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Carl G. Gahmberg was born in Helsinki, Finland in 1942, and graduated from high school in 1961. 
He had excellent teachers in mathematics, physics and biology, got interested in the natural world, 
and began ringing birds. Another interest was collecting butterflies. He even had a muskrat one 
winter at home in the centre of Helsinki. Another time he had a red fox pup for a week. The fam-
ily´s hunting dogs were excited, but they did it no harm. After high school, he passed the entrance 
course to the Medical Faculty of the University of Helsinki. Then followed the military service for 
11 months and in 1962, he began the studies at the university. During the undergraduate studies, 
he became interested in biochemistry, and he set up paper chromatography for separation of amino 
acids in the bathtub at home. His mother was evidently very tolerant, permitting the strong odour 
of the organic solvents at home. During the student years, he was active in student organizations 
and acted as chairman of the Thorax Medical Students Society, and as a member of the board of 
the Helsinki University Student Union. The student uproars in 1968 including the occupation of 
their own Old Student House gave lasting memories. He finished the basic medical training in 
1968. At the end of the medical studies, it was possible to spend some time in a research laboratory 
of the university, and he chose to work with Dr. Kai Simons. Kai also had a medical background, 
and he had recently returned from a postdoctoral fellowship in the USA. He was setting up a small 
research group at the Department of Bacteriology and Immunology, University of Helsinki. The 
group included Ari Helenius and Henrik Garoff. Both of them later became successful scientists. 
Ari and Henrik first studied serum lipoproteins, but rather soon switched to studies on Semliki 
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Forest Virus as a cell membrane model. Together with the research groups of Ossi Renkonen, a 
lipid chemist, and the virologist Leevi Kääriäinen, Kai formed a consortium, which at that time was 
rather unusual. The Semliki Forest virus was grown in baby hamster kidney fibroblasts (BHK21), 
and matures by budding at the plasma membrane. Carl´s responsibility was to isolate the plasma 
membrane from non-infected cells and characterize the molecular components. After finishing 
the doctoral thesis in 1971, he got a NIH postdoctoral fellowship and joined Professor Sen-itiroh 
Hakomori´s laboratory at the University of Washington in 1972. In addition to science, there was 
time for crayfish and crab fishing. With Roger Laine, a fellow postdoc with Finnish ancestry, they 
went deer and elk hunting, and were quite successful. In 1974, Carl returned to the University of 
Helsinki, to the Department of Bacteriology and Immunology. He early on obtained some small 
grants, and set up a research group. This included one technician, and two part-time students. At 
the same time, Leif Andersson returned to the Department of Pathology, located in the same 
building. He had been a postdoctoral fellow at Uppsala University in Sweden, where he worked 
in the group of Hans Wigzell, a famous immunologist, and later rector of the Karolinska Institute. 
Leif and Carl formed a close scientific collaboration, with the aim to study blood cell surfaces. In 
1979, Carl got the professorship of biochemistry and pharmaceutical chemistry at the Åbo Aka-
demi University in western Finland. Kai Simons obtained the distinguished A.I. Virtanen chair of 
biochemistry at the University of Helsinki, but he had already moved to the recently established 
EMBL laboratory in Heidelberg, Germany. He never took up the position in Helsinki, and Carl 
was in 1981 appointed to the professorship and head of the Department of Biochemistry, University 
of Helsinki. He retired from the position in 2010, but continued as professor emeritus after that. In 
1988-1989, He had a visiting fellowship at the La Jolla Cancer Research Foundation in San Diego.
	 Carl G. Gahmberg, has won several prizes and awards. He obtained the Gustaf Komppa Prize 
for the best thesis in chemistry in Finland in 1971, the Norwegian Anders Jahre Prize in 1981, the 
150-year Prize of the Finnish Medical Society in 1985, the Äyräpää Prize in Medicine 1997, the 
Runeberg Prize in 2010, and the Liv och Hälsa 75-year Prize in 2017. He became the Professor 
of the Year in Finland in 1995.
	 He is a member of EMBO since 1980, the Finnish Academy of Science and Letters (1982), 
the Finnish Society of Sciences and Letters (1983), World Cultural Council (1984), Academia 
Europaea (1989), the Royal Swedish Academy of Sciences (2007) and the Royal Society of Arts 
and Sciences, Gothenburg (2008). He acted as the permanent secretary of the Finnish Society of 
Science and Letters 1992-2018.
	 Carl G. Gahmberg is Commander of the Order of the Finnish Lion (2002), Chevalier d´Or-
dre des Palmes Académique, France (2009), Commander of the White Rose of Finland (2012), 
honorary member of the Finnish Medical Society (2010), and honorary member of the Finnish 
Society of Sciences and Letters (2018). Currently he is chancellor of Åbo Akademi University.
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Here I have collected my most important scientific papers and written short comments on 
them. All my work deals with cell membranes, and I have grouped the articles into a few 
different topics. Most work deals with cell membrane proteins with early focus on glycopro-
teins, including studies on fibroblast proteins and changes in cancer, later work deals with 
proteins of red blood cells and leukocytes. More recently, the research focussed on functional 
aspects, notably on leukocyte adhesion and its regulation. It has been important to describe 
the knowledge, when the articles were written, and what we tried to solve. I have been for-
tunate in having several excellent graduate students and postdoctoral fellows, and certainly 
much of the results obtained have depended on them. Both my postdoctoral time in Sen 
Hakomori´s laboratory, and the time as visiting professor in Erkki Ruoslahti´s group, have 
been very important for my research. The long collaboration with Leif Andersson has been 
very rewarding, and the collaboration with him continues. I have, with my colleagues, written 
several reviews and invited articles, but the original articles in established science journals, are 
the most important ones and described here.
	 During all my time as an active researcher, I have been able to obtain grants from different 
bodies. This fact has enabled me to do research in addition to teaching and administration. The 
most important research grants, were obtained from the University of Helsinki, the Academy 
of Finland, the Sigrid Jusélius Foundation, the Finnish Medical Society, National Institutes 
of Health, the Magnus Ehrnrooth Foundation, the Finnish Society of Sciences and Letters, 
the Else and Wilhelm Stockmann Foundation, and the Liv och Hälsa Foundation.
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Part I 

