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SUMMARY
Dendritic cells (DCs) present exogenous antigens via major histocompatibility complex class I (MHC-I) and
MHC class II (MHC-II) molecules, activating CD8+ and CD4+ T cells. A critical but poorly understood step
in this process is the trafficking of peptide-loaded MHCmolecules from the endocytic system to the cell sur-
face. In this study, we demonstrate that the Golgi reassembly-stacking protein of 55 kDa (GRASP55), which
has been shown to have no role in stacking, is essential for antigen presentation. Using soluble, bead-coated,
and bacterial-bound antigens, we found significantly impaired exogenous antigen presentation in GRASP55-
deficient bone-marrow-derivedDCs (BMDCs). Notably, GRASP55was recruited to late phagosomes, and our
data suggest that it is crucial for sorting MHC-I and MHC-II molecules, facilitating their trafficking to the
plasma membrane. Our findings highlight the vital role of GRASP55 in the intracellular transport of MHCmol-
ecules bound to their respective peptides during exogenous antigen presentation.
INTRODUCTION

Dendritic cells (DCs) internalize exogenous antigens, such as

pathogenic microbes or dying tumor cells, which are processed

and displayed on the cell surface as peptides bound tomajor his-

tocompatibility complex class II (MHC-II) molecules to activate

CD4+ T lymphocytes. In another pathway, the exogenous-anti-

gen-derived peptides are loaded onto MHC class I (MHC-I) mol-

ecules to activate CD8+ T cells.1 Both pathways strongly rely on

the endocytic network to generate peptides within endosomes

or phagosomes depending on whether DCs internalize soluble

or particulate antigens.2

Phagosomes compose a key central compartment in the pro-

cess of antigen processing. Phagosomes recruit vesicles car-

rying components from various compartments for the successful

loading and presentation of the peptide-MHC complex (pMHC).

This includes endoplasmic reticulum (ER)-Golgi intermediate

compartment (ERGIC)-derived vesicles containing the peptide

loading complex (PLC) and other relevant molecules.3 DC phag-

osomes also recruit recycling-compartment-derived vesicles,

which represent the main source of MHC-I molecules.4 It is un-

clear whether MHC-II molecules reach the endocytic system

via the Golgi apparatus5 or the plasma membrane.6,7 However,

MHC-II molecules mostly accumulate within a late endosomal

organelle known as the MHC-II-rich compartment (MIIC) that
Cell Reports 44, 115333, Febr
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meets the antigen-containing endosome/phagosome.8 Finally,

lysosomes also fuse with phagosomal membranes to supply

an acidic environment and proteases.9

This unique composition of DC phagosomes is reminiscent of

the compartment for unconventional protein secretion (CUPS)

in yeast. CUPS is composed of membranes derived from the

Golgi and endosomes.10,11 The studiedmarker of CUPS is a pro-

tein called Golgi reassembly-stacking protein (GRASP), which is

encoded by the GRH1 gene in yeast.12 Grh1 forms a complex

with Bug1, a coiled-coil protein resembling metazoan GM130.

Additionally, Grh1 interacts with the Sec23/24 proteins of the

coat protein complex II.13 Mammalian cells contain two GRASP

proteins, GRASP55 and GRASP65. Compared to GRASP65,

GRASP55 is highly expressed in immune cells.14,15 GRASP55

regulates the activity of IRE1a arm of the unfolded protein

response pathway and the secretion of interleukin (IL)-1b from

activated macrophages.16 Interestingly, the known regulator of

cross-presentation Sec22b also controls the unconventional

secretion of IL-1b.17

The similarities between phagosomes andCUPSand the intra-

cellular logistics for exogenous antigen presentation and uncon-

ventional protein secretion pathways prompted us to test the

involvement of GRASP55 in antigen presentation by DCs. We

tested this by (1) use of a specific GRASP55 inhibitor called

Graspin18 and (2) GRASP55�/� bone-marrow-derived DCs
uary 25, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(BMDCs). In both cases, GRASP55 was found to be required for

efficient presentation of exogenous antigens to CD4+ and CD8+

T cells. We show that GRASP55 is recruited to BMDC phago-

somes at late time points post internalization and contributes to

the sorting and trafficking of pMHC from phagosomes to the

plasma membrane. However, GRASP55 does not have an

obvious role in exogenous antigen presentation by tissue-resi-

dent DCs, endogenous antigen presentation, antigen uptake,

or phagosomal maturation. Interestingly, we observed that

GRASP55 is excluded from the Toxoplasma gondii parasitopho-

rous vacuole (PV) and does not contribute to the presentation of

T. gondii-derived antigens. In contrast, GRASP55 strongly inter-

cepts Escherichia coli-containing phagosomes, and therefore

the presentation of bacterium-associated antigens to CD4+ and

CD8+ T cells is significantly impaired.

RESULTS

Graspin inhibits exogenous antigen presentation by DCs
We chose a bioinformatics tool called ImmuCo, which presents

means to evaluate co-expression and correlation between two

given genes in a defined cell type of the mouse and human

immune system.19We noted that DCs in bothmouse and human

express GRASP55 at much higher levels compared to

GRASP65 (Figure 1A). We differentiated BMDCs from C57BL/

6 mice, and upon lipopolysaccharide (LPS) maturation, we

observed a significant increase of GRASP55 but not GRASP65

expression (Figures 1B and 1C). We treated BMDCs and the

JAWS-II DC line with aGRASP55 inhibitor called Graspin, which

affects the stability and expression of GRASP55 by inhibiting

PDZ-mediated interactions of GRASP55 with junctional

adhesion molecule-C.18 Immunoblot analysis revealed that the

treatment of BMDCs and JAWS-II DCs with Graspin downregu-

lated GRASP55 expression in a dose-dependent manner

(Figures S1A and S1B). The viability of these DC types, even at

the highest concentration of Graspin, was unaffected, as shown

bycalceinAMstaining and flowcytometry (Figures 1DandS1C).

To address the effect of Graspin treatment on antigen presen-

tation, we first performed a dose-dependent cross-presentation

response to Graspin in JAWS-II DCs. Graspin-treated and un-

treated cells were incubated with soluble ovalbumin (OVA) or

3-mm latex beads coated with OVA to measure the presentation

of the antigen internalized by endocytosis or phagocytosis,

respectively. After antigen uptake, DCs were fixed and exposed

to B3Z CD8+ T cells. B3Z cells are activated upon recognition of
Figure 1. Graspin inhibits exogenous antigen presentation by BMDCs

(A) In silico analysis showing the co-expression profiles of GRASP55 and GRASP

(B) Immunoblotting showing GRASP55, GRASP65, and actin expression by BMD

(C) Densitometry quantification of the GRASP55/actin ratio. Data show mean ± S

(D) FACS analysis showing DAPI and calcein AM labeling of BMDCs left untreated

show the percentages of viable cells. Data are representative of triplicate values

(E–G) The MHC-I cross-presentation ability of Graspin-treated and untreated BM

beads, and (G) the SIINFEKL peptide. Data represent mean ± SEM of triplicate va

***p = 0.0004.

(H–J) TheMHC-II antigen presentation ability of Graspin-treated and untreated BM

latex beads, and (J) the ISQAVHAAHAEINEAGR peptide. Data represent mean

***p < 0.0001.

Unpaired two-tailed Student’s t test was performed. See also Figure S1.
H-2Kb MHC-I molecules in association with the SIINFEKL pep-

tide, which contains the amino acids 257–264 of OVA. We found

that Graspin-treated JAWS-II DCs were impaired in antigen

cross-presentation, and this effect correlated with increasing

concentrations of Graspin (Figures S1D and S1E). In contrast,

presentation of the SIINFEKL control peptide, which does not

require intracellular processing, was not significantly affected

by Graspin treatment (Figure S1F).

Compared to the classical BMDCs, JAWS-II DCs do not ex-

press high levels of MHC-II molecules.20 Therefore, it is not

possible to assess CD4+ T cell activation by JAWS-II cells. We

therefore incubatedBMDCswith50mMGraspin togetherwithsol-

uble OVA or OVA-coated 3-mm latex beads. In this experimental

setup, we exposed Graspin-treated and untreated BMDCs to

either B3Z or OT-IIZ T cells, which recognize a 17-amino-acid

sequence (residues 323–339, peptide ISQAVHAAHAEINEAGR)

in OVA bound to I-Ab MHC-II molecules.21 There was significant

inhibition of MHC-I cross-presentation (Figures 1E and 1F) and

MHC-II presentation (Figures 1H and 1I) by Graspin-treated

BMDCs compared to untreated control cells. However, the pre-

sentation of the already processed control peptides showed

similar levels of CD8+ and CD4+ T cell activation (Figures 1G

and 1J). Because BMDC stimulation with LPS increases

GRASP55 expression (Figures 1B and 1C) and can boost the abil-

ity to present exogenous antigens,8,22 we tested cross-presenta-

tion and MHC-II presentation in Graspin- and LPS-treated

BMDCs.We found that thecross-presentationcapacity of soluble

OVA (FigureS1G) andOVA-coated3-mm latexbeads (FigureS1H)

increased in both Graspin-treated and untreated BMDCs upon

LPS stimulation. However, the CD8+ T cell response induced by

Graspin-treated BMDCs remained significantly lower than the

activation of B3Z cells exposed to BMDCs treated with LPS but

without Graspin. Similar results were obtained by evaluating

MHC-II presentation of OVA internalized by endocytosis (Fig-

ure S1I) or phagocytosis (Figure S1J).

