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Ágrip 

Sóri er sjálfsofnæmissjúkdómur með háa sýnd í vestrænum löndum. Sjúkdómurinn veldur skellum 

á húð og krónískri staðbundinni bólgu. Ákveðin örverudrepandi peptíð hafa verið tengd 

sjúkdómsmynduninni og eru sum þeirra tjáð í miklu magni í sórahúð. Eitt slíkra peptíða er LL-37. 

Um hlutverk LL-37 í myndun og meingerð sóra er hins vegar lítið vitað. Þar af leiðandi voru 

markmið þessarar rannsóknar að skilgreina tjáningarmynstur LL-37 í einkjarna blóðfrumum og 

undirhópum þeirra og hvernig bólgumiðlar gætu haft áhrif á tjáningu þess. Tjáning LL-37 í 

einangruðum einkjarna blóðfrumum úr hvítfrumuþykkni (e. buffy coat) frá heilbrigðum 

einstaklingum, var greind með frumuflæðisjá og var tjáningin staðfest með RT-qPCR í T frumum og 

einkjörnungum. Einkjarna blóðfrumur úr heilbrigðum einstaklingum voru ræstar með algengum 

bólgumiðlum, TNF-α ásamt IFN-γ eða IL-1β, og CpG til að rannsaka áhrif þeirra á tjáningu LL-37. 

Þessir bólgumiðlar hafa allir verið tengdir við sóra. Frumurnar voru ræstar í 32 tíma og þeim safnað 

á þremur tímapunktum. Áhrif LL-37 á innanfrumuboðleiðir voru einnig skoðuð með fosfóflæðiaðferð 

með því að mæla fosfórýleringu kínasanna og umritunarþáttanna ERK, p38, STAT1, STAT3, 

STAT5 og STAT6 í einkjarna blóðfrumum heilbrigðra einstaklinga þar sem LL-37 meðhöndlaðar 

frumur voru bornar saman við ómeðhöndlaðar frumur. Einkjarna blóðfrumur voru einnig 

einangraðar frá sjúklingum með sóra og LL-37 tjáningarmynstur þeirra borin saman við heilbrigða 

einstaklinga með frumuflæðisjá. Að lokum var borin saman tjáning LL-37 í undirhópum einkjarna 

blóðfruma frá sórasjúklingum fyrir og 6 vikum eftir ljósameðferð. Tjáning einangraðra einkjarna 

blóðfruma á LL-37 í heilbrigðum einstaklingum var mjög lág í T frumum, B frumum, CD4+ og CD8+ 

T frumum og einkjörnungum en hæsta tíðni LL-37+ fruma var í NK frumum og NKT frumum. Þó það 

mældist ekki tölfræðilega marktækt leiddi ræsing einkjarna blóðfruma með CpG og TNF-α til hærri 

tjáningar á LL-37 í nokkrum undirhópum einkjarna blóðfruma. LL-37 hafði engin áhrif á 

fosfórýleringu þeirra kínasa og umritunarþátta sem voru skoðaðir, þó það væru vísbendingar um að 

LL-37 hefði minnkandi áhrif á fosfórýleringu á STAT3. Það var enginn munur á tjáningu LL-37 í 

undirhópum einkjarna blóðfruma úr sórasjúklingum og heilbrigðum einstaklingum. Hins vegar var 

hærri tíðni á LL-37+ T frumum, B frumum, CD4+ og CD8+ T frumum og einkjörnungum hjá þremur 

sjúklingum miðað við hina sjúklingana og heilbrigðu einstaklingana. Þessir einstaklingar voru ekki 

með hærri tíðni af LL-37+ NK frumum og NKT frumum. Þó það væri ekki tölfræðilega marktækt þá 

var örlítið hærri tíðni á LL-37+ NKT frumum en örlítið lægri tíðni á LL-37+ NK frumum hjá sóra 

sjúklingum miðað við heilbrigða einstaklinga. Enginn tölfræðilegur munur var á tíðni LL-37+ frumna í 

undirhópum einkjarna blóðfrumum frá sórasjúklingum fyrir og 6 vikum eftir ljósameðferð. Hins vegar 

voru merki um að tíðni LL-37+ NKT fruma færi lækkandi eftir meðferð. Þessar niðurstöður benda til 

þess að NK frumur og NKT frumur hafi stærra hlutverk í LL-37 virkni en var áður talið. Nauðsynlegt 

er að skoða tengingu þeirra við sóra frekar.  
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Abstract 

Psoriasis is an autoimmune disease with a high prevalence in the Western countries. The disease 

manifests in skin lesions and chronic topical inflammation. Certain antimicrobial peptides have 

been linked to the pathogenesis of psoriasis and some have been found to be over-expressed in 

psoriatic skin lesions. One such antimicrobial peptide is LL-37. However, the role of LL-37 in the 

disease onset and pathogenesis is still unclear. Therefore, the aim of this project was focused on 

determining LL-37 expression in peripheral blood mononuclear cells (PBMCs) and subpopulations 

and how it could be affected with inflammation associated molecules. LL-37 expression of freshly 

isolated PBMCs from Buffy coats obtained from healthy individuals was analysed by intracellular 

flow cytometry and the expression confirmed with a quantitative real-time polymerase chain 

reaction (RT-qPCR) in T cells and monocytes. PBMCs from healthy individuals were stimulated 

with common pro-inflammatory cytokines, TNF-α in combination with IFN-γ or IL-1β, and CpG to 

study their effect on LL-37 expression. The stimulants have all been linked to psoriasis. The 

stimulations were conducted over three different time periods where untreated cells served as 

controls. The effect of LL-37 on intracellular signalling pathways was also investigated by 

phosphoflow by measuring the phosphorylation levels of the transcription mediators ERK, p38, 

STAT1, STAT3, STAT5 and STAT6 in PBMCs from healthy individuals where LL-37 primed cells 

were compared with non-primed cells. PBMCs were also isolated from psoriasis patients and the 

expression levels of LL-37 compared with that of healthy individuals by flow cytometry. Lastly, LL-

37 expression of subpopulations of PBMCs was compared in patients before and 6 weeks after 

narrow-band ultra violet B light treatment. The expression of LL-37 in freshly isolated PBMCs in 

healthy individuals was very low in T cells, B cells, CD4+ and CD8+ T cells and monocytes, 

whereas the highest frequency of LL-37+ cells were observed for NK cells and NKT cells. Although 

not statistically significant, activation of PBMCs with CpG and TNF-α increased the expression of 

LL-37 by several subpopulations of PBMCs. LL-37 had no effect on the phosphorylation of the 

analysed transcription mediators, although there were indications that LL-37 decreased the 

phosphorylation levels of STAT3. There was no difference in LL-37 expression in subpopulations of 

PBMCs from psoriasis patients when compared with healthy individuals. However, higher 

frequency of LL-37+ T cells, B cells, CD4+ and CD8+ T cells and monocytes was observed in three 

patients as compared with the rest of the patients and the healthy controls. These individuals were 

not observed having higher frequency of LL-37+ NK cells and NKT cells. Although not significant, a 

slightly higher frequency of LL-37+ NKT cells and lower frequency of LL-37+ NK cells was observed 

for the psoriasis patients than for the healthy controls. No statistical difference was observed in LL-

37 expression in subpopulations of PBMCs from psoriasis patients before and 6 weeks after light 

treatment. However, there is an indication towards a decrease in LL-37+ in NKT cells. These results 

suggest that NK and NKT cells may have a bigger role in the LL-37 function than was previously 

thought. Their link with psoriasis remains to be studied further.  
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1 The immune system 

Autoimmune diseases remain challenging to treat and are a heavy financial burden on Western 

healthcare systems. Chronic co-morbidity and disability are often a big part of these diseases and 

are highly frequent, which adds to their complexity and treatment complications. One such disease 

is psoriasis, an autoimmune and chronic inflammatory disease which mainly manifests in the skin, 

afflicting 2-3% of the world population (Boehncke & Schön, 2015; Lande, Botti, Jandus, Dojcinovic, 

Fanelli, Conrad, Chamilos, Feldmeyer, Marinari, Chon, Vence, Riccieri, Guillaume, Navarini, 

Romero, Costanzo, Piccolella, Gilliet, & Frasca, 2014). In the Nordic countries, Norway, Sweden 

and Denmark, the prevalence is even higher or ~5.7% physician diagnosed psoriasis or psoriatic 

arthritis (Danielsen, Duvetorp, Iversen, Ostergaard, Seifert, Steinar Tveit, & Skov, 2019). With such 

a high prevalence, psoriasis is one of the most common autoimmune diseases. It can induce 

chronic inflammation in both skin and joints but the most frequent co-morbidity afflicting patients 

with psoriasis is psoriatic arthritis (Boehncke et al., 2015). Another severe co-morbidity is 

depression but previous studies have found that patients suffering from psoriasis are at higher risk 

of suicide ideation, suicide attempt and death by suicide than individuals who do not suffer from 

psoriasis (Singh, Taylor, Kornmehl, & Armstrong, 2017).  

Antimicrobial peptides (AMPs) are a crucial part of the innate immune system, serving as a first 

line of defence against pathogenic microbes, such as bacteria, fungi, some protozoa and some 

viruses. Various AMPs play a role in the pathogenesis and maintenance of psoriasis and those 

AMPs are LL-37 and human β-defensin (hBD)-3 for instance (Lande, Chamilos, Ganguly, Demaria, 

Frasca, Durr, Conrad, Schroder, & Gilliet, 2015). These particular peptides are upregulated in 

psoriatic skin lesions and LL-37 has been linked to psoriasis pathology (Lande et al., 2015). There 

are still aspects of the pathology of psoriasis that remain unclear, for instance the role of LL-37 and 

other factors. Comprehension of these mechanisms and the nature of the onset of the disease 

could lead to better treatment options and better quality of life for patients suffering from psoriasis. 

People are constantly in contact with microbes; however only a small proportion is pathogenic 

to humans. The cells of the immune system (white blood cells or leukocytes) must be able to 

discriminate between harmless and pathogenic microbes (Hooper, Littman, & Macpherson, 2012). 

The white blood cells must be ready for any invading pathogens and must be able to combat 

quickly mutating bacteria and viruses. Regulating the immune responses is, therefore, essential for 

defending the host as well as to inhibit the system from attacking its own cells. Some faults in this 

system can result in immunological diseases and autoimmunity (Hooper et al., 2012). The functions 

of the immunity can be divided into avoidance, resistance, and tolerance which will be discussed 

further in chapters 1.1 and 1.2 (Gasteiger & Rudensky, 2014). Leukocytes are divided into two 

subgroups, lymphoid and myeloid cells. The two subgroups share between them cells that can 

roughly be separated into cells of the innate and the adaptive immunity (Gasteiger et al., 2014). 
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1.1 Innate immunity 

The innate immunity is the immunological defence that organisms are born with. It is the first line of 

action in the defence against pathogens and the environment. The innate immune response is 

characterized by quick but non-specific responses and until recently has not been considered to 

induce memory of encountered pathogens except through activation of the adaptive response 

(Rivera, Siracusa, Yap, & Gause, 2016). The initial defence can be divided into avoidance, e.g. 

physical barriers, and resistance, which is the leukocyte response to pathogens (further described 

in chapter 1.2). The innate leukocytes are subcategorized into granulocytes (basophils, neutrophils, 

and eosinophils), mast cells, monocytes (or macrophages), natural killer (NK) cells, the innate 

lymphoid cells (ILCs) and dendritic cells (DCs). Each cell type has their distinct part to play. The 

innate cells have one of two maturation pathways to follow. They mostly mature in the humeral 

bone marrow, or they fully mature when they first encounter an infectious particle or certain tissues 

(e.g. macrophages) (Rivera et al., 2016). 

To activate the innate cells they must be exposed to particles, chemicals, or biological 

molecules that are specific for microbial activity or damaged tissue. The cells recognize these 

molecules by pathogen recognition receptors (PRRs) (Iwasaki & Medzhitov, 2015; Rivera et al., 

2016). The PRRs are receptors that sense microbial-associated molecular patterns (MAMPs), 

which are often lipopolysaccharides (LPS), nucleic acids (especially unmethylated CpG repeats), or 

mannose-rich oligosaccharides, to name a few. PRRs are also sensitive to danger-associated 

molecular patterns (DAMPs), which include alarmins and other molecules released from damaged 

host cells. There are several types of PRRs, e.g. Toll-like receptors (TLRs) and the NOD-like 

receptors (NLRs). TLRs recognize MAMPs or DAMPs, either on the cell surface or ones that have 

been internalized through phagocytosis. Cells expressing PRRs play an important role in both the 

innate and adaptive immune system as sensor cells (leukocytes that sense pathogenic activity or 

inflammation) (Iwasaki et al., 2015; Rivera et al., 2016). 

Until recently, it has been thought that myeloid derived cells of the innate system serve as 

inactive killing and eating machines, but recent studies have shown that these cells play a more 

active role in the initiation of immune responses and regulation (Rivera et al., 2016). A previous 

study has shown, that the innate system can be “trained” to adopt more adaptive functional 

features or a memory-like quality when activated (Kleinnijenhuis, Quintin, Preijers, Joosten, Ifrim, 

Saeed, Jacobs, van Loenhout, de Jong, Stunnenberg, Xavier, van der Meer, van Crevel, & Netea, 

2012). For instance, monocytes have been induced to produce pro-inflammatory cytokines, IFN-γ 

and TNF-α, which have been more associated with lymphoid responses, up to three months after 

the pathogen encounter (Kleinnijenhuis et al., 2012). Another study also showed that neutrophils 

are capable of inducing a long-lived phenotype of macrophages during parasitic infections (Chen, 

Wu, Millman, Craft, Chen, Patel, Boucher, Urban, Kim, & Gause, 2014). These cell types have 

been shown to change their epigenetic profiles to respond quicker to specific pathogens as well as 

unrelated pathogens non-specifically (Kleinnijenhuis et al., 2012; Saeed, Quintin, Kerstens, Rao, 

Aghajanirefah, Matarese, Cheng, Ratter, Berentsen, van der Ent, Sharifi, Janssen-Megens, Ter 
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Huurne, Mandoli, van Schaik, Ng, Burden, Downes, Frontini, Kumar, Giamarellos-Bourboulis, 

Ouwehand, van der Meer, Joosten, Wijmenga, Martens, Xavier, Logie, Netea, & Stunnenberg, 

2014). The innate system is thus more complex than previously believed and the cells of the innate 

system often present plastic abilities and various phenotypic forms characterized by different 

functions (Rivera et al., 2016). 

1.1.1 Dendritic cells 

DCs are a group of antigen-presenting cells (APCs) that ingest microbes and other debris, but also 

extracellular matrix by micropinocytosis. Their main function is to activate the adaptive immunity by 

presenting peptides with the major histocompatibility complex (MHC) II (or human leukocyte 

antigen (HLA) complex as it is known in humans) to T cells (Iwasaki et al., 2015). Two main 

subpopulations exist of DCs, which are the conventional DCs (cDCs) and the plasmacytoid DCs 

(pDCs). The cDCs become activated when they encounter pathogens and subsequently ingest 

antigens. After that they travel to draining lymphoid tissues and activate the T cell response. The 

main role of pDCs is to produce and secrete interferons (IFNs) for antiviral effects during infections 

(Iwasaki et al., 2015). During homeostasis, pDCs circulate in the peripheral blood (PB) and 

secondary lymphoid organs. In the case of viral infections and some bacterial infections the pDCs 

are quick to respond and infiltrate the site of infection and produce type 1 IFNs such as IFN-α, 

which can attract and activate T cells and NK cells (Kopfnagel, Wagenknecht, Harder, Hofmann, 

Kleine, Buch, Sodeik, & Werfel, 2018; Montoya, Jie, Al-Harthi, Mulder, Patino, Rugeles, Krieg, 

Landay, & Wilson, 2006). pDCs have also been found to be in higher numbers in atopic dermatitis 

lesions and psoriatic lesions (Kopfnagel et al., 2018). pDCs respond well to viral infections and 

some bacteria since they express TLR7 and TLR9, which makes them susceptible to CpG 

oligonucleotide stimulations. A previous study has shown that CpG-stimulated pDCs seem to 

activate invariant NKT cells (Montoya et al., 2006). Both DCs and macrophages are able to present 

antigens to T cells and B cells, and are, therefore, also called APCs (Iwasaki et al., 2015). There 

are no single molecules that can distinguish DCs from other cells, but a combination of several 

molecules are often used when characterizing them, such as CD1s, CD11b, CD11c, CD83, 

CD80/CD86 and CD123 (Iwasaki et al., 2015; Zola, Swart, Banham, Barry, Beare, Bensussan, 

Boumsell, C, Buhring, Clark, Engel, Fox, Jin, Macardle, Malavasi, Mason, Stockinger, & Yang, 

2007). 

