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The pathogenic effects of immune complexes generally follow their deposi-
tion in the walls of blood vessels in different parts of the body. A mechanism
for this deposition in experimental immune complex of the rabbit has been
described previously.! It involves a role for IgE antibody, basophils, and
platelets in the induction of increased vascular permeability, which then leads
to trapping of large immune complexes along filtering surfaces. This process is
independent of the complement system beyond the activation of C2 (1).

The next step to consider in the pathogenesis of immune complex diseases
is the mechanism whereby the deposited complexes produce damage to the
tissues. The role of neutrophils in the injury will first be discussed. A consider-
ation of two in vitro mechanisms by which neutrophils release injurious con-
stituents to the extracellular medium will follow. Finally, the ability of differ-
ent immune reactants to stimulate these release processes will be described.

(A) THE ROLE OF NEUTROPHILS IN THE TISSUE INJURY
PRODUCED BY IMMUNE COMPLEXES

There are at least two broad categories of immune complex-induced tissue
injury, those dependent upon neutrophils and those which do not involve
action of this type of cell. These categories can be illustrated by consideration
of acute immune complex disease in rabbits.

(1) The Arteritis of Acute Immune Complex Disease.—This arteritis (Fig. 1)
is a necrotizing vasculitis and is characterized by massive neutrophil accumu-
lation with consequent damage to the internal elastic lamina, penetration of
neutrophils into the media, and adventitia and subsequent necrosis of these
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F16. 1. Acute immune complex disease in the rabbit. (@) Arteritis: the characteristic
neutrophil infiltration is apparent. These cells (arrows) have penetrated to all layers of the
vessel wall. The [umen is at the top. (b) Glomerulonephritis: neutrophils cannot be seen in this
esion which is characterized by swelling and proliferation of endothelial cells. X 450.
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1165 MEDIATION OF IMMUNOLOGICAL INJURY

structures. The neutrophil accumulation and tissue damage, but not the dep-
osition of complexes, can be prevented by depletion of circulating comple-
ment (C3 and later-acting components) with the anti-complementary factor
from cobra venom (1) or by depletion of circulating neutrophils (2). It is pre-
sumed that the neutrophils accumulate by complement-mediated processes
(chemotaxis and perhaps especially immune adherence), phagocytose the
immune complexes, and release injurious constituents capable of digesting
structures within the vessel wall.

(2) The Glomerulonephritis of Immune Complex Disease—In contrast, the
glomerulonephritis of the acute disease model (Fig. 1) is not characterized by
neutrophil infiltration and is unaffected by depletion of either complement
(1, 3) or neutrophils (2). Neutrophil-independent pathogenic mechanisms,
whose nature is at present unknown, are therefore involved in the development
of this glomerulonephritis. On the other hand, the glomerular lesions of chronic
immune complex disease of the rabbit or the diseases thought to be associated
with immune complexes in man frequently contain neutrophils (Fig. 2 ¢). In
this situation, therefore, where deposition of large quantities of complexes
occurs,? neutrophils and their products may contribute to the tissue damage.

(3) Glomerulonephritis Produced by Anti-Glomerular Basement Membrane
Antibodies.— The situation in which complexes of antigen and antibody are
dispersed along a surface is even more clearly represented by the glomerulo-
nephritis produced by antibody directed against the glomerular basement
membrane. This occurs experimentally in nephrotoxic nephritis in the rabbit
or naturally in Goodpasture’s disease in man (4). Antibody binds along the
membrane and in the experimental system produces injury by both neutrophil-
dependent and independent processes (5). When the former predominates, as
depicted in Fig. 2 @, neutrophils fill the glomerular capillary lumen, having
pushed aside the endothelial lining and become closely adherent to the anti-
body and complement bound to the basement membrane. As in the arteritis
of acute immune complex disease, depletion of circulating complement or

2 Wilson, Curtis B., and Frank J. Dixon. 1971. Quantitation of acute and chronic serum
sickness in the rabbit. J. Exp. Med. 1343, Pt. 2):7 s.

F16. 2. Neutrophils adherent to immune reactants along glomerular basement mem-
branes. (¢) Nephrotoxic nephritis in the rabbit. A glomerular capillary loop is depicted, 5 hr
after injection of sheep anti—glomerular basement membrane antiserum. Neutrophils (N) have
filled the capillary lumen, pushed aside the endothelial cell (¢), and have become closely ad-
herent to the basement membrane (arrow). X 6300. (b) A neutrophil in this glomerular capil-
lary from the same rabbit has lost most of its granules. The foot processes of the epithelial cell
have fused, indicating early damage to the vessel wall. X 8300. (¢) Neutrophils in a human
glomerulus from a case of poststreptococcal glomerulonephritis. The neutrophils are again in
close contact with the basement membrane which in this case shows evidence of immune com-
plex deposits (d). X 12,000. Photograph courtesy of Dr. J. D. Feldman.
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118 s MEDIATION OF IMMUNOLOGICAL INJURY

neutrophils prevents the neutrophil accumulation and the subsequent tissue
injury (6). However, in this situation, the neutrophils are adherent to immune
reactants along a surface which they cannot phagocytose. Nevertheless, release
of constituent enzymes is postulated to lead to digestion of basement mem-
brane and, moreover, a neutrophil-derived proteolytic enzyme and fragments
of the basement membrane have been detected in the urine (7).

