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Polyreactive immunoglobulins (Ig) and complement components are present in tissues and blood of healthy
individuals. They facilitate pathogen uptake and inactivation in lysosomes of phagocytes and thereby provide
rapid protection against infection. Dendritic cells (DCs) are phagocytes that can acquire peptides from
phagocytosed antigen to elicit cytotoxic immune responses by CD8" T lymphocytes. The mechanisms that
select peptides for cross-presentation are not fully resolved. Here we investigated the role of polyreactive Ig and
complement in directing phagosomal antigen processing for cross-presentation. Phagocytosis facilitated by
serum opsonization required the presence of Ig for effective antigen cross-presentation of microbe-derived
antigen. The presence of complement C3 in serum promoted phagocytosis, yet phagosomes were defective in
antigen degradation. The small GTPase Rab27a was recently implicated in antigen cross-presentation and was
rapidly recruited to phagosomes only when Ig was present. Our data suggest that prebinding of antigen by
polyreactive Ig potentiates the efficiency of antigen cross-presentation to CD8" T cells through recruitment of

Rab27a.

Immunoglobulins (Ig) and complement factors are abun-
dant serum constituents that are critically involved in the im-
mediate protection against infection. One mechanism of pro-
tection concerns the ability of C3 degradation products and Ig
to rapidly opsonize and neutralize pathogens, thereby enhanc-
ing receptor-mediated uptake and eventual hydrolysis of
pathogens and their products in lysosomes of phagocytes (25).
Dendritic cells (DCs) function as phagocytes and also play a
pivotal role in the maintenance of immunological tolerance
and in promotion of adaptive immune responses to foreign
antigens. Adaptive immunity is initiated when DCs display
antigenic peptides in complex with molecules of the major
histocompatibility complex (MHC) to T cells. Antigens derived
from the extracellular milieu serve as substrates for presenta-
tion as peptide/class II MHC complexes to CD4 T cells,
whereas antigens that are synthesized intracellularly are mostly
presented as peptide/class I MHC to CDS8 T cells. A third
pathway of presentation is termed cross-presentation, which is
the process whereby exogenous proteins are presented on class
I MHC. DCs selectively process some exogenous antigens for
cross-presentation as peptide/MHC class I complexes, while
degrading others to single amino acids. The mechanisms in-

* Corresponding author. Mailing address: Department of Derma-
tology, Brigham and Women’s Hospital and Harvard Medical School,
77 Avenue Louis Pasteur, Boston, MA 02115. Phone: (617) 525-5569.
Fax: (617) 525-5571. E-mail: mboes@umcutrecht.nl.

+ Present address: Department of Molecular Genetics and Microbi-
ology and Center for Infectious Diseases, Stony Brook University,
State University of New York, Centers for Molecular Medicine, Room
240, Stony Brook, NY 11794-5120.

¥ Published ahead of print on 8 September 2008.

5373

volved with selection of antigen for cross-presentation are not
fully resolved.

Both complement components and Ig are present in the
serum of healthy individuals without previous immunization.
Polyreactive Ig of the IgM, IgG, or IgA isotype recognize a
broad range of self and foreign antigens with low affinity (16).
The binding of complement to antigens of invading microbes
can be achieved by triggering of the classical, alternative, or
lectin pathway of complement activation; all three converge at
the covalent attachment of the large C3 component C3b to the
target surface. C3b or its subsequent degradation products,
iC3b and C3d, provide the opsonin piece that is recognized by
the complement receptors CR1, CR2, and CR3 expressed by
DCs and other phagocytes. The role of complement in pro-
moting adaptive immunity has mostly been studied in B cells,
showing that cross-linking of the B-cell receptor with the CD21
complement receptor enhances B-cell function (14). Immune
complexes composed of antigen-specific Ig and antigen can
efficiently be cross-presented to CD8 T cells by DCs (4, 15).
Natural polyreactive Ig usually have moderate affinities for
microbial antigens, and their abundance makes it important to
understand their role in modulating phagocytosis and cross-
presentation by DCs.

