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Studies on Phagocytosis in Patients with Acute Bacterial Infections
H. Hank Simms, Michael M. Frank, Thomas C. Quinn, Steven Holland, and Thelma A. Gaither
Laboratory of Clinical Investigation, National Institute of Allergy and Infectious Diseases, National Institutes of Health,
Bethesda, Maryland 20892

Abstract

Polymorphonuclear leukocytes (PMN) and monocytes from 20
patients with acute bacterial infections were examined for
phagocytic function. PMNof patients expressed markedly en-
hanced phagocytosis as measured by the ingestion of erythro-
cyte (E)IgG and IgG/C3b-coated E. Phagocytosis of E coated
with C3b alone was not seen, while low levels of ingestion of
iC3b-E by patients' PMNswas noted. Monocytes from pa-
tients and controls expressed similar phagocytic activity in a
fixed endpoint assay; however, the kinetics of phagocytosis by
patients' monocytes was strikingly faster. Superoxide anion
(02) and myeloperoxidase activities were similar to controls in
PMNof four patients studied on day 1 of admission.

PMNfrom two of three patients studied longitudinally
showed an initial elevation in EIgG phagocytosis, which fell to
normal levels by day 4, concomitantly with increased 0° gener-
ation and clinical improvement. Phagocytosis remained ele-
vated in the third patient who did not clear his septicemia.

Surface membrane FcRII, FcRIII, CR1, and CR3 were
similar on patient and control PMN. In contrast, FcRI was
increased on PMNof five of seven patients by monomeric IgG
binding, and on two of two patients by monoclonal anti-FcRI
binding.

Thus, PMNand monocytes of patients with acute bacterial
infections are either upregulated with regard to phagocytic
function or are less susceptible to downregulation than are
normal cells. This presumably would have a beneficial effect on
host defenses during infection.

Introduction

Phagocytosis by PMNconstitutes a critical mechanism of host
defense against bacterial infection. Many in vitro studies have
detailed changes in the state of activation and function of nor-
mal PMNin response to inflammatory and infectious stimuli
(1, 2). What happens to PMNin patients with acute bacterial
infections is less clear. Both increased (3, 4), normal and de-
creased (5, 6) phagocytic capabilities of PMNin patients with
infection have been reported. In general, these studies used
serum-opsonized particles as phagocytic targets. With the rec-
ognition that there exist multiple types of independently func-
tioning, specific receptors for individual ligands on target par-
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ticles, it was of importance to reexamine this question using
highly defined target particles.

This paper reports results of studies designed to assess the
state of activation of PMNand monocytes with regard to
phagocytosis in a receptor-specific fashion. The target particles
consisted of sheep erythrocytes coated with known quantities
of IgG (EIgG),' C3b (EAC3b), or iC3b (EAC3bi), or with
known amounts of IgG plus C3b (EAC3b-IgG).

In a recent report, we showed that adherent PMNfrom
normal, healthy individuals do not express a full phagocytic
potential for EIgG when studied in media without scavengers
of products of the oxidative burst (7). Phagocytic activity of
PMNfrom normal individuals was markedly enhanced by
sodium azide or catalase, which are inhibitors of various steps
in the oxidative burst. This enhancement of phagocytosis by
sodium azide was also shown with serum-opsonized Candida.
PMNfrom chronic granulomatous disease (CGD) patients
and from one patient with myeloperoxidase (MPO) deficiency
showed markedly enhanced phagocytosis in comparison to
normal PMN(7). These findings indicated that products of
oxidative respiration regulate the phagocytic uptake of IgG-
sensitized targets in normal PMNand suggested that the de-
gree of ingestion of targets is under physiologic control. It was
of great interest to determine whether the phagocytic response
of PMNfrom infected individuals was similar to that of nor-
mal controls. Moreover, we wished to determine whether the
apparent normal downregulation of PMNduring phagocytosis
of IgG-sensitized targets was fully or partially reversed in PMN
of infected patients. Studies in 20 infected patients and con-
trols revealed markedly increased phagocytic capacity of pa-
tient PMNas evidenced by their enhanced ability to ingest
EIgG and EAC3b-IgG in the absence of an inhibitor of the
oxidative burst. This marked upregulation was not associated
with alterations in the number of low affinity Fc receptors
(FcRII or FcRIII), or of the important opsonic complement
receptors, CR1 or CR3. Increased numbers of FcRI, however,
were seen on the surface of PMNfrom five of seven infected
patients studied.

In addition, longitudinal studies conducted on three pa-
tients with acute bacterial infection demonstrated marked
upregulation of PMNphagocytosis concordant with the infec-
tious process. In this study, we report an analysis of phagocytic
capability as it relates to the kinetics of phagocytosis, MPO
release, and superoxide anion production, and the expression
of FcR (I, II and III), CR1, and CR3 in a series of individuals
with documented severe bacterial infections.

1. Abbreviations used in this paper: CGD, chronic granulomatous dis-
ease; CR1, complement receptor 1; EAC3b-IgG, sheep erythrocytes
opsonized with complement component C3; EDVBS, dextrose VBS;
EIgG, erythrocyte coated with IgG; PBS-G, PBS with gelatin; PDBu,
phorbol dibutyrate; PI, phagocytic index; VBS, veronal-buffered sa-
line.
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Methods

Buffers and media. Veronal-buffered saline (VBS) low ionic-strength
buffer containing 60% dextrose in VBS (DVBS), and VBS containing
10 mMEDTA(EDTA-VBS) were prepared as previously described (8,
9). HBSSwithout Ca2l and Mg2" and RPMI 1640 containing L-gluta-
mine were obtained from Gibco Laboratories, Grand Island, NY. PBS
containing 1 mg/ml gelatin, 10 mMEDTAand 0.05% sodium azide
(PBS-G) was prepared as previously described (10). Hypotonic saline
buffer containing 0.16 Mammonium chloride, 3.7 X l0-4 Mpotas-.~~~~~~~~~~~~~~~~~~~~~~~~
sium bicarbonate, and 1.1 X l0-4 MEDTAwas obtained from the
NIH Media Unit.