1.1.2 Granulocytes 

Granulocytes are a group of granulated cells that includes neutrophils, basophils and eosinophils, 

where the neutrophils are the most abundant cells of the innate system. Granulocytes mature in the 

bone marrow and travel through PB circulation. During infections they quickly leave the circulation 

and enter the infected area. There they perform their main role, i.e. phagocytosis which is a 

pathway where the cells recognize pathogens, through MAMPs, engulf them and kill them by 

exposing them to lysosomes (Geering, Stoeckle, Conus, & Simon, 2013). Granulocytes can be 
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characterized by their many granules, various vesicles filled with degrading enzymes and 

chemicals, as well as AMPs, such as LL-37 (Kolaczkowska & Kubes, 2013). 

Neutrophils are in high numbers in the PB and are short lived. However, they are quick 

responders to pathogen invasion. They secrete inflammatory mediators that attract other immune 

cells as well as activate the surrounding stromal cells to respond to the pathogenic invasion and 

induce inflammation (Rivera et al., 2016). Another distinct and effective method that neutrophils 

use to kill pathogens is the formation of neutrophil extracellular traps (NETs). NETosis is a form of 

neutralizing pathogens while inducing self-apoptosis. The DNA of the neutrophils is released into 

the extracellular compartment along with AMPs (e.g. LL-37) (Hoffmann, Schaekel, Hartl, Enk, & 

Hadaschik, 2018). This process has been characterized as reactive oxygen species (ROS) 

dependent and a possible contributor to the immunopathogenesis of psoriatic lesions (Hoffmann et 

al., 2018). Neutrophils have also recently been associated with inflammatory resolution where it is 

suggested that neutrophils play a regulatory role by interactions with monocytes or macrophages 

(Yang, Tao, Wu, Zhao, Ye, Zhao, Fu, Tian, Yang, He, & Tang, 2019). Neutrophils are often 

discriminated from other cell populations by their marker CD114, the receptor for the granulocyte 

colony-stimulating factor (G-CSF), which is a growth factor necessary for neutrophil maturation 

(Sivakumar, Abboud, Mathews, Atkinson, & Morel, 2018). 

1.1.3 Monocytes and macrophages 

Monocytes are a type of leukocytes that circulate in the PB until they exit the bloodstream and 

enter tissues. There they differentiate into macrophages (or DCs, depending on the 

microenvironmental signals). Resident macrophages are present in tissues all over the body and 

are often the first resistance to infections where they engulf microbes through phagocytosis. 

Monocytes are phagocytic as well, but most infections happen in tissues rather than in the PB 

circulation (Kratofil, Kubes, & Deniset, 2017). Another important role of the monocytes, but mainly 

macrophages, is to induce inflammation and recruit other cells of the innate immune system to the 

site of infection (Mitchell, Roediger, & Weninger, 2014). Some subpopulations of monocytes exist. 

In humans, they are usually distinguished by whether they express CD16 and/or CD14, though 

other populations exist such as CD56+ monocytes (Rothe, Gabriel, Kovacs, Klucken, Stohr, 

Kindermann, & Schmitz, 1996; Ziegler-Heitbrock, 2007). The classical monocyte population is 

defined as CD14highCD16- while other monocyte subgroups are the non-classical (CD14+CD16high) 

and intermediate (CD14+CD16+) monocytes (Skrzeczynska-Moncznik, Bzowska, Loseke, Grage-

Griebenow, Zembala, & Pryjma, 2008). The classical monocytes are also referred to as pro-

inflammatory monocytes while the non-classical monocytes play a role in resolving inflammation 

and repair. The intermediate monocytes are probably transitioning monocytes, they are phagocytic 

but are also anti-inflammatory (Kratofil et al., 2017). These phenotypically different subsets of 

monocytes/macrophages are often referred to as M1 phenotype or M2 phenotype which are either 

pro-inflammatory or anti-inflammatory, respectively (Rivera et al., 2016). Apart from monocyte 

derived macrophages there are a distinct subset of macrophages which are tissue resident. They 

do not derive from the bone marrow and are descendants from embryonic progenitor cells (Rivera 
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et al., 2016). Tissue resident macrophages are important in initiating the inflammatory response 

upon pathogen infiltration and for attracting other immune cells to the site of invasion (Rivera et al., 

2016). In some tissues the tissue resident macrophages have been shown to be able to sustain on 

their own and proliferate locally without interference from bone marrow monocytes, although, other 

tissue resident macrophages are dependent on monocytes for replenishment (Kratofil et al., 2017).  

1.1.4 Innate lymphoid cells 

ILCs are the innate systems counterpart for T helper (Th) cells. The subsets of ILCs are grouped 

into ILC1s, ILC2s and ILC3s and correspond to Th1, Th2 and Th17 cells, respectively. The cells 

share some functions and cytokine secretion with their Th analogues (Yazdani, Sharifi, Shirvan, 

Azizi, & Ganjalikhani-Hakemi, 2015). ILCs do, however, not express antigen specific T cell 

receptors (TCRs), lymphoid differentiation lineage markers (LIN) or recombination activating genes 

(RAGs), which are vital for TCR and B cell receptor (BCR) differentiation and recombination 

(Yazdani et al., 2015). ILC1s are activated in a type 1 immune response against intracellular 

pathogens and some parasites (or in some cases of inflammatory and autoimmune diseases) while 

ILC2s are activated in type 2 responses (i.e. parasitic infection or allergic diseases) (Yazdani et al., 

2015). NK cells are a part of the ILC1s and will be described further in chapter 1.1.5. ILC3s are 

subcategorized into e.g. lymphoid tissue inducers (LTis), ILC17 and ILC22. ILC3s assist Th17 cells 

in their response towards extracellular pathogen infections. They have likewise recently been 

associated with the pathophysiology of autoimmune diseases such as multiple sclerosis (MS) and 

psoriasis (Yazdani et al., 2015). Since the ILCs share so many features with the innate cell types 

and the adaptive system it has been challenging to find distinct markers to define the ILC subsets 

(Mora-Velandia, Castro-Escamilla, Mendez, Aguilar-Flores, Velazquez-Avila, Tussie-Luna, Tellez-

Sosa, Maldonado-Garcia, Jurado-Santacruz, Ferat-Osorio, Martinez-Barnetche, Pelayo, & Bonifaz, 

2017). Generally they are lineage negative (LIN-), and they do not express TCRs or BCRs, and 

CD123 is often used to exclude pDCs or basophils (Mora-Velandia et al., 2017). ILCs are capable 

of migrating to inflamed skin and have been found to express the cutaneous leukocyte-associated 

antigen receptor (CLA) (Hazenberg & Spits, 2014). A distinct subset is dependent on interleukin 

(IL)-3 for survival and needs stromal cell-derived factor 1 (SDF-1) for skin migration from the PB 

during inflammation (Mora-Velandia et al., 2017). This specific LIN-CD123+CD127low subset of ILCs 

was found to infiltrate into psoriatic lesions and non-lesional skin. It was also suggested that it has 

ILC3-like features and was found to express IL-17 and IL-22 in psoriatic skin (Mora-Velandia et al., 

2017). ILCs have however been determined as highly plastic and are capable of switching 

phenotypic properties according to their microenvironment (Hazenberg et al., 2014).  

1.1.5 Natural killer cells and natural killer T cells 

NK cells are lymphocyte-like cells that are a part of the ILCs. Their role is to recognize tumour cells, 

intracellular-bacteria or viral infected host cells and stressed host cells and subsequently kill them 

(Vivier, Tomasello, Baratin, Walzer, & Ugolini, 2008). For some time the difference between NK 

cells and T cells was unclear but today it is accepted that the NK cells, which mature in the bone 
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marrow, do not express the antigen receptors that are characteristic for T cells (Pallmer & Oxenius, 

2016). On the other hand, a population of cells exist which are called natural killer T cells (NKT 

cells) and are part of the adaptive immunity. NKT cells share characteristics of NK cells and T cells, 

including the expression of CD56 and CD3, respectively (Pereira, Ribeiro, & Macedo, 2017). 

Subsets of NK cells are often referred to as CD56bright or CD56dim NK cells (Angelo, Banerjee, 

Monaco-Shawver, Rosen, Makedonas, Forbes, Mace, & Orange, 2015). CD56bright NK cells are 

considered to be a more immature subset than CD56dim NK cells (Yu, Freud, & Caligiuri, 2013). NK 

cells have also been shown to express CD16 (Vivier et al., 2008). To carry out their cytotoxic 

function but still remain tolerant to the self, NK cells express several activation receptors and 

inhibitory receptors (Gianchecchi, Delfino, & Fierabracci, 2018; Vivier et al., 2008), which they use 

when communicating with other cells. When a cell is compromised through viral infection or tumour 

like behaviour the cells stop expressing MHC I molecules and the NK cells sense that as a danger 

signal of “missing self” and subsequently kill the altered cell (Gianchecchi et al., 2018). The 

receptors on NK cells that bind MHC I molecules are inhibitory in nature, so when fewer of them 

are bound the killing process is activated. These receptors are from the family of killer cell 

immunoglobulin-like receptors (KIRs) (Gianchecchi et al., 2018). The activation receptors are of 

various types, some are from the KIR family (and are the most important players in NK cell 

activation), other receptors are IgG-like but the most NK cell distinct receptors are the C type lectin 

receptors, such as NKG2D and CD94-NKG2C (Gianchecchi et al., 2018). NKp30, NKp44 and 

NKp46 are also important NK cell receptors for cytotoxicity (Gianchecchi et al., 2018). The NK cells 

are sensitive to their environment and can be activated by cytokines released from phagocytic cells 

or APCs, e.g. through TLRs, and subsequently express high levels of IFN-γ (Vivier et al., 2008). On 

the other hand, NKT cells do not express TLRs but can, in some cases, be activated indirectly from 

bacterial or viral pathogenic particles through DC activation, e.g. where pDC activation with CpG, 

through TLR9, activate NKT cells which, in turn, respond by higher secretion of TNF-α and type I 

IFNs (Montoya et al., 2006). NK cells, however, have been found to express TLR9 and respond 

directly to CpG stimulations by secreting IFN-γ (Roda, Parihar, & Carson, 2005). The NKT cells 

express a version of the TCR which is Vα24-Jα18 (Balato, Unutmaz, & Gaspari, 2009). They do, 

however, not respond to or bind with peptide antigens bound to MHC I or II molecules, but bind to 

an MHC I-like molecule, CD1d, which is a receptor that binds glycolipids (Balato et al., 2009). NKT 

cells are therefore a sort of bridge between the innate and the adaptive immunity. They respond 

quickly, like other innate cells, but secrete cytokines that affect the adaptive immunity (e.g. IFN-γ 

and IL-4) (Balato et al., 2009). NKT cells have also been connected to pathophysiology of 

autoimmune diseases, such as psoriasis. High infiltration of NK cells and NKT cells has been 

described in psoriatic lesions compared to healthy skin and keratinocytes (KCs) in psoriatic lesions 

express higher levels of CD1d (Simoni, Diana, Ghazarian, Beaudoin, & Lehuen, 2013). Another 

study found that NKT levels in the PB of psoriasis patients were lower than compared with PB of 

healthy individuals (Koreck, Suranyi, Szony, Farkas, Bata-Csorgo, Kemeny, & Dobozy, 2002). 

However, the roles of NK cells and NKT cells in psoriasis have not been fully determined yet 

(Chiricozzi, Romanelli, Volpe, Borsellino, & Romanelli, 2018). 



  

7 

 

1.2 Adaptive immunity 

The adaptive immunity is specialized to specifically respond to pathogens and infections. This 

system has evolved in such a way that it enables humans to have long-lasting immunity against 

encountered infectious pathogens. This effect is what makes vaccinations possible (Weisel & 

Shlomchik, 2017). The adaptive immunity has the important role of maintaining tolerance. 

Tolerance in the immune system is twofold; it is the ability of the host to protect itself from damage 

inflicted by pathogens (e.g. bacteria) and the immunological tolerance by which mechanism 

leukocytes attack pathogens but not the self (Takaba & Takayanagi, 2017; Zelenay & Reis e 

Sousa, 2013). The specificity of the adaptive response can be traced to the surface antigen 

receptors of the B and T cells, BCRs and TCRs, respectively (Cobb, Oestreich, Osipovich, & Oltz, 

2006). A large variety in antigen recognition exists of these receptors, which can be explained by 

DNA recombination (Cobb et al., 2006). Antigen receptors recognize particular amino acid 

sequences in antigens. Antigens during infections are usually a part of the pathogenic organism 

such as proteins, glycoproteins or polysaccharides. The sequences that the antigen receptor 

recognizes are referred to as epitopes and most antigens have more than one epitope, which 

makes it possible for more than one antigen receptor or antibody to bind the antigen (Jain & 

Pasare, 2017).  

After the initial response of the innate system, adaptive immunity is activated by migrating 

cDCs, which present particles from the pathogen to naive T cells (Iwasaki et al., 2015). The innate 

activation of the adaptive response is often referred to as the three-signal paradigm of innate 

control of the adaptive immune system. First, the innate APCs, most often cDCs, present antigenic 

factors from the pathogen to T cells. That activates the TCR which is necessary for the clonal 

expansion of antigen-specific T cells. The second signal is started by co-stimulatory molecules 

which are present and upregulated on APCs when they become activated because of MAMPs or 

DAMPs. The third and last signal is a mixture of innate cytokines that are expressed by APCs and 

other innate cells following PRR activation. The cytokines assist in the differentiation of T cell 

subsets which are necessary for the host defence against the particular pathogen (Jain et al., 

2017). Subsequently, the T subpopulations activate the antibody-producing B cells. The adaptive 

immunity consists mainly of B cells and T cells which can be subcategorized into more distinct cell 

subpopulations (Jain et al., 2017).  

1.2.1 B cells 

B cells start their maturation in the bone marrow but migrate to the spleen, or peripheral lymph 

nodes, for their final maturation process. Mature B cells are responsible for producing antibodies 

(Schweighoffer & Tybulewicz, 2018). While still in the bone marrow the B cells first form the heavy 

chains of the BCRs by rearranging a set of gene segments. When the heavy chains are fully 

formed the light chains are rearranged with a similar system of recombination. When these are fully 

formed the B cells express on their surface a complete BCR and its complex proteins, 

immunoglobulin (Ig)-α and Ig-β (Martensson, Keenan, & Licence, 2007). To ensure that the B cells 
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are not sensitive to the self they undergo a tolerance mechanism where B cells that recognize self-

proteins edit their light chains, undergo apoptosis or functional inactivation (anergy) (Melchers, 

2015). Immature B cells that survive this process leave the bone marrow and travel to secondary 

lymphoid organs, during which time they are called transitional B cells. Transitional B cells that 

receive an activation signal in secondary lymphoid organs develop into either marginal zone (MZ) B 

cells or follicular (FO) B cells, which will be called B cells hereafter (Melchers, 2015). MZ B cells 

can be activated independent of the help of Th cells and upon TLR signal activation, and 

differentiate into short-lived plasma cells that produce antibodies with a limited avidity for their 

antigens (Melchers, 2015). Upon encounter with an antigen in lymph nodes, B cells travel to B cell 

follicles where they obtain help from T follicular helper (Tfh) cells. At this stage the BCR undergoes 

somatic hypermutations and affinity maturation process in the germinal centre. At this stage, the B 

cells divide; produce antibodies with higher avidity for their antigens and class switch to IgG, IgA or 

IgE (Melchers, 2015). Mature B cells leave the germinal centre and can differentiate into plasma 

cells or memory B cells. The plasma cells can either travel to the bone marrow to produce 

antibodies or they can remain in the lymphoid organs, and secrete the BCR which is then called an 

antibody (Melchers, 2015; Taher, Bystrom, Ong, Isenberg, Renaudineau, Abraham, & Mageed, 

2017). The antibodies are then capable of binding and neutralizing the antigens involved 

(Melchers, 2015). In addition to the BCR and Ig-α and Ig-β, B cells express CD19 and CD20 that 

are important for their activation and also for their detection (Boldt, Borte, Fricke, Kentouche, 

Emmrich, Borte, Kahlenberg, & Sack, 2014; Melchers, 2015). 