CELL SURFACE 
GLYCOPROTEINS
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As part of my Doctor of Medical Sciences thesis, I isolated plasma membranes and endo-
plasmic reticulum membranes from hamster BHK21 cells, and studied their proteins by SDS 
gel electrophoresis. Cells were labelled using radioactive amino acids or monosaccharides 
(D- glucosamine, L- fucose), the membranes isolated by centrifugation and characterized 
using membrane markers such as Na+K+-ATPase for the plasma membrane. The amount 
of contaminating membranes and cell organelles, was estimated using enzyme markers for 
mitochondria, lysosomes and the endoplasmic reticulum. I realized that it was impossible to 
obtain membranes of high purity from cultured cells, and therefore novel techniques were 
important to study the composition and localization of membrane molecules. Furthermore, 
slab gels were not yet in use, and the resolution of proteins on cylindrical gels after slicing, was 
poor. Anyway, there was an increasing interest in the finding, that plasma membrane proteins, 
often were glycosylated, and more so than those of internal membranes.
	 In the early 1970,s, Mark Bretscher, working at the Laboratory of Molecular Biology in 
Cambridge, had developed a cell surface labelling technique, using 35S- formyl methionyl sulfone 
methyl phosphate. The reagent does not penetrate the membrane. Using this reagent, he was 
able to show that the major red cell membrane glycoprotein, glycophorin A, was spanning the 
membrane (1). I synthesized the reagent and showed that it selectively labelled the envelope 
protein of Semliki Forest Virus (Paper 1). The reagent was, however, not easy to make, and 
never became much used. However, the results on Semliki Forest Virus got me interested in 
further developing methods to label cell surface molecules. In 1970, our consortium in Helsinki 
organized a cell membrane conference, and among the participants was Sen-itiroh Hakomori 
from the University of Washington in Seattle. He was an authority in the glycolipid field. I 
contacted him and after I succeeded in getting a NIH postdoctoral fellowship for two years, 
I went to Seattle with my family in September of 1972. After arriving, we discussed possible 
projects, and Sen got interested in the possibility of studying cell surface glycolipids and gly-
coproteins using radioactive surface labelling techniques. No technique for labelling of cell 
surface glycoconjugates, had been described. He told me that Gilbert Ashwell at NIH had 
used the enzyme galactose oxidase to oxidise D-galactose and N-acetyl D- galactosamine to 
the corresponding C-6 aldehydes in serum proteins. The aldehydes were then reduced using 
tritium labelled sodium borohydride back to the original sugars, resulting in tritium labelled 
glycoproteins. After learning this, I immediately realized that we could try the method to label 
intact cells. The high molecular weight of the enzyme would prevent its penetration through 
the plasma membrane, and only surface exposed glycoconjugates could be oxidised. After one 
week, I got the first positive results using red blood cells. We were very excited.
	 Gel electrophoresis with cylindrical gels, was laborious and the resolution was not optimal, 
but the new method raised a lot of interest. Soon afterwards, we applied it to normal and 
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transformed fibroblasts, and described the loss of a high molecular weight protein from normal 
cells. A great advantage of the cell surface labelling method, was that plasma membranes could 
be studied without previous isolation of them.
	 A major technical development occurred, when Bonner and Laskey introduced the use of 
a scintillator in gels to visualize weak radioactivity emitters such as tritium. Another important 
development was the introduction of slab gels.
	 After coming back from the US in 1974, the local university repair shop made a slab gel 
apparatus. I was then able to apply the new techniques to normal human red cells, and found 
proteins not described before. It was also interesting to study red cells carrying rare blood 
groups. Scientists at the Red Cross Blood Service in Helsinki, had described a red cell (En(a-
)), lacking the MN-blood group antigens. After labelling the cells followed by gel analysis, it 
immediately became apparent, that the cells lacked the major red cell sialoglycoprotein, glyco-
phorin A. Glycophorin A is a “classical” membrane protein, because it was the only membrane 
protein, which had been sequenced. Interestingly, the individual, lacking glycophorin A in his 
red cells, showed no hematologic problems. 
	 With the galactose oxidase/tritiated borohydride labelling technique, we often used treat-
ment with neuraminidase to enable labelling of penultimate galactosyl/N-acetyl galactosaminyl 
residues. The neuraminidase treatment changed the molecules appreciably, and therefore I 
began to look for alternative methods. Periodate at low concentrations, selectively oxidises 
sialic acids, and had been used by Ashwell for labelling of serum proteins by reduction with 
tritiated sodium borohydride. I found that when the oxidation was done on ice, there was 
no transport of periodate into cells. After reduction with tritiated borohydride, the labelling 
of the oxidized residues worked fine. This labelling method was easy to perform and became 
much used.
	 In the 1970,s, studies on the biosynthesis of membrane proteins were done using viral 
envelope proteins as models. Because of the lack of good models, little was known about 
mammalian membrane protein biosynthesis. We then found that the widely used K562 cell 
line, described as myeloid, expressed the red cell marker, glycophorin A, and actually the cells 
turned red after treatment with sodium butyrate. After making a crude antiserum to glyco-
phorin A, we obtained a highly specific antiserum by absorption with the En(a-) membranes. 
We could then study the biosynthesis of glycophorin A, using K562 cells and 35S-methionine 
pulse/chase labelling.
	 Leukocyte membrane proteins were poorly known in the 1970s. Only the transplantation 
antigens, had been characterized by immunologists and were best known. The development of 
the radioactive cell surface labelling techniques, combined with fluorography of slab gels, made 
it possible to study cell surface proteins at a new level. Using the new methods, we discovered 
several novel leukocyte glycoproteins. 

