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Abstract

The cooperation of B lymphocytes with other antigen presenting cells (APCs) is often necessary in
the efficient processing and presentation of antigen. Herein, we describe a mechanism by which B
cells physically interact with dendritic cells (DCs) resulting in the transfer of B cell receptor
(BCR)-enriched antigen to these APCs. Antigen transfer involves direct contact between the two
cells followed by the capture of B cell derived membrane and intracellular components. Strikingly,
DCs acquire greater amounts of antigen by transfer from B cells than by endocytosis of free
antigen. Blocking scavenger receptor A, a DC surface receptor involved in membrane acquisition,
abrogates these events. We propose that antigen transfer from B cells to DCs results in a more
focused immunologic response due to the selective editing of Ag by the BCR.
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1. Introduction

Antigen presentation plays a critical role in directing immune responses to a variety of
foreign antigens and under pathological conditions, to self-antigens. It is the requisite
function of several different cell types of the immune system, notably macrophages,
dendritic cells, and B cells, to capture, process and present antigens. Individually, these
antigen presenting cells (APCs) have been shown to induce T cell responses, whether
immunogenic or tolerogenic, depending on the context in which the antigen is presented
(Crowley et al., 1990; Inaba et al., 1990; Jong et al., 2006; Lanzavecchia, 1990; Mannhalter
etal., 1983; Roth et al., 1997). Indeed, autologous dendritic cell based therapies have
become a part of the landscape of tumor treatment. However, the cooperation and/or direct
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interaction between similar or different types of APCs can promote a more effective and
robust immune response (Balazs et al., 2002; Diaz-de-Durana et al., 2006; Kleindienst and
Brocker, 2005; Wykes et al., 1998; Yan et al., 2006). For instance, antigen specific T cell
activation and expansion is much greater in transgenic mice that selectively expressed the T
cell restricting MHC 11 molecule on both B cells and dendritic cells as compared to
transgenic mice that expressed the MHC 11 in a single APC population (Kleindienst and
Brocker, 2005). Mice individually deficient in B cell APCs, macrophage or dendritic cells
do not activate T cells to the same magnitude observed in wt hosts (Chan and Shlomchik,
1998; Duffield et al., 2005; Probst and Broek, 2005).

We have previously demonstrated that antigen specific B cells can induce a T cell response
to soluble antigen earlier than other APCs, due to their ability to rapidly capture antigen
efficiently through the B cell receptor (BCR) (Lanzavecchia, 1990; Pape et al., 2007; Yan et
al., 2006). However, the B cell mediated APC function is short-lived. Long-lived APC
functions are best performed by dendritic cells indicating that cooperation between these
two APCs is necessary to achieve a productive immune response. Our studies and that of
Kleindienst and Brocker highlight the importance of the collaboration between dendritic
cells and B cells in immunity (Kleindienst and Brocker, 2005; Yan et al., 2006). Both of
these APCs have been shown to modulate the function of the other through cytokine
production and antigen presentation (Bayry et al., 2005; Dubois et al., 2001; Kilmon et al.,
2005). Furthermore, the direct interaction of B cells with DCs has been clearly demonstrated
invitro as well as in vivo (Huang et al., 2005; Qi et al., 2006). In both of these studies,
antigen bearing dendritic cells contact and activate antigen specific B cells. Additional
studies have illustrated that DCs can provide antigen directly to B cells by unknown
pathways (Balazs et al., 2002; Bergtold et al., 2005; Wykes et al., 1998). Conversely, several
studies have implied that the reverse may also occur in that B cells can transfer antigen to
DCs (Ferguson et al., 2004; Valdez et al., 2002); however, direct evidence of this pathway
has been lacking.

Previously, we have shown using fluorescently labeled antigen that antigen specific B cells
can transfer antigen to macrophages and that this process can activate a T cell response both
invitroand in vivo (Harvey et al., 2007; Harvey et al., 2008). Here we demonstrate that
human B cells can transfer BCR-targeted antigen to human dendritic cells and that direct
interaction between the two APCs is necessary for this event to occur. The predominant
mechanism of antigen transfer described herein involves the capture of B cell derived
membrane and/or intracellular proteins by the recipient DCs in a process known as
trogocytosis. Furthermore, we have identified scavenger receptor A as a key surface receptor
on the human dendritic cells that mediate the exchange of cell membrane components along
with BCR-enriched antigen. Recipient DCs appear to carry processed forms of antigen.
Therefore, antigen transfer could enable the presentation of antigen to T cells by the
dendritic cells and thus, induce an immunologic response. We propose that BCR-mediated
sequestration and subsequent transfer of specific antigens to other APCs such as dendritic
cells leads to a more focused immune response by discriminating a particular set of antigens
from a diverse array of potential targets.
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2. Materials and methods