Reagents. Reagents were obtained from the following sources: so-

dium azide and 30% H202 from Fisher Scientific Co., Fair Lawn, NJ;
Lymphocyte separation medium, Litton Bionetics, Kensington, MD;
bovine serum albumin (fraction v), 3,3' dimethoxybenzidine, phorbol
dibutyrate (PDBu), superoxide dismutase (60,000 U/ml) and cy-
tochrome c from Sigma Chemical Co., St. Louis, MO; Dextran T500
from Pharmacia Fine Chemicals, Uppsala, Sweden; and 2-ethylhex-
ylphthalate and dibutyl phthalate were purchased from Eastman
Kodak Co., Rochester, NY. Partially purified complement compo-
nents, guinea pig Cl and human C2, were purchased from Diamedics,
Miami, FL. Highly purified human C3 and C4 were prepared as de-
scribed previously (I 1) as were Factors H and 1 (12).

Preparation of monomeric IgG. Monomeric IgG, from plasma of
patients with multiple myeloma was purified by sequential ammo-

nium sulfate precipitation and DEAE-Sephacel ion-exchange chroma-
tography (13). The resulting IgG was then loaded onto a 0.5-M sieving
column (Bio-gel A; Bio-Rad Laboratories, Richmond, CA) and the
peak eluting as monomeric IgG was pooled and stored at -70'C. A
portion of the monomeric IgG was then radiolabeled with 1251 to a

specific activity of 1.72 gCi/yg using the lodobead iodination proce-
dure (14). Aliquots of the radiolabeled preparation were applied to a

10-40% sucrose density gradient and centrifuged in an ultracentrifuge
with an SW41 rotor (Beckman Instruments, Inc. Fullerton, CA) at
35,000 rpm for 18.5 h at 4VC. No contamination by oligomeric forms
of IgG was observed. The radiolabeled monomeric IgG was stored at
4VC in the presence of 1% HSAand 0.05% sodium azide. Immediately
before each experiment, the monomeric IgG was centrifuged at 30 psi
for 30 min (Airfuge; Beckman Instruments) and the top half of the
supernatant was used for study.

Monoclonal antibodies. 3G8, an MAb that recognizes the PMN
low-affinity FcRIII was kindly provided by J. Unkeless (Mt. Sinai
School of Medicine) and S. Clarkson (University of California, San

Francisco) (15). 1B4, which recognizes CRI, was prepared as pre-
viously described ( 16). Fab fractions were prepared from both of these
MAbs by published methods (17). IgG fractions of IV-3, a MAbthat
recognizes the PMNlow affinity FcRII (18) and 32.2, which recognizes
the PMNhigh affinity FcRI (19) were kindly provided by P. Guyre.
The MAb, anti-Mol (mouse IgM), which binds to PMNCR3, was

purchased from Coulter Immunology, Hialeah, FL.
MAbs were radiolabeled with 25I using the lodobead iodination

procedure (14). The specific activities of the MAbs were: I B4:1.5
,gCi/hg, anti-Mol:0.27 gCi/,g, 3G8:0.50 tiCi/yg; IV-3 1.10I Ci/og;
32.2:0.35 gCi/Ag. The radiolabeled MAbs were stored at 4VC in the
presence of 1% HSA and 0.05% sodium azide. Immediately before
each experiment, they were centrifuged at 30 psi for 30 min.

Cellular intermediates. The preparation of IgG and IgM fractions
of rabbit anti-Forssman antibody and washed sheep erythrocytes (E)
were as previously described (20). Varying dilutions of IgG antibody
were added to E at 1.5 X 108 cells/ml, followed by a 15-min incubation
at 30C and three washes in VBS. The cells were resuspended to 1.5
X 108/ml in DVBSfor phagocytosis assays. Experiments using radio-
labeled IgG antibody demonstrated that cells sensitized with a 1:2,000
dilution of this antibody have 18,000 molecule IgG/cell. EAC3b

were prepared as previously described by sequentially adding guinea
pig C1, human C4, human C2 and C3 to IgM-sensitized E (12). The
number of C3b molecules bound per red blood cell (RBC) ranged from

5 X 104 to 101. To these EAC3b cells, varying concentrations of
IgG were added as described above. EAC3bi were prepared by incu-
bating EAC3b in DVBSwith 100 usg/ml of Factor H plus Factor I
(1:25) for 45 min at 30'C. The cells were washed twice and resus-
pended to 1.5 X 108/ml in DVBS. EAC3bi were shown in control
experiments to express C3 in the form of iC3b and to be free of
C3b (21).

Preparation of phagocytes. PMNwere separated from venous
blood samples by Ficoll-Hypaque density centrifugation and dextran
sedimentation (22). The erythrocytes were removed by two hypotonic
saline lysis steps. The PMNwere washed two additional times and
resuspended in RPMI to 5 X 105/ml for phagocytosis assays and to 20
X 106/mil for MAband monomeric IgG binding assays,

Monocytes were separated from venous blood using a colloidal
silica-based continuous density gradient technique as described by the
manufacturer (Sepracell-MN; Sepratech Corp., Oklahoma City, OK)
(23). To assure purity, three Sepracell-Mn separation steps were used.
By this method, > 90%of the isolated cells were monocytes by esterase
staining and morphology. The Sepracell-Mn media was found to be
free of endotoxin using a chromogenic substrate in the Limulus ame-
bocyte lysate assay, in which the assay limit was 10 pg/ml (kit
QCL-1000; M.A. Bioproducts, Walkersville, MD).

