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Macrophage-Inducible C-Type Lectin Mincle-Expressing Dendritic
Cells Contribute to Control of Splenic Mycobacterium bovis BCG
Infection in Mice
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The macrophage-inducible C-type lectin Mincle has recently been identified to be a pattern recognition receptor sensing myco-
bacterial infection via recognition of the mycobacterial cell wall component trehalose-6',6-dimycolate (TDM). However, its role
in systemic mycobacterial infections has not been examined so far. Mincle-knockout (KO) mice were infected intravenously with
Mpycobacterium bovis BCG to mimic the systemic spread of mycobacteria under defined experimental conditions. After intrave-
nous infection with M. bovis BCG, Mincle-KO mice responded with significantly higher numbers of mycobacterial CFU in
spleen and liver, while reduced granuloma formation was observed only in the spleen. At the same time, reduced Th1 cytokine
production and decreased numbers of gamma interferon-producing T cells were observed in the spleens of Mincle-KO mice rela-
tive to the numbers in the spleens of wild-type (WT) mice. The effect of adoptive transfer of defined WT leukocyte subsets gener-
ated from bone marrow cells of zDC*/°™® mice (which bear the human diphtheria toxin receptor [DTR] under the control of the
classical dendritic cell-specific zinc finger transcription factor zDC) to specifically deplete Mincle-expressing classical dendritic
cells (cDCs) but not macrophages after diphtheria toxin application on the numbers of splenic and hepatic CFU and T cell sub-

sets was then determined. Adoptive transfer experiments revealed that Mincle-expressing splenic cDCs rather than Mincle-ex-
pressing macrophages contributed to the reconstitution of attenuated splenic antimycobacterial immune responses in
Mincle-KO mice after intravenous challenge with BCG. Collectively, we show that expression of Mincle, particularly by ¢cDCs,
contributes to the control of splenic M. bovis BCG infection in mice.

ycobacterium tuberculosis is the causative pathogen of pul-

monary tuberculosis (TB) and is the second leading cause of
infection-induced death worldwide. One-third of the world’s
population is considered to be infected with M. tuberculosis and
approximately 8.7 million newly emerging TB cases and 1.4 mil-
lion deaths annually have been reported by the World Health Or-
ganization, with M. tuberculosis thereby representing a global
health threat (1). Inhalation of M. tuberculosis-containing aerosols
establishes pulmonary infections with M. tuberculosis, where lung
professional phagocytes, such as resident alveolar macrophages,
are the primary cellular niche for this pathogen (2, 3).

A hallmark of the lung antimycobacterial defense against local
mycobacterial spread and dissemination is the formation of a
granuloma (4-7), which typically consists of inflammatory mono-
nuclear cell aggregates, mainly foamy macrophages surrounded
by lymphocyte subsets. Within such granulomas, mycobacteria
can persist in a dormant state, termed latency (4, 8-10). Under
certain conditions, dormant mycobacteria are reactivated and fre-
quently disseminate to extrapulmonary organ systems, thereby
establishing a severe clinical complication of pulmonary tubercu-
losis (8, 11-13). Notably, not only M. tuberculosis but also M. bovis
BCG may cause mycobacterial dissemination in humans, as has
been noted, e.g., in patients treated by intravesical M. bovis BCG
therapy for bladder cancer, which may lead to systemic BCGitis, a
severe systemic BCG infection (14). Therefore, elucidation of the
molecular pathways underlying the control of systemic M. bovis
BCG infection may also inform about the regulatory pathways
controlling M. tuberculosis dissemination.

The macrophage-inducible C-type lectin Mincle (also called
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Clecde or Clecsf9) is a transcriptional target of NF—interleukin-6
(IL-6) (C/EBPB) and is expressed on professional antigen-pre-
senting cells (APCs), such as macrophages, dendritic cells (DCs),
B cells, and neutrophils, in response to several inflammatory stim-
uli (15, 16). Mincle is a type II transmembrane protein and an
activating receptor coupled to the FcRy chain, an immunorecep-
tor tyrosine-based activation motif (ITAM)-containing adaptor,
and recognizes the mycobacterial cell wall component trehalose-
6',6-dimycolate (TDM; cord factor) of M. tuberculosis as well as its
synthetic analogue, trehalose-dibehenate (TDB) (17-19). Activa-
tion of Mincle is further induced in response to endogenous dan-
ger signals, such as SAP130, a small ribonucleoprotein released by
dying cells (17), or is induced in response to pathogenic fungi
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(20-22). Downstream receptor activation involves the Syk-
CARD9-BCL10-Malt1 signaling pathway and results in a Th1 and
Th17 cytokine-dominated immune response (19, 23).

Our group recently showed that Mincle is expressed as a de-
layed-type pattern recognition receptor on alveolar macrophages,
newly recruited exudate macrophages, and alveolar recruited neu-
trophils in response to M. bovis BCG infection, where it critically
shapes the lung inflammatory response against mycobacterial
challenge (24). In that study, we observed that Mincle-knockout
(KO) mice were more susceptible to intravenous M. bovis BCG
infection, suggesting that Mincle might play a role in the regula-
tion of systemic mycobacterial infection. Capitalizing on these
findings, we examined here the role of Mincle in the splenic and
hepatic response to intravenous BCG infection in wild-type (WT)
and Mincle-KO mice.

MATERIALS AND METHODS

Animals. WT C57BL/6 mice were purchased from Charles River (Sulzfeld,
Germany). Mincle-KO mice on a C57BL/6 background (21) were obtained
from the Consortium for Functional Glycomics (CFG). CD45.1 alloantigen-
expressing C57BL/6 mice (B6.SJL-Ptprca) were purchased from The Jackson
Laboratory (Sacramento, CA). Transgenic zDC™P™ mice on a C57BL/6
background bearing the human diphtheria toxin receptor (DTR) under the
control of the classical dendritic cell-specific zinc finger transcription factor
zDC (also termed Zbtb46 and Btbd4) were generously provided by Michel
Nussenzweig (The Rockefeller University, New York, NY) (25). Animals were
used at 8 to 12 weeks of age according to the guidelines of the Institutional
Animal Care and Use Committee of Hannover Medical School. Animal ex-
periments were approved by the Lower Saxony State Office for Consumer
Protection and Food Safety (Hannover, Germany).

