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As the Bacillus Calmette–Guérin (BCG) vaccine does not confer long-lasting protection against lung Mycobacterium

tuberculosis infection, the development of more efficient vaccines is greatly needed. Here, we usedmycobacterial low-

molecular weight proteins of the 6-kDa Early Secreted Antigenic Target (ESAT-6) protein family (ESX) antigens for the

evaluation of a novel vaccine delivery strategy that enables versatile in vivo targeting of antigens into specialized

dendritic cell (DC) subsets. ESX antigens were genetically fused to the tetramerizing core of streptavidin (SA) to form

high-affinity complexes with biotin (biot)-conjugated antibodies recognizing DC surface receptors. When directed

through theCD11borCD11c b2-integrinsordiverseC-type lectins, theESX-SA:biot-antibodycomplexeswereefficiently

capturedandpresentedonmajorhistocompatibility complexmoleculesofDCs tospecific T-cell receptors.RobustESX-

specific T-cell responses were induced by immunization with as little as several picomoles of ESX-SA targeted to DC

subsets. Moreover, directing of TB10.4-SA to airway CD205þ cells enabled the induction of mucosal T-cell responses

and provided significant protection against virulent M. tuberculosis.

INTRODUCTION

A promising approach to the development of novel subunit
vaccines is antigen (Ag) delivery to dendritic cell (DC) subsets,
which has key roles in the induction of adaptive immunity.
Such vaccines could build on the knowledge of the properties of
diverse DC subsets, defined according to their ontogenic origin,
phenotype, and functions in different tissues. In the mouse
spleen, three major DC subsets have been identified: (i)
CD11cþ B220þ BST-2 (bone marrow stromal cell Ag-2,
CD317)þ plasmacytoid DCs (pDCs), specialized in the
production of type-I interferons (IFNs); (ii) CD11cþ CD11b�

CD8a
þ DCs, with the robust ability to take up dead cells,

crosspresent the derived Ags, and trigger T cells via interleukin
(IL)-12p70 secretion; and (iii) CD11cþ CD11bþ CD8a

� DCs,
considered as potent inducers of major histocompatibility
complex (MHC)-II-restricted T cells.1 In mouse skin, in
addition to the resident DCs of the lymph nodes, the epidermis-
derived CD205 (DEC205)hi Langerhans cells, CD207

(Langerin)þ CD205int conventional dermal DCs, and a
CD207þ CD103þ dermal DC populations have been identi-
fied.Only the latter crosspresentAgs to naiveCD8þ T cells.2 At
steady state, the mouse trachea contains intraepithelial
CD11b� CD207þ CD103þ DCs. Under inflammatory
conditions, the submucosa of airways may contain CD11bþ

CD103� conventional DCs, able to trigger CD4þ T effectors.
In the lung parenchyma, CD11cþ CD11bþ and CD11cþ

CD11b� DCs are present and can migrate to the alveolar
lumen or to lymph nodes. CD11cint CD11b� BST-2þ pDCs
are detectable in the lung parenchyma and produce IFN-aupon
Toll-like receptor (TLR) triggering.3 Identification of human
equivalents of mouse DC subsets represents an active field of
investigation, leading to translation of knowledge generated in
mice to humans to develop efficient vaccines based on Ag
delivery to DCs.

The magnitude of the adaptive immunity and differentiation
of CD4þ T cells into T-helper (Th)1, Th2, or Th17 cells are
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dictated by DC subsets.4 Thus, mobilization of different DC
populations by direct in vivo targeting of their surface receptors
represents a promising strategy for the development of well-
controlled immunization schemes.5 This strategy has been
pioneered by Steinman and Nussenzweig, who used Ag
coupling to Abs to target receptors on DC surfaces.6,7

Although it is largely established that DCs translate
information from different surface receptors into an activation
program that orients Th cell differentiation, the complete set of
rules governing functions of DC subsets is not yet understood.
Therefore, it remains difficult to predict which DC subsets/DC
surface receptors are the most appropriate to target for
optimizing protective immunity against a given pathogen.
Thus, comparison of the properties of various DC subsets on
the generation of specific adaptive responses may help to
identify the most appropriate DC subsets likely able to confer
the most protective immunity. In this respect, the strategy of
directed Ag delivery to DCs remains limited by the need for
tedious individual chemical coupling or genetic fusion of the
immunogen of interest to each individualmonoclonal antibody
(mAb), specific to any of the numerous DC surface receptors.

Here, we elaborated a versatile system enabling a combina-
torial approach to identify appropriate receptor(s) for immu-
nogen delivery into DCs. The strategy relies on genetic fusion of
Ags to streptavidin (SA). The resulting Ag-SA tetramers can
then be complexed in a combinatorial manner to a variety of
biotin (biot)-conjugated mAbs chosen from a large panel of
available mAbs specific for diverse DC surface receptors. This
yields an inherent flexibility of choice in receptor targeting.

This system was applied to the development of a vaccine
strategy against tuberculosis (TB), the major global infectious
disease. The only vaccine currently in use against Mycobacter-
ium tuberculosis is the live attenuated M. bovis BCG (Bacillus
Calmette–Guérin), which cannot be used for booster immu-
nization and does not confer long-lasting protection.8

Among themost promisingM. tuberculosis immunogens are
the low-molecular weight proteins of the 6-kDa Early Secreted
Antigenic Target (ESAT-6) protein family (ESX),9 which are
secreted by the type-VII secretion system and are known for
their marked immunogenicity and protective potential in
ethnically different human populations. Moreover, the pre-
sence of T-cell effectors specific to such proteins directly
correlates to the natural protection in humans.10,11

We used here the DC-targeting strategy for selecting the
most appropriate DC subsets or DC surface receptors for
efficient capture/endocytosis/presentation of ESXAgs byMHC
molecules in vivo and induction of protective T-cell responses.
Directing the TB10.4 ESX Ag to airway CD205þ cells then
enabled induction of mucosal T-cell responses and protection
against M. tuberculosis.

