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Group B Streptococcus (GBS) is a major cause of newborn sepsis and meningitis and induces systemic release
of tumor necrosis factor alpha (TNF-�), believed to play a role in morbidity and mortality. While previous
studies have shown that GBS can induce TNF-� release from monocytes and macrophages, little is known
about the potential modulating effect of plasma or serum on GBS-induced TNF-� release, and there are
conflicting reports as to the host receptors involved. In a human whole-blood assay system, GBS type III
COH-1 potently induced substantial monocyte TNF-� release in adult peripheral blood and, due to a higher
concentration of monocytes, 10-fold-greater TNF-� release in newborn cord blood. Remarkably, GBS-induced
TNF-� release from human monocytes was enhanced �1,000-fold by heat-labile serum components. Experi-
ments employing C2-, C3-, or C7-depleted serum demonstrated that C3 activation via the alternative pathway
is crucial for potent GBS-induced TNF-� release. Accordingly, whole blood from C3-deficient mice demon-
strated significantly reduced GBS-induced TNF-� release. Preincubation with human serum enhanced the
TNF-�-inducing activity of GBS in a C3- and factor B-dependent manner, implying deposition of complement
components via the alternative pathway. GBS-induced TNF-� release was inhibited by monoclonal antibodies
directed against each of the components of CR3 and CR4: the common integrin � subunit CD18 and the �
subunits CD11b (of CR3) and CD11c (of CR4). Blood derived from CR3 (CD11b/CD18)-deficient mice
demonstrated a markedly diminished TNF-� response to GBS. We conclude that the ability of plasma and
serum to greatly amplify GBS-induced TNF-� release reflects the activity of the alternative complement
pathway that deposits fragments on GBS and thereby enhances CR3- and CR4-mediated monocyte activation.

Group B Streptococcus (Streptococcus agalactiae, or GBS) is
a major cause of neonatal sepsis and meningitis leading to
significant morbidity and mortality (39). GBS also infects preg-
nant and parturient women and is a growing cause of infections
in nonpregnant adults with underlying chronic illness (18).
Both acquired and innate immunity are important to host
defense against GBS. The role of antibody in facilitating op-
sonophagocytosis is well described (28). In addition, the com-
plement system contributes to opsonophagocytosis of GBS in
both the presence and the absence of specific antibodies (5,
50). However, the role of complement activation with respect
to GBS-induced cytokine release has not been defined. Innate
immune responses of newborns to GBS infection are also be-
lieved to include receptor-mediated recognition of this patho-
gen by host leukocytes, resulting in the release of inflammatory
mediators, including tumor necrosis factor alpha (TNF-�), into
the systemic circulation (30).

Several lines of evidence suggest that GBS-induced TNF-�
release is relevant to the pathophysiology of neonatal sepsis.
Isolates of GBS that cause sepsis in human newborns have a
relatively high inflammatory potential as reflected by enhanced
induction of cytokines, including TNF-�, in vitro (6). More-
over, human newborns infected with GBS have been shown to

release TNF-� into the systemic circulation (51). In a rat
model of GBS infection, TNF-� release was greater in new-
born than in adult rats, the extent of TNF-� release correlated
with mortality, and an antibody to TNF-� was protective
against early death (43). Despite the growing appreciation of
the importance of GBS-induced TNF-� release to the patho-
physiology of infection, the mechanisms by which this agent of
neonatal bacteremia induces TNF-� release in whole blood
have not yet been defined.

Human plasma and serum greatly potentiate the inflamma-
tory activity of gram-negative bacteria via lipopolysaccharide
(LPS)-binding protein-mediated delivery of LPS to the mono-
cyte LPS receptor complex (CD14/MD2/TLR4) (45). Less is
known of the mechanisms by which soluble host components
might amplify responses to gram-positive bacteria. Studies of
monocytes in culture have demonstrated that heat-labile fac-
tors in serum potentiate the ability of gram-positive bacteria to
induce cytokine release (15, 24). Addition of fibronectin (34)
or LPS-binding protein (32) to cell culture media can modestly
enhance GBS-induced TNF-� release from monocytes. How-
ever, the extent to which either of these factors may account
for the enhancing effect of human serum and whether these
mechanisms are operative in whole blood are unknown.

GBS is thought to induce TNF-� synthesis via engagement
of leukocyte innate immune receptors and subsequent intra-
cellular signaling, resulting in activation of the transcription
factors NF-�B and activator protein 1 (48). Several innate

* Corresponding author. Mailing address: Channing Laboratory,
181 Longwood Ave., Boston, MA 02115. Phone: (617) 525-0350. Fax:
(617) 731-1541. E-mail: olevy@rics.bwh.harvard.edu.

6344



immune receptors are candidates for host cell recognition of
GBS, but the literature in support of a role for one or another
innate immune receptor has been conflicting. In addition, to
our knowledge, none of these studies have addressed the po-
tential role of plasma or serum in modulating GBS-induced
inflammatory responses.

CD14 is a glycosylphosphatidylinositol-linked surface recep-
tor expressed abundantly on monocytes that has affinity for
certain microbial surface components, including LPS, pepti-
doglycan, and lipoteichoic acids (37, 45). CD14 functions as a
coreceptor with other pattern recognition receptors such as
Toll-like receptors (TLRs) for a number of microbial products.
Some studies of GBS activation of monocytes in vitro sug-
gested a role for CD14 in triggering the release of TNF-� in
response to whole GBS particles (32) or GBS-derived cell wall
components (16), whereas others have suggested that CD14 is
not required for cell activation by gram-positive bacteria, in-
cluding GBS (7, 14).

