
 
 

Activation of professional phagocytes 
 

with emphasis on 
 

formyl peptide receptors 
 
 
 
 
 
 
 
 
 
 
 
 
 

Jennie Karlsson 
 

2009 
 
 
 
 
 
 
 

 
 
 
 



Cover illustration photo: Sara Pellmé(Neutrophil,Transmission electronmicroscopy)

© Jennie Karlsson 2009
All rights reserved. No part of this publication may be reproduced or
transmitted, in any form or by any means, without written permission.
ISBN 978-91-628-7766-8
Printed by Geson Hylte Tryck, Göteborg, Sweden 2009



Abstract 
 
Phagocytic cells such as neutrophil granulocytes and monocytes are an essential 
part of our innate immune system and play an important role in the battle against 
pathogens. G-protein coupled receptors (GPCRs) and more specifically 
chemoattractant receptors are a vital part in guiding phagocytes towards the site 
of infection. Chemoattractant receptors are also involved in an effective 
activation of these cells.  
This thesis investigates activating ligands and signalling properties of three 
different G-protein coupled receptors (GPCR) involved in innate immunity. 
Where the first two belongs to the formyl peptide receptor (FPR) family of 
chemoattractant receptors and the third is a non-chemotactic receptor expressed 
on monocytes. 
The first paper describes the selective activation of the two receptors formyl 
peptide receptor 1 (FPR1) and formyl peptide receptor 2 (FPR2) by a 
synthetically derived hexapeptide with the sequence WKYMVm. We show that 
WKYMVm binds to both receptors but signal through FPR1 only when FPR2 is 
blocked. In paper number two we add the peptide MMK-1 to the list of FPR2 
binding activators of the NADPH-oxidase. We also showed that calcium 
signalling induced by both FPR1 and FPR2 is dependent of release from 
intracellular stores and a subsequent opening of store operated calcium channels 
(SOCs) in the plasma membrane. Desensitization of chemotactic receptors is of 
importance for the termination of proinflammatory activities acted out by 
phagocytes. The third paper is a methodological study with the aim of solving 
problems associated with oxidation of stimulus in in vitro desensitization studies 
where intracellular calcium is measured. The solution put forward was to add 
serum proteins in the reaction mixture or to use a flow cytometry based method 
where the amount of reactive oxygen species (ROS) produced in the bulk could 
be reduced. In the fourth paper we identify a monocyte activating peptide, gG-
2p19, derived from the secreted portion of the Herpes simplex virus type 2 
(HSV-2) glycoprotein G. Monocytes produced ROS in response to stimulation 
with gG2p19 while neutrophils did not. The receptor for gG2p19 was shown to 
be a GPCR by its sensitivity to pertussis toxin, but the peptide could not induce 
chemotaxis through this receptor. It was determined that the receptor responsible 
for activation did not belong to the FPR family, but still share at least one 
common signalling pathway with FPR2.  
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Abbreviations 
 
C3R Complement receptor 3 
C4R Complement receptor 4 
C5a Complement factor 5a (split product from C5) 
CGD Chronic granulomatous disease 
CHIPS Chemotactic inhibitory peptide from Staphylococcus aureus 
Cys H Cyclosporin H 
Cyt B Cytochalasin B 
DAG Diacylglycerol 
DAMP Damage associated molecular patterns 
DC Dendritic cell 
fMLF N-formylmethionyl-leucyl-phenylalanine 
FPR1 (FPR) Formyl peptide receptor 1 
FPR2 (FPRL1) Formyl peptide receptor 2 
FPR3 (FPRL2) Formyl peptide receptor 3 
GPCR G-protein coupled receptor 
H2O2 Hydrogen peroxide 
HOCl Hypochlorous acid 
HSV2 Herpes simplex virus type 2 
IFN Interferon 
Ig Immunoglobulin 
IL Interleukin 
IP3 Inositol 1,4,5-triphosphate 
LPS Lipopolysaccharide 
LXA4 Lipoxin A4 
MPO Myeloperoxidase 
NADPH Nicotinamide adenine dinucleotide phosphate 
OH· Hydroxyl radical 
PAMP Pathogen associated molecular pattern 
phox Phagocyte oxidase 
PIP2 Phosphatidylinositol 4,5-bisphosphate 
PKC Protein kinase C 
PLC Phospholipase C 
PMA Phorbol myristat acetate 
PRR Pathogen recognition receptor 
ROS Reactive oxygen species 
SAA Serum amyloid A 
SNP Single nucleotide polymorphism 
SOC Store operated calcium channel 
TLR Toll-like receptor 
TNF Tumour necrosis factor 
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Innate immunity 
 
The human body is constantly exposed to potentially harmful microorganisms 
originating either from the surrounding world or from the normal flora, and still 
we very seldom suffer from microbial infections. The reason for this is contained 
within the functions of the different parts of the immune system. In mammals 
the immune system comprises innate and adaptive immunity, and both parts are 
built of a large number of collaborating cellular as well as humoral components 
(1). The immediate and very rapid innate immune response is a potent first line 
defence system against invading microorganisms and exists in all multicellular 
organisms. Many organisms rely on the innate immune reaction as their only 
protection. In higher organisms (i.e. vertebrates) additional mechanisms 
collectively composing the adaptive immune system have evolved and work in 
close collaboration with the innate immune mechanisms. As both parts of the 
immune system work hard to keep pathogens out, microbes work even harder to 
get in. The “success” of pathogens relies on their ability to avoid and manipulate 
host responses and defence mechanisms (2). 
The main physical barrier against bacterial or viral attacks at mucosal 
membranes is the epithelium that also gets reinforcement from secretions lining 
the epithelium such as the mucus and saliva produced in the upper respiratory 
tract or acid secreted in the gut. One ancient and potent part of the secretions is 
antimicrobial peptides. Antimicrobial peptides are phylogenetically old and are 
for some invertebrates the only weapon against microbial attack.  
The cells of the innate immune system cannot be selectively educated to 
recognize specific antigens, an important function of the adaptive part of the 
immune system. Instead the innate immune system relies on the recognition of 
certain conserved pathogen-associated molecular patterns (PAMPs). These 
PAMPs are conserved and essential structures or molecules expressed by the 
pathogen but not by the host, and can therefore be identified as a signal of 
danger by pattern recognition receptors (PRRs) on the innate immune cells. 
PRRs can also bind and be activated by for example endogenous products from 
damaged cells, damage-associated molecular patterns (DAMPs), which is an 
indication of peril. According to the danger hypothesis, PAMPs and DAMPs 
together signals danger and elicit similar responses in immune cells (3). This 
type of pattern recognition is found in both plants and animals, although PRRs in 
plants are not always structurally related to the animal equivalents (4, 5).  
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Acute inflammation 
 
The physical barriers of the body are not always a sufficient defence, and thus as 
an invasive microbe passes the wall and enters the tissue it will meet a first wave 
of innate immune cells. The activities of cells that encounter the invading 
microbes will induce a reaction called acute inflammation. This reaction can be 
initiated not only by invading microorganisms but also by mechanical injury to a 
tissue such as a cut or burn, with or without a subsequent infection by bacteria or 
viruses. In addition, inflammation could also be induced by a non-invasive 
damage to the tissue like a sprained ankle. Looking at the “inflammation scene” 
from the outside there are five cardinal signs of inflammation that were 
described more than 2000 years ago and these are, rubor (redness), calor (rise in 
temperature), tumor (swelling), dolor (pain) and functio laesa (loss of function). 
These signs are the direct result of the higher capillary blood flow and increased 
vascular permeability caused by a release of pro-inflammatory mediators like 
histamine and bradykinin from cells in the affected tissue. Pro-inflammatory 
mediators from the damaged host cells also act as “call for help” signals for 
immune reactive cells that patrol the body. Substances released both from 
microbes and host cells that guide the cells towards the site of inflammation are 
called chemoattractants. Even though inflammation is the means by which the 
body is supposed to heal in an optimal situation, this is not always the case. The 
mechanisms used by immune cells to fight the intruding microbe can, like a 
double-edged sword, cause damage to the host (see NADPH-oxidase activation). 
Since acute inflammation is a powerful and potentially harmful process, tight 
regulation is of greatest importance. In the best-case-scenario, acute 
inflammation is a rapidly induced and terminated process that ends with 
eradication of microbes, resolution and healing (see apoptosis and clearance). If 
problems occur during resolution this could lead to chronic inflammation or 
autoimmunity (6).  
 

Professional phagocytes in innate immunity 
 
Neutrophil granulocytes 
Being highly motile, neutrophil granulocytes are the first cells to migrate 
towards the site of tissue damage or infection. Neutrophils are important players 
in acute inflammation and are the most abundant white blood cell in circulation 
constituting approximately 50-70% of the total leukocyte count in human 
peripheral blood. The neutrophil is developed along the myeloid lineage in the 
bone marrow and the mature cell stays there until released to the blood stream 
(7). It is a short-lived cell designed to “seek and destroy”, thus a “professional 
phagocyte”. Once the neutrophil has left the bone marrow and entered the blood 
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stream , the lifespan is, on average, 25 hours (8), and for activated cells that have 
migrated into the tissue, several days. Circulating neutrophils have two possible 
fates: i) the cells age and are cleared from circulation by macrophages in the 
spleen or the liver or ii) they migrate into the tissue in response to chemokines or 
other inflammatory agents. 
The presence of vast amounts of granules in the cytoplasm of certain blood 
leukocytes is the basis for naming them granulocytes. These cells can be divided 
into neutrophils, eosinophils and basophils through the use of laboratory dyes 
that differentially stain the cells and their granules. The neutrophil contains at 
least three different types of granules, azurophil, specific, and gelatinase and in 
addition also a fourth type of storage organelle of endocytic origin, the secretory 
vesicle. The different organelles are formed in the order azurophil first, then the 
specific and gelatinase, up to secretory vesicle that is formed last in the 
maturation process of the cell. Upon cellular activation these organelles are 
mobilized in an order opposite to their formation. Proteins are sorted into a 
defined granule type in relation to when they are formed i.e. the transcription of 
a granule protein destined to the azurophil granules occurs only during the time 
when this granule type is formed, the process being referred to as sorting by 
timing (9, 10). The granule content constitute  an arsenal of potent microbicidal 
compounds that together with the reactive oxygen species generated by the so 
called NADPH-oxidase (see below) make up the weaponry against intruders. 
The dogma in the field has for a long time been, that once a neutrophil has left 
the bone marrow it is terminally differentiated with no or very low de novo 
synthesis of new proteins. All proteins needed for the neutrophil to fulfil its task 
are produced in the bone marrow and stored in the granules. In recent years it 
has, however, been made obvious that this theory was over-simplified -- mature 
neutrophils can produce and secrete large quantities of many proteins including 
the potent chemokine Interleukin (IL) 8 (11, 12). 
 
Peripheral blood monocytes 
Another leukocyte of the myeloid linage, the monocyte, is also a professional 
phagocyte with important functions in inflammation. Monocytes normally 
constitute 5-10% of the circulating white blood cells. After leaving the bone 
marrow these cells circulate for approximately 24-72 hours before they are 
cleared or transmigrate to a tissue (13).  
Human peripheral blood monocytes show morphological heterogeneity, such as 
variability of size, granularity and nuclear morphology (14). Initially monocytes 
were identified by their high expression of CD14, which neutrophils lack. Later, 
the identification of a difference in surface antigen expression between groups of 
cells showed that monocytes in human peripheral blood are heterogeneous. 
Differential expression of CD14 and CD16 has rendered a division of monocytes 
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into two subsets: 90 % are CD14+CD16- cells which resembles the original 
description of monocytes and are often referred to as “classical”; and 10% are 
CD14+CD16+ or “non-classical” monocytes (14-16). The latter subtype has also 
been called “pro-inflammatory”, due to the profile of cytokine production in 
response to bacterial products; lower levels of the anti-inflammatory cytokine 
IL-10 and higher amounts of the pro-inflammatory cytokine tumor necrosis 
factor α (TNF-α) (17, 18). The “classical” cells have a typical monocytic 
phenotype with high chemotactic and phagocytic activity, high cytotoxicity for 
tumor cells and suppression of lymphocyte proliferation.  
 Peripheral blood monocytes are, like neutrophils, a potent weapon against 
intruders, although not quite as short-lived. Following activation, monocytes 
migrate to the tissue and can when needed differentiate and reinforce the pool of 
tissue bound phagocytic cells. 
Monocytes arrive at the scene of damage slightly later than neutrophils but 
remain for a longer period of time. Although both celltypes can produce new 
proteins, a significant difference is that neutrophils have a modest synthesis of 
new proteins compared to monocytes. This suggests that monocytes are potent in 
regulating the inflammatory response by production of cytokines while 
neutrophils rely on stored substances (7).  
 
Macrophages and dendritic cells; Phagocytes derived 
from monocytes 
This thesis is focused on professional phagocytes from peripheral blood, 
however there are tissue resident phagocytic cells derived from monocytes with 
crucial roles in infection and inflammation (reviewed in (14, 19)). 
Tissue macrophages have a broad role in the maintenance of homeostasis, 
through the clearance of senescent cells and the remodelling and repair of 
damaged tissue. Since they reside in the tissue, they are among the first cells to 
become aware of tissue damage or infection. Upon activation macrophages 
produce and secrete pro-inflammatory cytokines and chemokines and have an 
important role in regulation of inflammation.  
The macrophage population has a high degree of heterogeneity, which reflects 
the specialization adopted by macrophages in different tissues. Examples of 
diverse macrophage functions include: remodelling of bone by osteoclasts, 
removal of apoptotic T lymphocytes by tangible-body macrophages in the spleen 
and phagocytic and bactericidal activity in the gut. During homeostasis 
monocytes are slowly recruited to differentiate and refill the pool of 
macrophages, but under inflammatory conditions increased numbers of 
monocytes migrate and differentiate.  
Monocyte derived dendritic cells (DCs) are professional antigen presenting cells 
in the tissue. Both DCs and macrophages act as a bridge between innate and 
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adaptive immunity by presenting antigens. While the MHC-II antigen-presenting 
capacity is gained by macrophages and DCs during differentiation from 
monocytes, some characteristics are also lost or dampened. One example of this 
is the lower ability to produce reactive oxygen species (ROS). 
The “non-classical” monocyte described above is regarded as a possible 
precursor to macrophages and dendritic cells. These monocytes express higher 
levels of MHC-II and, in vitro, are more prone to become DCs than the 
“classical” subset of monocytes (14). What type of macrophage or DC a given 
monocyte will become depends ultimately on the substances and milieu that the 
cell meets in the tissue. In vitro studies of differentiation in human monocytes 
have shown that TNF-α skews the differentiation from macrophage to DC; IL-6 
switches it in the opposite direction (20, 21). The effect of environment is also 
demonstrated by the in vitro protocol for polarization of macrophages towards 
different phenotypes. When cultured with Interferon γ (IFN γ) and 
lipopolysaccaride (LPS), macrophages show high microbicidal activity and 
produce ROS, but on the other hand, cells cultured with IL-4, IL-10, IL-13 or 
TGFβ show a phenotype that promotes tissue repair and suppresses 
inflammation (22).  
 

Phagocyte functions in an inflammatory response 
 
Extravasation 
Extravasation is the process whereby circulating phagocytes leave the blood 
vessel and pass through the endothelium into the tissue. In circulation the major 
part of neutrophils and monocytes normally roll along the vessel wall at a rate 
slightly slower than that of the blood flow, this population constitutes the 
marginal pool (1, 7). Under inflammatory conditions cells residing in the tissue 
release cytokines and chemokines, which trigger endothelial cells to upregulate 
the cell adhesion molecules (CAMs) E-selectin and P-selectin. These adhesion 
molecules binds ESL-1 and PSGL-1 exposed on the surface of the circulating 
cells and, as a result, the adhesion between blood cells and the vascular 
endothelium is increased and the rolling speed of the cells is decreased. The 
expression of endothelial VCAM, which is involved in the later steps of firm 
adhesion and diapedesis, is also increased at this point (23). The process is 
further regulated through the release of vasodilators for e.g., histamine, which 
decreases the blood flow. After the cells arrest as a result of firm binding 
between VCAM and ICAM on the endothelium and integrins e.g. LFA-1 and 
CR3 on the leukocytes, extravasation into the tissue is initiated (24). Once out in 
the tissue the phagocytes will migrate towards the focus of inflammation via 
chemotaxis. 
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Chemotaxis 
The directed movement of the cell towards a rising gradient of chemoattractants 
is called chemotaxis. This process is dependent on cytoskeletal reorganization 
and also on the interaction between integrins and the extracellular matrix (25). 
The cytoskeleton of eukaryotic cells is roughly divided into three components: 
actin filaments, intermediate filaments and microtubules. The actin filaments 
seem to be functionally most important in leukocyte locomotion (25, 26). Actin 
is present in the cell in two forms, a 42 kD monomer (G-actin) and a polymeric 
filament (F-actin). The rapid polymerization and depolymerization of actin in 
response to various stimuli permits the cell to reorganize the cytoskeleton and 
migrate. During chemotaxis the leukocyte becomes polarized with a broad 
lamellipodium in the front and a uropod at the rear end. As the lamellipodium 
extends forward, integrins adhere to the matrix ligands and the uropod is 
withdrawn into the cell body. 
In the inflamed tissue, the immune cells are flooded with different types and 
concentrations of chemoattractants. In order to cope with this, the migration 
stimulated by chemoattractants has been shown to be hierarchal (27). The 
different chemoattractants are defined as intermediary or end-point attractants. It 
is intermediary chemoattractants like IL-8 and Leukotriene B4 (LTB4) that attract 
the phagocytes from the bloodstream. Later in the process, the end-point 
attractants, such as bacterial peptides and activated complement factors, take 
over in the tissue and guide the cells to their final destination. The signalling 
events from the receptors for these end-point attractants dominant to signals 
induced by intermediary chemoattractants. Another mechanism of importance 
for the cells to reach their targets is coupled to the desensitization of receptors, a 
process by which the receptor becomes refractory to stimuli as described below 
(see termination of signalling and desensitization).  
 
Mobilization of granules 
Neutrophils will mobilize their granules in a specific order starting with the 
secretory vesicle during extravasation. The secretory vesicle is of endocytic 
origin which means that it contains mainly plasma proteins, but the vesicle 
membrane also stores a pool of surface receptors and adhesion molecules ready 
to be exposed on the cell surface. Next in turn in the mobilization process are the 
gelatinase granules and a fraction of the specific granules that secrete matrix 
proteins and deliver membrane components to the plasma membrane during 
chemotaxis. When the cell has reached the site of infection and engulfed 
invading microbes, the remaining pool of specific granules are needed together 
with the azurophil granules. These granules fuse with the phagosome and the so 
formed phagolysosome will be filled with pre-formed microbicidal substances 
which include for e.g., BPI (bacterial permeability increasing factor), lactoferrin, 
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lysozyme and antimicrobial peptides. The specific granules also provide the 
membrane bound subunits of the NADPH-oxidase while the azurophil granules 
contain myeloperoxidase (MPO) that takes part in the oxygen-dependent 
microbial killing (28). The mechanism underlying the well ordered 
degranulation in neutrophils is yet to be described, but the leading hypothesis 
states that it could depend on granule differences in size and density, or different 
sensitivity to the level of intracellular Ca2+ (29, 30). 
The granule composition and the degranulation process are not as well 
characterized in monocytes as it is in neutrophils. The major granule populations 
are also present in monocytes and even though they differ somewhat 
morphologically from their counterparts in neutrophils (31), it is tempting to 
assume that the basic functions are similar in the two cell types.  
 
Phagocytosis 
Engulfment of particles, phagocytosis, is for many unicellular organisms simply 
a process for intake of nutrients, but for phagocytes of the innate immune system 
it is an effective strategy for the removal, and subsequent killing, of microbes. 
When a phagocyte has reached the source of infection, a direct interaction 
between pathogen and host cell is required for initiation of phagocytosis. The 
microbe can be recognized by the phagocyte directly via lectin/glycoconjugate 
receptor interactions. Yet, a more effective and common way to engage 
pathogens is via recognition of endogenous opsonins, such as complements and 
antibodies, that cover the surface of the prey. Opsonins function as bridging 
molecules, between the pathogen and phagocyte, recognized by Fc-receptors or 
CR (complement receptors) on the phagocyte (32, 33) (see general overview 
below). All these different interactions generate a host cell signalling cascade 
that promotes the phagocytic machinery. Actin rearrangement is initiated and 
followed by formation of pseudopods, which will reach out, fuse and enclose the 
microbe in the phagocytic vacuole.   
 
Activation of the NADPH-oxidase 
The production of reactive oxygen species (ROS) is mainly regarded as 
unwanted and harmful consequence of mitochondrial respiration, but 
professional phagocytes are equipped with an enzyme system, the NADPH-
oxidase complex, that functions to produce ROS as a weapon against pathogens.  
The phagocyte NADPH-oxidase is an enzymatic complex consisting of several 
subunits. Two of these subunits, gp91phox and p22phox , are membrane proteins 
present both in the plasma membrane (5-10%) and in the membranes of the 
easily mobilized granules (34, 35). These two membrane bound subunits is 
together called cytochrome b. The other three subunits, p67phox, p47phox and 
p40phox, are cytosolic thus separated from the membrane components in a resting 
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cell (Fig. 1). Upon cell activation the cytosolic components are recruited to the 
membranes and assembled to form a functional electron transporting enzyme 
system. The NADPH-oxidase can be assembled in the phagosomal membrane 
and the respiratory burst products are used to eradicate the microbial prey 
enclosed in the phagolysosome. The NADPH-oxidase can be assembled also in 
the plasma membrane and the generated ROS are released from the cell.  This 
could be beneficial for killing non engulfed microbes, but at the same time these 
radicals might cause tissue destruction to the host.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The phagocyte NADPH-oxidase in its resting and activated state. In the resting state the 
NADPH-oxidase is divided into the membrane bound factors (gp91phox and p22phox) and the 
cytosolic factors (p67phox, p47phox and p40phox). The major part of the membrane bound factors is 
localized to granule membranes and only a smaller part to the plasma membrane. Upon cell 
activation the cytosolic factors are recruited to the membranes, together with the membrane bound 
factors they form a functional electron transporting enzyme system. The NADPH-oxidase can be 
assembled both in the phagosomal/granule membrane but also in the plasma membrane.  

NADPH NADP+ + H+

Activated state

2O2 2O2
-

Resting state
NADPH

2O2
-

2O2

Phagosome/
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NADP++ H+
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The assembled and activated NADPH-oxidase ferries two electrons from 
NADPH in the cytoplasm over the membrane and reduce two oxygen molecules 
(O2) to superoxide anions (O2

-) on the other side of that membrane. The reduced 
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oxygen molecules are short-lived and the first in a cascade of different toxic 
compounds. Superoxide anions can dismutate to H2O2, and this reaction occurs 
spontaneously but can also be catalysed by the enzyme superoxide dismutase 
(SOD). H2O2 can be used by the cell to generate a number of other ROS via a 
variety of pathways. The azurophil granule enzyme MPO catalyses the 
halogenation of hydrogen peroxide, to form hypochlorous acid (HClO-). H2O2 
can also be reduced further to hydroxyl radicals (OH·), one of the most potent 
antimicrobial ROS. 
The importance of ROS for microbial killing could best be illustrated by the 
chronic granulomatous disease (CGD). People with CGD lack a functional 
NADPH-oxidase and in two thirds of the patients this is a consequence of 
mutations in the X-chromosome linked gene for gp91phox. This results in failure 
of affected phagocytes to produce ROS, often with recurrent severe infections as 
the outcome (36). Oxygen radicals produced by phagocytes have also been 
shown to have a broader immuno regulatory role both in healthy individuals and 
CGD patients. After performed duty the natural path for neutrophils is to go into 
apoptosis. ROS has been shown to act as signalling molecules to initiate and 
accelerate apoptotic pathways, and in accordance with this neutrophils from 
CGD patients have a prolonged survival (37, 38). Besides severe infections CGD 
patients are also predisposed for inflammatory responses that are out of 
proportion and results in complications. One reason for this may be that 
leukocytes from CGD patients have a hyperinflammatory phenotype with 
exaggerated production of pro-inflammatory cytokines in response to stimuli 
(39, 40). The formation of neutrophil extracellular traps (NETs) is a suggested 
bactericidal mechanism important for extracellular killing that also has been 
shown to be dependent on oxygen radicals (41, 42). NETs are extracellular 
fibers consisting of chromatin decorated with granular proteins, which are 
released upon activation to bind Gram-positive and –negative bacteria both in 
vivo and in vitro. The release of NETs after activation has been shown to be a 
process following a type of ROS dependent cell death distinct from apoptosis or 
necrosis. The formation of NETs is abundant in neutrophils from healthy 
individuals while CGD neutrophils do not shown signs of NETs after activation 
in vitro. 
Induction of ROS production has also been proposed as an immune escape 
mechanism for viruses, for e.g. Herpes virus, releasing phagocyte activating 
factors (43), and thereby inhibiting natural killer (NK) cell activity. The NK cell 
is the innate immune cell especially important in the defence against viral 
infections, therefore it is not surprising that viruses are constantly evolving to 
develop mechanisms for evasion of NK cell killing (44). Not long after the 
discovery and characterisation of NK cells, it was described that monocytes had 
an inhibitory effect on NK cell function including induction of apoptosis. The 
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responsibility for this has later on been ascribed to the radicals produced by 
phagocytes (45).  
 
Apoptosis and clearance 
Neutrophils arrive at the site of infection in order to phagocytose and eradicate 
pathogens as described earlier. When they have fulfilled their duties they go into 
apoptosis (programmed cell death) and are disposed of by other celltypes, most 
commonly macrophages (6). During apoptosis neutrophils loose their ability to 
degranulate (46), they keep intact and go quietly without releasing harmful 
substances to the surrounding tissue. However, if macrophages are not available 
or the environment gets too destructive neutrophils can undergo primary or 
secondary necrosis, a more inflammatory type of cell death. The membrane loses 
its integrity and toxic cellular contents reach the surroundings. Necrotic cell 
death is thought to be coupled to tissue damage and possibly chronic 
inflammation (6). Apoptosis and subsequent clearance by macrophages is 
important for a proper resolution of the acute inflammation. It has been shown 
that macrophages ingesting for example yeast particles produce pro-
inflammatory cytokines (47) while cells phagocytosing apoptotic neutrophils do 
not (48). The process of engulfing apoptotic bodies is not entirely silent; the 
macrophages seem to release agents that have suppressing influence on 
inflammation (48). The macrophage response is also dependent on how the 
granulocyte apoptosis has been induced. Engulfment of Mycobacterium 
tuberculosis-induced apoptotic neutrophils triggers TNF-α production in 
macrophages (49). Thus apoptosis itself as well as the phagocytosis of apoptotic 
neutrophils, but not microbes, promote resolution of inflammation. 
 
Receptors involved in the activation of professional 

phagocytes 
 
In order to sense danger, phagocytes are equipped with PRRs able to identify 
different molecular patterns as described earlier. They also express a multitude 
of other receptors involved in for example adhesion and phagocytosis. This 
chapter will give a general overview of receptors important in activation of 
phagocytes, but it is by no means a complete listing.  
 
