 

infections and autoimmunity. 

1.5.3 IL-12 and EBI3: Roles beyond IL-35? 

IL-12 family cytokines are strictly heterodimeric, yet, as always, there are exceptions to 

the rule. A prominent example is IL-12, which is secreted independently of a partnering 

subunit and is considered to signal both through receptor competition in an antagonistic 

way148, as well as in a direct agonistic fashion149. It is therefore conceivable that the 

principle of independent subunits also extends to other members of the IL-12 family. The 

second  subunit, EBI3, can likewise be secreted in absence of IL-12or IL-27, 

although its secretion is comparatively inefficient79,80,150. To investigate the effect of 

unassembled EBI3, Chehboun et al. used recombinant human or mouse EBI3 purified 

from bacteria and demonstrated complex formation of rEBI3 with IL-6, thereby inducing 

IL-6 trans-signaling via gp130151. In their study, EBI3 was able to promote the pro-

inflammatory signaling of IL-6. However, high concentrations were required and the lack 

of glycosylation might impair with natural EBI3 functions110. On the other hand, EBI3 

promoted anti-inflammatory effects were observed in NK cells, although the authors 

could not distinguish between IL-35 or EBI3 derived signaling152. Furthermore, Dambuza 

et al. used insect cell purified mouse EBI3 in a murine model of experimental 

autoimmune uveitis (EAU) and demonstrated inhibition of CD4+ proliferation by EBI3 to 

a similar degree as IL-35153. In the same study, equally purified mouse IL-12 showed a 

similar behavior and was additionally able to induce expansion of Bregs in vivo 

dependent on IL-12R2153. Experimental autoimmune encephalomyelitis (EAE) mice 

showed reduced symptoms after IL-12 administration connected with a reduced 

number Th17 cells, investigated by the same group154.  

Thus, while immunological effects have been demonstrated for IL-12 and EBI3 that are 

in some cases even overlapping with IL-35 mediated effects, it is still unclear, whether 

the physiological concentration in a human setting is sufficient to promote signaling. 

Especially in case of IL-12, which is believed to be secreted in an assembled complex 

only, a physiologically relevant role seemed unlikely. Since EBI3 lacks the interchain 

cysteine homologous to IL-12, the IL-35 complex might be less stable and subunit 
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dissociation in principle possible, which could provide a source of IL-12. Structural 

insights into assembly and secretion of IL-35 and its subunits are thus urgently required 

for a better understanding of their immunobiology and are a prerequisite to shed light on 

the complex signaling of IL-35. 

1.6 Aims of this work 

This thesis aims to address two different research objectives, which both focus on the 

underlying molecular and cellular principles that allow for biogenesis and signaling of IL-

12 family cytokines. 

IL-35 shares structural hallmarks of the IL-12 family, yet its biological function, its 

receptor repertoire, its structure, and the cells that produce IL-35 contrast sharply with 

the characteristics of other family members (IL-12, IL-23, and IL-27). Thus, a main goal 

of this work was to extend our knowledge of this cytokine. One important question that 

has remained unanswered is how one single cytokine can signal via multiple receptors 

and trigger such diverse immunological effects. We therefore aimed to investigate human 

IL-35 assembly and secretion in detail on a cellular level. By comparison with IL-12 and 

IL-27, which both share one subunit with IL-35, characteristic features of IL-35 should be 

revealed. Furthermore, to circumvent functional studies with heterogenous protein 

solutions, we intended to purify human IL-35 components from mammalian cells and test 

them in a next step under controlled in vitro conditions in immunologically relevant 

primary cell models. 

Given the immunological relevance of the IL-12 family and its increasing relevance in 

immunotherapy, its glycosylation pattern – as one major structural modification – has 

however remained ill-defined. In the second goal of this thesis, we intended to uncover 

common and distinct principles of protein glycosylation for each member of the IL-12 

family. A particular focus on cytokine assembly and secretion should reveal if the 

absence of glycosylation affects the formation of heterodimers and subsequently their 

assembly induced secretion. Moreover, we aimed to analyze the functionality of 

glycosylation-deficient mutants in relevant reporter cells to assess the impact of 

glycosylation for IL-12, IL-23, IL-27, and IL-35 comparatively. 
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2 Interleukin 35 subunits are anti-inflammatory cytokines 

2.1 Introduction 

Interleukins are key signaling molecules of our immune system and are classified into 

families based on structural similarities73. The Interleukin (IL) 12 family consists of four 

established members (IL-12, IL-23, IL-27, IL-35) and is assigned to one family due to its 

strictly heterodimeric character, a unique feature amongst the more than 60 ILs known 

to date72. Each member comprises an  subunit with a cytokine-characteristic four-helix 

bundle fold (IL-12, IL-23, IL-27) and a  subunit composed of two fibronectin (Fn) III 

domains (EBI3) with an optional immunoglobulin (Ig) domain (IL-12). Structurally, 

heterodimerization within the IL-12 family resembles binding of IL-6 family cytokines, 

which share the four-helix bundle fold, to class I cytokine receptor chains, which 

comprise fibronectin and Ig domains102,105,155, implying their evolution from 

interleukin:receptor pairs86. Only five subunits are required to build the four distinct IL-12 

heterodimers, which is enabled by extensive subunit sharing (IL-12: IL-12/IL-12, IL-

23: IL-23/IL-12, IL-27: IL-27/EBI3, IL-35: IL-12/EBI3). Analogously, this 

combinatorial complexity extends to the IL-12 family receptors, which are also 

heterodimers formed by five different chains (IL-12R1, IL-12R2, IL-23R, IL-27R, 

gp130). Binding of the corresponding interleukin induces receptor chain 

heterodimerization thereby activating Jak STAT signaling pathways94. 

Despite sharing many structural hallmarks and even subunits, the effects of the four 

family members are remarkably diverse and even opposing. The mostly pro-

inflammatory cytokines IL-12 and IL-23 are drivers of inflammation via Th1 differentiation 

and Th17 development, respectively156. IL-27 performs immunomodulatory roles on the 

one hand by promoting Th1 differentiation and on the other hand by suppressing pro-

inflammatory Th17 cells as well as induction of anti-inflammatory IL-10 producing 

Tregs157. Conversely, IL-35 is the only strictly inhibitory family member, which is reflected 

by its ability to suppress conventional T cells and converting them into 

immunosuppressive Tregs158. Besides the four established IL-12 family members, 

reports suggest the existence of further subunit combinations81,83,90 and some subunits 

are even functional by themselves109,159–161. 

Despite its many important biological functions, IL-35 remains the most incompletely 

characterized member of the IL-12 family. In contrast to its siblings, IL-35 is 

predominantly produced by Tregs and Bregs, to a lesser extent by DCs and placental 

trophoblasts, and is mainly responsible for the immunosuppressive capabilities of these 

different cell types158. Due to its inhibitory character, IL-35 plays a pivotal role in keeping 
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immune reactions in check, but when signaling is impaired IL-35 is also associated with 

a broad range of different immune-related diseases. In cancer, IL-35 is able to induce 

tumor growth by enhancing myeloid cell accumulation and promoting angiogenesis162. 

High serum levels of IL-35 can be found in melanoma70,162, breast163,164, pancreatic165–

167, and lung168 cancer. On the other side, a variety of autoimmune, inflammatory, and 

allergic diseases are linked to reduced circulating IL-35 levels, underlining its importance 

in maintaining self-tolerance169,170. While the biological functions of IL-35 are under 

intensive investigation, only little is known about its structure and receptor repertoire. 

Experimental structures of isolated IL-12102 and IL-23105 and experimentally validated 

structural models for IL-2793,111 reveal a conserved mode of interaction for cytokines of 

the IL-12 family. In contrast, even comprehensive studies based on this model have 

failed to identify the heterodimerization interface of IL-35112, which is thus clearly distinct 

from the other family members. Furthermore, recent studies point towards independent 

functions of IL-35 subunits, but molecular insights remain limited151–154. Lastly, IL-35 

signaling does not occur via a single heterodimeric receptor, as described in case of the 

other IL-12 family cytokines, but four possible receptor chain combinations (IL-

12R2:gp130, IL-12R2:IL-12R2, gp130:gp130, IL-12R2:IL-27R) are currently 

reported as the receptor repertoire for IL-35 signaling92,121. Although the biological 

functions of IL-35 qualify it as a highly attractive therapeutic molecule and target, our 

biochemical lack of knowledge on IL-35 currently limits further progress in the field. 

In this study, we investigated the mode of secretion for IL-35 and found that its two 

subunits IL-12 and EBI3 can either be secreted in assembled or unassembled forms. 

Instead of a strictly heterodimeric protein – the hallmark of IL-12 family cytokines – IL-35 

appears to be a compound cytokine. We thus established procedures to recombinantly 

produce the human IL-12 and EBI3 subunits from mammalian cells and investigated 

their effects on human PBMCs and an HDM induced airway inflammation model of 

human monocyte derived macrophages. Stimulation with our recombinant proteins 

resulted in the downregulation of the pro-inflammatory cytokines IL-1, IL-6, IL-8, and 

TNF. Surprisingly, while our recombinant subunits were able to reconstitute functional 

IL-12 and IL-27, they showed no sign of interaction to form IL-35, therefore further 

manifesting their independent character and the exceptional position of IL-35 in the IL-

12 family. In summary, the results obtained in this study point towards a new mode of IL-

35 secretion, which allows not only the heterodimeric IL-35 but also its subunits IL-12 

and EBI3 to act as independent cytokines.  
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2.2 Results 

2.2.1 IL-35 subunits mutually promote their secretion  

Since its discovery and functional characterization, IL-35 has remained a structurally ill-

defined cytokine. This has hindered progress in understanding this potent 

immunosuppressive molecule, but also in potential application or targeting it in the 

clinics. IL-35 consists of IL-12 and EBI3, subunits that are shared with IL-12 or IL-27, 

respectively (Figure 2.1). While the subunits of IL-12 are connected by an intermolecular 

disulfide bridge, IL-27 and IL-35 are non-covalent heterodimers. 

 

Figure 2.1: IL-35 shares subunits with IL-12 and IL-27. IL-35 (no structural model available) shares its -
subunit IL-12 with IL-12 (PDB: 3HMX), and its -subunit EBI3 with IL-27 (experimentally verified homology 
model93). 

All human IL-12 family  subunits are retained in cells in isolation and depend on 

interaction with their cognate  subunit to be secreted. Human IL-35 is no exception to 

the rule and in accordance with the first report on IL-35, we observed a titratable direct 

correlation between EBI3 expression and IL-12 secretion and vice versa, although the 

effect on EBI3 secretion is less pronounced (Figure 2.2A and B).  
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Figure 2.2: IL-12 and EBI3 mutually promote their secretion and form IL-35. To assess mutually 
induced secretion of IL-12 and EBI3, constant DNA amounts of IL-12 were co-transfected with increasing 
DNA amounts of EBI3 (A), or vice versa (B). C) Co-immunoprecipitation of HA-tagged EBI3 with FLAG-
tagged IL-12 in cell lysates and in the medium verifies assembly for these two proteins. Constructs are 
expressed in HEK293T cells. One representative immunoblot is shown. 

In agreement with this finding, we detected interaction of IL-12 and EBI3 in human cells 

and after their secretion into the medium (Figure 2.2C). The observed molecular weight 

shift upon secretion (Figure 2.2) can be attributed to modification of the glycans when 

traversing the Golgi after release from ER retention. Thus, at a first glance, IL-35 shares 

key features with other IL-12 family members: assembly-induced secretion of the 

subunits and their interaction in co-immunoprecipitation experiments. Recent data, 

however, point towards independent biological functions of IL-12153,154 and EBI3150,151 

as well as the possibility that IL-12 may assemble with IL-12 outside cells to form IL-

1298. Particularly in case of IL-12 it is unclear, how the subunit can be secreted in an 

unassembled form, since only marginal amounts are detected when expressed without 

its cognate partner (Figure 2.2A). This prompted us to a more thorough investigation of 

IL-12 and EBI3 secretion upon co-expression. Surprisingly, in contrast to other IL-12 

family members our analyses revealed a fundamentally different behavior of IL-35: When 

either IL-12 or EBI3 were equipped with a C-terminal KDEL sequence (IL-12KDEL or 

EBI3KDEL, respectively), these subunits were retained in cells (Figure 2.3A and B). This 

was expected as a C-terminal KDEL sequence generally leads to ER retention of the 

respective protein due recognition and retrieval from post-ER compartments171. However 
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and quite unexpectedly, EBI3KDEL could still induce the secretion of IL-12, and IL-

12KDEL also still increased secretion of EBI3 (Figure 2.3A and B). 

 

Figure 2.3 IL-35 subunits can be secreted independently when one subunit is ER retained. A) EBI3 
induces the secretion of IL-12 even when it is retained in the ER (via a C-terminal KDEL sequence). EBI3-
induced secretion is observed for wild-type IL-12 and a variant lacking the cysteine that forms an interchain 
disulfide bond in IL-12 (C96S). B) The same as in A), only that IL-12 was furnished with a KDEL ER-
retention sequence and secretion of EBI3 was monitored. EBI3 secretion was slightly increased by co-
expression with both IL-12 and the C96S variant. Quantifications of EBI3 secretion are shown below the 
blot. Constructs are expressed in HEK293T cells. One representative immunoblot is shown. 

