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Rhodococcus equi is a facultative intracellular bacterium of macrophages that causes disease in immuno-
compromised individuals, particularly those with AIDS. In this report, we demonstrate that R. equi binding to
mammalian cells requires complement and is mediated primarily by the leukocyte complement receptor,
Mac-1. Bacteria bind to macrophages poorly unless exogenous complement is added to the incubation medium.
The addition of fresh nonimmune serum, which contains no detectable antibodies to R. equi, greatly enhances
bacterial binding to macrophages, whereas heat inactivation of this serum or immunological depletion of C3
from the serum reduces binding to levels only slightly higher than those of binding under serum-free conditions.
Human serum depleted of C2 or C4 is fully opsonic, indicating that complement activation and fixation occur
by the alternative pathway. The serum-dependent binding of rhodococci to macrophages is mediated primarily
by the macrophage complement receptor type 3, Mac-1 (CD11b/CD18). Bacteria do not bind to fibroblastoid
or epithelial cells that lack this receptor. Most of the bacterial binding to macrophages is inhibited by a
monoclonal antibody to Mac-1 but is unaffected by a monoclonal antibody to complement receptor type 1.
Furthermore, opsonized, but not unopsonized, bacteria bind to purified Mac-1 immobilized on plastic. In
addition, in the presence of opsonic complement, rhodococci bind efficiently to fibroblastoid cells transfected
with cloned Mac-1 but relatively poorly to cells transfected with the complement receptor type 1. Hence, R. equi
fixes complement by activating the alternative complement pathway, and this fixation is a requirement for
bacterial adhesion and invasion. Furthermore, complement fixation defines rhodococcal host cell tropism, since
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R. equi binds specifically and exclusively to cells expressing Mac-1.

An increase in infections caused by a variety of opportu-
nistic pathogens has coincided with the rising incidence of
human immunodeficiency virus infection. One such oppor-
tunistic organism is Rhodococcus equi, formerly called
Corynebacterium equi. R. equi, initially described as a
veterinary pathogen (63, 65) that caused a severe and some-
times fatal pneumonia in young horses, is now recognized as
a pathogen of humans, in whom a similar pulmonary disease
results (20, 45). At present, the organism is being isolated
with increasing frequency from sputum and blood cultures of
individuals with AIDS (12, 51, 52) and patients undergoing
immunosuppressive therapy (23, 34). The disease most often
presents as a cavitary pneumonia, which may be misdiag-
nosed or go undiagnosed (3, 34, 51). Misdiagnosis occurs
because clinical microbiologists sometimes incorrectly clas-
sify R. equi as a nonpathogenic diphtheroid (9, 23, 34), and
physicians are frequently unaware of its pathogenic potential
(32). Histologically, the pulmonary lesions associated with
R. equi are granulomatous in nature, with macrophages and
multinucleate giant cells containing numerous intact bacteria
(25). R. equi is a facultative intracellular pathogen of mac-
rophages, since it can survive and multiply within infected
macrophages in vitro (22, 64). Until now, the receptors on
the macrophage mediating the binding and ingestion of
rhodococci had not been identified.

A number of intracellular microorganisms of macrophages
are able to interact with macrophage receptors for comple-
ment. These organisms include Leishmania major (39),
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Legionella pneumophila (44), Cryptococcus neoformans
(33), Listeria monocytogenes (10), and two species of my-
cobacteria (49, 50). In each case, these organisms can fix
complement by activating the alternative complement path-
way (ACP) and then bind to macrophages via their comple-
ment receptors. In virtually all of these cases, however, the
organisms have an alternative method of binding to mamma-
lian cells that does not depend on complement, and often
these organisms adhere to several other nonmacrophage cell
types.

Macrophages express two (possibly three) receptors
which bind to fragments of the third component of comple-
ment, C3. The complement receptor type 3 (CR3), also
termed Mac-1, is a member of the leukocyte integrin family.
Structurally, this glycoprotein is a heterodimer composed of
two noncovalently associated subunits, CD11b and CD18
(29). Mac-1 binds several cell surface and soluble ligands,
including the complement protein iC3b, a cleavage product
of C3b (1). The complement receptor type 1 (CR1) is a
monomer which is expressed on a variety of cell types,
including macrophages and polymorphonuclear leukocytes.
It preferentially binds to C3b and C4b (60). Because the CR1
functions more as a binding site than as an endocytic
receptor in resting cells (19), its role in microbial clearance is
indeterminate. It may play an ancillary role in cooperating
with other receptors (13), perhaps with Mac-1, to facilitate
complement-mediated phagocytosis. A third putative com-
plement receptor, p150,95, is structurally related to Mac-1,
having a unique a subunit paired with the common CD18 g
subunit. It has been implicated in the binding of degradation
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fragments of C3b (35, 42) and indirectly in microbial recog-
nition by macrophages (55).

In the work described in this paper, we have begun to
characterize the interaction of R. equi with its host cell, the
macrophage. We report that R. equi, a gram-positive encap-
sulated bacterium, must fix complement before it can invade
mammalian cells. Complement fixation occurs by activation
of the ACP and leads to opsonic C3 deposition on R. equi.
Thus, host-derived C3 is the ligand recognized by the host
cell receptor, primarily CR3. Therefore, in a nonimmune
individual, R. equi attachment to mammalian cells is depen-
dent on complement and is restricted to cells expressing
Mac-1, which may explain why R. equi cellular invasion in
vivo is limited to macrophages.

MATERIALS AND METHODS

Bacteria. Aliquots of R. equi ATCC 6939 (the type strain
of R. equi) were stored at —70°C. Prior to use, they were
thawed and grown on chocolate agar plates for 36 h at 37°C.
Approximately three isolated colonies of bacteria were in-
oculated into 10 ml of Mueller-Hinton broth for radiolabeling
with tritiated uracil as described previously (24).