General overview 
In the late 1990s a mammalian homologue of the fruit fly (Drosophila 
melanogaster) receptor named Toll was identified (50). The Toll receptors were 
initially described to have a role in host defence against fungal infections, and 
the family of human Toll-like receptors (TLRs) has in recent years been shown 
to be of outmost importance in innate immune recognition. The TLR family has 
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to date 11 members (TLR1-11) of which TLR1, 2 and 4 are expressed by 
neutrophils and all except TLR 3 by monocytes (51, 52). Although there are a 
great deal of contradictory data about the exact expression patterns of TLRs on 
leukocytes, scientists seem to agree that monocytes express higher numbers of 
TLRs compared to neutrophils (7). The TLRs are able to sense/recognize a large 
variety of structures derived from microbes including certain proteins, 
lipoproteins, LPS, bacterial DNA and cell wall peptidoglycans, but they can also 
recognize host proteins such as the heat shock proteins, well known endogenous 
danger signals. Activation of TLRs does not directly induce effector functions 
such as ROS production or chemotaxis but ligation of a TLR can pre-prime the 
cells. This means that after TLR activation by for example LPS the cells will 
respond more vigorously to other stimuli that directly activate the NADPH-
oxidase (53, 54). The degranulation induced by LPS is one part of the priming 
process but also other events, such as increase of plasmamembrane Gi levels, 
participates to accomplish a fully primed cell. 
Cells of the innate immune system lack the type of receptor variability that is an 
important character for the adaptive part of the immune system. Despite this, the 
functions of these cells are of importance for a proper elimination of specific 
antigens recognized by the adaptive system. This elimination is achieved 
through the immunoglobulin- or Fc-receptors (FcR) exposed on the cell surface 
of phagocytes. This is an indirect way of sensing certain antigens, as antibodies 
bind to the foreign antigen and the FcRs bind to the Fc domain of these 
antibodies. The FcRs are named after the subclass of immunoglobulins they 
identify, FcγR bind IgG, FcαR bind IgA, FcεR bind IgE, FcμR bind IgM and 
FcδR bind IgD. The majority of receptors that belong to this family trigger 
signals that lead to internalization of their ligands, a process that results in 
endocytosis, phagocytosis or transcytosis. In phagocytes the most prominent task 
for FcRs is binding to particles opsonized with antibodies to enhance 
phagocytosis. Interaction between immunoglobulins bound to their specific 
antigen and FcRs starts also a more general activation pathway in the cell with 
ROS production as a result (55). 
Several different surface molecules are responsible for the direct interaction 
between neutrophils and extracellular matrix, endothelium or microbes, integrins 
being the most important class. The integrins are a large group of adhesion 
molecules ancient in origin. There are three main families, each defined by a 
common β subunit that can be combined with a variety of α subunits. The β2 
family of integrins is expressed exclusively on hematopoetic cells. Analysis of 
leukocytes from patients with different inherited disorders of β2 integrin 
expression or signalling has shown that these adhesion molecules are important 
in cell adhesion, diapedesis and phagocytosis (56, 57). This is in line with the 
fact that the complement receptors CR3 (Mac-1, CD11b/CD18) and CR4 
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(p150,95, CD11c/CD18), which are involved in phagocytosis, belong to this 
family. CR3 and CR4 can both interact with complement factors C3b and C3bi 
that coat and opsonize the surface of an object destined for phagocytosis. These 
objects include not only microbes of different origin, but also aged erythrocytes 
containing valuable iron that is recycled by macrophages through phagocytosis. 
The contribution of CR4 to C3bi binding by neutrophils and monocytes is 
however much smaller than that of CR3 partly because of a 10-fold lower 
expression on the surface (58). Binding of a complement ligand to CR3 gives 
rise to multiple signal transduction events in the leukocyte, many of them acting 
to stimulate phagocytosis.  
Whereas the CR3 and CR4 mainly interact with opsonins coating a prey, another 
class of surface receptors is chiefly responsible for adhesion to non-opsonized 
objects, the lectins. Lectins are classified according to which monosaccharide 
the binding lectin has the highest affinity for. Lectins are found in a variety of 
species of plants, bacteria and mammals (59). In bacteria, lectins are of great 
importance for the colonization of mucosal surfaces in mammals. To establish a 
successful infection, the microbe first has to adhere to the physical barriers of 
the host. That is an interaction which can be partially mediated by lectins. The 
fact that bacteria are rich in surface lectins is also used by phagocytic cells of the 
immune system. In areas of the body where opsonins are scarce, for e.g., the 
urinary tract, adhesion before phagocytosis is the result of interactions between 
glycoconjugates on the phagocyte cell surface and lectins on the bacterium (33). 
There are also examples where lectins on the phagocyte mediate attachment to 
microbial carbohydrates.  
 
G-protein coupled receptors 
Phagocytes are also equipped with a large number of receptors that belong to the 
G-protein coupled receptor (GPCR) family. These receptors are all seven-
transmembrane-spanning proteins that transduce information to the cell interior, 
upon binding a variety of extracellular ligands.  
Generally, receptors belonging to this family recognize ligands of great diversity 
such as odour, light, hormones, pheromones, neuro-transmittors and substances 
produced by immune competent cells. The cytoplasmic parts of a GPCR protein 
(three intracellular loops and the C-terminal tail) can interact with a 
heterotrimeric, guanine nucleotide-binding protein (G-protein). The task of the 
G-protein is to transfer the ligand-induced signal into a wave of second 
messengers and expansion of downstream signalling. The G-protein is composed 
of three subunits, α, β and γ, where the α unit has a binding site for GDP/GTP 
and possesses the GTPase activity that enables the transformation of GTP to 
GDP. Activation of the GPCR induces a conformational change in the receptor 
that is followed by an exchange of GDP for GTP bound to Gα. Subsequently, the 
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G-protein dissociates into Gα- and Gβγ-subunits that proceeds to activate or 
inhibit different signalling pathways. After passing the signal on to effectors 
elsewhere in the cell, bound GTP is hydrolyzed to GDP and the Gα subunit is 
recirculated to the membrane to participate in the formation a new G-
protein/receptor complex (Fig. 2). Four main families of G-proteins have been 
characterized based on the classification of α subunits, Gi/o, Gs, Gq/11 and 
G12/13(60).  
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Figure 2. Activation of a GPCR with subsequent dissociation and recirculation of the G-protein. 
Pertussis toxin has an inhibiting effect through a covalent modification of Gα and thereby prevent 
association to the receptor. 
 
Chemoattractant receptors 
In many chemotaxing cells, the signal that regulates movement is initiated by 
GPCRs on the surface that bind to specific chemoattractants. The classic 
chemoattractant receptors on phagocytes are all members of the GPCR family. 
Chemical attractants that activate GPCRs exhibit a wide range of sizes and 
molecular properties, from small formylated peptides like the prototypic N-
formyl-Met-Leu-Phe (fMLF) and larger proteins like complement factor 5a 
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(C5a) or chemokines. There are two classes of chemokines, CXC and CC, which 
are distinguished by the number of residues between their two N-terminal 
cysteins. The two types of chemokines bind to their respective receptor families, 
CXCR or CCR. Non-chemokine GPCRs involved in chemotaxis, like C5aR or 
formyl peptide receptor 1 (FPR1, discussed below), share some sequence 
similarities with each other and also with the chemokine receptors. Still, the 
homology is higher within the chemokine receptor family than compared with 
any other chemotactic receptors (61). 
Phagocyte chemoattractants transduce their signals mainly through Gi-coupled 
GPCRs. Receptors coupled to Gi-proteins have often been characterized with 
respect to their sensitivity to pertussis toxin, produced by the bacterium 
Bordetella pertussis. Pertussis toxin catalyses an ADP-ribosylation of Gα, and 
this covalent modification prevents association between the G-protein and the 
receptor. The modification arrests Gα in the GDP-bound state and by doing so, 
the protein is unable to transduce signals (61, 62) (Fig. 2). All the 
chemoattractant receptors mentioned above are unable to induce chemotaxis or 
ROS production after treatment with pertussis toxin. 
 
A pertussis toxin sensitive receptor without chemotactic 
activity? 
There are exceptions to the rule that chemoattractant receptors always utilize G-
proteins of the Gi type and chemotactic receptors that are able to bind G-proteins 
from the Gq subfamily (63, 64), have been described. In addition to 
chemoattractant receptors that use other G-proteins than Gi, there may also be 
receptors coupled to Gi-proteins that are not chemotactic.  
We have studied, but not yet identified, a receptor that binds the peptide 
gG2p19. This peptide, gG2p19, is derived from the secreted portion of 
glycoprotein G2 (sgG2) of Herpes virus type 2 (HSV2). Projects initiated by 
Kristina Eriksson and co-workers, aimed at investigating possible functions and 
inflammatory properties of sgG2. For this purpose, over 70 different peptides 
were synthesized and screened for activity. The peptides were 15 amino acids 
(a.a.) in length with a 5 a.a. overlap and spanned the entire 321 a.a. sequence of 
the protein. Two of these peptides, gG2p19 and gG2p20, displayed an ability to 
activate the NADPH-oxidase of monocytes. Whereas gG2p20 was shown to 
induce phagocyte ROS-production through FPR1 (and also activated 
neutrophils) to inhibit NK-cell activity (43), a different activation pattern is seen 
for gG2p19 (Paper IV) that fails to activate neutrophils. This finding alone 
indicate differential receptor specificities and in addition, gG2p19 is completely 
unable to mediate monocyte chemotaxis. The cellular responses induced by 
gG2p19 are totally inhibited by pertussis toxin which defines Gi coupling of the 
responsible receptor. Despite being Gi coupled, the receptor is apparently 
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completely unable to transduce the signals needed for chemotaxis (Paper IV).  
In an attempt to identify this unique receptor, we have excluded all members of 
the FPR family (see below) and also tested a peptide corresponding only to the 5 
overlapping a.a. (Fig. 3). Interestingly, in contrast to gG2p19 the pentapeptide 
selectively binds FPR1 (Karlsson, unpublished data). Thus, the 10 additional a.a. 
in gG2p19 switches the receptor specificity from FPR1 to another receptor. We 
also show that, apart from chemotaxis, the functional responses elicited in 
monocytes by gG2p19 are very similar to the ones induced by chemoattractants 
such as gG2p20 or fMLF. The kinetics of calcium responses as well as ROS 
production induced by gG2p19 and gG2p20 are almost indistinguishable (Paper 
IV and unpublished data).  
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Figure 3. Peptides derived from the secreted portion of HSV2 glycoprotein G have different 
receptor preferences 
 
It is very uncommon for a Gi-protein coupled receptor with activating properties 
to be completely devoid of chemotactic activity. The explanation for differential 
effects on chemotaxis between the five a.a. peptide and gG2p19 is still obscure, 
as is the identity of the gG2p19 receptor. It should be noticed, however, that it 
may be possible for the gG2p19 receptor to induce chemotaxis when activated 
by another ligand. Synthetically modified formylated peptides (binding to FPR1) 
have been shown to induce either a full response (chemotaxis, superoxide 
production and granule secretion), a pure chemotactic response, or activation of 
the oxidase and granule secretion only. The pattern of responses has been 
suggested to rely on ligand specific intracellular signals generated by the 
receptor, but the mechanistic details remain unclear (65).  
 
The formyl peptide receptor family 
N-formylated peptides from bacteria were the first chemotactic factors to be 
structurally defined. The corresponding receptor, the formyl peptide receptor 1 
(FPR1), has become the most widely studied of the GPCRs. During the years 
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members of the formyl peptide receptor family have been shown to be of 
importance in many aspects of phagocyte activation, both in health and disease. 
It was discovered in the middle of the 1970s that granulocytes could be activated 
by and chemotactically migrate towards formylated peptides released by bacteria 
(66). The receptor responsible was not identified until 1990, when it was cloned 
and sequenced (67). The formyl peptide receptor family has, to date, three 
human members, FPR1, FPR2 and FPR3. From the point of discovery, there has 
been some confusion regarding naming of the receptors. They were originally 
named formyl peptide receptor (FPR), formyl peptide receptor like-1 (FPRL1) 
and formyl peptide receptor like-2 (FPRL2), but the naming have recently been 
changed to FPR1, FPR2 and FPR3 respectively. Except for papers I and IV, 
which were published before 2008, the new nomenclature will be used 
throughout this thesis. 
Shortly after the revealing of the FPR1 sequence the two related receptors, FPR2 
and FPR3, were cloned using low stringency hybridisation with the FPR1 cDNA 
as a probe (68-70). Although the FPRs were initially found on leukocytes the list 
of cells expressing these receptors has grown over the years (71, 72) (Table 1). 
Also FPR2 can interact with formylated peptides but the binding affinity to this 
receptor is much lower compared to that of FPR1 (69). The sequence similarity 
between FPR1 and FPR2 is high, 69% at the a.a. level. Although there is a large 
sequence similarity also between FPR2 and FPR3 (83% identity at the a.a. level) 
(73) the latter can not bind formylated peptides. The similarities between the 
receptors are even larger when only the intracellular signalling transducing 
domains are compared (73). Studies with chimeric receptors and receptor 
derived peptides have been done to characterize the ligand binding and G-
protein binding domains of FPR1 and FPR2 (74-77). One general conclusion has 
been that multiple domains are required for ligand binding of both receptors. 
More specifically for FPR1, all three extracellular loops seemed to be of 
importance for the binding to fMLF. The crucial domains for FPR2 binding to 
the ligands MMK-1 and Aβ42 (described below), lay in the sixth transmembrane 
domain and the third extracellular loop. The interaction between FPR1 and the 
G-protein has been ascribed to the second intracellular loop and the membrane 
proximal part of the carboxy-terminal tail and not the third intracellular loop that 
is important in many other GPCRs.  
The interaction between fMLF and FPR1 triggers a cascade of multiple second 
messengers through the activation of PLC, PLD and PLA2. This signalling 
cascade culminates in cell chemotaxis (66), phagocytosis (78), production of 
proinflammatory mediators (79), production of ROS (80) and activation of 
transcription factors (81). 
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Table 1. Celltypes expressing FPRs and microbial ligands for different family members. 
References, unless given, are found in (71,72) from which the table is adapted. 
 

Receptor Cell expression Microbial ligands (Origin) 
FPR1  
former FPR 

Neutrophils 
Monocytes/Macrophages 
Immature dendritic cells 
Eosinophils (93) 
Platelets 
Endothelial cells 
Astrocytes 
Hepatocytes 
Microglial cells 
Fibroblasts 
 

fMLF and analogues (bacteria) 
T20 (HIV) 
T21 (HIV) 
gG2p20 (HSV2) 

FPR2  
former FPRL1 

Neutrophils 
Monocytes/Macrophages 
Immature dendritic cells 
Eosinophils (93) 
T and B lymphocytes 
Endothelial cells 
Epithelial cells 
Astrocytes 
Hepatocytes 
Microglial cells 
Fibroblasts 
 

fMLF and analogues (bacteria) 
Hp2-20 (H. pylori) 
N36 (HIV) 
F peptide (HIV) 
T21 (HIV) 
V3 peptide (HIV) 

FPR3  
former FPRL2 

Monocytes/Macrophages 
Immature/mature dendritic 
cells 
 

Hp2-20 (H. pylori) 

 
 
FPR1 is of utmost importance for host defence and this is evident by the 
observation that mice that are devoid of FPR expression are unable to respond to 
an infection by Listeria monocytogenes (82). The fact that the mouse ortholog of 
FPR2 cannot compensate for the loss is consistent with the lower affinity of 
FPR2 for formylated peptides in general and particularly Listeria peptides (83). 
Another specific example of the significance of FPR1 is a virulent peptide 
produced and secreted by Staphylococcus aureus. The chemotactic inhibitory 
peptide of S. aureus (CHIPS) is an inhibitor of FPR1 and C5aR and can thereby 
be speculated to act as a virulence factor for the bacterium (84). The FPRs have 
also been studied in human patophysiological contexts. Neutrophils from 
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patients with localized juvenile periodontitis have a decreased binding and 
responsiveness to fMLF, which is caused by one or two single nucleotide 
polymorphisms (SNPs) in the gene for FPR1 (85). The SNPs result in a.a. 
changes in the second intracellular loop of the receptor that has been shown to 
be important for G-protein binding. An evolving field is the characterisation of 
receptor function for FPRs expressed on cells involved in brain function and 
disease. FPR1 is expressed in highly malignant, human glioma cells, and is 
thought to be responsible for mediating motility, growth and angiogenesis of the 
glioblastoma (86, 87). Peptides derived from the protein amyloid β have been 
shown to stimulate the release of neurotoxic substances from monocytes via 
FPR2 (88). These infiltrating activated monocytes are an important part of the 
pathology of Alzheimer’s disease. 
 
FPR1, FPR2 and FPR3 agonists 
FPR1 
Although the formylated peptide fMLF, isolated from growing E. coli bacteria, 
was the first described ligand for FPR1, formylated peptides from other bacterial 
strains are effective at activating phagocytes via FPR1 (89, 90). It was shown 
that the formyl group is the key to a biologically active peptide, but certain 
peptides longer than three a.a. retain activity without the formylated N-terminus 
(66). Like bacteria, mitochondria start protein synthesis with a formylated 
methionyl group, thus there exists an endogenous source of N-formylated 
peptides that can bind to FPR1 and FPR2 (91). If these mitochondrial-derived 
peptides are found outside the cell, they could act as signals of tissue damage via 
FPR1.  
Today, the list of ligands for FPR1 is immense. It contains many microbial 
agonists derived from both bacteria and viruses (71, 72) (Table 1), as well as 
endogenous substances (92) and allergens (93).  
During recent years, many synthetic agonists, as well as some antagonists, have 
been described with specificities that are either fairly narrow or very broad. The 
hexapeptide WKYMVm, in which the last a.a. (at the C-terminus) is D-
methionine, is a potent agonist for all three members of the FPR family. 
Although WKYMVm binds all three of the FPRs (94, 95), we have shown that 
the peptide only signals through FPR1 when FPR2 is blocked (Paper I). 
WKYMVm induces a strong ROS production in neutrophils. We could see that 
when cyclosporine H (Cys H, see below) was used to block FPR1 the magnitude 
of the response was not diminished. Blocking of FPR2 could inhibit the ROS 
production partially, and despite the earlier inefficiency of FPR1 inhibition the 
remaining response could now be silenced by CysH. The FPRs have been 
discussed as potential therapeutic targets to control unwanted inflammatory 
responses. The results discussed in paper I may have implications for signal 
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transduction studies, performed in the search for specific receptor antagonists 
and inhibitors. The potential of developed inhibitors could be neglected if the 
activating agonist is promiscuous with respect to receptor binding and activation, 
as seen in paper I. If the agonist can switch to another receptor during the use of 
a possible pharmaceutical substance, the effect of the inhibitor would be lost. 
 
FPR2 
FPR2 was initially described as an orphan receptor, with low affinity for fMLF 
(69). At present FPR2 has been proven to be a very promiscuous receptor that 
can bind ligands of great diversity in both origin and structure. LXA4 was the 
first high affinity ligand reported for FPR2 (96). The most pronounced effect of 
LXA4 was that it inhibited neutrophil function through FPR2, a finding that has 
been debated in later years (97). 
A number of synthetic peptides are agonists for FPR2, and these include 
WKYMVM, WKYMVm and MMK-1. Whereas WKYMVM has affinity mainly 
for FPR2 and to a lesser degree for FPR3, the replacement of the C-terminal L-
Met for the D-variant of the a.a., broadens the specificity to include all three 
receptors in the family. MMK-1 is a 13 a.a. long peptide, able to induce 
monocyte/neutrophil chemotaxis and a rise in intracellular calcium (98) (see 
below and Paper II).  
From the pathogenic point of view, amyloidogenic molecules have been studied 
as interesting ligands for FPR2. This group comprises the acute phase protein 
serum amyloid A (SAA) (99), β-amyloid peptide 42 (Aβ42) (100) and the prion 
protein-derived peptide PrP106-126 (101). The definition of an amyloidogenic 
molecule is any polypeptide which polymerizes to form deposits with cross-beta 
structure, in vivo or in vitro. SAA can form amyloid plaques in tissues of 
patients with rheumatoid arthritis. There have been opposing views regarding 
FPR2 as the sole receptor for SAA. This is illustrated in a recent publication 
where we show that SAA can bind and signal through FPR2 when the receptor is 
over expressed in a transfected cell line, but clearly utilize another (yet 
unknown) receptor for activation of primary human neutrophils (102).  
Another pathogenically important amyloidogenic protein is amyloid beta, which 
is present in high concentrations in brain tissue of Alzheimer’s patients. Large 
amounts of Aβ42, a peptide cleaved from amyloid beta, are found in senile 
plaques from these patients. The fact that Aβ42 is chemotactic and activating for 
monocytes and microglia cells through FPR2, suggests that this receptor is at 
least partly responsible for proinflammatory destructive activity in brain tissue 
during Alzheimer’s disease.  
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FPR3 
WKYMVM and WKYMVm were the first compounds suggested as agonists for 
FPR3 (95). These peptides have been shown to activate FPR3 expressed both in 
HL-60 and RINm5F cells (95) (Paper IV).  To date, the only FPR3 specific 
ligand presented is F2L, a peptide derived from the aminoterminal end of an 
intracellular heme-binding protein (103). F2L has been claimed to induce 
chemotaxis as well as a calcium response in some monocytes and dendritic cells 
(103). In higher concentrations F2L will activate also FPR2. 
 
FPR1, FPR2 and FPR3 antagonists 
To be able to perfom functional characterisation coupled to an identification of 
the receptor(s) involved, there is a requirement for well defined receptor 
antagonists and inhibitors. Already 25 years ago it was shown that replacing the 
formyl group in fMLF by a t-butyloxycarbonyl (tBOC) group transfers the 
agonist to an antagonist. BOC-MLF has been commonly used and several other 
BOC-modified peptides such as BOC-FLFLF have also turned out to be FPR1 
selective antagonists. We have preferred to use the cyclic undecapeptide Cys H 
(Paper I, II, IV), since it has a slightly higher specificity for FPR1 compared to 
the BOC compounds (104, 105). For FPR2 the first specific antagonist, 
WRWWWW (WRW4) (106), was described in 2004 and later this peptide has 
been defined as a blocker also for FPR3 (107). One should remember that the 
specificity/selectivity analyses of these antagonists have been limited to the 
members of the FPR family, but it may well be that the antagonists influence 
also other not yet characterized receptors (Paper IV). As an additional inhibitor 
in receptor studies we have utilized the phosphoinositide binding peptide PBP10. 
This is a 10 a.a. long peptide derived from the PIP2 binding domain of gelsolin 
and the peptide has been coupled to Rhodamine B. The presence of the 
fluorophore makes the peptide cell permeable and this is needed for the 
inhibitory activity of PBP10. We have shown that PBP10 has receptor selectivity 
in that it inhibits signalling through FPR2 but not through FPR1 (108). Although 
the underlying mechanism for PBP10 function and selectivity is not clear, our 
preliminary data suggests that it interferes with the early events of signalling. An 
involvement in the interaction between receptor and G-protein could be possible. 
The C-termini of the receptors are important for signalling, and in this region 
FPR1 and FPR2 differ in some a.a.. In order to determine the importance of the 
receptor C-terminus for PBP10 sensitivity, we have investigated the effect of 
PBP10 on cells expressing a chimeric receptor. A 56 a.a. long sequence in the C-
terminal of FPR2 was exchanged for the corresponding a.a. from FPR1. 
Signalling in cells expressing the chimeric receptor was also inhibited by PBP10 
with an IC50 value similar to that obtained with the wild type FPR2 (Karlsson, 
unpublished data in collaboration with Francois Boulay and Marie-Josèphe 
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Rabiet, Fig. 4). These results indicate that PBP10 selectivity is not conclusively 
determined by the C-terminal, but does not completely rule out interference in 
coupling to the G-protein. Other possibilities have to be investigated to fully 
map the mechanisms involved. 
In addition to its effect on FPR2, PBP10 has also been shown to partially inhibit 
signalling triggered by some other ligands with known or unknown receptor 
preferences (102). We show for instance that activation of the monocyte 
NADPH-oxidase by gG2p19, mediated via an unknown receptor distinct from 
FPR2, is blocked by PBP10 (Paper IV). We have also seen that PBP10 partly 
inhibits ROS production in eosinophil granulocytes triggered by RANTES 
(CCL5) (Stenfeldt, unpublished data in collaboration with Christine Wennerås), 
a chemokine mediating its activity on eosinophils mainly through the well 
characterized receptor CCR3 and possibly to a lesser extent through CCR1. 
PBP10 thus shows a high selectivity within the FPR family of receptors, but its 
promiscuity among other, unrelated receptors could imply that inhibition occurs 
in a pathway that is more general than previously thought. 
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Figure 4. (A) Dose-response plot for the effect of PBP 10 on receptor response in HL-60 cells 
expressing FPR2 (■) or a chimeric receptor (□). The agonist used was WKYMVM [10-7]. 
(B) Schematic picture of the chimeric receptor. The 56 most C-terminal  a.a. in FPR2 has been 
replaced by the corresponding in FPR1.  
 
Ca2+ signalling 
The calcium ion is nature’s favourite among signalling ions. It controls cellular 
processes from the beginning of life until the end, such as fertilization, mitosis, 
differentiation, transcription, exocytosis, contraction, nerv impulses and cell 
death. Calcium signalling is also a part in the events after GPCR activation in 



phagocytes. Ligand binding to a GPCR activates the heterotrimeric G-protein 
that dissociates into Gα- and Gβγ-subunits. These subunits can then activate 
multiple downstream signal transducers e.g. phospholipases and protein kinases. 
The Gβγ subunit activates phospholipase Cβ2 (PLCβ2) which cleaves membrane 
phosphatidylinositol 4, 5 bisphosphate (PIP2) and generates inositol 1,4,5-
trisphosphate (IP3). The soluble IP3 binds the IP3R localized in calcium storage 
organelle and this binding triggers a release of Ca2+ from the stores (possibly 
linked to the endoplasmic reticulum). In addition to IP3 there is also another 
second messenger that can induce a release of calcium from intracellular stores 
upon GPCR activation, cyclic ADP ribose (cADPR). The nicotinamide adenine 
dinucleotide (NAD+) metabolite cADPR is like IP3 believed to act on specific 
intracellular receptors to open channels in the ER membrane (109). It is 
generally thought that cADPR binds and opens ryanodin receptor regulated 
channels in mammalian neutrophils and monocytes/macrophages (110, 111).  
The initial rise in intracellular Ca2+ after IP3 formation is followed by a calcium 
entry through store operated calcium channels (SOCs) in the plasma membrane 
(Fig. 5). The complete mechanism for ion entry through SOCs has not yet been 
unfolded but different models have been put forward. The task of signalling 
from stores to SOCs has recently been ascribed to the protein STIM1 that was 
identified as a Ca2+ level sensor in the ER membrane (112-114). The protein 
Orai1 has been identified as a regulator of entry through SOCs, but it remains to 
be further clarified if Orai1 is a subunit of the channel or a membrane docking 
protein for the sensor STIM1 (115).  
The release of Ca2+ from intracellular stores  gives rise to  rapid peak of free 
calcium in the cytoplasm, and the initial phase is followed by a longer slowly 
declining response that is the result of an  opening  of SOCs. The initial rise in 
the free Ca2+ levels in the cell (μM levels) is transient and returns very rapidly to 
nM levels through a removal by the sarco endoplasmic reticulum Ca2+-ATPase 
(SERCA). The pump forces Ca2+ back into the storage organelle (116). This 
process is vital to the cell, since persisting high levels of calcium is a potent 
signal that gives rise to permanent activation of proteases and Ca2+ dependent 
cytoskeletal modulating proteins. These events, together with deposition of 
hydroxyapatite due to high Ca2+ concentration in the mitochondria, cause 
impaired mitochondrial function, perturbation of cytoskeletal organization and 
induction of apoptosis or necrosis (117-119).  
The transient rise in intracellular calcium has been regarded as a crucial factor 
for the responses induced by neutrophil chemoattractants. It should be noticed, 
however, that phagocytosis and chemotaxis can proceed also in calcium depleted 
cells despite the fact that calcium is supposedly needed for proper function of 
cytoskeleton remodelling proteins (120). In the case of NADPH-oxidase 
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activation, calcium elevation is not sufficient for activity; ROS production can 
also be induced without a simultaneous Ca2+ signal (121, 122). 
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Figure 5. Schematic picture of store operated calcium entry. Phospholipase C cleaves 
phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-triphosphate (IP3) and 
diacylglycerol (DAG). IP3 binds to the IP3 receptor and mediates release of Ca2+ from intracellular 
stores (IntS). STIM senses empty stores and mediates a signal that is followed by opening of store 
operated Ca 2+ channels (SOCs) in the plasma membrane.  
 