2.1 Isolation and tissue culturing of cells

Human PBMCs were isolated from leukopacks (New York Blood Center, Long Island City,
NY) by Ficoll-Hypaque method previously described (Bennett and Cohn, 1966). Lineage
marker specific cells (Lin1*: CD3, CD14, CD16, CD19 and CD56) were separated from
DCs by positive selection using magnetic beads (StemCell Technologies). The negatively
selected population was stained with Lin1-FITC, anti-HLA-DR-PE, CD11c-PECy5 (BD
Pharmingen) and CD123-APC (Miltenyi Biotech) antibodies and sorted on a FacsAria
(Becton Dickinson) for HLA-DR*:CD11c*:CD123" primary myeloid DCs (MoDCs).
MoDCs were cultured in RPMI with 10% heat-inactivated human male AB sera (Sigma) and
used immediately. Human monocyte derived DCs (MdDCs: StemCell Technologies) were
cultured in the same medium as above with addition of 50 ng/ml recombinant human GM-
CSF and IL-4 (R&D Systems) for 24 hrs prior to use. Primary human B cells were isolated
from PBMC by negative selection using magnetic beads (StemCell Technologies) and
cultured in same medium as dendritic cells. Human B cell lines B-LCL and BJAB were
maintained in 10% FBS RPMI 1640 medium.

2.2 Preparation of fluorescent antigen

Anti-human 1gG/IgM F(ab’)2 antibody fragments (alg; Jackson ImmunoResearch
Laboratories) were conjugated with Alexa Fluor® 488 (AF488; Molecular Probes) at a 1:6
molar ratio, respectively, using the succinimidyl ester form. Antibody was separated from
unreacted fluorophore by centrifugation through concentrator (Millipore) and resuspended in
PBS. The double conjugated antigen of alg with AF488 and the pH-sensitive fluorogenic
dye pHrodo™ (Molecular Probes) (alg-AF488/pHrodo) was generated as above with molar
ratio of 1:3:3, respectively.

2.3 Uptake of antigen by B lymphocytes

B-LCL or BJAB cells were cultured for 15 min in presence of 10% human serum RPMI
1640 medium and 1 mg/ml human Ig (Sigma) to block Fc receptors. Cells were washed
twice in pre-warmed HBSS and once in 10% FBS RPMI medium to remove excess Ig. For
various time points, B cells (2 x107 cells/ml) were pulsed with 10 ug/ml of either alg or anti-
FITC Ig conjugated with AF488 (non-specific antibody; Molecular Probes) at 37°C/5% CO,
followed by 4 washes with ice-cold HBSS and a wash with 10% human serum RPMI 1640
medium. Level of antigen uptake was determined by fluorescence microscopy of wet
mounts and by flow cytometry after anti-CD19-PE (BD Pharmingen) staining. Optimal
incubation time of B cells with antigen was found to be 60 min. Primary human B cells were
pulsed with antigen as described except the Fc receptor-blocking step was omitted.

2.4 Antigen transfer assays with human dendritic cells

Dendritic cells (1 x10° cells/well) were co-cultured for 18 hr with B cells (2 x 10° cells/
well) that had been pulsed with one of the following: no antigen, non-specific antibody or
alg. All cells were harvested and then stained for flow cytometry with anti-CD11c-PECy5
(for dendritic cells) as well as biotinylated anti-CD19 (BD Pharmingen) and anti-CD14
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(Invitrogen-Caltag) antibodies followed by streptavidin-AF647 to identify B cells and
monocytes (contaminating population), respectively. Level of antigen (AF488*) was
evaluated for CD197:CD14~:CD11c™" gated population that was derived from non-B
lymphocyte FSC:SSC gated cells. With co-cultures of DCs and primary B cells, antigen
levels were assessed for the same gated population as above except this gate was derived
from FSC:SSC gate that included both cell types since these cells are nearly equivalent in
size. For co-cultures with soluble antigen, DCs were cultured for 18 hrs under the following
conditions: no antigen, 5 ug/ml soluble alg (no B cells), or BJAB cells pulsed with either
non-specific Ab or alg.

