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B lymphocytes can be triggered in lymph
nodes by nonopsonized antigens (Ag),
potentially in their native form. However,
the mechanisms that promote encounter
of B lymphocytes with unprocessed anti-
gens in lymph nodes are still elusive. We
show here that antigens are detected in
B cells in the draining lymph nodes of
mice injected with live, but not fixed,
dendritic cells (DCs) loaded with anti-

gens. This highlights active processes in
DCs to promote Ag transfer to B lympho-
cytes. In addition, antigen-loaded DCs
found in the draining lymph node were
CD103*. Using 3 different model Ag, we
then show that immature DCs efficiently
take up Ag by macropinocytosis and store
the internalized material in late endocytic
compartments. We find that DCs have a
unique ability to release antigens from

these compartments in the extracellular
medium, which is controlled by Rab27.
B cells take up the regurgitated Ag and
the chemokine CXCL13, essential to at-
tract B cells in lymph nodes, enhances
this transfer. Our results reveal a unique
property of DCs to regurgitate unpro-
cessed Ag that could play an important
role in B-cell activation. (Blood. 2012;
119(1):95-105)

Introduction

Dendritic cells (DCs) are key players in initiating specific immune
responses. They display an extensive capacity for antigen (Ag)
uptake in the periphery. After Ag internalization and migration to
the draining lymph node, they present antigenic peptides, generated
by intracellular Ag processing, to activate naive T cells.!?

In contrast, as B cells recognize Ag in its native, unprocessed
form, via their surface immunoglobulin receptor (BCR), the
logistics of B-cell antigen presentation and activation in the lymph
node is much less clearly defined. Lymphoid tissue architecture
limits passive diffusion of large Ag,*% and some Ag-presenting
cells have been proposed as Ag carriers in lymph nodes: B cells,
DCs, follicular DCs, subcapsular sinus, and medulla macro-
phages.” 13 Interestingly, direct interactions of B cells with DCs
have been seen in vitro'* and in vivo.”!> This interaction is
necessary for isotype switching and production of high affinity
antibodies,'®!” indicating that the dialogue between DCs and
B cells is a crucial step in initiating efficient immune response.
However, it is still unclear whether in this case Ags are internalized
before delivery to B cells.

Macropinocytosis is one way immature DCs use to sample their
environment and capture Ag. It is constitutive in immature DCs and
down-regulated on DCs maturation. As opposed to other endocytic
routes, macropinocytosis does not involve specific receptors, relies
on large membrane ruffles to form the macropinosome,'8-?! and
involves the small GTP-binding proteins Cdc42, Racl, and ADP-
ribosylation factor 6.2225 It has long been known that the way of
entry of a given Ag will influence its endocytic route,?6-?8 but the
intracellular fate of macropinocytosed Ag in DCs is still unclear.
Besides their degradation activity, murine DCs have the capacity to
store native Ag.'62629-30 This storage property probably represents a

pool for later Ag processing, thus allowing sustained presentation
to CD4 and CD8 T cells.?!32 Intradermally injected DCs were
found mainly at the boundary between the T- and B-cell zone.?33*
Because DCs are less degradative than macrophages, 3! we
hypothesized that they could preserve part of the Ag from the
periphery and subsequently deliver it to B cells in the lymph node.

In this study, we show, for the first time, that macropinocytosed
Ag was partially released by DCs from late endosomal compart-
ments under its native form in the extracellular medium and taken
up by specific B cells. This Ag release was enhanced when DCs
were treated with the B-cell chemoattractant, CXCL13. We ob-
served Ag delivery to B cells in vivo in mice after injection of
Ag-pulsed DCs but not Ag-pulsed fixed DCs. Loaded DCs found in
the lymph node were CD103*. This work provides evidence for a
unique pathway of Ag storage and delivery by DCs to B cells and
should help us to understand the very first steps of the innate and
adaptive immune responses.

Methods

Cells

For generation of human immature DCs, peripheral blood mononuclear
cells were isolated from leukapheresis by density-gradient separation on
Ficoll-Paque Plus (GE Healthcare; supplemental Methods, available on the
Blood Web site; see the Supplemental Materials link at the top of the online
article).

Human autologous B cells were enriched from leukapheresis blood
using a human B-cell enrichment cocktail according to the manufacturer’s
instructions (RosetteSep; StemCell Technologies) and frozen at —80°C in
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FCS with 10% DMSO until use. B-cell enrichment was assessed each time
by flow cytometry and was consistently 90%.

B cells were purified by negative selection from lymph nodes, and
murine DCs were purified by positive selection using CD11c™ magnetic
microbeads (Miltenyi Biotec) from a mixture of spleen and lymph nodes of
C57BI1/6 mice (Harlan).