Reagents. Rat monoclonal anti-Mincle antibody (Ab; clone 1B6, IgG1k)
was generated as recently described (17), and the respective purified rat IgG1k
isotype control (clone R3-34) was purchased from BD Biosciences (Heidel-
berg, Germany). Anti-CD3 fluorescein isothiocyanate (FITC; clone 145-
2Cl11), anti-CD4-peridinin chlorophyll protein-Cy5.5 (clone RM4-5), anti-
CD8-phycoerythrin (PE)-Cy7 (clone 53-6.7), anti-CD11b-PE-Cy7 (clone
M1/70), anti-CD19-PE (clone 1D3), anti-CD45.1-FITC (clone A20), anti-
CD45.2-PE (clone 30F11), anti-gamma interferon (anti-IFN-vy)-allophyco-
cyanin (APC) (clone XMG1.2), anti-Ly6G-PE (clone 1A8), biotinylated IgG1
(clone RG11/39.4), and allophycocyanin-streptavidin were all obtained from
BD Biosciences (Heidelberg, Germany). Anti-F4/80-FITC (clone CL:A3-1)
and anti-F4/80-APC (clone CI:A3-1) were obtained from Serotec (Diissel-
dorf, Germany). Anti-CD11c-PE-Cy5.5 (clone N418) was purchased from
Invitrogen, and anti-major histocompatibility complex class II (anti-MHC-
1I) eFluor 450 (clone M5/114.15.2) was obtained from eBioscience (San Di-
ego, CA, USA). A magnetically activated cell sorting (MACS) kit and CD19
and CD90.2 Ab-labeled magnetic beads for purification of splenic T and B
cells as well as CD45 Ab-labeled magnetic beads for purification of hepatic
leukocytes were obtained from Miltenyi Biotec (Bergisch Gladbach, Ger-
many). Diphtheria toxin (DT) was purchased from Sigma (Deisenhofen,
Germany).

Analysis of TDM from M. bovis as a specific ligand for Mincle. To
verify that TDM from M. bovis (and M. bovis BCG derived therefrom) is
recognized by Mincle, green fluorescent protein (GFP)-conjugated NFAT
(NFAT-GFP) reporter cells expressing either Mincle plus FcRy or FcRy
only were cultured in RPMI 1640 medium enriched with 10% fetal calf
serum (FCS) and B-mercaptoethanol, followed by stimulation with dif-
ferent concentrations of plate-coated TDM purified from M. bovis
(Sigma, Deisenhofen, Germany) for 18 h. Subsequently, reporter cells
were subjected to GFP expression analysis by flow cytometry, as described
previously (17, 18).

Spleen and liver histopathology and detection of mycobacteria with
fluorescence microscopy and ZN staining. Spleens as well as the right
and left medial lobes of the liver of M. bovis BCG-infected WT and
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Mincle-KO mice were fixed in 4.5% neutral buffered formalin (Histofix;
Roth, Karlsruhe, Germany) for 24 h at room temperature. Paraffin-em-
bedded spleen and liver tissue was sectioned at 3 wm. Histological quan-
tification of splenic macrophages was performed by immunohistochem-
istry using anti-CD68 Ab (Abcam, Cambridge, United Kingdom). The
splenic and hepatic granulomas in 10 and 20 high-power fields (HPFs)
were enumerated by an experienced pathologist (D.].) using an Olympus
fluorescence microscope (BX 51TF; Olympus, Hamburg, Germany). For
detection of splenic mycobacteria via fluorescence microscopy, formalin-
fixed and paraffin-embedded tissue sections were deparaffinized, rehy-
drated, and then stained with a TB-fluor, phenol-free solution from a
staining kit from Merck (Darmstadt, Germany) which consisted of aura-
mine-rhodamine solution, decolorization solution, and counterstaining
solution. The slides were processed following the manufacturer’s proto-
col. Sections of spleens were also subjected to Ziehl-Neelsen (ZN) stain-
ings. Briefly, after deparaffinization, slides were stained for 20 min with
Ziehl-Neelsen carbol fuchsin solution (Merck, Darmstadt, Germany),
which was preheated to 60°C. Following decolorization with HCl-ethanol,
the slides were washed with tap water for 10 min and then counterstained
with hemalum (Merck).

Culture and quantification of M. bovis BCG. M. bovis BCG (strain
Pasteur) was cultured in Middlebrook 7H9 medium enriched with oleic
acid-albumin-dextrose-catalase supplement (BD Biosciences, Heidel-
berg, Germany) until mid-log phase and then frozen in 1-ml aliquots at
—80°C until use. For quantification of the CFU, mycobacteria were seri-
ally diluted in Middlebrook 7H9 medium and plated on Middlebrook
7H10 agar plates (BD Biosciences, Heidelberg, Germany). After 3 weeks of
incubation at 37°C, the CFU were quantified.

Treatment groups and infection of mice with M. bovis BCG. To eval-
uate the role of Mincle-expressing macrophages versus that of classical
dendritic cells (¢<DCs) on splenic and hepatic antimycobacterial immu-
nity, in selected experiments, each Mincle-KO mouse received via intra-
venous (i.v.) adoptive transfer 5 X 10° bone marrow-derived monocytes
(BMMs) from WT mice, transgenic zDCPTR mice, or Mincle-KO mice
(as a transfusion control) immediately subsequent to i.v. infection of the
mice with M. bovis BCG. This was followed by analysis of the mycobacte-
rial loads and the numbers of IEN-y-producing CD4" and CD8* T cells
in the spleens and livers (right and left medial lobes) of the mice on days 14
and 21 postinfection. Alternatively, Mincle-KO mice received repetitive
adoptive transfer of neutrophils that were purified from the bone marrow
of WT or Mincle-KO mice on days 0, 1, and 3 after i.v. M. bovis BCG
challenge, followed by analysis of the mycobacterial loads and IFN-y-
producing CD4* and CD8™" T cells in the spleens of the mice on day 7
postinfection.

Adoptive leukocyte transfer and DT-dependent depletion of cDCs.
Bone marrow cells were isolated from the tibias and femurs of Mincle-KO
mice or CD45.2 alloantigen-expressing transgenic zDC™/P™® mice as de-
scribed previously (26-28). Briefly, the tibias and femurs were flushed
with sterile RPMI 1640 medium supplemented with 10% FCS, and the
cells were filtered through a 40-pm-mesh-size cell strainer (BD Biosci-
ences, Heidelberg, Germany) to remove cell aggregates. Subsequently, the
cell suspensions were centrifuged at 1,200 rpm for 10 min at 4°C. There-
after, bone marrow cells were incubated overnight in cell culture dishes
(Greiner, Frickenhausen, Germany) in Dulbecco modified Eagle medium
(PAA, Pasching, Austria) supplemented with 10% FCS, 2 mM glutamine,
1% penicillin-streptomycin, 1% HEPES (Gibco, Invitrogen, Karlsruhe,
Germany), and 1% sodium pyruvate (PAA, Pasching, Austria) at 37°C in
5% CO,. After 24 h, nonadherent cells were collected and stimulated with
50 ng/ml macrophage colony-stimulating factor (R&D Systems, Wiesba-
den, Germany) in cell culture dishes (Sarstedt, Niimbrecht, Germany) for
3 days to enrich monocytic cells. The purities of these cell preparations
were always >95%, as determined by fluorescence-activated cell sorter
(FACS) analysis of their F4/80 cell surface expression. Such bone marrow-
derived monocyte preparations from Mincle-KO mice or zDC* /PR mice
were then intravenously transfused into Mincle-KO mice (5 X 10° cells/
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mouse) to study the contribution of Mincle-expressing monocyte-de-
rived DCs, as opposed to monocyte-derived macrophages, to antimyco-
bacterial immunity in BCG-infected recipient Mincle-KO mice.

