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A B S T R A C T Opsonic, antiphagocytic, cytotoxic, and
metabolic effects of homologous and heterologous anti-
bodies against human neutrophils were analyzed by
means of quantitative assays to facilitate detection of
antibody activity, and to probe membrane function of
these cells. Normal human neutrophils were purified by
gradient centrifugation, sensitized with heat-inactivated
antineutrophil antisera, and incubated with rabbit alve-
olar macrophages in balanced salt solution containing
nitroblue tetrazolium. The macrophages engulfed sensi-
tized neutrophils and reduced nitroblue tetrazolium to
formazan in phagocytic vacuoles. The initial rate of
nitroblue tetrazolium reduction by macrophages ingest-
ing the neutrophils was measured spectrophotometrically.
Neutrophils treated with rabbit anti-human leukocyte
antiserum or IgG, with sera from mothers of infants
with neonatal isoimmune neutropenia, and with 27% of
sera from frequently transfused patients promoted rapid
rates of nitroblue tetrazolium reduction by alveolar
macrophages. This indicates that antineutrophil anti-
bodies without added complement opsonized neutro-
phils for ingestion by the macrophages. Some sera from
frequently transfused patients with opsonic activity
for certain donors' neutrophils did not agglutinate
these neutrophils (44%), did not lyse them in the
presence of fresh plasma (47%), and did not inhibit
phagocytosis of particles by the neutrophils (26%). The
reverse was not observed. The opsonic activity of anti-
neutrophil antiserum appears to be the most sensitive and
a quantitative means of detecting antibody activity
in vitro.
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Low concentrations of rabbit anti-human leukocyte
antisera or IgG stimulated the ingestion rate of unop-
sonized or opsonized particles by human neutrophils,
and, as previously reported by others, enhanced rates of
oxidation of [1-"C]glucose by the cells. High concen-
trations of the antisera or IgG inhibited ingestion. All
concentrations of homologous antineutrophil antisera
tested only inhibited ingestion of particles by neutrophils
and none altered rates of resting glucose oxidation by
the cells. The findings suggest that heterologous anti-
bodies disturb membrane antigens that trigger oxidative
metabolism and enhance as well as inhibit ingestion, and
that these antigens are common to all human neutrophils.
In contrast to other studies with antimacrophage anti-
bodies, antineutrophil antibodies altered phagocytic rates
of both unopsonized and opsonized particles although
there were differences in dose-response curves depending
on the type of particle tested. Thus, antineutrophil anti-
bodies do not merely cover selected receptor sites.

INTRODUCTION
Antibodies against polymorphonuclear leukocytes and
other phagocytic cells have a number of important bio-
logical functions. Antisera against neutrophils have been
employed to deplete animals of neutrophils (1-3) and
to investigate the role of these cells in wound healing
(4), and anticell antibodies have been used to probe
receptor activity in mouse macrophages (5). Anti-
neutrophil antibodies have been suspected in the etiology
of diverse neutropenic states (6-9), and the emerging
importance of granulocyte transfusion in the manage-
ment of patients with bone marrow failure has increased
the need to improve understanding of antineutrophil
antibodies.
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To gain more insight into the effects of antineutrophil
antibodies, we have devised assays or utilized existing
ones to analyze in vitro in as quantitative a manner as
possible the action of these antibodies. \Ve report on
quantitative studies concerning opsonic, antiphagocytic,
agglutinating, metabolic, and cytotoxic effects of heter-
ologous and homologous antineutrophil antisera. \Ve
also describe the application of these quantitative assays
in detecting antibody activity against neutrophils in
human sera.

METHODS

Serum was collected from normal humans, from patients
who required frequent transfusions for treatment of leu-
kemia, aplastic anemia, and thalassemia and from patients
with idiopathic thrombocytopenia purpura, cogenital neu-
tropenia, or Rh isoimmunization. Sera was also obtained
from mothers of infants with immune neonatal neutro-
penia.' All sera, unless otherwise stated, were heat in-
activated at 560C for 30 min.

Preparation of leukocytes for assaying inhibition of
phagocytes and glucose oxidation. As previously de-
scribed (11), blood was collected from normal humans
into acid-citrate-dextrose anticoagulant, and erythrocytes
were removed by sedimentation with dextran and lysis
with ammonium chloride. The leukocytes were washed with
100 vol of 0.15 M sodium chloride by centrifugation at 80 g
for 10 min, and were suspended in Krebs-Ringer phosphate
medium (KRP),' pH 7.4, approximately 1 ml/8 ml of
blood originally obtained. A sample of this leukocyte sus-
pension was removed for determination of cell number
with the electronic Coulter Counter.' These suspensions con-
tained 80-90% neutrophils (polymorphonuclear leukocytes
and band forms), 5-10%o monocytes, and 5-10%o lympho-
cytes.

Preparation of neutrophils for opsonization, chromium
release, and agglutination. Human peripheral blood neu-
trophils essentially free of monocytes, lymphocytes, and
platelets were prepared by using a sodium diatrizoate '-
Ficoll gradient according to the technique of Bbyum (12).
To the individual cell pellets containing neutrophils and
erythrocytes, 1 ml of AB positive plasma obtained from
acid-citrate-dextrose anticoagulated blood, was added along
with 0.5 ml of 6%o dextran, (500,000 mol wt). The pellets
were then suspended in a 50-ml plastic syringe. After sedi-
mentation of the erythrocytes at room temperature for 45
min, the remaining erythrocytes in the supernatant plasma
were lysed with a 0.87%o ammonium chloride as described
above, which reduced erythrocyte contamination to less than
1 red cell per neutrophil. Differential counts on the neu-
trophil-enriched preparations revealed the ratio of 99 neu-

' Generously provided by the National Institutes of Health
Tissue Typing Bank, Bethesda, Md., and Dr. Parvis Lale-
zari, Montefiore Hospital, New York, N. Y. These sera
agglutinate only neutrophils of certain individuals. On the
basis of such reactions, neutrophil antigens have been de-
fined: NAl, NA2, NB1, and NC1 (10).