No difference in the secretion pattern was observed when we used a cysteine mutant of 

IL-12 that lacks the free cysteine in IL-35 (IL-12C96S). These results indicate that IL-35 

subunits depend on each other to mutually induce their secretion but are not necessarily 

secreted as a heterodimer. This behavior is unique for IL-35 and in contrast to all other 

known pairings within the IL-12 family that share subunits with IL-35. For IL-12, IL-

12KDEL did not induce the secretion of IL-12, even after deletion of interchain-disulfide 

bond forming cysteines which are dispensable for IL-12 secretion99, and led to co-

retention of IL-12 instead (Figure 2.4A). Analogously, the same pattern could be 

observed for IL-27, where IL-27KDEL did not increase the secretion of EBI3 but instead 

also co-retained it (Figure 2.4B). Vice versa, it has been recently demonstrated that 

EBI3KDEL does not permit secretion of unassembled IL-27 but instead leads to co-

retention of IL-27 in cells93. Once they assembled, IL-12 and IL-27 seem to be stable 

heterodimers, even in the absence of an intermolecular disulfide bridge in case of IL-12. 
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Figure 2.4: IL-12 and IL-27 subunits cannot be secreted independently when one subunit is ER 

retained. A) A similar analysis for IL-12 reveals that IL-12 with an ER retention sequence does not induce 
secretion of free IL-12, but instead co-retains it in the cell. The same is observed for the combination of IL-
12C96S with IL-12C199S, with both proteins lacking the cysteines that form the interchain disulfide bond in 
IL-12. B) Co-expression of wildtype EBI3 and IL-27 leads to the secretion of IL-27. When IL-27 was ER-
retained (IL-27KDEL), EBI3 secretion was reduced, accordingly. Constructs are expressed in HEK293T cells. 
One representative immunoblot is shown. 

Together, our data reveal a strikingly different behavior of IL-35 in comparison to other 

IL-12 family members and suggest that cells expressing IL-12 and EBI3 may in fact 

secrete IL-35 as a compound cytokine, including the heterodimer but also unassembled 

subunits. We therefore searched for the existence of free IL-12 and EBI3 in the medium 

of cells expressing both IL-35 subunits without utilizing an ER-retention sequence. And 

indeed, after pulldown of EBI3 we were able to detect both unassembled EBI3 and IL-

12 in the supernatant of co-expressing cells (Figure 2.5). Comparing IL-12+EBI3HA to 

IL-12 and IL-12+EBI3HA,KDEL, the band intensities for IL-12+EBI3HA after the final IL-

12-IP suggest that a significant part of IL-12 is unassembled, since EBI3 was not co-

immunoprecipitated. The levels of unassembled IL-12 seem to be much higher when 

co-transfected with EBI3, suggesting that EBI3 is required for secretion but not always 

part of the complex. Furthermore, EBI3 could be found in the input II but was absent after 

IL-12-IP, indicating free EBI3, as well. Taken together, our data indicate that cells 

expressing IL-12 and EBI3 secrete assembled IL-35, but also free IL-12 and EBI3. 
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Figure 2.5: Unassembled secreted subunits can be detected in supernatants of IL-12 EBI3 co-

transfected cells. Free IL-12 can be detected in medium samples after pulldown of EBI3. IL-12 and EBI3 
are co-transfected and cell supernatants are applied to two consecutive HA-IPs to isolate EBI3 containing 
complexes. IL-12 is also co-immunoprecipitated as can be seen in the IL-12 blot after HA-IP I and II 
indicating pulldown of IL-35. The final IL-12-IP reveals remaining IL-12 in the medium that is not 
interacting with EBI3. Band intensities imply a significant higher amount of free IL-12 when co-expressed 
with EBI3 (or EBI3KDEL) than when transfected in isolation of EBI3. Constructs are expressed in HEK293T 
cells. One representative immunoblot is shown. 

2.2.2 IL-12 and EBI3 are stable cytokines in isolation 

The existence of secreted unassembled but stable IL-12 and EBI3 potentially qualifies 

them as independent cytokines secreted from IL-35 producing cells. To further support 

our hypothesis of stable cytokines, we aimed to purify human IL-12 and human EBI3. 

Both subunits are glycosylated and contain disulfide bonds, requiring for production in 

mammalian cells and purification from their supernatants. IL-12, however, is not 

secreted in isolation (Figure 2.2A) but instead degraded99 and EBI3 is only barely 

secreted in isolation (Figure 2.2B). Moreover, even upon co-expression only small 

amounts of secreted protein are detected (Figure 2.2), which has precluded purification 

of IL-35 thus far, also in our hands (data not shown). We thus devised strategies that 

allowed for the production of IL-12 and EBI3 in sufficient quantities from mammalian 

cells by utilizing the chain sharing of IL-12 family members. IL-12, which also comprises 

IL-12 (Figure 2.1), is secreted efficiently and we therefore developed a protocol to purify 

IL-12 lacking the intermolecular disulfide bridge in mammalian cells and subsequently 



Interleukin 35 subunits are anti-inflammatory cytokines 

33 
 

separate IL-12C96S from IL-12C199S (Figure 2.6A). Analogously, we purified IL-27 and 

finally separated EBI3 from IL-27L162C, a secretion competent mutant that was 

previously described in our laboratory109, (Figure 2.6B) and obtained in both cases 

milligram-quantities of glycosylated pure protein. 

 

Figure 2.6: Recombinant IL-12C96S and EBI3 are pure proteins. A) Detailed purification strategy with the 
corresponding Coomassie stained SDS-gels of IL-12C96S and B) EBI3. Pooled fractions are shown in 
rectangles. Structural models indicate positions of cysteines. For IL-12C96S, the molecular weight shift under 
non-reducing conditions indicates formation of internal disulfide bridges (A). In case of EBI3, the minor shift 
in molecular weight is a result of disulfide bridge formation between cysteines that are only separated by 9 
or 10 residues (B). 

Since our purification strategies require washing with chaotropic agents and subsequent 

refolding, we used far-UV circular dichroism spectroscopy to verify the -helical structure 

of IL-12C96S and the predominantly -sheet comprising structure of EBI3, in agreement 

with available structural models93 (Figure 2.7A and B). To support the idea of stable, 

soluble subunits, we used analytical ultracentrifugation. This approach revealed a 

predominantly monomeric state of IL-12C96S and EBI3 in solution (Figure 2.7C and D). 

Additionally, we found both proteins to be relatively stable with melting temperatures of 

47±0.2 °C (IL-12C96S) and 50±0.2 °C (EBI3), respectively (Figure 2.7E and F). 
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Figure 2.7: IL-12C96S and EBI3 are stable, soluble proteins. Far-UV CD spectrum of IL-12C96S (A) and 
EBI3 (B) reveal the signature of -helical and predominantly -sheet containing proteins, respectively. 
Analytical ultracentrifugation experiments of IL-12C96S (C) and EBI3 (D) confirm a mostly monomeric state 
of both proteins, with frictional ratios of 1.31 (IL-12C96S) and 1.45 (EBI3) and calculated molecular weights 
of 27.5 kDa (IL-12C96S) and 27.5 kDa (EBI3). For EBI3 a smaller second peak indicates the existence of a 
homodimeric species with a calculated molecular weight of 51.4 kDa. IL-12C96S unfolds cooperatively with 
a melting temperature of 47 ± 0.2 °C (E) and EBI3 with a melting temperature of 50 ± 0.2 °C (F). 

We could also demonstrate via co-immunoprecipitation (Co-IP), that IL-12C96S produced 

in this manner remained assembly-competent with IL-12C199S (Figure 2.8A). The 

reconstituted IL-12 was able to induce receptor heterodimerization (Figure 2.8B) and 

STAT4 phosphorylation in NK-92 cells (Figure 2.8C). In contrast, signaling via receptor 

binding or STAT phosphorylation did not occur when cells were stimulated with IL-

12C96S or IL-12C199S, respectively, supporting that our assays are sensitive for a 

functional IL-12 heterodimer. The same holds true for our recombinant EBI3, which 

dimerized with murine IL-27 to reconstitute IL-27 (Figure 2.8D) and was functional in a 

NanoBRET assay to demonstrate receptor heterodimerization (Figure 2.8E) and STAT1 

phosphorylation in BL-2 cells (Figure 2.8F). Again, EBI3 or mIL-27 alone were not able 
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to initiate IL-27 signaling in our assays. Together, this provides strong evidence that our 

protocol yielded properly structured proteins that are stable in solution and can form 

functional heterodimeric cytokines. 

 

Figure 2.8: Recombinant human IL-12C96S and EBI3 interact with their partner subunits IL-12 and 

IL-27 to form functional IL-12 and IL-27. A) IL-12C96S and IL-12C199S were incubated, and their 
interaction was verified via co-immunoprecipitation. B) Reconstituted IL-12 was able to induce receptor 
heterodimerization monitored by NanoBRET signal. C) Both, IL-12 and its reconstituted analog were able to 
induce STAT4 phosphorylation in NK-92 cells. D) Murine IL-27 (mIL-27) and EBI3 were incubated, and 
subsequent co-immunoprecipitation revealed complex formation. Receptor binding (E) and downstream 
signaling by STAT1 phosphorylation in BL-2 cells (F) of reconstituted IL-27 were indistinguishable from IL-
27 and indicate a biologically active heterodimer.  

It came thus as a great surprise, that although IL-12C96S and EBI3 were correctly 

structured, both proteins did not assemble with each other to reconstitute IL-35 in vitro. 

The lack of interaction was demonstrated by Co-IP, analytical ultracentrifugation, and 

hydrogen-deuterium exchange mass spectrometry experiments (Figure 2.9A-C). In 
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summary, these detailed biophysical and functional analyses revealed that IL-12C96S 

and EBI3 can be purified as stable, correctly folded proteins but do not reconstitute IL-

35 in vitro.  

 

Figure 2.9: Recombinant IL-12C96S and EBI3 do not interact to form IL-35. A) Analytical 
ultracentrifugation experiment after incubation of IL-12C96S and EBI3 reveals mostly monomeric proteins 
and does not indicate the formation of a heterodimeric complex (compare also with Figure 2.7C and D). B) 
IL-12C96S,His and EBI3 do not co-immunoprecipitate in contrast to EBI3 and mIL-27His. C) 
Hydrogen/deuterium exchange experiments reveal IL-12C96S stabilization through complex formation with 
IL-12C199S. In contrast, incubation with EBI3 does not result in a stabilized conformation of IL-12C96S. IL-
12C96S is colored according to the fractional uptake of H/DX measurements. Blue color indicates a low (less 
flexible and potentially shielded regions) and red colors a high (flexible and solvent accessible regions) 
fractional uptake. Gray: no sequence coverage in H/DX measurements. 

Although sharing key signatures of the IL-12 family, we were thus not able to reconstitute 

IL-35 under the same conditions that we applied for the reconstitution of IL-12 and IL-27. 
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It is therefore likely, that IL-35 complex formation significantly differs from all other family 

members. This is also supported by mutational studies in our group (data not shown) 

and Jones et al.112, where a large number of mutations based on different approaches 

(e. g. structural homology within the IL-12 family and computational docking) showed no 

effect on IL-35 heterodimer disruption, in contrast to other family members. Recent data 

suggest a novel secretion mode for IL-35: The authors of this study propose an infectious 

tolerance mechanism in which CD81+ extracellular vesicles (EV), which also present IL-

12 and EBI3 on their surfaces, are released from Treg cells and perform their inhibitory 

capacity by either primary or secondary suppression117. To test this hypothesis, we used 

the same Co-IP protocol as previously applied (Figure 2.2C) to detect whether CD81 is 

associated with the IL-35 complex. Although we were able to detect CD81 in the cell 

lysate, it was not present in the pulldown fraction and completely absent from medium 

samples (Figure 2.10). This indicates, that in our experiments IL-35 was not associated 

with CD81. To exclude that the detection of weak assembly was impaired due to the 

experimental setup, we integrated a chemical crosslinker in our Co-IP protocol to capture 

transient interactions. In line with our previous result, mass spectrometry of the DSSO-

crosslinked interactome of secreted IL-35 also indicated lack of CD81, as well as CD39 

or CD73, which were also mentioned by Sullivan et al. as putative IL-35 coated EV 

markers117 (data not shown). Since HEK293 cells principally secrete EVs172, a cellular 

effect could be excluded and we were not able to support the idea of IL-35 decorated 

EVs.  

 

Figure 2.10: CD81 is not associated with IL-35. CD81 is expressed in HEK293T cells and can be detected 
in the input of lysate fractions. Co-immunoprecipitation experiments indicate complex formation between IL-
12 and EBI3 but CD81 is not part of the complex. Medium samples do not contain CD81. Constructs are 
expressed in HEK293T cells. One representative immunoblot is shown. 
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2.2.3 IL-12 and EBI3 act as anti-inflammatory cytokines  

The fact that IL-35 could not be reconstituted in vitro can be seen as a further indication 

of our hypothesis that IL-12 and EBI3 are, once secreted, independent, stable 

cytokines. In agreement with our finding that both subunits can be secreted individually 

and therefore occur naturally, detailed functional studies of IL-12 and EBI3 are urgently 

demanded. IL-35 is described as an immunosuppressive cytokine that affects signaling 

in various cell types158. Since our data show secretion of unassembled IL-12 and EBI3 

from cells producing both IL-35 subunits, we wondered if immunological effects could 

also be exerted by these subunits as recent studies indicate151,153,154. Pure human IL-

12C96S and EBI3 derived from mammalian cells have not been investigated in this 

regard but were now available to us. Thus, for investigation of immunological effects of 

IL-12C96S and EBI3 we used primary human peripheral blood mononuclear cells 

(PBMCs). PBMCs, which are composed of a heterogenous population of blood cells, 

including dendritic cells, monocytes, and lymphocytes allow us to study effects on cells 

of both, the innate and adaptive immune system. To assess anti-inflammatory effects, 

we treated PBMCs with 100 ng/ml LPS to induce an inflammatory response and 

assessed potential immunomodulatory capacities of IL-12C96S and EBI3 (Figure 2.11A). 