Study populations. Blood samples were obtained from patients
with acute bacterial infections seen on the Infectious Disease Service at
the Johns Hopkins Hospital. A patient profile is provided in Table I.
Samples were drawn into heparinized tubes (2 U/ml) and immediately
placed on ice at 0Cbefore transport to the NIH. Control subjects were
laboratory personnel whose blood was drawn at the same time as that

Table L Patient Profile

Febrile
Patient Diagnosis WBC (T> 38°C) BC

1 28 y/o female Pneumococcal
pneumonia 15.3 K + +

2 68 y/o male Pneumococcal
pneumonia 16.4 K +

3 40 y/o male S. aureus septic
arthritis 27.3 K + +

4 69 y/o female Acute mastoiditis 13.3 K +
5 24 y/o male S. aureus endocarditis 19.3 K + +

6 70 y/o male E. coli paracolostomy
abscess 12.3 K +

7 55 y/o female S. aureus osteomyelitis 25.3 K + +

8 75 y/o female H. influenzae
tracheobronchitis 17.3 K +

9 25 y/o female Gm- septicemia 24.3 K + +

10 40 y/o male Pneumococcal
pneumonia 13.5 K +

11 50 y/o male S. aureus endocarditis 35.0 K + +

12 40 y/o female S. aureus septicemia 16.5 K + +

13 79 y/o male Klebsiella pneumonia 24.0 K +
14 84 y/o female E. coli

glomerulonephritis 16.2 K + +

15 46 y/o female H. influenzae
pneumonia 20.1 K +

16 24 y/o female S. aureus bacteremia 12.3 K + +

17 27 y/o male Pneumococcal
pneumonia 19.1 K +

18 69 y/o male E. coli bacteremia 12.0 K - +

19 64 y/o male Pneumococcal
bacteremia 17.3 K + +

20 54 y/o male S. aureus cellulitis 28.3 K +
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of the patients and immediately placed on ice at 0C until usage. All
specimens were used within 3 h of their being drawn.

Phagocytosis assays. 250 Al of PMNat 5 X 105/ml were plated in
each chamber of slide-mounted, eight-chamber tissue culture plates
(Lab-Tec, Naperville, IL) and allowed to adhere for 45 min at 370C in
a 5%CO2incubator. 100sI of either E, EIgG, EAC3b-IgG, EAC3b, or
EAC3bi was added to the adherent PMNand the plates were centri-
fuged at 50 g for 5 min at 40C. In kinetic assays, phagocytosis was
stopped at 5, 15, 20, 30, and 40 min by bringing the chambers to 00C
and immediately adding 0C lysing buffer to remove external RBC.
After two exposures to lysing buffer, the cells were fixed with glutaral-
dehyde and stained with Giemsa. To assess the effects of sodium azide
(an inhibitor of MPO) on phagocytosis, an aliquot of patient and
control PMNat 5 X 105/ml was exposed to 10 mMsodium azide for 15
min at 30'C before adherence in the culture plates. PMNthat did not
receive sodium azide had added buffer and were also incubated at
300C for 15 min. The percentage of PMNingesting one or more red
cells was determined microscopically (1OOX; oil immersion) and the
total number of ingested red cells in 200 PMNwas recorded. The
phagocytic index (PI) is expressed as the total number of ingested RBC
per 100 PMN. In other assays phagocytosis was stopped after 30 min
incubation at 37°C, following the procedure described above.

Binding of 25I-monomeric IgG and )2SI-MAbs. For '25I-monomeric
IgG binding assays, PMNat 20 X 106/ml in PBS-Gwere incubated for
30 min at 37°C, washed X l with PBS-G to remove any free IgG, and
resuspended to 20 X 106/ml in PBS-G. 100 Al of cells was added to 12
X 75 mmpolypropylene tubes, followed by the addition of 1251 mono-
meric IgG. In parallel, 1251 monomeric IgG was added in the presence
of 50-100-fold excess of unlabeled monomeric IgG. The volume in
each tube was equalized with PBS-G and the cells were incubated for
30 min at 37°C. The cells were then pelleted by centrifuging through
an oil mixture consisting of one part bis-2-(ethylhexyl) phthalate to
three parts dibutyl phthalate. Bound monomeric IgG was determined
from the level of radioactivity in the cell pellets and specific binding
was calculated by subtracting '251I-IgG bound in the presence of
50-100-fold excess unlabeled IgG. In the 125I-MAb binding assays, 100
Al of PMNsuspended in HBSSat 20 X 106/ml was incubated at 0°C
for 1 h with '25I-MAb. In control tubes '251-MAb was added in the
presence of 50-100-fold excess of unlabeled MAb. The remainder of
the assay was as described for 125-monomeric IgG binding.

Myeloperoxidase release. These assays were performed as pre-
viously described (24), using 96-well U-shaped Immulon 1 microtiter
plates (Dynatech Laboratories, Chantilly, VA). PMNat 8 X 106/ml
were pretreated with cytochalasin B (5 Ag/ml) immediately before 25 Ml
of the PMNwas added to each well. The microtiter plates were then
incubated for 30 min at 37°C in a 5%CO2 incubator. 50 Ml of 0.2 M
sodium phosphate buffer, pH 6.2, was then added followed by 25 Ml of
a solution containing equal parts of 15 mMH202 combined with 3.9
mM3'3' dimethoxybenzidine. A visible color reaction was stopped
after 15 min at room temperature by 1% sodium azide. The optical
density was assayed at 490 and 630 nMon an MR580model micro-
elisa automatic reader (Dynatech Laboratories). Assays were carried
out on resting PMN, PMNpretreated with 10 mMsodium azide, and
PMNplus 10 Ml 10% Triton X-100 to measure total MPOpresent.

Superoxide anion production. The amount of superoxide anion
generated was assayed by measurement of the reduction of ferricy-
tochrome c (25). Assays were performed in 96-well flat bottom plates
(Costar, Cambridge, MA). 100 Ml of cytochrome-c, with and without
PDBuat 100 ng/ml, was added to each chamber and 5,ul of superoxide
dismutase (60,000 U/ml) was added to control chambers. After the
addition of 100 Ml of PMNat S X 105/ml, the plate was incubated for
60 min at 37°C in a 5%CO2incubator. Optical density was assayed at
550 nMon a dual beam microplate reader (model MR600; Dynatech
Laboratories). Production of superoxide anion was determined using
the molar extinction coefficient of cytochrome c (6.3 with a light path
of 3 mm).

Statistical analysis. Phagocytosis and kinetic experiments were an-
alyzed using two-way analysis of variance (ANOVA) unless otherwise

stated. The binding of monomeric IgG, monoclonal antibodies, MPO
release, and superoxide anion production were analyzed using the
paired sample t test. Values of P < 0.05 were considered statistically
significant.