RESULTS

Mycobacterial ESX-SA fusion proteins

The complete sequences of mycobacterial ESX Ags ESAT-6
(ESX A), CFP-10 (ESX B), or TB10.4 (ESXH) were fused to the

N terminus of the tetramerization core (residues 13–139) of SA.
Soluble Ag-SA tetramers were produced and purified close
to homogeneity (Figure 1a) as described previously.12 The
capacity of Ag-SA fusions to assemble into tetramers was
preserved, which enabled their strong binding to biot-mAbs
because of the high (KdB1� 10� 15

M) affinity of the tetrameric
SA for biot.13

Ab-mediated binding of ESX-SA to DC surface receptors
promotes Ag endocytosis

We evaluated the binding of ESAT-6-SA tetramers to DCs
through biot-mAbs specific to various DC surface receptors.
Conventional bone marrow (BM)-DCs were pre-incubated at
41Cwith biot-mAbs specific for CD11b or CD11c b2-integrins,
or for MHC-II or DCIR-2 C-type lectins before the addition of
ESAT-6-SA. As detected by anti-ESAT-6mAb, the ESAT-6-SA
displayed a marked binding to the surface of biot-mAb-treated
DCs compared to cells pre-incubated with biot-control
immunoglobulin G (IgG) (Figure 1b). After 3 h incubation
at 371C, the ESAT-6-specific surface fluorescence intensity
was substantially reduced. This suggested that ESAT-6 was
endocytosed by the targeted DCs. pBM-DCs (Figure 1b, right)
or lung DCs (Supplementary Figure S1 online) pre-incubated
with biot-anti-BST-2 or biot-anti-CD205 mAb, respectively,
and then with ESAT-6-SA also showed binding of ESAT-6 at
41C, followed by its internalization at 371C.Therefore, ESAT-6-
SA was delivered specifically to DC surface receptors by the
selected biot-mAbs and endocytosed via CD11b or CD11c,
DCIR-2, MHC-II, BST-2, or CD205.

Delivery of ESX Ags into the MHC-II pathway

We investigated the capacity of different Ag-presenting cells to
which ESX Ag-SA were delivered via CD11b, CD11c, MHC-II,
or BST-2 to present Ag-derived epitopes to specific T cells. BM-
DCs pre-incubated with biot-anti-CD11b, -CD11c or -MHC-
II, and then with various concentrations of ESAT-6-SA, were
able to present ESAT-6 to the I-Ab-restricted, ESAT-6:1–20-
specific NB11 T-cell hybridoma or to polyclonal anti-ESAT-6
T cells fromM. tuberculosis-infectedmice (Figure 1c). pBM-DCs
or BM-Mf, to which ESAT-6-SA was delivered, respectively,
via BST-2 or CD11b, were able to stimulate NB11 hybridoma
cells (Figure 1d). BM-DCs (H-2d), to which TB10.4-SA was
delivered via CD11b or MHC-II, also presented TB10.4
(Figure 1e) to the I-Ad-restricted, TB10.4:74–88-specific
1H2 T-cell hybridoma. This demonstrates that ESX Ags
delivered to the surface of conventional DCs, pDCs, or Mf via
CD11b, CD11c, MHC-II, or BST-2 gain access to the MHC-II
machinery.

In vivo delivery of Ag-SA to DC subsets allows Ag
presentation

We evaluated the in vivo specificity of ESX Ag-SA delivery to
DC subsets as well as internalization and efficiency of their
presentation. For the initial in vivo assessment of the strategy,
the intravenous (i.v.)modelwas chosen, which, unlike the lungs
or dermis, offers the unique possibility to target distinct splenic
DC subsets and does allow to obtain sufficient numbers of
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Figure 1 Analysis of antibody (Ab)-mediated delivery of low-molecular weight proteins of the 6-kDa Early Secreted Antigenic Target (ESAT)
protein family-streptavidin (ESX-SA) fusion proteins to dendritic cell (DC) surface receptors and delivery to the major histocompatibility complex
(MHC)-II machinery. (a) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of (1) TB10.4-SA (24.5 kDa), (2) CFP-10-SA
(24.5 kDa), and (3) ESAT-6-SA (23.5 kDa) fusion proteins. SA with ESX-SA monomers were obtained by heating samples for 5 min at 1001C. ESX-SA
tetramers were stable in sample buffer at room temperature. In all, 10 mg of each protein sample were loaded and separated on 15% Tris-Tricine
SDS-PAGE gels stained with Coomassie Blue. (b) In vitro binding of ESAT-6-SA delivered to conventional bone marrow (BM)-DCs (left) or
plasmacytoid BM (pBM)-DCs (right) by biotin (biot)-monoclonal Abs (mAbs) specific to different DC surface receptors. Cells were first incubated at 41C
with biot-control (Ctrl) immunoglobulin G (IgG) or biot-mAbs specific to DC markers before incubation with ESAT-6-SA. Cells were then kept at
41C or incubated at 371C for 3 h to evaluate ESAT-6 internalization. The surface ESAT-6 signal was detected by FP647H-anti-ESAT-6 mAb. ESAT-6
signal mean fluorescence intensities (MFIs) are indicated at the top of each peak, and percentages of MFI reduction at 371C are indicated
above each histogram. Sequential incubation of DCs with biot-mAbs and then with ESX-SA or their incubation with pre-formed ESX-SA–biot-mAb
complexes led to similar level of binding (not shown). (c) MHC-II-restricted presentation of ESAT-6 by BM-DCs delivered with ESAT-6-SA via
different biot-mAbs. BM-DCs (H-2b) were incubated at 41C with biot-control IgG or biot-mAbs specific to diverse DC surface receptors, washed
and incubated at 41C with various concentrations of ESAT-6-SA or SA alone. Cells were then washed and co-cultured with ESAT-6-specific, I-Ab-
restricted NB11 T-cell hybridoma cells (c, top) or with Thy-1.2þ splenocytes fromM. tuberculosis-infected C57BL/6 mice (c, bottom). Interelukin (IL)-2 (c,
top) or interferon (IFN)-g (c, bottom) produced by T cells was assessed in the co-culture supernatants at 24 or 72 h, respectively. (d) MHC-II-restricted
presentation of ESAT-6 by BM-derived plasmacytoid DCs (pDCs) or BM-Mf delivered with ESAT-6-SA complexed to biot-mAbs specific to BST-2
(bone marrow stromal cell Ag-2) or CD11b, as evaluated by NB11 T-cell hybridoma. (e) Presentation of TB10.4 by BM-DCs (H-2d) following delivery
to CD11b or MHC-II molecules, as detected by I-Ad-restricted 1H2 T-cell hybridoma. The results are representative of at least three
independent experiments. Ag, antigen.
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T cells for a detailed analysis of the induced responses. Mice
were injected i.v. with 500 pmol (¼ 10 mg) per mouse of ESAT-
6-SA, complexed to biot-anti-CD11b mAb or to biot-control
IgG at a molar ratio of 2:1, together with 25 mg of the TLR3
agonist poly(cytidylic-inosinic) (poly I:C), a synthetic analog of
double-stranded RNA, the adjuvant used in further immuniza-
tions. At different time points postinjection, spleen low-density
cells were analyzed for the presence of ESAT-6-SA at the
surface of DC subsets (Figure 2a). ESAT-6-SA binding was
detectable 3 h postinjection, only at the surface of CD11cþ

