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ABSTRACT
The recruitment of endoplasmic reticulum (ER) components to dendritic cell (DC) phagosomes and
endosomes is a crucial event to achieve efficient cross-presentation of exogenous antigens. We
have previously identified the small GTPase Rab22a as a key regulator of MHC-I trafficking and
antigen cross-presentation by DCs. In this study we show that low expression of Rab22a does not
prevent the normal delivery of ER-derived proteins to DC phagosomes. In contrast, the presence of
these proteins was diminished in endosomes labelled with a fluid phase marker. These observations
were confirmed by a functional assay that assesses the translocation of a soluble protein to the
cytosol. Interestingly, we also demonstrate that early endosomal maturation is altered in Rab22a
deficient DCs. Our results indicate that Rab22a plays a major role in endosomal function and
highlight the importance of studying the endocytic and phagocytic pathways separately in DCs.
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Introduction

Rab22a is a small GTPase distributed in the endocytic
pathway, mainly present in early and recycling endo-
somes,1,2 but also in lysosomes and phagosomes.3

Depending on the cell type, it controls the transport and
recycling of the transferrin receptor and class I molecules
of the major histocompatibility complex (MHC).2-4

Moreover, it was suggested that Rab22a activity is
required for the formation of tubular recycling inter-
mediates and that the inactive state of Rab22a partici-
pates in the final fusion of these tubules with the plasma
membrane.4 This GTPase was also described as an
important regulator of different clathrin-independent
endocytosis processes, including the internalization of
MHC-I molecules in T lymphocytes.5-7 Furthermore,
Rab22a appears as a key molecule directing important
intracellular trafficking events during the infection of
several pathogens, such as Anaplasma phagocytophilum,8

Neisseria meningitidis,9 Borrelia burgdorferi,10 Mycobac-
terium tuberculosis11 and Toxoplasma gondii.3

Cross-presentation is the term used to refer the
process by which extracellular antigens are internal-
ized, processed and associated with MHC-I molecules
to activate CD8C T lymphocytes. In this context,
dendritic cells (DCs) are the most specialized antigen-
presenting cells capable of triggering CD8C cytotoxic

immune responses.12 Among these specializations,
DC phagosome acidifies its content very slowly due
to the production of reactive oxygen species by the
NADPH oxidase NOX213 and to an incomplete acti-
vation of the V-ATPase.14 This combination of high
pH and low levels of proteases is important to limit
the proteolytic activity in DC phagosomes and so to
preserve potential immunogenic epitopes.15 In this
way, intact proteins or large polypeptides are exported
to the cytosol for further degradation by the protea-
some. Then, the processed peptides are translocated
into the lumen of the ER or back into phagosomes to
load MHC-I molecules, a crucial intracellular traffick-
ing step during antigen cross-presentation that is still
far to be defined.16 In any case, the translocated pep-
tides are trimmed by ER aminopeptidases (ERAAP/
ERAP1)17 and their analogues, such as IRAP,18 prior
to loading on MHC-I molecules by the peptide load-
ing complex.19 Finally, the MHC-I/peptide complexes
are transported to the cell surface in order to trigger
CD8C T cell activation.