In agreement with a globally anti-inflammatory role, we detected reduced levels of the 

pro-inflammatory cytokines IL-1, IL-6, IL-8, and TNF both on mRNA and on protein 

levels in PBMCs after treatment with IL-12C96S or EBI3 upon LPS challenge, although 

in several cases not significantly (Figure 2.11B and C).  
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Figure 2.11: IL-12C96S and EBI3 act as immunosuppressors in LPS stimulated PBMCs. A) CD14-

PBMCs were isolated from human blood and stimulated with LPS (100 µg/ml) and IL-12C96S or EBI3 
(10 ng/ml). B) Gene expression of IL1B, IL6, CXCL8, and TNFA (qPCR) from LPS stimulated PBMCs after 
cytokine stimulation (n = 6 to 10). C) Concentration of secreted IL-1, IL-6, IL-8, and TNF (ELISA) in 
supernatants from LPS stimulated human PBMCs after cytokine stimulation (n = 10). Data are presented as 
means + SEM. Statistical significance was determined by Friedmann test. *P < 0.05; **P < 0.01. 

Our results indicate potential immunosuppressive capacities for both IL-35 subunits in 

the presence of a pro-inflammatory stimulus. As mainly pro-inflammatory cytokines of 

the monocyte/macrophage compartment were affected by both subunits, we decided to 

concentrate further on this cell subset. Thus, to test the effects of IL-12C96S and EBI3 in 

a disease-relevant setting involving monocytes, we isolated CD14+ monocytes from 

PBMCs and differentiated them into alveolar like macrophages by stimulation with GM-

CSF and TGF-173 (Figure 2.12A). Alveolar macrophages are the most abundant 

leukocyte population in the lung and are described as essential players in the 

development of allergic airway diseases such as asthma59, where IL-35 (and thus 

possibly IL-12 or EBI3) play important roles139,174,175. To investigate potential effects of 

IL-12 and EBI3 in this model we treated the differentiated alveolar like monocyte-

derived macrophages with 10 µg/ml house dust mite extract (HDM), one of the most 
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frequent allergens to cause allergic airway inflammation. In this activated state, we 

stimulated the cells with either IL-12C96S or EBI3 (Figure 2.12A). This led to a significant 

downregulation of gene transcription and translation of the pro-inflammatory cytokines 

IL-1, IL-6, IL-8, and TNF, like in PBMCs (Figure 2.12B and C). Hence, IL-12C96S and 

EBI3 act as immunosuppressors in a state of active immune-inflammation and this 

function was also present in an in vitro model of allergic airway inflammation. 

 

Figure 2.12: IL-12C96S and EBI3 act as immunosuppressors in HDM stimulated MDMs. A) CD14+  
monocytes were isolated from human blood, differentiated into alveolar-like MDMs and stimulated with HDM 
extract (10 µg/ml) and IL-12C96S or EBI3 (10 ng/ml). B) Gene expression of IL1B, IL6, and CXCL8 (qPCR) 
from HDM stimulated MDMs after cytokine stimulation (n = 13). C) Concentration of secreted IL-1, IL-6, IL-
8, and TNF (ELISA) in supernatants from HDM stimulated human MDMs after cytokine stimulation (n = 10 
to 17). Data are presented as means + SEM. Statistical significance was determined by Friedmann test. *P 
< 0.05; **P < 0.01; ***P < 0.001.  
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2.3 Discussion 

IL-12 family members are defined as strictly heterodimeric cytokines, each comprising 

an  subunit that depends on assembly with a  subunit to obtain its native structure and 

escape ER associated degradation. Consequently, the heterodimeric complex can be 

secreted and function as an immune-active molecule. 

Surprisingly, our study revealed that assembly and secretion of IL-35 substantially differs 

from all other IL-12 family cytokines. We were able to demonstrate that the IL-35 subunits 

IL-12 and EBI3 can either be secreted in an assembled or unassembled form. It thus 

seems, that complex formation between both subunits is of a rather weak nature and 

allows the subunits to dissociate once they have assisted each other’s folding. Low 

complex stability is supported by additional evidence, as reduced secretion levels in 

comparison to IL-12 and IL-27, which both share one subunit of IL-35, point towards 

inefficient assembly induced folding113,120. Moreover, mutational studies for IL-35 failed 

to identify critical hotspot residues, analogously to IL-12 and IL-27, indicating that 

multiple but weak interactions build the foundation of the IL-35 interface112. In this 

context, it might be possible that IL-12 and EBI3 interact only transiently during their 

folding process and dissociate after complete maturation. This principle of a transient 

complex would provide a reasonable explanation for the lack of interaction of our 

recombinant subunits as well as their stability as independent soluble proteins. A similar 

observation was communicated by Aparicio-Siegmund and colleagues, who 

demonstrated IL-12 reconstitution with recombinant IL-12 purified from bacteria as well 

as IL-27 reconstitution by using EBI3-conditioned supernatant but failed to rebuild IL-35 

with the same building blocks113. At this point we cannot exclude that IL-35 – in contrast 

to all other IL-12 family cytokines – requires additional, yet unidentified factors for 

efficient subunit interaction that were not included in our assays. However, the apparent 

instability of IL-35 might as well be attributed as a biologically relevant mechanism to 

prevent systemic immunosuppressive effects and reducing its bioavailability to the local 

tissue environment. Recent data for IL-6 signaling, consider sIL-6R and sgp130 as a 

systemic buffer by their ability to transiently bind IL-6, which might lead to an increased 

half-life and enables classical- and tans-signaling176,177. Given the structural homology 

between IL-12 and IL-6 family cytokines this concept of transient interaction to regulate 

signaling might as well be expanded on IL-35. 

While all human  subunits of the IL-12 family are retained in the ER, the human  

subunits can be secreted in absence of a partner subunit. IL-12 is readily secreted as 

a homodimer and secretion levels of this homodimeric form exceed heterodimeric IL-12 
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in certain conditions by a 10-20-fold excess178,179. For EBI3 no such data are available, 

yet its secretion generally appears to be inefficient93,114. Intracellular EBI3 however, might 

not simply be degraded but has been shown to exert a further cellular function in 

augmenting IL-23R expression by collaborating with calnexin, presumably through 

enhancing its chaperone activity116. Detailed molecular insights into the cellular 

mechanisms are however missing and identification of further target molecules is 

necessary to manifest if EBI3 has a general role in assisting the process of intracellular 

chaperoning. Besides a cellular role, there are numerous studies that report autonomous 

immunological effects for secreted EBI3151,152, supported by data indicating high 

secretion levels of EBI3 in certain cells and conditions118,180 and even in the absence of 

potential interaction partners150. Likewise, recent data provide examples for 

immunological properties of IL-12153,154. However, no insights are provided how IL-12 

can be secreted to act as an independent cytokine, since it is dependent on a  subunit 

to escape from ER retention. Only two proteins are reported to perform this task and in 

case of IL-12 the formation of a covalent interchain disulfide bridge excludes 

subsequent subunit dissociation. In our study we were able to demonstrate that EBI3 is 

required as a folding matrix for IL-12, assisting its secretion, but low complex stability 

allows for subunit dissociation. We are thus able to provide a model for the secretion of 

both proteins and their endogenous existence as immune-active cytokines in an 

unassembled form. Moreover, by producing recombinant IL-12C96S and EBI3 from 

mammalian cells, we could demonstrate their stability as unassembled subunits, which 

is a prerequisite for their immunological relevance.  

In accordance with previous reports, we were able to attribute immunosuppressive 

capabilities to the IL-12C96S and EBI3 subunits. Although significance was not achieved 

in each analysis for both subunits, there is a clear trend of an overall dampening effect 

in immune-activated primary cells. In LPS activated PBMCs, the most pronounced 

effects could be detected for reduction of the pro-inflammatory cytokines IL-1, IL-6, IL-

8, and TNF. To investigate our proteins in a disease-relevant setting, we treated 

monocyte derived macrophages (MDM) with a house dust mite (HDM) extract. HDM 

represents a major source of indoor allergens and is strongly associated with the 

development of asthma181. Macrophages, as part of the innate immune system, are 

among the first and most abundant cells in the lung to encounter allergens and contribute 

to chronic airway inflammation like asthma through the production of pro-inflammatory 

cytokines182,183. In this model of strong immune-activation, standard concentrations 

(10 ng/ml) of IL-12C96S and EBI3 were sufficient to detect a significant decline of the 
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pro-inflammatory cytokines IL-6, IL-8, IL-1, and TNF. Thus, our in vitro data propose 

beneficial anti-inflammatory properties for both recombinant IL-35 subunits. 

In summary, our study reveals that IL-35, in contrast to all other IL-12 family members, 

is not secreted as a strict heterodimer, but assembly-induced folding and transient 

interactions enable the secretion of unassembled subunits. Based on our discovery that 

IL-35 is in fact a compound of heterodimers and unassembled IL-12 and EBI3, this 

might, for the first time, provide a reasonable explanation for the pleiotropic signaling 

pathways and effects that are observed for IL-35. This is further supported by 

autonomous immune-suppressive properties of both subunits, which we were able to 

detect in primary immune cells, using recombinant human IL-12C96S and EBI3 for 

stimulation. While immunological effects should be re-evaluated in further cell models 

our data indicate a potential application of IL-12C96S and EBI3 for the treatment of 

inflammatory diseases and provide a basis for the development of specific antibodies 

against these subunits. 
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2.4 Material and methods 

Constructs 

Human interleukin cDNAs were obtained from Origene (Rockville) and subsequently 

cloned into the pSVL vector (Amersham Biosciences). Amino acid sequences of IL-12, 

IL-12β, IL-27, and EBI3 correspond to the UniProt accession numbers P29459, 

P29460, Q8NEV9, and Q14213, respectively. Where indicated, constructs where C-

terminally tagged with an HA or FLAG epitope-tag, separated by a (GS)2- or (GS)4-linker, 

or equipped with a KDEL-sequence, separated by a (GS)3-linker. Mutants were 

generated by site-directed mutagenesis. For mammalian protein purification IL-12C96S 

(C-terminal TEV cleavage site followed by a GG-linker and His-tag), IL-12βC199S 

(untagged), and IL-27L162C (C-terminal HRV-3C Protease cleavage site followed by a 

(GG)2-linker and His-tag) were cloned into the pcDNA3.4 vector (Gibco) and EBI3 

(untagged) into the pHEK293 ultra expression vector 1 (TAKARA). All constructs were 

sequenced.  

Cell culture and transient transfections 

Mammalian cell experiments were performed in HEK293T cells, which were cultivated in 

Dulbecco’s Modified Eagle Medium (DMEM) containing L-alanyl-L-glutamine (AQmedia, 

Sigma-Aldrich) at 37 °C and 5% CO2. The medium was supplemented with 10% (v/v) 

FBS (Gibco) and 1% (v/v) antibiotic-antimycotic solution (25 µg/ml amphotericin B, 

10 mg/ml streptomycin, 10,000 units of penicillin; Sigma-Aldrich).  

Transient transfections were performed in poly-D-lysine coated 6-wells (Corning) by 

using GeneCellin (BioCellChallenge) according to manufacturer’s protocol. The total 

transfected DNA amount was 2 µg with a DNA ratio α subunit to β subunit of 2:1 in case 

of IL-35 and IL-27 and 1:1 in case IL-12. For subunit titration experiments either 1 µg 

constant α subunit or 1 µg constant β subunit were transfected, while increasing the 

corresponding variable subunit. If only one subunit was transfected, empty pSVL vector 

was co-transfetced to maintain a total amount of 2 µg DNA. 

Secretion experiments 

Cells were transfected for 8 h, washed twice with PBS (Sigma-Aldrich) and cultivated in 

0.5 ml fresh DMEM for another 16 h. To analyze secreted proteins, the medium was 

centrifuged for 5 min at 300 g and 4 °C. The supernatant was transferred into a new 

reaction tube, supplemented with 0.1 volumes of 500 mM Tris/HCl (pH 7.5), 1.5 M NaCl, 

complemented with 10x Roche complete Protease Inhibitor w/o EDTA (Roche 

Diagnostics) and again centrifuged for 15 min at 20,000 g and 4 °C. For cell lysis, cells 
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were washed twice with ice-cold PBS and subsequently 0.5 ml of 1x RIPA lysis buffer 

(50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1% NP40, 0.5% DOC, 0.1% SDS) 

supplemented with 1x protease inhibitor were added to each well. After 20 min, cells 

were scraped off and centrifuged for 15 min at 20,000 g and 4 °C. For further analysis, 

0.2 volumes of 5x Laemmli buffer supplemented with 10% β-mercaptoethanol (β-Me) 

were added to the samples, which were then heated at 95 °C for 5 min. 