The process of Ca2+ signalling following FPR1 activation has been extensively 
characterized (62, 110, 123), in contrast little is known about FPR2. It is 
reasonable to believe that the two receptors use very similar signalling pathways. 
This reasoning is based on the facts that they induce comparable responses in the 
cell and are structurally very similar. We have shown, using the agonist MMK-1 
and two different methods for detection of intracellular calcium, that signalling 
through both receptors involves a release from intracellular stores as well as 
subsequent opening of SOCs (Paper II). The removal of extracellular calcium 
by EGTA resulted in elimination of the later phase in the transient and was 
equally pronounced for both receptors. Interestingly, it has been shown that 
intracellular calcium rise after FPR2 stimulation is dependent on cADPR 
signalling while FPR1 induced is not (124). Somewhat surprisingly it has also 
been suggested that signalling through FPR2 totally rely on an entry of 
extracellular calcium without any emptying of intracellular stores (124). Our 
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study did thus not confirm this, but showed a pattern of calcium signalling 
similar for both FPR1 and FPR2. 
 
Termination of signalling and desensitization 
The ability of phagocytic cells to become non-responsive (desensitized) to 
chemoattractants is a crucial process. In order to be able to migrate in a gradient 
of a chemoattractant, myeloid cells gradually become desensitized to lower or 
unchanged concentrations of the guiding substance. Desensitization and 
termination of the receptor mediated signal is also of importance for the 
limitation and resolution of inflammation. 
Receptor activation is a transient process. Binding of an agonist results in G-
protein coupling/activation and generation of signals, but the occupied receptor 
is then fairly rapidly transferred to a refractory state that lacks signalling 
capacity. Since the cells may be fully responsive to an unrelated agonist, the 
phenomenon is referred to as homologous desensitization. The molecular 
mechanism behind desensitization involves several different parts and the time 
frame during which it happens range from seconds to minutes. 
The phenomenon of desensitization is not only essential for the regulation of the 
inflammatory response; it has also been an important tool in many in vitro 
experiments to determine for example receptor specificity. Neutrophil ROS 
production has been used regularly by us, as a read out system for in vitro 
studies of desensitization (102) (Paper IV). When monitoring ROS production, 
homologous desensitization by repeated fMLF stimulations is very obvious 
(Paper III). We were thus surprised by the complete lack of homologous 
desensitization when we instead used intracellular calcium levels as a read-out 
system (Paper III). The explanation to the apparent paradox was that the ROS, 
produced during activation of neutrophils, inactivated the agonist quickly and 
the receptors were left free to be re-stimulated. This lack of desensitization was 
only apparent when methionine containing stimuli were used, which is in 
accordance with the fact that MPO derived ROS can inactivate peptides 
containing methionine (125). It is possible to design systems that monitor 
calcium levels, provided that such experimental set ups take into account that the 
triggering agonist may be inactivated by ROS produced by the activated cells.  
(Paper III).  Desensitization most probably occurs in vivo, it is therefore 
important to be aware that potential problems with detection of desensitization 
could be strictly an in vitro phenomenon that is overcome by using the methods 
described in paper III.  
The mechanism behind the desensitization phenomenon differs within the family 
of GPCRs, but with respect to the FPRs there is no reason to believe that there 
should be any difference with respect to the mechanism (126, 127). When 
activated, FPR1 becomes phosphorylated primarily by G-protein coupled 
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receptor kinase 2 (GRK2) (127, 128). There are 8 potential phosphorylation sites 
in the C-terminus of FPR1 where the phosphorylation of importance for 
desensitization occurs. FPR2 is also phosphorylated but the kinase(s) responsible 
for this phosphorylation is not known. In contrast to the other receptors in the 
FPR family, FPR3 is highly phosphorylated also without any ligand binding 
(127). Phosphorylation of FPR1 increases the affinity of the receptor for β-
arrestins. Arrestins preferentially bind GRK phosphorylated FPR1 but can also 
bind non-phosphorylated receptors. The receptor-arrestin complex is then finally 
internalized. It has been shown that phosphorylation of the receptor is necessary 
for the internalisation but not for chemotaxis (129).     
Another process important for termination of the signal generated by FPRs is the 
binding of the receptor to the cytoskeleton. Cytochalasin B (Cyt B) is a fungal 
metabolite that binds to the plus-end of the actin filaments, and this binding 
prevents actin polymerization and severing of existing filaments. When cells 
treated with Cyt B are activated through FPR1 or FPR2 the ROS production is 
increased and prolonged (Paper II), whereas ROS production induced by a 
stimulus that bypasses membrane receptors (i.e. the PKC activator phorbol 
myristat acetate) is unaffected by Cyt B treatment (130). Cytochalasins can also 
reactivate FPRs that has been desensitized but not internalized, suggesting that 
the actin cytoskeleton has a role in the termination of cellular responses 
triggered by the FPRs. 
The desensitized state can be induced also in neighbouring non-occupied 
receptors with specificity for other agonists. This is a phenomenon that has an 
inbuilt receptor hierarchy and is referred to as heterologous desensitization. 
Binding of the formylated peptide fMLF to its receptor, FPR1, leads to 
desensitization not only of this receptor, but also of CXCR1. Binding of IL-8 to 
CXCR1 desensitizes this particular receptor, but not FPR1 which illustrates the 
hierarchy (130). This type of desensitization is thought to be the consequence of 
phosphorylation of the non-occupied receptor by PKC and PKA (131).  
 
Model cell systems to study FPRs 
As described above a myriad of effector functions are elicited upon activation of 
phagocytes. Activation of primary cells via FPRs is a useful tool in studies of 
functionality of these cells.  In the case of specific receptor studies however, the 
use of cell lines could facilitate both performance of experiment and 
interpretation of results. By using cultured cells transfected with the receptor(s) 
in focus, binding assays and antagonist effects are easier to attribute to one 
specific receptor. Other obvious advantages with transformed cell lines 
compared to primary cells are simplicity, less variability and supply.  
One approach commonly used by us and others, is to transfect a cell line with 
one or more members of the FPR family and then use the rise in intracellular 
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calcium as a read-out system for activation. Several different cell lines have been 
used for this purpose, non-hematopoetic cell strains like RINm5F (95), HEK 293 
(74, 98) and CHO cells (96) but also the undifferentiated promyelocytic HL-60 
cell line (95, 102, 132, 133) (Paper I, II, IV). This approach is often very 
suitable for determination of receptor specificity.  
Another way to study receptors in a setting that more resembles primary cells, 
regarding for example signalling machinery, is to use differentiated cells from 
the myelocytic cell lines HL-60 or PLB 985 (134, 135)(Paper III). These cells 
are arrested in the promyelocytic stage, but can be differentiated by addition of 
DMSO, ATRA or Bt2cAMP towards the granulocytic lineage. Chemically 
differentiated cells differ from primary cells with respect to granule content 
(136). Azurophil granules and granule proteins is present in the undifferentiated 
promyelocytic cell but during differentiation the cell goes through maturation 
without the development of other granules and vesicles. The differentiated HL-
60 cell also differs from granulocytes in receptor expression e.g., CXCR1 (137) 
but have preserved the ability to phagocytose (138, 139) and to assemble a 
functional NADPH-oxidase (140). Although the advantages by using cell lines 
are obvious as described above, one should bear in mind that differences exist in 
features connected with chemoattractant receptors and signalling (62, 141). 
Differences in ROS production, possibly due to divergence between MPO 
content in primary and cultured cells could also give results in vitro that are 
misleading (Paper III). 
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Concluding remarks 
 
Phagocytic cells are an essential part of our innate immune system and play an 
important role in the battle against pathogens. GPCRs and more specifically 
chemoattractant receptors are a vital part in an effective activation of these cells. 
Since formylated peptides from bacteria were the first chemoattractants to be 
defined, FPR1 has been the most intensively dissected of the chemoattractant 
receptors. Together with the two other members of the FPR family it clearly has 
a task in the regulation of immune functions. Complex functional properties are 
displayed by these receptors and this is in part due to their promiscuity among 
ligands. Many of the ligands defined for the FPRs do not share significant 
sequence homology, thus these receptors behave as PRRs that can be activated 
by a wide variety of unrelated ligands. Formyl peptide receptors are involved in 
host response to microbes and cell necrosis, but also in pathological contexts 
such as amyloidogenic disease, viral infections as well as cancer. It is therefore 
hard to tell if the nature of these receptors is “good or bad”, but it does put the 
family in the spotlight as pharmacological targets.  
The broad spectra of synthetic peptides that are recognized by the FPRs are 
useful tools in pharmacological studies and characterization of signalling elicited 
by the receptors. This will hopefully help us to better understand the role of 
these receptors in health and disease.  
 
 
 
 

 32



Acknowledgements 
 
Ett stort TACK till: 
 
Min handledare Claes, för att jag har fått möjligheten att doktorera i din grupp. 
För att du kan koka soppa på en vetenskaplig spik och för att du vet allt (nästan). 
Mina bihandledare, Johan och Huamei, för att ni vet resten. Huamei, för att du 
ivrigt påhejande fick in mig i labbandets värld och presenterade mig för 
Berthold. Johan, för din extrema optimism och idérikedom, den behövs. 
Alla tre för att ni alltid tar er tid. 
Anna K, för hjälp med coachning av de ”mjuka” bitarna fram mot 
disputationen. Kelly, for being a great roommate and for reading and correcting 
my thesis.  
 
All collaborators, Swedish and French, for providing me with transfected cells 
and helping me with your knowledge, substances and equipment. Maria och 
Veronica, för att vi tack vare er har ett fungerande lab. 
 
Alla nuvarande och f.d. jobbarkompisar på Fagocytlab och Avd. f. Reumatologi 
och inflammationsforskning för att ni gör det kul att gå till jobbet. Mer 
fredagsfika åt folket! 
 
Karin Ö, för peppning på och utanför jobbet. Tänk så bra att du hamnade i vår 
grupp.  
Flickornas mat och Varbergstjejerna för att ni förstod mig då och förstår mig 
nu. BVLP99 tjejerna för mat och prat. 
F96orna plus respektive och hangarounds för spelningar, skidåkning, 
grillning/picknick, afterwork och övrigt skoj. 
 
Mormor och morfar, farmor och farfar, släkten, vännerna, gudföräldrar, 
extraföräldrar, någon annans föräldrar, körmänniskor, hårdrockare, popsnören, 
väröbor, varbergare, göteborgare, skåningar, västgötar, stockholmare, 
norrlänningar och annat löst fôlk för den berömda guldkanten. 
 
Mamma och Pappa för ständig stöttning i medvind och motvind, även när min 
beslutsångest går er på nerverna. 
Systeryster Ida, för att du tänker som jag fast annorlunda. Det är skönt att vi kan 
skiftjobba i rollen som storasyster.  
Erik, för att du håller mig över ytan så att pessimisten förlorar och skrattar med 
mig vid de tillfällen när euforin sätter in. 

 33



References 
 

1. Beutler, B. 2004. Innate immunity: an overview. Mol Immunol 40:845-859. 
2. Hornef, M. W., M. J. Wick, M. Rhen, and S. Normark. 2002. Bacterial 

strategies for overcoming host innate and adaptive immune responses. Nat 
Immunol 3:1033-1040. 

3. Matzinger, P. 1994. Tolerance, danger, and the extended family. Annu Rev 
Immunol 12:991-1045. 

4. Zipfel, C., and G. Felix. 2005. Plants and animals: a different taste for 
microbes? Curr Opin Plant Biol 8:353-360. 

5. Schwessinger, B., and C. Zipfel. 2008. News from the frontline: recent insights 
into PAMP-triggered immunity in plants. Curr Opin Plant Biol 11:389-395. 

6. Haslett, C. 1999. Granulocyte apoptosis and its role in the resolution and 
control of lung inflammation. Am J Respir Crit Care Med 160:S5-11. 

7. Dale, D. C., L. Boxer, and W. C. Liles. 2008. The phagocytes: neutrophils and 
monocytes. Blood 112:935-945. 

8. Steinbach, K. H., P. Schick, F. Trepel, H. Raffler, J. Dohrmann, G. Heilgeist, 
W. Heltzel, K. Li, W. Past, J. A. van der Woerd-de Lange, H. Theml, T. M. 
Fliedner, and H. Begemann. 1979. Estimation of kinetic parameters of 
neutrophilic, eosinophilic, and basophilic granulocytes in human blood. Blut 
39:27-38. 

9. Le Cabec, V., J. B. Cowland, J. Calafat, and N. Borregaard. 1996. Targeting of 
proteins to granule subsets is determined by timing and not by sorting: The 
specific granule protein NGAL is localized to azurophil granules when 
expressed in HL-60 cells. Proc Natl Acad Sci U S A 93:6454-6457. 

10. Bainton, D. F., J. L. Ullyot, and M. G. Farquhar. 1971. The development of 
neutrophilic polymorphonuclear leukocytes in human bone marrow. J Exp Med 
134:907-934. 

11. Pellme, S., M. Morgelin, H. Tapper, U. H. Mellqvist, C. Dahlgren, and A. 
Karlsson. 2006. Localization of human neutrophil interleukin-8 (CXCL-8) to 
organelle(s) distinct from the classical granules and secretory vesicles. J Leukoc 
Biol 79:564-573. 

12. Borregaard, N., O. E. Sorensen, and K. Theilgaard-Monch. 2007. Neutrophil 
granules: a library of innate immunity proteins. Trends Immunol 28:340-345. 

13. Whitelaw, D. M. 1972. Observations on human monocyte kinetics after pulse 
labeling. Cell Tissue Kinet 5:311-317. 

14. Gordon, S., and P. R. Taylor. 2005. Monocyte and macrophage heterogeneity. 
Nat Rev Immunol 5:953-964. 

15. Grage-Griebenow, E., H. D. Flad, and M. Ernst. 2001. Heterogeneity of human 
peripheral blood monocyte subsets. J Leukoc Biol 69:11-20. 

16. Strauss-Ayali, D., S. M. Conrad, and D. M. Mosser. 2007. Monocyte 
subpopulations and their differentiation patterns during infection. J Leukoc Biol 
82:244-252. 

17. Belge, K. U., F. Dayyani, A. Horelt, M. Siedlar, M. Frankenberger, B. 
Frankenberger, T. Espevik, and L. Ziegler-Heitbrock. 2002. The 

 34



proinflammatory CD14+CD16+DR++ monocytes are a major source of TNF. J 
Immunol 168:3536-3542. 

18. Frankenberger, M., T. Sternsdorf, H. Pechumer, A. Pforte, and H. W. Ziegler-
Heitbrock. 1996. Differential cytokine expression in human blood monocyte 
subpopulations: a polymerase chain reaction analysis. Blood 87:373-377. 

19. Blanco, P., A. K. Palucka, V. Pascual, and J. Banchereau. 2008. Dendritic cells 
and cytokines in human inflammatory and autoimmune diseases. Cytokine 
Growth Factor Rev 19:41-52. 

20. Chomarat, P., J. Banchereau, J. Davoust, and A. K. Palucka. 2000. IL-6 
switches the differentiation of monocytes from dendritic cells to macrophages. 
Nat Immunol 1:510-514. 

21. Chomarat, P., C. Dantin, L. Bennett, J. Banchereau, and A. K. Palucka. 2003. 
TNF skews monocyte differentiation from macrophages to dendritic cells. J 
Immunol 171:2262-2269. 

22. Mosser, D. M. 2003. The many faces of macrophage activation. J Leukoc Biol 
73:209-212. 

23. Springer, T. A. 1990. Adhesion receptors of the immune system. Nature 
346:425-434. 

24. Ley, K., C. Laudanna, M. I. Cybulsky, and S. Nourshargh. 2007. Getting to the 
site of inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol 
7:678-689. 

25. Stossel, T. P. 1993. On the crawling of animal cells. Science 260:1086-1094. 
26. Jones, G. E. 2000. Cellular signaling in macrophage migration and chemotaxis. 

J Leukoc Biol 68:593-602. 
27. Heit, B., S. Tavener, E. Raharjo, and P. Kubes. 2002. An intracellular signaling 

hierarchy determines direction of migration in opposing chemotactic gradients. 
J Cell Biol 159:91-102. 

28. Hansson, M., I. Olsson, and W. M. Nauseef. 2006. Biosynthesis, processing, 
and sorting of human myeloperoxidase. Arch Biochem Biophys 445:214-224. 

29. Barrowman, M. M., S. Cockcroft, and B. D. Gomperts. 1987. Differential 
control of azurophilic and specific granule exocytosis in Sendai-virus-
permeabilized rabbit neutrophils. J Physiol 383:115-124. 

30. Nusse, O., L. Serrander, D. P. Lew, and K. H. Krause. 1998. Ca2+-induced 
exocytosis in individual human neutrophils: high- and low-affinity granule 
populations and submaximal responses. Embo J 17:1279-1288. 

31. Nichols, B. A., D. F. Bainton, and M. G. Farquhar. 1971. Differentiation of 
monocytes. Origin, nature, and fate of their azurophil granules. J Cell Biol 
50:498-515. 

32. Anderson, C. L., L. Shen, D. M. Eicher, M. D. Wewers, and J. K. Gill. 1990. 
Phagocytosis mediated by three distinct Fc gamma receptor classes on human 
leukocytes. J Exp Med 171:1333-1345. 

33. Ofek, I., J. Goldhar, Y. Keisari, and N. Sharon. 1995. Nonopsonic phagocytosis 
of microorganisms. Annu Rev Microbiol 49:239-276. 

34. Borregaard, N. 1988. Subcellular localization and dynamics of components of 
the respiratory burst oxidase. J Bioenerg Biomembr 20:637-651. 

 35



35. Karlsson, A., and C. Dahlgren. 2002. Assembly and activation of the neutrophil 
NADPH oxidase in granule membranes. Antioxid Redox Signal 4:49-60. 

36. Stasia, M. J., and X. J. Li. 2008. Genetics and immunopathology of chronic 
granulomatous disease. Semin Immunopathol 30:209-235. 

37. Lundqvist-Gustafsson, H., and T. Bengtsson. 1999. Activation of the granule 
pool of the NADPH oxidase accelerates apoptosis in human neutrophils. J 
Leukoc Biol 65:196-204. 

38. Kasahara, Y., K. Iwai, A. Yachie, K. Ohta, A. Konno, H. Seki, T. Miyawaki, 
and N. Taniguchi. 1997. Involvement of reactive oxygen intermediates in 
spontaneous and CD95 (Fas/APO-1)-mediated apoptosis of neutrophils. Blood 
89:1748-1753. 

39. Bylund, J., K. L. MacDonald, K. L. Brown, P. Mydel, L. V. Collins, R. E. 
Hancock, and D. P. Speert. 2007. Enhanced inflammatory responses of chronic 
granulomatous disease leukocytes involve ROS-independent activation of NF-
kappa B. Eur J Immunol 37:1087-1096. 

40. Brown, K. L., J. Bylund, K. L. MacDonald, G. X. Song-Zhao, M. R. Elliott, R. 
Falsafi, R. E. Hancock, and D. P. Speert. 2008. ROS-deficient monocytes have 
aberrant gene expression that correlates with inflammatory disorders of chronic 
granulomatous disease. Clin Immunol 129:90-102. 

41. Brinkmann, V., U. Reichard, C. Goosmann, B. Fauler, Y. Uhlemann, D. S. 
Weiss, Y. Weinrauch, and A. Zychlinsky. 2004. Neutrophil extracellular traps 
kill bacteria. Science 303:1532-1535. 

42. Fuchs, T. A., U. Abed, C. Goosmann, R. Hurwitz, I. Schulze, V. Wahn, Y. 
Weinrauch, V. Brinkmann, and A. Zychlinsky. 2007. Novel cell death program 
leads to neutrophil extracellular traps. J Cell Biol 176:231-241. 

43. Bellner, L., F. Thoren, E. Nygren, J. A. Liljeqvist, A. Karlsson, and K. 
Eriksson. 2005. A proinflammatory peptide from herpes simplex virus type 2 
glycoprotein G affects neutrophil, monocyte, and NK cell functions. J Immunol 
174:2235-2241. 

44. Orange, J. S., M. S. Fassett, L. A. Koopman, J. E. Boyson, and J. L. 
Strominger. 2002. Viral evasion of natural killer cells. Nat Immunol 3:1006-
1012. 

45. Hansson, M., A. Asea, U. Ersson, S. Hermodsson, and K. Hellstrand. 1996. 
Induction of apoptosis in NK cells by monocyte-derived reactive oxygen 
metabolites. J Immunol 156:42-47. 

46. Whyte, M. K., L. C. Meagher, J. MacDermot, and C. Haslett. 1993. Impairment 
of function in aging neutrophils is associated with apoptosis. J Immunol 
150:5124-5134. 

47. Stern, M., J. Savill, and C. Haslett. 1996. Human monocyte-derived 
macrophage phagocytosis of senescent eosinophils undergoing apoptosis. 
Mediation by alpha v beta 3/CD36/thrombospondin recognition mechanism and 
lack of phlogistic response. Am J Pathol 149:911-921. 

48. Fadok, V. A., D. L. Bratton, A. Konowal, P. W. Freed, J. Y. Westcott, and P. 
M. Henson. 1998. Macrophages that have ingested apoptotic cells in vitro 
inhibit proinflammatory cytokine production through autocrine/paracrine 
mechanisms involving TGF-beta, PGE2, and PAF. J Clin Invest 101:890-898. 

 36



49. Persson, Y. A., R. Blomgran-Julinder, S. Rahman, L. Zheng, and O. Stendahl. 
2008. Mycobacterium tuberculosis-induced apoptotic neutrophils trigger a pro-
inflammatory response in macrophages through release of heat shock protein 
72, acting in synergy with the bacteria. Microbes Infect 10:233-240. 

50. Medzhitov, R., P. Preston-Hurlburt, and C. A. Janeway, Jr. 1997. A human 
homologue of the Drosophila Toll protein signals activation of adaptive 
immunity. Nature 388:394-397. 

51. Muzio, M., D. Bosisio, N. Polentarutti, G. D'Amico, A. Stoppacciaro, R. 
Mancinelli, C. van't Veer, G. Penton-Rol, L. P. Ruco, P. Allavena, and A. 
Mantovani. 2000. Differential expression and regulation of toll-like receptors 
(TLR) in human leukocytes: selective expression of TLR3 in dendritic cells. J 
Immunol 164:5998-6004. 

52. Takeda, K., T. Kaisho, and S. Akira. 2003. Toll-like receptors. Annu Rev 
Immunol 21:335-376. 

53. Bylund, J., A. Karlsson, F. Boulay, and C. Dahlgren. 2002. Lipopolysaccharide-
induced granule mobilization and priming of the neutrophil response to 
Helicobacter pylori peptide Hp(2-20), which activates formyl peptide receptor-
like 1. Infect Immun 70:2908-2914. 

54. Almkvist, J., J. Faldt, C. Dahlgren, H. Leffler, and A. Karlsson. 2001. 
Lipopolysaccharide-induced gelatinase granule mobilization primes neutrophils 
for activation by galectin-3 and formylmethionyl-Leu-Phe. Infect Immun 
69:832-837. 

55. Suh, C. I., N. D. Stull, X. J. Li, W. Tian, M. O. Price, S. Grinstein, M. B. Yaffe, 
S. Atkinson, and M. C. Dinauer. 2006. The phosphoinositide-binding protein 
p40phox activates the NADPH oxidase during FcgammaIIA receptor-induced 
phagocytosis. J Exp Med 203:1915-1925. 

56. Harlan, J. M. 1993. Leukocyte adhesion deficiency syndrome: insights into the 
molecular basis of leukocyte emigration. Clin Immunol Immunopathol 67:S16-
24. 

57. Svensson, L., K. Howarth, A. McDowall, I. Patzak, R. Evans, S. Ussar, M. 
Moser, A. Metin, M. Fried, I. Tomlinson, and N. Hogg. 2009. Leukocyte 
adhesion deficiency-III is caused by mutations in KINDLIN3 affecting integrin 
activation. Nat Med 15:306-312. 

58. Kishimoto, T. K., R. S. Larson, A. L. Corbi, M. L. Dustin, D. E. Staunton, and 
T. A. Springer. 1989. The leukocyte integrins. Adv Immunol 46:149-182. 

59. Sharon, N. 2007. Lectins: carbohydrate-specific reagents and biological 
recognition molecules. J Biol Chem 282:2753-2764. 

60. Gudermann, T., F. Kalkbrenner, and G. Schultz. 1996. Diversity and selectivity 
of receptor-G protein interaction. Annu Rev Pharmacol Toxicol 36:429-459. 

61. Miller, A. F., and J. J. Falke. 2004. Chemotaxis receptors and signaling. Adv 
Protein Chem 68:393-444. 

62. Klinker, J. F., K. Wenzel-Seifert, and R. Seifert. 1996. G-protein-coupled 
receptors in HL-60 human leukemia cells. Gen Pharmacol 27:33-54. 

63. Wu, D., G. J. LaRosa, and M. I. Simon. 1993. G protein-coupled signal 
transduction pathways for interleukin-8. Science 261:101-103. 

 37



64. Amatruda, T. T., 3rd, N. P. Gerard, C. Gerard, and M. I. Simon. 1993. Specific 
interactions of chemoattractant factor receptors with G-proteins. J Biol Chem 
268:10139-10144. 

65. Selvatici, R., S. Falzarano, A. Mollica, and S. Spisani. 2006. Signal 
transduction pathways triggered by selective formylpeptide analogues in human 
neutrophils. Eur J Pharmacol 534:1-11. 

66. Schiffmann, E., B. A. Corcoran, and S. M. Wahl. 1975. N-formylmethionyl 
peptides as chemoattractants for leucocytes. Proc Natl Acad Sci U S A 72:1059-
1062. 

67. Boulay, F., M. Tardif, L. Brouchon, and P. Vignais. 1990. Synthesis and use of 
a novel N-formyl peptide derivative to isolate a human N-formyl peptide 
receptor cDNA. Biochem Biophys Res Commun 168:1103-1109. 

68. Bao, L., N. P. Gerard, R. L. Eddy, Jr., T. B. Shows, and C. Gerard. 1992. 
Mapping of genes for the human C5a receptor (C5AR), human FMLP receptor 
(FPR), and two FMLP receptor homologue orphan receptors (FPRH1, FPRH2) 
to chromosome 19. Genomics 13:437-440. 

