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ABSTRACT 

 

Epithelial cells are the first line of defense against invading pathogens and 

external threats in the environment. Keratinocytes, often not perceived of as immune 

cells, release cytokines in response to infection or injury to signal danger to neighboring 

cells and recruit effector leukocytes to prevent further damage to the host. IL-1 and IL-36 

cytokines are a group of closely related proteins that share similarities in structure and 

function and have been shown to play key roles in inflammatory responses of epithelial 

tissues. While IL-1, consisting of IL-1α and IL-1β, have been widely studied and 

recognized as pinnacle cytokines in a variety of inflammatory responses, relatively little 

is understood about IL-36 cytokines since their discovery more than 15 years ago, and 

how they differ from their better-known IL-1 relatives. 

 IL-36 cytokines, consisting of IL-36α, IL-36β, and IL-36γ, signal through the 

same receptor, IL-36R, which is expressed most abundantly on epithelial cells. IL-36 

proteins garnered attention when it was discovered that a missense mutation in the gene 

encoding the naturally occurring receptor antagonist, IL-36Ra, was associated with the 

deadly form of psoriasis, generalized pustular psoriasis (GPP). This disease is 

characterized by episodic flares of keratinocyte hyperproliferation leading to red scaly 

lesions all over the body, excessive neutrophil recruitment to the epidermis resulting in 

pustule formation, and severe fever. Our data presented here demonstrate that IL-36α, but 

not IL-36β or IL-36γ is critical for the psoriatic phenotype, including epidermal 

thickening and neutrophil recruitment, generated during a murine model of psoriasis 

induced by the drug Imiquimod. Furthermore, IL-36α was found to induce IL-1α 
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expression and vice versa through a signaling feedback loop which perpetuated disease. 

These data provide insight into mechanisms whereby IL-36 signaling can lead to 

excessive inflammatory effects in patients with pre-existing regulation deficiencies, 

which can lead to acute flares of disease.  

Beyond their association with disease, IL-1 has been shown to contribute to anti-

bacterial and anti-viral responses of the immune system by upregulating inflammatory 

signals and chemoattractants. Herpes Simplex Virus-1 (HSV-1) is a human pathogen that 

has developed several strategies to manipulate elements of the immune system to avoid 

detection by the host. One such mechanism is the prevention of activation and release of 

IL-1β from infected cells thereby blocking its pro-inflammatory responses. Our data 

show that keratinocytes infected with HSV-1 actively release IL-1α to alert danger to 

neighboring cells to circumvent this blockage of IL-1β signaling. This release of IL-1α 

initiates recruitment of leukocytes to early HSV-1 microinfection sites resulting in 

increased protection against disease, as evident by the increased mortality rate of mice 

deficient in the IL-1 receptor, IL-1R1. This study, for the first time in vivo, demonstrates 

the ability of IL-1α to act as an alarmin to initiate an immune response to combat 

infection. 

The role of IL-36 cytokines during viral infections has been less defined than that 

of IL-1. Several studies have shown the upregulation of IL-36 expression during viral 

infections in epithelial tissues, such as HSV-1 and Influenza, yet a direct link has not 

been established between these proteins and anti-viral responses. Our research presented 

within this thesis show that IL-36β, but not IL-36α nor IL-36γ, provides protection 

against the lethal outcome of cutaneous HSV-1 infection, as demonstrated by IL-36β 
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knockout mice dying earlier and more often than wild type mice. Surprisingly, while 

previous reports have found IL-36 cytokines to be capable of activating the adaptive 

immune system, our results found no significant differences in development of HSV-1 

specific antibodies or CD8+ T cell development between wild type and IL-36β knockout 

mice. Furthermore, we found no significant differences in viral copy numbers at infection 

sites between the two groups. Although our data show that IL-36β clearly plays a critical 

role in controlling the outcome of HSV-1 infection, further studies are necessary to define 

the mechanisms behind this protection.  

The final section of this thesis focuses on the endogenous nature of IL-36 

cytokines, specifically IL-36γ, and their potential processing. IL-36 cytokines were 

originally believed to be synthesized as full-length fully active proteins; however, large 

concentrations of the recombinant proteins were required to elicit cellular responses in 

vitro. Since then, studies have shown that IL-36 cytokines gained up to 1000-fold 

increases in reactivity following processing at very specific N-terminal locations of each 

individual cytokine, however this processing has never been shown to occur in vivo. 

These studies were recently expanded when neutrophil proteases were found to be 

responsible for processing of these proteins in vitro. Data presented here show, for the 

first time, that IL-36γ may be endogenously processed by neutrophils in wounded murine 

skin in vivo, yet, the amino acid processing site appears to be different from that 

predicted. Although further studies are required to fully characterize the nature of this 

processing, these data provide valuable insight into the natural mechanisms involved in 

the potential activation of these cytokines.  
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Taken together, the research presented within this thesis sheds light on the 

mechanisms whereby IL-1 and IL-36 cytokines enhance immunological defenses against 

potential threats, and yet, can contribute to disease if unregulated. Furthermore, these 

studies demonstrate the evolutionary advantage of producing multiple cytokines that 

appear to have redundant roles within the body, yet can provide multiple levels of 

protection to the host. This knowledge contributes to our overall understanding of these 

proteins and their contribution to immunological systems within the body.  
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AIM OF THE WORK 

 

The proinflammatory effects of IL-1 cytokines have been extensively studied throughout 

the past fifty years and are widely recognized for both their contribution to control of 

pathogenic infection as well as to inflammatory diseases when not regulated properly. IL-

1α and IL-1β can recruit leukocytes to affected areas while simultaneously enhancing 

innate and adaptive immune activation in response to infection. The robust 

proinflammatory effects of these proteins prove advantageous in protection against 

invading pathogens, but can easily become detrimental to the host when not regulated 

properly. Although a great deal of information is available showing the effects of IL-1 

within the body, new discoveries are being reported daily, demonstrating how much we 

have left to learn about these pleotropic proteins.  

 IL-36 cytokines were discovered more than fifteen years ago, yet relatively little 

is currently understood about their overall function within the immune system. Similar to 

IL-1, IL-36 cytokines have been widely recognized for their association with 

inflammatory disorders, particularly with the severe form of psoriasis, generalized 

pustular psoriasis. Additionally, recent studies have demonstrated that IL-36 proteins 

have contributions similar to those of IL-1 in immune protection from pathogens, 

including leukocyte recruitment to afflicted areas as well as enhancement of immune cell 

function. Despite the extensive research that has been performed to uncover the functions 

of these proteins, several fundamental questions remain unanswered: Why do IL-36 

proteins exist when their currently known functions are the same as IL-1? How do IL-36 

cytokines differ from their IL-1 relatives? How do IL-36α, IL-36β, and IL-36γ differ 
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from one another? Do IL-36 cytokines require processing to reach full activity similar to 

IL-1? 

The collective goal of our research is to answer these questions in order to shed 

light onto the overall functions of IL-36 proteins within the body. Through evaluating the 

roles of IL-36α, IL-36β, and IL-36γ cytokines individually in addition to their relation 

with IL-1 proteins in models of health and disease we can elucidate their individual 

contributions to immune responses and gain insight into mechanisms whereby they differ 

from their better known IL-1 relatives.  
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CHAPTER 1 

REVIEW OF THE LITERATURE 

 

Introduction 

Inflammation is a complex critical response of the human body needed to protect itself 

against potentially harmful pathogens and is a crucial step to resolution of damage to 

tissues. Upon injury or infection, numerous cellular signals orchestrate with the immune 

system to allow for the clearance of potential threats and cellular debris so healing can 

occur. IL-1 cytokines have been well-studied for decades and shown to be a critical 

component of the inflammatory response with multipotent and far-reaching effects within 

the body. While inflammatory cytokines, including IL-1, are crucial to these processes, 

uncontrolled signaling can lead to excessive inflammation and potentially chronic 

inflammatory diseases. Areas of the epithelium are often culprits of inflammatory 

diseases as they naturally come in contact with potentially pathogenic elements from the 

external environment and inflammatory signaling can become excessive and 

uncontrolled. IL-36 cytokines are newly identified members of the IL-1 family of 

cytokines that have recently been studied in association with several inflammatory 

diseases of the epithelium. While these proteins are generally believed to be pro-

inflammatory, similar to their IL-1 predecessors, little is understood about their natural 

functions within the immune system. This review summarizes what is currently known 

about the role of IL-36 cytokines in areas of the epithelium, the consequences of their 

unbridled signaling, and how they differ from the better-understood IL-1 proteins 

throughout these processes.  
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IL-1 and IL-36 

Cytokines and Their Receptors 

There are 11 known members of the IL-1 family of cytokines; however, the focus of this 

study will remain on IL-1 and IL-36 proteins. Members of the IL-1 family (listed in table 

1) consist of both pro- and anti-inflammatory cytokines that share between 12-54% 

homology in amino acid sequence and intron placement in addition to a characteristic β-

trefoil structure (1-4). IL-1 cytokines, consisting of IL-1α and IL-1β, were discovered 

more than 45 years ago, and as such, are the most studied members of the IL-1 family. 

Both IL-1α and IL-1β are coded by distinct genes but signal through the same receptor, 

IL-1 receptor type 1 (IL-1RI), which forms a heterodimer complex with the IL-1 receptor 

accessory protein (IL-1RAcP) (Table 1.1 and Figure 1.1) (5-6). Upon agonistic binding 

of this complex, intracellular TIR domains become activated and downstream signaling 

occurs largely through MAP kinases leading to NFκB and AP-1 activation, culminating 

in a variety of pro-inflammatory effects (6-9). IL-1RI is expressed on every cell type 

except platelets, therefore the effects of IL-1 signaling can be widespread. Because of the 

far-reaching potential of these proteins to induce robust inflammatory responses, several 

anti-inflammatory mechanisms are intrinsically present. The IL-1 receptor antagonist (IL-

1Ra) binds to IL-1RI with high affinity such that it prevents the recruitment of IL-1RaCP, 

thereby inhibiting any downstream activation. IL-1 receptor type II (IL-1RII) is a 

membrane bound receptor capable of binding excess IL-1α and IL-1β that lacks an 

intracellular TIR domain, thus providing a second layer of signaling inhibition. 

Furthermore, both IL-1RII and IL-1RaCP can be secreted from cells where their 
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cooperation results in binding extracellular IL-1 to reduce cytokine concentrations 

(4,6,8,10).  

IL-36 cytokines, consisting of IL-36α, IL-36β, and IL-36γ, were discovered more 

than 15 years ago upon gene databank analysis of sequences with IL-1 homology (11-15). 

All three proteins signal through the same receptor, IL-36 receptor (IL-36R), which forms 

a heterodimer with IL-1RAcP, the co-receptor also used in IL-1R1 activation (Table 1.1 

and Figure 1.1). Downstream signaling through MAP kinases leads to NFκB activation 

resulting in a variety of pro-inflammatory effects, echoing mechanisms of IL-1 signaling 

(16). IL-36R is found on a variety of immune cells including myeloid dendritic cells, 

monocytes and T cells (17-19). The greatest expression of the receptor, however, is found 

on keratinocytes and in areas of the epithelium, leading to early speculation that these 

proteins may play a role in innate responses to the environment (14, 17, 19, 20). Similar 

to IL-1Ra, IL-36 receptor antagonist (IL-36Ra) is a naturally occurring protein that 

causes down-regulation of IL-36 signaling through binding to the IL-36R without 

inducing the recruitment of IL-1RaCP (16, 21). IL-38 has been shown to bind to the IL-

36R and exert antagonistic effects, similar to IL-36Ra (22), although it may act through a 

separate mechanism, recruiting an unidentified inhibiting co-receptor. Several recent 

studies have found this protein to be upregulated along with IL-36 cytokines in several 

diseases including psoriasis, Crohn’s disease, and rheumatoid arthritis, however, very 

little is currently understood about IL-38’s effect on signaling mechanisms (23-25) 
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Table 1: The core IL-1 family of cytokines.  

 

 

 

 

Cytokine Old 
nomenclature Receptor Co-

receptor Activity 

IL-1α IL-1F1 IL-1R1 IL-
1RAcP Inflammatory 

IL-1β IL-1F2 IL-1R1 IL-
1RAcP Inflammatory 

IL-1Ra IL-1F3 IL-1R1 --- Receptor antagonist 

IL-36α IL-1F6 IL-36R (IL-
1Rrp2) 

IL-
1RAcP Pro-inflammatory 

IL-36β IL-1F8 IL-36R (IL-
1Rrp2) 

IL-
1RAcP Pro-inflammatory 

IL-36γ IL-1F9 IL-36R (IL-
1Rrp2) 

IL-
1RAcP Pro-inflammatory 

IL-36Ra IL-1F5 IL-36R (IL-
1Rrp2) --- Receptor antagonist 

IL-18 IL-1F4 IL-18R IL-
18RAcP Pro-inflammatory 

IL-33 IL-1F11 ST2 (IL-1RL1) IL-
1RAcP Pro-inflammatory 

IL-37 IL-1F7 IL-18R SIGIRR Receptor antagonist 

IL-38 IL-1F10 IL-36R (IL-
1Rrp2) --- Anti-inflammatory 
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Figure 1: IL-1 and IL-36 proteins and their receptors.  
 

 

Processing and Release 

IL-1α and IL-1β are synthesized as full-length proteins with pro-domains that require 

processing in order to become fully active. The pro-domain of IL-1α is processed by the 

cysteine protease calpain; however, the precursor form of the protein is capable of 

activating the IL-1RI receptor (26-29). Epithelial cells, in addition to most cell lines (30-

33), produce constitutive levels of IL-1α, which can be released from cells upon damage 

or activation of death pathways acting as an “alarmin” to signal danger to neighboring 

tissues (34-37). In contrast, IL-1β is produced mainly by monocytes and macrophages 

and requires processing of the pro-domain in order for signaling through IL-1R1 to occur 

(Figure 1.2) (6, 8, 30). This IL-1β processing classically occurs through inflammasome 

activation, triggered through cellular interaction with microorganisms or tissue damage 

byproducts (38). Inflammasome activation produces processing and activation of the 

cysteine protease caspase-1, which in turn activates IL-1β through pro-domain processing 

(39-41). The inflammasome itself is a cytosolic multi-protein complex comprised of a 
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nucleotide-binding domain like receptor (NLR) along with one or more adapter proteins 

(42). Noncanonical processing of IL-1β has been shown to occur in the extracellular 

matrix through neutrophil and mast cell proteases, although these methods seem to be 

less effective than caspase-1 activation and are poorly understood (43-47).  

Unlike IL-1Ra, both IL-1 proteins lack leader peptides necessary for extracellular 

secretion through the endoplasmic reticulum/Golgi apparatus. Upon activation of the 

inflammasome, the P2X7 channel is activated by ATP, which can allow active IL-1β to be 

released from cells (48-49). While ablation of the P2X7 channel leads to markedly 

reduced levels of IL-1β-mediated inflammation (50), the cytokine can be released 

through noncanonical methods; therefore, the exact mechanism of release remains 

controversial and likely depends on individual circumstances of disease (8). IL-1α release 

does not appear to be dependent on caspase-1 activation, but rather has been shown to 

require caspase-11 for cellular secretion (51-52). However, secretion of IL-1α through 

non-cell death pathways remain largely uncharacterized and the exact mechanisms and 

components involved remain unknown.  
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Figure 2: IL-1 and IL-36 processing 

 

IL-36 cytokines are relatively short proteins compared to the IL-1 molecules, and 

therefore were originally thought to be synthesized as their fully active forms. In 2011, 

Towne et al. reported that IL-36 cytokines as well as IL-36Ra require N-terminal 

processing at very specific peptide locations to achieve up to 1000 fold increases in 

reactivity compared to their full-length forms (53). Since then, truncated IL-36 cytokines 

have become commercially available and are commonly used in experimentation. The 

proteases involved in cleavage of these proteins went undiscovered until recently, when 

neutrophil derived serine proteases were found to actively process all three IL-36s 

following neutrophil degranulation in vitro (54). Through a series of enzyme inhibition 

assays, IL-36α was found to be processed by cathepsin G or elastase, IL-36β to be 

processed by cathepsin G, and IL-36γ to be processed by elastase or proteinase-3 (54). 

Subsequent studies found neutrophil elastase to additionally process IL-36Ra (55-56). 
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While it is tempting to assume that these cytokines are only active in their truncated 

forms, several in vivo studies have found the IL-36s to be expressed as full-length 

proteins in vivo (57-58). The exact mechanisms involved in IL-36 processing and their 

relation to function during cellular responses is a topic that requires further study and will 

be discussed in chapters 2 and 5.  

Similar to their IL-1 relatives, IL-36 cytokines lack leader peptides and thus also 

do not undergo secretion through the endoplasmic reticulum/Golgi apparatus. Our studies 

have found that IL-36γ is released from human keratinocytes through pyroptosis via 

activation of caspase-1 and caspase-3/7 when stimulated with the TLR3 ligand, 

polyinosinic polycytidylic acid (Poly I:C) (59). This active release of IL-36γ following 

TLR stimulation is reminiscent of alarmin functions of IL-1α, and may provide a similar 

advantage in combating cellular infection. Mechanisms involved in IL-36α and IL-36β 

release have yet to be explored, but secretion of all three likely depend on cellular 

activation and disease circumstances.  

 

Cellular Effects 

IL-1 

IL-1 cytokines have the capacity to mediate inflammatory responses on virtually every 

cell of the body and as such, can have a wide variety of effects depending on the cell type 

and surrounding cytokine milieu. As the classic endogenous pyrogen, IL-1 induces fever 

and activation of the hypothalamus-pituitary axis (11, 30, 60-61) to amplify innate 

immunity and regulate tissue damage through a variety of downstream effects. Among 

these effects are recruitment of neutrophils (62-63), partially through the upregulation of 
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endothelial adhesion molecules and chemokines, along with stimulating the effector 

function and prolonging lifespans of recruited neutrophils and macrophages (64-65). 

Both IL-1α and IL-1β induce expression of a multitude of pro-inflammatory cytokines 

and chemoattractants, including themselves, in a variety of cell types. They appear to act 

on various T cell subsets in an indirect manner, primarily in conjunction with an antigen 

or a mitogen (8, 11, 30, 66). IL-1β has been shown to enhance antigen-mediated 

expansion of in vitro primed Th1, Th2, and Th17 cells (67). Similarly, IL-1α is 

constitutively expressed in thymic epithelium and contributes to the proliferation of 

thymocytes; however, this role may not be essential as mice deficient in IL-1α, IL-1β or 

IL-1R1 have normal thymocyte development (30). IL-1 signaling appears to be essential 

to Th17 responses as evident from studies showing that IL-1R1 deficient mice fail to 

induce IL-17 following antigen stimulation (68). Additionally, IL-1 has been shown to 

enhance IL-17 induction via IL-23. In studies performed on T cells from human cord 

blood, IL-1β induced polarization of Th17 cells, which was enhanced by IL-6 but 

suppressed by TGF-β (69). In contrast, IL-1 has been shown to also induce Th2 responses 

in models of TDI-induced asthma, as deletion of IL-1α and IL-1β, or IL-1R1 resulted in a 

reduction of asthma in challenged mice (70). Within the skin, IL-1α and IL-1β has been 

shown to stimulate keratinocyte production of T-cell chemoattractants, directly and in 

synergy with TNFα and IFNγ (71-72).  

Several IL-1 family members have possible intracellular signaling capabilities, 

but IL-1α has been the most widely reported. Intranuclear IL-1α has been observed in 

many IL-1α expressing cell types, where entry appears to be controlled through the 

nuclear pore complex (73-75). The IL-1a precursor pro-piece that is naturally cleaved off 
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by calpain contains a string of basic amino acids that have been shown to bind to DNA 

following localization into the nucleus. Intranuclear IL-1α has been shown to regulate 

cellular gene expression, migration, and cell proliferation; yet, it remains unclear whether 

the full-length IL-1α or the processed IL-1α pro-piece is the active form (76).  

Although IL-1a and IL-1b signal through the same receptor and have similar 

biological properties, there are distinct differences between them that impact their 

function within the immune system. As mentioned before, the precursor form of IL-1α 

with the attached pro-domain is fully active and can be released from epithelial cells upon 

damage or infection to act as an “alarmin” to induce pro-inflammatory cytokines and 

chemokines and signal danger to surrounding tissues (35, 77). Therefore, IL-1α tends to 

be the prominent inflammatory cytokine during early phases of inflammation in the skin. 

By contrast, IL-1β is produced mainly by hematopoietic cells such as blood monocytes, 

tissue macrophages, brain microglia and skin dendritic cells (8). While both IL-1α and 

IL-1β attract the same cell types, the timing of release of these proteins tend to induce the 

recruitment of different leukocytes during epithelial injury. Because IL-1α is generally 

released during early stages of inflammation and acts mostly upon local epidermal cells 

such as keratinocytes, it has been shown to largely recruit neutrophils to injured tissues 

(78). IL-1β can also be expressed by keratinocytes but is largely released from 

hematopoietic cells that are present in later stages of inflammation and has been shown to 

induce release of macrophage chemoattractants in order to sustain the inflammatory 

response in the area (78). Furthermore, IL-1β induces rapid differentiation of monocytes 

into CD209+ macrophages that express higher levels of HLA-DR to more effectively 
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present mycobacterial antigens (79). This two-stage IL-1 release allows continuous 

recruitment of different sets of cells needed to sustain inflammation to the area of injury.   

 

IL-36 

The effects of IL-36 cytokines on specific cell types have been less well characterized 

than those of IL-1. As mentioned before, IL-36 cytokines are expressed at the greatest 

degree in epithelial tissues; therefore, many studies have focused on the effect of these 

cytokines upon keratinocyte cultures. Studies of human primary keratinocytes showed 

that IL-36 cytokines are induced by the addition of IL-17A and TNFα, whose effects both 

synergized with IL-22 (80). Furthermore, keratinocytes treated with IL-36 cytokines were 

found to induce expression of themselves and each other. IL-36α and IL-36β directly 

induced TNFα, which was enhanced by IL-17A.  Surprisingly, keratinocyte treatment 

with IFNγ was found to induce only IL-36β and not IL-36α or IL-36γ (80). Later studies 

showed IL-36 stimulation of keratinocytes can produce neutrophil, macrophage, and T-

cell chemotactic agents including CXCL1, CXCL8, CCL3, CCL5 and CCL20 (19). 

These results were concomitant with cell infiltration seen in immunohistochemistry of 

tissue sections following intradermal injection of IL-36α into C57BL/6 mice (19).  

 There has been conflicting information regarding which leukocytes express the 

IL-36 receptor, and therefore, which cells can respond to their signaling directly. In vitro 

studies from Vigne et al. found bone marrow derived dendritic cells (BMDCs) and CD4+ 

T cells to express IL-36R and respond to all three IL-36 cytokines. Upon IL-36 

stimulation, BMDCs produced pro-inflammatory cytokines, including IL-1β, IL-12, IL-6, 

TNFα, and IL-23 (17). CD4+ T cell cultures produced IFNγ, IL-4, and IL-17 following 
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addition of IL-36. Within this study, IL-36β upregulated CD80, CD86 and MHC Class II 

by BMDCs suggesting a role in enhancing antigen expression capabilities (17). Further 

studies from the same group found that among T-cells, the highest amount of IL-36R was 

expressed on naïve Th0 CD4+ T cells and IL-36 cytokines could directly enhance cell 

proliferation and IL-2 secretion. Here, IL-36 was found to play a role in polarizing Th0 

cells to Th1 cells. Within this study, IL-36β strongly enhanced IFNγ production by Th0 

cells cultured with BMDCs (18). Recent studies have found IL-36R to be expressed on 

circulating CD4+ and CD8+ cells in human blood, which was increased in a dose-

dependent manner by IL-36β treatment, and maintained upon entrance into the intestinal 

lamina propria (81). These IL-36R expressing CD4+ cells were found to rapidly 

proliferate following IL-36β stimulation (81). Additional studies found IL-36R to be 

expressed on Langerhans cells, dermal CD1a+ DCs, and dermal macrophages. IL-36β 

proved to be as efficient as IL-1β in stimulating M2 macrophages, Langerhans cells and 

keratinocytes (20).  Furthermore, microglia have also been found to express IL-36R and 

produce neutrophil chemoattractants upon IL-36 stimulation (58). 

Outside of leukocytes, additional cell types have been shown to host the IL-36R 

and are capable of inducing responses following stimulation with IL-36 cytokines. 

Human synovial fibroblasts and articular chondrocytes were found to express the IL-36R 

and produced moderate levels of pro-inflammatory cytokines upon IL-36β stimulation 

(82). Although IL-36β could also be expressed by human synovial fibroblasts, protein 

levels were not found to correlate with disease in rheumatoid arthritis patients (82). 

Human pancreatic and colonic myofibroblasts have recently been found to express IL-

36R and produce inflammatory proteins including CXCL1, CXCL8, MMP-1 and MMP-3 
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upon IL-36 stimulation (83) and also express IL-36 following IL-1β stimulation (84-85). 

Endothelial cells express IL-36R and when stimulated with IL-36γ, have been shown to 

upregulate expression of IL-8, CCL2, and CCL20 in addition to cellular adhesion 

markers, VCAM-1 and ICAM-1 (86). While all of these studies show the capability of 

IL-36 cytokines to induce responses in vitro, little is known about the direct affect these 

proteins have on cells in vivo and many studies have proven to be merely correlative with 

disease.  

 

Roles in Homeostatic Maintenance in the Epithelium 

Bacterial Infections 

Initiation of an inflammatory response is crucial to control of pathogens invading the skin 

and other areas of the epithelium. A delay in recruitment of effector cells or in innate 

signaling can result in the pathogen overwhelming the immune system and leading to 

potentially devastating outcomes. While IL-1 does not appear to be essential for 

resistance to normal microbial flora, it is a powerful initiator of immune responses during 

bacterial infections (30, 87). The cellular effects previously mentioned, such as release of 

neutrophil and macrophage chemoattractants, in addition to upregulation of cellular 

adhesion molecules contribute to cellular recruitment needed to combat invading 

pathogens. IL-1 has additionally been shown to increase production of anti-microbial 

peptides in the lungs and skin, such as β-defensins and lipocalin-2 (88-91). Staphyloccus 

aureus is responsible for a large degree of skin and soft tissue infections in humans. IL-

1α and IL-1β have both been shown to induce release of neutrophil chemokines CXCL1, 

CXCL2, CXCL5, and CXCL8 which subsequently induce neutrophil recruitment needed 
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in abscess formation during S. aureus infections. As such, mice deficient in IL-1R1 and 

MyD88 signaling have been shown to have defects in bacterial clearance during skin 

infections with S. aureus (92). These data correlate with studies that found rheumatoid 

arthritis patients being treated with recombinant IL-1Ra had increased prevalence of S. 

aureus mediated skin infection (93). Because IL-1α is released largely by keratinocytes, 

it is the predominant form of IL-1 needed for signaling during superficial infections with 

S. aureus, while IL-1β is crucial during invasive skin infections of deeper tissues, such as 

cellulitis or dermal infections (94-95).  

Inflammasome activation can occur from recognition of bacterial associated 

molecules by both intracellular and extracellular receptors, resulting in downstream 

release of IL-1β to initiate immune responses and cell death. As such, prevention of 

caspase-1 activation is a key virulence factor in several bacterial species. Pseudomonas 

aeruginosa subsets have been found to produce molecules to inhibit caspase-1 and IL-1β 

activation (96-97). Similarly, P. aeuruginosa and Yersinia enterocolitica strains can 

inhibit caspase-1 activation through obstructing actin polymerization mechanisms needed 

for cytoskeletal rearrangements within the cell (97-98). Conversely, initiation of the 

inflammatory response can be beneficial to some bacterial strains during the course of 

their infection. Salmonella species have been shown to produce molecules that activate 

caspase-1 induced secretion of IL-1β, which enhances its ability to compete with resident 

microflora in the intestines (99-101).  

While the effects of IL-1 signaling are essential to the host during bacterial 

infections, they can be simultaneously detrimental as evident from studies showing that 

bacterial toxins can induce excessive IL-1 signaling, leading to lethal shock (87-102). IV 
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administration of IL-1 at high doses results in symptoms resembling that of shock 

including fever, arthralgias, and a fall in blood pressure (87-103). This excessive IL-1 

induction by bacterial antigens is largely due to LPS presence in gram-negative bacterial 

infections. Gram-positive bacteria generally activate T cells through the release of 

exotoxins, resulting in a different cytokine profile with relatively lower levels of IL-1 

(104).  

The importance of IL-36 during bacterial infections is less well characterized, yet 

what is known resembles similar effects of IL-1. As described earlier, IL-36-induced 

neutrophil recruitment may be an important aspect of overcoming bacterial colonization, 

although this has yet to be explicitly shown (19, 57). Likewise, IL-36 cytokines have 

been shown to induce Th1 immune responses in cells (17-18), which are critical for host 

control over bacterial pathogens (18, 105). Levels of IL-36 cytokines have been found to 

be upregulated in children with Mycoplasma pneumoniae pneumonia, with patients with 

pleural effusion having increased levels compared to those without. (106). A recent study 

by Kovach MA et al has shed light onto this study and found that IL-36γ is induced in the 

lung during murine models of pneumonia as early as four hours after inoculation (107). 

Secretion of IL-36γ in microparticles provided protective lung immunity in both gram-

positive and gram-negative induced pneumonia from Streptococcus pneumoniae and 

Klebsiella pneumoniae respectively. This protection was contributed to increases in pro-

inflammatory cytokine production from dendritic cells as well as activation of M1 

macrophage responses (107). Again, IL-36 expression, specifically IL-36γ, was found to 

be increased in plasma and bronchial alveolar lavage samples of patients with 

pneumonia-induced acute respiratory distress syndrome (107). 
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 Several studies have explored the role of IL-36 signaling during tuberculosis 

infections, yet their function within this disease is relatively enigmatic. Vigne et al 

showed that IL-36R signaling provided protection in Mycobacterium bovis-induced 

murine lung infection through enhancing Th1 responses (18); however, later studies from 

the same group showed limited differences between IL-36R-deficient mice and wild type 

controls in lung pathology as well as survival (108). Following in vitro studies found that 

IL-36γ was induced through Mycobacterium tuberculosis infection of human cell lines 

and murine macrophages, which was further amplified by IL-1β and IL-18 signaling 

(109). Bacterial growth inhibition was contributed to production of anti-microbial 

peptides; however, these results have not been substantiated in vivo, thus the role of IL-36 

during tuberculosis remains controversial.  