In macrophages, phagocytosis is primarily mediated by CR3
(a B2 integrin composed of CD11b and CD18) and Fc recep-
tors (FcR). Whereas CD11b can directly recognize compo-
nents of the microbial wall (38), phagocytosis via CR3 is most
effective when particles are opsonized with complement C3-
derived fragments. FcRy mediate phagocytosis via recognition
of the constant region of IgG bound to antigens (20). It is now
understood that circulating and tissue-resident DCs also
phagocytose particles by using receptors for active complement
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and IgG (18, 37). Moreover, DCs control whether antigens are
fully degraded as part of innate immunity or shuttled toward
presentation by MHC molecules for induction of adaptive im-
munity.

Research on antigen cross-presentation so far has mostly
focused on the transfer of endocytosed proteins to the MHC
class I loading pathway, an essential step toward cross-presen-
tation. There is evidence to support antigen transfer from early
endosomes or the endoplasmic reticulum into the cytosol (1, 2,
10), and cellular exchange of peptides via gap junctions may
supply DCs with antigenic peptide for class I MHC-mediated
presentation (26, 28). Antigens probably require proteasomal
processing and further trimming by cytosolic peptidases to
allow class I MHC binding. The formation of peptide/class I
MHC complexes is thought to occur in the endoplasmic retic-
ulum (possibly reached via retrograde transport through the
secretory pathway) or in phagosomes themselves (12, 35). Re-
gardless of where capture by class I MHC occurs, the stability
of the antigen in endocytic compartments is likely to affect the
subsequent induction of CD8" T-cell-mediated adaptive im-
munity. Therefore, it is important to study the importance of
antigen sorting and processing in the endocytic pathway. Sev-
eral members of the Rab family of small GTPases are involved
with regulation of endosomal transport and function (23).
Rab27a was recently added to this list; it was thought to re-
strain phagosomal proteolysis, thereby stimulating antigen
cross-presentation (22). Elucidation of the mechanisms in-
volved with antigen proteolysis and cross-presentation should
benefit the development of vaccines that stimulate strong
CD8™" T-cell responses. We here show that DCs use distinct
routes of phagocytosis depending on the opsonins involved in
antigen uptake. Opsonin binding controls antigen phagocyto-
sis, processing, and eventual cross-presentation as peptide/
class I MHC.

MATERIALS AND METHODS

Mice and sera. C57BL/6 mice were purchased from Jackson Laboratories (Bar
Harbor, ME). Class II enhanced green fluorescent protein (EGFP) knock-in
mice (7), RAG1™/~ mice (27), and C37/~ mice (39) were bred in-house. All mice
were on a C57BL/6 background. Experiments were performed in accordance
with institutional guidelines for animal use and care.

DC culture. Experiments were performed using mouse DCs obtained from
spleen or cultured from mouse bone marrow (BM-DCs), which gave similar
results. Spleen DCs were enriched using a magnetic bead-assisted separation
(>90% purity, based on CD11c expression; Miltenyi Biotec Inc., Auburn, CA).
BM-DCs were prepared by flushing the bone marrow cavity of C57BL/6 mouse
femurs and tibias until a single cell suspension was obtained. Cells were cultured
for 4 days in Dulbecco’s modified Eagle’s medium (Gibco, Invitrogen Corpora-
tion) without phenol red; supplemented with 10% fetal bovine serum (FBS),
L-glutamine (2 mM), and penicillin-streptomycin (200 U/ml and 200 pg/ml,
respectively) in the presence of interleukin-4 (1 ng/ml; PeproTech, Rocky Hill,
NJ) and granulocyte-macrophage colony-stimulating factor (10 ng/ml; Roche
Molecular Biochemicals, Somerville, NJ). Cells were plated at 2.5 X 10° cells/
well in flat-bottomed 96-well plates and 2.5 X 10° cells/well on the coverslip in a
six-well plate for imaging. Immediately prior to Escherichia coli phagocytosis
experiments, DCs were rinsed and received warm medium lacking FBS (37°C).

Bacterial strains and growth conditions. Escherichia coli strain DH5« and
isogenic derivatives expressing OVA 35 355 peptide, EGFP, or DsRed were gen-
erated in the laboratory of Michael Starnbach (Department of Microbiology and
Molecular Genetics, Harvard Medical School). Bacteria were grown under aer-
obic conditions at 37°C in 3 ml LB broth in the presence of chloramphenicol
(OVA 35 335—F. coli and DsRed-E. coli) and ampicillin (EGFP-E. coli).