Footpad injections of purified murine DCs

Purified DCs from C57Bl/6 mice were incubated with 50 mg/mL of
QDot655 or 605-coupled F(ab)’, anti—-mouse IgG (Invitrogen) for 1 hour at
37°C. Cells were then washed twice with sterile PBS, and half of them were
fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) for 10 minutes and
washed again before footpad injection into C57/B16 mice. Five mice of each
group were injected in each footpad with 2.5 X 106 pulsed DCs (fixed or
not). After 18 hours, cell suspensions were obtained from draining popliteal
lymph nodes (PLNs). Cells were stained with allophycocyanin-anti—-murine
CDll1c and PE-anti-murine CD19 antibodies (BD Biosciences) or with
PE-Cy7-anti-CDllc, peridinin chlorophyll protein-anti-MHC 11, biotin-
anti-CD317 (eBioscience), Pacific Blue-anti-CD8«, FITC-anti-CD19,
PE-anti-CD103 (BD Biosciences), and streptavidin-allophycocyanin or
AlexaFluor-750 (Invitrogen). Samples were analyzed by flow cytometry
using the BD LSRII cytometer and BD FACSDiva Version 6.1.2 software
(BD Biosciences; Cochin Immunobiology Facility). Results are expressed
in numbers of CD11c*/QDot* and CD19"/QDot™ cells found in the lymph
nodes. In addition, PLNs of one mouse of each group were embedded in
OCT and stored at —80°C before sectioning (CM350S, Leica); 7-mm
sections were fixed in 1% PFA and then washed and blocked with PBS
supplemented with 3% BSA. Sections were then stained with PE-anti—
CDll1c¢ and FITC-anti-CD19 antibodies (BD Bioscience). After washes,
sections were covered with glass coverslips using FluoromountG (Interchim).

Image acquisition

For details regarding image acquisition for Figures 1 through 5, please see
supplemental Methods.

Results

Monocyte-derived immature DCs internalize antigens by
macropinocytosis

We first analyzed the mechanisms of antigen uptake and delivery
by DCs in human DCs derived in vitro from monocytes of healthy
donors after a 5-day GM-CSF plus IL-4 treatment (MoDCs).
Immature CD11lc* CD14~ DCs were harvested at day 5 after
purification (supplemental Figure 1A).

To explore the endocytic activity of the MoDCs, both immature
and mature MoDCs were incubated with 1 mg/mL of FITC-
coupled large dextran (500 kDa), commonly used as a marker of
macropinocytosis, as well as with proteins of lower molecular
weight, including F(ab)', anti-human IgG (100 kDa) or HRP
(40 kDa) and another fluid-phase marker, Lucifer Yellow, as a
small compound (457 Da). As expected, immature MoDCs internal-
ized 500 kDa dextran in a time-dependent manner without reaching
a plateau, even after a 1-hour incubation (Figure 1A). In contrast
and as previously reported,?>?33 mature MoDCs internalized a
very small amount of dextran (Figure 1A). We observed that
dextran uptake involved the mannose receptor, as previously
described,?® whereas internalization of Lucifer Yellow or F(ab)', did
not (supplemental Figure 1B).

To better define the internalization pathway, we pretreated
MoDCs with different drugs: cytochalasin D, which blocks actin
polymerization, wortmaninn to inhibit PI3K, or amiloride, which
inhibits the sodium channels and is important for regulation of
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intracellular pH and actin polymerization and considered as the
most specific drug for macropinocytosis.!®>* Internalization of
dextran, F(ab)’,, and HRP was inhibited in cells treated with these
drugs, compared with control conditions (Figure 1B-D), whereas
Lucifer Yellow uptake by MoDCs was not impaired in immature
MoDCs by these drugs (Figure 1E), indicating that it might enter
into DCs by fluid-phase endocytosis.

Finally, we analyzed whether dynamin was required (Figure
1F-G). Dynamin is a large G protein involved in vesicle fission.3¢
Expression of wild-type or dominant-negative (K44A mutant)
forms of dynamin2 in immature MoDCs did not alter the efficiency
of dextran uptake. In addition, cells were treated with dynasore, a
specific drug that inhibits both dynamin (1 and 2).7 Whereas
transferrin endocytosis was strongly impaired in dynasore-treated
cells as expected, neither dextran nor F(ab)’, anti-human IgG
internalization was affected, indicating that macropinocytosis of
dextran and F(ab)’, by MoDCs does not require dynamin activity.

We then observed the internalized Ag by microscopy. Analysis
of deconvolved Z-stack fluorescence microscopy images showed
that, after 30 minutes of incubation with different macropinocyto-
sed Ag, cells exhibited endocytic compartments of heterogeneous
size scattered throughout the cell body (Figure 1H). None was in
the range of several microns, as opposed to the macropinocytic
vesicles induced by growth factors.!® To further characterize the
endocytic pathway used by macropinocytosed Ag at the ultrastruc-
tural level, cryosections of F(ab)',-pulsed DCs were immunola-
beled for the Ag (Figure 11). After 1 hour of Ag pulse, the F(ab)’,
was detected in early endosomes but also in dense late-endosome
structures, and in tubular elements. Of note, we did not detect the
presence of F(ab)’, at the plasma membrane (Figure 11).

Taken together, these results indicate that immature MoDCs
capture dextran, F(ab)', anti-human IgG, and HRP proteins by a
PI3K- and actin-dependent, amiloride sensitive, dynamin-indepen-
dent, macropinocytic process of internalization that does not form
large macropinosomes in these cells.