1.2.2 T cells 

T cells are formed in the bone marrow but migrate to the thymus, where they rearrange their TCRs, 

become MHC restricted, undergo negative selection and finish their maturation process. When fully 

mature, the T cells leave the thymus and circulate between lymphoid organs in search of an 

antigen binding to their antigen receptors. DCs that encounter a pathogen migrate to the draining 

lymph nodes where they activate T cells, which start to proliferate and differentiate into effector T 

cells; thus inducing specific adaptive responses (Krueger, Zietara, & Lyszkiewicz, 2017). T cells 

differentiate into one of three subgroups, each with a different effector function: cytotoxic CD8+ T 

cells (Tc cells), and CD4+ Th cells, or regulatory T cells (Tregs) (Barbi, Pardoll, & Pan, 2014; 

Sprent & Surh, 2011). Tc cells recognize cells that are infected with intercellular microorganisms, 

whether it is a virus or bacterial infection, and terminate the infected cell by inducing apoptosis 

(Andersen, Schrama, Thor Straten, & Becker, 2006). Th cells provide help to other immune cells, 

such as for antibody production of the B cells and phagocytosis and killing of intracellular 

pathogens by macrophages (Raphael, Nalawade, Eagar, & Forsthuber, 2015). Tregs regulate the 

activity of other lymphocytes by suppressing their activity. By doing so they try to minimize the 

damage the immune response can inflict on its host (Barbi et al., 2014). The subpopulations of T 

cells each express distinct proteins or secrete distinct cytokines that are responsible for their 

effector functions. In addition, T cells express different transcription factors, such as Foxp3 by 

Tregs, which also express the α-chain of the IL-2R (CD25) (Barbi et al., 2014; Raphael et al., 
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2015). Th1 cells (also called type 1 T cells) are potent producers of IFN-γ and IL-2 and express the 

transcription factor T-bet (Peck & Mellins, 2010). Th2 (also called type 2 T cells) are characterized 

by their expression of IL-4, IL-5, IL-13 and the transcription factor GATA-3 (Peck et al., 2010). Th17 

cells (also called type 3 T cells) are defined by their ability to secrete IL-17 and IL-22 as well as 

expression of the transcription factor RORγT (Peck et al., 2010). The cytokines secreted by these 

three Th cell subtypes have also been detected in different CD8+ T cell subtypes that are 

subsequently referred to as Tc1, Tc2 and Tc17 cells. Th2 cells have been shown to be vital for 

immune responses against parasitic infections but shown to be pathological in asthma and allergic 

diseases (Peck et al., 2010). Th1 cells are important inducers of immune response against 

intracellular pathogens but have been found to be pathological in a number of inflammatory 

diseases and autoimmunity (Peck et al., 2010). Th17 cells have been crucial in defence against 

extracellular pathogens but have been found to be pathological in autoimmune disease (Peck et 

al., 2010). In psoriasis, Th1 and Th17 cells play a major role in the immunopathogenesis of the 

disease (Stein, Wollschlegel, Te, Weiss, Joshi, Kinzel, Billich, Guntermann, & Lehmann, 2018). 

1.3 Immunology of the skin 

The human skin is a large, external organ and is continuously exposed to foreign particles. The 

skin serves as a physical barrier, separating inner organs and tissues from the outside world and a 

chemical barrier as AMPs are abundantly expressed by KCs (Braff, Zaiou, Fierer, Nizet, & Gallo, 

2005; Lande, Gregorio, Facchinetti, Chatterjee, Wang, Homey, Cao, Wang, Su, Nestle, Zal, 

Mellman, Schroder, Liu, & Gilliet, 2007). Thus, this barrier has an important role in immunological 

defences (Nestle, Di Meglio, Qin, & Nickoloff, 2009). The skin and the mucosa act as both physical 

and chemical barriers where AMPs can be found. It is difficult for pathogens to penetrate the skin 

and mucosa to infect underlying tissue. If pathogens get past the physical and chemical barriers 

they are met by leukocytes of the innate immunity. The innate cells recognize the pathogens 

through various PRRs and subsequently provide resistance to infections, usually by ingesting and 

digesting them (phagocytose) and activating the adaptive response (Coates, Blanchard, & 

MacLeod, 2018).  

KCs act as part of the immune system by sensing danger through MAMPs and DAMPs and 

secrete chemokines to attract immune cells to the site of infection (Coates et al., 2018). KCs are, 

therefore, not inactive bystanders, as was previously thought, but play and active protective role in 

the skin (Coates et al., 2018). As Figure 1 depicts, the skin consists of two parts: the epidermis and 

the underlying dermis which are separated by the basal membrane. The DCs (Langerhans cells) 

and CD8+ T cells are the most common leukocytes in the epidermis, while there are normally more 

variety of immune cells and factors in the dermis (Nestle et al., 2009). 

During the initiation of inflammation, M1-like macrophages secrete increased concentrations of 

pro-inflammatory cytokines such as IL-1β, TNF-α and IFN-γ and various chemokines, which leads 

to recruitment of immune cells (Coates et al., 2018). First, neutrophils infiltrate the skin in response 

to chemokines such as CXC-chemokine ligand (CXCL) 8 (also known as IL-8) but later in the 
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response macrophages become the main cells of action. These cells phagocytose pathogens and 

cell debris but also secrete resolving cytokines or anti-inflammatory cytokines to help reduce tissue 

damage. Those cytokines are e.g. transforming growth factor (TGF)-β. Thus, the pro-inflammatory 

macrophage phenotype M1 switches to anti-inflammatory phenotype M2 to return the inflamed 

tissue to homeostasis, possibly with help from the neutrophils (Coates et al., 2018; Yang et al., 

2019). When this resolving mechanism fails to take place chronic inflammation persists (Nestle et 

al., 2009).  

 

Figure 1 Basic anatomy of healthy skin along with residing immunological effectors. 

A schematic of healthy skin, the epidermis and dermis with residing immune cells, lymphatic 

vessels and blood vessels, as well as other factors (Nestle et al., 2009). 

1.4 Pathophysiology of psoriasis 

Psoriasis is an autoimmune skin disease with a prevalence of about 2-3% around the world. The 

disease has been linked to genetic factors and can run in families (Boehncke et al., 2015). 

Psoriasis has different manifestations and has been categorized into plaque psoriasis, postular 

psoriasis, and guttate psoriasis, to name a few. Chronic plaque psoriasis (psoriasis vulgaris) is the 

most common manifestation and affects about 90% of psoriasis patients. The disease seems to 

affect both sexes equally, although there may be some indications of more severe cases in males 

(Boehncke et al., 2015). The typical symptoms of plaque psoriasis are erythematous skin lesions 

with grey or white scales covering the plaques, as can be seen in Figure 2a. Patients suffering from 

the disease report itching, burning, and pain in the lesions but the physiology of the lesions is not 

fully understood. The disease has a high co-morbidity risk of diseases such as depression, Crohn’s 
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disease, non-alcoholic fatty liver, cardiovascular diseases, which can be fatal, but the highest co-

morbidity risk is psoriatic arthritis (~15% or those who suffer from psoriasis (see Figure 2b) (Singh 

et al., 2017). Psoriasis is, therefore, no longer only considered as a skin disease but is now seen 

more as a skin disease linked to systemic inflammation and other tissue specific conditions (e.g. 

arthritis). Due to the high number of activated immune cells and high concentrations of cytokines 

circulating in the PB, the disease is not isolated specifically to the plaques (Chiricozzi et al., 2018). 

The characteristic histological changes in plaques include thickening of the cornified layer of the 

epidermis. The epidermal rete ridges elongate and nuclei become present in corneocytes. Th1 and 

Th17 cells infiltrate the epidermis and dermis and secrete pro-inflammatory cytokines, such as IFN-

γ, TNF-α, IL-17 and IL-12 (Ogawa, Sato, Minagawa, & Okuyama, 2018). Subsequently other 

immune sentinels are attracted, such as macrophages, ILC3s, DCs and mast cells. IL-17 seems to 

be an important culprit in the pathogenesis of the disease but various cells involved with the 

inflammatory cascade have been found to secrete the cytokine. These cells are for instance T 

cells, ILC3s, NK cells, NKT cells and neutrophils (Chiricozzi et al., 2018). In addition, Munro’s 

abscesses tend to form due to neutrophil infiltration (Boehncke et al., 2015; Chiricozzi et al., 2018). 

The immunopathogenesis of psoriasis will be further explained in chapters 1.4.1 and 1.5.3.  

Psoriasis can afflict people due to various reasons; certain genes can increase susceptibility to 

the disease (while others might be protective, see more details in chapter 1.4.2), environmental 

factors and stress can induce the inflammatory cascade, as well as hormones and immunological 

factors (see chapter 1.4.3) (Ogawa et al., 2018). UVB radiation has been proven to be a somewhat 

successful treatment for some cases of psoriasis and other immunological skin diseases 

(Yamazaki, Odanaka, Nishioka, Kasuya, Shime, Hemmi, Imai, Riethmacher, Kaisho, Ohkura, 

Sakaguchi, & Morita, 2018). A recent study found that the UVB exposure induced a specific subset 

of DCs to induce self-tolerance by promoting Treg proliferation and differentiation (Yamazaki et al., 

2018). By presenting self-antigens, which are exposed after UVB radiation damage on the skin, 

these distinct CD11b-type Langerin- DCs were able to activate Treg responses due to upregulation 

of the co-stimulatory factor CD86 (Yamazaki et al., 2018). 
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Figure 2 Examples of psoriasis manifestation. 

(a) A typical lesion of a psoriasis plaque, in plaque psoriasis, is erythematous with silver scales 

covering the lesion (Tobin, Lynch, Kirby, & O'Farrelly, 2011). (b) A manifestation of inflamed joints 

due to psoriatic arthritis in a thumb. Psoriatic arthritis is the most common co-morbidity of psoriasis. 

Erythematous plaques can also be seen on the hand (Boehncke et al., 2015). 

1.4.1 Active cells in psoriasis 

As can be seen in Figure 3, the cell to cell interaction in the inflammatory cascade of psoriasis is 

quite complex, where various cells and secreted molecules play important roles (Chiricozzi et al., 

2018).  

KCs are active in the immunological cascade in psoriasis. They have receptors for many of the 

psoriasis-related cytokines and respond actively to their binding. For instance, KCs express and 

secrete inflammatory mediators, such as IL-1F9, TNF-α, IL-17C, IL-19 and thymic stromal 

lymphopoietin (TSLP) (Chiricozzi et al., 2018). KCs actively attract immune cells into the dermis 

and epidermis by secreting chemo-attractants such as CC-chemokine ligand (CCL) 20, CXCL1, 

CXCL8 (IL-8), CXCL10 and CXCL11 (Chiricozzi et al., 2018). KCs can also induce hyper-

proliferation of KCs and endothelial cells by secreting growth factors, such as epidermal growth 

factor (EGF), vascular endothelial growth factor (VEGF) and acidic fibroblast growth factor (HBGF). 

The KCs are susceptible to stimulation by IL-22, which induces hyperplasia and epidermal 

thickening, and to stimulation by IL-17 and TNF-α, which induce KCs expression of pro-

inflammatory cytokines (Chiricozzi et al., 2018). They express and secrete AMPs, such as LL-37, 

which attract infiltrating T cells and other active cells in psoriasis inflammation. Despite all this, 

active pathways of KC response in the inflammation loop of psoriasis are considered to be 

secondary (Chiricozzi et al., 2018).  

Psoriasis is considered to be a mainly CD4+, but also CD8+, T cell driven autoimmune disease 

where Th1/Th17 polarization is dominant (Eysteinsdottir, Sigurgeirsson, Olafsson, Fridriksson, 
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Agnarsson, Daviethsson, Valdimarsson, & Luethviksson, 2013; Tobin et al., 2011). Historically, Th1 

was thought to be the driver of the inflammatory phenotype of psoriasis but in recent years Th17 

seems to be the main inducer of the disease since the concentrations of IL-17 in psoriasis patients 

(skin biopsies and PB) is higher than in healthy individuals (Boehncke et al., 2015; Chiricozzi et al., 

2018). The high Th17 leverage down-regulates Th2 phenotypic expression, creating an imbalance 

of IL-17 and IL-4 proportions. Indeed, IL-4 has been shown to improve psoriatic inflammation 

(Boehncke et al., 2015). Another T cell subset, active in psoriasis, is the Th22 subset, from the 

Th17 family (Chiricozzi et al., 2018). These cells secrete IL-22 which directly affects KCs migration, 

the epidermal thickness, inhibits their differentiation and induces chemokine secretion (Chiricozzi et 

al., 2018). T cells are highly plastic but in psoriasis there are more tendencies towards RORγT 

expression and thus Th17 phenotype. Th1/Tc1 have, however, also been found to be increased in 

psoriatic lesions and PB of psoriasis patients. Their key transcription factors signal transducer and 

activator of transcription (STAT) 1 and T-bet are observed during psoriatic inflammation (Chiricozzi 

et al., 2018). They secrete IFN-γ, TNF-α and IL-2 in abundance and express chemokine receptor 

CXC-chemokine receptor (CXCR) 3 and CLA which enables them to home to the skin (Chiricozzi et 

al., 2018). The Th17/Tc17 are highly upregulated in psoriasis lesions and PB and their key cytokine 

secretion consists of IL-17, IL-17F, TNF-α, IL-21, IL-22 and IL-26 (Chiricozzi et al., 2018). Their 

major transcription factor, along with RORγT, is STAT3. They are susceptible to stimulation by IL-

23 through the IL-23 receptor (IL-23R) and express CC-chemokine receptor (CCR) 6 and CCR4 as 

well. IL-23, IL-1β, TGF-β and IL-6 have been shown to induce Th17/Tc17 differentiation (Chiricozzi 

et al., 2018). γδ T cells are also upregulated in psoriatic patients and are potent producers of IL-17. 

They express IL-23R and CLA and infiltrate lesions in abundance (Chiricozzi et al., 2018). A 

relatively recent study also found that IL-17 producing CD4- and CD8- αβ T cells and γδ T cells, 

infiltrate psoriatic lesions in a psoriatic-like skin inflammation in a transgenic mouse model 

(Ueyama, Imura, Fusamae, Tsujii, Furue, Aoki, Suzuki, Okuda, Oshima, Yasui, Shichijo, & 

Yamamoto, 2017). 

NK cells and NKT cells are thought to play an important role in the pathogenesis of psoriasis but 

their role has remained elusive (Cameron, Kirby, Fei, & Griffiths, 2002; Chiricozzi et al., 2018; 

Gianchecchi et al., 2018; Kono, Honda, Aini, Manabe, Haga, & Tsuruyama, 2014; Koreck et al., 

2002; Tobin et al., 2011). High numbers of infiltrated NK cells and NKT cells have been found in 

psoriatic lesions (Chiricozzi et al., 2018). The NK cells seem to localize around the papillary dermis 

or close to the epidermal-dermal junction more than in healthy individuals while NKT cells seem to 

localize more in the dermis (Cameron et al., 2002). They are potent pro-inflammatory cytokine 

secretors in the psoriatic milieu, especially the NKT cells. They secrete factors such as IL-17, IL-22, 

IFN-γ and TNF-α and express chemokine receptors such as CXCR3, CCR5 and CCR6, allowing 

them to infiltrate the lesions (Cameron et al., 2002; Chiricozzi et al., 2018). Previous studies have 

found that there are lower levels of NKT cells circulating in the PB of psoriasis patients and other 

autoimmune diseases such as rheumatoid arthritis (RA). This could further validate their 

importance in the development of psoriasis (Cameron, Kirby, & Griffiths, 2003; Koreck et al., 2002). 
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NK cells express NKG2C surface receptor which pairs with CD94 (Patel, Marusina, Duong, 

Adamopoulos, & Maverakis, 2013). This receptor is inhibitory or activating, depending on the 

environmental signature, and is specific for HLA-E peptide complexes (Patel et al., 2013). Previous 

study found that HLA-E is associated with HLA-C in the pathogenesis of psoriasis. There is a 

NKG2C deficiency in psoriatic NK cells so there might be an association between NKG2C and 

HLA-E binding in the pathophysiology of the disease. Patel et al. suggested that this association 

(NKG2C and HLA-E 01:01) could interfere with the ability of the NK cells to inhibit auto-reactive T 

cells and therefore increase the risk of psoriasis development. However, they also suggested a 

contradictory model where HLA-E 01:03 could disrupt HLA-C self-peptide presentation to T cells 

and thus protect against the pathophysiology of psoriasis (Patel et al., 2013). 

