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SUMMARY
Intracellular pathogens have evolved strategies to evade detection by cytotoxic CD8+ T lymphocytes (CTLs).
Here, we ask whether Leishmania parasites trigger the SHP-1-FcRg chain inhibitory axis to dampen antigen
cross-presentation in dendritic cells expressing the C-type lectin receptor Mincle. We find increased cross-
priming of CTLs in Leishmania-infected mice deficient for Mincle or with a selective loss of SHP-1 in CD11c+

cells. The latter also shows improved cross-presentation of cell-associated viral antigens. CTL activation
in vitro reveals increased MHC class I-peptide complex expression in Mincle- or SHP-1-deficient CD11c+

cells. Neuraminidase treatment also boosts cross-presentation, suggesting that Leishmania triggers SHP-
1-associated sialic-acid-binding receptors. Mechanistically, enhanced antigen processing correlates with
reduced endosomal acidification in the absence of SHP-1. Finally, we demonstrate that SHP-1 inhibition
improves CD11c+ cell-based vaccination against the parasite. Thus, SHP-1-mediated impairment of cross-
presentation can be exploited by pathogens to evade CTLs, and SHP-1 inhibition improves CTL responses
during vaccination.
INTRODUCTION

Host immunity against intracellular pathogens is orchestrated

by T helper (Th) type 1 cells and frequently requires the partic-

ipation of CD8+ cytotoxic T lymphocytes (CTLs). CTLs pro-

duce high amounts of proinflammatory cytokines and kill in-

fected target cells (Schmidt and Varga, 2018). Generation of

memory CTLs is an important goal of vaccination against

intracellular pathogens and, potentially, tumors (Enamorado

et al., 2017; Huster et al., 2006; Klebanoff et al., 2006; Wherry

and Ahmed, 2004). Leishmania is an obligate intracellular pro-

tozoan parasite that establishes itself within the phagolyso-

some of host phagocytic cells, mainly macrophages. CTLs

contribute to parasite control during experimental visceral

leishmaniasis (VL) (Stäger and Rafati, 2012) and in cutaneous

leishmaniasis (CL) induced by a low dose infection with

L. major in mice (Belkaid et al., 2002). IFN-g production by

CTLs blocks the development of Th2 cells, favoring the devel-

opment of protective Th1 responses (Uzonna et al., 2004).

CTL effector responses are lower than CD4+ T cell responses

in human CL (Boussoffara et al., 2019; Nateghi Rostami et al.,

2010) and sometimes undetectable in VL patients (Gautam

et al., 2014). Poor activation and expression of PD-1, CTLA-

4, and other markers of exhausted CTL (Gautam et al.,

2014; Viana et al., 2019) suggest low efficiency of Leishmania
C
This is an open access article under the CC BY-N
antigen presentation into major histocompatibility complex

(MHC) class I molecules.

Dendritic cells (DCs) initiate and control themagnitude and the

quality of CTL responses because of their capacity to process

peptides into MHC class I complexes, while decoding and inte-

grating signals received from their milieu, which are then

conveyed to naive CTLs (Iborra et al., 2016b; Kim et al., 2014;

Zammit et al., 2005). The main mechanism providing peptides

for MHC class I relies on proteasomal degradation of defective

ribosomal products and other rapidly degraded proteins in the

cytosol. DCs can also engulf infected cells or pathogen prod-

ucts, which can be translocated to the cytosol and degraded

by the proteasome. In both pathways, the resulting polypeptides

are delivered into the endoplasmic reticulum through the trans-

porter associated with antigen processing (TAP), trimmed, and

presented to naive CTLs. How these peptides are processed,

outcompeting an overwhelming supply of constitutively gener-

ated peptides, is not well understood (see Yewdell et al., 2019,

for a recent review). Leishmania is confined almost exclusively

within phagolysosomes in macrophages, and its cross-presen-

tation is circumscribed to an inefficient proteasome and TAP-in-

dependent phagosomal pathway (Bertholet et al., 2005, 2006),

which might facilitate its transmission to other hosts (Martı́nez-

López et al., 2018). In this line, Leishmania-specific CD8+ T cell

priming does not require Batf3-dependent DCs, which are cells
ell Reports 33, 108468, December 1, 2020 ª 2020 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:siborra@ucm.es
https://doi.org/10.1016/j.celrep.2020.108468
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2020.108468&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


A C

B D

E

Figure 1. Increased CD8+ T Cell Priming in Mincle-Deficient and in CD11cDSHP-1 Mice during L. major Infection

(A and B) WT and Clec4e�/�mice were transferred intravenously (i.v.) with CD45.1+ OT-I OVA-specific CD8+ T cells labeled with CellTrace Violet and infected i.d.

in the ear with 105 of either L. major or recombinant L. major expressing OVA (L. major-OVA). (A) Left: representative histograms showing CellTrace Violet dilution

in OT-I cells in draining lymph nodes (dLNs) 2.5 days post-infection (p.i.). Right: quantification of the percentage of proliferating (CellTrace Violetlo) OT-I in dLNs.

(B) Left: representative plots of IFN-g production by OT-I following ex vivo restimulation of dLNs with OVA257–264 peptide. Right: quantification of the percentages

of IFN-g+ OT-I in dLNs.

(legend continued on next page)
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optimally equipped for cross-presentation (Martı́nez-López

et al., 2015). Sensing of apoptotic L. major-infected neutrophils

by Mer tyrosine kinase-dependent signaling in DCs indirectly in-

hibits CTL priming (Ribeiro-Gomes et al., 2015). Leishmaniamet-

alloprotease GP63 cleaves a subset of SNAREs, including

VAMP8, preventing the assembly of the NADPH oxidase com-

plex (NOX2). This strategy is critical to limit the acidification in

cross-presentation compartments (Matheoud et al., 2013; Matte

et al., 2016), preventing a complete and premature destruction of

MHC class I ligands by proteases (Savina et al., 2006). Although

Leishmania would benefit from actively inhibiting cross-presen-

tation, we are not aware of any other strategy being described

so far. Here we show that Leishmania dampens cross-presenta-

tion by triggering the SHP-1 inhibitory axis in DC.