Aside from their influence on adaptive immune cells, these proteins have also 

been found to upregulate expression of anti-microbial peptides and matrix 

metalloproteases in human epidermal tissues (110). Separate studies have also found IL-

36γ expression to be elevated in skin following production of the antimicrobial 

cathelicidin peptide, LL37, in both differentiated and undifferentiated keratinocytes 

(111). The upregulation of these peptides by IL-36 cytokines which in turn upregulates 

IL-36 expression is likely a mechanism to rapidly ramp up responses upon microbial 

invasion of host tissues and has been shown to work in conjunction with IL-1 to restrict 

intracellular growth of bacteria (109).  

 

Viral Infections 
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While the contribution of IL-1 signaling in combating bacterial infections has been 

extensively characterized, the importance of this cytokine during viral infections is less 

understood. Viruses, like bacteria, have evolved similar strategies to evade host 

mechanisms of detection, including limiting elements of IL-1 signaling functions. Herpes 

Simplex Virus type 1 (HSV-1) affects 70-80% of the population of developing countries 

(112-115). This virus has been able to spread pervasively through the population due, in 

part, to its ability to evade immune mechanisms throughout its life cycle. One way in 

which this is accomplished is through degradation of viral-detecting host proteins, which 

in turn blocks activation of caspase-1 leading to prevention of IL-1β activation and 

subsequent release from cells (116-118). HSV-1 has also been shown to sequester pro-

caspase-1 within actin fibers of the cell, further preventing IL-1β activation (116). The 

prevention of IL-1β activation and secretion has shown to be a common theme among 

additional viruses that affect the skin, such as poxvirus and varicella zoster virus (119-

121). In addition to prevention of caspase-1 activation, vaccinia virus produces a soluble 

form of the naturally occurring IL-1 decoy receptor, IL-1RII (122-124). Due, in part, to 

these viral defense mechanisms, release of preformed IL-1α from epithelial cells to 

initiate leukocyte recruitment and immune responses has proven to be an evolutionary 

advantage to combat the spread of infection (35). This concept will be discussed further 

in chapter 3.  

The importance of IL-1 signaling during cutaneous infections have been less well 

established than its role in activating immune responses to combat viral pathogens in the 

lungs. Here, in the context of influenza virus, IL-1 signaling can promote dendritic cell 

activation to induce CD8+ T cell priming in lieu of pattern recognition receptor (PRR) 
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signaling (125). Additional studies have shown that PRRs in combination with TLRs and 

IL-1 signaling work together to initiate pro-inflammatory mediators and lung infiltration 

during infection with Respiratory Syncytial Virus (RSV); however, RSV-specific CD8+ 

T cells were recruited to the lungs in absence of these signaling mechanisms (126). Other 

studies have reported IL-1 signaling to enhance antibody production in addition to CD4+ 

T cell and neutrophil recruitment during respiratory influenza infections (127). While IL-

1 signaling has proven to be beneficial in overcoming viral infections of the lungs, IL-1 

and other pro-inflammatory cytokine induced neutrophil recruitment can become 

excessive during persistent lung infections with pervasive viruses, leading to tissue 

damage and worsened lung immunopathology (128).  

As mentioned earlier, TLR3 stimulation with the double-stranded RNA analogue, 

Poly(I:C) was found to greatly induce IL-36γ expression, followed by subsequent release 

of the cytokine through activation of caspase-1 and caspase-3/7 resulting in pyroptosis of 

the cells. This induction of IL-36γ expression was later confirmed in endocervical 

epithelial cell cultures (129). Double stranded RNA (ds-RNA) is a common by-product 

of viral replication, although a clear link between the presence of ds-RNA and IL-36 

responses has not been established. The release of IL-36γ in response to active HSV-1 

infection has been shown to occur in early studies of the cytokine, with levels increasing 

throughout infection of mouse ears, the highest amount present at the last timepoint tested 

(day 7) (13). The presence of this cytokine during later stages of infection suggests a role 

in viral clearance or repair processes. Mouse experiments focusing on the role of IL-36 

cytokines in combating viral infections in the lung found that intranasal administration of 

influenza virus resulted in an up-regulation of IL-36α mRNA and protein in the lungs of 
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experimental mice (130). Paralleling the IL-36γ studies utilizing poly(I:C) stimulation, in 

vitro infections of alveolar epithelial cells with influenza virus led to a caspase-1 and 

caspase-3/7 dependent induction and secretion of IL-36α, but not IL-36γ (130). In this 

study, IL-36R knockout mice were found to have impaired viral clearance, yet were 

protected against mortality resulting from lung injury induced by recruited neutrophils 

and effector lymphocytes to the lungs (130). The role of IL-36β during viral infections 

has yet to be published and will be explored further in chapter 3.  

 

Diseases Associated with Unregulated Signaling 

Naturally Occurring Mutations 

The tight regulation of IL-1 family cytokine signaling is evident through multiple factors 

controlling the expression and activation of the proteins, in addition to the presence of 

natural anti-inflammatory elements, such as receptor antagonists and decoy receptors. 

Severity of over-activation of IL-1 family signaling has become evident through the 

discovery of several genetic mutations that have been found to be associated with disease.   

Gain-of-function mutations in the gene, CIAS1/NLRP3, which encodes the 

NLRP3 protein, a known activator of the inflammasome complex, were found to initiate 

diseases stemming from IL-1β over-activation, known as cryopyrin-associated periodic 

syndromes (CAPS) (131-133). CAPS associated with this mutation can cause two 

clinically characterized syndromes, Muckle-Wells syndrome (MWS) (134) and familial 

cold autoinflammatory syndrome (FCAS) (135). Both are present at birth and persist 

throughout life with episodes of fever, conjunctivitis, and arthralgia/arthritis induced by 
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exposure to cold temperature. Sensorineural hearing loss also occurs in MWS patients 

over time (132-133, 135) although the reasons for this remain unknown.  

Deficiency of the IL-1 receptor antagonist, or DIRA, is another rare genetic 

condition characterized by a loss-of-function mutation in IL1RN, the gene encoding IL-

1Ra. Manifestations of this disease occur early in life and include systemic inflammation, 

severe bone pain, oral mucosal lesions, and joint swelling. Reports of early onset 

psoriasis and greater risk of developing psoriasis have also been reported (10, 136). 

Failure to treat this disease can quickly result in death from a severe inflammatory 

response and multi-organ failure (137). Overall, CAPS and DIRA demonstrate the 

potentially devastating and multi-facetted effects of unregulated IL-1 signaling. While 

clinical evaluations have shown that aspects of these diseases can manifest in the skin, 

the effects of IL-1 over-activation are far-reaching and systemic.  

On the contrary, genetic mutations leading to dysregulation of IL-36 cytokine 

signaling appear to result in manifestations largely localized to the skin. As mentioned 

earlier, mutation in IL36RN, the gene encoding IL-36Ra, has been associated with a 

severe form of psoriasis, generalized pustular psoriasis (GPP) (this will be discussed in 

greater detail in following sections). In addition to GPP, there is a strong correlation 

between IL36RN mutations and a rare disorder resulting from infections or adverse drug 

interactions called acute generalized exanthematous pustulosis (AGEP) (138). Disease 

characteristics include acute eruption of sterile pin-head sized pustules across areas of the 

body, along with general fever, malaise, leukocytosis and neutrophilia reminiscent of 

many symptoms of GPP. Deficiencies in IL36RN have been found to be a risk factor for 

AGEP in many patients. Report of a case study of a patient with psoriasis vulgaris and a 
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heterozygous mutation in IL36RN found that upon administration of an analgesic 

containing dihydrocodeine phosphate, symptoms of AGEP were observed (139). Similar 

instances have been reported with the use of the cholesterol drug pitavastatin, although 

mechanisms behind these interactions are currently not well understood (140). Samples 

taken from patients with AGEP and GPP found IL-36α to be expressed in the epidermis 

during onset of both diseases along with IL-23 and IL-17 expression, suggesting common 

pathways between the two (141). Further studies are needed to truly understand the link 

between IL-36RN mutation and whether it leads to a heightened risk of AGEP, or if in 

some cases, it is causing a drug-induced GPP. While IL-1 has been shown to be elevated 

in patients with AGEP, no firm connection has been shown between this cytokine and the 

disease.  

 

Psoriasis 

Psoriasis is an autoimmune disorder affecting approximately 2% of the United States 

population. The etiology of the disease remains unclear, although there is evidence for 

genetic predisposition. It can manifest in several different forms with classification 

distinctions based on area of the body, differences in physical characteristics, and 

underlying factors involved. Plaque psoriasis (PP) is the most prevalent form, affecting 

approximately 8 out of 10 psoriasis sufferers. The disease is characterized by raised red 

scaly lesions on the skin resulting from a thickening of the epidermis (acanthosis), 

proliferation of keratinocytes leading to expansion of the cornified layer of the epidermis 

(hyperkeratosis), retention of nuclei in the cornified layer (parakeratosis), and 

polymorphonucler leukocyte recruitment to the epidermis (Munro’s microabscesses) 
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(142-144). The mixed cellular infiltrate recruited to the skin contributes to the release of 

an overabundance of inflammatory cytokines including TNFα, IL-17, and IL-23, all of 

which are currently being targeted in patients through commercially available drugs (145-

147). IL-17 and IL-23 have been shown to synergize and perpetuate the expression of 

each other, which has proven to be a key mechanism in disease flares (148). IL-1 and IL-

36 proteins have been recognized as key contributors to excessive pro-inflammatory 

signaling which worsens psoriatic symptoms, providing valuable insight into 

repercussions of their over-activation in the epithelium.  

Polymorphisms in, IL1RN, the gene encoding IL-1Ra were found to be linked to 

several skin pathologies including early-onset psoriasis and also increased risk of 

psoriasis in family members related to those afflicted by the disease (10, 136). These 

findings were substantiated when mice deficient in IL-1Ra were found to develop skin 

lesions that strongly resembled psoriasis (149). Furthermore, IL-1β was implicated in the 

initiation of tight junction changes associated with early stages of psoriasis (150). Down-

regulation of tight junction proteins in the skin, such as claudins, occludin, and junctional 

adhesion molecules allow molecules and cells to migrate more freely through the 

epidermis. This increased cell migration through epidermal layers contributes to 

excessive inflammatory cytokine release and further leukocyte recruitment, thus 

worsening disease. (150). IL-1α, which is constitutively present in epithelial cells, is 

readily released from keratinocytes as an alarmin during injury. This cytokine has been 

shown to act as an autocrine growth factor, which, during psoriasis, may exacerbate the 

disease through initiating excessive keratinocyte proliferation and differentiation (151-

155). IL-1 as a whole appears to be an important initiator of Th17 cell production, key 
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producers of IL-17, thereby perpetuating the IL-17/IL-23 cytokine signaling loop 

resulting in worsened disease (156).  

The IL-36 cytokines have been predominantly recognized for their relation to 

psoriasis, and as such, have been widely studied in this disease. All three IL-36 proteins 

have been shown to be upregulated in plaque psoriasis, with IL-36α and IL-36γ showing 

the most correlation to disease severity (80, 110, 157). These cytokines garnered a great 

deal of attention when a missense mutation in the gene encoding IL-36Ra was found to 

be associated with a life-threatening form of psoriasis known as generalized pustular 

psoriasis (GPP) (158-162). This is a more severe form of the disease characterized by 

classic psoriasis symptoms, such as hyperproliferation of the epidermis forming scaly 

plaques over the skin, in addition to excessive recruitment of neutrophils to the epidermis 

forming pustules all over the body (163). Onset of disease can be episodic and require 

emergency medical attention due to excessive systemic inflammation and fever. While 

general treatments used in plaque psoriasis work for some patients in GPP, others do not 

respond, possibly due to different cytokine milieu profiles between these two diseases. 

Targeting IL-36 cytokines in treatment of GPP may prove to be more effective than 

treatments currently available.  

Mouse models of psoriasis have pinpointed key roles that IL-1 and IL-36 

cytokines play within this disease. Following the discovery that IL-36 cytokines were 

upregulated in plaque psoriasis, Blumberg et al bred a transgenic mouse with constitutive 

over-expression of IL-36α under a K14 promoter (157). This mouse showed numerous 

characteristics common with many forms of human psoriasis, notably, the appearance of 

red scaly lesions of the skin, acanthosis, hyperkeratosis, parakeratosis, as well as skin 
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pustules resulting from the recruitment of neutrophils to the epidermis (157). Upon 

treatment with phorbol ester, these mice showed further characteristics of human 

psoriasis, including upregulation of TNFα, IL-17A, and IL-23 expression (164). In vitro 

studies utilizing human keratinocytes stimulated with combinations of IL-17, IL-22, 

TNF-α and IL-36 itself were found to induce IL-36 expression, demonstrating the ability 

of psoriasis-prevalent cytokines to amplify the response of one another resulting in 

worsened disease (80). 

Imiquimod cream, a ligand for toll-like receptor 7 (165) and adenosine receptors 

(166-167), is a commonly used treatment for genital warts and basal cell carcinomas. A 

well-known side effect of the drug is a psoriasis-like phenotype in the area of application. 

For patients with pre-existing psoriasis, Imiquimod can worsen the symptoms as well as 

cause psoriatic flares in areas of the body distant from application. Since these reports, 

this cream has been exploited as a mouse model of psoriasis, which was found to 

remarkably mimic characteristics present in both plaque psoriasis as well as generalized 

pustular psoriasis (168). Imiquimod studies of IL-1RI knockout mice showed the critical 

role of IL-1 signaling in inducing Munro’s microabscesses, a key characteristic of 

psoriatic lesions characterized by neutrophil deposits in the cornified layers of the 

epidermis (169). Additionally, IL-1R1 signaling contributed to the overall psoriatic 

characteristics, such as thickening of the epidermis and enhanced keratinocyte 

proliferation (169). Parallel studies showed that IL-36R knockout mice were protected 

from the effects of Imiquimod, whereas mice deficient in IL-36Ra exhibited far worsened 

disease (170). Surprisingly, IL-36α, but not IL-36β or IL-36γ was additionally found to 

recruit neutrophils to the epidermis and contribute to disease characteristics during 
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Imiquimod-induced psoriasis (57). Furthermore IL-1α and IL-36α were found to induce 

one another creating an additional cytokine signaling loop outside of the known IL-17/IL-

23 axis. These results will be further discussed in detail in chapter 2. Recent studies have 

found that mice lacking both IL-1R1 and IL-36α were nearly disease free compared to 

wild type controls (171). Taken together, these studies show the individual contribution 

of these proteins during Imiquimod-induced psoriasis, as well as their enhancement of 

one another, which may contribute to the rapid and severe onset of disease often observed 

in GPP patients. While IL-1 and IL-36 cytokines are not solely responsible for the 

formation of psoriasis, these proteins contribute to the overall inflammatory environment 

that perpetuates disease, distinguishing themselves as novel targets for treatment.  

 

Gut Inflammation 

The intestines are a unique environment in the human body where response to 

microorganisms must be dampened in order to maintain proper health while still retaining 

the capability to respond to local pathogens. IL-1, among other naturally pro-

inflammatory cytokines, has unique bi-directional functions necessary to maintain 

homeostasis within this system, yet has been implicated as a reasonable target in many 

inflammatory diseases in the gut. IL-1 has been shown to be upregulated in inflammatory 

bowel diseases, including ulcerative colitis and Crohn’s disease (172-174). In vivo studies 

utilizing immune colitis models in rabbits found that reduction in IL-1Ra, the naturally 

occurring receptor antagonist, exacerbates and prolongs inflammation of the gut, 

demonstrating the potentially destructive activities of these cytokines (175-177). These 

findings were substantiated when IL-1R2, the anti-inflammatory IL-1R1 decoy receptor, 
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is upregulated in ulcerative colitis patients experiencing remission, suggesting a 

prominent role of IL-1-induced inflammatory signaling during disease flares. Lower 

levels of IL-1R2 were associated with disease relapse during a 1-year follow-up period 

(178). Nevertheless, human trials administering Anakinra (commercial IL-1Ra) to treat 

colitis associated with chronic granulomatous disease (CGD) found little, if any, 

contribution to inflammatory resolution (179). These findings, however, reflect further 

studies showing that the use of IL-1 neutralizing reagents during mouse models of 

chronic DSS-induced colitis failed to show significant improvement (180). Neutralization 

of IL-1β during the acute-phase of DSS-induced colitis was actually associated with 

worsened inflammation and a delay in recovery (180). Furthermore, administration of IL-

1β had a protective effect when given at a low dose 24 hours prior to induction of 

experimental colitis (175). Bersudsky et al. explored the differences in IL-1α and IL-1β 

effects following DSS-induced colitis, and found that IL-1α, released from epithelial cells 

in early stages of disease, was responsible for acute inflammation observed in the model. 

On the contrary, IL-1β, produced by infiltrating myeloid cells, promoted healing and 

repair in later stages of disease (181). Taken together, these studies highlight the dose- 

and time-dependent importance of IL-1 signaling in disease resolution and may explain 

why blanket treatment with IL-1 neutralizing antibodies in mouse studies or 

administration of Anakinra in CGD colitis patients do not always result in clinical 

benefit.  

IL-36 involvement in intestinal inflammation has only recently been investigated 

but has already been shown to have dichotomous functions in both worsening and 

resolution of disease in a similar manner to IL-1. IL-36α and IL-36γ have is upregulated 
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in patients with inflammatory bowel diseases, including Crohn’s disease (23, 83, 182) 

and ulcerative colitis (83, 182-183), with tissue from ulcerative colitis patients showing 

greater overall expression (Nishida et al). Here, IL-36 was primarily expressed in T cells, 

monocytes and plasma cells (83). Increased expression in intestinal tissue from Crohn’s 

disease patients as well as mice with DSS-induced colitis correlated with increases in IL-

1β and IL-17A levels (23), suggesting contribution to cytokine signaling loops that 

contribute to general inflammation. In vitro studies found that human colonic epithelial 

cell lines as well as human colonic subepithelial myofibroblasts stimulated with IL-36α 

and IL-36γ produce significant amounts of chemokines and IL-6 which were blocked by 

MAP kinase inhibitors, showing the direct effect these proteins can have on epithelial 

tissues (83, 85). In vivo studies utilizing mice deficient in IL-36R demonstrated a 

decrease in mucosal injury and influx of innate effector cells including neutrophils and 

inflammatory macrophages into the colon lamina propria during acute DSS-induced 

colitis (183). In addition to reduced inflammatory infiltrate, these mice exhibited 

decreased Th1 responses with enhanced Th17 activity, demonstrating the ability of these 

proteins to modulate the adaptive immune system in a largely Th1-dependent manner 

(183). While disease severity was reduced, infections with the enteropathogenic 

bacterium Citrobacter rodentium were worsened in IL-36R knockout mice resulting in 

increased bacterial colonization. These studies demonstrate the inflammatory, and anti-

pathogenic capability of these cytokines; yet, recent studies have shown the healing 

capacity of IL-36 within the intestines as well. Contrary to previous reports, Scheibe et al 

found the loss of IL-36R signaling to correlate to increased colonic epithelial damage and 

decreased survival following DSS-induced colitis. In these studies, wounds generated by 
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mucosal biopsy in the colon of mice deficient in IL-36R healed significantly slower than 

wild-type controls (182). These experiments were further substantiated through 

experimentation where the addition of a mixture of IL-36α and IL-36γ accelerated 

healing of these intestinal wounds in wild-type mice (182). Medina-Contreras et al 

expanded upon these observations concluding that susceptibility of IL-36R knockout 

mice to mortality from DSS-induced colitis as well as reduction in wound closure was 

due to the lack of IL-36γ induction, required to recruit IL-22 producing neutrophils (184). 

In this model, reconstitution of IL-22 resulted in normal healing and recovery from colitis 

(184). Taken together, these results echo the bi-directional roles of IL-1 cytokines as both 

initiators of the inflammatory response while also playing key roles in resolution of 

injury, further demonstrating why general treatment targeting these cytokines may not be 

effective in this complex system.  

 

Other Inflammatory Diseases 

Atopic Dermatitis 

IL-36 cytokines are upregulated in several inflammatory diseases throughout the body 

outside of the better known areas discussed earlier. Atopic dermatitis is an inflammatory 

disease characterized by scaling regions of the skin leading to itching and redness. While 

genetic factors can contribute to disease manifestation, environmental factors such as diet 

and exposure to allergens as well as cutaneous infections with pathogens such as 

Staphylococcus aureus and HSV can trigger flares in afflicted individuals. IL-1 has been 

implicated in atopic dermatitis with several studies finding increases in IL-1β levels in 

affected areas of the skin, which correlated with disease activity (185-186). Additional 
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experiments showed that immune responses leading to disease were dependent on the 

concomitant activation of innate and adaptive immunity including IL-1β activation in the 

skin (187). Few studies have been done exploring the role of IL-36 proteins during this 

disease; however, one study found IL-36 cytokines to be upregulated in lesional skin 

when assessed via RNA-seq (188-189). While these studies have been largely correlative, 

the triggering of disease flares during cutaneous infection is curious, and could contribute 

to an upregulation of IL-36 expression, thus worsening disease. Further testing is needed 

to explore this relationship.  

 

Sjögren’s Syndrome 

Sjögren’s syndrome is a disorder characterized by excessive infiltration of mononuclear 

cells into the salivary and lacrimal glands leading dryness of the eyes and mouth. IL-1 is 

expressed at increased levels in the blood and salivary secretions of Sjögren’s patients 

with lower levels of IL-1Ra found in the saliva, although the direct role in pathogenesis 

remains unclear (190-192). Some studies have, however, found that IL-1β is involved in 

the destruction of afflicted glands (193). Similar to IL-1 studies, an investigation into the 

association of IL-36 cytokines with Sjögren’s syndrome found a significant increase in 

IL-36α expression in the serum and the salivary glands of patients. This increase 

correlated with higher expression levels of IL-38, IL-17, IL-22, and IL-23p19 although 

no direct connection to pathogenesis has been determined.  

 

Arthritis 
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A wide variety of inflammatory cytokines have been implicated in the destruction of 

joints during rheumatoid arthritis including TNFα, IL-1β, and IL-6. Increased synovial 

and serum concentrations of IL-1β have been found in patients with active disease flares 

compared to those in remission (194-195). Further studies found IL-1β-induced 

expression of proteolytic enzymes results in destruction of joint cartilage Because of 

these and similar findings, IL-1 has been targeted in treatment of rheumatoid arthritis as 

well as systemic Juvenile Idiopathic Arthritis (196-198). Several studies have found 

elevated levels of IL-36 cytokines, as well as IL-36R and IL-36Ra in synovial tissues of 

patients with osteoarthritis, psoriatic arthritis, and rheumatoid arthritis (199). As 

mentioned earlier, IL-36 stimulation produces proinflammatory cytokine production in 

human synovial fibroblasts and chondrocytes, however levels of IL-36 in synovial fluid 

or serum was not altered from healthy control patients (82). IL-36 has since been 

explored in several mouse models of psoriasis through the utilization of both IL-36R 

knockout mice as well as anti-IL-36R monoclonal antibodies. IL-36 blockade across all 

studies showed no resolution to damage or disease phenotype in experimental mice (200-

201) showing that increases in expression was merely correlative.  

 

Monoclonal Antibodies and Synthetic Decoy Receptors 

Several IL-1 neutralizing drugs are currently available to treat a variety of inflammatory 

disorders. Anakinra, a manufactured form of IL-1Ra, was approved by the FDA to treat 

rheumatoid arthritis in 2001. Since then it has been approved to treat several other 

inflammatory diseases including CAPS, adult onset Still’s disease and Juvenile Idiopathic 

Arthritis, and is currently being investigated as a treatment for inflammatory diseases of 
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the skin, such as atopic dermatitis (137, 202-203). While many patients show 

improvement with this drug, treatment requires daily subcutaneous injection, which can 

prove difficult for long-term use. Rilonacept, a fusion protein consisting of the IL-1R1 

ligand binding domains linked to the Fc region of human IgG1 binds to IL-1α and IL-1β 

to reduce inflammatory signaling. Rilonacept was approved by the FDA to treat Muckle-

Wells syndrome and familial cold autoinflammatory syndrome. This drug has also shown 

success in treatment of various other inflammatory diseases, such as Juvenile Idiopathic 

Arthritis, familial Mediterranean fever, and gout (204-205). Maintenance doses of 

Rilonacept are given weekly. Canakinumab, a human anti-IL-1β monoclonal antibody, 

has been approved for the treatment of many of these same diseases and had also been 

investigated in treatment of asthma and type-2 diabetes (206). While dosing is adjusted 

based on disease severity, this drug has the longest half-life of the three, with injections 

generally given every 8 weeks (207). All of these drugs increase the risk of infection and 

therefore use with additional immunosuppressive agents, such as anti-TNF antibodies, are 

contraindicated.  

While there are currently no available drugs targeting IL-36 cytokines or their 

receptor, patients with diseases resulting from IL36RN mutations have shown success 

with other monoclonal antibodies. Anakinra and Canakinumab have been used off-label 

to treat generalized pustular psoriasis when patients were unresponsive to classically used 

medications (208-209). Several case studies have reported successful treatment of GPP 

patients with anti-IL-17 monoclonal antibodies, Secukinumab, as well as anti-TNFα 

monoclonal antibodies, Adalimumab (210). While these treatments can produce acute 

and sometimes long-term remission in disease through elimination of cytokines feeding 
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into the increase in IL-36 signaling, success largely varies on a case-by-case basis. Drugs 

targeted toward IL-36 cytokines specifically could largely benefit these affected 

individuals.  

 

Conclusions 

The role of IL-1 and IL-36 cytokines in the epithelium is far more complicated than one 

would innitially assume. Although it is true that they are generally pro-inflammatory, this 

inflammation can lead to disease or resolution of disease depending on the circumstances 

surrounding their signaling. The emergence of IL-36 cytokines as key regulators in 

inflammatory diseases in recent years has given us valuable insight into their function 

through demonstrating the consequences of their over-activation.  Yet, more studies are 

needed to tease out the relatively subtle roles they play in homeostatic maintenance, such 

as infection resolution and wound healing. Because these proteins share a great deal of 

similarity to IL-1 cytokines in both protein structure and function, evaluating the roles of 

both IL-1 and IL-36 cytokines in the same diseases provides insight into their overall role 

within the body. Although the downstream functions of IL-1 and IL-36 signaling are 

presumed to be the same, we find distinct functions of IL-1 during certain immune 

reactions and vice versa. Furthermore, despite the presence of multiple cytokines 

signaling through their respective receptors, we find different functions of the individual 

IL-1 and IL-36 cytokines depending on the inflammatory circumstances. Although these 

collective ambiguities appear redundant on the surface, this multi-layered cytokine 

network allows for the maintenance of homeostasis during various challenges to the 

immune system where activation of certain proteins may be blocked. This system has 
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likely evolved to combat immune evasion strategies of co-evolving pathogens. While 

there is a great deal more we need to learn about both IL-1 and IL-36 cytokines, they may 

prove to be valuable targets for resolution of disease, through either their blockade or 

increased presence.  
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Abstract 
 
Generalized pustular psoriasis is a severe skin disease characterized by epidermal 

hyperplasia, neutrophil rich abscesses within the epidermis and a mixed inflammatory 

infiltrate in the dermis. The disease may be caused by missense mutations in the 

interleukin-36 receptor antagonist, IL-36Ra. Curiously, the related IL-1Ra has therapeutic 

effects in some of these latter patients. Here, using an experimental mouse model of 

psoriasiform skin inflammation, we demonstrate in vivo connections between IL-36 and 

IL-1 expression. After disease initiation IL-36α deficient mice exhibited dramatically 

diminished skin pathology, including absence of epidermal neutrophils, reduced 

keratinocyte acanthosis, and less dermal edema. In contrast, IL-36β and IL-36γ knockout 

mice developed disease indistinguishable from that of wild type mice. The endogenous 

IL-36α was not processed through proteolysis. While IL-36α expression was strongly 

induced in an IL-1 signaling-dependent manner during disease, expression of IL-1α was 

also dependent upon IL-36α. Hence, after being up-regulated by IL-1α, IL-36α acts 

through a feedback mechanism to boost IL-1α levels. Analyses of double knockout mice 

further revealed that IL-36α and IL-1α co-operate to promote psoriasis-like disease. In 

conclusion, IL-1α and IL-36α form a self-amplifying inflammatory loop in vivo that in 

patients with insufficient counter regulatory mechanisms may become hyper-engaged 

and/or chronic. 
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Introduction 

Psoriasis encompasses a number of non-infectious inflammatory conditions of the skin 

(Raychaudhuri et al., 2014). Generalized pustular psoriasis (GPP) is the most severe form 

involving not only skin inflammation, but also systemic symptoms such as fever and 

malaise. GPP skin inflammation is characterized by reddening of the skin and formation 

of epidermal pustules filled with neutrophils. When large areas of the skin are affected by 

GPP the condition can be life threatening. Palmoplantar pustulosis affects specifically the 

hands and feet, and like GPP involves formation of neutrophil-containing pustules in the 

epidermis. The most common form of psoriasis is plaque psoriasis. This disease is 

characterized by red plaques of inflamed skin, which are often scaly due to dysregulated 

differentiation of the epidermis. While pustules do not form in plaque psoriasis per se, 

increased neutrophil recruitment into the epidermis is still observed. Typically, these 

neutrophils cluster together within the stratum corneum of the epidermis and are known 

as Munro’s microabscesses. 

The etiology of the different types of psoriasis is poorly understood; however, a 

seminal advancement of our knowledge was made in 2011, when missense mutations 

within the gene, IL36RN, encoding the interleukin-36 receptor antagonist (IL-36Ra) were 

identified in patients with GPP (Marrakchi et al., 2011; Onoufriadis et al., 2011). IL-36Ra 

is a natural inhibitor of three related cytokines: IL-36α, IL-36β and IL-36γ (formerly 

known as IL-1F6, IL-1F8 and IL-1F9, respectively). The physiological function of the 

IL-36 cytokines remains unknown; however, they were linked to psoriasis pathology 

even before the discovery of the IL36RN mutations. Early studies using transgenic mice 

over-expressing IL-36α in keratinocytes revealed skin inflammation with some 
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resemblance to psoriasis (Blumberg et al., 2007). Furthermore, several studies have 

observed increased IL-36α and IL-36γ mRNA expression in plaque psoriatic skin 

(reviewed in (Jensen, 2010)). 