ILC3s are measured at higher concentrations in psoriatic PB and lesions than in healthy 

individuals and it seems that RORγT+ and NKp44+ ILC3s are most active. NKp44+RORγT+ ILC3s 

are induced by IL-1β and IL-23 and secrete relative high amounts of IL-22 and IL-17. Thus they 

might be possible players in the development of psoriasis, although, their role needs to be further 

elucidated (Chiricozzi et al., 2018). 

pDCs are possible candidates in the initiation of the inflammatory cascade of psoriasis lesions. 

pDCs are defined as HLA-DR+CD11c-CD123hiBDCA-2+ (Chiricozzi et al., 2018) and are potent 

secretors of type 1 IFNs and, therefore, important in defence against viral infections. This role 

makes them capable of sensing and binding extracellular single-stranded RNA or DNA molecules. 

pDCs are not mature APCs but through binding nucleic acids they get activated through TLR7 or 

TLR9. It has been suggested that through binding self-nucleic acids in complex with LL-37, pDCs 

break self-tolerance and activate T cells and other immune cells and initiate the chronic 

inflammatory loop of psoriasis (Chiricozzi et al., 2018; Kopfnagel et al., 2018; Lande et al., 2014; 

Lande et al., 2015; Lande et al., 2007). cDCs are also active in psoriasis although there are not 

more of them in psoriatic lesions when compared to healthy skin (Chiricozzi et al., 2018). 

The role of neutrophils is somewhat established in psoriasis since they are rather prominent in 

the histological changes of the skin during psoriatic inflammation. They infiltrate the skin in high 

numbers and form micro-abscesses (Munro’s abscesses) in the epidermis (Boehncke et al., 2015; 

Chiricozzi et al., 2018). They express and secrete AMPs, such as LL-37, and secrete other 

psoriasis-related cytokines such as IL-17. It is, however, still debated whether neutrophils secrete 

and express IL-17 themselves or if they simply endocytose extracellular IL-17 and secrete it again, 

as no mRNA transcripts of IL-17 have been found (Chiricozzi et al., 2018). IL-17 activates 

neutrophils regardless, so their secretion of the cytokine has an autocrine effect. Neutrophils 

express CXCR2 and are susceptible for chemokine ligands such as CXCL1, CXCL2, and CXCL8. 

It is possible, that through their secretion of LL-37, neutrophils can contribute to the pathogenesis 

of psoriasis or through the pathway of NETosis, as described in chapter 1.1.2 (Chiricozzi et al., 

2018; Hoffmann et al., 2018).  



  

15 

 

Mast cells seem to be the other granulated cell type active in psoriasis, mainly through their 

expression of CXCL8, IL-22 and IL-17 and possibly through their pathway of releasing extracellular 

traps. Mast cells are sensitive to activation through IL-23, IL-1β and IL-17 (Chiricozzi et al., 2018). 

 

Figure 3 The pathogenic model of the complex interplay between immune cells and KCs in 
psoriasis, depicts the IL-23/IL-17 axis. 

This figure depicts the cell interactions involved in active psoriasis and the cytokine profile related 

to its pathogenesis. The red annotations are cytokines and pathways associated with the IL-23/IL-

17 axis which is considered to be the main pathological mechanism of psoriasis. Other annotated 

inflammatory factors are blue but possible autoantigens have been highlighted with yellow (e.g. LL-

37) (Chiricozzi et al., 2018). 

1.4.2 Genetics of psoriasis 

Several studies have looked into the genetics of psoriasis and found that it is a multigenic disease 

with a highly complicated genetic susceptibility phenotype. Many susceptibility loci have been 

determined and more keep on turning up, but the HLA-Cw6 allele on chromosome 6, found in 

psoriasis susceptibility locus 1 (PSORS1), is possibly responsible for about half of heritable 

psoriasis (Boehncke et al., 2015; Chiricozzi et al., 2018). Other susceptibility genes for psoriasis 

are for instance IL-12B and IL-23R (Zeng, Luo, Huang, & Lu, 2017). It is known that IL-12 can 

induce Th1 differentiation and IL-23 induces Th17 differentiation (Chiricozzi et al., 2018). Two 

potential autoantigens for HLA-Cw6, which codes for a MHC I, are LL-37 and the A disintegrin and 

metalloproteinase with thrombospondin motifs-like protein 5 (ADAMTSL5), which is expressed by 

KCs and melanocytes (Chen & Tsai, 2018; Lee, Wu, Lee, Bhutani, & Wu, 2018). In an extensive 

meta-analysis of three genome wide association studies and two other independent data sets, 

where >10,000 psoriasis cases and >22,000 healthy cases were compared, 15 susceptibility genes 



  

16 

 

were determined, adding to the number of susceptibility genes already determined (Tsoi, Spain, 

Knight, Ellinghaus, Stuart, Capon, Ding, Li, Tejasvi, Gudjonsson, Kang, Allen, McManus, Novelli, 

Samuelsson, Schalkwijk, Stahle, Burden, Smith, Cork, Estivill, Bowcock, Krueger, Weger, 

Worthington, Tazi-Ahnini, Nestle, Hayday, Hoffmann, Winkelmann, Wijmenga, Langford, Edkins, 

Andrews, Blackburn, Strange, Band, Pearson, Vukcevic, Spencer, Deloukas, Mrowietz, Schreiber, 

Weidinger, Koks, Kingo, Esko, Metspalu, Lim, Voorhees, Weichenthal, Wichmann, Chandran, 

Rosen, Rahman, Gladman, Griffiths, Reis, Kere, Nair, Franke, Barker, Abecasis, Elder, & 

Trembath, 2012). Some of the genes determined were genes that are active in T cell regulation, 

while others were involved in innate responses (Lee et al., 2018; Tsoi et al., 2012). Another 

relatively recent analysis, used weighted gene co-expression analysis on RNA-sequencing data 

found that genes associated with short-chain fatty acid metabolism and olfactory receptor activity 

could possibly be disproportionately expressed in psoriasis (Ahn, Gupta, Lai, Chopra, Arron, & 

Liao, 2016). Other pathways that were found to be enriched in psoriasis were networks associated 

with leukocyte cytotoxicity regulation. Also, in the module that was most correlated with psoriasis 

they found the gene coding for LL-37 (Ahn et al., 2016).  

1.4.3 Environmental factors affecting psoriasis 

Several environmental factors have been considered to trigger the onset of psoriasis or induce 

plaque formation in psoriasis patients. These triggers are diverse and can be, e.g. infections, poor 

diet or obesity, mental stress, tobacco smoking, adverse effects from medication and low 

concentrations of vitamin D (Barrea, Nappi, Di Somma, Savanelli, Falco, Balato, Balato, & 

Savastano, 2016; Barrea, Savanelli, Di Somma, Napolitano, Megna, Colao, & Savastano, 2017; 

Lee et al., 2018; Zeng et al., 2017). Strong correlation has been found between streptococcal 

infections and acute guttate psoriasis, i.e. patients with psoriasis are more prone to streptococcal 

infections but there is also a higher risk of psoriatic onset. This is due to molecular mimicry 

between the M protein found on the surface of streptococci and keratin expressed by KCs. T cells 

reactive to the M protein and keratin have been found in psoriasis patients (Lee et al., 2018; 

Valdimarsson, Thorleifsdottir, Sigurdardottir, Gudjonsson, & Johnston, 2009). Lithium, a drug often 

used to treat bipolar disorder (Machado-Vieira, Manji, & Zarate, 2009), has been found to induce 

psoriasis (onset of the disease or increase symptoms), as an adverse effect. In fact, it is one of the 

most common adverse effects of lithium, related to skin. It is believed that the drug interferes with 

intracellular Ca2+ channels and thus affecting KC division and maturation (Lee et al., 2018). 

Correlation has been described between obesity and the severity of psoriasis (Zeng et al., 2017). A 

study done in 2009 found that there was a 9% more likelihood of developing psoriasis for each unit 

increase in body mass index (BMI) and a 7% higher risk for higher severity of the disease (Wolk, 

Mallbris, Larsson, Rosenblad, Vingard, & Stahle, 2009). They also found correlation between the 

onset of psoriasis and tobacco smoking (Wolk et al., 2009). Healthy eating can possibly help 

patients that suffer from psoriasis to alleviate symptoms. For instance, vitamin D, selenium, omega-

3 fatty acids (fish oil) and vitamin B12 have been described as possibly beneficial for psoriatic 
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patients (Millsop, Bhatia, Debbaneh, Koo, & Liao, 2014). Fish oil and vitamin D are probably the 

most useful out of these but evidence is still controversial (Barrea et al., 2017; Millsop et al., 2014).  

1.5 Antimicrobial peptides 

Antimicrobial peptides are a family of peptides that have in common microbicidal functions. AMPs 

have been reported to be protective against Gram positive and negative bacteria, fungi, protozoa, 

and viruses. The peptides are diverse and differ in size, amino acid composition and in their 

secondary structures (Zasloff, 2002). They can be either α-helical or in the form of β-sheets and 

are frequently around or less than fifty amino acid residues (Niyonsaba, Kiatsurayanon, & Ogawa, 

2016; Zasloff, 2002). The secondary structure is used to categorize AMPs. Many of these peptides 

share other characteristics, such as hydrophobic and cationic amino acids in their peptide chains, 

spatially dispersed. Some of the subgroups of AMPs are β-defensins, cathelicidins, and S100 

proteins (Lande et al., 2015). In humans, the defensins are the most common AMPs, in addition to 

the only cathelicidin LL-37, which is relatively abundant (Niyonsaba et al., 2016). 

β-defensins are AMPs that consist of β-sheets and have cationic properties and form three 

disulfide bonds (Niyonsaba et al., 2016). S100 proteins are a family of calcium-binding proteins 

which, among other things, have been linked to AMP function. S100A7 is an AMP, also known as 

psoriasin (Lande et al., 2015; Zackular, Chazin, & Skaar, 2015). Cathelicidins are well conserved 

evolutionarily in animals and plants. The common structure for cathelicidins is α-helical (Lande et 

al., 2015). They are frequently between 12 – 50 amino acids and have been found to be expressed 

in KCs, in macrophages (found in lysosomes), neutrophils and in other PB leukocytes (see more 

about LL-37 expression in leukocytes in chapter 1.5.2) (Zanetti, 2004). In humans there is only one 

cathelicidin and that is the LL-37 (Zasloff, 2002). 

1.5.1 LL-37 

LL-37, encoded by the gene CAMP, and formerly known as FALL-39, was first discovered in 1996. 

The research group that found the peptide performed a cDNA scanning for the homologue of PR-

39. PR-39 is a porcine cathelicidin with a well preserved pre-proteolytic region which was used for 

the scanning procedure. The pre-proteolytic region codes for cathelin. This led to the discovery of 

the CAMP gene (Agerberth, Gunne, Odeberg, Kogner, Boman, & Gudmundsson, 1996). The gene 

is located on chromosome 3p21.31 and consists of four exons (Agerberth et al., 1996). After the 

gene has been translated the peptide undergoes a proteolytic modification where the cathelin pro-

region is removed from the active peptide sequence LL-37. A schematic of the pre-proteolytic 

peptide can be seen in Figure 4 (Agerberth et al., 1996; Durr, Sudheendra, & Ramamoorthy, 2006; 

Wang, 2008). The peptide itself contains thirty-seven amino acids which form perfectly an 

amphipathic α-helix. A hypothetical schematic of the helix can be seen in Figure 5. The α-helix is 

rich in hydrophobic as well as cationic amino acids. These amino acids are spatially dispersed in 

the molecule giving it the ideal structure for antimicrobial function (Wang, 2008).  
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Figure 4 A schematic of the pre-proteolitic cathelicidin LL-37. 

A schematic picture of the cathelicidin protein LL-37, before its post-translational proteolytic 

modification, based on Durr et al. (Durr et al., 2006). 

 

Figure 5 A schematic picture of a hypothetical α-helical structure of LL-37. 

The peptide LL-37 is cationic and forms an amphipathic α-helix. The N terminus does not fold into 

the helix (Durr et al., 2006). 

The function of LL-37 is in part due to its amphipathic nature. The cationic amino acid residues 

have a high affinity for the negatively charged phospholipids on bacterial cell surfaces (Durr et al., 

2006; Zasloff, 2002). LL-37 does not attack the host cells since human membranes are not 

charged on the outer surface though the phospholipids have a negative charge on the inside of the 

cell (Zasloff, 2002). The peptide also has a role in the recruitment of other leukocytes. It has 

chemotactic functions towards phagocytic cell groups like neutrophils and monocytes as well as T 

cells. Other biological functions include transcriptional alterations in macrophage responses, 

stimulations for reepithelialisation of healing skin, and angiogenesis. In addition, it can alter 

chemokine expression in KCs (Chen, Takai, Xie, Niyonsaba, Okumura, & Ogawa, 2013; Zanetti, 

2004). The molecule also has an affinity for the negatively charged DNA and RNA, which makes it 

efficient against some viral infections. The affinity for negatively charged molecules is perhaps what 

drives the initiation of psoriasis inflammation (Lande et al., 2007). Indeed, LL-37 has been found to 

bind self-nucleic acids and trigger inflammation through activation of TLR7 and TLR8 (Ganguly, 

Chamilos, Lande, Gregorio, Meller, Facchinetti, Homey, Barrat, Zal, & Gilliet, 2009; Lande et al., 

2015; Lande et al., 2007; Takahashi, Kulkarni, Lee, Zhang, Wong, & Gallo, 2018). One study 

proposed that LL-37 binds extracellular self-nucleic acids upon injury or inflammation. The complex 

then supposedly binds to scavenger receptors, and is endocytosed. This mechanism seems to 

enable KCs and macrophages to activate through recognition of self-non-coding U1 RNA 

(Takahashi et al., 2018). Subsequently, IL-6 and IFN-β1 are expressed, which indicates the ability 

of LL-37 to induce auto-inflammation (Takahashi et al., 2018). 

LL-37 Cathelin domain Signal peptide 

COOH H2N 
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1.5.2 Cells in peripheral blood and LL-37 

In a study from 2000 lymphocytes were cultured in the presence of IL-2 for 5 days and the 

supernatant was shown to contain LL-37 that had been secreted (Agerberth, Charo, Werr, Olsson, 

Idali, Lindbom, Kiessling, Jornvall, Wigzell, & Gudmundsson, 2000). The authors then used RT-

qPCR to assess the transcript levels of LL-37 in B cells, αβ T cells, γδ T cells, NK cells and 

monocytes, which were found in all of the analysed cell types except for the αβ T cells. They 

confirmed this with immunohistochemistry (Agerberth et al., 2000). LL-37 has also been shown to 

be expressed in granulated cells such as neutrophils. In the process of NETosis, where they 

undergo apoptosis and discard their nucleic acids they also release other factors within the NET, 

e.g. LL-37 (Wantha, Alard, Megens, van der Does, Döring, Drechsler, Pham, Wang, Wang, Gallo, 

von Hundelshausen, Lindbom, Hackeng, Weber, & Soehnlein, 2013). LL-37 can also affect other 

PBMCs when secreted in the blood. A study that investigated the antimicrobial properties of LL-37 

in blood found that LL-37 induces B cell and pDC sensitivity for CpG motifs. However, the role of 

LL-37 in blood has not been fully determined (Hurtado & Peh, 2010). A study performed with a 

mouse model analysed the effect LL-37 had on arterial thrombosis and found that LL-37 was 

important for platelet activation (Pircher, Czermak, Ehrlich, Eberle, Gaitzsch, Margraf, Grommes, 

Saha, Titova, Ishikawa-Ankerhold, Stark, Petzold, Stocker, Weckbach, Novotny, Sperandio, 

Nieswandt, Smith, Mannell, Walzog, Horst, Soehnlein, Massberg, & Schulz, 2018). Serum levels of 

LL-37 have also been measured significantly higher in psoriasis patients as compared with healthy 

individuals (Hwang, Jung, Kim, Roh, Jung, Lee, Choe, & Ahn, 2014). 