To ensure the specific depletion of cDCs while sparing macrophages in
this experimental setting, we first established a DT-based cDC depletion
protocol, based on recent reports (25). Briefly, CD45.1 alloantigen-ex-
pressing (CD45.1") recipient WT mice were i.v. infected with M. bovis
BCG at 8 X 10° CFU/mouse, and then the mice received a single intrave-
nous transfusion of bone marrow-derived monocytic cells from CD45.2
alloantigen-expressing (CD45.2") donor zDC*/P™ mice (5 X 10° cells/
mouse). Specific depletion of CD45.2" cDCs but not CD45.2" macro-
phages in the spleens of CD45.17 recipient mice was achieved by intra-
peritoneal (i.p.) injection of DT (10 ng/g body weight [bw] DT dissolved
in phosphate-buffered saline [PBS]) at day 1 and every 48 h for 7 days,
followed by FACS analysis of the respective CD45.2" donor cell popula-
tions in the spleens of recipient mice on day 7 postinfection. This protocol
was then employed to specifically deplete Mincle-expressing zDC™/PTR
¢DCs but not macrophages in recipient Mincle-KO mice subsequent to
their infection with M. bovis BCG on days 14 and 21 postinfection.

For purification of bone marrow-derived neutrophils, bone marrow
cells from WT and Mincle-KO mice were isolated as described above and
then loaded onto a three-layer Percoll gradient consisting of 2 ml 81%, 2
ml 67%, and 2 ml 52% Percoll Plus (GE Healthcare, Uppsala, Sweden),
according to the manufacturer’s instructions. After centrifugation at
500 X g for 35 min at 4°C, neutrophils were carefully aspirated from the
81% to 67% interphase and washed with Hanks balanced salt solution
(HBSS) supplemented with EDTA and bovine serum albumin (29). The
purities of the bone marrow-derived neutrophils used for the transfusion
experiments always ranged from 80 to 90%, as judged by FACS analysis of
their Ly6G cell surface staining.

Treatment of mice with function-blocking anti-Mincle antibody. In
selected experiments, WT mice were intravenously infected with M. bovis
BCG (8 X 10°> CFU/mouse), and then the mice received daily i.p. injec-
tions of either function-blocking anti-Mincle antibody 1B6 (10 g/mouse
in 150 pl PBS—0.1% human serum albumin [HSA]) or control IgG1 for 7
or 14 consecutive days, followed by determination of the mycobacterial
loads in the spleen on days 14 and 21 postinfection.

Determination of mycobacterial loads in the spleen and liver. Mice
were euthanized with an overdose of isoflurane, and the spleens and livers
(left lateral lobe, right lateral lobe, and caudate lobe) were isolated and
homogenized using a tissue homogenizer (IKA, Staufen, Germany). The
resulting spleen and hepatic homogenates were lysed in HBSS containing
0.1% saponin, and 10-fold serial dilutions of homogenates were processed
for determination of the number of CFU on 7H10 agar plates (7, 24).

Immunophenotypic analysis of splenic and hepatic leukocyte sub-
sets. The spleens of WT and Mincle-KO mice were isolated and dissected
with a sterile scalpel. After crushing of the tissue using a pestle, cells were
aspirated with a 1-ml pipette, placed into RPMI 1640 medium, and fil-
tered through a 40-pm-mesh-size cell strainer (BD Biosciences) to obtain
single-cell suspensions. Subsequently, splenic T and B cells were enriched
using a CD19 and CD90.2 MACS purification kit following the manufac-
turer’s instructions (Miltenyi, Bergisch Gladbach, Germany). Briefly,
splenocytes were centrifuged at 1,200 rpm for 10 min at 4°C, and ammo-
nium chloride buffer was added for lysis of red blood cells for 5 min.
Thereafter, cells were washed and resuspended in MACS buffer, followed
by incubation of the cells with 10 pl each of anti-CD19 and anti-CD90.2
antibody-conjugated magnetic beads per 10 cells. Following incubation
for 15 min at 4°C, the cells were washed and passed over a MACS LS
column to separate CD19" B cells and CD90.2" T cells. The liver was
perfused with 30 ml HBSS until hepatic vessels were free of blood. The left
and right medial lobes of the liver were removed carefully and were then
cut into small pieces and incubated in digestion solution (RPMI 1640
medium supplemented with collagenase A [5 mg/ml] and DNase I [1
mg/ml] from Roche, IN) for 30 min. The digested tissue was then filtered
through a 70-pm-mesh-size cell strainer and then a 40-pum-mesh-size cell
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strainer (BD Biosciences). Hepatocytes were centrifuged at 1,000 rpm for
10 min at room temperature (22°C), and the cell pellet was then resus-
pended in MACS buffer, followed by centrifugation at 800 rpm for 10 min
at room temperature. Then, hepatocytes were incubated with 10 pl of
anti-CD45 antibody-conjugated magnetic beads per 107 cells for 15 min at
4°C. Subsequently, the cells were washed and passed over a MACS LS
column to enrich CD45* hepatic leukocytes. For flow cytometric analysis
of splenic and hepatic lymphocyte subsets, cells were incubated with
highly purified IgG derived from human plasma (Octagam; Octapharm,
Langenfeld, Germany) and were then stained for 20 min at 4°C with ap-
propriately diluted antibodies according to their cell surface antigen ex-
pression profiles. For analysis of intracellular IFN-y expression by the
respective T cell subsets, cells were washed twice with FACS buffer and
were then incubated with Fix/Perm solution for 20 min at 4°C and washed
with Perm/Wash buffer, followed by incubation of the cells with appro-
priately diluted antibodies for 30 min at 4°C. The cells were then washed
twice and resuspended in FACS buffer for flow cytometric analysis. Im-
munophenotypic analysis of lymphocyte subsets was done by gating ac-
cording to their forward scatter area (FSC-A) versus side scatter (SSC-A)
as well as FSC-A versus forward scatter height (FSC-H) characteristics to
exclude cell aggregates, followed by analysis of CD4™ T cells (CD3* CD4*
CD87),CD8" T cells (CD3" CD4~ CD8"), and B cells (CD3~ CD19™).
As a positive control for detection of intracellular IFN-y, MiCK mouse
cytokine-positive control cells (BD Biosciences) were used.

Flow cytometric analysis of splenic myeloid cells within the CD19™
CD90™ leukocyte fraction was done according to previous protocols (30).
Gating of the cells was done according to their FSC-A/SSC-A characteris-
tics, while taking care to exclude FSC-A!"" and SSC-APigh eosinophils, and
by subgating according to their FSC-A/FSC-H characteristics to exclude
cell aggregates. Neutrophils were identified as Ly6G-positive (Ly6G™),
SSC-A™Y, and CD11b™ cells. Splenic macrophages were identified as
Ly6G-negative (Ly6G ™), SSC-A'", CD11bMs", CD11c%, and MHC-II-
negative (MHC-II")/MHC-IT"" cells. Splenic ¢cDCs were identified as
Ly6G~, SSC-Al°Y, CD11b™, CD11c"8", and MHC-11"¢" cells.

