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Beta2-Integrins and Their Roles in the Immune System
Members of the beta2-integrin family are expressed exclusively 

on leukocytes. The beta2-integrin family has four members, sharing a 
common beta-chain (the beta2- or CD18 integrin), but with different 
alpha chains (CD11a/CD11b/CD11c/CD11d) that convey the ligand 
specificity and function of each integrin subtype [1]. Beta2-integrins 
mediate cell adhesion and signalling in immune cells (Figure 1) and are 
of pivotal importance for immune system function in vivo.

LFA-1 (CD11a/CD18; alphaLbeta2-integrin) is expressed on all 
leukocytes andbinds to members of the ICAM (intercellular adhesion 
molecule) family. LFA-1 mediates the firm adhesion of leukocytes to 
endothelial cells surrounding blood vessels, which is necessary for 
leukocyte extravasation at inflammatory sites. Selectin binding and 
inflammatory signals (such as chemokines) stimulate the increase in 
LFA-1 affinity necessary for firm adhesion to ICAM-ligands. LFA-1 
expressed on T cells also binds to ICAM -1 on antigen presenting cells 
at the immune synapse, thereby strengthening the interaction between 
the cells and optimising subsequent signalling and T-cell activation 
[1,2].

In contrast to LFA-1, which is found on all leukocytes, Mac-1 
(CD11b/CD18; alphaMbeta2-integrin) is mainly expressed on myeloid 
cells (such as neutrophils, monocytes, macrophages and myeloid 
dendritic cells). Mac-1binds to a wide variety of ligands including 
ICAM-1 and complement component iC3b; Mac-1 is also called 
complement receptor 3(CR3). Through binding to iC3b, the Mac-
1 integrin mediates phagocytosis of complement opsonised bodies, 
including pathogens, apoptotic cells and immune complexes [3]. 
Mac-1 binding to ICAM-1 is important for neutrophil extravasation 
at inflammatory sites [4]. Recently, it has become apparent that Mac-
1 is also an important negative regulator of leukocyte function. For 
example, Mac-1 restricts dendritic cell (DC) maturation and function 
[5] and DC-induced T cell activation [6]. Mac-1 also plays a role in oral 
tolerance by restricting Th17 cell differentiation [7]. In macrophages, 
Mac-1 has been reported to restrict Toll-like receptor (TLR) signalling. 
In these cells, Mac-1 induces Src/Syk signalling, which results in 
degradation of TLR signalling adaptors MyD88 and TRIF [8]. In 

addition, Mac-1 has also been implicated in limitingmacrophage 
inflammatory responses through the induction of signalling inhibitors 
such as SOCS3 and A20, as well as the anti-inflammatory cytokine IL-
10 [9]. Thus, Mac-1 has an important role in limiting pro-inflammatory 
responses in addition to its critical roles as a complement receptor and 
in extravasation.

Complement receptor 4 (CR4; CD11c/CD18) is very similar to 
Mac-1, and these two beta2-integrin family members appears to have 
overlapping functions. Like Mac-1, CD11c/CD18 also binds iC3b and 
mediates phagocytosis of iC3b-coated particles, and immune complex 
clearance. This receptor also binds fibrinogen and ICAM ligands and 
may play a role in leukocyte adhesion and migration [10]. It appears to 
be necessary for protection from systemic Candida-albicans infections 
[11].

Relatively little known is known about CD11d/CD18 (alphaMbeta2), 
the fourth and most recently discovered beta2-integrin, though a few 
recent studies have shed some light onto the potential functions of this 
integrin [12,13].

Leukocyte Adhesion Deficiency (LAD)
A loss of beta2-integrin expression or function is associated with 

the genetic syndrome Leukocyte Adhesion Deficiency (LAD). LAD 
is a group of primary immunodeficiency disorders characterised by 
persistent infections caused by an inability of immune cells to adhere 
to the endothelium and migrate to infected tissue [14]. LAD can be 
divided into three different subtypes (LAD-I-III), depending on the 
causative mutation(s) [15]. 
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Abstract
Integrins are heterodimeric transmembrane receptors that mediate cell-cell and cell-extracellular matrix 

interactions. Beta2-integrins are expressed exclusively in leukocytes and mediate many important functions in the 
immune system. Beta2-integrin genes are important in the pathologies of several diseases and genetic syndromes. 
These include Leukocyte Adhesion Deficiency (LAD) and Systemic Lupus Erythematosus (SLE), disorders which 
lie at opposite ends of the spectrum of immunological diseases. In LAD-I and LAD-III syndromes, beta2-integrin 
expression or function is reduced or absent. In SLE, genetic variants of the ITGAM gene, which encodes for the alpha 
M/CD11b chain of the beta2-integrin Mac-1,are associated with SLE development. In this mini review we summarise 
current knowledge regarding the involvement of beta2-integrins in LAD and SLE. Interestingly, dysfunctional beta2-
integrins have been linked to both disorders, shedding light on the diverse roles of these receptors in the immune 
system.
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LAD-I

LAD-I can be caused by somatic mutations in the promoter region 
of the beta2-integrin gene resulting in reduced or no expression of 
beta2-integrin protein. Alternatively, mutations within the coding 
region of the beta2-integrin gene give rise to a truncated or non-
functional beta2-integrin subunit. Over 200 separate mutations have 
been identified that result in reduced expression of the beta2-integrin 
protein. The severity of the disorder varies depending on the level of 
remaining beta2-integrins on the cell surface [16].

Since beta2-integrins are crucial for leukocyte function, particularly 
for leukocyte migration into sites of infection, LAD-I patients suffer 
from recurrent bacterial infections, fungal infections, delayed wound 
healing, leucocytosis and periodontitis. Because neutrophils don’t 
express high levels of other integrin subfamilies that could compensate 
for the lack of expression of beta2-integrin, their migration into sites of 
infection and functions are particularly affected by this disorder. 

