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The array of phagocytic receptors expressed by macrophages make them very efficient at pathogen clearance, and the
phagocytic process links innate with adaptive immunity. Primary macrophages modulate antigen cross-presentation and
T-cell activation. We assessed ex vivo the putative role of different phagocytic receptors in immune synapse formation
with CD8 naı̈ve T-cells from OT-I transgenic mice and compared this with the administration of antigen as a soluble
peptide. Macrophages that have phagocytosed antigen induce T-cell microtubule-organizing center and F-actin cytoskel-
eton relocalization to the contact site, as well as the recruitment of proximal T-cell receptor signals such as activated Vav1
and PKC�. At the same doses of loaded antigen (1 �M), “phagocytic” macrophages were more efficient than peptide-
antigen–loaded macrophages at forming productive immune synapses with T-cells, as indicated by active T-cell TCR/CD3
conformation, LAT phosphorylation, IL-2 production, and T-cell proliferation. Similar T-cell proliferation efficiency was
obtained when low doses of soluble peptide (3–30 nM) were loaded on macrophages. These results suggest that the
pathway used for antigen uptake may modulate the antigen density presented on MHC-I, resulting in different signals
induced in naı̈ve CD8 T-cells, leading either to CD8 T-cell activation or anergy.

INTRODUCTION

Phagocytosis plays a crucial role in the clearance of patho-
gens at sites of infection. This phenomenon also has an
important role in triggering the adaptive immune response,
which requires the processing of microbial antigens and
their presentation to CD4� and CD8� T-cells by antigen-
presenting cells (APCs). It has been thought that the only
cells able to prime naı̈ve T lymphocytes are bone marrow-
derived dendritic cells (DCs). However, recent studies show
that macrophages stimulate not only effector T-cells but also
naı̈ve T-cells and can therefore participate in the activation
of an adaptive primary immune response in vivo (Pozzi et
al., 2005). Moreover, macrophages could be the dominant
APCs at sites of inflammation or infection, because there is a
large local increase in the number of these cells, in contrast
to the low levels of DCs (Hamilton-Easton and Eichelberger,
1995; Usherwood et al., 1999). Both DCs and macrophages
have been recently studied for their ability to cross-present
antigens from phagocytosed pathogens through the major

histocompatibility complex (MHC)-class I pathway (Pfeifer
et al., 1993; Oliveira and Splitter, 1995; Reis e Sousa and
Germain, 1995; Turner and Dockrell, 1996; Oh et al., 1997;
Belkaid et al., 2002; Pozzi et al., 2005). Interestingly, one of the
mechanisms for this cross-presentation is the involvement of
the endoplasmic reticulum (ER) in the process of phagocy-
tosis, a phenomenon that does not occur in neutrophils
(Gagnon et al., 2002; Desjardins, 2003; Guermonprez et al.,
2003; Houde et al., 2003). In addition to the phagocytosis of
many pathogens, the ER-dependent mechanism contributes
to the phagocytosis of latex beads, IgG-coated latex beads,
and C3b-coated latex beads (Desjardins, 2003).

Macrophages express a wide variety of receptors that
participate in the “phagocytic” uptake of antigens. In the
early phase of infection, antigen uptake is mainly mediated
by receptors for pathogen-associated molecular patterns
(PAMPs), including mannose-(MR), C-type lectin-(LR), and
Toll-like receptors. In contrast, receptors that bind opso-
nized antigens, including those for immunoglobulin Fc frag-
ments (mainly Fc�R) and activated complement factors, are
involved at a later stage (Bajtay et al., 2006; Helmy et al.,
2006). In the case of early phagocytic receptors, MR as well
as LR, such as SIGNR1 and SIGNR3 (mouse homologues of
DC-SIGN), laminarin, and DEC205 have been involved in
phagocytosis of apoptotic cells as well as of bacteria, par-
tially through the detection of mannan residues (Kindberg et
al., 1990; Takahara et al., 2004; Burgdorf et al., 2006). Al-
though it has been found that endocytosis through MR or
DEC205 results in CD8� T-cell activation and protection
against tumor cells (Apostolopoulos et al., 2000; Bonifaz et
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al., 2002; Burgdorf et al., 2006), the involvement of macro-
phage phagocytosis through LR in the modulation of the
immune response needs to be further explored.

Several studies indicate that the phagocytosis of particles
opsonized by antibodies enhances the efficiency of MHC-I
antigen presentation in DCs (Falo et al., 1995; Hsu and
Komarovskaya, 2002; Tobar et al., 2004), although little work
in this area has been done in macrophages (Abdul-Majid et
al., 2002; Liu et al., 2006). Opsonization by the complement
system reflects either the presence of antibodies bound to
the particulate antigen (classic activation pathway) or the
presence of PAMPs (collectin and alternative activation
pathways; reviewed in Carroll, 2004). Complement activa-
tion products, such as C3b, target the antigenic particle to
DCs or macrophages for uptake, mainly through CR3 and
CR4 and the recently discovered CRIg receptors (Helmy et
al., 2006). Nevertheless, it is not well known whether phago-
cytosis mediated by complement receptors (CRs) also en-
hances antigen presentation.