Immunoblots and Co-immunoprecipitation (Co-IP) experiments 

Protein samples were separated by SDS-polyacrylamide gel electrophoresis (PAGE) on 

12% SDS-PAGE gels at 100 V for 2 h and subsequently transferred to polyvinylidene 

difluoride (PVDF) membranes by blotting overnight (o/n) at 30 V and 4 °C. Thereafter, 

membranes were blocked for 3 h at RT with Tris buffered saline containing skim milk 

powder and Tween-20 (MTBST; 25 mM Tris/HCl, pH 7.5, 150 mM NaCl, 5% w/v skim 

milk powder, 0.05% v/v Tween-20). Binding of the primary antibody was carried out o/n 

at 4 °C with anti-IL-12α (Abcam, ab133751; 1:500 in MTBST), anti-IL-12β (Abcam, 

ab133752; 1:500 in MTBST), anti-EBI3 antisera (generously provided by O. Devergne; 

1:20 in PBS buffer), anti-IL-27 (R&D Systems, AF2526; 1:200 in MTBST), anti-HA tag 

(BioLegend, 902301; 1:1000 in MTBST), anti-Hsc70 (Santa Cruz Biotechnology, sc-

1059; 1:1000 in MTBST), anti-CD81 (Proteintech 66866, 1:1000 in MTBST) or anti-HIS 

tag (Proteintech, HRP-66005; 1:1000 in MTBST). After washing, membranes were 

incubated for 1 h in species-specific HRP-conjugated secondary antibodies (Santa Cruz 

Biotechnology; 1:10,000 in MTBST). Immunoblots were detected with Amersham ECL 

prime (GE Healthcare/Cytiva) and a Fusion Pulse 6 imager (Vilber Lourmat). 

For co-immunoprecipitation experiments, cells were lysed after PBS-washing in 0.5 ml 

Triton lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-

100, 1x protease inhibitor) and cleared by centrifugation at 20,000 g for 15 min and 4 °C. 

To analyze secreted proteins, the medium was treated as described above, then pre-

cleared by the addition of 30 µl Protein A/G agarose (Santa Cruz) and rotation for 1 h at 

4 °C. Subsequently, all samples were incubated with 25 µl target-specific magnetic 

beads (anti-FLAG M2 (Sigma-Aldrich, M8823) or anti-HA (Thermo Fisher Scientific, 

88837)) while rotating for 2 h at 4 °C. Beads were washed three times with NP40 wash 

buffer (50 mM Tris/HCl, pH 7.5, 400 mM NaCl, 0.5% NP40, 0.5% DOC). By adding 2x 

Laemmli buffer containing 4% β-Me and heating for 5 min at 95 °C, proteins were eluted 

and then separated by SDS-PAGE. 

For co-immunoprecipitation experiments with purified proteins 1 µg IL-12C96S,His and 

1 µg IL-12βC199S (previously purified in our lab), 1 µg EBI3 and 1 µg mIL-27 (R&D 
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Systems 7430-ML-010), or 1 µg IL-12αC96S,His and 1 µg EBI3 were mixed in a final volume 

of 200 µl (PBS) and incubated for 1 h at RT. 30 µl NiNTA beads (Sigma-Aldrich) were 

added to the solution and incubated while rotating for 2 h at 4 °C. Beads were washed 

with PBS containing 20 mM imidazole and elution was performed by addition of PBS 

supplemented with 500 mM imidazole and incubation for 10 min at 4 °C. For further 

analysis by SDS-PAGE, 0.2 volumes of 5x Laemmli buffer supplemented with 10% 

β-mercaptoethanol (β-Me) were added to the supernatants, which were then heated at 

95 °C for 5 min.  

Mammalian protein production and purification 

For expression of IL-12C96S,His ExpiCHO cells (Gibco) were co-transfected with IL-

12βC199S in a DNA ratio of 1:1 according to manufacturer’s protocol (high titer). After 

protein expression for 7 days, the medium was centrifuged (5,000 g, 30 min, 4 °C) and 

applied to a HisTrap HP column (GE Healthcare/Cytiva). A guanidimium chloride 

gradient (final 2.5 M GdnCl) was performed to separate IL-12βC199S from IL-12C96S, 

subsequent washing with PBS on column was applied to refold IL-12C96S. Elution was 

performed in PBS supplemented with 500 mM imidazole and the His-tag was cleaved by 

addition of TEV protease (TEV: IL-12C96S 1:10 (w/w)) o/n at 4 °C and removed by a 

second HisTrap HP column in PBS. Final purification was performed using a HiLoad 

26/600 Superdex 200 pg column (GE Healthcare/Cytiva) in PBS. EBI3 was co-

transfected with IL27L162C,His into Expi293F (Gibco) cells with a DNA ratio of 1:1 

according to manufacturer’s protocol. After 2 days the medium was centrifuged and 

applied to a HisTrap column. To separate the complex a guanidinium chloride wash 

gradient (final 6 M GdnCl) was performed to elute EBI3 from the column, which was 

further purified by a HiPrep 16/60 Sephacryl S-200 HR with PBS and 3M GdnCl. EBI3 

containing fractions were pooled, concentrated and stepwise dialysed against PBS. 

Far-UV circular dichroism (CD) spectroscopy 

Measurements were performed on a J-1500 CD spectrometer (Jasco) using a 10 µM 

protein solution in PBS in a quartz cuvette with 1 mm pathlength. Spectra were recorderd 

from 200-260 nm at 20 °C, temperature transitions from 20-90 °C at 222 nm for IL-

12C96S, and 218 nm for EBI3 with a heating rate of 30 °C/h. 

Hydrogen deuterium exchange mass spectroscopy 

Hydrogen/deuterium exchange (HDX) measurements were performed on a ACQUITY 

UPLC M-class system equipped with automated HDX technology (Waters). HDX kinetics 

was recorderd for biological triplicates tracking data points at 0 s, 10 s, 1 min, 10 min, 
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30 min, and 2 h. At each data point, 3 µl of a 20 µM protein solution were diluted 

automatically 1:20 with PBS buffer (pH 7.4) containing 99.9% D2O or the H2O-containing 

reference buffer. The exchange was stopped by addition of 1:1 quenching buffer 

(200 mM Na2HPO4, 200 mM NaH2PO4, pH 2.3, containing 3 M GdmCl and 200 mM 

TCEP) at 1 °C. Proteolytic on-column digestion was performed using an immobilized 

Waters Enzymate BEH Pepsin Column (2.1 × 30 mm) at 20 °C. The resulting peptides 

were separated by reverse phase chromatography at 0 °C using a Waters Acquity UPLC 

C18 1.7 μm Vangard 2.1 × 5 mm trapping-column and a Waters Aquity UPLC BEH C18 

1.7 μm 1 × 100 mm separation column by an H2O to acetonitrile gradient with both 

eluents containing 0.1% formic acid (v/v). Eluted peptides were analyzed using an in-line 

Synapt G2-S QTOF HDMS mass spectrometer (Waters). UPLC was performed in 

protonated solvents (0.1% formic acid), to allow deuterium replacement with hydrogen 

from side chains and N-/C-termini that exchange faster than backbone amide linkages. 

Duplicates of all samples were measured. The use of an automated system ensures 

identical sample handling. Therefore, deuterium levels were not corrected for back 

exchange and are reported as relative levels. MS data were collected over an m/z range 

of 100–2000. Glu-fibrino peptide B (Waters) was used to ensure mass accuracy and 

peptides were identified by MSE ramping the collision energy automatically from 20–

50 V. Data analysis was performed with PLGS (version 3.0.3) and DynamX (version 3.0) 

software packages (Waters). 

Analytical Ultracentrifugation 

Sedimentation velocity analytical ultracentrifugation (SV-AUC) experiments were 

performed on a Beckman Coulter Optima™ AUC analytical ultracentrifuge (Beckman 

Coulter) equipped with absorbance optics. For each sample, 350 µl of 10 µM IL-12C96S 

and EBI3 or the incubated proteins in PBS, pH 7.4 were loaded into a standard 12 mm 

double-sector epon-filled centerpiece, covered with quartz windows, alongside with 

450 µl of the reference buffer solution. Samples were centrifuged at 42,000 rpm using 

an An-50 Ti rotor at 20 °C (with an initial test run at 3,000 rpm). Radial absorbance scans 

were acquired continuously at 230 nm with a radial step size of 0.001 cm. The obtained 

sedimentation velocity profiles were analyzed using SEDFIT software with a non-model 

based continuous Svedberg distribution method (c(s)), with time (TI) and radial (RI) 

invariant noise184. The density (ρ), viscosity (η) and partial specific volume (ν̄) of the 

potassium phosphate buffer used for data analysis was calculated with SEDNTERP185. 
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NanoBRET Assay 

Receptor chains were cloned into the pHTC HaloTag® CMV-neo Vector (IL-12R2, 

gp130) or the pNLF1-C [CMV/Hygro] Vector (IL-12R2, IL-27R) (Promega). COS7 cells 

were cultivated under the same conditions as described for HEK293T cells and transient 

transfections were performed in uncoated 6-well plates using GeneCellin according to 

manufacturer’s protocol. In total, 2 µg DNA were transfected per well with a ratio of 100:1 

HT:NL. After 16 h, transfected cells were detached via accutase (Sigma-Aldrich), divided 

into two pools and 1 ul HaloTag® NanoLuc® 618 Ligand (Promega) or DMSO as a control 

per ml cells were added. 2 x 104 cells were seeded into white bottom 96-wells and 

incubated for another 20 h at 37 °C. On the next day, reconstituted proteins were 

incubated for 1 h at RT and cytokines were added 30 min at a final concentration of 

10 nM before measurement on a platereader (BMG Labtech CLARIOstar®). Mean 

milliBRET units (mBU) are calculated by deviding the acceptor emission by the donor 

emission and multiplication with 1,000. To determine the mean NanoBRET® ratio, the 

no-acceptor control mean is subtracted from the experimental mean. Samples are 

measured in technical triplicates and one representative result from at least biological 

triplicates is shown. 

STAT Assays 

BL-2 cells were cultivated in RPMI-1640 (ATCC modification, Thermo Fisher Scientific) 

supplemented with 20% heat inactivated FBS (Gibco) and 1% (v/v) antibiotic-antimycotic 

solution (25 µg/ml amphotericin B, 10 mg/ml streptomycin, 10,000 units of penicillin; 

Sigma-Aldrich). Cells were starved o/n in RPMI-1640 without FBS or antibiotic-

antimycotic solution and 1 x 106 cells in RPMI-1640 + 0.5% (w/v) bovine serum albumin 

(Sigma-Aldrich) were then seeded into 48-wells and incubated for 15 min at 37 °C. 

Reconstituted proteins were incubated for 1 h at RT and BL-2 cells were stimulated with 

cytokines for 1 h at a final concentration of 10 ng/ml. 600 µl ice-cold PBS + 0.05% NaN3 

were added to each well to stop the reaction and the cells were transferred into a reaction 

tube, which was then centrifuged at 300 g for 5 min at 4 °C. Supernatant was discarded 

and cells were lysed by addition of 100 µl NP40 buffer supplemented with 1x protease 

inhibitor and phosphatase inhibitor (Serva) and incubated for 20 min, 4 °C while rotating. 

After centrifugation for 5 min at 20,000 g, and 4 °C, Laemmli buffer + β-Me was added 

to the supernatant, boiled for 5 min and further analyzed via immunoblot.  

NK-92 cells were cultivated at 37 °C, 5% CO2 in Minimum Essential Medium (MEM) α 

(Sigma-Aldrich, I-7508), containing 2.2 g/L NaHCO3. The medium was further 

supplemented with 0.2 mM Myo-inositol (Sigma-Aldrich, I-7508), 0.1 mM 2-
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mercaptoethanol, 0.02 mM folic acid (Sigma-Aldrich, F-8758), 12.5% FBS (Gibco), 

12.5% horse serum (Thermo Fisher Scientific, 16050122), and 100 U/ml freshly added 

IL-2 (Peprotech, 200-02). NK-92 cells were starved o/n in medium without serum or IL-

2. 1 x 106 cells were seeded into 48-wells and incubated at 37 °C for 15 min before 

stimulation with cytokines (reconstituted proteins were previously incubated for 1 h at 

RT) for 30 min at a final concentration of 10 ng/ml. Cells were harvested on ice, 

transferred into a reaction tube and centrifuged at 300 g for 5 min at 4 °C. The cell pellet 

was reconstituted in 100 µl RIPA lysis buffer supplemented with 1x protease and 

phosphatase inhibitor and lysis was performed for 20min at 4 °C while rotating. Cell 

debris was removed by centrifugation at 20,000 g, 5 min at 4 °C and the supernatant 

was supplemented with Laemmli buffer + β-Me, heated for 5 min at 95 °C and further 

analyzed via immunoblot. 