Results

Phagocytosis in the absence of sodium azide. Phagocytosis
assays were performed to determine if the PMNof acutely
infected patients would ingest IgG-coated particles under con-
ditions in which there was only minimal ingestion by control
PMN(7). The results after 40 min of phagocytosis are shown
in Fig. 1.

In the absence of sodium azide, the percentage of patient
PMNingesting EIgG at 1/2,000, 1/4,000, and 1/8,000 dilu-
tions of IgG were: 37.64±7.16%, 14.75±4.80%, and
7.36±4.11%, respectively. The percent phagocytosis by cells
from normal controls in these experiments was 0-6% (n = 14
for patients, n = 12 for controls; P< 0.002 at 1/2,000; P< 0.04
at 1/4,000, P = NS at 1/8,000 comparing patients with con-
trols using the Bonferroni inequality for multiple testing) (26).
Patient phagocytosis of EAC3b-IgG at IgG dilutions of
1/4,000, 1/8,000, 1/16,000 were: 54.00±5.90%, 33.50±4.13%,
and 16.30±2.13, respectively. The percent phagocytosis of
EAC3b-IgG by controls at the same dilutions of IgG were:
11.00±1.47%, 2.63+1.52% and 1.63±1.07%, respectively (n
= 5 for patients; n = 5 for controls; P < 0.002 at each IgG
dilution comparing patients with controls). Similarly, PI
values also showed enhanced phagocytosis by patient PMN.
Control values were 1-6 for ingesting EIgG and patient values
were 90.77±24.20, 36.08±15.31, and 19.67±10.55 for
1/2,000, 1/4,000, 1/8,000 dilutions of IgG, respectively (P
< 0.01 at 1/2,000 at each IgG concentrations comparing pa-
tients with controls). The PI values for EAC3b-IgG ingestion
by patients' PMNin the absence of sodium azide were:
142.00±22.93, 82.90± 15.79, 40.10±7.47 for 1/4,000, 1/8,000,
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Figure 1. Phagocytosis of EIgG and EAC3b-IgG by patients and con-
trol PMN: PMNat 5 X 105/ml in RPMI were adhered in Lab-Tec
chambers for 45 min at 370C. 100 ,l of target particles at 1.5 X 108/
ml was added to each chamber, and phagocytosis was assayed after
40 min at 370C. The percent phagocytosis is shown in the left panel;
the PI values are on the right. EIgG and EAC3b-IgG phagocytosis by
patient PMNare represented by . and o symbols, respectively; and
for controls by * and o, respectively. EIgG at 1/2,000 dilution corre-
sponded to - 18,000 IgG/cell; 1/16,000 - 2,000 IgG/cell. Phagocy-
tosis of EIgG and' EAC3b-IgG was markedly enhanced in PMN'from
infected patients.
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Figure 2. The effect of
sodium azide on phago-
cytosis of EIgG and
EAC3b-IgG by patient
and control PMN. The
experiment was per-
formed as in Fig. 1, ex-

80- cept that PMNwere
pretreated with 10 mM

70- sodium azide for 15
min at 30'C before ad-

60 herence in Lab-Tec
chambers. ElgG and

50 EAC3b-IgG phagocyto-

8 HS~wHSsis is represented by
co

40 k ~ _ X k open and hatched bars,
respectively. Sodium
azide consistently en-

% ghanced the percentage
of patient and control

10 PMNthat ingested
EIgG and EAC3b-IgG.

C -NraN, - - Eand EAC3bwere not
3 + NaN3 -NaN3 NaN3

Controls Patients ingested.

and 1/16,000 dilutions of IgG, respectively. In the control
group, the PI values obtained for EAC3bIgG ingestion at
identical IgG dilutions were: 18.36±2.60, 4.50±6.23,
2.75±1.70, respectively (P < 0.01 at each IgG concentration
comparing patients with controls). Blood culture status did not
accurately predict the extent of PMNupregulation with regard
to phagocytosis.

Phagocytosis in the presence of sodium azide. One of the
effects of sodium azide is to inactivate myeloperoxidase. Its
effect on phagocytosis by PMNfrom controls and patients is
shown in Fig. 2. The results shown represent phagocytosis of
EIgG or EAC3b-IgG after 40 min incubation at 370C. With
the addition of sodium azide, phagocytosis of EIgG by control
PMNincreased from 2.42±0.612% to 45.46±3.42%, and that
of EAC3b-IgG increased from 11.00±1.47% to 54.88±5.31%
(P < 0.001 for EIgG and EAC3b-IgG phagocytosis using two-
sample t test). Phagocytosis of EIgG by patient PMNincreased
from 37.64±7.18% to 65.07±4.32% and that of EAC3b-IgG
increased from 54.00±5.90 to 60.70±6.48% with the addition
of sodium azide (P < 0.01 for EIgG, P = NS for EAC3b-IgG

phagocytosis using two-sample t test). A similar enhancing
effect of sodium azide was seen with all patient and control
samples examined (n = 20).

The amount of phagocytosis by PMNfrom patients and
controls correlated directly with the IgG concentration used to
opsonize either E or EAC3b (Table II). The concentrations of
IgG used to study PMNphagocytic activity ranged from
1/2,000 to 1/ 16,000 corresponding to 18,000 and 2,250 IgG
molecules/RBC, respectively. Differences in phagocytosis at
the varying IgG levels was significant (P < 0.001 by two-way
ANOVAfor both PMNand monocytes from patients and
controls). As expected, C3b enhanced the IgG-triggered inges-
tion of opsonized targets by PMN, primarily at lower concen-
trations of IgG. Notably, in the absence of IgG, E and EAC3b
were not ingested by control or patient PMNand azide did not
induce the ingestion of these target cells.

