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Abstract 
Ee overall aim of the PhD thesis was to determine the role of neutrophil 
pattern recognition receptors in the initiation and resolution of inflammatory 
processes. Neutrophil pattern recognition receptors such as the formyl pep-
tide receptors (FPRs) and the short chain free fatty acid receptors (FFARs) 
belong to the family of G protein coupled receptors (GPCR). Ee FPRs rec-
ognize danger peptides having a formylated methionyl group in the N-ter-
minus, peptides generated not only by bacteria but also during synthesis of 
proteins encoded for by the mitochondrial DNA. FFARs recognize metabo-
lites generated during fiber fermentation by gut microbes. Ee thesis work 
has been focused on the coupling between ligand recognition by these re-
ceptors and the down-stream intracellular signals transduced. Ee work 
started with studies on the FPRs, receptors that have been implicated to trig-
ger both pro- and anti-inflammatory responses. However, the work on one 
of the FFARs (FFABR) expanded rapidly to become the mainstage. Receptor 
recognition of orthosteric ligands and allosteric modulators and the subse-
quent novel receptor down-stream signaling induced by newly developed 
tool compounds have been studied. Ee neutrophil pattern recognition recep-
tors are regarded as promising therapeutic targets for the treatment of dis-
eases in which the inflammatory response needs to be properly controlled. 
Ee results presented in the thesis have increase our knowledge about the 
regulatory roles not only of the FFARs but also of the FPRs in inflammation. 
Hopefully, this knowledge will be of help in the efforts to develop pharma-
ceutical drugs that can be used to modulate inflammatory processes in direct 
and controlled ways.                    
 
Keywords 
Neutrophil, G protein coupled receptors, FFABR, signal transduction, allo-
steric modulation, reactive oxygen species, biased signaling
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Populärvetenskaplig sammanfatt-
ning 
Vårt immunförsvar är mycket viktigt och utan det skulle vi inte klara hotet 
från alla mikroorganismer som finns i vår omgivning. Immunsystemet är 
komplicerat och uppbyggt av många olika celler och lösliga ämnen som till-
sammans har till uppgift att stå emot/försvara oss mot attacker från bakterier, 
virus, svampar och andra parasiter. En av det naturliga immunförsvarets cel-
ler som finns i stort antal i blodet är den vita blodkropp som kallas neutrofil 
granulocyt. Neutrofilen är en av våra så kallade fagocyter (ätarceller), som 
har som sin främsta uppgift att snabbt leta reda på farliga organismer (pa-
togener) och döda dessa genom att först ”äta upp dem” och sedan utsätta 
mikroberna för olika avdödningssystem där produktionen så kallade fria sy-
reradikaler är en viktig del. Neutrofilens avdödningssystem kan liknas vid 
ett tveeggat svärd eftersom det som dödar oönskade mikrober också kan 
skada våra egna celler och vävnader i samband med att immunsystemet ak-
tiveras. Detta är något som händer vid många så kallade inflammatoriska 
sjukdomar. För att kunna utveckla läkemedel som kan minska risken för 
vävnadsskada i samband med sjukdom behöver vi öka våra kunskaper om 
hur inflammationsreaktionen regleras.   
 
För att lokalisera var det finns något främmande (typ farliga mikrober) har 
neutrofilen förmåga att känna igen ett brett spektrum av olika typer av 
signalmolekyler som produceras av mikroberna och/eller våra egna var-
ningssystem. De signalmolekyler som reglerar neutrofilernas olika funkt-
ioner, känner våra försvarsceller igen med hjälp av så kallade receptorer som 
sitter på cellytan och "läser av" omgivningen. Många av dessa igenkännings-
strukturer tillhör en grupp receptor som kallas G protein kopplade, eftersom 
de förmedlar informationen från signalmolekylen på ytan till cellens olika 
funktioner på samma sätt, nämligen genom att aktivera ett protein (G prote-
inet) på insidan av det cellmembran där receptorn sitter. Neutrofilens funkt-
ionella svar ser olika ut beroende på såväl vilken signalmolekyl (en så 
kallade agonist) det är som sätter i gång cellen och vilken receptor som kän-
ner igen signalmolekylen. Det visades för ungefär BC år sedan att det finns 
receptorer som känner igen korta fettsyror som produceras av våra tarmbak-
terier. En av dessa receptorer som kallas FFABR (förkortning av engelskans 
Free Fatty Acid Receptor B) uttrycks av neutrofiler och har föreslagits vara 
viktig för reglering av många olika funktioner där inflammationsreaktionen 
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är en. Denna receptor har varit fokus i det arbete som presenteras i avhand-
lingen.   
 
Många G protein kopplad receptor kan binda andra molekyler än den så kal-
lade agonisten och dessa binder då till ett annat ställe (allosteriskt) på recep-
torn än det som agonisten binder. Dessa andra molekyler aktiverar inte de 
receptorer de binder till på egen hand, men förändrar (modulerar) receptorns 
funktion när signalmolekylen binder. Målsättningen med mitt avhandlings-
arbete har varit att öka våra kunskaper om hur olika typer av molekyler som 
FFABR känner igen, påverkar neutrofilers funktion. Delarbetena har handlat 
om allosteriska modulatorer som gör receptorn mer effektiv eller aktiverar 
receptorn på nya sätt. Allosteriska modulatorer kan under vissa omständig-
heter aktivera FFABR och de kan också ändra receptorns struktur så att ago-
nister binder bättre eller att de signaler som receptors skickar i väg blir 
starkare. Jag har också visat att FFABR, när den receptorn är allosteriskt mo-
dulerad, kan aktiveras av signaler som kommer från cellens insida, och detta 
sker utan att det bundit någon agonist till FFABR. Detta är ett nytt sätt på 
vilket en G protein kopplad receptor kan aktiveras genom att två olika re-
ceptorer ”pratar med varandra”. Genom att undersöka hur olika allosteriska 
FFABR modulatorer fungerar har jag i mitt arbete kunnat visa att receptorn 
har två distinkt olika allosteriska bindningsställen och att tillsammans kom-
mer två modulatorer (som var för sig inte aktiverar receptorn) som har olika 
bindningsställen, att aktivera receptorn. Denna mekanism för aktivering av 
en G protein kopplad receptor är unik då receptorn aktiveras utan att någon 
agonist behövs, och att en ligand som normal minskar receptor aktivitet (en 
så kallad antagonist) i stället ökar aktiviteten. Resultaten som presenteras i 
avhandlingen har ökat vår kunskap om hur FFABR fungerar och förhopp-
ningsvis kan denna kunskap bidra till att öka förståelsen för hur neutrofilers 
funktioner regleras och vara till hjälp i arbetet med att utveckla farmakolo-
giskt aktiva molekyler som kan användas för att begränsa de skador som kan 
orsakas av en inflammationsreaktion.  
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1. The Innate immune system 

1.1 Overview 
Ee innate immune system constitutes the first line of defense against foreign ma-
terial (immunogens). Innate meaning an inborn natural ability to defend the host 
against harmful material entering our bodies including microbial pathogens. Ee 
innate immune system has the ability to discriminate between self and non-self, a 
very important function based on an inborn ability to recognize molecular patterns 
(b). One important part of the recognition system is constituted by a group of cell 
receptors known as pattern recognition receptors (PRRs) (B). Eese receptors are 
proteins that have the ability to sense molecules that are commonly found in po-
tential pathogenic microbes (PAMPs; Pathogen-Associated Molecular Patterns) 
and/or released by damaged host cells/tissues (DAMPs; Damage-Associated Mo-
lecular Patterns) (e). Ee innate immune response is very rapidly mobilized and 
the killing/degradation/tissue resolving “weaponry” potently prevent, impede, or 
decelerate infection. However, despite the lack of the adaptivity characterizing the 
other major part of our immune system, the innate immune system efficiently pro-
tects the host against a broad spectrum of pathogens and tissue destructing in-
sults/causes.  

1.2 Inflammation 
Ee skin and mucosal surfaces are important parts of the physical barriers of our 
innate immune system. In normal healthy conditions (see Fig 7) the skin is an 
almost impervious organ (j). A part of the natural ability of the skin to protect the 
host against infections, is attributed by the low pH and lack of nutrients for micro-
bial pathogens. Ee pH level is regulated by lactic acid as well as fatty acids se-
cretion from sebaceous glands. Despite this, wounds are regularly formed 
throughout life in these barrier-organs as a result of injury. Independent of the 
localization of the injury this will represent a threat to the host. Different repair 
programs are quickly mobilized to restore the integrity, and one part of this repair 
program involves the accumulation of innate immune cells such as mono-
cytes/macrophages, granulocytes, and dendritic cells, at the injured site ((n), Paper 
G). Neutrophils are the first cells to respond and be recruited to an infected/dam-
aged tissue and their arrival is an early sign of the initiation of an inflammatory 
reaction. Eis is the basic process by which body tissues respond to injury.  
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Ee classical signs of inflammation (calor, heat; dolor, pain; rubor, redness; tumor, 
swelling, and functio laesa; loss of function) were described already BCCC years 
ago (Fig 7). Ee reaction is initiated by the production/release of chemoattractants 
originating from invading microbes, the activated complement system (part of the 
humoral innate immune system) and/or the injured tissue (f). Eese inflammatory 
mediators activate tissue resident macrophages and recruit both neutrophils and 
monocytes from the blood stream to the site of injury. Ee large number of inflam-
matory mediators formed locally account together with the cells recruited to the 
inflammatory site, for the changes in temperature, redness, swelling, pain and 
functional loss, but in the best-case scenario, they also contribute to the resolu-
tion/healing of the inflammatory reaction once the cause to the reaction has been 
eliminated (j, h).   

Figure 1: The five classic signs of inflammation   
Intact skin can protect us from potentially harmful microbes (1). A wound change, however, the bal-
ance (2) and when such an injury is recognized by tissue macrophages and/or mast cells, inflamma-
tory mediators such as cytokines and chemokines will be released, and an inflammatory response is 
initiated. The inflammatory response (3) increases blood flow to the injured area, and increased vas-
cular permeability allows fluid, proteins, neutrophils, and other immune cells to enter the tissue. 
These events result in the swelling (Tumor) and reddening (Rubor) of the injured site, and the in-
creased blood flow to the injured area gives rise to a local increase in temperature (Calor). Inflam-
mation is also associated with pain (Dolor) due to that these events stimulate nerve pain receptors in 
the tissue and loss of function (function laesa). The last phase of inflammation should be resolution 
(4). This process is controlled by several factors and involves many cell functions of which phagocy-
tosis of bacteria and clearing of cell debris are crucial events. 
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1.3 Inflammatory cells 
Ee cellular branch of the innate immune system consists of a large number of 
tissue resident cells as well as cells present in peripheral blood. Tissue macro-
phages in skin and mucosa originate from blood monocytes recruited to the tissues 
where they continuously guard the specific tissues. As mentioned, macrophages 
are also able to produce pro-inflammatory cytokines such as the tumor necrosis 
factor alpha (TNFα) and interferon gamma, important links that participate also in 
the triggering of an adaptive immune response (g). Resident liver macrophages 
(Kupffer cells) are key players in liver homeostasis where they have the capacity 
to rapidly clear the blood from microbes and infected/apoptotic cells (c). Mono-
cytes/macrophages are, together with neutrophil granulocytes, professional phag-
ocytes, immune cells that have as their main functions to engulf (phagocytose), 
kill (if a microbe is engulfed) and digest foreign material. Neutrophil granulocytes 
are rapidly recruited from the blood circulation to inflammatory sites through a 
process called diapedesis (trans endothelial extravasation) (bC).  
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2.The Neutrophil 
Ee polymorphonuclear leukocytes (PMNs), also known as granulocytes, com-
prise of neutrophils, eosinophils and basophils, of which neutrophils are the most 
abundant white cell (leukocyte; around fC%) in human peripheral blood (n, bC). 
Ee naming stems from the facts that their nucleus has a multilobulated shape, and 
their cytoplasm contains a large number of storage organelles (granules). Focusing 
on the neutrophil, the shape of the nucleus has been suggested to reduce the steric 
hindrance when these cells migrate through the endothelium into an inflamed tis-
sue (bb). Ee granules store preformed receptors, the killing arsenal and proteolytic 
enzymes, and the presence of storage organelles facilitates the ability for a very 
rapid mobilization of the defense system (bB). Mature neutrophils are produced 
from stem cells in the bone marrow (at least bC!! cells are produced daily), where 
they remain for j-f days, forming a reservoir of mature neutrophils that can rap-
idly be released into circulation in response to an infection or injury. Ee number 
of circulating neutrophils (be, bj), increases several folds when the host immune 
system is challenged (bC, bn). Eis shows their importance in host defense, and this 
is also evident when the number of circulating neutrophils is substantially reduced 
(neutropenia) due to a genetic disorder or as an effect of pharmacological treat-
ment. Such conditions are plagued by persistent, severe, and often life-threatening 
infections (bn, bf). 
 
