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SUMMARY

Listeria monocytogenes is a facultative intracellular pathogen which is internalized by host

mammalian cells upon binding to their surface. Further listerial growth occurs in the cytosol after

escape from the phagosomal±endosomal compartment. We have previously reported that C1q is

able to potentiate L. monocytogenes phagocytosis upon bacterial opsonization by ingestion through

C1q-binding structures. In this report, we analysed the post-phagocytic events upon internalization

of C1q-opsonized L. monocytogenes and found an induction of macrophage (Mw)-like IC-21 cell

bactericidal mechanisms displayed by the production of oxygen and nitrogen metabolites. Both

types of molecules are effective in L. monocytogenes killing. Further analysis of the cellular

responses promoted by interaction of C1q with its surface binding structures, leads us to consider

C1q as a collaborative molecule involved in Mw activation. Upon interaction with surface binding

structures, C1q was able to trigger and/or amplify the production of reactive oxygen and nitrogen

intermediates induced by stimuli such as interferon-c and L. monocytogenes phagocytosis.

INTRODUCTION

Listeria monocytogenes is a facultative intracellular pathogen

able to survive and multiply within macrophages (Mw)1 as well

as in Mw-like cell lines.2 It can also invade a wide range of

normally non-phagocytic cell types, including enterocytes,

hepatocytes, ®broblasts and dendritic and endothelial cells.3±5

Listeria monocytogenes is well adapted to the intracellular

niche, due to a variety of features: it produces membrane-active

exoproteins that mediate phagosomal disruption and bacterial

escape to the cytosol; it has regulatory mechanisms for the

preferential expression of bacterial genes in infected mamma-

lian cells; and one of its surface proteins, ActA, mediates

migration inside and between cells by exploiting the eukaryotic

host cell cytoskeletal machinery (reviewed in refs. 2, 6 and 7).

Involvement of C3bi8 and C1q9 complement receptors in L.

monocytogenes uptake by phagocytic cells has been documen-

ted. Listeria monocytogenes can also be ef®ciently internalized

by phagocytic cells through non-opsonic receptor±ligand

interactions. First, the listerial surface proteins InlA (or

internalin) and InlB have been shown to mediate penetration

into epithelial cells and hepatocytes, both in vitro and in vivo,

and to have a role in cell tropism10±13 and second, the listerial

surface protein ActA, a major virulence factor primarily

involved in actin-based intracellular motility, is also a bacterial

ligand in the recognition of the heparan sulphate±proteoglycan

receptors on the host cytoplasmic membranes.14

Whereas there has been a general agreement about the

contribution of reactive oxygen intermediates (ROI) to

listericidal mechanisms,15,16 results on the involvement of

reactive nitrogen intermediates (RNI) in the course of listerial

infection have been con¯icting. For example, some studies

suggested that ROI are more important than RNI in the

intracellular killing of L. monocytogenes.15,17 However, others

clearly indicated the important role of RNI in the contribution

to the intracellular elimination of this pathogen.18±20 Many of

these disparate results could be explained by differences in the

murine strain considered, in the source of host cells, in the

conditions for in vitro culture and in the assays of intracellular

growth or by a combination of these factors.

In the present report, we attempted to explore the

intracellular fate of both unopsonized or C1q-opsonized

L. monocytogenes in IC-21 cells as well as to contribute to

the elucidation of the involvement of ROI and RNI in the

listericidal mechanisms used by this Mw-like cell line

during infection in vitro. We report here that C1q-opsonized

L. monocytogenes grow less ef®ciently intracellularly than the
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unopsonized organisms. We consequently studied the role of

C1q on the expression of those cell functional activities which

de®ne an activation state. Experiments were particularly

focused on whether C1q would enhance these effector

functions. We present evidence that C1q acts as a collaborative

molecule for IC-21 cell activation, mainly because it: enhances

listericidal capacity and is required to maintain this listericidal

function upon induction by other signals; and can amplify ROI

and RNI production induced by other stimuli.