Opsonization of E. coli and phagocytosis by DCs. Blood was obtained by
cardiac puncture from sacrificed mice, from which serum was obtained by cen-
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trifugation (10 min at 5,000 rpm). Serum was immediately stored in aliquots
sufficient for one experiment each at —20°C to prevent multiple freeze-thaw
cycles. Serum was thawed on ice and was immediately used for opsonization of
E. coli. Functionality of complement and Ig was comparable between once-
thawed serum and fresh serum (data not shown). Where indicated, mouse serum
was heat inactivated by incubation at 56°C for 30 min. E. coli bacteria were
opsonized with 50 wl mouse serum by incubation at 37°C for 30 min and were
subsequently added to DCs in 150 wl FBS-free medium at a multiplicity of
infection (MOI) of 50:1. E. coli bacteria were added to DCs for 1 hour, after
which unbound E. coli bacteria were removed by washing.

DC killing assay. Killing of E. coli by DCs was determined using recombinant
E. coli expressing a chloramphenicol resistance plasmid and RAG1/~ and
C37/~ serum. E. coli bacteria were opsonized with serum and added to DCs for
1 or 6 hours. Then gentamicin was added to specifically kill all remaining extra-
cellular E. coli bacteria. DCs were collected, and serial dilutions were plated in
triplicate on LB agar plates containing chloramphenicol. After overnight incu-
bation at 37°C, the numbers of viable colony-forming E. coli bacteria retrieved
from DCs were calculated.

Flow cytometry. Uptake of E. coli was determined by culture of DCs with
serum-opsonized GFP-E. coli (1 hour). Immunostaining was performed for 15
min on ice with fluorophore-conjugated antibodies against CD11c (clone HL3;
BD Pharmingen) and anti-I-A® monoclonal antibody (MADb) (clone AF6-120.1;
BD Pharmingen). Surface display of SIINFEKL/K® complexes was determined
using ovalbumin (OVA)-E. coli bacteria that were added to DCs for 2, 4, or 24 h,
followed by immunostaining with culture supernatant from 25D1.16 hybridoma
(30) and Alexa-647 goat anti-mouse IgG (Molecular Probes) and anti-CD11c
MAD and anti-I-A® MADb as described above. Flow cytometry analysis was per-
formed on a fluorescence-activated cell sorting Canto flow cytometer (BD).
Activation of DCs by culture with serum-opsonized E. coli was measured using
MAD to CD40 (clone 1C10; eBiosciences), CD86 (clone GL1; BD Pharmingen),
and I-A® (clone AF6-120.1; BD Pharmingen).

Confocal microscopy. Class II-EGFP DCs were cultured from bone marrow on
coverslips in six-well plates as described above. To visualize phagocytosed E. coli,
serum-opsonized DsRed-E. coli bacteria were added to class II-EGFP DCs at an
MOI of 50:1 for 1 and 4 hours. Live cell imaging was performed using a Nikon
TE2000U inverted microscope equipped with a 100X oil objective (1.4 numerical
aperture) and a Perkin-Elmer UltraView RS system equipped with a spinning-
disk confocal head. Perkin-Elmer acquisition software was used for image
acquisition and data processing (Universal Imaging Corporation). Thirty micro-
graph fields that each contain several GFP-expressing DCs and DsRed-express-
ing E. coli were quantitated for binding of E. coli to the plasma membrane and
for uptake into the endocytic route of DCs near the center of the cells. These
quantitation experiments were done by Z-stack analysis of 10 to 15 separate
sections (1-pm separation in depth) for each one of 30 micrograph fields.

Visualization of formation of SIINFEKL/K® complexes and phagosome re-
cruitment of Rab27a were performed using class II-EGFP DCs that were incu-
bated with opsonized OVA-E. coli or opsonized DsRed-E. coli, respectively
(MOI of 50:1, 2 h, 37°C). DCs were washed and fixed with 4% paraformalde-
hyde-10% sucrose—phosphate-buffered saline (10 min at 37°C) followed by per-
meabilization (0.05% saponin in Fc block, 24G2 hybridoma culture supernatant).
Formation of SIINFEKL/K® complexes was performed by immunostaining using
culture supernatant from 25D1.16 hybridoma (30) and Alexa-568 goat anti-
mouse IgG secondary antibody (Molecular Probes). Rab27a was visualized using
anti-Rab27a polyclonal antibody (IBL America) and Alexa-647 goat anti-mouse
1gG secondary antibody (Molecular Probes). Imaging of immunostained DCs
was performed using an Olympus Fluoview confocal microscope.