The TLRs are another family of receptors that may be in-
volved in responses to GBS (1, 25, 33). Although TLR2 is
involved in the detection of gram-positive bacterial cell wall
components (e.g., lipoteichoic acid and peptidoglycan) (40) as
well as whole gram-positive bacteria such as Listeria monocy-
togenes (20) and Staphylococcus aureus (46), it does not appear
to be involved in activation of monocytes by whole heat-killed
GBS (20). However, GBS apparently elaborates a heat-labile
soluble factor capable of activating monocytes in a TLR2- and
CD14-dependent fashion (23). Thus, TLR2 may participate in
host recognition of GBS in vivo.

Among the receptors proposed to contribute to inflamma-
tory signaling by GBS are the leukocyte �-integrins. �-Inte-
grins are heterodimeric surface receptors that bind microbe-
and host-derived ligands and contribute to both phagocytosis
of microbial particles and microbe-induced leukocyte signaling
(17). The C-terminal lectin domain of CR3 can bind directly to
microbial surface constituents including LPS, mycobacterial
polysaccharides, and fungal �-glucan (52). Another mecha-
nism by which integrin receptors can bind microbial particles
occurs when microbes are opsonized by complement, in par-
ticular the opsonic fragment C3bi, and subsequently bind to
the A (or I) domain of CD11b/CD18 (CR3). In addition to
CR3, monocytes also express CR4 (CD11c/CD18), an integrin
receptor that binds many of the same ligands as CR3 does.
Overall, little is known of the potential role of CR4 in bacterial
activation of host cells.

Several studies have suggested a role for CD11b/CD18 in
mediating cytokine induction in cultured cells in response to
heat-killed GBS in vitro (15, 16, 32). However, more recent
studies have suggested that TLRs (and CD14) may be central
to GBS-induced activation and that CR3, although important
for phagocytosis of GBS, does not contribute to GBS-induced
cytokine release (22, 23). Among studies that support a role for
CR3 in GBS-induced cytokine release, some employing serum-
free conditions demonstrate lectin-like interactions between
GBS and CR3 (2) that can trigger cytokine release (3). Such
studies raise the possibility that host-derived soluble extracel-
lular components do not play a role in the activation of mono-
cytes by GBS. To our knowledge, however, none of these
studies have directly addressed the potential role of plasma or
serum in modulating GBS-induced TNF-� release.

The immature immune system of newborns manifests im-
paired production and priming of neutrophils, relatively lower
complement activity, decreased production of antibodies, and
a high percentage of naïve T lymphocytes (38). Studies com-
paring the relative capacities of adult and newborn peripheral
blood mononuclear cells (PBMCs) or adherent monocytes to
mount cytokine responses to microbes or their surface compo-
nents have yielded conflicting results (7, 51). As GBS is an
important cause of neonatal bacteremia (39) and because
TNF-� released upon bloodstream infection with GBS appears
to play a significant role in clinical outcomes of GBS infection
(6, 43, 51), we sought to define host determinants of TNF-�
induction in newborn and adult whole blood and from blood-
derived monocytes. We have found that both newborn and
adult plasma or serum dramatically enhance GBS-induced
TNF-� release from human monocytes. Studies employing hu-
man serum depleted of specific complement components and
mice deficient in complement component C3 demonstrated the
critical role of the alternative complement pathway in such
potentiation. Experiments employing neutralizing monoclonal
antibodies (MAbs) and mice deficient in complement receptor
CR3 demonstrated the importance of CR3 and CR4. These
studies provide evidence that the alternative complement path-
way accounts for the ability of plasma and serum to markedly
enhance the inflammatory activity of GBS via deposition of
complement fragments and subsequent activation of mono-
cytes via CR3 and CR4.

MATERIALS AND METHODS

Bacterial strains. The clinical isolate GBS type III COH-1 was stored as
frozen stocks (�80°C). Prior to each experiment, GBS was cultured overnight on
5% sheep’s blood agar (tryptic soy agar II; BBL Becton Dickinson). Three
colonies were picked, subcultured in 10 ml of Todd-Hewitt broth (Difco), and
grown to mid-exponential phase (A650 of �0.25). Bacteria were collected by
centrifugation and resuspended to the desired concentration in minimal essential
medium (MEM; Gibco BRL) immediately prior to assay. To prepare heat-killed
(HK) bacteria, subcultures were washed twice in sterile, pyrogen-free saline,
resuspended in saline, and incubated at 80°C for 60 min. Lack of viability of HK
bacteria was verified by subculture. The HK bacteria were washed twice with
sterile saline before storage at �80°C.

Blood. Peripheral blood was collected from adult volunteers (mean age, 27
years), and newborn cord blood (mean gestational age, 39 weeks) was collected
from placentas immediately after cesarean section delivery. Those births at which
antibiotics were administered during labor and/or delivery were excluded. Blood
was anticoagulated with 129 mM sodium citrate (Becton Dickinson, Franklin
Lakes, N.J.) or with a recombinant form of the thrombin-inactivating peptide
hirudin (HV1 peptide; Calbiochem) used at a final concentration of 50 U/ml. For
some experiments, 2 ml of blood was also collected into sterile tubes containing
K2-EDTA (Vacutainer; Becton Dickinson) in order to obtain an automated total
white blood cell count and differential (Technion H3 RTX automated cell
counter; Miles, Tarrytown, N.Y.). All blood collections were in accordance with
protocols approved by the Brigham and Women’s Hospital Institutional Review
Board.

Murine peripheral blood was derived from tail bleeds of age (�7 weeks)- and
sex (male)-matched control C57BL/6 mice or from C3-deficient (C3�/�) mice,
whose derivation has been previously described (50). For analysis of CR3-defi-
cient mice, whose derivation was previously described (9), mice were sedated by
intraperitoneal injection of ketamine and xylazine and subsequently bled via
intracardiac puncture. Mouse blood was collected into sterile tubes containing
129 mM citrate buffer and kept on ice before use in the GBS-induced TNF-�
release assay. Absence of C3 in the blood of C3-deficient mice was verified by
serum enzyme-linked immunosorbent assay (ELISA). Handling and bleeding of
mice were in accordance with the guidelines of the Harvard Medical Area
Standing Committee on Animals.