2.5 Live cell imaging of antigen transfer by confocal microscopy

MoDCs (1 x10° cells per dish) were cultured in glass bottom (1.5 mm thickness) dishes
(Mattek) 24 hr prior to use. Both monocyte derived and primary myeloid DCs were labeled
with 0.5 uM CellTrace™ Far Red (CTFR) (DDAO-SE; Molecular Probes) for 8 min in
HBSS (no phenol red) and the reaction stopped with 5 fold excess of FBS. Cells were then
washed twice in HBSS and resuspended in culture medium. BJAB cells were labeled with 5
uM CellTracker™ Orange (CTO) (CMRA; Molecular Probes) and pulsed with antigen. Each
DC population (1 x108 cells) was co-cultured separately with antigen pulsed B cells (2 x
10%) in glass bottom dishes. After 18 hr, live cell cultures were examined by confocal
microscopy (LSM510meta; Zeiss) at 600x magnification and 2x zoom.

2.6 Assay for antigen transfer from apoptotic B cells

BJAB cells (2 x 10 cells) or primary B cells were pulsed with antigen and induced to
undergo apoptosis by hyperthermia (30 min at 65°C) as previously described (Zhao et al.,
2006). Induction of apoptosis was confirmed by flow cytometry using the vital dye TO-
PRO-3 (Molecular Probes). Given that 15% of BJAB cells (3 x 10° cells of 2 million cells)
undergo apoptosis/necrosis when cultured alone (B. Harvey and M. Mamula, unpublished
data), primary myeloid dendritic were co-cultured with 3 x 10° apoptotic or 2 x 108 viable B
cells for 18 hr prior to being harvested.

2.7 Preventing cell contact between antigen donor and recipient by transwell

Primary DCs (1 x 108 cells/well) were seeded into 24 well plate. Antigen pulsed B cells
were added to transwell (1, 3, or 8 um; BD Falcon) above wells containing DCs and cultured
for 18 hr. Cells in transwell were collected and analyzed by flow cytometry separately from
those within plate wells.

2.8 Membrane/cytosolic protein exchange assay

BJAB cells and primary myeloid DCs were labeled with CellTracker™ Orange (CTO) and
CellTrace™ Far Red (CTFR), respectively, as described previously. B cells were then pulsed
with antigen as indicated earlier. The labeled DCs were treated in the absence (untreated,;
UT) or presence of either 50 pl anti-SRA anti-sera (aSR-A; Chemicon) or 25 pug/ml anti-
CD36 (aSR-B) antibody (Harshyne et al., 2003) (Immunotech-Coulter) for 1 hr prior to co-
culture with antigen pulsed B cells for 18 hr. All cells were harvested and analyzed by flow
cytometry.

Mol Immunol. Author manuscript; available in PMC 2015 March 01.
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2.9 Assay for processed antigen

BJAB cells were pulsed with the following antigens: non-specific antibody, alg-AF488 or
alg-AF488/pHrodo. These cells were then co-cultured with MoDCs for 18 hr. Presence of
processed antigen was determined for CD197:CD14:CD11c* gated population as described
above.

3. Results

3.1 Human B cells transfer antigen to primary myeloid dendritic cells

We have previously demonstrated that immunoglobulin Tg B cells can transfer antigen to
macrophages and that this event can induce an antigen specific T cell proliferative response
(Harvey et al., 2007, Harvey et al., 2008). In our current investigation, we sought to
determine whether human B cells could transfer antigen to human dendritic cells using an in
vitro system to monitor the exchange of fluorescently labeled antigen between the two types
of APCs. For these studies, human B cells (EBV-transformed B cell line, B-LCL, and EBV-
negative B cell lymphoma cell line BJAB) were pulsed with the BCR-targeted antigen (anti-
human IgG/M F(ab’)2-AF488 antibodies; hereafter referred to as alg) after which the cells
were extensively washed to remove unbound antigen. In a manner as we have previously
examined in other systems by fluorescence microscopy (Fig. 1A), B-LCLs were found to
bind specific antigen as early as 30 seconds and acquire large amounts of antigen within 1
hr, whereas non-specific antibody binding was undetectable even after 60 min (Harvey, et
al., 2008). Following an overnight culture, BJAB cells as well as B-LCLs retained
fluorescent antigen as determined by flow cytometry (Fig. 1B) indicating that the antigen
persists in B cells over time.

To determine whether B cells could transfer the fluorescent antigen to primary human
myeloid DCs (MoDCs), antigen pulsed BJAB cells and B-LCLs were separately co-cultured
for 18 hr with MoDC:s isolated directly from PBMCs. Only DCs incubated with alg pulsed
B cells, whether BJAB or B-LCLs, were positive for fluorescent antigen (AF488; Fig. 1C),
and the level of antigen in this DC population was significantly greater as compared to those
cultured with B cells pulsed with non-specific antibody (Fig 1D). Given that both types of B
cell lines were able to function as antigen donors with virtually identical kinetics, we will
refer to them collectively throughout the text as B cells unless otherwise specified. Overall,
these results indicate that human B cells can transfer a considerable amount of BCR-specific
antigen to primary MoDCs in vitro.