In addition, there is another central event during the
intracellular trafficking of antigen cross-presentation
that is better characterized than the peptide loading onto
MHC-I molecules, which is the recruitment of ER-
derived vesicles to DC endosomes and phagosomes.20
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Once internalized, the exogenous antigens-containing
compartments acquire different ER resident proteins by
intercepting vesicles from the ER-Golgi intermediate
compartment thanks to the action of the SNARE
Sec22b.21 Recently, we showed that Rab22a plays a criti-
cal role to guarantee the efficiency of antigen cross-pre-
sentation by DCs,3 although we did not address the
specific issue of ER recruitment. In that study, we found
that Rab22a stabilizes the intracellular pool of MHC-I,
the delivery of these molecules to DC phagosomes
and the recycling to the cell surface. Besides, in a previ-
ous work of Blander’s group, it was described that
Rab11a, another small GTPase located in recycling com-
partments, is essential to regulate key aspects of the
MHC-I endocytic trafficking and antigen cross-presenta-
tion by DCs.22 They also showed that silencing the
expression of Rab11a in DCs did not altered the acquisi-
tion of Sec22b to phagosomes, suggesting that ER
recruitment to these organelles is not controlled by this
small GTPase.22 Nevertheless, the delivery of ER compo-
nents to endosomes was not addressed in Rab11a KD
DCs. Here, we show that Rab22a is important to regulate
the acquisition of ER-derived vesicles by DC endosomes,
but it does not interfere with normal ER recruitment to
phagosomes. Moreover, we also show that Rab22a con-
trols the early endosomal maturation in DCs. Altogether,
these studies highlight the importance of fully under-
stand the involvement of recycling endosomes, and the
effector molecules that drive these interactions, in the
proper functioning of the immune system in order to
develop new vaccination strategies based on the use of
DCs.

Results

In our previous study of Rab22a in DCs we failed short
to address a possible role for this small GTPase in the
recruitment of ER components to DC phagosomes. To
test this possibility, we first generated a stable JAWS-II
DC line silenced for Rab22a expression with a level of
efficient knock-down (KD) much more drastic (over
95%) than the Rab22a KD DCs that we previously pub-
lished (around 50%). This is an important point because
now we count with new Rab22a KD DCs that do not
express this protein almost at all (Fig. 1A). Thus, we can
exclude potential residuary effects since we do not have a
significant presence of Rab22a in our DCs. First, we were
interested to investigate the expression of Sec22b in the
Rab22a KD DCs, given that this SNARE protein from
the ERGIC controls the recruitment of ER-derived
vesicles to DC phagosomes.21 We reasoned that if the
expression of Sec22b was somehow altered in our
Rab22a KD DCs, the recruitment of ER components to

phagosomes would be also impaired in these cells. As
shown in Fig. 1A, we did not observe any significant dif-
ference between Rab22a KD and the control Scramble
DCs. To directly address this point, we decided to study
the presence of ER resident proteins in purified phago-
somes by Western blot analysis. As shown in Fig. 1B, the
recruitment to 15 min and 60 min post-internalization
phagosomes of two different proteins from the ER, Tapa-
sin and Calreticulin, was very similar between Scramble
and Rab22a KD DCs. We also controlled in these phago-
somal preparations the kinetics of lysosomal acquisition
using Lamp1 as a marker, and we did not observe any
significant difference between both cell types, at least in
early phagosomes. In Fig. 1C is shown the quantification
of Tapasin from three independent phagosome purifica-
tions and similar results were obtained also for the quan-
tification of Calreticulin (data not shown).

As an independent assay of ER protein acquisition, we
quantified the percentage of ER positive phagosomes in
Scramble and Rab22a KD DCs. To do this, we performed
immunofluorescence and confocal microscopy experi-
ments in DCs after 1 h of phagocytosis with 3 mm latex
beads. We performed a triple staining (Lamp1/Calreticu-
lin/Rab22a) to clearly identify internalized beads, as well
as ER positive phagosomes, in both cell types (Fig. 1D).
As shown in Fig. 1E, the percentages of Lamp1/Calreti-
culin positive phagosomes were very similar in Scramble
and Rab22a KD DCs. A total of 75 phagosomes from
three independent experiments were quantified for each
cell type. From this set of experiments we can conclude
that Rab22a is not necessary for the normal recruitment
of ER proteins to DC phagosomes.