69. Ye, R. D., S. L. Cavanagh, O. Quehenberger, E. R. Prossnitz, and C. G. 
Cochrane. 1992. Isolation of a cDNA that encodes a novel granulocyte N-
formyl peptide receptor. Biochem Biophys Res Commun 184:582-589. 

70. Murphy, P. M., T. Ozcelik, R. T. Kenney, H. L. Tiffany, D. McDermott, and U. 
Francke. 1992. A structural homologue of the N-formyl peptide receptor. 
Characterization and chromosome mapping of a peptide chemoattractant 
receptor family. J Biol Chem 267:7637-7643. 

71. Fu, H., J. Karlsson, J. Bylund, C. Movitz, A. Karlsson, and C. Dahlgren. 2006. 
Ligand recognition and activation of formyl peptide receptors in neutrophils. J 
Leukoc Biol 79:247-256. 

72. Migeotte, I., D. Communi, and M. Parmentier. 2006. Formyl peptide receptors: 
a promiscuous subfamily of G protein-coupled receptors controlling immune 
responses. Cytokine Growth Factor Rev 17:501-519. 

73. Gao, J. L., H. Chen, J. D. Filie, C. A. Kozak, and P. M. Murphy. 1998. 
Differential expansion of the N-formylpeptide receptor gene cluster in human 
and mouse. Genomics 51:270-276. 

74. Le, Y., R. D. Ye, W. Gong, J. Li, P. Iribarren, and J. M. Wang. 2005. 
Identification of functional domains in the formyl peptide receptor-like 1 for 
agonist-induced cell chemotaxis. Febs J 272:769-778. 

75. Perez, H. D., R. Holmes, L. R. Vilander, R. R. Adams, W. Manzana, D. Jolley, 
and W. H. Andrews. 1993. Formyl peptide receptor chimeras define domains 
involved in ligand binding. J Biol Chem 268:2292-2295. 

76. Schreiber, R. E., E. R. Prossnitz, R. D. Ye, C. G. Cochrane, and G. M. Bokoch. 
1994. Domains of the human neutrophil N-formyl peptide receptor involved in 
G protein coupling. Mapping with receptor-derived peptides. J Biol Chem 
269:326-331. 

77. Quehenberger, O., E. R. Prossnitz, S. L. Cavanagh, C. G. Cochrane, and R. D. 
Ye. 1993. Multiple domains of the N-formyl peptide receptor are required for 
high-affinity ligand binding. Construction and analysis of chimeric N-formyl 
peptide receptors. J Biol Chem 268:18167-18175. 

 38



78. Kindzelskii, A. L., W. Xue, R. F. Todd, 3rd, and H. R. Petty. 1994. Imaging the 
spatial distribution of membrane receptors during neutrophil phagocytosis. J 
Struct Biol 113:191-198. 

79. Schepetkin, I. A., L. N. Kirpotina, J. Tian, A. I. Khlebnikov, R. D. Ye, and M. 
T. Quinn. 2008. Identification of novel formyl peptide receptor-like 1 agonists 
that induce macrophage tumor necrosis factor alpha production. Mol Pharmacol 
74:392-402. 

80. De Togni, P., P. Bellavite, V. Della Bianca, M. Grzeskowiak, and F. Rossi. 
1985. Intensity and kinetics of the respiratory burst of human neutrophils in 
relation to receptor occupancy and rate of occupation by 
formylmethionylleucylphenylalanine. Biochim Biophys Acta 838:12-22. 

81. Browning, D. D., Z. K. Pan, E. R. Prossnitz, and R. D. Ye. 1997. Cell type- and 
developmental stage-specific activation of NF-kappaB by fMet-Leu-Phe in 
myeloid cells. J Biol Chem 272:7995-8001. 

82. Gao, J. L., E. J. Lee, and P. M. Murphy. 1999. Impaired antibacterial host 
defense in mice lacking the N-formylpeptide receptor. J Exp Med 189:657-662. 

83. Rabiet, M. J., E. Huet, and F. Boulay. 2005. Human mitochondria-derived N-
formylated peptides are novel agonists equally active on FPR and FPRL1, while 
Listeria monocytogenes-derived peptides preferentially activate FPR. Eur J 
Immunol 35:2486-2495. 

84. Postma, B., M. J. Poppelier, J. C. van Galen, E. R. Prossnitz, J. A. van Strijp, C. 
J. de Haas, and K. P. van Kessel. 2004. Chemotaxis inhibitory protein of 
Staphylococcus aureus binds specifically to the C5a and formylated peptide 
receptor. J Immunol 172:6994-7001. 

85. Gwinn, M. R., A. Sharma, and E. De Nardin. 1999. Single nucleotide 
polymorphisms of the N-formyl peptide receptor in localized juvenile 
periodontitis. J Periodontol 70:1194-1201. 

86. Zhou, Y., X. Bian, Y. Le, W. Gong, J. Hu, X. Zhang, L. Wang, P. Iribarren, R. 
Salcedo, O. M. Howard, W. Farrar, and J. M. Wang. 2005. Formylpeptide 
receptor FPR and the rapid growth of malignant human gliomas. J Natl Cancer 
Inst 97:823-835. 

87. Chen, D. L., Y. F. Ping, S. C. Yu, J. H. Chen, X. H. Yao, X. F. Jiang, H. R. 
Zhang, Q. L. Wang, and X. W. Bian. 2009. Downregulating FPR restrains 
xenograft tumors by impairing the angiogenic potential and invasive capability 
of malignant glioma cells. Biochem Biophys Res Commun. 

88. Iribarren, P., Y. Zhou, J. Hu, Y. Le, and J. M. Wang. 2005. Role of formyl 
peptide receptor-like 1 (FPRL1/FPR2) in mononuclear phagocyte responses in 
Alzheimer disease. Immunol Res 31:165-176. 

89. Tempel, T. R., R. Snyderman, H. V. Jordan, and S. E. Mergenhagen. 1970. 
Factors from saliva and oral bacteria, chemotactic for polymorphonuclear 
leukocytes: their possible role in gingival inflammation. J Periodontol 41:71-
80. 

90. Schiffmann, E., H. V. Showell, B. A. Corcoran, P. A. Ward, E. Smith, and E. L. 
Becker. 1975. The isolation and partial characterization of neutrophil 
chemotactic factors from Escherichia coli. J Immunol 114:1831-1837. 

 39



91. Bianchetti, R., G. Lucchini, and M. L. Sartirana. 1971. Endogenous systhesis of 
formyl-methionine peptides in isolated mitochondria and chloroplasts. Biochem 
Biophys Res Commun 42:97-102. 

92. Karlsson, J., H. Fu, F. Boulay, C. Dahlgren, K. Hellstrand, and C. Movitz. 
2005. Neutrophil NADPH-oxidase activation by an annexin AI peptide is 
transduced by the formyl peptide receptor (FPR), whereas an inhibitory signal 
is generated independently of the FPR family receptors. J Leukoc Biol 78:762-
771. 

93. Svensson, L., E. Redvall, C. Bjorn, J. Karlsson, A. M. Bergin, M. J. Rabiet, C. 
Dahlgren, and C. Wenneras. 2007. House dust mite allergen activates human 
eosinophils via formyl peptide receptor and formyl peptide receptor-like 1. Eur 
J Immunol 37:1966-1977. 

94. Dahlgren, C., T. Christophe, F. Boulay, P. N. Madianos, M. J. Rabiet, and A. 
Karlsson. 2000. The synthetic chemoattractant Trp-Lys-Tyr-Met-Val-DMet 
activates neutrophils preferentially through the lipoxin A(4) receptor. Blood 
95:1810-1818. 

95. Christophe, T., A. Karlsson, C. Dugave, M. J. Rabiet, F. Boulay, and C. 
Dahlgren. 2001. The synthetic peptide Trp-Lys-Tyr-Met-Val-Met-NH2 
specifically activates neutrophils through FPRL1/lipoxin A4 receptors and is an 
agonist for the orphan monocyte-expressed chemoattractant receptor FPRL2. J 
Biol Chem 276:21585-21593. 

96. Fiore, S., J. F. Maddox, H. D. Perez, and C. N. Serhan. 1994. Identification of a 
human cDNA encoding a functional high affinity lipoxin A4 receptor. J Exp 
Med 180:253-260. 

97. Christophe, T., A. Karlsson, M. J. Rabiet, F. Boulay, and C. Dahlgren. 2002. 
Phagocyte activation by Trp-Lys-Tyr-Met-Val-Met, acting through 
FPRL1/LXA4R, is not affected by lipoxin A4. Scand J Immunol 56:470-476. 

98. Hu, J. Y., Y. Le, W. Gong, N. M. Dunlop, J. L. Gao, P. M. Murphy, and J. M. 
Wang. 2001. Synthetic peptide MMK-1 is a highly specific chemotactic agonist 
for leukocyte FPRL1. J Leukoc Biol 70:155-161. 

99. Su, S. B., W. Gong, J. L. Gao, W. Shen, P. M. Murphy, J. J. Oppenheim, and J. 
M. Wang. 1999. A seven-transmembrane, G protein-coupled receptor, FPRL1, 
mediates the chemotactic activity of serum amyloid A for human phagocytic 
cells. J Exp Med 189:395-402. 

100. Le, Y., W. Gong, H. L. Tiffany, A. Tumanov, S. Nedospasov, W. Shen, N. M. 
Dunlop, J. L. Gao, P. M. Murphy, J. J. Oppenheim, and J. M. Wang. 2001. 
Amyloid (beta)42 activates a G-protein-coupled chemoattractant receptor, FPR-
like-1. J Neurosci 21:RC123. 

101. Le, Y., H. Yazawa, W. Gong, Z. Yu, V. J. Ferrans, P. M. Murphy, and J. M. 
Wang. 2001. The neurotoxic prion peptide fragment PrP(106-126) is a 
chemotactic agonist for the G protein-coupled receptor formyl peptide receptor-
like 1. J Immunol 166:1448-1451. 

102. Bjorkman, L., J. Karlsson, A. Karlsson, M. J. Rabiet, F. Boulay, H. Fu, J. 
Bylund, and C. Dahlgren. 2008. Serum amyloid A mediates human neutrophil 
production of reactive oxygen species through a receptor independent of formyl 
peptide receptor like-1. J Leukoc Biol 83:245-253. 

 40



103. Migeotte, I., E. Riboldi, J. D. Franssen, F. Gregoire, C. Loison, V. Wittamer, 
M. Detheux, P. Robberecht, S. Costagliola, G. Vassart, S. Sozzani, M. 
Parmentier, and D. Communi. 2005. Identification and characterization of an 
endogenous chemotactic ligand specific for FPRL2. J Exp Med 201:83-93. 

104. Wenzel-Seifert, K., and R. Seifert. 1993. Cyclosporin H is a potent and 
selective formyl peptide receptor antagonist. Comparison with N-t-
butoxycarbonyl-L-phenylalanyl-L-leucyl-L-phenylalanyl-L- leucyl-L-
phenylalanine and cyclosporins A, B, C, D, and E. J Immunol 150:4591-4599. 

105. Stenfeldt, A. L., J. Karlsson, C. Wenneras, J. Bylund, H. Fu, and C. Dahlgren. 
2007. Cyclosporin H, Boc-MLF and Boc-FLFLF are antagonists that 
preferentially inhibit activity triggered through the formyl peptide receptor. 
Inflammation 30:224-229. 

106. Bae, Y. S., H. Y. Lee, E. J. Jo, J. I. Kim, H. K. Kang, R. D. Ye, J. Y. Kwak, and 
S. H. Ryu. 2004. Identification of peptides that antagonize formyl peptide 
receptor-like 1-mediated signaling. J Immunol 173:607-614. 

107. Shin, E. H., H. Y. Lee, S. D. Kim, S. H. Jo, M. K. Kim, K. S. Park, H. Lee, and 
Y. S. Bae. 2006. Trp-Arg-Trp-Trp-Trp-Trp antagonizes formyl peptide receptor 
like 2-mediated signaling. Biochem Biophys Res Commun 341:1317-1322. 

108. Fu, H., L. Bjorkman, P. Janmey, A. Karlsson, J. Karlsson, C. Movitz, and C. 
Dahlgren. 2004. The two neutrophil members of the formylpeptide receptor 
family activate the NADPH-oxidase through signals that differ in sensitivity to 
a gelsolin derived phosphoinositide-binding peptide. BMC Cell Biol 5:50. 

109. Guse, A. H. 2004. Regulation of calcium signaling by the second messenger 
cyclic adenosine diphosphoribose (cADPR). Curr Mol Med 4:239-248. 

110. Partida-Sanchez, S., D. A. Cockayne, S. Monard, E. L. Jacobson, N. 
Oppenheimer, B. Garvy, K. Kusser, S. Goodrich, M. Howard, A. Harmsen, T. 
D. Randall, and F. E. Lund. 2001. Cyclic ADP-ribose production by CD38 
regulates intracellular calcium release, extracellular calcium influx and 
chemotaxis in neutrophils and is required for bacterial clearance in vivo. Nat 
Med 7:1209-1216. 

111. Ebihara, S., T. Sasaki, W. Hida, Y. Kikuchi, T. Oshiro, S. Shimura, S. 
Takasawa, H. Okamoto, A. Nishiyama, N. Akaike, and K. Shirato. 1997. Role 
of cyclic ADP-ribose in ATP-activated potassium currents in alveolar 
macrophages. J Biol Chem 272:16023-16029. 

112. Roos, J., P. J. DiGregorio, A. V. Yeromin, K. Ohlsen, M. Lioudyno, S. Zhang, 
O. Safrina, J. A. Kozak, S. L. Wagner, M. D. Cahalan, G. Velicelebi, and K. A. 
Stauderman. 2005. STIM1, an essential and conserved component of store-
operated Ca2+ channel function. J Cell Biol 169:435-445. 

113. Zhang, S. L., Y. Yu, J. Roos, J. A. Kozak, T. J. Deerinck, M. H. Ellisman, K. A. 
Stauderman, and M. D. Cahalan. 2005. STIM1 is a Ca2+ sensor that activates 
CRAC channels and migrates from the Ca2+ store to the plasma membrane. 
Nature 437:902-905. 

114. Putney, J. W., Jr. 2005. Capacitative calcium entry: sensing the calcium stores. 
J Cell Biol 169:381-382. 

115. Brechard, S., and E. J. Tschirhart. 2008. Regulation of superoxide production in 
neutrophils: role of calcium influx. J Leukoc Biol 84:1223-1237. 

 41



116. Burk, S. E., J. Lytton, D. H. MacLennan, and G. E. Shull. 1989. cDNA cloning, 
functional expression, and mRNA tissue distribution of a third organellar Ca2+ 
pump. J Biol Chem 264:18561-18568. 

117. Carafoli, E., L. Santella, D. Branca, and M. Brini. 2001. Generation, control, 
and processing of cellular calcium signals. Crit Rev Biochem Mol Biol 36:107-
260. 

118. Carafoli, E. 2004. Calcium-mediated cellular signals: a story of failures. Trends 
Biochem Sci 29:371-379. 

119. Krieger, C., and M. R. Duchen. 2002. Mitochondria, Ca2+ and 
neurodegenerative disease. Eur J Pharmacol 447:177-188. 

120. Laffafian, I., and M. B. Hallett. 1995. Does cytosolic free Ca2+ signal 
neutrophil chemotaxis in response to formylated chemotactic peptide? J Cell 
Sci 108 ( Pt 10):3199-3205. 

121. Dahlgren, C., A. Johansson, and K. Orselius. 1989. Difference in hydrogen 
peroxide release between human neutrophils and neutrophil cytoplasts 
following calcium ionophore activation. A role of the subcellular granule in 
activation of the NADPH-oxidase in human neutrophils? Biochim Biophys Acta 
1010:41-48. 

122. Bylund, J., A. Bjorstad, D. Granfeldt, A. Karlsson, C. Woschnagg, and C. 
Dahlgren. 2003. Reactivation of formyl peptide receptors triggers the neutrophil 
NADPH-oxidase but not a transient rise in intracellular calcium. J Biol Chem 
278:30578-30586. 

123. Andersson, T., C. Dahlgren, T. Pozzan, O. Stendahl, and P. D. Lew. 1986. 
Characterization of fMet-Leu-Phe receptor-mediated Ca2+ influx across the 
plasma membrane of human neutrophils. Mol Pharmacol 30:437-443. 

124. Partida-Sanchez, S., P. Iribarren, M. E. Moreno-Garcia, J. L. Gao, P. M. 
Murphy, N. Oppenheimer, J. M. Wang, and F. E. Lund. 2004. Chemotaxis and 
calcium responses of phagocytes to formyl peptide receptor ligands is 
differentially regulated by cyclic ADP ribose. J Immunol 172:1896-1906. 

125. Clark, R. A. 1982. Chemotactic factors trigger their own oxidative inactivation 
by human neutrophils. J Immunol 129:2725-2728. 

126. Huet, E., F. Boulay, S. Barral, and M. J. Rabiet. 2007. The role of beta-arrestins 
in the formyl peptide receptor-like 1 internalization and signaling. Cell Signal 
19:1939-1948. 

127. Rabiet, M. J., E. Huet, and F. Boulay. 2007. The N-formyl peptide receptors 
and the anaphylatoxin C5a receptors: an overview. Biochimie 89:1089-1106. 

128. Ferguson, S. S. 2001. Evolving concepts in G protein-coupled receptor 
endocytosis: the role in receptor desensitization and signaling. Pharmacol Rev 
53:1-24. 

129. Hsu, M. H., S. C. Chiang, R. D. Ye, and E. R. Prossnitz. 1997. Phosphorylation 
of the N-formyl peptide receptor is required for receptor internalization but not 
chemotaxis. J Biol Chem 272:29426-29429. 

130. Fu, H., J. Bylund, A. Karlsson, S. Pellme, and C. Dahlgren. 2004. The 
mechanism for activation of the neutrophil NADPH-oxidase by the peptides 
formyl-Met-Leu-Phe and Trp-Lys-Tyr-Met-Val-Met differs from that for 
interleukin-8. Immunology 112:201-210. 

 42



131. Uhing, R. J., and R. Snyderman. 1999. Chemoattractant stimulus-response 
coupling. In Inflammation; Basic principles and clinical correlates, 3:rd ed. J. I. 
Gallin, and R. Snyderman, eds. Lippincott, Williams and Wilkins. 

132. Collins, S. J., R. C. Gallo, and R. E. Gallagher. 1977. Continuous growth and 
differentiation of human myeloid leukaemic cells in suspension culture. Nature 
270:347-349. 

133. Bylund, J., T. Christophe, F. Boulay, T. Nystrom, A. Karlsson, and C. 
Dahlgren. 2001. Proinflammatory activity of a cecropin-like antibacterial 
peptide from Helicobacter pylori. Antimicrob Agents Chemother 45:1700-1704. 

134. Tucker, K. A., M. B. Lilly, L. Heck, Jr., and T. A. Rado. 1987. Characterization 
of a new human diploid myeloid leukemia cell line (PLB-985) with 
granulocytic and monocytic differentiating capacity. Blood 70:372-378. 

135. Zhen, L., A. A. King, Y. Xiao, S. J. Chanock, S. H. Orkin, and M. C. Dinauer. 
1993. Gene targeting of X chromosome-linked chronic granulomatous disease 
locus in a human myeloid leukemia cell line and rescue by expression of 
recombinant gp91phox. Proc Natl Acad Sci U S A 90:9832-9836. 

136. Collins, S. J. 1987. The HL-60 promyelocytic leukemia cell line: proliferation, 
differentiation, and cellular oncogene expression. Blood 70:1233-1244. 

137. Zahn, S., J. Zwirner, H. P. Spengler, and O. Gotze. 1997. Chemoattractant 
receptors for interleukin-8 and C5a: expression on peripheral blood leukocytes 
and differential regulation on HL-60 and AML-193 cells by vitamin D3 and all-
trans retinoic acid. Eur J Immunol 27:935-940. 

138. Collins, S. J., F. W. Ruscetti, R. E. Gallagher, and R. C. Gallo. 1978. Terminal 
differentiation of human promyelocytic leukemia cells induced by dimethyl 
sulfoxide and other polar compounds. Proc Natl Acad Sci U S A 75:2458-2462. 

139. Lonnbro, P., P. Nordenfelt, and H. Tapper. 2008. Isolation of bacteria-
containing phagosomes by magnetic selection. BMC Cell Biol 9:35. 

140. Thompson, B. Y., G. Sivam, B. E. Britigan, G. M. Rosen, and M. S. Cohen. 
1988. Oxygen metabolism of the HL-60 cell line: comparison of the effects of 
monocytoid and neutrophilic differentiation. J Leukoc Biol 43:140-147. 

141. Dahlgren, C., T. Andersson, and O. Stendahl. 1987. Chemotactic factor binding 
and functional capacity: a comparison between human granulocytes and 
differentiated HL-60 cells. J Leukoc Biol 42:245-252. 

 43



Populärvetenskaplig sammanfattning 
 
Vi befinner oss i en omgivning där vi konstant är utsatta för mikroorganismer 
(bakterier och virus) vilka skulle kunna orsaka skada. Trots detta faktum är det 
inte särskilt ofta som vi faktiskt blir allvarligt sjuka. Anledningen till det är att 
människan har utvecklat ett effektivt immunförsvar. Vår första försvarsbarriär 
mot mikroorganismers intrång utgörs av ett antal rent fysiska hinder. Denna 
barriär består av hud och slemhinnor tillsammans med t.ex. saliv och sekret i 
mun och övre luftvägar samt magsyra som utgör den ogästvänliga miljön i 
magsäcken. Om de fysiska barriärerna förblir intakta skyddas kroppen bra mot 
infektion, men vid ett brott i barriären finns det risk för invasion av bakterier. 
När barriärbrottet sker aktiveras de delar av immunförsvaret som finns inne i 
kroppen. Det utgörs av celler (t.ex. vita blodkroppar) men också olika lösliga 
faktorer, vilka startar den process som kallas akut inflammation. En aktivering 
av immunförsvaret sker även vid en skada utan efterföljande infektion av 
mikroorganismer som t.ex. vid en stukning.  
Immunförsvaret kan delas in i två delar, det medfödda och det förvärvade. 
Cellerna i det förvärvade immunförsvaret kan ”utbildas” till att känna igen vissa 
potentiellt skadliga mikroorganismer, för att väldigt specifikt kunna avvärja ett 
hot. Detta kan dock ta upp till flera dagar, och processen kan inte på börjas 
förrän efter det att invasionen av mikrober har startat. Det medfödda 
immunförsvaret är sett till evolutionen en  gammal mekanism som inte bara 
finns i däggdjur utan också i andra organismer. Cellerna som tillhör det 
medfödda immunförsvaret har till uppgift att agera snabbt vid en skada eller 
infektion, och de behöver ingen ”utbildning” för att fungera. De kan inte 
registrera exakt vad de stöter på utan känner istället igen återkommande 
molekylära mönster som indikerar fara, på/från bakterier men också från våra 
egna skadade celler generellt.  
De så kallade "professionella fagocyterna" (granulocyter / monocyter / 
makrofager) är viktiga celler i vårt medfödda immunförsvar och har till uppgift 
att eliminera invaderande bakterier. Granulocyterna utvecklas från celler i 
benmärgen och tidigt under sin mognadsprocess producerar dessa celler en 
mängd olika proteiner som förpackas i speciella granule. När cellerna är mogna 
skickas de ut för att cirkulera med blodet. Vid en skada producerar närliggande 
celler substanser för att locka till sig granulocyter och monocyter som vandrar 
från blodet till centrum för inflammationen, en process som kallas för kemotaxi. 
Invaderande mikroorganismer utlöser vid interaktion med receptorer på cellens 
plasmamembran en mängd olika signaler i cellen. Dessa processer syftar bl.a. till 
att inducera fagocytos (cellätande) och innesluta den främmande partikeln. 
Därefter ska cellen snabbt kunna döda och/eller bryta ned angriparen med hjälp 
av giftiga ämnen som har lagrats i granule men också nyproducerats. Om det 
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medfödda immunförsvarets ansträngningar inte är tillräckliga för att lösa 
situationen kommer en aktivering av det förvärvade immunförsvaret att ske. 
Som tidigare nämts tar det dock en tid innan det förvärvade immunförsvaret är 
redo för strid.  
De bakteriedödande ämnen som frisätts från fagocyter har tyvärr också negativa 
effekter på de egna cellerna, vilket kan resultera i vävnadsskada. I ett optimalt 
scenario elimineras bakterierna av fagocyter som därefter går i programmerad 
celldöd, de städas sedan bort av andra fagocyter (makrofager) som också gynnar 
läkningsprocessen. Om det förekommer störningar i utläkningen av den akuta 
inflammationen med en kvarstående aktivering av celler, kan detta leda till en 
kronisk inflammation eller autoimmunitet. 
 
Fagocyter använder speciella receptorer på sin yta för att hitta fram till sitt byte. 
Dessa receptorer känner igen substanser (kemoattraktanter) som utsöndras av 
bakterier eller skadad vävnad och man kan säga att fagocyterna ”luktar” sig fram 
till infektions-/inflammationsstället. Inbindningen av kemoattraktanter till 
receptorer på cellytan kan också starta andra aktiviteter utöver kemotaxi t.ex. 
produktion av toxiska s.k. fria syreradikaler.  
I mitt avhandlingsarbete har jag studerat receptorer vars signaler kan aktivera 
professionella fagocyter och mer specifikt en familj av kemoattraktantreceptorer 
som heter formyl peptid receptorer. Den här receptorfamiljen har tre medlemmar 
FPR1, FPR2 och FPR3 som har besläktade strukturer men inte alltid aktiveras av 
liknande substanser. Jag har undersökt vad de här receptorerna aktiveras av, 
vilken reaktion det utlöser i cellen och hur avstängningsmekanismen fungerar.  
 
I arbete I undersöks en sex aminosyror lång peptid som har visat sig kunna binda 
till både FPR1 och FPR2. Syftet var att studera om peptiden aktiverade fagocyter 
genom en eller eventuellt båda receptorerna. Vi visar att peptiden kan aktivera 
båda receptorerna men signalerar enbart genom FPR2 så länge den finns 
tillgänglig. Om FPR2 blockeras växlar receptorpreferensen och signalen går via 
FPR1 istället. Formyl peptid receptorerna har visat sig vara viktiga i vissa 
sjukdomstillstånd, och det har därför funnits ett visst experimentellt intresse att 
utveckla hämmare för dessa receptorer. Det är i sådana studier då viktigt att ta 
hänsyn till om det svar man vill blockera induceras av ett stimuli som kan växla 
receptorpreferens som i vårt arbete. 
 
I arbete II karaktäriseras syreradikalproduktion inducerad av en 13 aminosyror 
lång peptid, MMK-1, via FPR2. Den intracellulära kalciumfrisättningen som 
induceras av MMK-1 jämförs också med den som ges av en bakteriell peptid via 
FPR1. De två receptorerna FPR1 och FPR2 är strukturellt lika och ger upphov 
till liknande effekter i cellen, dock har det visat sig att de skiljer sig åt med 
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avseende på vissa signaler. I det här arbetet visar vi att signalering via de två 
receptorerna är beroende av frisättning av lagrat kalcium i cellen men också av 
insläpp av kalcium från omgivningen genom kanaler i plasmamembranet.     
 