PBMCs and Monocyte-derived macrophage culture 

Peripheral blood mononuclear cells (PBMCs) of healthy individuals were isolated. The 

CD14-negative fraction was directly resuspended in RPMI-1640 (Thermo Fisher 

Scientific) supplemented with 10% FBS (BioSell), 1 µg/ml Gentamycin (Thermo Fisher 

Scientific), 100 U/ml Penicillin-Streptomycin (Thermo Fisher Scientific) and 2 mM L-

Glutamine (Thermo Fisher Scientific). 1 x 106 cells were seeded into 24-wells and 

stimulated for 24 h with 100 ng/ml LPS (Invivogen) and either with 10 ng/ml EBI3 or 

10 ng/ml IL-12C96S. The CD14+ fraction was used to generate monocyte-derived 

macrophages (MDM) as previously reported186,187. 0.5 x 106 cells/ml were cultured in 

RPMI-1640 (Thermo Fisher Scientific) supplemented with 10% FBS (BioSell), 1 µg/ml 

Gentamycin (Thermo Fisher Scientific), 100 U/ml Penicillin-Streptomycin (Thermo Fisher 

Scientific), 2 mM L-Glutamine (Thermo Fisher Scientific), 10 ng/mL human GM-CSF 

(Miltenyi) and 2 ng/ml human TGF (Miltenyi) for six days at 37 °C with 5% CO2 to 

differentate the cells into alveolar-like macrophages173. After 6 days incubation MDMs 

were harvested, 1-2 x 105 cells were seeded into 96-wells and stimulated for 24 h 

10 µg/ml house dust mite extract (HDM) (Citeq Biologics) and either with 10 ng/ml EBI3 

or 10 ng/ml IL-12C96S. During harvest, supernatants were stored at -70 °C until further 

cytokine analysis and cells were lysed in RLT buffer (Qiagen) supplemented with 1% β-

Me and stored at -70 °C until RNA isolation. 

Cytokine analysis (ELISA) 

PMBC and MDM supernatants were analyzed for IL-6, IL-1β and IL-8 secretion using the 

human ELISA Sets (BD Biosciences, 555220, 557953, 555244). IFN and TNF secretion 
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were analyzed in supernatants using the human DuoSet ELISA (R&D Systems, DY285B, 

DY210). All ELISAs were performed according to the manufacturer’s instructions. 

RNA isolation 

RNA was extracted using a spin-column kit according to the manufacturer’s instruc- tions 

(Zymo Research) and transcribed into DNA using the HighCapacity cDNA Reverse 

Transcription kit according to the manufacturer’s instructions (Applied Biosystems) or 

submitted for total RNA sequencing. 

RT qPCR 

10 ng cDNA were used as a template and primers were mixed with FastStart Universal 

SYBR Green Master Mix (Roche). Fluorescence was measured on a ViiA7TM Real-Time 

PCR System (Applied Biosystems, Thermo Fisher Scientific). The expression levels 

were normalized to the house-keeping genes GAPDH (for MDM), ACTB and 18S (for 

PBMCs). Relative gene expression was calculated as 2ΔCT (ΔCT = CT (Housekeeper) 

- CT(Gene)).  

Primer sequences used for qPCR: 

Human 
Primer 

Forward sequence Reverse sequence 

ACTB GGATGCAGAAGGAGATCACT CGATCCACACGGAGTACTTG 

CXCL8 GAAGTTTTTGAAGAGGGCTGAGA TGCTTGAAGTTTCACTGGCAT 

GAPDH GAAGGTGAAGGTCGGAGT GAAGATGGTGATGGGATTTC 

IL1B AGAAGTACCTGAGCTCGCCA CTGGAAGGAGCACTTCATCTGT 

IL6 ACATGTGTGAAAGCAGCAAAG GGCAAGTCTCCTCATTGAATCC 

IFNg TCAGCCATCACTTGGATGAG CGAGATGACTTCGAAAAGCTG 

IL17A CCATCCCCAGTTGATTGGAA CTCAGCAGCAGTAGCAGTGACA 

TNF CCCATGTTGTAGCAAACCCTC TATCTCTCAGCTCCACGCCA 

CXCL6 ACGCTGAGAGTAAACCCCAA TTCTTCAGGGAGGCTACCAC 

CCL1 TCCATCTGCTCCAATGAGGG ATCCAACTGTGTCCAAGGCG 

FASN CTTCAAGGAGCAAGGCGTGA ACTGGTACAACGAGCGGATG 

TNFRSF6B GAAACACCCACCTACCCCTG GCTGCACAAAGGTGCCTG 

CCL17 AGGGAGCCATTCCCCTTAGA GCACAGTTACAAAAACGATGGC 

MRC1 CGATCCGACCCTTCCTTGAC TGTCTCCGCTTCATGCCATT 

 

Quantification and statistics.  

Immunoblots were quantified using the Bio-1D software (Vilber Lourmat). Statistical 

analyses were performed using Prism (GraphPad Software). Differences were 

considered statistically significant when p<0.05. Where no statistical data are shown, all 

experiments were performed at least two times, with one representative experiment 
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selected. For immunological data, Friedmann test was used and p<0.05 was considered 

statistically significant. Details of statistical tests and sample sizes are provided in the 

figures. 
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3.1 Introduction 

Interleukins (ILs) are secreted proteins that regulate immune cell function. Among the 

more than 60 ILs known to date72, the interleukin 12 (IL-12) family is functionally and 

structurally particularly complex94,156. Each of its family members is a heterodimer 

composed of an - and a -subunit. Only five different subunits form the building blocks 

of the four heterodimeric cytokines, which is enabled due to extensive subunit sharing 

occurring in the family: IL-12 consists of IL-12 and IL-1276,77,88,96, the latter is shared 

with IL-23 where IL-12 pairs with IL-2378. Likewise, EBI3 is the -subunit for IL-27, 

where it pairs with IL-2779, but also for IL-35, where it assembles with IL-1280,89. This 

structural complexity goes hand in hand with the broad functional spectrum of the IL-12 

family. All family members are produced by antigen presenting cells and regulate T cell 

functions, thus connecting innate and adaptive immunity, except for IL-35, which is 

predominantly produced by regulatory T cells94,156. Although sharing structural hallmarks, 

subunits, and even receptors, IL-12 family cytokines span a broad range of pro-

inflammatory, immuno-regulatory, and anti-inflammatory functions and are involved in 

diseases from infection via autoimmunity to cancer157,188–191. The structural complexity 

and functional repertoire of the family are extended even further by the fact that also 

isolated IL-12 family subunits can be secreted and act as regulatory molecules in the 

immune system107,109,153,159,192–195. 

Like other secreted mammalian proteins, IL-12 family cytokines are produced in the 

endoplasmic reticulum (ER). There, they also obtain their native structure and assemble 

into heterodimeric complexes before being transported further along the secretory 

pathway towards the cell surface for secretion. Most secreted proteins acquire post-

translational modifications in the ER, with disulfide bond formation between cysteines 

and glycosylation of Asn residues being the most prevalent ones50. IL-12 family cytokines 

are no exception to this rule: human IL-12, IL-12, and EBI3 are N-glycosylated and 

each subunit except IL-27 contains at least one intramolecular disulfide bond. 

Additionally, IL-12 and IL-23 are disulfide-linked heterodimers78,79,102,105,114,196,197. For all 

human IL-12 family -subunits it was shown that oxidative folding is a key step in their 

biogenesis and functional roles have been delineated for intra- and intermolecular IL-12 

family cytokine disulfide bonds93,99,102,106,109,112. In contrast, the role of glycosylation in IL-

12 family biogenesis and function remains incompletely defined. Several studies indicate 

that glycosylation of IL-12, on its - and on its -subunit, is dispensable for IL-12 

secretion and function per se – but modulates IL-12 activity113,196–198. No comprehensive 

analyses are available for IL-23, IL-27 or IL-35 yet in this regard. In this study, we thus 
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systematically investigated the effect of N- and O-glycosylation, the latter occurring in 

the Golgi, on IL-12 family cytokine biogenesis and function.  
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3.2 Results 

3.2.1 Defining IL-12 family subunit glycosylation sites 

Glycosylation often is a major determinant of protein biogenesis and function. To develop 

a comprehensive understanding of the role of glycosylation within the IL-12 family, we 

first aimed at defining glycosylation sites within each constituent subunit. In this study, 

all analyses and experiments were performed on the human proteins. Based on a 

sequence analysis (Figure 3.1a), multiple N-glycosylation sites are expected to be 

present within both IL-12 subunits (IL-12, IL-12) as well as in EBI3, the -subunit of 

IL-27 and IL-35 (Figure 3.1b). For both -subunits, the Asn residues predicted to be N-

glycosylated are located within the two Fibronectin type-III (FnIII) domains, whereas the 

immunoglobulin (Ig) domain of IL-12 lacks glycosylation sites. The remaining subunits 

of the heterodimeric IL-12 family, IL-23 and IL-27, are not predicted to be N-

glycosylated (Figure 3.1). Hence, at least one subunit of every IL-12 family cytokine is 

predicted to be N-glycosylated (Figure 3.1). To assess these predictions, we first 

investigated the overall glycosylation status of each IL-12 family subunit by enzymatic 

assays. Subsequently, if glycosylation was detectable, we identified modified residues 

by mutational analyses (Figure 3.2). In these experiments,  pairs were always co-

expressed and secreted cytokines were analyzed. Using PNGase F, which removes N-

linked glycans, electrophoretic mobility shifts were observed for IL-12, IL-12, and EBI3 

but not for IL-23 and IL-27 (Figure 3.2a), verifying overall predictions of N-

glycosylation (Figure 3.1). Likewise, O-Glycosidase was used to detect O-glycosylation 

of each IL-12 family subunit. Of note, secreted wild-type IL-12 migrates differently when 

enzymatically digested with the O-Glycosidase mix. However, this mix also contains 2-

2,6,8 Neuraminidase, which cleaves terminal sialic acid residues from glycosylation 

moieties. IL-12 has previously been shown to be modified with sialic acid196, which is 

consistent with this observation. In agreement with this notion, the mutant IL-12N93,107Q 

lacking N-glycosylation sites did not show any different migration upon this enzymatic 

de-glycosylation treatment anymore (Figure 3.2a). The shift in molecular weight for wild-

type IL-12 can thus most likely be attributed to the enzymatic removal of terminal sialic 

acid residues from the complex N-linked sugar moiety, which arises from glycoprotein 

processing along the secretory pathway199,200. In contrast, IL-27 actually was O-

glycosylated, in agreement with previous studies79,93,109. 
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Figure 3.1: Interleukin 12 family cytokines differ in their glycosylation patterns. (a) Sequences of IL-
12 family cytokine subunits show potential N-glycosylation sites. All Asn residues are highlighted in bold, 
predicted and experimentally verified N-glycosylation sites in red. For IL-12, a predicted but not 
experimentally verified N-glycosylation site (N135) is shown in gray and not predicted (below the threshold) 
but experimentally detected N-glycosylation sites (N125, N303) are colored in orange. All relevant and 
mutated Asn residues are underlined. ER import sequences are shown in italic. (b) Top: Structural overview 
and glycosylation sites of the five shared subunits of the heterodimeric IL-12 family. Within the structures of 
the 4-helix bundle -subunits IL-12 (PDB: 3HMX), IL-23 (PDB: 3D87), and the homology model of IL-27 
(Muller et al., 2019a), glycosylation sites are labeled and shown in a CPK representation. The -subunits IL-
12 (PDB: 3HMX) and EBI3 (homology model, (Muller et al., 2019a)) possess predicted N-glycosylation 
sites in the Fibronectin III (FnIII) domains, but not in the immunoglobulin (Ig) domain of IL-12. 
Experimentally verified N-glycosylation sites are shown in red, O-glycosylation sites in blue. For IL-12, the 
residue N135 (gray) was predicted as N-glycosylation site but could not be experimentally verified. Instead, 
two other N-glycosylation sites (N125, N303) that were below the threshold for prediction, were 
experimentally identified as glycosylation-modified and are shown in orange. Bottom: The heterodimers IL-
12 (PDB: 3HMX) and IL-23 (PDB: 3D87) share IL-12 (green), whereas the -subunit EBI3 (cyan) is part of 
IL-27 (homology model, (Muller et al., 2019a)) and IL-35 (no structural model available). 
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Figure 3.2: Verification of the predicted glycosylation sites of IL-12 family subunits. (a) Enzymatic 
treatment (PNGase F or O-Glycosidase) and mutagenesis of the respective sites. IL-12 is N-glycosylated 
at N93 and N107, whereas IL-23 is not glycosylated. IL-27 is O-glycosylated at two residues (T238, S240). 
Both -chains, IL-12 and EBI3, are N-glycosylated at multiple sites (IL-12: N125, N222, N303; EBI3: N55, 
N105). For EBI3, a double band pattern arose only after enzymatic digest and thus seems to be an artefact 
related to the enzymatic treatment. - and -subunits were co-expressed and treated with PNGase F or O-
Glycosidase/Neuraminidase. 1.8% medium, or 3.6% medium in case of IL-12, was applied to the gel and 
blotted with antibodies against the respective subunits. Electrophoretic mobility shifts indicate de-
glycosylation. The asterisk indicates non-specific detection of the Neuraminidase. MW, molecular weight. 
(b) Sequential mutation of Asn residues in IL-12 enables identification of N-glycosylation sites (N125, N222, 
N303) via electrophoretic mobility shifts. The schematic shows the Ig domain (hexamer) and FnIII domains 
(ellipses) of the IL-12 subunit. L, lysate. M, medium. MW, molecular weight. 4% L/M were applied to the 
gel and blotted with antibodies against IL-12. Hsc70 served as a loading control. 

Using mutational analyses, we next proceeded to identify individual glycosylation sites 

within each modified subunit. For IL-12, mutation of two Asn residues (N93, N107), both 

predicted to be N-glycosylation sites (Figure 3.1b), to Gln resulted in a protein with the 

same electrophoretic migration behavior as the wild-type counterpart after PNGase F 

treatment (Figure 3.2a). Furthermore, treating this mutant with PNGase F did not lead to 

any further changes in electrophoretic mobility, verifying that mutation of N93 and N107 

was sufficient to completely abolish IL-12 N-glycosylation (Figure 3.2a). 