1.5.3 The role of LL-37 in psoriasis 

LL-37, which is secreted by KCs upon injury or trauma, binds extracellular self-DNA or self RNA, 

and forms a complex. When cells die, DNA is released into the extracellular matrix where it should 

be degraded by nucleases during homeostatic conditions. In psoriasis, LL-37, however, forms a 

complex with the self-nucleic acids before the nucleases can degrade it, and condenses it into 

aggregates. This process is enough to trigger pDCs to endocytose the complex of nucleic acids 

and LL-37, which subsequently trigger a cascade of inflammation responses through activation of 

TLR7, TLR8 or TLR9 (Ganguly et al., 2009; Lande et al., 2007). Other AMPs, hBD2, hBD3 and 

lysozyme have been shown to be capable of activating pDCs in the same way (Lande et al., 2015). 

LL-37 has also been demonstrated to be upregulated in psoriatic skin (Lande et al., 2014). 

Interestingly, LL-37 has not only been linked to the activation of the innate response, but it has also 

been found to activate the adaptive immune response. In psoriatic skin lesions, LL-37 has been 

found to trigger LL-37-specific CD4+ and CD8+ T cells to proliferate and produce IFN-γ and Th17 

cytokines such as IL-17. Those cytokines are directly linked to the pathophysiology of psoriasis, as 

has been described. Following these results, more experiments were conducted with the 

conclusions that LL-37 serves as an autoantigen that activates circulating T cells in psoriatic 

patients (Chiricozzi et al., 2018; Lande et al., 2014). The subsequent response of the T cells is to 

produce IFN-γ and other Th17 cytokines which induce inflammatory responses and maintain the 

psoriatic symptoms. Thus, LL-37 bridges a gap between the innate and adaptive immune system 



  

20 

 

with the ability to activate both systems. Interestingly, LL-37 does not work as an antigen for T cells 

in all psoriatic patients but it is more common in patients with medium to severe psoriasis, than in 

patients with mild cases of psoriasis (Lande et al., 2014).  

In the light of the important role of LL-37 in the initiation (pDC activation) and maintenance 

(possible autoantigen) of psoriasis, and the fact that higher serum levels of LL-37 are measured in 

psoriasis patients, it is of interest to analyse the role of LL-37 in peripheral blood immune cells in 

psoriasis patients further. Since LL-37 (and other AMPs) are upregulated in psoriatic lesions, 

psoriasis is an ideal model to study the correlation between AMPs and autoimmune diseases, as 

well as the cells of the immune system (Boehncke et al., 2015).  

 



  

21 

 

2 Aims 

The main aim of this study was to determine the expression profile of the antimicrobial peptide LL-37 

in PBMCs in psoriasis patients with active psoriasis before and after NB-UVB light treatment and 

comparing that of healthy individuals.  

Further, the aim was to characterize which cell subpopulations express LL-37 and whether the 

expression can be affected by cytokine stimulations under psoriatic-like conditions. 

2.1 Specific aims 

The specific aims of this research are as follows: 

 To determine the expression of LL-37 in subpopulations of PBMCs at healthy state. 

 To determine the CAMP transcription of T cells and monocytes. 

 To determine the effect pro-inflammatory cytokine and CpG stimulations have on the 

expression of LL-37 in subpopulations of PBMCs. 

 To determine the effect of LL-37 on intracellular signalling pathways in PBMCs. 

 To determine the expression of LL-37 in subpopulations of PBMCs from psoriatic patients, 

during active disease and disease remission. 
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3 Materials and methods 

3.1 Patients and healthy controls 

A collaboration was set up with the Dermatology Centre (Húðlæknastöðin; Jenna Huld Eysteinsdóttir, 

dermatologist), for recruitment of psoriasis patients for participation in the study. The criteria for 

psoriasis patient participation was that they had reached 18 years of age, had been diagnosed with 

chronic plaque psoriasis and had wide distribution of the psoriatic lesions (i.e. psoriasis area severity 

index (PASI) score of >7). The participants should not have been using any form of 

immunosuppressive medication (for psoriasis or other illnesses) or have been using light treatment for 

up to 4 weeks before participation of the study. Collaborators from the Dermatology Centre collected 

whole blood from the patients before and after a 6 week treatment with narrow-band ultraviolet B (NB-

UVB) light treatment. All study subjects signed an informed consent and the blood sampling was 

authorized by the National Bioethics committee (16-102-V2). 

Blood from healthy individuals was obtained from blood donors at the Blood Bank at Landspítali, 

the National University Hospital. The blood was concentrated into the form of heparinised buffy coats 

(BC). All participants signed an informed consent and the blood sampling was authorised by the 

National Bioethics committee (16-102-V2). 

3.1.1 Blood sample collection and isolation of peripheral blood mononuclear 
cells 

Blood samples from the psoriasis patients were collected into heparin coated Vacuette® tubes 

(Greiner bio-one, Kremsmünster, Austria). The heparinised blood was used undiluted but the BC 

blood was diluted 1:3 with sterile phosphate-buffered saline (PBS). The samples were loaded onto 10 

ml of Ficoll (Histopaque®-1077 from Sigma Aldrich, St. Louis, MO, USA) in sterile universal tubes and 

centrifuged for 30 minutes at 400xg without breaks at ~22°C. Using a Pasteur-pipette, the PBMCs 

were collected from the inter-phase and transferred into sterile 50 ml Falcon tubes. The cells were 

washed three times with 50 ml of magnetic-activated cell sorting buffer (MACS buffer; sterile PBS with 

2 mM ethylenediaminetetraacetic acid (EDTA; Millipore, Merck, Burlington, MA, USA) and 0.5% 

bovine serum albumin (BSA, Merck, Burlington, MA, USA) (V/V)) and centrifuged at 300xg for 10 

minutes at ~4°C. The supernatant was discarded and the wash repeated. At the last wash, the cells 

were counted using trypan blue (Invitrogen, Thermo Fisher Scientific, Paisley, UK) and counted by a 

Countess® Automated Cell Counter (Invitrogen). To obtain the total number of cells the following 

equation was used: 

𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑚𝑙
 × 𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙) = 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 (1) 

After the final wash the cells were resuspended in complete RPMI medium (RPMI 1640 medium 

supplemented with 10% foetal bovine serum (FBS) and penicillin/streptomycin (all from Gibco™, 

Invitrogen)) at a concentration of 10 x 106 cells per ml. 

The isolated PBMCs were stained immediately for flow cytometry analysis (see chapter 3.2.1) or 

cultured and then stained for flow cytometry analysis and the remaining cells were frozen down for 

later use (see chapter 3.1.1.1 for the freeze protocol).  
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For immediate analysis 7 x 105 cells were seeded onto 2 wells per donor on a 96-well plate, one for 

isotype control and one for specific antibody staining for intracellular and surface LL-37 (chapter 

3.2.1). In addition, 2 x 105 cells were seeded onto 1 well per donor as an unstained negative control. 

The cells were then stained by the protocol described in chapter 3.2.1 and analysed by the same 

methods. Later, 1.5 x 106 cells were seeded onto 2 wells per donor for immediate analysis in order to 

be able to collect ~ 1 x 106 during the flow cytometry but only 5 x 105 were collected when 7 x 105 cells 

were used. The unstained negative control remained the same. 

Same procedure was followed for samples obtained at 0 weeks before NB-UVB light treatment and 

the samples obtained after 6 weeks of treatment. 

3.1.1.1 The freeze protocol 

PBMCs in complete RPMI medium were mixed with freezing buffer (80% of FBS and 20% of dimethyl 

sulfoxide (DMSO, Sigma Aldrich) (V/V), in volume ratio 1:1 and transferred to Nunc® CryoTube® 

(Sigma Aldrich) and the tube stored in Mr. Frosty at -80°C for 24 - 36 hours and then transferred to 

liquid nitrogen. To maintain the most possible yield, all reagents and equipment were kept at room 

temperature (RT).  

3.2 Cell culture and stimulations for flow cytometry analysis of LL-37 
expression 

The freshly isolated PBMCs were stained immediately (0 h) or cultured for 3, 18 or 32 h with or without 

stimulations at 37°C, 5% CO2 levels and 95% humidity. Initially, 4 x 105 freshly isolated PBMCs in 500 

µl of complete RPMI medium were put into each well in a flat-bottomed 48 well-plates. Eight wells 

were used for each stimulant, where the cells were combined during harvest. The stimulation 

conditions were TNF-α + IFN-γ (both from R&D Systems, Bio-Techne, Abingdon, UK), TNF-α + IL-1β 

(R&D Systems, Bio-Techne) and CpG oligonucleotides (InvivoGen, San Diego, CA, USA). 

Unstimulated cells were used as a control. The concentrations were such: CpG, 100 ng/ml; IFN-γ, 100 

ng/ml; IL-1β, 50 ng/ml and TNF-α, 100 ng/ml. 

After the first run, the sample size was changed to 2 x 106 cells per well in a 12 well-plate with 2.5 

ml of medium. During harvest a “cell-lifter” Costar® (cell scraper) was used (Corning Incorporated, 

Corning, NY, USA). Cells from each condition, per donor, were combined during harvest and then split 

up for further analysis or cryogenic storage. The stimulation conditions and concentrations remained 

the same.  

3.2.1 Staining for LL-37 and surface markers for B cells, T cells, 
subpopulations of T cells, NK cells, NKT cells and monocytes 

The PBMCs were stained for LL-37 (internal staining) and PBMC surface markers (surface staining) 

using fluorochrome-labelled antibodies (details can be found in Table 1). Each sample consisted of 

~1.0 x 106 cells in 50 µl of staining buffer (SB, PBS containing 2.5 mM EDTA and 0.5% BSA). First, 

any unspecific binding was blocked by added 6 µl of 1:1:1 mixture of rabbit serum, human serum, and 

mouse serum (block) and the cells kept on ice for 10 min. Then the cells were stained by cell specific 

antibodies. Thereafter, any unspecific binding was blocked again by adding 4 µl block and the cells 
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kept at RT for 15 minutes. For the permeabilization and fixation of the cells an intracellular protein 

staining a kit was used (eBioscienceTM Foxp3 / Transcription Factor Staining Buffer set, Cat. 00-5523-

00, Thermo Fisher Scientific, Waltham, MA, USA). The method was performed according to the 

manufacturer’s instructions (Thermo Fisher Scientific) with a fixation and permeabilization step of 60 

minutes and intracellular staining for LL-37 of 20 minutes. The samples were at last analysed with 

Navios flow cytometer (Beckman Coulter, Brea, CA, USA). The data analysis for flow cytometry was 

done with Kaluza® software (Beckman Coulter, Brea, CA, USA). 

Table 1 Antibody details for each marker for the flow cytometry analysis.  

Antigen Fluorochrome 
Amount used per 

sample (ng) 
Clone Ref. / Cat. Manufacturer 

LL-37 FITC 20.0 D-5 sc-166770 
SantaCruz 

Biotechnology 

LL-37 

isotype 
FITC 20.0 N/A sc-2855 

SantaCruz 

Biotechnology 

CD56 PE 60.0 CMSSB 12-0567-42 eBioscienceTM 

CD16 PE DazzleTM 5.00 3G8 302054 BioLegend® 

CD4 PE-Cyanine7 40.0 RPA-T4 25-0049-42 eBioscienceTM 

CD19 APC 62.5 HIB19 17-0199-42 eBioscienceTM 

CD8 APC/Cy7 70.0 SK1 344714 BioLegend® 

CD14 BV421TM 375 HCD14 325628 BioLegend® 

CD3 BV510TM 45.0 OKT3 317332 BioLegend® 

3.2.2 Flow data gating strategy 

Initially, the total cells (see Figure 6a) were gated as side-scatter (SS) peak versus SS-Int to exclude 

any debris and doublet cells (see Figure 6b). Then the cells were gated as a forward-scatter (FS) Int 

versus SS-Int where lymphocytes, monocytes and granulocytes could be gated (see Figure 6c). The 

intracellular staining protocol changes the FS versus SS phenotype of the cells, compared with cells 

stained for surface markers only. Therefore, the three gates were only a rough separation of cell 

types. The cells were then gated for specific cell specific surface markers and positive cells for each 

marker were gated for LL-37 positivity (see Figure 6d-6i). This allowed determination of the frequency 
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of LL-37 positive cells within a cell population and the level of positive staining was determined as well 

as the geometric mean of the LL-37 signal (GMFI). The data was then further analysed with Graphpad 

Prism 7 (San Diego, CA, USA). 
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Figure 6 Gating strategy for flow cytometry analysis for LL-37 intracellular staining in B cells, T 
cells, subpopulations of T cells, NK cells, NKT cells and monocytes. 

Representative figures, (a) total collected cells from samples run. (b) Total collected population gated 

as SS-Peak versus SS-int, to gate PBMCs from debris and doublet cells. (c) PBMCs gated as SS-Int 

versus FS-Int and gated into lymphocyte, monocyte and granulocyte populations. (d) Lymphocyte 

population gated as CD19+ cells versus CD3+ cells. (e) CD3+ lymphocytes gated as CD4+ cells versus 

CD8+ cells. (f) Lymphocytes gated as CD56+ cells versus CD3+ cells. (g) Monocytes gated as CD16+ 

cells versus CD14+ cells. (h) PBMCs gated as SS-Int versus LL-37+ cells. The same was done for all 

subpopulations. (i) PBMCs gated as SS-Int versus the cells stained with LL-37 isotype (control for 

specific antibody staining). The same gating strategy was used for all samples. 
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3.3 Cell culture and stimulations for phosphoflow staining and flow 
cytometry analysis  

Isolated PBMCs, 1 x 106 cells in 50 µl of complete RPMI medium were seeded into a 96-well U-

shaped bottom plate. Cells were cultured alone (untreated control) or in the presence of either 45 

µg/ml LL-37 (Innovagen AB, Lund, Sweden) or 45 µg/ml scrambled (Scr) LL-37 (Innovagen AB) for 1 

hour. After 1 hour incubation at 37°C, 5% CO2 and 95% humidity, with or without LL-37 or Scr-LL-37, 

the following stimulants were added separately: PMA, 100 nM; IL-4, 100 ng/ml; IL-2, 50 ng/ml; IL-10, 

100 ng/ml; LPS, 1 µg/ml and IFN-γ, 10 ng/ml. For each stimulation condition there were 5 wells: 1 well 

for untreated control stained with specific antibodies, 1 well for stimulated cells unstained (negative 

control), 1 well for stimulated cell without LL-37 or Scr-LL-37 stained with specific antibodies, 1 well for 

stimulated cells primed with Scr-LL-37 and stained with specific antibodies and 1 well for stimulated 

cells primed with LL-37 and stained with specific antibodies. One extra sample was made, stimulated 

with corresponding inflammatory mediator to serve as an isotype control and another untreated 

sample to serve as an unstained control. 

After the addition of all the stimulants the cells were cultured for 15 minutes at 37°C, 5% CO2 and 

95% humidity. Then 55 µl of 10% formaldehyde (Sigma Aldrich) was quickly added to each well and 

the cells incubated at RT for 10 minutes. The plate was then centrifuged at 500xg at ~4°C for 5 

minutes and supernatant discarded. Pellets were resuspended in 200 µl SB and centrifuged again at 

500xg at ~4°C for 5 minutes and supernatant discarded. Cells were then resuspended in 150 µl of -

20°C cold 95% methanol (Sigma Aldrich), carefully but quickly. The plate was then stored in -80°C. 

Note that the following stimulations were used to activate the following transcription mediators. 

PMA was used to activate phosphorylation of ERK 1/2, IL-4 was used to activate phosphorylation of 

STAT6, IL-2 was used to activate phosphorylation of STAT5, IL-10 was used to activate 

phosphorylation of STAT3, LPS was used to activate phosphorylation of P38 and IFN-γ was used to 

activate phosphorylation of STAT1. The data analysis for flow cytometry was done with Kaluza® 

software. 