Phagosomes are special compartments within the
endocytic pathway. Because of their large size and lim-
ited movement they have characteristics that are not nec-
essary shared with endosomes. Therefore, we were
interested to assess if the recruitment of ER resident pro-
teins to DC endosomes was also accomplished in a
Rab22a-independent manner. For this, we first followed
a similar strategy as we used for phagosomes and we
studied the percentage of double positive OVA/Calreti-
culin endosomes by immunofluorescence and confocal
microscopy. We fed Scramble and Rab22a KD DCs with
soluble OVA coupled to FITC during 1 h at 37�C and we
performed a Calreticulin/Rab22a staining in these cells
(Fig. 2A). From the total of OVA positive endosomes, we
determined the percentage of Calreticulin positive endo-
somes (Fig. 2A, white arrows in the insets) for both cell
types. To our surprise, when we quantified these OVA/
Calreticulin positive endosomes, we evidenced a defect
for the presence of Calreticulin in DC endosomes of
Rab22a KD cells, as compared to Scramble DCs
(Fig. 2B). Although the difference observed was not
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striking (44% in Scramble vs. 30% in Rab22a KD), it was
significant and highly reproducible, as we quantified
more than 200 endosomes from three different experi-
ments for each cell type.

To confirm these observations, we aimed to test the
ER contribution to DC endosomes with a functional
assay. For this, we used a cytochrome C-based method
developed by others,23 that we have already used in a
previous study.21 The rationale of this method is that
after exogenous cytochrome C internalization by DCs,
this molecule is exported from the endosomes to the
cytosol only if the endosomes have acquired from the ER
the machinery required to achieve this. Once the cyto-
chrome C is present in the cytosol, it triggers a caspase
cascade that leads to apoptosis. For this assay, we incu-
bated Scramble and Rab22a KD DCs either with 10 mg/
ml of cytochrome C or with the corresponding amount
of PBS during 24 h at 37�C and we performed an
Annexin V staining to measure apoptosis. We can see in

Fig. 2C that Scramble DCs show a clear increase in the
mean fluorescent intensity (MFI) when these cells are
incubated in the presence of cytochrome C. Whereas,
Rab22a KD DCs exhibit a strong inhibition of rendering
apoptotic under the same conditions (Fig. 2D), indicat-
ing an impairment in the capacity to export cytochrome
C to the cytosol efficiently in these cells. This assay was
performed in triplicates each time and Fig. 2E shows the
quantification of one out of five independent experi-
ments, where the bars represent the delta of Annexin V
MFI values (10 mg/ml cytochrome C – 0 mg/ml cyto-
chrome C) in Scramble and Rab22a KD DCs. This
impairment in the population’s shift for Annexin V
staining in Rab22a KD DCs can also be observed when
we analyze the percentage of cells becoming apoptotic as
shown in Fig. 2F and G (values corresponding to the
lower right quadrants labelled in red). Necrotic cells can
be excluded from the analysis by the use of the nuclear
dye TO-PRO-3 Iodide. Altogether these experiments

Figure 1. The recruitment of ER-derived proteins to DC phagosomes is independent of Rab22a. (A) Immunoblotting of Rab22a and
Sec22b in JAWS-II DCs infected with lentiviruses encoding a random sequence (Scramble) and a shRNA specific for silencing Rab22a
(Rab22a KD). Ponceau S staining was used as protein loading control. Data are representative of at least three independent experiments.
(B) Scramble and Rab22a KD JAWS-II DCs were incubated with 3 mm magnetic beads for 15 min at 37�C and chased for 0 or 45 min. The
panel shows immunoblotting of purified phagosomes (on the left) and the total cell lysates (on the right) analyzed for the ER markers
Tapasin and Calreticulin, and for the lysosomal marker Lamp1. A total protein amount of 15 mg and 50 mg was loaded for purified phag-
osomes and total cell lysates, respectively. The blot is representative of three independent experiments. (C) Densitometry quantification
of Tapasin Western blot analysis of three independent phagosomal preparations from Scramble (black dots) and Rab22a KD (red dots)
DCs. P for 15 min D 0.2230 (ns) and P for 60 min D 0.5629 (ns). (D) Immunofluorescence labelling and confocal microscopy analysis
showing the distribution and recruitment to 3 mm latex beads-containing phagosomes of endogenous Lamp1 (green), Calreticulin (red)
and Rab22a (magenta) in Scramble and Rab22a KD JAWS-II DCs. Nuclei stained with DAPI and DIC images are shown on the left. Over-
lays are shown in the right panels. An inset of higher magnification is shown for a Scramble Lamp1/Calreticulin positive phagosome.
Scale bars: 5 mm. Data are representative of three independent experiments. (E) Quantification of Lamp1/Calreticulin positive phago-
somes from Scramble and Rab22a KD JAWS-II DCs of three independent experiments. A total of 75 Lamp1 positive phagosomes were
analyzed, and the number of Lamp1/Calreticulin double-positive phagosomes was determined for each cell type (27/75 for Scramble
and 28/75 for Rab22a KD). P D 0.5322 (ns). In C and E, the two-tailed Student’s paired t test was performed.
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suggest that Rab22a is critical to guarantee the acquisi-
tion of different ER components to DC endosomes.