RESULTS AND DISCUSSION

The C-type lectin receptor Mincle (Clec4e) couples to the Fc re-

ceptor g chain (FcRgc) that bears an immunoreceptor tyrosine-

based activation motif (ITAM). A ligand released by Leishmania

and sensed by Mincle shifts to an inhibitory ITAM configuration

that recruits the protein-tyrosine phosphatase SHP-1 (PTPN6)

(Iborra et al., 2016a). Mice deficient in Mincle, or lacking SHP-1

in CD11c+ cells, show more robust DC activation and migration,

resulting in enhanced priming of Th1 cells (Iborra et al., 2016a).

Infection with L. major expressing chicken ovalbumin (OVA) in

the ear dermis of wild-type (WT) mice induced very poor priming

of OVA-specific CD8+ OT-I cells in auricular draining lymph no-

des (dLNs) (Figure 1A) (Martı́nez-López et al., 2015). OT-I T cell

proliferation was significantly increased in infected Clec4e�/�

mice in vivo (Figure 1A), with increased IFN-g production upon

OVA peptide (OVA257–264) restimulation ex vivo (Figure 1B). We

observed that this improved priming of CD8+ T cells specific

for L. major-associated antigen was phenocopied in mice lack-

ing SHP-1 in CD11c+ cells (CD11cDSHP-1) (Abram et al.,

2013) (Figures 1C and 1D). We (and others) have shown that

Mincle is not expressed by cDC1 but rather by monocyte-

derived DCs and some subsets of cDC2 (Iborra et al., 2016a;

Martı́nez-López et al., 2019) (http://www.immgen.org/). To

determine whether the SHP-1-dependent increased in CD8+

T cell priming is restricted to Mincle-expressing DCs, resident

andmigratory DCs from auricular dLNs after L. major-OVA infec-

tion were sorted and separated into XCR1+ (cDC1) and CD11b+

(cDC2 and monocyte-derived DCs) cells and co-cultured with

effector OT-I cells generated in vitro (Figure 1E). CTL activation,

determined by intracellular staining of IFN-g, allows the detec-

tion of MHC class I-peptide (Kb/OVA257–264) complexes

(pMHC) with high sensitivity (Medina et al., 2009). Using this

method, we observed that SHP-1 deletion improved the antigen

cross-presentation capacity of each sorted CD11c+ DC subset

(Figure 1E), indicating that diverse SHP-1-dependent mecha-
(C and D)WT andCD11cDSHP-1mice were transferred i.v. with CD45.1+ OT-I and

percentage of proliferating (CellTrace Violetlo) OT-I in dLNs. (D) Quantification of

(E) Effector OT-I T cells were co-cultured with migratory (MHCIIhi) or resident (MH

auricular dLNs from the indicated genotypes (1:1 ratio), and IFN-g production w

Individual data from at least two pooled experiments of three performed are show

Student’s t test).
nisms triggered by Leishmania infection might be dampening

cross-presentation. In fact, several ITIM-containing inhibitory re-

ceptors (Pirb, Sirpa, PECAM-1, FcgRIIb, Clec4a2, and Clec12a)

expressed by DCs recruit SHP-1 (Abram and Lowell, 2017).

These results prompted us to test whether CTL cross-priming

(XP) against viral antigens from infected dead cells, which

relies on Batf3-dependent cDC1 in vivo (Hildner et al., 2008;

Iborra et al., 2012; Zelenay et al., 2012), is also affected in

CD11cDSHP-1 mice. Following inoculation of vaccinia virus

(VACV)-infected RAW macrophages (H-2d) irradiated with UV

(RAW-VACV-UV) to inactivate the virus, WT mice exhibited less

CD44+ CTL specific for the VACV immunodominant peptide

B8R20–27 compared with CD11cDSHP-1 littermates (Figures

S1A and S1B) and lower frequencies of IFN-g-producing CTLs

upon B8R20–27 restimulation (Figures S1C and S1D). Thus,

SHP-1-mediated inhibition of XP affects also XP of virus-specific

CTL.

Next, we asked if Mincle and SHP-1 impair CD8+ T cell XP by

affecting MHC class I-peptide complex formation, not by simply

increasing DC maturation and migration to dLNs (Abram and

Lowell, 2017; Abram et al., 2013; Iborra et al., 2016a; Kaneko

et al., 2012). For that, we used effector OT-I CTLs generated

in vitro, which only require to engage Kb/OVA257–264 complexes

for their activation. We used CD11c+ GMCSF bone marrow-

derived cells (GM-BM) from WT, Clec4e�/�, and CD11cDSHP-1

mice as antigen-presenting cells (Figure 2A), because they

consist of a mix of macrophages (BM-Macs) and CD11b cDC2

(BM-DCs) (Helft et al., 2015) that either constitutively express

Mincle (BM-Macs) or upon stimulation (BM-DCs) (Martı́nez-Ló-

pez et al., 2019). We observed poor cross-presentation of

Leishmania-associated OVA antigen to effector OT-I cells in

WT GM-CD11c+ cells, compared with Mincle-deficient or SHP-

1-deficient GM-BM (Figures 2B and 2C). As SHP-1 impairs

CD8+ T cell XP independently of Mincle expression (Figure 1E),

we evaluated Flt3L bone marrow-derived DCs (Flt3L BMDCs),

a source of cDC1 that, as aforementioned, do not express

Mincle. We found that SHP-1 deficiency in Flt3L BMDCs or inhi-

bition of SHP-1 by treatment with the SHP-1/2 phosphatase in-

hibitor NSC-87877 increased the cross-presentation capacity of

Leishmania-associated OVA antigen to OT-I cells (Figure 2D).