3.3.1 Phosphoflow staining for intracellular signalling pathways 

The culture plate was taken out of the freezer and 80 µl SB added onto the methanol. The plate was 

centrifuged at 500xg at ~4°C for 5 minutes, supernatant discarded. Cells were resuspended in 200 µl 

of SB and centrifuged again under same conditions. Supernatant was discarded again and cells were 

resuspended in 50 µl of SB. Next, 4 µl of block was added to each sample and incubated at RT for 10 

minutes. The block consisted of 1:1 mixture of normal mouse serum and normal human serum. After 

the blocking incubation, fluorochrome-labelled antibodies to cell specific markers as well as 

phosphorylated transcription mediators (see Table 2 and Table 3 for antibody details) were added and 

the plate was incubated, away from direct light, at RT for 20 minutes. Then 180 µl SB was added and 

the plate was centrifuged at 500xg at ~4°C for 5 minutes and supernatant discarded. Cells were 

washed with 200 µl SB once, centrifuge parameters the same as in earlier steps, then resuspended in 

200 µl and transferred into tubes to be analysed with Navios flow cytometer (Beckman Coulter). 
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Table 2 Antibody details for each phosphorylated transcription mediator. 

Antigen Fluorochrome 
Amount used per 

sample (ng) 
Clone Ref. / Cat. Manufacturer 

pERK AlexaF 488 37.5 MILANBAR 53-9109-42 Invitrogen 

pSTAT6 PE 75.0 CHI2S4N 12-9013-42 eBioscienceTM 

pSTAT5 PE-Cyanine7 12.5 SRBCZX 25-9010-42 eBioscienceTM 

pSTAT3 APC 25.0 LUVNKLA 17-9033-42 eBioscienceTM 

pP38 Pacific BlueTM 31.3 36/p38 560313 BD BioScience 

pSTAT1 PE 42.0 KIKSI0803 12-9008-42 Invitrogen 

CD3 BV510TM 40.0 UCHT1 300448 BioLegend® 

CD20 
PerCP-CyTM 

5.5 
5 µl per test H1 (FB1) 558021 BD BioScience 

 

Table 3 Isotype antibody details for each phosphorylated transcription mediator. 

Antigen Fluorochrome 
Amount used per 

sample (ng) 
Clone Ref. / Cat. Manufacturer 

pERK 

isotype 
AlexaF 488 37.5 MOPC-21 400129 BioLegend® 

pSTAT6 

isotype 
PE 75.0 eBM2a 12-4724-42 Invitrogen 

pSTAT5 

isotype 
PE-Cyanine7 12.5 P3.6.2.8.1 25-4714-42 eBioscienceTM 

pSTAT3 

isotype 
APC 25.0 eBMG2b 17-4732-42 eBioscienceTM 

pP38 

isotype 
Pacific BlueTM 31.3 MOPC-21 400151 BioLegend® 

pSTAT1 

isotype 
PE 42.0 P3.6.2.8.1 12-4714-42 eBioscienceTM 



  

29 

 

3.3.2 Phosphoflow gating strategy 

Initially, the total cells (see Figure 7a) were gated as a FS-Int versus SS-Int where lymphocytes could 

be gated separate from the innate cell populations (see Figure 7b). The phosphoflow staining protocol 

changes the FS versus SS phenotype of the cells so this was only a rough separation which was 

further defined by gating for the specific surface molecules. The cells were then gated for specific 

surface markers and positive cells for each marker were gated for phosphorylated transcription 

mediator (see Figure 7c-7h). This allowed determination of the frequency of cells positive for 

phosphorylated proteins within a cell population and the level of positive staining was determined as 

well as the geometric mean of the phosphorylated protein signal (GMFI). The data was then further 

analysed with Graphpad Prism 7 (San Diego, CA, USA). 
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Figure 7 Gating strategy for phosphoflow analysis of intracellular staining of phosphorylated 
transcription mediators. 

Representative figures, (a) Total collected cells from samples run. (b) Total collected population gated 

as SS-Int versus FS-Int to gate PBMCs into lymphocyte and innate cell populations. (c) Lymphocyte 

population gated as SS-Int cells versus CD3+ cells. (d) Lymphocyte population gated as SS-Int cells 

versus CD20+ cells. (e) pSTAT3 positivity was gated as SS-Int versus pSTAT3 (here from total 

collected cell populations but the same strategy was applied to all cell subpopulations defined by 

surface markers). (f) Gating shown for the unstained control for pSTAT3, same strategy as described 

for figure e). (g) Gating shown for the isotype control for pSTAT3, same strategy as described for 

figure e). (h) Gating shown for the unstimulated control for pSTAT3, same strategy as described for 

figure 3). Note this control was used as a reference for the stimulations of non-primed and primed 

cells. The same gating strategy was used for all measured factors. 
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3.4 Isolation of cell populations by flow cytometry 

Isolated PBMCs were seeded onto a U-bottom 96 well plate, 2 x 106 cells per well. Before the samples 

were stained 6 µl of block was added to 50 µl of SB and the samples incubated on ice for 10 minutes. 

The block consisted of 1:1 normal mouse serum and normal human serum. The block was washed 

away by adding 180 µl SB and the plate centrifuged at 300xg for 10 minutes at ~4°C. The cells were 

subsequently resuspended in 50 µl of SB. The cells were stained with fluorochrome-labelled 

antibodies against CD3 (100 ng of APC-Cyanine7, eBioscienceTM, Thermo Fisher Scientific, Waltham, 

MA, USA) and CD14 (300 ng of BV421TM, BioLegend®, San Diego, CA, USA) and incubated in 

darkness and on ice for 20 minutes. The samples were washed two times as described before. Lastly, 

the samples were resuspended in 200 µl of SB and collected together into an eppendorf tube. 

Unstained cells were used as a negative control. 

The cells were then run through a Sony SH800S cell sorter (Sony, Minato, Tokyo, Japan). To begin 

with the total PBMCs population was collected into one tube. Then CD3+ and CD14+ cells were 

collected into separate tubes (see Figure 8). After the collection a purity check showed >95% pure 

CD3+ and CD14+ cells. There were 5 x 106 cells collected for the PBMCs sample while 2.5 x 106 were 

collected for CD3+ and CD14+ each. 

 

Figure 8 PBMCs sorted into CD3+ and CD14+ cells. 

Gating strategy for how PBMCs were sorted into separate collection tubes for CD3+ cells and CD14+ 

cells. Purity check was >95%. 

3.5 Real-time quantitative polymerase chain reaction (RT-qPCR) 

3.5.1 RNA isolation 

RNA was extracted and isolated with Nucleospin® RNA kit (Macherey-Nagel, Düren, Germany). For 

each sample ~2 x 106 cells were used. The protocol was performed as per manufacturer’s 

instructions, i.e. Nucleospin® RNA protocol, section 5.1, RNA purification from cultured cells and 

tissue (Macherey-Nagel). After step 2 (the cell lysis) the samples were frozen at -80°C in RA1 buffer 

from the Nucleospin® RNA kit. During the elution step, the volume of water used was 40 µl (not 60 µl) 

and was placed onto the centre of the filter and kept for 5 minutes before centrifugation to increase 

concentration and yield, respectively. PBMCs were used as a negative reverse transcriptase (-RT) 
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control as well as being a reference sample for the CD3+ and CD14+ cells. The concentration of RNA 

was measured with NanoDropTM 1000 Spectrophotometer (Thermo Fisher Scientific). The RNA 

samples were then diluted with RNase-free water so that all the samples had the concentration 100 

ng/µl. A part of the samples was used for cDNA synthesis but the rest was stored at -80°C. 

3.5.2 cDNA synthesis 

The cDNA synthesis was performed by using the reverse transcription kit “High capacity cDNA 

Reverse Transcription kit” (Thermo Fisher Scientific). Following the manufacturer’s protocol, 1 µg of 

RNA was used for each sample reaction along with RNase inhibitor (Applied Biosystems, Thermo 

Fisher Scientific, Ref. N8080119, Waltham, MA, USA). The reverse transcription was performed by MJ 

Research PTC-200 Thermal Cycler (GMI Trusted Laboratory Solutions, Ramsey, Minnesota, USA) 

using cycle instructions from the reverse transcription kit manufacturer (Thermo Fisher Scientific). 

3.5.3 Quantitative PCR amplification 

After the cDNA synthesis the cDNA samples were diluted with nuclease free water to reach the 

concentration 33 ng/µl. We assumed that all of the RNA was used up in the reaction to form cDNA, 

which meant that there should have been 1 µg of cDNA in each sample. Each sample was 20 µl so 

the concentration was 50 ng/µl. The samples were diluted with extra 10 µl of nuclease free water 

resulting in each sample reaching concentration of 33 ng/µl. The PCR was performed with Luna® 

Universal Probe qPCR Master Mix” (New England BioLabsInc, Ipswich, Massachusetts, USA, ref. 

M3004S) and the manufacturer’s protocol was followed. Forward and reverse primers for tata-binding 

protein (TBP), reference gene, and CAMP, gene of interest (both from Integrated DNA Technologies 

(IDT), Coralville, Iowa, USA), were used (see Table 4 for primer information). Each sample was run in 

triplicates in FrameStar® 96 qPCR plates (4titude, Brooks Automation, Chelmsford, Massachusetts, 

USA, product code. 4ti-0772) and sealed with strips of 8 flat optically clear caps (4titude, Brooks 

Automation, product code. 4ti-0751). Serving as a negative control cDNA was replaced by nuclease 

free water in duplicates per gene. The samples were run by RT-qPCR instrument Applied 

biosystemsTM 7500 Fast Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) and 

analysed with corresponding software. The data was subsequently analysed with Livak’s calculation 

on fold change as described in chapter 3.7.3. Data obtained from the RT-qPCR was analysed by 7500 

Software v2.3 from Applied Biosystems (Foster City, CA, USA). Statistical analysis was performed by 

using Graphpad Prism 7 (San Diego, CA, USA). 
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Table 4 Primer details for RT-qPCR experiments. 

 TBP CAMP 

Assay 

Name 
Hs.PT.58v.39858774 Hs.PT.56a.45325005 

Product PrimeTime® Std qPCR Assay PrimeTime® Std qPCR Assay 

Primer 1  

(5’-3’) 
5’-CAGCAACTTCCTCAATTCCTTG-3’ 5’-TGACTGCTGTGTCGTCCT-3’ 

Primer 2   

(5’-3’) 
5’-GCTGTTTAACTTCGCTTCCG-3’ 5’-TCCTCGGATGCTAACCTCT-3’ 

Probe 

5’-/56-

FAM/TGATCTTTG/ZEN/CAGTGACCCAG

CATCA/3IABkFQ/-‘3 

5’-/56-

FAM/AGGCTTTGG/ZEN/CGTGTCTGGGT/

3IABkFQ/-‘3 

RefSeq 

Number 
NM_003194 NM_004345 

3.5.4 RT-qPCR Livak’s calculation of fold change (2-ΔΔCt method) 

Since RT-qPCR results in relative quantity of expressed mRNA there needed to be a comparative 

sample. In our study design we compared untreated subpopulations of PBMCs to untreated total 

PBMC populations.  

To calculate the fold difference between the subpopulations of PBMCs and the total PBMCs Livak’s 

calculation of fold change, or the ΔΔCt method was used (Livak & Schmittgen, 2001). The formula for 

the calculations can be seen here as equations 2 - 5. 

�̅�𝐶𝑡 𝐶𝐴𝑀𝑃 𝑠𝑢𝑏𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 − �̅�𝐶𝑡 𝑇𝐵𝑃 𝑠𝑢𝑏𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 =  ∆𝐶𝑡 𝑠𝑢𝑏𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠    (2) 

�̅�𝐶𝑡 𝐶𝐴𝑀𝑃 𝑡𝑜𝑡𝑎𝑙 𝑃𝐵𝑀𝐶𝑠 − �̅�𝐶𝑡 𝑇𝐵𝑃 𝑡𝑜𝑡𝑎𝑙 𝑃𝐵𝑀𝐶𝑠 =  ∆𝐶𝑡 𝑃𝐵𝑀𝐶𝑠     (3) 

∆𝐶𝑡 𝑠𝑢𝑏𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛𝑠 − ∆𝐶𝑡 𝑃𝐵𝑀𝐶𝑠 =  ∆∆𝐶𝑡         (4) 

2−∆∆𝐶𝑡 = 𝐹𝑜𝑙𝑑 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒         (5) 

Where �̅� stands for the mean value, Ct stands for the cycle threshold and Δ stands for the 

difference between the values. 

3.5.5 Statistical analysis 

The data were presented as mean ± standard deviation (SD). Statistical analysis was performed using 

Graphpad Prism 7 (San Diego, CA, USA). When multiple groups were compared a non-parametric 

Kruskal-Wallis test and Dunn’s multiple comparisons tests or two-way ANOVA and Dunnett’s multiple 

comparisons test (analysing both stimulations and time) were used. When two groups were compared 

a non-parametric Wilcoxon signed-rank test was used. P value of under 0.05 was considered 

significant. 
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4 Results 

4.1 Expression of LL-37 by freshly isolated PBMCs 

To determine the LL-37 expression in immune cells, freshly isolated PBMCs obtained from healthy 

individuals were stained with cell specific antibodies and antibodies against LL-37 (see Figure 9). As 

can be seen in Figure 9a higher frequency of NK (CD56+CD3-) cells and NKT (CD56+CD3+) cells 

expressed LL-37 than most of the other immune cell populations analysed. This was, however, not 

reflected in higher LL-37 levels within the LL-37 positive population (measured by geometrical mean 

fluor intensity (GMFI)) in the NK and NKT cells. The frequency of T cells (CD3+ lymphocytes), B cells 

(CD19+ lymphocytes), CD4+ and CD8+ T cells and monocytes (CD14+CD16- monocytes) was very low, 

and the cells had low LL-37 levels except the monocytes that expressed LL-37 at higher levels than 

most of the other immune cells analysed. The highest mean frequency of LL-37 expression was 1.3% 

by NKT cells while the lowest mean frequency of LL-37 expression was 0.04% by monocytes. The LL-

37 level (GMFI) was highest for monocytes at 0.356, followed by NKT cells at 0.246 and NK cells at 

0.221. The lowest LL-37 level (GMF) was measured for the B cells at 0.183 (Figure 9b). 
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Figure 9 Expression of LL-37 by freshly isolated PBMCs. 

(a) The frequency of LL-37+ cells within each cell population. (b) Level of LL-37 expression within each 

cell population (GMFI). The results are shown as mean ± SD. n = 7 except for the monocytes where n 

= 5. A non-parametric Kruskal-Wallis test was performed on all datasets as well as Dunn’s multiple 

comparisons tests. * p ≤ 0.05, ** p ≤ 0.01, **** p ≤ 0.0001.  

4.2 Expression of CAMP by T cells and monocytes 

As the expression of LL-37 was observed in only a small proportion of T cells and monocytes, it was 

important to verify the results obtained from flow cytometry by measuring the mRNA transcript level of 

CAMP by RT-qPCR. The expression of CAMP by PBMCs, relative to their expression of the reference 

gene TBP, was set as 1 and the results for the T cells and monocytes given as relative fold difference 

compared with the relative expression level of CAMP in PBMCs. Both T cells and monocytes were 
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positive for mRNA transcripts of CAMP, confirming the data obtained by the flow cytometric analysis, 

i.e. low but measureable levels of LL-37 was detected in both cell populations (Figure 10). 

 

Figure 10 Relative quantity of CAMP mRNA transcripts in CD3+ and CD14+ cells. 

Relative quantity of the mRNA transcripts for CAMP in T cells and CD14+ monocytes compared with 

the mRNA transcripts of CAMP in PBMCs (set as 1, not shown). Relative quantification compared to 

the expression of the reference gene TBP. Results are show as the mean + SD. n = 4. 

4.3 The effect of pro-inflammatory mediators on LL-37 expression by 
PBMCs 

In Figure 11, the frequency of LL-37+ cell populations can be seen for untreated cells and cells treated 

with pro-inflammatory mediators, TNF-α in combination with IFN-γ or IL-1β and CpG. As can be seen, 

none of the treatments induced statistically significant changes in the frequency of LL-37+ cell 

populations, as the variance between donors was high and the number of individuals never exceeded 

four. However, there was a significant effect in the frequency of LL-37+ cells with increased time in 

culture for all T cell populations (CD3+, CD4+, CD8+ cells) and NK cells. Although not significant, CpG 

activation induced an increased frequency of LL-37+ T cells at 18 and 32 h in culture (Figure 11a) and 

NKT cells at 32 h in culture (Figure 11g). TNF-α, in combination of IFN-γ and/or IL-1β, induced an 

increased frequency of LL-37+ B cells after 3 and 18 h in culture (Figure 11b), NK cells after 3 h in 

culture (Figure 11e) and monocytes after 32 h in culture (Figure 11f).  