Using mutated variants of IL-12 (IL-12N125,135,222,303Q) and EBI3 (EBI3N55,105Q) that 

lacked all possible glycosylation sites, we could verify N-glycosylation of these two 

proteins (Figure 3.2a). In EBI3N55,105Q, only the two predicted sites were mutated (Figure 

3.1a), confirming these (Figure 3.2a). In case of IL-12, two Asn residues were predicted 
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to be N-glycosylated (N135 and N222, Figure 3.1a) but of those only N222 could be 

experimentally validated (Figure 3.2b). Since secreted IL-12N222Q still showed 

glycosylation, we analyzed further possible N-glycosylation sites that were below the 

threshold for glycosylation-prediction (Figure 3.2b). This approach revealed that also 

N125 and N303 were glycosylated to a certain extent in IL-12. 

To identify O-glycosylated Ser/Thr residues within human IL-27, we made use of the 

fact that murine IL-27 is not O-glycosylated79,93,109 despite approximately 75% 

sequence conservation. A sequence alignment of the murine and human IL-27 -

subunits showed only few Ser and Thr residues that were present in the human but not 

the murine protein (Figure 3.3a). Focusing on surface-exposed residues among those 

(Figure 3.3b), mutational analyses of respective residues in a secretion-competent 

human IL-27 variant93 identified two C-terminal O-glycosylated residues, T238 and 

S240 (Figure 3.3c). Mutation of these residues to Ala completely abolished O-

glycosylation in human IL-27 (Figure 3.3). 

 

Figure 3.3: C-terminal O-glycosylation sites of IL-27 were determined by sequence alignment, 
structural assessment and verification by mutation. (a) Sequence alignment of human, O-glycosylated 
IL-27L162C 109, with murine, non-glycosylated IL-27 and (b) homology model of human IL-27 93 show Thr 
and Ser residues (blue) only existing in the human protein and not in murine IL-27. Of these, surface-
exposed residues are highlighted with an arrowhead and experimentally confirmed O-glycosylation sites are 
colored in dark blue. Predicted O-glycosylation sites are underlined. (c) Mutation of potential O-glycosylation 
sites in human IL-27L162C identifies T238 and S240 as O-glycosylated residues. Electrophoretic shifts 
indicate lacking O-glycosylation due to residue exchange to Ala. Mutation of both T238 and S240 results in 
only one protein species which shifts to a lower molecular weight than other mutants due to completely 
missing O-glycosylation (as also verified by absence of any shift upon treatment with O-Glycosidase, see 
Fig. 1b). MW, molecular weight. 2% medium was applied to the gel and blotted with antibodies against IL-
27. 
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Taken together, we could confirm predicted and identify new glycosylation sites of human 

IL-12 family cytokine subunits. Although modifications of subunits vary within the IL-12 

family, each heterodimer was modified (Figure 3.1b). Next, we thus aimed at defining 

how glycosylation affected heterodimerization and secretion of each IL-12 family 

cytokine. 

3.2.2 Glycosylation is essential for IL-35 secretion, but not for secretion of other 

IL-12 family members 

When expressed in isolation, all human IL-12 family -subunits are retained in the cell. 

Only the presence of a corresponding -subunit leads to assembly-induced secretion of 

the heterodimeric cytokine78–80,96. Conversely, IL-12 is readily secreted in isolation, 

whereas EBI3 shows only inefficient secretion114,195. Thus, heterodimerization is a 

prerequisite for secretion of most of the IL-12 subunits to occur or increase. This 

suggests that glycosylation, which is often coupled to ER folding and quality control 

processes, may impact IL-12 family cytokine secretion. To assess the effect of subunit 

glycosylation on the secretion of single subunits as well as heterodimer formation, we 

investigated the secretion behavior of each IL-12 family member. 

For IL-12 and IL-23, even the complete absence of glycosylation did not result in 

pronounced effects on secretion and thus heterodimerization (Figure 3.4a and b). IL-

12N125,135,222,303Q (IL-12N) behaved comparable to the wild-type protein with regard to 

its secretion levels and was still able to induce secretion of IL-12, its non-glycosylated 

variant IL-12N93,107Q (IL-12N) (Figure 3.4a) and the naturally non-glycosylated IL-23 

(Figure 3.4b).  

In contrast to IL-12, glycosylation of EBI3 turned out to be essential for its secretion as 

EBI3N55,105Q (EBI3N) was not secreted in isolation anymore (Figure 3.4c and d). Wild-

type EBI3 induced the secretion of both IL-27 and IL-27T238,S240A (IL-27O), lacking O-

glycosylation. Interestingly, although retained itself, EBI3N also induced secretion of 

both these IL-27 variants and was co-secreted (Figure 3.4c). Thus, IL-27 subunit 

mutants lacking glycosylation are still able to interact and enhance their mutual secretion 

even when secretion-incompetent in isolation. 

Although sharing the same -subunit as IL-27, secretion of IL-35 was strongly affected 

by missing glycosylation (Figure 3.4d). Mutation of either of its subunits, IL-12 or EBI3, 

was sufficient to block or severely reduce secretion of the other subunit in this 

heterodimeric cytokine. Furthermore, co-expression of non-glycosylated IL-12N and 

EBI3N showed no co-secretion into the medium at all (Figure 3.4d). The fact that IL-
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12N reduced secretion of wild-type EBI3, which is secretion-competent on its own, 

implies that heterodimerization still occurred for this pair leading to retention of the 

heterodimeric cytokine by ER quality control. 

 

Figure 3.4: Impact of glycosylation on IL-12 family cytokine secretion. (a-d) All human wild-type -
subunits are secretion-incompetent in isolation (IL-12, IL-23, IL-27) and retained in cells (L). Their pairing 
with secretion-competent wild-type -subunits (IL-12, EBI3) to form the heterodimeric ILs induces secretion 
into cell media (M). (a) For IL-12, glycosylation mutants do neither affect the formation of the heterodimer 
nor its secretion behavior. (b) IL-23 heterodimer formation is not affected by lacking glycosylation of IL-12 
and is secreted similarly to the wild type. (c) For IL-27, the -subunit lacking O-glycosylation (open gray 
circle) behaves analogous to the wild type (filled gray circle), whereas the mutant EBI3 without N-
glycosylation (open cyan circle) is retained in cells in isolation in contrast to wild-type EBI3 (filled cyan circle). 
Co-transfection of both subunits results in heterodimer formation as both non-glycosylated cytokine subunits 
become secreted. The used IL-27 antibody detects also the EBI3 subunit. (d) For IL-35, both IL-12N 
and EBI3N are not secreted in isolation and heterodimer formation is severely impaired. To facilitate an 
analysis regarding low IL-35 secretion levels, lysate and medium samples were analyzed on separate blots. 
(a-d) N and O indicate subunits where N-glycosylation sites are mutated to Gln or O-glycosylation sites 
are mutated to Ala, respectively. In the schematic models, circles represent the 4-helix bundle -subunits, 
hexamers stand for the Ig domains and ellipses for the FnIII domains of the -subunits. L, lysate. M, medium. 
MW, molecular weight. 2% L/M (in (b): 4% L/M, for IL-23 transfected alone 6.4% L/M, in (d): 6% M) were 
applied to the gel and blotted with antibodies against the respective subunits. Hsc70 served as a loading 
control. 

Based on these findings, we examined the effect of the individual glycosylation sites of 

each IL-35 subunit. IL-12 single mutants N93Q and N107Q were secreted upon co-

expression of EBI3, but to a lesser extent than wild-type IL-12 (Figure 3.4e). The two 

individual EBI3 mutants N55Q and N105Q were secreted in isolation, but to decreased 

levels, which was not further enhanced upon IL-12 co-expression. Especially 

glycosylation at N105 seemed to be critical for efficient secretion of EBI3 (Figure 3.4e). 
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Figure 3.5: Secretion behavior and heterodimer formation of IL-35 are affected by the individual N-

glycosylation sites of IL-12 and EBI3. IL-12N93Q and IL-12N107Q are only secreted to a much lower 
extent upon co-expression with EBI3, compared to the wild type. Similarly, the individual EBI3 glycosylation 
mutants are mostly retained in isolation and only induce reduced secretion levels of IL-12. To facilitate an 
analysis regarding low IL-35 secretion levels, lysate and medium samples were analyzed on separate blots. 
N indicates subunits where N-glycosylation sites are mutated to Gln. In the schematic models, circles 
represent the 4-helix bundle -subunits ellipses for the FnIII domains of the -subunits. L, lysate. M, medium. 
MW, molecular weight. 2% L and 6% M were applied to the gel and blotted with antibodies against the 
respective subunits. Hsc70 served as a loading control. 

In summary, the absence of glycosylation affects the secretion of IL-12 family cytokines 

in a surprisingly different manner. IL-12 and IL-23 seem to be secreted independently of 

their glycosylation status, whereas deleting glycosylation in IL-27 subunits led to a 

decreased secretion. Most pronounced effects were observed for IL-35, where absence 

of glycosylation caused an almost complete and dominant retention in the cell.  

3.2.3 Lack of glycosylation does not compromise IL-12- or IL-23-mediated 

responses, but reduces IL-27 signaling 

Our data indicate that for the IL-12 family members IL-12, IL-23, and IL-27 glycosylation 

was dispensable for heterodimer formation and secretion (Figure 3.4). For these three 

cytokines, we thus investigated the impact of glycosylation on their biological functions 

by comparison of the different glycosylation mutants with their wild-type counterparts.  

A major physiological activity of IL-12 is the induction of IFN expression201. We therefore 

assessed the IL-12-induced IFN production in human peripheral blood mononuclear 

cells (PBMCs) by qPCR, using wild-type IL-12 and its glycosylation mutants (Figure 3.6a 

and b). All IL-12 glycosylation variants induced IFN gene expression (Figure 3.6a). 

Mutation of N-glycosylation sites in either the - or -subunit (IL-12N + IL-12, IL-12 

+ IL-12N) did not significantly change the level in gene expression compared to wild-
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type IL-12. Surprisingly, non-glycosylated IL-12 (IL-12N + IL-12N) showed an 

increase of IFN-induction in PBMCs (Figure 3.6), whereas a slight decrease in receptor 

activation of IL-12 iLite® reporter cells compared to wild-type heterodimer was observed 

(Figure 3.6c).  

 

Figure 3.6: Glycosylation states of IL-12 and IL-12 influence biological functionality of 
heterodimeric IL-12. (a) Stimulation of human peripheral blood mononuclear cells (PBMCs) with the 
indicated IL-12 glycosylation-variants show IFN induction by all analyzed heterodimers measured by qPCR. 
Data were normalized to secretion levels (b) and transcription levels were normalized to actin. The IL-12 
heterodimer lacking glycosylation in both subunits shows significantly enhanced gene expression levels 
compared to the wild-type proteins. Data are presented as mean  SEM, PBMCs were from n=9 donors. 
Statistical significance was determined by the Friedman test (more than 2 groups). (b) Secretion of IL-12 
was quantified via immunoblotting of medium samples from transiently transfected HEK293T cells relative 
to the wild type. (c) Secretion of IL-12 was quantified via immunoblotting of medium samples from transiently 
transfected HEK293T cells relative to the wild type, which was additionally quantified in comparison to 
recombinant IL-12 (data not shown). Induction of IL-12 signaling by the indicated glycosylation mutants (10 
ng/ml final concentration each) was assessed with a receptor activation assay (iLite®). Receptor activation 
was measured in duplicates (shown ± SEM) and normalized to the wild-type signal, which was set to 100%. 
Statistical significance was calculated using one-way ANOVA. *p<0.05, indicates statistical significance. 

Next, we examined the dependency of IL-23 signaling on cytokine glycosylation by 

measuring IL-23-induced IL-17 production in PBMCs202. Since IL-23α has no 

glycosylation sites (Figure 3.1), only IL-17 production after stimulation with wild-type IL-

23 and the mutant heterodimer consisting of IL-23α and IL-12βN were assessed using 

ELISA (Figure 3.7a and b). In these experiments, no significant change in IL-17 secretion 

was observed for wild-type IL-23α in comparison to the non-glycosylated variant (Figure 

3.7a). Stimulation of IL-23 iLite® reporter cells with the IL-23 glycosylation mutant (IL-

23α + IL-12βN) showed a slightly reduced receptor activation (Figure 3.7c). 
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Figure 3.7: IL-23 function is not significantly affected by lacking glycosylation. (a) PBMCs were 
stimulated with quantified supernatants of HEK293T cells co-transfected with IL-23 and IL-12 variants (b). 
IL-17 production measured in the supernatant via ELISA, was not significantly changed for the glycosylation 
mutant. Data are shown as mean  SEM, PBMCs were from n=6 donors. Statistical significance was 
calculated using a two-tailed paired t-test. (b) Secretion of IL-23 was quantified via immunoblotting of 
medium samples from transiently transfected HEK293T cells relative to the wild type. IL-23 wild type was 
additionally quantified in comparison to recombinant IL-23 (data not shown). (c) Secretion of IL-23 was 
quantified via immunoblotting of medium samples from transiently transfected HEK293T cells relative to the 
wild type, which was additionally quantified in comparison to recombinant IL-12/IL-23 (data not shown). 
Induction of IL-23 signaling by the indicated glycosylation mutants (10 ng/ml final concentration each) was 
assessed with a receptor activation assay (iLite®). Receptor activation was measured in duplicates (shown 
± SEM) and normalized to the wild-type signal, which was set to 100%. Statistical significance was calculated 
using one-way ANOVA. *p<0.05, indicates statistical significance. 