Statistical analyses. An unpaired two-tailed ¢ test was used for statistical
analyses. P values below 0.05 are considered statistically significant and are
indicated in the figures by an asterisk.

RESULTS

Phagocytosis routes in mouse DCs involving complement
and Ig. Pathogen recognition and phagocytosis involve multi-
ple ligand-receptor interactions, including those mediated by
complement components and Ig, most notably IgG (3). To test
the involvement of complement C3 and Ig in phagocytosis, we
used whole serum extracted from unstimulated knockout mice.
Serum from C3~/~ mice lacks all complement factor C3 and
opsonins derived from C3 but contains normal levels of Ig (19).
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Serum from RAG1 ™/~ mice lacks all Ig but is sufficient in
complement components (27). Control serum that lacks both
complement C3 and Ig was generated by enzymatic inactiva-
tion of RAG1~/~ serum by heat treatment (33). Recombinant
bacteria expressing GFP were used to visualize surface binding
and internalization of E. coli by mouse DCs (Fig. 1A). E. coli
bacteria were added to DCs for 1 hour, after which unbound E.
coli bacteria were removed by washing.

When wild-type serum was used for opsonization, 46% of
DCs phagocytosed E. coli. Prebinding of E. coli with C37/~
serum allowed 20% of DCs to internalize bacteria. Opsoniza-
tion with Ig-deficient RAG ™/~ serum resulted in 36% GFP-
positive DCs. In contrast, only 10% of the DCs were able to
bind or internalize the bacteria when heat-inactivated Ig-defi-
cient serum from RAG™/~ mice was used for opsonization.
These 10% are likely accounted for by other serum factors,
such as mannan-binding lectin (21). In summary, these results
suggest that binding of both complement and Ig contributes to
the phagocytosis of bacteria by DCs.

Next, we determined whether complement and polyclonal Ig
promote phagocytosis of E. coli in a dose-dependent manner
(Fig. 1B). Twofold serial dilutions of opsonized E. coli were
added to DCs starting at an E. coli/DC ratio of 300:1. Opson-
ization using polyclonal Ig promoted E. coli phagocytosis in a
dose-dependent manner. However, at all concentrations ana-
lyzed, complement opsonization using RAG™/~ serum pro-
moted most phagocytosis, reaching saturation at a ratio of
300:1. Complement and Ig confer immune protection through
immediate binding upon microbial infection (8, 31). Comple-
ment and Ig opsonization both facilitate phagocytosis, with
complement being critical especially at low concentrations.

Efficient delivery of antigen to endosomal/lysosomal com-
partments requires complement opsonization. To determine
whether complement and polyclonal Ig control the ability of
DCs to process endocytosed antigen, we visualized the endo-
somal transport of phagocytosed E. coli, using DCs from MHC
class II-EGFP mice, in which class II-EGFP serves as a marker
for late endosomes and lysosomes (7). Red fluorescent pro-
tein-expressing E. coli (DsRed-E. coli) bacteria were added to
DCs cultured on coverslips and were analyzed by live cell
confocal imaging at 1 and 4 hours. Confocal Z-stack analysis
allowed for enumeration of their binding and uptake of
DsRed-E. coli. Four consecutive Z-stacks through the center
portion of each DC are shown in Fig. 1C. Both complement
and polyclonal Ig mediate deposition of E. coli into late endo-
somal and lysosomal compartments as early as within 1 hour.
White arrows in Fig. 1C indicate the presence of DsRed-E. coli
in MHC class II-EGFP-positive endosomal compartments.
Quantitation of bacterial attachment and uptake by DCs was
done by Z-stack confocal microscopy analysis of at least 50
DCs for each treatment (Fig. 1D, bar graph).