Imiquimod is a ligand for toll-like receptor 7 (Colak et al., 2014) and adenosine 

receptors (Kan et al., 2012; Schön et al., 2006), and has therapeutic effects in humans 

against basal cell carcinomas, actinic keratoses and warts caused by human 

papillomaviruses. A known side effect of the drug is psoriasiform skin inflammation 

(Fanti et al., 2006; Gilliet et al., 2004; Patel et al., 2011; Rajan and Langtry, 2006; van 

der Fits et al., 2009; Wu et al., 2004). This has been exploited to develop a mouse model 

of psoriasis, which has rapidly become very popular due to its strong resemblance to the 

human condition (reviewed in (Flutter and Nestle, 2014)). Using the imiquimod-induced 

psoriasiform skin inflammation model, we previously demonstrated that IL-1R1 

signaling, via the chemokines CXCL1 and CXCL2, plays an essential role in recruiting 

neutrophils to the epidermis (Uribe-Herranz et al., 2013). Furthermore, IL-1, here 

referring to both IL-1α and IL-1β, promoted psoriasis-like epidermal hyperplasia via IL-

1α as the dominant form of the two cytokines expressed in the model (Uribe-Herranz et 

al., 2013). Given the recently identified genetic link between IL-36 and excessive 

epidermal recruitment of neutrophils (Marrakchi et al., 2011; Onoufriadis et al., 2011) in 

addition to the over-expression of IL-36 in plaque psoriasis (Jensen, 2010), we here 

examined the role of the IL-36 cytokines and their interplay with the IL-1 axis in the 

imiquimod induced psoriasis mouse model. 
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Results 

IL-36α , but not IL-36β  or IL-36γ , is Essential for the Development of Psoriasiform 

Skin Disease 

Although the IL-36 cytokines have been linked to inflammatory responses, their 

physiological functions remain unknown. Curiously, there are three agonist IL-36 

cytokines, but only one receptor, IL-36R. With the long-term goal of elucidating the role 

of this apparent redundancy, we assembled a portfolio of knockout (KO) mice 

representing each individual IL-36 cytokine (Table S2.1 and Figs. S2.1-2). The strains 

have no apparent defects or obvious phenotypes. This is in agreement with studies 

involving IL-36R-/- mice (Blumberg et al., 2010; Blumberg et al., 2007; Lamacchia et al., 

2013; Tortola et al., 2012; Vigne et al., 2012). Since IL-36 signaling has recently been 

linked to GPP (Marrakchi et al., 2011; Onoufriadis et al., 2011), we examined the role of 

each individual IL-36 cytokine in the imiquimod-induced psoriasis model (Fig. 2.1 and 

Fig. S2.3). Somewhat surprisingly, we found that while ablation of neither IL-36β nor IL-

36γ affected the imiquimod-induced phenotype, IL-36α KO mice exhibited a 

dramatically reduced phenotype compared to wild type mice (Fig. 2.1 and Fig. S2.3). 

Externally, the IL-36α KO skin appeared thinner, less red and less scaly (Fig. 2.1a). In 

agreement with these observations, histological and immunohistochemical analyses 

revealed reduced epidermal acanthosis (Fig. 2.1c, e and Fig. S2.3a) and dermal edema 

(Fig. 2.1c and Fig. S2.3c) in IL-36α KO mice compared to wild type. These results 

demonstrate that IL-36α, but not IL-36β or IL-36γ, plays a significant role in driving the 

imiquimod associated psoriasiform skin pathology. 
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Formation of Neutrophil Rich Microabscesses in the Epidermis is IL-36α  Dependent 

A characteristic feature of psoriasis is diffuse neutrophilic dermal inflammation and 

especially formation of epidermal abscesses containing neutrophils (Raychaudhuri et al., 

2014). Our previous studies of IL-1 signaling in the imiquimod model demonstrated that 

IL-1 plays a crucial role in the formation of such abscesses (Uribe-Herranz et al., 2013). 

Similar analyses here revealed that IL-36α KO mice had diminished dermal infiltration 

by neutrophils and fewer epidermal microabscesses than wild type mice (Fig. 2.2 and Fig. 

S2.4). No differences between wild type and either IL-36β or IL-36γ deficient mice could 

be detected (Fig. 2.2 and Fig. S2.4). This, in agreement with the above-described IL-36α-

dependent phenotypes, demonstrates that of the three IL-36 cytokines, IL-36α is the 

primary driver of neutrophil recruitment to the epidermis in the utilized skin 

inflammation model. 

 

Neutrophil Recruitment to IL-36α  Deficient Epidermis can be Rescued Through 

CXCL1 

The neutrophil chemotactic CXCL1 is expressed at elevated levels in psoriasis (see 

(Uribe-Herranz et al., 2013) for refs.) and human IL-36α stimulates CXCL1 production 

by human keratinocytes (Foster et al., 2014). Using mouse keratinocytes, we observed 

that mouse IL-36α induced CXCL1 mRNA (Fig. 3a) and protein (data not shown) in a 

transient and concentration-dependent manner. Furthermore, in vivo levels of CXCL1 

secreted from inflamed skin were lower in IL-36α KO mice compared to wild type (Fig. 

2.3b). In the imiquimod model, we have shown that neutrophils are recruited to the 

epidermis in an IL-1-dependent manner via, for example, CXCL1 (Uribe-Herranz et al., 
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2013). In the IL-36α KO mice, topical application of physiologically relevant levels of 

CXCL1 (Fig. 2.3b) caused formation of inflammatory foci in the skin (Fig. 2.3c) and 

recruitment of neutrophils to the epidermis and dermis (Fig. 2.3d). The latter 

demonstrates that the migratory capacity of the neutrophils is intact in the IL-36α KO 

mice. Overall, these observations suggest that IL-36α promotes neutrophil recruitment, at 

least in part, through CXCL1. 

 

IL-36α  is Produced and Secreted at High Levels in Imiquimod Treated Skin 

To explore the specific involvement of IL-36α, but not IL-36β or IL-36γ, in regulating 

imiquimod induced skin inflammation, we examined expression of these. All three IL-36 

mRNAs were significantly up-regulated in response to topical imiquimod treatment (Fig. 

S2.5a-c), with IL-36α being the most dramatically induced (≅ 60-fold). IL-36α protein 

could be detected readily in culture medium from explanted skin after only two 

imiquimod applications (Figs. 2.4a and S2.5d). Similar IL-36β and IL-36γ secretion was 

not detected (data not shown). Hence, the specific involvement of IL-36α, but not IL-36β 

nor IL-36γ, in the examined skin inflammation model (Fig. 2.1) likely reflects the 

dramatic induction of IL-36α gene expression (Fig. S5a) and the subsequent 

correspondingly high protein levels achieved (Figs. 2.4a and S2.5d). 

We previously reported that imiquimod induces expression of IL-1α and IL-1β 

both in vitro and in vivo (Uribe-Herranz et al., 2013). In comparison, we here found that 

the IL-36α, but not IL-18, mRNA is induced at higher concentrations (Fig. S2.6) than 

those activating IL-1α and IL-1β gene expression (Uribe-Herranz et al., 2013). Despite 

the dramatic induction of the IL-36α mRNA (Fig. S2.6), we were not able to detect IL-
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36α protein production (data not shown). This is in agreement with our reported 

observations that these drug levels are cytotoxic to cultured keratinocytes (Uribe-Herranz 

et al., 2013). Given the topical application of imiquimod in the here employed mouse 

model, it is difficult to access the drug concentrations experienced by the epidermal 

keratinocytes; however, it is possible that imiquimod plays a significant role as a direct 

activator of IL-36α gene expression in this model. 

 

IL-36α  is Released in an Inflammatory Caspases-Independent Manner 

A curious characteristic of IL-1 and IL-36 cytokines is that they lack signal peptides for 

conventional protein secretion (reviewed in (Jensen, 2010)). The release mechanism for 

IL-1β, which is the best characterized, often involves the inflammasomes and the 

inflammatory caspases caspase-1 and caspase-4 (Shin and Brodsky, 2015). In 

macrophages imiquimod induces IL-1β secretion through NLRP3 inflammasome 

mediated activation of caspase-1 (Kanneganti et al., 2006). We previously established 

that release of IL-36γ from cells treated with double stranded RNA is dependent upon the 

inflammatory caspases (Lian et al., 2012), whereas IL-1α release during herpes simplex 

virus-1 infection is caspase-1/-4 independent (Milora et al., 2014). Hence, we examined 

whether IL-36α release in the here utilized imiquimod model was dependent or 

independent of the inflammatory caspases. Interestingly, our data revealed that IL-36α 

release is independent of caspase-1 and -4 (Fig. 2.4b). This suggests an IL-36α release 

mechanism distinct from that controlling IL-1β. 

 

IL-36α  Does Not Undergo Processing In Vivo 



	   61	  

Based on size, the IL-36 cytokines were predicted upon discovery to be synthesized as 

mature proteins unlike the related IL-1β, which requires proteolytic cleavage for 

activation and extracellular release (Shin and Brodsky, 2015). Full length recombinant 

IL-36 proteins, expressed in bacteria, are active, albeit only at high concentrations (see 

(Jensen, 2010) for refs.). Through genetic engineering it has been demonstrated that 

truncation of 17 amino acids from the N-terminus of IL-36γ led to enhanced activity 

(Towne et al., 2011). Curiously, removal of fewer, or more, amino acids did not have 

similar effects. Consequently, it was proposed that the IL-36 cytokines require proteolytic 

processing, at very specific sites, to be activated (Towne et al., 2011). By sequence 

comparison, processing of mouse IL-36α was predicted to involve 7 amino acids 

((Towne et al., 2011), shown in blue in Fig. S2.1b). To determine if IL-36α is processed 

in vivo, we examined the molecular weight of secreted endogenous IL-36α compared to 

full length and truncated (predicted) recombinant proteins. Interestingly, we found that 

endogenously secreted IL-36α migrated identically to full-length recombinant IL-36α 

(Fig. 2.4c). Consequently, we conclude that IL-36α is released as an unprocessed protein. 

 

IL-36α  Expression is Induced by IL-1 In Vitro and In Vivo 

In vitro studies have established that IL-1β can stimulate expression of the human IL-36α 

mRNA in bronchial epithelial cells (Chustz et al., 2011). In a similar manner, we found 

that mouse IL-1α induced IL-36α gene expression in mouse keratinocytes (Fig. 2.5a). 

We previously demonstrated that IL-1 signaling, via IL-1R1 and primarily IL-1α, plays 

an essential role in initiating skin disease in the imiquimod model (Uribe-Herranz et al., 

2013). Hence, we hypothesized that IL-1α signaling could be involved in driving the 
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inducible expression of IL-36α found in vivo (Figs. 2.4 and S2.5). Consistent with this 

hypothesis, we observed significantly lower levels of IL-36α secretion from inflamed IL-

1R1 deficient skin than wild type (Fig. 2.5b). Hence, IL-1α is an important regulator of 

IL-36α expression in vivo.  

 

IL-36α  Regulates IL-1α  in a Feedback-Loop 

Ex vivo studies of peripheral blood mononucleated cells from a single patient with GPP 

and a healthy control revealed potentiated activation of IL-1α gene expression in GPP 

cells in response to IL-36α (Onoufriadis et al., 2011). Using primary mouse keratinocytes 

we observed rapid induction of the IL-1α mRNA in response to IL-36α (Fig. 2.5c). In 

our employed mouse model of psoriasis we observed progressive up-regulation of IL-1α 

mRNA during disease development (Fig. S2.7). This is in agreement with our previously 

reported data demonstrating up-regulation of IL-1α protein (Uribe-Herranz et al., 2013). 

The induction of IL-1α correlated with increased IL-36α mRNA and protein expression 

(Figs. 2.4 and S2.5), and we therefore examined whether the inducible IL-1α expression 

was dependent, at least in part, upon IL-36α. Indeed we found that levels of IL-1α 

released from imiquimod treated skin were significantly lower in the absence of IL-36α 

than in the presence of IL-36α (Fig. 2.5d). Levels of IL-18 (Fig. S2.8), but not IL-1β and 

IL-17A (not shown), was also found to be IL-36α dependent. Hence, we conclude that 

once expression of IL-36α is initiated, via IL-1R1 signaling (Fig. 2.5a-b), IL-36α feeds 

back to induce IL-1α expression (Fig. 2.5c-d). 
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IL-1α  and IL-36α  Co-Operate to Promote Epidermal Hyperplasia, Dermal Edema and 

Chemokine Production 

Previously, we showed that IL-1R1 signaling plays a significant role in initiating 

epidermal hyperplasia and neutrophil recruitment through CXCL1 in response to 

imiquimod (Uribe-Herranz et al., 2013). Since IL-36α expression is induced via IL-1R1 

(Fig. 2.5a-b), we wondered whether IL-36α acts down-stream of IL-1 in a sequential 

linear pathway or whether the two cytokines act together when present at the same time. 

To address this, we generated IL-36α and IL-1R1 double KO mice and compared 

epidermal hyperplasia, dermal edema and CXCL1 expression to that induced in single 

KO mice (Figs. 2.5e-g). In IL-36α-/-/IL-1R1-/- mice the thickness of both the epidermis 

(Fig. 2.5e) and the dermis (Fig. 2.5f) was significantly thinner than that in single KO 

mice. Additionally, production of the neutrophil chemotactic CXCL1 was reduced in the 

IL-36α-/-/IL-1R1-/- mice compared to single KO mice (Fig. 2.5g). This demonstrates that 

once expression of IL-36α is induced, IL-1α and IL-36α act together in vivo to promote 

psoriasiform skin disease. 

 

Discussion 

The discovery of missense mutations in IL36RN causing generalized GPP (Marrakchi et 

al., 2011; Onoufriadis et al., 2011), implicates overzealous IL-36 signaling in the disease 

pathology. Here we show that in the imiquimod-induced psoriasiform skin disease model, 

IL-36α is the primary form of IL-36 driving skin pathology, including epidermal 

hyperplasia, dermal inflammation and neutrophil recruitment to the epidermis (Figs. 2.1-

2 and S2.4). The active form of IL-36α is, against expectations, not proteolytically 
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processed in connection with its release from cells (Fig. 2.4c). Our study further reveals 

that elevated expression of both IL-36α and IL-1α are intricately linked during disease, 

as each cytokine is involved in regulating expression of the other (Fig. 2.5a-d). Through 

this mutual induction, IL-36α and IL-1α act together to boost the pathogenic function of 

the other cytokine’s signaling pathway (Fig. 2.5e-g).  

Anakinra, recombinant human IL-1Ra, has been successfully used off label to 

treat individual cases of GPP associated with IL-36Ra missense mutations (Hüffmeier et 

al., 2014; Rossi-Semerano et al., 2013). Analyses of cytokine production by peripheral-

blood mononuclear cells from a patient with GPP revealed elevated IL-1α production in 

response to IL-36α compared to a healthy control sample (Onoufriadis et al., 2011). In 

our employed in vivo model IL-1α is indeed a down-stream target of IL-36α signaling 

(Fig. 2.5d). Interestingly, we also find that IL-36α expression is dependent upon IL-1 

signaling (Fig. 2.5b), suggesting feedback mechanisms between the IL-1 family 

cytokines (Fig. S2.9). Due to this inter-regulation, IL-1α and IL-36α form a self-

amplifying cycle (Fig. S2.9), which may run out of control in the absence of proper 

regulatory mechanisms such as the IL-1Ra and IL-36Ra. This cycle may not only explain 

the often sudden and dramatic disease flares seen in patients with inflammatory diseases, 

for example GPP, but may also pinpoint the chronic nature of these conditions. As such, 

this cycle (Fig. S2.9) may represent an ideal therapeutic target to restore homeostatic 

balance. 

In addition to a direct feedback loop between IL-1α and IL-36α (Figs. 2.5a-d and 

S2.8), additional factors may contribute to further amplification of the pathogenic 

process. The IL-1 and IL-36 cytokines regulate their own expression ((Carrier et al., 
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2011; Uribe-Herranz et al., 2013) and refs. therein); hence, they further fuel the process 

(Fig. S2.9). A second connected cycle of amplification may involve other cytokines (Fig. 

S2.9) as IL-36 expression is directly induced in keratinocytes by IL-17A, IL-22 and TNF-

α (Carrier et al., 2011) and expansion of IL-17 producing γδ T cells is IL-36 dependent 

(Tortola et al., 2012). Interestingly, IL-36R KO mice exhibit a milder imiquimod induced 

phenotype than mice deficient of factors from the well-known IL-23/IL-17/IL-22 

pathogenic axis, suggesting that the IL-36 system has an additional distinct activity 

(Tortola et al., 2012). The here identified IL-1α/IL-36α loop may be this activity (Fig. 

S2.9). While Torlola et al. did not observe an effect of IL-1R1 ablation upon epidermal 

acanthosis, our previous (Uribe-Herranz et al., 2013) and the here present study did find 

such an effect. This apparent discrepancy may be due to the different application sites. 

Tortola et al. applied imiquimod to the ears, whereas we apply it to the back as in the 

original model report (van der Fits et al., 2009). The acanthosis observed in the ears is 

significantly milder (Tortola et al., 2012) than that observed in the back skin (van der Fits 

et al., 2009) (Figs. 2.1-2 and S2.3). Hence, the IL-1R1-dependent phenotype may be 

missed in the ear-version of the model. Consequently, caution should be taken when 

comparing studies utilizing the imiquimod mouse model of skin inflammation. 

Keratinocytes appear to be the source of IL-36 in at least GPP (Marrakchi et al., 

2011). While we readily detected IL-1-dependent IL-36α expression in the imiquimod 

model (Fig. 2.5b), we have not been able to detect protein production in keratinocyte 

cultures. This could suggest that signals, additional to IL-1, are required to achieve the in 

vivo observed levels. Such additional factors are also suggested by our in vivo data 

demonstrating only a partial reduction in IL-36α expression in IL-1R1 KO mice (Fig. 
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2.5b) compared to the dramatic full induction (Figs. 2.4a and S2.5). IL-17A may be one 

such factor as it activates IL-36 mRNA expression in vitro (Carrier et al., 2011). 

Although we did not observe a difference in IL-17A levels at the here examined time-

point associated with the skin phenotype, IL-17A is known to be transiently induced in 

the model (van der Fits et al., 2009); hence, IL-17A could contribute to the IL-36α 

induction at an earlier time point. Imiquimod cream may also directly induce IL-36α in a 

manner distinct, or similar to, that previously described for IL-1α (Uribe-Herranz et al., 

2013; Walter et al., 2013). The latter is a deviation from human psoriasis pathology 

where the disease triggers are poorly understood. Identification of initiator factors in both 

the imiquimod-model and human pathology may represent new therapeutic and 

preventive targets. 

In response to inflammatory signals IL-1β is synthesized as a pro-protein. This 

pro-IL-1β is cleaved by caspase-1, an independent signaling event, to gain functional 

activity (reviewed in (Jensen, 2010)). Based on genetic engineering, it has been suggested 

that the IL-36 cytokines require similar proteolytic cleavage to be activated (Towne et al., 

2011). Our studies here demonstrate that IL-36α is released from skin cells in an 

unprocessed form (Fig. 2.4c). This unprocessed IL-36α appears to be active, as 

dramatically reduced skin pathology is observed in IL-36α deficient mice (Figs. 2.1-2 

and S2.4). While it was previously shown that IL-36α gained activity upon removal of 7 

or 5 amino acids from the N-terminus (mouse (Fig. S2.1B, blue highlight) versus human), 

the full-length IL-36α, unlike IL-1β, still has signaling capacity (reviewed in (Jensen, 

2010)). The observed in vivo activity of unprocessed IL-36α reported here, may be due to 

high local production of the cytokine leading to a microenvironment conducive for the 
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relatively low activity of full length IL-36α. However, it is a possibility that under 

conditions different from the here studied skin inflammation, IL-36α can undergo 

processing to enhance its activity, and that the protease involved is not activated in the 

here utilized model.  

Interestingly, in vitro processing of IL-36γ appears to be associated with 

keratinocyte differentiation, as it is induced by high calcium concentrations (Li et al., 

2014). Since epidermal differentiation is dysregulated in psoriasis and associated with 

aberrant calcium levels (Menon and Elias, 1991), it is possible that the IL-36 processing 

protease is not activated in psoriatic skin. If IL-36γ activity is strictly dependent upon 

processing, then lack of cleavage could explain the absence of a phenotypic effect in our 

IL-36γ-/- mice (Fig. 2.1). IL-36γ is well known to be up-regulated in psoriatic skin 

(reviewed in (Jensen, 2010)), and it has been proposed as a biomarker to distinguish 

psoriasis from other inflammatory skin conditions (D'Erme et al., 2015). If IL-36γ is to 

be considered a therapeutic target and not just a biomarker, it will be critical to determine 

if IL-36γ is, aside from up-regulated, responsible to disease pathology and/or progression. 

Such activity may be dependent upon site-specific processing and consequently, it would 

be very interesting to determine whether IL-36γ is processed in healthy and diseased 

human skin. 

In summary, we have linked IL-1α and IL-36α in an in vivo feedback loop (Fig. 

S2.9). Such a loop could explain both sudden and dramatic disease onset as seen in, for 

example GPP, and the chronic nature of psoriatic diseases. As such, this self-amplifying 

cycle (Fig. S2.9) represents a promising therapeutic target; however, as discussed above, 

many questions remain unresolved. Through further studies, an improved insight into the 
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mechanisms whereby IL-36 and keratinocytes initiate and maintain psoriatic disease may 

reveal novel therapeutic strategies and targets.   

 

Materials and Methods 
 

Mice 

IL-1R1 and Casp1/Casp4 deficient mice were obtained from the Jackson Laboratory. 

Il1f6+/- mice were generously donated by GlaxoSmithKline and backcrossed onto the 

C57BL/6 background. Il1f9+/- and Il1f8+/- mice were procured from the Mutant Mouse 

Regional Resource Center (University of North Carolina) and Knockout Mouse Project 

University of California Davis (project ID: VG13041), respectively. Mice were interbred 

to generate KO (single or double) and wild type mice (all on the C57BL/6 background). 

Homozygous founders were used for further breeding. All experimental mice were bred 

in house in a specific pathogen free animal facility. All housing, breeding and 

experimental procedures involving mice were approved by the Temple University 

Institutional Animal Care and Use Committee and in compliance with the U.S. 

Department of Health and Human Services Guide for the Care and Use of Laboratory 

Animals. Experimental mice (male and female) were used at age 8-10 weeks and 

matched for sex in each independent experiment. 

 

Genotyping 

Mice were genotyped using a previously described protocol (Jensen et al., 2006). PCR 

was performed using primers listed in Table S2.2. 
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Flow Analyses 

Blood was collected by cardiac puncture and erythrocytes lysed with RBC lysis buffer 

(eBioscience). Neutrophils, monocytes and lymphocytes were identified based on 

forward and side scatter using a FACSCanto Cell Analyzer (BD Biosciences). 

 

Induction of Psoriasiform Skin Inflammation 

Mice were denuded by shaving and subsequent treatment with depilating cream. 

Imiquimod cream (5%, 62.5 mg, Medicis) was applied daily to a 6 cm2 area as indicated 

for each experiment. Skin was collected the day after the last application unless indicated 

otherwise.  

 

Quantification of Epidermal and Dermal Thickness 

PBS buffered formaldehyde (4%) fixed skin was examined by standard H&E staining. 

For each skin specimen 3 independent images were acquired. Epidermal and dermal 

thickness was measured in 3 independent locations using ImageJ. An average thickness 

of the epidermis and dermis was calculated for each tissue. In most experiments, 

including those involving double KOs, the measurements were performed blinded to the 

strain genotype. 

  

Immunohistochemistry 

Neutrophils were detected using rat anti-mouse Ly-6G/Ly-6C antibody (BD Biosciences) 

as previously described (Uribe-Herranz et al., 2013). PCNA was visualized using the 

PCNA staining kit (Life Technologies) according to the manufacturer’s instructions. 
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Real-time RT-PCR 

RNA was isolated using the RNeasy Plus Universal system (Qiagen) according to the 

manufacturer’s instructions. RNA was reverse transcribed and cDNA analyzed as 

previously described (Sanmiguel et al., 2009). Additional primers are listed in Table S2. 

Actin was used as the housekeeping gene for ΔΔCt analyses. 

 

Protein Preparations 

For analyses of secreted protein levels, standardized 4 mm circular skin biopsies (Miltex) 

were placed in 200 µl EpiLife medium supplemented with EDGF (Life Technologies) for 

24 hours. Explant medium was collected for ELISA analyses. Total protein was extracted 

from skin in previously described lysis buffer (Jensen and Whitehead, 2003) using a Bio-

Gen PRO200 homogenizer equipped with interchangeable Multi-Gen 7XL probes (PRO 

Scientific). Protein levels were determined using Bio-Rad Protein Assay Dye Reagent 

(Bio-Rad).  

  

Cell Cultures 

Human and mouse primary keratinocytes were obtained and maintained as previously 

described (Uribe-Herranz et al., 2013). Mouse cells were treated with mouse cytokines 

(IL-1α (Peprotech) and IL-36α (aa 8-160) (R&D Systems) as indicated. Water-soluble 

imiquimod was from InvivoGen. 

 

ELISA 
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Sandwich ELISAs (Peprotech (CXCL1, IL-1α) and R&D Systems (IL-17A and IL-18)) 

were performed according to the manufacturer’s instructions. Direct ELISAs for mouse 

IL-36 were performed as previously described (Lian et al., 2012). Individual IL-36 

cytokines were detected by sequential incubation with: 1) goat anti-IL-36α (AF2297, 

R&D Systems), or goat anti-IL-36β (AF2298, R&D Systems) and 2) appropriate species-

specific horseradish peroxidase conjugated secondary antibodies. The detection limit for 

the mouse IL-36β ELISA was ≈400 pg/ml (IL-36α levels were detected in the 500-

10,000 pg/ml range). 

 

Western Blotting 

Proteins were separated by PAGE, transferred to PVDF membranes and detected by ECL 

using anti-IL-36α (AF2297), anti-IL-36γ (custom synthesized at Genscript) or anti-

GAPDH (FL-335, Santa Cruz) and appropriate secondary antibodies.  

 

Statistical Analyses 

All experiments were performed at least 3 times unless indicated otherwise. Data shown 

are arithmetic means ± standard deviations (SD) unless indicated otherwise. Statistical 

significance was calculated using ANOVA or students t test. 
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Figures 

 

 

 

Figure 2.1. IL-36α  plays a significant role in psoriasiform skin disease induced by 

imiquimod. Wild type, IL-36α-/-, IL-36β-/- and IL-36γ-/- mice were treated with 

imiquimod for 4 days. The day after the last application anesthetized (a) or euthanized 

(b) mice were photographed and skin collected after euthanasia. Control mice were 

denuded and left untreated until skin collection. Skin was examined by H&E staining (c-

d) and immunohistochemistry for PCNA (e-f). Representative images from 5 (IL-36α-/- 

and IL-36β-/-) and 3 (IL-36γ-/-) independent imiquimod experiments are shown. Blue 

scale bars = 200 µm. Black scale bars = 50 µm.   
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Figure 2.2. IL-36α , but not IL-36β  
or IL-36γ , is required for 
neutrophil recruitment. Wild type 
(a and b), IL-36α-/- (a), IL-36β-/- (a) 
and IL-36γ-/- (b) mice were treated 
with imiquimod for 4 days as 
described in Fig. 2.1. Skin was 
collected the day after the last 
imiquimod application and examined 
by H&E staining or 
immunohistochemistry for 
neutrophils (Ly-6G/Ly-6C). Red 
arrows indicate Munro’s 
microabscesses (clusters of 
neutrophils) at the top of the 
epidermis. Black arrows indicate 
individual neutrophils within the 
dermis. Representative images from 
the experiments also analyzed in Fig. 
2.1 and Fig. S2.3 are shown. Scale 
bars = 50 µm. 
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Figure 2.3. IL-36α  may promote neutrophil recruitment through CXCL1. (a) Mouse 
primary keratinocytes were treated with medium only, IL-1α (10ng ml-1) or IL-36α (as 
indicated). CXCL1 mRNA levels were determined using real-time PCR (means + SD). 
(b) Wild type (black circles, n = 5) and IL-36α-/- (white circles, n = 4) mice were treated 
with imiquimod four times and 4 mm skin biopsies explanted the day after the last drug 
application. Production of CXCL1 was examined by ELISA. (c-d), IL-36α-/- mice were 
treated with imiquimod + PBS or imiquimod + 25 ng CXCL1 per mouse twice. External 
skin appearance was photodocumented (c) and neutrophil recruitment examined using 
immunohistochemistry for Ly-6G/Ly-6C (d). Blue arrows, examples of focal 
inflammation (red spots). Black arrows, examples of neutrophils (Ly-6G/Ly-6C positive 
cells). Red arrows, regions enlarged in 40 x images. Black bars = 200 µm. Blue bars = 50 
µm. *, P < 0.05; **, P < 0.01; ***, P < 0.001 
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Figure 2.4. Topical imiquimod treatment leads to dramatic induction and secretion 

of unprocessed IL-36α  in an inflammatory caspases-independent manner. (a) Wild 

type mice (n = 3-5 per time point) were treated with imiquimod as indicated. Skin was 

collected and used for 4 mm explant cultures. Levels of secreted IL-36α were examined 

by Western blotting. (b) Wild type and Casp1-/-/Casp4-/- mice (n = 4 per group) were 

treated with imiquimod 4 times and IL-36α secretion examined. (c) Two independent 

samples of secreted proteins (Wild type 1 and Wild type 2) were analyzed by Western 

blotting next to full-length recombinant IL-36α (IL-36α (1-160)) and predicted processed 

short recombinant IL-36α (IL-36α (8-160)) in EpiLife medium.  
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Figure 2.5. IL-36α  and IL-1 co-operate to drive psoriasiform skin inflammation 
through mutual regulation. (a and c) Mouse primary keratinocytes were treated with 
medium only, IL-1α (10 ng ml-1) or IL-36α (1 µg ml-1) for 1 hour. IL-36α (a) and IL-1α 
(c) mRNA levels were evaluated using real-time PCR. (b) Wild type (n = 4) and IL-1R1 
KO (n = 3) mice were treated with imiquimod two times. Skin was explanted and 
maintained for another 24 hours. Levels of IL-36α secreted into the medium were 
determined by ELISA. (d) Wild type (n = 4) and IL-36α-/- (n = 4) mice were treated with 
imiquimod 4 times. Treated skin was explanted and levels of IL-1α secreted into the 
medium determined by ELISA. (e-g) IL-36α (n = 6), IL-1R1 (n = 7) and IL-36α/IL-1R1 
double KO (n = 7) mice were treated with imiquimod 4 times. Epidermal (e) and dermal 
(f) thickness was examined using H&E staining and ImageJ. (g) Levels of CXCL1 
secretion were determined by ELISA. Data points are shown as mean + SD. *, P < 0.05; 
**, P < 0.01;  ***, P < 0.001. 
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Supplemental Material 

 

 

Table S2.1: Targeting strategies, sources and verification of IL-36 KO strains. The 

three IL-36 KO strains were developed and validated as indicated. Because the three Il1f 

genes are localized within a 73 Kbp region on chromosome 2, we confirmed that ablation 

of one Il1f did not significantly affect basal expression of one of the other IL-36 mRNAs 

(data not shown). IL-36 KOs were born at an expected ratio from het x het matings, and 

appeared normal at birth through life. Homozygous KO breeders lived beyond one-year 

of age without any health disparities. The three strains breed well and overall have no 

apparent defects or obvious phenotypes. Average morning glucose levels (130-140 

mg/dL) were not statistically different from those of wild type mice (data not shown). 