Flow sorting of splenic macrophages, neutrophils, and dendritic
cells. Mincle-expressing macrophages and neutrophils are directly in-
volved as antimycobacterial innate effector cells in mycobacterial uptake
and killing (7, 24). We performed high-speed cell sorting of Mincle-ex-
pressing splenic macrophages and neutrophils as well as dendritic cells for
subsequent gene expression analysis using a FACSAria II flow cytometer
(BD Biosciences) equipped with a 3-laser system (blue laser, 488-nm ex-
citation wavelength; violet laser, 405-nm wavelength; red laser, 633-nm
wavelength). Splenic macrophages, neutrophils, and ¢cDCs were gated as
outlined above, and after appropriate compensation setting, cells were
sorted with an 85-pwm nozzle at a flow rate of ~10,000 particles per sec-
ond. The complete sorting process was performed at a constant temper-
ature of 4°C, and resort analysis of sorted cells revealed sort purities of
>98% (24, 26, 31).

Real-time RT-PCR. Total cellular RNA was isolated from flow-sorted
splenic macrophages, neutrophils, and cDCs of mock-infected or M. bovis
BCG-infected mice using an RNeasy microkit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. For cDNA synthesis, 100 ng of
purified total cellular RNA was used. Quantitative real-time reverse tran-
scription-PCR (RT-PCR) was performed on an ABI 7300 real-time PCR
system (Applied Biosystems, Warrington, United Kingdom) using SYBR
green dye (Eurogentec, Seraing, Belgium). PCR primers for quantification
of B-actin (GenBank accession number NM_007393.3), tumor necrosis
factor alpha (TNF-a; GenBank accession number M13049), IL-1B (Gen-
Bank accession number NM_008361.3), IFN-y (GenBank accession
number NM_008337.3), and inducible nitric oxide (NO) synthase (Gen-
Bank accession number NM_010927.3) were designed using Primer Ex-
press software (Applied Biosystems, Warrington, United Kingdom), on
the basis of the gene sequence data retrieved from GenBank, and were
utilized at a concentration of 4 pM. For normalization, (3-actin was used
as the housekeeping gene, and mean fold changes were calculated using
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the 27 22T threshold cycle (C;) method (24, 32, 33). All samples were
tested in duplicate, and a nontemplate control was included in each am-
plification run (31).

Quantification of proinflammatory cytokines in spleen homoge-
nates. WT mice and Mincle-KO mice were euthanized, and spleens were
collected, homogenized, and then centrifuged at 1,400 rpm and 4°C for 9
min. Cell-free supernatants were collected and stored at —20°C until use.
Quantification of proinflammatory cytokines (TNF-c, IFN-v, IL-1p3,
RANTES [CCL5]) in cell-free supernatants of spleen homogenates was
done using commercially available enzyme-linked immunosorbent assay
kits (R&D Systems).

Quantification of NO in spleen homogenates. The release of NO in
the spleen tissue of M. bovis BCG-infected WT and Mincle-KO mice was
analyzed using an NO quantification kit (Active Motif, Rixensart, Bel-
gium), as recently described (31). In brief, spleens were homogenized as
outlined above and filtered through a 10-kDa-cutoff micropore filter
(Amicon Ultra; Millipore, Billerica, MA, USA). Samples were placed on a
96-well plate, and nitrate reductase and cofactors were added for conver-
sion of nitrate to nitrite. After addition of the Griess reagent, the concen-
tration of NO was determined by using a spectrophotometer operating at
an absorbance of 540 nm and a reference wavelength of 620 nm (31).

Statistics. Data are presented as the mean * standard deviation (SD).
Comparisons between groups were performed using Student’s ¢ test or the
Mann-Whitney U test and GraphPad Prism software (version 6.01). Sta-
tistically significant differences between treatment groups were assumed
when P values were <0.05.

RESULTS

Effect of Mincle deficiency on splenic and hepatic mycobacterial
loads and granuloma formation. In a first step, we analyzed
whether TDM derived from M. bovis is a ligand of Mincle. As
shown in Fig. S1 in the supplemental material, Mincle- and FcRy-
expressing NFAT-GFP reporter cells but not FcRy-only-express-
ing NFAT-GFP reporter cells responded with a strong GFP fluo-
rescence emission upon exposure to TDM of M. bovis, thus
verifying that M. bovis-derived TDM is a ligand of Mincle.

We next examined the effect of Mincle deficiency on antimy-
cobacterial immunity in the spleens and livers of mice as the main
target organs for systemic mycobacterial infections. To mimic a
systemic mycobacterial infection, WT mice and Mincle-KO mice
were infected intravenously with M. bovis BCG. As shown in Fig.
1A, mycobacterial loads were significantly increased in the spleens
of Mincle-KO mice relative to those in the spleens of WT mice at
days 14, 21, and 28 after intravenous M. bovis BCG infection (Fig.
1A), consistent with recent findings (24). Fluorescent auramine
and Ziehl-Neelsen (ZN) stainings localized M. bovis BCG in the
spleen sections, mainly in the white pulp and specifically in clus-
ters of giant cells, of Mincle-KO mice (Fig. 1B). Determination of
the number of splenic CFU by classical plating techniques also
showed significantly higher mycobacterial loads in the spleens of
Mincle-KO mice (Fig. 1C). Increased splenic mycobacterial loads
were also observed in WT mice intravenously infected with BCG
and subsequently treated with a function-blocking anti-Mincle
antibody, 1B6, relative to those observed in the spleens of isotype
control Ab-treated BCG-infected WT mice (Fig. 1D). Moreover,
Mincle-KO mice responded to intravenous BCG challenge with a
significantly reduced splenic granuloma formation compared to
that in WT mice (Fig. 1E). Since macrophages represent a major
cellular constituent of tuberculous granulomas (4), we also quan-
tified the numbers of macrophages in the splenic granulomas of
WT and Mincle-KO mice after intravenous M. bovis BCG chal-
lenge, using CD68 as a marker for the immunohistochemical enu-
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meration of macrophages in spleen tissue. As shown in Fig. 1F,
Mincle-KO mice exhibited a significantly reduced macrophage
accumulation in their spleens after i.v. BCG challenge relative to
that in the spleens of WT mice.

Similar to our observations in the spleen, we observed that the
mycobacterial loads in the livers of Mincle-KO mice were signifi-
cantly higher than those in the livers of WT mice infected intrave-
nously with M. bovis BCG (Fig. 1G). At the same time, no signif-
icant differences in granuloma formation were observed in the
livers of BCG-challenged WT versus Mincle-KO mice (Fig. 1H),
suggesting that, opposed to the spleen, granuloma formation in
the liver in response to M. bovis BCG infection is not dependent on
the presence of Mincle.

