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Preface

The pace of in immunology has not slackened
since the edition of this handbook: The subject
now draws Aeavily on molecular biology and genetics
and this has necessitated the inclusion of an additional
volume on Gesetics and Molecular Im . The
explosion in the development of hybridoma tech-
nology and cell culture, since the last edition, can be
seen from the many chapters in each volume that
employ monoclonal reagents and cell lines. Some idea
of the expansion of the field can be gained from the
Cellular Immunology volume where contributions on
phagocytes and lymphocytes now occupy 30 chapters
compared to 12 in the previous edition. A new section
on ixounoregulation contains 14 chapters and there
are now 6 chapters devoted to mammalian cell

membrane antigens in the Inmunochemistry volume.
- Itis now no longer possible for one editor to keep in
“touch with the enormous expansion in this field, and I
am much indebted to my co-editors Len and Leonore
Herzetiberg who ‘have joined me in the task of
co-opting research workers in the wide range of
disciplines now contributing to the field of immu-

nology. 1 am i grateful to my wife Dr
Garoline Blackwell for her help with the massive
editing task. ) -

Armiongst the many new features of this edition is the
provision of overviews for many of the sections, I am -
most grateful to our contributors in the methodology
sections for their efforts to achieve a consistent style of
presentation of the procedures, and I hope that this
will help in the accessibility of the descriptive material.
A work of this size inevitably takés a number of years

-to put together but considerable effort has gong into -

introducing up to date material into the chapters. This
has been achieved by enabling and encouraging
contributors to introduce new material and references
during the proof stages of their chapters.

I wish to thank Hilary Flenley for her careful and
thorough index, -and Nigel Palmer and his staff at
Blackwell Scientific Publications Edinburgh 'office .
without whom production of the new edition would
have bgen .impossible. Per Saugman has as always,
maintained a benevolent paternal interest in the
project. ’

D.M.W.
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Chapter 41

- Overview: the function of receptors

®

in phagocytosis

S.D. WRIGHT & S.C.SILVERSTEIN

The attachment step, 41.1
Receptors function independently

of one another, 41.3
Engulfment, 41.3

Mononuclear phagocytes together with polymor-

phonuclear leucocytes comprise the most numerous
classes of phagoeytic cells in higher organisms.
Rabinovitch has termed these cells ‘professional’
phagocytes because they have made a full-time occu-
pation out of eating. Leucocytes are not the only
‘professional’ phagocytes in the body. The pigmented
epithelial cells of the retina phagocytose the fragments
of rod outer segments that are shed daily by the rod
cells (1]. Thus being a professional phagocyte is not a
unique property of motile cells of haematopoietic
(mesenchymal) origin.

* Arole for phagocytosis in antimicrobial defence has
been recognized since the time of Metchnikoff [2]. Less
widely appreciated is the role phagocytosis plays in
homoeostatic functions such as the turnover of surfac-
tant in the lung [3], and the removal of senescent
erythrocytes [4}. In each of these instances, the mater-

ial to be removed is specifically and selectively phago- -

cytosed without apparent injury to neighbouring cells

and tissues. The authors believe that this specificity isa

consequence of receptor-ligand intéfactions that gov-
~ern the ingestion process.

Macrophages have on #heir plasma membranes
binding sites for more than forty ligands (Table 41.1).
Receptors of defined molecular weight and subunit
composition have been identified for a few of these
ligands (e.g. IgG [5], complement [6,7]). The presence
of specific receptor proteins for the remaining ligands
is inferred by their specific and saturable binding to
leucocytes and by the inability of other ligands to
compete for binding.

As peesent, only a few of these receptors (i.e. those
for IgG, complement, oligosaccharides) are known to
promote mgest:oa of particles. It seems unlikely that
the remaining receptors play a major role in phago-
cytosis since their ligands are soluble and binfi poorly

Cytoskeletal proteins, cell
motility, and the energetics of
phagocytosis, 41.5

Transmembrane signals, 41.6

E]

Fc receptors are constitutively
active, 41.6 o

Some problems and strategies in
the study of the roles of

. receptors in phagocytosis, 41.9

to micro-organisms or other particulate matter.
(Fibronectin is a special case and will be discussed later
in this chapter.) For this reason, the authors have
focussed on mechanisms by which IgG, complement,

gnd ollgosacchaudes promote phagocytosis. Implicit '

in their discussion is the assumption that uptake of all
particulate materials by phagocytic Ieucocytes, be they
latex beads or IgG-coated bacteria, is governed by
receptor-ligand interactions; and that the. general
principles established in studies of the uptake of IgG-,

complement-, or oligosaccharide-coated particles will

be broadly applicable to other receptor-ligand sys-
tems.

