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Abstract We have used the ability of opsonized bacteria
to stimulate luminol-enhanced chemiluminescence (CL) of
human polymorphonuclear leukocytes (PMN) to examine
the opsonic capabilities of commercially available human
intravenous immunoglobulin (IVIG) preparations. The
method was tested against 14 strains of drug-resistant gram-
positive bacteria (including methicillin-resistant Staphylo-
coccus aureus, hetero-vancomycin-resistant S. aureus,
vancomycin-resistant enterococci, penicillin-resistant Strep-
tococcus pneumoniae), and 23 strains of gram-negative
bacteria (including extended-spectrum �-lactamase-
producing bacteria, metallo-�-lactamase-producing bacte-
ria, �-lactamase-negative ampicillin-resistant Haemophilus
influenzae). An Fc-intact IVIG preparation treated with
polyethylene glycol (PEG) was evaluated for opsonization
effectiveness against these bacteria in vitro. The
opsonization of these organisms was enhanced by an
Fc-intact IVIG, and the opsonic activity was dose depen-
dent. A pepsin-treated IVIG preparation exhibited poor
opsonic activity for all bacteria tested. These results suggest
that Fc-intact IVIG, which augments opsonic activity
against various drug-resistant bacteria, will be a useful
addition to the treatment of severe bacterial infections
in immunocompromised patients with impaired serum
opsonic capacity.
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Introduction

Polymorphonuclear leukocytes (PMN)-mediated phagocy-
tosis of bacteria is enhanced by the presence of a pathogen-
specific opsonic antibody and accelerated in the presence of
the complement.1,2 Various intravenous immunoglobulin
preparations (IVIG), commercially available in Japan,
contain opsonic antibodies for many of the gram-positive
and -negative pathogenic bacteria.3,4 Previous reports of
pathogen-specific opsonic activity of IVIG have only evalu-
ated common drug-sensitive bacteria.5–9 In recent years,
multiple drug-resistant bacteria such as methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-resistant
enterococci (VRE), penicillin-resistant Streptococcus
pneumoniae (PRSP), �-lactamase-negative ampicillin-
resistant (BLNAR) Haemophilus influenzae, extended-
spectrum �-lactamase (ESBL)-producing Klebsiella
pneumoniae, and metallo-�-lactamase-producing Pseudo-
monas aeruginosa have emerged as significant pathogens
associated with infections acquired in hospitals and the
community.10–13 Infections attributed to these bacteria con-
tinue to be the primary cause of morbidity and mortality in
immunocompromised patients. Therefore, a comprehen-
sive understanding of the possible causes of infectious com-
plications and predisposing factors involved (as well as a
comprehensive antiinfective strategy including immuno-
supporting therapies) is imperative when treating patients.
In the current study, we elucidated the opsonic antibody
activity against drug-resistant bacteria in two types of IVIG
preparations by using a PMN chemiluminescence (CL)
assay.14–18

Materials and methods

Chemicals and media

Dulbecco’s modified Eagle’s medium (MEM; Nissui Phar-
maceutical, Tokyo, Japan) supplemented with 25mM
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HEPES buffer and l-glutamine (0.3g/l) was used to dilute
blood samples. Luminol purchased from Tokyo Kasei
Kougyo (Tokyo, Japan) was dissolved in phosphate-
buffered saline (PBS) at 20mg/ml.

Immunoglobulin preparations

The intravenous immunoglobulin preparations tested were
Venoglobulin IH (lot no. G192VXA, polyethylene glycol
(PEG)-treated; Mitsubishi Pharma, Osaka, Japan) and
Gamma-Venin P (lot no. 1K192B, pepsin-treated; Aventis
Pharma, Tokyo, Japan). A human serum albumin prepara-
tion (lot no. 6671, Chemical Credential, Aurora, OH, USA)
was used as the control.