Mincle is induced on professional phagocyte subsets in re-
sponse to intravenous mycobacterial infection in mice. Analysis
of the total cell numbers of professional phagocyte subsets in the
spleen tissue of mice subjected to i.v. M. bovis BCG challenge
revealed similar numbers of splenic macrophages in WT and
Mincle-KO mice under baseline conditions, with reduced num-
bers of splenic macrophages being observed in Mincle-KO mice
relative to the numbers observed in WT mice on days 14 and 21
postinfection, though the difference did not reach statistical sig-
nificance (see Fig. S2A in the supplemental material). A significant
reduction of the neutrophil counts was observed on day 14 after
BCG infection in Mincle-KO mice (see Fig. S2B in the supplemen-
tal material). No differences in the numbers of splenic cDCs were
noted during the observation period of 21 days (see Fig. S2C in the
supplemental material).

Next, we characterized the expression of Mincle on splenic
professional phagocytes, including macrophages, neutrophils,
dendritic cells, and lymphocytes, of WT mice after intravenous M.
bovis BCG challenge. Figure 2A to F show the gating strategy em-
ployed for analysis of cell surface expression of Mincle on splenic
macrophages, neutrophils, and dendritic cells, and Fig. 2G to I
show the flow sorting for their subsequent molecular phenotyping
by real-time RT-PCR. As shown in Fig. 2], intravenous infection
of mice with M. bovis BCG resulted in a delayed, significant induc-
tion of Mincle on splenic macrophages that peaked by day 14
postinfection and that showed a decline toward baseline levels by
day 21 postinfection. Splenic neutrophils demonstrated a low level
of Mincle expression under baseline conditions but showed a
timely delayed upregulation of Mincle on their surface after intra-
venous BCG challenge that peaked by days 7 and 14 postinfection,
relative to the Mincle expression of splenic neutrophils of mock-
infected WT mice (Fig. 2K). Similar to the findings for splenic
macrophages and neutrophils, splenic dendritic cells of WT mice
exhibited a low level of Mincle expression under baseline condi-
tions but responded with a marked upregulation of Mincle after
i.v. BCG challenge that peaked by day 14 postinfection, with a
decline toward the baseline by day 21 postinfection (Fig. 2L). At
the same time, splenic lymphocytes lacked Mincle expression in
response to i.v. M. bovis BCG challenge (data not shown).

Effect of Mincle on proinflammatory gene expression by
flow-sorted splenic macrophages, neutrophils, and dendritic
cells. Macrophages and neutrophils represent the most impor-
tant antimycobacterial innate effector cells involved in the uptake
and intracellular killing of mycobacterial pathogens (34). There-
fore, we next examined the proinflammatory, antimycobacterial
gene activation profile of these professional phagocyte subsets in
Mincle-KO mice and compared them with those in WT mice after i.v.
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FIG 1 Effect of Mincle deficiency on mycobacterial loads in the spleens and livers of mice infected intravenously with M. bovis BCG. WT mice and Mincle-KO
mice were infected intravenously with M. bovis BCG (8 X 10> CFU/mouse). At the indicated time points, the spleens of mice were analyzed for mycobacterial
loads by histopathology and plating techniques (A, C), fluorescent auramine and ZN staining of spleen tissue (B, top and bottom, respectively; 28 days after BCG
challenge), as well as determination of granuloma formation (E). The numbers of CD68 " macrophages were determined by immunohistochemical analysis of
spleen tissue sections (F). The data are shown as the mean = SD for 3 mice (0-h time point) or 4 to 5 mice per treatment group and time point ¥, P < 0.05 relative
to WT mice; **, P < 0.001 relative to WT mice; ****, P < 0.0001 relative to WT mice. P values were determined by the Mann-Whitney U test (A) or Student’s
t test (C). Bars, 50 um (B, top) and 20 wm (B, bottom). (D) WT mice were infected intravenously with M. bovis BCG (8 X 10> CFU/mouse) and then received
daily intraperitoneal injections of either isotype IgG or anti-Mincle Ab 1B6, starting by day 7 postinfection for another 7 or 14 days. Values in panel D are depicted
as the mean * SD for 5 to 7 WT mice treated with isotype IgG and 5 to 9 WT mice treated with anti-Mincle Ab 1B6. The data shown are representative of those
from two independently performed experiments. *, P < 0.05; **, P < 0.01 (Student’s t test). (G) At the indicated time points, the left and right lateral lobes as well
as the caudate lobe of the liver were isolated and subjected to determination of mycobacterial loads by plating techniques. The left and right medial lobes of the
liver were subjected to histopathological determination of granuloma formation (enumerated per 10 HPF) (H). Data are shown as the mean = SD for 3 mice (0-h
time point) or 4 or 5 mice per treatment group and time point. *, P < 0.05; ***, P < 0.001 (Student’s t test).
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FIG 2 Mincle expression on splenic macrophages, neutrophils, and dendritic cells of mice challenged with M. bovis BCG. WT mice were either mock infected
(PBS, 0.1% HSA, 0-h values) or infected with M. bovis BCG (8 X 10° CFU/mouse). At the indicated time points, the spleens of mice were processed for FACS
analysis of Mincle expression on the respective phagocyte populations. Splenic leukocytes were gated according to their FSC-A versus SSC-A characteristics while
excluding eosinophils (population 1 [P1]) (for details, see Materials and Methods) (A); this was followed by hierarchical subgating according to their FSC-A
versus FSC-H characteristics (P2) (B). After exclusion of Ly6GP, SSC-A!*%, and CD11bMieh neutrophils (polymorphonuclear leukocytes [PMNs; P4]) (C, D),
Ly6G~ leukocytes (P3) (C) were characterized as splenic macrophages (Md; P6) (E, F) according to their CD11b"€", CD11c'*%, and MHC-IT~ "™ expression,
whereas splenic cDCs were characterized as CD11c™&", CD11b™¢, and MHC-11"¢" (cDCs; P5) (E, F). The purity of flow-sorted splenic neutrophils (polymor-
phonuclear leukocytes) (G), splenic macrophages (Md) (H), and splenic dendritic cells (cDCs) (I) was determined. At days 0, 7, 14, and 21 after M. bovis BCG
infection, cell surface expression of Mincle on splenic macrophages (Md; P6) (J), splenic neutrophils (polymorphonuclear leukocytes; P4) (K), and splenic cDCs
(cDCs; P5) (L) was analyzed, as indicated. Values are shown as dot plots, with median values indicated as horizontal bars (n = 3 to 4 mock-infected mice, n =
3 to 6 mice infected with M. bovis BCG). **, P < 0.01 relative to mock-infected mice (day 0 values) (Mann-Whitney U test).
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FIG 3 Effect of Mincle deficiency on M. bovis BCG-induced gene expression profiles of splenic macrophages, neutrophils, and dendritic cells in vivo. WT mice
and Mincle-KO mice were either mock infected or infected intravenously with M. bovis BCG. Splenic macrophages (A to D) and splenic neutrophils (E to H) were
purified by high-speed cell sorting on days 7 and 14 postinfection and subjected to gene expression profiling for TNF (A, E, I), IFN-y (B, F, ]), IL-1 (C, G, K), and
NOS2 (D, H) by real-time RT-PCR. Values are shown as the mean = SD for 3 to 6 mice per time point and experimental group. The data are representative of
those from two independently performed experiments. *, P < 0.05 relative to WT mice; **, P < 0.01 relative to WT mice (Student’s ¢ test and the Mann-Whitney

U test).