Circulating neutrophils are considered to have a relatively short life span of b-B 
days (bh). When chemotactically recruited to an inflammatory site (see Fig 8) they 
may survive for an additional b-B days. Chemoattractants, such as interleukin g 
(IL-g) and platelet activating factor (PAF), may also prime the neutrophils in their 
response to other inflammatory mediators, a function shared with microbial com-
pounds such lipopolysaccharides (LPS) from the cell wall of Gram negative bac-
teria (bg).  Neutrophils combat pathogens by several different mechanisms. One of 
these is through internalization (phagocytosis) of a particulate prey (microbe or 
cell debris), during which an intracellular vesicle (the phagosome) enclosing the 
prey is formed. Ee phagosome interior is then made hostile to the engulfed ma-
terial, and this is achieved through fusion with granules containing anti-microbial 
proteins and hydrolytic enzymes. Ee granules fusing with the phagosome (form-
ing a phagolysosome) also contains the membrane components of an electron 
transporting enzyme system (the NADPH-oxidase) (bc). Ee NADPH oxidase is 
an enzyme system that transports electrons and catalyzes the reduction of molec-
ular oxygen (primarily to superoxide anion (O$-) and hydrogen peroxide (H$O$)) 
to generate reactive oxygen species (ROS). Ee reduced oxygen species will be 
further metabolized to generate other reactive oxygen metabolites with anti-
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microbial effects such as hypochlorous acid. Another mechanism to kill microbial 
pathogens used by neutrophils is through the formation of neutrophil extracellular 
traps (NETs) (BC). Such NETs are formed through an active form of cell death 
where the neutrophil membranes surrounding the cell as well as the nucleus are 
disintegrated, allowing chromatin, decorated with antimicrobial granule proteins, 
to be released and these net-like structures can bind/trap both Gram-positive and 
Gram-negative bacteria. Ee classical formation of NETs is dependent on ROS 
production by the NADPH oxidase (Bb). While the ROS and hydrolytic enzymes 
released from neutrophils constitute essential parts of the first line of immune de-
fense, these systems are double-edged swords. If not properly controlled, severe 
damage to surrounding tissue may be inflicted. 
 
Ee process leading to a resolution of an inflammatory response is complex and 
involves many different steps. Eis includes an initiation involving the inflamma-
tory cells, a special type of programmed cell death (apoptosis), and generation/re-
lease of host-derived pro-resolving mediators (BB). Morphologically, neutrophil 
apoptosis is characterized by a loss of cytoplasmic granules, a rounding of the 
nucleus, and condensation of the nuclear heterochromatin, and the process is re-
garded non-inflammatory. Irrespectively if the process is initiated by phagocytosis 
(a process also known as phagocytosis-induced cell death (Be)) or some other 
means, apoptotic neutrophils are subsequently ingested by macrophages, provid-
ing the means to resolve the inflammatory response without releasing cytotoxic 
molecules that would otherwise damage host tissues (Bj). 
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Figure 2. Tissue recruitment of neutrophil 
Blood neutrophils are recruited to sites of infections/tissue destruction by a process called chemo-
taxis. The cells detect and migrate in response to a concentration gradient of chemoattractants gen-
erated by the host and/or the invading microbes. Neutrophils kill and clear the tissue through 
phagocytosis, release of preformed antimicrobial proteins and hydrolytic enzymes from granule 
stores, and release of microbe-trapping fibers of DNA (NETs). Neutrophils also release signal mole-
cules including cytokines, to alert other part of the immune system. If these systems are not properly 
controlled the surrounding host tissues can be damaged. Neutrophil apoptosis (programmed cell 
death) is part of the resolution phase and a process important to reduce the risk for the surrounding 
tissues.  

2.1 Formation and maturation of neutrophils 
Neutrophils are derived from pluripotent stem cells, and they mature in the bone 
marrow and once matured, the cells are released into the bloodstream (Bn). Ee 
maturation process from myeloid progenitor cell can be divided into six different 
developmental stages. Ee myeloblast stage is followed in sequence by the 
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promyelocyte, myelocyte, metamyelocyte, band cell, and finally a mature neutro-
phil stage. Ee maturation process in the bone marrow takes around be days and 
once fully differentiated, the neutrophil that is no longer dividing reaches a fairly 
short-lived end-stage (Bf). Ee longevity of neutrophils in circulation has, how-
ever, been highly debated (bh, Bh). Ee general view is that neutrophils in circula-
tion have a life span of around one day, but this time period may be extended if 
the neutrophils are subjected to inflammatory stimuli. Under healthy conditions, 
neutrophils remain in circulation for a relatively short time before they migrate 
and die in a controlled manner in the bone marrow or are cleared in the liver by 
Kupffer cells (c). 

2.2 Neutrophil granules 
As previously mentioned, neutrophils in circulation are non-dividing cells and the 
ability to synthesize new proteins is fairly limited (Bg). Despite this, neutrophils 
are equipped with the proteins needed for killing microbes and to clear infections, 
and these proteins are present in preformed storage granules (Bc). Eese sub-cel-
lular structures are membrane enclosed vesicles filled with antimicrobial and hy-
drolytic peptides/proteins (see Fig 9). Eere are four distinct types of 
granules/vesicles formed during neutrophil maturation, and the first granule type 
formed, the primary or azurophil granules, are enriched in myeloperoxidase 
(MPO), an enzyme that contributes to microbial killing in the phagolysosome (dis-
cussed in more detail below) by increasing the toxic potential of H$O$ that is 
formed by the NADPH-oxidase (eC). Ee azurophil granules also contain a large 
number of other proteins/peptides of importance for killing and degradation of 
microbes and tissue components (see Fig 9) (eb). Later in the maturation process, 
two fairly similar granule types are formed, the specific granules enriched in vita-
min B!$ binding protein, and the more easily mobilized gelatinase granules (eB). 
Ee membrane of both these granules contains a number of adhesion proteins and 
receptors together with a b-type cytochrome (cytochrome b(()), the membrane 
component of the oxygen radical producing NADPH oxidase (ee). Ee specific 
granules also contain lactoferrin, an iron-binding antimicrobial protein, and as in-
dicated by their name, the gelatinase granules also contain this matrix degrading 
enzyme, required for neutrophil migration from the blood stream (ej). Ee syn-
thesis of the proteins, enriched and stored in the different granule types and packed 
in the Golgi, takes place in the endoplasmic reticulum and is turned on and off 
during maturation in a process referred to as targeting/sorting-by-timing (en). Ee 
fourth granule/vesicle type (the secretory vesicles), formed very late in the matu-
ration process, originates from the plasma membrane, and is formed through an 
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endocytosis process (ef). Eese vesicles contain plasma proteins, and in addition, 
the membrane of this very easily mobilized organelle contains receptors that are 
mobilized to the cell surface during neutrophil activation.  

Figure 3 The content in the different neutrophil granules are important for the functions of the 
cells A simplified overview showing the four distinct mobilizable neutrophil granules/vesicles and 
some of the marker proteins (examples of both membrane-bound and matrix proteins are given) 
stored in the different granules/vesicles.  

2.3 Phagocytosis 
At the site of infection, neutrophils recognize, bind, and ingest invading microor-
ganisms by a process known as phagocytosis (eh, eg). Ee process is initiated when 
the microbe/particle binds to the phagocyte plasma membrane. Eis binding leads 
to activation of signaling pathways, which in turn leads to changes in the actin 
cytoskeleton (ec). Long membrane protrusions surrounding the microbe/particle 
to be phagocytosed are formed through the polymerization of actin. At the same 
time, small vesicles migrate towards the cell membrane to make it easier for the 
cell membrane to enclose the particle to be phagocytosed (jC). Once the phago-
cytic vesicle, the phagosome (see Fig :), has been ligated off from the cell mem-
brane, the layer of actin filaments is removed (jb). After this, a phagolysosome 
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can be formed when granules are mobilized and fused with the phagosome. Ee 
granule content emptied into the phagolysosome will be part of the mechanisms 
that kill the engulfed microorganism. Ee superoxide producing NADPH-oxidase, 
assembled, and activated in the phagolysosomal membrane is also part of the kill-
ing machinery (jB). Neutrophils have the capacity to recognize microbial surface 
components such as LPS and peptidoglycans which can initiate phagocytosis, 
however, the efficiency of elimination and clearance of microbes often require 
and/or is further enhanced by so called opsonins (complement components and/or 
antibody) bound to the surface of the microbe (je). Eese opsonins are recognized 
by neutrophil receptors for the complement component Ceb (CRe) and the Fc-part 
of opsonizing antibodies (FcRII).  

2.4 Production of reactive oxygen species 
It is clear that to efficiently handle invading microbes and tissue debris, phagocy-
tosing neutrophils are equipped with a diverse killing/clearance arsenal. In addi-
tion to the discussed anti-bacterial products stored in the different granule 
populations, the massive generation of ROS by the membrane-localized NADPH-
oxidase is an important system designed (at least in part) to kill microorganism. 
Ee increased susceptibility for severe microbial infections in a group of patients 
suffering from chronic granulomatous disease (CGD), demonstrates the im-
portance of the system (jj). CGD is a disease caused by a mutation in one of the 
subunits of the NADPH oxidase complex, leading to a diminished superoxide pro-
duction due to an absence or reduced function of the mutated subunit (jn, jf).  
 
Ee neutrophil NADPH-oxidase is a multicomponent enzyme complex that re-
duces molecular oxygen to superoxide anions (O$-), using electrons from NADPH 
(jh, jg). In resting cells, the oxidase subunits reside in the cytosol (pjhphox, pfhphox, 
pjCphox) as well as in membrane compartments (the b cytochrome in plasma mem-
brane and granule membranes). Ee membrane spanning component is a flavo-
hemeprotein composed of two subunits, gpcbphox and pBBphox (jc). During cell ac-
tivation, the cytosolic oxidase components translocate to the b cytochrome con-
taining membranes together with a GTP-binding protein, to form the assembled 
electron transporting oxidase complex. Ee phagosome become enriched in the 
b(() cytochrome through granule fusion specifically thought to come from granules 
belonging to the specific granule subtype (step C in Fig :). 
 
