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The innate immune system provides critical protection during
initial infections before the generation of an appropriate adaptive
(antibody or T cell mediated) immune response. These early
defense mechanisms may be particularly critical for neonates in
whom the adaptive immune system is not fully operational.
Pattern recognition molecules target potential pathogens for de-
struction by the innate immune system, and likely facilitate the
initiation of a pathogen-specific immune response. Defense col-
lagens, such as C1q, MBL and SPA, comprise a family of such
proteins that, via specific interactions with phagocytic cells, play
a role in this first line of defense. To begin to assess the
importance of these innate defense mechanisms in neonates, cord
blood plasma and leukocytes were isolated, and responses to
these components of the innate defense system were assessed.
C1q enhanced the phagocytosis of targets suboptimally opso-
nized with either IgG or complement components, and this
enhancement of phagocytosis was blocked by anti-CD93/C1qRP

MAb by 57% to 68%. Flow cytometric analysis demonstrated
that neonatal monocytes and neutrophils expressed CD93/C1qRP

similarly to adult cells, with several-fold greater expression on
monocytes than on neutrophils and essentially no expression on

lymphocytes. Superoxide production in response to multivalent
C1q by neonatal neutrophils was also comparable to adult cells.
We also confirm that C1q and MBL are present in neonate
circulation. Thus, the data demonstrate that these recognition and
effector mechanisms of the innate system are functional in the
newborn and similar to that of adult cells. (Pediatr Res 54:
724–731, 2003)

Abbreviations
HBSS, Hank’s balanced salt solution
HSA, human serum albumin
MBL, mannan binding lectin
PBL, peripheral blood mononuclear leukocytes
PMNL, polymorphonuclear leukocytes
E, sheep erythrocytes
EAIgG, E coated with IgG anti-E
EAIgMC4b, E coated with IgM anti-E plus complement
NHS, normal human serum
PDBu, phorbol dibutyrate
PI, phagocytic index
SPA and SPD, surfactant protein A and D

The innate immune system, which includes anti-microbial
proteins and peptides, complement proteins, phagocytes, nat-
ural killer cells and other recognition and effector elements, is
physiologically critical at initial stages of infection when little
or no adaptive response is present. These defense mechanisms
may be particularly consequential in neonates who are at risk
for infections and in whom the adaptive immune system
(antibodies and T cell mediated immunity) is not fully devel-
oped. Two structurally similar proteins, the classical comple-

ment recognition protein, C1q, and MBL, mannose binding
lectin, have been shown to play a protective role against
infection (1, 2), both via their ability to activate the comple-
ment cascade and via their ability to enhance phagocytosis.
CD93/C1qRP is a cell surface glycoprotein predominantly
expressed on myeloid cells, endothelial cells, and stem cells
that influences cellular responses to C1q, MBL and other
defense collagens, namely the enhancement of phagocytosis of
suboptimally opsonized targets (3) (and reviewed in (4)). C1q
has also been shown to trigger the generation of superoxide
when presented as a multivalent ligand to adult human neutro-
phils (5) via a CD18-dependent mechanism (6, 7).

Mutations in MBL, mannose binding lectin (also known as
MBP, mannose binding protein), have been implicated as
predisposing young children toward infections (8), and more
recently has been correlated with an increase number and
length of infections in children immunocompromised by can-
cer chemotherapy (9). Similarly, C1q deficiencies lead to
increased childhood infections (10). While this susceptibility
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could be related to the inability to activate the complement
cascade, the inability to stimulate the innate immunity by
enhancing phagocytosis of infectious microbes may also con-
tribute to the functional immune deficiency.

In this study, newborn cord blood neutrophils and mono-
cytes were analyzed for functional responses to C1q. In the
process of assessing monocyte phagocytic function, we devel-
oped, and report here, a procedure for sorting newborn cord
blood mononuclear cells using forward and side scatter to
obtain a purified monocyte population. In addition, the expres-
sion and activity of CD93/C1qRP on neonatal leukocytes was
assessed. These innate immune response mechanisms were
found to be similar to that of adult cells. That is, C1q enhanced
monocyte ingestion of suboptimally opsonized targets, and that
enhancement was inhibited by MAb to CD93/C1qRP, but not
irrelevant isotype control antibodies. In addition, C1q triggered
the production of superoxide in neutrophils purified from
newborn blood, again similar to adults. The data demonstrate
that these innate immune defense mechanisms are functional in
neonates, providing a potential for the design of therapeutic
targeting of these mechanisms to enhance protection of new-
borns from infection (11).