Proportions of peripheral neutrophils, monocytes and lymphocytes did not deviate from 

those of wild type mice (data not shown).   

Gene Targeting strategy and validation  
IL-36α Generation initiated at GSK through standard homologous recombination eliminating 

the mRNA nucleotides 121-263, NM_019450.3. Consequently, part of the 5’UTR and 
the first 34 codons are absent from the targeted gene (Fig. S1). Backcrossed to 
C57BL/6 4 times at GSK, after which it was transferred to our lab. Backcrossed to 
C57BL/6 for >6 generations in our lab. IL-36α mRNA levels reduced 30-fold. (Fig. 
S2a). No IL-36α protein, or fragment thereof, detected in skin (Fig. S2b). 
 

IL-36β Strain was generated as part of the Knockout Mouse project (KOMP) using a 
VelociGene KOMP Definitive Null Allele Design ablating the entire Il1f8 coding 
region, i.e., no mRNA can be expressed. The strain was generated directly on the 
C57BL/6 background. Phenotypic characterization was not performed by the KOMP. 
 

IL-36γ Origin: Genentech/Lexicon Pharmaceuticals (repository: MMRRC). Targeting 
approach: Standard homologous recombination deleting coding exons 1-3 (1645 bp 
region, first 124 amino acids). Phenotype characterization: 
http://mmrrc.mousebiology.org/phenotype/Genentech/SEC544N1-treeFrame.html. 
The strain was backcrossed to C57BL/6 for >10 generations. IL-36γ mRNA not 
detected. 
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a 

 
b 
  1 MNKEKELRAA SPSLRHVQDL SSRVWILQNN ILTAVPRKEQ TVPVTITLLP 
CQYLDTLETN 
 61 RGDPTYMGVQ RPMSCLFCTK DGEQPVLQLG EGNIMEMYNK 
KEPVKASLFY HKKSGTTSTF 
121 ESAAFPGWFI AVCSKGSCPL ILTQELGEIF ITDFEMIVVH 
 
 
 
 
 
 
 
Figure S2.1: Targeting strategy to ablate IL-36α  expression. (a) Coding and non-

coding sequences of the mouse Il1f6 gene are shown in dark and light green, respectively. 

An HSV-TK/neomycin resistance cassette was inserted through homologous 

recombination to replace the 3’ 40 bp of exon 2 (starting in the non-coding region) 

through the first 86 bp of exon 3. (b) The full-length mouse IL-36α protein sequence is 

shown. Truncated region of the successfully targeted Il1f6 is underlined.  Predicted pro-

domain of IL-36α is highlighted in blue. 
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Figure S2.2: Confirmation of Il1f6 knockout targeting. Wild type (n=6) and IL-36α 

KO (n=5) mice were treated with imiquimod 4 times and RNA (a) and total protein (b) 

isolated from full thickness skin. (a) Relative expression of IL-36α mRNA was examined 

using real-time PCR (mean + SD). (b) Levels, and potential size, of IL-36α protein were 

examined by Western blotting of total protein extracts from skin. Data from one of two 

independent experiments with similar outcomes are shown. **, P < 0.01. 
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Figure S2.3: IL-36α  plays a significant role in psoriasiform skin disease induced by 

imiquimod. Wild type (circles), IL-36α-/- (squares), IL-36β-/- (triangles) and IL-36γ-/- 

(diamonds) mice were treated with imiquimod for 4 days (open symbols) and skin 

collected the day after the last application. Control mice (filled symbols) were denuded 

and left untreated until skin collection. Skin sections were H&E stained (Fig. 2.1) and 

epidermal (a-b) and dermal (c-d) thickness determined using Image J. Each symbol 

represents a single mouse. Pooled data from 5 (a and c) and 3 (b and d) independent 

imiquimod experiments are shown. **, P < 0.01; ***, P < 0.001.  
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Figure S2.4: Neutrophil recruitment to the skin is IL-36α  dependent. Wild type (a 

and b), IL-36α-/- (a), IL-36β-/- (a) and IL-36γ-/- (b) mice were treated with imiquimod 4 

times. Neutrophils recruited to the skin were detected by immunohistochemistry for Ly-

6G/Ly-6C. Red arrows indicate individual neutrophils in the dermis. Black arrows 

indicate clusters of neutrophils (Munro’s microabscesses) at the top of the epidermis. 

Scale bars = 200 µm. 
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Figure S2.5: Topical imiquimod treatment leads to IL-36 mRNA induction and IL-

36α  secretion. Wild type mice (n = 3-5 per time point) were treated with imiquimod 0 

(black circles), 2 (open circles) or 6 (open squares) times. Skin was collected and used for 

4 mm explant cultures or RNA isolation. Relative expression of IL-36α (a), IL-36β (b) 

and IL-36γ (c) mRNA was determined using real-time PCR and the ΔΔCt method with 

GAPDH as the housekeeping gene. (d) Levels of IL-36α secreted into culture medium 

were examined by ELISA. ND, below detection limit. *, P < 0.05; **, P < 0.01; ***, P < 

0.001. 
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Figure S2.6: Imiquimod induces IL-36α but not IL-18 mRNA expression in vitro. 

Human primary keratinocytes were treated with imiquimod at indicated concentrations. 

Cells were harvested at indicated time points and IL-36α and IL-18 mRNA levels 

evaluated using real-time PCR (mean + SD). **, P < 0.01. 
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Figure S2.7: IL-1α  mRNA expression is induced in the imiquimod-model. Wild type 

mice were treated with imiquimod 0 (black circles), 2 (white circles) or 6 (white squares) 

times and expression of IL-1α mRNA examined as described in Fig. 2.4.  
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Figure S2.8: IL-36α KO mice have reduced secretion of IL-18. Wild type (n=5) and 

IL-36α (n=3) KO mice were treated with imiquimod for 4 consecutive days. Mice were 

sacrificed 24 hours after the last application. Medium from explanted skin was examined 

for presence of IL-18 protein by ELISA (mean + SD). **, P < 0.01.  
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Table S2.2: Primers used for genotyping and real-time PCR. 

 

 
  

Protocol Gene/mRNA Primers (5’ – 3’) 
Genotyping Il1f6 GTCACAGTTAAGGCGTTCACC (forward) 

AAGGGCCAGGGCTACTCAC (wild type reverse) 
CTTAATATGCGAAGTGGACCTG (KO reverse) 

 Il1f8 CTTAGGGATTGCTGTCCTTG (forward) 
GTGTTATGATTCGGTTCCCAC (wild type reverse) 
GATAGGTCACGTTGGTGTAG (KO reverse) 

 Il1f9 CTGGGCTATTTGTATCTTCA (wild type forward) 
CACACCTGCTGGTCCAAGTC (wild type reverse) 
GGCGGATTTCTGAGTTGGAG (KO forward) 
GCAGCGCATCGCCTTCTATC (KO reverse) 

Real-time PCR Mouse IL-36α ATCTGGACACTCTTGAGACG (forward, exon 4) 
GAGAGGCTTTTACAGGTTCC (reverse, exon 5) 

 Human IL-36α GACCAGACGCTCATAGCAG (forward) 
CTTTAGCACACATCAGGCAG (reverse) 

 Mouse IL-36β CACTATGCATGGATCCTCAC (forward) 
TGTCTCTACATGCTATCAAGC (reverse) 

 Mouse IL-36γ ATGGACACCCTACTTTGCTG (forward) 
CAGGGTGGTGGTACAAATC (reverse) 

 Mouse IL-1α TGAGTCGGCAAAGAAATCAAG (forward) 
AGTGAGCCATAGCTTGCATC (reverse) 

 Mouse IL-17A TTTTCAGCAAGGAATGTGGA (forward) 
TTCATTGTGGAGGGCAGA (reverse) 

 Mouse IL-18 TGACCCTCTCTGTGAAGGATAG (forward) 
TTTCAGGTGGATCCATTTCCTC (reverse) 

 Human IL-18 TGACTGATTCTGACTGTAGAGATAATG (forward) 
CATACCTCTAGGCTGGCTATCT (reverse) 

 Mouse CXCL1 AGCCACACTCAAGAATGGTC (forward) 
GCCATCAGAGCAGTCTGTC (reverse) 

 Mouse actin CATCACACCCTGGTGCCTA (right) 
CACCAGTTCGCCATGGAT (left) 
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Figure S2.9: Through mutual regulation IL-36α  and IL-1α  maintain psoriasiform 

skin inflammation. Black arrows indicate cytokine interactions. Red arrows indicate 

progression to disease. See text for details. 
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Abstract 

Herpes simplex virus-1 (HSV-1) is a human pathogen that utilizes several strategies to 

circumvent the host immune response. One recently discovered immune evasion 

mechanism employed by HSV-1 is retention of interleukin-1β (IL-1β) in the intracellular 

space. This blocks the pro-inflammatory activity of IL-1β. We report that HSV-1 infected 

keratinocytes actively release the also pro-inflammatory IL-1α; hence, the ability of 

infected cells to signal danger to the surrounding tissue is preserved. The extracellular 

release of IL-1α is independent of inflammatory caspases. In vivo recruitment of 

leukocytes to early HSV-1 micro-infection sites within the epidermis is dependent upon 

IL-1 signalling. Following cutaneous HSV-1 infection, mice unable to signal via 

extracellular IL-1α exhibit an increased mortality rate associated with viral 

dissemination. Hence, we conclude that IL-1α acts as an alarmin essential for leukocyte 

recruitment and protective immunity against HSV-1. This function may have evolved to 

counteract an immune evasion mechanism deployed by HSV-1. 
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Introduction 

Pathogenic microorganisms have evolved to avoid detection by the host in which they 

proliferate. Their immune evasion strategies are essential for establishing infections; 

however, parallel to the pathogens acquiring mechanisms to avoid recognition by the 

host’s immune system, the host co-evolves to continue to sense and eliminate 

microorganisms.  

Herpes simplex virus-1 (HSV-1) is a human pathogen that establishes primary 

and secondary infections of skin and mucosal epithelial cells, and latency in sensory 

nerve ganglia. HSV-1 achieves productive local infection of mammalian cells by 

inhibiting both inflammatory and apoptotic pathways. The virus can spread to the brain or 

internal organs such as the liver and lungs; however, such cases are rare as the host 

normally develops strong and effective immune protection against dissemination of the 

virus 1,2. Complications from HSV-1 infections are typically only observed in immune 

compromised individuals and neonates where the immune system is still developing 3-5. 

However, when either encephalitis or disseminated disease occur the morbidity and 

mortality rates are high. 

Interleukin-1 (IL-1) represents two pleiotropic cytokines, IL-1α and IL-1β, 

essential for both innate and adaptive immune responses Reviewed in 6. IL-1α is expressed in 

high levels in keratinocytes, whereas myeloid cells such as macrophages are a major 

source of IL-1β. Interestingly, while both IL-1α and IL-1β signal through the 

extracellular domain of the transmembrane IL-1 receptor type 1 (IL-1R1), both cytokines 

are initially synthesized as intracellular pro-proteins. The pro-IL-1α and pro-IL-1β can be 

cleaved by the cysteine proteases calpain and caspase-1, respectively 6. Processing of pro-
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IL-1β to the mature IL-1β is required for functional activity and extracellular release of 

the cytokine 6. In contrast, pro-IL-1α is functionally active and may be released from 

dying cells 6. As such it is believed to act as an alarmin; a protein stimulating recruitment 

of inflammatory cells to sites of tissue damage after the protein is released from the dying 

cells 7. It has been shown that necrotic cells release IL-1α in vitro and that these cells can 

recruit neutrophils when administered in vivo 8,9. However, an alarmin function of IL-1α 

during a natural physiological response involving in vivo induced cell death has not been 

reported previously. 

Caspase-1, which cleaves pro-IL-1β, is activated following assembly of 

inflammasomes, multimeric protein complexes activated by microorganisms and tissue 

damage 10. Caspase-4 and caspase-5 (mouse homologue: caspase-11) are functionally 

related to caspase-1, as they also initiate inflammation 10. Interestingly, while many 

activators of the inflammasomes, including pathogens, lead to cleavage and secretion of 

IL-1β, HSV-1 infected cells fail to release IL-1β 11,12, despite inflammasome assembly 

and caspase-1 activation 12-14. In fibroblasts, at least, this appears to be due to degradation 

of IFI16 initiated by the immediate early HSV-1 protein ICP0 and retention of caspase-1 

within actin fibres 12. Hence, HSV-1 appears to elude IL-1β dependent immune responses 

by preventing secretion of IL-1β. The mechanisms whereby IL-1α is released from cells 

are less well understood and whether HSV-1 targets these as an immune evasion strategy 

is unknown. 

Despite extensive studies of HSV-1’s immune evasion strategies in fibroblasts 

and myeloid cells, less is known about how the virus is sensed in epithelial cells in the 

skin and mucosal membranes where it causes tissue damage and blisters through 
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cytopathic effects. We demonstrate here that skin keratinocytes release IL-1α following 

HSV-1 infection in an inflammatory caspase independent manner. This release is 

important for recruitment of leukocytes to the epidermis during the very early stages of 

skin infection. Furthermore, IL-1R1 deficient mice are more susceptible to dissemination 

of the virus and the resulting lethal outcomes. Hence, IL-1α acts as an alarmin signalling 

danger in response to HSV-1 infection. This mechanism may have evolved to counter the 

IL-1β targeting HSV-1 immune evasion strategy. 

 

Results 
 

HSV-1 Infected Keratinocytes Release IL-1α  

HSV-1 evades the inflammatory functions of IL-1β by preventing secretion of the mature 

cytokine 11,12. If a similar immunosuppressive strategy is in place to neutralize the related 

function of IL-1α is unknown. Since keratinocytes express approximately 10-fold more 

IL-1α than IL-1β 15 and refs. therein and are one of the major cell types in which HSV-1 

replicates, we were interested in the role of these cells in signalling danger to the host. 

Using direct and indirect approaches, it has previously been demonstrated that 

keratinocytes release IL-1α following infection with the HSV-1 isolates KOS and F 16,17. 

TLR3 plays an important role in protecting the central nervous system from HSV-1 

infections, presumably thorough detection of double stranded RNA that may be produced 

during the viral life-cycle 18,19. We previously reported that poly(I:C), a synthetic double 

stranded RNA analogue, induced chemokine expression in keratinocytes and that this 

induction is partially dependent upon IL-1α release from the cells 20. As predicted, based 

on these observations, we found elevated levels of IL-1α in medium from cells treated 
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with poly(I:C) (Fig. 3.1a). Similar levels of IL-1α were present in medium from HSV-1 

NS isolate infected human (Fig. 3.1a) and mouse (data not shown) primary keratinocytes 

6 and 24-hours post-infection (Fig. 3.1a). While increased IL-1β levels were detected 

after poly(I:C) treatment, analogous changes in IL-1β levels were not detected after 

HSV-1 infection (Fig. 3.1b). The IL-1β released by keratinocytes in response to poly(I:C) 

has previously been shown to be the inactive pro-IL-1β form 21. Hence, our data 

demonstrates that IL-1α, but not IL-1β, is successfully released from keratinocytes 

infected with the HSV-1 NS isolate.  

 

Released IL-1α  is Derived from a Pre-Formed Pool of Protein 

In agreement with a previous report examining IL-1α mRNA expression in mouse 

keratinocytes infected with the HSV-1 KOS isolate 17, we found that levels of the IL-1α 

mRNA were significantly down-regulated 24 hours post-infection with the HSV-1 NS 

isolate (Fig. 3.1c). The absence of an increase in IL-1α mRNA expression correlating 

with the levels of IL-1α protein detected in the medium (Fig. 3.1a) suggests that the 

released IL-1α is primarily derived from a pre-formed pool of protein. Analyses of 

cellular IL-1α further supported this interpretation, as levels of IL-1α decreased in a time 

and viral titer (MOI) dependent manner (Fig. 3.2a). Significantly higher levels of 

intracellular than extracellular IL-1α (compare Fig. 3.2a to Fig. 3.1a) were detected. This 

likely reflects autocrine functionality of IL-1α leading to internalization and degradation 

of the cytokine following receptor engagement 22 and refs. therein. In summary, our data (Figs. 
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3.1-2) show that pre-formed cellular IL-1α is released into the extracellular milieu in 

response to HSV-1 infection. 

 

Extracellular Release of IL-1α  Precedes Cell Death Execution 

HSV-1 is well known to be cytopathic to epithelial cells, including keratinocytes. We 

found that viability of HSV-1 infected keratinocytes was significantly reduced after 24 

hours (Fig. 3.2b). This loss of viability correlated with loss of membrane potential (Fig. 

3.2c) and activation of the apoptosis executioner caspases-3/7 (Fig. 3.2d). Formation of 

multinucleated giant cells could be detected after 12 hours at MOI < 1 (Fig. 3.2e, MOI 

0.2, block arrows). At the 24-hour time-point most HSV-1 infected cells exhibited clear 

signs of cytopathic effects. However, it is noteworthy that most cells still maintained 

membrane potential as indicated by the exclusion of propidium iodide (Fig. 3.2e). 

Decreased brightness of the Hoechst stain, an indication of apoptosis initiation (Fig. 3.2e, 

red arrow indicates a cell with full brightness), could also be detected in many HSV-1 

infected cells (Fig. 3.2e). 

Interestingly, the apparent mixed cell death events were detected only at time-

points past that at which the first IL-1α was released from the cells (Fig. 3.1a and Fig. 

3.2a). This shows that the release of IL-1α is an active process preceding execution of 

cell death programs. 

 

Release of IL-1α  Correlates with Viral Replication 

The observation that IL-1α is released from cells earlier (Fig. 3.1a and Fig. 3.2a) than the 

cells die (Fig. 3.2b-e) prompted us to examine timing of viral replication in our model 
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system. Viral particles could be detected in culture medium from infected cells as early as 

4 hours post-infection and levels increased over time (Fig. 3.2f). In agreement with this, 

trace levels of the HSV-1 glycoprotein D (gD) could be detected in cells at the 4-hour 

time-point, when cells were infected with the highest viral titer used (Fig. 3.2g). Higher 

levels of HSV-1 gD were observed at later time-points where gD could also be detected 

in cells infected with lower HSV-1 titers (Fig. 3.2g). At the 24-hour time-point the levels 

of HSV-1 gD correlated with the MOI, except for the highest titer used (MOI=2.0). The 

observed lower levels of HSV-1 gD at the latter data point correlated with decreased 

levels of host cell glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and is consistent 

with the reduced viability of cells (Fig. 3.2b) and initiation of cell death (Figs. 3.2c-d). 

The timing of viral protein (Fig. 3.2g) and particle (Fig. 3.2f) production correlated with 

the release of IL-1α (Fig. 3.1a and Fig. 3.2a). Hence, our observations suggest that the 

release of IL-1α is initiated by events associated with replication of HSV-1 in the host 

cell. 

 

HSV-1 Activates Inflammatory Caspases in Keratinocytes 

It has been reported that the inflammasome is activated in response to HSV-1 infection in 

fibroblasts in vitro and in the eye in vivo 13,14. However, keratinocytes have not been 

examined previously. Analyses of the human inflammatory caspases revealed that one or 

more of these were significantly activated 6 hours post-infection (Fig. 3.3). Similar 

observations were made using mouse keratinocytes (data not shown). Therefore, our data 

document that HSV-1 does activate inflammasomes in keratinocytes. 
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HSV-1 Induced Release of IL-1α is Independent of Inflammatory Caspases 

HSV-1 is believed to activate innate immune mechanisms via double stranded RNA 

generated during the viral life-cycle and poly(I:C) has been widely used to simulate these 

responses (e.g. 23,24). Inflammatory caspases have been linked to poly(I:C) induced 

release of pro-IL-1β 21 and IL-36γ 15. Since both poly(I:C) and HSV-1 trigger release of 

IL-1α (Fig. 3.1), we hypothesized that these responses were also dependent upon 

inflammatory caspases. As predicted, we found that poly(I:C) induced release of IL-1α 

could be blocked by a caspase inhibitor specific to the inflammatory caspases (Fig. 3.4a). 

Surprisingly, IL-1α levels in medium from HSV-1 infected wild type cells and cells 

deficient of both caspase-1 and caspase-11, the inflammatory caspases in mice, were not 

significantly different (Fig. 3.4b). This demonstrates that HSV-1 induced IL-1α is 

independent of the inflammatory caspases and further suggests that HSV-1 and poly(I:C) 

activate innate immune mechanisms in keratinocytes through, at least in part, different 

pathways. 

 

IL-1 Signalling Does Not Affect Primary HSV-1 Infection or Onset of Secondary 

Lesions 

To explore the physiological role of HSV-1 induced IL-1α release from skin 

keratinocytes, we employed the flank model of HSV-1 infection. Briefly, in this model 

mice are scratch inoculated with HSV-1 on the skin (primary infection site). From here, 

the virus spreads first through retrograde nerve migration to the dorsal root ganglion, and 

subsequently through anterograde migration back into the skin, where it causes secondary 

skin disease along the affected nerves. At the virus dose utilized here, death may occur 
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from day 10-14 post-infection due to viral dissemination to vital organs such as the brain, 

liver and lungs. Death is sometimes preceded by weight loss (data not shown). Infected 

wild type and IL-1R1 KO mice revealed no strain specific differences in viral titers at the 

primary infection sites 2 days post-infection (data not shown). This demonstrates that 

wild type and the IL-1R1 KO mice are equally susceptible to the primary HSV-1 

infection. Secondary lesions along the sensory nerves started to appear on day 5 in both 

wild type and IL-1R1 KO mice (see below). Total areas of lesions were comparable in 

wild type and IL-1R1 KO mice (data not shown). Hence, HSV-1 appears to spread 

through the nerves of wild type and IL-1R1 KO mice at a similar rate. 

 

Skin Inflammation is Indistinguishable in Processed Full Thickness Skin from HSV-1 

Infected Wild Type and IL-1R1 KO Mice 

IL-1 has pleiotropic effects upon the immune system 6. Therefore, we examined markers 

of immunological activation in full thickness skin, comprising both dermis and 

epidermis, from primary and secondary lesions (Fig. 3.5). IL-1α can activate T cells, 

including γδ T cells, and hence modulate IL-17A expression 25. Surprisingly, there were 

no statistically significant differences between the wild type and the IL-1R1 KO mice in 

terms of TCR δ chain (an indirect measure of γδ T cell numbers) and IL-17A mRNA 

expression (Fig. 3.5a). 

Neutrophils and monocytes/macrophages are among the cell types initially 

recruited to sites of sterile inflammation 26 and refs. therein. IL-1α is known to have neutrophil 

and monocyte targeting pro-inflammatory activity 20,25,27,28 and refs. therein; hence, we 

examined recruitment of these cell types into HSV-1 infected skin of wild type and IL-
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1R1 KO mice using the granulocyte markers Ly6C and Ly6G. Again, we were surprised 

to find no statistically significant differences between wild type and IL-1R1 KO mice 

(Fig. 3.5b). We further examined expression of the pro-inflammatory cytokine IL-6. 

While levels of the IL-6 mRNA were found to vary dramatically from mouse to mouse, 

we observed no statistically significant differences in IL-6 expression between wild type 

and IL-1R1 KO mice (Fig. 3.5c). While these expression analyses are only indirect 

indications of leukocyte recruitment into the skin, they suggest that overall skin 

inflammation was indistinguishable in wild type and IL-1R1 KO mice. 

 

IL-1R1 Signalling is Essential for Spatial Recruitment of Leukocytes to Sites 

Immediately Adjacent to HSV-1 Infected Keratinocytes 

The outcome of the expression analyses (Fig. 3.5) prompted us to examine the 3-

dimensional localisation of inflammation within lesions (Fig. 3.6). As mentioned earlier 

we did not find that external appearances of lesions progressed differently in wild type 

and IL-1R1 KO mice (Fig. 3.6, photographs). Microscopically, however, differences 

between wild type and IL-1R1 KO mice were identified. Primary lesions exhibited 

extensive leukocyte recruitment into the skin and the epidermis was absent (Fig. 3.6a). 

Interestingly, while in wild type mice a dense infiltrate could be detected where the 

epidermis previously was, this inflammation appeared more diffuse in IL-1R1 KO mice 

(Fig. 3.6a). 

To avoid confounding by the potential effects of viral scratch inoculation and 

secondary leukocyte recruitment, we further examined inflammation in and around sites 

of secondary lesions (Fig. 3.6b, boxes) and early secondary infection sites (Fig. 3.6c-d, 
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boxes). The latter had yet to develop into lesions, i.e. the epidermis was intact. 

Interestingly, sites of early epidermal HSV-1 infection, where the virus had not yet 

destroyed the cells (Fig. 3.6c, black line arrows), contained high numbers of leukocytes 

just below the epidermis in wild type mice (Fig. 3.6c, white brackets; magnified in Fig. 

3.6d). Based on morphology, these cells appeared to be primarily neutrophils and 

macrophages (Fig. 3.6d). These cell populations were greatly reduced in IL-1R1 KO 

mice (Fig. 3.6c-d, white brackets). It is noteworthy that the timing of leukocyte 

recruitment in vivo to infected sites, before destruction of the epidermis (Fig. 3.6c-d), 

correlates with the release of IL-1α from infected keratinocytes before detectable cell 

death (Figs. 3.1-2). Hence, in vivo release of IL-1α from HSV-1 infected cells appears to 

play an essential role in spatial recruitment of leukocytes to sites immediately adjacent to 

the HSV-1 infection; in particular, the very early stages of infection before and/or during 

cell death and tissue damage.  

 

IL-1R1 Provides Protection Against Lethal Outcomes of HSV-1 Skin Infection 

HSV-1 infections can lead to serious complications with a potential fatal outcome 3-5. 

Therefore, we examined the prospective mortality rates of wild type and IL-1R1 KO mice 

following flank HSV-1 infection. Approximately 25% of the wild type mice died from 

the infection during a 16-day period (Fig. 3.7a). The median survival time of the IL-1R1 

KO mice was only 13 days (Fig. 3.7a) and approximately only 40% of the mice were 

alive at day 16. This represents a statistically significant reduction in survival of the IL-

1R1 KO mice compared to wild type mice and demonstrates that IL-1R1 signalling plays 

an important role in protecting the host against HSV-1 infections. 



	   107	  

Both IL-1α and IL-1β can signal via IL-1R1. While IL-1α is active in its pro-

form, IL-1β requires processing (e.g., by caspase-1) for functional activity and can be 

released from pyroptotic cells in a caspase-11 dependent manner 6,29 and refs. therein. Mice 

deficient of the inflammatory caspases, caspase-1 and caspase-11, exhibited the same 

survival rate as wild type mice (Fig. 3.7b). Consequently, a role for inflammatory caspase 

dependent IL-1β in IL-1R1 mediated protection (Fig. 3.7a) can be excluded. Hence, our 

data suggest that the protection conferred by IL-1R1 is due to IL-1α engagement. 

 

Wild Type and IL-1R1 KO Mice Exhibit Similar Symptoms of Disease 

It has previously been reported that TLR3 deficient mice have an increased HSV-2 

infectivity of astrocytes 19. The same study indicated that the TLR3 KO mice developed 

constipation, bladder retention and paralysis following vaginal infection with HSV-2 19. 

In our flank model, HSV-1 infected mice developed a severe bowel dysfunction 

syndrome without any bias towards either strain (data not shown). We did not find 

bladder retention to be associated with HSV-1 infection, nor did we observe paralysis. 

Weight differences of wild type and IL-1R1 KO survivors at the end of the experiment 

(day 16, Fig. 3.8a) were not statistically significant. The wild type and IL-1R1 KO 

moribund mice, although their average weight was lower than that of survivors, also had 

similar weights (Fig. 3.8a). Furthermore, serum IL-6 levels were comparable in moribund 

wild type and IL-1R1 KO mice (data not shown). Hence, IL-1R1 KO mice appear to 

develop disease similar to that of wild type mice. 

 



	   108	  

IL-1R1 Deficiency Increases Viral Dissemination to Multiple Organs, but Not 

Susceptibility to Infection of the Organs Themselves 

To better understand the nature of the increased mortality of the IL-1R1 KO mice, viral 

loads in organs from moribund mice were determined. Somewhat expected given the 

neurotropic behaviour of the HSV-1 NS strain, HSV-1 could be detected in the brains of 

moribund mice (Fig. 3.8b). However, we did not observe a statistically significant 

difference in brain viral burden between wild type and IL-1R1 KO mice (Fig. 3.8b).  