Glucose-f-phosphate dehydrogenase, an enzyme in the pentose phosphate meta-
bolic pathway, is required for the production of the electron donor (e-) 
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nicotinamide adenine dinucleotide phosphate (NADPH), essential for function of 
the oxidase system (nC) (Fig j, step b). Ee O$− generated (Step B) are rapidly dis-
mutated (spontaneously or by the enzyme superoxide dismutase (SOD)) to hydro-
gen peroxide (H$O$) (Step e). Eese two reduced oxygen metabolites are weakly 
microbicidal, but myeloperoxidase (MPO), an abundant haem-containing protein 
that resides in neutrophil primary (azurophilic) granules, potently increase the kill-
ing capacity. When delivered to a phagolysosome, MPO catalyzes a reaction in-
volving halogen ions and H$O$ to produce potent microbicidal compounds such 
as HOCl (hypochlorous acid) and chloramines (bc)  (Step j) that together with 
other reactive oxygen species constitute the oxygen dependent part of the mecha-
nisms used to kill pathogens (Step n). Mice deficient in MPO are much more sus-
ceptible to some micro-organisms compared with wild-type animals (nb), but 
conversely, humans with an MPO deficiency, a relatively common genetic defect 
(incidence of b in BCCC–jCCC), typically do not have an increased susceptibility to 
infections (nB). Eus, it has been proposed that O$− and H$O$ or secondarily de-
rived ROS, such as OH•, may be sufficient to compensate for the lack of the MPO–
halide system under certain conditions (ne). It raises the question about the precise 
role of ROS in microbial killing, a question still debated (jh, ne-nf). Ee wide-
spread enzyme catalase, that is part of the antioxidant defense system of most 
cells, further processes H$O$ to H$O and O$ (Step f).   

2.5 Importance of extracellular ROS and regula-
tion of inflammation 
Ee first functions of neutrophil produced ROS to be revealed was the microbi-
cidal activities, particularly related to the large quantities formed in the phagoly-
sosome (nh). However, the neutrophil NADPH-oxidase/NOX also produce and 
secrete ROS extracellularly. Such a release may occur by accident, if the patho-
gen/antigen is too large to be phagocytosed as is the case with hyphae of from the 
fungus Aspergillus fulmigatus (ng). ROS produced by the NOX can possibly also 
act as signaling molecules that modify the redox state of proteins or lipids (nc). 
As some ROS, especially H$O$, are membrane permeable, and this makes them 
suitable as paracrine signaling molecules which can affect the cells and the milieu 
around them, especially in an inflammatory setting (fC).  
 
ROS are often regarded as a pro-inflammatory mediator as well as being directly 
or indirectly involved in inflammatory tissue damage: however, new data suggest 
that ROS may have anti-inflammatory effects and facilitate resolution of inflam-
matory reactions/processes (nf, fb, fB). Different animal models of inflammatory 
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diseases clearly illustrate the anti-inflammatory effects of ROS. In a rat model of 
arthritis, CGD animals that lacked one of the cytosolic components, develop a 
more severe disease (fe). Eis was also shown to be true in a mouse model of gout 
(fj). A molecular mechanism suggested for the development of a more severe 
disease involves the inability of CGD neutrophils to form NETs (fj); the hypoth-
esis presented was that NETs absorb and block the functions of pro-inflammatory 
cytokines and by that a local inflammation will be reduced (fn).  

2.6 Methods to determine neutrophil production of 
reactive oxygen species 
Many techniques have been developed over the years to measure the cellular pro-
duction of different ROS, and techniques based on detection of colorimetric 
changes as well as fluorescence or chemiluminescence have been used. Eere are 
some basic criteria that should be met and used to evaluate the method of choice. 
Ideally a method should target a specific oxygen metabolite, be sensitive and if 
possible, not interfere with the function of the cells. Preferentially, the method 
should also be easy to set up/perform, and it should be possible to determine the 
localization of the ROS produced. Eere is, however, no method that fulfils all 
these criteria and different measurement techniques have different drawbacks. It 
is clear that the NADPH oxidase can be assembled in the plasma membrane (lead-
ing to a release of ROS) or in intracellular compartments (phagosomes and/or 
granules in which the ROS are retained). A method that can measure both intra 
and extracellular ROS that comes from phagocytes that has been activated with 
different stimuli would be ideal. Eere are several dyes that after being excited by 
ROS release energy in the form of light (chemiluminescence). One of these dyes 
luminol/isoluminol; see Fig :) is redox-sensitive and emits blue lumines-
cence(jh). Luminol/isoluminol is oxidized by oxygen radicals into the resonance-
stabilized dianion, which is oxidized by oxygen species into the dicarboxylate ion, 
accompanied by the loss of molecular nitrogen, N$. Ee molecule is transferred to 
an instable excited (higher energy/higher orbit) state that emits light when it re-
turns to its ground state (see Fig :) that is energetically more favorable than the 
excited state (ff). Luminol is (in contrast to isoluminol) a membrane permeable 
dye, and when applied to neutrophils the light production is dependent on the en-
zyme MPO and both intra- and extracellular ROS production contributes to the 
activity measured (fh). A change in the position of an amino group in the phthalate 
ring of luminol affects the properties of the molecule. Ee modified molecule 
(isoluminol) does no longer traverse the neutrophil plasma membrane but is ex-
cited and emits light in the same way as luminol (fg). Eis means that isoluminol 
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can be used to specifically measure neutrophil superoxide production/release ex-
tracellularly. Ee shortcoming of using either luminol or isoluminol to measure 
ROS production is that the precise amounts of O$- (nmoles/min/cell) cannot be 
directly determined, but the relative ROS production can be followed continuously 
in real time (fc). 

Figure 4 Production of reactive oxygen species  
By transporting electrons from NADPH, the phagosomal membrane depolarizes as superoxide is 
produced in the phagosome. Superoxide is processed to a whole spectrum of reactive oxygen 
species that are highly reactive and toxic to microbes. See text for full details in the steps indi-
cated by numbers in the figure. To measure radicals in the phagosome a dye such as luminol can 
be used. 
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3. Free fatty acids metabolism  
Ee human gut is colonized by a staggering number of microorganisms and it is 
estimated that cC% of "our cells" are microbes (hC). Ee microbes mainly help us 
to digest food products and regulate gut homeostasis. One major product of the 
metabolic digestion of carbohydrates is short chain fatty acids (SCFAs) generated 
during anaerobic bacterial fermentation of fiber diets. In a day, roughly fCC 
mmoles of SCFA are produced in the gut (hb) and the most abundant SCFAs are 
acetate (CB), propionate (Ce) and butyrate (Cj). SCFAs are build up by a carbox-
ylic acid moiety and a short hydrocarbon chain (hB).  
 
Ee SCFAs are primarily used as an energy source and the metabolic pathway is 
shown in Fig ;. Ee SCFAs can be absorbed by colonocytes utilizing different 
pathways. Ee process is either passive through diffusion or active through sym-
porters (he). Ee absorption of SCFA can also occur through an exchange with 
bicarbonate (HCO0−) via a still an unknown exchanger. Colonocytes then use 
SCFAs as energy substrates in the Krebs cycle and generate energy in the form of 
ATP. Eis is important since SCFAs provide ∼bC% of our daily caloric require-
ments (hj). Ee non-metabolized SCFAs are transported into the portal circulation 
where the concentrations may be fairly high (eC to BfC µM concentrations for 
propionate/butyrate and acetate, respectively) (hn). When reaching the liver they 
will be an energy source for hepatocytes and also be used for the biosynthesis of 
glucose, cholesterol, and longer fatty acids (hf). Hence, a smaller portion of the 
SCFAs reach the systemic circulation and peripheral tissues (acetate ef%, propi-
onate c% and butyrate B%, respectively). 
  
Ee finding that a group of orphan GPCRs recognized SCFAs opened a new re-
search field. Ee GPCRs were shown to be highly expressed in immune cells (hh) 
and were later termed free fatty acid receptors (FFARs). New investigations de-
scribed a link between gut microbiota and inflammation (hg), and this suggests 
that SCFAs are more important than what was originally thought.  
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4. Neutrophil G protein coupled re-
ceptors  
Inflammatory mediators that often (but not always) are chemoattractants have im-
portant functions for the immune system to localize sites of tissue injury or an 
infection. Eese mediators are generated and released either by intruding microbes 
or from host cells or tissues (be, hc). One of the important non-chemotactic in-
flammatory mediators is Tumor Necrosis Factor α (TNFα), a pro-inflammatory 
chemokine produced by activated macrophages, T lymphocytes, and natural killer 
(NK) cells (gC). Eis mediator is recognized by TNF receptors (TNFRs) expressed 
in most tissues (g). Basically, TNFRs are divided into TNFR-b, which binds solu-
ble and membrane-bound TNF, and TNFR-B, which only binds membrane-bound 
TNF. Both receptors are expressed in neutrophils and require a specific adaptor 
protein for the downstream signaling that in neutrophils trigger exocytosis/granule 
mobilization but no rise in intracellular Ca$+ (gb). Ee signaling pathway involving 
a rise in Ca$+ is typical for the responses triggered during activation of many neu-
trophil GPCRs (Paper G).  TNFα induces a mobilization of the secretory vesicles 
that fuse with the plasma membrane and by that, the receptors stored in these ves-
icles are integrated into the plasma membrane. Ee ability of neutrophils to mobi-
lize granule constituents is not static. Accordingly, the ability to mobilize granules 
is augmented in neutrophils treated with bacterial LPS as well as several cyto-
kines, including not only TNFα, but also granulocyte/macrophage-colony-stimu-
lating factor (GM-CSF), and IL-bβ. Some cytokines may also enhance the 
neutrophil response when the cells are activated by chemoattractants  (gB-gn). Eis 
process is termed priming. Naïve neutrophils exhibit limited antimicrobial effects; 
the cells must be reinstructed (primed) by microbial or endogenous agents to exert 
maximal phagocyte functionality, as measured by bacterial uptake and activation 
of the respiratory burst oxidase ((j, n), Paper G). Priming is thus a key event 
whereby neutrophil responsiveness to an activating stimulus is markedly aug-
mented by prior exposure to a priming agent. Ee biochemical events that mediate 
cytokine dependent priming of neutrophils are unfortunately poorly understood 
(gf). Activation of the neutrophil NADPH-oxidase, by agents such as the 
formylated peptide fMLF (see below), is accompanied by a number of crucial sig-
naling events, including an increase in the concentration of free calcium ions in 
the cytoplasm and activation and translocation of protein kinase C (PKC) to the 
cell membrane.  
 
Following the identification in bchn of powerful neutrophil chemotactic peptides 
such as fMLF (formyl-methionyl-leucyl-phenylalanine) generated by bacteria 
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(gh), the number of such chemoattractants has increased significantly and now 
includes metabolites such as platelet activating factor (PAF), the complement 
component Cna (Cna) and several different interleukins (ILs), such as ILg (bg).  
Eese inflammatory mediators are recognized by distinct receptors expressed by 
the neutrophil (gg, gc). Eese chemoattractant receptors belong to a large family 
of receptors that couple to heterotrimeric guanosine triphosphate-binding proteins 
(G proteins) (cC). About thousand different G protein coupled receptors (GPCRs) 
are encoded for by the human genome and around nC% of these recognize odor 
molecules and are thus the basis for our ability to identify unpleasant as well as 
pleasant smells (cb). Whereas around bCC of the human GPCRs lack known lig-
ands (by definition these are orphan receptors) the diversity of ligands for the de-
orphanized is very large (cB). Several GPCRs have been highly associated with 
immune reactivity of neutrophils and the ligands recognized by these receptors are 
also diverse but at the same time highly specific. Eis makes GPCRs highly ap-
pealing as drug targets, and it is estimated that around jC percent of all approved 
drugs on the market target GPCRs (ce).  
 