MATERIALS AND METHODS

Media, reagents and antibodies. C1q was purchased from
Advanced Research Technologies (San Diego, CA, U.S.A.) or
isolated from plasma-derived human serum by the method of
Tenner et al. (12) modified as described (13). The preparations
used were fully active as determined by hemolytic titration and
homogeneous as assessed by SDS-PAGE. Protein concentra-
tion was determined using an extinction coefficient (E1%) at
280 nm of 6.8 for C1q (14).

Anti-CD93/C1qRP mAbs R139 (IgG2b) and R3 (IgM), gen-
erated using C1q binding proteins as the immunogen (15),
were purified before use as previously described (16). Mono-
clonal anti-MBL antibody 2A9, h1.2 and 3F8 were a generous
gift from Dr. Gregory Stahl, Harvard Medical School, Boston
(17). Polyclonal anti-MBL, anti-serum 1173, was derived after
immunization with MBL, which was purified from normal
human serum (N.S.) The IgG fraction was purified using
octanoic acid and ammonium sulfate. IgM antibodies against
sheep red blood cells were purchased from Diamedix (Miami,
FL, U.S.A.). Antibodies against sheep red cells (hemolysin)
were purchased from Cordis Laboratories (Miami, FL, U.S.A.)
and IgG was purified from hemolysin using a Protein-G
column.

Pyrogen-free water (MilliQ-Plus) was used for all laboratory
buffers and reagent preparation. LSM (lymphocyte separation
media) was purchased from ICN Biochemicals Inc., (Aurora,
OH, U.S.A.). Human serum albumin (HSA) was produced by
Baxter/Hyland, Glendale, CA, U.S.A. and obtained from FFF
Enterprises (Temecula, CA, U.S.A.). Each lot of HSA was
screened before use for activation of the monocyte population
to avoid elevated baseline levels of phagocytosis. All other
reagents used, except where noted otherwise, were obtained in
the highest quality available from Sigma Chemical Co. (St.
Louis, MO, U.S.A.).

Isolation of leukocytes. Cord blood samples were prospec-
tively collected at the time of delivery from 18 uncomplicated
singleton pregnancies. The infants gestational ages ranged
from 38–41 wk and birth weights ranged from 2650–4460 g
All cord blood samples were added to EDTA within 3–5 min
of delivery such that the final concentration was 20 mM. Adult
blood was drawn from normal volunteers into EDTA syringes
(final concentration, 20 mM EDTA) or from units of blood
collected from UCI Medical Center, Orange, California,
U.S.A., for experimental use (informed consent obtained). All
blood samples were collected, in accordance with the guide-
lines and approval of the UCI Institutional Review Board.

Buffy coats from units or cord blood samples were diluted
1:1 in PBS-1 mM EDTA and separated by centrifugation on
LSM cushions. To obtain polymorphonuclear leukocytes
(PMN), the red cell fraction was subjected to Dextran T500
(Pharmacia) sedimentation according to the method of Boyum
(18), modified as described (19). The residual red blood cells
were removed by hypotonic lysis, and the cells were washed
into HBSS containing 1 mM Ca�� and Mg�� (HBSS��).

To obtain adult peripheral blood monocytes, the LSM mono-
nuclear cell layer was washed once with PBS-1mM EDTA (to
reduce platelets) and subsequently subjected to counterflow
elutriation using a modification of an original technique (20) as
described (21). To obtain monocytes from the small volumes
of cord blood, mononuclear cells recovered on the LSM gra-
dient were washed once in PBS-EDTA and applied to a second
LSM cushion to reduce granulocyte contamination. The mono-
nuclear cells were then washed 3X with a solution of HBSS-
0.01 M EDTA containing 0.3% HSA (Sort buffer) to reduce
platelets and residual LSM or plasma. The cells were then
resuspended in Sort buffer to a final cell concentration of 15 �
106/mL. Before sort, the cell suspension was passed through
Cell-Strainer Cap (Falcon, 35–2235. Becton Dickinson Lab-
ware, Franklin Lakes, NJ, U.S.A.) to remove cell aggregates.
Monocytes were separated from other mononuclear cells by
their characteristic forward and side scatter profile on a Mo-Flo
Flow cytometric sorter (Cytomation, Fort Collins, CO,
U.S.A.), at a flow rate of 6000 cells/s. Forward and pulse width
analysis was also incorporated to exclude cell aggregates in the
collected sort product. Sorted monocytes were collected in
Falcon 12 � 75 mm polypropylene round bottom tubes. Before
phagocytosis experiments the monocytes were washed 2� in
sort buffer and finally resuspended in phagocytosis buffer at 2.5
� 105/mL.