In a previous work, we have reported that ER-recruit-
ment to DC phagosomes could influence the normal
maturation kinetics of these organelles.21 We also know
that Rab22a purified phagosomes do not exhibit any
alteration in the acquisition of the late endosomal/lyso-
somal marker Lamp1, as compared to early phagosomes

purified from Scramble DCs (Fig. 1B). Additionally, iso-
lated phagosomes from Rab22a KD and Scramble DCs
display similar capacities to degrade the internalized
antigen, as we have already shown in a previous study.3

Nevertheless, we do not have any evidence regarding the
role of Rab22a during the process of endosomal matura-
tion. In order to address this, we incubated Rab22a KD
and Scramble DCs with soluble DQ-OVA, a self-

Figure 2. Rab22a regulates the acquisition of ER-derived proteins to DC endosomes. (A) Immunofluorescence labelling and confocal
microscopy analysis showing endogenous Calreticulin (red), Rab22a (magenta) and endosomes containing fluorescent soluble OVA
(OVA-FITC, green) after 1 h of internalization by Scramble and Rab22a KD JAWS-II DCs. Nuclei stained with DAPI and DIC images are
shown on the left. Insets showing the overlay of OVA and Calreticulin are depicted in the right panels. White arrows point OVA/Calreti-
culin double-positive endosomes. Scale bars: 5 mm. Images are representative of three independent experiments. (B) Quantification of
OVA/Calreticulin positive endosomes from Scramble and Rab22a KD JAWS-II DCs of three independent experiments. From a total of
more than 200 OVA positive endosomes, the number of Calreticulin positive endosomes was determined for each cell type (94/215 for
Scramble and 63/202 for Rab22a KD). � P D 0.0289. (C-E) Endosome to cytosol export was assessed by measuring Annexin V staining by
FACS analysis after the internalization of exogenously added cytochrome C. Histograms showing the differences of the mean fluorescent
intensities (MFI) of Annexin V labelling in JAWS-II DCs treated without cytochrome C (gray) or with 10 mg/ml of cytochrome C (black
lines) between Scramble (C) and Rab22a KD (D) cells. (E) Delta of Annexin V MFI values (10 mg/ml cytochrome C – 0 mg/ml cytochrome
C) in Scramble and Rab22a KD DCs. Data show mean § SEM from triplicate values and are representative of five independent experi-
ments. �� PD 0.0046. (F-G) FACS histograms showing the shift in the Annexin V (FITC) and TO-PRO-3 Iodide staining after the incubation
with 10 mg/ml of cytochrome C in Scramble (F) and Rab22a KD (G) JAWS-II DCs. Red values at the lower right quadrants indicate the
percentages of apoptotic/non-necrotic cells that constitute the analyzed DC populations. Data are representative of five independent
experiments. In B and E, the two-tailed Student’s paired t test was performed.
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quenched conjugate of ovalbumin widely used to study
antigenic processing that fluoresces at 505/515 nm upon
proteolytic degradation. As depicted in the flow cytome-
try histograms of Fig. 3A, DQ-OVA degradation is
higher in Scramble DCs, as compared to Rab22a KD
cells. We quantified the MFI values from both cell types
after different times of DQ-OVA endocytosis and we
confirmed a significant inhibition of soluble antigen deg-
radation in Rab22a KD DCs at early time points after
internalization (Fig. 3B). Next, we controlled whether
these differences are not due to a defect of DQ-OVA
internalization by Rab22a KD DCs. Hence, we evaluated
the total amount of antigen incorporated by Scramble
and Rab22a KD DCs after 15 min of DQ-OVA internali-
zation at 37�C with two different experimental
approaches. In Fig. 3C, we show representative FACS
profiles after the intracellular staining of Scramble and
Rab22a KD DCs with an anti-OVA and a secondary
antibody conjugated to Alexa 647. We quantified three
independent experiments and we did not observe signifi-
cant differences of total DQ-OVA internalized between
both cell types (Fig. 3D). Furthermore, we prepared total
cell lysates from Scramble and Rab22a KD DCs and we

