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Retrograde transport is not required for cytosolic translocation of
the B-subunit of Shiga toxin
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ABSTRACT
Antigen-presenting cells have the remarkable capacity to transfer
exogenous antigens to the cytosol for processing by proteasomes
and subsequent presentation on major histocompatibility complex
class-I (MHC-I) molecules, a process termed cross-presentation. This
is the target of biomedical approaches that aim to trigger a therapeutic
immune response. The receptor-binding B-subunit of Shiga toxin
(STxB) has been developed as an antigen delivery tool for
such immunotherapy applications. In this study, we have analyzed
pathways and trafficking factors that are involved in this process.
A covalent conjugate between STxB and saporin was generated to
quantitatively sample the membrane translocation step to the cytosol
in differentiated monocyte-derived THP-1 cells. We have found that
retrograde trafficking to the Golgi complex was not required for STxB–
saporin translocation to the cytosol or for STxB-dependent antigen
cross-presentation. Depletion of endosomal Rab7 inhibited, and
lowering membrane cholesterol levels favored STxB–saporin
translocation. Interestingly, experiments with reducible and non-
reducible linker-arm–STxB conjugates led to the conclusion that after
translocation, STxB remains associated with the cytosolic membrane
leaflet. In summary, we report new facets of the endosomal escape
process bearing relevance to antigen cross-presentation.

KEY WORDS: Shiga toxin, Rab6, Rab5, Rab7, Sec22B, Lactamase,
Endoplasmic reticulum, Golgi, Endosome, Retro compound, PPMP,
Brefeldin-A, Bafilomycin A1, Methyl-beta-cyclodextrin, Cholesterol,
Nanodomain, Microdomain, Raft, Cytotoxic T-lymphocyte, Dendritic
cell, Antigen cross-presentation, Endosomal escape,
Immunotherapy, Cancer, Infectious disease

INTRODUCTION
Bacterial and plant toxins rely on intracellular transport to reach
their molecular targets in the cytosol and, thus, their study has
yielded important information regarding the various trafficking
pathways to intracellular locations (Smith et al., 2002). Membrane
translocation from the endosome has been documented, as in the

case of diptheria toxin, where acidification is used to drive the
transfer of its catalytic subunit across endosomal membranes. By
contrast, some toxins are shuttled by vesicular transport from
endosomes to the Golgi complex and continue to the endoplasmic
reticulum (ER) to enter the cytosol.

Shiga toxin (STx) and Shiga-like toxins (STx-1 and STx-2) are in
this latter category. These are type II ribosome-inactivating proteins
(RIPs) produced by Shigella dysenteriae and enterohemorrhagic
strains of Escherichia coli, repectively (STx-1 is 99% identical in
amino acid sequence to Shiga toxin). After binding to its cellular
receptor, the Gb3 glycosphingolipid, the non-toxic B-subunit of
Shiga toxin (STxB) transports the non-covalently linked catalytic
A-subunit (STxA) along the retrograde route, via early endosomes,
the trans-Golgi network (TGN) and Golgi cisternae, to the ER, from
where STxA dislocates to the cytosol by exploiting the host ER-
associated degradation (ERAD) machinery (Mallard et al., 1998;
Spooner and Lord, 2012). STxA has N-glycosidase activity and
inhibits protein biosynthesis by removing a specific adenine base
from 28S rRNA of the 60S large ribosomal subunit.

STx is the causative agent for hemolytic uremic syndrome (Tarr
et al., 2005). To date, no effective treatment or preventative
measures exist against STx, and much effort has been aimed at
finding specific inhibitors of these toxins. We previously identified
two small molecule compounds, termed Retro-1 and Retro-2, which
selectively blocked STx, ricin and cholera toxin retrograde transport
at the early-endosome–TGN interface (Stechmann et al., 2010).
Analysis of Retro-treated cells revealed that these compounds were
selective, in that compartment morphology was preserved, and that
no inhibition of retrograde transport of endogenous proteins, or of
any other trafficking steps was observed. Importantly, Retro-2
protected mice against a lethal exposure to ricin.

Stimulation of CD8+ cytotoxic T-lymphocytes (CTLs) by
antigen-presenting cells is a crucial component of protective and
therapeutic immune responses against tumors and infectious
diseases. It is now well established that dendritic cells possess the
capacity to capture, process and present exogenous antigens to
CTLs on major histocompatibility complex class-I (MHC-I)
molecules; a process referred to as antigen cross-presentation. In
the ‘cytosolic pathway’, antigens are translocated across internal
membranes to access the cytosol where they are processed by
proteaosomes and subsequently loaded by TAP transporters onto
MHC-I molecules in the ER, or possibly in endocytic compartments
(Kasturi and Pulendran, 2008). Some studies have shown that in
dendritic cells, exogenous soluble antigens are delivered to the ER
and retrotranslocated by molecular components required for ERAD,
including the Sec61 channel and p97 (also known as VCP)
(Ackerman et al., 2006, 2005; Wagner et al., 2012). Other studies
demonstrated that purified phagosomes contain ER-associated
molecules (calnexin, calreticulin), and therefore it has beenReceived 28 January 2015; Accepted 7 May 2015
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suggested that an autonomous cross-presentation compartment is
created as the result of phagosomal fusion with the ER (now called
the ER–phagosome fusion model) (Guermonprez et al., 2003).
Consistent with this finding, it has been shown that the recruitment
of ER-resident proteins to phagosomes, through the ER SNARE
molecule Sec22B, is required for cross-presentation (Cebrian et al.,
2011). Besides a requirement for ERAD machinery, another often-
cited possibility for cytosolic export is the passage across
endosomal membranes, as has been described for ricin and
Pseudomonas exotoxin A (Beaumelle et al., 1993).
Some studies have provided direct evidence for an early

endosomal contribution to cross-presentation of soluble antigens.
Burgdorf and collegues have demonstrated that the mannose
receptor specifically delivered the model antigen ovalbumin
(OVA) into early endosomes leading to cross-presentation
(Burgdorf et al., 2007), and that early endosomal soluble antigens
recruited TAP for peptide loading (Burgdorf et al., 2008).
The Gb3 glycosphingolipid is expressed on human and mouse

dendritic cells (Falguieres et al., 2001). Antigens fused or
chemically coupled to the natural Gb3 ligand STxB, are targeted
to dendritic cells, and delivered by receptor-dependent endocytosis,
in a proteasome- and TAP-dependent manner, into the conventional
MHC-I pathway, indicating that STxB-vectorized antigens are
translocated to and processed in the cytosol (Haicheur et al., 2000;
Lee et al., 1998). In mice, targeted delivery of exogenous peptides
by STxB induces specific CTLs resulting in a potent and long-
lasting immune response, and protection against tumor growth
(Badoual et al., 2013; Haicheur et al., 2003; Pere et al., 2011;
Sandoval et al., 2013; Vingert et al., 2006). The mechanisms
leading to efficient antigen cross-presentation by STxB through the
cytosolic pathway are not understood, and the trafficking factors
that are involved in targeting STxB–antigen conjugates to
membrane translocation competent compartments also remain
to be identified.
Here, STxB–saporin and STxB–β-lactamase conjugates were

developed to measure membrane translocation to the cytosol.
We found that STxB–saporin-mediated inhibition of ribosomal
activity in the cytosol was independent of retrograde transport to
the Golgi, indicating that the translocation-competent organelle is
an endosomal compartment. We identify endosomal trafficking
factors and cholesterol as key modulators of STxB conjugate
translocation to the cytosol, and provide evidence for a continued
association of STxB with the cytosolic membrane leaflet once the
protein has become exposed to the cytosolic milieu.