These data indicate that Graspin treatment affects intracellular

processing and/or transport of soluble and particulate antigens

during cross-presentation and MHC-II presentation without

affecting the normal levels of MHC-I and -II molecules at the

DC surface.

GRASP55�/� BMDCs fail to present exogenous antigens
to CD8+ and CD4+ T cells
To directly test the role of GRASP55 in exogenous antigen pre-

sentation, we used DCs from amouse knockout for GRASP55.16
65 by mouse and human DCs.

Cs left untreated or treated with LPS.

EM of three independent experiments. *p = 0.0231.

or treated with increasing concentrations of Graspin. The lower right quadrants

from 3 independent experiments.

DCs was evaluated after incubation with (E) soluble OVA, (F) OVA-coated 3-mm

lues from (E) 3 or (F and G) 4 independent experiments. (E) ***p < 0.0001 and (F)

DCs was evaluated after incubation with (H) soluble OVA, (I) OVA-coated 3-mm

± SEM of triplicate values from (H) 3 or (I and J) 4 independent experiments.
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We differentiated BMDCs from wild-type (WT) and GRASP55�/�

mice. The expression of the classical DC marker CD11c was

greater than 80% in both types of DCs (Figures 2A and 2B),

and we did not observe any significant difference in the cell sur-

face expression of MHC-I H-2Kb andMHC-II I-Ab molecules with

or without LPS treatment (Figures 2A, 2C, and 2D). Also, DC

maturation was not impaired in GRASP55�/� BMDCs, as CD86

expression was upregulated upon LPS treatment at similar levels

compared to WT BMDCs (Figures 2A and 2E). We also investi-

gated the expression profile of the maturation marker CD83

because it has been described as an interaction partner of

GRASP55 in human DCs. In these cells, The C-terminal TELV

motif of CD83 binds to GRASP55, and this interaction leads to

efficient CD83 glycosylation and cell surface expression.23 As

shown in Figures S2A and 2B, we did not find any defect of

CD83 expression in GRASP55�/� BMDCs. On the contrary, the

cell surface expression of CD83 was higher in GRASP55�/�

BMDCs upon LPS stimulation as compared to WT BMDCs.

Following the characterization of WT and GRASP55�/�

BMDC phenotypes, we tested their ability to present exogenous

antigens. We used soluble and particulate OVA to test MHC-I

cross-presentation and MHC-II presentation. CD8+ T cell acti-

vation was significantly reduced by GRASP55�/� BMDCs

exposed to B3Z cells compared with WT BMDCs (Figures 2F

and 2G). Similar results were obtained by analyzing the activa-

tion of OT-IIZ CD4+ T cells (Figures 2I and 2J). However, the pre-

sentation of the short control OVA peptides 357–264 and 323–

339 to B3Z and OT-IIZ cells, respectively, showed no significant

differences between WT and GRASP55�/� BMDCs (Figures 2H

and 2K). Similar to our approach with Graspin-treated BMDCs,

we evaluated the exogenous antigen presentation capacity of

GRASP55�/� BMDCs in the context of LPS treatment. Also, in

this experimental setup, we found that GRASP55�/� BMDCs

increased both MHC-I cross-presentation and MHC-II presen-

tation abilities for soluble (Figures S2C and S2E) and particulate

OVA (Figures S2D and 2F) upon LPS stimulation. However, for

all cases, T cell activation induced byGRASP55�/� LPS-treated

BMDCs was significantly lower than in their WT LPS-treated

counterparts. We next aimed to control the specificity of

Graspin by treating WT and GRASP55�/� BMDCs with this in-

hibitor and performed exogenous antigen presentation assays.

For MHC-I cross-presentation of both soluble and particulate

OVA, we evidenced that this drug showed correct specificity,

and GRASP55�/� untreated and Graspin-treated BMDCs did

not exhibit significant differences of CD8+ T cell activation

(Figures S2G and S2H). However, for MHC-II antigen presenta-

tion, the scenario was different. In this case, GRASP55�/�
Figure 2. GRASP55 controls the presentation of exogenous antigens t

(A–E) WT and GRASP55�/� LPS-treated and untreated BMDCs were labeled for

CD11c-positive cells (red) are depicted on the left, and representative histograms

depicted on the right. (B–E) Bars show the quantification of (B) CD11c+ cells and th

represent mean ± SEM of triplicate values from 4 independent experiments (11 r

(F–H) The MHC-I cross-presentation ability of WT and GRASP55�/� BMDCs was

and (H) the SIINFEKL peptide. Data represent mean ± SEM of triplicate values fr

(I–K) The MHC-II antigen presentation ability of WT and GRASP55�/� BMDCs w

beads, and (K) the ISQAVHAAHAEINEAGR peptide. Data represent mean ± SEM

0.0389 and **p = 0.0019, and (J) **p = 0.0011.

Unpaired two-tailed Student’s t test was performed. See also Figure S2.
Graspin-treated BMDCs further inhibited CD4+ T cell response

(Figures S2I and S2J), suggesting that BMDC treatment with

Graspin most likely affects other critical molecules of the

MHC-II antigen presentation pathway.

Finally, we tested the relevance of GRASP55 in tissue-resident

DCs by two different experimental approaches: (1) in vivo exog-

enous antigen presentation using chimera WT and GRASP55�/�

mice and (2) in vitro exogenous antigen presentation using

splenic DCs isolated from WT and GRASP55�/� mice. For the

first set of experiments, we generated the chimera mice and in-

jected them intraperitoneally with vaccinia virus expressing

OVA (VACV-OVA)-infected RAW macrophages treated with

UV light to inactivate the virus. In this way, we block direct infec-

tion of DCs and leave available only the exogenous antigen pre-

sentation routes.24 After 1 week of injection, splenic cells were

collected and divided for (1) flow cytometry analysis (percentage

of B8R+ cells), (2) 2-h culture in presence of B8R peptide 20–27,

and (3) and an overnight (ON) culture in presence of theOVApep-

tides 262–276 and 323–339. After each of these cultures, cells

were treated with brefeldin A, fixed, and stained for fluores-

cence-activated cell sorting (FACS) analyses. We checked the

chimera’s reconstitution by flow cytometry and found that nearly

100%of CD45.2+ neutrophils were present in the blood, confirm-

ing full DC reconstitution in thesemice (Figure S3A). On the other

hand, T cell composition in the spleen held between 10% and

50% of CD45.1+ resident CD8+ and CD4+ T cells (Figures S3B

and S3C, respectively). This allows studying the effects of the

assay, not only in donor CD45.2 + T cells but also in resident

CD45.1+ T cells from the same WT genotype within the same

chimera mouse. Specific CD8+ T cell response to B8R antigen

from VACV in the spleen showed no significant differences be-

tween WT and GRASP55�/� DCs, either by analyzing CD45.1+

resident or CD45.2+ donor T cells (Figures 3A and 3D, respec-

tively). We also measured CD8+ T cell response by detecting

interferon (IFNg) production upon restimulation with the B8R

peptide, obtaining similar results (Figures 3Band3E). To evaluate

MHC-II antigen presentation, we analyzed the percentage

of IFNg producing CD4+ T cells upon restimulation with the

OVA peptides. Again, we did not find significant differences

of CD4+ T cell response between WT and GRASP55�/� DCs

(Figures 3C and 3F).

We also isolated splenic DCs fromWT and GRASP55�/� mice

and incubated them with soluble OVA, OVA-coated 3-mm latex

beads or the short control OVA peptides, residues 257–264 and

323–339. Then, DCs were fixed and exposed to B3Z or OT-IIZ

cells. In this experimental setup, we did not evidence defective

MHC-I cross-presentation (Figures 3G–3I) or MHC-II antigen
o CD8+ and CD4+ T cells by BMDCs

CD11c, H-2Kb, I-Ab, and CD86 and were analyzed by FACS. In (A), gatings on

showing the fluorescence intensity of H-2Kb, I-Ab, and CD86 in CD11c+ cells are

eMFI of (C) H-2Kb, (D) I-Ab, and (E) CD86 for each experimental condition. Data

eplicates, 1 experiment was done in duplicates).

evaluated after incubation with (F) soluble OVA, (G) OVA-coated 3-mm beads,

om (F) 3, (G) 5, or (H) 7 independent experiments. ***p < 0.0001.

as evaluated after incubation with (I) soluble OVA, (J) OVA-coated 3-mm latex

of triplicate values from (I) 3, (J) 4, or (K) 5 independent experiments. (I) *p =

Cell Reports 44, 115333, February 25, 2025 5



(legend on next page)

6 Cell Reports 44, 115333, February 25, 2025

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
presentation (Figures 3J–3L) by GRASP55�/� splenic DCs as

compared to their WT counterparts. To find a possible explana-

tion for this discrepancy in the antigen presentation capacity of

WT and GRASP55�/� BMDCs and splenic DCs, we performed

immunoblotting and were not able to detect any clear band cor-

responding to GRASP55 in splenic DCs (Figure S3D), suggesting

very low expression of GRASP55 in these cells. Although

GRASP55 protein expression could not be detected by immuno-

blotting in splenic DCs, we assessed GRASP55 mRNA expres-

sion levels by qPCR under different experimental conditions.

We incubated total splenic DCs isolated from WT mice with

50 mMGraspin, 100 ng/mL E. coli-derived ultrapure LPS (to stim-

ulate TLR4), or 5 mM class B CpG (to stimulate TLR9) or left them

untreated. As expected, GRASP55 expression was notably

reduced in Graspin-treated splenic DCs but increased signifi-

cantly under LPS and CpG treatments, the two inflammatory en-

vironments tested (Figure S3E). These findings highlight the ma-

jor relevance of GRASP55 under stressful conditions.