performed Western blot analysis. Here also, we do not
observe any defect of DQ-OVA internalization by
Rab22a KD cells (Fig. 3E). This set of experiments sug-
gests that endosomal maturation is tightly regulated by
Rab22a in DCs and highlights the key relevance of this
small GTPase for the normal functionality of the endo-
cytic network.

Discussion

Rab proteins have key roles in organelle interactions.
Hence, the deficiency in antigen cross-presentation that
we described in the Rab22a KD DCs could be due to a
failure in the delivery of ER proteins to phagosomes.
The observations reported in this study indicate that
this is not the case, giving an additional support to our
published hypothesis that Rab22a is altering the traffick-
ing and transfer of MHC-I molecules to DC phago-
somes. However, we do report here a defect on the
presence of ER proteins in endosomes containing a
fluid phase marker, as assessed by immunofluorescence
and a functional assay. This unexpected observation
raises the possibility that Rab22a also contribute to an

Figure 3. Endosomal maturation is altered in Rab22a KD DCs. (A) Representative FACS profiles showing the MFI corresponding to DQ-
OVA degradation by Scramble (left) and Rab22a KD (right) JAWS-II DCs after the incubation for 15 min at 4�C, or for 15 min and chased
for 0, 30 and 105 min at 37�C. (B) Quantification of the soluble DQ-OVA degradation ability measured by flow cytometry at the indicated
time periods by Scramble and Rab22a KD JAWS-II DCs. Data represent mean § SEM from triplicate values of three independent experi-
ments. ��P < 0.01 and P > 0.05 (ns). (C) Representative FACS profiles showing the MFI corresponding to the total amount of soluble
DQ-OVA internalized by Scramble and Rab22a KD JAWS-II DCs after the incubation for 15 min at 37�C. Cells were fixed, permeabilized
and labeled with an anti-OVA and a secondary antibody conjugated with Alexa 647. (D) Quantification of the Alexa 647 MFI correspond-
ing to total OVA staining after DQ-OVA internalization by Scramble and Rab22a KD cells. Data show mean§ SEM from quintuplicate val-
ues of three independent experiments. P D 0.6290 (ns). (E) Immunoblotting showing the total amount of soluble DQ-OVA incorporated
by Scramble and Rab22a KD JAWS-II DCs after the incubation for 15 min at 37�C. A total protein amount of 50 mg was loaded for each
lane and the cell lysates were analyzed for Actin, OVA and Rab22a. Data are representative of two independent experiments. In B, a
two-way ANOVA and the Bonferroni post-test was performed and in D, the two-tailed Student’s paired t test was performed.
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efficient cross-presentation of fluid phase antigens by
influencing the proper recruitment of ER-derived pro-
teins to the endosomal membranes. Furthermore, we
present solid evidence that Rab22a controls endosomal
maturation in DCs, as assessed by soluble antigen deg-
radation experiments.