All GPCRs have in common that they comprise of a single ejB-efC amino acid 
long protein that spans the cell membrane seven times (Fig <) (cj). Ee ligand 
recognition receptor domain (orthosteric site) involves the N-terminus, the extra-
cellular loops and some transmembrane parts reachable from the outside of the 
cell plasma membrane.  In turn, the signaling mediated by such receptors is 
thought to be transduced through the three intracellular loops as well as the cyto-
solic C-terminal tail. Once an activating ligand (agonist) binds to the orthosteric 
receptor site, a heterotrimeric G protein is activated on the cytosolic side of the 
membrane in which the receptor is expressed. Ee trimeric G protein is made up 
of an α-subunit and a heterodimeric β/γ complex. Recognition of a chemoattract-
ant induces multiple receptor-down-stream effector functions in neutrophils such 
as chemotactic migration, secretion of pro-inflammatory mediators and production 
of ROS (bf, fc, gg, cn), but as mentioned, neutrophils store some of the GPCRs 
in mobilizable secretory organelles, and in order for these receptors to be func-
tionally active, they have to be recruited to and be present on the neutrophil sur-
face.  
 
Neutrophils express many different GPCRs and a couple of these are described in 
more detail below.  
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Figure 5 Overview and localization of G-protein coupled receptors  
A generalized schematic description of a GPCR. These receptors are expressed in the neutrophil 
plasma membrane and/or a mobilizable granule/vesicle membrane. The receptor protein passes 
through the cell membrane seven times with the N terminal exposed on the cell surface or in the 
granule matrix and the C terminal tail faces the cytosol. The G-protein interacts with the cytosolic 
parts of the receptors. Conventional ligands (agonist/antagonist) bind to the orthosteric binding site 
present on outside of the plasma membrane and the intracellular signal is initiated by the heterotri-
meric G protein on the cytosolic side of the membrane. Granule/vesicle-localized GPCRs can be mo-
bilized to the cell surface through a secretion process.  

4.1 Formyl peptide receptors  
Synthetic N-formylated peptides were shown almost nC years ago to be chemoat-
tractants for neutrophils and it was then postulated that specific surface receptors 
recognized a molecular pattern common for prokaryotic microbes. Ee rational 
being, that protein synthesis in prokaryotic cells starts with a formylated methio-
nine (fMet) (gh). Ee concept rapidly gained support when highly potent chemo-
tactic fMet-containing peptide were identified in culture supernatants of growing 
E. coli bacteria (cf), and the pathogen associated molecular pattern (PAMP) 
recognition concept was rapidly found applicable to the group of receptors named 
formyl peptide receptors (FPRs; (gg)). Eese findings opened for further receptor 
related research which led to the cloning of the gene for FPRb, one of the FPRs 
(ch, cg), and since then this has become the most studied neutrophil GPCR. 
Shortly after the cloning of FPRb, two originally orphan receptors (now known as 
FPRB and FPRe) with large sequence homologies to FPRb were identified. Ee 
three human receptors in the FPR family are grouped together on chromosome 
bcq.be.e, and the encoding proteins probably share similar biological functions 
(cc). Whereas a large number of formylated and non-formylated ligands have 
been shown to be recognized by FPRB, no potent and selective agonists for FPRe 
have yet been described. 
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Formylated peptides are produced not only by bacteria, but also by mitochondria 
that are of prokaryotic origin. Ee mitochondrial DNA (mtDNA) encodes be pro-
teins that belong to the respiratory chain that generates the bulk of cellular ATP 
via oxidative phosphorylation (bCC), and the encoding genes are transcribed and 
translated in a microbial like manner. Accordingly, the initiating amino acid in the 
mtDNA-encoded proteins is a formylated methionine, and these proteins (or N-
terminal peptides thereof) will be recognized by neutrophil FPRs as a tissue dam-
age molecular pattern (DAMP) (Paper A, Paper B, (cf, bCb-bCj). Ee release of 
mtDNA and formylated proteins/peptides from injured/destructed tissues leads to 
exposure of otherwise concealed/hidden or cryptic endogenous DAMPs, which 
include the mitochondrial cryptic peptides (mitocryptides; MCTs) (bCn-bCg). From 
an evolutionary point of view, one can assume that the receptors that recognize 
peptides starting with a formylated methionine have developed both to combat 
infections and to resolve an aseptic inflammation in a traumatized tissue. Indeed, 
mitochondrial-derived DAMPs have been shown to activate blood neutrophils 
(Paper B) and, hence, when produced and released in large amounts during severe 
injury, induce a sepsis-like state (bCc). 
 
Pathogenic Staphylococcus aureus bacteria produce a special type of non-chemo-
tactic N-formylated peptides recognized by FPR2, and a recent study in which a 
pharmacological as well as a genetic approach was used, gained increased molec-
ular insights into the pattern of signaling as well as into the receptor preference 
for formyl peptides. The data presented show that not only the N-terminal part of 
a peptide that fits into the so called orthosteric binding site/pocket is of importance 
for recognition and the signals induced (Paper F).  
Despite the large number of FPR agonists described to have anti-inflammatory 
effects in animal disease models, very few have entered clinical trials. Act-
389949, a small compound agonist, is an exception and when tested it was found 
to be safe and well tolerated in healthy humans (110). The receptor preference and 
down-stream signaling characteristics induced by this first-in-class compound has 
been determined, and the data obtained show that FPR2 is the preferred receptor, 
and the signals and functional repertoires down-stream of the receptor is the same 
as for many earlier described FPR2 agonists (Paper C). The fact that Act-389949 
was shown to be resistant to oxidation by MPO-H2O2-halide derived oxidants, 
suggests that it may serve as tool-compound for further studies about the regula-
tory roles of FPR2 in inflammation. Another small compound (RE-04-001) rec-
ognized preferentially by FPR1, has been shown to be a potent functional selective 
agonist that activates neutrophils (Paper D) that may also serve as tool-compound 
for future studies of the regulatory roles of FPR1 in inflammation.  
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4.2 The purinergic receptors 
In addition to its function as an energy source in a large number of physiological 
processes taking place in actively metabolizing cells/tissues, ATP is also a DAMP 
that may be actively secreted and/or passively released from damaged cells/tissues 
(bbb). Eus, ATP affects inflammatory processes and purinergic receptors sense 
both ATP and ADP. Out of the not so well studied neutrophil purinergic receptors, 
the PBY$ receptor is the best characterized and this GPCR binds ATP with high 
affinity. It is said that PBY$R couples mainly to Gαq in neutrophils, but the receptor 
has the capacity to also interact with Gαi and Gα!$/!0 (bbB-bbj). Ee ATP activated 
PBY$R triggers a rise in the concentration of intracellular calcium ([Ca$+]i) but in 
neutrophils this emptying of Ca$+ from  intracellular stores is achieved without 
any activation of superoxide generating NADPH oxidase (bbn). Ee pathway 
downstream of the ATP-activated receptor in naïve cells, is blocked through an 
inhibitory mechanism involving the actin cytoskeleton (gg, bbn). Hence, the ROS 
generating oxidase is activated by the ATP/PBYBR ligand/receptor in neutrophils 
in which the actin cytoskeleton has been disrupted.   
 
ATP is not a chemotactic ligand in itself, yet if ATP occupies PBY$R the fMLF-
mediated chemotaxis is enhanced (bbf), and it has been suggested that such an 
effect may be of physiological importance and mediated either by ATP in the en-
vironment or by ATP secreted from neutrophils at the leading edge of the migrat-
ing cells (bbh). Ee presence of ATP can enhance the generation of superoxide 
through an activation achieved through a novel receptor cross-talk/transactivation 
mechanism by which signals generated by PBY$R turn another GPCR into a sig-
naling state (Paper I, (bbg)) 

4.3 Free fatty acid receptors focusing on the neu-
trophil FFA2R 
Ee SCFAs constitute not only an energy source and the basis for synthesis of 
more complex molecules (bbc), but the identification of receptors that recognized 
these molecules suggested that these metabolites constitute a molecular pattern of 
microbial origin that can act as signaling molecules (bBC, bBb). SCFAs can interact 
with and activate at least four distinct GPCRs originally known as GPRjb, GPRje, 
GPRbCca (HCAB) and olfactory receptor Olfrhg. Ee SCFA-receptors initially 
termed GPRje and GPRjb are now known as free fatty acid receptor B and e 
(FFABR and FFAeR), respectively (bBB). Eese receptors are expressed in tissues 
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that are connected to metabolic regulation such as adipose tissue, pancreatic b-
cells and intestinal enteroendocrine cells (bBe), but at least FFABR is also highly 
expressed in different immune cells including neutrophils (bBj). Accordingly, the 
basic functions of SCFAs have been slightly changed and now include not only 
the importance in gut energy homeostasis and metabolic regulation but also a role 
in immune reactivity (hh, bBn). Until recently, the lack of potent and selective lig-
ands for the FFARs limited the likelihoods to advancement of our knowledge 
about the pathophysiological roles of the receptors, but now several selective syn-
thetic ligands have been identified, and this has opened up for an increased under-
standing about the regulatory role of the FFARs and their ligands in inflammation 
and immune function ((bBf-beC) Paper I-IV). Ee selective ligands for the FFARs 
include not only activating and inhibiting ligands (agonist and antagonists) but 
also a new type of receptor specific ligands that selective modulate receptor func-
tion. Eese modulators interact with allosteric receptor sites rather than with the 
orthosteric site, and they modulate receptor functions positively (increase the ac-
tivity induced by an orthosteric agonist) or negatively (inhibit the activity induced 
by an orthosteric agonist), respectively (Paper I-IV). 
 
Several neutrophil functions are regulated by SCFAs. Results obtained in in vitro 
as well as in in vivo studies suggest that SCFAs are neutrophil chemoattractants 
(hg, beb-bee). Ee direct involvement of one of the receptors that recognize SCFAs, 
FFABR, in neutrophil recruitment to inflammatory sites has been shown in a bowel 
disease model in mouse, and in accordance with a role for FFABR, receptor knock-
out animals exhibited diminished inflammation, suggesting that this receptor is 
involved in the recruitment process (bee). Eis suggestion has gained support from 
the finding that neutrophil recruitment and the inflammatory activity in such a co-
litis model, was reduced in wild-type mice fed with SCFAs (beb). Regarding the 
ability for SCFAs to affect neutrophil production of reactive oxygen species and 
the ability to phagocytose a prey (Paper I-III (beb, bej)), conflicting inhibitory as 
well as enhancing effects have been reported. Furthermore, SCFAs have also been 
shown to inhibit neutrophil production of the pro-inflammatory cytokine TNFα 
(ben). 
 
Ee lack of potent and selective FFABR ligands has made it difficult to properly 
define the regulatory roles/functions of the neutrophil SCFA receptors. Recent ad-
vances in the field have opened new possibilities as potent and selective agonists, 
antagonists as well as allosteric modulators for FFABR have been described. Ee 
small compounds CATPB (bef) and Cmpb (gb, beh) are ligands that fulfil the re-
quirements of being both potent and receptor selective. Cmpb is an orthosteric 
agonist that has been shown to activate the neutrophil FFABR, and the receptor 
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down-stream signaling cascade involves a pertussis toxin-sensitive G-protein and 
the PLC-PIPB-IP0 route to induce a release of Ca$+ from intracellular storage or-
ganelles, a response induced also by the neutrophil FPRb (beg). CATPB was iden-
tified as an FFABR antagonists, and accordingly it inhibits the response induced 
not only by SCFA but also by Cmpb. Results obtained dealing with the regulatory 
mechanisms for activation of FFABR and termination of the response, disclose 
both similarities and differences to the mechanisms that regulate the FPRs. It is 
clear that although Cmpb induces a rise in intracellular Ca$+ in neutrophils, this 
response is not accompanied by any mobilization of CRe to the cell surface or 
cleavage of L-selectin from the cell surface (bbn). GLPGCchj (beC), another selec-
tive FFABR antagonist was recently tested in a clinical trial to evaluate its safety 
and efficacy in treating patients with ulcerative colitis. Eis antagonist has also 
been thoroughly investigated in neutrophils and it potently inhibited FFABR de-
pendent responses (Paper I, Paper IV), but its effects following binding is fairly 
complex (Pater IV; see also h.e below). 