Flow cytometric and fluorescence analysis. PMN or mono-
nuclear cells were resuspended in FACS buffer (HBSS con-
taining 1 mM Mg2�, 1mM Ca2�, 0.2% BSA, 0.2% sodium
azide) to 106/100 �L and incubated with 5 �g of primary
antibody or control murine immunoglobulin (Sigma Chemical
Co.) for 30 min on ice. After washing three times in FACS
buffer, the cells were incubated with FITC-conjugated donkey
anti-murine IgG or IgM (Jackson ImmunoResearch Laborato-
ries, Inc., West Grove, PA, U.S.A.) as appropriate for 30 min
on ice. After washing cells three times in FACS buffer, cell
associated fluorescence was measured using FACSCalibur
(Becton Dickinson, Bedford, MA, U.S.A.).
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Phagocytosis Assay. Target particles for the phagocytosis
assay were sheep erythrocytes (E) suboptimally opsonized with
either IgG anti-sheep red blood cells (EAIgG) or IgM and
complement prepared as previously described (22) to assess
FcR-mediated and CR1-mediated phagocytosis respectively.
Briefly, eight-well Lab Tek chambers (Nalge Nunc Interna-
tional, Naperville, IL, U.S.A.) were coated with varying con-
centrations of C1q or the control protein, human serum albu-
min (HSA). Phagocytic cells resuspended at 2.5 � 106/mL in
phagocytosis buffer (RPMI, supplemented with 2 mM L-
glutamine, 10 �g/mL pen/strep, 5 mM MgCl2, and 10 mM
HEPES) are added to each chamber (250 �L/well), the cells
centrifuged at 700 rpm (RT6000, Dupont Sorvall) for 3 min
and subsequently placed at 37°C in 5% CO2 for 30 min.
Targets were then added (107/100 �L), the slides again sub-
jected to centrifugation (700 rpm, 3 min), and incubated for 30
min at 37°C. After removing unbound targets by washing,
bound, uningested targets were removed by hypotonic lysis
(23). Cells were then fixed in freshly diluted 1% glutaralde-
hyde (Ted Pella, Inc., Redding, CA, U.S.A.) and stained with
Giemsa. Phagocytosis was quantitated using light microscopy.
In some experiments, MAb was incubated with the monocytes
for 15 min at room temperature before adding to the wells. The
number of E-targets ingested per 100 effector cells was defined
as the phagocytic index (PI), whereas the percentage of effector
cells ingesting at least one E-target was defined as the percent
phagocytosis. Over 200 effector cells were scored per well and
duplicate sample wells per condition were used for each
experiment.

Measurement of superoxide production. O2
� was measured

by the superoxide dismutase-inhibitable reduction of cyto-
chrome c adapted to a microplate format (24). Ninety six-well
Immulon 2 plates (Dynatech Laboratories, Chantilly, VA,
U.S.A.) were coated with 10–300 �g/mL C1q or test protein/
fragments diluted in PBS for 2–3 h at room temperature. After
washing the plate with PBS, the reaction was started by the
addition of 100 �L of neutrophil suspension (3.5 � 106/mL) to
the microtiter wells containing 100 �L of cytochrome c reac-
tion mixture (200 �M cytochrome c in Hanks balanced salt
solution containing 1 mM Ca2� and 1 mM Mg2�). A550 was
recorded every 30 s at 37°C using a ThermoMax kinetic
microplate reader (Molecular Devices, Inc., Menlo Park, CA,
U.S.A.) equipped with a 1.0 nm bandpass filter. The initial
absorbance value was subtracted from each subsequent read-
ing, and this value converted to nmoles of O2

� using an
extinction coefficient of 0.022 �M�1 cm�1. Phorbol dibutyrate
(200 ng/mL) was used as a positive control stimulus. Control
samples containing superoxide dismutase (40 �g/mL final
concentration) were always run in parallel with each sample,
and showed no change in A550 under any condition tested (not
shown).