Antigen loaded-APCs form stable conjugates with specific
T-cells and promote the relocalization of antigen recognition
receptors as well as cell adhesion and signaling molecules to
the contact site, to form what has been termed as the im-
mune synapse (IS; Dustin et al., 1998; Monks et al., 1998).
During the formation of the IS, the T-cell receptor (TCR) is
engaged and activated for the recruitment and induction of
proximal signaling molecules, including Lck, Zap70, LAT,
Vav1, and PKC� (Irving and Weiss, 1991; Straus and Weiss,
1992; van Oers et al., 1996; Zhang et al., 1998; Altman et al.,
2000; Lin et al., 2000; Sun et al., 2000; Krawczyk et al., 2002).
As a consequence, the microtubule-organizing center
(MTOC) is reoriented for the efficient secretion of cytokines
and killing granules (Kupfer et al., 1994), and the F-actin
cytoskeleton is recruited to the contact site for the stabiliza-
tion and reorganization of the IS in supramolecular activa-
tion clusters (SMACs; Monks et al., 1998; Grakoui et al., 1999;
Dustin and Cooper, 2000; Bunnell et al., 2001).

To analyze the role of the pathogen entry pathway on the
antigen presentation process, we have studied the effect of
different macrophage phagocytosis pathways on the ability
of macrophages to form ISs and to induce T-cell activation
and proliferation. In this work we report that primary mac-
rophages loaded through phagocytosis are able to activate
naı̈ve CD8� T-cells for proliferation and T-cell cytokine
production. Furthermore, we report that phagocytic macro-
phages were more efficient than macrophages loaded with
soluble antigen peptide at forming productive ISs with T-
cells, inducing T-cell active TCR/CD3 conformation, and
phosphorylating proximal TCR-associated signaling mole-
cules.

MATERIALS AND METHODS

Mice
All experiments were performed in 6- to 12-week-old mice. Mice were housed
and bred in the Animal Unit of the School of Medicine, Universidad Au-
tónoma of Madrid, Spain, in a pathogen-free facility. OT-I mice, an H-2Kb

restricted anti-OVA TCR transgenic line under a C57BL/6 background, were
used for T lymphocyte isolation (Hogquist et al., 1994). C57BL/6 mice (H-2b)
were used for macrophage isolation.

Preparation of Macrophages and T-cells
Thioglycolate-elicited macrophages were obtained by plastic adherence of
peritoneal exudate cells obtained through lavage of the peritoneal cavity of
mice, injected intraperitoneally 4–5 d previously with 2 ml of thioglycolate
broth (Sigma, St. Louis, MO). Contaminating granulocytes were depleted
using magnetic beads for positive selection of Gr1� cells, following the
manufacturer’s instructions (Miltenyi Biotech, Gladbach, Germany). CD8�
T-cells were isolated from spleen and lymph nodes of OT-I transgenic mice

using magnetic beads for negative selection of CD8� T-cells (Miltenyi Bio-
tech). For naı̈ve CD8� T-cell isolation, anti-CD44 biotinylated antibody was
added to the CD8� isolation kit antibody cocktail.

Opsonization and Phagocytosis Assays
Latex beads (3 �m, Sigma) were opsonized as previously described (May et
al., 2000; Olazabal et al., 2002) with slight modifications. Briefly, low endotoxin
OVA protein (with �0.03 EU/ml endotoxin at the highest concentration used;
Calbiochem, Darmstadt, Germany) or BSA protein (Sigma) were incubated
overnight with latex beads at a concentration of 5 or 10 mg/ml, respectively.
The amount of OVA and BSA bound to the beads was determined based on
the difference between protein concentration in the solution before and after
adsorption (Kovacsovics-Bankowski et al., 1993). Opsonized beads were
added to macrophages at an approximate BSA or OVA protein concentration
of 50 �g/ml (1 �M). OVA and BSA possess mannan side chains and when
bound to beads were used as ligands of LR-mediated phagocytosis (Kindberg
et al., 1990; Takahara et al., 2004; Burgdorf et al., 2006). For Fc�R- and LR-
phagocytosis, OVA- or BSA-coated beads were incubated with rabbit anti-
OVA (Rockland, Gilbertsville, PA) or rabbit anti-BSA (Sigma) IgG antibodies
during 30 min at RT (BSA- or OVA-IgG beads). For CR- and LR-phagocytosis,
OVA- or BSA-beads were opsonized as described using phenol glycolipid-1
(PGL-1) of the Mycobacterium leprae membrane (kindly provided by the NIH
Leprosy Research Support program, Colorado). Macrophages were mixed
with beads for 1 h to allow optimal phagocytosis. In the case of phagocytosis
assays mediated by CR, macrophages were pretreated with 20 nM fMLP for
20 min.