RESULTS
STxB–saporin conjugates in intoxication assays
To generate a quantitative, robust and scalable assay system for the
study of mechanisms by which STxB conjugates translocate to
the cytosol, STxB was covalently coupled to a cytotoxic moiety,
the plant toxin saporin (Fig. 1A). Saporin must reach its cytosolic
target, ribosomes, in order to inhibit protein biosynthesis. Cellular
intoxication can therefore be used as a measure of the toxins’
intracellular progression. Saporin is a type I RIP consisting of
a single catalytically active chain with N-glycosidase activity
(de Virgilio et al., 2010; Santanché et al., 1997). Cleavable (STxB–
ss–saporin) and non-cleavable (STxB–saporin) conjugates were
obtained (Advanced Targeting Systems, San Diego, CA) using
previously described procedures (Polito et al., 2011). The purity of
these conjugates was analyzed by SDS-PAGE on Tris-tricine gels
(supplementary material Fig. S1A). To verify whether conjugation
affected the ability of saporin to inactivate the ribosome, an in vitro

N-glycosidase activity assay was performed, as previously
described (Smith et al., 2003). For both conjugates, the 360-base-
pair ‘aniline’ fragment was generated as efficiently as with
unconjugated saporin (supplementary material Fig. S1B,C),
demonstrating that saporin activity was not altered by the
conjugation process.

The use of saporin instead of antigenic peptides for coupling to
STxB enabled us to use a cell intoxication assay to evaluate access to
the cytosol, which is much simpler than measuring antigen cross-
presentation. For this, cells were challenged with increasing doses
of STx-1, STxB–saporin conjugates or unconjugated saporin, and
protein biosynthesis was measured by monitoring the incorporation
of radiolabeled methionine. Cytosolic arrival of a few catalytic
chain molecules is enough to start inhibiting ribosomal activity,
making this an exquisitely sensitive assay (Tam and Lingwood,
2007).

The monocytic cell line THP-1 and HeLa cells were chosen for
our study. THP-1 cells express Gb3, are sensitive to STx
(retrograde transport) (Ramegowda and Tesh, 1996) and can
cross-present exogenous antigens (Gentschev et al., 2000). The
50% effective toxin concentration (EC50) values were determined
from dose–response intoxication curves, as described in the
Materials and Methods. Analysis of EC50 values demonstrated
that the covalent, but cleavable STxB–ss–saporin conjugate (the
non-cleavable STxB–saporin conjugate will be presented later)
required both a longer time and higher doses for intoxication as
compared to STx-1 (non-covalent linkage between STxB and
STxA) (Table 1). Dose-dependent intoxication by STx-1 was
readily observed after a 1-h toxin challenge in both HeLa and THP-
1 cells. By contrast, robust, dose-dependent protein biosynthesis
inhibition by STxB–ss–saporin was seen only after a 4-h toxin
exposure, suggesting its cytosolic target was reached through a
different mechanism.

Both cell types also differed in their sensitivity to the saporin
conjugate at later time points. Whereas no difference was observed
between HeLa and THP-1 cells after a 24-h exposure to STx-1
holotoxin (Table 1; Fig. 1B), comparison of mean EC50 values
showed that THP-1 cells were ∼18.3-fold more sensitive than HeLa
cells to the cleavable covalent STxB–ss–saporin conjugate (Table 1;
Fig. 1C), suggesting that the mechanism for cytosolic access was
not unique to antigen-presenting cells, but rather was more efficient
in these cells.

We tested whether Gb3 was necessary for cell intoxication
by STxB–ss–saporin. HeLa cells were cultured for 6 days in
the presence of 5 μM D,L-threo-1-phenyl-2-palmitoylamino-3-
morpholino-1-propanol (PPMP), inhibiting glycosphingolipid
synthesis. In these PPMP-treated cells, STx-1 was no longer able
to mediate protein biosynthesis inhibition, as expected (Fig. 1D).
This was also the case for STxB–ss–saporin (Fig. 1E), providing
evidence that cytosolic targeting of STxB–ss–saporin required
binding to its glycosphingolipid receptor. In addition, unconjugated
saporin was toxic only at the highest concentrations, where fluid-
phase uptake becomes efficient (Fig. 1F), further demonstrating that
STxB–ss–saporin-mediated protein synthesis inhibition was
receptor-dependent.

Internalization and retrograde trafficking of STxB–saporin
conjugates
STxB enters cells by clathrin-independent endocytosis (reviewed in
Johannes et al., 2015) in a process that is operated in tight
association with the BAR domain protein endophilin-A2 (endoA2,
also known as SH3GL1) (Renard et al., 2015), which also functions

2374

RESEARCH ARTICLE Journal of Cell Science (2015) 128, 2373-2387 doi:10.1242/jcs.169383

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.169383/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.169383/-/DC1


in the clathrin-independent uptake processes of endogenous cellular
proteins (Boucrot et al., 2015). In HeLa cells that stably expressed
an endoA2–GFP fusion protein, we observed that STxB–ss–saporin
colocalized as efficiently as STxB with endoA2 at the plasma

membrane and in very early uptake intermediates (supplementary
material Fig. S2A), strongly suggesting that its uptake pathway
was not altered by conjugation to saporin. This conclusion was
strengthened by the finding that STxB–ss–saporin and STxB

Table 1. HeLa or THP-1 cell intoxication by STx-1 or STxB–ss–saporin

STx-1 STxB–ss–saporin

EC50 (ng/ml) HeLa THP-1 HeLa THP-1

1 h 8.44±1.44 (n=12) 8.95±1.48 (n=10) Does not converge (n=6) Does not converge (n=6)
4 h 0.38±0.19 (n=12) 0.11±0.03 (n=16) 74.42±13.08 (n=10) 73.18±15.66 (n=10)
24 h 0.38±0.14 (n=6) 0.17±0.13 (n=12) 0.55±0.17 (n=8) 0.03±0.01 (n=10)

Mean EC50 values were calculated after a 1, 4 and 24 h incubation with toxins from the indicated numbers of replicates for three to eight independent experiments.
Data are mean±s.e.m.