'Abbreviation used in this paper: KRP, Krebs-Ringer
phosphate medium.

' Coulter Electronics, Inc., Hialeah, Fla.
'Winthrop Laboratories, Division of Sterling Drug, Inc.,

New York, N. Y.
6Sigma Chemical Company, St. Louis, Mo.

trophils per mononuclear cell, 95 neutrophils per 5 eosino-
phils, and 10 neutrophils per platelet. Mononuclear cells
were isolated from the upper layer of the gradient. These
cell preparations contained on the average 1% neutrophils,
20% monocytes, and 79%o lymphocytes. Approximately 1
erythrocyte and 1 platelet per 14 lymphocytes were present.

Preparation of macrophages. Suspensions of over 90%o
alveolar macrophages were collected by tracheal lavage
(13) from rabbits treated with complete Freund's adju-
vant (14). The cells were collected in 0.15 M NaCl, cen-

trifuged at 80 g for 10 min and suspended in KRP.
Sensitization of leukocytes. Suspensions of mixed leu-

kocytes or gradient-purified neutrophils in 0.15 M NaCl
containing 1-2 X 107 neutrophils/ml were incubated with
an equal volume of heat-inactivated (560C, 30 min) control
or test sera or sera diluted with KRP for 30 min at 250C.
The incubation was stopped by adding 10 ml of ice-cold
0.15 M sodium chloride to the leukocyte suspension, which
was then centrifuged at 80 g for 10 min. The pellet was
suspended in KRP, and samples were removed for a final
determination of cell number. Heterologous antiserum
tended to clump the neutrophils, but at the concentration
of 100 l1/10' neutrophils or less the cells were easily
dispersed.

Ingestion of sensitized neutrophils by alveolar macro-
phages. To siliconized glass 15-ml centrifuge tubes was
added 0.4 ml of an alveolar macrophage suspension in KRP
containing 1-3 X 107 macrophages/ml and 0.4 ml of nitroblue
tetrazolium, which had been filtered and standardized as
described previously (11). The tubes were shaken in a
water bath at 370C for 5 min and then 0.4 ml of the
previously sensitized neutrophils in a concentration of 1-2
X 107 neutrophils/ml, or as described in figure legends or
tables, were added. After 10 min or other time intervals
described, 6 ml of ice-cold 1 mMN-ethylmaleimide 8 in
0.15 M sodium chloride was added, and the suspension was
centrifuged at 400 g for 10 min. The supernate was dis-
carded and the cell pellet was suspended in 6 ml of 0.15 M
sodium chloride. After centrifugation the tube was inverted
and the cells were extracted with 1 ml of dioxane by heating
at 90'C for 15 min. The quantity of nitroblue tetrazolium
reduced to nitroblue tetrazolium-formazan was measured in
the extracts after clarification by centrifugation spectro-
photometrically as previously described (11).

Measurement of paraffin oil phagocytosis. Oil Red 0
was emulsified with Escherichia coli lipopolysaccharide
026:B67 (11) or human serum albumin (15) as previously
described. The lipopolysaccharide-coated and albumin-coated
oil droplets were incubated with equal volumes of fresh
normal human serum at 370C for 15 min, which results in
the fixation of opsonically active C3 on the particles (15,
16). In some experiments, the albumin-coated oil particles
were incubated at 370C for 15 min with goat anti-human
albumin antiserum8 which contained 2.9 mg of antialbumin
antibody protein/ml. IgG was isolated from the antialbumin
antiserum by precipitation in 45%o saturated ammonium sul-
fate and elution from DEAE cellulose with 7 mMsodium
phosphate buffer, pH 6.3, and was also used to treat the
particles. The paraffin oil particles, after incubation in
the various reagents, were washed by centrifugation through
0.15 M sodium chloride and suspended to the original
volume in KRP. Albumin-coated particles incubated with

6Nutritional Biochemical Corporation, Cleveland, Ohio.
7Difco Laboratories, Detroit, Mich.
'A gift of Dr. Chester A. Alper, Blood Research In-

stitute, Boston, Mass.
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FIGURE 1 (A) Phase-contrast photomicrograph of rabbit alveolar macrophage engulfing
human neutrophil indicated by the arrow. X 2,000. (B and C) Human neutrophils and nitro-
blue tetrazolium-formazan granules indicated by the arrow within alveolar macrophages.
X 1,000.

heat-inactivated antialbumin antiserum, antialbumin IgG, or
fresh human serum were ingested by human leukocytes
up to twofold more rapidly than unopsonized particles (in-
cubated with heat-inactivated human serum (15-17). Lipo-
polysacchar~ide-coated particles were essentially not ingested
at all unless opsonized with fresh serum (16).

To siliconized glass 15-ml centrifuge tubes was added
2-5 X 10' sensitized leukocytes in 0.8 ml of KRP. The
tubes were warmed to 370 C, 0.2 ml of opsonized paraffin
oil particles were added, and the initial rate of ingestion of
the particles was spectrophotometrically assayed as previ-
ously described (11).

Chromium release assay. Human neutrophils or lym-
phocytes were suspended in 0.8 ml of KRP and to this
suspension was added 200 ACi of [51Cr] sodium chromate'
in 0.2 ml of 0.15 M sodium chloride (18). The mixture
was incubated for 30 min at 250C. The labeled leukocytes
were then washed twice with 0.15 M sodium chloride and
then suspended in plasma anticoagulated with 5 mMEDTA
at a final concentration of 1 X 10' cells/ml at 25,000-35,000
cpm. To 0.1 ml of the leukocyte suspension was added 0.05
ml of test sera. The reaction was initiated by adding 0.05
ml of 50 mMmagnesium chloride. The mixtures were in-
cubated for 120 min or other indicated time intervals at
370C. 2 ml of ice-cold 0.15 M sodium chloride was added
to stop the reaction, and the tubes were centrifuged at 4VC
for 10 min at 500 g. The supernates were collected for
determination of released radioactivity in a well type scin-
tillation counter.'0 When the leukocytes were incubated in
distilled water, 75% of the ['Cr]leukocyte was released in
soluble form. The remaining 25% was apparently bound
to membranous components and sedimented after centri-
fugation at 400 g for 10 min.