In humans, HSV can cause disseminated disease involving internal organs such as 

the lungs and liver 3-5. It also has been reported that different strains of HSV can 

proliferate in the spleens of infected mice 30,31. Here, we detected HSV-1 in the lungs, 

liver and spleen of moribund wild type and IL-1R1 KO mice (Fig. 3.8b). Interestingly, no 

trends toward statistically significant differences in viral titers between wild type and IL-

1R1 KO mice were detected (Fig. 3.8b). Since wild type and IL-1R1 KO mice exhibit 

similar biodistribution of HSV-1 following flank infection (Fig. 3.8b), our data 

demonstrate that IL-1R1 does not regulate susceptibility to infection in target organs per 

se. Instead, the protective function of IL-1R1 (Fig. 3.7a) appears to be mediated by 

limiting viral dissemination from the skin or nerves to other organs, i.e. more IL-1R1 KO 

than wild type mice succumb to fatal disease (Figs. 3.7a and 3.8).  

 

Discussion 

IL-1α is believed to be an alarmin as the protein is released from dying cells and has pro-

inflammatory properties 7,9; however, direct documentation of this function in vivo has 

been elusive. Our data demonstrate that the cytopathic HSV-1 triggers extracellular 
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release of IL-1α, but not IL-1β, by keratinocytes from a pre-formed pool of the cytokine 

(Figs. 3.1-2). During in vivo HSV-1 infection IL-1R1 signalling is required for 

recruitment of leukocytes to sites immediately adjacent to infected cells in the epidermis 

(Fig. 3.6), a tell-tale sign of alarmin activity 7. Hence, our study demonstrates, for the first 

time, the function of IL-1α as an alarmin during viral skin infections. 

Only microorganisms that avoid detection by the host’s immune response succeed 

as pathogens. HSV-1 has developed several immune evasion strategies; one of which 

involves blocking the function of caspase-1 and extracellular release of the pro-

inflammatory mature IL-1β 11,12. The ability of HSV-1 infected keratinocytes to release 

the alarmin IL-1α preserves the capacity of the infected cells to communicate the present 

danger and may represent an evolutionary adaptation of the host to counter viral immune 

evasion strategies. Such co-evolution of the host may explain why most HSV-1 infections 

are self-limiting and typically only immune deficient individuals are at risk of developing 

serious complications such as disseminated disease and encephalitis 3-5. 

Cells can die through many different pathways and mechanisms. As of 2012, 

there were at least 12 biochemically distinct types of cell death 32. HSV-1 is cytopathic to 

keratinocytes; however, the process of cell death remains unclear. It has been reported 

that HSV-1 initiates apoptosis in the early stages of cell infection 24,33-37. However, as the 

viral cycle progresses the virus expresses proteins involved in blocking the execution of 

apoptosis 24,33-37. The latter is believed to be an immune evasion mechanism 24,33, and the 

initiated cell death may in fact be part of the host’s response aimed at eliminating the 

infection 24,33-37. Similarly, autophagy and necroptosis may be initiated and inhibited by 

HSV-1 24,38. We previously reported that poly(I:C), a double stranded RNA analogue 
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often utilized to mimic viral infections 23,24, activates pyroptosis in keratinocytes 15. 

Pyroptosis is an inflammatory form of programmed cell death dependent upon the 

inflammatory caspases. We here found that poly(I:C) triggered IL-1α release was 

inflammatory caspase dependent (Fig. 3.4a). Surprisingly, extracellular IL-1α 

accumulation induced by HSV-1 was independent of the inflammatory caspases (Fig. 

3.4b). This could suggest that the initiating events are different, e.g. poly(I:C) engages 

TLR3 21 whereas HSV-1 activates IFI16 39. Alternatively, the activating event leading to 

extracellular release of IL-1α is the same and the differential requirement for 

inflammatory caspases is due to the ability of HSV-1 to modulate the inflammasome 

pathway 11,12 leading to divergence of the pathways. Cellular release of IL-1α correlated 

with viral replication (Fig. 3.2f-g) and IL-1α appeared in cell culture medium prior to 

detectable signs of cell death (Figs. 3.1-2). However, while the release of IL-1α appears 

to precede cell lysis, it may still be linked to cell death as an early, programmed, step of 

self-destruction. Further studies will be required to elucidate how keratinocytes die and 

release IL-1α following infection with HSV-1. 

Recruitment of immune cells to sites of infection is a pre-requisite for initiation of 

adaptive immunity. We found that IL-1α•IL-1R1 signalling promotes leukocyte 

placement next to HSV-1 positive cells in the skin (Fig. 3.6). In addition, IL-1R1 is 

crucial for preventing lethal systemic disease (Figs. 3.7a and 3.8), indicating a role in 

regulating protective immunity. IL-1R1 is the receptor for both IL-1α and IL-1β. IL-1β 

must be proteolytically processed, for example, by caspase-1 6, and undergo 

unconventional protein secretion in a frequently caspase-11 dependent manner 29 and refs. 

therein. Ablation of caspase-1 and caspase-11 did not affect survival of mice in our 
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experimental system (Fig. 3.7b). This excludes caspase-1/caspase-11 dependent IL-1β 

release from contributing to the observed IL-1R1 protective function (Fig. 3.7a). 

However, alternative pathways, e.g., caspase-8 40 and cathepsin C 41, for IL-1β activation 

have been discovered in recent years. Yet, HSV-1 infected fibroblasts and macrophages 

fail to release processed IL-1β due to a poorly understood mechanism deployed by the 

virus 11,12. In addition, we observed that keratinocytes do not secrete IL-1β in response to 

HSV-1 (Fig. 3.1b). Hence, IL-1β release from HSV-1 infected cells appears unlikely as a 

contributing factor in our infection model.  

It remains a possibility that caspase-1/caspase-11 independent release of IL-1β 

from non-HSV-1 infected cells, for example, in response to tissue damage caused by the 

virus, could contribute to the here reported IL-1R1-dependent survival (Fig. 3.7a). A 

definitive conclusion regarding the possible role of IL-1β in this system will require use 

of IL-1α and IL-1β KO mice. Such studies may also reveal the specific mechanism(s) of 

IL-1R1-dependent protective immunity against HSV-1. Evolutionary development of 

multiple pathways for IL-1β activation may represent host counter measures for viral 

immune evasion strategies.  

Inhibition of IL-1 signalling via transgenic over-expression of the IL-1 receptor 

antagonist, IL-1Ra, has been shown to protect against ocular damage caused by HSV-1 

strain RE infection 42. This protective effect was mediated via a reduction in neutrophil 

recruitment and angiogenesis 42. In HSV-1 strain NS infected skin we observed a 

dramatic influx of neutrophils in advanced lesions (Fig. 3.6), and it is very likely that the 

recruited neutrophils contributed to the tissue damage leading to skin lesions (Fig. 3.6). 

However, we did not detect differences in lesion development and progression between 
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wild type and IL-1R1 KO mice (Fig. 3.6 and data not shown). As discussed above, the 

immune system has several levels of apparent redundancies built into it to counter 

immune evasion mechanisms developed by pathogens. Since the eye is an immune 

privileged site there may be less redundancy in the pro-inflammatory mechanisms here 

compared to non-privileged sites such as the skin. Consequently, a tissue protective effect 

of inhibiting IL-1•IL-1R1 signalling may be more readily detected in an immune 

privileged site, e.g. the eye, with fewer pro-inflammatory pathways. 

Here, our reported data demonstrate that keratinocytes are capable of signalling 

danger to the surrounding tissue via IL-1α (Fig. 3.1). This alarm signal is essential for 

recruitment of leukocytes to sites of infection (Fig. 3.6), and development of protective 

immunity (Fig. 3.7). Future studies exploring how IL-1α is released from infected cells 

and how this cytokine supports immune functions may lead to novel immune 

enhancement strategies for immunocompromised patients with, or at risk of, disseminated 

disease and/or encephalitis. 

 
 
  

Methods 

Cell Cultures and Protein Extracts 

Human (Life Technologies) and mouse (isolated in-house) neonatal primary 

keratinocytes were maintained as described elsewhere 20. African green monkey kidney 

epithelial cells (Vero) were maintained in DMEM (Life Technologies) supplemented 

with 50 mM HEPES, 2 mM glutamine, 5% fetal bovine serum and 10 µg ml-1 

gentamicin.  
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Cellular protein extracts were prepared by freeze-thawing cells three times in M-

PER Mammalian Protein Extraction Reagent (Thermo Scientific) supplemented with 1% 

Mammalian Cells Protease Inhibitor Cocktail (Sigma-Aldrich) and 10 mM EDTA.  

 

Production of Virus and Infections 

The clinical HSV-1 isolate NS (kindly provided by Dr. Harvey M. Friedman) was 

produced in Vero cells. Viral titers were determined by plaque assays. Briefly, 10-fold 

serial dilutions were prepared on ice in DMEM serum free medium. Vero cells were 

grown in a 12-well plate and washed with phosphate saline buffer (PBS) with calcium 

and magnesium immediately before infection. Subsequently, cells were incubated with 

200 µl virus from the serial dilutions at 37°C for 1 hour. After incubation, the cells were 

washed and overlayed with 1 ml per well of a 1:1 mixture of 2-fold medium (DMEM low 

glucose powder (Sigma) with supplements) and 1.2% low melting temperature agarose. 

Plaques were counted approximately 48 hours post-infection.  

For experimental infections, cells were incubated with viral multiplicity of 

infection (MOI) as indicated for 1 hour in serum/protein free medium. Cells were rinsed 

with PBS before addition of virus free complete culture medium. Cells and conditioned 

medium were collected at the indicated time points.  

 

Detection and Imaging of Cell Death and Viability 

Lactate dehydrogenase (LDH) in cell culture medium was measured using the 

Cytotoxicity Detection Kit (Roche) according to the manufacturer’s instructions. 

Caspase-3/7 activity and cell viability (intracellular ATP) was monitored using the 
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Caspase-Glo 3/7 and CellTiter-Glo, respectively, luciferase assay systems (Promega) 

following the manufacturer’s instructions. 

For imaging, cells were cultured on glass bottom dishes (MatTek) coated with rat 

tail collagen type I (BD Biosciences). Nuclei were sequentially stained with Hoechst 

33342 and propidium iodide (ImmunoChemistry Technologies). 

 

Inflammatory Caspase Activity and Inhibition 

Activation of the human inflammatory caspases, caspase-1, -4 and -5 (mouse homologues 

caspase-1 and -11) was monitored using FAM-YVAD-FMK according to the 

manufacturers (ImmunoChemistry Technologies) instructions. Inflammatory caspases 

were inhibited with Caspase-1 Inhibitor VI (EMD Biosciences). The inhibitor was 

solubilized in DMSO (vehicle control) and added to cultures 30 min prior to stimulation 

with medium only or poly(I:C) (Sigma-Aldrich). Final concentration of the inhibitor was 

20-50 µM.  

 

Expression Analyses 

Levels of human and mouse IL-1α, IL-1β and IL-6 were determined using appropriate 

species specific ELISAs according to the manufacturers’ (R&D Systems and Peprotech) 

instructions. GAPDH protein levels were determined using a direct ELISA approach as 

previously described 15. Briefly, cell lysates were coated onto 96-well plates and GAPDH 

detected by sequential incubation with rabbit anti-GAPDH (FL-335, 6 pg ml-1) (Santa 

Cruz Biotechnology), goat anti-rabbit IgG-HRP (250 ng ml-1, Santa Cruz Biotechnology), 

and ABTS chromogen (Thermo Scientific). 
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RNA was isolated from cell cultures using RNeasy (Qiagen) according to the 

manufacturer’s instructions. Skin was homogenized in QIAzol using a Bio-Gen PRO200 

homogenizer equipped with interchangeable Multi-Gen 7XL probes (PRO Scientific) and 

RNA isolated using RNeasy Plus Universal kit (Qiagen) according to the manufacturer’s 

instructions. RNA was reverse transcribed as described elsewhere 28. Analyses of human 

and mouse IL-1α and GAPDH mRNAs were performed as previously described 20,27. The 

following primers were used for analyses of gene expression in mouse skin:  

mTCR delta-forward, 5’-GGAGACTACGGTTCCTGAAAG-3’;  

mTCR delta-reverse, 5’-AAATGTGGTGGTGAAGGGT-3’;  

mIL-17A-forward, 5’-TTTTCAGCAAGGAATGTGGA-3’;  

mIL-17A-reverse, 5’-TTCATTGTGGAGGGCAGA-3’;  

mIL-6-forward, 5’-GATGGATGCTACCAAACTGG-3’;  

mIL-6-reverse, 5’-TCTGAAGGACTCTGGCTTTG-3’;  

mLy6c1-forward, 5’-GGATGGACACTTCTCACACTAC-3’;  

mLy6c1-reverse, 5’-GCAGTCCCTGAGCTCTTTC-3’;  

mLy6G-forward, 5’-GCACATGAAAGAGGCAGTATTC-3’;  

mLy6G-reverse, 5’-GAGACATTGAACAGCACACATAG-3’.  

Relative expression was calculated using GAPDH as the internal housekeeping gene and 

the comparative ΔΔCt method as previously described 28.   

Equal volumes of cellular protein extracts were separated by SDS-PAGE and 

transferred to PVDF membranes. The membranes were blocked with 5% milk-protein 

and HSV-1 proteins detected using serum (1/100 dilution) from mice infected with HSV-

1. GAPDH (detected with FL-335) was used as the loading control. 
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In Vivo HSV-1 Infections 

C57BL/6, IL-1 receptor type 1 (IL-1R1) KO and caspase-1/11 (inflammatory caspases) 

KO mice were obtained from Jackson Laboratory and bred in house under specific 

pathogen free conditions. Both KO strains were on the C57BL/6 genetic background. The 

Temple University Institutional Animal Care and Use Committee approved all animal 

procedures. Male and female mice of ages 7-12 weeks were used. Mice were matched for 

age and sex in each individual experiment. Mice were denuded the day before infections. 

Mice were scratch inoculated with 1.5 × 106 PFU HSV-1 on the right flank. Development 

of secondary lesions along the sensory nerves was photo-documented and lesion sizes 

determined using ImageJ. Blood was collected by cardiac puncture immediately after 

euthanasia. 

 

Titration of HSV-1 in Tissue 

Primary infection sites were collected using 8 mm biopsy punches. Each lesion was 

divided in two and one half used for DNA isolation. Organs were frozen and crushed into 

a powder with autoclaved mortar and pestle over dry ice. DNA was extracted from skin 

and organs using the DNeasy Blood & Tissue kit from Qiagen according to the 

manufacturer’s instructions. Viral titers at the primary infection sites and organs were 

determined using equal amounts of total DNA and quantitative real-time PCR with the 

primer/probe set 5’-CGACCAACTACCCCGAT-3’ (forward primer), 5’-

CACTATGACGACAAACAAAATCAC-3’ (reverse primer) and VIC-

CAGTTATCCTTAAGGTCTC-MGBNFQ (probe). PCR amplification was performed 
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using TaqMan Gene Expression Master Mix (Applied Biosystems) on an Eppendorf 

Realplex2 Mastercycler for primary infection site analysis, and an Applied Biosystems 

StepOnePlus Real-Time PCR System for organ tissue analysis.  

 

Histology and Immunohistochemistry 

Mouse skin was fixed in 4% formaldehyde, buffered in phosphate-buffered saline, and 

processed for standard hematoxylin-eosin (H&E) staining at the Histotechnology Facility 

(Wistar Institute). For immunohistochemistry, paraffin sections were deparaffinized in 

xylene and passed through decreasing concentrations of alcohol.  Sections were 

microwaved in 10 mM Sodium Citrate (pH 6.0) then allowed to cool to room 

temperature.  Slides were treated with 3% hydrogen peroxide followed by blocking with 

5% goat serum, 20% egg whites, and biotin solution (Vector). HSV-1 was detected using 

serum collected 8 days post-HSV-1 infection of wild-type mice. Serum was added as 

primary antibody and incubated at room temperature for 1 hour.  ECL anti-mouse IgG, 

horseradish peroxidase linked whole antibody (GE Healthcare) was used as secondary 

antibody and allowed to incubate for 30 minutes at room temperature.  Bound antibodies 

were visualized with DAB Plus substrate and chromogen (Ultravision Plus Detection 

System, Thermo Scientific). Slides were mounted with Shandon-Mount (Thermo 

Scientific).  

 

Image Acquisition 

Images were acquired using an Olympus BX60 microscope equipped with Olympus 

10x/0.25 and 40x/0.65 lenses and fluorescence capability. Digital acquisition was 
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achieved using SPOT Insight camera (2 mega sample) and software (version 4.5) from 

Diagnostic Instruments. Imaging processes were Mac operated at room temperature. 

 

Statistical Analyses 

Statistical significance was determined using t, Mantel-Cox and Gehan-Breslow-

Wilcoxon tests. Data are shown as arithmetic means ± standard deviations (s.d.) unless 

specified otherwise. All experiments were performed at least 3 times with similar 

outcomes. 
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Figures 

 

 

Figure 3.1 ⏐  HSV-1 infected keratinocytes 
release IL-1α . Primary human keratinocytes 
were treated with medium only, 25 µg ml-1 
poly(I:C), or HSV-1 as indicated. After one 
hour cells were rinsed with PBS and fresh 
medium without agents was added. Cultures 
were allowed to incubate further for 1 (white 
bars), 2 (grey), 6 (striped) or 24 (black) hours 
before conditioned medium (a-b) and cells 
(c) were collected. (a-b) Extracellular levels 
of IL-1α (a) and IL-1β (b) protein (in the 
culture medium) were determined by ELISA. 
(c) IL-1α mRNA levels were determined 
using the ΔΔCt method with GAPDH as the 
internal reference gene and medium only 
treated cells as the external reference point. 
Data points (n = 2) are means ± s.d. from one 
representative experiment of at least 3 
independent experiments with similar 
outcomes. *, P < 0.05 (compared to medium 
only); **, P < 0.01.  
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Figure 3.2 ⏐  IL-1α  release from cells precedes cell death and correlates with HSV-1 
replication. Mouse (a-d and f-g) and human (e) keratinocytes were treated with 
poly(I:C) or infected with HSV-1 as described in Fig. 3.1 and indicated in each panel. (a) 
Cellular levels of IL-1α and GAPDH were determined by ELISA. Cellular IL-1α levels 
are shown standardized against levels of GAPDH. (b) Viability of cells was determined 
by measuring intracellular levels of ATP. (c) Loss of membrane potential was measured 
via levels of lactate dehydrogenase (LDH) in the culture medium. (d) Activity of the 
apoptosis executioner caspases-3/7 was determined enzymatically. (b-d) Cell 
viability/death readouts were standardized against medium only treated cells at the 
equivalent time-point. (e) HSV-1 cytopathic effects were detected using brightfield and 
fluorescence microscopy and nuclear staining with Hoechst and propidium iodide. A 
giant multinucleated cell containing 4 nuclei is outlined. Additional giant multinucleated 
cells containing > 2 nuclei are indicated with white block arrows. Horizontal red line 
arrow indicates a cell with full Hoechst stain brightness surrounded by cells with reduced 
brightness. White line arrows indicate cells at different stages of nuclear condensation 
associated with apoptosis. Representative images from 2 independent experiments are 
shown. (f) Numbers of virus particles in the cell culture medium were determined by 
quantitative PCR. (g) Equal volumes of cellular protein extracts were examined by 
Western blotting. The HSV-1 protein gD was detected using serum from HSV-1 infected 
mice. Levels of host cell proteins were indicated by detection of GAPDH (rabbit anti-
GAPDH, FL-335). Two independent samples per time-point and treatment are shown. (a-
d and f) Data points (n = 2) are means ± s.d. from one representative experiment of at 
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least 3 independent experiments with similar outcomes. *, P < 0.05 (compared to medium 
only); **, P < 0.01; ***, P < 0.001. 

  



	   129	  

 

 

 

 

 

Figure 3.3 ⏐  Inflammatory caspases are activated in HSV-1 infected keratinocytes. 

Human keratinocytes were treated with vehicle or HSV-1. After 6 hours cells were 

incubated for 2 hours with a fluorescent probe for the active site of the inflammatory 

caspases 1, 4 and 5. Unbound probe was removed by washing the cells with fresh 

medium and activated inflammatory caspases visualized using a fluorescence microscope 

(a, representative images shown) or quantified using a plate reader (b, means ± s.d.). ***, 

P < 0.001 (compared to medium only). One representative experiment of 3 independent 

experiments is shown.  
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Figure 3.4 ⏐  Poly(I:C), but not HSV-1, stimulates release of IL-1α in an 

inflammatory caspase dependent manner. (a) Human primary keratinocytes were pre-

treated with vehicle (white bars) or an inflammatory caspase specific inhibitor (black 

bars) for 30 min. before addition of medium or 25 µg ml-1 poly(I:C). Culture medium was 

collected after 12 hours and IL-1α levels determined by ELISA. (b) Mouse primary 

keratinocytes isolated from wild type (white bars) and inflammatory caspase deficient 

(black bars) mice were infected with HSV-1 (0.2 MOI) as described in Fig. 3.1. Control 

cells were treated with medium only. IL-1α released into the culture medium 24 hours 

post-infection was quantified using a mouse IL-1α specific ELISA. (a and b) Data points 

(n = 3) represent means ± s.d. Each experiment was repeated at least twice with similar 

outcomes. *, P < 0.05 (compared to medium only); **, P < 0.01. 
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Figure 3.5 ⏐Skin inflammation 
appears indistinguishable in processed 
full thickness skin from HSV-1 
infected wild type and IL-1R1 KO 
mice. Wild type (black circles) and IL-
1R1 KO (white boxes) mice (n=4-7 per 
group) were infected with 1.5 x 106 PFU 
HSV-1 on flank skin. Five days post-
infection the primary and secondary skin 
lesions were collected separately and 
expression of cell type marker (TCR δ 
chain (a), Ly6C and Ly6G (b)) and 
cytokine (IL-17A (a) and IL-6 (c)) 
mRNAs examined by real-time RT-PCR. 
The mRNA levels were standardized 
against GAPDH and expressed as fold 
change as described in Fig. 3.1. 
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Figure 3.6 ⏐  IL-1R1 controls spatial leukocyte recruitment to the epidermis during 
HSV-1 infection. Wild type and IL-1R1 KO mice were scratch inoculated with 1.5 x 106 
PFU HSV-1. Five days post-infection primary infection sites (a, white arrows), advanced 
secondary lesions (b, boxes), and early secondary infection sites (c-d, boxes) were 
collected, fixed and examined by hematoxylin-eosin (H&E) staining. (c) Consecutive 
tissue sections were additionally stained with HSV-1 antiserum (HSV-1) or secondary 
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antibody only (HSV-1 negative). (c) White and black brackets indicate positions of sub-
epidermal and -cutaneous leukocyte infiltration, respectively. Black line arrows 
demarcate borders of early secondary infection sites. Black block arrows indicate centres 
of early secondary infection sites. Representative images from one of two experiments 
are shown (n = 3-5 per group per experiment). Black scale bars = 100µm. White scale bar 
= 10µm.  



	   134	  

 

 

Figure 3.7 ⏐  IL-1R1, but not inflammatory caspases, provides protection from 

lethal outcome of HSV-1 infection. Wild type (black lines, a and b), IL-1R1 KO (dotted 

line, a) and inflammatory caspase KO (dotted line, b) mice were infected with 1.5 x 106 

PFU HSV-1 on the flank and survival monitored for 16 days. Data shown are pooled 

from 4 (a) and 3 (b) independent experiments. n indicates the total number of mice per 

strain used. **, P < 0.01; #, P > 0.05. 
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Figure 3.8 ⏐  Moribund wild type and IL-1R1 KO mice exhibit similar 
biodistribution of HSV-1. Wild type (circles, n = 19) and IL-1R1 KO (squares, n = 14) 
mice were infected with 1.5 x 106 PFU HSV-1 and weight and behaviour monitored for 
up to 16 days. Moribund mice were identified based on a dramatic and abnormal decrease 
in activity and euthanized before collection of tissues. (a) Weight at the end of the 
experiment (day of euthanasia for moribund mice and day 16 for survivors) is represented 
as percentage of weight at the beginning of the experiment. (b) HSV-1 viral loads were 
determined by qPCR in moribund mice. Grey boxes indicate the limit of detection. Each 
colour represents a single mouse. Data shown are pooled from two independent 
experiments.  
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Supplementary Information 
 
 
 
 
 

 
 
 

 

Supplementary Figure S3.1 |  IL-1α  is released from mouse keratinocytes infected 

with HSV-1. Mouse primary keratinocytes were treated with medium only or infected 

with HSV-1 as indicated and described in Fig. 3.1. Extracellular levels of IL-1α were 

determined by ELISA after 3 (white bars), 6 (grey), and 24 (black) hours. Data points (n 

= 2) are means ± s.d. from one representative experiment of at least 2 independent 

experiments with similar outcomes. *, P < 0.05 (compared to medium only, t-test); **, P 

< 0.01. 
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2g 

 
 
 
Supplementary Figure S3.2 |  Full Western blots relating to Figure 3.2g. 
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Supplementary Figure S3.3 |  HSV-1 activates inflammatory caspases in mouse 

keratinocytes. Mouse primary keratinocytes were infected with vehicle (a) or HSV-1 (b) 

and activation of inflammatory caspases visualized as described in Fig. 3.3. 

Representative images from two independent experiments are shown. Scale bars = 200 

µm. 
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Supplementary Figure S3.4 |  Fatal outcome of HSV-1 infection may be preceded by 

weight loss. Wild type mice (n = 20) were scratch inoculated with 1.5 x 106 PFU HSV-1 

on the flank and weight monitored daily. Changes in weight are expressed as percentage 

of initial weight at day 0 (means ± s.d.). Data is shown from two independent 

experiments. ***, P < 0.001 (t-test). 
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Supplementary Figure S3.5 |  Wild type and IL-1R1 KO mice have similar HSV-1 

titers in primary infection sites 2 days post-infection. Wild type and IL-1R1 KO mice 

(n = 3 per group) were infected with HSV-1 by flank skin scratch inoculation and skin 

collected two days post-infection. DNA was isolated from the skin and levels of HSV-1 

determined by qPCR. Data points represent mean ± s.d. No statistically significant 

difference was identified (t-test). 
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Supplementary Figure S3.6 |  Lesion sizes progress in a similar manner in wild type 

and IL-1R1 KO mice. Wild type (white bars) and IL-1R1 KO (black bars) mice (n = 4 

per group) were scratch inoculated with HSV-1 on the flank. Progression of primary and 

secondary skin lesions was photographically documented and quantified using Image J. 

Data points represent mean ± s.d. from one of 3 experiments with similar outcomes. No 

statistically significant differences (#, P > 0.05) were identified (t-test). 
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Supplementary Figure S3.7 |  Wild type and IL-1R1 KO mice develop similar bowel 

dysfunction syndrome. Wild type and IL-1R1 KO mice were scratch inoculated with 

HSV-1 on the flank skin. A severe bowel dysfunction syndrome was observed in both 

wild type and IL-1R1 KO mice. Images are representative of greater than 20 mice. White 

arrows point towards the bladders.  
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Supplementary Figure S3.8 |  Moribund wild type and IL-1R1 KO mice have similar 

serum IL-6 levels. Wild type (white circles) and IL-1R1 KO (black circles) mice were 

infected with HSV-1. Serum was collected from moribund mice and IL-6 levels 

determined using ELISA. Not statistically significant difference was detected (t-test). 
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Abstract 

Interleukin-36 (IL-36) represents three cytokines, IL-36α, IL-36β and IL-36γ, encoded by 

separate genes that likely arose by gene duplication. The IL-36s binds to the same 

receptor, IL-1RL2, but their physiological function(s) remain poorly understood. 

Previously, we reported that the antiviral drug imiquimod induces skin inflammation in 

an IL-36α dependent, but IL-36β and IL-36γ independent, manner. Since imiquimod can 

be used to treat skin disease caused by herpes simplex virus-1 (HSV-1), we here 

examined the role of the IL-36s in immunity against the virus using the flank skin 

infection mouse model. Mice deficient of IL-36β, but not IL-36α or IL-36γ, succumbed 

more frequently to HSV-1 infection than wild type mice. Furthermore, IL-36β-/- mice 

developed larger zosteriform skin lesions along infected neurons. Expression analyses 

revealed increased levels of IL-36α and IL-36β mRNA in infected skin, while 

constitutive IL-36γ levels remained largely unchanged. In human keratinocytes, IL-36α 

mRNA was induced by HSV-1, while IL-1β and TNFα increased all three IL-36 

mRNAs. The dominant alternative splice variant of human IL-36β mRNA was isoform 2, 

which is the ortholog of the known mouse IL-36β mRNA. Levels of HSV-1 specific 

antibodies, CD8+ cells and IFNγ-producing CD4+ cells were statistically equal in wild 

type and IL-36β-/- mice, suggesting similar initiation of adaptive immunity in the two 

strains. This correlated with the time at which HSV-1 genome and mRNA levels in 

primary skin lesions started to decline in both wild type and IL-36β-/- mice. Our data 

indicate that IL-36β has previously unrecognized functions that protect against HSV-1 

infection. 
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Importance 

The IL-36 cytokines are immune modulators that in recent years have been linked to 

chronic inflammatory conditions, e.g., plaque and generalized pustular psoriasis. As such, 

they represent new drug targets. However, the normal physiological function(s) of these 

cytokines remain poorly understood. Understanding these functions is essential, if the IL-

36 cytokines are to be safely neutralized for therapeutic purposes. Here we examined the 

role of IL-36α, IL-36β and IL-36γ in immunity against HSV-1, which is a common 

pathogen present in greater than 80% of the population. IL-36β deficient mice were more 

susceptible to lethal outcome of HSV-1 infection, and developed larger zosteriform skin 

lesions. Adaptive immune responses in the IL-36β-/- mice were normal; thus, IL-36β 

appears to have previously unrecognized functions that are essential for controlling HSV-

1. Our previously published work, in combination with data shown here, increasingly 

suggest that the IL-36 cytokines are not merely redundant to IL-1, but have distinct 

physiological functions.   

 

Introduction 

Herpes simplex virus-1 (HSV-1) is a common human pathogen that is estimated to be 

present in up to 90% of the adult population (1). The virus establishes incurable latent 

infections of neurons and active disease in the skin or mucosa is triggered by, for 

example, stress and immune suppression. During active disease the virus proliferates in 

epithelial cells leading to infectious viral shedding, tissue damage, and formation of 

vesicles and lesions (1). In healthy individuals lesions heal within 1-3 weeks and 

complications are rarely seen. However, in immune compromised patients and neonates 
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the virus may disseminate to the brain, lung and/or liver with potentially fatal outcomes 

(2-6). 