Equine clinical isolates of R. equi (isolates 238 and 250)
obtained from foals with pneumonia were provided by the
Veterinary Microbiology Laboratory, New Bolton Center,
University of Pennsylvania, Kennett Square, Pa. Both clin-
ical isolates were handled in a manner similar to that for the
type strain.

Monocytes and macrophages. Murine resident peritoneal
macrophages were washed from the peritoneal cavity of
adult female BALB/c mice (National Cancer Institute, Fre-
derick, Md.) with cold cation-free Dulbecco’s phosphate-
buffered saline (PD). The cells were resuspended in Dulbec-
co’s modified Eagle’s medium (DMEM) (GIBCO, Grand
Island, N.Y.) supplemented with 7% fetal calf serum, 2 mM
glutamine, and penicillin G and streptomycin (100 U/ml and
100 pg/ml, respectively) (D-7). Then 5 x 10° peritoneal
exudate cells were placed on 13-mm-diameter glass cover-
slips in 24-well plates. The cells were allowed to adhere for
1 h at 37°C, washed with warm DMEM, and incubated
overnight in D-7 as described previously (38). Following
washing, approximately 10° cells remained per coverslip.
Prior to the binding assay, macrophages were washed free of
serum.

Mononuclear cells were isolated from human peripheral
blood by using Lymphoprep (Nycomed Pharma, Oslo, Nor-
way) as specified by the manufacturer (41). The cells were
resuspended in RPMI 1640 (GIBCO) and adhered to 13-mm-
diameter glass coverslips in 24-well plates for 30 min at 37°C.
Following washing, the monocytes were used immediately.
Bacteria were added in the presence or absence of autolo-
gous serum. To obtain monocyte-derived macrophages,
monocytes were incubated in RPMI 1640 on gelatin-coated
tissue culture flasks for 1 h at 37°C in 5% CO,. Nonadherent
cells were removed by washing. Adherent monocytes were
released from the gelatin with 5 mM EDTA in PD. The cells
were washed and then allowed to adhere to 13-mm-diameter
glass coverslips for 72 h in RPMI 1640 supplemented with
20% autologous serum, 2 mM glutamine, and penicillin G
and streptomycin (100 U/ml and 100 pg/ml, respectively) as
described previously (21). Prior to use in the binding assay,
cells were washed free of serum.

Fibroblastoid and epithelioid cells. HEp-2 human epider-
moid carcinoma cells (36) were obtained from the American
Type Culture Collection (CCL 23) and were maintained in
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D-7. For use in binding assays, the cells were trypsinized,
washed once in PD, resuspended in D-7, and cultured at
37°C overnight in 24-well plates. Primary foreskin fibroblast
cells were obtained from 2-day-old human males and were
provided by Earl Hendersen, Temple University School of
Medicine, Philadelphia, Pa. The cells were maintained in
DMEM supplemented with 10% fetal calf serum, glutamine,
penicillin G, and streptomycin, as described above. The cells
were trypsinized and cultured at 37°C overnight in 24-well
plates for use in binding assays.

Transfected cells. Chinese hamster ovary (CHO) cell lines
stably expressing wild-type human Mac-1 (CHO-Mac-1) or a
third immunoglobulin-like-domain-deleted form of human
ICAM-1 (CHO-F185.1) were developed as described previ-
ously (7). All data were generated with a high-receptor-
expressing subclone, CHO-Mac-1.3C5. Sheep erythrocytes
(SRBC) opsonized with iC3b bound to the Mac-1 transfec-
tant but not to the ICAM-1 control transfectant, thus con-
firming the functional activity of the transfected complement
receptor (data not shown).

To generate CR1 transfectants, 107 L-929 cells were
cotransfected with 2 pg of pRSVneo and either 20 pg of
paABCD or Ap"MS8. Plasmid paABCD, which contains the
complete cDNA of the F allotype of human CR1 cloned into
the Ap"M8 expression vector, and plasmid Ap'M8 were
provided by Lloyd Klickstein, The Center for Blood Re-
search, Boston, Mass. (27, 30). Plasmid pRSVneo was
obtained from Yung-Wu Chen, Temple University School of
Medicine (18). Transfections were performed by electropo-
ration using a Gene Pulser (Bio-Rad Laboratories, Rich-
mond, Calif.) set at 1.5 kV and 25 pF. To obtain linear DNA
for transfections, paABCD and Ap'M8 were digested with
Sfil and pRSVneo was digested with BamHI. Transfection
with pRSVneo allowed for the selection of stable transfec-
tants in medium containing 800 pg of G418 sulfate (GIBCO)
per ml. G418 sulfate-resistant cells were cloned by limiting
dilution and then screened for cell surface CR1 expression
by flow cytometry. Lneo.1E3 and LCR1.1D9 are clonal cell
lines which were transfected with Ap"™M8 and pRSVneo and
with paABCD and pRSVneo, respectively. The transfected
cell lines were maintained in D-7.

Functional activity of the CR1 transfectant was confirmed
by rosetting of C3b-coated SRBC. Rabbit anti-SRBC immu-
noglobulin M (IgM) (Diamedix Corp., Miami, Fla.) was used
to opsonize SRBC. Following washing, IgM-coated SRBC
were incubated with 20% human C8-deficient serum for 10
min at 37°C. Monolayers of transfected L-929 cells on
13-mm-diameter glass coverslips in 24-well plates were in-
cubated with 2.5 X 10° complement-opsonized (EAC3b) or
unopsonized (EA) IgM-coated SRBC for 45 min at 37°C in a
buffer consisting of equal parts medium 199 and DMEM
supplemented with 1% bovine serum albumin (BSA) and 12
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES). The monolayers were extensively washed, fixed
with 1.25% glutaraldehyde, and Giemsa stained. The cover-
slips were examined by light microscopy.