MATERIALS AND METHODS

General reagents

The culture medium RPMI-1640 (R0), L-glutamine, fetal calf

serum (FCS), Hanks' balanced salt solution (HBSS) and

gentamicin sulphate were obtained from Flow (Irvine, UK).

Ferricytochrome C, phenol red, sulphanilamide, naphthly-

lethylene diamine dihydrochloride, phosphoric acid, bovine

superoxide dismutase (EC 1.15.1.1; SOD), horseradish perox-

idase (EC 1.11.1.7; HRPO), antimycins A1±A4, D-mannitol and

2-mercaptoethylamine (cysteamine) were from Sigma (Sigma

Chemical Co, St. Louis, MO). NG-monomethyl-L-arginine

(NMMA) and hydrazinecarboximidamide hemisulphate (ami-

noguanidine) were obtained from Calbiochem (San Diego,

CA). Murine recombinant interferon-c (IFN-c) was obtained

from Stratagene Cloning Systems (La Jolla, CA).

Bacteria

Listeria monocytogenes L028 serovar 1/2c used in this study has

been described previously.2 The L. monocytogenes strain was

grown in brain±heart infusion broth (Difco Laboratories,

Detroit, MI) with aeration at 37u. The bacteria were harvested

in logarithmic growth phase and stored at x70u in phosphate-

buffered saline (PBS) with 20% glycerol (v/v) until used.

Cells

The murine Mw-like cells IC-21 (American Type Culture

Collection TIB186; ATCC, Rockville, MD) share many

functional and phenotypic Mw characteristics, are phagocytic

but not listericidal unless primed with IFN-c and are useful

models for studying the interactions of L. monocytogenes with

mammalian phagocytes.2 Cells were plated in 96-well plates

and incubated for at least 2 hr at 37u. Cells were maintained in

R0 medium supplemented with 10% FCS, 2 mM L-glutamine,

and gentamicin (50 mg/ml) (R10 medium). All media and

reagents were con®rmed to be endotoxin-free (<0.01 ng/ml) by

a chromogenic Limulus amoebocyte lysate microassay from

Whittaker M.A. Bioproducts (Walkersville, MD).

Puri®cation of the human C1q complement component

Human C1q and murine C1q display only minor differences in

properties, with sequences displaying >80% identity.21 For

these reasons, as well as for the practical ones of economy and

simplicity, C1q was isolated from human donor plasma as

reported.9 All C1q preparations were homogeneous as

determined by sodium dodecyl sulphate±polyacrylamide gel

electrophoresis (SDS±PAGE) on 12% gels under reduced

conditions and stained with Coomassie brilliant blue. C1q

preparations were endotoxin free.

Intracellular growth assay

The assay was performed as previously described.2,9 Brie¯y,

Mw-like IC-21 cells (at 2r106 cells/ml) were plated in 96-well

tissue culture plates (Costar, Cambridge, MA) the evening

before use and infected, usually, with 2r107 L. monocytogenes/

ml. Infected cells were allowed to ingest bacteria, followed by

gentamicin (10 mg/ml) treatment (unless otherwise stated), to

eliminate extracellular bacteria. Time 0 was de®ned as the end

of this incubation period. After washing, cells were incubated

in R0 for different periods (up to 6 hr) and lysed by several

freeze±thawing cycles. The number of viable bacteria per well

was determined by quantitative plate counts of colony-forming

units (CFU) on blood agar plates (Columbia Blood Agar,

Becton Dickinson, San JoseÂ, CA). Each result presented is the

mean of three determinations. In some experiments the effect of

different inhibitors of ROI and RNI production (mannitol,

cysteamine, NMMA and aminoguanidine) on L. monocyto-

genes intracellular growth was tested by treating the host cells

for 3 hr with inhibitors prior to infection. After washing, the

cells were infected as described above. As an intracellular

growth measure we de®ned the replication index (RI) as the

number of CFU at a given time divided by the number of CFU

at time 0. Values represent the increase in CFU from time 0

being RI>1.2

Measure of superoxide anion production

O2xproduction was measured by the SOD-inhibitable reduc-

tion of ferricytochrome C adapted to a microplate format as

described previously.22 The appropriate stimuli were: C1q (100

and 300 mg/ml) adsorbed to the plates or in a soluble form; L.