Phagocytosis by monocytes. Investigations were carried out
to determine if PMNand monocytes behaved differently with
regard to phagocytosis in patient and control subjects. Prior
experiments showed that incubation of normal monocytes
with sodium azide had no effect on phagocytosis by these cells
(unpublished findings). In striking contrast to PMN, phagocy-
tosis of EIgG by patient and control monocytes was similar
when overall phagocytic capacity was examined. As shown in
Table II, the mean percent phagocytosis over time by mono-
cytes of three patients studied was similar to that of the con-
trols at each concentration of IgG used to opsonize the eryth-
rocytes. PMNfrom these same patients expressed an upregu-
lation in phagocytosis similar to that of other patients studied.

Phagocytosis of EAC3bi. CR3-mediated phagocytosis as
assessed by the ingestion of EAC3bi was also assayed in the
presence and absence of sodium azide (Table III). Approxi-
mately 9% of PMNfrom seven patients studied ingested
EAC3bi in the absence of added azide, in comparison to < 1%
of control PMN. This represented a significant difference in
both the percentage of phagocytosis and the PI value. In the
presence of azide, phagocytosis by patient and control PMN
increased; however there was no significant difference between
phagocytosis by patients and controls with azide present.

Kinetics of phagocytosis. The kinetics of phagocytosis was
assayed by stopping phagocytosis at five time points (from 5 to
40 min) as described in Methods. In Table IV, kinetics is ex-
pressed as the time necessary to achieve one-half the maxi-
mumamount of phagocytosis. IgG dilutions for PMN+ 10

Table II. Percent Phagocytosis by PMNand Monocytes from Patients and Controls

Controls n Patients n Ps

PMN+ 10 mMNaN3
1/2,000* 1/4,000 1/8,000 1/2,000 1/4,000 1/8,000

EIgG 44.8±4.3 33.7±3.1 18.4±2.6 3 59.1±5.8 46.8±4.0 33.0±2.7 3 <0.05
1/4,000 1/8,000 1/16,000 1/4,000 1/8,000 1/16,000

EAC3b-IgG 57.1±4.3 41.2±2.1 26.8±2.0 3 70.9±6.3 59.0±5.5 44.9±3.6 3 <0.05
Monocytes

1/20,000 1/40,000 1/80,000 1/20,000 1/40,000 1/80,000
EIgG 25.6±5.4 18.8±4.1 11.4±2.7 3 23.9±4.8 17.2±3.7 11.3±2.5 3 NS

* IgG dilution of 1/2,000 deposits - 18,000 IgG/target cell. * Phagocytosis by patient PMNwas significantly greater than that of control PMN
at each concentration of IgG used to prepare EIgG and EAC3b-IgG. PMNin the presence of 10 mMsodium azide or monocytes without
azide were preincubated in Lab-Tec chambers for 45 min at 370C in 5%CO2 incubator. Phagocytosis of EIgG, EAC3b-IgG was examined after
5, 15, 20, 30, and 40 min at 370C and the mean percent phagocytosis over time was calculated.
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Table III. CR3-mediated Phagocytosis by Patient
and Control PMN

Phagocytic
%phagocytosis N index N

PMN- 10 mMNaN3
Patient 9.43 7 12.14 7
Control 0.357 7 0.57 7
Mean difference 9.07±2.13 11.57±2.56

P = <0.01 P < 0.01
PMN+ 10 mMNaN3

Patient 16.93 7 22.93 7
Control 5.79 7 6.43 7
Mean difference 11.14±4.81 16.50±8.15

P= NS P= NS

P values derived from paired sample t test.

mMNaN3 were 1/2,000, 1/4,000, and 1/8,000 for EIgG ki-
netics and were 1/4,000, 1/8,000, and 1/16,000 for EAC3b-
IgG kinetics. IgG dilutions for monocyte kinetics were
1/20,000, 1/40,000, and 1/80,000. Kinetics results represent
data pooled over these various IgG dilutions. The rate of EIgG
ingestion was significantly faster in monocytes from infected
patients when compared with controls (12.9 vs. 27.4 min, re-
spectively, P < 0.01). In contrast, the kinetics of ingestion of
EIgG was similar when patient and cQntrol PMN(both treated
with 10 mMazide) were compared (13.7 vs. 13.4 min, respec-
tively). Opsonization of E with C3b (50,000-100,000/RBC)
plus IgG significantly decreased the time of half maximal
phagocytosis for both patient and control PMN(patient: 13.7
to 5.2 min. with EIgG and EAC3b-IgG, respectively, P < 0.01;
control: 13.4 to 4.4 min for ElgG and EAC3b-IgG, respec-
tively, P< 0.01). There was no significant difference in the rate
of ingestion of EAC3b-IgG by patient and control PMN. Fi-
nally, comparison of control monocytes and PMNrevealed
that significantly greater time is 'required to reach one-half

Table IV. Kinetics of Phagocytosis*

Mean amount of time (min) to reach
half-maximal phagocytosis

Control Patients P

min

PMN+ 10 mMNaN3
ElgG 13.4 13.7 NS
EAC3b-IgG 4.4 5.2 NS
N 3 3
Ps <0.01 <0.01

Monocytes
EIgG 27.4 12.9 <0.0I§
N 3 3

* All kinetic assays were carried out to 40 min.
NNumber of patients and controls tested.
t P As expressed by two-way ANOVAcomparing EAC3b-IgG inges-
tion vs. EIgG ingestion for both patient/control PMN.
1P As expressed by two-way ANOVAcomparing patient vs. control
ingestion of EIgG.

maximal phagocytosis for monocytes vs. PMN. For EIgG par-
ticles, control monocytes vs. PMNwas 27.4 vs. 13.4 min (P
< 0.01 by two-way ANOVA). This is in contrast to phagocyto-
sis by patient PMNand monocytes in which the kinetics of
ingestion of EIgG is similar in the two types of phagocytic
cells (12.9 vs. 13.7 for monocytes and PMN, respectively)
(Table IV).