MAbs. The following monoclonal antibodies (MAbs) were
used as purified IgG: M1/70 (IgG2b, rat anti-murine CD11b)
(53), OKM1 (IgG2a, murine anti-human CD11b) (61), 7G6
(IgG, rat anti-murine CR1) (28), and J3D3 (IgG1l, mouse
anti-human CR1; AMAC, Westbrook, Maine). M18/2
(IgG2a, rat anti-murine CD18) (47) was diluted from culture
supernatant. TS1/22 (IgG1, murine anti-human CD11a) (48)
and CBRM1/29.1 (IgG1, murine anti-human CD11b) (7) were
diluted from ascitic fluid.

Complement reagents. Purified human C3 was purchased
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from Quidel Corp., San Diego, Calif. Serum deficient in C2
or C3 was purchased from Sigma Chemical Co., St. Louis,
Mo., or Quidel, respectively. C4-deficient serum was pro-
vided by Gary Noel, Cornell University Medical School,
New York, N.Y. Immune-mouse serum was obtained by
immunizing BALB/c mice subcutaneously twice at 14-day
intervals with 5 x 10® CFU of heat-killed rhodococci.
Heat-inactivated serum was obtained by heating normal
nonimmune sera from BALB/c mice at 56°C for 1 h. Serum
was functionally depleted of complement by treatment with
either 80 pg of zymosan (Sigma) per ml, hydroxylamine-
NaOH (40 and 360 mM, respectively), or 10 U of cobra
venom factor (Sigma) per ml for 1 h at 37°C. Zymosan-
treated serum was centrifuged to remove the zymosan
particles, and all sera were used at a final concentration of
10% for bacterial opsonization. Functional complement de-
pletion was confirmed by failure of the sera to allow IgM-
opsonized SRBC to rosette with murine peritoneal macro-
phages as described previously (46). C2, C4, and C3
deficiencies were confirmed by a classical complement path-
way hemolytic assay, performed as described previously
(37). Antigenic C4 deficiency was confirmed by a radial
immunodiffusion assay performed by Gary Noel, Cornell
University Medical School, in which C4 was undetectable.

Integrin-coated substrates. Human leukocyte integrins
were purified (8, 11, 54) and adsorbed to 96-well plates (41)
as previously described. Murine Mac-1 was purified from
cell lysates by a protocol that was modeled on the purifica-
tion of human Mac-1 (8). Briefly, to obtain 250 pg of purified,
functional heterodimer, 20 g of frozen P388D1 cells, a
macrophage-like cell line obtained from the American Type
Culture Collection (TIB 63), was solubilized in 300 ml of
lysis buffer (100 mM Tris-HCI [pH 7.8], 150 mM NaCl, 2.0
mM MgCl,, 1% Triton X-100, 0.025% NaN;, 1 mM phenyl-
methylsulfonyl fluoride, 0.22 TIU [trypsin inhibitory unit] of
aprotinin per ml, 5 mM iodoacetamide, 1 mM diisopropylifiu-
orophosphate) for 1 h at 4°C while stirring gently. The
resultant lysate was centrifuged at 10,000 X g for 2 h at 4°C.
The supernatant was decanted and then ultracentrifuged at
100,000 x g (Ti45 rotor; Beckman Instruments, Inc., Palo
Alto, Calif.) for 1 h at 4°C. The clarified lysate was pre-
cleared with human IgG coupled to Sepharose CL-4B (Phar-
macia, Uppsala, Sweden), and 40 pl of a slurry of IgG-
Sepharose was added per ml of lysate and rotated overnight
at 4°C. The Sepharose was pelleted, and the precleared
lysate was passed over an M1/70 (rat anti-mouse CD11b)
immunoaffinity column (bed volume, 6 ml; 3.2 mg of M1/70
per ml) that was prepared by attaching protein G-purified
M1/70 to cyanogen bromide-activated Sepharose CL-4B
(Pharmacia). The column was preequilibrated with 10 bed
volumes of 50 mM Tris-HCI (pH 7.8)-150 mM NaCl-2 mM
MgCl,-0.1% Triton X-100, and the precleared lysate was
loaded at a rate of 15 to 20 ml/h. The column was sequen-
tially washed at 20 to 30 ml/h with 10 bed volumes of 50 mM
Tris-HCl (pH 7.8)-150 mM NaCl-0.1% Triton X-100 and
then 10 bed volumes of 50 mM Tris-HCI (pH 7.8)-150 mM
NaCl-2 mM MgCl,-1% n-octyl-B-D-glucopyranoside. Mac-1
was eluted with 5 bed volumes of 50 mM triethylamine (pH
10.3)-400 mM NaCl-2 mM MgCl,-1% n-octyl-B-D-glucopy-
ranoside into tubes with neutralizing buffer (10% by volume,
1 M Tris-HCI [pH 7.4]). The peak fractions were determined
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) under reducing conditions. Fractions were
aliquoted and stored at —70°C.

Rhodococcus-binding assay. Radiolabeled bacteria were
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washed and resuspended in phagocytosis buffer, which
consists of 0.1% gelatin in equal parts of medium 199 and
DMEM buffered with 12.5 mM HEPES. Bacteria were
added to either purified integrins on 96-well plates or cells on
24-well plates for 45 min at 37°C as described previously
(24). For assays performed with purified integrins, bacteria
were preincubated in saline or 10% human or mouse serum
for 15 min and washed prior to their addition to the wells.
For macrophage-monocyte and transfected CHO cell as-
says, normal mouse serum or normal human serum was
added directly to the wells at a final concentration of 3, 5, or
10%. For 1-929 transfected-cell assays, human serum defi-
cient in complement protein C8 was used because normal
human serum was lytic to the L-929 cells. After incubation
with the bacteria, the cells and plates were washed exten-
sively to remove any unbound organisms. Integrin-bound
bacteria were released by solubilization with 0.5% Triton
X-100 and 0.1 M NaOH. After neutralization with 0.1 M
HCI, lysates were analyzed in a Packard 1900-CA liquid
scintillation counter. In assays with intact cells, monolayers
were lysed with 0.5% Triton X-100, and the radioactivity
associated with the cellular lysates was similarly analyzed.