ELISAs for C1q and MBL. Serum or plasma concentrations
of C1q and MBL were determined by sandwich ELISA as
previously described (25, 26). Briefly, microtiter plates were
coated with polyclonal anti-C1q or anti-MBL antibody at a
concentration of 5–10 �g/mL in coating buffer (0.1 M carbon-
ate buffer, pH 9.6), respectively, (100 �L/well) and incubated
overnight at 4°C. The microtiter plates were washed three

times with PBS containing 0.05% Tween-20 (PBS-T) and
blocked for 1h at 37°C by adding 200 �L of PBS containing
3% milk to each well. Samples and MBL or C1q standards
were loaded into wells in duplicate, incubated at room temper-
ature for 2h, and washed as above. Monoclonal anti-MBL (2
�g/mL) or affinity purified biotinylated anti-C1q diluted in
PBST-1% milk (100 �L/well) was added to each well and
incubated at room temperature for 1h. After washing, plates
were incubated with peroxidase conjugated donkey anti-mouse
IgG (Jackson ImmunoResearch Laboratories, West Grove, PA,
U.S.A.) or avidin -glucose oxidase for 30 min at room tem-
perature. Color was developed using OPD or ABTS as the
substrate, and reading the absorbance at 405 nm on a micro
plate reader (Molecular Devices, Menlo Park, CA, U.S.A.).
Serum MBL standard, kindly provided by Prof. Kawasaki
(Kyoto University, Kyoto, Japan), was used to calibrate our
plasma standard.

Hemolytic Titer for C1q. Two microliters of various dilu-
tions of cord blood plasma was added to 300 �L of a 1:30
dilution of human serum depleted of C1q by passage over a
BioRex 70 column (12). 80 �L of sheep erythrocytes coated
with anti sheep RBC (hemolysin) was then added and the
samples incubated at 37°C, for 30 min. After addition of 1.6
mL ice cold GVB��, the samples were pelleted and OD412 of
the supernatant was measured (12).

RESULTS

C1q triggers enhancement of phagocytosis in cord blood
monocytes. To assay the ability of defense collagens to en-
hance phagocytosis of suboptimally opsonized targets in vitro,
isolation of a predominantly monocyte population without
activating the phagocytes is required. While, with adult blood,
monocytes are isolated via counter current elutriation, the
volume of starting blood from cord blood precludes that meth-
odology. Preliminary studies developed a method using for-
ward (size) and side (granularity) scatter in a Mo-Flo cell sorter
to isolate monocytes from small volumes of blood. Monocytes
prepared from adult peripheral blood mononuclear leukocytes
by this sorting procedure phagocytosed and responded to C1q
to the same degree as cells isolated by elutriation (data not
shown), and thus monocytes were isolated from cord blood
using the sorting procedure. To prevent activation due to either
aggregation of the monocytes or degranulation of platelets, the
sorting was performed in the presence of EDTA. While the
yield of monocytes varied among the cord blood samples (2%
to 10% of the starting mononuclear cells), one can anticipate 2
million monocytes obtained from 35–45 mL of cord blood. A
typical forward and side scatter profile of the population before
and after sorting is shown in Fig. 1, demonstrating a relatively
homogeneous population obtained after sorting, with a range of
76% to 98% monocytes and an average of 84 � 9.6% (n � 18)
monocytes in the sorted population (Fig. 1, R2). Monocytes
were then washed into phagocytosis buffer and assayed for
phagocytosis as described in Materials and Methods.

Cord blood monocytes from all samples responded to inter-
action with C1q with an enhancement of FcR-mediated phago-
cytosis. A photomicrograph of a representative experiment
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shows the typical enhancement of IgG coated targets (FcR-
mediated ingestion) (Fig. 2, A,B). Over 200 cells are scored per
condition in duplicate, and the data are quantitatively presented
as both the percent of monocytes that have ingested even one
target (% phagocytosis) (Fig. 2C) and the number of targets
ingested per 100 monocytes (phagocytosis index) (Fig. 2D).