monocytogenes (105 and 106) opsonized or not opsonized with

C1q (usually at 100 mg/ml) and inhibitors of both ROI and

RNI production. Results are expressed as nmol O2
± produced

per mg of protein. Each result represents the mean of eight

determinations.

Quanti®cation of hydrogen peroxide production

H2O2 production was measured by a technique based on the

HRPO-dependent conversion of phenol red by H2O2 into a

compound with increased absorbance at 600 nm as

described.22 Cells were cultured with or without the appro-

priate stimuli [C1q adsorbed on well bottoms, L. monocyto-

genes (1r105/ml) opsonized or not opsonized with increasing

amounts of C1q, or inhibitors]. The quantity of H2O2 produced

in each case was interpolated from the standard curve. Results

are expressed as nmol H2O2 produced per mg of protein. Each

result represents the mean of eight determinations.

Determination of nitrite production

The generation of NO2
± by IC-21 cells was determined as

described.22 Brie¯y, cells were incubated in R10 medium in a

total volume of 200 ml, on C1q-coated or uncoated plates, in

the presence or absence of IFN-c (100 IU/ml) and/or bacteria

(1r104/ml) and were opsonized or not with increasing

concentrations of C1q. Results of unknown culture ¯uids were

expressed as nmol of NO2
± produced per well; which was

derived from a sodium nitrite standard curve. Each result

represents the mean of eight determinations.

Statistical analysis

Data are expressed as the mean t standard deviation (SD).
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The statistical signi®cance of the different experimental

conditions was determined by the paired Student's t-test using

MICROSTAT (Ecosoft Inc., Indianapolis, IN).

RESULTS

Role of exogenous C1q on triggering the listericidal activity of

IC-21 cells

We have described L. monocytogenes binding to C1q, which

mediates the enhanced uptake by Mw-like cell lines through

C1q-binding structures.9 We ®rst considered it to be of interest

to study the intracellular fate of C1q-opsonized L. mono-

cytogenes in IC-21 cells in parallel with untreated bacteria.

Figure 1 shows a typical experiment performed with IC-21

cells. Data from this experiment clearly show that C1q-

opsonized L. monocytogenes grow intracellularly less ef®ciently

than when not opsonized. This effect is most evident when the

L. monocytogenes replication indices are evaluated: Fig. 1

shows that opsonized bacteria clearly grew more slowly

than the others, which could indicate that C1q-opsonized

L. monocytogenes are more easily killed by host cells or,

alternatively, exhibit a slower growth rate.

C1q-opsonized L. monocytogenes phagocytosis correlates with

ROI and RNI production by IC-21 cells

Hypothetically, the above results suggest that host cell effector

activities should have been induced. Such effector processes are

usually displayed by both ROI production (including O2
± and

H2O2), and RNI production (measured by the NO2
± release).

Both RNI23,24 and ROI23 have been reported to exhibit a

potent anti-listerial activity in vitro.

We analysed O2
± production ®rst and found it to be

triggered mainly by adsorbed C1q (Fig. 2a) in IC-21 cells.

Soluble C1q only induced weak production. Further analysis of

O2
± production upon L. monocytogenes phagocytosis revealed

that ingestion of C1q-opsonized L. monocytogenes signi®cantly

enhanced the O2
± production in IC-21 cells (Fig. 2b). Such

increase in O2
± production induced by C1q-opsonized

L. monocytogenes, was evident early in the reaction and

remained constant or even increased over time (Fig. 2c).