TABLE I
Release of Enzymes from Human Neutrophils after Adherence to Immune Complexes

Per cent release of enzymes

Stimulus*
B-glucuronidase LDH{

Phagocytosable

Ag + Ab 10.2 2.6
Ab 2.5 2.4
ZC 11.1 2.2
ZEDTAC 2.8 2.0
— 2.2 2.7
Nonphagocytosable
Filter + Ag + Ab 13.3 2.7
Filter + Ag 3.1 3.1
Filter + normal human IgG 4.1 2.0

* Ag, tetanus toxoid; Ab, human IgG anti-tetanus. Ag + Ab, 30 ug of precipitates at
equivalence. ZC, zymosan incubated with human serum as complement source and then
washed (2.0 mg). Z EDTA C, zymosan incubated with serum and 0.01 m EDTA. Filters were
incubated with tetanus, washed, incubated with antibody, and again washed, and 5 X 108
neutrophils were drawn gently down onto them. Incubated for 60 min at 37°C.

1 LDH, lactic dehydrogenase.

(B) RELEASE OF CONSTITUENTS FROM NEUTROPHILS

In the continuing study of the pathogenesis of immune complex—induced
tissue injury, it therefore became important to examine the mechanisms of
release of constituents from neutrophils. Extracellular release of lysosomal
materials from neutrophils after phagocytosis of immune complexes (8-12),
bacteria (10, 13, 14), starch (15), or zymosan particles (16) has been described
in a number of laboratories. In our experiments, two model systems have been
employed, simulating the two in vivo situations described above {Table I). In
one, neutrophils were allowed to phagocytose immune complexes or particles
with antibody or complement fixed to them, and the release of enzymes to the
outside of the cell was examined. In the other, the immune complexes were
bound along a nonphagocytosable surface, in this case a micropore filter, and
the reaction and release processes of adherent neutrophils were observed.?

¥ Henson, P. M. Manuscript submitted for publication.
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HENSON Interaction of Cells with Immune Complexes 119s

For these studies, pure populations of cells (90-98% neutrophils) were
obtained from the peripheral blood of human beings or rabbits and the reac-
tions were carried out in a Tyrode’s solution containing added albumin. Con-
trol preparations of rabbit neutrophils incubated for 1 hr at 37°C had the

Fi1c. 3. Rabbit neutrophil from the blood, washed and incubated for 1 hr at 37°C. This
control cell has not lost its complement of granules. The origin of the enzymes which were as-
sayed (see text) are indicated. Lactic dehydrogenase (LDH) from the cytoplasm, 3-glucuroni-
dase (8G) from the primary granule, and alkaline phosphatase (AP) from the secondary
granule. Fixed with glutaraldehyde and osmic acid, embedded in Vestopal W, and stained
with urany] acetate and lead citrate. X 12,500.

appearance shown in Fig. 3. The two major types of granules are clearly seen
in this photograph. Release of enzymes from each type has been examined.
B-glucuronidase was chosen as an enzyme which resides in the primary or
“azurophil” granule and alkaline phosphatase as an enzyme of the secondary
or “specific”’ granule (17, 18). In addition, to indicate cell death and release of
cytoplasmic constituents, liberation of lactic dehydrogenase was also measured
and was in most cases low, indicating that little cell lysis was occurring.

(1) Release of Enzymes from Neutrophils on Nonphagocytosable Surfaces.—
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120s MEDIATION OF IMMUNOLOGICAT INJURY

Fig. 4 a depicts a human neutrophil adherent to the surface of a micropore
filter coated with antigen and antibody. The filter had been incubated first in
a solution of antigen (tetanus toxoid), washed, and then reacted with human
TgG anti-tetanus antibody. After further washing, 5 X 10° neutrophils were
gently drawn down onto the surface and the filter with adherent neutrophils
was incubated at 37°C. The neutrophil may be seen to be very closely adherent
to the surface in a similar manner to the previously described adherence along
the basement membrane.

(a) Release of lysosomal constiluenis: Neutrophils adherent to antigen and
antibody released 3-glucuronidase into the external medium (Table I) but not
the cytoplasmic enzyme lactic dehydrogenase. In contrast, cells on filters with
antigen only did not liberate their lysosomal enzymes. In similar experiments
performed with rabbit neutrophils, a wide variety of lysosomal constituents,
including cathepsins and permeability factors, were released when neutrophils
reacted with immune complexes on these filters. In similar experiments with
neutrophils upon a collagen membrane, D. Hawkins (personal communication)
has also found that neutrophils release lysosomal enzymes to the external
environment. It may be noted that a greater percentage of enzymes was con-
sistently released by all types of stimuli from rabbit neutrophils than from
human cells. Nevertheless, the processes of release appeared to be identical in
each species.