Flow cytometry. Rhodococci (1.8 x 10® CFU) were incu-
bated in 10% serum for 20 min at 37°C and then washed in
Hanks balanced salt solution (GIBCO) containing 1% BSA.
Bacteria were incubated on ice for 45 min with MADb to
human iC3b (Quidel) at a final concentration of 70 pg/ml.
Following washing with Hanks balanced salt solution con-
taining BSA, the bacteria were stained with fluorescein
isothiocyanate-conjugated goat anti-murine IgG (heavy- and
light-chain specific; Jackson ImmunoResearch, West Grove,
Pa.) for 45 min on ice. The bacteria were washed with Hanks
balanced salt solution containing BSA, fixed in 1% paraform-
aldehyde, and analyzed on an Epics Elite Flow Cytometer
(Coulter Diagnostics, Hialeah, Fla.). Sera used included
normal human serum, C2-deficient human serum (C2D),
C4-deficient human serum (C4D), C3-deficient human serum
(C3D), C3-deficient human serum with 100 pg of purified
human C3 added (C3D + C3), and heat-inactivated human
serum (HI). Fluorescence levels observed were compared
with values obtained in the absence of sera. Similar experi-
ments were also performed by direct immunofluorescence
and staining with fluorescein isothiocyanate-labeled goat
anti-murine C3c (Jackson ImmunoResearch).

Transfected L-929 cells (0.5 x 10° to 1 x 10° were
incubated with MAb J3D3 for 45 min at 4°C. The cells were
washed with cold wash buffer (PD plus 1% BSA and 0.05%
sodium azide) and incubated with fluorescein isothiocy-
anate-conjugated goat anti-mouse IgG for 45 min at 4°C.
Following washing with cold buffer, the cells were fixed with
1% paraformaldehyde in PD and analyzed by flow cytometry
as described above. Control cells were stained with fluores-
cein isothiocyanate-conjugated goat anti-mouse IgG alone.

Whole-bacterial-cell enzyme-linked immunosorbent assay
(ELISA). We coated 96-well plates with 50 ul of 100-pg/ml
poly-L-lysine (Sigma) and incubated them at room tempera-
ture for 20 min. The plates were washed with PD, and 50 pl
of live, washed R. equi cells in PD (5 %X 107 to 9 x 107 cells)
was added to the wells. The plates were incubated at room
temperature for 1 h and blocked overnight at 4°C with 200 pul
of 3% BSA per well in PD. The BSA solution was removed,
and the plates were rinsed with PD. Then 50 pl of twofold
serial dilutions of sera was added to the wells, and the plates
were incubated for 1 h at 37°C. The plates were rinsed four
times with PD prior to the addition of peroxidase-labeled
goat antibody to mouse Ig. Then 50 pl of goat anti-murine
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FIG. 1. Binding of increasing amounts of R. equi 6939 to human
peripheral blood monocytes, human primary foreskin fibroblasts,
and human HEp-2 cells. The figure represents a compilation of three
separate experiments, one per cell type, performed on three sepa-
rate occasions. Binding of bacteria to monocytes in the presence of
5% autologous serum (@) was compared with binding in the absence
of serum (O). The binding of bacteria to both human foreskin
fibroblasts (A) and HEp-2 cells (M) was performed in the presence of
5% fresh normal human serum. Although not shown, binding to
these cells under serum-free conditions was also evaluated, and
results were indistinguishable from the values obtained under se-
rum-dependent conditions. Error bars express the standard devia-
tions from the means of three determinations, and where not shown
they are smaller than the symbols.

IgG heavy- and light-chain-specific antibody (Jackson Immu-
noResearch) was added in PD with 1% BSA and 1% normal
goat serum. After 1 h at 37°C, the plates were washed four
times with PD. The plates were developed with 100 pl of 0.2
mM  2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic  acid)
(ABTS; Sigma) and 0.02% hydrogen peroxide in 0.1 M
citrate buffer per well for 20 min at room temperature. The
A,s was determined on a Microplate Reader (Bio-Tek
Instruments, Winooski, Vt.). All values were corrected for
background binding to poly-L-lysine-BSA-coated plates in
the absence of rhodococci. Experimental absorbance which
exceeded background values by 0.1 was considered positive.

RESULTS

Binding of R. equi to mammalian cells. Radiolabeled R.
equi ATCC 6939 cells were added to a variety of mammalian
cell types in the presence of normal nonimmune serum, and
their adherence to each mammalian cell type was quanti-
tated. The bacteria did not bind to primary human foreskin
fibroblasts or to the human epithelioid cell line HEp-2 at any
of the bacterial doses used (Fig. 1). Likewise, they failed to
bind to the murine fibroblastoid cell line L-929 (24), COS 7
cells (data not shown), or CHO cells (see Fig. 9A). Bacteria
were also added to freshly isolated human monocytes in
either the presence or absence of normal serum. In the
absence of serum, bacteria bound poorly to monocytes, with
differences from background binding becoming significant
only at the highest bacterial input dose (Fig. 1). The presence
of 3% fresh nonimmune serum, however, resulted in a
dramatic increase in bacterial binding to monocytes, which
was dose dependent (Fig. 1).

Increasing concentrations of R. equi were also added to
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FIG. 2. Binding of increasing amounts of radiolabeled R. equi
6939 to murine peritoneal macrophages. Binding to macrophages in
the presence of 5% normal mouse serum was compared with binding
in the absence of serum and binding in the presence of 5% heat-
inactivated normal mouse serum. In this representative experiment,
bacteria incorporated an average of 0.054 cpm CFU ™! and there was
an average of 10° cells per coverslip. Binding proceeded for 45 min
at 37°C, and unbound bacteria were removed by washing. Error bars
illustrate the standard deviations from the means of three determi-
nations. The absence of error bars indicates that they are smaller
than the symbols.

adherent murine peritoneal macrophages (Fig. 2). Similar to
monocytes, murine macrophages bound bacteria poorly un-
less exogenous normal serum was added to the incubation
mixture. The serum-dependent enhancement in bacterial
binding to macrophages was a consistent result. On average,
in more than 20 separate experiments performed over a wide
dosage range, the addition of serum resulted in a greater than
10-fold increase in bacterial binding. This enhanced binding
in the presence of serum was readily apparent at the light-
microscopic level (Fig. 3).