4.4 SCFA and FFAR in health and disease 
Gut microbiota and secondary metabolites generated during microbial growth par-
ticipate in the regulation of several organ systems including the immune system, 
and SCFAs are one of the key regulatory metabolites identified (hf, bBj, beb). Ee 
microbiota is said to affect immune cell functions such as the ability to produce 
soluble effector molecules such as cytokines, antibodies, antimicrobial peptides, 
and several other compounds vital for the host defense (bec-bjb). Predictably if a 
loss of balance occurs between the host immune system and the components gen-
erated by the microbiota, the result could lead not only to infections but also to the 
development of inflammatory diseases. Notably, this has been suggested to be of 
importance in periodontitis, rheumatoid arthritis, diabetes, and inflammatory 
bowel disease. (bjB-bjf).  
 
SCFAs were recently shown to affect several cellular processes regulated by sig-
nals generated down-stream of activated FFARs (depicted in Fig ; and discussed 
below), as well as gene expression, cell differentiation (bjh), proliferation (bjg), 
apoptosis (bjc), inhibition of histone deacetylases (HDACs) (bnC), and stimulation 
of histone acetyltransferase activity (bnC).  
 
It has been shown that SCFAs can interact with FFABR and FFAeR expressed by 
colonocytes and by that affect the plasma glucose levels regulated by gut hor-
mones such as the peptide YY (PYY) (bnb) and glucagon-like peptide b (GLP-b) 
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(bbc, bnB). PYY is known as an indulgence hormone, but it also boosts the insulin 
action on glucose disposal in muscle and adipose tissue. PYY and GLP-b is said 
to also influence learning, memory, and mood (bbc, bne). Ee direct link between 
FFARs and hormone production is clearly illustrated by the fact that the colonic 
PYY production is reduced in FFABR and FFAeR knockout animals and this af-
fects the whole-body glucose tolerance.  
 
Ee increased susceptibility to dextran sulfate sodium-induced colitis in FFABR 
mice knockouts, suggests that this receptor is of importance also for gut homeo-
stasis (beb). Eis is also supported by the fact FFABR agonists interacting with their 
receptor on intestinal epithelial cells, activate the NLRPe inflammasome and in-
duce the production of IL-bg in these cells (bnj). Eis response is said to be critical 
for the ability to maintain epithelial integrity and intestinal homeostasis. 
 
SCFAs may also regulate (possibly through binding of FFABR) intestinal barrier 
function (bnn). Eis is accomplished by inducing intestinal epithelial cell-secretion 
of mucin and antimicrobial peptides, as well as by affecting the function of the 
tight junctions and maintaining the transepithelial electrical resistance (TEER) 
(bnf, bnh). A problem to maintain the status of the intestinal barrier could give rise 
to a "leaky gut" that allows gut bacteria and toxins to pass the intestinal wall (bng).  
 
SCFAs also play an important role in inducing neutrophil migration to inflamma-
tory sites and enhance their phagocytic capability (hg). Additionally, SCFAs can 
inhibit or induce production of proinflammatory cytokines (e.g., IL-f, IL-bβ and 
TNFα) and the outcome is probably dependent on the concentration of SCFAs and 
the cell type targeted (bnc-bfB). 
 
Additionally, SCFA can bind FFABR on regulatory T (Treg) cells to induce the 
production of the anti-inflammatory cytokine interleukin-bC (IL-bC) (bfe-bff). 
Tregs treated with SCFA promote ILbC production and FFABR-/- Tregs were not 
affected by SCFA. IL-bC has shown to be important for the development of an 
inflammatory response without inflicting self-tissue damage (bfh).  Loss of ILbC 
production due to mutations in ILbC or its receptor is also linked to problematic 
enterocolitis in infants (bfg) 
 
SCFA have also been shown to affect the ability of dendritic cells (DCs) to pro-
mote CDj+ T cells to become Tregs (bfc). Moreover, SCFAs has also been seen 
to inhibit carcinogenesis through promoting apoptosis and suppressing prolifera-
tion of tumor cells which is also indicated mediated through FFABR (bhC, bhb). 
Furthermore, a Staphylococcus aureus induced sepsis study in mice showed that 
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acetate administration not only primed neutrophils but also rescued wild-type 
mice and substantially reduced bacterial numbers in peripheral organs (bhB). 
 
Taken together, these data show the importance of SCFAs in human health and 
when it comes to inflammation, show a complex system were the balanced be-
tween the gut microbiota derived SCFA are deeply connected to inflammation.  
Supplementation of dietary fibre may be an effective strategy for future treatment 
of inflammatory and immune-related diseases, such as rheumatoid arthritis (bhe-
bhn). 
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Figure 6 Metabolism of SCFA and its effect on health and disease. Overview picture depicting the 
SCFA, a commensal bacterial fermentation product that is both used an energy source but also have 
connection in health and immunity. 
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5. Characteristics of GPCR signal-
ing 
Orthosteric GPCR ligands bind to a receptor pocket reached from the outside of 
the cells that express the receptor (bhf, bhh). Binding of activating orthosteric ag-
onists induces conformational changes in the receptor (bhg). Ee conforma-
tional/structural changes involve the cytosolic parts of the receptor that interact 
with the receptor down-stream heterotrimeric G protein (cj). Ee Gα and Gβγ 
parts of the activated G protein dissociate, and the subunits initiate downstream 
signaling cascades. Ee Gα subunit has an intrinsic GTPase activity, which regu-
lates the association/dissociation of the subunits and by that the level of signaling. 
Receptor activation (Fig =) promotes an exchange of the bound guanosine diphos-
phate (GDP) that is replaced by guanosine triphosphate (GTP) and, this exchange 
leads to the dissociation of the two G protein subunits (bhc). Once dissociated both 
subunits have the capacity to interact with cytosolic as well as membrane 
bound/associated proteins that further transduce signaling. 

5.1 An early signaling cascade generated by acti-
vated GPCRs  
G protein transduced intracellular signaling induced by activated GPCRs com-
monly include a rise in the intracellular concentration of free calcium ions ([Ca$+]i) 
(bgC, bgb) (see Fig =). Ee signaling cascade leading to a rise in [Ca$+]i is initiated 
by an activation of a phospholipase (PLCβ) (bgB). Eis activation is mediated by 
one of the G protein subunits (the Gα subunit of Gαq containing G proteins and 
the Gβγ dimer of Gαi containing G proteins) and the activated PLCβ hydrolyzes 
phosphatidylinositol bisphosphate (PIPB) that is cleaved into inositol triphosphate 
(IPe) and diacylglycerol (DAG). Ee IPe formed, regulates calcium channels pre-
sent in the membrane of calcium storing organelles (i.e., the endoplasmic reticu-
lum) and an opening of these channels results in a release of Ca$+ from the stores 
to the cytoplasm and an elevation of the level of the [Ca$+]i (bge) . A further rise in 
[Ca$+]i is commonly induced through an opening of plasma membrane localized 
Ca$+channels. Ee opening of these channels is regulated by the filling state of the 
storage organelles. Eese store operated Ca$+ channels (SOCs) open when the 
stores are emptied. In a positive feedback loop the membrane anchored DAG 
formed by the activated PLCβ recruits protein kinase C (PKC) to the membrane 
and activates this enzyme in a Ca$+ regulated process (bgj).  Downstream signals 
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of activated PKC lead to activation of many proteins and also an activation of the 
NADPH-oxidase that produces O$- (bgn). 
 
Out of the four main G protein subtypes, the Gαi and Gαq are considered the most 
important for neutrophil function. Of the two other main subtypes (Gαs and G!$/!0), 
Gαs couples to GPCRs such as the n-HT receptor (bgf) (serotonin receptor) and 
G!$/!0 has been shown/suggested to have roles in the regulation of the actin cyto-
skeleton (bgh). It should be noticed that there are also several isoforms of the two 
parts of Gβγ heterodimer (bgg). Due to the fairly high sequence homology between 
the different subunits, it is hard to determine the precise identity of the G proteins 
involved in signaling in primary cells (bgc). Bacterial toxins have long been the 
only available tools to determine the signaling role of the different G proteins. A 
toxin from Bordetella pertussis has long been used to determine the involvement 
of Gαi (bcC), however, the specificity of the pertussis toxin in neutrophils has been 
questioned. Pertussis toxin inhibits signaling in neutrophils also by GPCRs that 
couple to Gαq containing G proteins, questioning the exact mechanism by which 
this toxin interacts with the G proteins (bcb). A toxin from Vibrio cholera is a tool 
compound that can be used to determine Gαs involvement (bcB). Recently selective 
Gαq inhibitors have been described (bce, bcj). Data obtained using these inhibitors 
have revealed that some neutrophil GPCRs use a Gαq-pathway to initiate a rise in 
[Ca$+]i (Paper G). 
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Figure 7 Schematic description of the signaling pathway that leads to increased intracellular con-
centration calcium ions in the cytosol initiated by activated GPCRs. See 5.1 for a description of the 
early signaling cascade pathway generated by activating GPCRs. Once the agonist binds to the or-
thosteric site of the GPCR the trimeric G protein is activated, and the subunits dissociate. The βγ het-
erodimer triggers a PLC dependent release of calcium ions from storage organelles (mostly likely 
from endoplasmic reticulum (ER)) and a second phase of increase is initiated when store operated 
Ca2+ channels in the cell membrane are opened. This opening is regulated by a depletion of calcium 
ions in the ER.   

5.2 Allosteric receptor modulators 
The change in function of a protein, mediated by a compound that binds to a site 
in the protein not identical to the active site, is defined as allosterism or an allo-
steric behavior (195). Allosteric effects are in most cases linked to some type of 
structural/conformational change of the protein, and the change is induced by the 
allosteric effector. Originally, this phenomenon was described as an important 
mechanism by which different allosteric effector components regulate enzyme ac-
tivity (195, 196), and the new model replaced the so called “lock and key model” 
in which enzymes were regarded as rigid protein structures (bch). Ee idea that 
enzymes are flexible protein structures that have the capacity to change confor-
mation has become vital for our understanding not only of how enzyme activity is 
regulated but also for the regulation of ion-channels and signaling properties of 
GPCRs (bcg).  
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According to the conformation selection model, a protein stabilizes into different 
states when ligands bind. Given that GPCRs are complex macromolecules that 
can take several different tertiary forms and in any given time, a GPCR can adopt 
a collection of different conformations of similar free energy (bcc, BCC). Binding 
of a ligand to its receptor initiates a conformational change, and once a high affin-
ity binding is established the new conformation is stabilized. 
 
However, it is not always clear if, once a ligand binds to a receptor, the adopted 
structure is unique and can only be adopted once the ligand is bound to the receptor 
(BCb). Another possibility is that the receptor has the ability to adopt the unique 
conformation also without the ligand, and there are time and energy rational for 
this in a biological setting (BCB, BCe).  
 
Ee development of receptor selective allosteric modulators as drug candidates  
has become an alternative to meet the challenges in the development of small or-
thosteric ligands (BCj). Ee allosteric receptor modulation concept states, that the 
response elicited by the endogenous agonist/antagonist (see Fig > for visual refer-
ence) is affected by a non-activating but modulating receptor binding ligand. Such 
an allosteric modulator can positively (increase) or negatively (decrease) affect the 
receptor activities, or more importantly, change signaling to a unique functional 
selective pathway. Such receptor ligands are termed biased allosteric modulators 
(BCn).  
 