(b) Release of alkaline phosphatase: Alkaline phosphatase, an enzyme from
the secondary granule, was not detected in the supernatant fluid after the
reaction. Nevertheless, release of the enzyme to the exterior of the cells did
occur. This enzyme appears to be insoluble or to have the property of binding
to membranes (19) and it remains adherent to the outside of the neutrophil
cell membrane, where it could be detected histochemically (Fig. 4).

(¢) Mechawism of release: Release of enzymes from neutrophils adherent
to antigen and antibody on a nonphagocytosable surface appears to result
from a direct degranulation to the outside of the cell. This degranulation has
been observed for both human (Fig. 4) and rabbit (Fig. 5) neutrophils. It is
postulated that the external cell membrane is stimulated by adherence to the
fixed antibody such that granules fuse with it and discharge to the outside as

Fi1c. 4. Human neutrophils adherent to antigen and antibody on a nonphagocytosable
surface (micropore filter). (@) The close adherence of the neutrophil to the convoluted surface
of the filter is apparent. The free surface of the cell is to the top right. X 15,300. (5) A similar
neutrophil after 5 min incubation showing the presence of alkaline phosphatase activity (18).
The black precipitate of lead phosphate can be seen outside the cell, adherent to the neutro-
phil membrane where it is in contact with the antigen and antibody on the filter. No activity is
present on the free surface of the cell (top right). The arrow indicates discharge of a granule.
X 15,600. (c) A control preparation in which the reaction for alkaline phosphatase was per-
formed in the absence of enzyme substrate. No precipitate has occurred. X 15,600.
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1225 MEDIATION OF IMMUNOLOGICAL INJURY

if to a phagocytic vacuole. The process may thus be considered one in which
the complete phagocytic process is “frustrated” by the large size of the surface.
(d) Sequential disckarge of secondary and primary granules: Examination of

Fi6. 5. Discharge of a secondary granule (G) to the outside of a rabbit neutrophil ad-
herent of antigen and antibody on a micropore filter (F) after 5 min incubation. Alkaline phos-
phatase reaction product (AP) is visible along the cell membrane. X 39,700.

the time at which the different enzymes were released suggested that second-
ary granules (alkaline phosphatase) were discharged at an earlier time than
the primary granules (B-glucuronidase) (Fig. 6). After 5 min of incubation,
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HENSON Interaction of Cells with Immune Complexes 123s
secondary granules but not primary granules have been seen degranulating to
the outside of the cell (Fig. 5). These experiments confirm the work of Bainton

(20) who clearly demonstrated an earlier release of alkaline phosphatase than
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Fic. 6. Release of enzymes from rabbit neutrophils on nonphagocytosable surfaces with
increasing time of incubation. Ag, bovine serum albumin (BSA); Ab, rabbit IgG anti-BSA;
LDH, lactic dehydrogenase. The alkaline phosphatase was released more rapidly than the -
glucuronidase.
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F16. 7. Release of enzymes from rabbit neutrophils phagocytosing zymosan particles.
ZA, 2 mg zymosan incubated with rabbit IgG anti-zymosan antibody and then washed; N,
107 neutrophils; LDH, lactic dehydrogenase. The alkaline phosphatase was only poorly re-
leased.

myeloperoxidase (which comes from the primary granule) into phagocytic
vacuoles of neutrophils. The mechanisms whereby granules may be discharged
at different rates is at present unknown but from a functional standpoint it is
of interest that, as suggested by Bainton (20), secondary granules may release

220z ¥snbny pz uo 3senb Aq ypd'sy 1 1/9G8G L7 L /v L L/E/YE L4Pd-Blome/wal/Bi0"sseidnu//:dny woy pepeojumog



124 s MEDIATION OF IMMUNOLOGICAL INJURY

enzymes with pH optima near neutrality before the pH within a vacuole (or
inflammatory lesion) is reduced.

(e) Degranulation in vivo: Neutrophils adherent to antibody and comple-
ment along basement membranes in vivo have not yet been observed in the
process of discharging granules. Nevertheless, cells may be seen in lesions of
nephrotoxic nephritis which have almost completely lost their complement of
granules (Fig. 2 ). The process described in vitro may then also contribute in
vivo to the release ¢f injurious consitituents from neutrophils.

(2) Release of Enzymes from Neutrophils during Phagocytosis—Phagocytosis
of either immune complexes or antibody-coated particles induces release of
enzymes from the neutrophil primary granules (Table I) (12).} As depicted in
Fig. 7, phagocytosis of zymosan—antibody complexes was a very effective
stimulus for the release of B-glucuronidase from the primary granule to the
exterior of the cells. The minimal release of lactic dehydrogenase and the ex-
clusion of Trypan blue by the cells indicates that this release did not result
from lysis of the cells.