Bacteria

The bacteria used were clinical isolates of MRSA, 5 strains;
hetero-vancomycin-resistant S. aureus (hVRSA), 3 strains;
methicillin-sensitive S. aureus (MSSA), 4 strains; VRE, 3
strains (Enterococcus faecium 2, E. faecalis 1); vancomycin-
sensitive enterococci (VSE), 4 strains (E. faecium 2, E.
faecalis 2); PRSP, 4 strains; penicillin-sensitive S.
pneumoniae (PSSP), 3 strains; ESBL-producing bacteria, 8
strains (Escherichia coli 5, Klebsiella pneumoniae 3); drug-
sensitive-bacteria, 6 strains (E. coli 3, K. pneumoniae 3);
metallo-�-lactamase-producing bacteria, 13 strains (K.
pneumoniae 3, Serratia marcescens 3, Pseudomonas
aeruginosa 4, Acinetobacter sp. 3); drug-sensitive bacteria,
10 strains (S. marcescens 3, P. aeruginosa 4, Acinetobacter
sp. 3); nontypeable BLNAR-Haemophilus influenzae, 3
strains; and ampicillin-sensitive H. influenzae, 4 strains
(type b 2, nontypeable 2). These organisms were grown in
broth overnight, and centrifuged twice in PBS. The final
suspensions were adjusted with a nephelometer to a stan-
dard concentration of approximately 1 � 109 colony form-
ing units (cfu)/ml. The strains of S. pneumoniae were grown
overnight on blood agar plates at 37°C, and adjusted in the
same way to a concentration of 1 � 109 cfu/ml in PBS.

Isolation of PMNs

Ten milliliters of freshly drawn heparinized blood (10U/ml)
from healthy human donors was collected in a sterile plastic
tube, mixed with 4.5% dextran solution, and allowed to
stand for 40min. The leukocyte-rich plasma was centrifuged
(using the Ficoll-Hypaque density gradient method) at 400g
for 30min. Erythrocyte lysis was performed using a hypo-
tonic (0.2%) salt solution, and osmolality was restored using
a hypertonic (1.6%) salt solution. The PMN cells were
washed twice with MEM and adjusted to a final concentra-
tion of 1 � 107 cells/ml in MEM. The cell population was
�95% pure and the viability was �98% as determined by
trypan blue exclusion.

Before the study was undertaken, healthy volunteers
were informed about the purpose of the study, and consent
was obtained from each participant.

Measurement of chemiluminescence

For opsonization, 20µl (2 � 107 cfu) of bacteria suspension
was incubated with either 20µl IVIG or albumin (final con-
centration, 0.01–5mg/ml) at 37°C for 15min. One milliliter
PMN suspension (5 � 105 cells) was mixed with 20µl
luminol solution. After preincubation at 37°C for 10min,
40µl (2 � 107 cfu) of opsonized bacteria suspension was
added to the PMN mixture, and the CL was continuously
measured for 20min with a six-channel Biolumat device
(LB 9505; Berthold, Bad Wildbad, Germany). The final
ratio of bacteria to PMN was 40 :1. The opsonic-index (OI)
was calculated with the following equation:18

OI

PMN-CL induced by bacteria opsonized with IVIG
PMN-CL induced by bacteria opsonized with albumin

 � 

Statistical analysis

Each experiment was performed in duplicate and shows the
mean � SD of six experiments. The statistical significance
of the differences between results was calculated by
Student’s t test. A P value of 0.05 was considered significant.

Results

Figure 1 shows that PRSP opsonized with PEG-treated (Fc-
intact) IVIG resulted in a statistically significant increase in
PMN-CL for experiments tested from 0.1 to 5mg/ml (rate
of increase, 1.6 to 6.7 fold; P � 0.01). A significant enhance-
ment was also noted for PMN-CL following exposure to
ESBL-producing K. pneumoniae opsonized with PEG-
treated IVIG (rate of increase, 2.6 to 10.4 fold; P � 0.01).
These opsonic activities of PEG-treated IVIG were dose
dependent. In contrast, each opsonized bacteria with
pepsin-treated IVIG or albumin did not augment PMN-CL
in experiments tested from 0.01 to 5mg/ml (data not
shown). Figure 2 shows the opsonic indices of PEG-treated
IVIG at 1mg/ml and pepsin-treated IVIG at 1mg/ml
against a strain of MRSA, VRE, metallo-�-lactamase-
producing S. marcescens, and ESBL-producing K.
pneumoniae. The opsonization of these organisms was in-
creased by PEG-treated IVIG (P � 0.01). Pepsin-treated
IVIG against all bacteria tested exhibited poor activity for
this method. Albumin also had no significant effect on
PMN-CL associated with phagocytosis of bacteria.