Fig. 1. Characterization of STxB-saporin conjugates. (A) Schematic representation of STxB–saporin conjugates. Covalent STxB–saporin conjugates
were obtained by replacing STxA (black) with saporin (red) that was attached by a disulfide-cleavable or a non-cleavable linker arm. (B,C) Representative
intoxication curves after a 24-h incubation of STx-1 or STxB–ss–saporin with HeLa (black curves) or THP-1 (red curves) cells. (D,E) HeLa cells were cultured
for 6 days in the absence or presence of PPMP. After a 24 h exposure to (D) STx-1 or (E) STxB–ss–saporin protein synthesis was determined. (F) Intoxication
assay comparing protein biosynthesis in HeLa cells incubated with STxB–ss–saporin or unconjugated saporin. Results are mean±s.e.m. of representative
experiments in duplicate. See Table 1 for numbers of independent experiments.
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strongly colocalized when co-incubated with HeLa cells for 5 min
(supplementary material Fig. S2B).
STxB–ss–saporin was also efficiently transported to the Golgi

complex after a 45-min incubation with HeLa cells at 37°C, as
judged by the colabeling of anti-STxB antibodies with the Golgi
marker giantin (also known as GOLGB1) (supplementary material
Fig. S2C), and the colabeling of anti-STxB antibodies with anti-
saporin antibodies in the perinuclear Golgi region (supplementary
material Fig. S2D). In this, the STxB–ss–saporin conjugate
ressembled wild-type STxB (see Mallard et al., 1998, and below).
Importantly, the highly selective small-molecule inhibitor of early-
endosome-to-TGN trafficking Retro-2 (Stechmann et al., 2010),
caused the accumulation of STxB–ss–saporin in peripheral punctate
structures (supplementary material Fig. S2C,D), confirming the
trafficking of the protein through the retrograde route.
Having validated the Retro-2-dependent retrograde trafficking

potential of STxB–ss–saporin in HeLa cells, we next analyzed
whether this property was also conserved in THP-1 cells. To test

the Retro-2 compound, we first used standard conditions with
Cy3-labeled wild-type STxB, as described previously (Stechmann
et al., 2010). THP-1 cells were incubated on ice with Cy3–STxB,
either in control conditions (0.05% DMSO) or after having been
pre-treated at 37°C with 25 μM Retro-2. After washing, the cells
were shifted for 45 min to 37°C, fixed, and antibody labeled. STxB
(red) could be detected in the Golgi in control cells, as shown by its
strong colocalization with the Golgi marker giantin (green)
(Fig. 2A). In Retro-2-treated THP-1 cells, STxB was mostly
localized in dispersed vesicular structures (Fig. 2B), indicating that
in THP-1 cells, STxB transport to the TGN was also inhibited by
Retro-2.

This conclusion was confirmed in a biochemical assay using the
STxB variant STxB–Sulf2, to which tandem sulfation sites have
been added (Amessou et al., 2006; Mallard and Johannes, 2003).
Briefly, when transported to the TGN, STxB–Sulf2 becomes the
substrate for active TGN-localized sulfotransferase, which catalyzes
the specific transfer of radioactive sulfur from the medium onto a

Fig. 2. Inhibition of retrograde STxB–ss–saporin transport by Retro-2 in THP-1 cells. (A,B) THP-1 cells were incubated with 0.5 μg/ml of Cy3-labeled STxB
(red) after treatment with (A) DMSO or (B) 25 μM Retro-2. Cells were fixed and labeled with anti-giantin (green) antibody. Confocal images and a merge
of both channels are presented. (C) Sulfation assay. 1 μM STxB–Sulf2 was incubated on ice with THP-1 cells in control (0.05% DMSO) conditions or after
treatment with 25 μMRetro-2. After incubation for 30 min at 37°C, sulfated STxB–Sulf2 was detected by autoradiography. The autoradiogram is of a representative
experiment. Results represent means±s.e.m. (n=4; two independent experiments). ***P<0.001, ns, not significant (unpaired one-tailed Student’s t-test).
(D,E) THP-1 cells were incubated with 0.5 µg/ml STxB–ss–saporin after treatment with (D) 0.05% DMSO or (E) 25 μM Retro-2, fixed and immunolabeled with
anti-STxB (red) and anti-giantin (green) antibodies. Scale bars: 10 µm.
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tyrosine residue within the sulfation sequence. Detection of sulfated
STxB–Sulf2 by autoradiography then serves as a quantitative measure
of STxB arrival to the TGN. In Retro-2-treated THP-1 cells, we
observed a 64.69%±9.48 (mean±s.e.m., n=4, two independent
experiments) loss of sulfation signal, as compared to DMSO-treated
control THP-1 cells (Fig. 2C), values which are in agreement with our
previous results on HeLa cells (Stechmann et al., 2010) and are
indicative of efficient retrograde transport inhibition. Moreover, total
sulfation levels were not affected under Retro-2 treatment, providing
evidence that THP-1 cells were in a healthy state and that the
inhibitory effect was not due to altered sulfotransferase activity
(Fig. 2C).
Next, we examined the intracellular trafficking of the STxB–ss–

saporin conjugate in THP-1 cells through immunofluorescence
experiments, as described above for HeLa cells. In control
conditions, STxB–ss–saporin (red) strongly colocalized with
giantin (green; Fig. 2D), indicating that the conjugate was also
transported to the Golgi in THP-1 cells. In the presence of Retro-2,
STxB–ss–saporin appeared to be in dispersed vesicular structures
(Fig. 2E). This data showed that Retro-2-dependent STxB–ss–
saporin trafficking through the retrograde transport route was
conserved in THP-1 cells.

STxB–ss–saporin translocates from an endosomal
compartment to the cytosol
To gain further insight into the intracellular pathways by which
STxB reaches the cytosol, we compared the intoxication capacity of
the STx-1 holotoxin to that of the covalent reducible STxB–ss–
saporin conjugate in control cells and under conditions of inhibition
of retrograde transport by Retro-2. As described previously
(Stechmann et al., 2010), we found that Retro-2 protected HeLa
cells when these were incubated with increasing doses of STx-1
(Fig. 3A). EC50 values were obtained from dose–response
intoxication curves, and the ratio between EC50 values obtained in
control and Retro-2-treated conditions was expressed as a protection
factor. We thus found that upon Retro-2 treatment, STx-1 toxicity
was reduced by 24.84±2.85-fold (mean±s.e.m., n=4, two
independent experiments) after a 4-h toxin challenge on HeLa
cells (Fig. 2E). Hence, these results indicate that retrograde transport
inhibition is translated into reduced toxin arrival at its cytosolic
target (a shift in EC50, i.e. high protection factor).
Intoxication analysis demonstrated that Retro-2 was likewise able

to protect THP-1 cells against intoxication with STx-1 (Fig. 3B).
STx-1 toxicity on Retro-2-treated cells was reduced by 14.16±2.02 -
fold (mean±s.e.m., n=6, three independent experiments) after a 4-h
toxin challenge (Fig. 3E). These protective factor results again show
that retrograde transport to the dislocation-competent ER
compartment was efficiently blocked in both HeLa and THP-1 cells.
In contrast to STx-1 holotoxin, treatment with 25 μMRetro-2 did

not significantly protect HeLa or THP-1 cells against STxB–ss–
saporin (Fig. 3C,D). After a 4-h STxB–ss–saporin incubation, a
negligible protection factor of 1.27-fold±0.78 (mean±s.e.m., n=4,
two independent experiments) was observed on HeLa cells upon
retrograde transport inhibition, and of 0.51-fold±0.09 (mean±s.e.m.,
n=4, two independent experiments) on THP-1 cells (Fig. 3E).
During the course of our study, structure–activity relationship
(SAR) studies focusing on Retro-2 optimization lead to cyclic
analogues with an ∼100-fold improvement in the EC50 against
Shiga toxin (Noel et al., 2013). We therefore also investigated
whether inhibition of retrograde transport through an improved (i.e.
more bioactive) Retro-2 molecule (denoted Retro-2 cycl) could
inhibit STxB–ss–saporin cytosolic translocation. Calculation of the

fold change in the EC50 (protection factor) demonstrated that upon
Retro-2 cycl treatment and a 4-h toxin challenge, STx-1 toxicity was
reduced by 54.58±25.23-fold (mean±s.e.m., n=4, two independent
experiments) on Hela cells and 34.51±13.29-fold (mean±s.e.m.,
n=4, two independent experiments) on THP-1 cells (Fig. 3F). In
contrast, treatment with Retro-2 cyl did not protect HeLa or THP-1
cells against STxB–ss–saporin,with negligible protection factors of
2.10±0.15 (mean±s.e.m., n=4, two independent experiments) and
1.30±0.20 (mean±s.e.m., n=4, two independent experiments),
respectively (Fig. 3F).