Ig opsonization targets antigens to compartments with
higher antigen degradation activity than does complement op-
sonization. Phagosomal killing of intracellular bacteria occurs
via the production of toxic reactive oxygen and nitrogen inter-
mediates by activation of the NADPH oxidase complex (24,
34). We tested whether bacterial binding to complement or
polyclonal Ig affects phagosomal killing by DCs. E. coli bacteria
were opsonized using RAG1~/~ and C37/~ serum, and DCs
were allowed to phagocytose and kill E. coli for 1 and 6 hours.
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Remaining extracellular E. coli bacteria were depleted by ad-
dition of gentamicin, and phagosomal E. coli bacteria were
recovered by culture on LB-agar plates. In accordance with a
report showing that IgG-opsonized Salmonella enterica bacte-
ria do not survive inside mouse DCs (37), opsonization of E.
coli with C37/~ serum promoted intracellular killing. However,
DC killing of complement-opsonized E. coli was relatively in-
effective, as a larger fraction of RAG1 /" serum-opsonized E.
coli bacteria formed CFU at 6 hours after phagocytosis (Fig.
2A). These results show that opsonization with polyclonal Ig
but not complement promotes phagosomal killing by DCs.

We next employed E. coli expressing GFP, to monitor the
loss of GFP fluorescence as a readout for processing of E.
coli-derived antigen by DCs. E. coli bacteria were opsonized
using serum sufficient in polyclonal Ig and complement or with
serum that lacks polyclonal Ig or complement C3. As shown in
Fig. 2B, when phagocytosis was facilitated by opsonization
using Ig-sufficient serum from wild-type or C3~/~ mice, GFP
fluorescence from E. coli was rapidly lost. In contrast, phago-
cytosis facilitated by opsonization using complement-sufficient
serum that lacks polyclonal Ig, using RAG1~/~ serum, caused
a restrained loss of GFP fluorescence (2 hours, Fig. 2B). Thus,
complement-mediated phagocytosis results in delayed phago-
somal/lysosomal killing and antigen processing.

Ig-opsonized antigens, but not complement-opsonized anti-
gens, are delivered into phagosomes that efficiently recruit
Rab27a. Several members of the Rab family of small GTPases
localize to distinct endosomal compartments and are key reg-
ulators of endosomal transport and function (23). Phagocytosis
of latex beads, for example, stimulates the rapid recruitment of
the Rab27a to phagosomes, which limits the degradation of
bead-coupled OVA and results in improved OVA cross-pre-
sentation (22). We here asked whether phagosomes facilitated
by complement and polyclonal Ig binding can rapidly recruit
Rab27a and whether Rab27a recruitment promotes cross-pre-
sentation of phagocytosed microbial antigen. DCs from class II
MHC-EGFP mice were allowed to phagocytose DsRed-E. coli
for 2 hours and were stained using antibody to Rab27a. Op-
sonization using C3~/~ and wild-type serum, but not RAG1 ™/~
serum, promoted Rab27a recruitment to phagosomes (Fig. 3).
We had already established that polyclonal Ig opsonization
using C37/~ or wild-type serum, but not complement opson-
ization, targets antigens to compartments with higher antigen
degradation activity (Fig. 2). The rapid recruitment of Rab27a
to phagosomes is therefore not necessary for restraining the
antigen degradation, as complement-facilitated phagosomes
did not recruit Rab27a but degraded GFP more slowly than did
Ig-facilitated phagosomes that did recruit Rab27a. In phago-
somes where Rab27a is recruited, however, Rab27a recruit-
ment should affect cross-presentation. We next determined the
functional consequence of Rab27a recruitment to cross-pre-
sentation of phagosomal antigen.