Bacterial growth assay. Survival and growth of GBS strains in whole blood
were measured in a 100-�l microassay format: 60 �l of blood, 5 to 25 �l of
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antibody (for experiments in which blocking MAbs were added), MEM (as
needed to maintain constant volumes), and 10 �l of bacteria, added last. Bacteria
were added to a final concentration of 102 to 105 bacteria per ml. Tubes were
incubated at 37°C with end-over-end mixing for 5 h. At the indicated times (15,
60, 180, or 300 min), 10 �l of a sample inoculated with 104 bacteria/ml (or 10 �l
of the sample diluted 100-fold in MEM) was plated onto blood agar plates and
grown overnight before quantitation of CFU.

Monocyte isolation. Heparinized blood was layered onto Ficoll-Hypaque gra-
dients, the PBMC layer was collected, and the PBMC fraction was subjected to
hypotonic lysis to remove red blood cells. For studies of monocytes in suspension,
monocytes were isolated from PBMCs by using magnetic microbeads coupled to
an anti-CD14 MAb according to the instructions of the manufacturer (Miltenyi
Biotec). Monocyte suspensions were prepared in 10% autologous serum–MEM
prior to addition of HK-GBS. For experiments employing adherent monocytes,
PBMCs were incubated in 24-well plates, and monocytes were allowed to adhere
during a 1-h incubation at 37°C. Nonadherent cells were removed by two washes
with MEM. To measure the number of monocytes per well, monocytes were
incubated with trypsin-EDTA for 5 min and then scraped off with the plunger of
a tuberculin syringe. Monocyte viability was monitored by trypan blue exclusion.

Measurement of TNF-�. After incubation of GBS in blood or with isolated
monocytes for 5 h (as described above), samples were diluted with 4 volumes of
ice-cold RPMI medium (Gibco BRL) and centrifuged at 1,000 � g at 4°C for 5
min. The extracellular medium was recovered and stored at �20°C. Human and
murine TNF-� was assayed by ELISA according to the instructions of the
manufacturer (R & D Systems, Minneapolis, Minn.). For analysis of TNF-�
release in experiments employing sera depleted of specific complement compo-
nents or in the presence of blocking antibodies (see below), TNF-� release was
expressed as a percentage, relative to the bacterial dose-response curve, of that
found under normal conditions (i.e., repleted sera or in the absence of added
antibody, respectively).

Flow cytometry of intracellular TNF-�. HK-GBS was added to citrated blood
at a final concentration of 2.5 � 106 to 5.0 � 106 bacteria/ml. In some experi-
ments, 10 �g of brefeldin A (Sigma)/ml was added to the blood before the
bacteria in order to inhibit TNF-� secretion. Blood samples were incubated at
37°C with end-over-end rotation for 4 h. For samples in which surface expression
of CD14 was to be measured, phycoerythrin- or fluorescein isothiocyanate-
conjugated CD14 MAb (eBiosciences, San Diego, Calif.) was added, and samples
were incubated at room temperature for 30 min. After red blood cell lysis with
1� FACSLyse solution (BD Biosciences) and permeabilization with 1� FAC-
SPerm Solution (BD Biosciences), samples were washed with 1� phosphate-
buffered saline (PBS)–0.5% human serum albumin. To determine which blood
leukocytes synthesize TNF-� in response to GBS, cells were stained for intra-
cellular TNF-� according to the protocol of the manufacturer (Becton Dickinson
Immunocytometry Systems). TNF-� was stained with a phycoerythrin-conju-
gated TNF-� MAb with murine immunoglobulin G1 (IgG1) as control. Flow
cytometry was performed using a MoFlo cytometer with a 488-nm laser. Data
were analyzed with Summit version 7.19 software (Cytomation, Inc.).

Of note, the relative concentrations of leukocyte populations in blood vary
between donors, necessitating a correction for their relative abundance. In ad-
dition, flow cytometry provides both the percentage of a leukocyte population
that is positive (e.g., the percentage of neutrophils that are TNF-� positive) and
the mean fluorescence intensity (MFI) as a measure of the relative signal inten-
sity of the positive cells (e.g., the quantity of TNF-� per positive neutrophil).
Thus, the relative contribution of neutrophils, for example, to GBS-induced
TNF-� release should be proportional to the percentage of total leukocytes that
are neutrophils, the percentage of neutrophils that are positive for TNF-�, and
the MFI per neutrophil. A relative contribution product (RCP) of these three
numbers was calculated: for example, RCPneutrophils 	 (% of total leukocytes
that are neutrophils) � (% of neutrophils that are positive) � (MFI of positive
neutrophils/MFI of negative neutrophils). These data were normalized by divid-
ing the RCP for each of the populations (i.e., neutrophils, monocytes, or lym-
phocytes) by RCPtotal (i.e., the RCP for the total leukocyte population was
defined as 100%).

Complement analysis. We evaluated the role of the complement system in
GBS-induced TNF-� release by comparing the activity of autologous serum to
that of heat-treated (56°C for 30 min) autologous serum. C2-, C3-, and C7-
depleted human sera and purified human C2, C3, C7, factor B, and factor D (for
repletion experiments) were obtained from Advanced Research Technologies
(San Diego, Calif.). All complement-depleted sera were tested at a 10% (vol/vol)
final concentration diluted in MEM. For repletion experiments, purified com-
plement components were added back to a final concentration equivalent to that
present in 10% normal serum.