Intracellular fate of macropinocytosed Ag in MoDCs

We next aimed to follow the intracellular fate of macropinocytosed
Ags in MoDCs. For this, cells were pulsed with FITC-labeled
F(ab)', anti-human IgG for one hour and then washed and cultured
for different time points before analysis by flow cytometry.
F(ab)', anti-human IgG was still detected in MoDCs after 4 and
18 hours of chase (Figure 2A). Intracellular localization of
macropinocytosed Ag was then analyzed by fluorescence micros-
copy after 4 hours of chase (Figure 2B-C). Cells were fixed and
stained for CD63 and Lampl. The majority of macropinocytosed
Ag reached CD63* or Lamp1™ late endosomal compartments after
1 hour of pulse, where they could still be detected after 4 hours of
chase. Intracellular macropinocytosed Ag was further analyzed by
electron microscopy in MoDCs pulsed for 1 hour with F(ab)’, and
then chased for 4 hours without Ag (Figure 2D). Label for the
F(ab)', was found in electron-dense late endosomal compartments
similar to the one observed after 1-hour chase, confirming the Ag
storage in late endosomal structures.

Macropinocytosed Ag is released by DCs in the extracellular
environment under its native form

We further analyzed the fate of macropinocytosed Ag, with the
hypothesis that MoDCs could regurgitate an internal Ag under its
native form after macropinocytosis. For this, we designed an assay
using HRP, with which the enzymatic activity can be measured in
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Figure 1. Immature MoDCs internalize Ag by macropinocytosis. (A) Flow cytometric analysis of internalization of fluorescein-coupled 500 kDa dextran by immature versus
LPS-matured MoDCs. (B-E) Immature MoDCs were pretreated with cytochalasin D, wortmannin, or amiloride for 30 minutes before addition of dextran (B), F(ab)’» (C), HRP
(D), or Lucifer Yellow (E) for 30 minutes. Cells were analyzed by flow cytometry. Results are expressed as a percentage of control nontreated (NT) cells. Data are mean = SEM
of 3 independent experiments. (F) Immature MoDCs were transfected or not with plasmids encoding the wild-type (DynWT) or the dominant-negative form (DynK44A) of
dynamin2 coupled to GFP and then incubated with 500 kDa dextran, followed by flow cytometry. Mean fluorescence intensities (MFI) are plotted. (G) Immature MoDCs were
treated or not (NT) with dynasore and incubated with fluorescent dextran, transferrin, or F(ab)’, for 30 minutes at 37°C. Cells were analyzed by flow cytometry. Results are
expressed as a percentage of control nontreated (NT) cells. Data are mean = SEM of 3 independent experiments. (H) Immature MoDCs were incubated with dextran, F(ab)',,
or HRP for 30 minutes and then fixed and analyzed by wide field microscopy and deconvolution. A medial optical section is shown. Bar represents 5 um. (I) Immature MoDCs
were pulsed for 1 hour with 50 wg/mL F(ab)’» and then fixed and prepared for electron microscopy after immunogold labeling on thawed cryosections (10 nm-gold particles).
The white arrowheads indicate label in late endosomal vacuoles; and black arrowhead, label in a tubular structure. The black arrow points to a label in a tubular extension of an
early endosomal vacuole. P indicates plasma membrane; E, early endosomal vacuole; G, Golgi; M, mitochondrium; and L, late endosomal/lysosomal vacuole. Bar represents
200 nm.

cell-associated fractions as well as in supernatants, when it is
released in the external medium. MoDCs were pulsed for 1 hour
with 1 mg/mL of HRP, then washed and incubated at 37°C for
different time points (Figure 3A). Acid-washed and trypsinized
MoDCs were analyzed in parallel to remove any HRP bound to the
cell surface (Figure 3A). After 1 hour, up to 0.2 pg/mL of HRP was
detected in the supernatant of untreated MoDCs, which corre-
sponds to 10% to 30% of internalized HRP. Acid wash or trypsin
treatment reduced the amount of HRP present in the supernatant,
indicating that some HRP was bound to the cell membrane and
could detach. Pretreated cells, however, still released HRP to the

extracellular medium with the same slope (Figure 3A). Hence, acid
treatment was used in all subsequent experiments. We observed
that, despite different Ag uptake capacities, MoDCs from different
donors showed the same ability to deliver unprocessed HRP to the
extracellular medium up to 6 hours (Figure 3B) and calculated a
rate of regurgitation of approximately 20 ng/mL per hour per
10° MoDCs. The release of HRP in the medium did not reach a
plateau even after 6 hours of chase, indicating that this delivery of
HRP in the medium was not saturable. Of note, it is unlikely that
the observed HRP release in the supernatant was the result of
release from dead cells because the percentage of dead cells we
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measured during the assay could not account for the release
detected (supplemental Figure 2B-C). Importantly, compared with
other cell types, such as monocyte-derived macrophages or HelLa
cells, we found that DCs have a unique ability to regurgitate
undegraded Ag back to the extracellular medium (Figure 3C;
supplemental Figure 2A).

Together, these results indicate that MoDCs efficiently capture and
release HRP in the extracellular medium by a nonsaturable pathway that
is unlikely to correspond to the classic recycling pathway.