Quantitative analysis of 7 similar experiments in which 4
�g/mL or 8 �g/mL HSA or C1q was used as the protein
coating concentration demonstrated that C1q induced a 3.5 �
0.5 fold and 4.2 � 1.3 fold increase in % phagocytosis and 7.0
� 2.5 fold and 5.9 � 2.1 fold increase in the phagocytic index,
respectively, over the HSA control. Similar enhancement of
phagocytosis was seen with two additional experiments in
which targets were coated with IgM and C4b to permit CR-1
mediated ingestion rather than FcR mediated phagocytosis.
The fold increase in CR1-mediated phagocytosis mediated by
C1q was 1.9 � 0.3 (% phagocytosis) and 2.3 � 0.1 fold
(phagocytic index) (n � 2).

Surface expression of CD93/C1qRP. FACS analysis dem-
onstrated that CD93/C1qRP is expressed on monocytes and
polymorphonuclear leukocytes derived from cord blood of
normal term deliveries. As with adult cells derived from pe-
ripheral blood (15), CD93/C1qRP surface expression is con-
siderably higher (6- to 8-fold higher) on monocytes than on
neutrophils (Table 1). Figure 3 presents representative data
demonstrating both R139 and R3 reactivity on monocytes and
neutrophils. When gating on lymphocytes (as distinguished by
side and forward scatter), R139 or R3 reactivity was either not
detectable or not significantly above background, again iden-
tical to that seen in adult peripheral blood (15). Cord blood
PMN reactivity with R139 and R3 appeared slightly lower than
that seen with adult blood PMN run in parallel (Table 1). In
contrast, the level of reactivity of R139 on neonatal monocytes
was nearly identical to adults, while R3 reactivity was signif-
icantly (p � 0.03) higher on cord blood monocytes than that
normally seen with adult blood. The basis for the difference in
reactivity of the R3 (IgM) and R139 (IgG2b) (which bind
distinct domains on CD93/C1qRP) for adult versus neonate
monocytes is not known.

The C1q-mediated enhancement of phagocytosis was shown
to be influenced by the cell surface CD93/C1qRP since prein-
cubation with anti-CD93/C1qRP antibody (R139) with mono-
cytes before adherence to C1q inhibits the enhancement of
ingestion by 56.6 � 1% (% phagocytosis) and 67.7 � 0.8%
(phagocytic index) (n � 2) (Fig. 4).

Neutrophils isolated from cord blood are stimulated to
produce superoxide anion upon interaction with C1q. A
powerful effector mechanism of adult neutrophils is the gen-
eration of superoxide anion and subsequent oxygen metabolites
as a result of the activation of NADPH oxidase. Potent stim-
ulators of the assembly of this enzyme are immune complexes,
bacterial products such as fMLP, and complement C5a. Sur-
face immobilized C1q was also shown to trigger the assembly
of this oxidase (7, 27), which would provide a mechanism to
enhance killing of pathogens to which C1q may be bound. To

Figure 2. C1q enhances uptake of suboptimally opsonized sheep erythrocytes
by cord blood monocytes. Micrographs depicting cord blood monocytes
(stained with Giemsa, arrow in A) adhered to HSA (A) and C1q (B)(coating
concentration of 4 �g/ml) ingesting suboptimally opsonized EAIgG (arrow-
head in B). (C,D) Quantitative analysis of phagocytosis data. Values shown are
averages of two wells in which over; 200 cells were scored. Data are
representative of 7 distinct experiments.

Figure 1. Monocytes display characteristic light scattering properties that are
used as parameters to sort highly enriched monocyte populations from avail-
able cord blood samples. Forward and side scatter profile of mononuclear
leukocyte population before (A) and after (B) sorting on a Mo-Flo Fluores-
cence activated cell sorter (Cytomation, Fort Collins, CO, U.S.A.). Forward
and pulse width analysis was also incorporated to exclude cell aggregates in
the collected sort product.