I arbete III beskrivs ett metodologiskt problem angående mätningar av 
avstängningsmekanismen hos FPR1. Vi ger förslag till förbättringar av metoden 
för att undvika problem. En lösning är att utföra experimentet i en miljö som mer 
liknar kroppens egen genom att tillsätta serum eller serumproteiner. 
 
I det avslutande arbetet IV beskrivs en ny peptid som kommer från Herpes 
simplex virus typ 2 (HSV2). Peptiden är en del av glykoprotein G2 och den 
kallas gG2p19. Vi visar att monocyter aktiveras av gG2p19 via en receptor som 
inte tillhör FPR familjen men delar vissa egenskaper med denna receptorgrupp. 
Den ännu okända receptorn inducerar produktion av syreradikaler men kan inte 
inducera kemotaxis. 
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The peptide Trp-Lys-Tyr-Met-Val-D-Met activates
neutrophils through the formyl peptide receptor only when
signaling through the formylpeptde receptor like 1 is blocked
A receptor switch with implications for signal transduction
studies with inhibitors and receptor antagonists
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bDRDC/BBSI (UMR 5092, CEA/CNRS/UJF) CEA-Grenoble, 17 rue des Martyrs, 38054 Grenoble-Cedex 9, France

b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 1 4 8 8 – 1 4 9 6

a r t i c l e i n f o

Article history:

Received 8 December 2005

Accepted 14 February 2006

Keywords:

Neutrophils

Formyl peptide receptors

Receptor antagonists

Signal transduction

NADPH-oxidase

Chemoattractant receptors

a b s t r a c t

Neutrophils express the G protein-coupled N-formyl peptide receptor (FPR) and its homo-

logue FPRL1. The hexapeptide Trp-Lys-Tyr-Met-Val-D-Met-NH2 (WKYMVm) activates HL-60

cells transfected either with FPRL1 or with FPR. The signaling through the stably expressed

receptors was inhibited by specific receptor antagonists, cyclosporine H and WRWWWW

(WRW4) for FPR and FPRL1, respectively. The neutrophil release of superoxide was used to

determine receptor preference, when these cells were triggered with WKYMVm. The

response was not affected by the FPR specific antagonist suggesting that no signals are

transduced through this receptor. The response was only partly inhibited by WRW4, but this

antagonist induced a receptor switch, perceptible as a change in sensitivity to the FPR

antagonist. The activity remaining in the presence of WRW4 was inhibited by cyclosporine

H. A cell permeable peptide (PBP10) corresponding to the phosphatidyl-inositol-bispho-

sphate binding region of gelsolin, inhibited the FPRL1-, but not the FPR-induced cellular

response and induced the same type of receptor switch. We show that an agonist that has

the potential to bind and activate neutrophils through FPRL1 as well as through FPR, uses the

latter receptor and its signaling route, only when the activating signal generated through

FPRL1 is blocked. The receptor switch is achieved when signaling through FPRL1 is inhibited

both by a receptor antagonist, and by an inhibitor operating from the inside of the plasma

membrane. The phenomenon described is of general importance for proper interpretation

of results generated through the use of different ‘‘silencing technologies’’ in receptor

operated signaling transduction research.
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Introduction

e extravasation of leukocytes from the peripheral blood

eam to inflammatory sites is a key feature in the innate

mune response to infection [1,2]. Different chemoattrac-

ts (e.g. N-formylated peptides, C5a, IL-8, LTB4 and PAF) and

emokines induce leukocyte infiltration and activation

ough binding to G protein-coupled seven-transmembrane

l surface receptors (GPCRs) [3,4]. The general scheme for

emoattractant-signaling involves a dissociation of Gai2 from

Gbg subunit complex results in the activation of several

wnstream signaling effector enzymes that promote intra-

lular calcium mobilization, modifications in the metabo-

of phosphoinositides, and activation of mitogen-

ivated protein kinases [5]. The integration of the different

emoattractant-activated signaling pathways results in

ected cell migration, recruitment of new receptors from

granules to the cell surface, release of proteolytic enzymes,

duction of large amounts of superoxide by the neutrophil

DPH-oxidase, and increased gene transcription [6–9]. The

ent of the cellular response is dependent on the identity of

agonist and on the level of expression and desensitization

the receptors involved in the activation process [6–9].

Neutrophils express two very similar members of the

en-transmembrane GPCR super family, the formyl peptide

eptor (FPR) and the formyl peptide receptor like 1 (FPRL1)

r a review see [10]). FPRL1 was originally cloned from human

agocytes by low-stringency hybridization of a cDNA library

th the formyl peptide receptor (FPR) sequence and initially

ned as an orphan receptor [1,11]. The fact that the

oplasmic regions of FPRL1 share around 80% identity with

suggests that signaling from the two receptors should be

y similar. During the past few years several different

tides/proteins have been reported to function as agonists

FPRL1 and in accordance with the great similarities of this

eptor with FPR, most of these agonists trigger the same

utrophil functions as the prototype FPR agonist fMLF [12].

e neutrophil activating FPRL1 agonists include HIV derived

tides, antimicrobial peptides, the acute phase protein

um amyloid A (SAA), the neurotoxic prion peptide fragment

–126, mitochondria derived peptides, and the synthetic

tide Trp-Lys-Tyr-Met-Val-Met-NH2 (WKYMVM) [13–16].

n though no defined structure has been identified to be

determinant for FPRL1 binding and activation, the close

ationship between structural variation and function is

strated by the fact that an exchange of the carboxyterminal

ethionine in WKYMVM for the D-isomer (indicated by

er case m as opposed to the capital M), broadens the

ding characteristics of the peptide to include also FPR as a

h affinity receptor [13,17].

The WKYMVm peptide is a very potent activator of several

kocyte effector functions [17,18] and since the peptide has

ability to bind and activate both FPR and FPRL1, the

estion arises whether the peptide uses one or the other or

th of these two receptors during activation of neutrophils.

cently described peptides that selectively interfere with

L1-triggered responses [19,20] were used to determine the

eptor involved in WKYMVm induced activation of the

utrophil superoxide anion generating oxidase. We could

w that the FPR specific antagonist cyclosporine H inhibited

the triggering

FPRL1 was bloc

2. Exper

2.1. Isolatio

Blood neutroph

blood donors, u

gradient centr

resuspended (1

containing 10 m

pH 7.3).

2.2. Peptide

The hexapeptid

m) were synth

(University of B

formylmethiony

Chemical Co. (S

Trp-Trp-Trp-CO

away, NJ) and c

Pharma (Basel, S

were dissolved

�70 8C until use

The peptide

prepared by so

rhodamine as d

Janmey.

2.3. Stable e
undifferentiated

The stable exp

cells has been p

cells was perfo

Pulser apparatu

of the techniqu

electroporation

culture medium

containing G41

cultured in RP

containing FCS

(1%) (PAA Labo

The maximal d

The cells were p

approximately

2.4. Neutrop

The NADPH-o

isoluminol-enh

The CL activity

9505 (Berthold C

polypropylene t

ing 5 � 105 neut

and isoluminol

Biolumat for 5 m

b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 1 4
e oxidase only when signaling through

.

ntal procedures

human neutrophils

ere isolated from buffy coats from healthy

dextran sedimentation and Ficoll–Paque

ation [21]. All cells were washed and

07/ml) in Krebs–Ringer phosphate buffer

lucose, 1 mM Ca2+, and 1.5 mM Mg2+ (KRG,

d peptide receptor antagonists

Trp-Lys-Tyr-Met-Val-Met-NH2 (WKYMVM/

ed and HPLC purified by Alta Bioscience

ingham, UK). The formylated peptide N-

ucyl-phenylalanine (fMLF) was from Sigma

uis, MO). The receptor antagonist Arg-Trp-

2 (WRW4) was from GenScript Corp. (Piscat-

sporin H was kindly provided by Novartis

zerland). The peptides/receptor antagonists

imethyl sulfoxide to 10�2 M and stored at

rther dilutions were made in KRG.

RLFQVKGRR (gelsolin residues 160–169),

phase peptide synthesis and coupled to

ibed [22], was a generous gift from Dr. Paul

ession of FPR and FPRL1 in
-60 cells

ion of FPR and FPRL1 in undifferentiated

ously described [17]. Transfection of HL-60

d by electroporation with a Bio-Rad Gene

ccording to a slightly modified version [23]

escribed by Tonetti et al. [24]. Following

lls were allowed to recover in 20 ml of

r 48 h prior to selection in a medium

1 mg/ml) (Gibco, Invitrogen). Cells were

1640 (PAA Laboratories GmbH, Austria)

) (PAA Laboratories GmbH, Austria), PEST

ries GmbH, Austria) and G418 (1 mg/ml).

ty was maintained below 2 � 106 cells/ml.

aged to a concentration of 5 � 105 cells/ml

prior to use in assays.

NADPH-oxidase activity

se activity was determined using an

ed chemiluminescence (CL) system [25].

s measured in a six-channel Biolumat LB

ildbad, Germany), using disposable 4-ml

s with a 1000 ml reaction mixture contain-

hils/ml, horseradish peroxidase (HRP; 4U)

10�5 M). The tubes were equilibrated in the

at 37 8C, after which the stimulus (0.1 ml)

1 4 9 6 1489
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in
s added. By a direct comparison of the superoxide

mutase (SOD) inhibitable reduction of cytochrome C and

D inhibitable CL, 7.2 � 107 cpm were found to correspond to

roduction of 1 nmol of superoxide (a millimolar extinction

efficient for cytochrome C of 21.1 was used). Details about

e CL technique is given in [25].

. Determination of changes in cytosolic calcium in
-60 cells expressing FPR or FPRL1

-60 cells at the density of 1–3� 106 cells/ml were washed

th KRG without Ca2+. The cell pellets were resuspended at a

nsity of 2 � 107 cells/ml in KRG without Ca2+ containing 0.1%

A and loadedwith2 mM Fura 2-AM(MolecularProbes,Eugene,

) for 30 min, at RT. Cells were then diluted to twice the

iginalvolumewithRPMI1640culturemediumwithoutphenol

(PAA Laboratories GmbH, Austria) and centrifuged. Finally

e cells were washed once in KRG (with 1.0 mM Ca2+ from here

), and resuspended in KRG at a density of 2 � 107 cells/ml.

lcium measurements were carried out with a Perkin-Elmer

orescence spectrophotometer (LC50) with an excitation

velength of 340 nm, an emission wavelength of 505 nm

specifically ac

vates primaril

When triggerin

stably express

specific agonis

mobilization o

(Fig. 1A) but n

expressing ce

antagonist WK

tion of intracel

not the fMLF

(Fig. 1A). The D-

is somewhat

activation of

through FPR [17

were retained

the WKYMVm-

by cyclosporin

WKW4 in FPRL1

the receptor s

obtained with

triggered by W

b i o c h e m i c a l p h a r m a c o l o g y 7 1 ( 2 0 0 6 ) 190
d slit widths of 5 and 10 nm, respectively. Intracellular free expressing cells w

-ind
fect

tic p

e ne

spe

pec

y in

spon

ifici

he F
lcium concentrations were calculated using the following

mula: (Ca2+)i = KD(F � Fmin)/(Fmax � F) with a KD for Fura-2 of

4 nM; Fmax is the fluorescence in the presence of 0.04% Triton

100 and Fmin the fluorescence obtained after addition of 5 mM

TA plus 30 mM Tris–HCl, pH 7.4.

Results

. Peptide-induced mobilization of intracellular Ca2+ in
nsfected HL-60 cells expressing the N-formyl peptide
eptor (FPR) or its homologue FPRL1

not shown).

3.2. Peptide
neutrophils—ef

The chemotac

activators of th

reactive oxygen

to its receptor s

oxidase activit

effect on the re

verify the spec

investigated. T
addition to the high-affinity N-formyl peptide receptor

R), human neutrophils express a structurally related

ceptor originally known as FPRL1. These receptors are

but not the fMLF-in

When exposing

oxide production

. 1 – Effects of the receptor antagonists cyclosporine H (cys H; FPR specific) and W

tracellular Ca2+ transient in HL-60 cells expressing FPR or FPRL1. Stably transfected H

re loaded with Fura-2 and incubated (at 37 8C for 5 min) in the absence or presenc

RW4). The cells were then triggered with the FPR agonist fMLF (A; 10S7 M final conce

10S7 M final concentration). The time point for addition of agonist is indicated by

re determined through measurement of the fluorescence emitted at 510 nm, duri

tracellular Ca2+ are expressed as the fluorescence change and representative expe
ted by the chemoattractants fMLF (acti-

R) and WKYMVM (activates FPRL1 [13]).

response in undifferentiated HL-60 cells

one or the other of the receptors, the FPR

closporine H inhibits the fMLF induced

tracellular Ca2+ in FPR expressing cells

he WKYMVM induced response in FPRL1

(Fig. 1B). Likewise, the FPRL1 specific

inhibits the WKYMVM induced mobiliza-

r Ca2+ in FPRL1 expressing cells (Fig. 1B) but

uced response in FPR expressing cells

thionyl containing hexapeptide WKYMVm

e potent than its L-conformer for the

L1. However, it can also activate cells

he specificities of the receptor antagonists

WKYMVm as the triggering agonist, i.e.

diated calcium mobilization was inhibited

in FPR-expressing cells (Fig. 2A) and by

pressing cells (Fig. 2B). In accordance with

ficities of the antagonists no effect was

KW4 when FPR expressing cells were

Vm or with cyclosporine H when FPRL1

ere triggered with the same agonist (data

uced NADPH-oxidase activity in
s of the receptor antagonists

eptides fMLF and WKYMVM are potent

utrophil NADPH-oxidase and the generated

cies are secreted from the cells. According

ificity, cyclosporine H blocked the NADPH-

duced by fMLF while the inhibitor had no

se induced by WKYMVM (Fig. 3). To further

ty in inhibition, the effects of WKW4 were

PRL1 antagonist inhibited the WKYMVM-

– 1 4 9 6
duced response (Fig. 3).

neutrophils to WKYMVm, a similar super-

was achieved and the response was

RWWWW (WRW4; FPRL1 specific) on the

L-60 cells expressing either FPR or FPRL1

e of the antagonists (1 mM cys H or 5 mM

ntration) or the FPRL1 agonist WKYMVM

an arrow. The changes in cytosolic Ca2+

ng excitation at 340 nm. The levels of

riments out of at least three are shown.
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Fig WW (WRW4; B) on the response in receptor

ex 0 cells expressing either FPR or FPRL1 were

loa he antagonists (1 mM cys H or 5 mM WRW4).

Th time point for addition of agonist is

ind easurement of the fluorescence emitted at

51 as the fluorescence change and

rep

xide production in neutrophils triggered

r WKYMVM (B) and the effects of receptor

nists. Neutrophils were pre-incubated at

in the absence or presence of the

s H (1 mM) or WRW4 (5 mM). The cells were

d with fMLF (10S7 M) or WKYMVM (10S7 M)

of superoxide anion was monitored. The

ddition of the agonist is indicated by an

amount of superoxide is expressed in

Abscissa; time of study (min); ordinate;

expressed in Mcpm.
ensitive to cyclosporine H, showing that FPR is not involved

signaling and suggesting that the signals go through FPRL1.

e FPRL1 antagonist had, however, no effect when a high

centration of WKYMVm was used (10�7 M; data not shown)

d only partly inhibited the response when a lower,

optimal, concentration (2 � 10�8 M or lower) was used to

ger the cells (Fig. 4).

. Combined effects of the receptor antagonists

the one hand, the observation that cyclosporine H was

thout effect on the WKYMVm induced respiratory burst

ivity suggests that FPR is not involved in transmitting the

ivating signals. On the other hand, the observation that the

L1 antagonist reduces the response with only around 50%

gests that FPR indeed is involved in the activation process,

that a third (unknown) receptor is involved. The involve-

nt of FPR was evident, as the NADPH-oxidase activity

aining in the presence of WKW4 was inhibited by

losporine H (Fig. 4). The fact that all activity was inhibited

en the two antagonists were combined also excludes the

ssible involvement of a third receptor in the activation

cess.

The same pattern of inhibition with the antagonists alone

d in combination, was evident when the change in

racellular Ca2+ was determined instead of oxidase activity

g. 5). Moreover, the pattern of inhibition with the antago-

ts alone and in combination, was the same also when

ferentiated HL-60 cells were triggered with WKYMVm (data

t shown).

. Effects of PBP10 on NADPH-oxidase activity

ell permeable 10 amino acid peptide (PBP10) derived from

phosphatidylinositol 4,5-bisphosphate (PIP2) binding

ion of gelsolin blocks activation of the oxidase and the

sequent secretion of oxygen radicals. The inhibitory effect

PBP10 is receptor specific and affects the WKYMVM but not

. 2 – Effects of the receptor antagonists cyclosporine H (cys H; A) and WRWW

pressing HL-60 using WKYMVm as triggering agonist. Stably transfected HL-6

ded with Fura-2 incubated (at 37 8C for 5 min) in the absence or presence of t

e cells were then triggered with WKYMVm (10S8 M final concentration). The

icated by an arrow. The changes in cytosolic Ca2+ were determined through m

0 nm, during excitation at 340. The levels of intracellular Ca2+ are expressed

resentative experiments out of at least three are shown.

Fig. 3 – Supero

with fMLF (A) o

specific antago

37 8C for 5 min

antagonists, Cy

then challenge

and the release

time point for a

arrow and the

arbitrary units.

light emission
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Fig. 4 – Superoxide production in neutrophils triggered with

WKYMVm and the effects of receptor specific antagonists.

Neutrophils were pre-incubated at 37 8C for 5 min in the

absence or presence of the inhibitors, Cys H (1 mM), WRW4

(5

wi

an

va
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Fig
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W
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th

of the PIP2 binding peptide PBP10 on

ion production in neutrophils triggered with
e fMLF induced cellular response (Fig. 6) [20]. The NADPH-

idase induced by WKYMVm was only partly inhibited by

P10 unless the signaling through FPR was also inhibited

mM) or a mixture of both. The cells were then challenged

th WKYMVm (10S8 M) and the release of superoxide

ion was monitored. The amounts of superoxide (peak

lues) produced are expressed as percent of control

thout any antagonist (mean W S.E.M.; n = 3).

Fig. 6 – Effects

superoxide an
rough a simultaneous addition of cyclosporine H (Fig. 7). The

me inhibition patterns with the inhibitor, were obtained

en differentiated, HL-60 cells were triggered with

KYMVm (Fig. 7 inset). The differentiated HL-60 cells lack

ecific granules [26] and are thus unable to recruit new

plasma membran

showing that the i

triggered receptor

3.5. Activation
the FPR agonist fM

Receptor desensiti

tactc receptors sug

cross-talk between

hierarchy has been

FPR/FPRL1 agonists

agonist IL-8 as the

A receptor hier

family could be a m

to work through

potential to activat

The FPR was, how

generated through

activity was more

. 5 – Effects of the receptor antagonists cyclosporine H

s H; FPR specific) and WRWWWW (WRW4; FPRL1

ecific) on the intracellular Ca2+ transient in neutrophils.

lls were loaded with Fura-2 and incubated (at 37 8C for

in) in the absence or presence of the antagonists (1 mM

s H or 5 mM WRW4). The cells were then triggered with

KYMVm (5 � 10S9 M final concentration). The time point

addition of agonist is indicated by an arrow. The

anges in cytosolic Ca2+ were determined through

easurement of the fluorescence emitted at 510 nm,

ring excitation at 340 nm. The levels of intracellular
2+ are expressed as the rise in the concentration from

e resting level of around 100 nM.

WKYMVM (A) or fMLF (B). Neutrophils were pre-incubated

at 37 8C for 5 min in the absence or presence of PBP10

(1 mM). The cells were then challenged with WKYMVM (A;

10S7 M) of fMLF (B; 10S7 M) and the extracellular release of

superoxide anion was monitored with the use of an

isoluminol amplified chemiluminescence system. The

time point for addition of the agonist is indicated by an

arrow and the amount of superoxide produced is

expressed in arbit

ordinate; light em
e receptors from granule stores [27,28],

nhibition pattern is independent of ligand

mobilization.

through FPRL1 does not block signaling by
LF

zation experiments of neutrophil chemo-

gest the existence of a hierarchial receptor

different families of receptors [29]. This

shown to be operating for activation with

as the primary event and the CXC receptor

second receptor/ligand pair [12,30].

archy within the formyl peptide receptor

echanism by which WKYMVm ‘‘chooses’’

only one receptor despite the inherent

e neutrophils through both FPR and FPRL1.

ever, able to add to the activating signal

FPRL1. The neutrophil NADPH-oxidase

potent when the cells were triggered by a

rary units. Abscissa; time of study (min);

ission expressed in Mcpm.
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Fig. 7 – Effects of the PIP2 binding peptide PBP10 and Cys H

on superoxide anion production in neutrophils and

differentiated HL-60 cells (inset) triggered with WKYMVm.

The cells were pre-incubated at 37 8C for 5 min in the

absence or presence of the inhibitors, PBP10 (1 mM), Cys H

(1 mM) or a mixture of both. The cells were then challenged

with WKYMVm (10S8 M) and the release of superoxide

anion was monitored. The amounts of superoxide (peak

values) produced are expressed as percent of control

without any antagonist (mean W S.E.M.; n = 3). Inset: Time

course of the response in HL-60 cells triggered with

WKYMVm alone (10S8 M; ) and in the presence of Cys

H (1 mM; ), PBP 10 (1 mM; ), and both Cys H and PBP10

( ).

Fig. 9 – Effect of Cys H on neutrophil superoxide production

in cells triggered simultaneously with WKYMVM and

fMLF, two agonists with different receptor specificities.

Neutrophils were pre-incubated at 37 8C for 5 min in the

absence or presence of Cys H (1 mM). The cells were then

challenged with WKYMVM (4 � 10S8 M) and fMLF

(2 � 10S8 M) alone or by the two agonists together and the

release of superoxide anion was monitored. The time

point for addition o

and the amount of

units. Abscissa; tim

emission expresse

Fig. 8 – Effect of Cys H on neutrophil superoxide production

in cells triggered simultaneously with WKYMVm and

fMLF, two agonists with overlapping receptor specificities.

Neutrophils were pre-incubated at 37 8C for 5 min in the

absence or presence of Cys H (1 mM). The cells were then

challenged with WKYMVm (2 � 10S9 M) and fMLF (10S7 M)

alone or by the two agonists together and the release of

superoxide anion was monitored. The time point for

addition of the agonist is indicated by an arrow and the

amount of superoxide is expressed in arbitrary units.

Abscissa; time of study (min); ordinate; light emission

expressed in Mcpm.
f the agonists is indicated by an arrow

superoxide is expressed in arbitrary

e of study (min); ordinate; light

d in Mcpm.
M/m and fMLF, compared to the activity

M/m alone, and the increase was indeed

R agonist cyclosporine H (Figs. 8 and 9).

n

upled seven-transmembrane neutrophil

FPRL1, belong to the N-formyl peptide

ceptor family [14,16]. The two receptors

uence similarity, they have the same

ution, the major portions localized in

lles, and despite the fact that the two

ptors recognize ligands with large struc-

e receptors induce almost indistinguish-

ponses [10]. The first prototypical

LF binds to FPR with high affinity, whereas

L1 binds the same agonist with very low

earlier shown that the hexapeptide

ely activates neutrophils via FPRL1 [13].

fore emerges as a very useful agonist to

am signaling of FPRL1 without interference

e activation of FPR, and this has made it

receptor antagonists [19] and also a specific

ransduction [20]. Even though no defined

ce has been identified to be the determi-

FPRL1 binding and activation, there is

elationship between structural variation

is clearly illustrated by the fact that an

rboxyterminal L-methionine in WKYMVM

nerates a peptide that increases its binding

same time the WKYMVm peptide is an
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onist also for FPR with roughly the same receptor affinity as

LF [17]. In this study we used receptor specific antagonists

KW4 for FPRL1 and cyclosporine H for FPR) and an earlier

scribed receptor specific inhibitor (the gelsolin derived

ptide PBP10) to determine whether WKYMVm uses one or

e other, or both of the formyl peptide receptor family

embers to trigger the neutrophil NADPH-oxidase. We show

at WKYMVm has the ability to activate neutrophils through

th receptors, but the FPR signaling route is used only when

e FPRL1 signaling pathway is blocked.

We used cyclosporin H as an FPR antagonist. This peptide

s been shown to be around 10 times more potent and more

ecific than earlier described antagonists in inhibiting FPR

ediated functions [31,32], and we could confirm its selectiv-

using fMLF and WKYMVM as agonists and HL-60 cells

pressing FPR or FPRL1 or normal neutrophils as target cells.

is reasonable to assume, that although WKYMVm can

tivate both FPR and FPRL1 expressing cells, this activation

volves different parts (binding sites) on these receptors. This

sumption is based the fact that cyclosporine H inhibits the

tivity transmitted in HL-60 cells stably expressing FPR but

s no effect on the signal induced in those expressing FPRL1.

cently several novel peptides were identified that inhibit

onist binding to FPRL1 [19] and the most potent of these,

RW4 was used in our experiments. The same experimental

t up as that used for characterization of cyclosporine H was

ed to define the inhibition profile of the FPRL1 antagonist

d, as expected, we could show that it blocks WKYMVM

duced activity in FPRL1 expressing cells but not the fMLF

duced activity induced in FPR expressing cells. Moreover the

ility to antagonize the activity was related to the receptor

d not to the stimulus as WKW4 reduced also the WKYMVm

sponse in FPRL1 but not in FPR expressing cells. No Ca2+

sponse is obtained with WKYMVm in undifferentiated non-

nsfected HL-60 cells or in cells stably expressing IL-8

ceptors [17], showing that the WKYMVm response is

ediated through FPRL1 and not through another unidentified

ceptor. The reason why WRW4 only partly inhibited the

KYMVm induced Ca2+ response, may be related to a

ference in affinity, between the agonist and the antagonist.

re important is, however, that WRW4 has no effect on the

sponse induced by WKYMVm in FPR expressing cells.