Longitudinal studies. From a subset of patients (n = 3),
longitudinal studies were performed using PMNobtained
from the patients over the course of one week. These assays
were performed in a blinded fashion with the authors not
aware of the clinical status of the patients during the course of
the week. Blood samples for the assays were obtained on hospi-
tal days 1, 4, and 7. The experiments performed were phagocy-
tosis assays, binding of monoclonal anti-CR 1, CR3, and FcR
antibodies, MPOactivity and superoxide anion production.
These studies were designed to study the relationship between
phagocytosis, expression of opsonic receptors and the oxida-
tive burst in patients and controls and to determine if the
heightened phagocytic activity of patient PMNnormalized as
patients improved clinically.

Data from the first two patients studied were pooled; the
third patient studied in a blind fashion was quite different
from those described above. This patient had severe bacterial
endocarditis with a degree of leukocytosis not found in the
other patients and 42% bands. More importantly, he did not
clear his septicemia during the period of study. This patient's
PMNphagocytosis was abnormal at all time points although
the initial increase was minimal. Unlike the other patients, this
individual showed a progressive increase in the extent of
phagocytosis of test particles concordant with his inability to
clear his septicemia.

Fig. 3 shows the mean percent phagocytosis and mean
phagocytic index (PI) in the absence of azide treatment for the
two patients who cleared their infection and for paired normal
controls over time. Control PMNvalues during the week were
0-2% and 5-10 for percent phagocytosis and PI, respectively.
The percentage of PMNfrom patients ingesting EIgG was
markedly greater than that of controls on day 1; however this
activity dramatically decreased over time, falling from an
average of 53% phagocytosis on day 1 to 7%by day 7. The PI
values fell from an average of 195.5 on day I to 10.5 on day 7
(P < 0.01 by the Bartholomew test for percent phagocytosis
and phagocytic index when comparing mean differences be-
tween patients and controls) (27). The decrease in phagocytic
activity by both patients' PMN, correlates with their improved
clinical condition (lower temperature decreased WBCcount
and clearance of bacteremic state).

MPOrelease and superoxide anion generation. MPOre-
lease and superoxide anion generation were measured on each
of 3 d of the longitudinal study. MPOwas measured in resting
PMN, PMNtreated with sodium azide and in cells treated
with 10% Triton X-100. Table V shows that no significant
differences were found between resting patient and control
PMNnor were significant differences found in total myelo-
peroxidase activity as assessed using PMNincubated with Tri-
ton X-100.

Table V also shows that resting PMNfrom patients and
controls did not exhibit significant differences in superoxide
generation on day 1, day 4, or day 7. Patient PMNconsistently
exhibited less superoxide anion release with PDBustimulation
than did controls, although this difference just failed to reach
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Figure 3. Phagocytosis of EIgG by patient and control PMNover
time. These studies were done in the absence of added azide. Results
represent the average of percent phagocytosis and PI of two patients
and two controls studied on three different days. Days 1, 4, 7 repre-
sent days of hospitalization. Phagocytosis assays were carried out as
described in Methods using EIgG bearing - 18,000 IgG/cell. EIgG
phagocytosis by patient and control PMNis represented by solid and
hatched lines, respectively.

statistical significance. There was, however, a significant in-
crease in patient superoxide anion production between days 1
and 4, concordant with a dramatic decrease in phagocytosis (P
< 0.02 by two sample t test).

Table VI represents a summary of experiments in which
the data from patients studied on day 1 in the longitudinal
study (Table V) was combined with superoxide anion and
myeloperoxidase activity obtained from two additional pa-
tients studied on day 1 of admission and their controls. MPO
activity was similar for the four patients and controls, and
superoxide production by nonstimulated PMNfrom patients
and controls was also similar. Interestingly, superoxide pro-
duction was consistently lower in PdBu-stimulated patient
PMN; however the difference just failed to reach statistical
significance.

125I monomeric IgG and 125I monoclonal antibody binding.
To assess the expression of the FcRIII, CR1 and CR3 on pa-
tient and control PMN, the binding of '251-MAbs and 1251
monomeric IgG was examined. There were no significant dif-
ferences between patient and control binding of 3G8, 1 B4, or
anti-Mo- 1 (Table VII), nor was there a difference in receptor
expression over time in the patients during the course of the
longitudinal study.

In a second group of patients studied within 36 h of hospi-
tal admission, the number of FcRI and FcRII present on the
surface of patient PMNwas determined. The number of high-
affinity FcRl was assayed using both 125I monomeric IgG and
radiolabeled MAb32.2. Table VII represents data from both
the longitudinal study examining 3G8, 1B4 and anti-Mo 1
binding along with data derived from the second group of
patients studied (IV-3, 32.2, and monomeric IgG binding). No
increase in the number of low-affinity FcRII was seen but five
out of seven patients' PMNexpressed the high-affinity Fc re-
ceptor as measured by monomeric IgG binding while two of
these five patients tested for 32.2 binding were both positive.

Discussion

The critical importance of phagocytic cells in host defense has
been known for a century. It is also well known that phagocytic
cells can undergo activation with alterations in function of
many cellular systems. Recently, various cytokines and in-
flammatory factors have been shown to affect the activation
process. These cytokines both upregulate and downregulate
many cellular processes. It is known that infection is associated
with the release of many of these factors, and it is reasonable to
expect that these factors are of importance in determining the
host response to infectious agents. For this reason, it is perhaps
surprising that there are relatively few studies of phagocytosis
by neutrophils and monocytes from patients with infection. In
previous studies both upregulation and downregulation of the
phagocytic process have been reported during infection (3-6).
In general, these studies have used serum opsonized targets. It
is now known that such targets have a number of different
opsonins on their surface, each of which interact with different
membrane receptors. These various receptors behave differ-
ently in biologic systems, in part explaining the lack of unifor-
mity of the reported data. It was, therefore, of interest to reex-
amine the phagocytic capacity of a selected group of patients
during infection using well defined target particles that would
allow for an assessment of specific receptor functions. Sheep
erythrocytes, sensitized with known amounts of IgG antibody,
known amounts of highly purified human C3b plus IgG, or
with C3b or iC3b alone, were used as target particles in the
studies reported here.