Antigen Presentation Assays
Differently opsonized latex beads were added to macrophages (3 � 105)
previously seeded on 24-well plates at the indicated concentrations. After
incubation for 1 h, cells were extensively washed and incubated again for 2–3
h. Afterward, CD8� T-cells (1 � 106) were added to macrophages for different
periods. Two hours before T-cell addition, macrophages were loaded as
indicated with peptides derived from OVA (257-264, SIINFEKL) or BSA
(294-301, RNITYEKL) in the following concentration ranges: 3 pM–30 pM
(low), 100 pM–100 nM (medium), or 1 �M (high).

T-Cell Activation Markers and Cytokine Production
Cells were recovered and stained for CD69 and CD25 using specific labeled
monoclonal antibodies (BD Biosciences, Erembodegem, Belgium) after 24 or
48 h of conjugate formation, respectively. For cytokine analysis after 48 h of
antigen presentation, as described before (Casey and Mescher, 2007), cells
were stimulated with phorbol 12-myristate acetate (PMA; 20 ng/ml) plus
ionomycin (500 ng/ml) for 6 h and incubated with 50 �g/ml brefeldin A
(Sigma) during the last 4 h. Collected cells were fixed and permeabilized with
0.3% saponin and stained with APC-labeled anti-IL-2 or anti-IFN-� antibodies
(BD Biosciences), and analyzed in a FACSCalibur flow cytometer (BD Bio-
sciences) on gated CD8� cells.

Proliferation Assays
Antigen presentation assays were performed with CFSE-labeled T-cells (5
�m, Molecular Probes, Nasdaq, IVGN) during 50 h. Cells were recovered and
analyzed for carboxyfluorescein succinimidyl ester (CFSE) levels by flow
cytometry on gated CD8� cells.

Immunofluorescence Assays
Cell conjugates formed after 20 min were fixed in 4% paraformaldehyde and
4% sucrose, blocked in TBS containing 0.1 mg/ml human �-globulin and 1%
BSA, and stained with the following reagents: phalloidin (Molecular Probes),
anti-�-tubulin-FITC mAb (Sigma), anti-phosphorylated Y174 Vav (polyclonal
antibody, kindly provided by Dr. X. Bustelo, Centro de Investigación del
Cancer, Salamanca, Spain; Lopez-Lago et al., 2000), anti-PKC� (polyclonal
antibody, Sc-13, Santa Cruz Biotechnology, Santa Cruz, CA), and APA 1/1
mAb, which detects the activated conformation of CD3� (Risueno et al., 2005,
2006). Highly cross-adsorbed secondary antibodies labeled with Rhodam-
ine-X were from Molecular Probes. During microscope examination, T-cells
and macrophages were identified based on cell morphology, and conjugate
formation was quantified. Cells were visualized with a DMR epifluorescence
photomicroscope (Leica, Heidelberg, Germany) with a 63�/1.40–0.7 NA oil
CS objective, coupled to a CCD Camera (Cohu, San Diego, CA). For confocal
images, a Leica TCS-SP confocal laser scanning unit with Ar and He beams
was used, attached to a Leica DMIRBE inverted epifluorescence microscope
(Leica Microsystems). The acquisition software was Leica QFISH V2.1, and
images were processed with Adobe Photoshop 7.0 (San Jose, CA).

Immunoprecipitation and Western Blot Assays
Cells were lysed with 50 mM Tris-HCl buffer, pH 7.5, containing 1% NP-40,
0.2% Triton X-100, 150 mM NaCl, and phosphatase and protease inhibitors at
4°C for 40 min. Cell lysates were spun to remove cell debris and nuclei, and
in the case of CD3 analyses, supernatants were precleared with protein
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A-Sepharose beads at 4°C overnight, immunoprecipitated with rabbit anti-
CD3� (Sahuquillo et al., 1998) for 2 h, and recovered with protein A-Sepharose
beads at 4°C for 20 min. Immunoprecipitates were washed six times with lysis
buffer and analyzed by Western blot for phosphotyrosine content with 4G10
antibody and anti-CD3� for loading control. For LAT and ZAP70 analyses,
cell lysates were resolved by SDS-PAGE, transferred to membranes, and
blotted with the following antibodies: rabbit polyclonal anti-Vav Y174, anti
Vav (rabbit polyclonal, Upstate Biotechnology, Lake Placid, NY), rabbit poly-
clonal anti-phospho LAT Y132 (rabbit polyclonal, Abcam, Cambridge, MA),
anti-LAT (rabbit polyclonal, Upstate Biotechnology), anti-phospho Y315
ZAP70 (rabbit polyclonal, Abcam) and anti-ZAP70 (rabbit polyclonal, Ab-
cam), all in TBS-Tween (0.1%). Bound antibodies were detected with horse-
radish peroxidase–conjugated secondary antibodies, followed by visualiza-
tion with SuperSignal West Pico chemiluminescent substrate (Pierce,
Rockford, IL).