Antibody blocking experiments. To evaluate the contributions of innate im-
mune receptors to GBS-induced TNF-� release, whole-blood assays were per-
formed after preincubation for 1 h with specific neutralizing MAbs. For analysis
of the contribution of CD18, a murine anti-human CD18 IgG1 MAb (7E4;
Beckman Coulter) or, as a control, a murine IgG1 MAb to the unrelated antigen
trinitrophenol (antitrinitrophenol clone 107.3; BD PharMingen) was employed.
The CD11a MAb clone 38 and CD11c MAb BU15 were from Serotec. CD11b
MAbs OKM-1, M1/70 [both Fc and F(ab
)2 fragment], and m60.1, an Fab
fragment of a monoclonal murine IgG directed against a nonlinear epitope of the
A domain of CD11b (49), were generously provided by Michele Mariscalco
(Baylor College of Medicine, Houston, Tex.). CD11b MAb ICRF44 was from
PharMingen. For experiments evaluating the role of TLR2, we employed a
known TLR2 agonist, synthetic bacterial lipopeptide (sBLP) consisting of palmi-
tylated N-acyl-S-diacylglyceryl cysteine (Pam3CysSerLys4; Bachem) and the neu-
tralizing murine IgG1 MAb 2392 to human TLR2 (4) or a murine IgG1 control.
To determine the possible role of CD14 in bacterium-induced TNF-� release, we
employed a neutralizing mouse anti-human CD14 MAb (clone 61D3; eBio-
sciences) and a murine IgG1 isotypic control (clone P3; eBiosciences).

RESULTS

GBS induces TNF-� release from monocytes in whole new-
born or adult blood. To determine the relative abilities of
newborns and adults to mount a rapid inflammatory response
to GBS, we compared GBS-induced TNF-� release in newborn
cord and adult whole blood. The clinical isolate GBS type III
COH-1 (102 to 105 bacteria/ml) was added to citrated newborn
cord blood or adult blood and incubated in vitro for 5 h.
Bacterial viability, measured as CFU, initially declined and
then increased by 3 h in both newborn and adult blood (Fig.
1A). Analysis of the extracellular medium by ELISA at 5 h
demonstrated significant TNF-� release with inocula as low as
104 bacteria/ml (Fig. 1B). Of note, despite similar growth
curves (Fig. 1A), GBS was at least 10-fold more potent in
inducing TNF-� release (per bacterial inoculum) in newborn
than in adult blood (Fig. 1B), which suggests an inherently
greater responsiveness of newborn blood to GBS. The rela-
tively high GBS-induced TNF-� release in neonatal blood was
also noted with blood samples that were anticoagulated with
the thrombin-inhibitory peptide hirudin, indicating that the
marked TNF-� release in neonates was independent of the
means of anticoagulation (data not shown).

Relatively high GBS-induced TNF-� release corresponded
to the newborn cellular (i.e., hemocyte) blood fraction rather
than the humoral (plasma) fraction (unpublished data), sug-
gesting that the robust TNF-� release of newborns is due to
differences between the cellular fractions of newborn and adult
blood. To define which leukocytes are responsible for GBS-
induced TNF-� release in whole blood, intracellular TNF-�
was assayed by flow cytometry as described in Materials and
Methods. This analysis revealed that GBS-induced TNF-� syn-
thesis in whole blood occurred predominantly in monocytes
(Fig. 1C).

Enhanced TNF-� release in newborn blood compared to
that in adult blood could be due to greater cellular reactivity of
neonatal monocytes or to the relatively higher monocyte con-
centration in newborn cord blood. To distinguish these possi-
bilities, we directly compared the abilities of newborn and
adult monocytes, tested at 105 monocytes/ml in 10% autolo-
gous serum, to release TNF-� in response to HK-GBS. HK-
GBS-induced TNF-� releases from neonatal and adult mono-
cytes were indistinguishable (Fig. 1D). In addition, for a subset
of the blood samples analyzed, we measured both automated
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differential white blood cell counts and GBS-induced TNF-�
release, allowing for correction of TNF-� release per blood
monocyte. This analysis indicated that, in whole blood, adult
monocytes release at least as much TNF-� per cell as do
newborn blood monocytes (data not shown). Overall, these
results suggest that the greater GBS-induced TNF-� release in
newborn cord blood (Fig. 1B) is due to the higher concentra-
tion of monocytes in newborn blood.

Human serum markedly enhances the TNF-�-inducing ac-
tivity of GBS. GBS-induced TNF-� release from adult periph-
eral blood- or newborn cord blood-derived hemocytes that
were extensively washed with Hanks balanced salt solution was
dependent on the presence of serum (unpublished data). In
order to determine whether the crucial role of extracellular
components noted with washed hemocytes was also manifest
with isolated monocytes, HK-GBS was added to human mono-
cytes in the presence of MEM, autologous serum, or heat-
treated autologous serum. Remarkably, addition of autologous
serum resulted in an �1,000-fold enhancement (relative to the

bacterial dose curve) of HK-GBS-induced TNF-� release from
both newborn and adult monocytes (Fig. 2). The enhancing
effect of serum was greatly diminished by heat treatment, rais-
ing the possibility that the complement system participates in
this enhancement.

Serum enhancement of GBS-induced TNF-� release from
monocytes depends on the presence of C3, but not C2 or C7.
To evaluate the potential role of complement in serum enhance-
ment of GBS-induced TNF-� release, HK-GBS was added to
human monocytes cultured in autologous serum, heat-treated
autologous serum, or serum depleted of (or repleted with) C2,
C3, or C7. Similar results were obtained with newborn and adult
monocytes, and the results were pooled (Fig. 3). Heat treatment
and depletion of C3, but not of C2 or C7, significantly reduced
HK-GBS-induced TNF-� release. Similar results were obtained
with live GBS (L-GBS) (data not shown). These results implicate
C3 as essential to GBS-induced TNF-� release and suggest that
activation can proceed via the alternative complement pathway
since C2 is not required.

