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Abstract

Integrins are cell membrane receptors that are involved in essential physiological and
serious pathological processes. Their main role is to ensure a closely regulated link between
the extracellular matrix and the intracellular cytoskeletal network enabling cells to react to
environmental stimuli. Complement receptor type 3 (CR3, aMp2, CD11b/CD18) and type 4
(CR4, aXp2, CD11c¢/CD18) are members of the P2-integrin family expressed on most white
blood cells. Both receptors bind multiple ligands like iC3b, ICAM, fibrinogen or LPS. Ba-
integrins are accepted to play important roles in cellular adhesion, migration, phagocytosis,
ECM rearrangement and inflammation. Several pathological conditions are linked to the
impaired functions of these receptors.

CR3 and CR4 are generally thought to mediate overlapping functions in monocytes,
macrophages and dendritic cells, therefore the potential distinctive role of these receptors has
not been investigated so far in satisfactory details. Lately it has become clear that a functional
segregation has evolved between the two receptors regarding phagocytosis, cellular adhesion
and podosome formation. In addition to their tasks on myeloid cells, the expression and
function of CR3 and CR4 on lymphocytes have also gained interest recently. The picture is
further complicated by the fact that while these P2-integrins are expressed by immune cells
both in mice and humans, there are significant differences in their expression level, functions
and the pathological consequences of genetic defects. Here we aim to summarize our current
knowledge on CR3 and CR4 and highlight the functional differences between these receptors,

involving their expression in myeloid and lymphoid cells of both men and mice.
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1. Introduction

The name “integrin” was given to point out that these integral cell membrane proteins
ensure and maintain the integrity of the cytoskeletal-extracellular matrix (ECM) linkage [1].
Integrins are cell adhesion molecules that mediate cell-cell, cell-extracellular matrix, and cell-
pathogen interactions. They play critical roles in several immune phenomena where leukocyte
trafficking and migration are involved, immunological synapses are formed, costimulation
and phagocytosis take place. These hetero-dimeric glycoproteins consist of non-covalently
coupled a and P chains. Integrins are ancestral receptors with early evolutional history, since
both the a- and B- subunits can be found throughout the invertebrates from nematodes and

fruit flies with remarkably well conserved sequences [2]. The integrin a and B subunits have
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developed separately during evolution. In vertebrates, the molecules of the integrin family are
composed of 18 o and 8 P subunits, that can assemble into 24 different heterodimeric
receptors, each with different ligand-binding specificities and a diverse tissue distribution [3].
In mammals, nine of the 18 a subunits have the “inserted” or “al” domain, forming the ligand
recognition part of the receptor. Four al domain containing integrins are collagen receptors,
while the other five recognize E-cadherins, ICAMs or VCAMSs and two of them (CR3, CR4)
also bind plasma proteins such as fibrinogen, FactorX or component iC3b [4]. Both subunits,
namely the o and the B chain have a large extracellular ligand binding region, a single
transmembrane domain and a short cytoplasmic tail (Figure 1.).

Recently the interest has been revived in the physiological and pathological role of
CR3 and CR4, members of the B2-integrin family. Therefore we aim to give an overview on
the structure, expression and diverse functions of these complement receptors on myeloid as
well as lymphoid cells, suggesting a ,,division of labour” regarding their distinct roles on
phagocytes. We also aim to highlight similarities and differences between the human and

murine systems.

2. Complement receptors CR3 (CD11b/CD18) and CR4 (CD11¢/CD18)

Complement receptor type 3 (CR3) and type 4 (CR4) belong to the P2-integrin family
(Figure 1.). As it will be discussed later in detail, they are expressed on all myeloid cells and
certain lymphoid populations. The members of this family differ in their specificity and
avidity to the different ligands. Associated with the common B2 chain (CD18) the four
members of this family are the following: oLP2 integrin (also known as LFA-1 or
CD11a/CD18), aMp2 integrin (Macrophage antigen-1 (Mac-1), complement receptor 3 (CR3
or CD11b/CD18), aXp2 integrin (p150,95, CD11¢/CD18 or complement receptor 4 (CR4)),
and aDp2 integrin (CD11d/CD18) [5, 6]. Among the complement receptors binding various
C3-fragments CR3 and CR4 have the unique property that their ligand binding is metal-ion
dependent.

CDl1c is closely related to CD11b. It is 66% identical and 77% homologous to Mac-1
over the B-propeller and the ligand-binding I domains. They bind similar ligands, including
iC3b, ICAM and fibrinogen [7-10] via the metal-ion-dependent adhesion site (MIDAS) in the
presence of a bivalent cation [11].

Sequence analysis of human cDNA encoding the o chains of CR3 and CR4 (165 and
150 kD Mw) show a homology of 87% [12, 13], however these two integrins bind iC3b at

distinct sites [14]. A greater structural difference is present in the cytoplasmic domains of
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CR3 and CR4 a chains. The cytoplasmic tail of CR3 a (CD11b) has only 56% homology with
the cytoplasmic domain of CR4 o (CD11c¢), and is less than two-third of its size. This suggests
that functional differences between CR3 and CR4 may be derived from differences in their
ability to associate with cytoplasmic components such as signalling or actin-binding proteins
[13]. The common B-subunit extracellularly has an N-terminal I-like domain, a sandwich
hybrid domain, a cysteine-rich PSI (plexin-semaphorin-integrin) domain, four EGF-like
repeats (I-EGF1, -2, -3, -4) and a B-tail domain (BTD) (Figure 1.).

CR3 and CR4 are named complement receptors as they readily interact with the iC3b
fragment of the major component C3, generated during activation of the complement cascade
(Figure 2.). However, as indicated in the figure these receptors interact with several additional
structures, including ICAMs, the cell surface adhesion molecules, fibronectin, the adhesion
molecule in extracellular matrix, and fibrinogen, the coagulation factor.

The most studied functions of these receptors are phagocytosis, adherence and podosome
formation. The earliest investigations identified CD11b/CDI18 as a phagocytic Pz-integrin
specific to iC3b opsonized antigen, which was identical with the Mac-1 antigen expressed by
mouse and human myeloid cells as well [13, 15]. While the main role of CR3 is to promote
phagocytosis and cytotoxicity, it is also known to enhance the function of several effector
molecules such as FcyR, uPAR, and CD14 [16]. It was demonstrated that association of
macrophage cytoskeleton with CR3 and CR4 regulates receptor mobility and phagocytosis of
1C3b-opsonized erythrocytes [13]. The a chain of CR4, CD11c is a cell surface marker which

can be used to identify human myeloid cell subsets.

3. Expression of CR3 and CR4

Both CR3 and CR4 are widely expressed on most of the myeloid and lymphoid cell
types both in men and mice, although the extent of their appearance varies. These receptors
are usually upregulated on activated cells, irrespective of their naive expression status. In
Table 1. we summarize available data and indicate the presence of these P2-family integrins

using the plus/minus sign.

Table 1. Expression of CR3 and CR4 on human and mouse myeloid and lymphoid cells.



HUMAN MOUSE
CR3 CR4 CR3 CR4
MYELOID
CELLS
Monocyte +[17, 18] +[17, 18] +[19, 20] +/- [20, 21]
Macrophage +++[17, 22] +++[17, 22] +[23] +/- [23-25]
Dendritic cell +++[17, 26] +++[17, 26] +/-[27, 28] +++ [24, 29]
Neutrophil +[18, 30] + [18] +[31] +/- [32]
LYMPHOID
CELLS
NK cell ++ [33, 34] +/- [35] +/- [20, 36] +/- [37]
T cell +/-* [33, 38] +/-* [18, 39] +/-* [40, 41] +/-* [40, 42-45]
B cell | +/-* [33, 46-48] +/-* [46, 47, 49, 50] +/- [50, 51] +/- [50, 52]

+/- appears on certain subpopulations

+/-* appears on activated and leukemic cells

3.1. Expression of CR3 and CR4 on human myeloid cells

These integrins can be found on all myeloid cells, namely neutrophil granulocytes,

monocytes, macrophages and dendritic cells [17, 18, 30]. An important progress has been

made recently, when the absolute number of these receptors has been assessed on human

monocytes, monocyte-derived macrophages (MDM), monocyte-derived dendritic cells

(MDDC) [17] and neutrophils (Table 2.). Data shown reveals that the expression level of the

two receptors varies between cell types. Comparing the relative number of CR3 and CR4 on

the same cell types there is a strong shift in favour of CR3 in the case of monocytes and

neutrophils, whereas on MDMs and MDDCs the CD11b:CD11c ratio is close to 1:1. The



notable differences in receptor number most probably contribute to the functional diversity
observed in the case of these cell types. Furthermore, the availability of ligand epitopes may
also influence the competition between these receptors, determining the outcome of the

interactions.

Table 2. The average number of CR3 and CR4 expressed by normal human myeloid

cells (receptor number x103 /cell)

Monocytes MDM MDDC PMN*
CR3 (CD11b/CD18) 50+8 31062 247+21 47+6
CR4 (CD11¢/CD18) 743 185+40 204+£25 3,542
Ratio of 7,1 1,7 1,2 13,4
CD11b and CD11c

*Personal communication by Dr. Noémi Sandor.

3.2. Expression of CR3 and CR4 on human lymphoid cells

Among lymphoid cells of healthy donors all NK cells are known to express CD11b, while
CDll1c can be found only on a subset of these leukocytes [33-35]. Approximately 10% of
human peripheral T lymphocytes - mainly CD8" cells -, express CD11b, while CD4" T cells
become positive only after activation. The majority of CD11b" T cells express CD56, too
[33]. T cells — similarly to NK cells - contain preformed CR3, which is transferred rapidly to
the surface following exposure to phorbol ester [33, 38]. Stimulation of T cells yielded up to
28% CDI11b" T cells [38]. CDIlc¢ is not expressed on peripheral T lymphocytes, but it
appears on both CD4" and CD8" CTL clones [18, 39].

The picture is more complex in the case of B lymphocytes. Muto et al. found that
approximately 20% of peripheral blood B cells express CR3 [33]. In contrast to this Postigo
and colleagues found no significant expression of CDI11b on tonsillar or peripheral B
lymphocytes, even after activation [46], similarly to Uzonyi et al. [47] In contrast to this,
Rothstein et al. detected CD11b" on a small subset of B-1 cells [48]. In the case of chronic
lymphocytic leukemia (CLL), B cells express diverse levels of CD11b, varying widely among
patients [47]. Regarding the appearance of CD11c on human B lymphocytes there are only
sporadic and inconsistent data available. In 1990 Wormsley et al. found two subsets of

peripheral B cells expressing CD11c [49], but Postigo et al. found no significant expression of



this integrin on non-stimulated tonsillar or peripheral B lymphocytes. After activation with
PMA for three days however, most B cells became CD11c" [46]. Recently Rubtsov et al.
defined a CD11c¢c" population of B cells (called Age Associated B Cells, ABCs) which is
represented in low numbers in the blood of healthy donors but is expanded in older women
with autoimmune diseases [50]. Furthermore, CD1lc was found clearly expressed by

leukemic B cells, although to various extent [47].