() Release of alkaline phosphatase: When alkaline phosphatase was exam-
ined, however, a striking difference was noted between the release stimulated
by a nonphagocytosable surface and by a phagocytosed particle. As shown in
Fig. 7, phagocytosis of zymosan antibody induced little extracellular release
of this enzyme (whether in the medium or bound to the external cell membrane)
and, in addition, it was liberated over the same time-course as 8-glucuronidase.

() Mechanism of extracellular release: Morphologic and histochemical
studies in the electron microscope helped explain this difference (Fig. 8). In
confirmation of Bainton’s experiments (20), alkaline phosphatase was liberated
into the phagocytic vacuoles after only a short period (2-5 min) of incubation,
even though it was not released to the outside. It could be detected there,
bound to the surface membrane of the vacuole. It is postulated that the release
of enzymes during phagocytosis is a two-stage phenomenon, first a degranula-
tion into the phagocytic vacuole and then an opening of the vacuole, probably
transiently, to the outside of the cell. The soluble enzymes, such as 8-glu-
curonidase, escape, but the alkaline phosphatase remains in the vacuole bound
to its surface membrane. Direct discharge of granules to the cell surface has
not been observed.

One situation in which phagocytic vacuoles may open to the extracellular
medium is during the process of phagocytosis of an additional particle, which
may be taken into an already existing vacuole before the neutrophil pseudo-
podia have closed behind it. Evidence for this process has been obtained (Fig.
8). Moreover, the release of enzymes correlates well with the uptake of addi-
tional zymosan particles (Fig. 7), not with phagocytosis of the first particle.

A corollary of this hypothesis would suggest that phagocytosis of large par-
ticles would induce greater release than that of small particles, since the latter
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Fic. 8. Rabbit neutrophils phagocytosing zymosan particles. (e¢) Neutrophil containing
six particles of zymosan complement (see text) and adherent to a seventh. X 7300. (b) Neu-
trophil after 10 min incubation with zyvmosan antibody showing alkaline phosphatase activity.
The reaction product (arrow) may be seen along the surface of the phagocytic vacuole which
contains one zymosan particle. X 5100. (¢ and d) Neutrophils after 30 min incubation with
ZA. Stages in the uptake of an additional particle into an already formed phagocytic vacuole
are shown. A number of granules remain in ¢ but have mostly disappeared in d. The latter cell
shows an opening of the vacuole, presumably containing lysosomal enzymes, to the outside.
Many instances of this phenomenon have been observed. Arrow in ¢ same as in b. X 8200 and
7600, respectively.
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126s MEDIATION OF IMMUNOLOGICAL INJURY

would be more likely to be sequestered in individual vacuoles and the neutro-
phil would more readily enclose the particle before incorporation into already
existing vacuoles. Studies with IgG globulin bound to latex particles of differ-
ent sizes have revealed that this is indeed the case. Particles of 2, 1, 0.5, and
0.1 ym in diameter induced release of 22, 19, 16, and 9% B-glucuronidase,
respectively, where equal surface area (and, therefore, equal amounts of IgG)
were presented to the neutrophils. This finding, therefore, confirms the original
observations of Cohn and Hirsch (21) who found less than 10% release of
lysosomal enzymes to the exterior of neutrophils (heterophils) phagocytosing
small particles (bacteria).

Two other related mechanisms of release may also contribute to the reac-
tion and have occasionally been observed. Phagocytosis of one particle by two
neutrophils leads to degranulation into a vacuole which is essentially open to
the exterior! (22). In addition, during phagocytosis, degranulation into a
developing vacuole sometimes occurs before the vacuole is completely closed.
However, these are likely to be secondary granules (see above), and yet alka-
line phosphatase was found in only low levels outside the cell and not gener-
ally along the surface of developing vacuoles before they were closed off.
Moreover, the release of enzymes correlated with the uptake of not the first,
but of additional zymosan particles. These observations do not suggest a
major role for these two mechanisms although they probably add to the total
release.!

(¢) Release in vivo: Although it has not yet been clearly demonstrated
that uptake of particles into preexisting phagocytic vacuoles containing lyso-
somal enzymes does occur in vivo, Fig. 9 shows that it may be possible. This
depicts an Arthus reaction produced with ferritin antigen and shows that pre-
cipitates of large size may be formed which may lead to suitably large vacuoles
for the postulated release process.

(3) Comparison of Release of Constituents from Neutrophils Adhering to
Phagocytosable Particles or Nonphagocytosable Surfaces.—Fig. 10 summarizes
our concept of the predominant mechanisms of release in these two circum-
stances. On the surface, there is a degranulation to the external membrane of
the cells which is in contact with the immune complexes. After phagocytosis,
there is a degranulation into the phagocytic vacuole which later opens to the
outside during ingestion of additional particles, a process which is more likely
to occur with larger than with smaller particles.