Beta2-integrin knockout mice display splenomegaly, increased 
circulating neutrophil numbers and are susceptible to infections. The 
phenotype of these mice resembles that of human LAD-I patients, and 
they have been useful for the elucidation of beta2-integrin function 
in different immune cells and immune processes in vivo [17-20]. The 
phenotype of leukocytes in LAD-I and beta2-integrin knockout mice 
reveal the crucial importance of beta2-integrins (probably LFA-1 in 
particular) in mediating firm adhesion of neutrophils to endothelial 

cells under shear flow conditions, and therefore in immune defence 
against bacteria and fungi in particular [21]. 

LAD-II

LAD-II is much rarer than LAD-I and is caused by defects in 
fucosylation of oligosaccharides including PSGL-1 and other selectin 
ligands [22-24]. The binding of P- and E-selectin expressed on 
endothelial cells to leukocyte PSGL-1, CD44 and ESL-1 signals to 
activate the beta2-integrins LFA-1 and Mac-1.This promotes tethering/
rolling and arrest of leukocytes prior to extravasation at sites of 
infection [2]. The gene for GDP-fucose specific transporter (SLC35C1) 
is mutated in LAD-II, affecting either its function and/or its subcellular 
localisation [23]. SLC35C1 knockout mice presented with a condition 
similar to that of LAD-II patients, with symptoms including severe 
growth retardation, elevated postnatal mortality, dilation of lung 
alveoli and hypocellular lymph nodes [25,26].

LAD-III

More recently, a LAD-I variant syndrome now called LAD-III 
was identified. In this disorder, the patients display similar symptoms 
to patients with LAD-I, but also present with a Glanzmann-type 
bleeding disorder and in some cases also with osteopetrosis [27-30]. 
The causative mutations were found to occur in the FERMT3 gene that 
encodes kindlin-3, introducing premature stop codons resulting in a 
non-functioning protein [31-36]. Kindlin-3 is one of three orthologs 
found in humans and has been shown to bind to and regulate beta1-, 
beta2- and beta3-integrin functions [37]. The generation of kindlin-3 
knockout mice were of pivotal importance in the elucidation of the 
molecular defect in LAD-III, and have also aided the understanding of 
how kindlin-3 regulates integrins in different cell types [37]. However, 
much remains to be discovered about the roles of this fundamental 
integrin regulator in different immune cell types and in immune 
functions in vivo, as kindlin-3 knockout mice also suffer from the 
bleeding disorder found in human LAD-III and as a result die soon 
after birth.

Because several classes of integrins are affected by kindlin-3 
deficiency, the symptoms of LAD-III are more complex than those 
of LAD-I. As kindlin-3 regulates beta3-integrin-mediated adhesion 
in platelets, LAD-III patients suffer from a bleeding disorder [31,32]. 
The osteopetrosis is related to deficient osteoclast-mediated bone 
resorption, which is regulated by several integrin subclasses and their 
signalling in these cells [34]. Also, deficiencies in T cell adhesion 
and activation, NK cell activation and erythrocyte shape have been 
described in LAD-III patients [38,39].

Kindlin-3 shares some properties with the well-characterized 
integrin activator talin. Like talin, kindlin-3 contains a FERM motif 
(FERM stands for 4.1, ezrin, radixin, moesin), and appears to be critical 
for integrin adhesion, through its binding to the integrin beta-chain 
cytoplasmic tail. However, kindling binds to a site distinct from that 
of talin. The talin binding site lies at a membrane proximal NXXY 
motif whereas kindlin-3 binds at the membrane-distal NXXY/F motif 
in the integrin beta-chain cytoplasmic domain [40,41]. At present, it 
is unclear whether the binding of either protein excludes or indeed 
promotes that of the other [2,42]. Certainly both are required for beta2-
integrin-mediated adhesion and arrest of leukocytes on endothelium 
under conditions of shear flow [43]. Kindlin-3 is also important for 
outside-in signalling through integrins, perhaps by stabilising the 
adhesive contacts required, for example, under shear flow conditions 
[44]. There is little doubt that there will be much research activity in 

Figure 1: Beta2-integrin functions in the immune system. Beta2-integrins are 
critical to many functions inthe immune system.  Complement receptors 3 and 
4 (Mac-1 and CD11c/CD18) mediate phagocytosis of complement opsonized 
particles, and are important for theclearance of immune complexes and 
apoptotic cells.  Binding of beta2-integrins on T cells to ICAM-1 on dendritic 
cells strengthens thecell-cell interaction and contributes to T cell activation.  
Beta2-integrin outside-in signalling in macrophages dampens TLR signalling 
and inflammatory cytokine production.  The binding of leukocyte integrins to 
ICAM ligands expressed on endothelial cells arrests leukocytes at sites of 
inflammation and precedes extravasation into surrounding tissue. 
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this field in the coming years, leading to an increased understanding of 
the role and regulation of leukocyte beta2-integrins in vitro, in vivo and 
in genetic disorders.

SLE and Mac-1
Interestingly, beta2-integrins have also been linked to a disorder at 

the other end of the immunological disease spectrum. Systemic Lupus 
Erythematosus (SLE) is a type III hypersensitivity (immune complex-
mediated) disorder prevalent in women of child bearing age [45]. It 
is a clinically heterogeneous disease, affecting many organs in the 
body such as the skin, heart, lungs, liver, kidneys, joints and central 
nervous system [46]. This disorder has a strong genetic component, 
and it is more common and more severe in non-European populations. 
Reduced “waste disposal” has been proposed as a disease mechanism 
in lupus. Inefficient phagocytosis by macrophages/neutrophils may 
lead to an accumulation of apoptotic cells and fragments (“cellular 
waste”), which may be taken up by immune cells, such as dendritic 
cells, and lead them to present nuclear antigens to T cells. This may in 
turn contribute to B cell activation and production of autoantibodies 
against nuclear antigens, which lies at the heart of the formation and 
accumulation of immune complexes in this disease [47].