3.3. Expression of CR3 and CR4 on mouse myeloid cells

CDI11b is unequivocally expressed on mouse monocytes [19, 20] similarly to
macrophages [23]. This is in contrast to CD11c, which is not present on monocytes newly
released from the bone marrow, however appears upon maturation of the cells [21].
According to Helft et al. CDllc is expressed by mouse macrophaghes [24], and the
expression increases in multinucleated giant cells [23], while Gorgani et al. showed that
mouse residential peritoneal macrophages lack CD11¢ [25].

Mouse DC are highly positive for CD11c, therefore this molecule is often used to
identify these cells. On dendritic cells (DC) CD11b is expressed in different levels, defining
CD11b"e" and CD11b"°" or CD11b™ subsets. CD11b is accepted as a marker of myeloid DC in
mice [27, 28]. Interestingly however, mouse DC down-regulate cell surface CD11c upon
activation in sharp contrast to human DC [29, 53].

Mouse neutrophil granulocytes also express CD11b, which increases after activation
[31]. According to Matsushima et al. these cells can also acquire a CD11c positive phenotype

in certain conditions [32].

3.4. Expression of CR3 and CR4 on mouse lymphoid cells

According to Chiossone et al. murine NK cells have a CD11b'°" phenotype in the
beginning of their differentiation and become CD11b"e" when fully developed [36].In
contrast to this Sunderkotter et al. showed that the CD11b"¢" population of peripheral blood
contain no NK cells [20]. Regarding the expression of CD1lc, a distinct subset of NK cells
was found to be positive, particularly in the liver [37].

In the case of murine B cells, Ghosn et al. described, that during ontogeny, CD11b™ B-
1 cells precede CD11b" B-1 cells [51]. The CD1l1c", age associated B cells were found to
express CDI11b, too [50]. Recently Naradikian and colleagues demonstrated that some

memory B cells also express CD11c due to a unique cytokine milieu and/or infections [52].
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With regard to murine T cells CD11b expression correlates with their level of activity [41]
and is often co-expressed with CD11c on activated T cells [42, 43, 45]. A number of studies
revealed, that only activated T cells express CD11c [42-45]. A specific cell type, called Toc
also expresses CD11b along with CD11¢ [40].

4. Integrin activation and signalling

Generally, integrins are present on the cell membrane in an inactive state, which
allows free circulation of leukocytes in blood vessels. They undergo conformational changes
induced by intracellular and extracellular stimuli following inside-out and outside-in
signalling which leads to the separation of the a and B cytoplasmic tails. This activation is
achieved by cytosolic proteins connecting integrins to the actin cytoskeleton [54].

A major breakthrough in integrin research was brought by the explanation of the
switchblade-like model of integrin activation based on electron microscopic and
crystallization studies [55, 56]. The three possible conformations of Pa-integrins are the
following: 1/ bent, inactive, i1/ extended with intermediate affinity and iii/ extended, open
conformation, with high affinity [55, 57, 58] (Fig. 1.). In the inactive form both subunits are
bent, positioning the I domain near the cell membrane. The extension of the integrin legs
enables a swing-out movement for the PSI and hybrid domains, inducing the conformational
change in the I domain required for a high affinity, open state [59]. It has become clear by
now that the structure of integrins is functionally relevant, therefore the access of the specific
monoclonal antibodies —such as mAb KIM127 or mAb 24 for CD18 and CBRM1/5 for
CD11b such as mAb KIM127, mAb 24 — makes possible to differentiate the conformation
dependent functions [60, 61].

During the past few years several details of the molecular mechanisms of integrin
activation have been elucidated. The small GTPase Rapl (Ras-proximate-1), was shown to
participate in the talin dependent inside-out activation of many different integrins, including
B2-integrins [62, 63]. At least two effectors of Rap1 have been found: RapL (Rap-ligand) and
RIAM (Rapl-interacting adaptor molecule). RAPL acts on the o subunit, while RIAM is
proposed to stimulate the binding of talin to the cytoplasmic tail of the B-subunits [64, 65].
Macrophages and neutrophils from RIAM deficient mice show disrupted P2-integrin
dependent adhesion and spreading [66]. Using the human THP-1 monocytic cell line, Lim et
al. found, that siRNA silencing of RIAM did not impair phagocytosis and spreading [67].
Later it has been shown that the Regulator of G-Protein Signalling-14 (RGS14) plays a role in



the activation of CR3 during phagocytosis in the murine J774.A1 cell line [68]. However,
Medrafio-Fernandez et al. revealed, that RIAM is important for complement mediated
phagocytosis in the case of HL-60 and THP-1 cell lines and human monocyte derived
macrophages [69]. Data obtained from the KO mice models suggest, that the effect of RIAM
might be P2-specific, as the function of platelet ollbB3 integrin [70] and B1 integrins
expressed by PMNs [66] is not disrupted in these mice. Additionally, talin deficient mice
show a more severe phenotype compared to RIAM KO mice [66], underlining that the
absence of talin affects all integrins, but the absence of RIAM does not.

The extracellular binding of ligands to activated integrins stimulates outside-in
signalling pathways, including recruitment of multiple structural (vinculin, paxillin and actin)
and signalling (p130Cas, FAK and Rho GTPases) proteins. These processes result in
rearrangement of the actin cytoskeleton, and generation of adhesion structures promoting
various biological processes including cellular adherence, migration and phagocytosis.

Little is known about the molecules interacting with the CD11b and CD11c chains,
however it has been shown that the kinetics of activation of aLP2 and aMp2 integrins are
different and the specific signals derived from the integrin o tail is assigned to distinct
cytoplasmic molecules [71].

A remarkable property of CR3 is its ability to contribute to the function of other immune
receptors like FcyRIIA, FcyRIIIB, CD14, Bi-integrins, Dectin-1, and TLRs. These interactions
are dynamic and the functional consequences depend on the activation state of the integrin

[16, 72].

5. Function of CR3 and CR4 on myeloid cells

In this section we review the present knowledge on the function of CR3 and CR4 in

different cell types of humans and mice. In Table 3. available information is summarized,

which is followed by subsections with more detailed description of the several roles played by

these B2-integrins on a wide variety of cell types.

Table 3. The role of CR3 and CR4 in different cell types of mice and men



Receptor | Cell Role in human systems Role in mouse systems
type
CR3 Mo adherence to fibrinogen [17] and adhesion to endothelium [79]

endothelium [73], phagocytosis [74- | phagocytosis [20]
78]

MF podosome formation [78] adherence [82], opsonic [83] and non-
phagocytosis [78, 80, 81] opsonic [76, 84, 85] phagocytosis

DC podosome formation [78, 86] phagocytosis of apoptotic cells [88]
phagocytosis [53, 78, 87]

PMN | chemotaxis [89], adherence [90] adherence, degranulation [94]
opsonic [78, 91] and non-opsonic phagocytosis [95]
[92, 93] phagocytosis

NK enhancement of cytotoxicity [96-98] | enhancement of cytotoxicity [99]

T cell | inhibition of proliferation and IL-2 | amelioration of ICG [102]
release [38] involvement in T cell development
homing of CD8" T cells [100, 101] [103], boosting EAE [104]

B cell | migration [105] negative regulation of BCR signalling
spreading of CLL B cells [47] [106]

regulation of Ig responses [107]
amelioration of EAH [108]
CR4 Mo adherence to fibrinogen [17] n. d.

migration [39]

MF podosome formation [78] adherence | phagocytosis [95]
to fibrinogen [17]
phagocytosis [75, 77, 91, 109]

DC podosome formation [78, 86] phagocytosis of apoptotic cells [110]
adherence to fibrinogen [17]
role in uptake [87]

PMN | adhesion to endothelium [73] n. d.
enhancement of anti-bacterial
activity [111]

NK n. d. n. d.

T cell | cell-mediated cytolysis by a subset | boosting EAE [104, 112]
of CD8" cells [39]

B cell | proliferation [46] n. d.

attachment to fibrinogen [46]
spreading of CLL B cells [47]

Mo: monocyte; MF: macrophage; DC: dendritic cell; PMN: polymorphonuclear cell; NK:

natural killer cell

10




5.1. Involvement of CR3 and CR4 in phagocytosis

Well accepted roles of CR3 and CR4 are to mediate cellular adhesion and
phagocytosis of pathogen microbes, tumor- and apoptotic cells. In phagocytosis both
receptors are clearly involved, as it had been shown by transfection of non-phagocytic CHO
cells by CR3 and CR4 [113]. However, depending on the level of expression and the possibly
different signalling partners, their participation in phagocytosis varies among cell types. A
study carried out in whole blood showed that the CD14"&" CD16™ subset of monocytes,
expressing the highest levels of CD11c and activated CD11b, phagocytosed Plasmodium
falciparum infected erythrocytes more efficiently than other monocyte subsets. Phagocytosis
could be inhibited on these monocytes more effectively with anti-CD11b than with CD11¢c
blocking antibodies [74]. Further experiments employing monocytes also proved the
dominant role of CR3 in the phagocytosis of Mycobacterium leprae [75] and Borrelia
burgdorferi [76] and no significant contribution of CR4 to the CR3 mediated uptake of
Mycobacterium tuberculosis [77] and Staphylococcus aureus [78] was found.

Downregulation of CR3 and CR4 by cytomegalovirus infection in human
macrophages reduced their phagocytic capacity for Candida albicans, however the extent of
contribution of the two receptors was not clarified [22]. While CR3 clearly mediates
phagocytosis [80] and the phagocytic removal of desyalinated neurits by macrophages [81],
CR4 is shown to be the major receptor mediating the uptake of Mycobacterium tuberculosis
by alveolar macrophages [77]. Experimental data show that on MDM both CR3 and CR4 are
involved in binding and/or phagocytosis of opsonised Cryprococcus neoformans [109],
Mycobacterium leprae [114] and Francisella tularensis [91]. These studies however, do not
clearly differentiate between uptake and digestion of the pathogens. Recently we examined
these two sequential processes separately using S. aureus labelled with the pH sensitive
pHrodo Green dye, which becomes highly fluorescent only in the acidic milieu of
phagolysosomes, indicating the digestion of bacterial particles. Using this method we proved
that in MDM only CR3 takes part in the ingestion of iC3b opsonized Staphylococcus aureus,
while CR4 participates only in the surface binding of the pathogen [53, 78]. According to our
studies human DC use exclusively CR3 as a phagocytic receptor and CR4 does not take part
in this process [53, 78]. Pathogens can exploit CR3 to evade the host DC, like in the case of
HIV, where complement-opsonized particles were shown to enhance infection [115]. In
contrast to our findings suggesting a divergent function of CR3 and CR4 on human DC, Ben

Nasr et al. demonstrated that blocking either CR3 or CR4 inhibited the phagocytosis of
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opsonized, live Francisella tularensis [87]. This contradiction might be due to differences in
the pathogens employed in the experiments and the capacity of live Francisella tularensis to
utilize CR4 as well to get into the host cells.

Neutrophils use CR3 but not CR4 for serum-mediated phagocytosis of Francisella
tularensis [91] and iC3b opsonized S. aureus [78]. In the case of human neutrophils CR3 is
also involved in nonopsonic phagocytosis e.g. of Salmonella enterica [92] or Mycobacterium
kansasii [93].