Similarly, we explored their capacity to cross-present Leish-

mania to antigen-specific memory CD8+ T cells. For that, we

co-cultured Leishmania freeze/thawed (F/T)-loaded Flt3L

BMDCs with antigen-experienced cells (CD44+) CD8+ T cells pu-

rified from the spleen of Leishmania-infected and healedmice, or

CD44+ cells from naive mice, and we performed polyclonal stim-

ulation 3 days later. We observed an increased IFN-g production

by memory CD8+ T cells cultured with SHP-1-deficient DCs or

NSC-87877-treated DCs, compared with WT untreated DCs

(Figure 2E), without affecting bystander activation. To confirm

that SHP-1 also inhibits cross-presentation of exogenous viral
infectedwith L. major or L. major-OVA as in (A) and (B). (C) Quantification of the

the percentages of IFN-g+ OT-I in dLNs.

CIIlo) CD11b+ DCs or XCR1+ DCs, sorted as indicated in the picture from the

as quantified.

n as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 (unpaired two-tailed
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Figure 2. Mincle or SHP-1 Deficiency in Antigen-Presenting Cells Improves Antigen Cross-Presentation

(A) Scheme of antigen presentation assays.

(B–E) CD11c+ cells purified from GM-BM (B and C) or Flt3L BMDC (D and E) of the indicated genotype were exposed for 4 h to titrated freeze/thawed (F/T)

L. major-OVA. Cells were thereafter co-cultured for 6 h, in the presence of BFA for the last 4 h, with in vitro expandedOT-I T cells (B–D) or CD44+ CD8+ T cells from

either naive mice or L. major-V1 infected and healed C57BL/6 mice (E). Cultures were stained for CD8 and intracellular IFN-g.

(legend continued on next page)
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antigens from infected dead cells, we treated GM-BM (Figure 2F)

or Flt3L BMDCs (Figure 2G) with VACV-OVA-infected RAW

macrophages irradiated (RAW-VACV-OVA-UV) or not (RAW-

VACV-OVA) with UV. SHP-1 deficiency or inhibition with NSC-

87877 increased cross-presentation of OVA257–264 to effector

OT-I cells both in GM-BM (Figure 2F) and Flt3L BMDCs (Fig-

ure 2G) or cross-presentation of viral antigens to effector CD8+

T cells purified from VACV-infected mice (Figures S2A and

S2B). Interestingly, SHP-1-deficient but not Mincle-deficient

GM-BM were more efficient at cross-presenting OVA antigen

coupled to latex beads, suggesting that cis-trans interactions

of ligands with receptors triggering SHP-1 activation inhibit

cross-presentation even in basal conditions (Figures S2C

and S2D).

Siglec-G, a sialic-acid-binding lectin broadly expressed in

DCs, inhibits cross-presentation by a mechanism that involves

SHP-1 (Ding et al., 2016). We determined the role of sialic acids

in the SHP-1-mediated effects on Leishmania-associated anti-

gen cross-presentation. We found staining with sialic-acid-bind-

ing proteins on the surface of live and F/T Leishmania parasites

(Figure S3A), which was prevented by sialidase (neuraminidase)

treatment (Figures S3A and S3B). Leishmania cannot synthesize

its own sialic acid and is not endowed with trans-sialidase activ-

ity. We reasoned that the parasite scavenged or acquired sialic

acids from an external source (Chava et al., 2004; Roy and Man-

dal, 2016). In fact, recognition of sialic acids on the parasites was

directly proportional to the percentage of fetal calf serum (FCS) in

the culture medium (Figure S3C), while the expression of Mincle

ligand by L. major is not affected by the presence or absence of

serum (Figure S3C). We observed that the poor cross-presenta-

tion of Leishmania-associated OVA antigen to effector OT-I cells

in WT GM-BM cells could be reverted by either pretreating the

cells with NSC-87877 or treating Leishmania F/T extracts with

sialidase (Figure 3A). Removal of sialic acids on the surface of

DC might improve antigen cross-presentation (Silva et al.,

2016, 2020). However, we did not find a decrease in the abun-

dance of sialic acids on DC due to residual neuraminidase activ-

ity (Figure S3D) or an increase in IFN-g production byOT-I cells in

the absence of cognate antigen (Figure S3E). On the other hand,

both sialidase treatment and SHP-1 inhibition increased cross-

presentation of Leishmania-associated OVA antigen in Mincle-

deficient GM-BM, confirming that, besides Mincle, other

receptors coupled to SHP-1 are able to dampen antigen pro-

cessing (Figure 3B) and that Mincle is not involved in the recog-

nition of sialic acids. It has been shown that Siglec-G can recruit

SHP-1 to dephosphorylate p47phox, which inhibits NOX2

activation in the phagosomes of DC, consequently increasing

phagosomal acidification (Ding et al., 2016). We confirmed these

observations by assessing endosomal acidification using pH-

sensitive or insensitive dextrans. WT or SHP-1-deficient GM-

BM (Figure 3C) or Flt3L BMDCs (Figure 3D) were treated with

(1) pH-insensitive Alexa 647-labeled dextrans; (2) fluorescein
(F and G) GM-BM (F) or Flt3L BMDCs (G) of the indicated genotype were expos

infected with VACV-OVA not treated (RAW-VACV-OVA) or treated with UV (RAW-

30 min with NSC-87877 before adding the antigens. Cells were thereafter co-cult

T cells. Cultures were stained for CD8 and intracellular IFN-g. Production of IFN

*p < 0.05, **p < 0.01, and ***p < 0.001 (unpaired two-tailed Student’s t test in B,
isothiocyanate (FITC)-labeled dextran, whose fluorescence di-

minishes with acidification; and (3) pHrodo dextran, which is

almost non-fluorescent at neutral pH and fluoresces brightly in

acidic environments. We observed by flow cytometry that endo-

cytosis of Alexa 647-labeled dextrans was not affected by SHP-

1-deficiency in both types of antigen-presenting cells. In

contrast, pHrodo fluorescence increased with incubation time,

while FITC fluorescence diminished in an SHP-1-dependent

manner (Figures 3C and 3D), confirming that SHP-1 promotes

endosomal acidification, whichmight cause an increased or pre-

mature antigen degradation, preventing cross-presentation

(Mantegazza et al., 2008; Savina et al., 2006).