Statistical Analysis
The Mann-Whitney test (p � 0.01 or p � 0.05) was performed.

RESULTS

“Phagocytic” Macrophages Induce T-Cell Activation
The effect of different types of phagocytosis on the antigen
presentation potential of primary macrophages was ana-
lyzed by their ability to activate CD8� T-cells. Peritoneal
mouse macrophages were loaded with increasing doses of
soluble peptides (10 nM-1 �M) or were incubated with
beads that had been previously coated with proteins (BSA or
OVA), such that the amount of protein coating the beads
was equivalent to 10 nM-1 �M, as indicated in the legend of
Figure 1. Additionally, the latex beads were opsonized in
different ways to facilitate entry through LR, LR plus Fc�R,
or LR plus CR. As expected, phagocytosis through LR plus
Fc�R and LR plus CR was more efficient in the uptake of
IgG- and C3b-beads than LR in the uptake of beads (not
shown); therefore, to assure that a similar amount of antigen
was being uptaken through the different receptors, phago-
cytosis assays were performed during 1 h for saturation.

Activation of OT-I CD8� T-cells, bearing a transgenic TCR
specific for OVAp, was analyzed by measuring the expres-
sion of the T-cell activation markers CD69 and CD25. Mac-
rophages that take up antigen via phagocytosis were called
“phagocytic” macrophages. When loaded with the specific
antigen (OVA-beads), phagocytic macrophages induced
CD69 and CD25 expression in OT-I T-cells in a dose-depen-
dent manner (Figure 1, A and B). This induction from 10% to
�40% of expressing cells was significant at the highest con-
centration tested (1 �M; p � 0.01). In comparison, OVAp-
loaded macrophages were much more efficient at inducing
CD69 and CD25 expression, �90%, even at the lowest con-
centrations tested (Figure 1, A and B). We found that mac-
rophages loaded with the nonspecific antigen BSA, in the
form of peptide or of differently opsonized beads, did not
induce CD69 or CD25 expression (data not shown). The
difference between phagocytic macrophages and OVAp-
loaded macrophages persisted when macrophages were de-
pleted of granulocytes and when purified naı̈ve T-cells were
used (p � 0.05, Figure 1, C and D, and representative his-
tograms in panel E).

CD8� T-Cell Cytokine Production and Proliferation
Induced by Phagocytic or Peptide-loaded Macrophages
Next, the influence of macrophage antigen uptake by either
phagocytosis or extracellular peptide loading on T-cell cy-
tokine production was assessed by intracellular staining of
IL-2 and IFN-�. In a dose-response assay, phagocytic mac-
rophages activated up to �10–15% of CD8� T-cells to pro-
duce IL-2 and IFN-�, compared with unloaded macrophages
(p � 0.05, representative experiments in Figure 2, A and B).
Interestingly, macrophages loaded with soluble OVAp stim-
ulated IL-2 synthesis minimally at the concentrations tested.
However, the production of IFN-� was induced at similar
levels by both OVAp-loaded and phagocytic macrophages.
Similar results were obtained when purified naı̈ve CD8�

Figure 1. Phagocytic and OVAp-loaded macrophages induce
CD69 and CD25 expression in T lymphocytes. CD8� cells were
analyzed for the surface expression of CD69 or CD25 molecules by
flow cytometry. Dose-response assays of CD69 (A) and CD25 ex-
pression (B) determined as the percentage of positive cells. (C and
D) Same as in A and B but granulocyte-depleted macrophages and
naı̈ve CD8� T-cells were used. Macrophages without antigen (No
Ag). T-cells without macrophages (No MF). (A–D) Data are ex-
pressed as arithmetic means � SEM of four independent experi-
ments; statistical comparisons were by the Mann-Whitney test (*p �
0.05). (E) Histograms of CD69 expression in CD8� cells are shown
from a representative experiment.

Figure 2. Induction of IL-2 and IFN-� production in T lympho-
cytes by phagocytic or OVAp-loaded macrophages. CD8� cells
were analyzed by flow cytometry for the intracellular production of
IL-2 and IFN-�. Representative dose-response assays of the produc-
tion of IL-2 (A) and IFN� (B), determined as the percentage of
positive cells. (C and D) Same as in A and B, granulocyte-depleted
macrophages and naı̈ve CD8� T-cells were used. Data are ex-
pressed as arithmetic means � SEM of four independent experi-
ments; statistical comparisons were by the Mann-Whitney test (*p �
0.05). (E) Histograms of IL-2 production in CD8� cells are shown
from a representative experiment.
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T-cells and macrophages depleted of granulocytes were
used (Figure 2, C and D, and representative histograms in
panel E). Therefore, phagocytic macrophages induce T-cell
IL-2 production more efficiently than macrophages-loaded
with soluble OVAp, not only in resting T-cells, but also in
naı̈ve T-cells.