The role of CR3 in the process of phagocytosis by mouse macrophages has been
demonstrated by several authors. Pan et al. showed that CR3 mediates the uptake of
complement opsonized Trypanosoma congolense [83], while others demonstrated the role of
this integrin in the uptake of non-opsonized Histoplasma capsulatum [84], Porphyromonas
gingivalis [85] and Borellia burgdorferi [76]. The participation of CR4 in phagocytosis by
murine macrophages is debated. Milde et al. showed, that in macrophage derived
multinucleated giant cells CR4 is rather involved in adhesion, while phagocytosis of
opsonized particles is mediated by CR3 [23]. By contrast, according to Jawhara et al. CR4 is
the dominant receptor in phagocytosis and killing of Candida albicans or Escherichia coli by
mouse macrophages [95]. However, this could be explained by the fact that involvement of
complement receptors in phagocytosis may be different not only among various species and
cell types, but can depend on the serotype of bacteria. For instance human MDM recognize
Salmonella typhimurium but not S. typhi via CR3. By contrast, murine macrophages bind S.
typhi through CR3 but not S.typhimurium [116].

While mainly CR3 is involved in the phagocytosis of apoptotic cells by mouse BMDC
[88] and marginal zone DC, CR4 was also shown to contribute to this process, however, to a
lesser extent. The higher level of CD11b expression on splenic DC correlates with a higher
phagocytic capacity for apoptotic cells in the presence of complement factors [110].
Nevertheless, the phagocytosis of Porphyromonas gingivalis was not dependent on CR3 by
BMDC [117], whereas the uptake of the same pathogen is mediated by CR3 in macrophages
[85].

Challenging PMN isolated from wild type and CR3 or CR4 deficient mice with
Candida albicans showed that only CD11b-deficient PMN had reduced antifungal activity,
lack of CDI11c did not affect their phagocytic capacity [95]. These data suggest that mouse
neutrophils use only CR3 but not CR4 in phagocytosis, similarly to the human cells.

The uptake of apoptotic cells is a physiological process that occurs without the

induction of inflammation. CR3 was shown to induce an anti-inflammatory response,
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contributing to the maintenance of immune tolerance [118, 119]. The ligation of CR3 by iC3b
opsonized apoptotic cells down-regulates costimulatory molecule and MHC-II expression

[120] and induce a tolerogenic phenotype in dendritic cells [121].

5.2. Involvement of CR3 and CR4 in cellular adherence and podosome
formation
In addition to promote phagocytosis, CR3 and CR4 are known for long to mediate cell
adhesion, spreading and migration through the establishment of cell-cell and cell-extracellular
matrix connections. In most of the studies the functions of LFA-1 and CR3 — but not that of
CR4 - are investigated in detail, moreover the commonly used mouse models are either
CDI11b- or CDI18-deficient [31, 94]. Nevertheless, studies on human granulocytes and
monocytes showed that LFA-1, CR3 and CR4 all contribute differently to endothelial
adhesion. It has been demonstrated that depending on the cell type and the stimuli used, the
participation of these receptors in adhesion may be different. The adherence of unstimulated
monocytes to endothelial cells was mostly dependent on LFA-1, but PMA-induced
granulocyte adhesion was only inhibited by antibodies against CR3 [73, 90]. Thacker &
Retzinger showed that human MDDC bind to fibrinogen and secrete cytokines in a CD18-
dependent manner, however, they did not identify the P2-integrin involved [122].
Georgakopoulos et al. showed, that CR3 and CR4 contribute differently to adhesion on
fibrinogen and their participation depends on the experimental conditions. Whereas freshly
isolated monocytes stimulated with GM-CSF and fMLP utilized CD11b, cells cultured in
medium supplemented with normal human serum prior to stimulation used both CD11b and
CDl11c for adhesion [123].
Recently we set out to dissect the role of CR3 and CR4 in adhesion, employing human
MDM and MDDC along with antibodies specific to the ligand binding site of the receptors.
We proved that CR4 is the main receptor that mediates adhesion to fibrinogen, and blocking
of CR4 decreased the force of adhesion on both cell types. Studying the spreading of
macrophages we found that anti-CR4 also inhibited this function of these human cells. [17,
124, 125]. Immune cells of the monocytic lineage use specific adhesive structures for cell
migration, called podosomes. These actin rich structures are known to mediate short-lived
adhesion spots that are formed and quickly remodelled during migration. Cell movement can
be achieved with podosome disassembly at the uropod and formation at the leading edge

[126]. These structures have an F-actin core surrounded by an adhesion ring, and can be found
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on the contact surface of adherent cells [127-129]. The importance of Pa-integrins in
podosome formation and podosome mediated adhesion has been proven, but the individual
role of these receptors had not been studied so far. Burns et al. found, that B2- integrins are
specifically recruited to podosomes in human MDDCs on a fibronectin surface (a ligand for
both Bi- and P2-integrins), whereas Pi- integrins show a disperse distribution [86]. In a B2-
integrin-null mouse model, Gawden-Bone et al. showed that in the absence of P2-integrins
podosome assembly is disrupted [130]. Our group demonstrated recently that both CR3 and
CR4 are located in the adhesion ring of podosomes in human MDMs and MDDC:s attached to
fibrinogen [78], suggesting that both receptors might be equally important for the formation

of these adhesive structures.

5.3 Pathological implications of CR3 and CR4

There are pathological conditions linked to the impairment of cell attachment,
migration and the formation of adhesive structures. The most severe of these, leukocyte
adhesion deficiency (LAD) is a rare autosomal recessive human disorder characterized by
recurrent bacterial and fungal infections and impaired wound healing [131]. This deficiency
has several types, with various mutations affecting certain steps of the cellular adhesion
cascade [132]. The key role of B2 integrins against microbial antigens is illustrated by patients
with the type 1 LAD syndrome (LAD-I), which is caused by a variety of mutations in the
ITGB2 gene, coding the B2-integrin subunit [133]. Patients having the mutated gene show
reduced expression of all B2 -integrins, including LFA-1, CR3 and CR4 [131]. Neutrophils
and mononuclear cells from LAD-I patients fail to adhere and migrate to the site of
inflammation, and show defects in the phagocytosis of complement opsonized particles [134-

137].

In the context of impaired immune cell motility the Wiskott—Aldrich Syndrome
(WAS) should be mentioned, which is an X-linked complex human disorder caused by the
lack of Wiskott—Aldrich Syndrome protein (WASP). WASP is a regulator of actin
polymerisation and its presence is restricted to the haematopoietic lineage [138]. As the
assembly and disassembly of podosomes is a dynamic process mediated by fast actin
reorganisation, it is not surprising, that WASP is required for their formation in myeloid cells
[139, 140], and the integrins forming their adhesion rings also require a cytoskeletal

connection [141]. Podosome assembly [139, 140, 142] and the clustering of B2-integrins [86,
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143] are disrupted in PMN, macrophages and DC of WAS patients and WASP-deficient mice
[142].

CR3 was also shown to have a role in the pathogenesis of systemic lupus
erythematosus (SLE). A single nucleotide polymorphism in the CD11b chain (rs1143679) is
identified as a risk factor in SLE [144]. The expression of cell surface CD11b is not altered,
and the receptor can go under activation induced conformational changes [6, 145]. Reduced
1C3b mediated phagocytosis and adhesion was observed in monocytes and monocyte-derived

macrophages isolated from patients with this mutation [145, 146].

6. Function of CR3 and CR4 on lymphoid cells

As of now, the function of CD11b and CDI11c¢ on lymphoid cells has scarcely been
studied, and available data are not always concordant. However, interest in this topic is
increasing and summarizing data presently available might be useful to boost further
investigations. Here we will discuss results obtained in human and mouse systems

simultaneously.

6.1. B cells

Regarding human cells, in 2005 Kawai et al. characterised a CD11b-expressing
peripheral blood memory B cell population and demonstrated the extensive contribution of
CDI11b to the high migratory potential of these cells [105]. Using a trans well assay they
observed a significantly reduced number of migrating B lymphocytes when CD11b blocking
antibody was added to the system. A few years later the same group also showed that
epigallocatechin gallate (EGCGQG), the major component of tea catechin exerted its anti-allergic
and anti-inflammatory effects by inhibiting the CD11b-induced adhesion and migration of
peripheral blood B cells [147]. Besides this, a CD11b" population of human B cells with high
IL-10 producing capacity and T cell regulator property was identified by Griffin et al. [148].
The direct participation of CD11b in the observed regulatory functions however, was not
investigated in these studies.

The role of CDIll1c in the activation and adhesion of PMA stimulated human B
lymphocytes was demonstrated by Postigo et al., who revealed that the ligation of CD1lc
with receptor specific antibodies triggers proliferation and blocks attachment to fibrinogen

[46].
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The appearance of CD11b and CD11c¢ has also been reported in various human B cell
malignancies [149, 150]. It is assumed that this might lead to the elevated adhesive and
migratory behaviour of leukemic B cells to retain in the bone marrow or reach different
organs effectively. Recently, our group also showed that both CD11b and CD11c take part in
the spreading of CpG-activated CLL B cells on fibrinogen [47]. Correlation between the
expression of CD11b/CD11c and malignant disease progression has been suggested by Legac
et al. [151], but clinical studies also produced contradictory data [152].

In a mouse model, Ding et al. showed that CD11b negatively regulates BCR signalling
via the Lyn-CD22-SHP-1 pathway to maintain autoreactive B cell tolerance, since CD11b-
KO autoreactive B cells exhibit enhanced proliferation, activation, survival and autoantibody
production [106]. These authors also suggest that this might have a connection with the
pathogenesis of SLE, given the known association of the rs1143679 CD11b gene variation
and disease susceptibility [153, 154]. Besides, it was demonstrated by Rubtsov et al. that a
population of CD11b and CDI11c double positive B cells — called age-associated B cells
(ABCs) — might have a direct role in autoantibody production and the development of
autoimmunity. This special population of B cells was found not only in mice, but in the
peripheral blood of some elderly women with autoimmune disease [50]. In a recently
published study, the activation induced expression of CD11b on mouse B-2 B cells seemed to
be required for an adequate antibody response. Namely, CDI11b regulated the
immunoglobulin heavy chain class switch recombination and the somatic hyper mutation of
B-2 B cells via the NF-kf} dependent induction of the activation-induced cytidine deaminase
(AID) [107]. The role of CD11b was also studied by Liu et al., who characterized a
population of mouse B cells expressing CR3 which can suppress the severity of Experimental
Autoimmune Hepatitis (EAH) through the inhibition of CD4" T cell responses. They also
proved that CD11b is necessary for this regulatory function [108].

6.2. T cells
In the case of human T cells several studies showed that their subpopulations with
killer properties acquire CD11b [33, 155]. The direct link between CR3 expression on T cells
and their cytotoxicity however, has not been evidenced so far. Furthermore, it was also
demonstrated that CD11b mediates inhibition on anti-CD3-induced T cell proliferation and
IL-2 release [38] and facilitates homing of CD8" T cells to sites of inflammation [100, 101].
The exact role of CDllc in human T lymphocyte functions is still unclear, but

correlation with high migratory properties and a greater IFN-y secretory potential has been
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described [45]. Besides this Keizer et al. found direct evidence of CDIllc mediated
cytotoxicity of CD8" T cell clones [39].