Released native Ag can be recognized and internalized by
specific B cells

To investigate uptake and subsequent delivery of unprocessed Ag
by DCs, MoDCs were pulsed with 50 pg/mL of Cy2-coupled
F(ab)', anti-human IgG, which targets all surface IgG/BCR on
primary human B cells, for 1 hour and then chased for 4 hours.

We first measured intracellular F(ab)', taken up by DCs by flow
cytometry and observed that, contrary to HRP, which tends to stick
to the plasma membrane, F(ab)’, does not remain at the cell surface
of MoDCs (Figure 3D). We then measured the release of the
F(ab)’, model Ag in the supernatant of MoDCs by a dedicated
ELISA test. Concentrations of F(ab)', found in DCs supernatants
were up to 12 ng/mL after a 4-hour incubation (Figure 3E). A
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Figure 2. Immature MoDCs store macropinocytosed
Ag in late endocytic compartments. (A) MoDCs were
pulsed for 1 hour with 10 pg/mL of fluorescent F(ab)’»
and washed and chased for 4 or 18 hours. After each time
point, cells were fixed and amount of Ag was measured
by flow cytometry. Results are expressed as a percent-
age of cells before chase. Data are mean + SEM of
3 independent experiments. (B) MoDCs were treated as
in panel A and then analyzed by wide field microscopy
and deconvolution of Z-stack images. The percentage of
colocalization of F(ab)’, with CD63 or Lamp1-positive
compartments was measured from deconvolved images
of the whole cells. Data are mean += SEM of 3 indepen-
dent experiments (20-50 cells per condition). (C) MoDCs
Merge were treated as in panel B. A medial optical section is
shown. Bar represents 5 pm. (D) Immature MoDCs were
pulsed for 1 hour with 50 pg/mL F(ab)’, and washed
twice and chased for 4 hours before embedding for
electron microscopy analysis. Immunogold labeling was
performed to detect F(ab)’, on thawed cryosections
(10-nm gold particles). The white arrowheads indicate
label in late endosomal vacuoles; and black arrowhead,
label in a tubular structure. The black arrow points to a
label in a tubular extension of an early endosomal
vacuole. P indicates plasma membrane; E, early endo-
somal vacuole; G, Golgi; M, mitochondrium; and L, late
endosomal/lysosomal vacuole. Bar represents 200 nm.

calibration curve by flow cytometry of B cell labeled with
increasing quantities of F(ab)’, showed that such an amount of Ag
was enough to target 10% to 15% of primary human B cells in vitro
(Figure 3F). When B cells were incubated 4 hours with the
supernatant of F(ab)’,-pulsed DCs, 52.1% = 9.7% of B cells were
positive for F(ab)', compared with B cells directly incubated for 4
hours with 1 pg/mL of the F(ab)', (Figure 3G-H). This percentage
was decreased to 16.6% * 4.6% after an overnight incubation,
possibly because of Ag degradation by B cells. We checked that Ag
transfer from pulsed MoDCs to B cells was not the result of cell
death. Indeed, treatment of DCs with staurosporine during the
chase time induced 47.7% cell death within 4 hours, but it did not
improve uptake of the F(ab)’, by human B cells (supplemental
Figure 2C). Importantly, we observed that only a very low
percentage of B cells (2.3% * 1%) were F(ab)’,* when incubated
with the supernatant of DCs fixed by PFA after the Ag pulse,
indicating that active delivery of the native Ag by DCs is important
for B-cell uptake (Figure 3H). In addition, when the DC superna-
tant was ultracentrifuged to separate the exosomal fraction from the
soluble fraction,* we observed no transfer of F(ab)’, to the B cells
with the exosomal fraction, whereas there was transfer with the
supernatant devoid of exosomes, showing that the Ag is released in
the soluble fraction (supplemental Figure 2D-E).
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Figure 3. Immature MoDCs release part of macropi-
nocytosed Ag under its native form and B cells
capture them. (A) MoDCs were pulsed 1 hour with
1 mg/mL HRP and then washed and membrane stripped
or not, either with trypsin or with acid wash. Enzymatic
activity of HRP was detected in the supernatants at
different time points. (B) HRP release capacity of 5 differ-
ent donors was measured as in panel A during 1 hour and
up to 6 hours. Data are mean = SEM of 5 independent
experiments. (C) HRP releasing capacity was measured
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We observed the same results in a nonautologous but Ag-
specific system using B cells lines bearing a tetanus toxin specific
BCR¥ (supplemental Figure 3A-B).

Together, these results show, with 2 different model Ag, that
B cells capture and internalize nondegraded protein Ag delivered in
the supernatant by pulsed DCs.

We then assessed whether this Ag delivery from DCs to B cells
could be influenced by cell-cell contact. For this, MoDCs were
pulsed 1 hour with 50 pg/mL of F(ab)’,, washed and cocultured
with autologous B cells for 4 or 18 hours. Flow cytometric analysis
showed that cell-cell contact between pulsed MoDCs and B cells
did not increase the amount of Ag detected in B cells after 4 or
18 hours, compared with B cells incubated with the supernatant of
MoDCs (Figure 3I), although some conjugates could be observed
by ImageStream technology (supplemental Figure 3C). Fluorescent
microscopy on medial optical sections after deconvolution con-
firmed F(ab)’, staining of B cells in intracellular compartments
below the CD19 surface staining (Figure 3J).