The results of our study indicate that Rab22a displays
major regulatory functions in endosome maturation
even beyond the expected interactions with the endocytic
network, as it was observed for the interception of the
secretory pathway through the endosomal acquisition of
ER components. We still do not know whether Rab22a
directly participates in tethering/docking events that lead
to membrane fusion between ER-derived vesicles and
DC endosomes, or if it has an impact on these interac-
tions in an indirect manner. In this sense, according to
the many features that phagosomes and endosomes do
not share between them (e.g. size, shape or motility), dif-
ferent parameters could be altered in endosomes but not
in phagosomes by the silencing of Rab proteins involved
in endocytic trafficking. One key parameter that could be
drastically modified in Rab22a KD DC endosomes is the
dynamic of phospholipid remodeling. Although a spe-
cific role for Rab22a in the dynamic of lipidic composi-
tion during phagosomal/endosomal maturation has not
been defined so far, several small GTPases, including
Rab5, have been described to actively participate of these
processes.24,25 Therefore, it is not rare to speculate that
Rab22a may selectively act as a relevant molecule
involved in the endosomal lipid remodeling.

Another interesting point to address in future studies
will be presence of Syntaxin 4 in purified phagosomes and
endosomes from Rab22a KD cells, given that this molecule
is the known partner of Sec22b from the plasma mem-
brane required to form the trans-SNARE complex
in DCs.21 Equally relevant, will be to test the fusogenic
properties of Sec22b and Syntaxin 4 in endosomes and
phagosomes recovered from DCs deprived of Rab22a.
Interestingly, it has been shown that Sec22b can also have
a non-fusogenic role during plasma membrane expansion
in neuron cells by stabilizing the contact sites between the
ER and the plasma membrane.26 These observations sug-
gest a tethering-like function for Sec22b that could be
important for lipid synthesis and transfer, rather than
mediating the fusion between the ER and the plasma mem-
brane. So, it appears the possibility for a novel connection
between endosomes and the ER in DCs through the estab-
lishment of contact sites. Furthermore, several recent stud-
ies have identified the existence of multiple ER-endosomes
contact sites involving different molecular effectors. These
contacts are dynamics and increase during endosomal mat-
uration assuming relevant roles in the transport of lipids or
proteins, endosome positioning and endosomal fission.27

Although Rab22a has not been identified in this process
yet, all this evidence highlight the importance to address
whether this GTPase participates in the formation of ER-
endosomes contact sites in DCs.

Also of particular interest to us, it will be to investigate
if the Toxoplasma gondii parasitophorous vacuole (PV)
recruits ER proteins from the host cell in a Rab22a-
dependent mechanism. The PV is quite distinct from a
latex bead phagosome or an endosome, and the parasites
actively shapes and replicates inside this vacuole by driv-
ing interactions with different host cell comportments,
including the ER28 and Rab22a positive vesicles.3 We
also know that the ER contribution to the PV, as well as
the interception of recycling vesicles through a Rab22a-
dependent mechanism, are critical steps during the para-
site trafficking inside DCs to guarantee an efficient cross-
presentation,3,21,29 at least in the context of soluble anti-
gens secreted into the vacuole.30 It remains to be defined
if Rab22a also plays a role in the regulation of ER acqui-
sition by the T. gondii PV, similarly as it accounts for
DC endosomes. Ongoing and future studies in these
directions will help us to better characterize this small
GTPase essential for the integrity and normal function-
ing of DCs endocytic network.