The attachment step

Phagocytosis can be divided both conceptually and
experimentally_into a series of processes that cul-
minate in the total engulfment of a particle. The first
step in this series is the attachment of the particle to the

phagocyte’s surface (8]. In general, attachment occuirs.
over a broad temperature range and independently of

the expenditure of metabolic energy by the pltagoCyte.
Engulfment, on the other hand, is strictly depesttient
on cellular metabolism and is entirely hdlted at
temperatures below 18-20 °C [9,10}. Particles coated

with some ligands (e.g. complement) bind more effi- '
ciently to their corresponding receptofs at 37 °C than -

at 4 °C; particles coated with other ligands, such as

IgG, bind with roughly equal efficiency at both °

temperatures.

Attachment per se does not predestine the particle

for ingestion. Erythrocytes or smooth encapsulated
bacteria can be bound to the surfaces of phagocytic
leucocytes with concanavalin A [11], F(ab), antibody
fragments [12}, fibronectin [13], or complement
[14,15], and will remain on the phagocyte’s surfacefor

41.1



Table 41.1. Receptors on the surface of macrophages!

Name of receptor
(if different .

Ligand from ligand) Comments Reference
Receptors that constitatively promote phagocytosis
35Goa FcR1 Murine s s
1gGi,2 FcRIT Murine [s]
1gG3 Murine {s]
18G Fc,Rui Human [86]
Immune complexes Fc.Rio Human {86]
IgE 87)
Mannose/G1cNAc-

containing oligosaccharides (88)
Galactose-containing

oligosaccharides [41
Receptors that promote phagocytosis in &regulated fashion
C3band C4b | CRI Also inhibits complement enzymes [6}
C3bi : CR3 n
C3d and C3dg CR2 [57)
Receprors for fast-acting regulators
Fibronectin {13)
Serum amyloid P con.ponent [60)
lymphokine’ Secreted by lymphocytes in

response to a factor from
phagocytosing macrophages 158}

Insulin (89]
Adrenalin {90]
Histamine [91]
Somatomedin 92)

" Calcitonin 93]
Parathormone [93]
k. ceptors for long-term regulators
;-Interferon {macrophage activating factor) [94}
Colony stimulating factor [9s]
Receptors that mediate pinocytic uptake of ligands
x:Macroglobulin- protease complex [96}
LDL 971
Acetyl-LDL 97
VLDL 98]
Transferrin [99]
(Receptors for Fc, C3, and oligo-

saccharides also mediate pinocytosis)

Receptors for chemoattractants
Formyl-methionyl-leucyl-phenylalanine [100}
CSa {100}
Thrombin (101)
Miscellaneous receptors
Elastase [102]
Lactoferrin [103]
Fibrin “[104]
Turour cell Presumed to exist because

‘activated” macrophages bind

tumour cells [1os})
Clq (106}

! It should be noted that for each ligand there may be multiple distinct receptors. Additional surface proteins that
may be receptors are described in Table 118.1 in the chapter by Unkeless & Springer.

4 &



Overview: the function of receptors in phagocytosis

several hours at 37 °C. That these particles can be
ingested is evident when IgG directed against the
surface of the particle is added to the cultures. Under
these conditions the particles are ingested [16,17].
These results indicate that signals generated by the
ligation of specific membrane receptors are required to
promiote internalization.