Lastly, we assessed the impact of glycosylation on IL-27 activity. Toward this end, we 

used the lymphoma BL-2 cell line which, in response to IL-27 stimulation, shows 

induction of STAT1 phosphorylation203. Quantification of the phospho-STAT1 signals via 

immunoblotting confirmed signaling-competency for all IL-27 glycosylation variants in 

BL-2 cells (Figure 3.8a and b). The heterodimer composed of IL-27O and wild-type 

EBI3 showed no significant change in activity compared to IL-27. In contrast, the activity 

of the complex of wild-type IL-27 with EBI3N as well as of the non-glycosylated IL-27 

heterodimer (IL-27O + EBI3N) was significantly decreased in comparison to IL-27 wild 

type (Figure 3.8). 
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Figure 3.8: Functionality of IL-27 depends on the glycosylation states of EBI3. (a) Stimulation of human 
BL-2 cells with differently glycosylated IL-27, using previously quantified HEK293T supernatants co-
transfected with IL-27 and EBI3 (b), shows significantly reduced cytokine signaling for EBI3N in complex 
with IL-27 or IL-27O. Levels of STAT1 phosphorylation (-STAT1-P) were quantified and indicate 
receptor activation by heterodimeric IL-27. STAT1-immunoblot signals serve as loading control. Activity 
levels were determined from at least four independent experiments (shown  SEM). Signals were normalized 
to the wild-type signal which was set to 100% activity. Statistical significance was calculated using a two-
way ANOVA. (a-c) **p<0.01, ***p<0.001, and ****p<0.0001 indicate statistical significance. Mock, empty 
vector transfection. MW, molecular weight. (b) Secretion of IL-27 was quantified via immunoblotting of 
medium samples from transiently transfected HEK293T cells relative to the wild type. The asterisks indicate 
EBI3 detected by the IL-27 antibody. 

Taken together, glycosylation in the interleukin-12 family does not seem to be essential 

for cytokine signaling. However, not only the secretion but also the biological functions 

of IL-12 family cytokines seem to be affected by the absence of glycosylation to a 

different extent: IL-27 signaling was reduced when EBI3 lacked glycosylation, whereas 

IL-12 and IL-23 function were less dependent of their glycosylation status, but may be 

modulated198. 
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3.3 Discussion 

In this study we provide a comprehensive analysis of how glycosylation influences 

human IL-12 family cytokine biogenesis and function. This extends previous studies on 

the impact of disulfide bond formation within IL-12 family cytokines93,97,99,102,106,109 by 

insights into the second major post-translational modification occurring in the ER. We 

could verify that all IL-12 family subunits except IL-23 are glycosylated and identified 

new glycosylation sites. Moreover, our study reveals that loss of glycosylation affected 

secretion, heterodimer formation and biological activity of the IL-12 family members to 

different extents (Figure 3.9). 

 

Figure 3.9: The impact of glycosylation on human IL-12 family biogenesis and function. All 
heterodimeric wild-type (wt) IL-12 family cytokines are secreted and show biological function. IL-35 wild-type 
signaling was previously described89,92. Both, IL-12 and IL-23 were secreted irrespective of their 
glycosylation status and also their biological functions (IFN gene expression and IL-17 production, 
respectively) were not compromised by lacking glycosylation. In contrast, lacking glycosylation of IL-27 led 
to a decreased secretion and signaling (phosphorylation of STAT1). Non-glycosylated IL-35 was almost 
completely retained in the cell. Red letters indicate N-glycosylated sites, blue letters O-glycosylated sites. 
Bold letters indicate glycosylation sites critical for secretion and functionality. 

A general principle for the human IL-12 family is assembly-induced folding of the -

subunit by a suitable -subunit and subsequent secretion of the heterodimeric cytokine 

complex78–80,93,96,97,99,106,109. It can thus be expected that whenever glycosylation is a 

prerequisite for proper -subunit folding and assembly with its cognate -subunit, effects 

on cytokine secretion should be dominant. In complete agreement with this idea, non-

glycosylated and consequently cell-retained EBI3 abrogated secretion of IL-35 and 

significantly reduced IL-27 secretion. Interestingly, although diminished, mutant IL-27 

subunits (IL-27 and EBI3) lacking glycosylation were still able to interact and induce 

their mutual secretion even when being secretion-incompetent in isolation. This 

possibility of pairing of two secretion-incompetent subunits to become secreted together 
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has previously also been observed in the context of oxidative subunit folding for IL-2793. 

It suggests that IL-27 subunits are (partially) folded even when lacking glycosylation but 

still expose features that do not allow them to pass ER quality control. Among the four 

human IL-12 family cytokines investigated, our study reveals IL-35 formation to be most 

strongly dependent on glycosylation. This may explain failed attempts of IL-35 

reconstitution using a recombinant non-glycosylated IL-12 subunit purified from 

bacteria113. 

In contrast to EBI3, IL-12 without glycosylation behaved comparable to its wild-type 

counterpart and still formed IL-12 and IL-23. Thus, heterodimers containing IL-12 are 

in general less affected than those containing EBI3 by their extent of glycosylation. Of 

note, IL-12 and IL-23 contain intermolecular disulfide bridges102,105, which may facilitate 

heterodimer secretion even without other stabilizing factors like sugar moieties. In 

agreement with this notion, IL-12 and IL-23 were still functional with regard to IFN or IL-

17 induction in human lymphocytes, respectively, and revealed receptor activation 

capabilities in reporter cell lines. In contrast, we observed impaired functionality for IL-

27, when its -subunit lacked N-glycosylation.  

IL-12 family cytokines are attractive therapeutic targets and potential 

biopharmaceuticals94,109,156,190,204,205. Our study assesses the impact of glycosylation on 

IL-12 family cytokine secretion and functionality by a limited number of tests and 

therefore builds the basis for further pharmaceutical investigations. Although we 

observed functionality for non-glycosylated IL-12 family cytokines, it should be 

considered that the biological activity of the tested cytokines may vary dependent on 

their glycosylation patterns. Furthermore, glycosylation serves not only as a checkpoint 

for trafficking along the secretory pathway but also influences protein characteristics 

such as solubility, stability, and biodistribution within the human body, as already 

investigated in detail for an antibody-p40 fusion protein206. On the other hand, since our 

study reveals that IL-12, IL-23, and IL-27 can be secreted and remain functional even 

when completely lacking glycosylation, modifying glycosylation patterns may also open 

new doors towards rationally modifying IL-12 family cytokine functionality, as also 

exemplified by G-CSF207.  

Finally, it is noteworthy that deleting glycosylation sites abolished IL-35 formation yet 

was compatible with formation of functional IL-12 and IL-27, which each share one 

subunit with IL-35. In the light of the chain sharing promiscuity within the IL-12 family this 

is relevant, since a simple knockout of single IL-12 family subunits generally affects more 

than one of the heterodimeric family members. Mutating glycosylation sites may thus be 

a viable way to selectively delete individual IL-12 family members from an organism’s 
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cytokine repertoire. Our findings concerning glycosylation-dependent secretion of IL-35 

could also be of interest with regard to the immunosuppressive role of this cytokine94,208, 

e.g. in cancer forms that are difficult to treat209,210 where IL-35 subunit glycosylation may 

be worth investigating since its plays a pivotal role in IL-35 formation as our study shows. 
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3.4 Experimental part 

Constructs 

Human interleukin cDNAs (Origene) were cloned into the pSVL vector (Amersham 

BioSciences) for mammalian expression. Mutants were generated by site-directed 

mutagenesis. All constructs were sequenced. 

Sequence analysis, structural modeling, and structural analyses 

N-glycosylation sites were predicted by the NetNGlyc 1.0 Server 

(http://www.cbs.dtu.dk/services/NetNGlyc/) and O-glycosylation sites were assessed by 

the NetOGlyc 4.0 Server (http://www.cbs.dtu.dk/services/NetOGlyc/)211. Both servers 

evaluate the potential of glycosylation by using a threshold. Sequence alignments were 

performed with Clustal Omega212. Structures were taken from the PDB database (3D87, 

3HMX) and missing loops were modeled using Yasara Structure (www.yasara.org) with 

a subsequent steepest descent energy minimization. The homology-modeled structure 

of IL-27 was used93. Structures were depicted with PyMOL (PyMOL Molecular Graphics 

System, Version 2.0 Schrödinger, LLC). 

Cell culture and transient transfections 

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) containing L-Ala-L-Gln (AQmedia, Sigma Aldrich), supplemented with 

10% (v/v) fetal bovine serum (FBS; Gibco, ThermoFisher) and 1% (v/v) antibiotic-

antimycotic solution (25 g/ml amphotericin B, 10 mg/ml streptomycin, and 10,000 units 

of penicillin; Sigma-Aldrich) at 37 °C and 5% CO2. Transient transfections were carried 

out in poly D-lysine coated p35 dishes (VWR), or uncoated p60 dishes (VWR) for the 

functionality assays, using GeneCellin (Eurobio) according to the manufacturer’s 

protocol. A total DNA amount of 2 g (p35) or 4 g (p60) was used. The -subunit DNA 

was co-transfected with the -subunit DNA or empty pSVL vector in equal amounts (IL-

27), in a ratio of 1:2 (IL-23) or 2:1 (IL-12, IL-35) for secretion and de-glycosylation 

experiments. BL-2 cells were cultured in RPMI-1640 medium with L-Gln and sodium 

bicarbonate (Sigma-Aldrich), supplemented with 20% (v/v) heat-inactivated FBS (Gibco, 

ThermoFisher) and 1% (v/v) antibiotic-antimycotic solution (25 g/ml amphotericin B, 10 

mg/ml streptomycin, and 10,000 units of penicillin; Sigma-Aldrich) at 37 °C and 5% CO2. 

Immunoblotting experiments 

For secretion and de-glycosylation experiments, cells were transfected for 8 h and then 

supplemented with fresh medium for another 16 h. To analyze secreted proteins, the 
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medium was centrifuged (5 min, 300xg, 4 °C), transferred to a new reaction tube and 

supplemented with 0.1 volumes 500 mM Tris/HCl, pH 7.5, 1.5 M NaCl, complemented 

with 10x Roche complete Protease Inhibitor w/o EDTA (Roche Diagnostics). Cells were 

lysed after washing twice with ice-cold PBS. Cell lysis was carried out in RIPA buffer (50 

mM Tris/HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P40 substitute, 0.5% DOC, 0.1% SDS, 

1x Roche complete Protease Inhibitor w/o EDTA; Roche Diagnostics) on ice. Both lysate 

and medium samples were centrifuged (15 min, 15,000xg, 4 °C). Samples were de-

glycosylated with PNGase F (SERVA) or a mix of O-Glycosidase and 2-2,6,8 

Neuraminidase (New England Biolabs) according to the manufacturer’s protocol. For 

SDS-PAGE, samples were supplemented with 0.2 volumes of 5x Laemmli buffer (0.3125 

M Tris/HCl, pH 6.8, 10% SDS, 50% glycerol, bromphenol blue) containing 10% (v/v) -

mercaptoethanol (-Me). For immunoblots, samples were run on 12% SDS-PAGE gels 

and transferred to polyvinylidene difluoride (PVDF) membranes by blotting overnight 

(o/n) at 30 V (4 °C). After blocking the membrane with Tris-buffered saline (25 mM 

Tris/HCl, pH 7.5, 150 mM NaCl; TBS) containing 5% (w/v) skim milk powder and 0.05% 

(v/v) Tween-20 (M-TBST), binding of the primary antibody was carried out o/n at 4 °C 

with anti-Hsc70 (Santa Cruz, sc-7298, 1:1,000), anti-IL-12 (abcam ab133752, 1:500), 

anti-IL-12 (abcam ab133751, 1:500), anti-IL-23 (BioLegend 511202, 1:500), anti-IL-

27 (R&D Systems, Bio-Techne, 1:200) in M-TBST containing 0.002% NaN3 or anti-

EBI3 antiserum118 (1:20) in PBS. Species-specific HRP-conjugated secondary 

antibodies (Santa Cruz Biotechnology; 1:10,000 in M-TBST or 1:5,000 for IL-23 in M-

TBST) were used to detect the proteins. Amersham ECL prime (GE Healthcare) and a 

Fusion Pulse 6 imager (Vilber Lourmat) were used for detection. 

Functionality assays 

The IL-12 activity assay was performed following a previously published protocol99. 