BCG challenge. As shown in Fig. 3, splenic macrophages from
Mincle-KO mice demonstrated significantly reduced TNF-a and
IFN-y mRNA levels after i.v. BCG challenge relative to those of
splenic macrophages collected from WT mice (Fig. 3A and B),
whereas no differences between the groups were noted for IL-1 and
NOS2 mRNA (Fig. 3C and D). In response to i.v. BCG challenge,
splenic neutrophils from Mincle-KO mice responded with IFN-y
mRNA levels and, in particular, IL-1 and NOS2 mRNA levels signif-
icantly lower than those of WT neutrophils, whereas no differences in
TNF gene expression were noted (Fig. 3E to H). Moreover, in re-
sponse to intravenous M. bovis BCG challenge, flow-sorted splenic
¢DCs of Mincle-KO mice responded only partially and nonsignifi-
cantly with lower levels of TNF and IFN-v gene expression com-
pared to those of splenic cDCs of WT mice, whereas virtually no
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differences in IL-1 gene expression were noted between the
groups. NOS2 was not detectable in splenic cDCs at days 7 and 14
postinfection, but the opposite was found for NOS2 gene expres-
sion by splenic macrophages and neutrophils. These data support
the view that Mincle-expressing splenic ¢cDCs are less likely to
contribute to the control of splenic mycobacterial loads by the
release of proinflammatory Th1 cytokines and illustrate a critical
role for Mincle in the regulation of proinflammatory mediator
gene induction, especially in splenic macrophages and neutro-
phils, in response to i.v. challenge of mice with M. bovis BCG.
Mincle deficiency limits proinflammatory mediator release
in mice after intravenous mycobacterial infection. We next ex-
amined the effect of Mincle deficiency on proinflammatory me-
diator liberation in the spleens of WT and Mincle-KO mice sub-
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FIG 4 Proinflammatory mediator profiles in spleen homogenates of M. bovis BCG-infected WT and Mincle-KO mice. WT mice and Mincle-KO mice were either
mock infected (PBS, 0.1% HSA; 0-h values) or infected intravenously with M. bovis BCG (8 X 10> CFU/mouse). At the indicated time points, the spleens of
infected mice were isolated and homogenized for quantification of TNF-a (A), IFN-vy (B), IL-1B (C), nitric oxide (D), and CCL5 (E). Data are presented as the
mean * SD for 3 mice (0-h time point) and 3 to 7 mice per time point and treatment group. The data are representative of those from two independently
performed experiments. *, P < 0.05 relative to WT mice; **, P < 0.01 relative to WT mice; ***, P < 0.001 relative to WT mice (Mann-Whitney U test).

sequent to intravenous M. bovis BCG challenge. As shown in Fig.
4A to E, we observed significant differences between WT and
Mincle-KO mice in the release of the splenic proinflammatory
mediators TNF-a, IEN-y, IL-1, CCL5, as well as nitric oxide after
i.v. BCG challenge (Fig. 4A to E). These data show that Mincle
contributes to the regulation of proinflammatory cytokine and
chemokine liberation within the spleens of mice in response to
intravenous mycobacterial infection.

Effect of Mincle on accumulation of splenic IFN-y-produc-
ing T cells during systemic mycobacterial infection. T cell-de-
rived IFN-vy is known to be essential for macrophage-dependent
antimycobacterial immunity, where it contributes to nitric oxide
liberation by activated macrophages (34). Based on our observa-
tion that Mincle-KO mice responded with significantly reduced
IFN-vy release in their spleens by day 14 after intravenous chal-
lenge with M. bovis BCG, we next examined the effect of Mincle
deficiency on the accumulation of IFN-y-producing CD4™" and
CD8™ T cells in the spleens of mice subjected to intravenous BCG
challenge (Fig. 5). We found that Mincle-KO mice responded with
a significantly attenuated accumulation of splenic IFN-y-produc-
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ing CD4" and CD8™ T cells by days 7 and 14 after systemic BCG
challenge, whereas on days 21 and 28 postinfection, Mincle-KO
mice exhibited significantly increased numbers of splenic IFN-y-
producing CD4" and CD8™" T cells compared to WT mice (Fig.
5A and B). These data show that Mincle is required for the regu-
lation of IFN-y-producing T cell responses during the early phase
of antimycobacterial immunity and a lack of Mincle delays the
splenic accumulation of IFN-vy-producing T cells by at least 1
week.

Effect of adoptive WT professional phagocyte transfer on
splenic antimycobacterial immunity in Mincle-KO mice. Hav-
ing shown that the C-type lectin Mincle is expressed on splenic
macrophages, neutrophils, and dendritic cells, we next questioned
which professional phagocyte subset of Mincle-expressing splenic
phagocytes would reverse the attenuated splenic antimycobacte-
rial immunity in Mincle-KO mice. Mincle-KO mice received a
single adoptive transfer of bone marrow-derived monocytes from
WT mice or Mincle-KO mice (which served as transfusion con-
trols) subsequent to i.v. infection with BCG. As shown in Fig. 6A,
adoptive transfer of WT but not Mincle-KO bone marrow-de-
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FIG 5 Effect of Mincle deficiency on numbers of splenic IFN-y-producing T cell subsets in mice infected with M. bovis BCG. WT mice and Mincle-KO mice were
either mock infected (0-h values) or infected intravenously with M. bovis BCG (8 X 10° CFU/mouse). At the indicated time points postinfection, the numbers
of IFN-vy-producing splenic CD4* and CD8™ T cells were quantified by flow cytometry. Data are shown as the mean = SD for 3 to 10 mice per time point and
treatment group. *, P < 0.05 relative to WT mice; **, P < 0.01 relative to WT mice (Mann-Whitney U test).