FIG. 1. GBS induces TNF-� release from monocytes in newborn and adult blood. (A) Growth of GBS type III COH-1 added at 104 bacteria/ml
to citrated adult blood (closed symbols) or newborn cord blood (open symbols) and incubated at 37°C. Bacterial growth was assessed by
quantitative culture at the time indicated. (B) Extracellular medium was collected at 5 h, and TNF-� was measured by ELISA. TNF-� release is
plotted relative to input inoculum (102 to 106 bacteria/ml). The total number of subjects studied (n) is indicated in each graph. Data points
represent means � standard errors of the means. P values were calculated for the comparison of TNF-� release in newborn and adult blood (**,
P � 0.01). (C) Analysis of TNF-�-positive leukocytes derived from newborn blood (n 	 2) and adult blood (n 	 2) revealed that monocytes
accounted for the greatest proportion of TNF-� synthesis. Differences between the relative contributions of composite monocytes and composite
neutrophils or lymphocytes were significant (P � 0.001). (D) HK-GBS was added to neonatal or adult monocytes suspended to 105 bacteria/ml in
10% autologous serum. After a 5-h incubation at 37°C, the supernatants were collected for TNF-� measurement.

VOL. 71, 2003 ROLE OF COMPLEMENT IN GBS-INDUCED TNF-� RELEASE 6347



Blood from C3-deficient mice demonstrates reduced TNF-�
release in response to GBS. To verify the role of complement
component C3 in GBS-induced TNF-� release in whole blood,
we compared GBS-induced TNF-� release in whole blood
derived from C3-deficient mice and sex- and age-matched
C57BL/6 controls. In agreement with the important role of C3
in GBS-induced TNF-� release from human monocytes in
culture (Fig. 3), blood derived from C3-deficient mice demon-
strated a marked impairment in GBS-induced TNF-� release
(Fig. 4).

Preincubation of GBS with serum enhances TNF-� induc-
tion in a C3- and factor B-dependent fashion. Complement
activation results in both deposition of opsonic factors onto
bacterial surfaces and generation of soluble inflammatory me-
diators known to induce and/or prime for TNF-� release (i.e.,
the anaphylotoxins C3a and C5a). To distinguish between
these mechanisms, we preincubated HK-GBS for 1 h in me-
dium alone (MEM), MEM supplemented with 10% autolo-
gous serum, 10% C3-deficient serum with or without C3, or
10% factor B-deficient serum with or without factor B (a key
component of the alternative complement pathway). After this
preopsonization, bacteria were washed three times with PBS to
remove unbound components before addition to cultured
monocytes to measure TNF-� release. Data are expressed in
relation to a dose curve of control bacteria that were preincu-

FIG. 2. Heat-labile serum components potentiate GBS-induced
TNF-� release from human monocytes in culture. PBMC-derived
monocytes were cultured in MEM, 10% fresh autologous serum (in
MEM), or 10% heat-treated autologous serum, after which HK-GBS
was added at the indicated concentrations. TNF-� release was mea-
sured by ELISA. Similar results were obtained with newborn cord
blood- and adult peripheral blood-derived monocytes, and data were
pooled. Data represent the means � standard errors of the means of
2 to 22 independent determinations. Differences between serum and
MEM (*, P � 0.05; **, P � 0.01) as well as differences between serum
and heat-treated serum (P � 0.01) were significant.

FIG. 3. Heat treatment or depletion of C3, but not of C2 or C7, reduces the ability of human serum to potentiate GBS-induced TNF-� release
from human monocytes. HK-GBS (106 bacteria/ml) was added to cultured monocytes in the presence of 10% heat-treated autologous serum or
10% C2-, C3-, or C7-depleted heterologous pooled serum. After a 5-h incubation, the extracellular medium was harvested for TNF-� measure-
ment. The data are presented as pairwise comparisons to the “normal” or repleted condition that is normalized to 100% TNF-� release. Similar
results were obtained with newborn and adult monocytes, and the data were pooled (n 	 3 to 9). Differences between normal serum and
heat-treated serum and between C3-depleted and C3-repleted serum were significant (***, P � 0.001).

FIG. 4. Whole blood from mice deficient in complement compo-
nent C3 exhibits reduced GBS-induced TNF-� release. Peripheral
blood of healthy sex- and age-matched control C57BL/6 mice or C3-
deficient mice was incubated with the indicated concentrations of
HK-GBS for 5 h before collection of the extracellular fluid for mea-
surement of murine TNF-� by ELISA. Background TNF-� release in
control (i.e., no GBS) samples was subtracted to obtain GBS-induced
TNF-� release. Data represent the means � standard errors of the
means (n 	 6). Differences between wild-type and C3�/� mice were
significant (P � 0.05).
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bated with medium (MEM) alone, defined as 100% TNF-�
release (Fig. 5). Preincubation of GBS with 10% serum greatly
enhanced its TNF-�-inducing activity, suggesting that serum
components deposited on GBS enhance its inflammatory po-
tential. The potentiating activity of serum was C3 and factor B
dependent, implicating deposition of complement components
through the alternative pathway as a mechanism by which
complement enhances GBS-induced TNF-� release from hu-
man monocytes.

GBS-induced TNF-� release in whole blood is apparently
CD14 and TLR2 independent. In further experiments, we at-
tempted to define the roles of monocyte innate immune re-
ceptors that may be activated upon addition of GBS to blood.
As some studies have suggested a role for CD14 and TLR2 in
host responses to GBS (23), we evaluated the effect of neu-
tralizing antibodies to these innate immune receptors in the
whole-blood assay system. To assess the possible role of CD14
in GBS-induced TNF-� release, whole blood was preincubated
with a neutralizing MAb to human CD14. Although the anti-
body substantially inhibited TNF-� induction by live Esche-
richia coli K1/r (Fig. 6A), it had no effect on TNF-� induction
by L-GBS type III COH-1 (Fig. 6B). To assess the potential
contribution of TLR2 to GBS-induced TNF-� release, we em-
ployed MAb 2392, a neutralizing murine IgG1 against human
TLR2. As a positive control, we tested the ability of this anti-
body to inhibit TNF-� induction by an sBLP known to signal
via TLR2 (4). The TLR2 MAb markedly inhibited sBLP-in-
duced TNF-� release in whole blood (Fig. 6C). However, this
antibody had no effect on L-GBS-induced TNF-� release (Fig.
6D).