Altogether, our results show that model Ag delivered by DCs to
the external medium are internalized by B cells and that DCs-B cell
contact does not improve the Ag capture in vitro.

DC contact

Macropinocytosed Ag is delivered to B cells from a late
endosomal storage compartment in MoDCs under the control
of Rab27.

We then aimed to further characterize the intracellular mechanism
of Ag delivery from DCs to B cells. Thus, after a 1-hour pulse with
50 pg/mL of F(ab)',, MoDCs were treated with monensin, an
inhibitor of ligand recycling and of trafficking from late endosomes
to lysosomes,*® during the 4 hours of chase at 37°C. Cells were then
fixed and analyzed by flow cytometry and ImageStream technol-
ogy. Monensin-treated MoDCs showed a higher amount of intracel-
lular Cy2-coupled F(ab)’', compared with nontreated DCs after
4 hours of chase (Figure 4A-B). We also followed HRP activity in
the supernatant of monensin-treated DCs and observed that DCs
delivered more HRP to the external medium than nontreated
control cells. This HRP release was increased with time (up to
1.7 times more than the nontreated cells; Figure 4C). This enhanced
delivery was confirmed by the increased number of B cells taking
up Cy2-coupled F(ab)’, from monensin-treated MoDCs compared
with nontreated DCs (Figure 4D). These data show that Ag storage
and delivery were improved by monensin treatment. Because
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Figure 4. Extracellular release of macropinocytosed Ag occurs from
late endosomes. (A) DCs were incubated with Cy2-F(ab)’, for 1 hour and
then either fixed before B-cell addition (PFA) or cocultured with B cells for
4 hours in the presence of 25 pg/mL monensin (Mo) or not (NT). MoDC
images were obtained with the ImageStream multispectral imaging technol-
ogy. (B) DCs were treated as in panel A. Quantifications show the
percentage of cell-associated F(ab)', in MoDCs after each treatment,
compared with cells fixed after 1-hour pulse. Data are mean = SEM of
3 independent experiments. (C) DCs were incubated with HRP for 1 hour
and then treated or not (NT) with monensin (Mo) during 4 and 6 hours of
chase. Results are expressed as fold increase of extracellular HRP
measured in monensin-treated cells compared with nontreated cells (NT) at
each time point. (D) DCs were incubated with Cy2-F(ab)’, for 1 hour and
then treated or not (NT) with monensin (Mo) during 4 hours of chase in the
presence of B cells (contact). Supernatants were collected and applied to
B cells (Spnt) for 4 hours. Cell-associated Cy2-F(ab)’, was measured by
flow cytometry gated on CD19* B cells. Fold increase of efficiency of Ag
transfer from DCs to B cells, from supernatants, or in cocultures in the
presence of monensin were calculated compared with control (NT) condi-
tions. Graph is representative of 2 independent experiments. (E) MoDCs
were nucleofected to express GFP alone or dominant-negative form of
Rab27a (Rab27aTN-GFP) or b (Rab27bTN-GFP) fused to GFP. After
6 hours, cells were pulsed with 50 wg/mL of Cy5-F(ab)’, for 1 hour, then
chased for 4 hours at 37°C, and fixed and analyzed by wide field
fluorescent microscopy. (F) MoDCs were nucleofected to express dominant-
negative forms of Rab27a (Rab27aTN-GFP and Rab27aNI-GFP) or Rab27b

Mo (Rab27bTN-GFP and Rab27bNI-GFP) fused to GFP and then analyzed by

flow cytometry to measure the quantity of intracellular Cy5-F(ab)’z2* in
GFP* and GFP~ cells (Neg). Results are expressed as ratio compared with
Ag measured in GFP~ DCs. Data are mean = SEM of 3 independent

experiments.
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monensin blocks recycling from classic recycling compartments
and also transport from late endosomes to lysosomes, this indicates
that, under these conditions, Ag storage and delivery were en-
hanced because of reduction of classic recycling as well as
reduction of degradation.

To get further insight into the mechanism controlling the release
from a late compartment, we transiently expressed in MoDCs
dominant-negative forms of Rab27, known to play a role in
secretory granule and lysosome-related organelle formation.*!
Compared with transfected negative cells, MoDCs expressing
dominant-negative mutants of Rab27a and Rab27b showed a
higher intracellular content of F(ab)’, after a 1-hour pulse and
4-hour chase (Figure 4E-F).

These results highlight that the delivery of unprocessed Ag from a
late endocytic compartment in DCs is partially controlled by Rab27.