rived monocytes into Mincle-KO mice resulted in significantly
reduced splenic mycobacterial loads on days 14 and 21 postinfec-
tion (Fig. 6A), together with significantly increased numbers of
IFN-y-producing CD4" and CD8™ T cells and increased levels of
the lymphocyte chemoattractant CCL5 in the spleens of recipient
Mincle-KO mice on day 14 after intravenous BCG challenge (Fig.
6B to D).
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FIG 6 Effect of adoptive transfer of BMMs on antimycobacterial immunity in
Mincle-KO mice. BMMs (5 X 10° cells/mouse) from WT or Mincle-KO mice
were transfused into Mincle-KO mice immediately subsequent to intravenous
infection with M. bovis BCG. (A) At 14 and 21 days postinfection, the myco-
bacterial loads in the spleens of Mincle-KO mice transfused with WT or
Mincle-KO BMMs were determined. d, day. (B, C) Numbers of IFN-y-pro-
ducing CD4™ (B) and CD8™ (C) T cells in splenic tissue digests of Mincle-KO
mice transfused with WT or Mincle-KO BMMs. (D) CCLS5 levels in cell-free
supernatants of spleen homogenates from iv. M. bovis BCG-infected
Mincle-KO mice after adoptive transfer of WT or Mincle-KO BMMs. The data
are shown as the mean * SD for 4 to 11 mice per time point and treatment
group. Data are representative of those from three independently performed
experiments. ¥, P < 0.05 relative to Mincle-KO mice receiving Mincle-KO
monocytes by Student’s ¢ test (A) and the Mann-Whitney U test (B to D).
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Adoptive transfer of bone marrow-derived monocytes from
WT mice into Mincle-KO mice may give rise to splenic macro-
phages and/or cDCs, both of which may contribute to the im-
proved antimycobacterial immunity in adoptively transfused
Mincle-KO mice shown in Fig. 6. Therefore, we established a pro-
tocol to selectively deplete monocyte-derived cDCs, while sparing
monocyte-derived macrophages, to allow analysis of the relative
impact of donor-derived DCs as opposed to macrophages on
splenic antimycobacterial immunity in adoptively transfused
Mincle-KO mice (Fig. 7). To accomplish this, we transfused bone
marrow-derived monocytes from transgenic zDC*/®™ mice into
BCG-infected CD45.1 recipient mice. Such adoptively transfused
CD45.1 mice were then i.p. treated with DT every 48 h for 7 days to
deplete monocyte-derived cDCs, which are known to specifically
express the DT receptor under the control of the transcription
factor zDC, while at the same time spare monocytes and macro-
phages (or other leukocytes) derived from monocytes lacking
transgenic DTR expression (25). As shown in Fig. 7A to E, trans-
fusion of CD45.2" donor monocytes from transgenic zDC*/P*®
mice into BCG-challenged CD45.1 recipient mice resulted in the
splenic accumulation of CD45.2 donor leukocytes consisting of
equal amounts of both CD11c"#" and MHC-IT"¢" donor DCs and
CD11¢"" and MHC-II™ splenic donor macrophages (Fig. 7D, E,
and H). Subsequent treatment of CD45.1" recipient mice adop-
tively transfused with bone marrow-derived monocytes from
CD45.2" zDC*'P™ mice with DT selectively depleted CD45.27"
zDC PR splenic donor-type DCs while at the same time spared
donor-type CD45.2" splenic macrophages (Fig. 7F, G, and I).

We then elucidated the relative contribution of donor-derived
DCs versus macrophages to improve splenic antimycobacterial
immunity in Mincle-KO mice. Mincle-KO mice adoptively trans-
fused with bone marrow-derived monocytes from zDC /P mice
subsequent to BCG challenge responded to DT treatment with
both significantly increased splenic mycobacterial loads and, at
the same time, significantly reduced amounts of IEN-y-producing
CD4™" T cells relative to the results for adoptively transfused, PBS-
treated Mincle-KO mice (Fig. 7] and K).

In contrast, even repetitive adoptive transfer of WT neutro-
phils into recipient Mincle-KO mice performed on days 0, 3, and
5 after intravenous BCG challenge did not show any effect on
either the mycobacterial loads in the spleens of recipient
Mincle-KO mice (see Fig. S3A in the supplemental material) or
the numbers of IFN-y-producing CD4* and CD8" T cells (see
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FIG 7 DT-induced depletion of donor-type dendritic cells in spleens of recipient mice. BMMs from CD45.2™ zDC*"P™ mice (5 X 10° cells/mouse) were adoptively
transferred into CD45.17" recipient mice subsequent to their intravenous infection with M. bovis BCG. Seven days after adoptive transfer, splenocytes were processed
and gated according to their FSC-A/SSC-A characteristics (population 1 [P1]) (A) and FSC-A/FSC-H characteristics (P2) (B), followed by gating of the CD45.2™
donor-type leukocytes (P3) (C). (D, E) Hierarchical subgating of P3 revealed two major populations, P4 and P5, according to their differential CD11c and
MHC-II expression, and these were further characterized as splenic cDCs (P4), according to their CD11c™#" and MHC-11"¢" antigen expression, and splenic
macrophages, according to their CD11c'°" and MHC-II'®¥ antigen expression (P5). Treatment of adoptively transfused mice with DT (10 ng/g bw in PBS) (F, G)
but not vehicle (PBS only) (D, E) led to a selective and significant depletion of splenic CD45.2™ ¢DCs but not macrophages (P4) (F, G, H, I), thus functionally
confirming that cells of P4 are donor-type CD45.2*/zDC*/P™® splenic cDCs. The data in panels H and I are shown as the mean = SD for 5 mice per treatment
group. **, P < 0.01 relative to PBS treatment (Mann-Whitney U test). (J, K) Mincle-KO mice were infected intravenously with M. bovis BCG (8 X 10°
CFU/mouse), followed by adoptive transfer of bone marrow-derived monocytes (5 X 10 cells/mouse) from transgenic zDC*°"® donor mice. Subsequently, the
mice were treated i.p. with either PBS or DT. On days 14 and 21 postinfection, the numbers of splenic mycobacterial CFU (J) or the numbers of IFN-y-producing
CD4™" T cells (K) were determined. The data are presented as the mean = SD for 5 to 14 mice per time point and treatment group. **, P < 0.01 relative to PBS
treatment; *, P < 0.05, relative to PBS treatment (Student’s t test).

January 2015 Volume 83 Number 1 Infection and Immunity jaiasm.org 193


http://iai.asm.org

Behler et al.

Fig. S3B and C in the supplemental material) relative to the results
for BCG-infected Mincle-KO mice repetitively transfused with
neutrophils from donor Mincle-KO mice.

Finally, we examined what effect the transfusion of Mincle-KO
mice with Mincle-expressing WT donor mononuclear phagocyte
subsets either depleted or not depleted of cDCs would have on
liver mycobacterial loads. As opposed to the spleen, where diph-
theria toxin-dependent cDC depletion led to significantly in-
creased numbers of splenic CFU, no such effect was observed in
the liver (see Fig. S4A in the supplemental material). In addition,
we did not find any effect of WT monocyte/macrophage transfu-
sion (in the absence or presence of diphtheria toxin) on IFN-y-
producing T cell subsets in the livers of i.v. M. bovis BCG-infected
Mincle-KO mice (see Fig. S4B and C in the supplemental mate-
rial).

DISCUSSION

The current study was designed to elucidate the role of Mincle in
the control of systemic mycobacterial infection in mice challenged
intravenously with M. bovis BCG. Mincle-deficient mice exhibited
strongly increased mycobacterial loads in their spleen and liver,
while granuloma formation was attenuated only in the spleen and
not the liver of BCG-challenged Mincle-KO mice. The impaired
splenic antimycobacterial response of Mincle-KO mice observed
was accompanied by strongly attenuated Thl cytokine release
and, in particular, diminished accumulation of IFN-y-producing
T cell subsets in the spleens of mutant mice. Importantly, adoptive
transfer experiments revealed a contribution of Mincle-express-
ing ¢DCs to the regulation of splenic but not hepatic antimyco-
bacterial immunity in mice.