CD8a
� (CD11bþ ) DCs, and not on CD11cþ CD8a

þ

(CD11b� ) DCs. ESAT-6-SA was barely detectable at the
surface ofDCs 24 h postinjection, suggesting the internalization
of the bound ESAT-6-SA. In parallel, CD11c-eYFP mice were
injected with 500 pmol (¼ 10 mg) per mouse of ESAT-6-SA
complexed to biot-anti-CD11c mAb or to biot-control IgG.
Only CD11c-eYFP cells from the former stained positively for
ESAT-6-SA at 6 h, and to a lesser extent at 24 h (Figure 2b),
showing the specificity of binding followed by the
internalization of the delivered Ag.

We then studied the in vivo Ag presentation by the targeted
DC after injection of Ag-SA:biot-mAb complexes. BALB/c
mice were injected i.v. with 50 pmol (¼ 1 mg) per mouse of
TB10.4-SA complexed at amolar ratio of 1:1 to control biot-IgG
or biot-mAbs specific to CD11b, CD11c, DCIR-2, or CD209
(DC-SIGN). Themolar ratio of 1:1 used for the formation of the
complexes left, on average, one free biot molecule conjugated
per molecule of mAb. This made the ex vivo sorting of biot-
mAb-coated DCs possible by use of anti-biot mAb coupled to
magnetic beads. At 3 h postinjection, no TB10.4 presentation
was detected with total low-density spleen cells recovered from
mice injected with TB10.4-SA complexed to biot-control IgG.
In contrast, positive anti-biot bead selected fractions frommice
injected with TB10.4-SA complexed to biot-mAbs specific to
CD11b or CD11c or to DCIR-2 or CD209 (Figure 2c) were able
to stimulate the TB10.4-specific 1H2 T-cell hybridoma. In
parallel, BALB/c mice were injected intradermally (i.d.) with
50 pmol (¼ 1 mg) per mouse of TB10.4-SA complexed at a
molar ratio of 1:1 to biot-control IgG or biot-mAbs specific to
CD205 or CD207. At 3 h postinjection, positive fractions
selected with biot-mAbs specific to CD205 or CD207 from the
dermis were again able to stimulate 1H2 T cells (Figure 2c).
Positive and negative cell fractions from the spleen or dermis
were able to present the synthetic TB10.4:74–88 peptide,
showing the functional capacity of Ag presentation in all sorted
cells (Figure 2d).

ESX Ags delivery to b2-integrins or C-type lectins induces
potent Th1 and Th17 responses

We noticed that the TB10.4-SA alone induced some degrees of
CD40, CD80, or CD86 upregulation (Supplementary Figure
S2A online) and inflammatory cytokine and chemokine
production by BM-DC (Supplementary Figure S2B online).
However, this effect was additive to that of poly I:C. Of note,
biot-anti-CD11b or -CD11c mAbs alone had no notable effect
on DC maturation.

The potential of the ESX Ag delivery to DCs to trigger
T-cell responses was then investigated in vivo with or
without poly I:C as adjuvant, based on its well-established
structural interaction with endosomal TLR3 or with cyto-
solic double-stranded RNA sensors, i.e., retinoic acid-inducible
gene-I and melanoma differentiation-associated gene-5
RNA helicases, expressed by multiple cell types.14 Poly I:C
also induces type-I IFNs, necessary to induce Th1 and CTL
responses.15 DCs triggered via TLR3 also drive Th17
differentiation.16

This immunization strategy was first assessed subsequent to
a single injection. C57BL/6 mouse groups (n¼ 3) immunized
i.v. with 50 pmol (¼ 1 mg) of ESAT-6-SA, either without biot-
mAb or complexed to biot-control IgG, did not develop ESAT-
6-specific, MHC-II-restricted T-cell responses (Figure 3a).
Immunization with ESAT-6-SA and biot-anti-CD11b mAb
without poly I:C did not induce T-cell response. In contrast,
mice immunized i.v. (Figure 3a) or subcutaneously (s.c.)
(Supplementary Figure S3 online) with 50 pmol (¼ 1 mg) of
ESAT-6-SA complexed to biot-anti-CD11b, -CD11c, or
-CD205 mAbs with poly I:C-mounted strong T-cell responses,
characterized by the production of IFN-g and IL-17
(Figure 3a,b), but not IL-5 (not shown). Delivery of
ESAT-6 to CD207 induced weaker, but still marked IFN-g
T-cell responses. ESAT-6 targeting to CD209 was not
immunogenic, possibly due to the anti-inflammatory pro-
perties of CD209 ligation.17 When CpG (TLR-9 agonist)
was used as an adjuvant together with ESAT-6-SA and biot-
anti-CD11b mAb, Th1—but not Th17—responses were also
induced, yet at a lesser extent compared with poly I:C
(Supplementary Figure S4A,B online).

Although the ESX-SA protein used at 1 mM in vitro induced
some degrees of DC maturation (Supplementary Figure S2
online), in vivo immunization with 50 pmol per mouse of
ESAT-6-SA delivered to CD11b, without an adjuvant, did not
induce detectable T-cell responses (Figure 3a,b), suggesting
that, due to the weak amounts of ESX-SA required to stimulate
immune responses in vivo, these recombinant proteins—or
their possible contaminants—did not reach sufficient con-
centration in the microenvironment of the targeted DCs to
induce their maturation.

In this framework, Ag delivery to pDCs via BST-2 was not
feasible, as poly I:C, which induces the production of type I/II
IFN,18 induced BST-2 expression by a broad range of immune
cells (Figure 3c) and loss of pDC specificity of BST-2
expression.