The neutrophil NADPH-oxidase activity induced by

KYMVm is very similar, with respect to kinetics and

agnitude, to those induced by the specific FPR and FPRL1

onists. Neutrophils exposed to WKYMVm for 10 min are

sensitized to both WKYMVM (working through FPRL1) and

LF (working through FPR) [17], suggesting that both

embers of the formyl peptide receptor family are involved

the activation process. According to this, cyclosporin H

ould block the activity; this antagonist was, however,

mpletely without effect on the response induced by

KYMVm regardless of agonist concentration. Although

ese results suggest that WKYMVm act solely through FPRL1,

e response was only partly inhibited by the FPRL1 antagonist

KW4. This could imply a third receptor, but when combined,

e two antagonists inhibited the WKYMVm induced neu-

phil activity totally. It has been shown that FPR as well as

RL1, dominate over the IL-8 signaling through CXC receptor

,29], and the mechanism suggested to be responsible for

this hierarchic

ylation. One ex

the existence o

formyl peptide

that when fM

WKYMVm or

increased and

sensitive, sugg

despite a simul

might still exist

on a direct dea
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triggered with W

receptors (FPR
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neutrophil form

(see below) but
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level inflicted b
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intracellular in

promotes WKY

are not solely d
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signaling cyto

binding peptid

blockage is spe

has no effect on

agonists [20]. T

only partly the
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H. Taken toge
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between the
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eactivation, has been receptor phosphor-

ation to the finding described here could be

ierarchical cross-talk also between the two

ptor family members. We found, however,

was added to the cells together with

YMVM, the neutrophil response was

part of the response was cyclosporine H

ng that FPR has the capacity to signal

ous activation of FPRL1. A type of hierarchy

t at some type of signaling level, rather than

ation of the receptors. Such a mechanism

olve a threshold for one of the signals

ing to such a ‘‘threshold dependent

als generated simultaneously by two dif-

fluence the cellular activity differently in

l (the strongest generated by the receptor

affinity?) reaches the effector function

r (the weaker generated by the receptor

ity?) is not allowed to pass the ‘‘threshold’’.

direct dose-response relationship between

tion and the amount of peptide used to

hils, and this is true both for fMLF and for

7]. This suggests that in order for a signal

(FPR) to be bypassed when the cells are

MVm, which has the ability to activate two

FPRL1) simultaneously, the two receptors

gh different signaling pathways. The two

peptide receptors fulfill this requirement

ould be noticed that the signals generated

eceptor is occupied by a high affinity ligand

strong enough to overcome the threshold

e signals from FPRL1. We can at present not

ctivation of FPR by WKYMVm induces a

ange that is slightly different from that

his may result in a lower affinity for the G-

case where both receptors are occupied by

ntially will bind to FPRL1. Accordingly,

onists are added together, FPR will be

by fMLF whereas FPRL1 will be occupied

both receptors will bind to the G-protein

sponse. The fact that PBP10, which is an

itor rather than a receptor antagonist,

m usage of FPR suggests that our findings

ndent on receptor/ligand affinities.

e two formyl peptide receptors in neutro-

degree of amino acid identity, also in the

mic domains, the cell permeable PIP2-

P10 blocks FPRL1-mediated signaling. This

for FPRL1 as illustrated by the fact that it

neutrophil response to FPR, C5aR or CXCR

PIP2-binding peptide inhibited, however,

YMVm induced superoxide production, but

ctivity to become sensitive to cyclosporine

, these data clearly demonstrate that a

rence exists in intracellular signaling

very closely related neutrophil formyl

embers. The precise mechanism by which

nterferes with FPRL1-signaling pathways

tor shift is achieved at a molecular level

rmined in detail.
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It should also be noticed that the results presented here

y have implications for all signal transduction studies

rformed, in which specific receptor antagonists or inhibitors

used. The constitutive and ubiquitous expression of cell

face receptors in neutrophils as well as other cells, implies

potential to target these molecules for control of unwanted

ammatory reactions or some other disease state, and one

proach is to develop specific antibodies or receptor

tagonists. The potential of such inhibitors might be

glected if the receptor agonist is promiscuous with respect

receptor binding and activation. Intracellular signal

nsduction pathways provide another rich source of

tential points for intervention in a huge number of cellular

ponses and disease states [33], but conclusions drawn from

dies using signal transduction inhibitors always suffer

m the uncertainty of their specificity. It is obvious that

clusions drawn regarding the potential of this type of

ibitors might also be neglected not only if the receptor

nist is promiscuous but also if multiple signaling pathways

triggered through the same receptor.
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Human neutrophils express formyl peptide receptor 1 and 2 (FPR1 and FPR2), two highly homologous
G-protein-coupled cell surface receptors important for the cellular recognition of chemotactic peptides.
They share many functional as well as signal transduction features, but some fundamental differences
have been described. One such difference was recently presented when the FPR2-specific ligand MMK-1
was shown to trigger a unique signal in neutrophils [S. Partida-Sanchez, P. Iribarren, M.E. Moreno-Garcia,
et al., Chemotaxis and calcium responses of phagocytes to formyl peptide receptor ligands is differentially
regulated by cyclic ADP ribose, J. Immunol. 172 (2004) 1896–1906]. This signal bypassed the emptying
cyte
hil
oxidase/blood

r
in-coupled receptors/GPCR
peptide receptors
llular/intracellular calcium

of the intracellular calcium stores, a route normally used to open the store-operated calcium channels
present in the plasma membrane of neutrophils. Instead, the binding of MMK-1 to FPR2 was shown to
trigger a direct opening of the plasma membrane channels. In this report, we add MMK-1 to a large number
of FPR2 ligands that activate the neutrophil superoxide-generating NADPH-oxidase. In contrast to earlier
findings we show that the transient rise in intracellular free calcium induced by MMK-1 involves both
a release of calcium from intracellular stores and an opening of channels in the plasma membrane. The
same pattern was obtained with another characterized FPR2 ligand, WKYMVM, and it is also obvious that

trigge

elect
lar ba
ecific
ces b

nd to
influx
perated calcium channels

signaling/physiology
rs/pharmacology
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the two formyl peptide receptor family members
neutrophils.
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utrophil granulocytes are of great importance for the outcome
“battle” between the innate immune system and foreign

isms or damaged tissue at sites of infection and inflammation.
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inflammatory cells recognize a large variety of endogenous
ogenous chemoattractants, and in addition to the locomo-
sponse induced by the attractants, a cell–ligand interaction

o up-regulation of adhesion molecules, secretion of gran-
nstituents and production of reactive oxygen species (ROS)
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n receptor, cloned from an HL-60 cell cDNA library by low-
ency hybridization with the FPR1 sequence [13]. In the past
ears several ligands for FPR2 have been identified [15], includ-
itochondrial and bacterial derived peptides [16,17], different
icrobial peptides [18], the acute phase protein serum amyloid
A) [19], the neurotoxic prion peptide fragment 106–126 [20],
ynthetic peptides such as WKYMVM [21] and MMK-1 [22]. No
ed structure has so far been identified to be the determinant
R2 binding and activation, but the close relationship between

tural variation and function is illustrated by the fact that an
nge of the carboxy terminal l-methionine in WKYMVM for the

mer, broadens the specificity of binding from being selective
R2 to include both FPR2 and FPR1 [23].
large number of studies on FPR1 induced cell function and
ling have been performed, and these studies reveal that FPR1
ling fulfills all the basic characteristic of a pertussis toxin
tive GPCR. The activated receptor initiates a chain of signal-
vents starting with dissociation of the receptor associated
tein and an activation of a number of downstream signaling
s [24,25]. In one of these, the activation of a phosphoinositide-
fic phospholipase C (PLC) generates a second messenger upon
age of PIP2, and this is the starting signal for a transient
ase in cytosolic free calcium. Binding of the cleavage prod-
P3, to its receptor on storage organelles results in release of
m from these intracellular organelles and an elevation in the
ntration of free calcium ions in the cytoplasm is achieved [26].
mptying of the storage organelles then leads to an entry of
cellular calcium through store-operated calcium channels in
lasma membrane that causes a prolonged rise in intracellular
alcium [27–29]. Knowledge of the signal transduction path-
utilized by FPR2 are still somewhat limited but since there
rge degree of homology between FPR2 and FPR1 (69% at the

o acid level; [15]) it could be assumed that the two recep-
hare many functional as well as signal transduction features.
dingly, we have earlier shown that the functional responses
ed by the FPR2-specific agonist WKYMVM is in most respects

ar to (or even indistinguishable from) those induced by the
type FPR1 agonist fMLF [21,30–32]. Fundamental differences
naling have, however, been described between the two recep-
One prominent example being that lipoxin A4, a suggested
agonist, has been shown to inhibit neutrophil functions such
motaxis, mobilization of adhesion molecules and calcium flux

4]. Even though we have suggested that the LXA4 mediated
s are triggered through some other receptor [35], there are
dition to the similarities also important differences between
and FPR2. Accordingly we recently showed that a PIP2-binding
de (PBP10) uncover a difference between the two receptors
respect to the generation of neutrophil activating signals, one
being sensitive to PBP10 (the FPR2) the other insensitive (the

) [36,37]. A cADPR antagonist was recently shown to have the
receptor selectivity [1], and the selectivity was in a direct way

d to the calcium response. The FPR2-specific ligand MMK-1
hown to induce an influx of calcium over the plasma mem-
, using a channel that was not operated by the intracellular

s and by that not preceded by a rise in intracellular calcium
+]i) originating from the release of calcium from the storage
elles [1]. These results suggest that FPR2, in contrast to FPR1,
rs a unique signal, independent of intracellular stores, that
s a direct influx of extracellular calcium over the plasma mem-
.
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se superoxide anions. The rise in [Ca2+]i induced by MMK-1
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Co. (St. Louis, MO). The receptor antago-
4) was from Genscript Corporation (Scotch

closporin H was kindly provided by Novar-
zerland). The peptides/receptor antagonists
ethyl sulfoxide to 10−2 M and stored at
r dilutions were made in KRG (Krebs Ringer
GTA, Cytochalasin B and human recombi-
ined from Sigma Chemical Co. (St. Louis,

f FPR1 or FPR2 in undifferentiated HL-60

n of FPR1 and FPR2 in undifferentiated cells
scribed [23]. Transfection of HL-60 cells was
oration with a Bio-Rad Gene Pulser appara-
htly modified version [38] of the technique
t al. [39]. Following electroporation, cells

r in 20 ml of culture medium for 48 h prior to
containing G418 (1 mg/ml) (Gibco, Invitro-
nes were obtained by limited dilution into

es and FPR2-expressing clones were identi-
obilize intracellular calcium upon addition

nM final concentration). Cells were cultured
boratories GmbH, Austria) containing FCS
s GmbH, Austria), PEST (1%) (PAA Labora-
and G418 (1 mg/ml). The maximal density
2 × 106 cells/ml. The cells were passaged to
05 cells/ml approximately 24 h prior to use

anges in cytosolic calcium by fluorometry

f 1–3 × 106 cells/ml were washed with KRG
pellets were resuspended at a density of
containing 0.1% BSA and loaded with 2 �M
Probes, Eugene, OR) for 30 min, at RT. Cells
wice the original volume with RPMI 1640
t phenol red (PAA Laboratories GmbH, Aus-
inally the cells were washed once in KRG,
G at a density of 2 × 107 cells/ml. Calcium
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system. The basal level of fluorescence of Fura-2-labelled
phils in KRG containing 1 mM Ca2+ was determined contin-
. A small volume (10 �l) of an EGTA containing buffer was
to the measuring vial, and 20 s later the cells were lysed by

dition of Triton X-100. The lowest amount of EGTA was deter-
, that was without effect on the basal level of fluorescence
added to the cells and at the same time immediately and
etely abolished the fluorescence when the cells were lysed
he detergent. No free Ca2+ was, thus, available that could bind
Fura-2 released from the lysed cells.

etermination of changes in cytosolic calcium by flow
etry

racellular calcium mobilization was measured essentially
ing to the method developed by Partida-Sanchez et al. [1].

3 × 106) were resuspended in cell-loading medium (KRG with
1% FCS) and loaded with the fluorescent dyes Fluo-3 AM
ml) and Fura Red AM (10 �g/ml) (Molecular Probes, Eugene,
r 30 min at 37 ◦C. Intracellular Ca2+ levels were monitored
al flow cytometry (FACScan). The fluorescence emission of
was recorded in the FL-1 channel and that of Fura Red in the

hannel. Prior to use in the assay, cells were warmed to 37 ◦C
ater bath. First, baseline fluorescence was established (20 s)
ube containing 5 × 105 cells/ml. Next, the tube was rapidly
ed, the stimulant added, and the tube was returned to the
ytometer for further measurement. The relative Ca2+ concen-

was expressed as the ratio between Fluo-3 and Fura Red
FL-3) MFI (mean fluorescence intensity) over time.

ADPH-oxidase activity and neutrophil priming

utrophils (5 × 106 cells/ml) were incubated at 37 ◦C for 20 min
presence of a priming agent or left untreated (control).

ADPH-oxidase activity of these cells was then recorded
an isoluminol-enhanced chemiluminescence (CL) system
]. The extracellular CL activity was measured in a six-channel
at LB 9505 (Berthold Co., Wildbad, Germany), using dis-

le polypropylene tubes with a 0.90-ml reaction mixture. The
re contained neutrophils 5 × 105 cells/ml, horseradish perox-
(HRP; a cell impermeable peroxidase; 4 U) and isoluminol (a
permeable CL substrate; 2 × 10−5 M). The tubes were equi-
d at 37 ◦C for 5 min in the absence or presence of inhibitor,
hich the stimulus (0.1 ml) was added. The light emission was
ed continuously.

sults

nfirmation of the receptor preference for the peptide
1 using FPR1- or FPR2-expressing transfected HL-60 cells

order to confirm the reported receptor preference for MMK-
peptide was used to trigger a rise [Ca2+]i in cells stably
sing one or the other of the formyl peptide receptors. The
eutrophil members of the FPR-family, FPR1 or FPR2, were
sed in undifferentiated HL-60 cells and a rise in intracellular
as used as readout system for binding and activation. Each

two transfected cell clones was challenged with MMK-1 and
uld confirm earlier findings, that the peptide is a ligand for

ith only a minimal effect on FPR1 (Fig. 1A and inset).

he MMK-1 peptide induced neutrophil superoxide
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red with the MMK-1 peptide (Fig. 1B). The kinetics of the
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tion of signalling from m
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se triggered by MMK-1 was very similar
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e FPR1 specific agonist fMLF with a fast
r around 1 min and then rapidly declines. At
ns (a final concentration of 10−7 M chosen
eptides the neutrophil response to MMK-1
an that induced by WKYMVM (Fig. 1B), and
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VM, respectively. The neutrophil NADPH-
ed by MMK-1 and WKYMVM was further
to priming. Neutrophils pre-treated with

eir response to both MMK-1 and WKYMVM,
f the same magnitude (Fig. 2A). Termina-
e neutrophil NADPH-oxidase, but triggers
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occupied receptor to the cell cytoskeleton,
e binding of the active receptor to the G-
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Fig. 2. The effect of TNF-� priming (A) and cytochalasin B (B) on superoxide anion
production in neutrophils induced by MMK-1 and WKYMVM is similar. (A) Neu-
trophils were incubated at 37 ◦C for 20 min in the presence of a priming agent or
kept on ice (control). The cells were then pre-incubated at 37 ◦C for 5 min before
stimulation with WKYMVM (10−7 M) or MMK-1 (10−7 M). The extracellular release
of superoxide anion was monitored with the use of an isoluminol amplified chemi-
luminescence system. The amount of superoxide produced is expressed as peak
values (mean ± S.D., n = 3). (B) Neutrophils were pre-incubated at 37 ◦C for 5 min in
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in and by that the down stream signalling is blocked. The actin
ng drug cytochalasin B disrupts the cytoskeleton and by that
inding to, and inactivation of, the receptor–ligand complex
In the presence of cytochalasin B the occupied receptors are
for a longer time, and the response induced is thus enhanced
rolonged [43]. Accordingly, the neutrophil release of super-
anions induced by both fMLF and WKYMVM (shown for the
in Fig. 2B) had a higher magnitude and a longer duration in

resence of cytochalasin B, and the MMK-1 induced oxidase
ty resembled that of WKYMVM (Fig. 2B).

shown above (Fig. 1A) using transfected cells express-
defined receptor, the MMK-1 peptide has the ability to

and activate FPR2 [22]. However, this does not necessarily
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that this is the only one used in neutrophils that express
ther receptors [44,45]. In order to determine the receptor

ved in MMK-1 induced activity, we used earlier described
tor antagonists and a receptor selective inhibitor. In accor-

tioned, when the rise i
initial release from sto
also in the absence of
the direct role of the no
ecific antagonists on superoxide production in neu-
, fMLF or WKYMVM. Neutrophils were pre-incubated
ence or presence of the antagonists, Cys H (1 �M) or
e then challenged with MMK-1 (10−7 M), fMLF (10−7 M)
he extracellular release of superoxide anion was mon-
oluminol amplified chemiluminescence system. Peak
eroxide produced are expressed as % of control and the
, n = 3) are presented as an inset.

ed receptor specificity, MMK-1 triggered
ivity was insensitive to cyclosporine H, an
ist, whereas WRW4, an FPR2 antagonist
(Fig. 3). We have previously shown that

ble polyphosphoinositide-binding peptide
GRR (PBP10) is an FPR2-selective inhibitor.
e fact that the neutrophil NADPH-oxidase

y inhibited by PBP10 when activation was
VM (the FPR2-specific agonist; Fig. 4),

effect of the peptide on the fMLF-induced,
phil response (Fig. 4). The receptor pref-

FPR2, was confirmed in the inhibition
0 (Fig. 4).
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to a mobilization of ions from
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binding of a specific ligand to FPR1 results in
age of PIP2, and the product generated, IP3,

intracellular storage organelles [46]. This
d also in the absence of extracellular calcium
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ivation of the so-called store-operated chan-
brane [28]. The activation of cells with the

MK-1 has been shown to induce a totally
t according to the model presented relies
of ion channels in the plasma membrane

are thus regulated in a totally different man-
ated channels known to be activated (in one
emptying of the intracellular stores. As men-
he neutrophil NADPH-oxidase, but triggers
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n intracellular calcium is dependent on an
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extracellular calcium. In order to visualize
n-store-operated channels, the calcium ions
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PBP10 inhibits the activation of the neutrophil NADPH-oxidase triggered by
. Neutrophils were pre-incubated at 37 ◦C for 5 min in the absence (solid
r presence (broken lines) of the inhibiting peptide PBP10 (1 �M final concen-
. The cells were then challenged with MMK-1 (10−7 M) and the extracellular
of superoxide anion was monitored with the use of an isoluminol-amplified
minescence system. One representative experiment out of three is shown.
e point for the addition of the agonist is indicated by an arrow. The effects of
n WKYMVM (left inset) and fMLF (right inset) on neutrophil oxidase activity
n as control. Abscissa; time of study (min); ordinate; superoxide production
light emission and expressed in cpm × 10−6.

t in the extracellular medium were chelated with EGTA prior
vation of the cells. The chelator, was added to the cells 10–15 s
the addition of the receptor specific peptide agonist, and the
um amount of EGTA required to chelate extracellular calcium

etermined (Fig. 5; described also in Section 2), In agreement
arlier findings the fMLF induced transient rise in intracellular
alcium (representing in large the mobilization from intra-
r stores) was present also when extracellular calcium was
ed. The removal of extracellular calcium resulted in a small
e in the kinetics of the responses (Fig. 6A), a change due to
flux through storage-operated plasma membrane channels.
ectedly, the same pattern of response was obtained when
phils were triggered through FPR2. This was irrespective of

MMK-1 or the WKYMVM peptide was used as stimulus. This
in agreement with the suggestion that FPR2 rely solely on

ening of ion channels in the plasma membrane [1]. In our
both peptides induced intracellular calcium rises that rely
ptying of the intracellular stores (Fig. 6B and C).
order to exclude the possibility that the technique used to
re intracellular calcium influences the results obtained, we
ored calcium levels using flow cytometry [1] instead of the
ystem described so far. The picture appeared the same also
this technique was applied. There was a transient rise in intra-
r free calcium also in the absence of extracellular Ca2+ not
ith fMLF but also with MMK-1 or WKYMVM (Fig. 7). The pat-

f response triggered through FPR2 was, thus, identical to that
h FPR1, and this was evident for both FPR2 agonists, MMK-1
KYMVM.

cussion
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entity. Despite the large degree of similarity between the
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Fig. 6. A rise in intracellular calcium is induced by fMLF (A), MMK-1 (B) or WKYMVM
(C) also when extracellular calcium is removed. Neutrophils loaded with Fura-2 AM
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Fig. 7. A rise in intracellular calcium is induced by fMLF (A), MMK-1 (B) or WKYMVM
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this experimental approach, FPR2 triggered calcium mobi-
n has been suggested to be due solely to extracellular calcium
[1] whereas FPR1 triggered calcium mobilization was in large
dent on the stores. Using two different FPR2-specific ligands,
VM and MMK-1, the latter earlier used in identifying the

ct and unique fashion for calcium entry in neutrophils, we
show that the responses induced by the two highly related
n chemoattractant receptors, FPR2 and FPR1, are identical and
the classical calcium response pattern described above. The

s suggesting a unique entry of Ca2+ were generated in an FACS
single cell assay system [1]. In order to determine if the data
epending on different sensitivities in the two methods we
sed the FACS-based system. However, in our hands the same
s were obtained when using this approach.
previously stated, FPR2 is a receptor with known ligands of
different origins and structures. It is interesting that a recep-
at responds so effectively to small peptides like WKYMVM
MK-1 also binds larger bulkier molecules like A�42 [52]. It
yet known exactly which ligand epitopes that bind to what
n the receptor. The work with receptor chimeras however,

apped the regions on FPR2 important for ligand binding [53].
also been concluded that small conformational changes in
d, such as exchange of the N-terminal l-Met for a d-Met in
VM, can alter FPR2-specific properties towards a more gen-
R family specificity [23]. Despite differences in binding to the
or, the activating peptide ligands of FPR2 all seem to elicit the
intracellular signalling pathways and cellular responses [53],
is is consistent with the great similarities between MMK-1
KYMVM in this study.
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A Methodological Approach to Studies of Desensitization of 
the Formyl Peptide Receptor: Role of the read out system, re-
active oxygen species and the specific agonist used to trigger 
neutrophils  
 
Jennie Karlsson1*, Johan Bylund1, Charlotta Movitz2, Lena Björkman1, 
Huamei Forsman1 and Claes Dahlgren1 

Neutrophil accumulation at an inflammatory site or an infected tissue is dependent on the recognition of 
chemotactic peptides that bind to G-protein coupled receptors (GPCR’s) exposed on the surface of the inflam-
matory cells. A GPCR activated by a chemoattractant quickly becomes refractory to further stimulation by 
ligands using the same receptor. This desensitization phenomenon has been used frequently to characterize new 
receptor agonists and to determine receptor hierarchies. 
In this study we describe a difference in the pattern of desensitization using different techniques to follow neu-
trophil activities. The desensitized state seen with the prototype agonist formylmethionyl-leucyl-phenylalanine 
(fMLF) when the release of reactive oxygen species generated by the NADPH-oxidase was determined, was not 
seen when the rise of intracellular calcium ([Ca2+]i) was followed. We show that the difference between the two 
systems is dependent on an inactivation of the agonist in one system but not in the other, and we suggest several 
different solutions to the problem. Agonist inactivation occurs through a myeloperoxidase (MPO)/hydrogen 
peroxide catalyzed reaction, and the problem could be avoided by using a FACS based technique to measure 
the change in [Ca2+]i, by the use of an agonist insensitive to the MPO/hydrogen peroxide-system or, by adding 
an MPO inhibitor or a scavenger that removes either superoxide/hydrogen peroxide or the MPO-derived me-
tabolites. 

N eutrophils are the first cells to be recruited to 
the site of a microbial infection as well as in the 
early phase of an ongoing inflammation, and 

the cells play important roles in our innate immune de-
fence system. The recruitment of neutrophils by differ-
ent types of chemoattractants is a key event in the in-
flammatory process, and this response relies on the rec-
ognition of the attractants by specific neutrophil cell 
surface receptors [1]. These receptors trigger not only 
migration, but also a wide range of other responses such 
as a transient rise in intracellular calcium [2], cleavage 
of L-selectin from the cell surface [3, 4], mobilization of 
granules and secretion of reactive oxygen species (ROS) 
generated by a membrane localized electron transport-
ing system, the NADPH-oxidase [5]. Most chemoattrac-
tant receptors are members of the large family of G-
protein coupled receptors (GPCR), and these all have in 
common that they are membrane spanning (seven times) 
and signalling is dependent on binding of an agonist to 
the extracellular domains. This binding triggers a cou-
pling of the intracellular parts of the receptors to a sig-
nalling heterotrimeric G-protein. A large number of 
endogenous neutrophil chemoattractants have been de-

scribed, including e.g., the cytokine IL-8, the comple-
ment cleavage product C5a and the acute phase reactant 
serum amyloid A (SAA). The cellular responses could 
be triggered also by microbial specific molecules such 
as peptides with an N-terminal methionyl group that is 
formylated [1].  
Receptor activation is a transient process; binding of an 
agonist results in G-protein coupling and signal is gen-
erated, but the occupied receptor is then fairly rapidly 
transferred to a refractory state that lacks signalling ca-
pacity [6]. The time required for the occupied receptor 
to be switched from a signalling to a non-signalling 
state is relatively short (seconds to minutes) and the 
phenomenon is referred to as homologous desensitisa-
tion. The molecular mechanism behind desensitisation 
differs within the family of GPCRs, but has been shown 
to include phosphorylation [7], arrestin binding [6, 8] 
and direct binding of the receptor to the cell cytoskele-
ton and by that a physical separation from the G-protein 
[5, 9]. The desensitized state can be induced also in 
neighbouring non-occupied receptors with different 
agonist specificity, a phenomenon that has an inbuilt 
receptor hierarchy and is referred to as heterologous 
desensitisation [5, 10]. The hierarchy is illustrated by 
the fact that binding of the formylated peptide f-Met-
Leu-Phe (fMLF) to its receptor, FPR1, leads to a desen-
sitization not only of this receptor, but also of the recep-
tors for IL-8 [5, 10]. Desensitisation is believed to be of 
prime importance for recruitment of cells to inflamma-
tory sites as well as for termination of the inflammatory 
response [10].  
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The desensitization phenomenon has been widely stud-
ied and used/exploited to characterize new receptor ago-
nists and to determine receptor hierarchy. We have, in a 
series of studies that characterize new neutrophil recep-
tor agonists [11, 12], determined desensitization using 
release of superoxide anions as the read out system. This 
method has also been used to determine receptor prefer-
ences for known agonists [13] or to disclose receptor 
hierarchies among the different receptors [5]. The tran-
sient rise in intracellular Ca2+([Ca2+]i) induced by occu-
pied chemoattractant receptors is another, more com-
monly used, read out system in these type of studies [14, 
15]. In our hands neutrophil desensitization in the 
NADPH-oxidase read out assay systems can, however, 
not always be reproduced in the [Ca2+]i read out system. 
Our aims with this study were to exhibit the differences 
between desensitization experiments using superoxide 
production and changes in [Ca2+]i as read-out systems, 
and to disclose the mechanism responsible for the dis-
crepancy between the systems. We show that the differ-
ence between the two systems is dependent on the 
choice of agonist, and that inactivation of the agonist in 
one system but not the other leads to contrasting results. 
Agonist inactivation is achieved through a myeloperoxi-
dase (MPO)/hydrogen peroxide catalyzed reaction, and 
radical scavengers or an inhibitor of MPO could be 
added to the [Ca2+]i measuring system, in order to elimi-
nate this problem. 
 
Material and methods 
Peptides and reagents 
 
The formylated peptide N-formylmethionyl-leucyl-phenylalanine 
(fMLF) was from Sigma Chemical Co. (St. Louis, MO). A FPR1-
activating hexapeptide derived from annexin-1 (unpublished data) was 
synthesised by and HPLC purified by KJ Ross-Pedersen AS 
(Klampenborg, Denmark). The peptides were dissolved in dimethyl 
sulfoxide (DMSO) and stored at -70oC until use. Further dilutions 
were made in H2O and buffer for working solutions. Isoluminol and 
sodium azide was from Sigma Chemical Co. (St. Louis, MO). HRP, 
superoxide dismutase (SOD), catalase and bovine serum albumin 

(BSA) were from Roche diagnostics GmbH (Mannheim, Germany). 
MPO was a generous gift from Inge Olsson, Department of Hematol-
ogy, Lund University. 
 