Comments on Papers 1 to 18

We used 35S-formyl methionyl sulfone methyl phosphate (35S-FMMP) to selectively label 
cell surface-exposed proteins and lipids in Semliki Forest Virus (SFV). We used it as a sim-
ple membrane model. The virus buds from the host cell plasma membrane, and its envelope 
contains only two major envelope proteins. These were efficiently labelled with the amino 
group reactive 35S-FMMP, whereas the core nucleocapsid protein remained unlabelled. In 
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addition, phosphatidyl ethanolamine was efficiently labelled, which shows that it was surface 
exposed. In contrast, phosphatidyl serine, was poorly labelled (Paper 1).  The results show that 
the distribution of the viral membrane lipids, in the membrane bilayer largely reflected that 
of plasma membrane lipids. This paper was important for my subsequent career, because my 
research interest shifted to study the outer surface of the plasma membrane.  
	 After arriving to the University of Washington, I began to develop a method for selective 
radioactive labelling of cell surface glycoproteins and glycolipids. Gilbert Ashwell with co-work-
ers, had published methods to label serum glycoproteins using galactose oxidase and tritiated 
sodium borohydride (2). I used human red cells as a model cell. The red cell membrane, was 
easy to isolate, due to the lack of other membranes in the mature erythrocyte. Notably, V.T. 
Marchesi had published the sequence of the major red cell sialoglycoprotein, glycophorin A 
(3), and Bretscher had shown that it spans the membrane (1). Galactose oxidase was commer-
cially available, and the labelling technique worked out well. Hakomori,s laboratory was well 
equipped for glycolipid analysis, but not for proteins. I introduced SDS-gel electrophoresis 
there, and we used cylindrical gels. Then we had to get a gel slicing device, which was made in 
the university repair shop. The resolution of the labelled proteins on SDS-gel electrophoresis 
was not optimal, but the major glycoprotein, glycophorin A, was strongly labelled after neur-
aminidase/galactose oxidase treatment, but little label was seen when the galactose oxidase 
treatment was omitted.  Globoside, the major red cell glycolipid, with the sequence N-acetyl 
galactosamine-galactose-galactose-glucose-ceramide, was strongly labelled. In addition, ce-
ramide trihexoside, lacking the amino sugar, was labelled, whereas ceramide dihexoside was 
not (Paper 2).
	 When we mastered the galactose oxidase/ tritiated borohydride method, it became im-
portant to study the plasma membrane of normal and transformed fibroblasts. At that time, 
several normal fibroblast cell lines were available, as well as their tumour virus transformed 
counterparts. Using hamster NIL cells, we published in 1973, the presence of a major labelled 
high molecular weight protein in normal cells, which was lacking in transformed cells. We named 
the protein galactoprotein a (Paper 3). The protein was independently reported by Richard Hynes 
(4). He named it LETS (Large External Transformation Sensitive) protein. In addition, Antti 
Vaheri and Erkki Ruoslahti published the same high molecular weight protein, and named it 
SF- (Serum Fibroblast) antigen (5). Later, it was agreed that the protein should get the name 
fibronectin. We also found that ceramide penta- and tetra-saccharides were more strongly 
labelled in normal cells, than in the transformed fibroblasts. In contrast, the transformed cells 
expressed on their surfaces higher amounts of short chain glycolipids. Certainly, the finding of 
fibronectin was important, and it became a “classic” adhesion protein (6).
	 In subsequent work, we used cells, transformed with a temperature-sensitive mutant 
of polyoma virus. When the cells were grown at 39 oC, fibronectin was strongly expressed, 
whereas little label was observed in the high molecular weight region on gels of cells grown 
at the permissive temperature of 32 oC. In addition, ceramide dihexoside, was more strongly 
expressed at 32 oC than at 39 oC (Paper 4).
	 These findings raised a lot of interest, and several articles later appeared on the subject. 
Fibronectin, was later found to be secreted from cells, and deposited as a matrix protein. 
Transformed cells often express high protease activity, which explains the degradation of 
the extracellular matrix including fibronectin. Ruoslahti and co-workers later identified the 
minimal receptor binding sequence in fibronectin, RGD (7), and this short sequence turned 
out to be recognized by several integrins (8).  
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	 When slab gel electrophoresis and the use of a scintillator in gels became available, the 
resolution of proteins on gels was greatly improved. Therefore, it was worthwhile to return 
to red cells, and study their outer surface in more detail. It became apparent that the red cell 
contains a number of previously unknown glycoproteins. Foetal erythrocyte glycoproteins, 
were poorly labelled without neuraminidase treatment, which showed that they more sialylated 
than those of adults. When membranes were first isolated, and then labelled, no additional 
proteins were labelled. This finding showed that all glycosylated proteins are on the outer cell 
surface. Exceptions are cytoplasmic proteins containing O-glycosidic N-acetyl glucosamines 
(9). Furthermore, I proposed that cell surface proteins of mammalian cells always are glyco-
proteins (Paper 5). This statement has largely turned out to be correct, but see the comments 
on the Rho(D) protein below. 
	 Red cells carrying the En(a-) blood group, had been described to contain one third the 
normal amount of sialic acid, and weak MN-antigens (10). We obtained En(a-) cells from 
the Finnish Red Cross Blood Transfusion Service, and after surface labelling, it was obvious 
that the cells lack glycophorin A. Interestingly, the band 3 protein (anion exchange protein) 
of En(a-) cells, showed an increased glycosylation, due to a higher molecular weight oligosac-
charide. This oligosaccharide later turned out to be polylactosamine type (11). Interestingly, 
the son of the proband, had red cells expressing about half the normal amount of glycophorin 
A, and the molecular weight of the band 3 oligosaccharide was between that of normal cells 
and En(a-) cells (Paper 6). We still do not know how protein glycosylation is regulated. The 
availability of En(a-) red cells, was crucial for the preparation of a specific anti-glycophorin 
A polyclonal antiserum (see below).  
	 We modified the periodate/sodium borotritiate method (12) to be used for labelling of 
cell surface sialoglycoproteins. Treatment with 1-3 mM periodate for a short time at 0 oC was 
enough to oxidise the sialic acids at the surface of red cells. To show that the plasma membrane 
indeed was impermeable to periodate, we isolated red cell membranes and resealed them, with 
the sialic acid-rich glycoprotein fetuin inside the red cell ghosts. Little 3H-label was found in 
fetuin after periodate oxidation and reduction with tritiated borohydride, which showed that 
the technique is specific for cell surface located carbohydrate (Paper 7). 
	 This method was easy to use, and it did not need any complicated chemicals or enzymes. 
It soon became very popular for labelling of cell surface glycoproteins and gangliosides. 
	 In the mid 1970,s, with exception of red cells, little was known about surface proteins of 
mammalian cells. Immunologists had described transplantation antigens on leukocytes, but 
it was obvious that the cells must contain other, unknown proteins. We began to apply the 
novel surface labelling methods to mouse lymphoid cells (Paper 8). The results revealed that 
the cells express a number of cell surface glycoproteins not described before, and the different 
cells showed specific surface glycoprotein patterns. In collaboration with Swedish scientists, 
we studied different human leukocyte cell lines. The cell surface patterns were characteris-
tic of the different types of cell lines, and it was possible to use the patterns for diagnostic 
purposes (13,14). The cell surface glycoproteins of different normal human leukocytes, were 
studied in detail (Paper 9). We also observed major changes in T cell surface glycoproteins, 
when the cells, were activated to grow and differentiate (Paper 10). The same was true for 
B lymphocytes, B blasts Epstein-Barr virus positive and negative B lymphoid cell lines. An 
interesting case was the HL-60 promyelocytic cell line. The lymphoblasts expressed a rather 
simple surface glycoprotein pattern, with a major labelled protein of 160000 molecular weight. 
Upon differentiation towards granulocytes, the cells expressed in addition glycoproteins of 
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130000 and 90000 molecular weights. The surface glycoprotein patterns resembled those of 
normal granulocytes. With present knowledge, these proteins were the CD11b and CD18 
subunits of the myeloid Mac-1 integrin (Paper 11). 
	 The CD45 antigen is a major cell surface glycoprotein in leukocytes and it was originally 
characterized as a “common leukocyte antigen”. It is differently spliced in different leukocytes. 
B cells expressed a major high molecular weight protein with an apparent molecular weight 
of 205000, whereas T cells expressed proteins of 160000-180000 (Paper 9). CD45 turned out 
to be a protein tyrosine phosphatase (15). We showed that it activates the Fyn tyrosine kinase 
by releasing the C-terminal inhibitory phosphate (Paper 12). Thus the activation of Fyn is 
similar to that of Lck. Together with Japanese glycobiologists we determined the structures 
of the CD45 N-glycosidic and O-glycosidic oligosaccharides (16,17).
	 We thought that some serum glycoproteins could originate from leukocytes, especially 
during excess white blood cell proliferation during inflammation. We found release of the 
serum glycoprotein, α1-acid glycoprotein from leukocytes (Paper 13). It is a marker protein 
of inflammation. 
	 We also studied platelet surface proteins, and found that treatment of platelets with 
thrombin, released a cell surface glycoprotein fragment of around 80000 in apparent molecular 
weight. Another protein of higher molecular weight, was secreted without enzyme treatment 
(18).
	 As discussed above, glycophorin A was the first mammalian membrane protein that was 
sequenced, and it served as a model for type 1 membrane proteins. It has a relatively large 
external domain, a transmembrane domain, and a relatively short intracellular domain (3). 
We studied the expression of glycophorin A in bone marrow cells, and found expression ear-
ly during red cell development, and it turned out to be a useful erythroblast marker protein 
(Paper 14). When screening different leukocyte cell lines, we found that the K562 cell line, 
considered myeloid, in fact expressed glycophorin A. The finding indicated that the cell line 
could be erythroid  (Paper 15). Murine red cell precursor cell lines, were known to differentiate 
using sodium butyrate or hemin, and when K562 cells were treated with butyrate, they indeed 
showed a strong expression of haemoglobin (Paper 16). The cells were then shown by Ruth-
erford et al. to express embryonic and foetal haemoglobin (19). The finding that K562 cells 
are erythroid, first raised some controversy, but our conclusion was confirmed. Glycophorin 
A from K562 cells was studied in detail and it expressed blood group MN activity. We now 
had a cell line expressing glycophorin A, and a specific antiserum made by absorption of a 
crude anti-glycophorin A antiserum with En(a-) membranes. This made it possible to study 
its biosynthesis in K562 cells. We used pulse-chase labelling with 35S-methionine, and found 
that it took about 30 min for the protein to get glycosylated and reach the plasma membrane 
(Papers 17,18). The biosynthesis in many ways resembled that of viral membrane glycopro-
teins, but it was the first mammalian membrane glycoprotein studied in some detail. Later, 
we studied its biosynthesis in cell free systems, and its inhibition of N-glycosylation using 
tunicamycin (20). Glycophorin A turned out to be a useful marker of erythroleukemia (21).
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Landsteiner and others did pioneering work on blood group antigens already in the early 
1900s. However, the chemical nature of the various antigens long remained poorly known. 
The best known were the ABO antigens and the MN antigens. 
	 Glycolipids, carrying ABH antigens, were characterized by several groups including, that 
of S.-i. Hakomori (1). Whether red cell membrane proteins also carry ABH blood group ac-
tivity, was unsettled. Actually, few membrane proteins had been isolated, and their purity was 
not good enough. However, the development of the analytical methods changed the situation. 
Many blood group antigens are minor components, which made their biochemical analysis 
challenging.
	 The Rh-antigen system, were described by Levine and Stetson (2) and Landsteiner and 
Wiener (3), but their molecular nature long remained unclear. The availability of excellent 
antisera, and improved blood group typing, finally made it possible to identify and characterize 
the antigens. The Rh system is complex, but clinically the most important antigen is Rho(D).