Table 1. Myeloid Cell Expression of CD93/C1qRp

Monocytes PMN

R139* R3 R139 R3

Cord 377 � 103 **872 � 162 43 � 35 129 � 87
Adult 364 � 108 **648 � 138 64 � 26 187 � 59

* Mean fluorescence intensity. Adult (n � 5); cord cells (n � 7).
** neonate mean R3 vs adult mean R3, p � 0.028.
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determine whether this activity of adult neutrophils also exists
in newborns, PMNL were isolated from cord blood and added
to 96-well plates coated with C1q or control proteins. Produc-
tion of superoxide was measured continuously by measuring
cytochrome c reduction, spectrophotometrically. Only neutro-

phils that were unactivated upon isolation were assessed (28).
While the baseline activity of cord blood neutrophils was
generally higher than that seen in cells derived from adults
(1.86 � 0.97 nmoles superoxide/106 cells in cord blood versus
1.13 � 0.85 in adult cells), interaction with C1q increased by
greater than 3-fold the amount of superoxide produced by
either neonate or adult cells (5.19 � 2.47 nmoles superoxide/
106 cells in cord blood, n � 4 versus 3.53 � 1.74 nmoles
superoxide/106 cells in adults, n � 10). Figure 5 shows a
representative kinetic tracing of superoxide production in re-
sponse to C1q compared with control cells plated in wells
precoated with HSA. Lower concentrations of protein used to
coat the wells (10 and 30 �g/mL) resulted in lower values for
superoxide generation, while little to no further increase in
production was detected when higher (300 �g/mL) protein
concentration was used to coat the wells (data not shown).
Cells from both cord blood and adult cells both responded to
the soluble activator phorbol dibutyrate (PDBU) (data not
shown).

Levels of C1q and MBL in cord blood. Plasma derived from
cord blood was assessed for the levels of C1q and MBL by
ELISA. Values presented in Table 2 demonstrate an average of
39.2 � 8.3 �g/mL for C1q (range of 24.2–49.4 �g/mL).
Hemolytic assays performed on a subset of these plasma
samples, demonstrated that the cord blood C1q was as active in
a C1q hemolytic assay as adult C1q per �g C1q (data not
shown). In addition, C1q isolated from pooled cord blood
plasma enhanced phagocytosis to a similar extent as C1q from
adult plasma. Thus, neonate C1q was as active on a per molar
basis, as adult C1q. The concentration of MBL in these cord
blood sera as measured by ELISA was 1.82 � 1.44 �g/ml.
Interestingly, the values for MBL could be roughly grouped in
4 levels: 4 individuals with levels of 0.15–0.57 �g/mL, 1 with
0.8 �g/mL, 4 with 1–1.2 �g/mL and 4 with 4–4.37 �g/mL,
reflecting similar expression differences to that seen in adult sera.

DISCUSSION

The data presented here are the first demonstration that C1q
can facilitate FcR- and CR1-mediated phagocytosis in cord
blood monocytes and trigger superoxide production in cord
blood neutrophils, similar to responses seen in adult leukocytes
(4, 29). It is important to note that the enhancement of phago-
cytic activity by C1q is detectable only in conditions where
phagocytosis is not maximal, such as with suboptimal opso-
nization of targets due to a lack of, or limiting amounts of, IgG
antibody or complement, conditions which are likely to occur
in neonates before complete development of their immune
system. While some humoral immunity is derived from the
mother, the levels of antibody to specific pathogens can be
variable or nonexistent in the neonate. As a result the mecha-
nisms described here may be particularly important in the
neonate as protection against infection by microbes.

C1q is a member of a group of soluble proteins that contain
collagen-like amino acid sequences and that play a protective
role in host defense. These “defense collagen” proteins are
capable of recognizing pathogen-associated molecular patterns

Figure 3. Flow cytometric analysis of CD93/C1qRP demonstrates expression
on neonate monocytes and PMNs. Neonate mononuclear cells and neutrophils
were isolated from cord blood and incubated with either isotype control MAb
(filled histogram) or anti CD93/C1qRP MAb (open histogram), R139 (left) or
R3 (right). Bound antibodies were detected with secondary FITC labeled
anti-mouse antibody. The scatter properties of leukocytes were used to distin-
guish monocyte and lymphocyte populations in the mononuclear cell prepa-
rations to analyze for CD93/C1qRP cell surface expression levels. Results are
representative of 7 experiments.