Recently, several genome wide association studies have found an 
association between SLE susceptibility and the ITGAM-ITGAX gene 
region (encoding for CD11b and CD11c integrin chains, respectively) 
[48,49]. Further, the single nucleotide polymorphism (SNP) rs1143679 
has been robustly associated with SLE development in several studies 
[50]. It has also been found to influence the risk of renal disease, discoid 
rash and immunological manifestations in SLE patients [51,52]. The 
rs1143679 SNP occurs within the CD11b coding region and encodes a 
histidine instead of an arginine at position 77 of the CD11b polypeptide. 
Amino acid77 lies in the beta-propeller domain proximal to the ligand 
binding domain in the extracellular region of Mac-1. 

The substitution of R77 withH77 was not predicted to affect ligand 
binding and indeed, studies have shown that the affinity for ligand of 
H77-Mac-1 appears to be unchanged [53,54]. Also, surface expression 
of the variant form is normal. However, it was demonstrated that 
H77-Mac-1 integrin-mediated functions are altered as compared to 
the normal (non-disease associated) R77-Mac-1. In particular, H77-
Mac-1 displays reduced ability to mediate phagocytosis of iC3b-coated 
particles [53,54]. More recently, a study comparing Mac-1-mediated 
phagocytosis in cells from healthy donors expressing either R/H, H/H 
and R/R variants of Mac-1observed reduced phagocytosis in cells 
isolated from the R/H and H/H subjects, although the effect was fairly 
small [55]. Experiments from our laboratory appear to corroborate 
this observation. We report here that R/H heterozygous macrophages 
display slightly reduced Mac-1 mediated phagocytosis (Figure 2), 
though the difference was not statistically significant. Although the 
effect is modest, the deficiency in phagocytosis may contribute to 
SLE development through prolonged inflammation, or may relate 
to inefficient clearance of apoptotic cells and/or immune complexes, 
thereby fuelling the disease.

The ability of the H77-Mac-1 integrin to dampen inflammatory 
cytokine production has also been examined. TLR7/8- or Mac-1-
stimulated cytokine production in freshly isolated polymorphonuclear 
leukocytes was unchanged between the genotypes [55]. However, iC3b-
binding to R77-Mac-1 prior to stimulation of TLR7/8 led to a reduction 
in production of inflammatory cytokines IL-1beta, IL-6 and TNF-
alpha in monocytes. This effect was reduced in the H77 homozygous 
monocytes [54]. In other words, the H77-variant of Mac-1 is not as 

capable as the R77-variant in suppressing cytokine production in 
monocytes.

The effect of the H77 mutation on integrin-mediated adhesion and 
function is not confined to iC3b binding and phagocytosis. Adhesion 
of H77-Mac-1 transfected cells to ICAM-1 was also severely reduced, 
especially under conditions of shear flow (mimicking the conditions in 
blood vessels) [53]. Additionally, H77-Mac-1 homozygous monocyte 
adhesion to ICAM-1was also slightly reduced, although the presence of 
LFA-1 in these cells may have masked somewhat the effect of the H77-
Mac-1 in these assays [54]. In contrast, R/H heterozygous macrophage 
adhesion to ICAM-1 is relatively normal (Figure 2), although the effect 
of this variant on human primary monocyte/neutrophil adhesion to 
ICAM-1 under shear flow conditions has not been examined.

Figure 2: Phagocytosis and adhesion of monocyte derived macrophages 
from individuals homozygous (77R/R) or heterozygous (77R/H) for the Mac-
1 alleles. Monocytes from buffy coats (obtained from the Scottish National 
Blood Transfusion Service, Ninewells Hospital) were isolated and cultured in 
Macrophage specific serum free media (Life technologies) with 10ng/ml GM-
CSF (Peprotech) for 6 days prior to experiments, resulting in differentiation of 
monocytes to macrophages, as analysed by flow cytometry for macrophage 
markers (CD14high, CD11bhigh)(not shown). A-Cell surface expression of 
CD11b and CD18 was examined by flow cytometry using CD11b and CD18 
specific antibodies (Biolegend) and was similar in 77R/H heterozygous cells 
(red) and 77RR cells (blue).  Isotype control is shown in black. B-Phagocytosis 
of iC3b-coated fluorescent beads.Monocyte-derived macrophages from 
individuals homozygous (77R/R, n=17) or heterozygous (77R/H, n=5) were 
challenged with fluorescent beads coated with iC3b or with IgM alone [56] for 
20 min prior to washing and analysis by flow cytometry.  The percentage of 
cells with increased fluorescence due to bead phagocytosis was measured, 
and that solely due to Complement -mediated phagocytosis was calculated 
by subtracting the percentage phagocytosis of IgM coated beads from that 
of iC3b coated beads. C-Monocyte –derived macrophages were analysed in 
static adhesion assays [57] on plates coated with 6 µg/ml human ICAM-1 (R 
and D systems)as described previously [57].  Prior to adhesion cells were 
incubated with control IgG (blue), anti-CD11b (red) or anti-CD18 (green) to 
estimate the separate contributions of beta2-family integrins to cell-adhesion, 
and then stimulated with PdBuor magnesium to activate integrins. D-Adhesion 
of 77R/H heterozygous macrophages (red) and 77R/R macrophages (blue) to 
ICAM-1was examined as above using monocyte-derived macrophages from 
individuals homozygous (77R/R, n=18) or heterozygous (77R/H, n=6) for the 
Mac-1 allele.  No significant differences in adhesion were observed.
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Notably, any effects of the H77 variation on functions mediated 
through Mac-1 binding to ICAM-1 have yet to be examined in ex 
vivo human leukocytes. Mac-1 has been shown to inhibit several 
immunological processes through its binding to ICAM-1 or through its 
effect on signalling, as described earlier, and several of these processes 
may impact on SLE development.The prominent hypothesis is that 
signal transduction through the integrin is compromised in the H77-
Mac-1 variant. However, the exact molecular mechanism involved 
and the signalling pathways affected by this mutation have not been 
elucidated, and studies in this area are eagerly awaited.This hypothesis 
would predict that all possible functions of Mac-1 would be potentially 
compromised. Therefore, although the main contributory effect of 
the H77 variant on SLE may be through reduced Mac-1-mediated 
phagocytic uptake (influencing clearance of immune complexes and 
apoptotic cells), it remains to be seen if other, ICAM-1-dependent 
processes also contribute to the pathology.