Accordingly, H2O2 production was also induced by

immobilized C1q as well as by L. monocytogenes phagocytosis

(Fig. 3a). However, the addition of L. monocytogenes stimuli

generated two-fold more H2O2. Similarly, in other experiments,

H2O2 generation was signi®cantly increased by phagocytosis of

C1q-opsonized L. monocytogenes (Fig. 3b). As expected, this

effect was considerably enhanced in the presence of IFN-c
(Fig. 3b).

Mw release of RNI is induced by a combination of IFN-c
and soluble (e.g. lipopolysaccharide) or particulate (e.g. L.

monocytogenes) stimuli as ampli®er co-signals. We have studied

the role of C1q on the RNI production by IC-21 cells triggered

by IFN-c and listerial uptake. Listeria monocytogenes opso-

nized or not with C1q, in the presence or absence of IFN-c, was

used to trigger NO2
± release (Fig. 4), As shown in Fig. 4(a),

immobilized C1q is able to enhance the NO2
± production

induced by signals such as L. monocytogenes plus IFN-c. In a

different experiment, analysis of NO2
± production induced in

IFN-c-treated IC-21 cells by L. monocytogenes phagocytosis

also revealed clear enhancement when bacteria were opsonized

with C1q (Fig. 4b).

These data seem to indicate that upon phagocytosis of C1q-

opsonized bacteria, ROI and RNI production in IC-21 cells

was clearly stimulated in comparison with the production

induced by unopsonized micro-organisms.

Inhibitors of ROI and RNI abrogate the listericidal activity

induced by phagocytosis of C1q opsonized L. monocytogenes

Selective inhibitors are extremely useful probes for character-

izing target molecules or de®ning function, particularly when

the targets are critical in intracellular networks. The effects of

several putative scavengers on both ROI and RNI generation

by IC-21 cells were ®rst titrated in each case. It is important to
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Figure 1. Role of C1q on L. monocytogenes intracellular replication. L.

monocytogenes, 2r106 and 2r107 preopsonized or not with C1q

(100 mg/ml) were used to infect host cells, as described in the Materials

and methods. Experiments were performed with 3r105 IC-21 cells/

well. (a) Number of bacteria/well as a function of time; (b) replication

index of L. monocytogenes at these times. Data represent the mean

intracellular L. monocytogenes/well t SD of a representative

experiment of three performed.
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Figure 2. C1q-opsonized L. monocytogenes and adsorbed C1q onto the

wells induce O2
± production and correlates with the bacterial ingestion.

(a) O2
± production was measured in IC-21 cells (at 3r105/well)

incubated with the following stimuli: C1q (100 mg/ml) adsorbed to

plates or added in solution. (b) In this experiment IC-21 cells (at 3r105/

well) were exposed to 1r105 or 1r106 L. monocytogenes previously

opsonized or not with C1q (100 mg/ml). This shows O2
± production

measured as described after 60 min incubation with each stimulus. (c)

A kinetic study of O2
± production by IFN-c-treated IC-21 cells infected

with 1r105 L. monocytogenes opsonized with or without C1q. Data are

presented as the mean tSD nmol of O2
± produced per mg of protein in

three different experiments.
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mention that the IC-21 viability was unaffected by these

inhibitors, neither at the concentrations tested, nor over the

experimental time±course. However, experiments with inhibi-

tors were only considered valid if the degree of inhibition

produced correlated with the rate constants for scavenger

reaction with .OH. Inhibition of H2O2 by both mannitol (an
.OH scavenger) and cysteamine (an .OH and HOCl scavenger)

was dose dependent but these scavengers did not affect O2
±

production. Antioxidant enzymes, catalase or SOD, did not

affect the H2O2 generation, probably because they cannot

easily diffuse into the IC-21 cells (data not shown). It is

generally assumed that RNI are also triggered in addition to

the ROI generated with the respiratory burst. Aminoguanidine,

an inducible nitric oxide-synthase (iNO-synthase) inhibitor25

and NMMA only inhibited RNI generation as expected

(Fig. 5).