Vaccines aimed at generating potent CTL responses largely

depend on cross-presentation. Therefore, we determined if

SHP-1 inhibition could specifically improve antigen cross-pre-

sentation during vaccination. For that, we cultured WT, treated

or not with NSC-87877, or SHP-1-deficient GM-BM, with

VACV-infected RAW macrophages irradiated with UV (RAW-

VACV-UV) (as in Figure 2F), which were also loaded with an

excess of influenza PR8 NP366–374 peptide (Figure 4A). We inoc-

ulated mice i.v. with these GM-BM cells and assessed direct

priming (DP) of NP-specific or XP of B8R-specific CD8+ T cells,

by using specific fluorescent labeled pMHC class I multimers

(Db/ NP366–374 peptide or Kb/B8R20–27, respectively) (Figure 4A).

We found increased frequencies of B8R-specific CD8+ T cells,

but not of NP-specific CD8+ T cells, in mice vaccinated with cells

deficient for SHP-1 or treated with the inhibitor compared with

WT mice (Figure 4B). We found similar results using sodium sti-

bogluconate (SSG) to inhibit SHP-1, and GM-BM loaded with an

excess of OVA257–264 peptide to determine DP (Figure S4A).

Therefore, we found that GM-BM-based vaccination could

benefit from SHP-1 inhibition because it improves antigen

cross-presentation.

We finally tested the global beneficial effects of SHP-1 inhibi-

tion during vaccination against CL in BALB/c mice, which are

highly susceptible to L. major infection. For that, we inoculated

intradermally (i.d.) into the ears GM-BM cells loaded with F/T

Leishmania, treated or not with NSC-87877 and/or CpG ODN.

Six weeks later, we infected the mice with a low dose of

L. major in the ear, a physiological setting of CL that, as afore-

mentioned, requires CD8+ T cells for an efficient control of the

parasite (Belkaid et al., 2002). We analyzed T cell responses in

the ear 6 days after infection. For that, ear cell suspensions

were cultured with GM-BM loaded with F/T Leishmania

ex vivo. We found a higher frequency of IFN-g- and TNF-a-pro-

ducing CD8+ T cells (Figure 4C), and lower parasite loads (Fig-

ure 4D), in mice vaccinated with Leishmania-loaded GM-BM

treated with NSC-87877, compared with unvaccinated mice,

or mice treated with Leishmania-loaded GM-BM alone. Simi-

larly, SHP-1 inhibition during DC vaccination increased the

frequencies of IFN-g-producing CD4+ T cells, without affecting

cells producing only TNF-a (Figure S4B) or IL-4 production
ed to titrated RAW cells treated with UV 16 h before (RAW-UV) or RAW cells

VACV-OVA-UV) to inactivate the virus. Where indicated, cells were treated for

ured for 6 h, in the presence of BFA for the last 4 h, with in vitro expanded OT-I

-g as mean ± SEM from two pooled experiments is shown.

C, and E; one-way ANOVA with Tukey post hoc test in D, F, and G).
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Figure 3. SHP-1 Inhibition or Removal of Sialic Acid Adsorbed to the Parasite Boosts the Cross-Presentation Ability of Antigen-Presenting

Cells
(A and B) Removal of sialic acid adsorbed to L. major increases antigen cross-presentation in both WT and Mincle-deficient GM-BM. CD11c+ cells were

purified from GM-BM of the indicated genotype and exposed for 4 h to titrated F/T L. major-OVA extracts pretreated or not with sialidase for 1 h (neuraminidase,

0.1 U/mL). Where indicated, cells were treated for 30 min with NSC-87877, before adding the antigens. Thereafter, cells were co-cultured for 6 h, in the presence

of BFA for the last 4 h, with in vitro expanded OT-I T cells. Cultures were stained for CD8 and intracellular IFN-g. Production of IFN-g as mean ± SEM from two

pooled experiments is shown.

(C and D) SHP-1 promotes endosomal acidification. CD11c+ cells purified from GM-BM (C) or Flt3L BMDCs (D) were pulsed with 50 mg/mL of the indicated

dextran and during the indicated time. Graph shows mean fluorescence intensity (MFI) ± SEM data from a representative experiment out of three performed.

*p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test in A and B; one-way repeated-measures ANOVA with Bonferroni post hoc test in C and D).
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(Figure S4C). A single inoculation of SHP-1 inhibited GM-BM

loaded with Leishmania antigens significantly reduced the

inflammation of the ear, compared with vaccination with non-

inhibited GM-BM treated with CpG ODN or not (Figure 4E).

Moreover, only mice vaccinated with NSC-87877-treated DCs
6 Cell Reports 33, 108468, December 1, 2020
showed lower parasite loads in the auricular dLNs 5 weeks af-

ter infection compared with controls (Figure 4F), independently

of the adjuvant, and correlating with increased secretion of

IFN-g in the supernatants of antigen-stimulated dLN cell cul-

tures (Figure 4G). Interestingly, we found some decrease in
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the ear lesions caused by L. major infection in mice inoculated

with DMSO-treated GM-BM compared with PBS controls (Fig-

ure 4E) and in the parasite load in the skin (Figure 4D), but not in

the dLNs (Figure 4F). This protection might be mediated by

TNF-a+ CD4+ T cells in the skin, as we only found parasite-spe-

cific IFN-g production in the dLNs (Figure 4G) and in the skin

(Figure 4C) when SHP-1 was inhibited.

Globally, we describe here that Leishmania inhibits cross-pre-

sentation in DCs via SHP-1 to evade CD8+ T cells responses.