In Figure 12 the GMFI of LL-37 levels within cell populations can be seen for untreated cells and 

cells treated with pro-inflammatory mediators. As can be seen, none of the treatments induced 

statistically significant changes in the GMFI LL-37 in the cell populations, for the same reasons as 

described for Figure 11. However, there was a significant effect in the GMFI levels of LL-37 with 

increased time in culture in the NKT cells. Although not significant, TNF-α + IFN-γ activation induced 

an increased GMFI levels of LL-37 in monocytes (Figure 12f) and NK cells (Figure 12e) after 32 h in 

culture. TNF-α, in combination of IL-1β, induced an increased GMFI levels of LL-37 in NKT cells after 

18 h in culture (Figure 12g) but a decrease in the GMFI levels of LL-37 in NK cells after 32 h in culture 

(Figure 12e). CpG activation induced increased GMFI levels of LL-37 in monocytes after 32 h in 

culture (Figure 12f) and in NKT cells after 18 and 32 h in culture (Figure 12g). 
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Figure 11 The frequency of LL-37+ subpopulations of PBMCs after activation. 

The frequency of LL-37+ (a) T cells, (b) B cells, (c) CD4+ T cells, (d) CD8+ T cells, (e) NK cells, (f) 

monocytes and (g) NKT cells, was analysed by flow cytometry. A significant effect of time in culture 

was observed for T cells (p < 0.05), CD4+ cells (p < 0.001), CD8+ cells (p < 0.01) and NK cells (p < 

0.0001) as determined by two-way ANOVA and a Dunnett’s multiple comparisons test. The results are 

given as mean + SD. n = 4 except for monocytes where n = 2.  
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Figure 12 The GMFI levels of LL-37 in subpopulations of PBMCs after activation. 

The GMFI levels of LL-37 in (a) T cells, (b) B cells, (c) CD4+ T cells, (d) CD8+ T cells, (e) NK cells, (f) 

monocytes and (g) NKT cells, was analysed by flow cytometry. A significant effect of time in culture 

was observed for NKT cells (p < 0.05) as determined by two-way ANOVA and a Dunnett’s multiple 

comparisons test. The results are given as mean + SD. n = 4 except for monocytes where n = 2. 
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4.4 The effect of LL-37 on intracellular signalling pathways in PBMCs  

To investigate whether LL-37 has any effect on the intracellular signalling pathways in PBMCs the 

frequency of phosphorylated transcription proteins was measured in PBMCs and T cells (CD3+ 

lymphocytes) and B cells (CD20+ lymphocytes), as well as the GMFI levels for the phosphorylated 

proteins. The PBMCs were left untreated or primed with scrambled or non-scrambled LL-37 and then 

stimulated with stimulation factors known to induce phosphorylation of different transcription proteins. 

Unfortunately; the scrambled LL-37 peptide arrived late during the process resulting in a lower cohort 

for that particular control group. Therefore, it was only possible to do statistical analysis between LL-

37 primed cells and non-primed cells. However, no statistically significant difference was detected.  

In Figure 13 the effects of PMA stimulation, in LL-37 primed or non-primed subpopulations of 

PBMCs, on the phosphorylation of ERK (pERK) was measured. As can be seen, LL-37 did not have 

any effect on ERK phosphorylation in PBMCs, T cells or B cells. 

In Figure 14 the effects of LPS stimulation, in LL-37 primed or non-primed subpopulations of 

PBMCs, on the phosphorylation of p38 (pP38) was measured. As can be seen, LL-37 did not have 

any effect on the phosphorylation of p38 in PBMCs, T cells or B cells. 

In Figure 15 the effects of IFN-γ stimulation, in LL-37 primed or non-primed subpopulations of 

PBMCs, on the phosphorylation of STAT1 (pSTAT1) was measured. As can be seen, LL-37 did not 

have any effect on STAT1 phosphorylation PBMCs, T cells or B cells.  

In Figure 16 the effects of IL-10 stimulation, in LL-37 primed or non-primed subpopulations of 

PBMCs, on the phosphorylation of STAT3 (pSTAT3) was measured. Although not significant, a slight 

decrease in the frequency of pSTAT3+ PBMCs, T cells and B cells can be noted after LL-37 treatment 

compared with non-primed control cells, and the same effect can be seen for the GMFI levels for 

pSTAT3. 

In Figure 17 the effects of IL-2 stimulation, in LL-37 primed or non-primed subpopulations of 

PBMCs, on the phosphorylation of STAT5 (pSTAT5) was measured. As can be seen, LL-37 did not 

have any effect on the phosphorylation of STAT5. However, although not significant, the frequency for 

pSTAT5+ B cells and the GMFI levels for pSTAT5 were slightly lower than for the non-primed control B 

cells. 

In Figure 18 the effects of IL-4 stimulation, in LL-37 primed or non-primed subpopulations of 

PBMCs, on the phosphorylation of STAT6 (pSTAT6) was measured. As can be seen, LL-37 did not 

have any effects on the phosphorylation of STAT6 in PBMCs, T cells or B cells. 
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Figure 13 The frequency of pERK+ cells and the GMFI levels for pERK. 

PBMCs were left untreated or treated with Scr-LL-37 or non-scrambled LL-37 and then stimulated with 

PMA. The cells were then stained for pERK, (a, b) either only, (c, d) or also for T cells or (e, f) B cells, 

with results given as frequency of pERK+ cells (a, c, e) and the GMFI levels of pERK (b, d, f). The 

results are given as mean + SD. n = 3 except for the Scr-LL-37, where n = 2. 
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Figure 14 The frequency of pP38+ cells and the GMFI levels for pP38. 

PBMCs were left untreated or treated with Scr-LL-37 or non-scrambled LL-37 and then stimulated with 

LPS. The cells were then stained for p38, (a, b) either only, or (c, d) also for T cells or (e, f) B cells, 

with results given as frequency of p38+ cells (a, c, e) and the GMFI levels of p38 (b, d, f). The results 

are given as mean + SD. n = 3 except for the Scr-LL-37, where n = 2. 
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Figure 15 The frequency of pSTAT1+ cells and the GMFI levels for pSTAT1. 

PBMCs were left untreated or treated with Scr-LL-37 or non-scrambled LL-37 and then stimulated with 

IFN-γ. The cells were then stained for pSTAT1, (a, b) either only, or (c, d) also for T cells or (e, f) B 

cells, with results given as frequency of pSTAT1+ cells (a, c, e) and the GMFI levels of pSTAT1 (b, d, 

f). The results are given as mean + SD. n = 3 except for the Scr-LL-37, where n = 2. 
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Figure 16 The frequency of pSTAT3+ cells and the GMFI levels for pSTAT3. 

PBMCs were left untreated or treated with Scr-LL-37 or non-scrambled LL-37 and then stimulated with 

IL-10. The cells were then stained for pSTAT3, (a, b) either only, or (c, d) also for T cells or (e, f) B 

cells, with results given as frequency of pSTAT3+ cells (a, c, e) and the GMFI levels of pSTAT3 (b, d, 

f). The results are given as mean + SD. n = 3 except for the Scr-LL-37, where n = 2. 
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Figure 17 The frequency of pSTAT5+ cells and the GMFI levels for pSTAT5. 

PBMCs were left untreated or treated with Scr-LL-37 or non-scrambled LL-37 and then stimulated with 

IL-2. The cells were then stained for pSTAT5, (a, b) either only, or (c, d) also for T cells or (e, f) B cells 

(e, f), with results given as frequency of pSTAT5+ cells (a, c, e) and the GMFI levels of pSTAT5 (b, d, 

f). The results are given as mean + SD. n = 3 except for the Scr-LL-37, where n = 2. 
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Figure 18 The frequency of pSTAT6+ cells and the GMFI levels for pSTAT6. 

PBMCs were left untreated or treated with Scr-LL-37 or non-scrambled LL-37 and then stimulated with 

IL-4. The cells were then stained for pSTAT6, (a, b) either only, or (c, d) also for T cells or (e, f) B 

cells, with results given as frequency of pSTAT6+ cells (a, c, e) and the GMFI levels of pSTAT6 (b, d, 

f). The results are given as mean + SD. n = 3 except for the Scr-LL-37, where n = 2. 
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4.5 The expression of LL-37 by PBMCs from psoriasis patients  

In the study, samples from 14 psoriasis patients were obtained and the results for the frequency of LL-

37+ cell populations are shown in Figure 19. Statistically there was no difference in the frequency of 

LL-37+ cell populations from psoriasis patients when compared with cell populations from healthy 

individuals. However, as can be seen in Figure 19, higher frequency of LL-37+ T cells, B cells (p = 

0.0574), CD4+ T cells, CD8+ T cells and monocytes was observed in three patients as compared with 

the rest of the patients and the healthy controls, where the frequency was very low. These individuals 

were not observed having higher frequency of LL-37+ NK cells and NKT cells. However, high variance 

in the frequency of LL-37+ NK cells and NKT cells was observed for both healthy individuals and 

psoriasis patients. Although not significant, a slightly higher frequency of LL-37+ NKT cells was 

observed for the psoriasis patients than for the healthy controls (Figure 19f).  

The GMFI levels of LL-37 did not differ between subpopulations of PBMCs from psoriasis patients 

and from healthy individuals. However, the same trend can be seen in Figure 20 as was seen in 

Figure 19, i.e. three patients had higher LL-37 GMFI levels for all subpopulations than any of the other 

individuals. 
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Figure 19 Frequency of LL-37+ subpopulations of PBMCs from psoriasis patients. 

The frequency of LL-37+ (a) T cells, (b) B cells (p = 0.0574), (c) CD4+ T cells, (d) CD8+ T cells, (e) 

monocytes and (f) NK cells and NKT cells from healthy individuals and psoriasis patients was 

analysed by flow cytometry. The results are given as mean + SD. Healthy individuals, n = 7 (except for 

monocytes, where n = 5). Psoriasis patients, n = 14. 
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Figure 20 The GMFI levels of LL-37 for subpopulations of PBMCs from psoriasis patients. 

The GMFI LL-37 for (a) T cells, (b) B cells, (c) CD4+ T cells, (d) CD8+ T cells, (e) monocytes (p < 0.1), 

and (f) NK cells and NKT cells from healthy individuals and psoriasis patients was analysed by flow 

cytometry. The results are given as mean + SD. Healthy individuals, n = 7 (except for monocytes, 

where n = 5). Psoriasis patients, n = 14. 
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4.5.1 The expression of LL-37 by PBMCs from psoriasis patient before and 
after NB-UVB light treatment 

The frequency of LL-37+ subpopulations of PBMCs, from psoriasis patients, was analysed from cells 

obtained before and after NB-UVB light treatment. As can be seen in Figure 21, the majority of the 

patients had very low frequency of LL-37+ T cells, B cells, CD4+ T cells, CD8+ T cells and monocytes, 

and the NB-UVB treatment had very little effect. However, one patient had higher frequency of LL-37+ 

T cells, B cells, CD4+ T cells, CD8+ T cells and monocytes than the other patients and in all 

subpopulations the frequency was reduced following NB-UVB treatment.  

When analysing the frequency of LL-37+ NK cells and NKT cells, all patients, apart from one or two, 

had a lower frequency of LL-37+ after treatment as compared with before treatment; however, this was 

not statistically significant. 

No difference was observed for the GMFI levels for LL-37 in PBMC subpopulations from psoriasis 

patients before and after 6 weeks of treatment with NB-UVB light (Figure 22).  
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Figure 21 The frequency of LL-37+ subpopulations of PBMCs from psoriasis patients before 
and after treatment of the disease.  

The frequency of LL-37+ PBMC subpopulations from psoriasis patients before and 6 weeks after a NB-

UVB light treatment. Each connected pair of dots represents one patient before and after treatment. n 

= 7. 
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Figure 22 The GMFI levels of LL-37+ subpopulations of PBMCs from psoriasis patients before 
and after treatment of the disease. 

The GMFI of LL-37 levels in PBMC subpopulations from psoriasis patients before and 6 weeks after a 

NB-UVB light treatment. Each connected pair of dots represents one patient before and after 

treatment. n = 7. 
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5 Discussions 

This study showed that LL-37 is expressed in various subpopulations of freshly isolated PBMCs from 

healthy individuals with the highest frequency observed in NK and NKT cells. When the PBMCs were 

cultured in the absence or presence of CpG or TNF-α + IFN-γ or IL-1β the only significant effect 

observed was increased LL-37 expression (both in frequency and levels) after increased time in 

culture, for most of the cell populations. Treating PBMCs with LL-37 before they were stimulated with 

various transcription mediator-specific stimulators did not affect the frequency or levels of 

phosphorylation of the transcription mediators. Surprisingly, there was no difference in the frequency 

of LL-37+ subpopulations of PBMC or LL-37 expression levels (GMFI) between psoriasis patients and 

healthy controls. However, there were three patients that had higher frequency of LL-37+ cells and LL-

37 expression levels (GMFI) than any of the other patients and healthy individuals. Six weeks of NB-

UVB light treatment did not affect the LL37 expression of the psoriatic patients. However, one of the 

three patients with the highest frequency and levels during active disease had a dramatic decrease in 

frequency of most of the LL-37+ subpopulations. It would be interesting to compare expression pattern 

of LL-37 of the three “high” patients with their severity of disease measured by the histological Trozak 

scale. 

5.1 Expression of LL-37 in freshly isolated subpopulations of PBMCs 

In this study, the expression of LL-37 in healthy PBMC subpopulations was analysed by staining for 

the peptide intracellularly and surface bound. This study determined that LL-37 is expressed in various 

subpopulations of freshly isolated PBMCs from healthy individuals. Previous study, found by 

measuring transcript levels and by immunofluoroscent staining, that some cell types expressed LL-37, 

such as CD14+ monocytes, CD56+ NK cells, CD19+ B cells and γδ T cells but not αβ T cells (Agerberth 

et al., 2000). This study confirmed the expression of LL-37 in monocytes, NK cells and B cells and T 

cells. As T cells were only defined by their expression of CD3 but not their TCR, it could not be 

determined whether the LL-37+ T cells were of the αβ or the γδ type.  

The main populations expressing LL-37 were the NK cells and NKT cells. NK cells are known for 

their cytotoxicity and defence against viral infections but it is possible that NK cells assist in 

bactericidal activities when present at the site of an infection (Agerberth et al., 2000; Schmidt, 

Tramsen, Rais, Ullrich, & Lehrnbecher, 2018; Vivier et al., 2008). That could explain their expression 

of the AMP LL-37 but it could also be to enhance their anti-viral capabilities since LL-37 has also been 

determined to have anti-viral properties (Durr et al., 2006). Furthermore, NK cells have been 

demonstrated to be susceptible to CpG activation through TLR9, which is a bacterial component 

(Roda et al., 2005). NKT cells share much of NK cell properties and defence capabilities so it is 

reasonable to consider that their expression of LL-37 could derive from similar functions (Balato et al., 

2009; Chan, Pejnovic, Liew, Lee, Groves, & Hamilton, 2003; Vivier et al., 2008). However, further 

research on the function of LL-37 expression in NK cells and NKT cells is necessary. The GMFI for LL-

37 within NKT cells (second highest GMFI) measured at 0.246. NKT cells and NK cells were however 

the most frequent cell types positive for LL-37. As stated before, CD56+ NK cells have been 



  

53 

 

demonstrated to express LL-37, however, as far as we are aware, CD56+CD3+ NKT cells have not 

been shown to express LL-37 before. In one aspect, it is reasonable that NKT cells express LL-37 as 

they share a lot of properties with NK cells, but on the other hand they also share phenotypic 

properties with T cells which have predominantly been considered to not express LL-37 (Agerberth et 

al., 2000; Pereira et al., 2017). It should be noted, that the cells that were characterized as NK cells 

and NKT cells share phenotypic markers and properties with ILCs so it is possible that the some 

portion of the NK cells and NKT cells positive for LL-37 were ILCs (Hazenberg et al., 2014). It would 

be interesting to analyse this possibility further, especially since ILC3s have been linked to psoriasis 

pathogenesis (Mora-Velandia et al., 2017; Yazdani et al., 2015). However, their role in psoriasis has 

remained elusive due to the difficulties in classifying the ILCs by surface markers, since they share 

many markers with other lymphoid cells (Hazenberg et al., 2014). 