Materials and methods

Cells and reagents

JAWS-II DCs were maintained in culture by using GM-
CSF-containing IMDM medium (Mediatech Inc.) sup-
plemented with 10% CFS, 1% Penicillin/Streptomycin
and 50 mM b-mercaptoethanol. The J558 GM-CSF-pro-
ducing cell line and the BMDC line JAWS-II were kindly
provided by S. Amigorena (INSERM U932, Institute
Curie, France). The following reagents were used: OVA
conjugated to FITC, TO-PRO-3 Iodide and DQ-OVA
(Molecular Probes). 3 mm latex beads (Polysciences
Inc.). 3 mm magnetic latex beads Dynabeads M-280
(Invitrogen). Poly-L-lysine, saponin, sucrose, protease
inhibitor cocktail (Sigma-Aldrich). Ammonium persul-
fate (Bio Basic Inc.). BSA (Santa Cruz). Tricine, Tris
Base and TEMED (Calbiochem). Glycine (Bio-Rad).
Acrylamide (Promega). Imidazole and NP-40 (ICN Bio-
medicals Inc.). Annexin V-FITC (BD Pharmingen).

Antibodies

The following antibodies were used: mouse monoclonal
anti-Rab22a and anti-Sec22b (Santa Cruz), purified rat anti-
Lamp1 (BD Pharmingen), rabbit anti-murine Tapasin
(2668, H. Hansen), rabbit polyclonal anti-Calreticulin
(Thermo), purified rabbit polyclonal anti-OVA and rabbit
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anti-Actin (Sigma-Aldrich). Anti-species conjugated to
Alexa 488, 568 or 647 (Molecular Probes) or peroxidase
(Jackson Laboratories) were used as secondary antibodies.

Lentiviral shRNA knock-down of Rab22a

Generation and titer of lentivirus

Bacterial glycerol stocks of plasmids encoding lentivi-
ruses expressing shRNAs were purchased from Sigma-
Aldrich. Plasmids were first purified with the QiaPrep
miniprep kit (QIAGEN), and were transfected into
HEK293T cells with a three-plasmid system to produce
lentivirus with a very high titer of » 107 CFU/ml.31,32

Rab22a shRNA (target sequence GTACCGGTGTCA-
GAGTCGTATCAGTAAG CTCGAGCTTACTGATAC-
GACTCTGACATTTTTTG) and the control hairpin (a
scramble sequence against GFP) were produced.

Dendritic cell infection

DC infection was performed as described before.33 Briefly,
JAWS-II cells were plated on a 96-well plate (round bot-
tom) at a concentration of 105 cells per well with 200 ml
of GM-CSF-containing medium (IMDM). After 48 h, the
medium was carefully removed without disturbing the
cells and 20 ml of virus (Rab22a and Scramble) was added
and the pellet was mixed by pipetting 3 to 5 times. After
this, 30 ml of polyB in GM-CSF medium was added
(8 mg/ml final concentration) and the plate was centri-
fuged at 800 g for 90 min at 37�C. After centrifugation,
all medium was removed and replaced by 200 ml/well of
fresh GM-CSF medium. Plates were incubated for 48 h
and cells were selected with 20 mg/ml of puromycin. Cells
were expanded until the establishment of stable cell lines.

Phagosome purification

JAWS-II cells were incubated with 3 mm magnetic beads
for 20 min at 18�C and 15 min at 37�C in incomplete
IMDM medium (pulse). After washing once with 1 ml of
serum and twice with cold 2% PBS/BSA, cells were incu-
bated at 37�C for the indicated times with complete
medium. Cells were then disrupted with a syringe (22G
needle) in homogenization buffer (PBS 8% sucrose, 3 mM
imidazole, 1 mM DTT and 1 X protease inhibitor cock-
tail), as described previously.34 Magnetic phagosomes
were removed from the post-nuclear supernatant using a
magnet and washed three times in cold PBS. Phagosomes
were then lysed in lysis buffer (50 mM Tris-HCl pH 7.4,
0.5% NP-40 and 1 X protease inhibitor cocktail) during
30 min at 4�C, and cellular debris were excluded from the
solution by centrifugation 5 min at 17,000 g.