In conclusion, following a single immunization, Ag delivery
to b2-integrins or to CD205 was as efficient for T-cell priming,
while CD207 targeting induced less intense T-cell responses
and CD209 targeting did not initiate T-cell response.
Compared with CD205, targeting b2-integrins was more
efficient at Th17 induction, while CD207 or CD209 targeting
did not prime Th17.

Importantly, TB10.4-SA or CFP-10-SA delivered to CD11b
or CD205 also induced Th1 responses, respectively, in BALB/c
(H-2d) (Figure 4a) and C3H (H-2k) (Figure 4b) mice,
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Figure 2 In vivo low-molecular weight proteins of the 6-kDa Early Secreted Antigenic Target (ESAT-6) protein family (ESX) antigen (Ag)
presentation by the targeted dendritic cell (DC) subsets. (a) Tracking of ESAT-6 at the surface of spleen DCs of mice injected with ESAT-6-streptavidin
(SA) complexed to biotin (biot)-anti-CD11b monoclonal Ab (mAb). C57BL/6 mice were injected intravenously (i.v.) with 500 pmol per mouse of
ESAT-6-SA complexed at a molar ratio of 2:1 to biot-control (Ctrl) immunoglobulin G (IgG) or biot-anti-CD11b mAb in the presence of Poly(cytidylic-
inosinic) (Poly I:C). At different time points postinjection, low-density spleen cells were gated as CD11cþ CD8a

þ or CD11cþ CD8a
� cells, and

ESAT-6 surface signal was analyzed by anti-ESAT-6 mAb. (b) In vivo tracking of ESAT-6 at the surface of spleen DCs of mice injected with ESAT-6-SA
complexed to biot-anti-CD11c mAb. CD11c-eYFP C57BL/6 mice were injected as in a with ESAT-6-SA complexed to biot-control IgG or
biot-anti-CD11c mAb. Spleen low-density cells were gated as CD11c-eYFP cells, and ESAT-6 surface signal was analyzed. The results are
representative of two independent experiments. (c, top and middle) Ex vivo presentation of TB10.4 by targeted DCs. BALB/c mice were injected
subcutaneously (s.c.) with 50 pmol per mouse of TB10.4-SA complexed at a molar ratio of 1:1 to mAbs specific to different DC surface receptors
in the presence of Poly I:C. Spleen low-density cells were sorted 3 h postinjection by anti-biot mAb conjugated to magnetic beads and co-cultured with
TB10.4-specific 1H2 T-cell hybridoma cells, and interleukin (IL)-2 levels were assessed by enzyme-linked immunosorbent assay (ELISA). (c, bottom)
Ex vivo presentation of TB10.4 by dermal DCs. BALB/c mice were injected intradermally (i.d.) with 50 pmol per mouse of TB10.4-SA complexed
to anti-CD205 or anti-CD207 biot-mAbs in the presence of Poly I:C. Dermal low-density cells were then sorted 3 h postinjection. Various numbers
of cells from sorted fractions were co-cultured with 1H2 T-cell hybridomas. (d) The positive and negative fractions were tested for their capacity to
present the synthetic TB10.4:74–88 peptide added in vitro by co-culture with 1H2 T-cell hybridoma cells to evaluate their functional capacity to present
Ags to specific T-cell receptors (TCRs). The results are representative of two independent experiments.
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Figure 3 In vivo delivery of low-molecular weight proteins of the 6-kDa Early Secreted Antigenic Target (ESAT-6) protein family (ESX) antigens
(Ags) to b2-integrins or C-type lectins and induction of potent CD4þ T-cell responses. (a) Induction of CD4þ T-cell responses by ESAT-6 delivery
to b2-integrins or C-type lectins. C57BL/6 mice were immunized intravenously (i.v.) with 50pmol per mouse of ESAT-6-streptavidin (SA) without
biotin-immunoglobulin (biot-Ig) or complexed to biot-control (Ctrl) IgG or biot-monclonal antibodies (mAbs) specific to different b2-integrins or
C-type lectins in the presence of 25mg per mouse of Poly(cytidylic-inosinic) (Poly I:C). A control group received ESAT-6-SA complexed to biot-anti-CD11b in
the absence of adjuvant. At day 11 postinjection, total splenocytes from three individual mice per group were stimulated in vitro with various concentrations
of major histocompatibility complex (MHC)-II-restricted ESAT-6:1–20 peptide or Ag85A:241–260 as a negative control peptide. Interferon (IFN)-g
responses were measured at 72 h and are shown as results from individual mice. (b) ESAT-6-specific interleukin (IL)-17 responses were measured
in the supernatants of the cultures stimulated with 10mg ml� 1 of peptide. Horizontal bars indicate the mean values. The results are representative
of at least two independent experiments. *Statistically significant, as determined by Student’s t test, Po0.05, NS¼ not significant. (c) Systemic injection of
Poly I:C extends the BST-2 (bone marrow stromal cell Ag-2) expression to several adaptive and innate immune cell types other than plasmacytoid dendritic
cells (DCs). C57BL/6 mice were injected i.v. with 25mg per mouse of Poly I:C. At 6 h postinjection, spleen innate and adaptive cells were stained and gated
for different subsets, and the expression level of BST-2 was determined. The results are representative of at least two independent experiments.
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extending the feasibility of the strategy to various ESX Ags and
MHC haplotypes and genetic backgrounds.

We also evaluated T-cell responses after the administration
of ESAT-6-SA complexed to biot-anti-CD11bmAb at different
doses ranging from 250 to 5 pmol (¼ 5–0.1 mg) per mouse. The
rational of CD11b targeting was its consistent efficiency in the
previous experiments and the necessity to keep the targeted DC
receptor constant to vary several other parameters. Only
50 pmol (¼ 1 mg) per mouse were enough to induce potent
IFN-g, IL-2, and IL-17, but not IL-5 responses at their maximal
intensities (Figure 4c). As little as 5 pmol (¼ 0.1 mg) per mouse
of ESAT-6-SAwere still able to trigger Th1 andTh17 responses,
showing the efficiency of the Ag delivery approach.