Table 1 shows various drug-resistant gram-positive bac-
teria opsonized with 1mg/ml PEG-treated IVIG producing
a statistically significant increase in PMN-CL. The mean
values of the opsonic indices were 3.8–9.4 for MRSA, 3.2–
6.1 for hVRSA, 8.3–11.2 for VRE, and 1.8–5.7 for PRSP.
Table 1 also shows that the opsonic indices against drug-
sensitive gram-positive bacteria had similar results to those
for each drug-resistant bacterium. Table 2 summarizes the
mean values of opsonic indices in 1mg/ml PEG-treated
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Fig. 1. Chemiluminescence (CL) of polymorphonuclear leukocytes
(PMN) stimulated by penicillin-resistant Streptococcus pneumoniae
(PRSP) and extended-spectrum �-lactamasc (ESBL)-producing
Klebsiella pneumoniae opsonized with PEG-treated intravenous im-
munoglobulin (IVIG). Data are shown as means and SD (n � 6).
Significant differences (**P � 0.01) from the values in the absence of
IVIG (control, phosphate-buffered saline PBS)

Fig. 2. Comparative opsonic activity of PEG-treated and pepsin-
treated IVIG against drug-resistant bacteria. Opsonic index (OI) was
determined as described in Materials and methods. Data are shown as
means and SD (n � 6). Significant differences (**P � 0.01) from the
values in albumin (control). MRSA, methicillin-resistant Staphylococ-
cus aureus; VRE, vancomycin-resistant enterococci

Table 1. Opsonic index values in polyethylene glycol (PEG)-treated
intravenous immunoglobulin (IVIG) preparations for gram-positive
bacteria

Drug-resistant bacteria Opsonic  indices

MRSA-1 3.8 � 0.9
MRSA-2 4.2 � 0.8
MRSA-3 7.9 � 1.2
MRSA-4 9.4 � 1.5
MRSA-5 4.0 � 1.0
hVRSA-1 6.1 � 0.9
hVRSA-2 5.4 � 1.0
hVRSA-3 3.2 � 0.7
VRE (E. faecium)-1 9.1 � 1.3
VRE (E. faecium)-2 8.3 � 1.4
VRE (E. faecalis)-1 11.2 � 2.2
PRSP-1 5.7 � 1.0
PRSP-2 1.8 � 0.3
PRSP-3 3.0 � 0.6

Drug-sensitive bacteria Opsonic  indices

S. aureus 209P 7.1 � 1.0
MSSA-1 7.3 � 1.3
MSSA-2 6.2 � 0.9
MSSA-3 4.7 � 0.9
Enterococcus faecium-1 10.3 � 2.1
E. faecium-2 6.8 � 1.3
E. faecalis-1 9.2 � 1.6
E. faecalis-2 11.3 � 1.9
PSSP-1 4.4 � 0.9
PSSP-2 5.2 � 0.9
PSSP-3 1.3 � 0.4
PSSP-4 7.2 � 1.7

Data are means � SD (n � 6)
MRSA, methicillin-resistant Staphylococcus aureus; h VRSA, hetero-
vancomycin-resistant S. aureus; VRE, vancomycin-resistant
enterococci; PRSP, penicillin-resistant Streptococcus pneumomiae;
MSSA, methicillin-sensitive S. aureus; PSSP, penicillin-sensitive Strep-
tococcus pneumoniae

IVIG against various gram-negative bacteria. The mean
values of the opsonic indices were 2.6–4.4 for BLNAR-H.
influenzae, 2.5–7.2 for ESBL-producing E. coli, 4.7–10.9
for ESBL-producing K. pneumoniae and metallo-�-
lactamase-producing bacteria (1.8–6.0 for Pseudomonas
aeruginosa, 1.8–2.2 for Acinetobacter sp., 6.2–7.7 for S.
marcescens, 3.2–5.4 for K. pneumoniae). The higher opsonic
activities were observed for VRE, whereas opsonic
activities for metallo-�-lactamase-producing Acinetobacter
sp. were generally lower than those seen in the other
bacteria. Similar results were obtained when the stimulus
was drug-sensitive bacteria.