These data confirm the requirement of GRASP55 for exoge-

nous antigen presentation in the MHC-I and -II pathways by

BMDCs (inflammatory DCs) specifically but not by tissue-resi-

dent DCs.

GRASP55 does not regulate endogenous antigen
presentation via MHC-I
Based on in vitro analyses, GRASP55 has been linked to laterally

holding stacks of cisternae to compose a Golgi ribbon.25 We

therefore tested whether defects in overall Golgi organization

were visible and could affect endogenousMHC-I antigenpresen-

tation in the GRASP55�/� cells. We electroporated WT and

GRASP55�/�BMDCswith soluble OVA. In this setup, the antigen

is directly introduced into the cytosol, and OVA peptides are

loaded onto H2-Kb MHC-I molecules after transport in the ER

lumen. The pMHC-I molecules transit through the classical

secretory pathway to reach the plasma membrane. Figure 4A

shows that WT and GRASP55�/� BMDCs present endogenous

antigens to CD8+ B3Z cells with similar efficiency. A higher trend

of endogenous presentation was observed in GRASP55�/�

BMDCs compared to WT BMDCs, but overall, these differences

were not statistically significant. Brefeldin A treatment, which in-

hibits the conventional ER-Golgi traffic, efficiently blockedMHC-I

endogenous presentation (Figure 4A). Furthermore, the amount

of OVA incorporated in WT andGRASP55�/� BMDCs after elec-

troporation was similar in both cell types (Figure 4B).

In addition to testing the functionality of the ER-to-Golgi

transport in GRASP55�/� BMDCs, we further examined the
Figure 3. Exogenous antigen presentation by splenic DCs is independ

(A–F) B6/SJL CD45.1+ recipient mice were reconstituted with bone marrow prec

infected with VACV-OVA and UV irradiated were inoculated intraperitoneally into

of B8R-specific (A) CD45.1+ (resident) and (D) CD45.2+ (donor) CD8+ T cells was

response in (B) CD45.1+ (resident) and (E) CD45.2+ (donor) CD8+ T cells after resti

CD45.2+ (donor) CD4+ T cells after restimulation with the OVA peptides 323–339 a

independent experiments (n = 9 biological replicates for each experiment).

(G–I) The MHC-I cross-presentation ability of WT and GRASP55�/� splenic DC

beads, and (I) the SIINFEKL peptide. Data represent mean ± SEM of triplicate va

(J–L) TheMHC-II antigen presentation ability ofWT andGRASP55�/� splenic DCs

beads, and (L) the ISQAVHAAHAEINEAGR peptide. Data represent mean ± SEM

Unpaired two-tailed Student’s t test was performed. See also Figure S3.
morphology of the classical secretory pathway by immuno-

staining and confocal microscopy. Figures 4C–4F show that

Protein disulfide isomerase (PDI, an ER marker), GM130 (a cis

Golgi marker), TGN46 (a trans Golgi marker), and TGN38

(a trans-Golgi network marker) exhibit comparable labeling in

WT and GRASP55�/� BMDCs. Importantly, the intracellular

distribution of H-2Kb molecules and ERGIC are similar in

WT and GRASP55�/� BMDCs (Figure S4). These data show

that the overall Golgi organization and function in trafficking

of MHC-I molecules internally loaded with an antigen are not

affected in GRASP55�/� BMDCs.

Altogether, GRASP55 is critical for exogenous antigen presen-

tation in BMDCs but not for endogenous antigen presentation

via MHC-I.

GRASP55 controls the transport of OVA-loaded MHC
molecules from DC phagosomes to the plasma
membrane
It is known that phagosome-to-plasma membrane transport is a

key step in both MHC-I and MHC-II molecule presentation;

we tested whether this step was affected in GRASP55�/�

DCs. We incubated both types of DCs with 3-mm magnetic par-

ticles for different periods. The phagosomes from WT and

GRASP55�/� BMDCs were isolated and immunoblotted with

anti-GRASP55 and anti-Lamp1 antibodies. We observed the

recruitment of GRASP55 only at late time points post internaliza-

tion of the magnetic particles (3 and 5 h; Figure 5A). This result

suggests that GRASP55 likely has an important role in the final

steps of exogenous antigen presentation, such as the transport

of pMHC molecules from phagosomes to the cell surface. To

test this, we visualized WT and GRASP55�/� BMDCs previously

incubated with 3-mm OVA-coated latex beads for up to 5 h. We

labeled these cells with the 25.D1 antibody, which recognizes H-

2Kb MHC-I molecules in association with the SIINFEKL peptide.

Clear 25.D1 labeling around the internalized beads that are also

positive for Lamp1 was observed in WT cells, but interestingly,

the labeling was stronger in GRASP55�/� BMDCs (Figure 5B).

To quantify these data, we performed flow cytometry experi-

ments of phagosomes isolated from WT and GRASP55�/�

BMDCs at different time points post internalization of 3-mm

OVA-coated latex beads. The results of this assay showed

that the kinetics of 25.D1 labeling is different between WT and

GRASP55�/� phagosomes. While the presence of OVA/MHC-I

complexes in WT phagosomes decreases at 5 h post internali-

zation, these complexes accumulate in GRASP55�/� phago-

somes (Figures 5C and 5D).
ent of GRASP55

ursors from C57BL/6 CD45.2+ WT or GRASP55�/� mice. RAW macrophages

chimeric mice. Cells were recovered by intraperitoneal lavage, and the number

measured using a fluorescently labeled MHC-I H2-Kb/B8R20–27 tetramer. IFNg

mulation with B8R peptide, and IFNg response in (C) CD45.1+ (resident) and (F)

nd 262–276 was evaluated. Data showmean ± SEM of values from a pool of 2

s was evaluated after incubation with (G) soluble OVA, (H) OVA-coated 3-mm

lues from 3 independent experiments.

was evaluated after incubationwith (J) soluble OVA, (K) OVA-coated 3-mm latex

of triplicate values from 3 independent experiments.

Cell Reports 44, 115333, February 25, 2025 7
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To avoid any potential issue with the use of the 25.D1 anti-

body, we designed a different experimental procedure to inves-

tigate this transport event for bothMHC-I and -II molecules. First,

we coated 3-mm magnetic beads with OVA, as confirmed by

immunofluorescence staining and confocal microscopy (Fig-

ure S5A). We incubated WT and GRASP55�/� BMDCs with

OVA-coated magnetic particles for 1 and 5 h. We isolated the

magnetic bead-containing phagosomes, fixed them, and disrup-

ted the phagosomal membrane to expose OVA/MHC-I and -II

complexes. Finally, we incubated these phagosomal fractions

with CD8+ B3Z and CD4+ OT-IIZ T cells. Interestingly, 1-h phag-

osomes isolated from WT and GRASP55�/� BMDCs displayed

similar abilities to activate B3Z and OT-II T cells. In contrast,

5-h phagosomes purified from GRASP55�/� BMDCs showed

greater capacity to activate both B3Z and OT-IIZ T cells as

compared to 5-h WT phagosomes (Figures 5E and 5F, respec-

tively). This difference is also evident when we represent only

the accumulation of OVA-loaded MHC-I and -II molecules at

5 h post internalization by subtracting the optical density of

T cell activation at 1 h post internalization (Figures S5B and S5C).

Altogether, these data show that GRASP55 is recruited to DC

phagosomes late in the maturation process and functions at this

compartment to regulate the export of pMHC-I and pMHC-II for

traffic to the cell surface.
GRASP55 is not required for antigen internalization or
phagosomal maturation
Is GRASP55 involved in the internalization of exogenous anti-

gens and phagosomal maturation? We evaluated fluid-phase

endocytosis by flow cytometry after incubation of DCs with a

fluorescently tagged OVA. Both WT and GRASP55�/� BMDCs

endocytose the antigen with similar efficiencies (Figures 6A

and 6B). To evaluate phagocytosis, we coated 3-mm latex beads

with fluorescent OVA and incubated WT and GRASP55�/�

BMDCs with these particles. After uptake, cells were washed,

fixed, and stained with an anti-OVA antibody to exclude by

flow cytometry the plasma membrane-associated particles

from those that are fully internalized (Figure 6C, lower right quad-

rants). The phagocytic capacities of WT and GRASP55�/�

BMDCs do not reveal any significant difference (Figures 6C

and 6D).

To address the potential role of GRASP55 in phagosome

maturation, WT and GRASP55�/� BMDCs were incubated

with 3-mm OVA-coated latex beads for different times. Cells

were then homogenized and phagosomes isolated by the estab-

lished procedures.26 The membrane fractions enriched in phag-

osomes were stained with anti-OVA and anti-Lamp1 antibodies
Figure 4. GRASP55 does not regulate ER-Golgi transport or morpholo

(A) Soluble OVA was electroporated into the cytosol of WT andGRASP55�/� BMD

was used to control the specificity of endogenousMHC-I antigen presentation. Da

*p = 0.0230. Unpaired two-tailed Student’s t test was performed.

(B) Immunoblot showing the amount of OVA incorporated by WT and GRASP55

(C–F) Confocal microscopy analysis showing the localization of endogenous GRA

WT andGRASP55�/� BMDCs: (C) the ERmarker PDI, (D) the cisGolgi marker GM

TGN38. The nuclear marker DAPI (blue) and differential interference contrast (DIC)

the right. Scale bars: 5 mm.