The frequency of LL-37+ CD14+CD16- classical monocytes was very low. When LL-37 positivity 

was viewed in monocytes positive for CD14, without any consideration for CD16, LL-37 was present at 

higher levels (flow data not shown but RT-qPCR results are seen in Figure 10). Neutrophils express 

CD16 and were observed as a “pollution” population within the monocyte gate. Therefore, it was 

decided to exclude all CD16+ cells from the monocyte analysis and this resulted in that the frequency 

of LL-37+ monocytes became very low. The high levels obtained for monocytes when the CD16+ cells 

were included are in agreement with previous results that show that neutrophils express LL-37 and 

store them in granules (Kahlenberg & Kaplan, 2013). Although the PBMC isolation protocol should 

exclude granulocytes there is often some contamination. However, there is a possibility of part or all of 

the CD14+CD16+ population observed in this study may include the intermediate monocytes 

(CD14+CD16+) or the non-classical monocytes that are indeed CD14+CD16high (Skrzeczynska-

Moncznik et al., 2008). It was interesting that the expression levels (GMFI) for LL-37 of the LL-37+ 

CD14+CD16- monocytes was higher than of any of the other cell populations analysed, indicating that 

although a low frequency of CD14+CD16- monocytes express LL-37, the cells express it per higher 

levels than the other cell types. 

5.1.1 CAMP expression by T cells and monocytes 

To verify that the flow cytometric data for expression of LL-37 in T cells and monocytes, a different 

method was used to measure the LL-37, i.e. RT-qPCR was used to measure the mRNA levels. First, a 

few genes were tested to serve as a reference gene following a literature search (de Jonge, 

Fehrmann, de Bont, Hofstra, Gerbens, Kamps, de Vries, van der Zee, te Meerman, & ter Elst, 2007; 

Livak et al., 2001; Radonic, Thulke, Mackay, Landt, Siegert, & Nitsche, 2004; Stephens, Stephens, & 

Morrison, 2011; Vandesompele, De Preter, Pattyn, Poppe, Van Roy, De Paepe, & Speleman, 2002); 

β-2-microglobulin (B2M), peptidylprolyl isomerase A (PPIA) and TBP, to see which was the most 

stable expressed in freshly isolated and activated PBMCs. TBP was found to be the most stable 

during various conditions and had a similar Ct value to the CAMP expression. It was decided to use 

the total expression of PBMCs as the reference of CAMP expression (set at 1), and compare the 

expression within T cells and monocytes to that. Flow cytometry analysis had been performed and had 

shown that the expression level of LL-37 in these populations were PBMCs > CD14+ monocytes > T 
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cells (data not shown) and these were the same ratios obtained from the RT-qPCR measurements. As 

had been seen in the flow cytometry the CD14+ monocytes expressed less CAMP than the PBMCs but 

higher levels than the CD3+ T cells. The RT-qPCR data revealed that the mRNA transcript for LL-37 

was present in both cell populations, though at low levels, verifying the results obtained from the flow 

cytometry. However, as only one marker was used for each cell population it was possible that the 

CD14+ monocytes included some granulocyte contamination, and that the CD3+ population sorted was 

heterogeneous for T cells and NKT cells. 

5.2 Expression of LL-37 on subpopulations of PBMCs following 
stimulation in culture  

Although the frequency was low for some of the LL-37+ cell populations, it was interesting to determine 

whether the expression could be affected by culturing the cells with or without different activation 

molecules. Unfortunately, it was only possible to perform four experiments resulting in a low n. 

Therefore, although some hints were obtained for effect of stimulation on the frequency of LL-37+ cells, 

the only statistically significant factor for the change in LL-37 frequency or levels (GMFI) was time in 

culture, i.e. the LL-37 expression frequency and levels increased for most of the cell population.  

Although not significant, stimulation with CpG seemed to be increase LL-37 expression in NKT 

cells after 18 and 32 hours in culture. Interestingly, to date, NKT cells have not be found to express 

TLR9, which is the receptor for CpG, but Montoya et al. showed that NKT cells could get activated by 

pDCs after stimulation by CpG (Montoya et al., 2006). Further analysis of how the CpG is affecting the 

LL-37 expression in NKT cells remains to be performed. CpG did not affect LL-37 expression in B cells 

even though B cells are known to express TLR9 (Peng, 2005). 

TNF-α and IFN-γ are both pro-inflammatory cytokines that are known to be expressed by several 

cell types and are active in the psoriatic inflammatory loop (Chiricozzi et al., 2018). IL-1β is also a 

potent pro-inflammatory cytokine and a known inducer of Th17 differentiation (Nalbant & Eskier, 

2016). Therefore, the possible effect TNF-α + IFN-γ and TNF-α + IL-1β have on LL-37 expression was 

analysed. Although not significant, it can be concluded that in most cases where there was a hint of an 

effect of TNF-α + IFN-γ or TNF-α + IL-1β, the effect seemed to be the same. This suggests that the 

main effect was mediated by the TNF-α and that the IFN-γ and IL-1β were having either no additional 

effect or similar effect. Although not significant, stimulation with TNF-α + IFN-γ or IL-1β led to higher 

LL-37 expression in B cells after 3 hours in culture and TNF-α + IL-1β seemed to have the most 

inducing effect on LL-37 expression in B cells after 18 hours in culture but these cytokines are known 

to be active in psoriasis though perhaps not in connection with B cells in particular (Chiricozzi et al., 

2018). In addition, this cytokine combination led to increased expression of LL-37 (not significant) in 

NK cells, which is interesting since previous studies demonstrated that induced TNF-α had inhibitory 

effects on NK cells, i.e. decreased NK cell survival and cytotoxicity (Jewett, Cavalcanti, & Bonavida, 

1997; Romero-Reyes, Head, Cacalano, & Jewett, 2007). 
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5.3 LL-37 has no or little effect on phosphorylation of several 
transcription mediators 

Several studies have connected LL-37 with intracellular signalling pathways in various cell 

populations. For instance, LL-37 has been shown to induce the phosphorylation of ERK and thus the 

proliferation and migration of bone marrow stromal cells, as well as osteogenic differentiation (Yu, 

Quan, Long, Chen, Wang, Guo, Lin, & Mai, 2018). LL-37 has also been shown to induce KCs 

secretion of IL-18 through activation of ERK1/2 and p38 (Niyonsaba, Ushio, Nagaoka, Okumura, & 

Ogawa, 2005). LL-37 has also been shown to induce phosphorylation of STAT3 and ERK in KCs 

which promoted KC migration (Tokumaru, Sayama, Shirakata, Komatsuzawa, Ouhara, Hanakawa, 

Yahata, Dai, Tohyama, Nagai, Yang, Higashiyama, Yoshimura, Sugai, & Hashimoto, 2005). Another 

study showed that LL-37 induced phosphorylation of ERK in dermal fibroblasts and hindered collagen 

synthesis (Park, Cho, Kim, Lee, Cho, Bang, Song, Yamasaki, Di Nardo, & Gallo, 2009). Interestingly, 

another research team found that STAT3 activation could induce LL-37 expression in a human 

epithelial cell line (Miraglia, Nylen, Johansson, Arner, Cebula, Farmand, Ottosson, Stromberg, 

Gudmundsson, Agerberth, & Bergman, 2016). In this study, LL-37 did not have any effect on the 

phosphorylation of ERK, p38, STAT1, STAT5 and STAT6 in PBMCs or T and B cells. Although not 

statistically significant and contradictory to a previous study in KCs (Tokumaru et al., 2005), there was 

an indication towards a decreased phosphorylation of STAT3 in PBMCs and T and B cells, especially 

for the pSTAT3 levels (GMFI), in LL-37 primed cells activated with IL-10 as compared with IL-10 

activated non-primed cells.  

5.4 Expression of LL-37 in subpopulations of PBMCs from psoriatic 
patients 

The expression of LL-37 in PBMC subpopulations from psoriasis patients with active disease did not 

differ from the expression of LL-37 in PBMC subpopulations from healthy individuals. However, three 

single patients had higher frequency of LL-37+ cell subpopulations (except from NK and NKT cells) 

than any of the other participants, healthy or psoriatic. However, LL-37 has been demonstrated to be 

higher in the serum of psoriasis patients than in healthy individuals (Hwang et al., 2014). With a bigger 

cohort at the end of the overall study this might be elucidated further. It would be interesting to analyse 

if there is correlation between the individuals with higher LL-37 positivity and patients with a higher 

Trozak score.  

For NK cells and NKT cells, all individuals, except one, from both groups expressed LL-37, with NK 

cells and NKT cells being most frequently LL-37+ out of the analysed populations. Although not 

significant, the LL-37 expression levels (GMFI) were lower in the NK cells of psoriatic patients than in 

the healthy controls. Previous studies have shown that NK cell numbers in psoriasis patients are lower 

than in healthy individuals (Dunphy & Gardiner, 2011; Dunphy, Sweeney, Kelly, Tobin, Kirby, & 

Gardiner, 2017) and that NK cells in PB of psoriasis patients have diminished cytotoxicity as 

compared with NK cells in PB of healthy individuals (Dunphy et al., 2017). This could explain why the 

expression levels (GMFI) for LL-37 in NK cells may be lower in psoriatic patients than in healthy 

individuals.  



  

56 

 

However, since higher serum levels of LL-37 have been measured in psoriasis patients as 

compared with healthy individuals (Hwang et al., 2014), the difference in expression of LL-37 in 

subpopulations of PBMC from psoriatic patients was expected to be more noticeable, but that could be 

explained by the difference in cohort size between studies.  

5.4.1 The effect of NB-UVB light treatment on LL-37 expression in 
subpopulations of PBMCs from psoriatic patients 

There was no statistically significant difference in LL-37 expression in subpopulations of PBMCs from 

psoriasis patients before and after 6 weeks of NB-UVB light treatment. One of the three patients with 

the highest expression of LL-37 showed a more dramatic decrease in the frequency of LL-37+ 

subpopulations after treatment than the other patients. In another patient, the frequency of LL-37+ NK 

cells and NKT cells increased after treatment. It would be interesting to know why this patient behaves 

differently from the others; however there could be many factors affecting this. It is possible that the 

patient did not follow through with the treatment; that he was fighting off an infection or something else 

unrelated. 

The expression levels (GMFI) for LL-37 remained unchanged before and after treatment for all the 

patients. Interestingly, a study done in 2014, found that serum levels of LL-37 and vitamin D in 

psoriasis patients were increased after treatment with NB-UVB light treatment (Al-Mutairi & Shaaban, 

2014). Vitamin D is a known regulator for LL-37 expression (Al-Mutairi et al., 2014) and it has been 

demonstrated that vitamin D induces LL-37 expression in KCs (Peric, Koglin, Kim, Morizane, Besch, 

Prinz, Ruzicka, Gallo, & Schauber, 2008). More research is needed to elucidate what effect NB-UVB 

treatments have on LL-37 expression in subpopulations of PBMCs in psoriasis patients. 

5.5 Limitations of the study 

A limitation of this study has been the low numbers of individuals within groups which has led to very 

few statistically significant differences between treatment groups. Obtaining buffy coats from the blood 

bank was often difficult and sometimes the blood turns out to be unusable. In addition, it has taken 

some time to recruit patients for the study and several have dropped out before the post-treatment 

check-up. Thus, as this is also a small cohort research, with few samples in each experiment, more 

samples and repeats are necessary to be able to draw any conclusions. 

A lot of time spent on this study went into method setup and optimization, especially for the cell 

sorting and RT-qPCR measurements, the panel design and compensation setup for the flow cytometry 

and phosphoflow experiments. As compensation for more than eight colours is very hard work, it was 

opted from adding more antibodies to the eight colour staining panel. This resulted in not being able to 

add a marker that might have helped with the subpopulation gating, i.e. CD45, which might have 

helped in excluding granulocytes.  

The scrambled LL-37 peptide arrived later than the unscrambled LL-37 which resulted in the fact 

that only two individuals are in that control group instead of three as for the other groups. Insufficient 

antibodies for CD14 in one experiment also resulted in fewer individuals in the monocyte group than in 

other subpopulation groups.  
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The permeabilization that has to be performed for internal flow cytometry staining can compromise 

the integrity of cell surface molecules. This was initially a problem for CD56 staining but it was solved 

by using a different CD56 antibody clone. Another factor that may affect data analysis is the number of 

cells collected by the flow cytometer. Initially, only ~500,000 cells were collected, but that was not a 

sufficient number to detect small populations. Therefore, a higher number, i.e. ~1,000,000 cells were 

collected in each run. Due to this factor, the results are mainly focused on the frequency of LL-37 

positive cells and expression level (GMFI) of the LL-37+ cells, since the proportion of positive cells 

should remain the same regardless of how many cells are collected.  

5.6 Future steps 

First and foremost, the next step will be increasing the number of both healthy individuals and 

psoriasis patients. The psoriasis patients are still being recruited to the study and coming back for the 

post-treatment check-up. There were some interesting hints in the analysis of the effects of activating 

PBMCs with CpG and pro-inflammatory cytokines and it needs to be determined whether this stands 

or not. It would also be interesting in analysing further whether LL-37 has a real decreasing effect on 

IL-10 induction of phosphorylation of STAT3.  

NK and NKT cells were clearly the cells that expressed the highest frequency of LL-37 in this study. 

The role of NK cells and NKT cells in psoriasis has not been fully elucidated so it would be interesting 

to investigate further the interaction between LL-37 and NK/NKT cells, both in healthy individuals and 

psoriatic patients (Dunphy et al., 2011; Dunphy et al., 2017; Gianchecchi et al., 2018; Kono et al., 

2014). It would be compelling to see if the NKT cells and pDCs are interacting with regard to LL-37 

expression, by co-culturing experiment (Montoya et al., 2006), and through which receptor(s) the 

pDCs would be activating the LL-37 expression within the NKT cells. Testing the LL-37+ NK cells and 

NKT cells for cytotoxicity would also further elucidate their potential function within the pathogenesis of 

psoriasis (Dunphy et al., 2011; Dunphy et al., 2017).  

As vitamin D has been described as a potent regulator for LL-37 expression (Al-Mutairi et al., 

2014), it would be interesting to investigate the effects that vitamin D has on LL-37 expression in 

PBMC subpopulations, as well as the synergistic effects LL-37 and vitamin D have on the function of 

PBMC subpopulations.  

To be able to exclude granulocytes without compromising the monocyte gate, it would be beneficial 

to add markers that can discriminate between monocytes and granulocytes, such as CD45. In addition 

it would be interesting to stain for CLA to see if the cells positive for LL-37 are expressing the skin 

homing marker (Hubl, Andert, Thum, Ortner, & Bayer, 1997; van de Loosdrecht, Alhan, Bene, Della 

Porta, Drager, Feuillard, Font, Germing, Haase, Homburg, Ireland, Jansen, Kern, Malcovati, Te 

Marvelde, Mufti, Ogata, Orfao, Ossenkoppele, Porwit, Preijers, Richards, Schuurhuis, Subira, Valent, 

van der Velden, Vyas, Westra, de Witte, Wells, Loken, & Westers, 2009).  
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6 Conclusions 

This study has revealed that LL-37 is expressed in various subpopulations of PBMCs in both healthy 

individuals and psoriasis patients. However, the frequency of LL-37+ cells was very low for some of the 

cell populations. Whether the expression of LL-37 is linked to disease severity of psoriatic patients, 

measured by the histological Trozak scale, remains to be seen. There were signs for that LL-37 

expression was increased by both the TLR ligand CpG and the pro-inflammatory cytokine TNF-α in 

some of the subpopulations, suggesting that its expression is linked with inflammation. Interestingly, 

NK cells and NKT were the cells with highest frequency of cells expressing LL-37, both in healthy 

individuals and psoriasis patients. In addition, stimulation with both CpG and TNF-α had a non-

significant upregulation of LL-37 expression in both NK and NKT cells. This suggests that NK and NKT 

cells may have a bigger role in the LL-37 function than was previously thought. This remains to be 

studied further.  
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