Conclusions and Future Prospects
A study of the molecular and immunological mechanisms in 

genetic disorders where beta2-integrin expression or function is 
affected has shed light on the roles of these complicated receptors in 
the immune system. Beta2-integrins are crucial for the recruitment of 
leukocytes into sites of infection or inflammation. Because of this, they 
are of fundamental importance for the generation of, in particular, the 
early innate immune response to bacteria and fungi, as demonstrated 
in human LAD-I and LAD-III syndromes. However, beta2-integrins, 
especially Mac-1, are also important phagocytic receptors, and a 
deficiency in Mac-1-mediated phagocytosis may explain why a 
genetic variant of Mac-1 is associated with SLE. Mac-1 also restricts 
myeloid cell signalling and cytokine production, thereby restricting 
inflammatory responses in vivo. These processes may also be affected 
by the non-functional variant of Mac-1, and therefore be important for 
SLE development. Dysfunctional or absent beta2-integrins therefore 
contribute to immune disease at both ends of the disease spectrum, 
in immunodeficiency and hypersensitivity. Further elucidation of the 
molecular mechanisms involved in regulation of these receptors is 
pivotal for our understanding of the immune system as a whole, and 
may aid in the development of novel therapeutics to immunological 
diseases.

Acknowledgements

Work in the authors’ laboratory is supported by BBSRC, Arthritis Research 
UK, Tenovus Scotland, the Academy of Finland, Biocentrum Helsinki and the 
LivochHälsa-foundation.

References

1. Tan SM (2012) The leucocyte ß2 (CD18) Integrins: the structure, functional 
regulation and signalling properties. Biosci Rep 32: 241-269.

2. Gahmberg CG, Fagerholm SC, Nurmi SM, Chavakis T, Marchesan S, et al. 
(2009) Regulation of integrin activity and signalling. Biochim Biophys Acta 
1790: 431-444.

3. Morelli AE, Larregina AT, Shufesky WJ, Zahorchak AF, Logar AJ, et al. (2003) 
Internalization of circulating apoptotic cells by splenic marginal zone dendritic 
cells: dependence on complement receptors and effect on cytokine production. 
Blood 101: 611-620.

4. Phillipson M, Heit B, Colarusso P, Liu L, Ballantyne CM, et al. (2006) Intraluminal 
crawling of neutrophils to emigration sites: a molecularly distinct process from 
adhesion in the recruitment cascade. J Exp Med 203: 2569-2575.

5. Podgrabinska S, Kamalu O, Mayer L, Shimaoka M, Snoeck H, et al. (2009) 
Inflamed lymphatic endothelium suppresses dendritic cell maturation and 
function via Mac-1/ICAM-1-dependent mechanism. J Immunol 183: 1767-1779.

6. Varga G, Balkow S, Wild MK, Stadtbaeumer A, Krummen M, et al. (2007) 

Active MAC-1 (CD11b/CD18) on DCs inhibits full T-cell activation. Blood 109: 
661-669.

7. Ehirchiou D, Xiong Y, Xu G, Chen W, Shi Y, et al. (2007) CD11b facilitates the 
development of peripheral tolerance by suppressing Th17 differentiation. J Exp 
Med 204: 1519-1524.

8. Han C, Jin J, Xu S, Liu H, Li N, et al. (2010) Integrin CD11b negatively regulates 
TLR-triggered inflammatory responses by activating Syk and promoting 
degradation of MyD88 and TRIF via Cbl-b. Nat Immunol 11: 734-742.

9. Wang L, Gordon RA, Huynh L, Su X, Park Min KH, et al. (2010) Indirect 
inhibition of Toll-like receptor and type I interferon responses by ITAM-coupled 
receptors and integrins. Immunity 32: 518-530.

10. Kukhtina NB, Rutkevich PN, Shevelev AIa, Vlasik TN, Aref’eva TI (2011) 
[Participation of beta2-integrins CD11b/CD18 and CD11c/CD18 in adhesion 
and migration of cells on fibrinogen]. Ross Fiziol Zh Im I M Sechenova 97: 
601-608.

11. Jawhara S, Pluskota E, Verbovetskiy D, Skomorovska-Prokvolit O, Plow EF, 
et al. (2012) Integrin αxβ2 is a leukocyte receptor for Candida albicans and is 
essential for protection against fungal infections. J Immunol 189: 2468-2477.

12. Thomas AP, Dunn TN, Oort PJ, Grino M, Adams SH (2011) Inflammatory 
phenotyping identifies CD11d as a gene markedly induced in white adipose 
tissue in obese rodents and women. J Nutr 141: 1172-1180.

13. Costantini C, Micheletti A, Calzetti F, Perbellini O, Tamassia N, et al. (2011) 
On the potential involvement of CD11d in co-stimulating the production 
of interferon-γ by natural killer cells upon interaction with neutrophils via 
intercellular adhesion molecule-3. Haematologica 96: 1543-1547.

14. Al-Herz W, Bousfiha A, Casanova JL, Chapel H, Conley ME, et al. (2011) 
Primary immunodeficiency diseases: an update on the classification from the 
international union of immunological societies expert committee for primary 
immunodeficiency. Front Immunol 2: 54. 

15. Etzioni A (2009) Genetic etiologies of leukocyte adhesion defects. Curr Opin 
Immunol 21: 481-486.

16. van de Vijver E, Maddalena A, Sanal O, Holland SM, Uzel G, et al. (2012) 
Hematologically important mutations: leukocyte adhesion deficiency (first 
update). Blood Cells Mol Dis 48: 53-61. 