Data are representative of at least 30 images analyzed for each marker from 3 in
and analyzed by flow cytometry. OVA degradation in phago-

somes was similar in both cell types (Figures 6E and 6F). In addi-

tion, the lysosomal marker Lamp1 was recruited to WT and

GRASP55�/� BMDC phagosomes at similar levels (Figures 6G

and 6H).

A special property of cross-presentation is the endosome/

phagosome-to-cytosol transport step of the internalized antigen.

To investigate whether GRASP55 is involved in antigen translo-

cation from endosomes to the cytosol, we used a flow cytome-

try-based approach after cytochrome c internalization that was

originally described by others.3,27,28 Briefly, when cytochrome

c is exported from endosomes to the cytosol, it binds Apaf-1

and activates a caspase cascade that leads to cell death. This

form of apoptosis can be quantified by annexin V staining of un-

treated and cytochrome c-treated DCs by flow cytometry. The

percentages of annexin V+ cells were similar for WT and

GRASP55�/� BMDCs with or without cytochrome c treatment

(Figure S6A, lower right quadrants). Moreover, the mean fluores-

cence intensity (MFI) of these cells did not show significant differ-

ences in annexin V staining (Figure S6B).

Altogether, these data show that GRASP55 does not regulate

antigen uptake (endocytosis and phagocytosis), phagosomal

maturation, or endosome-to-cytosol antigen transport in BMDCs.
GRASP55 is recruited to E. coli-containing phagosomes
to regulate antigen presentation
To assess the importance of GRASP55 during the presentation

of microbe-associated antigens by BMDCs, we used two

different antigenic models. First, we used T. gondii, an intracel-

lular obligate parasite that induces strong CD8+ and CD4+

T cell responses. This parasite enters DCs by a parasite-driven

active process, and the PV establishes tightly regulated connec-

tions with different intracellular DC compartments.29 Second, we

used E. coli, a gram-negative bacterium that enters DCs by reg-

ular phagocytosis, and the process of phagosomal maturation

follows similar kinetics as we observe with inert particles (latex

or magnetic beads).

Interestingly, we found that the presentation of two distinct

T. gondii-derived antigens does not depend on GRASP55. To

evaluate MHC-I presentation, we used the type I TgRH GRA6-

SL8 strain that expresses the OVA SIINFEKL peptide fused with

the immunodominant, PV membrane-bound antigen GRA6.30,31

For MHC-II presentation, we used the TgRH yellow fluorescent

protein (YFP)/SAG1-OVA strain, where the OVA model antigen

is fused to the SAG1 protein and released as a soluble protein

in the vacuole. After 12 h of infection, BMDCs were fixed and

exposed to B3Z and OT-IIZ T cells. There were no significant
gy in BMDCs

Cs, and CD8+ B3Z T cell activation was determined 2 h later. Brefeldin A (BFA)

ta represent mean ± SEM of triplicate values from 3 independent experiments.

�/� BMDCs after OVA electroporation and BFA treatment.

SP55 (red) and different markers of the classical secretory pathway (green) in

130, (E) the trans-Golgi marker TGN46, and (F) the trans-Golgi network marker

images are shown on the left. Overlays of all fluorescent channels are shown on

dependent experiments. See also Figure S4.
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Figure 5. Phagosomal recruitment of GRASP55 and transport of OVA-loaded MHC molecules to the plasma membrane in BMDCs

(A) Immunoblot of WT and GRASP55�/� BMDC purified phagosomes and total cell lysates showing the detection of Lamp1 and GRASP55. The blot is repre-

sentative of 3 independent experiments.

(B) Immunofluorescence labeling and confocal microscopy analysis showing the detection of Lamp1 (green), GRASP55 (red), and SIINFEKL-loadedMHC-I H-2Kb

molecules (25.D1, magenta) in WT andGRASP55�/� BMDCs incubated with 3-mmOVA-coated latex beads for 5 h. Nuclei stained with DAPI and DIC images are

shown at the top. White asterisks indicate the latex beads. Scale bars: 5 mm. Data are representative of at least 30 images analyzed from 3 independent ex-

periments.

(C) Representative FACS profiles of 25.D1 staining on isolated phagosomes after 5 h of OVA-coated 3-mm latex bead internalization by WT (black line) and

GRASP55�/� (red line) BMDCs. Non-internalized latex beads representing the background staining are shown in gray.

(D) FACS analysis and quantification of 25.D1 staining on WT and GRASP55�/� BMDC isolated phagosomes. Data represent mean ± SEM of triplicate values

from 3 independent experiments. **p < 0.01. A two-way ANOVA and Bonferroni post-test were performed.

(E and F) Purified phagosomes at 1 and 5 h post internalization of OVA-coated 3-mmmagnetic beads fromWT andGRASP55�/� BMDCs were incubated with (E)

CD8+ B3Z and (F) CD4+ OT-IIZ T cells to evaluate antigen-specific activation. Dashed lines show the background signal obtained by incubating an excess of non-

internalized OVA-coated beads with T cells.

Data represent mean ± SEM of triplicate values from 2 independent experiments. Unpaired two-tailed Student’s t test was performed. See also Figure S5.
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differences in MHC-I and MHC-II presentation between WT and

GRASP55�/� BMDCs (Figures 7A and 7B). In contrast, the pre-

sentation of E. coli-expressing OVA by both MHC-I and -II was

significantly reduced in GRASP55�/� BMDCs, as compared to

WT cells (Figures 7C and 7D, respectively).
10 Cell Reports 44, 115333, February 25, 2025
To address the mechanisms underlying this discrepancy in

the dependency on GRASP55 for antigen presentation of these

two microbes, we explored whether GRASP55 is efficiently re-

cruited to the T. gondii PV and E. coli-containing phagosomes.

We infected BMDCs with the green fluorescent strain TgRH



(legend on next page)
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YFP/SAG1-OVA and labeled GRA2 (PVs containing actively

invaded, live parasites), and GRASP55. GRASP55 localizes

very close to the PV but does not co-localize with GRA2 or

YFP (Figure 7E). To further elaborate this location of

GRASP55, we performed super-resolution (single-molecule

localization) microscopy and confirmed that GRASP55 is indeed

excluded from the PV (Figure 7F). We used a similar approach to

study the recruitment of GRASP55 to E. coli phagosomes. We

incubated BMDCs with pH-sensitive green E. coli bioparticles,

immunostained GRASP55, and visualized the cells by confocal

microscopy. GRASP55 displayed clear co-localization with

E. coli-containing phagosomes, distinct from its intracellular

pool at the Golgi apparatus, suggesting its redistribution to

intercept bacterial phagosomes (Figure 7G). These data reveal

that GRASP55 expression is critical to achieve efficient presen-

tation of E. coli antigens, but not of T. gondii antigens, to CD8+

and CD4+ T cells.

Altogether, the data obtained in our study highlight the main

relevance of GRASP55 to control exogenous antigen presenta-

tion by promoting optimal transport of pMHC-I and -II molecules

from BMDC phagosomes to the plasma membrane.
DISCUSSION

Our findings show thatGRASP55 is recruited to lateBMDCphag-

osomes. This suggests that GRASP55 plays a specific role in the

final trafficking steps of pMHC to the plasmamembrane. Indeed,

we confirmed that GRASP55 is a key regulator of the transport of

both MHC-I and -II molecules loaded with antigenic peptides.

Notably, we observed a significant accumulation of MHC-I/OVA

complexes in GRASP55�/� 5-h phagosomes, as detected using

the SIINFEKL-H-2Kb-specific monoclonal antibody 25.D1. Addi-

tionally, we developed an experimental approach involving the

purification of 3-mm OVA-coated magnetic beads. Using this

method, we found enhanced activation of CD8+ and CD4+

T cells after incubation with GRASP55�/� 5-h phagosomes but

not 1-h phagosomes. These results were striking, as, to date,

no common molecular regulator of the export of both MHC-I

and -II molecules from phagosomal membranes to the cell

surface has been identified. This is especially true for antigen
Figure 6. GRASP55 is not required for antigen internalization or phago

(A–D) Evaluation of endocytosis and phagocytosis by WT and GRASP55�/� BMD

647) and phagocytosis of fluorescent OVA-coated 3-mm latex beads after 1 h of

(A) Representative FACS profiles of OVA-A647 fluorescence intensity at the indic

(B) Histogram showing the MFI quantification of Alexa 647 in WT and GRASP55�

(C) Representative FACS profiles of WT and GRASP55�/� BMDCs after phago

internalized particles (A647+/A488�).
(D) Histogram showing the percentage of efficient phagocytosis by WT and GRA

(B and D) Data represent mean ± SEM of triplicate values from 3 independent ex

(E–H) WT and GRASP55�/� BMDCs were incubated with OVA-coated 3-mm late

(E) Representative FACS profiles showing OVA staining on isolated phagosomes

(F) Histogram showing the kinetics of OVA degradation as a percentage of intac

(G) Representative FACS profiles showing Lamp1 staining on isolated phagosom

(H) Histogram showing the kinetics of Lamp1 acquisition (percentage fluorescein

(F and H) Data represent mean ± SEM of triplicate values from 3 independent e

performed.

See also Figure S6.
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cross-presentation, where such mechanisms remain largely

unknown.