GBS-induced TNF-� release is mediated via CR3 (CD11b/
CD18) and CR4 (CD11c/CD18). CD18-containing �-integrins
are known to bind particles that have been opsonized by com-
plement component C3bi (17). To investigate the potential

participation of the leukocyte �2-integrin CD18 in induction of
TNF-� release by GBS, we assessed the effect of a blocking
anti-human CD18 murine IgG1 MAb (clone 7E4; Beckman
Coulter) and isotype control on GBS-induced TNF-� release.
The CD18 MAb exerted a marked dose-dependent inhibitory
effect on GBS-induced TNF-� release, reducing it by as much
as 60% (Fig. 7). Control experiments confirmed that this CD18
MAb did not inhibit bacterial viability and that its inhibitory
activity was also manifest towards HK-GBS-induced TNF-�
release (data not shown), indicating that the inhibitory effect
on GBS-induced TNF-� release is likely to be mediated via
blocking CD18 on host leukocytes.

The �-integrin CD18 is known to heterodimerize with one of
several � chains to form distinct integrin receptors: CD11a/
CD18 (LFA-1), CD11b/CD18 (CR3), or CD11c/CD18 (CR4).
To determine which of these CD18-containing heterodimeric
receptors may participate in GBS-induced TNF-� release, we
tested an array of MAbs directed against CD11a, CD11b, or
CD11c for inhibitory activity in the whole-blood assay (Table
1). Of the antibodies tested, two mediated significant inhibi-
tion. An F(ab
)2 fragment (m60.1) directed against a nonlinear
epitope of the A domain of the �-integrin CD11b (31) resulted
in 22% � 6% inhibition (P � 0.01) of L-GBS-induced TNF-�
release and a 20% � 5% inhibition (P � 0.001) of HK-GBS-
induced TNF-� induction (Table 1). A neutralizing MAb to
human CD11c (clone BU15; Serotec) markedly inhibited both
L-GBS- and HK-GBS-induced TNF-� release (94% � 4% [P
� 0.001] and 71% � 11% [P � 0.01], respectively; Table 1).
The ability of the CD11c antibody to markedly inhibit GBS-
induced TNF-� release was also confirmed with isolated hu-
man monocytes in culture (unpublished data).

To further investigate the importance of CD18-based inte-
grins to GBS-induced TNF-� release in whole blood, we mea-
sured GBS-induced TNF-� release in blood from mice defi-

FIG. 5. TNF-�-inducing activity of GBS is markedly enhanced by preexposure to serum in a C3- and factor B-dependent manner. HK-GBS was
preincubated for 1 h at 37°C in MEM alone (MEM) or MEM supplemented with 10% serum (A), 10% C3-depleted serum with or without
repletion of C3 (B), or 10% factor B-depleted serum with or without repletion of factor B (C). Purified complement components were added to
final concentrations found in 10% serum. After preincubation, bacteria were washed three times with PBS and added to cultured monocytes at
a concentration of 106 or 107 bacteria per ml. After a 5-h incubation, the extracellular medium was harvested for TNF-� measurement. Data are
normalized as percentages of the TNF-�-inducing activity of HK-GBS incubated in MEM alone (defined as 100%) and represent the means �
standard errors of the means. Similar results were obtained with newborn and adult monocytes, and the data were pooled (n 	 6 to 15). Differences
between MEM and 10% serum (P � 0.01), C3-depleted serum and C3-repleted serum (P � 0.05), and factor B-depleted and factor B-repleted
serum (P � 0.05) were significant.
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cient in the complement receptor CR3. CR3-deficient mice
released significantly less TNF-� in response to HK-GBS than
did age- and sex-matched control mice (Fig. 8). Taken together
with the CD18, CD11b, and CD11c antibody blocking results

FIG. 6. Neutralizing MAbs to CD14 and TLR2 inhibit ligand-induced TNF-� release in whole blood but do not inhibit GBS-induced TNF-�
release. The figure shows the effect of preincubation of newborn or adult whole blood (pooled data) with an isotype control antibody or a
neutralizing MAb to CD14 on TNF-� release induced by live E. coli K1/r (A) or GBS type III COH-1 (B). Differences in the effects of the CD14
MAb between E. coli and GBS were significant (n 	 4 to 8; P � 0.01). To evaluate TLR2, newborn or adult blood was preincubated with 150 �g
of an isotype control MAb or the neutralizing TLR2 MAb 2392 per ml, after which the known TLR2 agonist sBLP (C) or L-GBS (D) was added.
Differences in the effects of the TLR2 MAb between sBLP and GBS were significant (n 	 4, P � 0.001).

FIG. 7. A neutralizing CD18 MAb inhibits GBS-induced TNF-�
release. Newborn or adult blood was preincubated for 1 h with either
a control murine IgG1 MAb to an unrelated antigen (antitrinitrophe-
nol) or a neutralizing murine IgG1 MAb to CD18 before addition of
L-GBS type III COH-1 (104 bacteria/ml). TNF-� release was mea-
sured at 5 h by ELISA and is expressed as a percentage of control.
Data represent the means � standard errors of the means (n 	 2 to 4).
Differences between control samples and those containing 225 �g of
CD18 MAb/ml were significant (P � 0.05).