Other features of the ESX Ag delivery

The hypothesis that the biot-mAbs operate in vivo via Fc
receptors (FcRs) rather than their specific DC surface ligands
was negated by the observation that ESAT-6-SA complexed to
biot-control IgG did not induce T-cell responses (Figure 3a,b).
Moreover, FcRg1/1 mice mounted lymphoproliferative and

IFN-g (Figure 5a,b) responses comparable to their wild-type
counterparts after immunization with ESAT-6 delivery to
CD11b.

Treg-mediated control of effector T cells has to be taken into
account in immunization strategies.19,20 Lymphoproliferative,
IFN-g and IL-2 (Figure 5c,d) responses induced by ESAT-6-SA
delivery to CD11b were controlled by Tregs, as shown by their
increase in anti-CD25 mAb-treated, i.e., Treg-attenuated mice,
compared with their Treg-sufficient counterparts, treated with
a control Ig isotype.

Efficient boosting of BCG-induced T-cell responses by
Ab-mediated delivery of ESX Ags to DCs

Priming with BCG followed by boosting with potent subunit
vaccines is considered the most promising TB vaccination
strategy.8 We evaluated T-cell responses in BCG-primed mice
boosted with ESX Ags delivered through different DC
receptors. Given the increasing interest of C-type lectins in
Ag delivery systems,21 we choose these DC receptors as target.
BALB/c mice, naı̈ve or primed with 1� 106 colony-forming

Figure 4 Induction of low-molecular weight proteins of the 6-kDa Early Secreted Antigenic Target (ESAT-6)- and CFP-10-specific T-helper (Th)1/Th17
T-cell responses by antibody (Ab) delivery to CD11bþ or CD205þ dendritic cells (DCs). (a, b) Induction of a CD4þ T-cell response to TB10.4 or
CFP-10 by the delivery of TB10.4 to CD11b or CD205 in BALB/c (H-2d) mice (a) or of CFP-10 to CD11b in C3H (H-2k) mice (b). (c) C57BL/6
mice were immunized with various doses of ESAT-6-streptavidin (SA) complexed to biotin (biot)-anti-CD11b monoclonal Ab (mAb) at a molar ratio
of 2:1 in the presence of Poly(cytidylic-inosinic) (Poly I:C). Interferon (IFN)-g, interleukin (IL)-2, IL-17, and IL-5 responses were quantified at
day 11 postinjection subsequent to in vitro stimulation of splenocytes with synthetic peptides containing major histocompatibility complex
(MHC)-II-restricted T-cell epitopes. Ctrl, control; ND, not determined.
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unit per mouse of BCG on day 0, were injected i.v. on days 14
and 21 with 50 pmol (¼ 1 mg) per mouse of TB10.4-SA
complexed to different biot-mAbs. Two rounds of intranasal
(i.n.) immunizations were performed based on the fact that
numerous vaccination regimens requiremultiple injections. On
day 28, notable CD4þ T-cell IFN-g responses were detected in
BCG-unprimed mice that were immunized with TB10.4
delivered to CD205, CD207, CD209, or DCIR-2, with the
highest levels obtained with CD207 and DCIR-2 (Figure 6a).
Such responses were comparably increased following boosting
of BCG-primedmice with TB10.4-SA complexed to biot-mAbs
specific to CD205, CD207, CD209, or DCIR-2, but not to the
biot-control IgG.

Th17 responses were not detectable in BCG-unprimed
BALB/c mice immunized with TB10.4-SA complexed to
different biot-mAbs (Figure 6b). In contrast, Th17 res-
ponses were induced in BCG-primed mice when TB10.4
was delivered to CD205 and, to a lesser extent, upon delivery
through CD207, CD209, or DCIR-2. Determination of the
reasons of the lack of Th17 responses in BCG-unprimed BALB/c
mice immunized by TB10.4 delivery to CD205 and the
presence of Th17 responses in C57BL/6 mice immunized
by ESAT-6 delivery to CD205 (Figure 3b) will require more
investigation in these two models with comparable
immunization regimens.

In mice immunized with TB10.4 delivered to CD205, the
levels of TB10.3/4:20–28-specific CD8þ T splenocytes were
low but detectable (Figure 6c), whereas in BCG-immunized
mice, boosting with TB10.4 delivered to CD205 induced high
frequencies of TB10.3/4:20–28-specific CD8þ T splenocytes,
showing the ability of this vaccine strategy to induce CD8þ

T-cell responses.

Mucosal immunization by TB10.4 delivery to lung CD205þ

DCs induces TB protection

Having demonstrated the highly specific Ag delivery to splenic
DC subsets and the efficiency of specific T-cell triggering upon
i.v. immunization, we next transposed it to i.n. immunization
to induce protective mucosal anti-mycobacterial immunity.
In line with previous reports,22 we observed that CD205
is specifically expressed by all lung CD11cþ cells, and its
expression level remained constant following i.n. poly I:C
treatment (Figure 7a). Notably, the CD205 expression was not
extended to other lung innate cells, i.e., CD11bþF4/80þ ,
CD11bþLy6CþLy6Gþ , or CD11bþLy6CþLy6G� , after
poly I:C treatment (not shown). We therefore evaluated
whether CD205 represents an appropriate target for Ag
delivery to lung DCs. BALB/c mice were immunized on
days 0 and 9 with i.n. injections of 600 pmol (¼ 15 mg) per
mouse of TB10.4-SA complexed at a molar ratio of 4:1 to biot-
anti-CD205 mAb. This immunization resulted in TB10.4-
specific CD4þ T-cell IFN-g responses detectable at day 22 in
the lungs (Figure 7b).