While the endosomal recycling pathway has been suggested

to control the final transport of pMHC-I molecules from phago-

somes, direct evidence to support this hypothesis is lack-

ing.26,32,33 Regarding MHC-II antigen presentation, several mo-

lecular factors have been identified to regulate the transport of

pMHC-II molecules to the cell surface, including Rab7, which

may recruit dynein to regulate trafficking34; the small GTPase

ARL14, which controls myosin 1E and MHC-II transport35; and

adaptor protein 3, which regulates the phagosomal delivery of

pMHC-II molecules in a TLR4-dependent manner.36 In contrast,

here we demonstrate that GRASP55 plays a central role in the

transport of both MHC-I and -II molecules loaded with antigenic

peptides.

Knockout of GRASPs in cells and mice has no obvious effects

on the structure of the Golgi stack.37,38 We further demonstrated

that the single GRASP gene GRH1, in slime molds and yeast, is

required for the unconventional secretion of AcbA and Acb1,

respectively.39,40 Our new findings reveal that GRASP55 plays

a role in the presentation of exogenous antigens bound to

MHC-I and -II molecules, but its significance becomes apparent

only under inflammatory conditions (in BMDCs). Specifically, we

observed that cells lacking GRASP55 arrest pMHC molecules in

BMDC phagosomes, a compartment that shares many similar-

ities with CUPS in yeast.

In a previous study, we also demonstrated that GRASP55 con-

trols the secretion of IL-1b from macrophages stimulated with

LPS and ATP.16 Moreover, it has been reported that inhibition

of mTORC1 relocates GRASP55 to a compartment associated

with unconventional protein secretion.41 This further supports

GRASP55’s role in stress-induced secretion of various cargos

in a cell-type-specific manner. The exact function of GRASP55

in unconventional secretion remains unclear, but one possibility

is that GRASPs are required for the extraction of pMHC com-

plexes from phagosomes into small vesicles that traffic to the

cell surface.

In summary, we conclude that BMDC phagosomes receive

two important inputs from the secretory pathway during exog-

enous antigen presentation. First, an early recruitment of

ERGIC-derived vesicles in a Sec22b-dependent manner
somal maturation in BMDCs

Cs. Shown is fluid-phase endocytosis of fluorescent OVA (conjugated to Alexa

internalization.

ated concentrations and temperatures.
/� BMDCs.

cytosis. Red numbers indicate the percentage of cells that have completely

SP55�/� BMDCs.

periments. Unpaired two-tailed Student’s t test was performed.

x beads for 15, 60, and 180 min.

.

t OVA in isolated phagosomes.

es. Red numbers indicate the percentage of Lamp1+ phagosomes.

isothiocyanate+) in isolated phagosomes.

xperiments. p > 0.05 (ns). A two-way ANOVA and Bonferroni post-test were



Figure 7. T. gondii and E. coli antigen presentation by WT and GRASP55�/� BMDCs

(A and B) MHC-I presentation of the T. gondii GRA6 antigen from the parasite strain TgRH GRA6-SL8 (A) and MHC-II presentation of OVA associated with the

T. gondii strain TgRH YFP SAG1-OVA (B) after 12 h of infection were evaluated. Data show mean ± SEM of triplicate values and are representative of 4 inde-

pendent experiments. p > 0.05 (ns). A two-way ANOVA and Bonferroni post-test were performed.

(C and D) MHC-I cross-presentation (C) and MHC-II presentation (D) of E. coli DH5a-expressing OVA after 12 h of infection were evaluated. Data represent

mean ± SEM of triplicate values from 2 independent experiments. Unpaired two-tailed Student’s t test was performed.

(E) WT BMDCs were infected with the T. gondii strain TgRH YFP SAG1-OVA for 12 h, and confocal images detecting GRA2 (red) and GRASP55 (magenta) were

taken. DAPI (blue), the fluorescent parasite (green), and DIC are shown on the left. The overlay of all fluorescent channels is shown on the right. Scale bars: 5 mm.

Data are representative of at least 30 images analyzed from 3 independent experiments. Pearson correlation coefficient = 0.08405.

(F) Immunofluorescence labeling and stimulated emission depletion (STED) microscopy analysis showing the PV in green by detection of GRA2 and the host

protein GRASP55 (red) in a WT BMDC infected with TgRH GRA6-SL8 for 12 h. Scale bars: 5 mm. Data are representative of 10 images analyzed from 2 inde-

pendent experiments. Pearson correlation coefficient = 0.01129.

(G) WT BMDCs were incubated with pH-sensitive E. coli particles (green) for 12 h, and confocal images were taken to detect GRASP55 (red). DAPI (blue) and DIC

are shown on the left. The overlay of all fluorescent channels is shown on the right. The white box is shown at higher magnification in the inset. Scale bars: 5 mm.

Data are representative of at least 30 images analyzed from 3 independent experiments.
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enables BMDC phagosomes to acquire the PLC and other rele-

vant molecules necessary for efficient cross-presentation.3

Second, there is a later interaction with cis Golgi-derived vesi-

cles, which delivers GRASP55 to phagosomal membranes,

facilitating the subsequent export of pMHC molecules to the

cell surface. These two interactions between BMDC phago-

somes and the early secretory pathway are likely independent

of the phagosomal connections with the endosomal recycling

compartment and MIIC for the recruitment of MHC-I and -II

molecules, respectively.
Limitations of the study
We note three main limitations: (1) discrepancy regarding the

relevance of GRASP55 for exogenous antigen presentation be-

tween GRASP55�/� BMDCs and splenic DCs, (2) the lack of

Graspin specificity in the MHC-II antigen presentation pathway,

and (3) the absence of a clear molecular mechanism underlying

GRASP55 function in BMDCs.

Regarding the first point, we did not observe a defective

phenotype for antigen presentation in GRASP55�/� tissue-resi-

dent DCs as seen in BMDCs. This can be partially explained by
Cell Reports 44, 115333, February 25, 2025 13
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the relatively mild expression of GRASP55 in total splenic DCs.

However, we did not evaluate potential differential expression

of GRASP55 in splenic DC subsets. Although the antigen presen-

tation data from splenic DCswere somewhat disappointing, they

highlight the important andspecific role ofGRASP55 in inflamma-

tory DCs, suggesting new avenues for exploring alternative

mechanisms in different DC subsets.

The second limitation concerns the use of Graspin in theMHC-

II presentation pathway. Treatment ofGRASP55�/�BMDCswith

Graspin further inhibited CD4+ T cell activation. These results

demonstrate the proper specificity of Graspin in targeting

GRASP55 in the context of MHC-I cross-presentation but also

reveal a non-specific effect of this inhibitor on MHC-II antigen

presentation.

The third limitation relates to the unknown specific function of

GRASP55. As a result, its precise role in BMDC phagosomes

remains unclear. Based on previous studies from our group

and others related to the unconventional secretion of proteins,

we can speculate that GRASP55 is required to organize or

extract membrane domains containing pMHC complexes

from phagosomes into small vesicles that traffic to the cell sur-

face. Ongoing and future studies in these areas will help clarify

the critical roles of GRASP proteins in the presentation of exog-

enous antigens.
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Antibodies

Rabbit polyclonal anti-GRASP55 Invitrogen (Thermo) Cat# PA5-57210; RRID: AB_2642205

Mouse monoclonal anti-SIINFEKL7H-2Kb

(clone 25-D1.16) conjugated to APC

Invitrogen (Thermo) Cat# 17-5743-80; RRID: AB_1311288

Rat monoclonal anti-CD83

(clone Michel-17) conjugated to FITC

Invitrogen (Thermo) Cat# 11-0831-82; RRID: AB_465141

Rat monoclonal anti-mouse IFN-g

(clone XMG1.2) conjugated to APC

Invitrogen (Thermo) Cat# 17-7311-82; RRID:

AB_469504

Goat polyclonal anti-GRASP65 Santa Cruz Cat# sc-19481; RRID: AB_2232631

Mouse monoclonal anti-b-actin Sigma-Aldrich Cat# A1978; RRID: AB_476692

Rabbit polyclonal anti-chicken egg

albumin antibody (whole antiserum)

Sigma-Aldrich Cat# C6534; RRID: AB_258953

Rabbit polyclonal anti-ERGIC-53/p58 Sigma-Aldrich Cat# E6782; RRID: AB_1840849

Goat anti-rabbit STAR RED Sigma-Aldrich Cat# 41699; RRID: AB_2928168

Goat anti-mouse STAR 580 Sigma-Aldrich Cat# 52403; RRID:AB_2923543

Mouse monoclonal anti-PDI Enzo Life Science Cat# ALX-804-012-R100;

RRID: AB_2052192

Mouse monoclonal anti-TGN46 Abcam Cat# ab2809; RRID: AB_2203290

Mouse monoclonal anti-GM130 BD Transduction Laboratories Cat# 610822; RRID: AB_398141

Mouse monoclonal anti-rat TGN38 BD Transduction Laboratories Cat# 610898; RRID: AB_398215

Rat anti-Lamp1 BD Pharmingen Cat# 553792; RRID: AB_2134499

Rat anti-Lamp1 conjugated to FITC BD Pharmingen Cat# 561069; RRID: AB_395057

Hamster anti-CD11c conjugated to PE-Cy7 BD Pharmingen Cat# 561022; RRID: AB_2033997

Mouse anti-H-2Kb conjugated to FITC BD Pharmingen Cat# 562002; RRID: AB_394927

Mouse anti-I-Ab conjugated to PE BD Pharmingen Cat# 553552; RRID: AB_394919

Rat anti-CD86 conjugated to APC BD Pharmingen Cat# 561964; RRID: AB_2075114

Mouse monoclonal anti-GRA2 (Tg17-179) Marie-France Cesbron-Delauw (Institute

for Advanced Biosciences, Grenoble)