17. Scharffetter-Kochanek K, Lu H, Norman K, van Nood N, Munoz F, et al. (1998) 
Spontaneous skin ulceration and defective T cell function in CD18 null mice. J 
Exp Med 188: 119-131.

18. Peters T, Sindrilaru A, Hinz B, Hinrichs R, Menke A, et al. (2005) Wound-healing 
defect of CD18(-/-) mice due to a decrease in TGF-beta1 and myofibroblast 
differentiation. EMBO J 24: 3400-3410.

19. Grabbe S, Varga G, Beissert S, Steinert M, Pendl G, et al. (2002) Beta2 
integrins are required for skin homing of primed T cells but not for priming naive 
T cells. J Clin Invest 109: 183-192.

20. Peters T, Bloch W, Pabst O, Wickenhauser C, Uthoff-Hachenberg C, et al. 
(2012) Adaptive immune response to model antigens is impaired in murine 
leukocyte-adhesion deficiency-1 revealing elevated activation thresholds in 
vivo. Clin Dev Immunol 2012: 450738. 

21. Hanna S, Etzioni A (2012) Leukocyte adhesion deficiencies. Ann N Y Acad Sci 
1250: 50-55.

22. Zarbock A, Ley K, McEver RP, Hidalgo A (2011) Leukocyte ligands for 
endothelial selectins: specialized glycoconjugates that mediate rolling and 
signaling under flow. Blood 118: 6743-6751.

23. Helmus Y, Denecke J, Yakubenia S, Robinson P, Lühn K, et al. (2006) 
Leukocyte adhesion deficiency II patients with a dual defect of the GDP-fucose 
transporter. Blood 107: 3959-3966.

24. Hidalgo A, Ma S, Peired AJ, Weiss LA, Cunningham-Rundles C, et al. (2003) 
Insights into leukocyte adhesion deficiency type 2 from a novel mutation in the 
GDP-fucose transporter gene. Blood 101: 1705-1712.

25. Hellbusch CC, Sperandio M, Frommhold D, Yakubenia S, Wild MK, et al. 
(2007) Golgi GDP-fucose transporter-deficient mice mimic congenital disorder 
of glycosylation IIc/leukocyte adhesion deficiency II. J Biol Chem 282: 10762-
10772.

26. Yakubenia S, Frommhold D, Schölch D, Hellbusch CC, Körner C, et al. (2008) 
Leukocyte trafficking in a mouse model for leukocyte adhesion deficiency II/
congenital disorder of glycosylation IIc. Blood 112: 1472-1481.

http://www.ncbi.nlm.nih.gov/pubmed/22458844
http://www.ncbi.nlm.nih.gov/pubmed/22458844
http://www.ncbi.nlm.nih.gov/pubmed/19289150
http://www.ncbi.nlm.nih.gov/pubmed/19289150
http://www.ncbi.nlm.nih.gov/pubmed/19289150
http://www.ncbi.nlm.nih.gov/pubmed/12393562
http://www.ncbi.nlm.nih.gov/pubmed/12393562
http://www.ncbi.nlm.nih.gov/pubmed/12393562
http://www.ncbi.nlm.nih.gov/pubmed/12393562
http://www.ncbi.nlm.nih.gov/pubmed/17116736
http://www.ncbi.nlm.nih.gov/pubmed/17116736
http://www.ncbi.nlm.nih.gov/pubmed/17116736
http://www.ncbi.nlm.nih.gov/pubmed/19587009
http://www.ncbi.nlm.nih.gov/pubmed/19587009
http://www.ncbi.nlm.nih.gov/pubmed/19587009
http://www.ncbi.nlm.nih.gov/pubmed/17003381
http://www.ncbi.nlm.nih.gov/pubmed/17003381
http://www.ncbi.nlm.nih.gov/pubmed/17003381
http://www.ncbi.nlm.nih.gov/pubmed/17562817
http://www.ncbi.nlm.nih.gov/pubmed/17562817
http://www.ncbi.nlm.nih.gov/pubmed/17562817
http://www.ncbi.nlm.nih.gov/pubmed/20639876
http://www.ncbi.nlm.nih.gov/pubmed/20639876
http://www.ncbi.nlm.nih.gov/pubmed/20639876
http://www.ncbi.nlm.nih.gov/pubmed/20362473
http://www.ncbi.nlm.nih.gov/pubmed/20362473
http://www.ncbi.nlm.nih.gov/pubmed/20362473
http://www.ncbi.nlm.nih.gov/pubmed/21874872
http://www.ncbi.nlm.nih.gov/pubmed/21874872
http://www.ncbi.nlm.nih.gov/pubmed/21874872
http://www.ncbi.nlm.nih.gov/pubmed/21874872
http://www.ncbi.nlm.nih.gov/pubmed/22844116
http://www.ncbi.nlm.nih.gov/pubmed/22844116
http://www.ncbi.nlm.nih.gov/pubmed/22844116
http://www.ncbi.nlm.nih.gov/pubmed/21508205
http://www.ncbi.nlm.nih.gov/pubmed/21508205
http://www.ncbi.nlm.nih.gov/pubmed/21508205
http://www.ncbi.nlm.nih.gov/pubmed/21712539
http://www.ncbi.nlm.nih.gov/pubmed/21712539
http://www.ncbi.nlm.nih.gov/pubmed/21712539
http://www.ncbi.nlm.nih.gov/pubmed/21712539
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3342372/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3342372/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3342372/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3342372/
http://www.ncbi.nlm.nih.gov/pubmed/19647987
http://www.ncbi.nlm.nih.gov/pubmed/19647987
http://www.ncbi.nlm.nih.gov/pubmed/22134107
http://www.ncbi.nlm.nih.gov/pubmed/22134107
http://www.ncbi.nlm.nih.gov/pubmed/22134107
http://www.ncbi.nlm.nih.gov/pubmed/9653089
http://www.ncbi.nlm.nih.gov/pubmed/9653089
http://www.ncbi.nlm.nih.gov/pubmed/9653089
http://www.ncbi.nlm.nih.gov/pubmed/16148944
http://www.ncbi.nlm.nih.gov/pubmed/16148944
http://www.ncbi.nlm.nih.gov/pubmed/16148944
http://www.ncbi.nlm.nih.gov/pubmed/11805130
http://www.ncbi.nlm.nih.gov/pubmed/11805130
http://www.ncbi.nlm.nih.gov/pubmed/11805130
http://www.hindawi.com/journals/cdi/2012/450738/
http://www.hindawi.com/journals/cdi/2012/450738/
http://www.hindawi.com/journals/cdi/2012/450738/
http://www.hindawi.com/journals/cdi/2012/450738/
http://www.ncbi.nlm.nih.gov/pubmed/22276660
http://www.ncbi.nlm.nih.gov/pubmed/22276660
http://www.ncbi.nlm.nih.gov/pubmed/22021370
http://www.ncbi.nlm.nih.gov/pubmed/22021370
http://www.ncbi.nlm.nih.gov/pubmed/22021370
http://www.ncbi.nlm.nih.gov/pubmed/16455955
http://www.ncbi.nlm.nih.gov/pubmed/16455955
http://www.ncbi.nlm.nih.gov/pubmed/16455955
http://www.ncbi.nlm.nih.gov/pubmed/12406889
http://www.ncbi.nlm.nih.gov/pubmed/12406889
http://www.ncbi.nlm.nih.gov/pubmed/12406889
http://www.ncbi.nlm.nih.gov/pubmed/17276979
http://www.ncbi.nlm.nih.gov/pubmed/17276979
http://www.ncbi.nlm.nih.gov/pubmed/17276979
http://www.ncbi.nlm.nih.gov/pubmed/17276979
http://www.ncbi.nlm.nih.gov/pubmed/18541720
http://www.ncbi.nlm.nih.gov/pubmed/18541720
http://www.ncbi.nlm.nih.gov/pubmed/18541720