Binding of an agonist to the orthosteric binding pocket reached from the outside 
of a cell, will change receptor parts on the cytosolic side of the cell membrane, a 
structural change that triggers an activation of the G protein. An agonist induced 
cellular response mediated by a GPCR, thus, clearly involve an allosteric confor-
mational change. Also binding of non-activating allosteric GPCR modulators in-
duces conformational changes of the recognizing receptor, changes that affect the 
behavior of the receptor. Allostery may be described as a process of cooperativity 
between the binding sites for the modulator and orthosteric ligands; binding of a 
molecule to one site in the GPCR modify the binding/signaling characteristic of a 
ligand that binds to another site in the same receptor (BCf). Ee physical separation 
of the two binding sites is one of the important features when defining allosterism. 
Ee effects of a modulator may also depend on the co-binding ligand, and this 
probe dependency is also an important feature of allostery (BCh). Another im-
portant feature of allosteric modulators is the saturation of their effect (BCg). Eis 
means that the allosteric effect reaches a maximum when the binding to the allo-
steric receptor site is saturated.   
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Typically, it is hard to predict the effects of an allosteric modulator. Binding of an 
allosteric modulator could alter the affinity and/or efficacy when the receptor is 
activated or the allosteric modulator may by itself generate a response (BCc). Eis 
means that an allosteric GPCR modulator can display one or more of the pharma-
cological effects mentioned above (see Fig > for visual representation). To reiter-
ate, affinity modulation will lead to a conformational change that affects the 
orthosteric binding pocket. Eis can change the association or dissociation rate (or 
both) for an orthosteric ligand. Efficacy modulation will affect signaling properties 
achieved through a modulation of the cytosolic part of the receptor (also called 
intrinsic efficacy) (BbC). 
 
Additionally, there are no restrictions as to the combinations of effects that an 
allosteric modulator can have (bcn). Eat means that affinity may be increased or 
decreased, and this is true also for the efficacy. Allosteric efficacy is still subjected 
to the normal limitations for the agonists. If we consider a dose response curve for 
an agonist induced activity, an increase in affinity will cause a left shift of the 
curve and a decreased affinity will cause a right shift. If the agonist is a partial 
agonist an increase in the maximal signaling output is also a possible outcome. 
Likewise, a decrease in efficacy results in a right shift of the dose response curve 
for a full agonist if the receptor reserve is large and to a lower maximum if the 
receptor reserve is small. For a partial agonist, which by definition has no receptor 
reserve, a decrease in efficacy will reduce the maximal response. Taking in all 
considerations of allosteric modulation effects would lead to numerous possible 
combinations however in a practical sense there are three phenotypes of activity. 
If binding of an allosteric modulator negatively affect affinity and/or efficacy of 
an orthosteric ligand, this will result in negative allosteric modulation and these 
ligands are termed negative allosteric modulators (NAMs). If there are instead 
positive effects of the affinity and/or efficacy of an orthosteric ligand the allosteric 
modulator is called positive allosteric modulator (PAM). Eere are also unique 
phenotypes that, if the affinity is positive and efficacy is negative, are referred to 
as PAMs with antagonistic properties (Bbb). It should also be stated that the theory 
of probe dependence states that different probes (agonist) may be affected in dif-
ferent ways by the same allosteric modulator (BbB). Eis means that on agonist can 
be negatively or positively affected by a structural change whereas another agonist 
is not affected at all. Eese allosteric modulation models are, however, challenging 
to fit to experimental data (Bbe) but different classes of allosteric modulators are 
now being utilized in therapeutic settings.  
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Some 15 years ago a new class of allosteric GPCRs modulators were described. 
These lipopeptides (pepducins), containing a peptide chain coupled to a fatty acid, 
were suggested to regulate GPCR activity through a novel mechanism. A peptide 
sequence identical to that in one of the intracellular domains in a GPCR was sug-
gested to selectively interact with this receptor on the cytoplasmic side of the 
membrane and the result will be an activation or an inhibition of receptor signaling 
(214). This is obviously a regulatory mechanism vastly different from that of con-
ventional GPCR-ligands that mediate their activation (agonist) or inhibition (an-
tagonist) of receptor function through a direct interaction with the orthosteric 
binding sites exposed on the cell surface. In agreement with the allosteric GPCR 
modulation concept, pepducin are expected to modulate functions solely of recep-
tors that contains a sequence of amino acids that is identical to the peptide se-
quence present in one of the cytosol receptor domains. However, data obtained in 
studies of the FPRs call the concept in question (Paper G).   
 
An exception regarding the proposed GPCR selectivity for pepducin, was de-
scribed for a pepducin (P4Pal10), containing a 10 amino acid long peptide origi-
nating from the protease-activated receptor 4. This pepducin was suggested to 
inhibit signaling by many receptors having in common that they coupled to a G 
protein containing a Gaq-subunit (215). Yet in neutrophils, P4Pal10 has been 
shown to be without effect on signaling by the ATP and PAF receptors, two re-
ceptors that couple to a Gaq-containing G protein. In contrast, however, the re-
sponse induced by FPR2 agonists is inhibited and more importantly, this pepducin 
activates FFA2R in neutrophils (Paper E).  
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Figure 8 Mechanism of action and phenotypic profiles for allosteric modulators. GPCRs have an 
orthosteric binding site that interacts with the endogenous ligand for the receptor and that is where 
all orthosteric ligands interact. Distinct from the orthosteric binding pocket is the allosteric site 
where allosteric modulators bind. The old allosterism models tells us that the allosteric modulator 
can only affect the intracellular signal pathway outcome only if the orthosteric site is also engaged. 
Middle part of the figure summaries the log dose–effect curves for full agonist, partial agonist, an-
tagonist, partial inverse agonist and full inverse agonists in percentage change from baseline. Lower 
part of the figure represents the log dose-effect curves effects in the presence of different allosteric 
modulators. Black color represents the profile for the agonist dose curve alone and the different allo-
steric modulation effects on the agonist is presented in different colors as indicated in the figure. The 
allosteric modulators can either or both change the binding and functional response of the agonist.  
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5.3 Biased signaling/functional selectivity 
GPCRs are allosteric proteins that can engage many different structural confor-
mations and signaling states (Bbf, Bbh). Eis means that depending on the ligand 
that binds to a GPCR, the receptor has the ability to selectively engage one or 
several different receptor down-stream signaling pathways and cell functions (see 
Fig ?). Ee description of this so-called biased receptor signaling phenomenon 
directly linked to functional selective responses by GPCRs, became the starting 
point for a deeper understanding of the complexity of the signaling events and the 
importance of the ligands for regulation the receptor activities (Bbg). Biased lig-
ands that selectively activate (agonists) or inhibit (antagonists and reversed ago-
nists) different signaling pathways also became appealing when searching for drug 
candidates. A novel ligand that affects a subset of functions of a single receptor, 
could minimize cross reactivity and thereby optimizing the therapeutic effect 
(bhf). Ee concept of biased signaling/functional selectivity is also valid for neu-
trophils. Eis is illustrated for example by the effects of different types of FPRB 
specific agonist (i.e., lipopeptides, pepducins and formylated peptides) that have 
in common that they trigger both a rise in [Ca$+]i and an activation of the superox-
ide generating system in neutrophils, whereas they lack the ability to recruit β-
arrestin and induce chemotaxis. Ee FPRb specific agonist RE-Cj-CCb (Paper D) 
has the same biased signaling and functional characteristics, favoring ROS pro-
duction, ERKb/B phosphorylation and a rise of [Ca$+]i over β-arrestin recruitment  
and chemotaxis. Similar to an angiotensin b receptor (AT!R) specific agonist (Bbc), 
the pro-resolving FPRB specific lipids LipoxinAj and Resolvin Db have been 
shown be biased β-arrestin recruiting agonist (BBC). We have however, not been 
able to confirm these results (unpublished data). 

Figure 9 Representation of functional selectivity for GPCRs. The old model of GPCR activation 
was simply that receptor signaling was either on or off but the introduction of the biased signaling 
concept was a paradigm shift. Depending on the ligand and the receptor conformation induced sig-
naling will either be balanced (no signal preference/functional selectivity) or biased (one or the 
other signaling pathways is preferred.   
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6. Allosteric modulation and biased 
signaling of FFA2R 
Ee allosteric receptor modulation concept, stating that the response elicited by an 
orthosteric agonists can be modulated by specific non-activating receptor ligands 
that bind to an alternative (allosteric) site, has been shown to be valid also for 
FFABR. Two compounds, Cmpng and AZbhBc, were identified using screening 
protocols to search for FFABR ligands. Ee two compounds lack the carboxylic 
acid entity shown to be of prime importance for the ability of orthosteric FFABR 
agonists to activate the receptor (BBb). Accordingly, Cmpng (BBB) as well as 
AZbhBc (bBc) were shown to be allosteric FFABR modulators that positively mod-
ulated the response induced by FFABR agonists. Recent data also show that an 
allosteric modulator may affect not only the response induced by a ligand recog-
nized by the orthosteric binding site, but also signaling induced by a second allo-
steric modulator that engage another allosteric receptor site (Paper II and below). 
Ee allosterically modulated FFABR may also be activated by a transactivation/re-
ceptor cross talk mechanism without the involvement of any orthosteric FFABR 
agonist (Paper I and below). Ee identification and characterization of new allo-
steric modulators opens not only for possibilities to use unique way to regulate 
function of the targeted GPCRs but also increases the therapeutic potential and 
improve the possibilities to develop new drugs. Accordingly, better tools to iden-
tify and characterize allosteric modulators will increase the possibilities to find 
highly selective allosteric GPCR modulators. 

6.1 Biased FFA2R signaling achieved without in-
volvement of any orthosteric agonist 
A novel receptor activation mechanism was described (Paper II) when showing 
that FFABR can be activated without the involvement of any orthosteric agonist. 
As previously mentioned, the number of ligands for FFABR increases steadily, 
and the data obtained using the new research tools show that this receptor has a 
more central regulatory role in immunological reactivity than previously thought 
(bBe). Ee identification/description of new allosteric modulators that can be used 
to regulate receptor functions induced by orthosteric agonists has attracted many 
researchers (BBe) and one of the allosteric modulators recently identified is 
AZbhBc (bBc), an allosteric modulator for FFABR developed by AstraZeneca. We 
show (Paper II) that in neutrophils this allosteric FFABR modulator displays 
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properties very similar to those of Cmpng. Eese similarities include both the pos-
itive modulating effects on the response induced by orthosteric FFABR agonists 
and also on the ability to transfer FFABR to an activated state through the receptor-
cross-talk mechanism involving also the agonist/receptor pair ATP/PBY$R (see 
Paper I). In addition, AZbhBc also turns the PAM Cmpng into a potent activating 
allosteric agonist.  Ee interdependent neutrophil activation by the two PAMs is 
evident when they were added to the neutrophils together as well as in sequence. 
When added in sequence the order is reciprocal. Eis means that Cmpng turns 
AZbhBc into a potent activating allosteric agonist, a character typical for the rela-
tion between a modulator and an agonist. Ee activation of the allosterically mod-
ulated FFABR by the transactivating signals generated by PBY$R was, however, 
not reciprocal (Paper I and below). 
 
Furthermore, no orthosteric agonist is required for activation by the two PAMs, 
and signaling down-stream of the activated FFABR, partly differs from that in-
duced when an orthosteric agonist participates. Ee receptor down-stream signals 
generated by FFABR activated by the PAMs, bypasses the PLC-PIP$-IP0 pathway 
leading to a rise in intracellular Ca$+. Eis type of biased signaling is not seen when 
orthosteric agonists participate in the activation of FFABR. When the response 
induced by the two PAMs is terminated, FFABR is desensitized and this non-re-
sponding state of FFABR is functional selective. Despite the fact that the response 
induced in Cmng/AzbhBc activated/desensitized neutrophils by an orthosteric 
FFABR agonist is lowered when measured as superoxide production, the corre-
sponding response is potentiated when determined as the transient rise in [Ca$+]i. 
Based on the data presented and the fact that Cmpng as well as AZbhBc lack the 
carboxylic acid structure shown to be of vital importance for the ability of or-
thosteric agonists to activate FFABR (bBc), we concluded that FFABR must have 
two different allosteric binding sites structurally separated from the orthosteric 
binding site.  