These effects are partially mediated by Mincle (Iborra et al.,

2016a; Martı́nez-López et al., 2019) but also by other receptors

signaling through SHP-1 phosphatase activation. In line with a

previous report (Ding et al., 2016), our results indicate that sialic

acid recognition is one of these SHP-1-mediated mechanisms

involved in inhibiting antigen cross-presentation. These results

might be relevant for immune homeostasis and might partially

explain the autoimmune responses observed in CD11cDSHP-1

mice (Abram and Lowell, 2017; Abram et al., 2013; Kaneko

et al., 2012) or the autoimmune disorders associated to sialic

acid recognition (reviewed by Mahajan and Pillai, 2016). Simi-

larly, part of the CD8+ T cell-associated beneficial effects of sialic

acid blockade in tumors (B€ull et al., 2018), or inhibiting SHP-1

during DC immunotherapy (Ramachandran et al., 2011), might

be related to increased cross-presentation (Silva et al., 2016).
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Cano, S., Mejı́as-Pérez, E., Esteban, M., Melero, I., Hidalgo, A., et al. (2017).

Enhanced anti-tumour immunity requires the interplay between resident and

circulating memory CD8(+) T cells. Nat. Commun. 8, 16073.

Gautam, S., Kumar, R., Singh, N., Singh, A.K., Rai, M., Sacks, D., Sundar, S.,

and Nylén, S. (2014). CD8 T cell exhaustion in human visceral leishmaniasis.

J. Infect. Dis. 209, 290–299.
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Antibodies

anti-mouse CD45.1, APC, clone A20 eBiosciences Cat# 17-0453-81; RRID:AB_469397

anti-mouse CD45.1, PerCP-Cyanine5.5, clone A20 eBiosciences Cat# 45-0453-82; RRID:AB_1107003

anti-mouse CD45.1, eFluor 450, clone A20 eBiosciences Cat# 48-0453-82; RRID:AB_1272189

anti-mouse CD45, eFluor 450, clone 30-F11 eBiosciences Cat# 48-0451-82; RRID:AB_1518806

anti-mouse CD45.1, V450, clone A20 BD Biosciences Cat# 560520; RRID:AB_1727490

anti-mouse CD16/CD32, clone 2.4G2 Tonbo Cat# 70-0161; RRID:AB_2621487

anti-mouse CD44, FITC, clone IM7 eBiosciences Cat# 11-0441-81; RRID:AB_465044

anti-mouse CD44, v450, clone IM7 BD Biosciences Cat# 560452; RRID:AB_1645274

anti-mouse CD3e, FITC, clone 145-2C11 Tonbo Cat# 35-0031; RRID:AB_2621659

anti-mouse CD4, PE, clone GK1.5 Tonbo Cat# 50-0041; RRID:AB_2621736

anti-mouse CD8a, PerCP-Cy5.5, clone 53-6.7 Tonbo Cat# 65-0081; RRID:AB_2621882

anti-mouse CD8a, PE, clone 53-6.7 eBiosciences Cat# 12-0081-83; RRID:AB_465531

anti-mouse CD11b, APC,clone M1/70 eBiosciences Cat# 17-0112-83; RRID:AB_469344

anti-mouse IFN-g,APC,clone XMG1.2 eBiosciences Cat# 17-7311-82; RRID:AB_469504

anti-mouse TNF-a, Antibody PE, clone MP6-XT22 BioLegend Cat# 506306; RRID: AB_315427

anti-mouse IFN-g, APCCy7, clone XMG1.2 BioLegend Cat# 505849; RRID:AB_2616697

anti-mouse I-A/I-E (MHCII), FITC, clone 2G9 BD Biosciences Cat# 553623; RRID:AB_394958

anti-mouse CD4, APC, clone RM4-5 BD Biosciences Cat# 553051; RRID:AB_398528

anti-mouse CD4, PerCP-Cy5.5, clone RM4-5 BD Biosciences Cat# 550954; RRID:AB_393977

anti-mouse CD11c, APC, clone HL3 BD Biosciences Cat# 550261; RRID:AB_398460

anti-mouse CD11c, PE, clone HL3 BD Biosciences Cat# 553802; RRID:AB_395061

anti-mouse CD45R/B220, BV421, clone RA3-6B2 BD Bioscience Cat# 562922, RRID:AB_2737894

anti-mouse CD11b, FITC, clone M1/70 BD Biosciences Cat# 11-0112-85; RRID:AB_464936

anti-mouse I-A/I-E (MHCII), AF700, clone M5/114.15.2 BioLegend Cat# 107621; RRID:AB_493726

anti-mouse/human CD11b, BV605, clone M1/70 BioLegend Cat# 101237; RRID:AB_11126744

anti-mouse/human CD11b, APCFire750, clone M1/70 BioLegend Cat# 101262; RRID:AB_2572122

anti-mouse/rat XCR1, PE, clone ZET BioLegend Cat# 148204; RRID:AB_2563843

anti-mouse CD172a (SIRPa), PerCP/Cy5.5, clone P84 BioLegend Cat# 144009; RRID:AB_2563547

anti-mouse CD4, PECy7, clone RM4-5 BioLegend Cat# 100528; RRID:AB_312729

anti-mouse/human CD11b, APC/Cy7, clone M1/70 BioLegend Cat# 101226; RRID:AB_830642

anti-mouse CD11c, Biotin Conjugated, Clone HL3 BD Bioscience Cat# 553800; RRID:AB_395059

anti-mouse/human CD11b, Biotin Conjugated,

Clone M1/70

BD Bioscience Cat# 553309; RRID:AB_394773

anti-mouse/human CD45R/B220, Biotin Conjugated,

Clone RA3-6B2

BD Bioscience Cat# 553086; RRID:AB_394616

anti-mouse I-A/I-E (MHCII), Biotin Conjugated,

Clone 2G9

BD Bioscience Cat# 553622; RRID:AB_394957

anti-mouse CD4, Biotin Conjugated, Clone GK1.5 BD Bioscience Cat# 553728; RRID:AB_395012

anti-mouse Ly-6G, Ly-6C, Biotin Conjugated,

Clone RB6-8C5

BD Bioscience 5Cat# 553124; RRID:AB_394640

anti-mouse CD16/32, Biotin Conjugated, Clone 2.4G2 BD Bioscience Cat# 553143, RRID:AB_394658

anti-mouse CD370 (CLEC9A, DNGR1) APC BioLegend Cat# 143505; RRID: AB_2566379

Anti-mouse CD24 (eBioSN3 (SN3 A5-2H10)), PE eBiosciences Cat# 12-0247-42 RRID: AB_1548678
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Bacterial and Virus Strains

Leishmania major Friedlin clone V1 (FV1)

(MHOM/IL/80/Friedlin)

Isolated from a patient with localized

cutaneous leishmaniasis in Israel.