T-cells, NK-cells and antibodies are critically involved in restricting local viral 

replication and dissemination to other sites (1, 7, 8). However, like most pathogens, 

HSV-1 has developed immune evasion strategies to prevent or delay detection by the host 

(9). One such mechanism involves retention of the pro-inflammatory cytokine 

interleukin-1β (IL-1β) within infected cells (10, 11). Interestingly, HSV-1 infected skin 

keratinocytes can still release IL-1α; a response which appears to promote leukocyte 

recruitment to infected cells and provides protection from viral dissemination (12). IL-1α 

and IL-1β are well known to have pleiotropic effects upon the immune system (13). For 

example, they promote inflammation, fever and adaptive immune responses by acting 

through the same receptor, IL-1 receptor type I (IL-1R1) (13).  

The IL-36 cytokines (IL-36α, IL-36β and IL-36γ) were discovered more than 15 

years ago and were immediately recognized as related to IL-1α and IL-1β  due to their 

12-50% sequence homology (14, 15). They were briefly named IL-1 family members 6, 8 

and 9 (IL-1F6, IL-1F8 and IL-1F9), but later renamed under the common name IL-36, in 

part due to their common use of the IL-1R1 related receptor, IL-1 receptor like 2 IL-

1RL2 (16-18). The earlier nomenclature remains unchanged for the mouse genes. The 

proximity of the genes on chromosome 2 in both humans and mice led to the hypothesis 

that they arose by gene duplication (14, 15).  

In both humans and mice there are three genes encoding, respectively, IL-36α, 

IL-36β and IL-36γ. At the amino acid level, these proteins share approximately 15-85% 

sequence similarity (Fig. 4.1). Based on human cDNA sequencing, two alternative splice 
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variants of IL-36γ have been identified and entered in GenBank. Compared to IL-36γ 

isoform 1, isoform 2 lacks a small segment near the N-terminus (Fig. 4.1) due to the 

omission of an exon. Humans may also have two splice variants of IL-36β (Fig. 4.1) with 

isoform 2 being most homologous to IL-36α and IL-36γ (Fig. 4.1). Human IL-36β 

isoform 2 also represents the ortholog of mouse IL-36β (Fig. 4.1). IL-36β isoform 1 

arises from the alternative use of 2 exons down-stream of the most 3’ exon utilized by 

isoform 2. Consequently, the C-terminal half of IL-36β isoform 1 is distinctive from the 

other known IL-36 proteins (Fig. 4.1A, highlighted in red). 

During in vivo viral infections, IL-36 expression is induced in epithelial cells by 

HSV-1 (possibly IL-36α) (14), rhinovirus (IL-36γ) (19) and influenza (IL-36α) (20). 

Further studies have found that expression of the IL-36α and IL-36γ mRNAs is increased 

in lung and skin epithelial cells by a range of TLR ligands, e.g., flagellin, double stranded 

RNA, lipopolysaccharide (LPS), lipoprotein (FSL-1) and zymosan (21-23). LPS has been 

reported to also activate IL-36α and IL-36β expression in monocytes (15). Expression of 

IL-36γ in neutrophils has been reported (24); however, neutrophils recruited to the skin in 

patients with the inflammatory condition generalized pustular psoriasis do not express IL-

36γ (25). In the central nervous system, IL-36β can be expressed by neurons and glia 

cells (26). 

The IL-1 and IL-36 cytokines lack signal peptides for conventional secretion and 

are initially synthesized as cytosolic proteins. IL-1β is translated as a 269-amino acid 

protein that, upon cellular activation, is proteolytically cleaved into the pro-domain (116 

amino acids in man) and the functional receptor-binding domain (153 amino acids). This 

processing promotes extracellular export (13). The IL-1α mRNA is translated into a 271 
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amino acids protein, which has functional activity as both full length and processed forms 

(13). The IL-36 mRNAs encode significantly shorter 157-183 amino acids proteins (Fig. 

4.1A). Thus, the IL-36 cytokines were initially believed to be synthesized directly as 

mature proteins, yet without signal peptides (14, 15). However, the field has struggled 

with the fact that the recombinant proteins exhibit poor activity, i.e., requiring potentially 

non-physiological concentrations to activate responses in cell culture experiments (17, 

26-28). Using bacterially expressed IL-36 cytokines, it was later demonstrated that 

activity is dramatically improved when a few, very specific, amino acids are removed 

from the N-terminus (29). This led to the hypothesis that the IL-36 cytokines require 

proteolytical processing for activation (29). Subsequently, in vitro cleavage by neutrophil 

proteases has been shown (30, 31); however, in vivo processing remains to be 

documented. 

The physiological function(s) of the IL-36 cytokines remain poorly understood. 

Due to increased IL-36α and IL-36γ skin expression and presence of loss-of-function 

mutations in the natural antagonist, IL-36R antagonist (IL-36Ra), the IL-36 cytokines are 

believed to play a pathogenic role in plaque and generalized pustular psoriasis (16, 25, 

32). One such mechanism may involve neutrophil recruitment (25, 32-35). Furthermore, 

in vitro studies suggest that the IL-36 cytokines can stimulate maturation of dendritic 

cells and downstream polarization of naïve T cells towards IFNγ producing Th1 cells (36-

39). This could suggest a role in immune responses directed against microorganisms; yet, 

documentation of such a function has remained elusive (36, 40). Another intriguing 

aspect of the IL-36 cytokines is the presence of three genes encoding proteins acting on 

the same receptor as described above.  
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With the long-term goals of identifying normal physiological functions and the 

purpose of maintaining the IL-36 gene duplication during evolution, we have started 

comparing outcomes of challenging IL-36α-/-, IL-36β-/- and IL-36γ-/- mice. As part of 

these studies, we recently reported that inflammation induced by the antiviral drug 

imiquimod requires IL-36α, but neither IL-36β nor IL-36γ (41). Interestingly, imiquimod 

is sometimes used to treat active HSV skin disease caused by strains resistant to acyclovir 

(42-45). Extending upon our previous studies, we here examined the role of the 

individual IL-36 cytokines during HSV-1 infection using the flank skin mouse model as 

our experimental system. Unexpectedly, we found that mice deficient of IL-36β, but not 

IL-36α, developed more severe disease; however, IL-36β was not essential for initiation 

of adaptive immunity against HSV-1. Hence, IL-36β appears to have previously 

unrecognized functions that protects against the outcome of HSV-1 infection. 

 

Methods 

Virus and Viral Titers. 

Dr. Harvey M. Friedman (University of Pennsylvania, Philadelphia, PA) kindly provided 

the clinical HSV-1 isolate NS (46). Virus was propagated in Vero cells obtained from 

ATCC, Manassas, VA. Viral titers were determined by plaque assays as follows: Virus 

was diluted in 10-fold serial dilutions in DMEM serum-free medium (Invitrogen, 

Carlsbad, CA). Vero cells grown in a 12-well plate were washed with PBS immediately 

before infection. Cells were incubated with 200 µl viral dilutions for 1 hour at 37°C with 

gentle rocking of the plate every 10 minutes. After infection, cells were washed with PBS 

and overlaid with a 1:1 mixture of 1.2% low melting temperature agarose and 2X 
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medium (DMEM low-glucose (Sigma-Aldrich, St. Louis, MO), supplemented with 10% 

fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA) and gentamicin 

(Invitrogen). Plaques were counted approximately 48 hours post-infection.  

 

Mice 

Wild type C57BL/6 and RAG-/- mice were obtained from the Jackson Laboratory, Bar 

Harbor, ME, and bred in-house. The IL-36α-/-, IL-36β-/-, and IL-36γ-/- mice, originating 

from GlaxoSmithKline (NC), The Knockout Mouse Project (UC Davis, CA), and Mutant 

Mouse Regional Resource Center (University of North Carolina, NC), respectively, were 

recently described and have no apparent spontaneous phenotypes (41). IL-36β-/- and IL-

1R1-/-  double knockout (KO) mice were generated by crossing IL-36β-/- mice with IL-

1R1-/- mice. All strains were maintained on the C57BL/6 background. Mice were 

genotyped using ear punches processed as previously described (47). The primers used 

were: Il1f6-forward, 5’ GTCACAGTTAAGGCGTTCACC 3’;  

Il1f6-wild-type-reverse, 5’ AAGGGCCAGGGCTACTCAC 3’;  

Il1f6-KO-reverse, 5’ CTTAATATGCGAAGTGGACCTG 3’; 

Il1f8-forward, 5’ CTTAGGGATTGCTGTCCTTG 3’;  

Il1f8-wild type reverse, 5’ GTGTTATGATTCGGTTCCCAC 3’;  

Il1f8-KO-reverse, 5’ GATAGGTCACGTTGGTGTAG 3’; 

Il1f9-wild-type-forward, 5’ CTGGGCTATTTGTATCTTCA 3’;  

Il1f9-wild-type-reverse, 5’ CACACCTGCTGGTCCAAGTC 3’;  

Il1f9-KO-forward, 5’ GGCGGATTTCTGAGTTGGAG 3’;  

Il1f9-KO-reverse, 5’ GCAGCGCATCGCCTTCTATC 3’;  
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Il1r1-forward, 5’ GAGTTACCCGAGGTCCAGTGG 3’;  

Il1r1-KO-reverse, 5’ GAATGGGCTGACCGCTTCCTCG 3’; and  

Il1r1-WT-reverse, 5’ CCGAAGAAGCTCACGTTGTCAAG 3’. 

 

In Vivo HSV-1 Infections. 

Male and female mice were bred in house in a pathogen-free animal facility and used for 

experiments. Mice were matched for age (7-12 weeks) and sex in each individual 

experiment. All procedures involving mice were approved by the Temple University 

Institutional Animal Care and Use Committee and in compliance with the U.S. 

Department of Health and Human Services Guide for the Care and Use of Laboratory 

Animals. The infection protocol was obtained from Dr. Friedman (48). Mice were 

denuded the day before infections by sequential shaving and epilating cream application. 

Cream was removed by rinsing with water. Scratch inoculations were performed with 1.5 

x 106 PFU HSV-1 on the right flank. Mice were photographed next to a ruler every 

second day. Image pixels were converted to mm using Image J 

(https,//imagej.net/Welcome) and the depicted ruler. Skin lesions were outlined and sized 

in Image J. Blood was collected by cardiac puncture immediately following euthanasia 

and serum stored at -20°C. 

 

Cell Culture and Treatments. 

Pooled human neonatal primary keratinocytes (Thermo Fisher Scientific, Carlsbad, CA) 

were maintained in Defined Keratinocyte Serum Free Medium supplemented with 50 

µg/mL gentamicin (Invitrogen). HaCaT cells (provided by Dr. Meenhard Herlyn, Wistar 
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Institute, Philadelphia, PA) were maintained in Dulbecco’s modified Eagle's medium 

(Thermo Fisher Scientific) supplemented with 10% (vol./vol.) FBS and 50 µg/ml 

gentamicin. Cells were treated with cytokines as previously described (49). 

 

Western Blotting. 

HaCaT cells infected with HSV-1 were detached from growth area and loaded on a 

single-well NuPAGE 10% Bis-Tris gel (Thermo Fisher Scientific) using standard SDS-

PAGE reducing conditions. Proteins were transferred to a PVDF membrane and 

approximately 2 mm wide strips cut from the top to the bottom. Sera from HSV-1 

infected mice were diluted 1:250 in PBS, 1% BSA, 0.05% tween 20, and individually 

probed on a strip each overnight. Strips were washed and developed with anti-mouse Ig 

conjugated with horseradish peroxidase (GE Healthcare Life Sciences, Pittsburgh, PA) 

and enhanced chemiluminescence. 

 

HSV-1 Genome Copy Numbers in Tissue. 

Mouse tissue samples were immediately frozen on dry ice following euthanasia. Primary 

infection sites were collected using 4-mm biopsy punches (Miltex, York, PA). Tissue was 

ground into a powder over dry ice with autoclaved mortar and pestle. DNA was extracted 

from tissue using the Qiagen DNeasy Blood & Tissue kit according to the manufacturer’s 

instructions (Qiagen, Valencia, CA). Viral genome copy numbers were determined using 

quantitative real-time PCR with 500 ng DNA per reaction and the following primer/probe 

set: 5’ CGACCAACTACCCCGAT 3’ (forward primer), 5’ 

CACTATGACGACAAACAAAATCAC 3’ (reverse primer), and VIC-
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CAGTTATCCTTAAGGTCTC-MGBNFQ (probe). TaqMan Gene Expression Master 

Mix (Applied Biosystems, Foster City, CA) was used for PCR amplification on an 

Applied Biosystems StepOnePlus Real-Time PCR System. A DNA standard was 

generated using the above primer pairs and an aliquot of NS. The generated PCR product 

was cloned into the pGEM-T Easy vector (Promega, Madison, WI) and a single cloned 

confirmed by full length sequencing. The plasmid was linearized with PstI restriction 

enzyme and quantified by nanodrop, after which genome copy numbers/µl were 

calculated. Serial dilutions (10-fold) were used to generate a standard curve from 1x107 

copies to 1 copy. 

 

Cloning, Expression and Purification of Recombinant HSV-gD Protein. 

The HSV-1 gD gene sequence (GenBank accession number: SBS69688) was amplified 

from DNA isolated from infected tissue using the primers  

5’ CATGGGGTCCGCGGCAAATATG 3’ and 5’ GAGGACGGCTGGTCGTCTTCC 3’. 

BamHI and EcoRI restriction sites were added to the N and C terminal ends of the gD 

gene by PCR using the primer pair  

5’ AGTAGGATCCCATGGGGTCCGCGGCAAATATG 3’ and  

5’ GAAGGAATTCGAGGACGGCTGGTCGTCTTCC 3’.  

The restriction site flanked gD amplicon was directionally cloned into pHUTA vector 

(50) and confirmed by full length sequencing. The recombinant vector was transformed 

into E. coli BL21 DE3 cells. Overnight cultures were re-inoculated into fresh LB broth 

(1:100) and incubated at 37°C with shaking until an OD of 0.6 was reached. The culture 

was induced with 1 mM isopropyl β-D-thiogalactopyranoside for 5 h. Bacteria were 
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harvested by centrifugation at 10,000 × g for 10 min, resuspended in PBS (pH 7.4) and 

analyzed for expression by Western blot using antibodies against 6x His tag on the 

recombinant protein (Anti his probe-HRP: Santa Cruz Biotechnology, Santa Cruz CA). 

Recombinant gD protein was purified under denaturing conditions by immobilized metal 

affinity chromatography using Ni2+-NTA slurry (Thermo Fisher Scientific) according to 

the manufacturer’s protocol. The purified protein was ascertained by SDS-PAGE, and 

quantified by BCA protein assay against known bovine serum albumin standards. 

 

HSV-1 Glycoprotein D (gD) Direct ELISA. 

Anti-HSV-1 gD titers were measured using 2-fold serial dilutions of sera by indirect 

ELISA. Microtiter plates were coated overnight with 50 µl of 100 µg/ml gD antigen 

solution in coating buffer (0.08M sodium carbonate and 0.02M sodium bicarbonate, pH-

9.6). Coated plates were blocked with 3% bovine serum albumin in PBS at room 

temperature for 3 h. Serially diluted test sera were added to each well and incubated at 

room temperature for 2 h. Wells were washed three times with PBST (PBS + 0.5% 

Tween 20) and incubated with horse radish peroxidase conjugated polyvalent anti-mouse 

Ig antibody for 1 hour in darkness. Wells were developed with 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) substrate. OD values were measured at 492 nm, 

and end-point titers determined as the highest antibody dilution whose mean O.D. was at 

least twice more than the mean O.D. value of the negative control (PBS).  

 

Flow Cytometry. 
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Spleen and the draining inguinal lymph node were harvested from euthanized mice 6 

days post-infection. Organs were pushed through 70um cell strainers (one strainer per 

organ per mouse), into a 50 ml tube and washed with PBS. Spleen cells were treated with 

RBC lysis buffer (eBiosciences, Waltham, MA). Cells were resuspended in 5% FBS/PBS 

and counted by hemacytometer. Cells (1x106) from each organ was plated into a 96-well 

conical bottom plate and spun down. Cells were washed 2 times with 0.1% BSA/PBS. 

Cell pellets were incubated with a 1/40 dilution R-PE labeled H-2Kb SSIEFARL Pro5 

MHC Pentamer (ProImmune, F188-82A-D, Sarasota, FL), for 10 minutes at room 

temperature in the dark. Cells were washed 3 times with 0.1% BSA/PBS, then incubated 

with cocktail containing 1/80 dilution APC-CD3 (eBiosciences anti-mouse CDS APC 

clone: 17A2), 1/200 dilution PeCy7-CD4 (BD Pharmingen rat anti-mouse CD4 

clone:RM4-5, San Jose, CA) and 1/100 dilution FITC-CD8 (ProImmune rat anti-mouse 

CD8 FITC (KT15) IgG2a), for 30 minutes at 4°C in the dark. Cells were washed 3 times 

with 0.1% BSA/PBS and fixed in 2x paraformaldehyde diluted in 0.1% BSA/PBS. 

Cells were evaluated on a BD FACSCanto utilizing FACSDiva software. 1x105 

events were collected for each sample gated on live cells. FlowJo v:10.1r5 was used to 

analyze data. Samples were gated for total cell populations (lymphocytes granulocytes 

and antigen presenting cells) based on SSC vs FSC comparisons on previously ungated 

cells. Sample analysis of CD3+, CD4+, CD8+ populations were gated on singlet cells via 

SSC-W vs SSC-H, followed by further gating on lymphocytes via SSC vs FSC 

comparisons. PerCP-Cy5.5 was utilized as a dump channel to reduce background 

fluorescence in comparisons via PerCP-Cy5.5 vs APC comparisons. For total CD3+, 

CD4+, and CD8+ population comparisons, SSC was compared to APC, PeCy-7, and FITC 
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respectively. Cell percentages were multiplied by total cells counted from organs by 

hemocytometer. For CD8+ pentamer+ analysis, CD3+ cells were gated in SSC vs APC-

CD3 comparisons. Within the CD3+ cell gate, CD4+ and CD8+ cells were evaluated via 

PE-Cy7 vs FITC comparisons. CD8+ cells were gated and gB(498-505) (SSIEFARL) 

specificity was evaluated via PE-pentamer vs CD8+-FITC comparisons.  

 

ELISpot Assays. 

Skin was harvested from euthanized mice 6 days post-infection. Primary lesions were 

excised with 8 mm biopsy punches (Miltex, York, PA). Upper and lower secondary 

lesions were combined per mouse. Skin was incubated, dermis-side down, in Dispase (1 

U/ml, Stemcell, Vancouver, BC, Canada) at 37°C for 90 minutes in a 24-well plate. Skins 

were then incubated in Trypsin/EDTA at 37°C for 30 minutes. Skin was roughly 

homogenized with a scalpel blade and incubated in solution containing 1 mg/ml 

Collagenase A (Roche, Pleasanton, CA) with 40ug/ml DNase I (Roche) at 37°C for 1 

hour. PBS with 10% heat inactivated FBS was added to each sample. Skin cells were 

isolated through a 100 µm cell strainer into a 50 ml tube and washed with PBS. Cells 

were pelleted and resuspended in RPMI (Hyclone GE, Logan, UT) with 10% FBS, 2 mM 

l-glutamine, 1% antibiotic-antimycotic (Thermo Fisher Scientific) and 50 µM β-

mercaptoethanol (Sigma-Aldrich, St. Louis, MO). Cells (3.25 x 105) were added to 

mouse CD4+/IFN-γ specific ELISpot plate (R&D Systems, Minneapolis, MN) and 

processed as per manufacturer’s instructions. Cells were counted through visualization 

with a dissecting microscope.  
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RNA Isolation and Expression Analyses. 

RNA was isolated from mouse skin using RNeasy Plus Universal minikit with genomic 

DNA eliminator step (Qiagen) according to manufacturer’s instructions. Human RNA 

was isolated using RNeasy minikit (Qiagen) in a similar manner. 1 µg per sample RNA 

was reverse-transcribed for 1.5 hour using 1 µg oligo(dN)6, 5.5 U RNAguard 

Ribonuclease Inhibitor (GE Healthcare) and 10 U AMV reverse transcriptase (Promega, 

Madison, WI) according to manufacturer’s instructions. Inactivation of AMV was 

performed at 95°C for 10 minutes. The relative gene expression was quantified using 

real-time PCR with the comparative ΔΔCt method utilizing either GAPDH or Actin as the 

housekeeping gene. For analyses of gene expression in mouse skin, the following primers 

were used:  

Mouse GAPDH-Forward, 5’ CTTGTGCAGTGCCAGCC 3’;  

Mouse GAPDH-Reverse, 5’ GCCCAATACGGCCAAATCC 3’;  

Mouse IL1F8-Forward, 5’ CACTATGCATGGATCCTCAC 3’;  

Mouse IL1F8-Reverse, 5’ TGTCTCTACATGCTATCAAGC 3’;  

Mouse IL1F6-Forward, 5’ GACCAGACGCTCATAGCAG 3’;  

Mouse IL1F6-Reverse, 5’ CTTTAGCACACATCAGGCAG 3’;  

Mouse IL1F9-Forward, 5’ ATGGACACCCTACTTTGCTG 3’;  

Mouse IL1F9-Reverse, 5’ CAGGGTGGTGGTACAAATC 3’;  

Mouse Actin-Forward, 5’ CACCAGTTCGCCATGGAT 3’;  

Mouse Actin-Reverse, 5’ CATCACACCCTGGTGCCTA 3’.  

HSV-1 gD mRNA levels were determined using the primers and probe for HSV-1 

genome copy number determinations. Primers for human GAPDH, IL-36α, IL-36β and 
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IL-36γ are listed elsewhere (22, 51). Primers used to distinguish the two human IL-36β 

splice variants: IL1F8-F (common forward), 5’ TCTCTGTCTCTTCTGTGCAG 3’; 

IL1F8-RA (reverse isoform 1), 5’ GCTCTCTCTCACATCCAGG 3’; IL1F8-RB (reverse 

isoform 2), 5’ GGCTTCTGTGCTTTCTTCTC 3’. 

 

Computational and Statistical Analyses. 

Alignments were performed using Clustal omega tool from EMBL-EBI 

http://www.ebi.ac.uk/Tools/msa/clustalo/. Evolutionary analyses were conducted using 

the MEGA7 software http://www.megasoftware.net. The following sequences were used 

for protein alignments: hIL-36α, NP_055255.1; hIL-36β isoform 1, NP_055253.2; hIL-

36β isoform 2, NP_775270.1; hIL-36γ isoform 1, NP_062564.1; hIL-36γ isoform 2, 

NP_001265497.1; mIL-36α,  NP_062323.1; mIL-36β, NP_081439.1; mIL-36γ, 

NP_705731.2). All experiments were performed at least three times unless otherwise 

indicated. Statistical significance was calculated using student’s t tests unless stated 

otherwise. All data shown are arithmetic means ± standard deviations unless indicated 

otherwise.  

    

Results 

IL-36β  Deficient Mice have Increased Mortality Following HSV-1 Infection. 

Using IL-36α knockout (KO) mice, we previously demonstrated that IL-36α is critical 

for the skin inflammation induced by the antiviral drug imiquimod (41). In contrast, IL-

36β-/- and IL-36γ-/- mice developed the same degree of skin inflammation as wild type 

mice (41). Indirectly, this could suggest a role for one or more IL-36 cytokines in 
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immune responses against viruses. Interestingly, when the IL-36s were discovered it was 

demonstrated that expression of one, likely IL-36α, was induced in keratinocytes infected 

with HSV-1 (14); however, the function was not explored. Thus, we examined 

progression of HSV-1 infection in wild type, IL-36α-/-, IL-36β-/-, and IL-36γ-/- mice by 

employing the flank skin HSV mouse model. We have previously reported that the IL-36 

knockout (KO) mice have no spontaneous phenotypes that wound interfere with this 

study (41). In the flank model, HSV-1 enters sensory neurons at the site of primary 

infection (Fig. 4.2A, yellow circle). From here it migrates through the neurons to the 

dorsal root ganglia (Fig. 4.2A, red arrows), where it can establish latency. Subsequently, 

viral replication, anterograde migration (Fig. 4.2A, blue arrows) and shedding leads to 

formation of secondary zosteriform lesions along the affected neurons (Fig. 4.2B, days 4-

7, note the linear lesion pattern forming 5 days post-infection) (1). Using this model, we 

found that IL-36α-/- and IL-36γ-/- mice exhibited the same mortality rate (Fig. 4.2C, 

median survival time, > 16 days) as wild type mice. In contrast, the IL-36β-/- mice had a 

significantly reduced survival rate (Fig. 4.2C, median survival time: 11 days). This 

increased mortality rate of the IL-36β KO mice strongly suggest an important 

involvement of IL-36β in controlling the outcome of HSV-1 infection. 

 

Lethal Outcome is Associated with Bowel Dysfunction Syndrome in both Wild Type 

and IL-36β  KO Mice. 

It has been reported that mice infected vaginally with HSV-2 (strain 333) develop 

paralysis, constipation and bladder retention (52). These outcomes could be the result of 

inflammation causing demyelination in the central nervous system (53). Using the flank 
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model and HSV-1 (strain NS), we previously observed a bowel dysfunction syndrome 

evident by greatly enlarged colons and small intestines in moribund wild type and IL-1R1 

KO mice (12). Recently, the lethal outcome of vaginal HSV-1 infection in mice was 

linked to these phenotypes, as the virus spreads through the nervous system resulting in 

inflammation-mediated damage to the enteric neurons and toxic megacolon 

(constipation) (54). Here we found that moribund wild type and IL-36β KO mice 

exhibited greatly enlarged small and large intestines (Fig. 4.2D). This bowel dysfunction 

syndrome likely explains the lethal outcome in the flank model. 

 

IL-36β  and IL-1R1 Double KO Mice Exhibit Survival Rates Similar to those of Single 

KO Mice. 

Imiquimod is sometimes used to treat HSV skin infections, when the virus has become 

resistant to acyclovir (42-45). Using our three IL-36 KO mouse strains, we previously 

reported that IL-36α co-operates with IL-1 to cause neutrophil recruitment, skin 

inflammation and keratinocyte hyperplasia in response to topical imiquimod applications 

(41). IL-1β is upregulated in the large intestine muscularia and dorsal root ganglia during 

lethal disease following HSV-1 infection (54). Thus, we tested the hypothesis that IL-1 

signaling, via IL-1R1, and IL-36β could interact in ways affecting lethal outcomes. 

Somewhat surprisingly, we found no statistically significant differences in survival rates 

of the IL-1R1-/-, IL-36β-/- and IL-1R1-/-/IL-36β-/- mice (Fig. 4.3). 

 

IL-36β  KO Mice Develop Antibodies Against HSV-1 at the Same Time as Wild Type 

Mice. 
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The adaptive immune system is essential for immunity against HSV (1, 7, 8). In vitro 

studies have demonstrated that IL-36 up-regulates expression of MHC class II and CD83 

on dendritic cells (37, 39, 55); thus, IL-36 may promote the development of adaptive 

immune responses in vivo. In our HSV-1 flank model, mice deficient of B and T cells 

(RAG1 KO mice) had a median survival time of 9 days (Fig. 4.4A). Given the timing of 

death observed with the RAG1 (Fig. 4.4A) and IL-36β (Fig. 4.2C) KO mice, we 

hypothesized that IL-36β protects against HSV-1 by promoting the development of 

adaptive immunity towards the virus. Initial analyses of leukocyte populations in spleens 

and draining inguinal lymph nodes revealed no significant differences in the proportions 

of granulocytes, antigen presenting cells and lymphocytes in wild type and IL-36β KO 

mice in the presence or absence of infection (Fig. 4.4B-C). 

In mice, antibodies can protect against lethal outcome of HSV infection (56), 

including that caused by the NS strain used here (48, 57). Hence, we examined the 

progressive development of HSV-1 antibodies in wild type and IL-36β KO mice. HSV-1 

gD has been reported to be the major antigen towards which early antibodies are directed 

during a primary HSV infection (see (57) for refs.). In agreement with this, we observed 

potent reactivity towards an approximately 43 kDa protein band likely representing HSV-

1 gD (Fig. 4.4D). Similar banding patterns were observed in wild type and IL-36β KO 

mice (Fig. 4.4D). Quantitative analyses (Fig. 4.4E) revealed appearance of increased 

antibody levels already at day 5 in both wild type and IL-36β KO mice (Fig. 4.4E). These 

levels increased up to day 9 when RAG1-/- died; however, no statistically significant 

differences between wild type and IL-36β KO mice were detected (Fig. 4.4E). This 
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outcome demonstrates that IL-36β plays no role in initiating a primary antibody response 

in the present model system. 

 

Wild Type and IL-36β  KO Mice Develop gB(498-505) Specific CD8+ Cells at the Same 

Time. 

CD8+ cells can kill HSV-1 infected cells (8), and start clearing the primary HSV-1 

infection in the mouse flank skin model as early as day 5 post-infection (58). Since IL-

36β deficient mice developed antibodies at the same time as wild type mice, we next 

examined their ability to develop HSV-1 specific CD8+ cells. Overall levels of the major 

T cell populations were indistinguishable in wild type and IL-36β KO spleens and 

draining inguinal lymph nodes in both uninfected and infected mice (Fig. 4.5A). In mice, 

the majority of HSV-1 specific CD8+ cells are directed against the epitope gB(498-505) 

comprising the sequence SSIEFARL (59). To address if the initiation of the development 

of these cells requires IL-36β, we examined levels of HSV-1 gB(498-505) specific cells 6 

days post-infection. Since this is a very early time point, numbers of these cells were 

expected to be low. In both wild type and IL-36β KO mice, the percentage of CD8+ cells 

specific to gB(498-505) increased significantly in both the draining inguinal lymph nodes 

and the spleens post-infection (Fig. 4.5B-C); however, no significant differences between 

wild type and IL-36β KO mice were detected (Fig. 4.5B-C). This suggests that IL-36β 

does not regulate processes required for initiation of CD8 mediated cellular immunity. 

 

HSV-1 Replication Appears to Progress Similarly at the Site of Primary Infection in 

Wild Type and IL-36β -/- Mice. 
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The similar induction of adaptive immune responses in wild type and IL-36β KO mice 

(Figs. 4.4-5) could suggest comparative abilities to clear viral infection. Analyses of 

HSV-1 genome copy numbers (Fig. 4.6) in primary infections sites were found to be not 

statistically significantly different in the wild type and IL-36β KO mice on days 3 and 5. 