Ig opsonization but not complement opsonization mediates
cross-presentation of phagosomal antigen. Recent evidence
suggests that the NADPH oxidase membrane subunit NOX2 is
important for antigen cross-presentation by DCs (32). To de-
termine whether the rapid recruitment of Rab27a to phago-
somes, as mediated by polyclonal Ig but not by complement,
yields cross-presentation of microbial antigen, we made use of
E. coli expressing OVA. Expression of OVA by E. coli was
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FIG. 1. C3-derived opsonins and Ig facilitate phagocytosis by mouse DCs. (A) Fresh sera from wild-type, RAG1 ™", and C37/~ mice, as well
as heat-inactivated (HI) serum from RAG1~/~ mice, were used to opsonize GFP-expressing E. coli. Wild-type serum contains complement and
Ig; RAG1 ™/~ serum is complement sufficient but Ig deficient; C37/~ serum lacks complement C3 but is sufficient in Ig; heat-inactivated RAG1 ™/~
serum is deficient in both complement and Ig. GFP fluorescence was measured in DCs after 60 min of internalization using an MOI of 50:1.
(B) GFP-expressing E. coli bacteria were opsonized using fresh sera from RAG1 '~ and C3™/~ mice, and titers were determined on DCs in twofold
dilutions (MOIs of 300:1, 150:1, 75:1, 38:1, and 19:1). RAG ™/~ serum promoted superior E. coli phagocytosis at all MOIs. Data are representative
of more than five independent experiments. (C) Opsonized DsRed-E. coli bacteria were added to DCs derived from class II-EGFP mice and
analyzed for deposition into class II-EGFP-positive endosomal compartments, using class II-EGFP as a marker for late endosomes/lysosomes (7).
Four consecutive Z-stack sections are shown through the center portion of DCs downward (farthest-right images show dendrites attached to the
coverslip). White arrows point toward endosome-localized DsRed-E. coli. (D) Thirty fields were analyzed by Z-stack analysis, each visualizing
several DCs (X100 magnification; at 1 and 4 hours of DC culture in the presence of DsRed-E. coli), and E. coli binding and uptake by DCs were
enumerated. *, statistically significant at P < 0.05.
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FIG. 2. Ig facilitate phagosomal degradation of E. coli antigen.
(A) Opsonized E. coli bacteria were added to DCs for 1 or 6 hours,
after which gentamicin was added to kill remaining extracellular E. coli
bacteria. DCs were resuspended and plated in serial dilutions and in
triplicate onto LB-agar plates. CFU from endocytosed E. coli were
expressed as a fraction of the number recovered after 1 hour of incu-
bation. (B) Live opsonized GFP-E. coli bacteria were added to DCs for
1, 2, 4, and 8 hours, after which DC uptake and processing were
stopped and GFP fluorescence in DCs was determined by flow cytom-
etry by counterstaining for the DC marker CD11c. GFP fluorescence
at 2, 4, and 8 hours was plotted as a percentage of GFP fluorescence
determined at 1 hour of culture using wild-type, RAG™/~, and C37/~
serum opsonization. *, statistically significant at P < 0.05.

confirmed by Western blot analysis using a polyclonal anti-
OVA antibody for detection (data not shown). BM-DCs from
MHC class II-EGFP mice were allowed to phagocytose
opsonized OVA-E. coli for 2 hours and were fixed and
analyzed for formation of SIINFEKL/K® complexes by con-
focal microscopy (25D1.16 and Alexa-568 goat anti-mouse
IgG). DCs that had phagocytosed E. coli opsonized with
wild-type or C37/~ serum, but not RAG1 ™/~ serum, show
effective formation of SIINFEKL/K" complexes (Fig. 4A to D).
Heat-inactivated RAG1~/~ serum served as a negative control,
as such serum supports relatively little E. coli intake.

To confirm that SIINFEKL/K® complexes were displayed on
the plasma membrane, DCs were allowed to phagocytose op-
sonized OVA-E. coli for 2, 8, or 24 h (MOI, 50:1) and were
stained for CD11c and surface display of SIINFEKL/K". As
shown in Fig. 4E, more than half of DCs that had phagocytosed
wild-type and C37/~ serum-opsonized OVA-E. coli displayed
SIINFEKL/K" complexes starting at 2 hours of phagocytosis,
suggesting that polyclonal Ig opsonization targets antigen to
phagosomes dedicated to cross-presentation. At 24 h, DCs that
had internalized C3~/~ serum-opsonized OVA-E. coli dis-
played significantly more SIINFEKL/K" than did DCs that had
internalized wild-type serum-opsonized OVA-E. coli, support-
ing our notion that the presence of complement in wild-type
serum counteracts antigen cross-presentation. In DCs that had
phagocytosed complement-opsonized E. coli using RAG1™/~
serum, the display of SIINFEKL/K" complexes was delayed
and significantly reduced at all time points compared to that
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FIG. 3. Inability to recruit Rab27a to complement-facilitated
phagosomes. DCs from MHC class II-EGFP mice were incubated with
DsRed-E. coli opsonized with indicated sera to allow uptake. At 2
hours postinfection, DCs were collected and stained for Rab27a.
Phagosomes induced by uptake of E. coli bound to wild-type or C3~/~
serum showed strong recruitment of Rab27a (A and C), whereas
phagosomes formed by E. coli opsonized with RAG ™/~ serum did not
show recruitment of Rab27a (B). Heat-inactivated (HI) RAG™/~ se-
rum did not promote E. coli phagocytosis and served as a negative
control for Rab27a staining (D).

for DCs that had phagocytosed wild-type or C3~/~ serum-
opsonized E. coli. Heat-inactivated RAG1 ™/~ serum served as
a negative control. Thus, polyclonal Ig promotes cross-presen-
tation of bacterial antigen, whereas complement opsonization
stimulates little if any cross-presentation.