Comments on Papers 19 to 25

Above, I described studies on the expression and biosynthesis of glycophorin A. The mature 
red cell carries the MN antigens, which need complete O-linked oligosaccharides in the 
NH2-terminal of glycophorin A for activity. However, the M/N specificity is due to the amino 
acid polymorphism at positions 1 and 5. M type glycophorin A has serine and glycine, whereas 
N type has leucine and glutamic acid. Glycophorin A was incompletely O-glycosylated in 
immature red cells, and concomitantly with maturation, it became more O-glycosylated and 
MN positive (Paper 19).
	 ABO blood group antigens, were first chemically studied from soluble mucins, but red cell 
expressing antigens had not been much studied. To be able to study red cell ABO antigens, we 
isolated the blood group A-specific lectin from Vicia cracca seeds (4), and used it for affinity 
chromatography of lactoperoxidase/125I and galactose oxidase/NaB3H4 and periodate/ NaB3H4 
labelled erythrocyte membranes of different ABO blood groups. The labelled proteins were 
analysed by gel electrophoresis (Paper 20). Mature red cells expressed blood group A activity 
on the band 3 protein and on diffusely migrating protein bands of 40000-60000 apparent 
molecular weights. The glycophorins were blood group A- negative. We then studied the ex-
pression of blood group A- antigens in bone marrow cells. After adding the Vicia cracca lectin, 
the cells were incubated with an antiserum to the lectin, followed by protein A- expressing 
staphylococci. After cytological staining, we identified the blood group expressing cells. Only 
cells of the erythroid lineage were positive from the basophilic normoblast to more differentiated 
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cells (5). Further work showed that A and B blood group active oligosaccharides were located 
on different glycosyl peptides from AB red blood cells (6). We later collaborated with Swedish 
scientists to study the binding of RIFINs in Plasmodium falciparum infected red cells, to red 
cells. Interestingly, there was a preferential binding to blood group- A cells (Paper 21).
	 We were also interested in the possibility to change the structure of oligosaccharides on cells 
by chemical means. After oxidation of cell surface glycoconjugates by treatment with galactose 
oxidase or periodate, we added oligosaccharide-hydrazines to the oxidized cells. This treatment 
resulted in covalent bonds between the added oligosaccharides and the cellular oxidized sugars. 
In this way we obtained blood group- A and -B active red cells from O cells (Paper 22). 
	 The molecular nature of the important Rh blood group antigens long remained contro-
versial. A molecular weight of 7000 was reported in 1979 for the Rho(D) antigen (7), and later 
the band 3 protein with an apparent molecular weight of 90000, was proposed to carry the 
antigen activity (8). I wondered how it is possible that the researchers could end up with such 
different results, and I decided to study the Rho(D) antigen. I first tried to immune precipitate 
the antigen from galactose oxidase/NaB3H4 labelled red cell membranes, but without success. 
However, when Rho(D) positive red cells were labelled by the 125I-lactoperoxidase method, several 
protein bands were seen, but only a minor protein band of 28000-33000 apparent molecular 
weight was specifically obtained from Rho(D) positive cells (Paper 23). It was obvious that the 
previously reported findings were due to either degraded proteins or lipids running on gels in 
the front, and the quantitatively dominating band 3 protein. Stephen Moore and co-workers 
independently obtained a similar result (9). Convincing proof of the size of the antigen was 
obtained from –D-/-D- ( “ super-D” ) red cells, which express high amounts of the Rho(D) 
antigen (Paper 24). Importantly, when a detergent extract from the red cell membranes was 
passed over a column containing the galactose binding lectin from Ricinus communis lectin, 
the Rho(D) protein bound. However, the purified protein, did not bind. The results indicated 
that the Rho(D) protein was in complex with a glycoprotein. Later studies have shown that 
the Rho(D) antigen indeed contains no sugar, and a Rh-associated glycoprotein was described 
which explains the results (10).
	 I earlier proposed that mammalian cell surface proteins always are glycoproteins (Paper 5). 
Although, the Rho(D) polypeptide does not contain sugar, it is bound with the Rh-associated 
glycoprotein, and the complex is thus a glycoprotein. In that sense it resembles MHC type I 
transplantation antigens, in which the heavy chains are glycosylated and form a dimer with 
β2 microglobulin, which does not contain carbohydrate. In a review we discussed why surface 
proteins are glycoproteins (Paper 25). The importance of being glycosylated, may be due to 
the fact that during biosynthesis, it is important for the polypeptides to have enough time 
to fold, and associate with other polypeptides  in a proper way. The proteins can be retained 
within the cells by interaction with intracellular chaperons like calnexin and calreticulin (11-
13). Certainly, the cell surface carbohydrate often has receptor functions, but this fact does 
not explain that all cell surface proteins are glycoproteins.
	 It could be mentioned that Peter Agre and Jean-Pierre Cartron began to study the 
Rho(D) protein (14). When Agre was purifying the protein, he ended up with a contaminant. 
This turned out to be a water transport protein, which he named aquaporin (15). Aquaporin 
has a similar molecular weight as the Rho(D) protein. Like aquaporin, the Rho(D) is very 
hydrophobic, and it passes twelve times through the plasma membrane. This fact explains the 
finding that the Rho(D) protein, was poorly solubilized using Triton X-100, and the majority 
remained bound to the cytoskeleton (16). 
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	 The LW (Landsteiner-Wiener) blood group was initially confused with the Rh blood 
group. Rho(D) cells expresses more of the LW-antigen than Rho(D-)cells, and Rhnull cells lack 
the LW antigen. When the LW antigen was cloned and sequenced, it turned out that it shows 
homology with the intercellular adhesion molecules (ICAM) (17). We then showed that it 
binds to β2-integrins, and renamed it ICAM-4 (see below).
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The research projects on cellular changes in transformed fibroblasts, resulted in the discovery of 
fibronectin in 1973. Later, research groups found that fibronectin is an adhesion molecule (1). 
This finding led to search for cellular fibronectin receptors in fibroblasts and other cells (2,3). 
In parallel, studies on platelet (4), and leukocyte adhesion molecules took place. The research 
groups used a number of techniques to identify the receptors including protein chemistry, 
affinity chromatography, induction of cell aggregation or adhesion, radioactive surface labelling 