CD14-negative PMBCs were thawed and resuspended in RPMI-1640 (Thermo Fisher 

Scientific) supplemented with 10% heat-inactivated FBS (GE Healthcare) and 100 g/ml 

streptomycin, 1 g/ml gentamicin, 100 units/ml penicillin, and 2 mM L-glutamine (Thermo 

Fisher Scientific). Cells were seeded at a density of 5 x 105 cells/ml and stimulated with 

the supernatants of transfected HEK293T cells expressing the IL-12 constructs for 24 h 

at 37 °C and 5% CO2. After harvesting (2 min, 1,000xg, 4 °C), cells were washed once 

with PBS prior to lysis in RLT buffer (Qiagen) supplemented with 1% -Me. Total RNA 

was isolated (QuickRNATM MicroPrep, Zymo Research) and cDNA (High-Capacity cDNA 

Reverse Transcription Kit, Thermo Fisher Scientific) was synthesized following the 

instructions of the manufacturer’s protocol. Real-time PCR was performed using a ViiA 

7 Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific) and the 
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FastStart Universal SYBR Green Master Mix (Roche). Transcript levels were normalized 

to actin (ACTB forward, 5’-GGATGCAGAAGGAGATCACT-3‘; ACTB reverse, 5’-

CGATCCACACGGAGTACTTG-3’; IFN forward, 5’-TCAGCCATCACTTGGATGAG-3’; 

IFN reverse, 5’-CGAGATGACTTCGAAAAGCTG-3’). 

For the IL-23 activity test, CD14-negative PBMCs were thawed in RPMI-1640 (Thermo 

Fisher Scientific) and 300,000 cells were resuspended in 100 l RPMI-1640 

supplemented with 5% human serum (Sigma Aldrich), 1% non-essential amino acids, 

100 g/ml streptomycin, 100 units/ml penicillin, 1 mM sodium pyruvate, and 2 mM L-

glutamine (Thermo Fisher Scientific). The cells were stimulated with HEK293T 

supernatants containing 100 ng/ml secreted IL-23 constructs, previously quantified via 

immunoblotting with the help of recombinant IL-23 (R&D), and 10 g/ml 

Phytohemagglutinin-L (Sigma Aldrich) for 72 h at 37 °C and 5% CO2. After harvesting (2 

min, 1,000xg, 4 °C), supernatants were analyzed for IL-17 secretion using human IL-17 

DuoSet ELISA (R&D Systems), according to the manufacturer’s protocol. 

For IL-12 and IL-23, a receptor activation assay was performed using IL-12 or IL-23 

iLite® reporter cells, respectively (Svar Life Science AB) according to the supplier’s 

instructions. The cells were stimulated with HEK293T supernatants containing 10 ng/ml 

secreted IL-12 or IL-23 constructs, previously quantified via immunoblotting by 

comparing immunoblot signals to those of recombinant IL-12 or IL-23 with known 

concentrations (R&D Systems). The firefly and renilla luminescence signals were 

detected via the Dual-Glo Luciferase Assay System (Promega) in a multimode 

microplate reader (CLARIOstar Plus, BMG LABTECH). 

To determine IL-27 activity dependent on its glycosylation pattern, BL-2 cells were 

stimulated with IL-27 protein, derived from transiently transfected HEK293T, secreted 

into the medium. Protein amounts of the IL-27 variants used in this functionality assay 

were determined by quantification via immunoblotting with anti-IL-27 antibody (R&D 

Systems, Bio-Techne, 1:200) relative to the wild-type protein signal prior to stimulation. 

BL-2 cells were starved o/n in serum-free RPMI-1640 and seeded into uncoated 48-well 

plates (Sigma-Aldrich) resuspended in RPMI-1640 supplemented with 0.5% (w/v) bovine 

serum albumin (BSA; Sigma A3294) at a cell number of 1 x 106 cells/well. Subsequently, 

cells were stimulated for one hour with IL-27 protein or control supernatant (mock) and 

the reaction was stopped by adding ice-cold PBS. Cells were transferred to reaction 

tubes, centrifuged (5 min, 300xg, 4 °C) and lysed with NP-40 lysis buffer (50 mM 

Tris/HCl, pH 7.5, 150 mM NaCl, 0.5% NP40, 0.5% DOC) supplemented with 1x Roche 

complete Protease Inhibitor w/o EDTA (Roche Diagnostics) and 1x Phosphatase 

Inhibitor (SERVA). The supernatant (5 min, 20,000xg, 4 °C centrifugation) was 

complemented with 0.2 volumes 5x Laemmli buffer containing 10% (v/v) -Me and 
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loaded on 12% SDS-PAGE gels. After blotting o/n, membranes were washed with TBS, 

blocked with TBS containing 5% (w/v) skim milk powder and 0.1% (v/v) Tween-20 for 

one hour, washed again with TBS with 0.1% Tween-20 and incubated in the primary 

antibody (-STAT1 or -STAT1-P, Cell Signaling Technology, 1:1,000 in TBS with 5% 

(w/v) BSA, 0.1% Tween-20) o/n. Anti-rabbit HRP-conjugated antibody (Santa Cruz 

Biotechnology; 1:10,000 in 5% (w/v) skim milk powder and 0.1% (v/v) Tween-20 in TBS) 

was used for subsequent detection. 

Quantification and statistics 

Immunoblots were quantified using the Bio-1D software (Vilber Lourmat). Statistical 

analyses were performed using Prism (GraphPad Software). Differences were 

considered statistically significant when p<0.05. Where no statistical data are shown, all 

experiments were performed at least two times, with one representative experiment 

selected. 
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4 Conclusion and outlook 

This PhD thesis covers two distinct research projects, both contributing to our knowledge 

of the IL-12 family in general and on IL-35 in particular.  

In the first project, we focused on IL-35, the latest addition and by far least understood 

member of the IL-12 family. While there are numerous reports describing its 

immunological functions, we aimed to obtain a better understanding of the early 

processes in its biogenesis. By a thorough and comparative investigation of its secretion 

pattern we were able to demonstrate that the two IL-35 subunits, IL-12 and EBI3, can 

be secreted either in assembled or unassembled forms. In contrast to all other IL-12 

family members, IL-35 appears thus to be a compound cytokine rather than a strict 

heterodimer. Recombinant production of the human subunits from mammalian cells 

resulted in stable soluble proteins and furthermore allowed us to investigate their 

immunological effects in human PBMCs and an HDM-induced airway inflammation 

model of human monocyte derived alveolar like macrophages. In this context, we were 

able to detect downregulation of the pro-inflammatory cytokines IL-1, IL-6, IL-8, and 

TNF after stimulation with our subunits. 

Our new model for IL-35 secretion elucidates for the first time how physiologically 

relevant amounts of unpaired IL-12 can be found outside the cell. In isolation, IL-12 

fails to acquire its native structure and instead forms erroneous disulfide bridges and 

high molecular weight species, including homodimers. Members of the PDI family 

recognize unfolded IL-12, which leads to its ER retention and finally to degradation99. 

This study shows that EBI3 can assist the folding process of IL-12 thereby promoting 

its secretion. Detailed structural insights into the resulting conformational changes are 

however missing. An important step towards answering this and many other questions 

will be the resolution of the assembled IL-35 structure. 

To achieve this significant milestone, a purification strategy for functional IL-35 has to be 

established. In the light of our finding of weak complex stability, protein engineering is 

required for the design of a stabilized IL-35 variant. One common and well-established 

approach would be the production of a cytokine fusion protein78,122,213, which is already 

utilized in case of IL-35 by research groups89,133 and companies. Detailed insights into 

purification protocols and biophysical characterization of the final product are however 

not provided and it should be further considered that a linker between both subunits does 

not necessarily guarantee for stable interaction. Especially in the case of IL-35, IL-12 

and EBI3 might still co-exist rather than interact. Conversely, by taking the same route 

we found different linked L-12-EBI3 constructs to be secretion-incompetent (data not 
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shown), therefore most likely unfolded and not completely glycosylated, which is also in 

agreement with other reports113. A more nature-inspired approach for the generation of 

a stable complex is the introduction of an interchain disulfide bond, analogously to IL-12 

and IL-23. To identify appropriate residues that enable covalent complex formation, 

detailed insights into the IL-35 interface are urgently required but currently not 

available112. Several interface mutants based on different structural models were tested 

in our laboratory during this thesis but we were not able to identify critical interface 

residues nor to introduce an intermolecular disulfide bond yet (data not shown). Due to 

the recent breakthrough in protein structure prediction, refined model and docking 

approaches are now available and might open new doors to tackle this long-standing 

puzzle. 

A stabilized and functional IL-35 complex would bring a substantial progress to the field 

and facilitate re-evaluation of many of its biological aspects. It would further allow to 

dissect the enigmatic receptor repertoire of IL-35, which is unique in the IL-12 family. 

With the establishment of our receptor reporter system, we have now a powerful tool in 

our hands to monitor cytokine binding, yet the lack of positive controls hindered our 

investigation for IL-35 so far. Up to this point, we can only speculate if the unconventional 

receptor pluralism is in fact a result of our hypothesis of secreted unassembled subunits. 

To identify the receptor chains that are engaged by recombinant IL-12C96S and EBI3, it 

might be reasonable to envisage cooperation and make use of reporter assays which 

are already established in other laboratories92,121. 

Although details in receptor engagement and downstream signaling are still obscure, we 

successfully developed purification protocols to produce stable and authentic human IL-

35 subunits from mammalian cells in the milligram-scale, which were immune-active 

cytokines. By stimulation of HDM extract treated human MDMs we investigated a 

concrete disease model of allergic airway inflammation and were able to observe 

beneficial effects of IL-12C96S and EBI3 in vitro. Since IL-35 is under current focus as a 

potential treatment in allergic diseases174,214,215, our subunits might bring valuable 

progress to this field. As a next step, it is key to broaden our understanding of the 

immunological scopes of IL-12C96S and EBI3 and incorporate other cell types and 

disease models in our study. Especially T cells are attractive candidates, due to their 

global effector function in our immune system and in particular due to their major role in 

IL-35 signaling. 

One puzzle that still remains to be solved, is the lack of interaction of our recombinant 

subunits to reconstitute IL-35. It might support our theory of low complex stability and 

unassembled subunits, manifest their independent character and consequently the 
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exceptional position of IL-35 in the IL-12 family. In this regard, apparent instability of IL-

35 might be a crucial physiological mechanism to confine its strong immunosuppressive 

capacity to the local tissue environment. We can however not exclude that important 

factors are missing in our in vitro experiments, which are crucial for IL-35 complex 

formation. This question will be addressed by interaction proteomics of cell secreted IL-

35, which will ultimately reveal if additional factors are part of the complex and is currently 

under way. At the same time, differences in the posttranslational modification pattern will 

be analyzed via mass spectrometry and compared for IL-35, IL-12, IL-27, IL-12, and 

EBI3. By this thorough investigation we will be able to exclude, that structural variances 

prevent interaction of recombinant IL-12C96S and EBI3. Of note, in the course of our 

purification, we observed two peaks for IL-12C96S, matching the molecular weight of a 

monomeric and a homodimeric species, which was further confirmed by non-reducing 

SDS-PAGE for wildtype IL-12 and the data from Dambuza et al.153 This opens the 

possibility that IL-35 is not a 1:1 complex, but EBI3 may in fact interact with a covalent 

IL-12-homodimer. We will in the future elucidate this by integrating the dimer fraction of 

wildtype IL-12 into our assays and re-evaluate reconstitution. 

In our immunological assays, we decided to stimulate cells with the monomeric fraction 

of IL-12C96S as non-reducing SDS-PAGE indicated it as the clearer defined species. We 

cannot completely rule out, that IL-12 homodimers have a slightly distinct 

immunological signature. However, similar to complex formation with IL-12, homodimer 

formation should not be completely abrogated by mutation of the free cysteine but only 

render it less stable. Therefore, we do not expect a substantially different outcome for 

our functional studies, which is in accordance with Dambuza et al. who received 

comparable results by including both IL-12 monomers and homodimers in their assays, 

suggesting that they can be used interchangeably153. It should be further noted, that EBI3 

is also able to form homodimers93 and our analytical ultracentrifugation data reveal a 

small homodimeric fraction, which could hypothetically allow complex formation between 

IL-12 and EBI3 homodimers.  

In summary, our data indicate that assembly-induced folding and transient complex 

formation extends our cytokine repertoire by the unassembled subunits IL-12 and EBI3. 

It remains open in which ratio the heterodimer vs. the individual subunits exist and if 

certain conditions or triggers are able to shift this balance. On a broader scale, these 

insights could ultimately lead to novel therapeutic approaches in the treatment of severe 

immune diseases including asthma, chronic inflammation, and cancer. 
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In the second part of this work, we characterized the human IL-12 family in regard to 

their glycosylation profile. We were able to verify that at least one subunit of all IL-12 

family members is glycosylated and furthermore identified new glycosylation sites. Our 

data indicate that loss of glycosylation does not severely affect IL-12 and IL-23 secretion, 

heterodimer formation, and biological activity. In contrast, non-glycosylated IL-27 shows 

partially impaired biogenesis and reduced signaling, whereas missing glycosylation of 

IL-35 led to complete retention in the cell. It thus appears, that whenever a cytokine 

comprises EBI3 as a  subunit its stability is significantly more affected by loss of 

glycosylation. This is impressively demonstrated by comparison of IL-12 and IL-35, which 

share the same  subunit. Furthermore, our data highlight that in contrast to IL-12, EBI3 

is secreted inefficiently indicating partially disordered regions. It thus seems that loss of 

glycosylation further leads to the destabilization of EBI3. While this unstable character 

might be of physiological relevance, molecular dynamics simulations combined with 

protein engineering is a desirable approach to produce a stabilized EBI3 mutein. This 

could help to further investigate the effect of glycosylation on its structure and ultimately 

route to novel therapeutical approaches. In summary, the here presented findings extend 

our insights into this key cytokine family and provide a possibility to selectively remove 

individual IL-12 cytokines from an organism’s cytokine repertoire. 
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