This could suggest that HSV-1 replicates in the skin at similar rates in both strains. 

Furthermore, the viral genome copy numbers started to decrease at the same time, i.e., 

leading to a significant reduction in HSV-1 genome copy numbers from day 5 to day 7 

(Fig. 4.6). The timing of this decrease correlated with induction of early HSV-1 specific 

antibodies (Fig. 4.4) and CD8+ cells (Fig. 4.5). This provides further evidence that 

adaptive immune responses aimed at clearing the skin infection are equally well initiated 

in the wild type and IL-36β KO mice. 

 

IL-36β  Deficient Mice Develop More Severe Secondary Zosteriform Skin Lesions. 

An interesting aspect of the flank model of HSV-1 skin infection is the re-dissemination 

of the virus from the dorsal root ganglion, through the sensory neurons, to the skin, where 

it causes the formation of secondary zosteriform lesions along the dermatome several 

days after primary infection (Fig. 4.2A-B). In IL-1R1 KO mice these secondary lesions 

appear at the same time as in wild type mice (12). Furthermore, the lesions progress in 

size in a similar manner (12). Interestingly, in the present study we found that these 

zosteriform lesions emerged approximately at the same time in wild type and IL-36β KO 

mice (Fig. 4.7, day 5) suggesting that the virus migrates through the neurons at the same 

rate. However, the secondary lesions progressed to become significantly larger in IL-36β 

KO mice than in wild type (Fig. 4.7, days ≥ 6). This may implicate IL-36β in 
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mechanisms aimed at limiting wound progression as the virus reemerges from the 

neurons. 

 

Levels of IFNγ-Producing CD4+ Cells are Similar in Wild Type and IL-36β  KO 

Zosteriform Lesions. 

IFNγ-producing CD4+ cells provide protective immunity against HSV infections in 

peripheral epithelial tissues (60, 61). Since IL-36 has been shown to promote 

differentiation of naïve T cells into IFNγ-producing Th1 cells (37, 62), we hypothesized 

that the larger zosteriform lesions could be due to reduced levels of these cells in the skin. 

Significantly increased levels of IFNγ-producing CD4+ cells were found in skin 

surrounding early secondary lesions compared to uninfected and primary infection sites 

(Fig. 4.8). However, no statistically significant differences in IFNγ-producing CD4+ cell 

levels were found when comparing wild type to IL-36β KO mice (Fig. 4.8). This suggests 

that IL-36β KO mice have an uncompromised capacity to activate and/or recruit IFNγ-

producing CD4+ cells. 

 

IL-36 Expression is Induced During In Vivo Infection in Mice. 

To possibly explain the specific role of IL-36β, but not IL-36α and IL-36γ, in protection 

against HSV-1 infection (Fig. 4.2C), we examined in vivo IL-36 expression in the skin 

during HSV-1 infection (Fig. 4.9A-C). Expression of the IL-36α and IL-36β mRNAs was 

appreciably increased (approximately 20-40-fold) in primary lesions starting at day 3, and 

levels remained elevated through day 7 (Fig. 4.9A-B). In contrast, the IL-36γ was only 

modestly induced (2-3-fold) by day 7 (Fig. 4.9C). Induction of the IL-36 mRNAs 
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appeared delayed compared to viral replication as measured through levels of HSV-1 gD 

mRNA (Fig. 4.9D). Furthermore, the IL-36 mRNA levels remained elevated by day 7 

(Fig. 4.9A-C), as viral levels decreased (Fig. 4.9D). The HSV-1 gD mRNA levels, 

including the observed decrease in the HSV-1 gD mRNA levels at day 7, correlate with 

the observed HSV-1 DNA genome copy numbers (Fig. 4.6). This could suggest that the 

induction of IL-36 expression is secondary to the infection, i.e., not a direct response to 

HSV-1. 

Next the relative expression of the three IL-36 mRNA was examined (Fig. 4.9E). 

Expression analyses in uninfected skin revealed that the IL-36γ mRNA is constitutively 

expressed at approximately 10-fold higher levels than the IL-36α and IL-36β mRNAs 

(Fig. 4.9E). However, due to the strong induction of the IL-36α and IL-36β mRNAs (Fig. 

4.9A-B), the levels of the three IL-36 mRNA are comparable at day 3, and similar at day 

5 and 7 (Fig. 4.9E). Hence, skin mRNA expression levels do not provide an explanation 

to the specific protective role of IL-36β (Fig. 4.2C). 

 

IL-36α , but Not IL-36β  and IL-36γ , Expression is Induced in Human Keratinocytes 

During In Vitro HSV-1 Infection. 

Previously, we showed that human primary keratinocytes have high levels of pre-formed 

IL-1α that are released upon HSV-1 infection (12). In contrast, unstimulated 

keratinocytes express only very low levels of IL-36β mRNA; however, the expression is 

increased approximately 10-fold upon poly(I:C) treatment (22). Here we found that HSV-

1 infection induced expression of IL-36α (Fig. 4.10A). However, we observed no 

significant increase in the IL-36β and IL-36γ mRNAs (Fig. 4.10B-C).  
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Cytokines Induce IL-36 mRNA Expression and IL-36β  Isoform 2 is the Major IL-36β  

Isoform Expressed in Human Keratinocytes. 

The delayed in vivo induction of the IL-36 mRNAs could suggest secondary responses. 

Expression of the IL-36 mRNAs can be induced by cytokines such as IL-1, IFNγ (IL-36β 

only) and TNFα (21, 28). We previously showed that these cytokines can induce 

chemokine expression in keratinocytes in additive and synergistic manners (49). Here, we 

found that IL-1β and TNFα significantly induced all three IL-36 mRNAs (Fig. 4.10D); 

sometimes with synergistic effects (IL-36α mRNA 24 hours, Fig. 4.10D). In some (not 

shown), but not all (Fig. 4.10D), experiments we observed increased expression of the 

IL-36β mRNA in response to IFNγ. Overall, the IL-36α and IL-36γ mRNAs appeared the 

most dramatically induced with IL-36γ exhibiting the highest levels of expression (Fig. 

4.10D). 

Interestingly, two alternative splice variants of human IL-36β mRNA have been 

sequenced (Fig. 4.1). Isoform 2 represents the ortholog of the known mouse IL-36β 

mRNA (Fig. 4.1), whereas isoform 1 is substantially distinct from the other IL-36 

cytokines (Fig. 4.1). Isoform specific analyses of human keratinocyte mRNA revealed 

that the IL-36β isoform 2 mRNA was expressed at dramatically higher levels (> 50-fold 

at all time-points and treatments) than IL-36β isoform 1 (Fig. 4.10D). This suggests that 

most of the IL-36β expressed by keratinocytes will have activity similar to those of IL-

36α and IL-36γ. 

  

Discussion 
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A role for the IL-36s in immunity against microorganisms has been suggested by their 

induction in epithelial cells in response to several pathogen associated molecular patterns 

in vitro (21, 22) as well as HSV-1, rhinovirus and influenza in vivo (14, 19, 20). 

However, the physiological functions of the IL-36s during infections remain poorly 

understood. Using KO mice for each individual IL-36 cytokine, we found that IL-36β, 

but not IL-36α or IL-36γ, is critically involved in protecting against the outcome of HSV-

1 skin infection. We specifically observed that IL-36β KO mice develop larger skin 

lesions (Fig. 4.7) and have decreased survival (Fig. 4.2). This suggests an essential role 

for IL-36β in controlling the outcome of the viral infection.  

The IL-36s can activate dendritic cells in vitro (36-39, 62) and in vivo in an 

experimental model of psoriasis, a chronic inflammatory skin condition (63). This could 

suggest that the IL-36s play a role in activating the adaptive immune response. 

Interestingly, we find that IL-36β KO mice start to clear the viral skin infection as 

quickly as the wild type mice (Fig. 4.6, day 7; Fig. 4.9D, day 7). Furthermore, we were 

unable to detect differences in levels of antibodies (Fig. 4.4D-E), gB(498-505) specific 

CD8+ (Fig. 4.5B-C) and IFNγ-producing CD4+ cells (Fig. 4.8) in wild type and IL-36β 

KO mice. This suggests that IL-36β does not play a significant role in promoting 

adaptive immunity in the presently used model. Since phenotypic differences are 

observed between wild type and IL-36β KO mice, IL-36β must have other essential 

physiological functions during HSV-1 infection. Although IL-36β did not contribute to 

the development of adaptive immunity in the present studies, the IL-36 cytokines may 

still be involved in these responses. Our initial working hypothesis was that the IL-36 

cytokines could overcome HSV-1 immune evasion that inhibits the function of IL-1β (10, 
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11) and presumably IL-18 by similarity. IL-33 is a related cytokine that is highly 

expressed in keratinocytes and plays a significant role in immunity against HSV infection 

(64). The presence of this cytokine could be enough to initiate adaptive immunity in the 

present HSV infection model. Further studies involving IL-36β and IL-33 double KO 

mice will be required to test this possibility. 

The specific role of IL-36β, but not IL-36α and IL-36γ, in protection against 

lethal outcome of the HSV-1 infection (Fig. 4.2C) is intriguing. A simple explanation 

could be the predominant expression of IL-36β in the primary infection site in the skin; 

however, this is clearly not the case as the three IL-36 mRNAs are present in similar 

amounts at days 3-7 of the infection (Fig. 4.9E). An alternative possibility is that 

extracellular release of IL-36α and IL-36γ is blocked by HSV-1 through mechanisms 

similar to those retaining processed IL-1β within infected cells (10, 11), and that IL-36β 

is secreted through a different pathway. Mechanistic studies of how the IL-36 cytokines 

are released from cells may spread light on the specific involvement of IL-36β in 

protection against HSV-1 infection. 

Using a vaginal model of HSV-1 infection, the lethal outcome of the disease in 

mice has recently been linked to dissemination of the virus to the enteric nervous system, 

resulting in inflammation mediated nerve damage, constipation and toxic megacolons 

(54). In the HSV-1 flank skin infection model used here, moribund mice exhibit a gastro-

intestinal phenotype (Fig. 4.2D) suggesting a similar loss of peristalsis leading to death. 

Interestingly, neurons can express IL-36β, and astrocytes and microglia have the receptor 

for IL-36, IL-1RL2 (26, 27). Hence, it is possible that IL-36β protects against lethal 

outcome of HSV-1 infection (Fig. 4.2C) by modulating the ability of the virus to spread 
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and/or replicate in the nervous system. The cellular source(s) of IL-36 and induction 

pathways in the skin, and possibly the nervous system, remain to be determined. It is 

conceivable that the IL-36s act in local microenvironments, and thereby regulate very 

different physiological responses to infections. Further studies will be required to 

establish these mechanisms and functions. 

The IL-36s promote neutrophil recruitment in different types of psoriasis (25, 41). 

Neutrophils play an important role in guiding CD8+ cells to sites of influenza infection in 

the lungs (66), and HSV-1 skin lesions are well known to be rich in neutrophils (see (67) 

for refs). However, intradermal administration of IL-36α does not promote recruitment of 

CD8+ cells (39), and removal of neutrophils does not affect the outcomes of HSV-1 skin 

infection (67). Hence, neutrophils may have distinct anti-viral functions in the lungs that 

are not observed in the skin. While this manuscript was being revised, it was reported that 

mice deficient in the receptor for IL-36, IL-1RL2, are protected from the lethal outcome 

of lung influenza virus infection (20). The reduced mortality was associated with 

decreased lung inflammation, e.g., neutrophil infiltration, and tissue damage (20). 

Furthermore, the virus induced inflammation was IL-36α dependent (20). The latter is in 

agreement with our studies in the imiquimod skin inflammation model, where neutrophils 

are recruited in response to increased IL-36α expression (41). However, the former is the 

opposite outcome, compared to the increased mortality seen here in the HSV-1 infection 

model in the absence of IL-36β signaling (Fig. 4.2C). The distinct phenotype in the HSV 

model used here may be linked to a unique role of IL-36β in the nervous system as 

discussed above. However, IL-36β also appears to have a distinct role in the skin. If the 

observed skin lesions (Fig. 4.2B and Fig. 4.7) were caused by inflammation induced by 
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IL-36β, we would expect IL-36β KO mice to have smaller lesions than wild type; 

however, larger lesions are in fact observed (Fig. 4.7). In vitro studies with keratinocytes 

may reveal if IL-36β can modulate innate immunity in these cells. Additional studies of 

other viruses may also determine if these are functions specific to HSV or neurotropic 

pathogens, or if they represent universal protective mechanisms. 

A common theme in the HSV and influenza infection models is tissue damage 

caused by inflammation leading to mortality (20, 54). In the vaginal HSV model, 

expression of IL-1β is increased during disease in both the large intestine muscularia and 

dorsal root ganglia (54). It is plausible that IL-1 receptor, IL-1R1, signaling contributes in 

two distinct ways to disease progression in response to HSV: 1) it may initiate immune 

responses, possibly via IL-1α, that restrict the virus, i.e., it protects against disease 

progression (12), and 2) it may cause tissue damaging inflammation, possibly via IL-1β, 

leading to more severe disease (54). Such dual roles could explain the relatively modest 

decreased survival of IL-1R1 KO mice and grouping of double IL-36β/IL-1R1 with the 

single IL-1R1 KO mice (Fig. 4.3). 

IL-36γ was recently shown to promote wound healing in the gut in experimental 

models of inflammatory bowel disease (68, 69). IL-36 could have a similar function in 

the skin during HSV-1 infection. Such a wound healing property could explain, at least in 

part, why lesions are larger in IL-36β KO mice than wild type (Fig. 4.7). Such a role 

could be supported by the extended expression of IL-36 at day 7 post-infection (Fig. 

4.9A-C), when levels of virus is already declining (Fig. 4.6 and Fig. 4.9D). It is also 

conceivable that IL-36 expression (Fig. 4.9A-C) is induced by wound healing responses 

and not the infection per see. This could explain the paradox that the IL-36β mRNA is 



	   172	  

induced in vivo (Fig. 4.9B), but not during an in vitro infection (Fig. 4.10B). However, 

since IL-36β deficient lesions progress to become larger (Fig. 4.7), not merely heal 

poorly, IL-36β must have additional activity aimed at restricting the virus or lesion 

progression. Further studies of how IL-36β controls HSV-1 infection, and IL-36 promote 

wound healing will be needed to determine the specific mechanism(s) involved. 

In summary, IL-36β clearly plays a critical role in controlling the outcome of 

HSV-1 infection (Fig. 4.2 and Fig. 4.7); however, further studies will be necessary to 

define the mechanisms whereby IL-36β acts, and how it is activated and released from 

cells. 
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Figure 4.1. Protein sequence alignment of human and mouse IL-36 cytokines. (A) 

Human (h) and mouse (m) IL-36 cytokines were aligned using Clustal omega. *, 

conserved residues; : , Gonnet PAM 250 matrix score > 0.5; ., 0 < Gonnet PAM 250 

matrix score ≤ 0.5. (B) Neighbor-joining phylogenetic tree showing relationships among 

IL-36 cytokines. The optimal tree with the sum of branch length = 2.69 is shown. The 

percentage of replicate trees in which the associated taxa clustered together in the 

bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to scale, 

with branch lengths in the same units as those of the evolutionary distances used to infer 

the phylogenetic tree. The evolutionary distances were computed using the Poisson 

correction method and are in the units of the number of amino acid substitutions per site. 

(C) Heat map showing percentage similarity between the human and mouse IL-36 

cytokines. 

!"#$%&!'

("#$%&!

!"#$%&!)******

("#$%&"

!"#$%&"

("#$%&#

!"#$%&#)******

!"#$%&#'*

!"#$%&!'

("#$%&!

!"#$%&!)******

("#$%&"

!"#$%&"

("#$%&#

!"#$%&#)******

!"#$%&#'*

!"#$%&!'

("#$%&!

!"#$%&!)******

("#$%&"

!"#$%&"

("#$%&#

!"#$%&#)******

!"#$%&#'*

!"#$%&!'

("#$%&!

!"#$%&!)******

("#$%&"

!"#$%&"

("#$%&#

!"#$%&#)******

!"#$%&#'*

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#$%&'(($)*+(,&-*&%"./.

!!!!!!!""(0$$%*1.!2.3!!$$)*,%"/'$#2!#4"25**%*$&#+&.2-*%%"./.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#$%&'(($)*+(,&-*&%"./.

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"#)')'3&((*$*3&2.%-3**&./,

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"')(3),-4$%%5*,%-,#2&./.

"'##'))#,.+5*-.'"'2'&(530.**("0*)2$0*42,*5&'4$-05'.0-3-%%./,

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"&54$5-(!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"1)$,454,#-3#%%./4

67777777

3*5#*3,(($3*&*,)$.4323,(1&-4'0*-)')5#".+35,)5)-31301(',%5)$4

345#434(.$(*##.)$.,3*3,(1&-4'0%-.))5#3.035,)#&#31011.'"'5)$4

3*5#*3,(($3*&*,)$.4323,(1&-4'0*-)')5#".+35,)5)-31301(',%5)$4

3%##,34(.$&)'%4.$.4,433$1%+3-43'4#&5-$4+"5.%&$"*13014)-5'%$.

3%-%43,(.$&)-&"*$.4,(3,*1&2.'43')-&5#$,+353#53#313"1().5-%$4

0&#%(3.4.$&*2&.4$.*.4,3$1)+$'*3'%-)5,(,+35,%#$-)1301)'.#52$4

!!!!!!!-555&(.+%*,4.(.,41)+$'(3'%5&5-$,+35,%#$'"13+1').5'%$4

3%5%#3.(.$&*-*.4$.4.(.,41)+$'(3'%5&5-$,+35,%#$'"13+1').5'%$4

8787887687787787786777886887777687678777869

3%3)3%5*%-#,5)-41/)3.5,241,#3-.&'*10"5!43-%/5,5.5&))/)**0%22

3%3)'.-,"#3+)'&)(%)(030+!!25,'5*4*.0%*.3+$5/0,(4**,'&%4,,342

3%3)')#,"-3+.'))(%)$0300!!2#)'5*4*.0%*.*+$5/0,(4*44*5%$,034)

3%35'5#,"'"+#))'$.)(*30+!!2))*544*40'*((0$5/0,(.1*)5*1$3,34%

3%3)')-,"-3+#%$'$.)*030+!!2*%*5&#*40'*.(0$5/0,(.**'551$3,34%

333)''),3-3+22$'$")$030+!!24&4554*40'*.(0$52+,(**!)45#$,034*

3%3)'%),"-3+5%$'$.)$030+!!&()45&4*43'*.(0$-/0,(**!)&-%$,,34*

3%3)'%),"-3+5%$'$.)$030+!!&()45&4*43'*.(0$-/0,(**!)&-%$,,34*

676777777877797777677789777777777678797777777697777777778777

23&)!)-)-0**"&4#,5"$5&"

%&5)3.#4#0+,'*')!!!!!!!

'&5,4##4#0+3-*.'!!!!!!!

'35',0,4-0'",..2!!!!!!!

'35)(#44-0534"30!!!!!!!

))5'++#,#0#3-,)*!!!!!!!

'35)*+#4(0'3#,#-!!!!!!!

'35)*+#4(0'3#,#-!!!!!!!

!"#$%&!'

("#$%&!

!"#$%&!)

("#$%&"

!"#$%&"

("#$%&#

!"#$%&#)

!"#$%&#'

!
"#

$%
&
!
'

(
"#

$%
&
!

!
"#

$%
&
!
)

(
"#

$%
&
"

!
"#

$%
&
"

(
"#

$%
&
#

!
"#

$%
&
#
)

!
"#

$%
&
#
'

'+

)+

%+

,+

-+

&+

.+

/+

0+

'++

1

!"#$%&!'

!"#$%&!)

("#$%&!

!"#$%&!

("#$%&!

!"#$%&")

("#$%&"

!"#$%&"'

+2'+

'++

.'

'++

/'

0/

3

4

5"6789*'

!"#$%& '( )%*+&", -&.$&,/& 01"#,2&,+ *3 4$20, 0,5 2*$-& 6789: /;+*<",&-( !"# $%&'(

!)# '(* &+%,- !&# ./012 345+67(-, 8-9- ':7;(-* %,7(; <:%,5': +&-;'= >)- ?+::+87(; ,-@%-(3-,

8-9- %,-*A )./012! !BCDEFFGFF=H#I )./012" 7,+?+9& H !BCDEFFGF1=G#I )./012" 7,+?+9& G

!BCDJJFGJE=H#I )./012# 7,+?+9& H !BCDE2GF2K=H#I )./012# 7,+?+9& G !BCDEEHG2FKLJ=H#I &./0

12! !BCDE2G1G1=H#I &./012" !BCDEMHK1L=H#I &./012# !BCDJEFJ1H=G#= NO 3+(,-9P-* 9-,7*%-,I
AO Q+((-5 C"R GFE &'597S ,3+9- T E=FI =O E U Q+((-5 C"R GFE &'597S ,3+9- $ E=F= !V#

B-7;)W+90X+7(7(; Y)4:+;-(-573 59-- ,)+87(; 9-:'57+(,)7Y, '&+(; ./012 345+67(-,= >)- +Y57&':

59-- 875) 5)- ,%& +? W9'(3) :-(;5) Z G=2L 7, ,)+8(= >)- Y-93-(5';- +? 9-Y:73'5- 59--, 7( 8)73)

5)- ',,+37'5-* 5'S' 3:%,5-9-* 5+;-5)-9 7( 5)- W++5,59'Y 5-,5 !HEEE 9-Y:73'5-,# '9- ,)+8( (-S5 5+

5)- W9'(3)-,= >)- 59-- 7, *9'8( 5+ ,3':-O 875) W9'(3) :-(;5), 7( 5)- ,'&- %(75, ', 5)+,- +? 5)-

-P+:%57+('94 *7,5'(3-, %,-* 5+ 7(?-9 5)- Y)4:+;-(-573 59--= >)- -P+:%57+('94 *7,5'(3-, 8-9-

3+&Y%5-* %,7(; 5)- C+7,,+( 3+99-357+( &-5)+* '(* '9- 7( 5)- %(75, +? 5)- (%&W-9 +? '&7(+

'37* ,%W,575%57+(, Y-9 ,75-= !<# $-'5 &'Y ,)+87(; Y-93-(5';- ,7&7:'9754 W-58--( 5)- )%&'(

'(* &+%,- ./012 345+67(-,=

Figures 



	   185	  

 
 
Figure 4.2. IL-36β , but not IL-36α  or IL-36γ , provides protection against lethal 
outcome of HSV-1 infection. (A) Illustration of inoculation site (yellow circle) and 
directions of retrograde (red arrows) and anterograde (blue arrows) migration of HSV-1 
through neurons. (B) Progression of disease in mice infected with 1.5×106 PFU HSV-1 
on flank skin (white arrowhead) at day 0 is depicted at the indicated time-points. Black 
arrowhead points to early secondary lesion appearing along sensory neurons (note the 
linear progression of the lesions). Ruler used for quantification of lesion sizes visible in 
day 9 image. (C) Wild type (C57BL/6, green), IL-36α-/- (red), IL-36β-/- (blue), and IL-
36γ-/- (black) were infected with 1.5×106 PFU HSV-1 on the right flank on day 0, and 
survival monitored for 16 days. n indicates number of mice per group. Data shown is 
pooled from 6 independent experiments. Statistical significance was determined using 
Mantel-Cox and Gehan-Breslow-Wilcoxon tests; ****, p < 0.0001. (D) Representative 
images of bowels of moribund wild type and IL-36β-/- mice are shown. 
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Figure 4.3. IL-1R1-/-, IL-36β -/- and IL-1R1-/-/IL-36β -/- mice have similar survival 

rates in the flank model. IL-1R1-/- (black line) and IL-1R1-/-/IL-36β-/- (green line) mice 

were infected with 1.5×106 PFU HSV-1 as described in Fig. 4.2 and survival monitored 

for 16 days. Data was plotted against the survival of IL-36β-/- mice (Fig. 4.2C). n 

indicates number of mice per group. Statistical significance was tested using Mantel-Cox 

and Gehan-Breslow-Wilcoxon tests; #, p > 0.05. 
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Figure 4.4.  IL-36β -/- mice develop antibodies against HSV-1 at the same time as 
wild type mice. (A) Wild type (black line) and RAG1-/- (red line) mice were infected as 
described in Fig. 4.2, and survival monitored for 16 days. n indicates number of mice per 
group. Statistical significance was determined using Mantel-Cox and Gehan-Breslow-
Wilcoxon tests; ****, p < 0.0001. (B) Wild type and IL-36β-/- mice were infected with 
HSV-1 (n=5 per group) or left uninfected (n=2-3 per group). Cells were isolated from 
spleen and draining inguinal lymph nodes 6 days post-infection and analyzed by flow 
cytometry. Granulocyte, lymphocyte, and antigen presenting cell (APCs) populations 
were quantified via gates depicted on representative images of forward scatter and side 
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scatter. (C) Graphic representation of data (means ± SD) from B. #, p > 0.05. 
Representative experiment of 3. (D and E) Wild type (as labeled in D, black circles in E) 
and IL-36β -/- (as labeled in D, open triangles in E) mice were infected with HSV-1 and 
serum collected at the indicated time-points. (D) Reactivity of mouse sera against HSV-1 
infected HaCaT protein lysate was examined by Western blotting. Approximate positions 
of protein markers are shown. (E) Reactivity of mouse sera against HSV-1 gD were 
determined by direct ELISA. Log2 reciprocal values of end-point titers are depicted. Gray 
box indicates background signal against trace E. coli proteins. No statistically significant 
differences were observed between wild type and IL-36β deficient mice (#) despite 
significant increases in anti-gD titers in both strains (**, p < 0.01 (compared as 
indicated); ***, p < 0.001). Each symbol represents a single mouse. 
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Figure 4.5. Wild type and IL-36β  KO 
mice have equal numbers of early 
HSV-1 gB(498-505) specific CD8+ cells. 
Wild type and IL-36β KO mice were 
infected with HSV-1 (n=5 per group) as 
described in Fig. 4.2 or left uninfected 
(n=2-3 per group). Cells were isolated 
from spleen and draining inguinal lymph 
nodes 6 days post-infection and analyzed 
by flow cytometry. (A) Total number of 
CD3, CD4 or CD8 positive cells per 
organs are shown. (B) Cells were 
examined following initial gating of the 
CD3+ population. The square gates 
identify the gB(498-505)/CD8 double 
positive cells. Numbers above the gates 
indicate percentage gated cells of all 
CD8+ cells. (C) Graphic representation of 
gB(498-505) specific CD8+ T cells 
(means ± SD) quantified in (B). One 
representative experiment of 3 is shown. 
#, p > 0.05; *, p < 0.05, **, p < 0.01. 
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Figure 4.6. Primary skin infection site viral genome copy numbers are 

indistinguishable in wild type and IL-36β  KO mice. Wild type (black circles) and IL-

36β-/- (open triangles) mice were infected with HSV-1 on the flank skin as described in 

Fig. 4.2. The center of primary infection sites were collected with 4 mm punch biopsy 

tools at the indicated time-points. Viral genome copy numbers were determined by 

QPCR. Each symbol represents a single mouse. **, p < 0.01; #, p > 0.05. 
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Figure 4.7. IL-36β  deficient mice develop more severe secondary zosteriform skin 

lesions. (A) Wild type and IL-36β KO mice were infected with HSV-1 as described in 

Fig. 4.2. Male and female wild type and IL-36β KO mice were anesthetized and 

photographed at day 6 post-infection. (B) Wild type (open circles, n=6) and IL-36β KO 

(black circles, n=5) mice were infected with HSV-1 as described in Fig. 4.2 and 

progression of secondary zosteriform lesions photo-documented for 15 days as illustrated 

in A and Fig. 4.2. Lesions were sized using ImageJ. †, all mice dead; ***, p < 0.001.  
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Figure 4.8. Number of IFNγ-producing CD4+ cells are similar in wild type and IL-

36β KO zosteriform lesions. Wild type (black bars) and IL-36β KO (open bars) mice 

were infected with HSV-1 (n=10 per group) or left uninfected (n=3-5 per group). Skin 

was collected 6 days post-infection. Primary lesion sites were collected with 8 mm biopsy 

punches at the center of the initial infection sites. Upper and lower secondary lesions 

(Fig. 4.2B) were excised and pooled. Number of IFNγ-producing CD4+ cells were 

determined using ELISpot assays. Representative data (means ± SD) from one of two 

experiments are shown. #, p > 0.05; *, p < 0.05, **, p < 0.01. 
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Figure 4.9. IL-36 mRNA expression is induced in vivo. (A-D) C57BL/6 mice were 
infected with HSV-1 (black symbols) or left uninfected (open symbols). At the indicated 
time-points primary or mock lesions were collected at the center using 4 mm punch 
biopsies. IL-36 (A-C) and HSV-1 gD (D) mRNA levels determined by real-time PCR 
using GAPDH as the housekeeping gene against which individual mRNA levels were 
standardized. Fold changes in IL-36 mRNA levels were calculated against uninfected 
skin. Fold changes in HSV-1 gD mRNA levels were calculated against levels at day 1. 
(E) IL-36α (open bars), IL-36β (blue bars) and IL-36γ (red bars) mRNA levels were 
calculated relative to levels of the IL-36α mRNA in uninfected mice. *, p < 0.05; **, p < 
0.01; ***, p < 0.001; ND, not detected.  
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Figure 4.10. Human IL-36 mRNAs are differentially induced in response to HSV-1 

infection and cytokines. Human primary keratinocytes were infected with HSV-1 (A-C) 

or treated with medium only, 10 ng/ml IL-1β, 20 ng/ml IFNγ and/or 50 ng/ml TNFα (D) 

as indicated. IL-36α, IL-36β (isoform 1 and 2 in D) and IL-36γ mRNA levels were 

determined by real-time PCR and standardized against GAPDH levels. (A-C) Fold 

changes in IL-36 expression were calculated against medium only treated samples at the 

same time-point. (D) Proportional expression of IL-36 levels are graphed as log2(Ct-IL-36 – 

Ct-GAPDH). Data is shown as means ± SD. *, p < 0.05 (compared to medium only at the 

same time-point); **, p < 0.01; ***, p < 0.001.  
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Abstract 
 
IL-36α, IL-36β, and IL-36γ, collectively referred to as IL-36 cytokines, are members of 

the IL-1 family of cytokines whose functions remain enigmatic within the field of study. 