techniques, and the use of polyclonal and monoclonal antibodies.
	 In the early part of the 1980,s, I realized that it was important to shift my research from 
the mere identification and characterization of cell surface proteins to functional aspects. 
After the discovery of fibronectin and its role in cell adhesion, an obvious possibility was to 
begin to study  leukocyte surface molecules, and their involvement in cell - cell interactions. 
The collaboration with Leif Andersson was very important. He had an impressive knowl-
edge of leukocyte biology, and knew how to isolate different leukocytes. Early studies on 
the cell surface glycoproteins of human leukocytes, showed that the cells express a number 
of previously unknown surface glycoproteins (Paper 9). The promyelocytic cell line HL-60, 
was functionally relatively inactive, but when differentiated towards granulocytes, it acquired 
phagocytic and chemotactic activities, and the concomitant expression of cell surface proteins 
similar to those of normal granulocytes (Paper 11). Other groups identified leukocyte surface 
proteins, associated with various leukocyte functions, and lacking from leukocytes of patients 
with genetically determined immunologic deficiencies. LFA-1 and Mac-1 were protein that 
were found to be involved in a number of functions, but the reason for the malfunctions was 
not clear (5,6). Several groups studied the same proteins, but under various names, and this is 
still a problem. We used the name Leu-Cam (Leukocyte cell adhesion molecule) to point out 
the function, and immunologists preferred the CD (Cluster of Differentiation) nomenclature. 
The following names are used: CD11a/CD18 (LFA-1, αLβ2), CD11b/CD18 (Mac-1, αMβ2), 
CD11c/CD18 (p150/95, αXβ2) and CD11d/CD18 (αDβ2).
	 Manuel Patarroyo introduced the use of phorbol esters to induce leukocyte aggregation 
(7). He joined my group as a postdoctoral fellow, and we tested a large number of monoclonal 
antibodies, reacting with intact leukocytes, whether any could inhibit the phorbol ester induced 
aggregation. One of the tested antibodies (60.3) (8), efficiently inhibited the induced aggrega-
tion of T cells and granulocytes. Immunoprecipitation of surface labelled cells resulted in the 
Leu-Cam protein dimers. These experiments definitely showed that the molecules identified 
were cell adhesion proteins.
	 It soon became apparent that the receptors in different cells including fibroblasts, leukocytes 
and platelets were similar. After cloning and sequencing, a new protein family was identified. Rich-
ard Hynes named the receptors integrins, according to their ability to functionally and structurally 
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connect their cell surface domains with the cytoplasmic domains (9). The integrins are large protein 
heterodimers consisting of α- and β-chains. Several reviews on integrins, have been written (9-15). 
Structural studies showed that in resting cells, the integrin head is turned towards the membrane 
and upon activation, the integrins straighten out and finally open the binding site (16).

Comments on Papers 26 to 29

I was initially sceptical of using phorbol ester induced aggregation of leukocytes, to identify 
adhesion receptors. Perhaps the clumping of cells was just due to an unspecific artefact. How-
ever, I was wrong. We tested a number of monoclonal antibodies obtained from scientists all 
over the world. One of the antibodies (60.3) turned out indeed to efficiently prevent adhesion. 
Because we had the radioactive surface labelling techniques in use, we soon discovered that the 
antibody target molecules were protein dimers. In 1985, we published the identification of a 
glycoprotein complex with apparent molecular weights of 160000/90000 from blood mono-
nuclear leukocytes (Paper 26). Soon thereafter, we identified a similar dimer from granulocytes 
(Paper 27). The same year, and the year after, there began to appear similar findings from 
other groups using different cells (2-4). B lymphocytes, expressed a similar protein complex 
as T cells (17). In collaboration with Jim Schröder we made an integrin β2-chain monoclonal 
antibody, which turned out excellent for purification of large amounts of leukocyte integrins 
(18). This was possible because we got several kilograms of packed leukocytes, which were 
used for interferon production at the Finnish Red Cross Blood Centre. The purified integrins, 
were used for making new monoclonal antibodies. One of them (7E4) turned out to efficiently 
inhibit leukocyte adhesion, and another one (1D10) was excellent for blotting analysis of the 
β2-chain (19). Using lymphocyte hybrids between a mouse thymoma and human lympho-
cytes, we assigned the gene for β2 to chromosome 21 (20). In collaboration with Japanese 
scientists, we studied the carbohydrate chains of the leukocyte β2-integrins (Paper 28). The 
N-glycosidic oligosaccharides included both high mannose chains and complex type chains. 
We then found that E-selectin in fact binds to the sugar chains of β2-integrins (Paper 29). 
The fact that E-selectin binds to leukocyte integrins is interesting, but whether the binding 
is functionally important, we still do not know.
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Fibronectin became a “classical” integrin ligand, and the RGD recognition sequence is present 
in several additional proteins such as vitronectin and fibrinogen. The integrins αVβ3, αVβ5, 
αVβ6, αVβ8, α4β1, α5β1 and αIIbβ3 bind RGD containing ligands. In contrast, the leukocyte 
β2-integrins bind to the intercellular adhesion molecules (ICAM), and use larger recognition 
sequences. In fact, the ICAMs do not contain RGD sequences. 
	 ICAM-1 was the first β2 integrin ligand identified, independently by T.A. Springer´s and 
our groups. We used stimulation of lymphocytes with phorbol esters, and tested for inhibition 
of aggregation with monoclonal antibodies. The antigen recognized was immune precipitated 
and identified using SDS gel electrophoresis. ICAM-1 is expressed on leukocytes, endothelial 
cells and many other types of cells, and it is induced by cytokines, and other stimulatory mol-
ecules. ICAM-1 is an immunoglobulin superfamily protein, containing five immunoglobulin 
domains. The ICAM family consists of five members. ICAM-1 and ICAM-3 contain five 
immunoglobulin domains, ICAM-2 and ICAM-4, two domains, whereas ICAM-5 has nine 
immunoglobulin domains. ICAM-2 is expressed on leukocytes and endothelial cells, and it 
is not easily up-regulated by cytokines. ICAM-3 is expressed on leukocytes and it may be 
important in signal transduction. Endothelial cells in lymphomas show a strong ICAM-3 
expression. ICAM-4 is present in erythrocytes, and ICAM-5, originally named telencephalin, 
is the most complex one, and it is expressed in dendrites of central neurons. Our group has 
worked a lot on all ICAMs, and named ICAM-4 and ICAM-5 (Paper 30). 