Preparation of anti-human leukocyte antibody. Human
mixed leukocytes were separated from erythrocytes as de-
scribed above and approximately 1 X 106 cells/ml in 1 ml of
0.15 M sodium chloride were injected every other day intra-
venously into New Zealand rabbits for a total of seven in-

910.3 mCi/mmol. New England Nuclear Corp., Boston,
Mass.

10 Gamma-Guard, Tracerlab Division, Laboratory for Elec-
tronics, In>., Waltham, Mass.

jections. Another injection was administered after 4 wk. 7
days thereafter the animals were bled. The sera were pooled
and heated (560C for 30 min). Antileukocyte IgG was pre-
pared from the pooled heated serums by precipitation from
45% ammonium sulfate and elution from DEAE cellulose
with 7 mMsodium phosphate buffer, pH 6.3.

Glucose oxidation by human leukocytes. Human leuko-
cytes in a concentration of 1 X 10' cells/ml were suspended
in 0.8 ml of KRP containing 1 mMglucose and 0.5 LCi of
[1-`4C]glucose.'2 Then 0.2 ml of test serum was added. The
suspensions were incubated in 12 X 75 plastic tubes stop-
pered by caps fitted with cups,'2 to which 0.2 ml of hyamine
hydroxide" had been added. After a 30-min incubation at
370C in a shaking water bath, 1 ml of 5 N H2SO4 was
injected through the stopper into the incubation medium.
After a 30-min equilibration period, the cups were removed
and assayed for radioactivity as previously described (19).

In other experiments the rate of [1-'4C]glucose oxidation
by leukocytes previously treated with test or control serum
and then washed was assayed. To certain incubation tubes,
0.1 ml of either polystyrene latex particles or 0.1 ml of
saline was added.

Leukoagglutination and lymphocyte cytotoxicity. Mea-
surement of leukoagglutinins was attempted by the tech-
nique described by Payne (20). The final ratio of antiserum
to neutrophils in these studies was 50 !d1/10' cells which
was considerably higher than the ratio employed in the
other assays described. The micro-method of Terasaki and
McClelland (21) was used to detect cytotoxic effects of
test sera on lymphocytes.

RESULTS

Opsonic Effect of Antigranulocyte Antibody. Treat-
ment of human neutrophils with antineutrophil anti-
bodies promoted their engulfment by the larger rabbit
alveolar macrophages as demonstrated by phase micros-
copy (Fig. 1A). During ingestion of sensitized neutro-

47.8 mCi/mmol. New England Nuclear Corp.
12Kontes Glass Company, Vineland, N. J.
"3Pilot Chemicals Division, New England Nuclear Corp.
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FIGURE 2 Rate of nitroblue tetrazolium reduction by rab-
bit alveolar macrophages incubated with human neutrophils
in 0.8 ml of KRP, pH 7.4, and containing nitroblue tetra-
zolium, 560 /Ag/ml. The mean of duplicate incubations are
given.

(A) Nitroblue tetrazolium reduction as a function of
time. 1 X 107 alveolar macrophages were incubated with
2 X 107 human neutrophils pretreated with control rabbit
serum (0) or rabbit anti-human leukocyte antiserum (0),
10 ul/107 neutrophils. Samples were removed at the indi-
cated times for measurement of nitroblue tetrazolium-
formazan. Some tubes were incubated at ice-bath tem-
perature (A), contained 1 mMN-ethylmaleimide (A), or
else contained sensitized neutrophils minus macrophages
(El), or macrophages minus neutrophils (U).

(B) Nitroblue tetrazolium reduction as a function of
macrophage concentration. Incubations containing the indi-
cated concentration of macrophages contained human neu-
trophils, 2 X 107 cells/ml, sensitized with rabbit anti-human
leukocyte antiserum, 10 phl/107 cells. Samples were removed
at 10 min.

(C) Nitroblue tetrazolium reduction by alveolar macro-
phages as a function of neutrophil (PMN) concentration.
All incubations contained 1 X 107 macrophages and un-
sensitized neutrophils (0) or neutrophils pretreated with
rabbit anti-human leukocyte antiserum (@), 10 /1l107 cells.
Samples were removed at 10 min.

(D) Nitroblue tetrazolium reduction as a function of
antiserum concentration. All incubations contained 1 X 107
alveolar macrophages and 2 X 107 human neutrophils. The
neutrophils were treated with the indicated volumes of
rabbit anti-human leukocyte antiserum (*) or with the
serum of a frequently transfused patient (0). The rate of
nitroblue tetrazolium production in the presence of unsensi-
tized control was 0.4 ug formazan/107 macrophages/min.
Samples were removed at 10 min.