T-cell proliferation was assessed by CFSE staining and
estimation of the number of cell divisions by flow cytometry.
Data were quantified and represented as the cumulative
number of cell divisions. Dose-response experiments were
performed. We found that phagocytic macrophages loaded
with an unspecific antigen (BSA-beads) did not induce T-cell
proliferation (Figure 3, B and C), whereas macrophages
loaded with the specific antigen (OVA-beads), induced up to
50% of T-cells to proliferate (p � 0.05, Figure 3A). In con-
trast, soluble OVAp-loaded macrophages did not induce
T-cell proliferation at the concentrations tested. Similar re-
sults were obtained when macrophages depleted of granu-
locytes and naı̈ve T-cells were used (Figure 3B and represen-
tative histograms in C). Therefore, phagocytic macrophages,
but not macrophages loaded with soluble antigen peptide,
induce proliferation of naı̈ve CD8� T-cells, in accordance
with their effect on IL-2 synthesis.

Different doses of antigen have been shown to induce
either CTL stimulation or anergy (Oved et al., 2007). We
therefore assessed whether macrophages loaded with differ-
ent antigen doses would show this dual behavior. Dose-
response experiments were performed starting with pico-
molar peptide concentrations, and T-cell CD69 and CD25
expression and proliferation were assessed. At low peptide
concentrations (3 pM–30 pM) CD69 and CD25 were induced
to levels comparable to those in T-cells primed with phago-
cytically loaded macrophages (Figure 3D). Interestingly,
only this range of peptide concentrations was able to induce
T-cell proliferation; the ability to proliferate was lost at me-
dium (100 pM–100 nM) or high (1 �M) doses of peptide.
Thus, macrophages exposed to low amounts of peptide can
induce CD8 proliferation, but macrophages exposed to me-
dium or high amounts fail to do so.

Conjugate and IS Formation of Phagocytic and
Peptide-loaded Macrophages with Naive CD8� T
Lymphocytes
Since phagocytic macrophages were able to fully activate
T-cells, in contrast to the incomplete stimulatory effect pro-
duced by macrophages loaded with medium or high doses

Figure 3. Phagocytic macrophages induce CD8� T-
cell proliferation. CFSE-labeled T-cells were analyzed
by flow cytometry for CFSE expression after 50 h of
antigen presentation to estimate the number of T-cell
divisions. (A) Dose-response assays of CFSE staining
determined as the percentage of dividing cells. (B) Mac-
rophages loaded with 1 �M BSA (�) or OVA (f) pep-
tide or with differently opsonized beads. Macrophages
depleted of granulocytes and naı̈ve CD8� T-cells were
used. Data are expressed as arithmetic means � SEM of
four independent experiments; statistical comparisons
were made with the Mann-Whitney test (*p � 0.05).
Fold inductions of unloaded macrophages are pre-
sented. (C) Histograms of CFSE staining in CD8� cells
are shown from a representative experiment. (D) Dose-
response assays comparing the numbers of CD69 and
CD25 positive and proliferating T-cells after exposure to
macrophages loaded with different concentrations of
OVAp (left) or with 1 �M of differently opsonized
OVA-beads (right).
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of peptide, we next investigated whether these differences
might reflect the nature and characteristics of the cellular
interactions between these two types of antigen-loaded mac-
rophages with naı̈ve CD8� T-cells. Macrophages depleted
of granulocytes were conjugated with naı̈ve CD8� T-cells
and analyzed using a differential interphase contrast micro-
scope. We found that macrophages loaded with either
OVAp (from 3 pM to 1 �M) or differently opsonized OVA-
beads were able to form a significant number of conjugates
with naive CD8� T-cells compared with macrophages loaded
with BSA (controls; p � 0.01, Figure 4, A and B, and data not
shown). Moreover, macrophages loaded with low OVAp
doses (3–30 pM) formed conjugates with T-cells with similar
efficiency to macrophages loaded with OVA-beads, OVA-
IgG-beads, or OVA-C3b-beads (data not shown). However,
when macrophages were loaded with medium-high OVAp
doses (100 pM–1 �M), the efficiency of conjugate formation
was significantly higher than with phagocytic macrophages
loaded with the differently opsonized OVA-beads (p � 0.01,
Figure 4, A and B, and data not shown). Therefore, the poor
ability of macrophages loaded with medium-high peptide
doses (100 pM–1 �M) to induce T-cell proliferation and IL-2
production was not caused by a defective formation of T-
cell/macrophage conjugates.