TABLE 1. Effects of MAbs to CD11 on GBS-induced
TNF-� releasea

CD11
molecule MAb clone

% Inhibition (P)

L-GBS HK-GBS

CD11c BU15 94 � 4 (0.00007) 71 � 11 (0.004)

CD11b m60.1 22 � 6 (0.01) 20 � 5 (0.001)
ICRF44 None None
OKM-1 None None
M1/70 (Fc) None None
M1/70 [F(ab
)2] None None

CD11a Clone 38 None None

a MAbs were tested in whole human blood at final concentrations ranging from
�100 to 500 �g/ml. Data represent maximal inhibition of L-GBS- # or HK-GBS-
induced TNF-� release obtained with anti-CD11c clone BU15 and anti-CD11b
m60.1 at 250 �g/ml. For each anti-CD11 MAb evaluated, an isotype control antibody
was tested at an identical concentration and had no inhibitory effect. Experiments
with newborn and adult blood yielded similar results, and the data were pooled.
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described above, these data indicate an important role for
CD11b/CD18 (CR3) and CD11c/CD18 (CR4) in GBS-induced
TNF-� release in whole human and murine blood.

DISCUSSION

Several studies have demonstrated the ability of GBS to
induce cytokine release from monocytes or macrophages cul-
tured in vitro (6, 23, 27, 47). Such studies, often employing
phagocytes cultured in serum-free medium, heat-treated se-
rum, or heterologous serum (e.g., fetal bovine serum with
murine macrophages), have identified candidate host receptors
that may be involved in GBS recognition (2, 23, 32) as well as
intracellular signaling pathways that are subsequently activated
(3, 48). However, to our knowledge, the potential modulatory
effect of plasma or serum on GBS-induced cytokine release has
not been previously addressed. In addition, controversy exists
as to the relevant host receptors involved in GBS-induced
cytokine release. Some studies suggest that lectin-like interac-
tions between GBS and CR3, which occur in the absence of
serum opsonins, are sufficient to mediate cytokine release (3).
Other studies have suggested that TLR- (and CD14-) medi-
ated activation is crucial for GBS-induced cytokine release
(23) and that CR3, although important for opsonophagocyto-
sis, does not contribute to GBS-induced cytokine release (22).

In our study, GBS-induced TNF-� release was measured in
response to both live (Fig. 1B) and HK bacteria added to
whole human blood. In the presence of plasma (i.e., whole
blood) a GBS inoculum of as little as 103 live bacteria per ml
(Fig. 1B) was sufficient to induce detectable TNF-� release.
The potency of GBS-induced TNF-� release was markedly
diminished when blood hemocytes were cultured in the ab-
sence of plasma or serum (i.e., artificial medium [data not
shown]). Accordingly, the ability of GBS to induce TNF-�
release from human monocytes was dramatically amplified by
the presence of autologous serum such that, in the presence of
serum, bacteria were able to induce equivalent amounts of
TNF-� release at �1,000-fold-lower bacterial concentrations

(Fig. 2). Under such conditions (i.e., in the presence of fresh
autologous serum) as few as 104 HK-GBS particles per ml were
capable of inducing detectable TNF-� release (Fig. 2).

The pathway by which human plasma or serum potentiates
the inflammatory activity of whole gram-negative bacteria by
LPS-binding protein-facilitated delivery of LPS to a monocyte
receptor complex containing CD14, TLR4, and MD2 is in-
creasingly well defined (8, 26, 45). However, the mechanism(s)
by which plasma or serum enhances the inflammatory activity
of gram-positive bacteria and the relevant host receptors are
less well established. With respect to GBS, the role of the
complement system in enhancing antibody-mediated op-
sonophagocytosis is well described (5, 50), but the potential
role of complement in GBS-induced cytokine release has not
been addressed. Our study provides strong evidence that com-
plement activation via the alternative pathway largely accounts
for the marked enhancement by human serum of GBS-induced
TNF-� release from human monocytes. Multiple observations
support the central role of the alternative complement path-
way as a central mechanism by which plasma or serum greatly
amplifies GBS-induced TNF-� release: (i) heat treatment
(56°C) eliminated the ability of autologous serum to enhance
GBS-induced TNF-� release from hemocytes (data not shown)
or isolated monocytes (Fig. 2), (ii) depletion of C3 (but not of
C2 or C7) substantially reduced the potentiating effect of se-
rum (Fig. 3), (iii) blood from mice deficient in the soluble
complement component C3 released much less TNF-� in re-
sponse to GBS than did blood from control mice (Fig. 4), (iv)
preincubation of GBS with serum enhanced its ability to in-
duce TNF-� in a C3- and factor B-dependent manner (Fig. 5),
and (v) MAb m60.1, known to bind the CR3 A domain that
mediates interaction with C3bi-coated particles (53), inhibited
GBS-induced TNF-� release in whole blood (Table 1).

Our study implicates CD18, a �2-integrin, as critical for
GBS-induced TNF-� release in human whole blood (Fig. 7).
Using blocking MAbs (Table 1), we identified two integrin �
chains that apparently contribute to such GBS-induced cyto-
kine release: (i) MAb m60.1 (which binds a nonlinear epitope
in the A domain of CD11b) (49) mediated a modest but sig-
nificant inhibition of GBS-induced TNF-� release in whole
blood and (ii) a MAb to CD11c mediated a marked inhibition.
The marked inhibition mediated by the anti-CD11c MAb (Ta-
ble 1) demonstrates the importance of CR4 to the recognition
of GBS and is of particular interest as the roles of CR4 in
innate immunity are not as well defined as those of CR3. Mice
deficient in the receptor CR3, and which express little CR4 as
well (9), demonstrated markedly diminished GBS-induced
TNF-� release (Fig. 8). Taken together, these data support
important roles for both CR3 (CD11b/CD18) and CR4
(CD11c/CD18) in mediating GBS-induced TNF-� release in
whole human blood.