Since our flow cytometry analysis could potentially include a couplet population of B
lymphocytes attached to dendritic cells in a manner similar to that described by Deola et al.
(Deola et al., 2008), we sought to verify the existence of antigen bearing DCs within live
cell cultures using confocal microscopy. For these studies, B lymphocytes were labeled with
CellTracker™ Orange (CTO; red) and then pulsed with antigen, whereas the dendritic cells,
whether primary MoDC or monocyte-derived DC (MdDC), were labeled with CellTrace™
Far Red (CTFR; blue). The labeled B cells were co-cultured with each of the DC
populations for 18 hr prior to live cell imaging. Within the primary MoDC (Fig. 2A) as well
as the MdDC (Fig. 2B) populations, co-cultured with Bcells pulsed with BCR-targeted Ag,
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we could identify individual dendritic cells that had acquired antigen. Interestingly, DCs did
not acquire Ag when co-cultured with B cells pulsed with Ag that does not bind BCR.
Moreover, using live-imaging microscopy, we captured the direct interaction of a B cell with
the veil of a monocyte-derived DC (Fig 2B, upper panel) that had acquired antigen,
suggesting that contact between the antigen donor and recipient cell is necessary for antigen
transfer. This interaction likely includes the exchange of membrane along with antigen,
given that many of the antigen-bearing DCs appeared to also contain B cell derived (red/
CTO) components. These live-cell images confirm our flow cytometry findings that DCs are
acquiring antigen directly from the B cells and suggest that the mechanism of transfer may
include the acquition of B cell membrane and/or intracellular proteins by the DCO.

3.2 Dendritic cells acquire antigen more efficiently through antigen transfer than
endocytosis

The majority of MoDC “freshly isolated” from human blood exhibit an immature phenotype
in that these DCs are smaller and lack the dendritic morphology associated with their mature
counterparts (O’Doherty et al., 1993). Immature dendritic cells acquire antigen by various
mechanisms; the most common of which is the macropinocytosis of soluble antigen from the
surrounding environment (Hart, 1997). To determine whether antigen transfer to MoDCs
occurs at a different or equivalent level of efficiency as macropinocytosis, MoDCs were
either co-cultured with antigen pulsed B cells or cultured alone in the presence of 5 ug/ml
soluble alg for 18 hr prior to being harvested for flow cytometry. Interestingly, a large
proportion of DCs (53%) that were co-cultured with alg pulsed B lymphocytes acquired a
greater amount of antigen than those incubated alone with the soluble form of antigen (Fig.
3) indicating that DCs can acquire antigen more efficiently through antigen transfer from B
cells than by simple macropinocytosis of free antigen. As described earlier, this Ag does not
enter the DCs via Fc receptor-mediated uptake.

3.3 Antigen transfer requires direct contact between antigen donor and recipient cells

In the live cell imaging studies, we observed that MoDCs were acquiring B cell derived
components along with antigen (see figure 2A). This observation could be explained by the
findings of Inaba et al. (Inaba et al., 1998) that immature DCs can acquire antigen from
either necrotic or apoptotic B blasts at levels sufficient enough to induce a T cell response.
To assess whether antigen transfer was being mediated by the uptake of apoptotic bodies
from the B cell culture, MoDCs were co-cultured with antigen pulsed B cells that were
either viable (1x10° cells: standard cell number) or apoptotic/necrotic (3x10%ce lls: number
of cells corresponding to the fraction of apoptotic cells within the typical B cell culture).
Antigen transfer to MoDCs was more efficient with viable B cells than with apoptotic
lymphocytes (Fig. 4A) and this was reflected in the significantly higher level of transferred
antigen (Fig. 4B; p=0.001). Although MoDCs were acquiring antigen from the apoptotic B
cells as previously reported (Inaba et al., 1998), the levels attributable to this fraction of
antigen pulsed B cells could not account for the amount of antigen transfer typically
observed in our previous experiments with viable B cells. Therefore, apoptotic bodies do not
significantly contribute to the transfer of antigen from antigen specific B cells to MoDCs.
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With the exclusion of apoptotic cells as sole mediators of antigen transfer, we considered the
possibility that contact between antigen donor and recipient cells was necessary for antigen
exchange. Our confocal microscopy studies with MdDCs (see figure 2B) suggest that the
two APCs may be interacting with one another during antigen transfer. To confirm the
importance of direct cell contact, antigen pulsed B cells were separated from MoDCs by
transwells of various pore sizes during an 18 hr co-culture. Even with a pore size of 8 um,
DCs were unable to acquire antigen from B cells (Fig. 4C) (similar results were found with 1
and 3 um transwells; data not shown) indicating that contact between the two APCs is
required for antigen transfer to proceed. Furthermore, this data suggests that the DCs are not
acquiring soluble antigen from the B cells within the co-cultures since the 8 um pore size
transwell is permeable to antigens the size of immune complexes.