David Sacks (NIAID, NIH, USA)

N/A

L. major Friedlin clone Vl expressing OVA

(PHOC L. major)

(Prickett, 2006) Paul M. Kaye

and Deborah F. Smith (University

of York, UK)

N/A

Vaccinia virus WR Jonathan W. Yewdell and Jack R.

Bennink (National Institutes of

Health, Bethesda, MD)

N/A

Chemicals, Peptides, and Recombinant Proteins

Liberase TL Research Grade Roche Cat# 5401020001

DNase I, Bovine Pancreas, > 2000U/MG Biomatik Cat# A4193

Neuraminidase (Sialidase) Sigma Cat# 10269611001

SHP-1/2 PTPase inhibitor NSC-87877 Merk Millipore Cat# 565851-50MG

Sodium Stibogluconate Merk Millipore Cat# 567565-1GM

CpG ODN1826 Invivogen Cat# tlrl-1826-1

OVA 257SIINFEKL264 peptide GeneScript N/A

B8R (20TSYKFESV27) peptide GeneScript N/A

NP (366ASNENMDAM 374) peptide GeneScript N/A

VACV, H-2Kb (20TSYKFESV27, B8R) tetramer NIH Tetramer Facility at Emory

University

N/A

OVA H-2Kb (257SIINFEKL264) dextramer Immudex Cat# JD2163

Influenza PR8, H-2Db (366ASNENMDAM374,NP)

tetramer

NIH Tetramer Facility at Emory

University

N/A

CellTrace Violet Cell Proliferation Kit Invitrogen Cat# C34557

Recombinant murine GM-CSF Miltenyi Biotec Cat# 130-095-746

Mouse Flt3L, research grade Miltenty Biotec Cat# 130-097-372

Human IL-2 IS research grade Miltenyi Biotec Cat# 130-097-743

Streptavidin APC eBioscience Cat# 17-4317-82

Streptavidin PE eBioscience Cat# 12-4317-87

Streptavidin PerCP-Cyanine5.5 eBioscience Cat# 45-4317-82

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit Molecular Probes Cat# 10154363

Hoechst 33258 ThermoFisher Cat# H3569; RRID:AB_2651133

SureBlue TMB 1- Peroxidase Substrate SeraCare Cat# 5120-0075

TMB Stop Solution SeraCare Cat# 5150-0020

Fluorescein isothiocyanate–dextran Sigma-Aldrich Cat# 46944

Dextran, Alexa Fluor 647; 10,000 MW, Anionic,

Fixable

Thermofisher Cat# D22914

pHrodo Red Dextran, 10,000 MW, for Endocytosis Thermofisher Cat# P10361

Recombinant Human Siglec 5-Fc Chimera

(carrier-free)

Biolegend Cat#557204

Recombinant human Clec4e (Mincle) Fc

Chimera Protein

R&D Systems Cat# 8995-CL-050

Recombinant Human IgG1 Fc, CF R&D Systems Cat#110-HG-100

Sambucus Nigra (Elderberry Bark) Lectin

(SNA, EBL), fluorescein (FITC)

Thermofisher Cat#L32479

Critical Commercial Assays

Mouse IL-4 ELISA Set BD Biosciences Cat# 555232

Mouse IFN-g ELISA Set BD Biosciences Cat# 551866

(Continued on next page)
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Experimental Models: Organisms/Strains

Mouse: Clec4e�/� (B6.Cg-Clec4etm1.1Cfg) (Wells et al., 2008) N/A

Mouse: CD11cDSHP1 (B6.Cg-Tg(Itgax-cre)1-

1Reiz/J Ptpn6fl/fl)

(Iborra et al., 2016a) N/A

Mouse: OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J) Jackson Laboratory Cat# 003831

Software and Algorithms

FlowJo v10 Tree Star https://www.flowjo.com/solutions/

flowjo/downloads

GraphPad Prism v8 GraphPad Software N/A

Other

Streptavidin MicroBeads Miltenyi Biotec Cat# 130-048-101

Anti-mouse CD11c MicroBeads Miltenyi Biotec Cat# 130-097-059

Brefeldin A Sigma-Aldrich Cat# B7651
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Salvador

Iborra (siborra@ucm.es).

Materials Availability
The mouse lines and parasites obtained from other laboratories may require a Material Transfer Agreement (MTA) with the providing

scientists.

Data and Code Availability
This study did not generate/analyze [datasets/code].

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental Animals
Mice were bred and maintained in groups of 2-5 animals per cage at the CNIC under specific pathogen-free conditions. Males and

females of 7-9 weeks old were used. Animal studies were approved by the local ethics committee. All animal procedures conformed

to EU Directive 2010/63EU and Recommendation 2007/526/EC regarding the protection of animals used for experimental and other

scientific purposes, enforced in Spanish law under Real Decreto 1201/2005.

Clec4e�/� (B6.Cg-Clec4etm1.1Cfg) mice, backcrossed more than 10 times to C57BL/6J-Crl, were kindly provided by D. Sancho

(CNIC) and originally provided by the Scripps Research Institute, through R. Ashman and C. Wells (Griffiths University, Australia)

(Wells et al., 2008). CD11cDSHP1 (Abram et al., 2013) and Clec4e�/� mice were generated along with WT littermates by heterozy-

gous matings. OT-I CD8+ TCR transgenic mice in C57BL/6 background (C57BL/6-Tg(TcraTcrb)1100Mjb/J) were from The Jackson

Laboratory. OT-I mice were mated with B6/SJL expressing the CD45.1 congenic marker (The Jackson Laboratory) to facilitate cell

tracking.