In order to asses the role of both ROI and RNI in the Mw

listericidal activity induced by C1q-opsonization, the following

experiment was performed. IC-21 Mw-like cells were preincu-

bated for 3 hr in the presence or absence of ROI and RNI

inhibitors and then infected with C1q-opsonized L. mono-

cytogenes or unopsonized bacteria as described. Figure 6 shows

®rstly, C1q-opsonized L. monocytogenes ingestion by IC-21

cells exhibited a signi®cant reduction in intracellular bacteria

relative to control (unopsonized L. monocytogenes) (as also

shown in Fig. 1). Second, unopsonized L. monocytogenes

growth in IC-21 cells previously treated with inhibitors (except

when NMMA was used) was enhanced and third, cell

treatment with cysteamine and aminoguanidine (mannitol

and NMMA were without effect) signi®cantly enhanced

replication indices when intracellular growth of C1q-opsonized

bacteria was considered. These observations suggest that ROI

and RNI participate in intracellular L. monocytogenes killing.

Finally, in order to test the role of the mitochondrial

respiration indirectly, L. monocytogenes phagocytosis by IC-21

cells was performed in the presence of antimycins (these are

inhibitors of the electron transport along the respiratory

chain). As expected, L. monocytogenes phagocytosis, opsonized

or not with C1q, was not affected by antimycin treatment

(10x3x10x4
M) (data not shown). These observations agree

with our previous study in both virulent L. monocytogenes and

its non-haemolytic mutant, demonstrating that interference

with respiration or oxidative phosphorylation has no effect.2

DISCUSSION

Previous studies in both IC-21 and P388D1 cells demonstrated

that C1q was able to enhance L. monocytogenes phagocytosis

by direct binding to the bacterium and ingestion through C1q-

binding structures.9 In this report we show that those bacteria

with C1q on their surface are not as sucessful in establishing

optimal intracellular replication as unopsonized bacteria (in

spite of C1q-opsonized L. monocytogenes being bound and

taken up by IC-21 cells in higher numbers than those which are

not [ref. 9 and present report]). It has been proposed that

individual, or more probably the combined production of both

ROI and RNI molecules is responsible for direct intracellular

L. monocytogenes killing.18 The unsuccessful growth when

C1q-opsonized L. monocytogenes are taken up by Mw could

hypothetically be due to enhanced triggering of both ROI and

RNI production by C1q-opsonized L. monocytogenes. Support
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for this hypothesis comes from the following observations

reported in the present study: the C1q interaction with

structures present on the cell membrane triggers production

of potentially harmful ROI (H2O2 and O2
±); C1q is able to

amplify RNI production; and L. monocytogenes intracellular

growth was enhanced by pretreatment of host cells with ROI as

well as RNI inhibitors.

Although unopsonized L. monocytogenes is able to induce a

respiratory burst this is not as important as that induced by

C1q-opsonized bacteria. The intracellular replication rate of

unopsonized bacteria is enhanced by both ROI and amino-

guanidine (NMMA was ineffective).

Induction of ROI and RNI production by C1q probably

requires a conformational change in this molecule. Soluble C1q

only provokes a weak cellular response, unlike immobilized

C1q. These results agree with those previously reported by

others.26 In addition, we found a correlation between

phagocytosis of opsonized bacteria and enhanced production

of reactive molecules, indicating that the C1q conformational

change required for cellular responses could be stabilized by

immobilization to plastic, by coating latex beads with C1q

(unpublished observations) or by opsonization of whole L.

monocytogenes. The increased ROI and RNI generation upon

phagocytosis of C1q-opsonized L. monocytogenes could

explain the somewhat unsuccessful intracellular replication of

these opsonized bacteria. In this respect, analysis of the

phagocytosis of C1q-opsonized L. monocytogenes revealed that

the slower L. monocytogenes intracellular growth observed was

in part reversed by ROI and RNI inhibitors. These data

indicate that scavenging .OH radicals and HOCl (cysteamine

or mannitol treatment) were effective in avoiding L. mono-

cytogenes killing. Our observations agree with the generally

accepted assumption that the combination of O2
± and H2O2 is

one of the most potent mechanisms of bacterial killing.