3.4 Scavenger receptor A mediates antigen transfer through the exchange of membrane

According to our live cell imaging studies, DCs appear to be capturing B cell derived
membrane and/or intracellular proteins along with antigen. Several recent studies have
demonstrated that scavenger receptor A (SR-A) mediates the exchange of cell membrane
and/or cytosolic components between cells following contact (Harshyne et al., 2001;
Harshyne et al., 2003). For this reason, we sought to determine by flow cytometry whether
the DCs are capturing B cell membrane and/or cytosolic components along with antigen and
also whether SR-A is mediating this process. Human B cells were labeled with CTO and
pulsed with antigen. MoDCs were labeled with CTFR and then left untreated (UT) or
exposed to either anti-SR-A (aSR-A) or anti-SR-B blocking antibodies prior to being co-
cultured with the B lymphocytes. As seen in figure 5A, a large proportion (76%) of the DCs
were positive for B cell-specific label (CTO) and the percentage was reduced by 63%
following treatment with aSR-A blocking antibody indicating that the DCs are capturing B
cell derived membrane by an SR-A mediated mechanism. Concomitant with the reduction in
B cell membrane capture, there was a decrease in antigen transfer in the aSR-A treated DC
population as compared to those left untreated (Fig. 5B) and the level of transferred antigen
was significantly less, respectively (Fig. 5C). Blocking SR-B did cause a slight (but
insignificant; p=0.1) decrease in the acquisition of antigen that may be due to the inability of
the DCs to capture apoptotic bodies since SR-B has been shown to mediate this process
(Daviet and McGregor, 1997). Interestingly, antigen transfer to monocyte-derived DCs was
equally inhibited by pre-treatment with aSR-A antibody (data not shown). Taken together,
these results demonstrate that antigen transfer from B cells to DCs involves an SR-A
mediated capturing of B lymphocyte membrane and/or intracellular proteins by the recipient
APC.

3.5 Primary B cells transfer antigen to dendritic cells through SR-A mediated mechanism

Our current understanding of antigen transfer from B cells to MoDCs is based on human B
cell lines. As such, our findings may be a consequence of the transformed properties of these
cells instead of the normal physiologic function of B lymphocytes. To assess whether this
process was limited to transformed B cells, primary B cells were isolated from PBMCs,
pulsed with antigen and co-cultured with MoDCs. The primary B cells were able to transfer
antigen to the dendritic cells only when carrying BCR-specific antigen (Fig. 6A and 6B) as
we have observed with either BJAB cells or B-LCLs (see Fig. 1C). Following pre-treatment
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of the MoDCs with a-SR-A blocking antibody, the level of transferred antigen within the
DCs was significantly reduced (Fig. 6B), suggesting that the transfer of antigen from
primary human B cells to MoDCs was mediated by the same SR-A dependent mechanism as
seen with the B cell lines. Although we already determined that apoptotic B cells (BJAB or
B-LCL) are a poor source of antigen for DCs (demonstrated in Fig. 4), we wanted to ensure
that the primary B cells being used were viable through the 18hr time course of the
experiment. Compared to positive control primary B cells induced to apoptosis by
hyperthermia, after 18hrs of incubation with the anti-SR-A antibody, ~11% of the primary B
cells were positive for the apoptotic marker TO-PRO-3 (Fig. 6C). These results indicate that
primary B cells are viable, and recapitulates prior results from our laboratory (Harvey, et al.,
2008).

3.6 Recipient dendritic cells carry processed antigen following transfer

Effective presentation of antigen by APCs to cognate T cells requires the processing of
antigen prior to being presented on MHC. To assess whether recipient DCs contained
processed antigen, B cells were pulsed with alg conjugated with both AF488 and pHrodo™,
a dye that fluoresces only under conditions of low pH such as in lysosomes. These B cells
were then co-cultured with MdDCs for 18 hr to allow antigen transfer. Of the DCs cultured
with B cells pulsed with double conjugated antigen, a large proportion of them (39%)
contained only unprocessed antigen (AF488+ alone) whereas a smaller proportion (13%)
carried antigen (pHrodo*:AF488*) processed from a low pH compartment (Fig. 7).
Interestingly, not every DC degraded acquired antigen, suggesting that a specific subset of
DC either captured processed antigen from the B lymphocytes or processed its Ag following
transfer. Nevertheless, antigen transfer from B cells resulted in dendritic cells carrying
processed antigen, suggesting that these APCs could present the transferred antigen to T
cells to induce an immunologic response.