Citation: MacPherson M, Lek HS, Morrison V, Fagerholm S (2013) Leukocyte Beta2-Integrins; Genes and Disease. J Genet Syndr Gene Ther 4: 154. 
doi:10.4172/2157-7412.1000154

Page 5 of 5

Volume 4 • Issue 6 • 1000154
J Genet Syndr Gene Ther
ISSN: 2157-7412 JGSGT, an open access journal 

Medical Genetics

27. Harris ES, Shigeoka AO, Li W, Adams RH, Prescott SM, et al. (2001) A
novel syndrome of variant leukocyte adhesion deficiency involving defects in 
adhesion mediated by beta1 and beta2 integrins. Blood 97: 767-776.

28. Kuijpers TW, Van Lier RA, Hamann D, de Boer M, Thung LY, et al.
(1997) Leukocyte adhesion deficiency type 1 (LAD-1)/variant. A novel 
immunodeficiency syndrome characterized by dysfunctional beta2 integrins. J 
Clin Invest 100: 1725-1733.

29. McDowall A, Inwald D, Leitinger B, Jones A, Liesner R, et al. (2003) A novel
form of integrin dysfunction involving beta1, beta2, and beta3 integrins. J Clin
Invest 111: 51-60.

30. Alon R, Aker M, Feigelson S, Sokolovsky-Eisenberg M, Staunton DE, et al.
(2003) A novel genetic leukocyte adhesion deficiency in subsecond triggering 
of integrin avidity by endothelial chemokines results in impaired leukocyte
arrest on vascular endothelium under shear flow. Blood 101: 4437-4445. 

31. Kuijpers TW, van de Vijver E, Weterman MA, de Boer M, Tool AT, et al. (2009) 
LAD-1/variant syndrome is caused by mutations in FERMT3. Blood 113: 4740-
4746.

32. Kuijpers TW, van Bruggen R, Kamerbeek N, Tool AT, Hicsonmez G, et al.
(2007) Natural history and early diagnosis of LAD-1/variant syndrome. Blood
109: 3529-3537.

33. Harris ES, Smith TL, Springett GM, Weyrich AS, Zimmerman GA (2012)
Leukocyte adhesion deficiency-I variant syndrome (LAD-Iv, LAD-III): molecular 
characterization of the defect in an index family. Am J Hematol 87: 311-313.

34. Malinin NL, Zhang L, Choi J, Ciocea A, Razorenova O, et al. (2009) A point
mutation in KINDLIN3 ablates activation of three integrin subfamilies in
humans. Nat Med 15: 313-318.

35. Jurk K, Schulz AS, Kehrel BE, Räpple D, Schulze H, et al. (2010) Novel integrin-
dependent platelet malfunction in siblings with leukocyte adhesion deficiency-
III (LAD-III) caused by a point mutation in FERMT3. Thromb Haemost 103:
1053-1064.

36. McDowall A, Svensson L, Stanley P, Patzak I, Chakravarty P, et al. (2010)
Two mutations in the KINDLIN3 gene of a new leukocyte adhesion deficiency 
III patient reveal distinct effects on leukocyte function in vitro. Blood 115: 4834-
4842.

37. Moser M, Bauer M, Schmid S, Ruppert R, Schmidt S, et al. (2009) Kindlin-3 is
required for beta2 integrin-mediated leukocyte adhesion to endothelial cells.
Nat Med 15: 300-305.

38. Feigelson SW, Grabovsky V, Manevich-Mendelson E, Pasvolsky R, Shulman
Z, et al. (2011) Kindlin-3 is required for the stabilization of TCR-stimulated LFA-
1:ICAM-1 bonds critical for lymphocyte arrest and spreading on dendritic cells. 
Blood 117: 7042-7052.

39. Gruda R, Brown AC, Grabovsky V, Mizrahi S, Gur C, et al. (2012) Loss of
kindlin-3 alters the threshold for NK cell activation in human leukocyte adhesion 
deficiency-III. Blood 120: 3915-3924.

40. Calderwood DA, Yan B, de Pereda JM, Alvarez BG, Fujioka Y, et al. (2002) The 
phosphotyrosine binding-like domain of talin activates integrins. J Biol Chem
277: 21749-21758.