The receptor for these molecules, IL-36R, is most abundantly expressed in keratinocytes, 

leading to speculation that these cytokines may be involved in signaling in response to 

epidermal injury or infection. Recent findings have shown IL-36γ to be essential to 

healing of intestinal wounds through, in part, recruitment of neutrophils to injured tissue. 

Studies from our own lab, however, demonstrate no significant difference in closure of 

full-thickness wounds generated on the back skin of wild type and IL-36γ knockout mice. 

Furthermore, we found no reduction in neutrophil recruitment in mice deficient in IL-36γ. 

Interestingly, however, additional studies utilizing mice lacking circulating neutrophils 

were found to have a drastic reduction in processing of secreted IL-36γ, similar to 

recently published findings; however, the processing site of this protein appears to be 

different from that predicted. Taken together, our results demonstrate that the wound 

healing contribution of IL-36γ is largely site-specific. Additionally, our data reveal a 

potentially new and unpredicted amino acid processing site of this cytokine, not 

previously reported.  
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Introduction 
 
Interleukin-36 (IL-36) cytokines are comprised of three distinct proteins, IL-36α, IL-36β, 

and IL-36γ (Reviewed in 1). As members of the IL-1 family of cytokines, they are largely 

believed to produce inflammatory effects within the body, including effector cell 

recruitment as well as furthering the production of additional inflammatory cytokines (1-

8). All three IL-36 cytokines signal through the same receptor, IL-36R, which is largely 

found on keratinocytes and epithelial cells that come in contact with the environment 

(2,3,9-10) leading to speculation that these proteins may be important in defense from 

pathogens.  

These cytokines first garnered attention when a missense mutation in the naturally 

occurring receptor antagonist, IL-36Ra, was found to be associated with the life-

threatening form of psoriasis, generalized pustular psoriasis (GPP) (11-14). Notable 

characteristics of GPP are the drastic influx of neutrophils to the skin, forming 

characteristic pustules across the body, as well as the hyperproliferation of keratinocytes 

with abnormal maturation. Several studies have subsequently demonstrated the ability of 

these proteins to recruit neutrophils upon administration (2, 4, 6-8), as well as contribute 

to keratinocyte proliferation in vivo (8,15). Recent studies have found IL-36γ in particular 

to contribute to healing of damaged liver tissue (16) as well as wounds generated in the 

gut during DSS-induced colitis, largely through initiating the recruitment of IL-22-

expressing neutrophils (17-18). The role of IL-36γ in wound healing of the skin has yet to 

be explored.  

An unusual characteristic of IL-36 cytokines is their lack of leader peptides 

needed for canonical secretion from cells, echoing similarities of their better understood 
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IL-1 family members, namely the IL-1 cytokines themselves (Reviewed in 19). IL-1 

cytokines, comprised of IL-1α and IL-1β, are both synthesized as full-length proteins and 

respectively processed by the membrane-bound enzyme calpain, or caspase-1 to become 

fully active (19). Upon their discovery, IL-36 cytokines were believed to be synthesized 

in their fully active form, not requiring processing (9, 20-22); however, in vitro studies 

utilizing recombinant IL-36 cytokines demonstrated that truncation of the N-terminus of 

these proteins drastically enhanced signaling activity (23). Since this discovery, in vitro 

studies have shown neutrophil proteases to actively process full-length IL-36 cytokines 

into their shortened, more potent, form (24-26). While these processed recombinant 

proteins are readily available and commonly used throughout the field, the endogenous 

processing of these proteins has not been shown.  

We aimed to investigate the effect of IL-36γ upon wound healing of the skin 

while examining the relationship of this protein to neutrophil recruitment. Moreover, we 

explored the timing of IL-36γ release within our model, while examining migration 

patterns of the endogenous form of the protein to explore any potential processing, which 

has yet to be shown in vivo.  

 
Results 

 
Secreted IL-36γ is Potentially Processed at a Protein Site Different from that Predicted 
 
IL-36γ has been previously linked to healing of the liver and intestines (16-18), but its 

effect on healing of the skin has yet to be explored. To evaluate the effect of this protein 

on skin healing, experimental mice were shaved and full-thickness wounds of equal size 

were generated as shown (Fig 5.1a). Wounded skin was collected with an 8mm biopsy 

punch at 24 hours and IL-36γ secretion was evaluated in explant cultures. IL-36γ was 
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found to be readily detectable in explant media of wild type mice 24 hours post wounding 

(Fig 5.1b). Surprisingly, we found two distinct forms of the protein. A larger molecular 

weight form was found to migrate above the full-length recombinant control (black 

arrows), while a smaller molecular weight IL-36γ was found to migrate between the full-

length and processed short-form recombinant controls (red arrows). To explore the timing 

of release of IL-36γ in our model and to confirm our previous observations, wounds were 

collected from euthanized mice throughout the course of healing (Fig 5.1c). We found 

the larger molecular weight form of IL-36γ protein in explants as early as 6 hours post-

wounding. 24-30 hours was found to be the peak in expression, with no protein being 

able to be detected 4-8 days post-wounding (data not shown). In contrast, expression of 

the smaller molecular weight protein (Fig 5.1b-c, red arrows) is delayed until 18 hours 

after the larger form can be initially detected. We next examined lysates of wounded 

tissue to determine timing and size of the intracellular IL-36γ protein prior to secretion 

(Fig 5.1d). We again found detectable levels of IL-36γ 6 hours post-wounding, yet here, 

we found only the larger molecular weight form. Taken together, these results, suggest 

that IL-36γ may be endogenously available in two distinct forms, neither of which has 

been previously predicted or shown before. Furthermore, the smaller molecular weight 

protein is only present in cellular secretions.  

 
IL-36γ does Not Recruit Neutrophils to Wounded Skin Nor does it Aid in Wound 

Closure 
 
Numerous studies have shown the importance of IL-36 cytokines in recruitment of 

neutrophils in varying models of disease (2, 6-8). Among these studies, IL-36γ has been 

shown to play a vital role in recruiting neutrophils to wounded intestinal tissue during 
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DSS-induced colitis, which aid in resolution of damaged tissue (17). To determine if IL-

36γ played a role in neutrophil recruitment in our skin wound model, we evaluated wild 

type and IL-36γ KO mouse wounds for myeloperoxidase activity, an indication of 

neutrophil presence, at multiple timepoints post-wounding (Fig 5.2a). Levels of 

myeloperoxidase increased significantly between 1 to 6 hours, and continued to 

moderately increase throughout the 30 hours examined. Surprisingly, we found no 

significant difference in enzyme activity between wild type or IL-36γ KO mice at any 

timepoint, indicating that neutrophil recruitment was unaffected by IL-36γ expression in 

the skin.  

To examine if IL-36γ played a significant role in closure of the wounds, as had 

been previously seen in the gut (17), we evaluated wound sizes throughout the course of 

healing. We found no significant differences between wild type or IL-36γ KO mice in 

rates of wound closure at any point during the healing process (Fig 5.2b). Taken together, 

these data suggest that, although previous studies have reported IL-36γ to hasten 

neutrophil recruitment and healing of damage to the intestine, IL-36γ is not necessary for 

these functions in our skin model.  

 
 

Neutrophils May Process IL-36γ, but do Not Influence Intracellular Expression. 
 
Neutrophil proteases have been found to process all three IL-36 cytokines from their full-

length forms to the predicted short forms in vitro (24-26). We first examined IL-36γ in 

wound explants from wild type, IL-36γ KO mice, and CSF3R KO mice, which have 

greatly diminished circulating neutrophils. We found that mice lacking CSF3R had 

drastically reduced amounts of the smaller molecular weight IL-36γ seen in wild-type 
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secretions (Fig 5.3a, red arrow). Here, we see that the larger form of IL-36γ is secreted 

into explant medium in both the wild type and CSF3R KO mice (Fig 5.3a, black arrow) 

suggesting neutrophil presence does not change the level of secretion of the larger form.  

To rule out the possibility that CSF3 itself may have unintended influences on our 

model and to confirm that neutrophils alone were the driving factor of these results, we 

injected anti-Ly6G (1A8) antibody intraperitoneally to ablate circulating neutrophils prior 

to wounding. Control mice were injected with an equal concentration of the equivalent 

isotype control. Neutrophil depletion in anti-Ly6G antibody treated mice was confirmed 

via flow cytometry (Fig 5.3d) and explant medium was evaluated for IL-36γ by Western 

blotting. We again found a drastic reduction in the shorter, potentially processed, form of 

IL-36γ in mice injected with anti-Ly6G antibody in comparison to the isotype control 

mice, confirming our observation that the shorter form of the protein was indeed due to 

neutrophil presence (Fig 5.3b).  

To address the possibility that neutrophils could influence the intracellular protein 

expression of IL-36γ, we examined lysates from wounds frozen immediately following 

tissue harvest 24 hours post-wounding (Fig 5.3c, wound lysates) in addition to explanted 

wound tissue, which was collected after proteins were allowed to secrete into explant 

media (Fig 5.3c, explant wound lysates). All lysates observed (Fig 5.3c, compare wound 

lysates and explant wound lysates) show the larger molecular weight form of IL-36γ in 

both neutrophil depleted mice as well as isotype treated control mice. For the first time in 

vivo, these data show that neutrophil presence is required for the expression of a shorter 

form of IL-36γ in extracellular space, possibly through processing of the full-length 

cytokine, but neutrophils do not affect intracellular expression of the protein.  
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Potential Origins of Endogenous Mouse IL-36γ 

The presence of two distinct forms of IL-36γ in our model raises questions about their 

origins. The genes encoding human and mouse IL-36γ share homology with one another 

(Fig 5.4a). Human IL-36γ is known to have two distinct isoforms arising from splice 

variants of the same mRNA sequence, with isoform 1 containing the entire known 

mRNA sequence, and isoform 2 missing a distinct 37 amino acid region, resulting in a 

shorter protein (Fig 5.4a-c, items shown in red). Both human isoforms contain the same 

pro-domain, predicted to be the processing site whereby activation is induced (Fig 5.4c, 

underlined regions). While the majority of research conducted utilizes IL-36γ isoform 1, 

little is known about the potential differences in the downstream effects between these 

two proteins.  

There is only one known mRNA sequence for mouse IL-36γ (Fig 5.4b); however, 

because the transcription start site for this protein is unknown, there are two predicted 

resulting amino acid sequences. Figure 5.4c shows a 193 amino acid sequence 

representing the entire open reading frame coding for IL-36γ, which would result in a 

protein of approximately 22kDa. Examination of the homology between mouse and 

human IL-36γ sequences led to the prediction that the transcription start site of mouse IL-

36γ was similar to that of human, resulting in a protein 29 amino acids shorter than the 

former cytokine. This sequence was used to generate our full-length recombinant control 

protein used for western blot comparison studies. Both predicted mouse IL-36γ sequences 

contain a predicted pro-domain processed at the same site (Fig 5.4c, underlined regions), 

resulting in an approximately 17.3 kDa cytokine. This processed protein is commonly 
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used, and is shown in our western blots as the “short” or “processed” form of IL-36γ. It is 

possible that the odd migration size of our smaller endogenous protein observed here, 

represents a pro-domain processing site separate from that which had been previously 

predicted, while the larger molecular weight form of the endogenous protein seen in our 

model could be representative of the predicted full-length protein based on the entire 

open reading frame. However, there is also a possibility that our observed endogenous 

protein may represent a splice variant of mouse IL-36γ, similar to the human equivalent.  

Separate studies from our laboratory revealed yet another possible explanation to our 

observed protein sizes. Experiments aimed at determining secondary structure of IL-36 

cytokines revealed that the recombinant 18.7 kDa full-length IL-36γ forms multimers 

after preservation of disulfide linkages under non-reducing conditions (Fig 5.4e, IAA). It 

is possible that our observed larger molecular weight IL-36γ is a dimer of the smaller 

kDa endogenous protein that had not been fully reduced during standard sample 

preparation. Further experiments are needed to explore all of these possibilities and 

determine the potential differences in downstream effects between the endogenous 

cytokines observed here and the long-used recombinant proteins.  

 

Discussion 

The discovery of the missense mutation in the gene encoding IL-36Ra leading to the life-

threatening disease, generalized pustular psoriasis (11-14), provided invaluable insight 

into the function of these cytokines. Mouse studies utilizing the antiviral drug Imiquimod, 

known to generate psoriasis-like characteristics in skin, found the psoriatic phenotype to 

be largely dependent upon IL-36 cytokine signaling, emphasizing the importance of these 
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proteins during this disease (8, 27). Both generalized pustular psoriasis and Imiquimod-

induced psoriasis are characterized by excessive neutrophil recruitment to the epidermis. 

This recruitment was further confirmed in several models of disease following 

administration of IL-36 cytokines (2, 6-8). An additional key characteristic seen in all 

forms of psoriasis is heightened proliferation of the epidermis with abnormal keratinocyte 

differentiation, resulting in excessive thickening and scaling of the skin. The 

overexpression of IL-36α was shown to directly lead to keratinocyte hyperproliferation 

and thickening of the epidermis (15). Additionally, IL-36α was shown to be the key 

initiator of these same characteristics in the Imiquimod model (8). Taken together, these 

studies demonstrate that unrestricted signaling of IL-36 cytokines wreaks havoc upon the 

skin resulting in excessive effector cell recruitment and proliferative effects.  

Conversely, the same downstream effects of these proteins known to be 

detrimental during unregulated expression in psoriasis were proven to be beneficial 

during wound healing in the liver and intestines (16-18). IL-36γ was found to be the most 

preferentially expressed gene in macrophages isolated from mice with DSS-induced 

colitis compared to untreated controls (17). IL-36R knockout mice were additionally 

found to show significantly reduced healing of wounds generated in the intestines 

compared to wild type controls (16-17). This reduction in healing contributed to a delay 

in neutrophil recruitment to the wound bed, needed to induce healing through the 

induction of IL-22 (17). While our results show there is no difference in neutrophil 

recruitment or wound closure of the skin between wild type and IL-36γ KO mice (Fig 

5.2a-b), the discrepancy between our study and the former is likely due to tissue-specific 

effects of the IL-36 family cytokines. Mice deficient in IL-1R1, the common receptor for 
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IL-1α and IL-1β, were found to have delayed healing of oral wounds, while wounds 

generated in the scalp were equivalent to wild type mice (28). Furthermore, it is possible 

that IL-36γ may play a role in healing of the gut due to the large range of bacteria and 

viruses present in the intestines. As our previous work identified the double stranded 

RNA analogue, poly(I:C), as a potent inducer of IL-36γ expression in primary human 

keratinocytes (29), perhaps the function of IL-36γ during wound healing is only apparent 

and necessary during the body’s response to site-specific microbiota. Additionally, our 

study is limited in that we have only observed degree of wound closure. It is possible that 

IL-36γ may play a subtler role in overall healing of the skin, undetectable by our methods 

of measurement. Studies further exploring these discrepancies will provide vital clues to 

our understanding of this group of proteins and their role within the body.  

Our study does, however, shed light onto the inherent endogenous nature of IL-36 

proteins, and the role of neutrophils in their potential activation. IL-36 cytokines lack 

leader peptides necessary for conventional secretion through the ER/Golgi into the 

extracellular matrix (Reviewed in 19). It has been hypothesized that these proteins 

require processing for secretion, similar to related family members, IL-1β and IL-18. In 

vitro studies found that processing of several amino acids at the N-terminus of each IL-36 

cytokine led to enhanced activity (23). Since then, these processed recombinant IL-36 

cytokines have been used throughout the field, despite lack of evidence that this 

processing takes place endogenously. In vitro studies demonstrated that neutrophil 

proteases were capable of processing the full-length recombinant cytokines to their 

shortened forms (24). The same study additionally showed that cell lysates from samples 

from psoriasis patients were capable of processing full-length proteins; however this was 
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only seen in IL-36β, not IL-36α or γ. Our data presented here show that neutrophils play 

a role in IL-36 processing of the secreted protein (Fig 5.3a-b); however, the processing 

may take place at an unpredicted site (Fig 5.1b-c, Fig 5.3a-b). Yet, there are several 

possibilities outside of processing, outlined above, that could also have given rise to the 

previously unreported protein sizes observed here. It is possible that processing of the 

recombinant protein is necessary to enhance the activity of these cytokines if their natural 

structure was not preserved, resulting in abnormal secondary structure and the loss of 

multimerization (Fig 5.4e). It is also possible that our observed neutrophil-dependent 

smaller molecular weight protein is a splice variant, similar to that observed in humans, 

although unlikely, as it is not detected within cell lysates. Further experimentation is 

necessary to elucidate the true nature of these proteins observed within our model and 

explore whether these endogenously found variants produce different downstream effects 

than the recombinant IL-36 cytokines commonly used throughout the field.    

Taken together, the results presented in this study show that IL-36γ is not 

necessary for neutrophil recruitment or wound closure of the skin, contrary to 

expectations. Additionally, we showed that neutrophils are necessary to produce a 

previously unpredicted form of IL-36γ, possibly resulting from processing of the 

cytokine. While further testing is needed, our data contributes to the understanding of 

these elusive cytokines and their dynamic roles within different areas and systems of the 

body.  

 

Materials and Methods 

Mice 
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IL1F9 -/+ mice were obtained from the Mutant Mouse Regional Resource Center 

(University of North Carolina). Mice were interbred to produce wild type or knockout 

strains on a C57BL/6 background. Experimental mice were further bred using knockout 

breeders in house under conventional pathogen free conditions. Experimental mice were 

sex matched and aged 8-10 weeks. All experimentation including housing and breeding 

were approved by the Temple University Institutional Animal Care and Use Committee 

and in compliance with the U.S. Department of Health and Human Services Guide for the 

Care and Use of Laboratory Animals.  

 

Expression and Purification of Recombinant Mouse IL-36γ  

The mouse IL-36γ encoding cDNA sequence GenBank NM_153511 corresponding to 

full length human IL-36γ was cloned into the pET derived E. coli expression vector 

HTUA (N-terminal His6-tag with tobacco etch virus (TEV) protease cleavage site (Lin et 

al., 2008)). His-tagged IL-36γ was expressed in BL21 cells after induction with 1mM 

isopropyl D-β-thiogalactopyranoside. Recombinant protein was released from bacterial 

cells by sonication. The supernatant from the lysed bacteria was used for affinity 

purification on a HisPur Cobalt Resin (Pierce) according to manufacturer’s instruction. 

The His-tag was removed using TEV Protease (Invitrogen) and the protein was further 

purified by gel filtration chromatography on Sephacryl S-100 (GE Healthcare) and 

Detoxi-Gel Endotoxin Removal Gel (Pierce). Protein purification was examined by 

Coomassie Blue staining or Western blotting.  

  

Wound Model 
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Mice were denuded by shaving, followed by nair application 24 hours prior to wounding. 

For wounding, skin was wiped with ethanol and iodine and 4 circular (4 mm diameter) 

full-thickness wounds were generated with biopsy punch tools. Wounding was performed 

under isoflurane anesthesia. Explant cultures were collected and maintained as previously 

described (31). Briefly, wounds were collected with an 8mm biopsy punch and placed in 

culture medium for 24 hours at 34°C before supernatants were harvested. Wounds taken 

for lysates were snap frozen on dry ice immediately following harvest. Tissue was 

homogenized with NP-40 lysis buffer with Sigma protease inhibitor cocktail (P8340), 

volume added according to weight. (1ml lysis cocktail per 0.02g tissue).  

 

Neutrophil Ablation 

Experimental mice were injected IP (1ug/mouse) with BioXCell monoclonal antibody 

1A8 (BE0075-1) or 1ug isotype control (BE0089). Mice were shaved and denuded with 

nair the same day as antibody injections. Wounds were generated with 4mm biopsy 

punches 24 hours later, as described above. 24 hours later, mice were euthanized and 

wounds were harvested for explant testing or snap frozen for lysate processing. Blood 

(collected in Lithium Heparin tubes) and spleen were collected from each mouse. Spleens 

were mechanically dissociated and lysed in eBioscience RBC lysis buffer (00-4300-54). 

Neutrophil ablation was confirmed via flow cytometry with Biolegend APC anti-mouse 

Ly6G antibody clone 1A8 (172071). 

 

Recombinant IL-36γ, Antibodies and Western Blotting 
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Processed murine IL-36γ was obtained from R&D Systems (6996-IL-010). Recombinant 

controls were diluted in explant medium or NP-40 lysis buffer at equivalent amounts to 

test samples. Reduced SDS-PAGE was performed on Bolt 12% Bis-Tris gels with Bolt 

MES buffer (Life technologies) according to manufacturers protocol. Proteins were 

transferred to PVDF membrane and blocked in 5% Milk. Polyclonal rabbit antisera were 

generated against an in-house isolated recombinant fragment of murine IL-36γ. 

Immunizations were performed at Genscript. Sera were affinity purified on CNBr-

Sepharose (GE Health) coupled with IL-36γ fragment columns and subsequently used as 

primary antibodies. HRP-conjugated goat-anti-rabbit secondary antibody was obtained 

from Santa Cruz (sc-2030). GAPDH antibody was obtained from Millipore (MAB374). 

Anti-mouse secondary antibody was procured from GE (NA931V). All westerns were 

developed with ECL-2 Western Blotting Substrate (Pierce: 80196). Western blots were 

performed under reducing conditions (samples treated with 0.6M DTT) unless otherwise 

indicated. Western blots run under non-reducing conditions (Fig 5.4e, IAA): samples 

were treated with 0.4M IAA upon preparation, followed by addition of 1.4M IAA prior to 

loading into the gel.  

 

Myeloperoxidase Assay 

Mice were euthanized and whole wounds were excised from skin with an 8mm biopsy 

punch and immediately snap frozen in liquid nitrogen. Wounds were homogenized in 

0.5% HETAB lysis buffer, volume according to weight (1ml lysis buffer per 1g tissue). 

Samples were centrifuged at 4°C and supernatant removed. Solutions of the following 

were made for reaction buffer: 50mM KPi (phosphate buffer), 20mg/ml o-dianosidine 
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dihydrochloride, 20mM H2O2. 30%(w/v) sodium azide. Reaction buffer comprised of 290 

ul KPi buffer, 3ul H2O2, and 3ul o-dianosidine dihydrocholirde (per reaction) were added 

to 10ul sample supernatant in a 96 well plate. The plate was incubated at 37°C and read at 

multiple timepoints at 460nm. The reaction was stopped with sodium azide solution. 

Myeloperoxidase concentration was calculated from standard curve (Standards: Millipore 

Myeloperoxidase, 475911).  
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Figures 

 

Figure 5.1: IL-36γ secreted from wounds is processed at an unpredicted amino acid 

site (a) Wild type mice (n=3-5 per timepoint) were wounded as described in materials 

and methods, using a 4mm biopsy punch. (b-d) IL-36γ levels were examined by Western 

blotting. Full length (F) and the processed short-form (S) recombinant IL-36γ were run as 

controls. (b) Explants were collected from wild type and IL-36γ knockout mice 24 hours 

post wounding. (c) Mice were euthanized at indicated timepoints and wounds were 

collected with 8mm biopsy punch for explant cultures. (d) Wild type mouse wounds were 

collected with 8mm biopsy punch at indicated timepoints, snap frozen, and processed for 

lysates. Levels of IL-36γ and GAPDH were examined by Western blotting. Red arrows 

indicate the observed endogenous lower molecular weight IL-36γ. Black arrows indicate 

the observed endogenous larger molecular weight form of IL-36γ. 2.5ng of each 

recombinant control was loaded per gel.  
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Figure 5.2: IL-36γ is not responsible for neutrophil recruitment or wound healing in 

the skin (a) Mice were wounded and wounds were harvested with an 8mm biopsy punch 

at indicated timepoints. Myeloperoxidase assay was performed on would lysates, N=3-5 

mice per group, graph is representative of at least 2 experiments per time point. Black 

bars indicate wild type mice, white bars indicate IL-36γ knockouts. ***, P<0.001. 

Significance was calculated via student t-test. (b) Wild type and IL-36γ knock out mice 

were wounded and pictures of wounds were taken daily until fully healed. Wound area 

was quantified via Image J. Figure is representative of 3 individual experiments with 3-5 

mice per group. 
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Figure 5.3: Processing of IL-36γ is dependent on neutrophils (a) Wild type, CSF3R 
and IL-36γ knockout mice were wounded and explant samples were collected at 24 
hours. IL-36γ levels were measured via Western blot. (b-c) Wild type mice were injected 
with neutrophil neutralizing antibody, Ly6G IA8, or isotype control. (b) Explants were 
collected 24 hours post-wounding and IL-36γ levels were measured via Western blot. (c) 
Wounds were collected from mice injected with neutralizing antibody or isotype control, 
snap frozen, and processed for lysates (wound lysates). Additional wounds that had been 
used to generate explants from mice were processed for lysates following cytokine 
secretion (explant wound lysates). IL-36γ levels were evaluated via Western blotting. 
GAPDH was used as an internal control. (a-c) Black arrows indicate the endogenous 
larger form of IL-36γ. Red arrows indicate the endogenous shorter form. Recombinant 
full-length (F) and the processed short-form (S) were used as controls (2.5ng each).  
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Figure 5.4: Potential origins of endogenous IL-36γ (a) Human and murine IL-36γ 
genes are depicted. Grey horizontal lines indicate 1kb spacing. Light green boxes indicate 
3’ and 5’ flanking regions. (b) mRNA representations for Human IL-36γ isoform 1, 
human IL-36γ isoform 2, and murine IL-36γ are depicted (a-b) Dark green boxes indicate 
exons. Red boxes depict region of human isoform 1 that is missing from human isoform 
2. (c) Amino acid sequences for both human IL-36γ isoforms and murine IL-36γ are 
shown. The predicted amino acid sequences for murine IL-36γ with the entire open 
reading frame (mouse IL-36γ based on ORF) is depicted as well as the predicted 
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sequence for murine IL-36γ with the predicted translation start site based on homology to 
human IL-36γ (mouse IL-36γ based on homology to human IL-36γ). Underlined regions 
indicate predicted pro-domains. (d) Predicted molecular weights represented as kDa are 
shown for human and murine IL-36γ. (e) Western blot of recombinant mouse IL-36γ 
protein originating from the predicted full-length protein based on homology to the 
human sequence (IL-36γ (1-164)) and processed mouse IL-36γ (IL-36γ (13-164)) is 
shown under reducing (DTT) and non-reducing (IAA) conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



	   219	  

CHAPTER 6  
 

OVERALL DISCUSSION 
 

The research presented within this thesis provides insight into mechanisms whereby IL-1 

and IL-36 cytokines through their individual signaling networks both alone and in 

association, can protect against pathogens, and yet, can also contribute to disease if 

unregulated. Our data additionally demonstrate the surprising differences between the 

individual IL-36 proteins within the body, an aspect often overlooked in studies utilizing 

only mice deficient in the IL-36 receptor through which all isoforms transduce signals. 

Furthermore, our data shows surprising differences in IL-36 protein processing in 

separate models of disease, furthering our understanding of the endogenous biological 

activities of these cytokines.  

As IL-1 and IL-36 cytokines are both expressed in epithelial tissue and have 

similar downstream functions, a superficial conclusion would be that their roles within 

the immune system are largely redundant. Yet, we find that IL-1 and IL-36 proteins often 

synergize with one another to enhance their proinflammatory effects. IL-1α and IL-36α 

induce expression of one another forming a positive-signaling loop resulting in the 

Imiquimod-induced psoriasis phenotype. Similar results may be true regarding the 

interplay between IL-36β and IL-1α during cutaneous herpes infections, although further 

testing is needed to elucidate this connection. This additive signaling between IL-1 and 

IL-36 proteins in the skin may be a redundancy that has developed to ensure a response to 

pathogenic invasion should deficiencies occur in one set of proteins. Furthermore, the 

amplification in signaling induced by one another may allow for more rapid responses to 

damage or infection following cellular stimulus.  
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Our work has additionally shown differences between the IL-36 cytokines 

themselves. Through utilization of the Imiquimod mouse model of psoriasis we were able 

to identify IL-36α as the key contributor to disease phenotype as well as neutrophil 

recruitment while IL-36β and IL-36γ ablation showed little effect. These results echo our 

studies demonstrating the importance of IL-36β in protection against the deadly outcome 

of cutaneous HSV-1 infection, while IL-36α and IL-36γ ablation showed no differences 

compared to wild type controls. Our IL-1 studies presented within this work reflect 

similar differences between IL-1α and IL-1β that prove to be advantageous during 

infection. Although HSV-1 has developed mechanisms to evade immune detection 

through preventing IL-1β signaling, IL-1α release ensures the maintenance of an IL-1 

signaling response in the host. Our studies of IL-36 cytokines likely represent a similar 

evolutionary advantage to that of IL-1 through production of a multi-level signaling 

system that ensures host response following pathogen detection. While we have not 

observed the production of the other IL-36 cytokines to be impaired in our models, 

possible differences in protein location or activation may account for the differences 

observed.  

Finally, our research has explored the controversial topic of IL-36 processing. 

Although there is the general consensus that IL-36 cytokines are processed in vivo to 

achieve maximum signaling capability, we have found IL-36α secreted from skin to be 

active as a full-length protein resulting in the psoriatic phenotype observed in our model. 

Interestingly, IL-36γ secreted from wounded murine skin was present in two forms, one 

of which was larger than the predicted form, and a smaller protein, which likely 

represents a truncated IL-36γ that appears to be processed at a previously unreported 
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amino acid site. Although further testing is needed to determine if this processing results 

in increased downstream activity, these studies demonstrate how little we truly know 

about the biological properties of these cytokines and how much we have left to learn.  

Taken together, our research has contributed to the overall understanding of both 

IL-1 and IL-36 cytokines, their functions in protection against pathogens, and their 

contribution to inflammatory diseases. We have shown that IL-36 cytokines can each 

have a distinct role dependent on signal initiation and are not necessarily redundant to IL-

1 signaling, but rather work in collaboration with IL-1 cytokines to induce rapid 

inflammatory responses. While little is known about the processing of these proteins, we 

have shown that IL-36α does not require processing in order to produce downstream 

effects, and IL-36γ may be processed at an unpredicted protein site. Overall, the data 

presented in this thesis contributes to the knowledge of the nature of the IL-36 cytokines 

and provides further insight into the collective interactions of the IL-1 family as a whole.  

 