4. Discussion

Although B cells and DCs are unique and effective APCs independently, their interactions
and/or synergy lead to a more robust immune response (Kleindienst and Brocker, 2005). We
have demonstrated previously that B cells can initiate an antigen specific immune response
earlier than other APCs; however, longer term immunity to the same antigen requires
dendritic cells to activate T cells as well (Yan et al., 2006). As such, our laboratory
investigated how B cells were interacting with other APCs in promoting immunity to a
specific antigen. In a recent study, we found that Ag-specific B cells can transfer antigen to
murine or human macrophages and that the transferred antigen can be presented by the
macrophages to induce an antigen specific T cell response (Harvey et al., 2007, Harvey, et
al., 2008). Human macrophages are capable of receiving antigen from B cells in a manner
that utilizes surface Scavenger Receptor A (SRA; Harvey et al., 2007, Harvey, et al., 2008).
Here we demonstrate that human B lymphocytes are able to transfer BCR-enriched antigen
to primary myeloid DCs and moreover, we elucidate the mechanism by which DCs acquire
the antigen from B cells.

Antigen transfer has been characterized for various immune and non-immune cell types
(Girvan et al., 2003; Harshyne et al., 2003; Marafidn et al., 2004; Neijssen et al., 2005). The
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most relevant to our investigation include transfer between B cells and other APCs such as
macrophages and dendritic cells (Bergtold et al., 2005; Bickham et al., 2003; Carrasco and
Batista, 2007; Denzer et al., 2000; Harvey et al., 2007; Inaba et al., 1998; Phan et al., 2007;
Wykes et al., 1998). The type of antigen transferred as well as the mechanism employed
varies depending on the cell types and directionality of transfer involved. Elegant work of
Carrasco and Batista illustrate that circulating antigen can be trapped by macrophage sheets
in the subcapsular spaces of lymph nodes for acquisition by B cells. The B cells attach to
clusters of particulate antigen resembling an immunological synapse (Carrasco and Batista,
2007). DCs can acquire and transfer non-degraded antigen to B cells in an Fc receptor
mediated process (Bergtold et al., 2005; Carrasco and Batista, 2007). These collections of
studies illustrate how B cells load antigen from other professional APCs. Fewer studies have
examined the transport of antigen from B cells to macrophages or DCs.

As for B lymphocytes, these APCs have been found to transfer antigen to DCs either as
apoptotic bodies that are endocytosed by the DC or by the formation of cellular exosomes
(Bickham et al., 2003; Denzer et al., 2000; Inaba et al., 1998). Unlike our current
investigation in which BCR-targeted antigen was utilized, these studies did not discriminate
as to whether the transferred antigen was captured by the BCR indicating that antigen
specificity was not addressed.

A common feature associated with antigen transfer is the requirement for direct contact
between the antigen donor and recipient cells (Denzer et al., 2000; Harshyne et al., 2003;
Phan et al., 2007; Wykes et al., 1998). Previous studies have demonstrated the direct
interaction of B lymphocytes with DCs, and that this interaction is required for dendritic
cells to transfer unprocessed antigen to B lymphocytes (Huang et al., 2005; Qi et al., 2006;
Wykes et al., 1998). In our current investigation, confocal microscopy of live cell cultures
confirmed that direct contact between B cells and antigen-bearing DCs is a pre-requisite for
antigen transfer. Moreover, separation of the two populations by a transwell disrupted the
transfer of antigen from the B lymphocytes to the DCs. The results of our flow cytometry
analysis of co-cultures (Fig. 5A) indicated that B cell membrane and/or intracellular proteins
are being captured by human DCs together with BCR-enriched antigen. In contrast to other
studies, the apoptotic fraction of the B cell population did not account for antigen transfer
(Fig. 4A) or for the acquisition of B cell derived components by the DCs.