Using similar target particles, Gaither et al. recently re-
ported that products of the oxidative burst of phagocytic cells,
formed during phagocytosis of IgG sensitized targets, rapidly
downregulate the normal phagocytic process (7). Patients with
chronic granulomatous disease and MPOdeficiency, who fail
to have a normal oxidative burst, have a marked upregulation
in phagocytosis (7). Stendahl and co-workers made similar
observations with MPOdeficient PMNand also concluded
that products of the oxidative burst reduce phagocytosis (28).
It has also been shown that platelet-derived growth factor,
which downregulates the normal oxidative burst, also upregu-
lates phagocytosis (29). It was therefore possible that products
of the oxidative burst, formed during phagocytosis of bacteria,
might downregulate phagocytic function in infected individ-
uals.

In this report, we compared phagocytosis by PMNand
monocytes of patients with acute bacterial infections with that
of normal individuals. Weconfirmed our previous finding that
phagocytosis by normal PMNin the absence of oxygen radical
scavengers is greatly enhanced when the formation of toxic
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Table V.

Myeloperoxidase release*
Day I Day 4 Day 7

PMN PMN PMN PMN PMN PMN
PMN + 10 mMNaN3 + Triton X-100 PMN + 10 mMNaN3 + Triton X-100 PMN + 10 mMNaN3 + Triton X-100

Patient 0.390±0.081 0.051±0.007 0.614±0.094 0.051±0.033 0.002±0.001 0.174±0.052 0.050±0.004 0.003±0.002 0.082±0.027
Control 0.365±0.011 0.068±0.005 0.938±0.286 0.068±0.037 0.005±0.002 0.210±0.075 0.059±0.019 0.003±0.002 0.153±0.059
Nt 2 2 2
Fl" NS NS NS

Superoxide anion productions

Day l Day4 Day7

PMN PMN+ 100 ng PDBu PMN PMN+ 100 ng PDBu PMN PMN+ 100 ng PDBu

Patient 0.271±0.01 1.77±0.01 1.07±0.19 3.52±1.40 0.837±0.33 3.21±0.36
Control 0.415±0.05 2.73±0.03 0.620±0.08 5.76±2.94 1.32±0.11 4.47±0.33
Nt 2 2 2
P'1 NS NS NS
PI <0.02

* MPOresults expressed are average ODsof assays performed in triplicate. t Two of the four patients studied above (Table VI) were studied
longitudinally on days 4 and 7 of their hospital course. I SOPresults expressed are nMsuperoxide anion/5 X 10' PMN/h. "l Comparison of
patients and controls by paired-sample analysis. 'As measured by two sample t test; comparing increase in patient unstimulated PMNsuper-
oxide production between days 1 and 4 vs. the change in controls.

oxidative products of the MPO-H202-halide system is blocked,
i.e., by incubation with sodium azide, a potent inhibitor of
MPO. In the absence of such treatment, normal PMNex-
pressed minimal phagocytic activity and did not phagocytize
targets heavily coated with IgG antibodies. It is important to
emphasize that these differences in the extent of phagocytosis
do not represent differences in the rate of breakdown of the
target erythrocytes. In our previous report (7), sodium azide
was found to increase phagocytosis of serum-opsonized Can-
dida, a relatively nondegradable particle, as well as EIgG. In
contrast to the findings in normals, PMNfrom patients with
acute bacterial infection showed substantial phagocytosis of

Table VI.

Myeloperoxidase release* Day 1
PMN PMN+ 10 mMNaN3 PMN+ Triton X-100 Nt

Patient 0.256 0.069 0.658 4
Control 0.230 0.047 0.664 4
Mean difference 0.026±0.024 0.022±0.015 -0.006±0.1 X 8
Pi NS NS NS

Superoxide anion production0 Day I

PMN PMN+ 100 ng PDBu Nt

Patient 0.383 3.06 4
Control 0.405 4.11 4
Mean difference +0.022±0.074 + 1.04±0.039
P'1 NS 0.076

* MPOresults expressed are average ODsof assays performed in triplicate.
t Four different patients/controls studied in four separate days.
'SOP results expressed are nMsuperoxide anion/5 X 105 PMN/h.
"Comparison of patients and controls by paired-sample analysis.

both EIgG and EAC3b-IgG targets in the absence of an inhibi-
tor of the oxidative burst (Fig. 1). Phenotypically, these cells
are markedly upregulated above the level of activity seen in
normal individuals. Interestingly, in longitudinal studies of
two patients, the apparent upregulation of PMNphagocytosis
was temporally related to their illness. The ability to ingest
EIgG particles in the absence of sodium azide diminished over
time and corresponded with the patients' clinical improve-
ment (Fig. 3). In a third patient, clinically extremely ill with
endocarditis and staphylococcal septicemia, phagocytosis by
neutrophils in the absence of azide increased progressively
over the 10 d of study as the patient remained bacteremic,
febrile, and clinically ill. When the extent of phagocytosis by
control and patient PMNwas examined in the presence of 10
mMazide, ingestion of EIgG and EAC3b-IgG was also found
to be consistently greater with patient PMN(Table II; Fig. 2).

Wealso studied phagocytosis of C3b- and iC3b-coated tar-
gets. As in normal PMN, PMNfrom patients did not phagocy-
tose C3b coated particles, even with as many as 100,000 C3b/
target. Interestingly, although there was no phagocytosis of
iC3b-coated targets by normal PMN, 5 of 7 patients showed
phagocytosis of iC3b-coated targets, although the extent of
phagocytosis was low (Table III).