The relative sensitivities of these processes in vitro are shown in Table 1I
To achieve 13 % release of 8-glucuronidase, 31 ug of antibody in immune com-
plexes in suspension was required. However, on the nonphagocytosable sur-
face, less than 2 ug of antibody was effective. (In fact, more antibody is present
on the filter but neutrophils are drawn down onto only a small portion of the
total area available.) Immune complexes along surfaces within the body may,

220z ¥snbny pz uo 3senb Aq ypd'sy 1 1/9G8G L7 L /v L L/E/YE L4Pd-Blome/wal/Bi0"sseidnu//:dny woy pepeojumog



HENSON Interaction of Cells with Immune Complexes 127 s

F1c. 9. A reversed passive Arthus reaction in the rabbit bladder wall. Neutrophils (N)
are visible in the vessel wall and have phagocytosed immune complexes (ferritin-anti-ferritin).
One large vacuole containing such a precipitate (ppt) can be seen and is almost open to the out-
side of the cell. RBC, red blood cell; BM, basement membrane; End, endothelial cell; L, lumen.
X 14,500.

therefore, be more effective stimuli to tissue injury than when free in the blood
stream.

In inflammatory lesions in vivo, neutrophil degeneration and lysis may play
an important role by contributing additional neutrophil enzymes and permea-
bility factors. This cell death could occur for many reasons, but may in part

220z ¥snbny {g uo ysenb Aq ypd sy | 1/9G8S L1 L/ L LIE/FE L /4pd-ojoe/wal/Bi0 ssa1dny//:dpy woly peapeojumoq



1285 MEDIATION OF IMMUNOLOGICAL INJURY

be caused by materials released by active (not degenerative) processes from
neutrophils which arrived first at the site of injury and there interacted with
the immune complexes by the mechanisms described.

(C) THE STIMULUS TO NEUTROPHILS FOR RELEASE OF
CONSTITUENTS TO THE OUTSIDE

The initial reaction between neutrophils and immune complexes is one of
adherence. This adherence is mediated by either antibody or complement

Nonphagocytosahle

A,

Release of Constituents

F1c. 10. Two mechanisms of release of granule constituents from neutrophils reacting
with immune complexes which may be phagocytosed, or which are bound to nonphagocytosable
surfaces.

(23-28) and may be clearly demonstrated by “rosette” formation if the par-
ticle is too Jarge for easy phagocytosis or if the neutrophils are metabolically
inhibited so that the subsequent phagocytosis is prevented (Fig. 11).

(1) Complement—The fixation of complement components to erythrocytes
or zymosan results in adherence of neutrophils and phagocytosis of the par-
ticles. Clear evidence from a number of laboratories (24-26, 28, 29) has impli-
cated C3 as the complement component of major importance in these phe-
nomena of adherence, phagocytosis, and release of constituents.

The ability of complement to induce release of enzymes from neutrophils
on nonphagocytosable surfaces has also been examined. Incubation of antigen
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HENSON Interaction of Cells with Immune Complexes 1295

and antibody bound to micropore filters in normal fresh serum allowed com-
plement fixation. Neutrophils adherent to these complexes exhibited increased
release of lysosomal constituents. By use of C6-deficient or C3-depleted sera,
it was possible to implicate C3 in this reaction also.!

(2) Immunoglobulins —The receptors on neutrophils (and also those on
monocytes and macrophages) which allow adherence to C3 are different from
those which permit adherence to IgG antibody (25, 26, 30). The former can
be removed by trypsin or, in the case of rabbit neutrophils, prevented from
reacting with C3 by the addition of chelating agents. In contrast, adherence
of neutrophils to IgG antibody on a particle such as an erythrocyte is inhibited
in the presence of excess free, monodisperse IgG, which has no effect on the
adherence to complement.

TABLE 11
Amounts of Antibody Required to Stimulate Release of Enzymes from Rabbit Neutrophils

. Per cent release of enzymes
IgG antibody

g-glucuronidase LDH

ng
Ag Ab precipitates 31 13.2 6.1
Z Ab 5 13.7 5.5
Ag Ab on filter <2 15.0 6.0

What are the classes of immunoglobulins which induce these reactions? To
answer this question, the ability of neutrophils to release $-glucuronidase
upon adherence to (or phagocytosis of) aggregated immunoglobulins was
examined.*

(3) Reaction of Neutrophils with Immunoglobulin Classes and Subclasses.—
Purified human myeloma proteins were aggregated with bisdiazo-benzidine
(BDB) (31) or by heat. Table III shows the results of incubating aggregated
immunoglobulins with human neutrophils. Each myeloma protein was tested
in duplicate on a number of occasions with neutrophils from different normal
subjects. It may be seen that with these insoluble aggregates (500 ug incubated
with 5 X 10° neutrophils for 1 hr at 37°C), IgG,, IgG,, IgG;, and IgGy all
induced release of 3-glucuronidase, and adherence of neutrophils to the micro-
scopically visible precipitates was observed. There was also some suggestion
that IgG, was less active but this was in part due to greater variation from
myeloma to myeloma of this subclass.