Macrophage-induced IS formation was then characterized
by analyzing events induced in T-cells. T-cell cytoskeleton
rearrangement was detected by F-actin clustering at the
contact site and by MTOC relocation (Figure 5A). Macro-
phages loaded with 1 �M of either soluble OVAp or of
differently opsonized OVA-beads were able to induce these
events (Figure 5A). In particular, OVAp-loaded macro-
phages induced MTOC translocation with a similar effi-
ciency to phagocytic macrophages (Figure 5B). Moreover,
the recruitment of the TCR early signaling proteins phos-
phorylated Vav1 and PKC� was also detected in T-cells

conjugated with either OVAp-loaded or phagocytic macro-
phages (Figure 5, C and D, and Western blot in E).

Phagocytic Macrophages Form Productive ISs with Naı̈ve
CD8� T-Cells
To compare early differential signals induced in T-cells con-
jugated with phagocytic macrophages or macrophages
loaded with high (nonproliferative) peptide doses, we ana-
lyzed markers of productive ISs on naı̈ve CD8� T-cells. The
induction of the conformational change in the TCR/CD3 in
T-cells near the contact area was analyzed and quantified in
conjugates formed with macrophages loaded with 1 �M of
either soluble OVAp or differently opsonized OVA-beads.
TCR engagement induces a conformational change that is
transmitted to the CD3� cytoplasmic tail. This can be de-
tected with the conformation-specific antibody APA 1/1 and
is a useful indicator of productive IS formation (Risueno et
al., 2005, 2006). Despite their high capacity to form conju-
gates with T-cells, macrophages loaded with OVAp were
less efficient at inducing the active TCR/CD3� conformation
than phagocytic macrophages (p � 0.01, Figure 6, A and B).

Other TCR proximal activation signals were analyzed on
conjugated naı̈ve CD8� T-cells. Because CD3�, ZAP70 and
LAT are specifically expressed in T-cells, activation of these
molecules by tyrosine phosphorylation was assayed in cell
conjugates by immunoprecipitation and Western blot anal-
ysis. In all cases, OVAp-loaded macrophages and phago-
cytic macrophages induced the phosphorylation of CD3�,
ZAP70, and LAT. Quantitative analysis showed that OVAp-
loaded and phagocytic macrophages induced CD3� and
ZAP70 Y315 phosphorylation at comparable levels (Figure 6,
C and D), although LAT Y132 phosphorylation was more
efficiently induced by phagocytic macrophages (Figure 6E).
Altogether, these data indicate that phagocytic macrophages
induce some early signaling events at higher efficiency than
high-dose (1 �M) OVAp-loaded macrophages. In particular,
CD3� active conformation and the specific phosphorylation
of LAT Y132 are highly induced by phagocytic macro-
phages, which is indicative of a higher efficiency in the
formation of productive ISs.

DISCUSSION

This study shows that the way macrophages are primed
with antigen has a profound effect on their capacity to fully
activate naı̈ve CD8 T-cells. LR-, FcR-, and CR- phagocytic
macrophages fully activated CD8 T-cells, being potent in-
ducers of IL-2 secretion and T-cell proliferation. Similar
effects were detected with macrophages loaded with low
doses of soluble antigenic peptide (3–30 pM). In contrast,
although macrophages loaded with medium (100 pM–100
nM) or high (1 �M) doses of peptide antigen were very
efficient at inducing CD69 and CD25 expression, they were
poor inducers of IL-2 secretion and cell proliferation.

It has been reported that the source and characteristics of
antigen uptake may determine the efficiency of the immune
response, since particulate antigens are processed and pre-
sented more efficiently than soluble antigens (Harding and
Song, 1994; Kovacsovics-Bankowski and Rock, 1995; Reis e
Sousa and Germain, 1995; Rescigno et al., 1998; Yada et al.,
2003). In this regard, our work shows that macrophages
loaded with high doses of antigen (1 �M) in the form of
soluble peptide form a higher number of conjugates with
CD8� T-cells than macrophages loaded with antigen in the
form of opsonized particles that are taken up by phagocy-
tosis. However, macrophages loaded with high antigenic
peptide doses are inefficient activators of T lymphocytes, as