Upon Retro-2 treatment, STxB has been shown to accumulate in
an endosomal compartment labeled by the early endosomal marker
EEA-1 (Stechmann et al., 2010). Our results showing that STxB–
ss–saporin-mediated toxicity remained unaffected when retrograde
transport was inhibited by Retro-2 or the more potent Retro-2 cycl,
therefore, suggested that this covalent toxin version translocated
from early endosomes to reach its cytosolic target and to mediate
protein biosynthesis inhibition.

Brefeldin A (BFA) is known to disrupt Golgi morphology and to
protect cells from cytotoxic effects exerted by STx-1 holotoxin
(Donta et al., 1995). Intoxication assays on HeLa cells confirmed
that treatment with 5 µg/ml BFA indeed protected HeLa cells
against a 4-h STx-1 challenge (Fig. 3G). In contrast, BFA treatment
did not affect STxB–ss–saporin-mediated protein biosynthesis
inhibition (Fig. 3H), supporting the notion that cytosolic
translocation of STxB–ss–saporin is independent of retrograde
transport to the Golgi and must occur from an endosomal
compartment.

Next, we compared the intoxication of human monocyte-derived
macrophages (HMDMs) with STx-1 and STxB–ss–saporin. It has
previously been reported that, in contrast to toxin-sensitive HeLa or
THP-1 cells, STx-1 does not intoxicate HMDMs (Falguier̀es and
Johannes, 2006). Furthermore, we have also shown in biochemical
and morphological assays that STxB cannot be detected along the
retrograde route in these cells, demonstrating that targeting of STxB
to the Golgi and ER did not measurably occur (Falguieres et al.,
2001). Rather, STxB was transported to the late endosomal
pathway, where the protein was degraded. Intoxication curves
after 24 h confirmed that HMDMswere indeed insensitive to STx-1,
as no decrease in protein biosynthesis was observed (Fig. 4A). In
contrast, STxB–ss–saporin intoxicated HMDMs, as shown by the
clear dose-dependent curve with an EC50 value of 0.22 ng/ml that
was obtained after a 24-h STxB–ss–saporin challenge (Fig. 4B).
STxB–ss–saporin thus intoxicated cells in which STxB is not
detectably targeted to the retrograde route.

Cross-presentation of CD8+ epitopes derived from CMV
To test the role of retrograde transport in STxB-mediated antigen cross-
presentation, we generated a conjugate between STxB and the human
Cytomegalovirus (CMV) human leukocyte antigen (HLA)-A2-
restricted CMV495–503 peptide. CD8+ T cells against CMV495–503

were induced in humans, as previously described (Godard et al.,
2004). THP-1 cells were pre-incubated with Retro-2 (black bars;
Fig. 4C,D) or DMSO (gray bars), and then pulsed with 2 μg/ml or
20 μg/ml of STxB–CMV495–503 conjugate. After 2 h, 50,000
(Fig. 4C) or 25,000 (Fig. 4D) anti-CMV CD8+ T cells were
added and co-cultured with THP-1 cells for an additional 20 h. After
washing, the production of interferon γ (IFNγ), a marker of the
activation of anti-CMV CD8+T cells after HLA-A2–CMV495-503

complex recognition, was monitored by the IFNγ Elispot technique.
As negative controls, we used wells without cells, or wells with cells
that had not been pulsed with antigen. As a positive control, we
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pulsed THP-1 cells with free CMV495-503 peptide. As shown
in Fig. 4C,D, in none of the experimental conditions did Retro-2
affect the HLA-class I-restricted presentation of the CMV peptide.

We, therefore, conclude that STxB–CMV495-503 is also translocated
in a Retro-2-insensitive manner to the cytosol, most likely from
endosomes.

Fig. 3. Retro-2 does not prevent STxB–ss–saporin-mediated toxicity. (A–F) Retro-2 effect of cell intoxication. HeLa or THP-1 cells were pre-treated with 0.05%
DMSO(blackcurves)or25 μMRetro-2 (redcurves) for30 minprior toa4-hexposure toSTx-1 (A,B)orSTxB–ss–saporin (C,D).Results forA–Daremean±s.e.m. froma
representativeexperiment induplicate.Protection factors forexperimentswithRetro-2 (E)andRetro-2cyl (F)weredetermined for the indicatednumberof replicates from
two or three independent experiments. Data aremeans±s.e.m. *P<0.05, **P<0.01, unpaired one-tailed Student’s t-test. (G,H) BFA effect of cell intoxication. HeLa cells
were pre-treated or not with 5 μg/ml BFA for 30 min prior to a 4-h incubation with increasing doses of (G) STx-1 or (H) STxB–ss–saporin. Note that BFA protected cells
efficiently against STx-1, but not against STxB–ss–saporin. Results are mean±s.e.m. from a representative out of two independent experiments in duplicate.
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Functional dissection of endosomal escape
Targeting of STxB through the retrograde transport to the ER has
previously been shown to operate in association with detergent-
resistant membranes (DRMs), and cholesterol extraction inhibited
STxB transport at the early-endosome–TGN interface (Falguieres
et al., 2001). To study the effect of cholesterol on STxB–ss–saporin
trafficking, HeLa cells were treated with 5 mM methyl-β-
cyclodextrin (MβCD) for 30 min prior to the addition of STxB or
STxB–ss–saporin for 45 min at 37°C. In mock-treated cells,
colocalization of STxB (red; Fig. 5A, left column) or STxB–ss–
saporin (red; Fig. 5C, left column) with giantin (green) was
indicative of STxB trafficking to the Golgi. In contrast, when cells
were pre-treated with MβCD, the overlap between STxB (Fig. 5A,
right column) or STxB–ss–saporin (Fig. 5C, right column) and
giantin was strongly reduced, confirming that STxB transport
was inhibited. The colocalization between STxB and giantin was
quantified in all cases, as indicated (Fig. 5B,D).
To assess the effect of cholesterol depletion on cytosolic

translocation, intoxication analysis was performed on HeLa cells
that were pretreated or not with 5 mMMβCD before a 4-h incubation
with STx-1 or STxB–ss–saporin. In line with our
immunofluorescence experiments, analysis of EC50 values from
dose–response intoxication curves after a STx-1 challenge (Fig. 5E)
revealed a protection factor of 5.49±1.16-fold in MβCD-treated cells
(mean±s.e.m., n=5, three independent experiments) (Fig. 5G).
Strikingly, we found that cholesterol extraction did not inhibit, but

rather strongly sensitized cells to STxB–ss–saporin (Fig. 5F), with a
protection factor of 0.21±0.38-fold (mean±s.e.m., n=7, four
independent experiments, Fig. 5H; note that a protection factor <1
indicates sensitization), reflective of a significant increase in cellular
toxicity. Qualitatively similar results were obtained when zaragozic
acid was used to inhibit sterol synthesis (Fig. 5G,H). These findings
point to a previously unrecognized link between cellular cholesterol
levels and endosomal escape to the cytosol, support our data on
retrograde transport inhibition with Retro-2 or brefeldin-A and
establish that arrival to an endosomal compartment is indeed
sufficient for the cytosolic translocation of STxB–ss–saporin.