Isolation of neutrophils 
 
Neutrophils were isolated from freshly prepared buffy coats (The 
Blood Center, Sahlgrenska University Hospital, Gothenburg) obtained 
from healthy blood donors. After removal of erythrocytes through 
dextran sedimentation, the leukocyte-rich supernatant was carefully 
layered onto Ficoll-Paque (Lymphoprep, Nyegaard, Norway). After 
centrifugation at 380 × g for 30 minutes, the pellet was washed two 
times in buffer without calcium and re-suspended in Krebs-Ringer 
phosphate buffer (KRG, pH 7.3; 120 mM NaCl, 5 mM KC1, 1.7 mM 
KH2PO4, 8.3 mM NaHPO4 and 10 mM glucose) supplemented with 
Ca2+ (1 mM) and Mg2+ (1.5 mM). The cells were kept on ice until used 
in experiments. 
 
Culturing of PLB-985 and PLB-985 X-CGD cells 
 
PLB-985 is a human diploid myeloid leukemia cell line with granulo-
cytic and monocytic differentiating capacity [16]. The PLB-985 cells 
used in this work were kindly provided by Mary Dinauer 
(Indianapolis, IN, USA). The PLB-985 X-CGD cells were prepared by 
homologous recombination as described in [17]. The cells were cul-
tured in RPMI 1640 medium supplemented with 10% (vol/vol) fetal 
calf serum, penicillin (100 units/ml), streptomycin (100 ug/ml) and L-
glutamine (2 mM), in a humidified incubator at 37oC under an atmos-
phere of 5% CO2/ 95% air. Differentiation towards the granulocytic 
phenotype was carried out by exposing cells at a density of 2 × 105 /ml 
to 1% DMSO for 5 days. Differentiated cells were washed and 
counted before use in various assay systems. 
NADPH-oxidase activity measurements 
The NADPH-oxidase activity of cells was recorded using an isolumi-
nol-enhanced chemiluminescence (CL) system [18, 19]. The extracel-
lular CL activity was measured in a multilabel reader LB940 Mithras 
(Berthold Technologies, Bad Wildbad, Germany) using 96 well plates 
with 200 uL reaction mixture per well. The mixture contained neutro-
phils or PLB-985 cells (106 cells/well), horseradish peroxidase (HRP; 
a cell impermeable peroxidase; 4 U) and isoluminol (a cell imperme-
able CL substrate; 2 × 10-5 M). The plates were equilibrated at 37°C 
for 5 min, after which the stimulus (10 μL) was added by programmed 
injection. The light emission was recorded continuously. 
 
Determination of changes in cytosolic calcium by 
fluorometry 
 
Cells at the density of 1-3 × 106 cells/ml were washed with KRG with-

out Ca2+. The cell pellets were resuspended at a density of 2 × 107 
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Figure 1. Desensitisation of the neutrophil N-formyl peptide receptor measured by oxygen radical production. Neutrophils were pre-
incubated for 5 min in 37oC. The cells were then stimulated with (A) fMLF (10-7 M; broken line) (B) A1p (5 μM; broken line) or a buffer control 
(solid line). When the radical production of the stimulated cells returned to a background level these cells and the control cells were re-stimulated 
with (A) fMLF (10-7 M) or (B) A1p (5 μM). This second addition of stimulus induced an oxidative burst in the control cells, but the cells that re-
sponded to the first challenge were desensitized to further activation. The extracellular release of superoxide anion was monitored with the use of an 
isoluminol amplified chemiluminescence system. 
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cells/ml in KRG containing 0.1 % BSA and loaded with 2 μM Fura 2-
AM (Molecular Probes, Eugene, OR) for 30 min, at RT. Cells were 
then diluted to twice the original volume with RPMI 1640 culture 
medium without phenol red (PAA Laboratories GmbH, Austria) and 
centrifuged. Finally the cells were washed once in KRG, and re-
suspended in KRG at a density of 5 × 107 cells/ml. The amount of 
cells used in the assay was 106 cells/well in a 96 well plate. Calcium 
measurements were carried out with a multilabel reader LB940 
Mithras (Berthold Technologies, Bad Wildbad, Germany) with excita-
tion wavelengths of 340 and 380 nm, an emission wavelength of 509 
nm. The transient rise was presented as a ratio between the fluores-
cence intensities received, the values for 340 nm as numerator and 380 
nm as denominator.  
 
Determination of changes in cytosolic calcium by flow 
cytometry 
 
Intracellular calcium mobilization was measured essentially according 
to the method described by Partida-Sanchez et al. [20]. Cells (3 × 106) 
were re-suspended in cell-loading medium (KRG with Ca2+ + 1% 
FCS) and loaded with the fluorescent dyes Fluo-3 AM (4 μg/mL) and 
Fura Red AM (10 µg/mL; Molecular Probes) for 30 min at 37°C. The 
cells were then washed and resuspended in KRG with Ca2+. For 5 min 
prior to analysis, the cells were warmed to 37°C in a water bath. Intra-
cellular Ca2+ levels were assessed by dual flow cytometry (FACScan). 
The fluorescence emission of Fluo-3 was monitored in the FL-1 chan-
nel and that of Fura Red in the FL-3 channel. First, baseline fluores-
cence was established. Next, the tube was rapidly removed, the stimu-
lant added, and fluorescence emission was recorded in the tube re-
stored to the flow cytometer. The relative Ca2+ concentration was 
expressed as the ratio between Fluo-3 and Fura Red (FL-1/FL-3) MFI 
over time. 
 
Results 
Desensitization of the N-formyl peptide receptor (FPR1) 
determined as a loss in the ability of fMLF to trigger 
production of superoxide anions 
 
Activation of the neutrophil NADPH oxidase, induced 
by agonists to FPR1, leads to a production and secretion 
of superoxide anions (Fig 1). The burst in activity in-
duced by the formylated peptide fMLF persists at the 
most for 3 to 4 minutes, and the rapid termination of 
radical release is partly due to desensitisation of the 
receptor involved [6]. The desensitization phenomenon 
can be illustrated by a sequential stimulation i.e., adding 
a second dose of the agonist to cells that have just re-
sponded with radical release to fMLF. A second dose of 
fMLF to cells that have returned to base line, does not 
induce a new burst in activity; the cells are non-
responding -- desensitized (Fig 1a). The desensitized 
state was also induced when fMLF was exchanged for 
another FPR1 selective agonist (Fig 1b), a hexapeptide 
derived from the calcium regulated protein annexin I 
(A1p) [21] (Movitz et al. unpublished data). 
 
 
Desensitization determined with the rise in intracellular 
calcium as the read-out system 
In order to determine if desensitization, so obvious 
when using activation of the NADPH-oxidase as the 
read-out system (Fig 1), can be observed also when a 
rise in intracellular calcium ([Ca2+]i)is used as the read-
out system, Fura 2 loaded neutrophils were stimulated 
in sequence with two doses of fMLF. The changes in 
fluorescence were recorded, and the initial rise in [Ca2+]i 

induced by fMLF rapidly declined but the non-
responding state characterizing desensitized cells was 
not induced. Contrary to what is described above, fMLF 
induced a legible calcium response also when the cells 
had experienced the same peptide a couple of minutes 
earlier (Fig 2).  
When neutrophils were triggered with the annexin I 
peptide, the cells were desensitized, but not only to this 
agonist but also to fMLF (shown for repeated additions 
of A1p in the inset of Fig 2). This suggests that induc-
tion of the desensitized state is dependent not only on 
the read out system but also on the agonist used to ob-
tain desensitization.  
 
Desensitization and the role of oxidants 
 
The two measuring systems used are very similar, but 
there is one fundamental difference between the two 
systems; the system designed to follow production of 
superoxide anions contains an enzyme (horseradish per-
oxidase; HRP) and an amplifier of the luminescence 
reaction (isoluminol) in addition to cells, buffer and 
stimulus. These two additives (HRP and isoluminol) are 
required to determine NADPH-oxidase activity, but 
possibly at the same time consume and neutralize the 
ROS generated by the neutrophils. An experimental 
system in which the change in [Ca2+]i was determined in 
the presence of HRP and isoluminol, differed from the 

0 100 200 300
0.0

0.1

0.2

0.3

0.4

0.5

0.6
0 100 200 300

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Time (s) 

C
a2+

 fl
ux

 (F
I R

at
io

 n
or

m
al

iz
ed

) 

C
a2+

 fl
ux

 (F
I R

at
io

) 
 

fMLF 
 

fMLF 
 

A1p 
 

A1p 
 

Figure 2. Desensitisation of the neutrophil N-formyl peptide re-
ceptor measured by rise of intracellular calcium. Neutrophils were 
loaded with Fura 2-AM for 30 min in room temperature, washed and 
resuspended in KRG. After incubation in 37oC for 5 min the cells 
were stimulated with fMLF (10-7 M) or a hexapeptide derived from 
Annexin-1 (A1p; 5 μM; inset) which are both agonists for FPR1. The 
fluorescence ratio was monitored, and both stimuli gave a transient 
rise in intracellular calcium in response to the first stimulation. After 
180 s the cells were again exposed to the same peptides. In the case of 
the Annexin hexapeptide the second stimulation of the cells gave a 
clearly diminished response, which indicates a desensitisation of the 
receptor. This was not seen for fMLF. One reperesentative experiment 
out of six is shown. 
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 Figure 3. The lack of desensitisation could be reversed by addition 

of radical scavengers. Neutrophils were incubated for 5 min in 37oC 
without scavengers (control) or with (A) Horse radish peroxidise 
(HRP; 4 U) and isoluminol (2 × 10-5 M) or (B) superoxide dismutase 
(SOD; 50 U) and catalase (2000 U). The cells were then stimulated 
twice with fMLF and the fluorescence at 510 nm was recorded. The 
presence of scavengers resulted in desensitization. In (B) a control 
was added to show that prolonged incubation with SOD and catalase 
does not make the cells unresponsive. Shown are representative out of 
four. 

standard system in that the desensitized state was in-
duced by fMLF (Fig 3a). Taken together the results im-
ply that the production of oxygen radicals is a key factor 
that could explain the discrepancy between the two read-
out systems. 
 
Reactive oxygen species are of importance, but not 
solely responsible for the lack of desensitisation 
 
It has been shown that methionyl-containing peptides 
can be oxidized by ROS and such a modification inacti-
vates the peptides [22, 23]. To determine the role of 
ROS as the basis for the lack of desensitisation, two 
different experimental approaches were used. In the first 
experimental set up, neutrophils were sequentially acti-
vated with fMLF in the presence of the ROS scavengers 
superoxide dismutase (SOD; an enzyme that dismutates 
superoxide to hydrogen peroxide) and catalase (an en-
zyme that removes hydrogen peroxide). Neutrophils that 
were re-activated by fMLF in the presence of SOD and 
catalase regained the pattern of desensitisation in the 
[Ca2+]i assay system, and these cells were thus non-
responding to the second dose of fMLF (Fig 3b).  
The second approach to disclose the role of ROS was to 
use a variant of the cell line PLB-985 [16], that lacks a 
functional NADPH-oxidase due to a mutation in one of 
the oxidase components, gp91phox (PLB-985 X-CGD) 

[17]. The differentiated “wild type” cells express both 
FPR1 and a functional oxidase (Fig 4a). On the other 
hand, PLB-985 X-CGD cells express the receptor but 
lack the ability to produce oxygen radicals through the 
NADPH-oxidase (Fig. 4a). When the PLB-985 X-CGD 
cells were triggered repeatedly with fMLF, the cells 
responded with a transient [Ca2+]i to the first dose, but 
were desensitized and therefore non-responding to the 
second dose of the agonist (Fig 4b). The desensitized 
state was, however, induced also with the wild-type, 
superoxide producing, PLB-985 cells (Fig 4b).  
Earlier findings show that the ROS work together with 
MPO (an azurophil granule constituent) to inactivate 
fMLF [22, 23]. This suggests that MPO might be a lim-
iting factor in our experimental system and in order to 
determine this, the purified enzyme was added to PLB-
985 cells prior to activation with fMLF. The pattern of 
the [Ca2+]i response was now almost identical to that of 
normal neutrophils (Fig 5a), when the PLB-985 cells 
were triggered with fMLF in the presence of MPO. The 
ROS-deficient cells were still desensitized to fMLF, 
despite the presence of MPO (Fig 5b).  
 
Inhibiting MPO in neutrophils reveals the desensitisa-
tion pattern 
In order to determine the role of MPO in the calcium 
measuring system, sodium azide (an inhibitor of the 
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enzyme [24]) was included in the measuring system 
with normal neutrophils. In the presence of azide the 
cells were desensitized to fMLF after the initial chal-
lenge with this agonist (Fig 6), and the response pattern 
thus resembles that seen in the presence of radical scav-
engers (Fig. 3b).   
 
A change in the state of desensitization is achieved by 
lowering the cell numbers  
 
In order to be able to follow the change in [Ca2+]i in our 
standard assay system with Fura 2 loaded cells, we have 
to use a rather dense neutrophil population (more than 

Figure 4. Desensitisation of FPR1 in PLB-985 and PLB-985 X-CGD cells differentiated towards the granulocytic lineage. (A) After washing 
the differentiation status of the cells were verified by measuring of radical production. The PLB-985 (solid line) and PLB-985 X-CGD (broken line) 
cells were  pre-warmed and stimulated with fMLF (10-7 M) and the extracellular release of radicals was recorded. The PLB 985 X-CGD cells were 

106 cells/ml), and in such a population the local concen-
trations of ROS and MPO can be expected to be rather 
high. By using another labeling technique combined 
with an analysis of the response in individual cells [20] 
we could determine the response also in dispersed cell 
populations. The same pattern (lack of desensitization) 
was obtained with this technique when a dense neutro-
phil sample was activated with fMLF (Fig 7a), but there 
was a shift towards desensitization when the concentra-
tion of cells in the measuring vial was lowered (Fig 7a-
c). 
 
MPO-derived ROS can be neutralized/scavenged by 
serum proteins 
 
We found that an alternative approach to eliminate the 
described experimental problem is to add a competitive 
substrate for the MPO-derived ROS. We show that ad-
dition of BSA (0.5% w/v) or normal human serum 
(NHS; 10% v/v) to the calcium measuring system, al-
lows for an induction of a desensitized state also in the 
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Figure 5. Addition of MPO prevents desensitisation of FPR1 in 
PLB-985 but not PLB-985 X-CGD cells. After loading with Fura 2-
AM the cultured cells were washed and incubated with MPO (100 μg/
ml) for 5 min in 37oC. The PLB-985 and PLB-985 X-CGD cells were 
then stimulated with fMLF (10-7 M). When the fluorescence ratio 
returned to baseline the cells were challenged once more with the 
same concentration of fMLF. Only the PLB 985 X-CGD cells were 
desensitized to the second stimulation; shown are one representative 
experiment out of three. 
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Figure 6. Azide treatment restores desensitisation of FPR1 in 
neutrophils by inhibiting production of MPO-derived ROS. Neu-
trophils were isolated according to protocol and then loaded with 
Fura2-AM. After washing with KRG the cells were incubated in the 
presence or absence of azide (0.5 mM) and then stimulated twice with 
fMLF (10-7 M). The untreated neutrophils responded to the second 
activation while the azide treated cells were desensitized and did not 
give a radical burst. Shown are representative out of three. 
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fluorometry [Ca2+]i measuring system with a dense 
population (Fig 8).  
 
Discussion 
The ability of cells to become non-responsive 
(desensitized) to chemoattractants is a crucial process in 
vivo. In order to be able to migrate chemotactically in a 
gradient of an attractant, phagocytic cells gradually be-
come non-responsive to lower or unchanged concentra-
tions of the guiding chemoattractant. Desensitisation is 
also of importance for the limiting and resolution of 
inflammation. In the field of receptor biology desensiti-
sation is frequently used as an effective in vitro tool [13, 
14, 25]. Here we describe some difficulties in such in 

vitro studies, related to the technique and agonist used to 
study neutrophil desensitization. We disclose the back-
ground to the problem, and we also point out different 
solutions by which the problem can be avoided.  
The formylpeptide receptor (FPR1) expressed in neutro-
phils recognises the prototype agonist fMLF as well as a 
hexapeptide derived from the calcium regulated protein 
annexin I [26]. Neutrophils activated with the annexin I 
peptide become desensitized to a second stimulation 
with the same peptide or with fMLF. When cells are 
first triggered with fMLF, they become desensitized to a 
second dose of agonist when using one read out system 
(release of ROS) but not when using another (the tran-
sient rise in intracellular calcium). The lack of desensiti-
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Figure 7. Desensitisation in neutrophils in a flow cytometry based 
method with decreased cell concentrations. Fluo-3 AM and Fura 
red AM loaded neutrophils 5 × 106 /ml (A), 2 × 106 /ml (B), or 4 ×  
105 /ml (C) were incubated at 37oC for 5 min. The baseline fluores-
cence was established for 20s, and then the first treatment by fMLF 
(10-7 M) (broken line) or buffer control (solid line) was performed 
(not shown in figure). After 3 min both control cells and fMLF stimu-
lated cells were challenged with fMLF (10-7 M) and changes in cyto-
solic Ca2+ levels were determined through measurement of the emitted 
fluorescence by FACS analysis. A ratio was then calculated using the 
mean fluorescence for Fluo-3 as the numerator and Fura red as the 
denominator. The figure contains data obtained from the second 
stimulation for every cell concentration. Shown are representative out 
of three. 
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Figure 8. The lack of desensitisation could be reversed by addition 
of proteins. Neutrophils were incubated for 5 min in 37oC without 
additions (control), with bovine serum albumin (BSA; 0.5%w/v) or 
normal human serum (NHS; 10% v/v). The cells were then stimulated 
twice with fMLF (10-7M) and the fluorescence at 510 nm was re-
corded. In the presence of proteins cells were desensitized to the sec-
ond stimulation. Shown are representative out of three. 
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zation was found to be due to inactivation of the formy-
lated peptide by the MPO/ hydrogen peroxide system 
(Fig 9). It has been shown earlier that fMLF can trigger 
its own inactivation by a mechanism that involves both 
the granule protein MPO and hydrogen peroxide gener-
ated by the superoxide releasing NADPH-oxidase [22]. 
The annexin I peptide used in this study triggers neutro-
phils to generate superoxide and hydrogen peroxide, but 
the suggested target for the MPO/hydrogen peroxide -
system (a methionyl group) is missing in this peptide. 
The molecular background to why cells become desensi-
tized when triggered with the annexin I peptide but not 
fMLF, is that the agonist is present and active also when 
the direct cellular response has ceased (Fig 9). In order 
to detect the desensitized state in an experimental sys-
tem in which the agonist trigger its own inactivation is 
thus to, in one way or another, neutralize the MPO/ hy-
drogen peroxide -system. This is by necessity achieved 
in an experimental system in which measurement of the 
released reactive oxygen species is the basis for detec-
tion of the cellular response.  
Taken together all our data suggest that the difference 
between the two read-out systems used is due to the 
ability of the MPO/hydrogen peroxide to inactivate me-
thionyl-containing peptides. In support for this is that 
the same pattern of desensitization, was obtained in the 
two read-out systems if an inhibitor/scavenger such as 
SOD/catalase or azide was included in the [Ca2+]i read 
out system (Fig 9). The effects of the MPO/hydrogen 
peroxide system can also be minimized by performing 
the experiments with a very sparse cell suspension, in 
which no inhibitory concentrations of MPO/oxidants are 
reached. It is thus possible to obtain the same desensiti-
zation pattern without any addition of scavengers/
inhibitors as illustrated with the [Ca2+]i – measurements 
using Fluo-3/Fura red labeled cells and flow cytometry. 
The addition of (serum) proteins as substituting targets 
for oxidation also reduces the influence of the MPO/
hydrogen peroxide system. 
Going through published data on chemoattractant recep-

tor desensitization, it is obvious that when the read out 
system used is the transient rise in [Ca2+]i, it is quite 
uncommon that neutrophils have been the preferred cell. 
The experiments have instead been performed with 
monocytes or cells that express a cloned receptor [14, 
15, 27]. These cells with cloned receptors in most cases 
lack the basic functional repertoire of the neutrophil and 
in most cases lack MPO. It has been shown that also 
monocytes contain lower amounts of MPO [28], which 
might indicate that the problem described would be less 
pronounced with these cells. Experiments performed a 
mixed peripheral blood mononuclear (PBMC) popula-
tion of cells confirmed this; the results obtained with 
these cells were similar to those obtained with the wild 
type PLB cells. The fMLF triggered cells were desensi-
tisation to a second stimulation with the second dose of 
the same agonist, but when MPO was added to the sys-
tem, the desensitized state was abolished (data not 
shown). 
In summary, we describe a major discrepancy in the 
pattern of desensitization using two common techniques 
to follow neutrophil responses to a set of receptor spe-
cific agonists in vitro. We also give some alternative 
solutions to the problem by showing that comparable 
results are obtained with the NADPH-oxidase read out 
system and the [Ca2+]i read out system if the effects of 
the MPO-derived oxygen radicals are reduced/
eliminated in the latter system. This could be achieved 
either by use of a method where the sensitivity allows a 
lowering of cell concentration in the bulk or by addition 
of (serum) proteins to the experimental setup. 
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A Monocyte-Specific Peptide from Herpes Simplex Virus Type
2 Glycoprotein G Activates the NADPH-Oxidase but Not
Chemotaxis through a G-Protein-Coupled Receptor Distinct
from the Members of the Formyl Peptide Receptor Family1

Lars Bellner,2,3* Jennie Karlsson,2* Huamei Fu,* François Boulay,† Claes Dahlgren,*
Kristina Eriksson,4* and Anna Karlsson*

We have recently identified a peptide derived from the secreted portion of the HSV-2 glycoprotein G, gG-2p20, to be
proinflammatory. Based on its ability to activate neutrophils and monocytes via the formyl peptide receptor (FPR) to produce
reactive oxygen species (ROS) that down-regulate NK cell function, we suggested it to be of importance in HSV-2 patho-
genesis. We now describe the effects of an overlapping peptide, gG-2p19, derived from the same HSV-2 protein. Also, this
peptide activated the ROS-generating NADPH-oxidase, however, only in monocytes and not in neutrophils. Surprisingly,
gG-2p19 did not induce a chemotactic response in the affected monocytes despite using a pertussis toxin-sensitive, supposedly
G-protein-coupled receptor. The specificity for monocytes suggested that FPR and its homologue FPR like-1 (FPRL1) did not
function as receptors for gG-2p19, and this was also experimentally confirmed. Surprisingly, the monocyte-specific FPR
homologue FPRL2 was not involved either, and the responsible receptor thus remains unknown so far. However, the receptor
shares some basic signaling properties with FPRL1 in that the gG-2p19-induced response was inhibited by PBP10, a peptide
that has earlier been shown to selectively inhibit FPRL1-triggered responses. We conclude that secretion and subsequent
degradation of the HSV-2 glycoprotein G can generate several peptides that activate phagocytes through different receptors,
and with different cellular specificities, to generate ROS with immunomodulatory properties. The Journal of Immunology,
2007, 179: 6080 – 6087.

H erpes simplex virus 2 is a sexually transmitted pathogen
that infects the genital tract mucosa and is the most
common causative agent of genital ulcer disease in

humans. Once HSV-2 infects the epithelium and replicates, it
can be transmitted to the sacral ganglia via nerve axons and
establish a latent infection, which in association with factors
such as stress, fever, UV-irradiation, and immunosuppression
can reactivate and cause recurrent disease (1, 2). Professional
phagocytes (neutrophil granulocytes and monocytes/macro-
phages) constitute an important first line of defense against mi-
crobial intruders, including many viruses. Their potential role in
HSV infection is suggested by studies showing that reduced
numbers of granulocytes, or functional defects in these cells,
may lead to severe and recurrent infections due to a deficiency

in the control of HSV replication (3, 4). Functional restoration
of the impaired cells is also associated with a recovery of the
infected host (4).

We recently identified an HSV-2 peptide, named gG-2p20,
which possesses proinflammatory properties in being an activator
of professional phagocytes (5). Based on our results, we intro-
duced a new concept for the role of inflammatory cells in HSV-2
pathogenesis; the fact that gG-2p20-activated phagocytes could
impair NK-cell function suggested that this HSV-2-derived
proinflammatory peptide may contribute to the survival of virus-
infected cells and thereby be of immunomodulatory importance
in HSV-2 pathogenesis (5). We were also able to identify both
the receptor through which the HSV-2 peptide triggered its
proinflammatory activity and the mechanism by which the NK
cell function was impaired. The triggering receptor was iden-
tified as one of the classical pertussis toxin sensitive G-protein
coupled chemoattractant receptors (GPCR)5 known as the
formyl peptide receptor (FPR) (6). This is a high-affinity pattern
recognition receptor with the ability to track not only formy-
lated peptides released from bacteria, but also virus-derived
proteins, e.g., peptides from the envelope proteins of HIV-1 (7)
or the earlier mentioned peptide from HSV-2 (5), as well as a
number of different endogenous agonists (8). In addition to
FPR, there are two other members of the formyl peptide receptor
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Göteborg, Sweden; and †CEA-Grenoble, Grenoble, France

Received for publication August 18, 2006. Accepted for publication August
17, 2007.

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1 This work was supported by the Swedish Medical Research Council (including a
Senior Researcher position for K.E.), the King Gustaf V 80-Year Foundation, the
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family, formyl peptide receptor like-1 and -2 (FPRL1, FPRL2).
The FPR family members are differently expressed in phagocytes,
with neutrophils expressing FPR and FPRL1, and monocytes/
macrophages expressing all three. A number of agonists that trig-
ger cells through FPRL1 have been described whereas the mono-
cyte-specific family member FPRL2 was until very recently
considered an orphan receptor (9).

Ligation of the FPR family receptors with specific agonists
(including gG-2p20 for FPR) results in oxygen radical genera-
tion by activation of the NADPH-oxidase, an electron transport
system assembled in the plasma membrane during cell activa-
tion in both neutrophils and monocytes/macrophages (10). The
primary products of the assembled oxidase are superoxide an-
ions and hydrogen peroxide, and these reactive oxygen species
(ROS) can function as regulators of other immune reactive
cells, providing a molecular explanation behind the functional
changes seen as apoptotic/necrotic processes in NK cells ex-
posed to activated phagocytes (11–14).

The HSV-2 glycoprotein G, from which the proinflammatory
peptide gG-2p20 was derived, is the only HSV-2 envelope pro-
tein to be cleaved post-translationally, generating two proteins
of which one has the unique property of being secreted from
the infected cells (sgG-2) (15–18). Previous to our study of the
sgG-2-derived peptide, indicating proinflammatory activity, the
secreted protein had not been ascribed a specific function. In
this study, we have continued our investigation on the immu-
nomodulatory properties of peptides derived from the sgG-2
amino acid sequence. In addition to the earlier identified neu-
trophil/monocyte activating peptide, we found one peptide, gG-
2p19, which induced NADPH-oxidase activation in monocytes,
but not neutrophils. Although the activity induced by gG-2p19
was monocyte specific and mediated through a pertussis toxin-
sensitive GPCR, it was not triggered by FPRL2 (nor by FPR or
FPRL1), which is the only member of the FPR family that is
expressed solely in monocytes. Intriguingly, gG-2p19 was not a
monocyte chemoattractant, suggesting that the receptor in-
volved has a more restricted functional spectrum compared with
other GPCRs.

Materials and Methods
Peptides and reagents

Three 15-mer synthetic peptides (Fig. 1A) from the secreted portion of the
HSV-2 glycoprotein G (sgG-2) of strain HG52 (19) were synthesized as
described earlier using F-moc synthesis chemistry (20) and were from two
different sources, KJ Ross-Petersen (used in Fig. 1) and GenScript (used in
Figs. 2–8). The purity of the peptides was found to be �95% by reverse
phase HPLC. The HSV-2 gG-2 peptides were dissolved in either water,
sodium bicarbonate (NaHCO3 0.02 M in H2O), or DMSO to 6 mM and
stored at �70°C until use.