Scavenger receptor A is a member of a larger family of proteins with various biological
properties, including pathogen pattern recognition, cellular adhesion, and effects on immune
cell activation (reviewed by Jordo, et al., 2011). SR-A has recently been identified as a cell
surface receptor that mediates the capture of target cell membrane by DCs (referred to as
“nibbling™) (Harshyne et al., 2003; Marafion et al., 2004). We, therefore, examined whether
SR-A plays a role in antigen transfer. SR-A is expressed on macrophages as well as
dendritic cells and is involved in a variety of functions ranging from clearance of
lipoproteins, phagocytosis of bacteria and intercellular adhesion which interestingly includes
the binding of activated B cells to macrophages (Dunne et al., 1994; Fraser et al., 1993;
Goldstein et al., 1979; Harshyne et al., 2003; Yokota et al., 1998). Indeed, we demonstrated
that the capture of B cell derived membrane as well as the acquisition of antigen from B
lymphocytes by DCs required SR-A in a manner that resembles acquisition of antigen by
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macrophages (Harvey et al., 2007, Harvey, et al., 2008) and was not dependent on other
scavenger receptor surface proteins such as SR-B. Taken together, these findings suggest
that SR-A mediates antigen transfer to the DCs through the capture of B cell membrane
and/or cytosolic proteins rather than the phagocytosis of apoptotic bodies.

The importance of SR-A in antigen transfer could extend beyond its role in the acquisition
of B cell membrane. This receptor has been shown to be involved in the recognition and
internalization of the endoplasmic reticulum heat shock proteins (HSP) gp96/GRP94 and
calreticulin (Berwin et al., 2003). Peptides bound to these HSPs have been found to be
represented on MHC by APCs following internalization (Binder et al., 2000). Berwin et al.
demonstrated that SR-A can direct gp96/peptide ligands to endosomal compartments
involved in an antigen cross-presentation pathway (Berwin et al., 2003). We present data
herein demonstrating that dendritic cells possess processed antigen following SR-A
dependent acquisition from B cells and that transferred antigen may also be shuttled into the
re-presentation pathway.

Our findings have broad implications in understanding the immunological events leading to
a focused immune response to a select group of antigens, whether foreign or self. First,
antigen specific B lymphocytes can capture and present antigen at concentrations 1,000
times lower than other APCs in activating T cells (Lanzavecchia, 1990). Secondly, primary
myeloid dendritic cells can acquire antigen more efficiently by antigen transfer from B cells
than by endocytosis of free antigen. Taken together, these findings suggest that antigen
transfer from antigen specific B cells to dendritic cells would lead to a synergistic effort in
presenting the same antigen to T cells whereby a more targeted immunologic response
would ensue. We suspect that a single B cell is capable of both Ag transfer to DCs and in
direct activation of T cells. Studies already illustrate the importance of B cells in the
development and maintenance of follicular T helper cells (Mamula, 2013; Xu, et al., 2013).
Herein, we provide evidence for a mechanism by which antigen specific B cells could
modulate the immune response through the transfer of BCR-enriched antigen to another
APC, the dendritic cell. Antigen transfer requires direct contact between the two APCs
followed by the capture of B cell derived components by the recipient DC. Moreover, we
have identified SR-A as a key surface receptor on human DCs that mediates the acquisition
of antigen from B cells. Depending on the immunological response initiated by antigen
transfer, whether tolerogenic or immunogenic, SR-A could be a target for therapeutic
intervention for chronic autoimmune diseases that are characterized by the presence of
autoantibodies against select autoantigens.
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Fig. 1.
Human B cells acquire and transfer antigen to dendritic cells. (a) Kinetics of antigen uptake

by B cells. B-LCL pulsed with either alg (upper panels) or non-specific Ab (lower panels)
for indicated time points, washed and observed by fluorescence microscopy (450X
magnification). (b) Antigen uptake by various B cell lines. BJAB (top panel) and B-LCL
(lower panel) were pulsed with no antigen (gray curve), non-specific Ab (dotted curve) or
alg (black curve) for 60 min and stained with anti-CD19 antibody for flow cytometry. (c)
Various B cell lines transfer antigen to dendritic cells. Primary myeloid DCs were co-
cultured for 18 hr with BJAB (top panel) or B-LCL (lower panel) pulsed with no antigen
(gray shaded curve), non-specific Ab (dotted curve) or alg (black curve). Antigen levels
(AF488) were assessed for the CD197:CD147:CD11c* gated population. (d) Levels of
transferred antigen are significant. MFI values for transferred antigen (AF488) are given for
3 independent experiments with BJAB cells as antigen donors (* p< 0.001; n=3; thin bars
represent value range).
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Fig. 2.
Live cell images depict antigen transfer from B cells to dendritic cells. BJAB cells were