Comments on Papers 30 to 42

RGD peptides did not inhibit the phorbol ester induced adhesion of leukocytes, and therefore 
we looked for β2 integrin ligand molecules expressed in leukocytes. Using the LB2 antibody 
(1), which prevented adhesion, we identified a surface glycoprotein with an apparent molecular 
weight of 84000 (Paper 31). Independently, Rothlein et al. (2) discovered the same molecule, 
and named it intercellular adhesion molecule-1 (ICAM-1). ICAM-1 is expressed in differ-
ent leukocytes, but also in several tissues, and it is often up-regulated during inflammation. 
Among others, human large granular lymphocytes express the CD11a-c/CD18 integrins and 
ICAM-1 (3).
	 Later Staunton et al. (4) transfected COS cells with an endothelial cell cDNA library, and 
cloned a cDNA related to ICAM-1, and named it ICAM-2. We synthesized the ICAM-2 
cDNA using PCR, expressed it in bacteria and made an ICAM-2 antiserum. This enabled 
the identification of the cellular protein as a 55000 molecular weight glycoprotein (5). Later 
we made a monoclonal antibody to ICAM-2 (6). The expression of ICAM-2 turned out to 
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be refractory to several tested cytokines (7), but its expression was increased in lymphoid 
malignancies (8).
	 Our ICAM-2 monoclonal antibody (6D5) inhibited ICAM-2 dependent adhesion, and 
it bound to the first immunoglobulin domain in ICAM-2. This finding indicated that the 
LFA-1 adhesion site is in this domain. We then compared the sequences in the first domains 
of ICAM-2 and ICAM-1, and synthesized a peptide covering the sequence 21-42 of ICAM-2. 
The peptide efficiently inhibited the binding of endothelial cells to LFA-1 (Paper 32). Impor-
tantly, low levels of the peptide stimulated leukocyte adhesion and natural killing cell activity 
(9) (Paper 33). The peptide also bound to CD11b/CD18 (Mac-1, αMβ2), but not to CD11c/
CD18 (αXβ2). The peptide strongly stimulated the CD11b/CD18 dependent aggregation of 
the monocytic cell lines U937 and THP-1 (Paper 34). How can we explain that low levels of 
the peptide are stimulatory, whereas higher amounts are inhibitory? New results show that β2 
integrins are bound to ICAMs in cis in resting neutrophils (10,11). Probably, the affinity of 
the closed integrin in cis binding is lower than its binding in trans to ICAMs in neighbouring 
cells. In leukocyte adhesion to other cells, the integrins are in open, high affinity conformation. 
High concentrations of the peptide or soluble ICAM-2-Fc inhibited adhesion, which must 
be due to competitive inhibition (Paper 35).
	 Using a phage display library we identified a short β2-integrin binding peptide, LLG 
(Paper 36). This sequence is located in the first Ig-domain of ICAM-1, and it is within the 
synthetic ICAM-2 peptide. The LLG sequence is also present in von Willebrand factor. The 
LLG peptide efficiently inhibited leukocyte adhesion.
	 ICAM-3 is a major ICAM on resting leukocytes (12,13), and it is involved in the initiation 
of the immune response (14). ICAM-3 acts as receptor for DC-SIGN, and it is a stimula-
tory molecule in immune responses (15). We isolated the molecule, and were involved in the 
structural analysis of its N-glycosidic oligosaccharides (16). ICAM-3 to expresses Lewis X, 
and the oligosaccharides acted as ligands for DC-SIGN (17).
	 ICAM-4 has an interesting history. The red cell LW blood group antigen was somehow 
associated with the Rh blood group antigens, but cloning and sequencing of LW, showed ho-
mology with the ICAM molecules (18). In collaboration with J.-P. Cartron´s group, we then 
isolated the protein and showed that it binds to LFA-1 and Mac-1 on different leukocytes. We 
named it ICAM-4 (Paper 37). Subsequent studies showed that the binding site on ICAM-4 
for LFA-1 is on the first Ig domain, whereas both Ig domains are involved in Mac-1 binding. 
Mutational analysis showed that the binding sites on ICAM-4 for LFA-1 and Mac-1 overlap, 
but are distinct (19). Further work then showed that ICAM-4 binds to the I domains of the 
LFA-1 and Mac-1 integrins (20). 
	 CD11c/CD18 (αXβ2) is strongly expressed on macrophages, and it is thought to be 
important in the uptake of senescent red cells from the circulation. We showed that ICAM-4 
binds to CD11c/CD18, and erythrophagocytosis was efficiently inhibited by ICAM-4 and 
β2 integrin antibodies (Paper 38).
	 A neuronal membrane protein, named telencephalin, was first identified by use of a mono-
clonal antibody (21), and when cloned it was found to show high homology to the ICAM 
molecules (22). Together with K. Mori´s group, we then showed that it binds to LFA-1 (Paper 
39). Accordingly, we renamed it ICAM-5. In addition to LFA-1 binding, it showed homo-
philic binding with Ig domain-1 binding to Ig domains 4-5 (Paper 40). ICAM-5 stimulated 
dendritic outgrowth and arborisation. We showed that T lymphocytes bind to domain-1 
of ICAM-5, and monoclonal antibodies, which blocked the binding, bound to domain-1. 
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Human T cells adhered to rat hippocampal neurons, and an ICAM-5 monoclonal antibody 
to the human molecule blocked the interaction (23). Later we showed that a soluble form 
of ICAM-5 was released into the cerebrospinal fluid during encephalitis (24). The molecular 
weight of the released fragment, indicated that the cleavage took place close to the membrane. 
After the biochemical characterization of ICAM-5, and its interactions, we studied its role in 
neuron functions. When rat hippocampal neurons were treated with N-methyl-D-aspartic acid 
(NMDA) or α-amino-3-hydroxy-5-methylisoxazole-propionic acid (AMPA) ICAM-5 was 
cleaved, and the cleavage was blocked by metalloprotease-2 and -9 inhibitors. Interestingly, 
the treatment promoted dendritic spine development (Paper 41). Metalloprotease deficient 
mice showed more intact ICAM-5 than the wild type mice. Furthermore, soluble ICAM-
5 promoted elongation of dendritic filopodia in wild-type neurons, but not in neurons of 
ICAM-5 deficient mice. Soluble ICAM-5 suppressed T cell activation, and it may act as an 
anti-inflammatory molecule (25). Structural studies showed that when ICAM-5 bound to 
the I domain of LFA-1, there was an unusual allosteric mobility of the C-terminal helix in 
the I domain (26). The homophilic ICAM-5 binding, was studied by structural analysis (27). 
Further work showed that ICAM-5 determined spine maturation by regulating the interac-
tion of NMDA receptor binding to α-actinin (28). Altogether, the studies on ICAM-5 were 
rewarding, coupling immunology to neuroscience.
	 The soluble Del-1 (Development endothelial locus-1) protein is secreted from endothelial 
cells and associates with the cells (29). It is deposited on endothelial cells mainly in the brain 
and lung. In collaboration with T. Chavakis´ group we found that it acts as an endogenous 
inhibitor of leukocyte adhesion (Paper 42). It binds to LFA-1, and competes with leukocyte 
binding to ICAMs on endothelial cells. Endothelial cell deficiency of Del-1 increased neutrophil 
accumulation in lung inflammation in mice. Del-1 inhibited Mac-1 dependent phagocytosis 
(30). Del-1 was the first endogenous integrin inhibitor described.
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The integrins are normally inactive, and need activation signals to become active. A major 
scientific problem is the regulation of integrin activity. A detailed understanding of integrin 
regulation, could enable the development of specific drugs, which would affect integrin de-
pendent binding of cells and integrin signalling.
	 Structural studies showed that in resting cells, the integrin ligand binding head is turned 
towards the membrane, and the integrin straightens out on activation. Further activation results 
in opening of the binding site. Several articles deal with structural information on integrins 
(1-8). The regulation of integrin activity is an important issue, and blood cell integrins are 
excellent models, because cells like leukocytes and platelets are normally resting, but can easily 
be activated. Integrins are activated, either through inside-out, or outside-in signalling. In the 
former case, receptors like chemokine receptors signal to the integrins by intracellular signalling 
routes, and in the latter case, ligands bind to integrins from the outside, and induce activation. 
In Part III, I described how we identified and characterized integrins. We used cellular acti-
vation using phorbol esters, followed by immune precipitation with monoclonal antibodies 
to cell surface molecules. Because the cellular receptors for phorbol esters are protein kinase 
Cs, there was a definitive possibility that the integrins themselves become phosphorylated 
upon activation. This indeed turned out to be the case. Even more important, the integrin 
phosphorylations turned out to be pivotal for the regulation of integrin activity.
Early work showed that the leukocyte β2 integrin α-chains were phosphorylated in resting 
cells, and the β-chains became phosphorylated only after activation (9,10). Therefore, early 
phosphorylation studies focussed on the β2-chain. Serine-756 was phosphorylated upon 
activation with phorbol esters, but mutation of the residue to alanine did not affect adhesion. 
Mutation of threonines 758-760 abrogated cell adhesion, but no phosphorylation on these 
residues was initially observed (11). Therefore, further studies on phosphorylation did not seem 
very exciting. Subsequent studies showed, however, that integrin phosphorylation is complex, 
and functionally important.