In knock out mice CD11b seemed to be protective against complement-mediated
immune complex glomerulonephritis (ICG) via diminishing the number of infiltrating,
reactive CD4" T cells to the inflamed kidney [102]. Moreover, in mice with the same genetic
background decreased proliferation of T cells stimulated with the commonly used
superantigen, staphylococcal enterotoxin was observed, probably due to phenotypic
abnormalities. This result suggests that CD11b is required for the appropriate development of
mouse T cells [103].

CDl1lc in mice appears on some subpopulations of CD8" regulatory T cells, which
participate in the amelioration of collagen-induced arthritis (CIA) [156], experimental
autoimmune uveoretinitis (EAU) [157] and colitis [44], presumably through IFN-y mediated
suppression of CD4" T cell induced proinflammatory responses. The effector function of
CDI11c" CD8" T cells in viral [42] and parasitic [158] infection models is also demonstrated.
However, the direct contribution of CD11c to these protective mechanisms has not yet been
revealed.

Results from adoptive transfer experiments and T cell proliferation assays in -
integrin deficient mice indicate that the expression of both CD11b and CD11lc on mouse T
lymphocyte subsets is critical in the development of experimental autoimmune

encephalomyelitis (EAE), the animal model for multiple sclerosis [104].

6.3. NK cells

Regarding human NK cells, early results indicated that CD11b was essential in the C3-
fragment mediated enhancement of cytotoxicity by promoting the interaction of complement-
coated target cells with the lytic effector NK cells [96]. The exact function of CD11c on
human NK cells has not yet been clarified, however a differentiated CD11c¢" NK cell
population with increased IFN-y producing capacity, tumor cell cytotoxicity and yo T cell
proliferation inducing property was characterized recently [159]. In mice, subsets of CD11c"
NK cells were identified as the main IFN-y producers at the sites of infection [37, 160] and in
a mouse model of SLE [161] they were also described.

Conclusions

17



The recognition of complement opsonized, iC3b-labelled targets by the structurally
very similar leukocyte integrins aMP2 (CR3) and aXPB2 (CR4) is essential for various
effector functions, including phagocytosis. Since the early description of Mac-1 (CR3), as a
phagocytic Pa-integrin binding to iC3b opsonized antigen, and the description of p150,95
(CR4) as a molecule with similar-properties; several studies have indicated, that in spite of the
undoubtedly overlapping structures and functions, a ,,division of labour” exists between the
two receptors. CR3 and CR4 play critical roles in diverse immune phenomena where
leukocyte phagocytosis takes place, trafficking and migration are involved, immunological
synapses are formed and co-stimulation is implemented. Because of the significance of these
B2-type integrin receptors, research in the field is intense and covers a wide range of topics.
Studies on their expression and function both in human and mouse leukocytes in healthy,
diseased and genetically modified subjects, as well as examination of the molecular details of
their working are expanding in recent years.

From an evolutionary point of view it looks wasteful to express two different receptors
for the same task by one cell. Moreover, CR3 and CR4 bind to different regions of iC3b and
the intracellular domain of CD11b and CDl11c differ in length and amino acid sequence,
which suggest differences in their functions. Regarding myeloid cells, recent data highlight
clearly separable roles of CR3 and CR4, while in the case of lymphoid cells their distinct task
has not yet been systematically investigated. It will be important to see whether we can find a

similar “separation of duties” in the case of lymphocytes and NK cells, too.
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Legend to Figures

Fig. 1. Domain structure and conformational changes of p2-integrins.

The ligand binding affinity of integrins is regulated by activation dependent conformational
changes. Integrins can convert between an inactive bent and an activated extended
conformation. Both subunits are bent in the inactive form, positioning the head domains near
the cell membrane. Inside-out signalling results in the extended conformation, orienting the I
domain away from the membrane. Ligand binding to the activated integrin triggers the
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outside-in signalling pathway, recruiting various cytosolic activator proteins. The combination
of a lateral force exerted by the actin cytoskeleton and the resistance provided by the bound
ligand stabilizes the high affinity, open state.

Fig.2. Generation of complement-derived ligand for CR3 and CR4

The complement cascade activated by either of the three pathways (classical, lectin-dependent
and alternative) leads to the activation of the central component, C3. The larger cleavage
product C3b, can be further processed to generate iC3b, which remains covalently attached to
the activating surface (eg. microbes, apoptotic cells, immune complexes) and binds to
complement receptors CR3 (CD11b/CD18) and CR4 (CD11c¢/CD18). Additional ligands of
these B2-type integrin family receptors are listed in the ellipsoid with a grey background.

Fig.3. CR3 and CR4 mediated functions in human myeloid cells

CR3 is the dominant receptor to mediate uptake and/or digestion of iC3b-opsonized antigen
by human Mo, MDM, MDDC and PMN, while the prominent role of CR4 on MDM and
MDC has been demonstrated in the process of adherence to fibrinogen. For podosome
formation CR3 and CR4 participate equally in MDM and MDDC. For further information
please consult Table 3.

Fig.4. Involvement of CR3 and CR4 in various functions of T and B lymphocytes and
NK cell in mice and men.

In the figure only those functions are shown where involvement of CR3 and/or CR4 had been
directly proven. For further information please consult Table 3.

References

[1] R.O. Hynes, The emergence of integrins: a personal and historical perspective, Matrix biology :
journal of the International Society for Matrix Biology 23(6) (2004) 333-40.

[2] M.S. Johnson, N. Lu, K. Denessiouk, J. Heino, D. Gullberg, Integrins during evolution: evolutionary
trees and model organisms, Biochimica et biophysica acta 1788(4) (2009) 779-89.

[3] R.O. Hynes, Integrins: bidirectional, allosteric signaling machines, Cell 110(6) (2002) 673-87.

[4] B.L. Myones, J.G. Dalzell, N. Hogg, G.D. Ross, Neutrophil and monocyte cell surface p150,95 has
iC3b-receptor (CR4) activity resembling CR3, The Journal of clinical investigation 82(2) (1988) 640-51.
[5] C. Xie, J. Zhu, X. Chen, L. Mi, N. Nishida, T.A. Springer, Structure of an integrin with an alphal
domain, complement receptor type 4, The EMBO journal 29(3) (2010) 666-79.

[6] M. MacPherson, H.S. Lek, A. Prescott, S.C. Fagerholm, A systemic lupus erythematosus-associated
R77H substitution in the CD11b chain of the Mac-1 integrin compromises leukocyte adhesion and
phagocytosis, The Journal of biological chemistry 286(19) (2011) 17303-10.

[7] D.I. Beller, T.A. Springer, R.D. Schreiber, Anti-Mac-1 selectively inhibits the mouse and human
type three complement receptor, The Journal of experimental medicine 156(4) (1982) 1000-9.

[8] C.A. Bilsland, M.S. Diamond, T.A. Springer, The leukocyte integrin p150,95 (CD11c/CD18) as a
receptor for iC3b. Activation by a heterologous beta subunit and localization of a ligand recognition
site to the | domain, Journal of immunology 152(9) (1994) 4582-9.

[9] J. Xie, R. Li, P. Kotovuori, C. Vermot-Desroches, J. Wijdenes, M.A. Arnaout, P. Nortamo, C.G.
Gahmberg, Intercellular adhesion molecule-2 (CD102) binds to the leukocyte integrin CD11b/CD18
through the A domain, Journal of immunology 155(7) (1995) 3619-28.

19



[10] S.D. Wright, J.I. Weitz, A.J. Huang, S.M. Levin, S.C. Silverstein, J.D. Loike, Complement receptor
type three (CD11b/CD18) of human polymorphonuclear leukocytes recognizes fibrinogen,
Proceedings of the National Academy of Sciences of the United States of America 85(20) (1988)
7734-8.

[11] M. Michishita, V. Videm, M.A. Arnaout, A novel divalent cation-binding site in the A domain of
the beta 2 integrin CR3 (CD11b/CD18) is essential for ligand binding, Cell 72(6) (1993) 857-67.

[12] A.L. Corbi, T.K. Kishimoto, L.J. Miller, T.A. Springer, The human leukocyte adhesion glycoprotein
Mac-1 (complement receptor type 3, CD11b) alpha subunit. Cloning, primary structure, and relation
to the integrins, von Willebrand factor and factor B, The Journal of biological chemistry 263(25)
(1988) 12403-11.

[13] G.D. Ross, W. Reed, J.G. Dalzell, S.E. Becker, N. Hogg, Macrophage cytoskeleton association with
CR3 and CR4 regulates receptor mobility and phagocytosis of iC3b-opsonized erythrocytes, Journal of
leukocyte biology 51(2) (1992) 109-17.

[14] S. Xu, J. Wang, J.H. Wang, T.A. Springer, Distinct recognition of complement iC3b by integrins
alphaXbeta2 and alphaMbeta2, Proceedings of the National Academy of Sciences of the United
States of America 114(13) (2017) 3403-3408.

[15] I.L. Graham, H.D. Gresham, E.J. Brown, An immobile subset of plasma membrane CD11b/CD18
(Mac-1) is involved in phagocytosis of targets recognized by multiple receptors, Journal of
immunology 142(7) (1989) 2352-8.

[16] W. Xue, A.L. Kindzelskii, R.F. Todd, 3rd, H.R. Petty, Physical association of complement receptor
type 3 and urokinase-type plasminogen activator receptor in neutrophil membranes, Journal of
immunology 152(9) (1994) 4630-40.

[17] N. Sandor, S. Lukacsi, R. Ungai-Salanki, N. Orgovan, B. Szabo, R. Horvath, A. Erdei, Z. Bajtay,
CD11¢/CD18 Dominates Adhesion of Human Monocytes, Macrophages and Dendritic Cells over
CD11b/CD18, PloS one 11(9) (2016) e0163120.

[18] L.J. Miller, R. Schwarting, T.A. Springer, Regulated expression of the Mac-1, LFA-1, p150,95
glycoprotein family during leukocyte differentiation, Journal of immunology 137(9) (1986) 2891-900.
[19] E. Lagasse, |.L. Weissman, Flow cytometric identification of murine neutrophils and monocytes,
Journal of immunological methods 197(1-2) (1996) 139-50.

[20] C. Sunderkotter, T. Nikolic, M.J. Dillon, N. Van Rooijen, M. Stehling, D.A. Drevets, P.J. Leenen,
Subpopulations of mouse blood monocytes differ in maturation stage and inflammatory response,
Journal of immunology 172(7) (2004) 4410-7.

[21] L. Xu, X. Dai Perrard, J.L. Perrard, D. Yang, X. Xiao, B.B. Teng, S.l. Simon, C.M. Ballantyne, H. Wu,
Foamy monocytes form early and contribute to nascent atherosclerosis in mice with
hypercholesterolemia, Arteriosclerosis, thrombosis, and vascular biology 35(8) (2015) 1787-97.

[22] V. Gafa, O. Manches, A. Pastor, E. Drouet, P. Ambroise-Thomas, R. Grillot, D. Aldebert, Human
cytomegalovirus downregulates complement receptors (CR3, CR4) and decreases phagocytosis by
macrophages, Journal of medical virology 76(3) (2005) 361-6.