We also used a well-characterized temperature block to examine
STxB–ss–saporin translocation to the cytosol. In a previous study, we
have shown that STxB transport to the Golgi is blocked at 19.5°C, and
that STxB accumulates in early endosomes in these conditions
(Mallard et al., 1998). Intoxication assays after a 4-h exposure to STx-
1 holotoxin demonstrated that at 19.5°C, the sensitivity of HeLa cells
to STx-1-induced protein biosynthesis was indeed reduced, with a
protection factor of 7.63±0.73 (mean±s.e.m., n=4, two independent
experiments) (Fig. 5G; supplementary material Fig. S3A, left panel).
The effect was even stronger for STxB–ss–saporin for which the
curves did not converge and the EC50 value could not be determined
(Fig. 5H; supplementary material Fig. S3A, right panel). Hence, the
19.5°C temperature block not only impacted trafficking along the
retrograde route, but had an even stronger effect on STxB–ss–saporin
translocation across endosomal membranes.

Fig. 4. Retro-2 does not affect cross-presentation. (A,B) Intoxication assays on HMDM after a 24-h challenge with (A) STx-1 or (B) STxB–ss–saporin.
Results are mean±s.e.m. from a representative out of two independent experiments in duplicate. (C,D) Cross-presentation assay. In an IFNγ Elispot plate, THP-1
cells were pre-incubated for 30 min with 0.05% DMSO (gray bars) or 25 μMRetro-2 (black bars) and pulsed for 2 h with STxB–CMV495–503 (2 μg/ml or 20 μg/ml),
or free CMV495–503 peptide. Anti-CMV495–503 HLA-A2-restricted CTL were added [50,000 (C), or 25,000 (D)] and co-cultured with THP-1 cells for 20 h. IFNγ-spot-
forming cells were detected as per the manufacturer’s instruction. Results correspond to mean±s.e.m. for four replicates of two independent experiments. ns, not
significant (two-tailed Mann–Whitney U-test).
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Fig. 5. See next page for legend.
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These findings utilizing cholesterol depletion and temperature
block support our initial conclusions on two different membrane
translocation mechanisms that discriminate the non-covalent (STx-
1 holotoxin) and covalent (STxB–ss–saporin) toxin versions, and
provide further evidence that STxB–ss–saporin translocated from
endosomes to the cytosol.
Several groups have reported that limiting endo-phagosomal

acidification enhances antigen cross-presentation (Jancic et al.,
2007; Savina et al., 2006, 2009). We therefore examined whether
the efficacy of cytosolic translocation of STxB–ss–saporin was
altered in an alkaline endosomal environment. Bafilomycin A1, an
inhibitor of endosomal acidification, is known to slow early-
endosome-to-TGN transport, and to protect cells against STx (Dyve
Lingelem et al., 2012). In our hands, bafilomycin A1 treatment of
HeLa cells also led to a 7.34±2.14-fold protection (mean±s.e.m.,
n=6, three independent experiments) against STx-1 holotoxin
(Fig. 5G; supplementary material Fig. S3B, left panel). In contrast,
the protection factor value was 0.69±0.06 (mean±s.e.m., n=8, four
independent experiments) in bafilomycin-A1-treated Hela cells that
were exposed to increasing concentrations of STxB–ss–saporin
(Fig. 5H; supplementary material Fig. S3B, right panel), reflective
of a significant increase in toxicity, or, in other words, an increase in
STxB–ss–saporin arrival to the cytosol, implying that endosomal
pH is indeed a crucial factor in this process.
In the ER–phagosome fusion antigen cross-presentation model,

one of the specific features of the cross-presenting compartment is the
recruitment of ER-resident proteins, involving the ER SNARE
protein Sec22B (Cebrian et al., 2011). Sec22B was depleted using
small interfering RNAs (siRNAs) to examine its possible role in the
translocation of STxB–ss–saporin to the cytosol. Such Sec22B-
depleted cells (supplementary material Fig. S4A) were strongly
protected against STx-1 holotoxin (Fig. 5I), likely because of an
inhibitory effect in retrograde transport at the Golgi–ER interface
(Lewis et al., 1997). However, the protein biosynthesis inhibition by
STxB–ss–saporin was not affected in Sec22B-depleted cells
(Fig. 5J). These results, hence, suggest that Sec22B function is not
a prerequisite for the translocation of STxB–ss–saporin to the cytosol.
Rab proteins belonging to the Ras superfamily of small

GTPases play a crucial role in regulating membrane trafficking.
Therefore, we decided to further investigate this protein family to
gain insight as to the nature of the translocation-competent
compartment. Previous studies have shown that the Golgi-
associated GTPase Rab6a, and more specifically the Rab6a′

isoform, regulates early-endosome-to-TGN transport (Del Nery
et al., 2006; Mallard et al., 2002). HeLa cells were treated
with control siRNAs or siRNAs targeting Rab6a′, Rab6a, or
both isoforms, as described previously (Del Nery et al., 2006).
Efficient silencing of both Rab6 isoforms was confirmed at the
level of protein expression by western blot analysis using a
pan-specific antibody (supplementary material Fig. S4B). Only
cells depleted for Rab6a′ were significantly protected against
intoxication by STx-1 holotoxin (Fig. 6A), with a measured
protection factor of 13.57±3.40-fold (mean±s.e.m., n=4; two
independent experiments) (Fig. 6G). In contrast, STxB–ss–
saporin-mediated toxicity remained unaffected by inhibition of
retrograde transport achieved by depletion of Rab6a′ (Fig. 6B,G),
confirming that retrograde transport and Rab6a′ activity are not
required for the cytosolic translocation of STxB–ss–saporin.

Rab5 has been consistently ascribed a multitude of functions in
endocytosis (Semerdjieva et al., 2008) and at the early endosome
(reviewed in Mohrmann and van der Sluijs, 1999). We therefore
also examined whether Rab5 could play a role in the cytosolic
translocation of STxB. We used siRNAs to efficiently deplete Rab5
from HeLa cells (supplementary material Fig. S4C). After a 4-h
STx-1 challenge on HeLa cells, an EC50 could not be measured as
cytotoxicity curves did not converge (Fig. 6C,G), demonstrating
that Rab5-depleted cells were strongly protected against the
holotoxin. By contrast, however, these cells were not protected
against the STxB–ss–saporin conjugate (Fig. 6D,G).

The transition from early to late endosomes has been described as
a loss of Rab5 and its effector EEA1 from endosomal carrier
vesicles, with the simultaneous recruitment of Rab7. As Rab7 has
been implicated in the regulation of transport along the endo-
lysosomal pathway (Ceresa and Bahr, 2006; Vanlandingham and
Ceresa, 2009), we examined whether Rab7 could play a role in
STxB–ss–saporin translocation. We used siRNAs to deplete Rab7
from HeLa cells for 72 h, as previously described (Girard et al.,
2014) (supplementary material Fig. S4D). After a 4-h challengewith
STx-1 holotoxin (Fig. 6E), a slight protection factor of 1.76±0.04
(mean±s.e.m., n=4, two independent experiments) was measured
(Fig. 6G). In contrast, protection against intoxication with STxB–ss–
saporin conjugate was increased by 10.31±2.9-fold 8 (mean±s.e.m.,
n=4, two independent experiments) after Rab7 depletion (Fig. 6F,G),
strongly suggesting that in the absence of Rab7, the translocation of
STxB–ss–saporin to the cytosol is inhibited.