Figure 4. Macrophages form peptide-specific conjugates with na-
ive CD8� T-cells. (A) Differential interphase contrast images of
conjugates formed between differently loaded macrophages and
CD8� T-cells. Arrows indicate conjugated T-cells. (B) Number of
conjugates formed between CD8� T-cells and macrophages loaded
with 1 �M BSA (�) or OVA (f) peptide or with differently opso-
nized beads. Results are presented as total T-cells per 100 macro-
phages and shown as arithmetic means � SEM of five independent
experiments; statistical comparison of BSA- and OVA-loaded mac-
rophages was performed with the Mann-Whitney test (*p � 0.05).
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measured by IL-2 production and T-cell proliferation, as
described before (Kovacsovics-Bankowski et al., 1993; Har-
ding and Song, 1994). Although it has been widely accepted
that antigen presentation occurs mainly in spleen and lymph
nodes, macrophages may play an important role in antigen
presentation in nonlymphoid tissues such as sites of infec-
tion (Porgador et al., 1997; Krogsgaard et al., 2000). Further-
more, macrophages and DCs may use different receptors to
take up the same antigen (Syme et al., 2002; Woelbing et al.,
2006). Our data show that phagocytosis through LR or LR
and FcR or LR and CR increases efficient MHC-I presenta-
tion to naı̈ve CD8� T-cells. Receptors involved in apoptotic
cell uptake, however, do not induce MHC-I presentation,
and it is only when antigens are opsonized by immuno-
globulins or iC3b or C1q that FcR and CR play a relevant
role in facilitating antigen clearance (Abdul-Majid et al.,
2002; Dhodapkar et al., 2002; Mold et al., 2002; Verbovetski et

al., 2002; Akiyama et al., 2003; Ogden et al., 2005; Skoberne et
al., 2006). Likewise, antigens from tumor cells induce a pro-
tective response when they are targeted by antibodies (Falo
et al., 1995; Hsu and Komarovskaya, 2002; Tobar et al., 2004;
Schmidt et al., 2006).

Our data indicate that LR, FcR, and CR phagocytic mac-
rophages form productive ISs very efficiently and have an
important effect on IL-2 production and proliferation of
CD8� T-cells. The ISs formed by the three types of phago-
cytic macrophages, in comparison with macrophages loaded
with high doses of peptide, are specifically efficient in the
induction of the active conformation of CD3�, as well as in
the phosphorylation of LAT Y132. Several mechanisms can
be proposed to explain the different T-cell responses ob-
tained after stimulation with low (3–30 pM) or medium-high
(100 pM–1 �M) doses of soluble peptide. On one hand,
phagocytic macrophages and macrophages exposed to low

Figure 5. Phagocytic macrophages induce T-
cell F-actin clustering, MTOC translocation,
and recruitment of TCR proximal signaling
proteins. Conjugates formed with macro-
phages loaded with OVAp (left panels) or
OVA IgG-beads (right panels) are shown. DIC
images are shown in the top panels. Cells were
stained for F-actin with phalloidin (A); for
phosphorylated Vav (C), or PKC� (D; red),
and for the MTOC, using the �-tubulin anti-
body (green). Merged images are shown in the
bottom panels. Arrows indicate T-cell conju-
gates positive for MTOC and other molecules.
(B) The number of conjugates in which the
T-cell MTOC was translocated was quantified
and expressed as the percentage of the total
number of conjugates formed. Results are pre-
sented as the arithmetic means � SD of five
experiments; statistical comparisons were
made with the Mann-Whitney test (*p � 0.05).
(E) Immunoblots showing phosphorylated
Y174 Vav and total Vav expression in macro-
phages loaded with 1 �M of OVA peptide or
OVA differently opsonized to beads (left) and
in conjugates formed between T-cells and
these macrophage populations (right).
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peptide doses may present similar amounts of antigen on
MHC-I, because both types of macrophages induce T-cell
CD69 and CD25 expression and proliferation to similar ex-
tents. Therefore, the antigen density on the macrophage
surface may be a regulatory check point, as has been pro-
posed before for CTL (Alexander-Miller et al., 1998; Oved et
al., 2007). It is conceivable that phagocytosis controls the
amount of peptide expressed on the surface of APC to
ensure activation, and that in the absence of phagocytosis
similar ranges of uptaken antigen may lead to a tolerogenic
T-cell response. In this regard, we show that when medium-
high doses of peptide are added to macrophages, the T-cell
response varies: CD69 and CD25 expression remain high,
but cells are unable to proliferate. In contrast, other APCs
such as DCs elicit OT-I CD8� T-cell proliferation when
loaded with medium-high doses of OVAp (Machy et al.,
2002; Galea-Lauri et al., 2004; Taraban et al., 2004). Another
mechanism that may account for the effect of phagocytosis
on the efficiency of T-cell antigen presentation by macro-
phages could be an up-regulation of costimulatory or adhe-
sion molecules; however, we could not detect any up-regu-
lation of CD40, CD80, or CD86 or of several adhesion
molecules at early (1–4 h) or late times (24 and 48 h) after

phagocytosis (data not shown and Table 1 of Supplementary
Material). However, because basal levels of costimulatory
molecules are already high in unprimed peritoneal macro-
phages, it is possible that a balance may be required between
TCR signals and costimulatory signals. This balance may be
obtained by phagocytic macrophages and macrophages
loaded with low (3–30 pM) doses of peptide. In contrast, at
higher peptide doses, the TCR signal may be functionally
unbalanced and may therefore lead to an anergic response.
This possibility is in agreement with the recently proposed
asymmetric distribution of agonist peptide-MHC complexes
on the plasma membrane, which could account for the dif-
ferent stimulatory potential of phagocytic and low (3–30
pM) peptide-loaded macrophages versus medium-high (100
pM–1 �M) peptide-loaded macrophages (Schamel et al.,
2006). Alternatively, the secretion of inflammatory cytokines
by phagocytic macrophages may be another mechanism
underlying their ability to form productive ISs, because
phagocytosis is known to induce TNF-� and IL-6 secretion,
which enhances macrophage activation and provides a
higher capacity for antigen presentation (Debets et al., 1988;
Hirsch et al., 1994; Refici et al., 2001; Trinidad et al., 2006).