41. Moser M, Nieswandt B, Ussar S, Pozgajova M, Fässler R (2008) Kindlin-3 is
essential for integrin activation and platelet aggregation. Nat Med 14: 325-330.

42. Moser M, Legate KR, Zent R, Fässler R (2009) The tail of integrins, talin, and
kindlins. Science 324: 895-899.

43. Lefort CT, Rossaint J, Moser M, Petrich BG, Zarbock A, et al. (2012) Distinct
roles for talin-1 and kindlin-3 in LFA-1 extension and affinity regulation. Blood 
119: 4275-4282.

44. Manevich-Mendelson E, Feigelson SW, Pasvolsky R, Aker M, Grabovsky
V, et al. (2009) Loss of Kindlin-3 in LAD-III eliminates LFA-1 but not VLA-4
adhesiveness developed under shear flow conditions. Blood 114: 2344-2353.

45. Fagerholm S, Macpherson M, James M, Sevier-Guy C, Lau C (2013) The
CD11b-integrin (ITGAM) and systemic lupus erythematosus. Lupus 22: 657-
663.

46. Liu Z, Davidson A (2012) Taming lupus-a new understanding of pathogenesis
is leading to clinical advances. Nat Med 18: 871-882.

47. Gaipl US, Voll RE, Sheriff A, Franz S, Kalden JR, et al. (2005) Impaired
clearance of dying cells in systemic lupus erythematosus. Autoimmun Rev 4:
189-194. 

48. Hom G, Graham RR, Modrek B, Taylor KE, Ortmann W, et al. (2008) Association 
of systemic lupus erythematosus with C8orf13-BLK and ITGAM-ITGAX. N Engl 
J Med 358: 900-909.

49. Harley JB, Alarcon-Riquelme ME, Criswell LA, Jacob CO, Kimberly RP,
et al. (2008) Genome-wide association scan in women with systemic lupus
erythematosus identifies susceptibility variants in ITGAM, PXK, KIAA1542 and 
other loci. Nat Genet 40: 204-210. 

50. Nath SK, Han S, Kim-Howard X, Kelly JA, Viswanathan P, et al. (2008) A
nonsynonymous functional variant in integrin-alpha(M) (encoded by ITGAM) is 
associated with systemic lupus erythematosus. Nat Genet 40: 152-154.

51. Yang W, Zhao M, Hirankarn N, Lau CS, Mok CC, et al. (2009) ITGAM is
associated with disease susceptibility and renal nephritis of systemic lupus
erythematosus in Hong Kong Chinese and Thai. Hum Mol Genet 18: 2063-
2070.

52. Kim-Howard X, Maiti AK, Anaya JM, Bruner GR, Brown E, et al. (2010) ITGAM 
coding variant (rs1143679) influences the risk of renal disease, discoid rash and 
immunological manifestations in patients with systemic lupus erythematosus
with European ancestry. Ann Rheum Dis 69: 1329-1332. 

53. MacPherson M, Lek HS, Prescott A, Fagerholm SC (2011) A systemic lupus
erythematosus-associated R77H substitution in the CD11b chain of the Mac-1
integrin compromises leukocyte adhesion and phagocytosis. J Biol Chem 286: 
17303-17310.

54. Rhodes B, Fürnrohr BG, Roberts AL, Tzircotis G, Schett G, et al. (2012)
The rs1143679 (R77H) lupus associated variant of ITGAM (CD11b) impairs
complement receptor 3 mediated functions in human monocytes. Ann Rheum
Dis 71: 2028-2034.

55. Fossati-Jimack L, Ling GS, Cortini A, Szajna M, Malik TH, et al. (2013)
Phagocytosis is the main CR3-mediated function affected by the lupus-
associated variant of CD11b in human myeloid cells. PLoS One 8: e57082.

56. Chow CW, Downey GP, Grinstein S (2004) Measurements of phagocytosis and 
phagosomal maturation. Curr Protoc Cell Biol Chapter 15: Unit 15.

57. Fagerholm SC, Varis M, Stefanidakis M, Hilden TJ, Gahmberg CG (2006) alpha-
Chain phosphorylation of the human leukocyte CD11b/CD18 (Mac-1) integrin is 
pivotal for integrin activation to bind ICAMs and leukocyte extravasation. Blood 
108: 3379-3386.

This	 article	was	 originally	 published	 in	 a	 special	 issue,	  Medical Genetics 
handled	by	Editor(s).	Dr.	Post	SM,	University	of	Texas,	USA