Overall, our data implicate the deposition, via the alterna-
tive pathway, of complement components onto the GBS sur-
face and consequent CR3- and CR4-mediated activation as a
central mechanism by which plasma or serum potentiates
GBS-induced TNF-� release from human monocytes in cul-
ture and in whole blood. Of note, the ability of GBS to activate
the human complement system has been demonstrated in vitro
(11, 12) and measured in vivo in infected human newborns
(19). It has been shown that, upon exposure to human serum,

FIG. 8. Blood derived from mice deficient in the complement re-
ceptor CR3 demonstrates markedly reduced GBS-induced TNF-� re-
lease. Blood from CR3-deficient or age- and sex-matched control C57/
129 mice was incubated with HK-GBS at 107 or 108 bacteria/ml before
measurement of TNF-� by ELISA. Data represent the means � stan-
dard errors of the means (n 	 4 to 6). Differences between CR3-
deficient and control mice were significant (P � 0.05, Fisher’s exact
test).
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the C3-derived fragments C3b and C3bi are deposited on the
surface of GBS type III COH-1 (11). However, these prior
studies of GBS-induced complement activation have not ad-
dressed its impact on GBS-induced cytokine release. As both
CR3 and CR4 are known to bind C3bi (17), such deposition
provides a mechanism by which complement can enhance
CR3- and CR4-mediated cell activation. Importantly, engage-
ment of integrins can trigger signaling cascades culminating in
activation of activator protein 1 (21), a transcription factor
known to participate in GBS-induced TNF-� release (48).

The present study did not find evidence for a contribution by
CD14 to GBS-induced TNF-� release in whole blood (Fig. 6).
Although CD14 can contribute to monocyte detection of a
number of gram-positive bacterial cell wall products in isolated
form (e.g., peptidoglycan and lipoteichoic acid) (37), signaling
by both L-GBS (Fig. 6) and HK-GBS (unpublished data) was
apparently CD14 independent. Some other studies have also
found that CD14 is not necessary for signaling by whole gram-
positive bacteria (7, 14).

Henneke and coworkers recently reported that whole GBS
cells activate murine macrophages in a MyD88-dependent
fashion (23), suggesting the participation of an as-yet-uniden-
tified TLR and/or activation of pathways that induce secretion
of autocrine factors (e.g., interleukin-1 or interleukin-18) that
could signal through MyD88. A heat-labile soluble factor re-
leased from GBS has been shown to signal via TLR2-TLR6
along with the CD14 coreceptor (23). In our study, preincuba-
tion of whole blood with neutralizing CD14 or TLR2 MAbs
blocked TNF-� induction by the known corresponding agonists
(E. coli and sBLP, respectively) but not by L-GBS (Fig. 6).
These results suggest that any soluble GBS-derived TLR2 ago-
nists bind epitopes on CD14 and/or TLR2 distinct from those
that recognize LPS or sBLP, respectively, or that the relative
contribution of the GBS soluble factor is minor under our
assay conditions (i.e., live, proliferating bacteria in whole hu-
man blood). Similarly, our results are apparently contradictory
to an in vitro study of thioglycolate-induced peritoneal macro-
phages from CD11b-deficient mice employing fetal bovine se-
rum that demonstrated nearly normal TNF-� responses to
HK-GBS, leading the authors to conclude that CD11b (and
therefore CR3) does not contribute to GBS-induced TNF-�
release (22). However, these results are not directly compara-
ble to ours in that (i) our murine studies focused on GBS-
induced TNF-� release in fresh, whole peripheral blood and
(ii) our studies of GBS-induced TNF-� release both in whole
human blood and with isolated human monocytes were per-
formed in the presence of fresh autologous plasma or serum.

It is important to note that the participation of CR3 and
CR4 in GBS-induced TNF-� release does not exclude a con-
tribution by TLRs to this process. Although our data demon-
strate that CD18-based �-integrins, specifically CR3 and CR4,
are necessary for GBS-induced TNF-� release, they may not
be sufficient. Additional signals may be required for TNF-�
induction, such as integrin receptor clustering, endogenous or
exogenous (i.e., microbial) coactivating signals, or cooperation
with another receptor type (17). Of note, integrins can form
signaling complexes that incorporate diverse receptors (36,
44), including TLRs and their signaling intermediates (42). For
example, CR3 acts in concert with TLR4 to elicit full LPS-
inducible gene expression from murine macrophages (35). As

some TLRs can function intracellularly (46), it is also possible
that blocking of opsonophagocytosis by neutralizing CR3-CR4
prevents whole GBS particles from engaging their putative
TLR (23) within the cell.

Although human newborns are known to have relatively
lower levels of complement components (38), neonatal levels
of alternative pathway components are apparently sufficient for
effective amplification of GBS-induced TNF-� release as evi-
denced by the marked TNF-� release from neonatal mono-
cytes in both autologous plasma (i.e., whole blood; Fig. 1B)
and serum (Fig. 1D). A relatively high concentration of CD18-
bearing monocytes in newborn blood positions the newborn to
mount a vigorous inflammatory response to GBS (Fig. 1B).
This marked TNF-� response may allow the human newborn
to optimize innate immune defense against GBS in the absence
of specific antibody. Consistent with this hypothesis, TNF-�
has been shown to enhance opsonophagocytosis of GBS by
human neutrophils (13), which can occur in the absence of
specific antibody (10). While TNF-� may augment bacterial
clearance by its action on neutrophils, it may also trigger the
deleterious changes in host physiology associated with sepsis
syndrome. As excessive TNF-� release in response to high-
grade bacteremia with GBS appears to contribute to the patho-
physiology of this infection (43), our results suggest that ad-
junctive immunomodulatory therapy aimed at reducing the
inflammatory activity of GBS may prove to be particularly
beneficial in human newborns with invasive GBS infections.
Based on our study and other published work, such strategies
might include blocking inflammatory microbial surface com-
ponents (41), the alternative pathway of complement activa-
tion (29), CR3- and CR4-activated intracellular signaling path-
ways (48), or the bioactivity of released TNF-� (43).
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