Figure 6. Phagocytic macrophages induce productive immune synapses: phosphorylation of CD3�, ZAP70, and LAT. (A) Conjugates
formed with OVAp (top panels) or OVA-IgG-beads loaded macrophages (bottom panels) are shown. DIC images are shown in the left panels.
Cells were stained for MTOC using the �-tubulin antibody (green) and for the active conformation of TCR/CD3� chain using the APA 1/1
antibody (red). Merged images are shown on the right. Arrows indicate T-cell conjugates positive for MTOC and APA 1/1. (B) Histogram
showing the number of APA 1/1 positive T-cells, expressed as the percentage of the conjugates formed. Data are the arithmetic means � SEM
of five experiments; statistical comparisons were made with the Mann-Whitney test (*p � 0.05). (C) Conjugates were processed and
immunoprecipitated with anti-CD3� antibody, followed by immunoblot for anti-phosphotyrosine residues (4G10 antibody, top panel) or
CD3� (bottom panel). (D and E) Representative immunoblots of phosphorylated ZAP70 Y315 and LAT Y132 (top panels) and of total ZAP70
and LAT (bottom panels). Histograms below C–E show the results of densitometric analysis, presented as the ratio of phosphorylated to total
protein bands. Data are the arithmetic means � SEM of three experiments; statistical comparisons were made with the Mann-Whitney test
(*p � 0.05).
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The defective T-cell response induced by macrophages
loaded with high doses (1 �M) of soluble peptide provides
a control for investigating the mechanism that underlies the
choice between the formation of productive ISs or tolerance.
The induction in this condition of CD25 and CD69 expres-
sion without concomitant full lymphocyte activation (IL-2
production, cell proliferation, etc.) may suggest the genera-
tion of regulatory T-cells (Nordstrom et al., 2005; Jarnicki et
al., 2006). However, we failed to detect foxp3 expression, a
marker of regulatory T-cells, on these CD25� T-cells (Olaza-
bal, I. M., and Sanchez-Madrid, F., unpublished data).
Therefore, it is more likely that high-dose peptide-loaded
macrophages induce a partial activation of T-cells that re-
sults in the generation of anergic lymphocytes, which are
unable to synthesize IL-2 and proliferate, despite their abil-
ity to efficiently induce IFN� production and MTOC trans-
location (DeSilva et al., 1991). The absence, or less efficient
induction, of some early signaling events such as TCR/
CD3� conformational change, LAT Y132 phosphorylation,
and of late events such as IL-2 secretion, in comparison with
phagocytic macrophages, may suggest the induction of a
pathway leading to anergy. Defects in IL-2 production and
in LAT localization or phosphorylation have been previ-
ously associated with anergy (Schwartz, 1992, 2003). Hence,
in the case of ionomycin-induced T-cell anergy, TCR/CD3�
ITAM phosphorylation is increased as well as recruitment
and phosphorylation of ZAP70, matching our observations
with high-dose peptide-loaded macrophages. However, de-
fects in palmitoylation and phosphorylation of LAT make
ZAP70 unable to continue the signal and result in defects in
Ca2� influx, IL-2 secretion, and cell proliferation (Hundt et
al., 2006). This mechanism may also explain our data show-
ing reduced LAT phosphorylation after stimulation with
high-dose peptide-loaded macrophages. Similarly, partial
activation signals are induced by antagonistic peptides,
where the MTOC is efficiently translocated but IL-2 produc-
tion is defective (Martin-Cofreces et al., 2006). Additionally,
the mechanism of anergy induction involves a defective
costimulatory signal in T-cells (June et al., 1987; Thompson et
al., 1989; Buhtoiarov et al., 2005). As stated above, it is
possible that dysregulated costimulatory and TCR signals
may lead to T-cell anergy. The induction of T-cell anergy is
an important regulatory response in the control of inflam-
mation. Because soluble antigenic peptides may be encoun-
tered at sites of tissue damage or inflammation, one possi-
bility is that presentation of these peptides by macrophages
may be a mechanism to limit further damage (Pulle et al.,
2006). In summary, our work demonstrates that primary
macrophages are able to form productive ISs with naı̈ve
T-cells through receptor-mediated phagocytosis, inducing
differential T-cell signaling events.
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