Reducible versus non-reducible linker arms
The STxB–ss–saporin conjugate that was used up to this point
contained a cleavable disulfide linker arm. Surprisingly, incubation
of HeLa or THP-1 cells with a covalent conjugate that did
not contain the reducible linker arm (termed STxB–saporin) did not
lead to inhibition of protein biosynthesis (Fig. 7A). Given that
this conjugate is catalytically active (see supplementary material
Fig. S1C), it can be concluded that saporin did not reach ribosomes
in the non-cleavable configuration.

To analyze whether this was due to a lack of membrane
translocation to the cytosol or due to a deficiency to shuttle
from the site of membrane translocation across the cytosol to
ribosomes, we replaced saporin by another enzyme, β-lactamase,
yielding STxB–ss–β-lactamase and STxB–β-lactamase. β-lactamase
catalyzes the cleavage of a cephalosporin-derived CCF4-based
fluorescence resonance energy transfer (FRET) reporter, leading to
a loss of FRET signal that can be quantified (Keller et al., 2013; Ray
et al., 2010; Simeone et al., 2012). CCF4-AM is an esterified,
membrane permeable form of the CCF4 substrate which specifically

Fig. 5. Cholesterol effect on STxB–ss–saporin-mediated protein
biosynthesis inhibition. (A–D) Retrograde transport in MβCD-treated cells.
(A) STxB or (C) STxB–ss–saporin were bound on ice to control or cholesterol-
depleted (+MβCD) HeLa cells, which were then incubated for 45 min at 37°C,
fixed and imaged by confocal microscopy after labeling for STxB (red) and
giantin (green). In both cases, STxB signal in the Golgi area was quantified.
For STxB (B), 1 arbitrary unit (a.u.) corresponds to 59.22±2.25% of STxB in
Golgi area. Control n=56 cells, MβCD n=45 cells. For STxB–ss–saporin (D),
1 a.u. corresponds to 29.14±1.45% of STxB in Golgi area. Control n=46
cells, MβCD n=50 cells. Results are means±s.e.m. from two independent
experiments. ***P<0.001 (unpaired Student’s t-test). Scale bars: 10 µm.
(E,F) Representative intoxication experiment after a 4-h exposure to (E) STx-1
or (F) STxB–ss–saporin in control cells (black curves), or after cholesterol
extraction (red curves). (G,H) Protection factors after a 4-h STx-1 (G) or
STxB–ss–saporin (H) challenge. For each toxin, four to eight replicates were
analyzed per condition, from two to four independent experiments. Data are
means±s.e.m. *P<0.05, **P<0.01, ***P<0.001 (ANOVA with Bonferroni’s
multiple comparison test). (I,J) Intoxication assays on Sec22B-depleted HeLa
cells are shown after a 4-h (I) STx-1 or (J) STxB–ss–saporin challenge. Results
are mean±s.e.m. and are representative of two independent experiments.
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equilibrates in the cytosol of host cells after cytoplasmic esterase
cleavage. The advantage of this configuration is that, in comparison
to the saporin reporter, β-lactamase does not need to diffuse across
the cytosol to meet its substrate.
THP-1 cells were loaded with CCF4-AM, and then incubated

for 3 h with unconjugated β-lactamase, with disulfide cleavable
STxB–ss–β-lactamase, or with non-cleavable STxB–β-lactamase.

A loss of FRET leading to an increased emission at 450 nm was
observed with both conjugates used at 30 μg/ml, and to a much
lesser extent with 30 μg/ml unconjugated β-lactamase (Fig. 7B).
This data was quantified by calculating the fluoresence intensity
ratiometric values for 450 nm to 535 nm in all conditions
(Fig. 7C). It was thereby confirmed that disulfide-cleavable
STxB–ss-β-lactamase and non-cleavable STxB–β-lactamase were

Fig. 6. STxB-ss-saporin-mediated protein biosynthesis inhibition is Rab7-dependent. HeLa cells were challenged for 4 h with STx-1 (A,C,E) or
STxB–ss–saporin (B,D,F) in control conditions (black curves), or after (A,B) Rab6a′, (C,D) Rab5 or (E,F) Rab7 depletion (red curves). Results are mean±s.e.m.
from a representative experiment in duplicate. (G) Protection factors (means±s.e.m.) are shown for four replicates from two independent experiments. *P<0.05;
***P<0.001; ns, not significant (ANOVA with Bonferroni’s multiple comparison test).

2382

RESEARCH ARTICLE Journal of Cell Science (2015) 128, 2373-2387 doi:10.1242/jcs.169383

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



both equally efficient at increasing the 450 nm to 535 nm ratio.
These data, hence, suggest that the difference that was observed
in the protein biosynthesis inhibition experiments with disulfide
cleavable STxB–ss–saporin and non-cleavable STxB–saporin
was not due to a deficiency in cytosolic export, but rather due
to differences in their ability to reach their ribosomal target
once they were localized on the cytosolic side of endosomal
membranes.

DISCUSSION
The mechanisms by which antigens are transferred to the cytosol for
cross-presentation are amongst the least well understood in cell
biology. Using the STxB-driven cross-presentation model, we
demonstrate that retrograde transport is not required for cytosolic
escape, and that Rab7 and cholesterol are involved. We also report
evidence for the association of STxB with the cytoplasmic leaflet
after membrane translocation.

Fig. 7. FRET-based export assay to the cytosol. (A) Intoxication curves after a 24 h incubation of disulfide-cleavable STxB–ss–saporin (red curves) or
non-cleavable STxB–saporin (black curves) with HeLa (left panel) or THP-1 (right panel) cells. Results are mean±s.e.m. from one representative out of
three independent experiments in duplicate. (B,C) β-lactamase assay. CCF4-AM-loaded THP-1 cells were incubated for 3 h with 30 μg/ml of unconjugated
β-lactamase, or 30 μg/ml STxB coupled to β-lactamase through cleavable (STxB–ss–β-lactamase) or non-cleavable (STxB–β-lactamase) linker arms, and
analyzed by confocal microscopy. (B) Representative images were chosen for the following channels: the intact CCF4 probe at 535 nm (green) and the cleaved
CCF4 probe at 450 nm (blue). (C) Histogram shows the outcome of post-acquisition analysis. The ratio of the 450 nm to 535 nmmean fluorescence intensity was
quantified over the indicated number of cells. Means±s.e.m. of two independent experiments.
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One outstanding issue regarding STxB-mediated antigen cross-
presentation was the question of whether retrograde transport was
required. Addressing this aspect has become possible because of
the availability of the highly specific Retro-2 compound that
inhibits retrograde STxB trafficking at the early-endosome–TGN
interface, but leaves other intracellular transport events unaffected,
including the biosynthetic and secretory pathway (Stechmann
et al., 2010). The selective effect of Retro-2 on STx-1 holotoxin,
but not the STxB–ss–saporin or STxB–CMV495–503 conjugates,
strongly suggests that translocation to the cytosol of the covalent
version of the toxin occurs from an endosomal compartment. The
finding that BFA also did not affect cell intoxication by STxB–ss–
saporin further reinforces this conclusion. This situation is similar
to the one described for other cross-presentation modalities where
it was equally suggested that specifically the early endocytic
pathway was of importance (Belizaire and Unanue, 2009; Burgdorf
et al., 2007, 2008), which is exclusively targeted by STxB (Mallard
et al., 1998).
The finding that depletion of Rab5 did not affect cell intoxication