Ag release from DCs is enhanced by the CXCL13 chemokine

We then set out to determine whether the chemokine environment
could influence Ag delivery from DCs to B cells. For that, we
focused on the chemokine CXCL13, which is important for B-cell
homing in lymph nodes.>*? This chemokine has also been shown to
attract a specific subset of murine DCs to B-cell follicles.*® Surface
staining and flow cytometric analysis showed that MoDCs ex-
pressed CXCRS, the receptor for CXCL13, although less than
purified blood B cells, whereas Jurkat T cells were used as a control
(Figure 5A-C). In addition, quantitative RT-PCR analysis showed

Rab27b

that human and mouse DCs express CXCRS but 150- and 189-fold
less than B cells, respectively (not shown). Next, DCs were pulsed
for 1 hour with 50 pg/mL of F(ab)’, and then treated with
200 ng/mL of CXCL13 during the 4 hours of chase at 37°C. Ag
content of MoDCs was increased as measured by flow cytometry
and ImageStream technology (Figure 5D-E). MoDCs were also
pulsed with HRP and then incubated with CXCL13 or left
untreated while submitted to the regurgitation assay described in
Figure 3. HRP release in the extracellular medium was increased in
the presence of CXCL13 compared with nontreated cells or cells
treated with lipopolysaccharide (LPS; Figure 5D). Finally, we
measured transfer to B cells of Ag from MoDCs pulsed with
F(ab)', and then incubated with CXCL13 or left untreated during
the chase, in conditions where B cells were in contact with DCs or
simply incubated with the MoDCs’ supernatant (Figure 5G). We
observed a slight enhancement of transfer of F(ab)’, to B cells
when MoDCs were treated with the CXCL13 chemokine, whether
supernatant or cell-cell contact was used.

These results show that the process of Ag delivery from DCs to
B cells can be regulated by CXCL13.

B cells capture native Ag from pulsed DCs in vivo

As the mechanism of Ag delivery to B cells in lymph nodes is still
unclear, we set out to determine whether B cells could capture in
vivo an Ag previously internalized by DCs. For this, we purified
CDll1c* DCs from C57B1/6 mice by positive magnetic selection
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Figure 5. Ag storage and release by DCs are en- A
hanced by CXCL13 and transfer of Ag from loaded
DCs to B cells in vivo. (A-C) Flow cytometric analysis
of CXCR5 staining on immature MoDCs (A), primary
purified CD19" blood B cells (B), and Jurkat T cells
(bold black lines) compared with isotype control (bold
gray lines) and unstained cells (thin line) from the same
acquisition. (D) MoDCs were pulsed with with 50 pg/mL

MoDCs
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B cells Jurkat T cells

of Cy2-F(ab)’, for 1 hour and then chased for 4 hours at

37°C in the presence of 200 ng/mL of CXCL13 and
autologous B cells. Images of MoDCs obtained from
ImageStream technology. (E-G) MoDCs were treated D

as described in Figure 4B through D, except that they

were chased for 4 hours in the presence of 200 ng/mL 13022
CXCL13. (E-F) Data are mean += SEM of 3 indepen-

dent experiments. (G) Graph is representative of 2 inde- forad
pendent experiments. (H) Purified DCs from C57BI/6
mice were pulsed with 50 p.g/mL of QDot655-coupled
F(ab)', anti-mouse IgG for 1 hour, washed twice, and
fixed or not with 1% PFA for 10 minutes before footpad
injections with 2.5 X 108 pulsed DCs. PLNs were col-
lected after 24 hours and frozen. Immunostaining of
sections was analyzed by spinning disk confocal micros-
copy (original magnification xX20). CD19 staining for
B cells (blue), CD11c staining for DCs (red), and
QDot655-coupled F(ab)'» (green) are shown. Bar repre-
sents 20 um. Right panels: Magnified images from
panel H. () CD11c*/QDot655-coupled F(ab)'>"DCs
and CD19%/QDot655-coupled F(ab)'>* B cells from the
unfixed condition were observed (original magnifica-
tion xX63). Bar represents 5 pm.
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and pulsed them for 1 hour with 50 pg/mL of F(ab)’, anti-mouse
IgG (H + L) coupled to QDot655 or 605 to target all surface BCR
of B cells (see Figure 7D). Twenty-four hours after injection in the
hind footpads of recipient C57B1/6 mice, we analyzed the localiza-
tion of the cells in the popliteal lymph nodes by immunofluores-
cence on frozen sections. In contrast to fixed DCs, nonfixed
F(ab)’,™ DCs were detected on the sections and found accumulated
in B cell-negative regions as well as in B cell-positive regions of
the lymph node (Figure 5H-I). CD19%/F(ab)’,™ B cells were
detected in mice injected with nonfixed DCs (Figure 5I). The
purified DCs injected into mice were a mixed population of
conventional CD11c* MHCII* DCs expressing CD8a or CDI11b

PFA NT  CXCL13

Fixed DCs

CXCR5

Flab),

CXCL13

'n
@

HRP release
(fold increase)
(fold increase)

Fiab). transferto B cels

LPS

CXCL13

.Fab)’ ,

(Figure 6A-D). CD103 was expressed by 45% of the CD8a-
positive population but poorly by the CD11b-positive cells (Figure
6C-D). All subsets internalized the QDot-F(ab)’, (Figure 6E). Cells
from popliteal draining lymph nodes were harvested, and CD11c*
DCs and CD19" B cells were analyzed by flow cytometry for the
presence of QDot-F(ab)’, (Figure 6F). Injection of CD45.2* DCs
in CD45.1" animals revealed that the majority of the QDot-F(ab)',-
positive DCs were of host origin (not shown). Interestingly, 97% of
the DCs positive for QDot605 were CD103-positive (Figure 6G).
As a control, DCs were pulsed with Ag and then fixed before
injection. A higher number of CD11c*/F(ab)’,* cells were found in
the lymph nodes of mice injected with nonfixed DCs compared
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Figure 6. Flow cytometric analysis of Ag transfer from
loaded DCs to B cells in vivo. (A-E) DCs purified from