Opsonin-dependent bacterial adherence. Since bacterial
binding required serum opsonization, the roles of antibody
and complement in mediating the binding of R. equi to
macrophages were examined. MAbs to murine Mac-1 were
used to inhibit the serum-dependent binding of R. equi to
murine peritoneal macrophages. M1/70 (anti-murine CD11b)
(53) decreased bacterial binding by 70% compared with
binding to cells in the absence of antibody (Fig. 4). An
irrelevant antibody, OKM1 (anti-human CD11b) (61), and a
nonblocking B-chain-specific control MAb, M18/2 (47), had
little or no effect on binding. The concentration of M1/70
used, 20 pg/ml, partially inhibited the binding of IgG-coated
SRBC to macrophages (data not shown), as previously
reported (4).

The role of antibody in mediating the opsonin-dependent
binding of R. equi to macrophages was then examined. Heat
inactivation of normal mouse serum at 56°C for 1 h, a method
of inactivating complement but not antibody, dramatically
decreased the binding of rhodococci to murine peritoneal
macrophages (Fig. 2). In addition, specific antirhodococcal
antibodies were not found in opsonic nonimmune mouse
serum under conditions in which these antibodies could be
readily detected in rhodococcus-immune serum. Serum ob-
tained from mice immunized with killed rhodococci exhib-
ited titers in excess of 10,000, whereas normal nonimmune
serum exhibited no detectable titer (Fig. 5). Therefore,
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FIG. 3. (A) Light microscopy of a Giemsa-stained murine peri-
toneal macrophage monolayer showing R. equi in the cytoplasm of
macrophages. Bacteria were incubated with macrophages for 45 min
at 37°C in the presence of 5% normal mouse serum. Following
washing, monolayers were fixed in 2.5% glutaraldehyde and stained
with Giemsa (Accra Labs, Bridgeport, N.J.) for 2 min. Magnifica-
tion, x1,000; oil immersion. R. equi cells are indicated by arrows.
(B) Parallel macrophage monolayer which was incubated with
bacteria under serum-free conditions. Magnification, x1,000; oil
immersion.

antibody opsonization was not likely to be responsible for
the observed serum-enhanced binding of rhodococci to
macrophages.

Complement fixation by R. equi. Complement fixation by
rhodococci was evaluated by indirect immunofluorescence
and flow cytometry. Bacteria incubated for 20 min in the
presence of 10% normal human serum were 97.8% positive
for C3 fixation, with a mean log fluorescence intensity (MFI)
of 64.0, whereas bacteria that were not exposed to serum
were essentially negative (1% positive, MFI of 0.2) (Fig.
6A). Similar complement fixation and fluorescence results
were obtained when bacteria were incubated in 10% normal
mouse serum and stained by direct immunofluorescence
with antibody to murine C3 (data not shown). Incubation of
bacteria in heat-inactivated serum resulted in a fluorescence
profile that was comparable to serum-independent values
(7% positive; MFI of 0.4). Fluorescence was also abolished
by immunologically depleting human serum of C3 (0.8%
positive; MFI of 0.3) (Fig. 6B). Significantly, the addition of
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FIG. 4. The binding of increasing amounts of radiolabeled R. equi
6939 to murine peritoneal macrophages and the effects of antibody to
Mac-1. Binding to macrophages in the presence of 5% normal mouse
serum (@) was compared with binding in the absence of serum (O)
and binding in the presence of MAb to Mac-1 (M1/70) (A). Under
conditions with antibody, the antibody was preincubated with the cell
monolayer for 15 min before the addition of bacteria and remained in
the wells throughout the experiment. Purified M1/70 and OKM1 (W)
were used at a final concentration of 20 pg/ml, and M18/2 (@) culture
supernatant was used at a final dilution of 1:10. Normal mouse serum
(5%) was present under all conditions when antibodies were used.
There was an average of 10° cells per coverslip. Error bars express
the standard deviations from the means of three determinations.
Where not shown, error bars are smaller than the symbols. This
experiment is representative of three separate experiments.

purified human C3 to this C3-deficient serum restored C3
fixation and hence fluorescence (95.7% positive; MFI of
51.0).

To address the specific pathway of complement activation
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FIG. 5. Absorbance values from a whole-rhodococcus-cell
ELISA performed on serial dilutions of mouse serum. Normal
mouse serum ([J) and mouse serum absorbed against R. equi 6939
(A) were compared with rhodococcus-immune mouse serum (@®).
All values were corrected for background binding to plates without
bacteria. Some variability in titer was seen at high concentrations of
normal mouse serum, but in five separate assays nonimmune-serum
titers never exceeded 1:32. Additionally, normal mouse serum (300
ul) absorbed against rhodococcus (3 x 10° CFU for 45 min at 4°C)
exhibited a titer identical to that of unabsorbed serum (n = 3).
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FIG. 6. Flow cytometry profiles of R. equi 6939. (A) Bacteria
were stained by indirect immunofluorescence following incubation
in 10% normal human serum (NHS), 10% heat-inactivated normal
human serum (HI), or buffer (serum independent) (SI). Indirect
immunofluorescence is described in detail in Materials and Meth-
ods. (B) Indirect immunofluorescence was performed in a manner
identical to that in panel A, except that the primary incubation was
performed in either buffer alone (serum independent) (SI), C2-
deficient human serum (C2D), C4-deficient human serum (C4D),
C3-deficient human serum (C3D), or C3D with 100 pg of purified
human serum added (C3D + C3).

that was used, we incubated the bacteria in sera that lacked
components of the classical pathway. Bacteria incubated in
serum deficient in complement factor C2 or C4 were positive
for C3 fixation (91 and 73% positive, respectively, with MFIs
of 46.4 and 13.1, respectively) (Fig. 6B). Thus, the classical
complement pathway and therefore antibody were not re-
quired for complement fixation by R. equi.