Of great interest was the finding that neutrophils adhered to aggregates of
all IgA examined and that these myeloma proteins proved very efficient in

4 Henson, P. M., R. J. Bell, and H. L. Spiegelberg. Manuscript in preparation.
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130s MEDIATION OF IMMUNOLOGICAL INJURY

stimulating release of enzymes. IgM macroglobulins were unable to induce
either adherence or release of 8-glucuronidase and ITgD was also inactive.

Fic. 11.  Adherence of zymosan-anti-zymosan complexes to the surface of a rabbit
neutrophil. The phagocytosis which would normally ensue has been inhibited with 107° u
iodoacetate. X 13,900.

Table IV shows that for each myeloma, 500 ug was an effective stimulus
and 50 pg was not. Since the maximum contamination of any of the myeloma
proteins used was 5% and most contained much less, the possibility that the
TgA was reacting with neutrophils by virtue of contamination with IgG was

220z ¥snbny {g uo ysenb Aq ypd sy | 1/9G8S L1 L/ L LIE/FE L /4pd-ojoe/wal/Bi0 ssa1dny//:dpy woly peapeojumoq



HENSON Interaction of Cells with Imimune Complexes 131s

excluded. Although the reaction of neutrophil suspensions with insoluble
immunoglobulin aggregates resulted in release of enzymes, if soluble aggre-
gates, prepared with less aggregating agent, were employed, no release oc-

TABLE III

Release of Enzymes from Washed Human Neutrophils by Aggregated I'mmunoglobulins in
Suspension

Per cent release of enzymes*

Myeloma No. 8-glucuronidase LDH Adherence oo
Mean Range

IgGy @) 14.6 (6.3-24.7) 2.3 +
1gG2 ) 9.4 (3.8-14.5) 2.2 +
IgGs @) 12.1 (9.0-14.0) 2.5 +
IgGs 3) 8.3 (3.4-12.4) 2.1 +
TgAy @) 10.3 (6.1-18.4) 2.3 +
TgA, @) 10.7 8.7-12.7) 3.0 +
IgD @) 1.2 (0.3-2.2) 1.7

IgM ) 1.5 (0.6-2.0) 2.8 0
— 1.1 0-3.1) 2.1

* Aggregated immunoglobulins (500 ug aggregated with BDB) were incubated with 5 X
105 neutrophils for 60 min at 37°C, and the percentage of enzymes released into the super-
natant fluid was measured.

TABLE IV
Percentage of 3-Glucuronidase Released from Human Neutrophils by A ggregated Immunoglobulins

ug aggregated immunoglobulins

Immunoglobulin aggergerge:ti?)fn - o " "
IgGy Soluble* 3.0 3.0 2.7 2.3
Insoluble 20.3 9.1 5.2 3.4
1gGe Insoluble 13.8 8.3 6.1 3.7
IgG; Insoluble 13.3 10.0 6.6 4.1
1gG, Insoluble 12.4 7.7 6.3 5.4
TgAy Insoluble 14.6 10.4 8.0 3.5

* Soluble aggregates of immunoglobulins (2.5 mg/ml) were produced with 12 ug/ml BDB
and insoluble aggregates with 50 ug/ml BDB.

curred (Table IV). This again demonstrates the requirement for large particles
for this type of release reaction.

In contrast to the lack of release when neutrophils reacted with soluble
immunoglobulins in suspension, when such soluble aggregated myeloma pro-
teins were fixed to the surface of micropore filters, adherent neutrophils did
release B-glucuronidase (Table V). This occurred if the neutrophils were in
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contact with only 15 ug (or less) of protein. Once again, all four subclasses of
IgG and both IgA; and IgA, were capable of inducing enzyme release while
IgM was ineffective and IgD) was only weakly active, if at all.

These results indicated that human neutrophils have receptors on their
surface for, and are capable of being directly stimulated by, both IgG and
IgA immunoglobulins. IgM does not react in this way and had previously
been shown not to induce adherence by itself (26), but due to its complement-
fixing activity would cause adherence secondarily by means of the C3 which
is ixed. IgGy and IgA do not fix complement by the normal process but, never-
theless, as described above, do have the ability to react directly with the neu-

TABLE V

Release of Enzymes from Washed Human Neutrophils by Aggregated Immunoglobulins on
Nonphagocytosable Surfaces

Myeloma N - ViPer cemi religf f)f enzymes

proteins - 8-glucuronidase LDH
IgGy 3) 13.6 (12.1-16.4) 2.1
IgGe (2) 11.7 (9.9-13.2) 1.9
IgGs (2} 10.5 (8.3-12.7) 1.8
IgGy 3) 8.1 4.5-12.0) 1.9
IgA 3) 12.3 (7.2-16.4) 2.3
IgA» 1) 7.0 (5.3-8.6) 2.5
gD @) 1.0 ©-5.7) 2.7
IgM 3) 2.7 (0-5.5) 1.0
BSA 2.6 2.1

(1.8-3.9)

trophils. It has been reported (32) that binding of 1gG; and IgG; by neutrophils
as measured by inhibition studies was more efficient than that of I1gG. and
IgGy. The studies described herein provided a semiquantitative assessment of
the ability of neutrophils to react directly with the immunoglobulins and
showed a reaction with all four subclasses of IgG, although IgG; and IgGs; did
appear to be more active.