DISCUSSION

The cross-presentation of peptide from an exogenous
source, such as that derived from microbial antigens, depends
on several factors, such as the concentration and the structure
of antigen, its route of internalization, intracellular proteolytic
potential, and the stability of peptide/MHC complexes. We
considered it important that the mechanisms involved with
microbe-directed immunity be elucidated, because microbial
infections are still a major health risk. It is because of this risk
that infants receive a large number of vaccinations against
Corynebacterium diphtheriae (diphtheria), Clostridium tetani
(tetanus), and Streptococcus pneumoniae, to name a few. Cur-
rent vaccines provide only a narrow type of immunity that is
likely to be different from broad natural immunity that exists in
healthy individuals, as the vaccines induce large amounts of
IgG specific to one or a few epitopes, as is the case for human
papillomavirus and Streptococcus pneumoniae vaccines. We
here studied the antigen phagocytosis, processing, and presen-
tation mechanisms involved in natural protection against mi-
crobes.
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FIG. 4. Formation of peptide/class I MHC complexes through
cross-presentation requires Ig. (A to D) OVA-E. coli bacteria were
opsonized with serum from wild-type (A), RAG1~'~ (B), or C37/~
(C) mice or with RAG1™/~ serum depleted of complement by heat
inactivation (HI) (D). Opsonized nonfluorescent E. coli bacteria were
then added to MHC class II-EGFP-expressing DCs, and at 2 hours,
DCs were fixed and stained for SIINFEKL/K® complexes using
25D1.16 antibody. Only wild-type and C3~/~ serum-opsonized E. coli
bacteria were processed sufficiently at this time to detect intracellular
SIINFEKL/K" staining. (E) Surface display of SIINFEKL/K® com-
plexes was analyzed by flow cytometry after coculture of OVA-E. coli
with DCs for 2, 8, and 24 h. E. coli bacteria were opsonized as de-
scribed for panel A and added to DCs. Opsonization using wild-type
and C37/~ sera yields surface display of SIINFEKL/K" complexes in
greater than 50% of DCs starting at 2 hours postuptake. These data
show that while RAG1~/~ serum promotes phagocytosis, opsonization
using RAG1~/~ serum does not yield significant SIINFEKL/K" pre-
sentation (20% of DCs express SIINFEKL/Kb complexes at 2 hours
postuptake, which is similar to what is found using heat-inactivated
RAG ™/~ serum).

Two distinct mechanisms of receptor-mediated phagocytosis
were identified earlier in macrophages, which employ FcRry
and complement receptor CR3 for uptake of IgG-coated par-
ticles and C3bi on complement-opsonized particles, respec-
tively (13). In mouse DCs the relevance of these receptors to
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FIG. 5. Comparable upregulation of activation markers by stimu-
lated DCs. E. coli bacteria were opsonized with serum from wild-type
(WT), RAG1™/~, or C37/~ mice or with RAG1 ™/~ serum depleted of
complement by heat inactivation (HI). Opsonized E. coli bacteria were
then added to BM-DCs. After 6 and 24 h, DCs were stained and
analyzed by flow cytometry for surface display of CD40, CD86, and

class II MHC or using isotype control antibodies. Opsonized E. coli
bacteria induce potent DC activation regardless of the serum used.

phagocytosis had not been clear. We confirmed these two
phagocytic routes for DCs by use of E. coli opsonized with sera
deficient in Ig and C3. Additionally, we used DCs derived from
FcR common +-chain-knockout mice and blocking antibodies
to the CR3 subunit CD11b (data not shown). RAG-deficient
serum functioned as a source of serum that lacks Ig but addi-
tionally lacks T-cell-derived cytokines.