labeled with CTO and pulsed with antigen. Primary myeloid DCs (a) or monocyte derived
DCs (b) were labeled with CTFR and then co-cultured with either alg (upper panels) or non-
specific Ab (lower panels) pulsed B cells in glass bottom dishes. After 18 hr, live cell
images were taken by confocal microscopy (600X, 2x zoom; arrows point to DCs that bear
antigen).
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Dendritic cells acquire greater antigen by transfer from B cells than by endocytosis. Primary
myeloid DCs were cultured for 18 hrs with the following: no antigen (shaded gray curve), 5
ug/ml soluble Ag alone (light gray curve), or BJAB cells pulsed with either non-specific Ab
(dotted curve) or alg (black curve). Cells were stained for flow cytometry and levels of
transferred antigen were assessed for the CD197:CD14™:CD11c* gated population.
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Fig. 4.
Direct interaction between live B cells and dendritic cells is required for antigen transfer. (a)

Contribution of apoptotic B cells to antigen transfer is trivial. Apoptosis of antigen pulsed B-
LCLs was induced by hyperthermia. Primary DCs were co-cultured for 18 hr with viable (1
%106 cells) B cells pulsed with non-specific Ab (dotted curve) or alg (black solid curve) or
with apoptotic B cells (3 x10° cells; number of apoptotic cells within viable population)
pulsed with alg (dark gray curve). Levels of antigen were assessed for the
CD197:CD147:CD11c" gated population. (b) Antigen transfer from apoptotic B cells was
significantly less compared to viable cells. MFI values for transferred antigen (AF488) are
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given for 4 independent experiments (* p= 0.001; n=4; thin bars represent value range). (c)
Antigen transfer is abrogated upon separation of B cells from dendritic cells. Primary DCs
were co-cultured in the absence of transwell (No TW) with B cells pulsed with non-specific
Ab (dotted curve) or in the absence (black curve) or presence (8 um TW) (dark gray line) of
transwell with B cells pulsed with alg.
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Fig. 5.
Dendritic cells acquire B cell derived membrane and/or intracellular proteins through an SR-

A dependent mechanism. BJAB cells were labeled with CTO and pulsed with antigen.
Primary DCs were labeled with CTFR and then left untreated (UT) or treated with either
aSR-A or aSR-B blocking antibodies for 1 hr. These DCs were co-cultured for 18 hr in the
presence of inhibitors with Ag-pulsed B cells. Cells were harvested and analyzed by flow
cytometry. (a) B cell specific fluorescence is transferred to dendritic cells and membrane
transfer is blocked by aSR-A. Level of B cell derived label (CTO) was determined for the
untreated DCs (CTFR) (left panel) and aSR-A Ab treated (right panel). (b) Antigen transfer
to DCs is dependent on SR-A. Levels of transferred antigen (AF488) were assessed for the
CTFR* gated DC cells that were left untreated (UT) and cultured with B cells pulsed with
either non-specific Ab (dotted curve), alg (black curve) and those DCs that were treated with
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aSR-A Ab (solid black curve) or aSR-B Ab (black line) and cultured with alg pulsed B cells
(gray curve). (c) Blocking SR-A but not SR-B significantly inhibits antigen transfer. MFI
values for transferred antigen (AF488) are given for 4 independent experiments (* p<0.001;
n=4; thin bars represent value range).
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Fig. 6.

Pr?mary B cells transfer antigen to dendritic cells by an SR-A mediated mechanism. Primary
DCs were either left untreated (UT) or treated with aSR-A Ab for 1 hr prior to being co-
cultured with primary B cells pulsed with the following: no Ag (gray curve) non-specific Ab
(dotted curve) or alg (black curve). Cells were harvested and stained for flow cytometry. (a)
Primary B cells are capable of transferring antigen. Antigen levels (AF488) were assessed
for CD197:CD14™:CD11c* gated population for untreated DC co-cultures. (b) Anti-SR-A
Ab significantly inhibits antigen transfer from primary B cells. MFI values for transferred
antigen (AF488) were determined for DCs either left untreated or treated with aSR-A Ab
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from 3 independent experiments (* p<0.001; n=3; thin bars represent value range). (c)
Primary B cells (gated by CD19) were assayed for degree of apoptosis by TO-PRO-3.
Negative (untreated) primary B cells, aSR-A treated primary B cells, and B cells triggered
for apoptosis by incubation at 65°C for 30 min. are illustrated.
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Fig. 7.
Dendritic cells possess processed antigen following transfer. Monocyte derived DCs were

co-cultured for 18 hr with BJAB cells pulsed with the following: non-specific Ab (left
panel), alg-AF488 (middle panel) or alg-AF488/pHrodo (right panel). Levels of AF488 and
pHrodo from transferred antigen were assessed for the CD197:CD14™:CD11c* gated
populations.
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