The adherence of neutrophils to the immune complex (whether induced by
complement or by immunoglobulins) is but the first step in the sequence of
biochemical events leading to phagocytosis and/or release of enzymes. The
release process is an active one and requires neutrophil energy metabolism,
the action of serine esterases, and the presence of calcium ions. Moreover, its
control may be mediated by cyclic-adenosine monophosphate.? However,
much has still to be determined before the release process can be selectively

® Weissmann, Gerald, Robert B. Zurier, Paul J. Spieler, and Ira M. Goldstein. Mechanisms
of lysosomal enzyme release from leukocytes exposed to immune complexes. and other parti-
cles. J. Exp. Med. 134(3, Pt. 2):149 s,
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inhibited in vivo in order to prevent the liberation of injurious materials into
inflammatory lesions.

(D) SUMMARY AND CONCLUSIONS

Neutrophils are essential mediators of tissue damage in many forms of
immune complex—induced injury. In vitro, they have been shown to release
some of their content of injurious constituents upon reaction with immune
complexes (Fig. 10). If the complexes are distributed along a nonphagocy-
tosable surface, degranulation to the exterior of the cell is observed. When the
complexes were phagocytized, however, degranulation into the phagocytic
vacuole, and some loss of enzymes into the surrounding medium, occurred.
This may have resulted from a momentary opening of the vacuole to allow
ingestion of additional particles, as was demonstrated with the electron micro-
scope. This phenomenon was particularly noticeable when the particles were
relatively large. Far more immune complex is required to induce release when
in a phagocytosable form than when on a nonphagocytosable membrane.

Neutrophils may be attracted to sites of immune complex deposition in
many parts of the body (arteries, heart, skin, brain, kidney, joints) by com-
plement-mediated processes. In some situations, e.g. in the joint fluid, they
would encounter free immune complexes, phagocytose them, and release
enzymes. In many others, in which immune complexes may be distributed
along surfaces, such as in the glomerulus, adherence of neutrophils may also
lead to release of injurious constituents (proteases, collagenase, elastase, per-
meability factors) capable of digesting and injuring the tissues.

The author would like to thank Mrs. D. Durham for preparing the sections for electron
microscopy and Mrs. K. Prescott, Mrs. P. Wright, and Miss S. Rader for the illustrations.

REFERENCES

1. Henson, P. M., and C. G. Cochrane. 1971. Immune complex disease in rabbits. The
role of complement and of a leukocyte-dependent release of vasoactive amines
from platelets. J. Exp. Med. 133:554.

2. Kniker, W. T, and C. G. Cochrane. 1965. Pathogenic factors in vascular lesions of
experimental serum sickness. J. Exp. Med. 122:83.

3. Rhyne, M. B,, and F. G. Germuth. 1961. The relationship between serum com-
plement activity and the development of allergic lesions in rabbits. J. Exp.
Med. 114:633.

4. Lerner, R. A., R. J. Glassock, and F. J. Dixon. 1967. The role of anti-glomerular
basement membrane antibody in the pathogenesis of human glomerulonephritis.
J. Exp. Med. 126:989.

5 Cochrane, C. G., and P. M. Henson. 1971. Complement and immunologic reac-
tions in vive. J. Immunol. In press.

6. Cochrane, C. G., E. R. Unanue, and F. J. Dixon. 1965. A role of polymorphonu-

220z ¥snbny pz uo 3senb Aq ypd'sy 1 1/9G8G L7 L /v L L/E/YE L4Pd-Blome/wal/Bi0"sseidnu//:dny woy pepeojumog



134s MEDIATION OF IMMUNOLOGICAL INJURY

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

clear leukocytes and complement in nephrotoxic nephritis. J. Exp. Med. 122:
99.

. Hawkins, D., and C. G. Cochrane. 1968. Glomerular basement membrane damage

in immunological glomerulonephritis. Immunology. 14:665.

Movat, H. Z., T. Urivhara, and D. R. L. Macmorine. 1964. A permeability factor
released from leukocytes after phagocytosis of immune complexes and its possi-
ble role in the Arthus reaction. Life Sci. 3:1025.

. Janoff, A., and J. D. Zeligs. 1968. Vascular injury and lysis of basement membrane

in vitro by neutral protease of human leukocytes. Science (Washington). 161:
702.

Tew, J. G., W. M. Hess, and D. M. Donaldson. 1969. Lysozyme and B-lysin
release stimulated by antigen-antibody complexes and bacteria. J. Immunol.
102:743.