Discussion

Bacterial adaptation to antibiotics has been very successful,
and over the past decade the increase in antibiotic resis-
tance has generated many medical problems.10–13 Resistance
to antibiotics can be defined genotypically, phenotypically,
and clinically through pharmacokinetic/pharmacodynamic
studies and their correlation with clinical outcomes.19 Resis-
tance has been clearly demonstrated in bacteremia includ-
ing community- and hospital-acquired infection, bacteremia
caused by drug-resistant bacteria such as PRSP, as well
as MRSA and ESBL-producing gram-negative bacteria.
Significant mortality increases have also been observed with
ventilator-associated pneumonia and serious infections re-
quiring admission to intensive care.19 Mortality rates for
nosocomial bacteremic episodes in immunocompromised
patients have remained unchanged, suggesting the limited
impact of antibiotic therapy. To reduce mortality and
morbidity in these patients, it is thought that enhancement
of their defense mechanisms in addition to antimicrobial
chemotherapy is required.
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Methods available at present for enhancement of
defense mechanisms in cases of neutropenia include
administration of recombinant human granulocyte colony-
stimulating factor (rhG-CSF), vaccination against pneumo-
cocci, and administration of immunoglobulins to replenish
the opsonin factor or the neutralizing antibodies for bacte-
rial toxins. IVIG preparations are prepared from pooled
human plasma by various fractionation procedures and
modified to obtain a preparation suitable for intravenous
use. Standard preparations contain predominantly immu-
noglobulin (IgG) antibodies. IgG is the only immuno-

globulin class that can directly promote phagocytosis by
interacting with Fc receptors on the phagocyte membrane,
either alone or in the presence of C3b.20 In the present
study, we have used the ability of opsonized bacteria to
stimulate luminol-enhanced CL of human PMN to examine
the opsonic capabilities of IVIG for ten drug-resistant bac-
terial pathogens. Using this method, the opsonic activity of
IVIG was evaluated by measuring the resulting CL emitted
from phagocytosis of bacteria (opsonized with IVIG using
different methods of treatment) by PMN isolated from
healthy human volunteers.14–18 The addition of bacteria
alone to the PMN suspension resulted in little CL emission.
However, Fc-intact IVIG augmented the opsonization of
all organisms tested. These results suggest that the PEG-
treated IVIG contained antibodies that specifically bind to
the tested drug-resistant bacteria, and that the concentra-
tion of antibodies varied among the different samples. The
results also suggest that bacteria bound to PMN via the
Fc portion of IVIG were responsible for the CL emission
during phagocytosis.

In previous studies, Fc-intact IVIG preparations other
than PEG-treated IVIG also exerted similar opsonic effects
against various drug-sensitive bacteria.14–17,21 These opsonic
activities varied among bacterial species and strains when
evaluated with all phagocytosis assays and CL assays.14–17,22,23

However none of the previous studies investigated drug-
resistant bacteria. The present study was the first such at-
tempt. It is noteworthy that the Fc-intact IVIG used in this
study exerted high opsonic activity against enterococci in-
cluding VRE while its opsonic activity tended to be lower
against Acinetobacter sp. Differences in IVIG opsonic
activity with respect to different species of drug-resistant
bacteria or different strains of a given bacterial species
are probably attributable to differences in the amount of
specific antibody contained in the IVIG preparation corre-
sponding to the bacterial species or strain, although we
cannot say anything definite at present. This limitation is
because our method measures opsonic activity using active
oxygen production from PMN, which accompanies phago-
cytosis, as an indicator, and phagocytosis is a complex
phenomenon involving many factors such as phagocyte
receptors, antibody concentration,3,14 isotype, subclass,
idiotype, heterogeneity, and affinity, and the surface fea-
tures of bacteria in a complicated manner.22,23