by STxB–ss–saporin was surprising, when considering the central
function of this GTPase on early endosomes (see Shin et al., 2005 and
references therein). In contrast, Rab7 depletion clearly decreased
STxB–ss–saporin-driven protein biosynthesis inhibition. Rab7 has
lately been shown to have a number of functions in addition to
regulating trafficking in the late endocytic pathway (Bucci et al.,
2000), such as retrograde sorting (Rojas et al., 2008), endosome–
phagosome fusion (Becken et al., 2010) and cholesterol trafficking
(Girard et al., 2014).Whether the effect ofRab7on endosomal escape
of STxB is direct, or is indirect andmodulated bya generalmembrane
parameter such as cholesterol homeostasis, remains to be analyzed.
The stimulatory effect on endosomal escape of STxB upon

interference of cholesterol homeostasis is another striking finding of
this study. Although it cannot be mechanistically interpreted at this
stage, it is of interest to note that lipid domains have been linked to
the process of membrane permeability. First, it has been well
established for many years that the ion permeability of membranes
dramatically increases at domain boundaries owing to structural
defects and mismatches in the molecular packing (see Cruzeiro-
Hansson and Mouritsen, 1988 and references therein). Second,
more recent work has described a defect in cross-presentation of
phagocytosed antigens in cells in which lipid droplet biogenesis was
impaired (Bougner̀es et al., 2009). Lipid pores are associated with
droplet biogenesis, and it has been suggested that pore formation
would be favored by lipids with a bulky head groups (Ploegh, 2007)
and STxB precisely binds to such bulky head group lipids (i.e. the
glycosphingolipid Gb3). Our study thereby points to a possible link
between membrane cholesterol levels, glycolipid domain formation
and membrane translocation. The exquisite sensitivity of cell
intoxication by STxB–ss–saporin to incubation at 19.5°C is also an
indirect indicator that lipid domain formation has a role in
endosomal membrane translocation.
The differential sensitivity of STxB conjugates with saporin

or β-lactamase with respect to the nature of the linker arm was
surprising. Although β-lactamase was equally efficient at
transforming its cytosolic substrate (i.e. a CCF4-based FRET
reporter) when linked to STxB by a disulfide-cleavable or non-
cleavable linker arms, saporin was able to intoxicate cells only when
linked to STxB by the disulfide-cleavable linker arm. The most
likely interpretation of this finding is that STxB remains associated
with the cytosolic leaflet after its translocation across the endosomal
membrane. In such a configuration, ribosomes on the ER could only
be reached if saporin was dissociated from STxB. In contrast,

β-lactamase would be reached by its freely diffusible FRET reporter
substrate even if it was permanently associated with STxB on
the cytosolic endosome membrane leaflet. These findings are
more readily explained by the lipid pore hypothesis in which
STxB remains associated with its glycosphingolipid receptor while
flipping across the membrane. In contrast, a protein pore would
necessarily require a dissociation between the Gb3 receptor and
STxB, leaving unexplained a subsequent re-association with the
membrane once the cytosol is reached.

In conclusion, our current findings provide a fresh perspective on
the endosomal escape question, and are expected to provide new
directions for membrane biology research in the field of antigen
cross-presentation.

MATERIALS AND METHODS
Cell lines
The human monocytic THP-1 cell line was cultured at 37°C under 5% CO2

in RPMI medium (Invitrogen), supplemented with 10% heat-inactivated
fetal bovine serum (Pan Biotech), 0.01% penicillin-streptomycin
(Invitrogen), 4 mM L-glutamine and 5 mM sodium pyruvate. THP-1
differentiation and adherence was induced by overnight treatment with
160 nM 12-O-tetradecanoylphorbol-13-acetate (TPA) (Cell Signaling) as
described previously (Uchide and Toyoda, 2007).

HeLa cells were maintained at 37°C under 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen), supplemented with 10%
heat-inactivated fetal bovine serum, 0.01% penicillin-streptomycin, 4 mM
glutamine and 5 mM pyruvate. In addition, the medium was supplemented
with 0.5 mg/ml G418 for HeLa cells stably expressing endoA2–GFP.

Human monocytes were isolated from human blood of healthy donors on
ficoll density gradients (Eurobio, les Ulis, France), and subsequently
differentiated into macrophages (HMDM) for 7 days in RPMI medium,
supplemented with 10% heat-inactived fetal bovine serum, 2 mM
glutamine, 100 UI/ml penicillin, 100 μg/ml streptomycin, and 20 ng/ml
human macrophage colony-stimulating factor (hM-CSF; AbCys, Paris,
France).

Drug treatments
For treatment with Retro-2 or Retro-2 cycl, HeLa or THP-1 cells were
pre-treated for 30 min at 37°C with 25 μM Retro-2 or Retro-2 cycl, which
was diluted in the corresponding growth medium. Retro-2 {2-([(5-methyl-
2-thienyl)methylene]amino)-N-phenylbenzamide} was purchased from
Chembridge (San Diego, CA) and was also synthesized in-house.
Similarly, HeLa cells were pre-treated for 15 min with 5 μg/ml BFA,
30 min with 500 nM bafilomycin A1 or 30 min with 5 mM MβCD (all
purchased from Sigma) prior to the addition of STx-1 or STxB–ss–saporin
for 4 h. Cells for zaragozic acid experiments were cultured for 24 h in
DMEM supplemented with 10% lipid-deficient serum and with 50 μM
zaragozic acid (Tebu-Bio SA, Le Perray-en-Yvelines, France) prior to toxin
addition.

Immunofluorescence, confocal and TIRF imaging
Control or Retro-2-treated cells were incubated with 0.5 μg/ml STxB or
STxB–ss–saporin on ice for 30 min, followed by 45 min at 37°C in the
continued presence of vehicle or compound. Cells were fixed and
immunolabeled with the indicated antibodies. Samples were imaged on a
Ti inverted Nikon microscope fitted with a confocal A1R system, using a
60× oil immersion objective, NA 1.4. NIS Elements, MetaMorph
(Molecular Devices) and ImageJ software (National Institutes of Health,
Bethesda, MD) were used for image processing. Maximum projections of
six to eight optical z-slices (250 nm z-separation) are shown.

STxB and STxB–ss–saporin were subjected to coupling with
N-hydroxysuccinimide (NHS)-activated Cy3 as per the manufacturer’s
instructions (GE Healthcare). Plasma membrane images on living cells were
then acquired on a total internal reflection fluorescence (TIRF) video
microscope (Nikon) equipped with a CFI Apo TIRF 1003NA 1.49 oil
objective and an EMCCD camera (PhotometricsHQ2).
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Intoxication assay
Intoxication analysis of HeLa or TPA-treated THP-1 cells was performed as
previously described (Stechmann et al., 2010). Briefly, 25,000 HeLa or
150,000 TPA-treated THP-1 cells per well were seeded into flat-bottomed 96-
well optical plates (Nunc) and grownovernight at 37°C. Cells were incubated at
37°C for the indicated times with increasing doses of STx-1, STxB conjugates
with saporin, or non-vectorized saporin. Then, cells were rinsed three times
with PBS, and 1 μCi [35S]-methionine (Perkin Elmer) was added for 60 min at
37°C to each well. Radiolabeled proteins were precipitated by washing cells
three times with ice-cold 5% trichloroacetic acid and then three-times with
PBS. Protein synthesis was quantified by liquid scintillation counting.