Binding of rhodococci to integrin-coated plates. Having
demonstrated that R. equi fixes complement, we examined
whether complement fixation alone was functionally opso-
nic. Opsonization of R. equi by complement was addressed
by evaluating the interaction of these bacteria with purified
human Mac-1 adhered to plastic plates. Bacteria which were
opsonized in normal mouse serum bound avidly to Mac-1,
forming a nearly confluent lawn of bacteria across the well
(data not shown). Unopsonized bacteria failed to bind to
Mac-1-coated plates even at high bacterial inputs. Similarly,
bacteria incubated in sera depleted of functional complement
activity by treatment with hydroxylamine NaOH, cobra
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FIG. 7. Binding of radiolabeled R. equi 6939 to purified human
Mac-1 protein adsorbed to 96-well plates. Bacteria were first incu-
bated in 10% normal human serum (NHS), buffer alone (serum
independent) (SI), C2-deficient human serum (C2D), C4-deficient
human serum (C4D), C3-deficient human serum (C3D), C3-deficient
human serum with 100 pg of purified human C3 added (C3D+) or
with 100 pg of purified human C3 without serum (C3) for 20 min at
37°C. Following incubation with bacteria, plates were washed
thoroughly, and the bacteria were released by detergent solubiliza-
tion. Bacterial binding to BSA-coated plates resulted in a back-
ground binding of 391 + 4 cpm. Values are expressed as the means
and standard deviations of three determinations. Where not visible,
error bars are smaller than the symbols.

venom factor, or zymosan also failed to bind to Mac-1 (data
not shown). Bacterial binding to Mac-1 was C3 dependent,
since serum depleted of C3 failed to mediate binding to
Mac-1 (Fig. 7). Specific depletion of the classical comple-
ment pathway, however, did not prevent R. equi opsoniza-
tion. Bacteria opsonized in human serum deficient in either
C2 or C4 bound to purified Mac-1 as well as bacteria
opsonized in normal human serum did (Fig. 7).

To address the possibility of species-specific differences
between human and murine macrophages with respect to
microbial recognition, murine Mac-1 was isolated from the
macrophage-like P388D1 cell line (Fig. 8A) and bacterial
binding to murine Mac-1 was measured. Results were com-
parable to that of the human homolog in that bacteria
opsonized in normal mouse serum bound to this receptor,
whereas unopsonized organisms did not (Fig. 8B). This
binding was specific, since it was blocked by a MAb to
CD11b, M1/70, but was unaffected by the nonblocking MAb
M18/2. In addition, as previously reported (62), binding to
Mac-1 was cation dependent and was inhibited by 10 mM
EDTA (Fig. 8B).

Rhodococcus binding to cells transfected with cloned com-
plement receptors. To test whether Mac-1 expression on a
cell surface was sufficient to mediate rhodococcus binding,
CHO cells were stably transfected with either human
CD11b/CD18 (Mac-1) or a truncated form of human CD54
(ICAM-1). Radiolabeled R. equi 6939 cells were added to
CHO transfectants in the presence or absence of normal
human serum. The rhodococci failed to bind to either
transfected cell type in the absence of serum. However, the
addition of increasing amounts of normal human serum
resulted in a parallel increase in bacterial binding to the
Mac-1-transfected cells but not to the ICAM-1 transfectants
(Fig. 9A). The specificity of Mac-1 in this effect was con-
firmed by using MADb directed against human Mac-1. Two
MADbs to Mac-1, CBRM1/29.1 and M1/70, inhibited serum-
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FIG. 8. (A) SDS-PAGE of purified murine Mac-1 showing the a chain (CD11b; M,, 160,000) and the B chain (CD18; M,, 95,000). Purified
murine Mac-1 (15 pl of a 2-ml fraction from an M1/70 MAD affinity column) was subjected to reduction, SDS-PAGE, and silver staining.
Molecular weight standards are marked on the left. (B) Binding of radiolabeled R. equi 6939 to purified murine Mac-1 adsorbed to plastic.
Bacteria were preincubated in the presence of 10% normal mouse serum (NMS) or in buffer alone (serum independent) (SI) for 20 min at 37°C.
Under conditions with MAbs, the MAbs were preincubated with the receptor 15 min before the addition of opsonized bacteria. MAbs
remained in the wells throughout the binding period. Background binding of serum-opsonized bacteria to BSA control wells was 1,402 + 651
cpm and was comparable to the binding of unopsonized bacteria to purified Mac-1. Determinations were performed in triplicate, and values
are expressed as the means and standard deviations. This experiment is representative of three.

dependent binding to the Mac-1-transfected cells by approx-
imately 90%, whereas an irrelevant antibody, TS1/22 (mu-

expressed on the CHO cell transfectants was compared with
that of the type strain. The equine clinical isolates (isolates

rine anti-human CD11a), had no effect on binding (data not
shown). Bacterial binding to the Mac-1 transfectant was
visualized by light microscopy. Many cells had in excess of
10 bacteria bound per cell when the assays were performed
in the presence of serum (Fig. 9B). In the absence of serum,
however, binding was negligible, with fewer than one bac-
terium detectable per high-powered field. In addition, the
binding of clinical isolates of R. equi to human Mac-1

238 and 250), obtained from foals with pneumonia, bound to
the Mac-1-transfected cells in a serum-dependent manner
and failed to bind to the ICAM-1 transfectant control, results
consistent with that of R. equi ATCC 6939 (Fig. 10).