phils, alveolar macrophages reduced nitroblue tetra-
zolium to nitroblue tetrazolium-formazan in the vicinity
of the phagocytic vacuole (Figs. 1B and 1C). A quan-
titative assay was devised in which the initial rate of

nitroblue tetrazolium reduction was spectrophotometri-
cally measured as a reflection of ingestion of neutrophils
by macrophages. Fig. 2 shows some features of the assay
system. Nitroblue tetrazolium reduction occurred slowly
unless neutrophils were previously sensitized by anti-
serum directed against them. The accelerated rate of ni-
troblue tetrazolium reduction by macrophages incubated
with sensitized neutrophils was constant for 5-10 min
and was proportional to the macrophage concentration
(Fig. 2B). It was completely prevented by 1 mMN-ethyl-
maleimide or by incubation of the system at ice bath
temperature (Fig. 2A). Minimal reduction of nitroblue
tetrazolium occurred in the presence of human neutro-
phils or macrophages incubated with antineutrophil
antiserum alone (Fig. 2A). The rate of nitroblue tetra-
zolium reduction was directly proportional to neutrophil
concentration until saturation of the system occurred at
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FIGURE 3 Initial rates of nitroblue tetrazolium (NBT)
reduction by rabbit alveolar macrophages incubated with
normal human gradient-purified neutrophils treated with
various sera. The rates are expressed as percents of con-
trol rates (neutrophils treated with autologous serum, and
incubated with macrophages). Test samples are considered
to be abnormal if the opsonic activity exceeded the mean
value of the neutrophils treated with autologous serum by
more than two standard deviations as indicated by the dotted
line. Homologous control sera include two patients with
idiopathic thrombocytopenia purpura and one patient with
a high titer anti-Rh (D) antibody.
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FIGURE 4 (A) Initial ingestion rate of opsonized lipopolysaccharide-paraffin oil particles
by human neutrophils pretreated with varying concentrations of normal autologous serum
(0) or anti-NA2 antiserum (0). (B) Initial rate of ingestion of opsonized lipopolysaccha-
ride-paraffin oil particles by human neutrophils treated with varying concentrations of IgG
prepared from rabbit anti-human leukocyte antiserum (0) or normal rabbit serum (0).

a ratio of 2-4 neutrophils per macrophage (Fig. 2C)
which is representative of three experiments. The rate
of nitroblue tetrazolium reduction was proportional to
certain concentrations of various antisera used to sensi-
tize the neutrophils (Fig. 2D) and the concentration of
these sera which yielded maximal stimulation had the
same effect in two separate experiments.

Various sera were screened for the presence of op-
sonic activity. The assays were performed as described
in Methods and the results are shown in Fig. 3. The
assay conditions were such that the initial rate of nitro-
blue tetrazolium reduction by macrophages in the pres-
ence of a saturating concentration of gradient-purified
neutrophils was determined. Nitroblue tetrazolium re-
duction rates by macrophages incubated with neutrophils
treated with autologous (neutrophil donor) serum were
compared against reduction rates by macrophages sus-
pended with neutrophils treated with test serum. The
results are expressed as the percent change in initial re-
duction rates with respect to the autologous controls
where the rate was 0.40±12 jug formazan/107 cells/min
(mean+SD). Nitroblue tetrazolium reduction rates by
macrophages incubated with neutrophils treated with
sera from normal individuals other than the neutrophil
donor never exceeded that of macrophages incubated
with neutrophils treated with autologous serum by more
than 60% (Fig. 3). Sera from patients with congenital
neutropenia or idiopathic thrombocytopenia did not
opsonize any human leukocytes. Similarily, neutrophils
from a donor with Rh + (D) erythrocytes were not
opsonized by a high titer anti-Rh antibody. Anti-Nal,
anti-NA2, anti-NB1, and anti-NC1 antisera and sera
from frequently transfused patients reacted against cer-
tain donors' neutrophils. Opsonically active anti-NA2

antisera when tested on eight separate occasions and six
of the sera from frequently transfused patients remained
opsonic against those donor neutrophils on repeated
testing. Anti-NA2 and 13 of the sera from frequently
transfused patients found to be nonreactive opsonically
against a given donor's neutrophils continued to be
nonreactive on repeated testing. This specificity was ob-
served in the other assays employed in this study. The
opsonic activity of anti-NA2 antiserum was reduced
from 0.86 .g formazan/107 cells/min to 0.40 (basal rate)
by incubation with neutrophils while incubation with
lymphocytes did not alter opsonic activity.

Inhibition of Phagocytosis by Antineutrophil Anti-
bodies. Certain human neutrophil preparations treated
with anti-NA2 antiserum invariably exhibited reduced
initial rates of ingestion of opsonized lipopolysaccharide-
coated oil particles. As shown in Fig. 4A, no concentra-
tion of anti-NA2 antiserum stimulated ingestion rela-
tive to neutrophils previously incubated with autologous
sera. An the other hand, as shown in Fig. 4B, low con-
centrations of rabbit anti-human leukocyte antisera or
purified antileukocyte IgG stimulated particle uptake.
An increase of 75-300% was observed in three separate
experiments. Higher concentrations inhibited ingestion.
Normal rabbit IgG did not demonstrate either of these
effects. The effect of rabbit antileukocyte antiserum or
IgG was tested on neutrophil ingested albumin-coated
paraffin oil particles which are ingested more rapidly
than lipopolysaccharide-coated particles without opsoni-
zation and can be opsonized either with C3 or with IgG.
The biphasic effect of rabbit anti-human leukocyte anti-
serum was also observed on the ingestion rates of albu-
min particles which were not opsonized or which were
treated with fresh human serum or with antialbumin

1538 L. A. Boxer and T. P. Stossel



IgG. The concentrations of antileukocyte antiserum
which inhibited ingestion of unopsonized albumin-coated
particles were greater than those required to impair en-
gulfment of albumin-coated particles treated with either
fresh serum or with antialbumin IgG. Rabbit antileuko-
cyte IgG had the same effect as antileukocyte antiserum
on the ingestion of unopsonized albumin-coated particles
and of albumin-coated particles opsonized with anti-
albumin IgG or fresh human serum (Fig. 5). Higher
concentrations of antileukocyte IgG were required to
produce inhibition of the ingestion rate of unopsonized
particles than were needed to have these effects on op-
sonized particles.