4 5 T expression (B).

spleen and lymph nodes were analyzed for the expression
of CD11c, MHCII, and CD317 (A). Conventional DC
(CD11cM MHC 1l *) were analyzed for CD8a and CD11b
Expression of CD103 gated on cDC
CD8a*, CD11b (C) and expression of CD103 gated on

- cDC CD11b™* (D). Uptake of QDot605-coupled F(ab)’, anti—
e e~ Mouse IgG in CD11c™ cells (E). (F-G) DCs purified as in
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with lymph nodes from mice injected with fixed DCs
(2248 = 716 vs 183 = 59 cells per 2 popliteal lymph nodes; Figure
6G-H). In addition, the CD19%/F(ab)’,* population was also
significantly higher in mice injected with nonfixed DCs compared
with mice injected with fixed DCs (463 = 143 vs 81 = 35 cells per
2 popliteal lymph nodes; Figure 6H-I).

Murine B cells capture native Ag from pulsed DCs ex vivo

To better analyze the mechanism of Ag transfer, we also analyzed
Ag transfer in vitro with DCs and B cells purified from mice
(Figure 7). We pretreated the loaded DCs with monensin to reduce
Ag recycling and/or degradation or LPS to induce maturation of the
DCs for 4 hours (Figure 7). These treatments did not modify
profoundly the capacity of DCs to transfer Ag to B cells, although
there was a slight increase with monensin, whereas fixation of the
murine DCs abrogated the transfer to B cells as already observed
with human cells and in vivo.

These results show that B cells capture in vivo native Ag
delivered by pulsed DCs injected in the periphery and that integrity
of the DCs is required for efficient Ag delivery from injected DCs
to B cells.

Discussion

In this study, we revealed that, after antigen capture by macropinocy-
tosis, DCs have a unique capacity to store and regurgitate
nonprocessed Ags, which are then taken up by B cells (Figure 7E).

We initially focused on the uptake pathway and intracellular
fate of internalized Ag using human MoDCs. In these cells,

TTT Ty Ty
co103 panel A were pulsed with 50 wg/mL of QDot655 (H-I) or

605 (E-G)—coupled F(ab)’, anti-mouse IgG as in Figure 6.
Three or 4 C57BI/6 mice in each recipient group were
injected subcutaneously into the hind footpads with
2.5 X 108 pulsed DCs. PLNs were collected after 24 hours.
DCs (CD11c™) and B cells (CD19%) were analyzed by flow
cytometry for the presence of QDot-F(ab)', and CD103 (G),
QDot-F(ab)’, (F,H-I). Quantifications show the total num-
ber of DCs and B cells positive for F(ab)’, within the
collected draining PLNs.

macropinocytosis is completely shut down after their maturation,
whereas their receptor-mediated endocytic capacities remain effi-
cient.** We observed that immature MoDCs have a strong capacity
to take up Ag by macropinocytosis and that this preferential
pathway of uptake is independent from the biochemical nature of
the Ag, as dextran, F(ab)’,, HRP, or tetanus toxin proteins behave
similarly. Studies using fibroblasts stimulated by growth factors
have shown that macropinocytosis is dependent on PI3K and actin
and is sensitive to amiloride.!81%2045 This drug, widely used as a
specific inhibitor of macropinocytosis, is an Na*/H" ion-exchange
inhibitor that was recently described to impair Racl and Cdc42 ac-
tivity,> in line with the involvement of Rac and Cdc42 in
macropinocytosis in murine DCs.?223 We also tested whether
dynamin was important for macropinocytosis to proceed, as this
GTPase was reported to be required for Racl localization and
platelet-derived growth factor-induced macropinocytosis.*¢ In our
work, dynamin was dispensable for macropinocytosis of various
cargos in human immature MoDCs. Therefore, human DCs per-
form efficient macropinocytosis as defined by some known molecu-
lar requirements, although the endosomes formed were of small
size compared with what is described for macropinosomes in other
cell types.