Comments on Papers 43 to 52

An important breakthrough in the elucidation of mechanisms how integrin activity is regu-
lated occurred, when we found that when phosphatase activity is inhibited by the phosphatase 
inhibitor okadaic acid, the β2-polypeptide was phosphorylated not only on serine, but also on 
threonine  (Paper 43). We observed the threonine phosphorylation both after activation with 
phorbol esters and CD3 antibodies. The β-chain phosphorylation correlated with increased 
binding to the cytoskeleton (12). Further work showed that the phosphorylation mainly 

Introduction

366  Selected Papers of Carl G. Gahmberg

Carl_G_190x270_mm_blokki_FINAL.indd   366Carl_G_190x270_mm_blokki_FINAL.indd   366 06-Aug-23   1:54:19 PM06-Aug-23   1:54:19 PM



occurred on two threonines, and the mean stoichiometry of phosphorylation per phosphor-
ylated residue was about 30% (13). Thus, the threonine phosphorylation was substantial. 
My graduate student Susanna Fagerholm then went to P. Cohen´s laboratory in Dundee to 
study the phosphorylation of the β2 cytoplasmic domain using purified protein kinase Cs. 
It turned out that S745, and T758 and T759 were phosphorylated by several protein kinase 
Cs, but not S756 (Paper 44). Thus, S756, which is strongly phosphorylated in vivo must be 
phosphorylated by some kinase that is activated through protein kinase Cs. Protein kinases 
are counteracted by phosphatases and for β1 integrins the β chain threonine phosphatase has 
been identified as PPM1F (14). No phosphatase has yet been identified for the β2-chain. We 
then made the finding that phospho-T758, bound the 14-3-3ζ protein. 14-3-3 proteins are 
dimers that bind to phosphorylated amino acids in proteins. We then showed that T758 was 
the major residue phosphorylated after CD3 stimulation, and no phosphorylation occurred 
on S756 (Paper 45). In phorbol ester stimulated cells S745 was weakly labelled and S756 
strongly. As in β2, the first threonine in the threonine triplet of β7 was phosphorylated after 
stimulation. To directly show that the phospho-T758 is involved in integrin signalling, we 
made a membrane permeable peptide covering the phosphorylated site. It stimulated T cell 
adhesion and the small GTPases Rac-1 and Cdc-42 (15). Further work showed that signalling 
from phospho-T758 occurred through 14-3-3ζ and Tiam1 to Rac-1 (16). Rac-1 interacts 
with the actin cytoskeleton, and the signalling route may be important for integrin clustering 
and increase in avidity. It is important to note that the β2 cytoplasmic tail phosphorylated 
at T758 can form a complex simultaneously with 14-3-3ζ and talin (17). This could enable a 
simultaneous increase in integrin avidity and affinity. 14-3-3ζ binds to the TST sequence of 
β3 in platelets, and also to the Src tyrosine kinase (18). 
	 The integrin α-chains are constitutively phosphorylated, and inhibition  of phosphatase 
activity increased the phosphorylation, indicating that also there is turnover of the phosphate. 
Tiina Hilden determined the phosphorylation site in the α-chain of LFA-1, and it turned out 
to be at S1140. Surprisingly, its mutation to alanine, completely abrogated T cell adhesion  
(Paper 46). Similar findings were obtained for Mac-1 (S1126) (Paper 47) and αXβ2 (S1158) 
(19). The αD chain has not yet been studied in this respect.
	 The T758 site in the β2 chain forms part of the filamin binding region in β2. Susanna 
Fagerholm and others in my group found that binding of filamin took place to an unpho-
shorylated β2 cytoplasmic peptide,but phosphorylation of T758 inhibited filamin binding. 
Binding of the talin head domain was unaffected by phosphorylation, but in the presence of 
14-3-3ζ proteins, talin binding was inhibited. Crystallographic studies by Jari Ylänne showed 
that the β2 peptide readily fitted into the filamin pocket, but when phosphorylated on T758, 
there was no room for the peptide in the pocket. The phosphorylated peptide bound to the 
14-3-3ζ protein and the phosphate interacted with arginines 56 and 127 in 14-3-3ζ (Paper 
48).
	 An important development occurred, when we showed that the S1140A mutation in LFA-
1, in fact inhibited the β2 phosphorylation on T758, resulting in block of adhesion, binding of 
α-actinin, and inhibition of cell migration on an ICAM-1 surface (Paper 49). Currently, we do 
not know how the α-chain phosphorylation regulates the β-chain phosphorylation on T758. 
The simplest explanation would be that the negative charge on the α-chains results in repulsion 
from the cytoplasmic domain of β2, enabling access of the kinase, which phosphorylates β2. 
When both chains are phosphorylated interactions with 14-3-3ζ, talin and kindlin can take 
place.
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Leukocyte integrins communicate with each other. Porter and Hogg showed that activation 
of LFA-1 on T cells decreased α4β1 and α5β1 functions, but the mechanism remained un-
clear (20). The α4β1 integrin binds to VCAM-1, and the active integrin is phosphorylated on 
T788/789 in β1. Activation of LFA-1 through the T cell receptor or the SDF-1 chemokine, 
resulted in phosphorylation of T758. This resulted in signalling through the 14-3-3ζ /Tiam-
1/ Rac-1 pathway to α4β1 and dephosphorylation of β1, resulting in its inactivation (Paper 
50). In subsequent studies, we showed that monoclonal antibodies to LFA-1, which activated 
the integrin, and antibodies, which signalled to α4β1, induced phosphorylation of T758 in 
β2, and inactivated α4β1 by dephosphorylation. This means that the effect of antibodies, may 
sometimes be due to integrins not directly targeted by the antibodies, but altered by intra-
cellular signalling (Paper 51). For more details see our recently written a review on integrin 
phosphorylation (Paper 52).
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The interactions of leukocyte integrins with ICAMs are of pivotal importance for cell adhesion, 
but in addition, the integrins participate in forming other molecular complexes. Many such 
complexes are functionally and structurally important. Much of our work here is in collabo-
ration with other research groups.