In marked contrast to PMN, monocytes from infected pa-
tients did not demonstrate upregulation of the extent of phago-
cytosis when compared with controls (Table II), and azide was
not found to enhance phagocytosis of control or patient mono-
cytes (data not shown). Interestingly, analysis of the kinetics of
phagocytosis revealed striking differences in the rate of inges-
tion by patient and control monocytes, but not PMN. Further-
more, patient monocytes ingested EIgG particles markedly
faster than did control monocytes, whereas the rate of inges-
tion by patient and control PMNwas similar (Table IV). Thus,
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Table VII. Molecules/Cell of 125I MAbs and "25I Monomeric IgG Bound to PMN

3G8 IV-3* 32.2* Monomeric IgG I B4 Anti-Mo-I

Patients 1.30 x l0 5.12 x 104 3.30 X 103 2.14 x 103 2.74 x 104 2.93 X 10.4
Controls 1.20 x 105 2.77 x 104 0.428 x 103 0.651 x 103 3.04 x 104 2.83 X 10.4
N 2 2 7
Nt 6 6 3
Mean ±0.10 2.35±2.29 2.88±90 1.49±587 ±0.30 +0.10

difference x (105) X (104) X (103) X (103) X105 X104
P§ NS NS P < 0.02 P < 0.05 NS NS

* Quantities of MAbused do not represent saturating amounts of ligand. N, Number of times assay performed on patient/control PMN.
* 3G8 and 1B4 binding represent two separate patients studied on three different days in the longitudinal study while anti-Mo- I binding repre-
sents one patient studied on three different days. § As measured by paired sample analysis.

the rate of ingestion by monocytes appears to be upregulated
in infected patients, although the total phagocytic capacity is
similar to that of controls. When normal phagocytes were
compared, a significant lag in ingestion of EIgG by control
monocytes was observed, in comparison to PMN. This differ-
ence in phagocytic rate was overcome in infected monocytes.
The rate of RBC ingestion by PMNfor both patients and
controls was significantly faster with EAC3b-IgG targets (CR1
and FcR) as opposed to EIgG targets. Thus, ligation of two
receptors greatly enhances the rate and the extent of ingestion.
Together, these data indicate that monocytes, as well as PMN,
are capable of upregulation in infected individuals. Upregula-
tion is strikingly different with these two cell types. In the case
of PMN, the extent of phagocytosis is profoundly upregulated,
and targets that are not phagocytosed at all by normal PMN
are ingested by cells from infected patients. In contrast, the
extent of monocyte phagocytosis is not markedly altered, but
the kinetics are quite different.

Along with studies of phagocytosis we examined superox-
ide anion production and MPOrelease from patient and con-
trol PMN. In contradistinction to patients with CGDthat we
studied previously (7), patients with acute bacterial infection
have normal mechanisms for generating superoxide and MPO
in the resting state (30-32). Solomkin et al. reported normal
superoxide formation in patients with intraabdominal infec-
tions in response to FMLPbut not with serum opsonized zy-
mosan (25). Wefound that overall superoxide anion produc-
tion was similar in resting patient and control PMN. Superox-
ide anion generation was increased over baseline in both
patient and control PMNupon stimulation with PDBu; and
there was no significant difference (P < 0.076) in stimulated
PMNfrom patients and controls (Table VI). It is important to
note that in the two patients studied longitudinally there was
reduced superoxide production in both resting and stimulated
PMNon day 1, during which time, phagocytosis was maximal
for both patients (Fig. 3). While superoxide levels in infected
PMNwere initially reduced, they reached supra normal values
by the end of the fourth hospital day (Table V); and phagocy-
tosis fell significantly by the fourth hospital day. On day 7,
superoxide levels in patient PMNwas similar to that of day 4,
and phagocytic activity was minimal. It should be noted that,
there was no significant difference by statistical analysis be-
tween patient and control PMNproduction of superoxide on
days 1, 4, or 7. However, the increase in superoxide produc-
tion by patient PMNfrom day 1 to day 4 was highly significant
when compared to the increase seen in control PMN. It is

possible that this diminished superoxide production by patient
PMNearly in the course of infection (day 1) may play a role in
allowing upregulation of PMNphagocytosis during the most
acute phase of bacterial infection. In contrast to superoxide
anion generation, we found no significant differences in MPO
release by patient and control PMN, nor was there a difference
in total MPOas assessed in Triton X- 100 treated PMN. Bass et
al. (33) reported that a subpopulation of primed PMNis re-
sponsible for much of the increased H202 production seen in
patients with acute bacterial and Candida infections. It is pos-
sible that in the patients studied here a subpopulation respon-
sible for superoxide anion production may increase during the
early phase of acute infection as the patients clinical condition
improves.

It was of importance to test for differences in receptor ex-
pression as a possible factor in patient PMNupregulation. The
binding of radiolabeled monoclonal antibodies to three major
opsonic receptors was followed in the longitudinal studies:
3G8, 1B4, and anti-Mo- 1; MAb against PMNFcRIII, and
CR1, and CR3, respectively. There was no significant differ-
ence in 3G8, 1B4, or anti-Mo-I binding on any day that they
were tested. In addition, utilizing radiolabeled monomeric IgG
and radiolabeled MAbs, we assayed the surface expression of
PMNFcRI and FcRII in a series of patients studied within 36
h of hospital admission. No increases in FcRII were seen, but a
striking increase in the number of FcRI was seen both by
binding of 1251 monomeric IgG and 1251 32.2, a MAbdirected
against the PMNhigh-affinity receptor (Table VII). The in-
crease in 1251 monomeric IgG binding was seen on 5/7 patients
tested. In 2/2 patients tested, anti-FcRI binding was increased.
The role of the high-affinity Fc receptor in the upregulation of
the patient PMNis not yet known.

In summary, PMNand monocytes from patients with
acute bacterial infection are upregulated with respect to Fc
receptor-mediated phagocytosis. The total phagocytic capacity
of PMNis enhanced, whereas the rate of ingestion is enhanced
in monocytes of infected patients. This effect does not appear
to be due to differences in the number of opsonic receptors
(FcRII, FcRIII, CR1, or CR3) on PMN; however the number
of FcRI is strikingly increased. A low level of CR3-mediated
ingestion was observed in infected PMNbut these cells were
not activated to phagocytize via CR1. MPOrelease and total
MPOcontent were similar in patient and control PMN. Su-
peroxide anion generation by unstimulated patient PMNwas
low at a time that phagocytosis was markedly greater than that
of normal PMN; it rose to levels over controls as phagocytosis
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decreased toward the normal range. Thus the response to in-
fection in humans is associated with alterations in PMN
phagocytic and oxidative functions. Presumably this marked
upregulation in phagocytic function represents a complex
physiologic response that serves to provide an important addi-
tional measure of host defense.
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