The role of CR1 in binding of R. equi to macrophages was
examined by evaluating the effect of anti-CR1 MAb on
bacterial adherence. The addition of 7G6, a blocking MAb to
murine CR1 (28), had no effect on serum-dependent binding
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FIG. 9. (A) Binding of radiolabeled R. equi 6939 to transfected CHO cells. CHO-Mac-1 cells were stably transfected with human Mac-1,
and CHO-F185.1 cells were transfected with a truncated form of ICAM-1. Approximately 4.4 x 10° bacteria were added to approximately 10°
cells in either the absence or presence of increasing amounts of normal human serum. Binding proceeded for 45 min at 37°C, and monolayers
were then washed to remove unbound bacteria. Determinations were performed in triplicate, and values are expressed as the means and
standard deviations. (B) Light microscopy of Giemsa-stained CHO cells transfected with human Mac-1 showing bound R. equi 6939 cells. The
CHO cells were fixed with 2.5% glutaraldehyde and stained with Giesma. Cell-associated bacteria are indicated by arrows. Magnification,
x1,000.
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FIG. 10. Binding of clinical isolates of radiolabeled R. equi
(isolates 238 and 250) and the type strain (ATCC 6939) to Mac-1-
transfected CHO cells. A total of 5 x 10° to 8 X 10° bacteria were
added to approximately 10° cells in either the presence or absence of
normal human serum. Values were determined in triplicate, and
error bars represent the standard deviations from the means. Al-
though not shown, binding to CHO-F185.1 control-transfected cells
was evaluated, and the values obtained were indistinguishable from
those for binding to CHO-Mac-1 transfectants under serum-free
conditions.

of rhodococci to murine peritoneal cells (Fig. 11). Bacterial
binding to L-929 cells transfected with human CR1
(LCR1.1D9) was also evaluated. Cells stably transfected
with CR1 were positive for receptor expression by flow
cytometry (100% positive, MFI of 32.8) and rosetted C3b-
opsonized erythrocytes (Fig. 12). In the presence of 5%
human serum, a concentration of serum adequate to mediate
binding of R. equi to the Mac-1 transfectants (Fig. 9A) and
primary macrophages (Fig. 2), bacterial binding to the CR1-
transfected cells was indistinguishable from serum-indepen-
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FIG. 11. Binding of radiolabeled R. equi 6939 to murine perito-
neal cells and the effect of antibody to CR1 and Mac-1. Binding to
macrophages in the presence of 5% normal mouse serum (serum)
was compared with binding in the absence of serum (no serum) and
to binding in the presence of blocking MAb to CR1 (7G6) or MADb to
Mac-1 (M1/70). Under conditions with antibody, the antibody was
preincubated with the cell monolayer for 15 min before the addition
of bacteria and remained in the wells throughout the experiment.
Purified M1/70 and 7G6 were used at a final concentration of 20
ng/ml. Normal mouse serum (5%) was present in wells containing
the antibodies.
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FIG. 12. Cells stably transfected with human CR1 form rosettes
with EAC3b. Monolayers of LCR1.1D9 cells were incubated with
EAC3b. Giemsa-stained monolayers were examined by light micros-
copy. Magnification, x1,000. No rosettes were observed when
LCR1.1D9 cells were incubated with EA (data not shown).

dent binding (n = 5), even at high bacterial inputs (Fig. 13).
The addition of 10% serum, however, did result in measur-
able bacterial binding, although this binding was consider-
ably reduced relative to binding to the Mac-1-transfected
cells. Under conditions in which Mac-1-transfected cells
bound 8 bacteria per cell, the CR1 transfectants bound 0.5
bacterium per cell (Fig. 13). Thus, in contrast to the Mac-1
transfectants, the presence of biologically active CR1 alone

CPM
BACTERIA BOUND/CELL
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FIG. 13. Binding of increasing amounts of radiolabeled R. equi
6939 to cells transfected with human CR1 (LCR1.1D9) and human
Mac-1 (CHO-Mac-1). Increasing doses of bacteria were added to
CHO-Mac-1 in the presence (@) or absence (O) of serum. Bacteria
were added to LCR1.1D9 in the presence of 5% serum (A) or 10%
serum (V). Bacteria which were preopsonized in 20% serum (W)
were washed prior to their addition to LCR1.1D9 cells. Values
represent the means of three determinations. Error bars express the
standard deviations from the means, and where not shown they are
smaller than the symbols. Although not shown, serum-dependent
bacterial binding to control transfected cells (CHO-F185.1,
Lneo.1E3) was indistinguishable from binding under serum-indepen-
dent conditions. This figure is representative of four separate exper-
iments in which bacterial binding to LCR1.1D9 and CHO-Mac-1 at
multiple doses in 10% serum was 3.5 + 2.8 (n = 11)- and 60.6 + 33 (n
= 9)-fold higher, respectively, than serum-independent values. The
binding of bacteria which were preopsonized in 20% serum was 12.0
+ 10.4 (n = 10)-fold higher than serum-independent values.
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on a cell was not sufficient to mediate bacterial binding when
bacteria were added to these cells in the presence of com-
plement. Experimental conditions were adjusted to increase
rhodococcus binding to CR1. Bacteria were preopsonized in
20% fresh serum and washed prior to being added to the CR1
transfectants. This method of opsonization increased bacte-
rial adhesion to LCR1.1D9 cells to 1.4 bacteria per cell (Fig.
13). Only bacteria which were preopsonized in this manner
bound efficiently to cellular CR1.

DISCUSSION

We have examined the interaction of the facultative intra-
cellular bacterium R. equi with its host cell, the macrophage.
We report that complement fixed to the surface of the
bacteria is the primary ligand which mediates bacterial
adhesion to macrophages. In the absence of serum, binding
to macrophages is minimal. The presence of fresh nonim-
mune serum dramatically increases the binding of rhodo-
cocci to both murine and human macrophages. Serum that
was heated to inactivate complement and serum immunolog-
ically depleted of C3 were unable to mediate bacterial
adhesion. Complement fixation depended on an intact ACP,
a mechanism which does not rely on antibody, and the serum
used had no detectable antibody to R. equi as determined by
ELISA.