To evaluate the protective potential of this immunization,
BALB/c mice were vaccinated following the same regimen,
whereas control individuals were immunized s.c. on day 0 with

Figure 5 Induction of low-molecular weight proteins of the 6-kDa Early
Secreted Antigenic Target (ESAT-6) protein family (ESX) antigen (Ag) CD4þ

T-cell responses by antibody (Ab)-mediated delivery to dendritic cells (DCs)
without interaction with Fc receptor (FcR). Control of the induced T-cell
responses by Treg cells. (a) The proliferative response, expressed as
stimulation index (SI) or (b) interferon (IFN)-g CD4þ T-cell responses of
splenocytes from wild-type (WT) or FcRg1/1 C57BL/6 mice immunized
intravenously (i.v.)withESAT-streptavidin (SA)complexed tobiotin (biot)-anti-
CD11b monoclonal Ab (mAb) following in vitro stimulation with 10mg ml�1 of
peptides. The results are from three individual mice per group, as determined
at day 11 postimmunization. NS¼ not significant, as determined by Student’s
t-test. (c) Proliferative and (d) IFN-gor interleukin (IL)-2 responses in C57BL/6
mice treated with 1 mg per mouse of control immunoglobulin (Ig) (Treg
sufficient) or anti-CD25 (PC61) mAb (Treg attenuated) 2 days before
immunization with ESAT-6-SA complexed to biot-anti-CD11b mAb in
the presence of poly(cytidylic-inosinic) (poly I:C). FcgR, Fcg receptor.
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BCG as a ‘‘gold standard’’ vaccine control to which new TB
vaccine candidates are systematically compared.23 Mice were
challenged with an aerosol of M. tuberculosis on day 22. At 1
month postinfection, a decreased mycobacterial burden was
observed in the lungs from mice immunized with TB10.4
directed to airway CD205þ DCs compared with lungs from

mice unvaccinated or injected with TB10.4-SA complexed to
biot-control IgG. In parallel, a substantial decrease of
mycobacterial dissemination to the spleen was observed
(Figure 7c). In contrast, mice immunized by i.v. route with
TB10.4-SA delivered to CD11b, CD205, or CD207 only
displayed a weak protection and this did not reach

Figure 6 Efficient restimulation of Bacillus Calmette–Guérin (BCG)-induced memory responses by antibody (Ab) delivery of low-molecular
weight proteins of the 6-kDa Early Secreted Antigenic Target (ESAT-6) protein family (ESX) antigen (Ag) to dendritic cell (DC) surface receptors.
BALB/c mice, naı̈ve or primed subcutaneously (s.c.) with 1� 106 colony-forming unit (CFU) of BCG at day 0, were boosted twice at days 14 and
21 with 50 pmol (¼1mg) per mouse of TB10.4-streptavidin (SA) complexed to biotin (biot)-control (Ctrl) immunoglobulin G (IgG) or biot-mAb
specific to different C-type lectins at a molar ratio of 2:1 in the presence of poly(cytidylic-inosinic) (poly I:C). TB10.4-specific interferon (IFN)-g (a) or interleukin
(IL)-17 (b) CD4þ T-cell responses were studied at day 28. * and **Statistically significant as determined by Student’s t-test (Po0.05 and 0.005, respectively).
(c) CD8þ T-cell crosspriming in naı̈ve or BCG-primed mice injected with TB10.4 delivered to CD205 as described in (a). CD8þ T-cell responses
to the H-2Kd-restricted TB10.3/4:20–28 epitope, as detected by phycoerythrin (PE)-conjugated H-2Kd pentamer complexed to TB10.3/4:20–28 in viable
PI�CD8a

þ -gated splenocytes. Two representative individual mice are shown from two independent experiments. PI, propidium iodide.
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statistical significance (Supplementary Figure S5 online). This
observation is in accordance with previous data showing that
priming of mycobacteria-specific effector T cells in the local
lung lymph nodes and their recruitment to the airway lumen at
the time of pulmonaryTB exposure are amore reliable correlate
for protection than the presence of peripherally activated
specific T cells.24,25

Thus, our results show that ESX Ag delivery to the lung
CD205þ DCs by the technology described herein represents a
promising step forward in the design of novel TB vaccine
candidates.

DISCUSSION

Immunization based on the delivery of immunogens to
DC subsets may provide new insights into the type of adap-
tive protective immunity. However, as the mechanisms

governing functions of DC subsets are not thoroughly
understood, it remains difficult to predict which DC subsets
are the most appropriate targets to optimize protective
immunity. Here, to compare the impact of targeting the
different DC subsets on mycobacteria-specific protective
immunity, we developed a versatile approach allowing
the delivery of mycobacterial immunogens to different
DC surface receptors. Our approach consists of the genetic
fusion of mycobacterial immunogens from the ESX family
to SA. The resulting Ag-SA fusion tetramers can then
form stable complexes with targeting biot-mAbs specific for
a range of receptors on DC surfaces. The Ag-SA:biot-mAb
complexes can then deliver these immunogens into DCs
through endocytosis with the selected surface receptors, thus
enabling Ag processing and presentation and leading to the
induction of adaptive immunity.

Figure 7 Induction of mucosal interferon (IFN)-g T-cell responses and lung protection by immunization with TB10.4-streptavidin (SA) delivered
to airway CD205þ cells. (a) CD205 expression in lung CD11cþ cells at steady state or 1 day after intranasal (i.n.) injection of phosphate-buffered
saline (PBS) or 10mg per mouse poly(cytidylic-inosinic) (poly I:C). (b) BALB/c mice (n¼ 3 mice per group) were immunized i.n. with 15mg
(¼600 pmol) per mouse of TB10.4-SA complexed to biotin (biot)-control (Ctrl) immunoglobulin G (IgG) or biot-anti-CD205 monoclonal antibody
(mAb) in the presence of poly I:C. Interferon (IFN)-g responses were quantified at day 14 postinjection after in vitro stimulation of lymphocytes
enriched from the lungs in the presence of bone marrow (BM)-dendritic cells (DCs) loaded with TB10.4:74–88 or control peptide. The results from
individual mice are shown. (c) Anti-M. tuberculosis protection conferred by delivery of TB10.4 to lung CD205þ cells. Mice were injected i.n. at days 0
and 9 with 600 pmol per mouse of TB10.4-SA complexed at a molar ratio of 4:1 to biot-control IgG or biot-anti-CD205-mAb. Control mice were
immunized with Bacillus Calmette–Guérin (BCG). Mice were challenged on day 22 with M. tuberculosis H37Rv. Mycobacterial loads in lungs and
spleen were determined at 1 month postchallenge. The results are representative of two independent experiments. *, **Statistically significant as
determined by Mann–Whitney t-test (Po0.05 or Po0.001, respectively).
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This approach allowed efficient delivery of ESX-SA to
selected DC subsets through b2-integrins or C-type lectins. The
ensuing efficient endocytosis of cell-bound Ag-SA:biot-mAb
complexes was most likely due to the crosslinking of the
targeted receptors by the biot-mAbs, leading to their capping
together with the bound ESX-SA cargo. The ESXAgs were then
processed and presented on MHC-II molecules to specific
T-cell receptors in an efficient manner. This Ag delivery was
highly specific; only the ex vivo sorted DC subset targeted with
ESX-SA complexed to the selected biot-mAbs displayed the
bound ESX on their surfaces and were able to trigger specific T
cells. We further demonstrated the efficient induction of ESX-
specific Th1, Th17, and CD8þ T-cell responses when injected
concomitantly with the adjuvant.