Microbe strains
Leishmania major Friedlin clone V1 (FV1) (MHOM/IL/80/Friedlin) was a kind gift from David Sacks (NIAID, NIH, Bethesda, USA) and

L. major Friedlin clone Vl expressing OVA (PHOC L. major) (Prickett et al., 2006) was generously provided by Paul M. Kaye and

Deborah F. Smith (University of York, UK). The WR VACV strain was a kind gift from Jonathan W. Yewdell and Jack R. Bennink (Na-

tional Institutes of Health, Bethesda, MD). Viral stocks were grown in CV-1 monolayers and used as clarified sonicated cell extracts

(NIAID, NIH, Bethesda, USA).

METHOD DETAILS

Parasite preparation and antigen extracts
For Leishmania challenge, parasites of different lines were cultured and kept in a virulent state as described (Martı́nez-López et al.,

2015). Mice were infected by i.d. inoculation of 103 (or 13 105 for L. major-OVA experiments) metacyclic L. major promastigotes into
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the dermis of both ears (Martı́nez-López et al., 2015). Lesion size in the ear and number of viable parasites was determined as

described (Martı́nez-López et al., 2015). The parasite load is expressed as the number of parasites in the whole organ. For prepara-

tion of Freeze-thawed (F/T) L. major, we performed 3 F/T cycles of 108 stationary parasites in complete RPMI medium [RPMI 1640

(GIBCO�) supplemented with 10% heat-inactivated fetal bovine serum, 50 mM 2-mercaptoethanol (both Sigma), 2mM glutamine,

100 U/mL penicillin and 100 mg/mL streptomycin (both Lonza), 0.1 mM NEAA, 1 mM Sodium Pyruvate, 1 mM HEPES (all from

HyClone]. Where indicated, L. major were pre-treated with Neuraminidase 0.1 U/mL (Sialidase; Sigma).

Sialic acid detection by flow cytometry on parasites and GM-BM CD11c+ cells
Freeze-thawed (F/T) L. major parasites were prepared by 3 cycles of freezing and thawing of 107 stationary parasites in complete

RPMI medium from promastigotes grown in 20%, 5%, 2.5% FCS or Knockout Serum Replacement (GIBCOTM). F/T promastigotes

were stained in HBSS (with calcium) containing 2% skimmedmilk, while GM-BMCD11c+ cells were stained in HBSS + 2%FCS, with

human Siglec 5-Fc chimera, human Clec4e-Fc chimera or hFc control (R&D Systems).

Viral infection and UV irradiation of RAW cells
RAW264.7 macrophages (RAW cells) were grown in DMEM (GIBCO�) supplemented as above. RAW cells were irradiated with UVC

(240mJ/cm2) either without exposure to VACV (RAWUV) or after incubation with VACV for 4h (RAW-VACV-UV). Alternatively, infected

RAW cells were left un-irradiated (RAW-VACV). RAW cells were used sixteen hours after UV irradiation for in vitro stimulation of GM-

CSF BM-derived cells (GM-BM) and Flt3L-BMDC or injection into mice.

Mouse cell isolation, T cell activation and restimulation
Peritoneal lavagewas collected by injecting PBS into the peritoneal cavity. Ears were harvested in HBSS, ventral and dorsal sheets of

the ears were separated, cut into small pieces and digested with Liberase/DNase in HBSS. After 30 min at 37�C, tissues were ho-

mogenized. Spleen and skin-draining lymph nodes were collected in RPMI complete medium and mechanically dissociated using

tweezers and a syringe plunger. Tissue homogenates were filtered through a 70 mm cell strainer (Falcon Products) and used for

further analysis. To generate effector OT-I cells, splenocytes from OT-I mice were activated with 1nM SIINFEKL and 100 U/ml IL-

2 (Miltenyi Biotec) in complete RPMI for 5 days. dLNs were plated at 5x106 cells/well in p24 plates and restimulated with (F/T)

L. major for 2 days. IFN-g and IL-4 production was measured by ELISA in culture supernatants with BD OptEIA ELISA kits according

to the manufacturer’s instructions. For analysis of intracellular cytokines, T cells were re-stimulated to induce cytokine production by

incubation of cell suspensions with an excess of SIINFEKL or B8R peptide (1 mM) for 6h, brefeldin A (Sigma, 5 mg/ml) being added for

the last 4h of culture.

Flow cytometry
Samples for flow cytometry were stained in ice-cold PBS supplemented with 2.5% FBS, 2 mM EDTA. Cells were pre-incubated

for 10 min at 4�C with anti-mouse CD16/CD32 (clone 2.4G2, Tonbo Bioscience) to block unspecific antibody binding before

staining with the appropriate antibodies. For intracellular cytokine staining, after surface marker staining, cells were fixed in

PFA 4% and intracellularly stained during permeabilization with 0.1% saponin. Anti-mouse antibodies to CD45.1 APC, CD45

efluor450, CD44 FITC, CD24 PE, CD8a PE, CD11b APC, IFN-g APC were obtained from eBioscience. Anti-mouse I-A/I-E

(MHCII) FITC, CD44 FITC, CD4 PerCP-Cy5.5, CD11c APC, CD45.1 V450, CD45R/B220 BV421, CD11b FITC, were from BD Bio-

sciences. Anti-mouse I-A/I-E (MHCII) AF700, CD11b (APCFire750), XCR1 PE, CD172a (Sirpa) PerCPCy5.5, CD4 TNF-a PE, b

CD370 (CLEC9A, DNGR1) APC were from Biolegend. Anti-mouse CD8a PerCP-Cy5.5, CD3 FITC was from Tonbo Biosciences.

APC-labeled tetramers specific for VACV, H-2Kb (20TSYKFESV27, B8R) and Influenza PR8, H-2Db (20ASNENMDAM27, NP) were

provided by the NIH Tetramer Facility at Emory University. APC-labeled dextramers specific for OVA H-2Kb (257SIINFEKL264)

were purchased from Immudex. Non-cell permeant Hoechst 33258 (0.1 mM, ThermoFisher) was used as a counterstain to

detect murine necrotic cells. Data were acquired on an LSR Fortessa or in BD FACSymphonyTM (BD Biosciences) and analyzed

with FlowJo software version 10 (TreeStar).