The hexapeptides WKYMVM and WKYMVm, which were synthesized
and HPLC purified by KJ Ross-Petersen, and the formylated tripeptide
formyl-methionyl-leucyl-phenylalanine (fMLF), which was purchased
from Sigma-Aldrich, were dissolved in DMSO (0.01 M in H2O) to 0.1 mM
and stored at �70°C until use. Subsequent dilutions of all peptides were
made in Krebs-Ringer phosphate buffer (KRG (pH 7.3); 120 mM NaCl, 5
mM KCl, 1.7 mM KH2PO4, 8.3 mM NaH2PO4, and 10 mM glucose) sup-
plemented with Ca2� (1 mM) and Mg2� (1.5 mM).

Cyclosporin H was provided by Novartis Pharma. Ficoll-Paque was
obtained from Amersham Biosciences N-t-butoxycarbonyl-methionyl-
leucyl-phenylalanine (N-t-Boc-MLF), isoluminol, and PMA were obtained
from Sigma-Aldrich, and HRP was obtained from Boehringer Mannheim. The
WRW4 was from GenScript. The gelsolin-derived peptide PBP10 (residues
160–169, aa sequence QRLFQVKGRR) was prepared by solid phase peptide
synthesis and coupled to rhodamine as described earlier (21).

Separation of human monocytes

Human PBMC were separated from buffy coats from healthy blood donors.
After Ficoll-Paque centrifugation, mononuclear cells were separated into

lymphocytes and monocytes using counter current centrifugal elutriation as
described in detail elsewhere (22). This procedure yielded a fraction with
�90% monocytes at a flow rate of 20–22 ml/min. The cells were washed
and resuspended in KRG and stored on melting ice until use.

Separation of human neutrophils

Human peripheral blood neutrophils were isolated from buffy coats from
healthy blood donors using dextran sedimentation and Ficoll-Paque gradi-
ent centrifugation as described (23). The cells were washed and resus-
pended in KRG and stored on melting ice until use.

Stable expression of FPR, FPRL1, and FPRL2 in
undifferentiated HL-60 cells

The stable expression of FPR, FPRL1, and FPRL2 in undifferentiated
HL-60 cells has been described previously (24, 25). Transfected cells were
cultured in RPMI 1640 (PAA Laboratories GmbH) containing FCS (10%)
(PAA Laboratories GmbH), penicillin/streptomycin (1%) (PAA Laborato-
ries GmbH), and G418 (1 mg/ml). The maximal density was maintained
below 2 � 106 cells/ml. The cells were passaged to a concentration of 5 �
105 cells/ml �24 h before use in assays.

Measurement of superoxide release

The NADPH-oxidase activity was determined using isoluminol-ECL
chemiluminescence (CL) (26). The CL activity was measured in a six-
channel Biolumat LB 9505 (Berthold), using disposable 4-ml polypro-
pylene tubes with a 400-�l reaction mixture containing 4 � 104 cells. The
tubes were equilibrated in the Biolumat for 5 min at 37°C, after which the

FIGURE 1. The gG-2p19 induces activation of the monocyte (but not
neutrophil) NADPH-oxidase. A, Schematic representation of the amino
acid sequences of gG-2p19, gG-2p20, and gG-2p21. B and C, Monocytes
(solid lines) and neutrophils (dashed lines) were activated with gG-2p20
(30 �M) (B) and gG-2p19 (30 �M) (C) and the following superoxide anion
release was measured continuously for 4 min by isoluminol-ECL (CL). The
amount of superoxide anion is presented as 106 cpm (Mcpm). Arrows
indicate the time of addition of peptide. The figure shows one representa-
tive experiment of three. The amount of superoxide released from mono-
cytes in response to different concentrations of gG-2p19 was measured
(n � 3–4; mean � SD) (C, inset). No NADPH-oxidase activity was de-
tected for gG-2p21 (data not shown).
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stimulus (20 �l) was added. The light emission was recorded continuously,
and the light intensity was measured 15 times per minute. The relation
between the amount of superoxide produced and the amount of detected
light is dependent on the luminometer, but it can easily be determined by
a direct comparison of the superoxide dismutase-inhibitable reduction of
cytochrome c with the integrated value of the superoxide dismutase-inhib-
itable chemiluminescence (27, 28). With the equipment used, 7.2 � 107

counts were found to correspond to the production of 1 nmol superoxide
(using a millimolar extinction coefficient for cytochrome c of 21.1).

When experiments were performed with antagonists and inhibitors such
as N-t-Boc-MLF, cyclosporin H, WRW4, or PBP10, these substances were
included in the reaction mixture during the 5 min equilibration period. In
desensitization experiments, the primary stimulus was added to the reagent
tubes on ice or at 37°C, followed by incubation in the Biolumat for 10 min
before addition of the second stimulus.

Monocyte chemotaxis

Monocyte chemotaxis was determined using ChemoTX multiwell cham-
bers (Neuro Probe) with a membrane pore diameter of 5 �m, according to

instructions provided by the manufacturer. Cells were allowed to migrate
through the membranes toward stimulus added to the lower chambers dur-
ing a 90-min incubation at 37°C, after which the cells in the lower chamber
were lysed with 0.2% cetyltrimethylammonium bromide in PBS with 0.2%
BSA. Twenty microliters of each lysate were transferred into a 96-well
ELISA plate (MaxiSorp, Nunc) and quantified based on myeloperoxidase
activity by the addition of 45 �l peroxidase substrate solution containing
0.1 mg/ml tetramethylbenzidine and 0.04% H2O2 in 0.2 M phosphate-
citrate buffer (pH 5). The reaction was stopped after 2 h by the addition of
25 �l 1M H2SO4 and the absorbance (OD) was measured at 450 nm.
Relative migration (%) was obtained by dividing the sample OD450 with
the OD450 of cells added directly to the lower compartment of the multiwell
chamber (representing 100% migration). Spontaneous movement, i.e.,
OD450 values obtained from samples with no added stimulus, was used as
negative control. As positive control, migration toward fMLF (10�8 M)
and gG-2p20 (varying concentrations) were used. The OD450 values used
are means of duplicates.

Cytosolic calcium mobilization

Monocytes or undifferentiated HL-60 cells (2 � 107/ml) stably expressing
FPR, FPRL1 (26), or FPRL2 (29) were incubated with fura-2AM (2 �M)

FIGURE 2. The gG-2p19-induced NADPH-oxidase activation in
monocytes is pertussis toxin sensitive. Monocytes were preincubated at
37°C for 90 min in the absence (solid line), or presence (dashed line) of
pertussis toxin (PT, 500 ng/ml) and were then stimulated with gG-2p19
(30 �M). The superoxide anion release was measured continuously for
6 min, by isoluminol-enhanced CL. To ensure that the PT treatment was
successful in inhibiting GPCR-triggered NADPH-oxidase activation
without affecting the overall condition of the cells, control experiments
were performed (inset). The PT treatment successfully inhibited the
fMLF-induced response (0.1 �M), while the PT-insensitive PMA-in-
duced response (50 nM) was unaffected. The amount of superoxide
anion is presented as 106 cpm (Mcpm). The figure shows one repre-
sentative experiment of three.

FIGURE 3. The gG-2p19 does not induce chemotaxis in monocytes.
Monocyte transmigration in response to gG-2p19 (F), gG-2p20 (E), buffer
(�), and fMLF (10 nM, f) was assayed using a ChemoTX multiwell
chamber system. Migration was determined after 90 min incubation by
measuring the amount of myeloperoxidase in lysates of migrated cells.
Data are expressed as mean per cent migrated cells � SEM for different
peptide concentrations, where maximum is the OD450 value obtained from
lysates of 105 monocytes added directly to the lower chamber.

FIGURE 4. Desensitization of the gG-2p19-induced oxidative response.
Monocytes were preactivated with gG-2p19 (30 �M; A), fMLF (0.1 �M;
B), or WKYMVM (0.1 �M; C), and subsequently challenged with gG-
2p19 (30 �M). The oxidative response was followed by isoluminol-am-
plified CL. The curves show that gG-2p19 is homologously desensitized
(A) but not heterologously desensitized by neither fMLF (agonist for FPR;
B) or WKYMVM (agonist for FPRL1/FPRL2; C). The amount of super-
oxide anion is presented as 106 cpm (Mcpm). The figure shows one rep-
resentative experiment of three.
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in calcium free KRG supplemented with BSA (0.1%) at room temperature for
30 min in the dark. Cells were then diluted to twice the original volume with
RPMI 1640 culture medium without phenol red (PAA Laboratories GmbH)
and centrifuged. The cells were washed once and resuspended to a density of
2 � 107/ml in KRG containing 1.0 mM Ca2�. Cells were equilibrated for 5
min at 37°C, after which gG-2p19 or positive control peptides (fMLF for FPR
and WKYMVm for FPRL1 and FPRL2) were added. The fura-2 fluorescence
was measured by a luminescence spectrometer (LS50B; PerkinElmer) using
excitation wavelengths of 340 and 380 nm and an emission wavelength of 505
nm. Maximal and minimal fluorescence were determined in the presence of
Triton X-100 and EGTA/Tris-HCl, respectively. The intracellular calcium lev-
els are shown as Ex340:Ex380 ratios (25).

Results
An HSV-2 glycoprotein G-derived peptide triggers the monocyte
NADPH-oxidase to produce superoxide anions

Through screening of peptides spanning the whole amino acid se-
quence of the secreted portion of HSV-2 glycoprotein G, we have

FIGURE 5. Effect of receptor antagionists and inhibitors on the mono-
cyte NADPH-oxidase response to gG-2p19. Cells were preincubated at
37°C for 5 min in the absence (solid line) or presence (dashed line) of the
FPR antagonist N-t-Boc-MLF (10 �M; dashed line), the FPR inhibitor
Cyclosporin H (0.25 �M; dotted line), or the FPRL1 antagonist WRW4

(0,5 �M; thin line) and were subsequently stimulated with fMLF (4 nM;
A), WKYMVM (4 nM; B), or gG-2p19 (30 �M; C). The amount of su-
peroxide anion is presented as 106 cpm (Mcpm). The figure shows one
representative experiment of three.

FIGURE 6. The gG-2p19 is not a ligand for any of the formyl peptide
receptor family receptors. Fura-2 loaded nondifferentiated HL-60 cells
(106/ml) overexpressing either FPR (A), FPRL1 (B), FPRL2 (C), or mono-
cytes (D; 106/ml) were analyzed for mobilization of intracellular Ca2� in
response to gG-2p19 (30 �M; bold lines). The FPR/FPRL1/FPRL2 ago-
nists fMLF and WKYMVM (0.1 �M) were used as positive controls (thin
lines). Representative Ca2� measurements (n � 3) are shown, given as the
relative change in Ex340/Ex380 ratio.
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previously identified a peptide, gG-2p20, that exerted downregu-
latory functions on human NK cells by activating phagocytes to
produce ROS (5). In this study, we analyze two neighboring pep-
tides derived from the same protein, overlapping the gG-2p20 se-
quence with 5 aa in either end of the peptide, and extended with 10
aa to the N-terminal side (gG-2p19) or the C-terminal side (gG-
2p21) (Fig. 1A). When exposing neutrophils or monocytes to these
peptides we found that whereas gG-2p20 activated a response in
both monocytes and neutrophils (Fig. 1B), gG-2p19 activated a
respiratory burst response in monocytes but was without effect on
neutrophils (Fig. 1C). The gG-2p19-induced oxidase activation in
monocytes was concentration dependent (Fig. 1C, inset). No re-
spiratory burst activity was triggered by gG-2p21 in either of the
cells (data not shown).

The NADPH-oxidase activity triggered in monocytes by
gG-2p19 is pertussis toxin sensitive

The gG-2p19 induced production of ROS in monocytes (Fig. 1 and
2) with a time course resembling that induced by the earlier de-
scribed FPR agonists gG-2p20 (Fig. 1 and (5)) and fMLF (Fig. 2;
inset). The ROS production induced by gG-2p19 was inhibited by
preincubation of the monocytes with pertussis toxin, known to

specifically block signaling induced by Gi GPCRs (30), suggesting
that also gG-2p19 induces activation through a GPCR.

The gG-2p19 is not chemotactic for monocytes

The signals generated by GPCRs in phagocytes usually mediate a
chemotactic response. No such response was however triggered by
the gG-2p19 peptide, irrespective of the concentration used to trig-
ger the response (Fig. 3). The earlier-described FPR ligands fMLF
and gG-2p20 were used as controls, both inducing a potent che-
motactic response in monocytes (Fig. 3).

The gG-2p19 does not interact with FPR or FPRL1

The gG-2p19-induced NADPH-oxidase response closely resem-
bled responses induced by other peptides (bacterial and synthetic)
acting through different GPCRs, including those of the FPR fam-
ily. This, together with the fact that the earlier-described HSV-2
peptide gG-2p20 is an FPR agonist, gave us cause to investigate
the involvement of FPR family members in the gG-2p19-induced
monocyte response. The basis for the first part of this investigation
was desensitization protocols using gG-2p19, the FPR agonist
fMLF, and the FPRL1/FPRL2 agonist WKYMVM. In these ex-
periments we exploit the fact that agonist binding to a particular
receptor induces receptor-specific desensitization and subsequent
inability of the cells to respond to the same or a second agonist that
ligates the same receptor (29).

Attempts to challenge gG-2p19-pretreated monocytes with the
same agonist a second time failed, meaning that the HSV-2 peptide
acts through a receptor that can be homologously desensitized
(Fig. 4A). Cells pretreated with the FPR agonist fMLF were how-
ever still able to mount an oxidative response when stimulated
with gG-2p19 (Fig. 4B), i.e., fMLF did not heterologously desen-
sitize the cells to the HSV-2 peptide. Furthermore, preincubation
of the cells with the FPR receptor antagonists N-t-Boc-MLF or

FIGURE 7. The monocyte NADPH-oxidase response to gG-2p19 is in-
hibited by the gelsolin-derived peptide PBP10. Monocytes were preincu-
bated at 37°C for 5 min in the absence (solid line), or presence (dashed
line) of PBP10 (1 �M; inhibitor of the FPRL1-, but not the FPR-induced
signaling pathway) and were subsequently stimulated with WKYMVM
(0.1 �M; A), fMLF (0.1 �M; B), or gG-2p19 (30 �M; C).The amount of
superoxide anion is presented as 106 cpm (Mcpm). The figure shows one
representative experiment of three.

FIGURE 8. Desensitization of the fMLF and WKYMVM responses by
gG-2p19. Monocytes were preactivated with gG-2p19 (30 �M; added on
ice and incubated at 37°C for 10 min) and subsequently challenged with
fMLF (0.1 �M; A) or WKYMVM (0.1 �M; B). The oxidative response
was followed by isoluminol-amplified CL. The curves show that gG-2p19
partially desensitized the fMLF-induced response, whereas the
WKYMVM-induced response was unaltered. The amount of superoxide
anion is presented as 106 cpm (Mcpm). The figure shows one representa-
tive experiment of three.
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cyclosporin H, both of which completely abrogate fMLF-induced
responses (Fig. 5A), did not prevent the cells from responding to
gG-2p19 (Fig. 5C), even though both N-t-Boc-MLF and cyclo-
sporin H pretreatment did affect the magnitude of the gG-2p19-
induced responses (Fig. 5C). Taken together, we conclude that
FPR is not involved in the response to gG-2p19.

No substantial desensitization of the gG-2p19-induced activa-
tion could be seen in monocytes first treated with the FPRL1/
FPRL2 agonist WKYMVM (Fig. 4C), suggesting that the peptide
uses neither FPRL1 nor FPRL2. For FPRL1, this is supported by
inhibition experiments using the FPRL1-specific antagonist
WRW4 (Fig. 5B), which did not prevent a gG-2p19-induced re-
sponse (Fig. 5C).

The gG-2p19 does not trigger any response in transfected cells
expressing FPRL2

Because gG-2p19 was a potent activator of the NADPH-oxidase in
monocytes (expressing FPR, FPRL1, and FPRL2) but not in neu-
trophils (which express FPR and FPRL1), FPRL2 was more plau-
sible as a receptor for gG-2p19 than FPR and FPRL1. To deter-
mine whether gG-2p19 could activate cells specifically through
FPRL2, we investigated the triggering potential of the peptide in
HL-60 cells stably transfected to express one or the other of the
three FPR family members. In accordance with our desensitization
data, gG-2p19 could not trigger any transient Ca2� response in
cells expressing either FPR (Fig. 6A) or FPRL1 (Fig. 6B). The
same was true also for FPRL2, i.e., gG-2p19 could not activate the
FPRL2-expressing cells (Fig. 6C). Undifferentiated HL-60 cells
transfected with an irrelevant receptor, CXCR2, do not show a
Ca2� response to FMLF or WKYMVm (25). In contrast, gG-2p19
did induce a Ca2� response in purified monocytes (Fig. 6D). All
taken together, our data indicate that gG-2p19 interacts with a
GPCR that is not a member of the formyl peptide receptor family.

The gG-2p19 activation of monocytes is inhibited by PBP10

We have recently shown that the signaling cascades induced in
neutrophils by agonists binding to FPR and FPRL1 differ in their
sensitivity to the gelsolin-derived, PIP2-binding peptide PBP10
(31). This membrane-permeable gelsolin-derived peptide specifi-
cally inhibits signaling through FPRL1. In an attempt to determine
whether the signaling route induced by the gG-2p19 receptor was
in any way similar to that induced by FPRL1, we investigated the
inhibitory effect of PBP10 on the gG-2p19-induced response in
monocytes. The inhibitory profile of PBP10 with respect to FPR
and FPRL1 was the same in monocytes as in neutrophils, i.e., the
response induced in monocytes by WKYMVM (FPRL1/FPRL2
agonist) was completely inhibited in presence of PBP10 (Fig. 7A),
whereas the response induced by fMLF (FPR agonist) was unaf-
fected (Fig. 7B). Interestingly, the monocyte NADPH-oxidase re-
sponse induced by gG-2p19 was substantially inhibited in the pres-
ence of PBP10 (Fig. 7C), indicating that the gG-2p19-binding
GPCR shares the PBP10 sensitive signaling route with FPRL1.

Receptor cross-talk and hierarchy

There is a hierarchical receptor cross-talk within the phagocyte
GPCR family. Cells desensitized to FPR or FPRL1 agonists are
down-regulated not only in the response to their respective recep-
tor-specific agonists but also to a second stimulation with the
GPCR agonists IL-8 or platelet-activating factor (32, 33). The fact
that desensitization of FPR or FPRL1 does not affect the gG-2p19-
induced response suggests not only that monocyte activation by
gG-2p19 does not involve the FPR family receptors, but also that
the gG-2p19 receptor is not subordinated FPR or FPRL1. How-
ever, desensitization experiments, in which the order of the ago-

nists was changed, revealed receptor cross-talk between the gG-
2p19 receptor and FPR. We found that the FPR-triggered response
was reduced when monocytes were desensitized with gG-2p19 be-
fore stimulation with fMLF (Fig. 8A). No such cross-talk or inhi-
bition was seen when fMLF was replaced by the FPRL1 agonist
WKYMVM (Fig. 8B). Our interpretation of these results is that
activation of the gG-2p19 receptor cross-desensitizes the FPR, i.e.,
that the gG-2p19 receptor is hierarchically above the FPR. The
fact that FPRL1 differs from FPR by being unaffected by desen-
sitization of the gG-2p19 receptor gives support to the notion that
these two receptors, although closely related, differ in their intra-
cellular signaling.

Discussion
A peptide derived from the secreted portion of HSV-2 glycopro-
tein G has been identified that selectively activates monocytes
through a pertussis toxin-sensitive receptor. The peptide, denoted
gG-2p19, triggered activation of the superoxide-generating
NADPH-oxidase, but was not able to induce monocyte chemo-
taxis. The main receptor candidate, FPRL2, the monocyte-specific
member of the formyl peptide receptor family, was found not to be
involved in cell activation. The peptide used a receptor distinct
from the formyl peptide receptor family, but the receptor appeared
to share at least one crucial step in its signaling pathway with one
of the family members, FPRL1, based on the inhibition of the
response to gG-2p19 by the PIP2-binding, gelsolin-derived peptide
PBP10, known to block FPRL1 signaling (31).

The strategy used to identify gG-2p19 as a monocyte-activating
peptide has been used earlier in the search for neutrophil-activating
peptides from the HSV-2 glycoprotein G (5). We then identified
gG-2p20 as a chemotactic peptide for both neutrophils and mono-
cytes and we were also able to disclose the identity of the gG-2p20
binding receptor, which was the FPR. We originally used thirty-
three 15-mer, partly overlapping peptides covering the entire se-
creted portion of the HSV-2 glycoprotein G. The fact that the only
two proinflammatory peptides, gG-2p19 and gG-2p20, originate
from the same part of the protein and contain an identical sequence
of five amino acids, suggested to us that they should bind to two
closely related receptors.

Because gG-2p19 did not activate neutrophils, the receptor
could be differently expressed in neutrophils and monocytes,
which made FPRL2 the most obvious candidate. The FPRL2 was
originally cloned from a promyelocyte cDNA library using low-
stringency hybridization with the FPR cDNA as a probe (34, 35),
and it was for a long time regarded as an orphan receptor. In
contrast to the other two members of the receptor family (FPR and
FPRL1), the expression of FPRL2 is restricted to cells in the
monocyte/macrophage linage.

From our data we conclude, however, that the activating signal
in monocytes induced by gG-2p19 is not transduced through
FPRL2. This conclusion is based on the facts that no signal is
generated by gG-2p19 in HL-60 cells transfected to express
FPRL2 and that the FPRL2 agonist WKYMWM did not desensi-
tize monocytes to the gG-2p19 peptide. The fact that no activity is
induced in FPRL2-expressing HL-60 cells by gG-2p19 strongly
indicates that another monocyte-specific receptor is involved, but
desensitization or binding inhibition experiments with an FPRL2-
specific ligand would of course add strength to the conclusion.
Such an agonist has been described (9). We have tried to use the
FL2 peptide (with the sequence MLGMIKNSLFGSVETWP
WQVL), however, in our experimental systems with FPRL2-ex-
pressing cells or monocytes this peptide was without effect (our
unpublished data). We can at present only speculate on the reason
for this but it has been shown that FL2 induces a strong response
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in around 50% of the blood cell donors suggesting that we might
have obtained all our samples from nonresponders. More impor-
tantly, however, is that these cells still responded to gG-p2–19. We
cannot at present explain why FL2 fail to trigger a response in
FPRL2 expressed in HL-60 cells, but the receptor might look a bit
different when expressed in another cell line such as cho-K1 cells.
Even though the identity of the gG-2p19 receptor remains to be
disclosed, our results suggest that it is a receptor distinct from
FPRL2.

However, we have clues to some characteristics of the gG-2p19
receptor. Firstly, the receptor is a pertussis toxin-sensitive receptor.
Pertussis toxin inhibits the Gi group of GPCRs in phagocytes, and
cell activation through members of this receptor family normally
provokes various biochemical or functional responses which con-
tribute to the defense as well as the immunoregulatory functions of
these cells. It is well known that the signals underlying the che-
motactic behavior differ from those that regulate granule mobili-
zation and secretory events (36). This is clearly illustrated by the
fact that the LTB4-specific GPCR has the capacity to transduce
ligand binding into a chemotactic response without any concom-
itant secretion of ROS (37). Furthermore, depending on the struc-
ture of the ligand, the occupied FPR can transfer the chemotactic
signal alone, or combined with the signal responsible for super-
oxide secretion (36). We found that the gG-2p19 peptide was able
to induce ROS production without triggering a chemotactic re-
sponse, a combination of signals unique for this receptor-ligand
pair. Whether the receptor entirely lacks the ability to mediate a
chemotactic response, or if the ligand (gG-2p19) triggers a very
specific signaling pathway that bypasses the route of chemotaxis,
cannot be determined until other ligands for the receptor has been
identified.

Secondly, the unknown receptor shares signaling properties with
FPRL1 in that it is sensitive to the inhibitory activity of PBP10, a
membrane-permeable polyphosphoinositide-binding peptide de-
rived from the cytoskeletal protein gelsolin (21). We have previ-
ously shown that PBP10 blocks FPRL1-induced ROS secretion in
neutrophils, while having no effect on the neutrophil response to
agonists for FPR, C5aR, PAFR, or CXCR (31). The precise mech-
anism by which PBP10 selectively interferes with signaling by
some receptors but not by others remains to be determined in de-
tail, but it is reasonable to believe that the signaling intracellular
parts of the two sensitive receptors, FPRL1 and the gG-2p19 re-
ceptor, contain structural similarities.

Thirdly, the gG-2p19 receptor cross-talks with other phagocyte
GPCRs. The process known as desensitization (homologous as
well as heterologous) is most probably important for the limitation
or termination of the cellular response to high concentrations of a
chemoattractant, avoiding prolonged activation and by that limit-
ing the inflammation-associated tissue damage at an inflammatory
site (8). With respect to cross-talk hierarchy, it is obvious that
some activators are strong whereas others are weak. The fact that
ligation of the gG-2p19 receptor desensitized the hierarchically
strong FPR, indicates that the novel receptor is even stronger. Fur-
ther desensitization studies have to be performed to more precisely
place this receptor in the GPCR hierarchy. It should also be kept
in mind that yet other gG-2p19 receptor(s) may be present that is
responsible for inhibitory signal(s). We have shown earlier this to
be the case for a peptide derived from the N terminus of annexin
I, a peptide that triggers NADPH-oxidase activation through one
receptor, concomitantly with eliciting inhibitory signals through
another receptor (38).

We can only speculate on whether gG-2p19 could exert any
effects in vivo. However, there should be high levels of sgG-2 at
sites with massive local viral replication, i.e., in herpetic lesions,

where �1010 viral particles are found to be present (5). In such an
environment, gG-2p19-induced ROS has the potential to eliminate
viral particles, but could also lead to local tissue destruction, en-
hancing the damage induced by the virus itself. However, ROS
secreted from neutrophils and monocytes also have a strong neg-
ative impact on cell-mediated immunity. Numerous studies have
shown that both the cytotoxic capacity and the survival of NK cells
and CTL are impaired in the presence of activated phagocytes, in
a process that is reversed by ROS scavengers (11–14). Thus, sgG-2
released from HSV-2-infected cells could, through its interaction
with a GPCR (as suggested in this study and in (5)) and subsequent
activation of the NADPH-oxidase, contribute to the documented
down-regulation of the cellular immune response seen during HSV
infection (39–41).

In summary, we have identified a peptide derived from HSV-2
glycoprotein G that induces release of ROS from monocytes
through binding to a GPCR. In vitro experiments showed that the
gG-2p19 peptide did not induce a chemotactic response, indicating
that the receptor involved has a more restricted functional spec-
trum compared with other GPCRs. Furthermore, we were able to
show that the gG-2p19-interacting GPCR shares at least one com-
mon signaling pathway with FPRL1 because both these receptors,
as opposed to, for instance, FPR, are sensitive to the PIP2-specific
gelsolin-derived peptide PBP10. This is of considerable interest for
further elucidation of chemoattractant signal transduction, because
FPRL1 is a chemotactic receptor whereas the gG-2p19-binding
GPCR is not.
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