ESX Ags are short-length proteins, which do not possess
multiple T-cell epitopes for differentMHChaplotypes. Because
of its strong I-Ab-restricted ESAT-6:1–20 epitope, ESAT-6 is
highly immunogenic in C57BL/6 (H-2b) mice,26 whereas
TB10.4, with its strong I-Ad-restricted TB10.4:74–88 and
Kd-restricted TB10.4:20–28 T-cell epitopes, is much more
immunogenic in BALB/c (H-2d) mice.27 Therefore, the
evaluation of the immunogenicity of these two ESX Ags
necessitates the use of H-2b and H-2d strains.

With different biot-mAbs specific to b2-integrins or C-type
lectins, we directly compared the efficiencies of ESXAg delivery
to different DC subsets in the induction of T-cell responses.
Remarkably, a single injection of only 1 mg (¼ 50 pmol) per
mouse of ESX-SA complexed to biot-mAbs specific to CD11b,
CD11c, orCD205 induced specific and highly sensitive Th1 and
Th17 responses. ESX-SA complexed to biot-mAbs specific to
CD207 induced less intense, yet still marked Th1 responses.
The efficient induction of Th1 responses by ESXAg targeting to
b2-integrins is in accordance with: (i) the substantial potential
of other CD11b-targeting delivery vectors, such as the
recombinant adenylate cyclase CyaA of Bordetella pertussis,
in the induction of T-cell immunity27–30 and (ii) the notable
T-cell responses followingmAb-mediatedOVAAg targeting to
CD11c.31 Among the C-type lectins evaluated here, CD205 was
themost efficient target receptor for Ag-SA delivery toDCs and
induction of Th1 and Th17 cells in primary and booster
immunizations against ESX Ags. This integral transmembrane
mannose receptor is intensely expressed by cortical thymic
epithelium and DC subsets, including lung DCs.32 Moreover,
compared with most other surface endocytic receptors, whose
ligation induces endocytosis through early andmore peripheral
endosomes, CD205 is rapidly taken up after binding with
carbohydrates, and its cytosolic domain mediates efficient
endocytosis and recycling through the late endosomes and
MHC-II-rich compartments.33 Furthermore, in addition to its
capacity to shuttle Ags from the extracellular space into
specialized MHC-II rich lysosomal compartments, CD205 is
also able to introduce Ags to theMHC-I processingmachinery.
These properties likely account for the observed efficiency of
crosspriming of TB10.4-specific CD8þ T-cell in BCG-primed
mice that were boosted with TB10.4-SA targeted to CD205, but
not other C-type lectins tested.

The significant efficiency of T-cell triggering following
ESX-SA delivery to CD207 is in agreement with the significant
T-cell responses subsequent to OVA Ag targeting through this
C-type lectin.34 Importantly, CD207mRNA is detectable in the
mouse lungs and in the epithelium lining human airways.35

Directing of Ags for presentation by DCs through CD207 may
thus be of interest for Ag delivery to lung DCs and induction of
mucosal T cells close to the primary site of the mycobacterial
infection.

In addition to the early production of IL-17 by lung T-cell
receptor gdþ T cells,36 CD4þ Th17 cells can be detected in
mycobacteria-exposedmice and humans.37However, the direct
contribution of Th17 in the control ofM. tuberculosis infection
remains debatable.38,39 Mice immunized through delivery of
ESX-SA to CD11b, CD11c, or CD205 developed significant
Th17 responses. Notably, the DC receptor candidates that most
significantly induced the Th17 responses also induced the
highest Th1 responses. This is in accordance with the
hypothesis that Th17 cells may facilitate the chemoattraction
of Th1 cells.40

The strategy developed here enabled the induction of lung
mucosal Th1 responses and reproducible anti-mycobacterial
protection when used in i.n. immunization with TB10.4
directed to airway CD205þ DCs. These data provide proof
of principle for directing mycobacterial Ags to airway DC
subsets, which leads to the induction of mucosal immunity and
protection against infection. Our results further demonstrate
that the i.v. and i.n. routes of immunization differ in their ability
to induce TB protection. Indeed, in accordance with previous
data,25 our study clearly shows that the presence of specific T
cells at the primary site of the mycobacterial infection,
subsequent to i.n. mucosal immunization, rather than a strong
systemic T-cell response, is required for the control of
mycobacterial infection. Considering that several human
counterparts of mouse DC subtypes have been identified
and that targeted Ag delivery to endocytic C-type lectins at DC
surface allows efficient Ag presentation in human, this
vaccination strategy leads to new advances that increases
our insight of the development of new human TB vaccines. The
use of recombinant ESXAgs either alone or in fusion with other
mycobacterial immunogens, formulated in appropriate adju-
vants, constitutes a promising TB subunit vaccine strategy.41,42

Our approach should not to be considered as competing with
the other subunit TB vaccines under development. Rather, it
represents a potent complementary strategy that can now be
evaluated for direct delivery of newly described Ags or
combination of protective early and latency-associated myco-
bacterial Ags41 to lung DC and is expected to allow substantial
reduction of the required dose of Ag and better control of the
quality of the adaptive immunity.

METHODS

ESX-SA fusion proteins and peptides. The construction and pur-
ification of the Ag-SA fusion proteins have been described recently.12

Briefly, the open reading frames encoding ESX Ags ESAT-6, CFP-10,
or TB10.4 were PCR-amplified with specific primers (Supplementary
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Table S1 online) and fused in frame to the 50 end of a codon-optimized
synthetic gene encoding residues 13–139 of SA from Streptomyces.
Sequence-confirmed Ag-SA fusion proteins were produced as soluble
Ag-SA tetramers as described.12 Lipopolysaccharide content in eluted
proteins was reduced by passage through EndoTrap columns (Profos,
Regensburg, Germany) to levels below 50 endotoxin unit (EU) of
lipopolysaccharide per mg of protein, as determined by the Limulus
Amebocyte Lysate assay (Lonza, Walkersville, MD).
The ESAT-6:1–20, CFP-10:11–25, TB10.4:74–88 peptides, contain-

ing MHC-II-restricted T-cell epitopes, and TB10.3/4:20–28 peptide,
containing an MHC-I restricted T-cell epitope, were synthesized by
NeoMPS (Strasbourg, France).