Figure 4. Monoclonal anti-CD93/C1qRP antibody inhibits C1q-mediated
enhancement of phagocytosis. Monocytes purified by flow cytometric sorting
were preincubated for 15 min at room temperature with buffer (open bars),
R139 (anti-CD93/C1qRP)(dotted bars) or control IgG2b (solid bars) before
addition to chambers precoated with HSA or C1q (8 �g/mL). After 30 min of
adherence, suboptimally opsonized EAIgG targets were added and phagocytosis
was assayed after 30 min. (A) The percentage of monocytes ingesting at least
one EAIgG target. (B) The number of targets ingested per 100 monocytes. Data
are from one experiment representative of 2. Error bars indicate the SD of
duplicate wells.
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(30) and of enhancing phagocytosis of these identified targets
(31–33). While it is now accepted that these molecules do
interact with and influence the function of phagocytes, little is
known about the molecular mechanisms by which C1q and
other defense collagens such as mannose binding lectin, pul-
monary surfactant proteins A and D and ficolin, trigger this
enhancement of phagocytosis. CD93/C1qRP was originally

described as a receptor for C1q that modulates phagocytosis
due to the observations that antibodies recognizing three sep-
arate regions of the molecule, blocked the enhancement of
phagocytosis by these pattern recognition molecules (reviewed
in ref. 4). Here the expression of CD93/C1qRP was found to be
comparable on cord blood monocytes and neutrophils to that
on adult cells.

Figure 5. C1q stimulates superoxide generation by cord blood neutrophils. Neutrophils isolated from cord (left) or adult (right) blood were added to microtiter
plates coated with 30 �g/mL (top) or 100 �g/mL (bottom) of HSA (‘‘‘) or C1q (���). Superoxide production by neutrophils was assayed by measuring
reduction of cytochrome c. The tracings are from one well each condition, representative of reproducible duplicate wells. The data presented are from one
experiment representative of four cord blood samples and ten adult blood samples.
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Recently, a mouse model in which the gene for this molecule
was ablated has been used to demonstrate that while in vivo
these mice are deficient in the clearance of apoptotic cells, in
vitro, CD93/C1qRP is not required for the cell to respond to
C1q with an enhancement of phagocytosis (3). This suggests
that CD93 either regulates phagocytosis initiated by specific
signaling pathways differentially (targeted as dangerous by
antibody or complement or for clearance only such as with
apoptotic cells) or influences adhesion or membrane mobility
directly or indirectly. Studies to determine how this surface
glycoprotein influences the phagocytic capacity of the cell, and
what physiologic role it plays in host defense and/or homeosta-
sis, are ongoing.

Interestingly, levels of C1q and most other complement
components have been shown to be significantly less in new-
borns than in adults, and we confirm that in the data for C1q
here. For example, while adult C1q levels are reported to be
70–100 �g/mL serum (34), the cord blood values assessed
here were 39 � 8 �g/mL, similar to those reported for neonates
in other studies (35–38). However, the levels of complement
components do increase to adult concentrations within days to
weeks of birth. MBL levels also increase with gestational age
and to an extent after birth (39) (40). However, the constitutive
levels of MBL have been shown to vary dramatically in
different individuals (0–5 �g/mL) due to distinct allotypes
arising from both polymorphisms in the promoter region and
mutations in the coding region of the MBL gene (reviewed in
ref. 41). Our results demonstrating the variable levels of MBL
in neonates with a range of 0.15 to 4.3 �g/mL agrees with data
of others (39, 40) and reflects the pattern of constitutive MBL
levels in adults arising from allotypic variation. Circulating
levels of MBL have been shown to increase 2- to 3-fold in
individuals with infection or trauma, similar to that of acute
phase proteins, and thus consistent with a protective role in
defense of the host.

CONCLUSIONS

In summary, the cellular innate immune responses mediated
by C1q, a defense collagen, are functionally as mature in the

neonate as in the adult. These results are consistent with reports
in the literature of a role for MBL and C1q in conferring a
significant degree of protection from pathogens until adaptive
mechanisms of immunity (antibody and T cell-mediated) be-
come active, and suggest novel possibilities for prophylactic
and therapeutic strategies. Interestingly, two recent case studies
were reported in which infusions of MBL into adults were
shown to be beneficial in restoring opsonic activity in MBL-
deficient individuals (42) leading some to suggest that a clin-
ical trial on this potential therapy should be initiated (11), and
thus investigations into similar possibilities in neonates at risk
may be warranted.
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