http://www.ncbi.nlm.nih.gov/pubmed/11157496
http://www.ncbi.nlm.nih.gov/pubmed/11157496
http://www.ncbi.nlm.nih.gov/pubmed/11157496
http://www.ncbi.nlm.nih.gov/pubmed/9312170
http://www.ncbi.nlm.nih.gov/pubmed/9312170
http://www.ncbi.nlm.nih.gov/pubmed/9312170
http://www.ncbi.nlm.nih.gov/pubmed/9312170
http://www.ncbi.nlm.nih.gov/pubmed/12511588
http://www.ncbi.nlm.nih.gov/pubmed/12511588
http://www.ncbi.nlm.nih.gov/pubmed/12511588
http://www.ncbi.nlm.nih.gov/pubmed/12595312
http://www.ncbi.nlm.nih.gov/pubmed/12595312
http://www.ncbi.nlm.nih.gov/pubmed/12595312
http://www.ncbi.nlm.nih.gov/pubmed/12595312
http://www.ncbi.nlm.nih.gov/pubmed/19064721
http://www.ncbi.nlm.nih.gov/pubmed/19064721
http://www.ncbi.nlm.nih.gov/pubmed/19064721
http://www.ncbi.nlm.nih.gov/pubmed/17185466
http://www.ncbi.nlm.nih.gov/pubmed/17185466
http://www.ncbi.nlm.nih.gov/pubmed/17185466
http://www.ncbi.nlm.nih.gov/pubmed/22139635
http://www.ncbi.nlm.nih.gov/pubmed/22139635
http://www.ncbi.nlm.nih.gov/pubmed/22139635
http://www.ncbi.nlm.nih.gov/pubmed/19234460
http://www.ncbi.nlm.nih.gov/pubmed/19234460
http://www.ncbi.nlm.nih.gov/pubmed/19234460
http://www.ncbi.nlm.nih.gov/pubmed/20216991
http://www.ncbi.nlm.nih.gov/pubmed/20216991
http://www.ncbi.nlm.nih.gov/pubmed/20216991
http://www.ncbi.nlm.nih.gov/pubmed/20216991
http://www.ncbi.nlm.nih.gov/pubmed/20357244
http://www.ncbi.nlm.nih.gov/pubmed/20357244
http://www.ncbi.nlm.nih.gov/pubmed/20357244
http://www.ncbi.nlm.nih.gov/pubmed/20357244
http://www.ncbi.nlm.nih.gov/pubmed/19234461
http://www.ncbi.nlm.nih.gov/pubmed/19234461
http://www.ncbi.nlm.nih.gov/pubmed/19234461
http://www.ncbi.nlm.nih.gov/pubmed/21536861
http://www.ncbi.nlm.nih.gov/pubmed/21536861
http://www.ncbi.nlm.nih.gov/pubmed/21536861
http://www.ncbi.nlm.nih.gov/pubmed/21536861
http://www.ncbi.nlm.nih.gov/pubmed/22983444
http://www.ncbi.nlm.nih.gov/pubmed/22983444
http://www.ncbi.nlm.nih.gov/pubmed/22983444
http://www.ncbi.nlm.nih.gov/pubmed/11932255
http://www.ncbi.nlm.nih.gov/pubmed/11932255
http://www.ncbi.nlm.nih.gov/pubmed/11932255
http://www.ncbi.nlm.nih.gov/pubmed/18278053
http://www.ncbi.nlm.nih.gov/pubmed/18278053
http://www.ncbi.nlm.nih.gov/pubmed/19443776
http://www.ncbi.nlm.nih.gov/pubmed/19443776
http://www.ncbi.nlm.nih.gov/pubmed/22431571
http://www.ncbi.nlm.nih.gov/pubmed/22431571
http://www.ncbi.nlm.nih.gov/pubmed/22431571
http://www.ncbi.nlm.nih.gov/pubmed/19617577
http://www.ncbi.nlm.nih.gov/pubmed/19617577
http://www.ncbi.nlm.nih.gov/pubmed/19617577
http://www.ncbi.nlm.nih.gov/pubmed/23753600
http://www.ncbi.nlm.nih.gov/pubmed/23753600
http://www.ncbi.nlm.nih.gov/pubmed/23753600
http://www.ncbi.nlm.nih.gov/pubmed/22674006
http://www.ncbi.nlm.nih.gov/pubmed/22674006
http://www.ncbi.nlm.nih.gov/pubmed/15893710
http://www.ncbi.nlm.nih.gov/pubmed/15893710
http://www.ncbi.nlm.nih.gov/pubmed/15893710
http://www.ncbi.nlm.nih.gov/pubmed/18204098
http://www.ncbi.nlm.nih.gov/pubmed/18204098
http://www.ncbi.nlm.nih.gov/pubmed/18204098
http://www.ncbi.nlm.nih.gov/pubmed/18204446
http://www.ncbi.nlm.nih.gov/pubmed/18204446
http://www.ncbi.nlm.nih.gov/pubmed/18204446
http://www.ncbi.nlm.nih.gov/pubmed/18204446
http://www.ncbi.nlm.nih.gov/pubmed/18204448
http://www.ncbi.nlm.nih.gov/pubmed/18204448
http://www.ncbi.nlm.nih.gov/pubmed/18204448
http://www.ncbi.nlm.nih.gov/pubmed/19286673
http://www.ncbi.nlm.nih.gov/pubmed/19286673
http://www.ncbi.nlm.nih.gov/pubmed/19286673
http://www.ncbi.nlm.nih.gov/pubmed/19286673
http://www.ncbi.nlm.nih.gov/pubmed/19939855
http://www.ncbi.nlm.nih.gov/pubmed/19939855
http://www.ncbi.nlm.nih.gov/pubmed/19939855
http://www.ncbi.nlm.nih.gov/pubmed/19939855
http://www.ncbi.nlm.nih.gov/pubmed/21454473
http://www.ncbi.nlm.nih.gov/pubmed/21454473
http://www.ncbi.nlm.nih.gov/pubmed/21454473
http://www.ncbi.nlm.nih.gov/pubmed/21454473
http://www.ncbi.nlm.nih.gov/pubmed/22586164
http://www.ncbi.nlm.nih.gov/pubmed/22586164
http://www.ncbi.nlm.nih.gov/pubmed/22586164
http://www.ncbi.nlm.nih.gov/pubmed/22586164
http://www.ncbi.nlm.nih.gov/pubmed/23451151
http://www.ncbi.nlm.nih.gov/pubmed/23451151
http://www.ncbi.nlm.nih.gov/pubmed/23451151
http://www.ncbi.nlm.nih.gov/pubmed/18228442
http://www.ncbi.nlm.nih.gov/pubmed/18228442
http://www.ncbi.nlm.nih.gov/pubmed/16857989
http://www.ncbi.nlm.nih.gov/pubmed/16857989
http://www.ncbi.nlm.nih.gov/pubmed/16857989
http://www.ncbi.nlm.nih.gov/pubmed/16857989

	Title
	Corresponding author
	Abstract
	Keywords
	Beta2-Integrins and Their Roles in the Immune System 
	Leukocyte Adhesion Deficiency (LAD) 
	LAD-I 
	LAD-II 
	LAD-III 

	SLE and Mac-1 
	Conclusions and Future Prospects 
	Acknowledgements
	Figure 1
	Figure 2
	References