Biot-mAbs. mAbs specific to CD11b (M1/70.15.11.5.HL, rat IgG2b),
CD11c (N418, hamster IgG), DCIR-2 (33D1, rat IgG2b), MHC-II (I-A/
I-E) (M5/114.15.2, rat IgG2b), or the control Ig (R187, rat IgG) were
biotinylated as described.12 Biot-anti-CD205 mAb (NLDC-145, rat
IgG2a) was from Celldex Therapeutics (Needham, MA). Biot-mAbs
specific to CD207 (eBioL31, rat IgG2a), CD209 (LWC06, rat IgG2a), or
CD317 (BST-2) (eBio927, rat IgG2b) were from eBioscience (San
Diego, CA). Absence of endotoxin in the IgG preparations was verified
by the Limulus Amebocyte Lysate assay.

Detectionof ESAT-6 binding toDCsurface receptors. Conventional
DCs or pDCs were generated as described43 and were incubated at
1� 106 cells per well at 41Cwith 1.5mgml� 1 of biot-mAbs. Cells were
thenwashed and incubatedwith 1 mMof ESAT-6-SA for 1 h at 41C.The
presence of ESAT-6-SA on DC surfaces was detected by cyto-
fluorometry using the anti-ESAT-6 mAb (11G4; Antibody Shop,
Gentofte, Denmark) labeled with fluoprotein (FP)647H (Interchim,
Montluçon, France). Mean fluorescence intensity (MFI) reduction of
the cell surface-bound ESAT-6-SA after endocytosis were calculated as
100� ((MFI biot-mAbþESAT-6-SA 371C)� (MFI biot-control IgGþESAT-6-SA 41C)/
(MFI biot-mAbþESAT-6-SA 41C)� (MFI biot-control IgGþESAT-6-SA 41C))� 100.
In vivo binding of ESAT-6-SA to spleenDC subsets was studied after

i.v. injection of ESAT-6-SA complexed with the biot-mAbs together
with poly I:C. Low-density splenocytes44 were stained with a
combination of DC-specific and FP647H-anti-ESAT-6 mAbs for
cytoflurometric analysis.

In vitro and ex vivo Ag presentation assays. BM-Mf or -DCs were
plated at 1� 105 cells per well and incubated with 1.5mgml� 1 of biot-
mAbs for 30min at 41C. Cells were then washed and incubated with
various concentrations of ESX-SA. Cells were then co-cultured
overnight with 1� 105 cells per well of I-Ab-restricted, ESAT-6:1–20-
specific (NB11)45 or I-Ad-restricted, TB10.4-6:74–88-specific (1H2)46

T-cell hybridomas. The efficiency of Ag presentation to T-cell
hybridomas was evaluated by ELISA (enzyme-linked immunosorbent
assay) IL-2 assay in the co-culture supernatants.
For ex vivoAgpresentation assays,micewere injected i.v. or i.d. with

TB10.4-SA complexed to biot-mAbs with poly I:C. At 3 h postinjec-
tion, low-density cells from the spleen or the earwere stainedwith anti-
biot mAb coupled to magnetic microbeads and AutoMacsPro
(Miltenyi Biotec, Paris, France) for positive selection of targeted
cells. Various numbers of sorted cells were co-cultured with anti-
TB10.4:74–88 T-cell hybridomas, and IL-2 was assessed in the
supernatants after 24 h.

Mice and immunization. Female BALB/c, C57BL/6, or C3H mice
(Charles Rivers, Arbresle, France) were immunized at 6–12 weeks old.
Ag-SA and biot-mAbs were complexed at the indicated doses at 41C
for 1 h and were injected i.v. at 200ml per mouse. BCG (Pasteur
1173P2) was injected s.c. at the base of the tail. C57BL/6 FcgR1/1mice,
deficient for the activating FcgRI, III, and IV were provided by Pierre
Bruhns and Marc Daeron (Institut Pasteur, Paris, France). C57BL/6
CD11c-eYFP mice were provided by Orchidée Filipe-Santos and
Philippe Bousso (Institut Pasteur). Treg attenuation was performed by

an intraperitoneal injection of 1mg per mouse of anti-CD25 mAb
(PC61) or control IgG at 2 days before immunization. Animal studies
were approved by the Institut Pasteur Safety Committee, the National
Ethics Committee, in accordance with the European guidelines.

T-cell assays. CD4þ T-cell assays were performed on splenocytes
stimulated in vitro with various concentrations of synthetic peptides
containing MHC-II-restricted epitopes. Culture supernatants were
assessed at 24 h for the presence of IL-2 and at 72 h for IL-5, IFN-g, and
IL-17A as described.47

CD8þ T-cell responses were evaluated in splenocytes, stimulated
in vitro with 10 mgml� 1 of TB10.3/4:20–28 peptide.48 At day 6,
specific CD8þ T lymphocytes were detected by a phycoerythrin-
conjugated pentamer of H-2Kd complexed to TB10.3/4:20–28
(Proimmune, Oxford, UK) in the presence of FITC-anti-CD8a
(53-6.7) and allophycocyanin-anti-CD44 (Ly-24) (IM7) mAbs from
BD/PharMingen (Le Pont de Claix, France). Cells were acquired on a
Cyan cytometer (BeckmanCoulter, Grenoble, France) and analyzed by
FlowJo program (Treestar, OR).

Protection against M. tuberculosis. BALB/c mice were anesthetized
as described46 and were injected i.n. with 600 pmol (¼ 15 mg) per
mouse of TB10.4-SA complexed to biot-control IgG or -anti-CD205-
mAb and poly I:C orwere immunized s.c. with 1� 104 colony-forming
unit per mouse of BCG. Mice were challenged with E100 colony-
forming unit per mouse of M. tuberculosis H37Rv via aerosol and
mycobacterial loads were determined at 1 month postchallenge, as
detailed previously.19

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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