6.2 Using a small compound library to gain further 
insight into allosteric activation   
Ee hypothesis/model presented in Paper II has been further tested. According to 
the model, FFABR has two different binding sites that recognize Cmpng and 
AZbhBc, respectively, and these allosteric sites are structurally/physically sepa-
rated from the orthosteric binding site. Ee three binding site model gains full sup-
port from the data presented in Paper III.  
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To gain further insights into modulation and signaling properties of FFABR, the 
activities induced by a set of new small molecules with some structural similarity 
to earlier described FFABR ligands were investigated. By definition, non-activat-
ing ligands that turn propionate (an orthosteric FFABR specific agonist) into an 
activating agonist, classify as positive allosteric FFABR modulators (PAM). Ac-
cordingly, several of the compounds also classified as allosteric FFABR modula-
tors.  
To determine the precise allosteric site used by the different allosteric modulators, 
neutrophils were sensitized with each respective compound and the cells were then 
activated with either Cmpng or AZbhBc and the neutrophils production of O$− was 
determined. According to the binding/activation model with two different allo-
steric sites in FFABR, AZbhBc should not activate neutrophils sensitized with al-
losteric modulators that bind to the AZbhBc site, whereas Cmpng should. Eight of 
allosteric modulators were active when combined with Cmpng, showing that these 
compounds are recognized by the AZbhBc site and should be classified as allosteric 
modulators that are functionally “AZbhBc-like” allosteric FFABR modulators. 
Two compounds classified as being “Cmpng-like” meaning that they activated the 
cells when combined with AZbhBc and interact with the same receptor site as 
Cmpng.  
 
To further determine the credibility of our model with two different allosteric bind-
ing sites, the response induced was determined when the new “AZbhBc like” and 
“Cmpng like” allosteric FFABR modulators were combined. Ee results obtained 
gave full support to the model for activation in which FFABR has, in addition to 
the orthosteric binding site, two sites that recognize allosteric modulators. Ee 
novel patterns for activation of neutrophils and the biased receptor down-stream 
signaling mediated by cross-sensitizing allosteric FFABR modulators, represent a 
new mechanism for the control of receptor functions.  
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7. Termination of signaling and re-
ceptor desensitization  
Similar to a double-edged sword, neutrophils constitute a highly effective first line 
of defense against most invading pathogens, but they also have the potential to 
cause substantial tissue damage. Accordingly, appropriate mechanisms for termi-
nation of receptor signals are important. Neutrophil receptors belonging to the 
family of GPCRs exert proinflammatory responses that must be terminated to al-
low the signals required to resolve the inflammatory reaction. Accordingly, acti-
vated receptors become homologous desensitization by time, and by that they are 
nonresponsive to the activating agonist and to other agonists recognized by the 
same receptor. Desensitized receptors may, however, be reactivated/transactivated 
by signals generated by other receptors, a topic that will be addressed below.  
 
Ee desensitization process is for many receptors linked to kinase mediated phos-
phorylation of the cytosolic domains of the receptor that participate in G-protein 
binding and/or recruitment of b-arrestin (BBj).  
 
β-arrestins are multipurpose adapter proteins having the ability to interact and 
form complexes with most GPCRs. Eis receptor-arrestin interaction/recruitment 
is part of the dynamic receptor activation process initiated when the activated re-
ceptors have been phosphorylated by G protein coupled receptor kinases (GRKs) 
(BBn). For many GPCRs, β-arrestin has been reported to be the main regulator of 
homologous desensitization and sequestration of the desensitized receptors. Ee 
receptor-bound β-arrestin uncouple and block G protein binding to the receptor.  
Eis uncoupling is achieved through steric hindrance of G protein interaction and 
the functional outcome is a homologous receptor desensitization. Ee bound β-
arrestin also targets GPCRs to clathrin coated pits for endocytosis (BBf). A visual 
representation of the role of β-arrestin in the desensitization process is shown (Fig 
7A). In short, the waning of GPCR signaling in the continued presence of agonist 
is accomplished by a coordinated series of events that are typically considered as 
three distinct processes: receptor desensitization, sequestration, and downregula-
tion. 
 
Moreover, the recruited β-arrestin proteins might mediate novel GPCR signals 
down-stream of the activated/”desensitized” receptor. As recently shown/sug-
gested the receptor recruited β-arrestin interacts directly with several different pro-
teins involved in the transduction of signals,  such as Src family kinases and 
components of the ERKb/B and JNKe MAP kinase cascades (BBh).  Eese proteins, 
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when recruited by β-arrestin coupled to a GPCR, can confer distinct enzymatic 
receptor dependent activities that generate signals that are important for the regu-
lation of cell functions. 
 
Ee role of β-arrestins in the processing of neutrophil GPCRs is, however, more 
complex. Signaling induced by FPRb and FPRB specific agonists includes a rapid 
and transiently activation of the ERK pathway, suggested to be downstream of β-
arrestin. Ee ERK pathway is, however, also activated by FPR agonist that lack 
the ability to recruit β-arrestin (Paper D). Eese results suggest that the ERK path-
way is activated downstream of the G protein rather than downstream of β-arres-
tin. Another possibility is that activation the ERK pathway occurs independent of 
a G protein as well as of β-arrestin. Signaling induced by FPR agonist that lack 
the ability to recruit β-arrestin is still rapidly terminated and the receptors are ho-
mologously desensitized (Paper D, (BBg). Eese results clearly show that in neu-
trophils, there is no direct link between β-arrestin recruitment and homologous 
desensitization. Ee direct link between β-arrestin and activation of the ERK path-
way is also missing in neutrophils. However there seem to be a clear link between 
β-arrestin signaling and chemotaxis. Recently published data show that β-arrestin 
is required for cell migration mediated through FPRb in neutrophil-like HL-fC 
cells and that FPRb/FPRB agonists that do not induce β-arrestin recruitment also 
lack chemotactic activity (BBg-BeC).    
 
Since neutrophil signaling/responses are fairly rapidly terminated also when the 
activating agonist is unable to recruit β-arrestin this suggests that neutrophils have 
alternative mechanisms for the termination of signaling and receptor desensitiza-
tion (BBg, BeC) (gg, Beb, BeB). Ee actin cytoskeleton is known for its importance 
for active shape changes in cells and for cell motility/migration (Bee). Yet it is 
evident that the cytoskeleton is involved also in other functions such as changes 
in receptor affinity, apoptosis, and receptor desensitization. Accordingly, actin on 
the cytosolic side of the plasma membrane (in its polymerized form and together 
with different actin binding proteins linked to the cytoskeleton) has been shown to 
interact/associate with activated receptors and by that be a part of the process that 
terminates FPR signaling (gg, Bej). Eis interaction/binding physically separates 
the G protein from the activated receptor and by that, signaling is terminated and 
the receptors becomes desensitized. Ee functional effect is reciprocal, meaning 
that that receptor signaling both regulates cytoskeleton dependent functions and is 
regulated by the cytoskeleton. Ee role of the actin cytoskeleton in GPCR signal-
ing is apparent from experiment involving drugs that inhibit the actin polymeriza-
tion and disturb the integrity of the cytoskeleton. (BeC, Ben) Paper C) 
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Eere are also other mechanisms by which receptors could be desensitized. Heter-
ologous receptor desensitization is one such mechanism, that is part of a neutrophil 
receptor hierarchy. Eis is illustrated by the fact that activated FPRs desensitizes 
also CXCRb/CXCRB, the receptors for ILg (PAPER D). Eis desensitization of 
CXCRs is achieved without involvement of ILg and has been shown to be part of 
a receptor hierarchy by which neutrophils are able to prioritize end-target chemo-
attractants over those regarded as intermediate (BeB). 

Figure 10 Role of β-arrestins in homologous GPCR desensitization. Once an agonist (red dot) has 
induced an intracellular signaling event starting with the activation and dissociation of the heterotri-
meric G-protein (1) G-protein-coupled receptor kinases (GRKs) initiate the homologous desensitiza-
tion process. This is initiated by a phosphorylation of activated receptors (2). β-arrestin then binds 
the phosphorylated receptors (3).  This binding leads to a termination of signaling, and this is 
achieved through an uncoupling and hindrance of the trimeric G-protein to interact with the recep-
tor. The β-arrestin also act as an adapter protein that mediates binding to components of the clathrin 
endocytic machinery including clathrin and dynamin. The sequestration and receptor dependent en-
docytosis is performed via clathrin-coated pits (4). Once internalized, the receptor-containing endo-
somes are sorted (5). The receptor will either be degraded in the lysosome (6A) or be 
dephosphorylated to be free of bound β-arrestin (6B) and be recycled back to the plasma membrane 
(7).  
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7.1 Receptor cross-talk in neutrophils 
Eere are a couple of novel mechanisms by which some neutrophil GPCRs can be 
activated and activate other receptors, respectively. One such mechanism was dis-
closed when it was shown that desensitized FPRs were reactivated by signals gen-
erated by the ATP receptor PBY$R and the receptor for PAF (platelet activating 
factor) ((bbg) Paper D). Ee FPR reactivating signals generated by the ATP and 
PAF receptors are formed downstream of the G protein coupled to PBYBR/PAFR, 
suggesting that the FPR reactivating signal interact with the cytosolic parts of the 
FPRs. Accordingly, the response induced by ATP in neutrophils with desensitized 
FPRs is inhibited not only by FPR specific antagonist but also by a PBY$R antag-
onist and by specific inhibitors of Gαq containing G proteins coupled to PBY$R. 
Moreover, Calyculin A inhibits the cross-talk reactivation of desensitized FPRb 
when induced by the PAFR, implying a regulatory role of the serine/threonine 
phosphatases inhibited by Calyculin A (bbg). In contrast to the direct response in-
duced by FPR agonists, the reactivation of desensitized FPRs is functional selec-
tive. Eis is illustrated by the fact that PBY$R activates the ROS generating 
NADPH-oxidase down-stream of the reactivated FPRs, but this is achieved with-
out any FPR dependent rise in [Ca$+]i (Bef). 

7.2 Transactivation/receptor cross-talk of allosteric 
modulated FFA2R – a novel GPCR activation 
mechanism. 
Ee generally accepted concept of how allosteric modulators work is challenged 
by the data presented in Paper I; the challenged concept states that when a PAM 
binds the allosteric site, it transfers the receptor to a state in which the affinity of 
the orthosteric agonist is increased or/and the ability to activate the receptor, i.e. 
the efficacy, is increased (bBB, bBe). Eis means that, a receptor specific PAM 
should affect solely the response induced by orthosteric agonists that are specific 
for the same (modulated) receptor. In Paper I, we show that allosteric modulation 
of FFABR, turns not only specific FFABR agonists into potent activators of the 
neutrophil NADPH oxidase, but the response induced also by ATP, a mitochon-
drial produced danger molecule, is greatly increased. Ee receptor for ATP is 
PBY$R, and the increased response is achieved through a novel receptor cross-talk 
mechanism between this receptor and the allosterically modulated FFABR. Ee 
allosteric FFABR modulator Cmpng turned ATP, an otherwise inert NADPH-oxi-
dase activating agonist, into a potent activator of the superoxide generating 



 

 

7 .  TERMINATION OF SIGNALING AND RECEPTOR DESENSITIZATION   39	

oxidase system. A specific orthosteric FFABR agonist could not replace the allo-
steric FFABR modulator in the receptor cross talk with PBY$R. Ee PBY$R induced 
activation of FFABR is disclosed by the effects of a selection of inhibitors/antag-
onists. Accordingly, the ATP induced response in neutrophils with their FFABRs 
allosterically modulated is inhibited both by a PBY$R specific antagonist and by 
an inhibition of the Gαq containing G protein coupled to PBYBR. Eis was also 
true irrespectively if Cmpng or AZbhBc was used to modulate FFABR.  More im-
portant, the response induced by ATP was fully inhibited also by antagonist spe-
cific for FFABR. Ee FFABR dependent generation/secretion of O$- induced by 
signals generated down-stream of PBY$R, was achieved without the participation 
of any orthosteric agonist for FFABR. Ee FFABR activating signals are generated 
down-stream of the G protein coupled to PBYBR. Furthermore, the ATP-induced 
signal leading to a transient rise in intracellular Ca$+ was not changed by the allo-
steric FFABR modulator, suggesting a functional selective (biased) signaling shift 
mediated by Cmpng (Paper I).  
 