Murray et al., 199342

N/A

Donkey anti-mouse Alexa Fluor 488 Invitrogen (Thermo) Cat# A-21202; RRID: AB_141607

Donkey anti-mouse Alexa Fluor 555 Invitrogen (Thermo) Cat# A-31570; RRID: AB_2536180

Donkey anti-mouse Alexa Fluor 647 Invitrogen (Thermo) Cat# A-31571; RRID: AB_162542

Donkey anti-rabbit Alexa Fluor 555 Invitrogen (Thermo) Cat# A-31572; RRID: AB_162543

Donkey anti-rabbit Alexa Fluor 647 Invitrogen (Thermo) Cat# A-31573; RRID: AB_2536183

Donkey anti-mouse IgG-HRP Jackson Laboratories Cat# 715-035-151; RRID: AB_2340771

Donkey anti-rabbit IgG-HRP Jackson Laboratories Cat# 711-035-152; RRID: AB_10015282

Donkey anti-goat IgG-HRP Jackson Laboratories Cat# 705-035-147; RRID: AB_2313587

Donkey anti-rat IgG-HRP Jackson Laboratories Cat# 712-035-153; RRID: AB_2340639

Bacterial and virus strains

E. coli DH5ɑ expressing OVA Nicolas Blanchard (Institute Infinity) N/A

Vaccinia virus expressing OVA (VACV-OVA) Jonathan W. Yewdell and

Jack R. Bennink (National Institutes

of Health, Bethesda, MD)

N/A

Chemicals, peptides, and recombinant proteins

OVA peptide 257–264, SIINFEKL Polypeptide Group N/A

OVA peptide 323–339, ISQAVHAAHAEINEAGR GenScript Cat# RP10610

(Continued on next page)
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OVA peptide 262–276, EKLTEWTSSNVMEER GenScript N/A

B8R peptide 20–27, TSYKFESV GenScript Cat# RP21086

GRASP55 inhibitor, Graspin Vitas-M Chemical Laboratory, Limited ID# STK700118

Critical commercial assays

Ovalbumin, lyophilized powder Worthington Biochemical Corporation Cat# LS003056

Ovalbumin, Low EndoTM, purified Worthington Biochemical Corporation Cat# LS003061

Lipopolysaccharide (LPS) from E. coli 0111:B4 Sigma-Aldrich Cat# L4391

Brefeldin A (BFA) Sigma-Aldrich Cat# B7651

Ultrapure LPS from E. coli 0111:B4 InvivoGen Cat# tlrl-3pelps

Class B CpG ODN 1668 - Murine TLR9 ligand InvivoGen Cat# tlrl-1668

FITC annexin V BD Pharmingen Cat# 556419; RRID: AB_2665412

Phalloidin conjugated to Alexa 488 Molecular Probes,

Life Technologies (Thermo)

Cat# A12379

3-mm latex beads (polystyrene microspheres) Polysciences Inc Cat# 17134-15

3-mm Dynabeads M-270 Epoxy Invitrogen (Thermo) Cat# 14301

OVA conjugated to Alexa 647 Invitrogen (Thermo) Cat# O34784

Mouse GM-CSF recombinant protein Invitrogen (Thermo) Cat# BMS325

Calcein AM Invitrogen (Thermo) Cat# C1430

pHrodoTM Green E. Coli BioParticlesTM Invitrogen (Thermo) Cat# P35366

Protease inhibitor cocktail Roche Cat# 04693132001

Chlorophenol red-b-D-galactopyranoside (CPRG) Roche Cat# 10884308001

CD11c MicroBeads UltraPure, mouse Miltenyi Biotec Cat# 130-125-835

Mouse Direct PCR kit Biotools Cat# B45012

RNeasy� Micro Kit QIAGEN Cat# 74004

SuperScriptTM III First-Strand

Synthesis System for RT-PCR

Invitrogen Cat# 18080051

HOT FIREPol� EvaGreen� qPCR Supermix 5x Solis BioDyne Cat# 08-36-00001

MHC-I H2-Kb/B8R20–27 tetramer NIH Tetramer Facility at

Emory University

N/A

Experimental models: Cell lines

Bone-marrow-derived dendritic

cells (BMDCs) WT

This paper N/A

Bone-marrow-derived dendritic cells

(BMDCs) GRASP55�/�
This paper N/A

B3Z CD8+ T cells Nicolas Blanchard (Institute Infinity) N/A

OT-II Z CD4+ T cells Nicolas Blanchard (Institute Infinity) N/A

JAWS-II DCs Nicolas Blanchard (Institute Infinity) ATCC CRL-3612

Human Foreskin Fibroblasts (HFFs) Nicolas Blanchard (Institute Infinity) ATCC SCRC-1041

RAW 264.7 macrophages David Sancho (CNIC) ATCC TIB-71

Experimental models: Organisms/strains

Mouse: C57BL/6J WT Chiritoiu et al., 201916 N/A

Mouse: C57BL/6J GRASP55�/� Chiritoiu et al., 201916 N/A

Mouse: B6/SJL 45.1+/C57BL/6J

45.2+ WT chimera

This paper N/A

Mouse: B6/SJL 45.1+/C57BL/6J

45.2+ GRASP55�/� chimera

This paper N/A

Toxoplasma gondii: TgRH GRA6-OVA Nicolas Blanchard (Institute Infinity)21 N/A

Toxoplasma gondii: TgRH YFP SAG1-OVA Nicolas Blanchard (Institute Infinity)3 N/A

(Continued on next page)

18 Cell Reports 44, 115333, February 25, 2025

Article
ll

OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Genotyping primer

F: 50-cgatcctttcctcagccgtcagc-30
Chiritoiu et al., 201916 N/A

Genotyping primer R-1:

50-cctcaaggccctaccttagc-30
Chiritoiu et al., 201916 N/A

Genotyping primer R-2:

50-tgaactgatggcgagctcagacc-30
Chiritoiu et al., 201916 N/A

GRASP55 qPCR primer

F: 50-catgtgctggaagtggaatc-30
van Ziel et al., 201943 N/A

GRASP55 qPCR primer

R: 50-gctgaacaggtcttcagactca-30
van Ziel et al., 201943 N/A

GAPDH qPCR primer

F: 50-gcacagtcaacgccgagaat-30
Invitrogen N/A

GAPDH qPCR primer

R: 50-gccttctccatggtggtgaa-30
Invitrogen N/A

Software and algorithms

GraphPad Prism 5 GraphPad N/A

FlowJo v10.10 FlowJo LLC N/A

Fiji-ImageJ NIH N/A

Quantity One 4.6.6 software Bio-Rad N/A

ImmuCo database Wang et al., 201519 N/A

Gene Skyline Immunological Genome Project N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice and cells
The GRASP55 (GORASP2) knockout mice were generated at McLaughlin Research Institute (Great Falls, Montana, US) using the

EUCOMM/KOMP knockout first conditional-ready targeted ES cell resource (http://www.mousephenotype.org/about-ikmc/

eucomm-proram/eucomm-targeting-strategies; targeted trap tm1a allele), as described in a previous study.16 C57BL/6 wild-type

conditional knockout (cKO) and null mice used in our experiments were generated by crossing heterozygote cKO/null mice. The

following primers were used to genotype the offspring with genomic DNA extracted from ear punches (Mouse Direct PCR kit, Bio-

tools): 50-ccgatcctttcctcagccgtcagc-30, 50-cctcaaggccctaccttagc-30 and 50-tgaactgatggcgagctcagacc-3’. All animals were main-

tained under specific pathogen-free conditions at 22�C and given access to food and water ad libitum. Mice with age between 12

and 16 weeks of both sexes were used for all experiments. To obtain bone marrow stem cells from femur and tibia, and DCs

from spleen, animals were sacrificed in the Animal Facility of the Barcelona Biomedical Research Park (PRBB, Barcelona) by using

a procedure approved by the local ethics committee ‘Comité Ético de Experimentación Animal del PRBB’ (CEEA-PRBB); procedure

number NBO-22-0045. In vivo experiments were performed at the CNIC (Madrid) by using standard procedures approved by the

local ethics committee ‘Comité de Ética de Exerimentación Animal’ (CEEA-CNIC); procedure numbers PROEX 236/16, PROEX

301.5/21 and PROEX 302.6/21. All animal procedures complied with the EU Directive 2010/63/EU and the Commission Recommen-

dation 2007/526/EC regarding the protection of animals used for experimental research, enforced in Spanish law under Real Decreto

53/2013.

Bone marrow cells were maintained in IMDM medium supplemented with 10% FBS and 20 ng/mL of recombinant mouse Gran-

ulocyte Macrophage Colony Stimulating Factor (rmGM-CSF) to induce BMDC differentiation. After 7 days, immature WT and

GRASP55�/� BMDCs were used for experimental work. JAWS-II DCs were maintained in culture by using 5 ng/mL rmGM-CSF-con-

taining medium (IMDM) with 10% FBS. JAWS-II DCs were expanded and diluted every 2–4 days, depending on their growth rates.