We then focused on the intracellular fate of macropinocytosed
Ags. We showed that Ag were stored intracellularly in CD63 7 late
endosomal compartments and partially preserved from degrada-
tion. This is in line with previous studies performed with murine
DCs and various Ag.'®202 We designed an assay to measure the
delivery of Ag to the extracellular medium, taking advantage of the
enzymatic activity of HRP. We observed a capacity for HRP release
that was unique to DCs and barely exerted by macrophages and
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Figure 7. Murine B cells capture native Ag from A
pulsed DCs ex vivo. (A) CD11c* purified DCs from
spleen and lymph nodes were unpulsed (NS) or pulsed
with 50 pg/mL of Cy5-F(ab)’, anti-mouse IgG for 1 hour,
and then fixed with PFA (+PFA) or not (NT) and chased
for 4 hours at 37°C in the presence of LPS or Monensin
(Mo). (B) Supernatants were collected and applied to
negatively purified splenic and lymph nodes B cells for
18 hours. Cells were stained with anti-CD19 antibodies
and analyzed by using ImageStream technology and
FACSCalibur flow cytometry. (C) Results are expressed
as number of F(ab)',-positive B cells, and the graph
represents 3 independent experiments. (D) B cells nega-
tively purified from spleen and lymph nodes were incu-
bated with anti-CD19-PE and QDot605-F(ab)’, anti—
mouse IgG antibodies to show that 81.1% of the CD19-
positive B cells were labeled by the anti-mouse IgG
antibodies. (E) Model of Ag capture and regurgitation by
DCs to target B cells. Immature DCs efficiently capture Ag
by macropinocytosis. Part of the Ag is then processed
and presented to activate T cells. Part of the Ag remains
undegraded and is regurgitated in the extracellular me-
dium from late endocytic compartments under the control
of Rab27. On release, Ag is captured by B cells via their
BCR, and this transfer is enhanced by the CXCL13 [E
chemokine. In vivo, Ag-loaded DCs found in the lymph
node were CD103".
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HeLa cells. Furthermore, the released native Ag found in DC
supernatant could be recognized and internalized by specific
B cells. Importantly, this uptake was not observed if DCs were
fixed after Ag pulse, underlining the need for an active process in
DCs to allow Ag release. Quantitative imaging flow cytometry
allowed us to visualize the internalization of the released Ag by
B cells and to find that cell-cell contact did not clearly improve this
process in vitro. Of note, Ag transfer from DCs to B cells was
enhanced when DCs were treated with monensin, a drug that
blocks both the classic recycling pathway and transfer of Ag from
late endosomes to lysosomes.*? Crucially, we could not influence
this Ag release by other drug treatments used to inhibit recycling,
such as PABU or primaquine (data not shown), indicating that the
pathway used to deliver native macropinocytosed Ag to the
external medium is clearly different from the classic recycling
pathway used by transferrin, for example. This is to be compared
with the exocytosis of low molecular weight dextran or inert latex
beads described to occur after macropinocytosis in a calcium-
dependent manner from an endocytic compartment that was not
clearly defined.*” We observed that part of the macropinocytosed
Ag was stored under its native form in CD63/Lampl-positive
compartments. We found that the release was partially inhibited by
negative mutants of Rab27. Rab27 controls the biogenesis of
lysosome-related organelles and exocytosis of exosomes,*® and
it has been shown that exosomes of OVA-pulsed DCs bear
native OVA and are able to induce anti-OVA antibody produc-
tion in vivo when injected intravenously.** However, in our
experimental conditions, the role of exosomes in Ag delivery
was clearly ruled out.

We observed that the regurgitation capacity of DCs was
enhanced after incubation of DCs with CXCL13. This chemokine

&8 MHC Class Il fe: T Cell Receptor

is known to be secreted by DCs, follicular DCs, and follicular
stromal cells to attract B lymphocytes.!” Our results suggest that it
might have concomitant effects on DCs themselves to synchronize
the attraction of B lymphocytes with an enhanced capacity of DCs
to present unprocessed Ags to them. Indeed, it has been shown in
mice that a specific subset of migrating DCs (CR-Fc* DCs)
localize in lymphoid follicles in response to CXCL13.#3 Therefore,
our results highlight the fact that this chemokine could be crucial
for efficient Ag delivery to B cells but also to follicular DCs in
lymph nodes, a mechanism still unclear when the Ag is not in
immune complexes. Using a model Ag that can target both IgM-
and IgG-bearing B cells, we followed the migration of Ag-loaded
DCs from the periphery to the draining lymph node and observed
that native Ag stored by DCs was transferred to B cells, consistent
with previous work performed using transgenic B cells.” We
observed that fixed DCs were unable to promote this Ag delivery.
Because fixed DCs might release antigens at the site of injection,
might release debris that could have diffused, or might themselves
be taken up as debris by other cell types, this experimental
condition shows that the integrity of the injected DCs is needed for
the transfer, suggesting that they play an active role in the transfer.
Interestingly, all DC populations positive for Ag found in the
lymph nodes were CD103". CD103* DCs were described to be
very efficient in migration.”® Consistent with this, we found DCs
positive for the Ag in the lymph nodes that were from donor origin,
although the majority of Ag-bearing DCs were of recipient origin,
indicating an intermediate transfer from injected DCs to host DCs.
CD103* DCs are known to be very potent for cross-presentation,
but to our knowledge, this is the first time that cells positive for this
marker are described in a study on B-cell antigen presentation.
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Based on our results, it is tempting to propose that DC migration
and Ag regurgitation provide the missing link between the periph-
ery and B cells in lymph nodes, together with the pathways of small
Ag diffusion.’ Indeed, our work brings, for the first time, evidence
for another role for the low Ag degradation capacities of DCs. In
addition to providing a pool of Ag for MHC class II and class
I presentation to T cells, part of this Ag can also be released under
its native form in the extracellular medium to activate specific
B cells. These unique capacities of DCs are certainly crucial for the
very first steps of the innate and adaptive immune responses.
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