Results are expressed as percentages of incorporated radioactivity relative
to the DMSO or scrambled siRNA control situations that were set to 100%.
Protein biosynthesis levels as a function of toxin concentration was then
fitted using GraphPad Prism software to obtain a non-linear dose–response
curve from which EC50 values were obtained. To calculate protection
factors, the EC50 values from n number of replicates were calculated, and the
means were used to determine the ratio of the drug or siRNA EC50 to that of
the control EC50. For all representative intoxication curves that are shown,
data are mean±s.e.m. from replicates of an independent experiment.

Sulfation assay
Sulfation analysis was performed on TPA-treated THP-1 cells as detailed
previously (Amessou et al., 2006). 1 μM STxB-Sulf2 was added to cells on
ice for 30 min. Cells were washed with ice-cold PBS and incubated for
20 min at 37°C in DMEM supplemented with 480 μCi/ml [35S]sulfate
(Perkin Elmer). After cell lysis, STxB–Sulf2 was immunoprecipitated using
the monocolonal anti-STxB-13C4 antibody, separated on a Tris-Tricine gel,
and quantified by autoradiography. To determine total sulfation counts,
proteins were precipitated by adding 5% final concentration trichloroacetic
acid. Precipitated proteins were then filtered on glass microfiber filters
(Whatman), and filters counted using a Microbeta scintillation counter.

Immunofluorescence quantifications
Cy3-STxB fluorescence intensity was measured with ImageJ software
(NIH) on z-projections, either from the entire cell, or from the Golgi region,
as defined by giantin labeling. The ratio was then calculated as an index of
Golgi localization.

N-glycosidase activity assay
20 μg of isolated yeast ribosomes (yeast strain ABYS1) were treated with
increasing concentrations of unconjugated or STxB-coupled saporin for 1 h
at 30°C in 1× Endo buffer (25 mM Tris-HCl pH 7.6, 25 mM KCl, 5 mM
MgCl2). The reaction was stopped, and rRNA was isolated by two phenol-
chloroform extractions, and then precipitated. 4 µg of rRNA resuspended in
water was treated for exactly 2 min at 60°C with acetic-aniline. rRNA was
precipitated, resuspended in 60% de-ionized formamide with 0.1× TPE
buffer, and separated on a denaturing formamide agarose gel. RNA
fragments were quantified as described previously (Smith et al., 2003).

Antigen cross-presentation assay
Peripheral blood mononuclear cells (PBMCs) were extracted from peripheral
blood of healthy HLA-A2 individuals by a standard ficoll density-gradient
centrifugation. Informed consent was obtained from all of the participants.
Total PMBCswere sensitized in vitro for 12 days by the addition of a specific
CMV495–503 peptide. IL-2 was added on days 3 and 7 (50 IU/ml, Chiron,
Emeryville, CA). On day 12, THP-1 cells were pre-incubated with 25 μM
Retro-2 (or 0.05% DMSO) for 30 min at 37°C, pulsed for 2 h with 20 μg/ml
or 2 μg/ml STxB-CMV495-503 or 10 μg/ml CMV495–503, in the continued
presence of 25 μM Retro-2 or 0.05% DMSO, and then co-cultured for 20 h
with CMV-specific CD8+ CTL in a IFNγ coated Elispot plate (Diaclone), in
the continued presence of 25 μM Retro-2 or 0.05% DMSO. IFNγ was
detected as per the manufacturer’s instructions. Elispot analysis was done
with Immunospot Analyzer (Cellular Technology Limited).

β-lactamase assay
THP-1 cells were TPA-treated, and 150,000 cells per well seeded in 96-well
plates 24 h prior to experiments. Adherent THP-1 cells were loaded with

1 mM of the CCF4-probe for 1 h. Then, cells were washed and incubated
continuously for 3 h at 37°C with 30 μg/ml β-lactamase or 30 μg/ml STxB
conjugates with β-lactamase prior to analysis by confocal microscopy. For
details on acquisition and post-acquisition analysis, see the previous study
by Keller et al. (Keller et al., 2013).

Quantification of colocalization with endoA2 using TIRF
microscopy
To quantify the colocalization between two channels, an object-based
method was used, as implemented in JACoP (Bolte and Cordelieres, 2006)
based on the coincidence between two centroids with a 0.5-pixel tolerance
(as described in Renard et al., 2015). This was achieved through an ImageJ
macro by first segmenting the tagged proteins by spot detection in each
channel, finding their position, and growing them by dilation to a 0.5-pixel
radius. The spot detection consisted of finding maxima on the smoothed
image (333 average filter) using the ‘find maxima’ plugin of ImageJ,
whose noise tolerance parameter was set up visually independently for
each channel. The results were expressed as the percentage of colocalized
spots over the total number of spots in the red and the green channel,
respectively.

Statistical testing
Statistical analysis was performed using Graph Pad Prism software. In the
case of non-Gaussian distribution a two-tailed Mann–Whitney U-test was
performed. The following parametric tests were used: one-tailed Student’s
t-test for the comparison of the means if there were only two conditions to
compare or a parametric one-way ANOVA with a Bonferroni’s multiple
comparison test if there were more than two data groups to compare.
Statistical significance is represented on the graphs by asterisks. All error
bars denote s.e.m.
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Miserey-Lenkei, Sebastian Amigorena and Daniel Gillet.

Competing interests
The authors declare no competing or financial interests.

Author contributions
M.D.G.-C. and L.J. conceived and designed the study. M.D.G.-C., T.T., A.B., B.S.
and H.-F.R. developed experimental approaches, and performed and analyzed the
following experiments: intoxication, sulfation and immunofluorescence (D.G.),
cross-presentation (T.T. and S.J.R.), β-lactamase (A.B.), endoA2 and STxB
colocalization with STxB-ss-saporin (H.-F.R.). E.D. prepared the STxB-CMV495
-503 conjugate. M.D.G.-C. and L.J. wrote the paper. C.L., M.L., J.-C.C., J.E. and E.T.
critically revised the manuscript, and helped with the design and analysis of
experiments.

Funding
This work was supported by grants from the Institut National du Cancer [grant
number PLBIO11-022-IDF-JOHANNES]; Agence Nationale pour la Recherche
[grant number ANR-11 BSV2 018 03]; European Research Council (ERC)
advanced grant (project 340485) to L.J.; and by fellowships from AXA Research
Funds and Association pour la Recherche sur le Cancer to M.D.G-C. The
Johannes team is members of Labex CelTisPhyBio [grant number 11-LBX-0038]
and of Idex Paris Sciences et Lettres [grant number ANR-10-IDEX-0001-02 PSL].
The Tartour team is members of Labex Immuno-Oncology and SIRIC-CARPEM
and is labeled by the Ligue Nationale contre le Cancer. J.E. is supported by an
ERC starting grant [Rupteffect, grant number 261166] and is member of the
LabEx initiative IBEID. His group has been supported by the CARNOT-MIE
program.

Supplementary material
Supplementary material available online at
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.169383/-/DC1

2385

RESEARCH ARTICLE Journal of Cell Science (2015) 128, 2373-2387 doi:10.1242/jcs.169383

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.169383/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.169383/-/DC1


References
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