To determine whether phagosomal maturation coincides
with general DC maturation, we exposed DCs to E. coli opson-
ized with serum that lacks or is sufficient in complement or
polyclonal Ig. After 6 and 24 h of exposure, DCs were analyzed
by staining using CD11c MAD and counterstained with MAb
specific for CD40, CD86, and class II MHC or with isotype
control MAb. Addition of opsonized E. coli caused the upregu-
lation of CD40, CD86, and class II MHC (as analyzed at 6 and
24 h after addition, compared to isotype control antibodies).
DC maturation was comparable between samples, regardless
of the presence of complement or Ig (Fig. 5). Phagosome
maturation is therefore compartmentalized and not general-
ized upon DC maturation. We conclude that the binding and
uptake facilitated by polyclonal Ig in serum stimulate the mat-
uration in DCs of involved phagosomes for optimal cross-
presentation of microbe-derived antigen to CD8" T cells.

The ability of DCs to cross-present phagocytosed antigen
had earlier been correlated with phagosomal recruitment of a
member of the Rab family, Rab27a. Rab27a is a member of the
small GTP-binding protein family, which controls various types
of intracellular membrane trafficking in eukaryotic cells (40).
DCs from mice that lack Rab27a exhibit impaired cross-pre-
sentation of bead-coupled OVA (22). Those studies did not
focus on the route through which beads are phagocytosed. The
impairment in cross-presentation of bead-associated antigen
had been attributed to excessive phagosomal acidification in
Rab27a-deficient DCs, causing excessive OVA antigen degra-
dation (22). The absence of Rab27a recruitment to phago-
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somes should therefore cause excessive degradation. Our find-
ings using phagosomes facilitated by complement-mediated
uptake, however, show moderate degradation and cross-pre-
sentation of E. coli-expressed antigen and limited phagosomal
recruitment of Rab27a. Thus, while Rab27a is clearly impor-
tant to generate a phagosome dedicated to cross-presentation
and is recruited to phagosomes facilitated by Ig binding,
Rab27a does not necessarily play this role by inhibition of
degradation. It remains possible that the presence of Toll-like
receptor ligands in our phagosomes (i.e., TLR4 ligand lipo-
polysaccharide expressed by E. coli) recruits additional adaptor
proteins, possibly even other Rab family GTPases, to phago-
somes that inhibit phagosomal degradation. A comparative
proteomic analysis of purified DC phagosomes, which includes
microbe-induced phagosomes, could elucidate such a protein.

Epithelial cell layers with tight junctions provide mechanical
and chemical protection against pathogen infection. When this
protection proves insufficient, pathogens enter the normally
sterile tissue, where the various arms of the immune system
convey protection. Ig and C3 are among the most potent op-
sonins that readily bind and neutralize pathogens to prevent
bacterial outgrowth and uncontrolled inflammation. They are
abundantly present in interstitial fluid in barrier tissues such as
skin and mucosa, as well as in plasma (concentration of IgG
isotypes combined, 6 to 14 mg/ml; concentration of comple-
ment C3, 1.2 to 1.3 mg/ml in humans). Their binding facilitates
uptake by phagocytes including B cells, macrophages, and
DCs. Studies of the role of opsonins in antigen processing had
mostly been performed in B cells. Transfection of FcRy in B
cells, for example, stimulates the internalization of IgG-anti-
gen immune complexes (5, 6) and induces cross-presentation
via class I MHC (4). In these studies, the IgG antibodies used
were antigen specific and had high affinity for the complexed
antigen, as they were produced by B plasma cells that had
undergone germinal center reactions. Antigen uptake via the
C-type lectin DEC205 or mannose receptor mediates cross-
presentation by DCs (9, 11). Importantly, natural Ig and com-
plement recognize an epitope expressed by measles virus and
mediate cross-presentation by DCs (17). Although DCs were
not the focus of this study, the data corroborated our notion
that Ig and complement may somehow mediate cross-presen-
tation of phagocytosed material by DCs.

Our work described here shows a previously unrecognized
role for Ig and complement in directing phagosomal process-
ing of microbial antigen by DCs. An important functional con-
sequence of phagosome maturation in DCs is to optimize the
availability and selection of antigenic peptides for cross-pre-
sentation to CD8" T cells. We propose that targeting antigen
for cross-presentation may not require monoclonal antibodies.
Pretreatment of vaccination antigens with polyclonal serum Ig
in the absence of complement, such as in intravenous Ig prep-
arations, may potentiate antigen-specific CD8 T-cell responses.
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