Comments on Papers 53 to 55

It has become increasingly evident that matrix metalloproteases (MMP) interact with inte-
grins, and therefore the use of MMP inhibitors could be important in inhibition of tumour 
growth and metastatic dissemination. In collaboration with several groups, we showed that 
the peptides containing the HWGF sequence are potent inhibitors of MMP-2 and MMP-9 
(Paper 53). The peptides inhibited the migration of endothelial cells and tumour cells. The 
peptides also inhibited tumour cell growth and survival in animal models. Using the Mac-1 
I domain as bait, we identified the (D/E)(D/E)(G/L)W motif as and a potent inhibitor of 
Mac-1 and LFA-1 (1). We showed that the purified integrins bound to the MMP-2 and 
MMP-9 progelatinases and that the negatively charged sequences in the catalytic domains of 
the proteases form β2 integrin binding sites. Further studies showed that a complex of Mac-1 
and the MMP-9 progelatinase localized to intracellular granules in resting neutrophils, but 
upon cellular activation, the complex was translocated to the cell surface. A DDGW containing 
peptide inhibited neutrophil migration (2). 
	 In collaboration with Dutch scientists, we found that the LDL-receptor-related protein 
(LRP) associated with β2 integrins at the cell surface. LRP bound to Mac-1 and to the I do-
mains of the Mac-1 and LFA-1 integrins with rather high affinity. Interestingly, absence of 
LRP abrogated β2 integrin-dependent adhesion to endothelial cells (3). This interaction could 
be especially important for the function of monocytes and macrophages in atherosclerotic 
plaques. 
	 As noted above some peptides may activate integrins. In the presence of an RGD con-
taining peptide, we looked for additional αIIbβ3 integrin recognition sequences. A peptide 
mimetic of von Willebrand factor, VPW, turned out to be an efficient activator of αIIbβ3. 
The VPW peptide activated the Syk tyrosine kinase. In a von Willebrand factor deficient 
individual, VPW addition increased the binding of platelets to fibrinogen (4). The P-selectin 
glycoprotein ligand 1 on neutrophils interacted with von Willebrand factor, and the binding 
was increased by treatment of the cells with phorbol esters. In addition to the I domains of 
Mac-1 and LFA-1, the I domain of αX also bound to the von Willebrand factor. Thus, the 
factor can function as an adhesive protein layer for different blood cells (5).
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High-mobility group box 1 (HMGB1) (amphoterin) mediates inflammatory events. We were 
involved in studying the mechanism how the nuclear protein acts. HMGB1 promoted neutro-
phil recruitment, which was Mac-1 dependent. The recruitment was prevented in mice lacking 
Mac-1, but not in those lacking LFA-1. The neutrophils needed the presence of the receptor 
for advanced glycation end products (RAGE). HMGB1 activated the interaction between 
Mac-1 and RAGE. This is an additional example of how leukocyte integrins are involved in 
complex interactions between leukocytes and surrounding tissues (Paper 54).
	 Chemokines are important activators of integrin dependable blood cell adhesion and 
migration, and are stored on vascular endothelial cells. These are important in activation of 
leukocyte integrins under a variety of conditions. However, it turned out that effector lympho-
cytes of the type 1 helper T cell and type 1 cytotoxic T cell expressed integrins that bypassed 
chemokine signals. The transendothelial migration of these cells was promoted by chemokines, 
which were stored in endothelial intracellular granules. The chemokines were released within 
tight endothelial-lymphocyte synapses (Paper 55). Thus, integrins utilize locally secreted 
chemokines either in the blood stream or later during extravascular migration.
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It has not been that easy to choose the papers that I comment. Certainly, I have tried to collect 
for commenting the most important papers. The majority, have been published in good to top 
journals, but not all of them. Of course, fellow scientists mainly read the established journals 
and with good reason, but nowadays with advanced searching techniques, the publication 
forum is perhaps less important. Granting bodies often look for publications in high impact 
journals and count citations. Nothing can replace peer review by competent evaluators, and 
that should be encouraged.
	 I hope that this collection of papers gives a good summary of what I have done, but that 
it also gives background of the research process. Looking back, it is obvious that the devel-
opment of new techniques profoundly changed the research during my active time, from the 
early 1970s to 2020s. SDS gel electrophoresis, monoclonal antibodies, cell surface labelling 
techniques, DNA sequencing, protein crystallography, protein and peptide mass spectrometry, 
cell imaging and computer science were all introduced, or greatly improved during the past 
50 years. The development has meant that scientists now need to master or at least have some 
understanding of the various fields. This fact has made it necessary to develop common projects 
with other research groups, which is very positive. Let us hope that research in the future will 
further develop, and that the young generation will understand the importance of good basic 
research. This is necessary for the survival of mankind in an increasingly populated world.
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