B3Z and OT-IIZ T cells were cultured with RPMI complete medium (10% FBS). T. gondii parasites were grown through continuous

infection of Human Foreskin Fibroblasts (HFF), which weremaintained in DMEMcomplete medium (10%FBS). Intracellular parasites

were recovered after HFF disruption by the use of a 23-G needle. DH5a E. coli-expressing OVA were grown in LB Broth medium with

100 mg/mL ampicillin, and stimulated with 0.2 mM IPTG for 6 h before the antigen presentation experiments. Fetal Bovine Serum

(FBS), IMDM, DMEM, and RPMI media were purchased in Gibco.
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In silico analyses
To determine the co-expression profiles of GRASP55 and GRASP65 in mouse and human DCs, we used the ImmuCo database

(collected from microarray data)19 by charging GRASP55 (Gorasp2) and GRASP65 (Gorasp1) as initial input in the Gene A and

Gene B textboxes, respectively. As queries output, two separate downloadable CSV files containing the GEO sample names,

the complete list of signal values corresponding to gene expression intensity, detection calls and p values were displayed. A total

of 347 GRASP55 and GRASP65 signal values and 406 GRASP55 and GRASP65 signal values for mouse and human DCs were dis-

played, respectively. Finally, all mouse and human DCs signal values were plotted in a bar graph using the GraphPad Prism 5

software.

Immunoblotting
Purified phagosomes (10 mg) or total cell lysates from BMDCs, JAWS-II DCs and splenic DCs (105 cells, around 50 mg of proteins for

BMDCs and JAWS-II DCs, or around 25 mg of proteins for splenic DCs) were subjected to SDS-PAGE on 4–15%polyacrylamide gels.

After transfer, the membranes were blocked in 5%Milk/TBS for 1 h and incubated ON with the following antibodies according to the

experimental requirement: anti-GRASP65, anti-GRASP55, anti-b-actin, anti-OVA, and anti-Lamp1. Then, membranes were incu-

bated for 1 hwith secondary peroxidase-conjugated antibodies. Bound antibodies were revealed using the Pierce ECLWestern Blot-

ting Substrate (ThermoFisher Scientific), according to the manufacturers’ instructions. The intensity of the bands was quantified by

densitometry using Quantity One 4.6.6 software (Bio-Rad) and was expressed as arbitrary units.

qPCR
Splenic DCs were treated with 50 mM of Graspin, 100 ng/mL of E. coli-derived ultrapure LPS (TLR4 ligand), or 5 mM of Class B CpG

(TLR9 ligand) for 4 h at 37�C. Cell homogenization and RNA extraction were performed by using the RNeasy Micro Kit following the

manufacturers’ instructions. After determining RNA concentration, cDNAwas produced with the SuperScript III First-Strand Synthe-

sis System for RT-PCR, and PCR amplification was performed by using HOT FIREPol EvaGreen qPCR Supermix 5x during 40 cycles

with the LightCycler 480 Instrument II (Roche). GAPDH/GRASP55 normalization was done by midpoint slope determination.

Flow cytometry
5 x 105 BMDCs and JAWS-II DCs were incubated with 15, 30, or 60 mMof Graspin for 5 h. Cells were washed with 2% (w/v) PBS/BSA

and labeled with 1 mg/mL of Calcein AM for 20 min at room temperature (at dark). After one wash with complete medium, cells were

resuspended in 2% (w/v) BSA/PBS and just before FACS analysis DAPI at 3 mM (final concentration) was added.

For cell surface staining, WT and GRASP55�/� BMDCs were collected, washed and incubated or not with 10 mg/mL LPS for 20 h.

After washing with PBS, BMDCs were stained with amix of FITC anti-H2Kb, PE anti-I-Ab, PE-Cy7 anti-CD11a and APC anti-CD86 for

45 min at 4�C. Cells were washed three times with 2% (w/v) BSA/PBS and analyzed by FACS.

For phagosomal isolation experiments,WT andGRASP55�/�BMDCswere pulsed for 20min at 18�Cand 15min at 37�Cwith 3-mm

OVA-coated latex beads. Then, cells were washed once with cold 2% (w/v) BSA/PBS and twice with 1mL of FBS, and chased for the

indicated times with complete GM-CSF-containing medium at 37�C. After each chase period, BMDCs were washed once with cold

2% (w/v) BSA/PBS to stop phagocytosis, and then they were disrupted with a syringe (22G needle) in homogenization buffer (PBS

8% sucrose, 3 mM imidazole, 1 mMDTT, and 1X protease inhibitor cocktail), as we have described before.3,26 Samples were centri-

fuged at 150 g during 5 min at 4�C and supernatants were placed on a 96-well plate (round bottom). Isolated beads, representing the

phagosomal fraction, were washed with cold 2% (w/v) BSA/PBS by centrifugation at 1,000 g during 5 min at 4�C and fixed with 1%

(w/v) PFA/PBS during 10 min on ice. After two washes with 0.2 M glycine and one wash with 2% (w/v) BSA/PBS, samples were

labeled ON at 4�C with the 25.D1 antibody coupled to APC or a combination of rabbit anti-OVA and rat anti-Lamp1 antibodies in

2% (w/v) BSA/PBS. When needed, samples were incubated with the secondary antibodies for 45 min at 4�C. Finally, stained phag-

osomal preparations were analyzed after gating on a particular FSC/SSC region corresponding to single beads in solution.

For antigen uptake assays, WT and GRASP55�/� BMDCs were incubated for 1 h at 37�C with 0.1 or 0.3 mg/mL of soluble OVA

conjugated to Alexa 647 in complete medium. The incubation at 4�C with the highest concentration of OVA-A647 was performed

as a negative control for endocytosis. Then, cells were washed with 0.5% (w/v) BSA/PBS and the MFI was calculated by FACS anal-

ysis. To determine the phagocytic capacity of WT and GRASP55�/� BMDCs, they were incubated with different amounts of 3-mm

latex beads coated with OVA-A647 in complete medium during 1 h at 37�C or the highest dilution at 4�C. After this period, cells

were extensively washed with 0.5% (w/v) BSA/PBS, labeled first with anti-OVA and then with a secondary anti-rabbit conjugated

to Alexa 488. Finally, BMDCs were analyzed by flow cytometry, and the percentage of cells with beads fully internalized was

determined.

All FACS experiments were done with a BD LSR II Flow Cytometer (BD Biosciences) equipment, and the analyses were performed

by using the FlowJo Software.
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Phagosome purification
WT andGRASP55�/� BMDCs were incubated with 3-mmmagnetic beads for 20 min at 18�C and 15 min at 37�C in free-serum IMDM

medium (pulse). After washing with cold 2% (w/v) BSA/PBS, cells were incubated with rmGM-CSF-containig medium at 37�C to

complete 1, 3 and 5 h of chase. BMDCs were disrupted with a syringe (22G needle) in homogenization buffer (PBS 8% sucrose,

3 mM imidazole, 1 mM DTT and 1X protease inhibitor cocktail), and phagosomes were removed from the post-nuclear supernatant

using a magnet. After washing three times in cold PBS, phagosomal content was recovered by incubating the samples in lysis buffer

(50 mM Tris-HCl pH 7.4, 0.5% NP-40 and 1X protease inhibitor cocktail) during 30 min at 4�C. Finally, cellular debris were excluded

from the solution by centrifugation 5 min at 15,000 rpm, and protein concentration was determined by Bradford.

Exogenous antigen presentation
For Graspin-related experiments WT BMDCs were incubated for 5 h with 3 or 6 mg/mL of soluble OVA, or with OVA-coated 3-mm

latex beads, or during 2 h with the indicated doses of SIINFEKL or ISQAVHAAHAEINEAGR peptides at 37�C. For all antigens, cells
were treated (or not) with 50 mM of Graspin for 5 h. In the conditions involving the short peptides, a 3 h pre-incubation with Graspin

was done before adding the peptides Alternatively, JAWS-II DCs were incubated for 5 h with 0.5 or 5 mg/mL of soluble OVA, or with

different ratios of OVA/BSA-coated 3-mm latex beads, or during 2 h with the indicated doses of SIINFEKL at 37�C. Cells were treated

(or not) with 15, 30, or 60 mMof Graspin for a total time of 5 h. Then, BMDCs or JAWS-II DCs were washed with 0.5% (w/v) BSA/PBS,

fixedwith 0.008%glutaraldehyde during 3min at 4�C, and quenched with 0.2M glycine. After one final wash with PBS, B3Z or OT-IIZ

T cells were added for 16 h at 37�C. T cell activation was measured by detecting b-galactosidase activity by optical density (absor-

bance at 595–655 nm) using CPRG as the substrate for the reaction.

Also, WT and GRASP55�/� BMDCs were incubated for 5 h with 3 or 6 mg/mL of soluble OVA, or with OVA-coated 3-mm latex

beads, or during 2 h with the indicated doses of SIINFEKL or ISQAVHAAHAEINEAGR peptides at 37�C. For all antigen presentation

experiments in presence of LPS, BMDCs were treated for 12 h with 100 ng/mL of ultrapure LPS and then incubated for 5 h with 2 mg/

mL of soluble OVA (Low Endo), or with OVA-coated 3-mm latex beads (Low Endo, OVA 10mg/mL) at 37�C. For T. gondii presentation
experiments, WT andGRASP55�/�BMDCswere infectedwith TgRHGRA6-OVA or TgRH YFP SAG1-OVA parasites for 12 h at 37 �C
at the indicated multiplicity of infection (MOI). For E. coli presentation experiments, WT and GRASP55�/� BMDCs were incubated

with the E. coli DH5a-expressing OVA strain (at MOI 20) for 12 h at 37�C. Before this, the bacteria was incubated with 0.2 mM of

IPTG to induce OVA expression Finally, BMDCs were washed, fixed and confronted to B3Z or OT-IIZ T cells to evaluate their acti-

vation colorimetrically, as detailed before. Alternatively, total splenic DCs were recovered from WT and GRASP55�/� mice using

CD11c MicroBeads following the supplier’s instructions. Then, CD11c+ cells were incubated with the different antigens (soluble

OVA, OVA-coated 3-mm latex beads, SIINFEKL or ISQAVHAAHAEINEAGR OVA peptides) and exposed to B3Z or OT-IIZ cells to

assess T cell activation, as described above.