[23] R. Milde, J. Ritter, G.A. Tennent, A. Loesch, F.O. Martinez, S. Gordon, M.B. Pepys, A. Verschoor, L.
Helming, Multinucleated Giant Cells Are Specialized for Complement-Mediated Phagocytosis and
Large Target Destruction, Cell reports 13(9) (2015) 1937-48.

[24] ). Helft, J. Bottcher, P. Chakravarty, S. Zelenay, J. Huotari, B.U. Schraml, D. Goubau, C. Reis e
Sousa, GM-CSF Mouse Bone Marrow Cultures Comprise a Heterogeneous Population of
CD11c(+)MHCII(+) Macrophages and Dendritic Cells, Immunity 42(6) (2015) 1197-211.

[25] N.N. Gorgani, J.Q. He, K.J. Katschke, Jr., K.Y. Helmy, H. Xi, M. Steffek, P.E. Hass, M. van Lookeren
Campagne, Complement receptor of the Ig superfamily enhances complement-mediated
phagocytosis in a subpopulation of tissue resident macrophages, Journal of immunology 181(11)
(2008) 7902-8.

[26] K. Shortman, Y.J. Liu, Mouse and human dendritic cell subtypes, Nature reviews. Immunology
2(3) (2002) 151-61.

[27] B. Pulendran, J. Lingappa, M.K. Kennedy, J. Smith, M. Teepe, A. Rudensky, C.R. Maliszewski, E.
Maraskovsky, Developmental pathways of dendritic cells in vivo: distinct function, phenotype, and

20



localization of dendritic cell subsets in FLT3 ligand-treated mice, Journal of immunology 159(5) (1997)
2222-31.

[28] B.J. Masten, G.K. Olson, D.F. Kusewitt, M.F. Lipscomb, FIt3 ligand preferentially increases the
number of functionally active myeloid dendritic cells in the lungs of mice, Journal of immunology
172(7) (2004) 4077-83.

[29] H. Singh-Jasuja, A. Thiolat, M. Ribon, M.C. Boissier, N. Bessis, H.G. Rammensee, P. Decker, The
mouse dendritic cell marker CD11c is down-regulated upon cell activation through Toll-like receptor
triggering, Immunobiology 218(1) (2013) 28-39.

[30] M. Berger, J. O'Shea, A.S. Cross, T.M. Folks, T.M. Chused, E.J. Brown, M.M. Frank, Human
neutrophils increase expression of C3bi as well as C3b receptors upon activation, The Journal of
clinical investigation 74(5) (1984) 1566-71.

[31] Z.M. Ding, J.E. Babensee, S.I. Simon, H. Lu, J.L. Perrard, D.C. Bullard, X.Y. Dai, S.K. Bromley, M.L.
Dustin, M.L. Entman, C.W. Smith, C.M. Ballantyne, Relative contribution of LFA-1 and Mac-1 to
neutrophil adhesion and migration, Journal of immunology 163(9) (1999) 5029-38.

[32] H. Matsushima, S. Geng, R. Lu, T. Okamoto, Y. Yao, N. Mayuzumi, P.F. Kotol, B.J. Chojnacki, T.
Miyazaki, R.L. Gallo, A. Takashima, Neutrophil differentiation into a unique hybrid population
exhibiting dual phenotype and functionality of neutrophils and dendritic cells, Blood 121(10) (2013)
1677-89.

[33] S. Muto, V. Vetvicka, G.D. Ross, CR3 (CD11b/CD18) expressed by cytotoxic T cells and natural
killer cells is upregulated in a manner similar to neutrophil CR3 following stimulation with various
activating agents, Journal of clinical immunology 13(3) (1993) 175-84.

[34] J.R. Ortaldo, S.O. Sharrow, T. Timonen, R.B. Herberman, Determination of surface antigens on
highly purified human NK cells by flow cytometry with monoclonal antibodies, Journal of
immunology 127(6) (1981) 2401-9.

[35] T. Aranami, S. Miyake, T. Yamamura, Differential expression of CD11c by peripheral blood NK
cells reflects temporal activity of multiple sclerosis, Journal of immunology 177(8) (2006) 5659-67.
[36] L. Chiossone, J. Chaix, N. Fuseri, C. Roth, E. Vivier, T. Walzer, Maturation of mouse NK cells is a 4-
stage developmental program, Blood 113(22) (2009) 5488-96.

[37] B.M. Burt, G. Plitas, J.A. Stableford, H.M. Nguyen, Z.M. Bamboat, V.G. Pillarisetty, R.P. DeMatteo,
CD11c identifies a subset of murine liver natural killer cells that responds to adenoviral hepatitis,
Journal of leukocyte biology 84(4) (2008) 1039-46.

[38] C. Wagner, G.M. Hansch, S. Stegmaier, B. Denefleh, F. Hug, M. Schoels, The complement
receptor 3, CR3 (CD11b/CD18), on T lymphocytes: activation-dependent up-regulation and regulatory
function, European journal of immunology 31(4) (2001) 1173-80.

[39] G.D. Keizer, J. Borst, W. Visser, R. Schwarting, J.E. de Vries, C.G. Figdor, Membrane glycoprotein
p150,95 of human cytotoxic T cell clone is involved in conjugate formation with target cells, Journal
of immunology 138(10) (1987) 3130-6.

[40] M. Kuka, I. Munitic, J.D. Ashwell, Identification and characterization of polyclonal alphabeta-T
cells with dendritic cell properties, Nature communications 3 (2012) 1223.

[41] H.l. McFarland, S.R. Nahill, J.W. Maciaszek, R.M. Welsh, CD11b (Mac-1): a marker for CD8+
cytotoxic T cell activation and memory in virus infection, Journal of immunology 149(4) (1992) 1326-
33.

[42] M. Beyer, H. Wang, N. Peters, S. Doths, C. Koerner-Rettberg, P.J. Openshaw, J. Schwarze, The
beta2 integrin CD11c distinguishes a subset of cytotoxic pulmonary T cells with potent antiviral
effects in vitro and in vivo, Respiratory research 6 (2005) 70.

[43] Y.H. Kim, S.K. Seo, B.K. Choi, W.J. Kang, C.H. Kim, S.K. Lee, B.S. Kwon, 4-1BB costimulation
enhances HSV-1-specific CD8+ T cell responses by the induction of CD11c+CD8+ T cells, Cellular
immunology 238(2) (2005) 76-86.

[44] D. Fujiwara, L. Chen, B. Wei, J. Braun, Small intestine CD11c+ CD8+ T cells suppress CD4+ T cell-
induced immune colitis, American journal of physiology. Gastrointestinal and liver physiology 300(6)
(2011) G939-47.

21



[45] J. Qualai, L.X. Li, J. Cantero, A. Tarrats, M.A. Fernandez, L. Sumoy, A. Rodolosse, S.J. McSorley, M.
Genesca, Expression of CD11c Is Associated with Unconventional Activated T Cell Subsets with High
Migratory Potential, PloS one 11(4) (2016) e0154253.

[46] A.A. Postigo, A.L. Corbi, F. Sanchez-Madrid, M.O. de Landazuri, Regulated expression and
function of CD11c¢/CD18 integrin on human B lymphocytes. Relation between attachment to
fibrinogen and triggering of proliferation through CD11¢/CD18, The Journal of experimental medicine
174(6) (1991) 1313-22.

[47] B. Uzonyi, B. Macsik-Valent, S. Lukacsi, R. Kiss, K. Torok, M. Kremlitzka, Z. Bajtay, J. Demeter, C.
Bodor, A. Erdei, Functional studies of chronic lymphocytic leukemia B cells expressing beta2-integrin
type complement receptors CR3 and CR4, Immunology letters 189 (2017) 73-81.

[48] T.L. Rothstein, D.O. Griffin, N.E. Holodick, T.D. Quach, H. Kaku, Human B-1 cells take the stage,
Annals of the New York Academy of Sciences 1285 (2013) 97-114.

[49] S.B. Wormsley, S.M. Baird, N. Gadol, K.R. Rai, R.E. Sobol, Characteristics of CD11c+CD5+ chronic
B-cell leukemias and the identification of novel peripheral blood B-cell subsets with chronic lymphoid
leukemia immunophenotypes, Blood 76(1) (1990) 123-30.

[50] A.V. Rubtsov, K. Rubtsova, A. Fischer, R.T. Meehan, J.Z. Gillis, J.W. Kappler, P. Marrack, Toll-like
receptor 7 (TLR7)-driven accumulation of a novel CD11c(+) B-cell population is important for the
development of autoimmunity, Blood 118(5) (2011) 1305-15.

[51] E.E. Ghosn, Y. Yang, J. Tung, L.A. Herzenberg, L.A. Herzenberg, CD11b expression distinguishes
sequential stages of peritoneal B-1 development, Proceedings of the National Academy of Sciences
of the United States of America 105(13) (2008) 5195-200.

[52] M.S. Naradikian, A. Myles, D.P. Beiting, K.J. Roberts, L. Dawson, R.S. Herati, B. Bengsch, S.L.
Linderman, E. Stelekati, R. Spolski, E.J. Wherry, C. Hunter, S.E. Hensley, W.J. Leonard, M.P. Cancro,
Cutting Edge: IL-4, IL-21, and IFN-gamma Interact To Govern T-bet and CD11c Expression in TLR-
Activated B Cells, Journal of immunology 197(4) (2016) 1023-8.

[53] N. Sandor, K. Kristof, K. Parej, D. Pap, A. Erdei, Z. Bajtay, CR3 is the dominant phagocytotic
complement receptor on human dendritic cells, Immunobiology 218(4) (2013) 652-63.

[54] S.M. Tan, The leucocyte beta2 (CD18) integrins: the structure, functional regulation and
signalling properties, Bioscience reports 32(3) (2012) 241-69.

[55] B.H. Luo, C.V. Carman, T.A. Springer, Structural basis of integrin regulation and signaling, Annual
review of immunology 25 (2007) 619-47.

[56] X. Chen, C. Xie, N. Nishida, Z. Li, T. Walz, T.A. Springer, Requirement of open headpiece
conformation for activation of leukocyte integrin alphaXbeta2, Proceedings of the National Academy
of Sciences of the United States of America 107(33) (2010) 14727-32.

[57] N. Nishida, C. Xie, M. Shimaoka, Y. Cheng, T. Walz, T.A. Springer, Activation of leukocyte beta2
integrins by conversion from bent to extended conformations, Immunity 25(4) (2006) 583-94.

[58] R. Evans, I. Patzak, L. Svensson, K. De Filippo, K. Jones, A. McDowall, N. Hogg, Integrins in
immunity, Journal of cell science 122(Pt 2) (2009) 215-25.

[59] J. Takagi, B.M. Petre, T. Walz, T.A. Springer, Global conformational rearrangements in integrin
extracellular domains in outside-in and inside-out signaling, Cell 110(5) (2002) 599-11.

[60] M.J. Humphries, Monoclonal antibodies as probes of integrin priming and activation,
Biochemical Society transactions 32(Pt3) (2004) 407-11.

[61] M.S. Diamond, T.A. Springer, A subpopulation of Mac-1 (CD11b/CD18) molecules mediates
neutrophil adhesion to ICAM-1 and fibrinogen, The Journal of cell biology 120(2) (1993) 545-56.

[62] A.G. Dupuy, E. Caron, Integrin-dependent phagocytosis: spreading from microadhesion to new
concepts, Journal of cell science 121(11) (2008) 1773-83.