Various sera were examined for the presence of anti-
neutrophil activity by measuring impairment of phago-
cytosis (Fig 6). The results were expressed in relation
to ingestion rates of opsonized lipopolysaccharide par-
ticles by neutrophils preincubated in autologous (the
neutrophil donor) sera (0.32±0.06 mg paraffin oil/107
cells/min) (mean+SD). Most homologous normal sera
stimulated slightly the ingestion rate of particles by
neutrophils, and none effected more than 6% inhibition.
The ingestion rate of particles by neutrophils treated
with sera from patients with congenital neutropenia
were not different than ingestion rates of neutrophils
treated with normal sera. The sera with anti-NAl, anti-
NA2, anti-NB1, and anti-NC1 specificity reduced in-
gestion of particles by 47±8% (mean+SD) of control
values (P < 0.001). When anti-NA2 antiserum was ab-
sorbed with reactive neutrophils but not with lympho-
cytes, its inhibitory activity was completely removed.
Rabbit anti-human leukocyte antisera at a ratio greater
than 50 AM/107 cells invariably inhibited phagocytosis
(38±6% of control). Of sera from patients frequently

12 5-

100

75

Z)
50

25-

0 50 100 1 50 200

ANTJ/LEKOCYTE IgG
,ug Protein //OPrtogoeytesv

FIGURE 5 Initial ingestion rates of albumin-coated paraffin
oil particles treated with heat-inactivated (A), fresh human
serum (0), or anti-human albumin IgG (0) by human
leukocytes sensitized with varying concentrations of IgG
prepared from rabbit anti-human leukocyte antiserum.
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saccharide-paraffin oil particles by human leukocytes treated
with various sera. The rates are expressed as percents of
control rates (rates of ingestion by leukocytes treated with
leukocyte donor serum equals 100%).

transfused, 26% failed to inhibit phagocytosis by neu-
trophils which were opsonized by these sera for ingestion
by macrophages. However, as a group, the sera from
frequently transfused patients did siglnificantly (P <
0.001) impair ingestion of particles when compared to
normal controls.

Cytotoxic Effects of Antigranulocyte A~ntibodies. The
ability of antibody and fresh serum to lyse leukocytyes
was studied by measuring the release of 'Cr from sensi-
tized cells. Fresh plasma and serum were equally ef-
fective as sources of lytic activity for sensitized neutro-
phils provided that magnesium was added to the alnti-
coagulated plasma. Omission of serum or plasma from
the system or heating of serum or plasma for 30 min
at 566C eliminated all activity. It is likely, therefore,
that the lytic property of serum in the presence of sensi-
tized neutrophils involved and required complement
components.

The kinetics of 'Cr release in fresh serum and two
homologous antisera is shown in Fig. 7A. The release
of pCr was constant with time for at least 60 min. It
was directly proportional to the concentration of sensi-
tized neutrophils (not shown). The amount of lCr re
leased was proportional to the quantity of heterologous
or homologous antiserum utilized to sensitize the neutro-

Effects of Anti-Human Neutrophil Antibodies in Vitro 1539
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FIGURE 7 (A) Rate of "1Cr release from 107 neutrophils
suspended in 0.1 ml of fresh human plasma containing 5
mMEDTA to which 100 /d of anti-NA2 antiserum (0)
or serum from a frequently transfused patient (0) was
added. The reaction was initiated by adding MgCl2 to a
final concentration of 12.5 mMat zero time. Some incuba-
tions contained fresh plasma minus antiserum (A) or
anti-NA2 antiserum and plasma minus magnesium (A).
(B) Effect of antiserum concentration on "1Cr release by
human neutrophils. Neutrophils, 107, suspended in fresh
plasma containing 5 mMEDTA were incubated with the
indicated concentrations of serum from normal humans
(A), rabbit antihuman leukocyte serum (0), anti-NA2
antiserum (0) or serum from a frequently transfused
patient (A) for 120 min. The reaction was initiated by
adding MgCl2 to a final concentration of 12.5 mMat zero
time.

phils (Fig. 7B). With concentrations exceeding 50 Al
of antiserum/107 neutrophils, there was no further ef-
fect on 'Cr release. The amount of fresh plasma em-
ployed as a complement source, 1 ml/107 neutrophils,
was found to be in excess of that required for maximal
'Cr-releasing activity by all antisera tested.

'Cr release by neutrophils in the presence of ten ho-
mologous normal sera and fresh plasma ranged between
1 and 6% with a mean of 2% and a SD of 5% above
the autologous control mean of 19±3%. Thus, release of
more than 12% of neutrophil-associated 'Cr (2 SD above
the control mean which consisted of neutrophils incu-
bated in autologous serum) was considered significant.
The sera from 16 frequently transfused patients was as-
sayed for 51Cr-releasing activity. These sera promoted
phagocytosis of specific neutrophils by alveolar macro-
phages. The range of 5'Cr released by these same neutro-
phils varied between 0 and 35% above the control with
a mean of 15±10%, (Fig. 8); 47% of the sera from the
frequently transfused patients failed to cause release of
'Cr. Anti-NA2, anti-NA1, and anti-NC1 and rabbit
anti-human leukocyte antisera all lysed neutrophils in
the presence of fresh plasma. The cytotoxic effect of

80

70

60

anti-NA2 antiserum activity against neutrophils was
completely removed by absorption with neutrophils but
was unaffected by absorption with lymphocytes.

Metabolic Effects of Anti-Neutrophil Antibodies. As
shown in Fig. 9, sera from a patient frequently trans-
fused and anti-NA2 antiserum had no effect on glucose
oxidation by resting leukocytes. These sera promoted in-
gestion of the same leukocytes by alveolar macrophages.
In addition, four opsonically active sera from frequently
transfused patients did not influence resting [1-14C]glu-
cose oxidation by human leukocytes. However, rabbit
anti-human leukocyte antiserum stimulated the rate of
[1-"C]glucose oxidation (Fig. 9). This effect was most
marked with low antiserum concentrations although all
concentrations of antiserum stimulated relative to un-
treated leukocytes. The increased rate of [1-14C]glucose
oxidation with heterologous antiserum was not dependent
upon the presence of the antiserum with the cells (Table

I I - I -

FIGURE 8 51Cr released from human gradient purified neu-
trophils after 120 min treated with various sera. The
amount of "1Cr released is expressed as percents above
control (donor neutrophils incubated with donor serum).
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I). Sensitized cells washed free of heterologous antiserum
demonstrated enhanced glucose oxidation comparable
to cells incubated in the presence of heterologous anti-
serum. Leukocytes incubated with [1-`C]glucose and 1
mMglucose and washed before addition of antiserum
also manifested increased [1-14C]glucose oxidation upon
the addition of rabbit anti-human leukocyte antiserum.