We also report that Mac-1 is the primary macrophage
receptor involved in bacterial recognition. Our evidence for
this is the following. (i) MAb to Mac-1 inhibited bacterial
binding to macrophages by more than 70%. (ii) Bacterial
binding was limited to cells expressing complement recep-
tors. The human epithelioid cell line, HEp-2, and several
fibroblastoid cells, including murine L-929 cells (24), CHO
cells, COS-7 cells (data not shown), and primary human
foreskin fibroblasts, all failed to bind bacteria, whereas
monocytes and macrophages, cells which express Mac-1,
bound bacteria avidly. (iii) Transfection of cloned Mac-1 into
fibroblastoid cells converted them into cells which bind R.
equi avidly. (iv) In the presence of normal serum, bacteria
bound directly to purified Mac-1 adsorbed onto plastic.
Therefore, the single leukocyte receptor, Mac-1, is adequate
and sufficient to bind R. equi, provided that the organism is
opsonized with complement. Furthermore, the molecular
specificity of this interaction may well determine the cellular
tropism of R. equi and define the macrophage as the singular
definitive host cell for this intracellular bacterium.

Complement receptor-mediated entry into macrophages
has been documented for Leishmania major, Mycobacte-
rium tuberculosis, Mycobacterium leprae, Legionella pneu-
mophila, Listeria monocytogenes, and Cryptococcus neo-
formans (10, 33, 39, 44, 49, 50). In the presence of exogenous
complement, all of these intracellular organisms are able to
bind to macrophages in a complement-dependent manner. It
is clear, however, that Listeria monocytogenes, Legionella
pneumophila, and Mycobacterium spp. are also able to bind
to other noncomplement receptors on mammalian cells,
since each of these organisms has been shown to infect cells
which do not express complement receptors (14, 16, 31, 43,
59). Furthermore, Leishmania spp. and Histoplasma capsu-
latum can bind to macrophages in the absence of exogenous
complement (6, 55), indicating that their infectivity does not
depend exclusively on complement. We demonstrate that in
contrast to these organisms, R. equi binds only to cells
expressing receptors for complement in vitro and binds only
in the presence of a functionally opsonic complement sys-
tem. This dependence on complement receptors by R. equi
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for cell attachment is unique, and it alone may explain the in
vivo observation that R. equi infection is limited to macro-
phages.

Since complement opsonization plays a key role in direct-
ing rhodococci to macrophages, we addressed the mecha-
nism of complement fixation. Complement can be activated
by the classical complement pathway, which requires anti-
body, or by the ACP, which is usually antibody independent.
Lipopolysaccharide, a major outer membrane component of
gram-negative bacteria, has been shown to mediate ACP
activation and complement-mediated opsonization (2, 15,
17). Though lacking LPS, some gram-positive bacteria have
also been shown to activate the ACP (10, 57). Complement
fixation by the ACP, however, is frequently not opsonic for
encapsulated bacteria (58). Only antibody-directed comple-
ment fixation is opsonic for these organisms, presumably
because it allows C3 deposition on the capsular surface,
making it accessible to phagocyte complement receptors (5,
56). Using immunofluorescence and flow cytometry, we
demonstrate that R. equi fixes complement by the ACP. C3
deposition on bacteria occurred in human serum depleted of
the classical complement pathway protein C2 or C4. We also
demonstrate that unlike many other encapsulated bacteria,
this ACP fixation to encapsulated R. equi is fully opsonic.
Bacteria opsonized in C2- or C4-deficient sera were fully
capable of binding to either purified Mac-1 or to cloned
Mac-1 transfected into nonmacrophage cells. Thus, rhodo-
coccus is able to activate the ACP, resulting in C3 fixation to
the bacterial surface in an opsonic form accessible to cellular
complement receptors.

Our data with Mac-1-transfected cells largely parallel data
obtained with primary macrophages. CHO cells transfected
with Mac-1 bind serum-opsonized bacteria, whereas control
transfected CHO cells do not. Bacterial binding to these
transfectants is almost completely abolished by MAb to
Mac-1. Similarly, binding to murine macrophages was also
dependent on complement and was markedly inhibited (at
least 70%) by MAD to murine Mac-1. These results indicate
that Mac-1 is able to mediate bacterial binding and probably
accounts for the majority of R. equi binding to macrophages.
The residual amount of R. equi binding to macrophages,
which was not inhibitable by MAb to Mac-1, might be
attributable to other macrophage complement receptors,
such as the CR1 or CR4. These receptors each probably
account for only a minor fraction of bacterial adhesion,
which may be below our limits of detection. Our evidence
for the subordinate role for these receptors is as follows. (i)
Serum-opsonized R. equi failed to bind to affinity-purified
p150,95 adhered to plastic (data not shown). (ii) Bacterial
adhesion was virtually unaffected by a blocking MAb to
CR1. (iii) R. equi bound poorly to cells transfected with CR1
in the presence of complement, under conditions in which
they bound avidly to Mac-1-transfected cells. Failure to bind
R. equi was not due to a lack of functional CR1 expression
on these transfected cells, because these cells bound to
erythrocytes preopsonized with C3b. The failure of the CR1
transfectants to bind R. equi may be due to the factor I
cofactor activity of CR1, which would result in the conver-
sion of bound C3b to iC3b. CR1 has been shown to bind iC3b
with a 100-fold lower affinity than that with which it binds to
C3b (26). Preopsonization of R. equi, followed by washing to
remove exogenous complement regulatory proteins from the
assay, partially restored R. equi binding to the CR1 express-
ing cells.

Studies involving the intracellular protozoan Leishmania
major have suggested that the mode of entry into host cells
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affects the intracellular fate of the organism. We demon-
strated a correlation between complement fixation by Leish-
mania major and subsequent intracellular survival of the
parasite (40). We hypothesize that macrophages have ‘“per-
missive”” versus ‘‘restrictive’” receptors and that ligand
binding to permissive complement receptors could result in
the establishment of a successful intracellular infection. Our
observation that the intracellular bacterium R. equi binds to
complement receptors is consistent with this hypothesis. We
are currently investigating whether the mode of entry by R.
equi affects intracellular survival in resident macrophages.
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