Parish, W. E. 1969. Effects of neutrophils on tissues. Experiments on the Arthus
reaction, the flare phenomenon, and post-phagocytic release of lysosomal
enzymes. Brit. J. Dermatol. 81:28.

Hawkins, D., and S. Peeters. 1971. The response of polymorphonuclear leukocytes
to immune complexes ¢ vitro. Lab. Invest. In press.

Martin, R. R., J. G. Crowder, and A. White. 1967. Human reactions to staphylo-
coccal antigens. A possible role of leukocyte lysosomal enzymes. J. Immunol.
99:269.

Crowder, J. G, R. R. Martin, and A. White. 1969. Release of histamine and
lysosomal enzymes by human leukocytes during phagocytosis of staphylococci.
J. Lab. Clin. Med. T4:436.

Pruzansky, J. J., and R. Patterson. 1967. Subcellular distribution of histamine in
leukocytes. Proc. Soc. Exp. Biol. Med. 124:56.

May, C. O., B. B. Levine, and G. Weissmann. 1970. Effects of compounds
which inhibit antigenic release of histamine and phagocytic release of lysosomal
enzymes on glucose utilization by leukocytes in humans. Proc. Soc. Exp. Biol.
Med. 133:758.

Baggiolini, M., J. G. Hirsch, and C. de Duve. 1969. Resolution of granules from
rabbit heterophil leukocytes into distinct populations by zonal sedimentation.
J. Cell Biol. 40:529.

Bainton, D. F., and M. G. Farquhar. 1968. Differences in enzyme content of
azurophil and specific granules of polymorphonuclear leukocytes. II. Cyto-
chemistry and electron microscopy of bone marrow cells. J. Cell Biol. 39:299.

Henson, P. 1971. Excretion of insoluble alkaline phosphatase by neutrophils
stimulated by antigen and antibody on a nonphagocytosable surface. Fed.
Proc. 80:511. (Abstr.)

Bainton, D. F. 1970. Sequential discharge of polymorphonuclear leukocyte
granules during phagocytosis of microorganisms. J. Cell Biol. 47 (2, Pt. 2):
11a. (Abstr.).

Cohn, Z. A,, and J. G. Hirsch. 1960. The influence of phagocytosis on the intra-
cellular distribution of granule-associated components of polymorphonuclear
leukocytes. J. Exp. Med. 112:1015.

Zucker-Franklin, D., and J. G. Hirsch. 1964. Electron microscope studies on the

220z ¥snbny pz uo 3senb Aq ypd'sy 1 1/9G8G L7 L /v L L/E/YE L4Pd-Blome/wal/Bi0"sseidnu//:dny woy pepeojumog



23.

24.
. Lay, W. H., and V. Nussenzweig. 1968. Receptors for complement on leukocytes.

26.

27.

28.

29.

30.

31.

32.

HENSON Interaction of Cells with Immune Complexes 135s

degranulation of rabbit peritoneal leukocytes during phagocytosis. J. Exp.
Med. 120:569.

Gerlings-Peterson, B. T., and K. W. Pondman. 1962. Erythrophagocytosis: a
study of the antigen-antibody-complement reaction. Vox Sang. T:655.

Nelson, D. S. 1965. Immune adherence. Complement, Ciba Found. Symp. 222.

J. Exp. Med. 128:991.

Henson, P. M. 1969. The adherence of leukocytes and platelets induced by fixed
IgG antibody or complement. Immunology. 16:107.

Phillips-Quagliata, J. M., B. B. Levine, and J. W. Uhr. 1969. Studies on the
mechanism of binding of immune complexes to phagocytes. Nature (London).
222:1290.

Henson, P. M. 1971. Complement dependent adherence of cells to antigen and
antibody: mechanisms and consequences. In Biological Activities of Comple-
ment. D. G. Ingram, editor. S. Karger AG., Basel. In press.

Gigli, I., and R. A. Nelson. 1968. Complement dependent immune phagocytsis
I. Requirements for C’y, C'y, C's, C’s. Exp. Cell Res. 51:45.

Huber, H.; M. J. Polley, W. D. Linscott, H. H. Fudenberg, and H. J. Miiller-
Eberhard. 1968. Human monocytes: distinct receptor sites for the third com-
ponent of complement and for immunoglobulin G. Science (Washington).
162:1281.

Ishizaka, T., K. Ishizaka, S. Salmon, and H. H. Fudenberg. 1967. Biologic ac-
tivities of aggregated y-globulin. VIII. Aggregated immunoglobulins of differ-
ent classes. J. Immuncl. 99:82.

Messner, R. P., and J. Jelinek. 1970. Receptors for human yG globulin on human
neutrophils. J. Clin. Invest. 49:2165.

220z ¥snbny pz uo 3senb Aq ypd'sy 1 1/9G8G L7 L /v L L/E/YE L4Pd-Blome/wal/Bi0"sseidnu//:dny woy pepeojumog