After incubation in autologous or normal homologous
serum and washing, human leukocytes were able to in-
crease 'CO2 production at least tenfold upon the addi-
tion of polystyrene particles (Table I). Cells sensitized
with rabbit anti-human leukocyte antiserum, anti-NA2
antiserum, and sera from two frequently transfused pa-
tients had impairment in '4CO2 production from [1-14C]-
glucose after addition of polystyrene particles (Table I).

Leukoagglutination. Rabbit anti-human leukocyte an-
tiserum or anti-NAl, anti-NA2, anti-NB1, and anti-NC1
antisera invariably agglutinated neutrophils. However,
neutrophils treated with normal sera frequently clumped.
Of the opsonically active sera from frequently transfused
patients 44% agglutinated neutrophils. The agglutina-
tion was usually not' marked and was difficult to differ-
entiate from spontaneous aggregation of neutrophils in
control sera.

Association of Lymphocytotoxic and Antineutrophil
Antibodies. Sera from six frequently transfused patients
were analyzed for the presence of lymphocytotoxic as
well as antigranulocytic antibodies (Table II). Two
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FIGURE 9 Effect of various sera on the rate of [1-"C]-
glucose oxidation by human leukocytes. 1 X 10' leukocytes
were suspended in 1.25 ml of KRP containing the indi-
cated amounts of normal rabbit serum (A), anti-NA2
antiserum (A), serum from a frequently transfused patient
(0), or rabbit anti-human leukocyte antiserum (0). The
sera were dialyzed against 0.13 M NaCl-15 mMsodium
phosphate, pH 7.4, to remove glucose. The oxidation rates
are expressed as percents relative to donor leukocytes in-
cubated with autologous serum.

TABLE I
Effects of Various Sera on [1-"4C]Glucose Oxidation by

Resting Leukocytes and Leukocytes Incubated
with Polystyrene Beads

-Polystyrene +Polystyrene

14CO2 cPm/107 phagocytes/10 min

Normal 166±97 2,114±216
Frequently transfused

patient A 191±57 1,169±141
Frequently transfused

patient B 223+39 1,2054±128
Anti-NA2 197±33 9284193
Rabbit anti-human

leukocyte 1,217±243 1,608±171

Leukocytes were incubated with test sera, 100 ,ul/107 cells,
and then washed as described in the text before measuring
glucose oxidation. All sera were dialyzed with phosphate
buffered saline, pH 7.4, to remove glucose.

sera with antineutrophil activity had no lymphocyto-
toxic antibodies. In two other sera, both lymphocyto-
toxic and antineutrophil antibodies were found. Two
sera contained lymphocytotoxic antibody.

Correlation between Effects of Antineutrophil anti-
bodies. Heterologous antileukocyte antisera opsonized
all donors' neutrophils for ingestion by alveolar macro-
phages, inhibited ingestion of particles by all human
neutrophils tested, and caused all human neutrophils to
release 'Cr in the presence of fresh plasma. Anti-NA1,
anti-NA2, anti-NB1, and anti-NC1 antisera either had
all of these effects on neutrophils from given donors or
had none of the effects. On the other hand, only 27% of
sera from frequently transfused patients that were ex-
amined for antineutrophil antibodies had opsonic activity
for selected donors' neutrophils. It is possible that if
more donors were used that the percentage of sera with
opsonic activity would have increased. Of those with
opsonic activity for a given donor's neutrophils, only

TABLE II
Association of Lymphocytotoxic and Antineutrophilic

Antibodies in Sera from Frequently
Transfused Patients

Lymphocytes Neutrophils

(Trypan Inhibition
blue 51Cr 5'Cr of phago- Opsoni-

Serum uptake) release release cytosis zation

+ +
2 + + + + +
3 - + + +
4 + + - - -
5 - +
6 + + - +
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74% of these sera also inhibited the ingestion of lipo-
polysaccharide-coated paraffin oil particles by these
neutrophils. There was no correlation between the
potency of opsonic activity and the ability to inhibit in-
gestion, although the sera with the strongest opsonic
power all inhibited ingestion. A similar comparison be-
tween opsonic activity and cytotoxicity showed that
half of the sera with opsonic activity failed to release
51Cr from labeled neutrophils. There was no correlation
between opsonic potency and the presence or absence of
cytotoxic activity. All sera that had been found to inhibit
ingestion by neutrophils or to release 51Cr from neutro-
phils had also the effect of promoting phagocytosis of
selected neutrophils by alveolar macrophages. On the
other hand, sera from two frequently transfused pa-
tients with opsonic activity for homologous neutrophils
did not promote opsonization or inhibit phagocytosis of
these patients' own cells.