[63] E. Caron, A.J. Self, A. Hall, The GTPase Rapl controls functional activation of macrophage
integrin alphaMbeta2 by LPS and other inflammatory mediators, Current biology : CB 10(16) (2000)
974-8.

[64] H.S. Lee, C.J. Lim, W. Puzon-MclLaughlin, S.J. Shattil, M.H. Ginsberg, RIAM activates integrins by
linking talin to ras GTPase membrane-targeting sequences, The Journal of biological chemistry 284(8)
(2009) 5119-27.

22



[65] F. Lagarrigue, C. Kim, M.H. Ginsberg, The Rap1-RIAM-talin axis of integrin activation and blood
cell function, Blood 128(4) (2016) 479-87.

[66] S. Klapproth, M. Sperandio, E.M. Pinheiro, M. Prunster, O. Soehnlein, F.B. Gertler, R. Fassler, M.
Moser, Loss of the Rapl effector RIAM results in leukocyte adhesion deficiency due to impaired
beta2 integrin function in mice, Blood 126(25) (2015) 2704-12.

[67] J. Lim, A.G. Dupuy, D.R. Critchley, E. Caron, Rapl controls activation of the alpha(M)beta(2)
integrin in a talin-dependent manner, Journal of cellular biochemistry 111(4) (2010) 999-1009.

[68] J. Lim, J. Thompson, R.C. May, N.A. Hotchin, E. Caron, Regulator of G-Protein Signalling-14
(RGS14) Regulates the Activation of alphaMbeta2 Integrin during Phagocytosis, PloS one 8(6) (2013)
€69163.

[69] I. Medrano-Fernandez, R. Reyes, |. Olazabal, E. Rodriguez, F. Sanchez-Madrid, V.A. Boussiotis,
P.A. Reche, C. Cabanas, E.M. Lafuente, RIAM (Rapl-interacting adaptor molecule) regulates
complement-dependent phagocytosis, Cellular and molecular life sciences : CMLS 70(13) (2013)
2395-410.

[70] S. Stritt, K. Wolf, V. Lorenz, T. Vogtle, S. Gupta, M.R. Bosl, B. Nieswandt, Rap1-GTP-interacting
adaptor molecule (RIAM) is dispensable for platelet integrin activation and function in mice, Blood
125(2) (2015) 219-22.

[71] K.S. Weber, L.B. Klickstein, C. Weber, Specific activation of leukocyte beta2 integrins lymphocyte
function-associated antigen-1 and Mac-1 by chemokines mediated by distinct pathways via the alpha
subunit cytoplasmic domains, Molecular biology of the cell 10(4) (1999) 861-73.

[72] F. Rosetti, T.N. Mayadas, The many faces of Mac-1 in autoimmune disease, Immunological
reviews 269(1) (2016) 175-93.

[73] M.A. Arnaout, L.L. Lanier, D.V. Faller, Relative contribution of the leukocyte molecules Mo1, LFA-
1, and p150,95 (LeuM5) in adhesion of granulocytes and monocytes to vascular endothelium is
tissue- and stimulus-specific, Journal of cellular physiology 137(2) (1988) 305-9.

[74] J. Zhou, G. Feng, J. Beeson, P.M. Hogarth, S.J. Rogerson, Y. Yan, A. Jaworowski, CD14(hi)CD16+
monocytes phagocytose antibody-opsonised Plasmodium falciparum infected erythrocytes more
efficiently than other monocyte subsets, and require CD16 and complement to do so, BMC medicine
13 (2015) 154.

[75] L.S. Schlesinger, M.A. Horwitz, Phagocytosis of leprosy bacilli is mediated by complement
receptors CR1 and CR3 on human monocytes and complement component C3 in serum, The Journal
of clinical investigation 85(4) (1990) 1304-14.

[76] K.L. Hawley, C.M. Olson, Jr., J.M. Iglesias-Pedraz, N. Navasa, J.L. Cervantes, M.J. Caimano, H.
Izadi, R.R. Ingalls, U. Pal, J.C. Salazar, J.D. Radolf, J. Anguita, CD14 cooperates with complement
receptor 3 to mediate MyD88-independent phagocytosis of Borrelia burgdorferi, Proceedings of the
National Academy of Sciences of the United States of America 109(4) (2012) 1228-32.

[77] C.S. Hirsch, J.J. Eliner, D.G. Russell, E.A. Rich, Complement receptor-mediated uptake and tumor
necrosis factor-alpha-mediated growth inhibition of Mycobacterium tuberculosis by human alveolar
macrophages, Journal of immunology 152(2) (1994) 743-53.

[78] S. Lukacsi, Z. Nagy-Balo, A. Erdei, N. Sandor, Z. Bajtay, The role of CR3 (CD11b/CD18) and CR4
(CD11c/CD18) in complement-mediated phagocytosis and podosome formation by human
phagocytes, Immunology letters 189 (2017) 64-72.

[79] J.L. Dunne, C.M. Ballantyne, A.L. Beaudet, K. Ley, Control of leukocyte rolling velocity in TNF-
alpha-induced inflammation by LFA-1 and Mac-1, Blood 99(1) (2002) 336-41.

[80] A. Aderem, The MARCKS family of protein kinase-C substrates, Biochemical Society transactions
23(3) (1995) 587-91.

[81] B. Linnartz-Gerlach, C. Schuy, A. Shahraz, A.J. Tenner, H. Neumann, Sialylation of neurites
inhibits complement-mediated macrophage removal in a human macrophage-neuron Co-Culture
System, Glia 64(1) (2016) 35-47.

[82] S.T. Fan, T.S. Edgington, Coupling of the adhesive receptor CD11b/CD18 to functional
enhancement of effector macrophage tissue factor response, The Journal of clinical investigation
87(1) (1991) 50-7.

23



[83] W. Pan, O. Ogunremi, G. Wei, M. Shi, H. Tabel, CR3 (CD11b/CD18) is the major macrophage
receptor for IgM antibody-mediated phagocytosis of African trypanosomes: diverse effect on
subsequent synthesis of tumor necrosis factor alpha and nitric oxide, Microbes and infection 8(5)
(2006) 1209-18.

[84] J.S. Lin, J.H. Huang, L.Y. Hung, S.Y. Wu, B.A. Wu-Hsieh, Distinct roles of complement receptor 3,
Dectin-1, and sialic acids in murine macrophage interaction with Histoplasma yeast, Journal of
leukocyte biology 88(1) (2010) 95-106.

[85] M. Wang, M.A. Shakhatreh, D. James, S. Liang, S. Nishiyama, F. Yoshimura, D.R. Demuth, G.
Hajishengallis, Fimbrial proteins of porphyromonas gingivalis mediate in vivo virulence and exploit
TLR2 and complement receptor 3 to persist in macrophages, Journal of immunology 179(4) (2007)
2349-58.

[86] S. Burns, S.J. Hardy, J. Buddle, K.L. Yong, G.E. Jones, A.J. Thrasher, Maturation of DC is associated
with changes in motile characteristics and adherence, Cell motility and the cytoskeleton 57(2) (2004)
118-32.

[87] A. Ben Nasr, J. Haithcoat, J.E. Masterson, J.S. Gunn, T. Eaves-Pyles, G.R. Klimpel, Critical role for
serum opsonins and complement receptors CR3 (CD11b/CD18) and CR4 (CD11c/CD18) in
phagocytosis of Francisella tularensis by human dendritic cells (DC): uptake of Francisella leads to
activation of immature DC and intracellular survival of the bacteria, Journal of leukocyte biology
80(4) (2006) 774-86.

[88] J. Chen, S. Namiki, M. Toma-Hirano, S. Miyatake, K. Ishida, Y. Shibata, N. Arai, K. Arai, Y.
Kamogawa-Schifter, The role of CD11b in phagocytosis and dendritic cell development, Immunology
letters 120(1-2) (2008) 42-8.

[89] B. Heit, P. Colarusso, P. Kubes, Fundamentally different roles for LFA-1, Mac-1 and alpha4-
integrin in neutrophil chemotaxis, Journal of cell science 118(Pt 22) (2005) 5205-20.

[90] D.C. Anderson, L.J. Miller, F.C. Schmalstieg, R. Rothlein, T.A. Springer, Contributions of the Mac-1
glycoprotein family to adherence-dependent granulocyte functions: structure-function assessments
employing subunit-specific monoclonal antibodies, Journal of immunology 137(1) (1986) 15-27.

[91] J.T. Schwartz, J.H. Barker, M.E. Long, J. Kaufman, J. McCracken, L.A. Allen, Natural IgM mediates
complement-dependent uptake of Francisella tularensis by human neutrophils via complement
receptors 1 and 3 in nonimmune serum, Journal of immunology 189(6) (2012) 3064-77.

[92] R. van Bruggen, D. Zweers, A. van Diepen, J.T. van Dissel, D. Roos, A.J. Verhoeven, T.W. Kuijpers,
Complement receptor 3 and Toll-like receptor 4 act sequentially in uptake and intracellular killing of
unopsonized Salmonella enterica serovar Typhimurium by human neutrophils, Infection and
immunity 75(6) (2007) 2655-60.

[93] P. Peyron, C. Bordier, E.N. N'Diaye, I. Maridonneau-Parini, Nonopsonic phagocytosis of
Mycobacterium kansasii by human neutrophils depends on cholesterol and is mediated by CR3
associated with glycosylphosphatidylinositol-anchored proteins, Journal of immunology 165(9)
(2000) 5186-91.

[94] H. Lu, C.W. Smith, J. Perrard, D. Bullard, L. Tang, S.B. Shappell, M.L. Entman, A.L. Beaudet, C.M.
Ballantyne, LFA-1 is sufficient in mediating neutrophil emigration in Mac-1-deficient mice, The
Journal of clinical investigation 99(6) (1997) 1340-50.

[95] S. Jawhara, E. Pluskota, W. Cao, E.F. Plow, D.A. Soloviev, Distinct Effects of Integrins alphaXbeta2
and alphaMbeta2 on Leukocyte Subpopulations during Inflammation and Antimicrobial Responses,
Infection and immunity 85(1) (2017).

[96] O.F. Ramos, C. Kai, E. Yefenof, E. Klein, The elevated natural killer sensitivity of targets carrying
surface-attached C3 fragments require the availability of the iC3b receptor (CR3) on the effectors,
Journal of immunology 140(4) (1988) 1239-43.

[97] L. Di Renzo, E. Yefenof, E. Klein, The function of human NK cells is enhanced by beta-glucan, a
ligand of CR3 (CD11b/CD18), European journal of immunology 21(7) (1991) 1755-8.

[98] V. Vetvicka, B.P. Thornton, G.D. Ross, Soluble beta-glucan polysaccharide binding to the lectin
site of neutrophil or natural killer cell complement receptor type 3 (CD11b/CD18) generates a primed

24



state of the receptor capable of mediating cytotoxicity of iC3b-opsonized target cells, The Journal of
clinical investigation 98(1) (1996) 50-61.

[99] V. Xia, V. Vetvicka, J. Yan, M. Hanikyrova, T. Mayadas, G.D. Ross, The beta-glucan-binding lectin
site of mouse CR3 (CD11b/CD18) and its function in generating a primed state of the receptor that
mediates cytotoxic activation in response to iC3b-opsonized target cells, Journal of immunology
162(4) (1999) 2281-90.