Observed differences in opsonic activity among different
strains of the same bacterial species are possibly explained
by differences in binding with specific antibodies something
like the presence of diverse serological types. On the other
hand, the pepsin-treated IVIG (Fc removed) was inactive
when assayed in the absence of serum. It is thought that the
lack of a Fc portion makes it impossible for bacteria to bind
to the Fc receptors on the PMN cell membrane, resulting in
the inability of the cell to perform phagocytosis, even
though the bacteria can bind via F(ab�)2 to the specific
antibody contained in the preparation. Related to this bind-
ing pathway, it has been reported that in the presence of
serum, the pepsin-treated IVIG also binds via F(ab�)2 to
bacteria, resulting in activation of a complement alternative
pathway and stimulation of opsonization mediated by the

Table 2. Opsonic index values in PEG-treated IVIG for gram-negative
bacteria

Drug-resistant bacteria Opsonic indices

Haemophilus influenzae (BLNAR)-1 4.4 � 0.9
H. influenzae (BLNAR)-2 4.1 � 0.8
H. influenzae (BLNAR)-3 2.6 � 0.5
ESBL-producing

Escherichia coli-1 3.2 � 0.9
E. coli-2 5.8 � 1.2
E. coli-3 2.5 � 0.4
E. coli-4 2.9 � 0.6
E. coli-5 7.2 � 1.3
Klebsiella pneumoniae-1 10.9 � 1.9
K. pneumoniae-2 7.2 � 1.5
K. pneumoniae-3 4.7 � 0.8

Metallo-�-lactamase-producing
Pseudomonas aeruginosa-1 1.8 � 0.3
P. aeruginosa-2 6.0 � 1.3
P. aeruginosa-3 2.3 � 0.5
P. aeruginosa-4 2.4 � 0.5
Acinetobacter sp.-1 1.8 � 0.3
Acinetobacter sp.-2 2.2 � 0.4
Serratia marcessens-1 7.7 � 1.7
S. marcessens-2 7.0 � 1.2
S. marcessens-3 6.2 � 0.9
K. pneumoniae-1 5.4 � 0.8
K. pneumoniae-2 5.2 � 1.0
K. pneumoniae-3 3.2 � 0.9

Drug-sensitive bacteria Opsonic indices

H. influenzae (NT)-1 5.4 � 1.1
H. influenzae (NT)-2 3.6 � 0.9
H. influenzae (NT)-3 2.3 � 0.5
H. influenzae (type b)-1 3.9 � 1.0
H. influenzae (type b)-2 2.3 � 0.4
E. coli-1 3.5 � 0.8
E. coli-2 7.4 � 1.2
E. coli-3 5.0 � 1.1
K. pneumoniae-1 4.5 � 0.8
K. pneumoniae-2 7.7 � 1.5
K. pneumoniae-3 3.6 � 0.9
Pseudomonas aeruginosa-1 3.3 � 0.7
P. aeruginosa-2 4.2 � 0.8
P. aeruginosa-3 1.9 � 0.4
P. aeruginosa-4 5.4 � 1.0
Acinetobacter sp.-1 1.6 � 0.3
Acinetobacter sp.-2 1.8 � 0.3
Acinetobacter sp.-3 1.8 � 0.4
S. marcessens-1 3.0 � 0.8
S. marcessens-2 2.2 � 0.5
S. marcessens-3 8.6 � 1.0

Data are means � SD (n � 6)
BLNAR, �-lactamase-negative ampicillin-resistant; ESBL, extended-
spectrum �-lactamase; NT, nontypeable
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C3b receptors on the PMN cell membrane.24 However, in
patients with reduced complement levels, opsonization
mediated by activation of this alternative pathway seems
unlikely.21,25 Therefore, if IVIG is to be used to enhance the
opsonic effect, it seems advisable to use Fc-intact IVIG.

As discussed, Fc-intact IVIG was found to have an op-
sonic activity against a wide range of drug-resistant bacte-
ria, suggesting that Fc-intact IVIG therapy may provide a
concomitant therapy for cases of severe or intractable
infection with drug-resistant bacteria that do not respond
satisfactorily to appropriately designed antibacterial drug
therapy. The PMN-CL assay developed in this study, which
assesses biological activity of immunoglobulins, is also use-
ful in comparing preparations, and may help to establish
appropriate dose and dosing frequency for IVIG replace-
ment therapy.
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