DISCUSSION

Lawrence, Craddock, and Campbell (1) and Simpson
and Ross (2) administered rabbit anti-guinea pig neutro-
phil antiserum to guinea pigs and observed a prompt
disappearance of circulating neutrophils. Histologic ex-
amination of the bone marrow and of lymphoid organs
revealed neutrophils encased within phagocytic vacuoles
in macrophages (2). These observations indicated that
phagocytosis of sensitized neutrophils may have been an
important mechanism responsible for the neutropenia
following exposure to antineutrophil antibodies. In this
study an in vitro system has been devised which permits
quantitative analysis of immune phagocytosis of sensi-
tized neutrophils. Rabbit alveolar macrophages, because
of their large size, were found to be capable of engulfing
human neutrophils coated with antineutrophil antibod-
ies. Nitroblue tetrazolium reduction, a metabolic reaction
that occurs in the phagocytic vacuole (22) and the rate
of which is proportional to the rate of ingestion of par-
ticles (11) was measured to assay indirectly the initial
rate of ingestion of sensitized neutrophils by the rab-
bit macrophages. The initial rate of nitroblue tetrazolium
reduction by alveolar macrophages demonstrated first
order kinetics and saturation with respect to the con-
centration of sensitized neutrophils. These character-
istics were similar to kinetic features of other phagocytic
systems which have been examined (23-26). Observa-
tion of the interaction between sensitized neutrophils
and alveolar macrophages by light microscopy revealed
engulfment of intact neutrophils by the macrophages,
and nitroblue tetrazolium formazan was seen to
accumulate in close apposition to the ingested neu-
trophils. Nevertheless, it is possible that some of the
formazan extracted in the quantitative assays was
formed due to ingestion of parts of sensitized neutrophils.

In any case, control experiments indicated that damage
to or fragmentation of neutrophils possibly exerted by
the sensitization procedure did not appear to cause neu-
trophils to be recognized by and ingested by macro-
phages. Conditions known to inhibit ingestion of par-
ticles by macrophages, low temperature and 1 mM
N-ethylmaleimide (26), completely prevented reduction
of nitroblue tetrazolium by macrophages incubated with
sensitized neutrophils. All of these observations indi-
cate that antineutrophil antibodies opsonized neutrophils
for ingestion by macrophages and that the interactions
between antibody and the neutrophil and between the
sensitized neutrophil and the macrophage are amenable
to quantitative analysis. The rate of nitroblue tetra-
zolium reduction by the macrophages was found to be
proportional to the quantity of antiserum employed to
sensitize neutrophils. When high concentrations of anti-
serum were tested, the nitroblue tetrazolium reduction
rate reached a plateau suggesting that antigenic sites on
the neutrophils were saturated with respect to antibody.
The opsonic activity of antineutrophil sera, either from
rabbits, from mothers of infants with isoimmune neo-
natal neutropenia or from frequently transfused patients
was resistant to heating at 56°C for 30 min and was in
the IgG fraction of serum suggesting that it was im-
munoglobulin. The opsonic activity of some sera was
specific for neutrophils as evidenced by absorption stud-
ies and by failure of anti-Rh(D) or antiplatelet anti-
bodies to opsonize neutrophils.

Ingestion of sensitized neutrophils occurs in the ab-
sence of added complement.14 Fresh serum with cytotoxic
activity from some frequently transfused patients was
no more effective than heated serum in promoting in-
gestion of neutrophils by macrophages. Thus, as sug-
gested by Simpson and Ross (2), opsonization rather
than lysis may be a major mechanism by which anti-
neutrophil antiserum produces neutropenia in vivo. Simi-
lar findings have been described with red cells (28) and
platelets (29).

Antimembrane antibodies are capable of modifying the
phagocytic activity of neutrophils (30), of macrophages
(31), and HeLa cells (32). This phenomenon was ana-
lyzed in considerable detail by Holland, Holland, and
Cohn who, utilizing a morphologic assay for evaluation
of ingestion, documented impaired phagocytosis of op-
sonized erythrocytes by mouse peritoneal macrophages
treated with heterologous anti-mouse membrane anti-
bodies (5). The availability of an assay for precise
measurement of the initial rate of endocytosis permits a
more quantitative analysis of the effects of anti-cell anti-

14Macrophages have been shown to synthesize C2 and
C4 (27). A contribution of complement introduced into the
incubation by the alveolar macrophages has not been ruled
out.
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bodies on ingestion. Employing this approach, we con-
firmed and extended to human neutrophils the observa-
tions that heterologous anticell antisera can inhibit up-
take of C3-coated or of IgG-coated particles. However,
when low concentrations of heterologous anti-human
leukocyte sera were used, a stimulatory effect on the in-
gestion rate of these particles was noted. The failure
of Holland et al. to observe this phenomenon might
reflect differences in species and types of phagocytes
studied, or in the nature of the test particles, but most
likely resulted from the difficulty in detecting enhanced
ingestion with a semiquantitative assay in the setting of
already efficient particle uptake. The results suggest that
the effect of antisera that leads to stimulation of endo-
cytosis involves cell surface antigens that are only rec-
ognized by heterologous antisera and implies that these
antigens are common to all human neutrophils. The find-
ings also suggest that the effects of anticell antibodies
are more complex than the mere covering of phagocytic
receptors.

Holland et al. concluded that the effects of anticell
antibody were qualitatively selective for immunologically
mediated endocytosis. Antimacrophage antisera inhibited
the uptake of erythrocytes opsonized with C3 or IgG
but did not appear to interfere with the uptake of forma-
lin-treated erythrocytes, polystyrene particles, or yeast
cell walls. The results were interpreted to indicate sepa-
ration of recognition sites for opsonized and unopso-
nized particles. Such strict dissociation of receptor
function was not achieved in this study of neutrophils.
Heterologous antileukocyte antisera or IgG altered the
initial rate of uptake of unopsonized albumin-coated
paraffin oil particles by human neutrophils as wells as of
particles opsonized with C3 or IgG. Furthermore, the
increment in [1-14C]glucose oxidation by neutrophils
exposed to polystyrene beads has been shown by our
studies and by others (9) to be blunted after treatment
of the neutrophils with antineutrophil antisera. This in-
hibition probably reflects inhibition of ingestion of poly-
styrene beads, since the increment in glucose oxidation
by neutrophils is directly proportional to the rate of in-
gestion of particles (25). The effect of antineutrophil
antisera on the oxidative response to polystyrene par-
ticles was probably not secondary to impairment in glu-
cose uptake, because the homologous antisera did not in-
fluence glucose oxidation rates in resting neutrophils, and
the heterologous antisera stimulated these rates. It ap-
pears that in the case of neutrophils exposed to either
homologous or heterologous antisera, ingestion of im-
munologically unmodified particles as well as of op-
sonized particles is diminished. However, a quantitative
dissociation in receptor function was observed in our

studies, in that higher antiserum or antibody concen-
trations were required to inhibit ingestion of unopsonized

particles than were needed to produce these alterations
in ingestion of opsonized particles.