[100] H.V. Nielsen, J.P. Christensen, E.C. Andersson, O. Marker, A.R. Thomsen, Expression of type 3
complement receptor on activated CD8+ T cells facilitates homing to inflammatory sites, Journal of
immunology 153(5) (1994) 2021-8.

[101] K. Kawai, N.H. Tsuno, J. Kitayama, Y. Okaji, K. Yazawa, M. Asakage, N. Hori, T. Watanabe, K.
Takahashi, H. Nagawa, Epigallocatechin gallate attenuates adhesion and migration of CD8+ T cells by
binding to CD11b, The Journal of allergy and clinical immunology 113(6) (2004) 1211-7.

[102] J.J. Alexander, L.D. Chaves, A. Chang, A. Jacob, M. Ritchie, R.J. Quigg, CD11b is protective in
complement-mediated immune complex glomerulonephritis, Kidney international 87(5) (2015) 930-
9.

[103] H. Wu, J.R. Rodgers, X.Y. Perrard, J.L. Perrard, J.E. Prince, Y. Abe, B.K. Davis, G. Dietsch, C.W.
Smith, C.M. Ballantyne, Deficiency of CD11b or CD11d results in reduced staphylococcal enterotoxin-
induced T cell response and T cell phenotypic changes, Journal of immunology 173(1) (2004) 297-
306.

[104] D.C. Bullard, X. Hu, T.R. Schoeb, R.C. Axtell, C. Raman, S.R. Barnum, Critical requirement of
CD11b (Mac-1) on T cells and accessory cells for development of experimental autoimmune
encephalomyelitis, Journal of immunology 175(10) (2005) 6327-33.

[105] K. Kawai, N.H. Tsuno, M. Matsuhashi, J. Kitayama, T. Osada, J. Yamada, T. Tsuchiya, S.
Yoneyama, T. Watanabe, K. Takahashi, H. Nagawa, CD11b-mediated migratory property of peripheral
blood B cells, The Journal of allergy and clinical immunology 116(1) (2005) 192-7.

[106] C. Ding, Y. Ma, X. Chen, M. Liu, Y. Cai, X. Hu, D. Xiang, S. Nath, H.G. Zhang, H. Ye, D. Powell, J.
Yan, Integrin CD11b negatively regulates BCR signalling to maintain autoreactive B cell tolerance,
Nature communications 4 (2013) 2813.

[107] S. Park, H. Sim, H.l. Kim, D. Jeong, G. Wu, S.Y. Cho, Y.S. Lee, H.J. Kwon, K. Lee, CD11b regulates
antibody class switching via induction of AID, Molecular immunology 87 (2017) 47-59.

[108] X. Liu, X. Jiang, R. Liu, L. Wang, T. Qian, Y. Zheng, Y. Deng, E. Huang, F. Xu, J.Y. Wang, Y. Chu, B
cells expressing CD11b effectively inhibit CD4+ T-cell responses and ameliorate experimental
autoimmune hepatitis in mice, Hepatology 62(5) (2015) 1563-75.

[109] S.M. Levitz, A. Tabuni, Binding of Cryptococcus neoformans by human cultured macrophages.
Requirements for multiple complement receptors and actin, The Journal of clinical investigation 87(2)
(1991) 528-35.

[110] A.E. Morelli, A.T. Larregina, W.J. Shufesky, A.F. Zahorchak, A.J. Logar, G.D. Papworth, Z. Wang,
S.C. Watkins, L.D. Falo, Jr., A.\W. Thomson, Internalization of circulating apoptotic cells by splenic
marginal zone dendritic cells: dependence on complement receptors and effect on cytokine
production, Blood 101(2) (2003) 611-20.

[111] A. Ferrante, A.J. Martin, E.J. Bates, D.H. Goh, D.P. Harvey, D. Parsons, D.A. Rathjen, G. Russ,
J.M. Dayer, Killing of Staphylococcus aureus by tumor necrosis factor-alpha-activated neutrophils.
The role of serum opsonins, integrin receptors, respiratory burst, and degranulation, Journal of
immunology 151(9) (1993) 4821-8.

[112] D.C. Bullard, X. Hu, J.E. Adams, T.R. Schoeb, S.R. Barnum, p150/95 (CD11c/CD18) expression is
required for the development of experimental autoimmune encephalomyelitis, The American journal
of pathology 170(6) (2007) 2001-8.

[113] S.M. Levitz, A. Tabuni, T.R. Kozel, R.S. MacGill, R.R. Ingalls, D.T. Golenbock, Binding of
Cryptococcus neoformans to heterologously expressed human complement receptors, Infection and
immunity 65(3) (1997) 931-5.

[114] L.S. Schlesinger, M.A. Horwitz, Phagocytosis of Mycobacterium leprae by human monocyte-
derived macrophages is mediated by complement receptors CR1 (CD35), CR3 (CD11b/CD18), and CR4

25



(CD11c¢/CD18) and IFN-gamma activation inhibits complement receptor function and phagocytosis of
this bacterium, Journal of immunology 147(6) (1991) 1983-94.

[115] Z. Bajtay, C. Speth, A. Erdei, M.P. Dierich, Cutting edge: productive HIV-1 infection of dendritic
cells via complement receptor type 3 (CR3, CD11b/CD18), Journal of immunology 173(8) (2004)
4775-8.

[116] Y. Ishibashi, T. Arai, A possible mechanism for host-specific pathogenesis of Salmonella
serovars, Microbial pathogenesis 21(6) (1996) 435-46.

[117] G. Hajishengallis, J.L. Krauss, R. Jotwani, J.D. Lambris, Differential capacity for complement
receptor-mediated immune evasion by Porphyromonas gingivalis depending on the type of innate
leukocyte, Molecular oral microbiology 32(2) (2017) 154-165.

[118] M. Veldhoen, Oral tolerance: passing CD11b on the way to tolerance, Immunology and cell
biology 85(6) (2007) 397-8.

[119] D. Ehirchiou, Y. Xiong, G. Xu, W. Chen, Y. Shi, L. Zhang, CD11b facilitates the development of
peripheral tolerance by suppressing Th1l7 differentiation, The Journal of experimental medicine
204(7) (2007) 1519-24.

[120] I. Verbovetski, H. Bychkov, U. Trahtemberg, I. Shapira, M. Hareuveni, O. Ben-Tal, I. Kutikov, O.
Gill, D. Mevorach, Opsonization of apoptotic cells by autologous iC3b facilitates clearance by
immature dendritic cells, down-regulates DR and CD86, and up-regulates CC chemokine receptor 7,
The Journal of experimental medicine 196(12) (2002) 1553-61.

[121] J. Schmidt, C. Klempp, M.W. Buchler, A. Marten, Release of iC3b from apoptotic tumor cells
induces tolerance by binding to immature dendritic cells in vitro and in vivo, Cancer immunology,
immunotherapy : Cll 55(1) (2006) 31-8.

[122] R.I. Thacker, G.S. Retzinger, Adsorbed fibrinogen regulates the behavior of human dendritic
cells in a CD18-dependent manner, Experimental and molecular pathology 84(2) (2008) 122-30.

[123] T. Georgakopoulos, S.T. Moss, V. Kanagasundaram, Integrin CD11c contributes to monocyte
adhesion with CD11b in a differential manner and requires Src family kinase activity, Molecular
immunology 45(13) (2008) 3671-81.

[124] N. Orgovan, R. Ungai-Salanki, S. Lukacsi, N. Sandor, Z. Bajtay, A. Erdei, B. Szabo, R. Horvath,
Adhesion kinetics of human primary monocytes, dendritic cells, and macrophages: Dynamic cell
adhesion measurements with a label-free optical biosensor and their comparison with end-point
assays, Biointerphases 11(3) (2016) 031001.

[125] R. Salanki, C. Hos, N. Orgovan, B. Peter, N. Sandor, Z. Bajtay, A. Erdei, R. Horvath, B. Szabo,
Single cell adhesion assay using computer controlled micropipette, PloS one 9(10) (2014) e111450.
[126] O. Destaing, F. Saltel, J.C. Geminard, P. Jurdic, F. Bard, Podosomes display actin turnover and
dynamic self-organization in osteoclasts expressing actin-green fluorescent protein, Molecular
biology of the cell 14(2) (2003) 407-16.

[127] S. Linder, M. Aepfelbacher, Podosomes: adhesion hot-spots of invasive cells, Trends in cell
biology 13(7) (2003) 376-85.

[128] Y. Calle, S. Burns, A.J. Thrasher, G.E. Jones, The leukocyte podosome, European journal of cell
biology 85(3-4) (2006) 151-7.

[129] S. Linder, C. Wiesner, Tools of the trade: podosomes as multipurpose organelles of monocytic
cells, Cellular and molecular life sciences : CMLS 72(1) (2015) 121-35.

[130] C. Gawden-Bone, M.A. West, V.L. Morrison, A.J. Edgar, S.J. McMillan, B.D. Dill, M. Trost, A.
Prescott, S.C. Fagerholm, C. Watts, A crucial role for beta2 integrins in podosome formation,
dynamics and Toll-like-receptor-signaled disassembly in dendritic cells, Journal of cell science 127(Pt
19) (2014) 4213-24.

[131] D.C. Anderson, T.A. Springer, Leukocyte adhesion deficiency: an inherited defect in the Mac-1,
LFA-1, and p150,95 glycoproteins, Annual review of medicine 38 (1987) 175-94.

[132] S. Schmidt, M. Moser, M. Sperandio, The molecular basis of leukocyte recruitment and its
deficiencies, Molecular immunology 55(1) (2013) 49-58.

[133] A. Etzioni, Genetic etiologies of leukocyte adhesion defects, Current opinion in immunology
21(5) (2009) 481-6.

26



[134] U.H. von Andrian, E.M. Berger, L. Ramezani, J.D. Chambers, H.D. Ochs, J.M. Harlan, J.C. Paulson,
A. Etzioni, K.E. Arfors, In vivo behavior of neutrophils from two patients with distinct inherited
leukocyte adhesion deficiency syndromes, The Journal of clinical investigation 91(6) (1993) 2893-7.
[135] H.D. Gresham, I.L. Graham, D.C. Anderson, E.J. Brown, Leukocyte adhesion-deficient
neutrophils fail to amplify phagocytic function in response to stimulation. Evidence for CD11b/CD18-
dependent and -independent mechanisms of phagocytosis, The Journal of clinical investigation 88(2)
(1991) 588-97.

[136] D.C. Anderson, F.C. Schmalsteig, M.J. Finegold, B.J. Hughes, R. Rothlein, L.J. Miller, S. Kohl, M.F.
Tosi, R.L. Jacobs, T.C. Waldrop, et al., The severe and moderate phenotypes of heritable Mac-1, LFA-1
deficiency: their quantitative definition and relation to leukocyte dysfunction and clinical features,
The Journal of infectious diseases 152(4) (1985) 668-89.