Receptors function independently of one another

Phagocytosis-promoting receptors diffuse freely in the
plane of the plasma membrane {18,19] and function
independently of one another in mediating; particle
ingestion. For example, macrophages that are func-
tionally depleted of Fc receptors after #freading on
IgG-coated surfaces still phagocytose via their recep-
tors for C3 and for oligosaccharides; conversely,
macrophages whose complement receptors have been
depleted by spreading on a complement-coated sur-
. face or inactivated by treatment with proteolytic
enzymes still phagocytose via their Fc receptors [18].
Moreover, signals generated via one class of phagocy-
tosis-promoting receptors are not transmitted to other
classes of phagocytosis-promoting receptors on the
same cell. For example, ligation of macrophage Fc
receptors does not stimulate complement receptor
function [18]. Nevertheless, two receptors may com-
plement one another if ligands for each are present on
a single particle. Ehlenberger & Nussenzweig [20]
reported that erythrocytes bearing compiement and a
limiting number of IgG molecules are phagocytosed to
a greater extent than erythrocytes bearing the same
number of IgG molecules alone. Under the conditions
of their experiment, complement receptors were un-
able to promote ingestion. However, attachment is the
rate limiting step in Fc-receptor mediated phago-
cytosis [21]. Thus ligands that enhance attachment
such as complement thereby enhance the efficiency of
interaction of ingestion-promoting ligands, such as
IgG with their corresponding receptors.

Engulfment

Generation of a signal that promotes membrane
internalization, as occurs when Fc receptors are
ligated, produces a membrane response that is res-
tricted to the segments of membrane in contact with
the particle initiating the signal [16]). The advancing
pseudopods adhere closely to the surface of the
particle (Fig. 41.1), even to the point of enveloping
each particle in a separate vacuole. These and other
observations led Griffin et al. [16,22] to propose a
general hypothesis (the ‘zipper’ mechanism) to explain
these findings. Essentially, the ‘zipper’ concept pre-
dicts that movement of a phagocyte’s plasma mem-
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brane along the surface of a ligand-coated particle is
governed by the availability of receptors on the surface
of the phagocyte and is guided by the distribution of
ligands on the surface of the particle. Several lines of

" evidence support this hypothesis, the most compelling

of which is an experiment in which B lymphocytes
were coated circumferentially or hemispherically with
IgG antibodies to membrane IgM and then incubated
with macrophages. Lymphocytes coated circumferen-
tially with IgG were engulfed. Lymphocytes coated on
one hemisphere with IgG were bound to the macro-
phages via this IgG cap, but they were not engulfed.
Ultrastructural histochemistry confirmed that the
macrophage methbrane extends over thé surface of the
IgG-coated capped lymphocyte only in theareas of the
1gG cap {22]. Thus, engulfment requires the sequential
and circumferential interaction of receptors on the
surface of the phagocyte with corresponding ligands
on the surface of the particle.

Scanning electron micrographs of the engulfment of

- I§G-coated erythrocytes by macrophages show that

these phagocytes extend scveral broad, relatively flat
pseridopods over the particle. As these pseudopods
advarice they form a smooth cup-like structure whose
ria ultimately covers the entire particle. There is no
evidence that these advancing pseudopods fuse with
one another; rather, formation of the phagocytic cup
involves considerable membrane flow and remodelling
such that the final event in closure of the phagocytic
vacuole is the fusion of membranes over a small hole
(punctum) at the point where the advancing pseudo-
pods meet [23]. Thus the extent of membrane fusion
required to close a phagocytic vacuole may be no
greater than that required to close a pinocytic vesicle.

Within a span of 15-30 min macrophages can ingest

sufficient particles to cause the interiorization of

30-40% of their total surface area. These cells have
large internal stores of plasma membrane (perhaps as
much as two-fold the amount of the surface [24,25])
and the authors presume that these internal membrane
stores are inserted into the cell surface to replace
plasma membrane interiorized with the ingested parti-
cles. Such redistribution of membrane from internal
stores to the cell surface has been shown to accompany
phagocytosis in amoebae [26,27] and in leucocytes
[28], and may explain the constancy of plasma mem-
brane composition in phagocytosing leucocytes sug-
gested by the experiments of Tsan & Berlin [29] over a
decade ago.

Cohn, Hubbard, Steinman and their associates
[10,30,31] have made imaginative use of lactoperoxi-
dase (LPO) catalysed surface iodination to examine
the 'surface proteins incorporated into the membrane
of the phagosome. These investigators labelled the
surface mémbranes of fibroblasts [31,32] and macro-