Rossi, Zatti, Patriarca, and Cramer reported that rab-
bit anti-guinea pig neutrophil antisera stimulated oxy-
gen consumption and hexose monophosphate shunt ac-
tivity of guinea pig neutrophils (33). The increments
in metabolic activity were comparable in magnitude to
those occurring in neutrophils during ingestion of par-
ticles (34) or exposure to detergents (35). In this study
rabbit anti-human leukocyte antiserum stimulated glu-
cose oxidation not only in the presence of [1-"C]glucose
but also after preincubation of the leukocytes with the
labeled glucose. The source of the 14CO2 was probably
glycogen (36). Hence, the enhancement in glucose oxi-
dation did not arise solely from increased membrane
permeability. Although rabbit anti-human leukocyte anti-
serum stimulated glucose oxidation, homologous anti-
neutrophil antisera with opsonic and antiphagocytic ef-
fects all failed to influence resting [l-14C]glucose oxi-
dation by human leukocytes. In this respect, the increased
glucose oxidation of neutrophils exposed to heterolo-
gous antisera is similar to their enhanced ability to ingest
particles in the presence of small quantities of rabbit
anti-human leukocyte antisera. Since heterologous anti-
neutrophil antiserum increased glucose oxidation by the
cells, whereas many potent homologous antisera did not
enhance glucose oxidation, it is likely that the antigens
responsible for the metabolic effect are common to all
human neutrophils and distinct-from those antigenic de-
terminants (structures) recognized by the homologous
antibodies.

As found for opsonic effects, the cytotoxic activity of
antineutrophil sera was proportional to the quantity of
antiserum added and was saturable with respect to anti-
serum concentration. The quantities of antiserum yielding
maximal effects in the opsonic, antiphagocytic, and cyto-
toxic systems were roughly comparable. No chromium-
releasing activity could be demonstrated by high con-
centrations of antineutrophil antisera in the absence of
fresh serum containing free divalent cations. Therefore,
the effects of these antisera on ingestibility of neutro-
phils by macrophages, impairment of neutrophil phago-
cytosis, and enhancement of neutrophil metabolic ac-
tivity in the absence of added complement could not be
attributed to cell damage as reflected by increased re-
lease of chromium label.

The specificity of the antibodies found in the sera
from frequently transfused patients has not been defined,
but from the available data certain generalizations can
be made. Normal serum did not opsonize, inhibit phago-
cytosis of, or release 'Cr from neutrophils of ABO-
incompatible donors; therefore, it is unlikely that the
major erythrocyte antigens have any influence on the
studies presented here. Anti-Rh(D) antisera failed to op-
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sonize neutrophils or inhibit phagocytosis by neutrophils
from a donor with Rh(D) erythrocytes suggesting that
the Rh(D) antigens were not found on the neutrophils
tested. Similarly, sera from patients with idiopathic
thrombocytopenia purpura failed to opsonize or inhibit
phagocytosis of neutrophils. HL-A antigens have been
demonstrated on neutrophils although in lower density
than on lymphocytes (37). In this study and in another
(38), sera from some frequently transfused patients
lysed neutrophils but not lymphocytes in the presence of
complement. Since HL-A antigens are usually defined
by complement-mediated lysis in the presence of specific
HL-A antisera, it might be concluded that certain neu-
trophil-cytotoxic antibodies are directed against anti-
gens independent of the HL-A lymphocyte antigens.
However, some HL-A antisera have failed to lyse lym-
phocytes in the presence of complement but were detect-
able by their ability to agglutinate the cells (39). The
syndrome of neonatal neutrophenia is the result of the
transplacental transfer of maternal antibodies directed
against neutrophils (6). The neutropenia resolves spon-
taneously with a time-course consistent with the rate
of clearance of maternal gamma globulin (8). It is the
most convincing example of a disease involving anti-
neutrophil antibody. Agglutination or labeling of cells
with fluorescent antibody have been used to demonstrate
neutrophil specificity of the antibodies (6, 8, 10). Dif-
ferent antisera react only with neutrophils of certain
individuals which has led to the definition of neutrophil-
specific antigens designated NA1, NA2, NB1, and NC1
(10). The studies presented here analyzing other effects
of sera from mothers of infants with neonatal neutro-
penia confirm the neutrophil specificity previously re-
ported. It is likely that some of the sera from the fre-
quently transfused patients reacted with the neutrophil-
specific antigens. However, family studies will be needed
to define the specificity and inheritance of the antigens
interacting with sera from frequently transfused patients.

Although opsonically active sera from the mothers
of infants with neonatal neutropenia consistently had
cytotoxic effects, only half of the sera from frequently
transfused patients with opsonic activity for the same
neutrophils were cytotoxic. Of those sera with opsonic
activity, 74% inhibited phagocytosis. Thus, measurement
of the rate of phagocytosis by neutrophils in the pres-
ence of test sera might serve as a practical screening
test for antineutrophil antibodies. Purification of neu-
trophils is not required because only neutrophils con-
tribute significantly to the measured ingestion rates when
mixed leukocytes are prepared from normal humans.
Greater precision and sensitivity for detection of anti-
neutrophil antibodies can be achieved by assaying inges-
tion of opsonized human neutrophils by rabbit alveolar
macrophages.
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