[137] K. Yong, I.E. Addison, B. Johnson, A.D. Webster, D.C. Linch, Role of leucocyte integrins in
phagocyte responses to granulocyte-macrophage colony stimulating factor (GM-CSF): in vitro and in
vivo studies on leucocyte adhesion deficiency neutrophils, British journal of haematology 77(2)
(1991) 150-7.

[138] M. Bosticardo, F. Marangoni, A. Aiuti, A. Villa, M. Grazia Roncarolo, Recent advances in
understanding the pathophysiology of Wiskott-Aldrich syndrome, Blood 113(25) (2009) 6288-95.
[139] S. Linder, D. Nelson, M. Weiss, M. Aepfelbacher, Wiskott-Aldrich syndrome protein regulates
podosomes in primary human macrophages, Proceedings of the National Academy of Sciences of the
United States of America 96(17) (1999) 9648-53.

[140] S. Burns, AJ. Thrasher, M.P. Blundell, L. Machesky, G.E. Jones, Configuration of human
dendritic cell cytoskeleton by Rho GTPases, the WAS protein, and differentiation, Blood 98(4) (2001)
1142-9.

[141] C.G. Gahmberg, S.C. Fagerholm, S.M. Nurmi, T. Chavakis, S. Marchesan, M. Gronholm,
Regulation of integrin activity and signalling, Biochimica et biophysica acta 1790(6) (2009) 431-44.
[142] G. Bouma, A. Mendoza-Naranjo, M.P. Blundell, E. de Falco, K.L. Parsley, S.O. Burns, A.l.
Thrasher, Cytoskeletal remodeling mediated by WASp in dendritic cells is necessary for normal
immune synapse formation and T-cell priming, Blood 118(9) (2011) 2492-501.

[143] H. Zhang, U.Y. Schaff, C.E. Green, H. Chen, M.R. Sarantos, Y. Hu, D. Wara, S.l. Simon, C.A.
Lowell, Impaired integrin-dependent function in Wiskott-Aldrich syndrome protein-deficient murine
and human neutrophils, Immunity 25(2) (2006) 285-95.

[144] S. Han, X. Kim-Howard, H. Deshmukh, Y. Kamatani, P. Viswanathan, J.M. Guthridge, K. Thomas,
K.M. Kaufman, J. Ojwang, A. Rojas-Villarraga, V. Baca, L. Orozco, B. Rhodes, C.B. Choi, P.K. Gregersen,
J.T. Merrill, J.A. James, P.M. Gaffney, K.L. Moser, C.0O. Jacob, R.P. Kimberly, J.B. Harley, S.C. Bae, J.M.
Anaya, M.E. Alarcon-Riquelme, K. Matsuda, T.J. Vyse, S.K. Nath, Evaluation of imputation-based
association in and around the integrin-alpha-M (ITGAM) gene and replication of robust association
between a non-synonymous functional variant within ITGAM and systemic lupus erythematosus
(SLE), Human molecular genetics 18(6) (2009) 1171-80.

[145] B. Rhodes, B.G. Furnrohr, A.L. Roberts, G. Tzircotis, G. Schett, T.D. Spector, T.J. Vyse, The
rs1143679 (R77H) lupus associated variant of ITGAM (CD11b) impairs complement receptor 3
mediated functions in human monocytes, Annals of the rheumatic diseases 71(12) (2012) 2028-34.
[146] L. Fossati-Jimack, G.S. Ling, A. Cortini, M. Szajna, T.H. Malik, J.U. McDonald, M.C. Pickering, H.T.
Cook, P.R. Taylor, M. Botto, Phagocytosis is the main CR3-mediated function affected by the lupus-
associated variant of CD11b in human myeloid cells, PloS one 8(2) (2013) e57082.

[147] K. Kawai, N.H. Tsuno, J. Kitayama, E. Sunami, K. Takahashi, H. Nagawa, Catechin inhibits
adhesion and migration of peripheral blood B cells by blocking CD11b, Immunopharmacology and
immunotoxicology 33(2) (2011) 391-7.

[148] D.O. Griffin, T.L. Rothstein, Human "orchestrator" CD11b(+) B1 cells spontaneously secrete
interleukin-10 and regulate T-cell activity, Molecular medicine 18 (2012) 1003-8.

[149] A. Pinto, L. Del Vecchio, A. Carbone, M. Roncadin, R. Volpe, D. Serraino, S. Monfardini, A.
Colombatti, V. Zagonel, Expression of myelomonocytic antigens is associated with unfavourable

27



clinicoprognostic factors in B-cell chronic lymphocytic leukaemia, Annals of oncology : official journal
of the European Society for Medical Oncology 2 Suppl 2 (1991) 107-13.

[150] D. Tassies, E. Montserrat, J.C. Reverter, N. Villamor, M. Rovira, C. Rozman, Myelomonocytic
antigens in B-cell chronic lymphocytic leukemia, Leukemia research 19(11) (1995) 841-8.

[151] E. Legac, C. Chastang, J.L. Binet, A. Michel, P. Debre, H. Merle-Beral, Proposals for a Phenotypic
Classification of B-Chronic Lymphocytic Leukemia, Relationship with Prognostic Factors, Leukemia &
lymphoma 5 Suppl 1 (1991) 53-8.

[152] S. Molica, A. Dattilo, A. Alberti, Myelomonocytic associated antigens in B-chronic lymphocytic
leukemia: analysis of clinical significance, Leukemia & lymphoma 5(2-3) (1991) 139-44.

[153] S.K. Nath, S. Han, X. Kim-Howard, J.A. Kelly, P. Viswanathan, G.S. Gilkeson, W. Chen, C. Zhu, R.P.
McEver, R.P. Kimberly, M.E. Alarcon-Riquelme, T.J. Vyse, Q.Z. Li, E.K. Wakeland, J.T. Merrill, J.A.
James, K.M. Kaufman, J.M. Guthridge, J.B. Harley, A nonsynonymous functional variant in integrin-
alpha(M) (encoded by ITGAM) is associated with systemic lupus erythematosus, Nature genetics
40(2) (2008) 152-4.

[154] H.S. Lee, S.C. Bae, Recent advances in systemic lupus erythematosus genetics in an Asian
population, International journal of rheumatic diseases 18(2) (2015) 192-9.

[155] J.D. Gray, D.A. Horwitz, Lymphocytes expressing type 3 complement receptors proliferate in
response to interleukin 2 and are the precursors of lymphokine-activated killer cells, The Journal of
clinical investigation 81(4) (1988) 1247-54.

[156] S.K. Seo, J.H. Choi, Y.H. Kim, W.J. Kang, H.Y. Park, J.H. Suh, B.K. Choi, D.S. Vinay, B.S. Kwon, 4-
1BB-mediated immunotherapy of rheumatoid arthritis, Nature medicine 10(10) (2004) 1088-94.

[157] B.K. Choi, T. Asai, D.S. Vinay, Y.H. Kim, B.S. Kwon, 4-1BB-mediated amelioration of experimental
autoimmune uveoretinitis is caused by indoleamine 2,3-dioxygenase-dependent mechanisms,
Cytokine 34(5-6) (2006) 233-42.

[158] L.A. Cooney, M. Gupta, S. Thomas, S. Mikolajczak, K.Y. Choi, C. Gibson, I.K. Jang, S. Danziger, J.
Aitchison, M.J. Gardner, S.H. Kappe, R. Wang, Short-lived effector CD8 T cells induced by genetically
attenuated malaria parasite vaccination express CD11c, Infection and immunity 81(11) (2013) 4171-
81.

[159] D. Ramirez-Ramirez, E. Vadillo, L. Arriaga-Pizano, H. Mayani, S. Estrada-Parra, M. Velasco-
Veldzquez, S. Pérez-Tapia, R. Pelayo, Early Differentiation of Human CD11c+NK Cells with y& T Cell
Activation Properties Is Promoted by Dialyzable Leukocyte Extracts, Journal of Immunology Research
(2016).

[160] K. Kubota, Y. Kadoya, Innate IFN-gamma-producing cells in the spleen of mice early after
Listeria monocytogenes infection: importance of microenvironment of the cells involved in the
production of innate IFN-gamma, Frontiers in immunology 2 (2011) 26.

[161] E.N. Voynova, J. Skinner, S. Bolland, Expansion of an atypical NK cell subset in mouse models of
systemic lupus erythematosus, Journal of immunology 194(4) (2015) 1503-13.

28



Seminars in Call and Developmental Biology xoox (2017) xmor-om

Low affinity Intermediate affinity High affinity
Bent conformation Extended conformation Open conformation

‘ Ifom-

(=]

Iebommain
[i-propeller 1-like domain
Hybwid-domain
Thigh PSI
G 1-EGF-14
Calf-2 §TD
a-Thi p-T™
@CT B-CT
RIAMT
a-chain  p-chain Talin RGE14?

Fig. 1. Domain stmcnmre and conformations] changes of fi2-integrine. The lizand binding sffinity of imegrins is regulsted by activation dependent confommations] changes, Integrins
can convert between an inactive bent and an activated extended conformation Both subimits are bent in the inactive frm, positioning the head domains near the cell membrane.
Tnzide-out signailing results in the extended conformation. orienting the I domain sway from the membrane. Ligand binding to the activated integrin trizpers the outside-in sipnalling
pathway, Tecuitins various cytesolic actvator proteins. The combination of a Lateral force exerted by the actin cytoskeleton and the resistance provided by the bound ligand stabiizes
the high affinity, open state.
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Fig 1. Generation of complemens-desived ligand for CBS and CR4. The conmplement cascade activated by either of the three pathorays (classical, lectin-dependent and altemnative)
leads to the activation of the cenfral component, C3. The larper desvage product C3b, can be fisther processed to generate iC3h, which remaing covalently attached to the activating
surface {eg. microbes, apoptotic cells, imnume complexes) and binds to complement receptors CF3 (CD110/CD1E) and CR4 (CD11c/CD1E). Additional izands of these f2-type
imtezyin family receptors are lsted in the ellipsodd with a grey backsromnd.
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Fig 3. CF3 mnd CR4 mediaed fimctons in homsn myeloid cells. CF3 is the dominan: receptor to mediate uptake snd/or dizestion of iC3b-opsenized snagen by heman Mo, MDM,
MDDC and PMD, while the pronunent role of CR4 on MDM snd MDIC has been demonsirated in the process of adherence to Sbrinogen. For podosome formation CF3 and CF4
partcipate equally in MDM and MDDC. For further mfrmanion please consult Table 3.

29



4 Serninars in Cell and Developmental Biolozy xom (2017) momom

HUMAN MOUSE
Audhesion, . .
s . Regulation of
m::""" B ecll gv g _ Beell BCR-signalling,
prodiferation — antihody respanse

- -,

e \\
i N
Inhibition of / ) !
Gl [ \ Tevvolvement in
prodiferation; T eall T ecll
Enhancemen of eyiolysis 5 | 1 .| 5 Teeell development
\ i
\ F

by CT8" cells
h !
“.CR3 CR4~

Enhancemeni of - Enhancement of
complemend-dependent NE gell . NE cell complement-dependent
Eytabaacily ’ eylalxsly

Fig 4. Imvolvement of CF3 and CF4 in various finctions of T and B ymphocytes and NE cell in mice snd men  In the Sgpwe only those fimctions are shown where ivolvement of
CF3 and'or CF4 had been directly proven. For fimther information please consult Table 3.
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