Classical allosteric modulation is characterized by a reciprocity (Beh), which 
means that that the order by which the ligands are added can be reversed. Eis 
mean that the non-activating PAM increases the response induced by the or-
thosteric agonist but in addition, a non-activating concentration of the orthosteric 
agonist turns the PAM to an activating ligand. In contrast, however, for receptor 
transactivation, the order by which ATP and the allosteric FFABR modulator is 
added to the cells, cannot be reversed.  
   
Ee mechanism for the receptor transactivation of the allosterically modulated 
FFABR, by signals generated by PBY$R has noticeable similarities with the recep-
tor cross-talk/transactivation of desensitized FPRs. Eis is illustrated for example 
by the facts, i) that responses are inhibited by the respective antagonists, CATPB 
for the allosterically modulated FFABR and PBPbC for the desensitized FPRB and, 
ii) the response dependent on FFABR and FPRB, respectively, is, when mediated 
by the Gαq coupled ATP receptor, abolished by an inhibitor specific for this G 
protein. Ee desensitized FPRs as well as the allosterically modulated FFABRs are 
obviously both activated by signals generated down-stream of the Gαq containing 
G protein coupled to PBY$R and these activate the receptors from the cytosolic 
side of the plasma membrane, (Paper I, II, IV). It should also be noticed that 
PBY$R is not the only receptor able to transactivate allosterically modulated 
FFABR. Signals that transactivate FFABR are generated also by the FPRs (Paper 
C, D) and the receptor for platelet activating factor (to be published).   
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In summary, the data presented clearly show that the model for receptor selectivity 
coupled to the allosteric modulation concept must be abandoned; it is clear from 
the data presented that an allosteric modulator may affect not only the response 
induced by agonists that interacts with the same receptor.   

7.3 The interaction pattern for FFA2R ligands is 
even more complex than originally anticipated   
Despite the fact that the binding characteristic of the two FFABR specific antago-
nists GLPGCchj and CATPB, differ at the molecular level, they both have been 
shown to be recognized specifically by the orthosteric binding site in FFABR (BBb, 
Beg). Ee affinity for FFABR is also comparable or even indistinguishable for the 
two antagonists (BBb, Bec)   
 
Ee effects of the FFABR specific antagonists on neutrophil FFABR-activation has 
been investigated (Paper IV) when the activation was induced by the two 
PAMs/co-allosteric agonists Cmpng and AZbhBc. It is clear from the data pre-
sented that the two antagonists inhibit the interaction of the PAMs with their re-
spective allosteric FFABR site. Eis was determined by the inhibition of the novel 
receptor transactivation induced by ATP in the presence of either of the two 
PAMs. Eis inhibition was used to determine the allosteric site-over-lap of the two 
antagonists.  
 
As previously revealed, no neutrophil activation was induced by AZbhBc or 
Cmpng alone, but together they activate neutrophils and the biased activation pat-
tern earlier described was evident. Ee superoxide generating NADPH-oxidase 
was activated without any concomitant transient rise in [Ca$+]i. When the concen-
tration of the two co-activating PAMs was reduced, CATPB inhibited also this 
response, however, no such effect was obtained with GLPGCchj. On the contrary, 
GLPGCchj acted as a positive modulator that increased the potency but not the 
efficacy of the response. At the signaling level, GLPGCchj altered signaling 
downstream of FFABR activated by the co-agonistic PAMs. Ee biased signaling 
pattern was changed by GLPGCchj and the activation of the NADPH-oxidase in-
duced by the two co-agonistic PAMs was in the presence of GLPGCchj accom-
panied by a rise in [Ca!+]i. Eis effect was selectively reciprocal – i.e., the non-
activating GLPGCchj triggered a rise in [Ca!+]$, in neutrophils first activated/sen-
sitized with the two PAMs, but no corresponding activation of the oxidase was 
induced by GLPGCchj. In addition, the response by GLPGCchj was inhibited by 
propionate but also by the other antagonist CATPB, suggesting that the response 
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is inhibited both when the receptor is desensitized following an activation by an 
orthosteric agonist and in the presence of a competing FFABR antagonist. In sum-
mary, the results obtained with GLPGCchj, an FFABR ligand presented as an or-
thosteric antagonist, clearly show that in addition to be an antagonist, this ligand 
displays also agonistic as well as positive FFABR modulating effects on the 
FFABR mediated response. 
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8. Future Perspective 
Neutrophils have for long been recognized as a leukocyte population of funda-
mental importance for protection against infections. Out of the many GPCRs ex-
pressed by neutrophils, FFABR, one of the short chain free fatty acid receptors, 
has been suggested to be an important target for controlling inflammatory reactiv-
ity. Ee agonistic SCFAs have the ability to affect regulatory mechanisms of im-
portance for the immune system and their presence/absence has in model systems 
been shown to be associated with a vast number of inflammatory disease condi-
tions. Allosteric receptor modulators have during recent years been adopted as 
innovative tool compounds. Eey are able to target GPCRs with precision, and the 
identification of defined receptor sites that recognize allosteric FFABR modulators 
has opened new opportunities to target and potentially treat diseases involving 
these receptors. In addition, the fact that the receptor has multiple binding sites for 
allosteric mediators extends the possibilities of how the complex GPCR pharma-
cology can be allosterically modulated, and potentially fine-tuned by ligands that 
specifically target these allosteric receptor sites. Ee two distinct allosteric sites on 
FFABR discovered and discussed in this thesis show just how multifaceted these 
signaling events can be. Ee allosteric receptor modulation area of research has 
great future opportunities, however, with opportunities there are also challenges. 
 
One of the initial benefits regarded important for both amplifying and inhibiting 
allosteric receptor modulators was that they opened for the ability to affect the 
functional outcome to endogenous receptor ligands. Eis could be achieved with-
out any effects of the receptor signaling profile. Eat is, allosteric ligands rarely 
signal on their own which could be an advantage in a physiological setting; they, 
thus, maintain the physiological tone, timing, and location of the natural receptor 
stimulus. Another advantage distinguishing the research today on allosteric tar-
geting from the classical approach using orthosteric ligands for drug development 
is the promotion of more complex pharmacology including functional selective/bi-
ased signaling. Accordingly, the allosterically modulated FFA2R has the ability 
to adopt conformations that trigger distinct biased signaling pathways. Eis is 
clearly illustrated by the selective desensitization of the propionate response when 
this orthosteric agonist was combined with an allosteric FFABR modulator. More 
important, when two non-activating allosteric FFABR modulators (Cmp58 and 
AZ1729) are combined they activate the oxidase activity without any involvement 
of the classical GPCR pathway, a transient rise in levels of free intracellular cal-
cium ions. Activation of distinct signaling pathways could be exploited as it is 
known that certain signaling events but not others are associated with distinct 
physiological outcomes (240), and future work has to determine the precise 
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mechanisms for how the different signaling pathways can be regulated. A new 
class of bitopic GPCR ligands has also been described (241), that are made up of 
an orthosteric ligand coupled to an allosteric one. There are also other ways of 
engaging both an allosteric- and the orthosteric receptor site. A new concept of 
functional modulation was described for the allosteric FFABR agonist 4-CMTB 
which activates and engages two distinct FFA2 sites namely the orthosteric site 
and one of the allosteric sites in a step wise mechanism (242, 243), and future 
constructs may also combine two allosteric receptor modulators that are recog-
nized by distinct different allosteric sites.  
 
It is also clear from the data presented in the thesis that the generally accepted 
models have to be reconsidered, for how desensitized GPCRs are processed and 
for the precise receptor specificity of allosteric GPCR modulators. Ee model for 
how activated GPCRs is processed states, that the receptor by time after activation 
is transferred to a non-signaling state that lacks the ability to return to a signaling 
state first after endocytic uptake and recirculation to the plasma membrane. How-
ever, a novel receptor cross-talk process can reactivate desensitized receptors, a 
reactivation mechanism initially studied with desensitized neutrophil FPRs. Re-
garding receptor selectivity, the generally accepted model for the selectivity of 
allosteric GPCR modulator states that such a modulator affects the activities in-
duced solely by orthosteric agonists that are specifically recognized by the recep-
tor that also recognizes the allosteric modulator. Ee fact that the FFABR PAMs 
studied, modulates the neutrophil response also to agonists recognized by other 
neutrophil GPCRs, clearly show the allosteric modulatory effect is not restricted 
to agonist recognized by the modulated receptor. Eese findings show that an ad-
ditional layer of complexity must be included in the models for modulation and 
receptor activation. Future work could hopefully define the precise transactivating 
signals generated by one GPCR and activate another GPCR family member, and 
also determine if this type of modulation/activation mechanisms are unique for the 
neutrophil pattern recognition receptors.   
 
In spite of the aforesaid advantages of targeting allosteric modulation in drug de-
velopment, also the discovery and development of allosteric GPCR drugs have 
major challenges. One screening obstacle is obvious. When performing high-
throughput screening (HTS) of large compound libraries in functional assay sys-
tems to identify allosteric modulators,  the associated use of the right co-ligand is 
required (Bjj). Ee background to this is the allosteric term probe dependency, 
which dictates that the allosteric modulator affects the binding/signaling properties 
differently depending which orthosteric ligands are used. Eis must be taken into 
account in any screening campaign and the natural ligand is an apparent option 
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since this is the endogenous orthosteric ligand in the biological setting. However, 
you may also want to include a ligand with unique activating properties. Another 
difficulty using structure-based approaches to identify allosteric ligands is associ-
ated with the limited amount of knowledge available on physiologically relevant 
structural information of the GPCRs (Bjn). Future advances in this field especially 
in the description of structural flexibility, will have to show whether this leads to 
useful information for the design of GPCR ligands, especially for the structurally 
less conserved domains of allosteric sites (bcf).  
 
When more structural information for the neutrophil pattern recognition receptors 
such as the FFARs have been generated, this knowledge will hopefully make it 
possible to link structure and structural changes, to signaling and functional out-
come in more detail. Optimistically this will provide conformational insights into 
activation induced both by conventional and biased signaling ligands when these 
interact with naïve receptors as well as with those that are allosterically modulated. 
If achieved, we get one step closer of understanding the mechanism of desensiti-
zation and how a desensitized receptor can be reactivated. Such knowledge will 
be of great importance for the development of new treatments as well as of pre-
ventive strategies for inflammatory or autoimmune diseases.  Even though GPCRs 
are a highly valuable class of receptors for drug discovery that already have been 
in focus for many years in screening for and characterization of drug candidates, 
the allosteric receptor modulation concept has become an attractive approach that 
can provide innovative mechanisms of action for GPCRs. Eis has broadened the 
innovative level for a given target, but more important, the tools available for fu-
ture work in medicinal cell physiology/biochemistry/molecular biology have in-
creased very much. Applying the allosteric modulation concept will most probably 
be included as novel and viable approaches for future discoveries related to the 
role of pattern recognition receptors in innate immunity and regulation of inflam-
mation.  
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