For in vivo antigen presentation experiments, WT and GRASP55�/� bone marrow chimeras were generated. B6/SJL mice, ex-

pressing the CD45.1+ congenic marker, were lethally irradiated (12 Gy) and were reconstituted intravenously with 5 x 106 bone

marrow cells from WT or GRASP55�/� expressing CD45.2+ congenic marker. Mice were used 45 days after reconstitution. As the

source of exogenous antigen, we used RAW 264.7 macrophages infected with recombinant vaccinia virus (VACV) expressing full-

length OVA (VACV-OVA), a gift from Jonathan W. Yewdell and Jack R. Bennink (National Institutes of Health, USA) that was kindly

provided by Margarita del Val (Centro de Biologı́a Molecular Severo Ochoa, Spain). For this, VACV-OVA stocks were grown in

CV-1 cell monolayers, titrated with crystal violet solution (0.5% crystal violet, 10% ethanol and 1% PFA), and used as clarified son-

icated cell extracts. RAW 264.7 macrophages were cultured in DMEM supplemented with 10% heat-inactivated FBS, 100 mM non-

essential amino acids (Thermo Fisher Scientific), 1 mMpyruvate, 2mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin (all

four from Lonza), 10 mM HEPES (Sigma-Aldrich), and 50 mM 2-mercaptoethanol (Merck), herein called complete DMEM in 150 mm

tissue culture treated dish. RAW 264.7 cells were infected with VACV-OVA at MOI 2 for 4 h and irradiated with Ultraviolet-C (240 mJ/

cm2). Cell preparations were used 16 h later. Then, 2 x 105 VACV-OVA-infected RAW cells were injected intraperitoneally in the chi-

meras. After 7 days, spleens were collected and incubated for 15 min with 250 mg/mL Liberase TL and 200 mg/mL DNase I (both from

Sigma-Aldrich) in Hanks Balanced Salt Solution (HBSS) with 10mMHEPES. After neutralization with heat-inactivated FBS, cells were

smashed through 70 mmcell strainers and spun down at 1700 rpm for 5min at 4�C. Splenic cell pellets were incubatedwith RBC Lysis

Buffer (Sigma-Aldrich) for 3 min at RT, then neutralized with PBS supplemented with 2% FBS and 2 mM EDTA (FACS media) and

spun down at 1700 rpm for 5 min at 4�C. One-tenth of the cells were stained for flow cytometry to analyze B8R+ cells, another tenth

was cultured for 2 h in the presence of 1 mM 20–27 B8R peptide and a third tenth was cultured ON in the presence of 10 mM 262–276

and 60 mM 323–339 OVA peptides. After each culture, 5 mg/mL of Brefeldin A was added for 4 h, and cells were fixed and stained for

flow cytometry.

For antigen presentation experiments of phagosomal fractions, WT andGRASP55�/�BMDCswere incubated for 1 and 5 h (15min

pulse + 45min or 4 h and 45min chase) with OVA covalently coupled to 3-mmmagnetic beads. After the chase periods, BMDCswere

washed with cold 2% (w/v) BSA/PBS and disrupted with a syringe (22G needle) in homogenization buffer (PBS 8% sucrose, 3 mM

imidazole, 1mMDTT and 1X protease inhibitor cocktail). Then, phagosomeswere removed from the post-nuclear supernatant by us-

ing a magnet, washed three times with cold PBS, fixed with 0.008% glutaraldehyde during 3 min at 4�C, and quenched with 0.2 M

glycine. After one final wash with cold PBS, purified phagosomes were disrupted with an insulin syringe/needle so the MHC-OVA

loaded molecules are freely exposed. Finally, these phagosomal membrane-enriched fractions were confronted to B3Z or OT-IIZ
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T cells for 16 h at 37�C, and their activation wasmeasured by addingCPRG. As a control, non-phagocytosed 3-mmOVA-coatedmag-

netic beadswere incubatedwith B3Z orOT-IIZ cells to evaluate any potential nonspecific activation of CD8+ andCD4+ T cells by these

particles.

Endogenous MHC-I antigen presentation
Soluble OVA was electroporated into BMDCs to measure direct MHC-I presentation, as we have previously described.26 Briefly, WT

andGRASP55�/�BMDCs were pre-treated or not with 5 mg/mL of Brefeldin A for 30 min at 37�C. After this time, BMDCs were exten-

sively washed with PBS, suspended in 1 mM HEPES/PBS pH 7.4 + OVA at 3 mg/mL, and electroporated by using a Bio-Rad Gene

Pulser II Porator (0.45 kV and 250 mF of voltage and capacitance, respectively) to introduce OVA into the cytosol. Cells were imme-

diately washedwith cold PBS, resuspended in completemedium and incubated for 2 h at 37�C in the presence or absence of 5 mg/mL

Brefeldin A. Finally, BMDCs were washed, fixed with glutaraldehyde and confronted to B3Z T cells, as described before for exoge-

nous antigen presentation experiments. CD8+ T cell activation was determined by quantifying b-galactosidase activity (optical den-

sity at 595–655 nm absorbance).

Immunofluorescence and microscopy
For confocal microscopy experiments, WT and GRASP55�/� BMDCs were placed on poly-L-lysine-coated glass coverslips for

30 min at room temperature (RT). After one wash with PBS, cells were incubated in complete IMDM rmGM-CSF-containing medium

for 1 h at 37�C in an atmosphere of 5%CO2. BMDCswerewashedwith PBS, fixedwith 2% (w/v) PFA/PBS for 15min at 37�Cand then

quenched with 0.2 M glycine. After this, cells were permeabilized with PBS/0.05% saponin/0.2% BSA for 20 min at RT, washed, and

incubated with the primary antibodies indicated for each figure ON at 4�C. The next day, cells were washed with permeabilization

buffer and incubated with the secondary antibodies for 45 min at 4�C. Cells were washed again three times with permeabilization

buffer and twice with PBS. For Figure 5B, BMDCswere incubated with OVA-coated 3-mm latex beads for 5 h at 37�C after adherence

to the coverslips. After the fixation and permeabilization steps, cells were stained with anti-Lamp1, anti-GRASP55, and anti-SIIN-

FEKL peptide bound to H-2Kb (25.D1) antibodies. For Figure S5A, BMDCs were incubated OVA-coated 3-mm magnetic beads for

5 h at 37�C, fixed, permeabilized and stained sequentially with the anti-OVA and anti-rabbit A555 antibodies. Cells were washed three

times with PBS/0.05% saponin/0.2% BSA, and incubated with 60 nM of phalloidin coupled to Alexa 488 diluted in PBS for 1 h at

37�C. For T. gondii infection experiments, WT BMDCs were infected with TgRH YFP SAG1-OVA parasites for 12 h at 37�C, placed
on poly-L-lysine-coated glass coverslips, fixed, permeabilized, and stained with anti-GRA2 and anti-GRASP55 antibodies. For E. coli

infection experiments, WT BMDCs were incubated with pHrodo Green E. Coli BioParticles for 12 h at 37�C, placed on poly-L-lysine-

coated glass coverslips, fixed, permeabilized, and stained with anti-GRASP55. For all conditions, after secondary antibody staining,

BMDCs were extensively washed with PBS, added 1 mg/mL DAPI, washed again with PBS, and coverslips were mounted with

FluorSave Reagent (Merck). Image acquisition was performed on a Leica SP8 confocal microscope with a 63x/1.4 NA oil immersion

objective. One z stack plane is shown from the acquired images and they were processed with the ImageJ software (Wayne Ras-

band, National Institutes of Health). Image deconvolution was performed with the Parallel Iterative Deconvolution plugin (Piotr Wen-

dykier) using a theoretical PSF generated by the Diffraction PSF 3D plugin (Robert Dougherty).

For STED microscopy experiments, WT BMDCs were infected with TgRH GRA6-OVA parasites for 12 h at 37�C and placed on

poly-L-lysine-coated glass coverslips. Cells were fixed with 2% (w/v) PFA/PBS 10 min at 4�C and then permeabilized with 0.1%

Triton X-100 also 10 min at 4�C. BMDCs were stained with anti-GRA2 and anti-GRASP55 antibodies ON at 4�C, extensively washed

with PBS, incubated with fluorescent secondary antibodies 1 h at RT, and washed again with PBS. Finally, coverslips were carefully

dried and mounted with Mowiol medium. Image acquisition was performed on a Confocal SP8-STED 3Xmicroscope with a 100x/1.4

NA objective. One z stack plane is shown from the acquired images and they were processed with the ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
The two-tailed Student’s unpaired t test and the two-way ANOVA with Bonferroni post-test were performed at the indicated figures.

Mean values, SEM and statistics were calculated by using the GraphPad Prism 5 software. We estimated the population mean

because our study focused on the average value of the population, not on individual values. When comparing multiple means across

different groups, using SEM provides a clearer indication of how precisely each mean is estimated. Results with a p value less than

0.05 were considered significant. All p values and sample size (n, number of replicates and independent experiments) are specified in

every figure legend. No criteria of inclusion or exclusion of data were used in this study.
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