Intracellular listericidal ability elicited by ingestion of C1q

opsonized bacteria was also impaired by aminoguanidine (a

selective inhibitor of the cytokine-inducible form of NO-

synthase) or by NMMA (another competitive inhibitor of NO-

synthase). Interestingly, aminoguanidine was shown to stimu-

late IFN-c production18 as well as antigen presentation22 but

the signi®cance of these observations is not clear. It has recently

been shown that mice de®cient in both the gp91 subunit of

NADPH oxidase and NO-synthase could not kill L. mono-

cytogenes.16 However, the killing of attenuated L. monocyto-

genes as well as Salmonella typhimurium and Escherichia coli

was diminished but demonstrable, suggesting the existence of

alternative anti-bacterial pathways.16 In our model therefore

listericidal activity induced by C1q could be exerted by both

ROI and RNI molecules and could be considered an ampli®ed

signal of that induced by IFN-c in Mw and in the Mw-like IC-

21 cell line (refs 27,28 and present report). In conclusion, the

listericidal mechanisms displayed by IC-21 cells seem to depend

on both ROI and RNI generation, as previously suggested by

others.18

Complement components have been postulated to partici-

pate in the phagocytosis of many intracellular pathogens
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± and NO2

± production, in the absence (medium) or

presence of the indicated reagents, as described in the Materials and methods. Results are expressed as the mean tSD of triplicate
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mainly via CR1, CR3 and/or CR4,28±30 as well as through C1q-

binding structures.9,31,32 However, it seems that C3 does not

trigger an appreciable oxidative burst and hence its surface

receptors constitute a safe passage into host cells for the

parasites that use them, in spite of enhanced parasite

phagocytosis (as with Leishmania spp.29). It has been described

that L. monocytogenes are able to use CR3 to enter Mw33 and

further studies have shown that L. monocytogenes uptake

through CR3 leads to bacterial killing.8,34 Nevertheless, the

nature of the listericidal mechanisms triggered by such an entry

route are unknown and no correlation between bacterial killing

through CR3 phagocytosis and triggering of oxidative

mechanisms was provided. Probably, entry through C1q-

binding molecules or through CR3 could lead to induction of

different cellular signals. Recently, it was reported that C1q

binds speci®cally to human CR1 (CD35), the leucocyte C3b/

C4b receptor.35 However, CR1 is not the only C1q receptor,

since C1q does bind and activate cells which do not express

CR1 (e.g. endothelial cells).36 The speci®c role of CR1, other

proposed C1q receptors (classi®ed into two groups: intra-

cellular C1q-binding molecules and cell surface C1q recep-

tors)37,38 or structures that are associated with them

(e.g. CD21)39 remain to be clearly de®ned.

Finally, C1q-coated latex beads (but not soluble C1q or

latex beads alone) enhance the antigen presentation capacity of

peritoneal Mw along with tumoricidal activity (unpublished

data), supporting the idea that C1q is a co-stimulatory signal

for Mw activation. These observations are in accordance with

those indicating that exogenous C1q added to Mw is important

for lipid A-mediated tumour cytotoxicity.40,41 In summary, our

data suggest that the route of L. monocytogenes ingestion into

IC-21 cells (preferentially if it is C1q-mediated) can lead to

different cellular signals, some of which induce the expression

of functions such as bactericidal activity exerted by ROI and

RNI generation, as well as enhanced abilities triggered by other

stimuli. Together, these results suggest that C1q behaves as a

collaborative molecule or a second signal for Mw activation.

Nevertheless, the possible role for C1q opsonization during an

in vivo listerial infection remains to be elucidated. Future

studies in the C1q-de®cient mouse model42 should help to place

the role of C1q-dependent listerial uptake in its physiological

context.
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