Immunoblotting

Purified phagosomes (15 mg) or total cell lysates from
JAWS-II DCs (50 mg) were subjected to SDS-PAGE on
10% gel. After transferring, the membranes were blocked
in 10% Milk/PBS during 1 h and incubated with primary
antibodies and peroxidase-conjugated secondary anti-
bodies. Bound antibodies were revealed using the kit
Chemiluminescent Peroxidase Substrate-3 (Sigma-
Aldrich), according to the manufacturers’ instructions.
The intensity of the bands was quantified by densitome-
try using Quantity One 4.6.6 software (Bio-Rad) and was
expressed as arbitrary units.

Immunofluorescence assays

JAWS-II DCs were placed on poly-L-lysine-coated glass
coverslips at room temperature during 30 min. After wash-
ing with PBS, complete medium was added and the cells
were incubated for 30 min at 37�C in an atmosphere of 5%
CO2. Phagocytosis and endocytosis was performed by add-
ing to the cells 3mm latex beads (dilution 1:500) and 50mg/
ml of OVA-FITC, respectively for 1 h at 37�C. After exten-
sive washing with cold PBS, cells were fixed with 2% PFA
during 10 min at 4�C and quenched by adding 0.2 M gly-
cine. Cells were permeabilized in PBS/0.05% saponin/0.2%
BSA for 20 min at room temperature, washed, and incu-
bated first with primary antibodies O.N. at 4�C and then
with secondary antibodies 45min at 4�C. After washing, the
coverslips were mounted with Vectashield (with DAPI from
Vector Laboratories). Image acquisition was performed on
an Olympus FV-1000 confocal microscope with a 63x/1.4
NA oil immersion objective. One z-stack plane is shown
from the acquired images. All images were processed with
the ImageJ software (Wayne Rasband, National Institutes of
Health) and deconvoluted with the Parallel Spectral Decon-
volution plugin (Piotr Wendykier) using a theoretical PSF
generated by the Diffraction PSF 3D plugin (Robert
Dougherty).

Cytochrome C Export to Cytosol Assay

Scramble and Rab22a KD DCs (105) were incubated
during 24 h at 37�C either without or with 10 mg/ml
of cytochrome C in complete medium in a 96 round-
bottom well plate. Cells were washed twice with PBS,
labelled with Annexin V and TO-PRO-3 Iodide and
analyzed by FACS. In Fig. 2C–E TO-PRO-3 positive
cells (necrotic cells) were excluded from the gate and
only the MFI of apoptotic cells was analyzed. This
assay was performed by using a FACSARIA-III (BD
Biosciences) equipment and the analysis with the
FlowJo 10.0.7 software.
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DQ-OVA degradation assay

Scramble and Rab22a KD DCs were fed with 50 mg/ml
of DQ-OVA for 15 min either at 4�C (negative con-
trol) or at 37�C (pulse), washed three times with cold
2% PBS/BSA and chased at 37�C for 0, 30 and
105 min with complete medium. After each time
point, cells were washed with PBS and fixed with 2%
PFA during 10 min at 4�C prior to FACS analysis. For
total OVA intracellular staining, Scramble and Rab22a
KD DCs were also incubated during 15 min at 37�C
with 50 mg/ml of DQ-OVA, extensively washed with
2% PBS/BSA, fixed and permeabilized in PBS/0.05%
saponin/0.2% BSA for 20 min at room temperature
prior to the incubation with the anti-OVA O.N. at
4�C. Then, cells were washed three times with 2%
PBS/BSA, incubated with an anti-Rabbit Alexa 647 for
30 min at 4�C, washed again and analyzed by flow
cytometry. The same equipment and software
described above were used for these experiments.

Statistical analysis

The two-tailed Student’s paired t test, and a two-way
ANOVA and the Bonferroni post-test were performed at
the indicated figures by using the software GraphPad
Prism 5.
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