Cell purification and adoptive transfer experiments
Naive CD8+ T cells were purified from spleen and lymph nodes cells of OT-I mice by negative selection using a cocktail of biotin-con-

jugated antibodies (anti-CD11c, CD11b, B220, MHC-II, CD4, GR1, CD16/32, BD Bioscience) and Streptavidin-microbeads (Miltenyi

Biotec) followed by sorting based on expression of CD44 and CD62L using a FACs Aria cell sorter. Where indicated, cells were

labeled with CellTrace Violet according to manufacturer’s instructions (5 mM, Thermo Fisher Scientific). CellTrace Violet-labeled pu-

rified CD8+ OT-I T cells (105) were transferred just after challenge in the ear dermis with 105 metacyclic promastigotes of Leishmania-

OVA. 2.5 days post- infection (p.i.), dLNs were removed and CellTrace Violet dilution was analyzed by flow cytometry. In some

experiments, CD8+ T cells were purified by negative selection as described above from retromaxillary LNs of L. major V1 infected

and healed mice or naive mice, enriched in CD44+ cells by magnetic positive selection, labeled with CellTrace Violet and co-cultured

with L. major V1 F/T-loaded GM-BM or Ftl3L-BMDCs for 3 days. For purification of DC subsets from dLNs of L. major OVA infected

mice, dLNs were digested with Liberase/DNase in HBSS and CD11c+ cells enriched using anti-CD11c microbeads (Miltenyi Biotec)

were further sorted into XCR1+ CD11b� and XCR1�CD11b+ migratory (CD11c+ MHC class IIhi) and resident (CD11c+ MHC class IIlo)
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DCs using a FACSAria Sorter. Sorted DCs were co-cultured with effector OT-I and intracellular IFN-g was determined by flow

cytometry.

GM-CSF and Flt3L Bone Marrow-derived cells generation
Cell suspensions from bonemarrow of the indicated genotypes were cultured in complete RPMI in tissue culture flasks (Falcon Prod-

ucts) in the presence of 20 ng/mL recombinant GM-CSF (Miltenyi Biotec). GM-BM were collected on day 8 and purified by positive

selection with anti-CD11c-microbeads (Miltenyi Biotec). Mouse Flt3L-BMDCs were generated by culturing bone marrow cells in

complete RPMI in the presence of 50 ng/ml Flt3L (R&D), adding medium on day 5. After 9 days, cells had a typical DC morphology,

with approximately half of the cells exhibiting a CD8a-like phenotype (MHC class II+, CD11c+, CD24hi, CD11blo, B220-, DNGR-1+).

In vitro analysis of antigen presentation
To test DC cross-presenting ability, CD11c+GM-BMor Flt3L-BMDCswere stimulated for 4hwith serial dilutions of (F/T) L.major or by

co-culture with VACV infected RAW cells treated or not with UV irradiation to inactivate the virus. To test the effect of SHP-1 inhibition

on cross-presentation, antigen presenting cells were treated for 30min before stimulation with either NSC-87877 (20 mM,MerckMilli-

pore) or Sodium Stibogluconate (SSG) (20 mg/ml, Merk Millipore). Afterward, effector OT-I cells were added to the cultures for 6h,

brefeldin A (Sigma, 5 mg/ml) being added for the last 4h of culture. CD44+ CD8+ T cells enriched from L. major V1 infected and healed

mice, as explained above, were co-cultured for 3 days with L. major V1 F/T-loaded Flt3L-BMDCs, and were further stimulated with

PMA/ionomycin in the presence of brefeldin A for 4 hours. Cells were then stained for surface markers, fixed in 4% PFA and intra-

cellularly stained for IFN-g. An average of 10,000 cells of each T cell subset were analyzed in each sample. To evaluate endosomal

acidification, GM-BM and Flt3L-BMDCs were treated with Fluorescein isothiocyanate–dextran (Sigma), Alexa Fluor� 647 and

pHrodo Red Dextran (both ThermoFisher), and fluorescence was analyzed by flow cytometry.

DC vaccination
CD11c+GM-BMof the indicated genotype were treated for 30min before stimulation with either NSC-87877 (20 mM,MerckMillipore)

or Sodium Stibogluconate (SSG) (20 mg/ml, Merk Millipore), and stimulated with RAW-VACV-UV (1:1 ratio) for 4h. Cells were then

loaded with the OVA257-264 SIINFEKL peptide or NP366-374 ASNENMDAM peptide for 30min. Cells were washed, and 105 cells

were i.v. injected into WT C57BL/6 mice. 7 days after vaccination, induction of OVA-specific, NP-specific and B8R-specific CD8+

T cells was assessed in the spleen. CD11c+ GM-BM were pre-treated or not with NSC-87877 20 mM for 30 min at 37�C. Cells
were then stimulated with (F/T) L.major V1 (1:1 ratio) in combination or not with CpG ODN1826 (20 mg/ml, Invivogen) for 4h. Cells

were washed twice with PBS and 106 Leishmania pulsed GM-BM were i.d. injected in the ears of WT BALB/c mice. 6 weeks after

vaccination, mice were challenged i.d. with live L.major V1 and lesion diameter was measured with a digital caliper. Ears were har-

vested 1week p.i., to measure parasite load and cytokine production by CD8+ T cells by flow cytometry. At week 5 p.i., ears and dLNs

were harvested to quantify parasite load. dLNs were restimulated with (F/T) L. major for 2 days as described before and IFN-g and

IL-4 production was measured by ELISA in culture supernatants with BD OptEIA ELISA kits.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software). Statistical significance for comparison between

two sample groups with a normal distribution (Shapiro-Wilk test for normality), was determined by parametric Student’s t test or

one-way ANOVA with Tukey post hoc test unless otherwise stated. Differences with p values % 0.05 were considered significant.

*, p < 0.05; **, p < 0.01; ***, p < 0.001.
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