In a recent report, we characterized an important role for
Mincle in regulating lung protective immunity against pulmonary
M. bovis BCG infection in mice (24). At the same time, we ob-
served that Mincle-KO mice were more susceptible to intravenous
mycobacterial infection than WT mice, suggesting that the C-type
lectin Mincle might also regulate extrapulmonary antimycobacte-
rial responses. However, the role of Mincle in the regulation of
antimycobacterial immunity during systemic mycobacterial in-
fections in spleen and liver, as well as the underlying Mincle-ex-
pressing effector cell type(s), has not been determined so far. We
used an intravenous route of mycobacterial infection as an exper-
imental model for systemic mycobacterial infection. We found
significantly higher mycobacterial loads in both the spleen and the
liver of M. bovis BCG-infected Mincle-KO mice than in the spleen
and liver of M. bovis BCG-infected WT mice. At the same time,
granuloma formation was attenuated only in the spleen and not in
the liver of mutant mice, suggesting that Mincle is not required for
hepatic granuloma formation. Moreover, Mincle-KO mice dem-
onstrated significantly increased hepatic mycobacterial loads after
systemic BCG challenge compared to those in WT mice during an
observation period of 28 days. At the same time, adoptive WT cell
transfusion experiments in Mincle-KO mice had no effect on he-
patic mycobacterial loads, which is just the opposite result found
for the spleen. These data suggest a differential, organ-specific
contribution of Mincle to granuloma formation and antimyco-
bacterial immunity, which is found in lymphoid organs (spleen)
but not nonlymphoid organs (liver) of mice. Future studies are
needed to examine what Mincle-independent mechanisms possi-
bly mediated by other (C-type lectin) pattern recognition recep-
tors mediate granuloma formation in the liver of mice.
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We found that adoptively transfused bone marrow-derived
monocytes from zDC*/P™® mice maintained their full plasticity to
differentiate to a similar extent into both Mincle-expressing DCs
and Mincle-expressing macrophages in the spleens of BCG-chal-
lenged Mincle-KO mice. Considering that the transcription factor
zDC (also termed Zbtb46) is specifically expressed by conven-
tional DCs but not macrophages (25), the currently employed
diphtheria toxin-induced DC depletion protocol for the first time
allows dissection of the respective contributions of Mincle-ex-
pressing splenic ¢cDCs versus those of Mincle-expressing macro-
phages to antimycobacterial immune responses in a Mincle-defi-
cient background. Our data show (i) that Mincle-expressing
splenic DCs contribute to splenic but not hepatic antimycobac-
terial immunity and (ii) that the observed effect of Mincle-
expressing cDCs on mycobacterial loads and the numbers of
IEN-vy-producing T cell subsets cannot be fully compensated
for by Mincle-expressing splenic macrophages in the absence
of Mincle-expressing splenic ¢cDCs. Given that splenic T cells
were not observed to express Mincle (data not shown) and, fur-
ther, given that Mincle expression on splenic DCs was necessary to
elicit increased numbers of splenic IFN-y-producing CD4™ and
CD8" T cells in a Mincle-deficient background, Mincle likely
primes c¢DCs directly to respond as antigen-presenting cells
(APCs) to mycobacterial pathogen-associated molecular patterns
(PAMPs), such as TDM, to provide T cell-stimulatory signals in
mycobacterium-infected mice. However, this concept warrants
future examination.

The fact that Mincle-expressing neutrophils were not able to
reverse the observed splenic phenotype in BCG-challenged
Mincle-KO mice might have been due to the fact that neutrophils,
unlike macrophages, are short-lived leukocyte subsets which do
not act as antigen-presenting cells to enhance acquired immune
responses to mycobacterial challenge but, rather, have been
shown to enhance lung inflammation in response to TDM (35).
As such, transfusion of Mincle-expressing donor neutrophils into
recipient Mincle-KO mice did not trigger increased accumulation
of IEN-vy-producing T cell subsets in the spleens of mice. To ad-
dress the issue of the short half-life of transfused neutrophils that
may have confounded the experimental results, BCG-challenged
Mincle-KO mice received repetitive intravenous transfusions of
WT neutrophils on days 0, 3, and 5 after i.v. BCG challenge to
allow us to largely rule out the possibility that just an insufficient
availability of splenic WT neutrophils was responsible for the ob-
served lack of neutrophil transfusion efficacy in terms of IFN-y-
producing T cell responses in the Mincle-KO mice.

We observed here that Mincle-KO mice, known to signal via
the Syk/Card9 adaptor pathway, demonstrated significantly in-
creased mycobacterial loads along with decreased numbers of
IEN-v-producing T cell subsets in their spleens subsequent to sys-
temic BCG challenge. Similarly, Card9 ™/~ mice have also previ-
ously been shown to respond with significantly increased myco-
bacterial loads in their lungs upon challenge with M. tuberculosis
(36). At the same time, however, other reports demonstrated that
Card9 ™'~ mice exhibited significantly increased numbers of IFN-
v-producing T cells in lung draining lymph nodes relative to the
numbers in M. tuberculosis-infected WT mice, resulting in rapid
mortality after M. tuberculosis infection (23). This finding is quite
opposite what we observed in Mincle-KO mice exhibiting de-
creased numbers of IFN-y-producing T cells after BCG challenge.
Generally, it is well established that adaptor molecules, such as
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Card9 sampling signals from various pattern recognition recep-
tor, including C-type lectin receptors, RIG-1-like helicases, NOD-
like receptors, and Toll-like receptors, are more essential for sur-
vival after mycobacterial challenge than deletion of single receptor
checkpoints (36). Several reasons may explain the differences in
the T cell responses observed in mycobacterium-infected
Mincle-KO mice and Card9-KO mice, including the use of differ-
ent organ systems (spleen versus lung and lung draining lymph
nodes), differences in the route of mycobacterial infection (the
intratracheal versus i.v. infection route), as well as differences in
the pathogenicity profiles between M. bovis BCG and M. tubercu-
losis.

The role of Mincle in protective antimycobacterial immunity is
still controversial. Heitmann et al. (37) reported no essential im-
pact of the C-type lectin Mincle on protective immunity against
M. tuberculosis. In contrast, Lee et al. reported a role for Mincle in
TDM-induced neutrophil activation and liberation of proinflam-
matory mediators, overall showing increased lung mycobacterial
loads and immune pathology in Mincle-KO mice infected with M.
tuberculosis Erdmann (38). Moreover, infection of bone marrow-
derived macrophages from WT and Mincle-KO mice infected
with M. bovis BCG in vitro revealed reduced NO production and
granulocyte colony-stimulating factor secretion in Mincle-defi-
cient bone marrow-derived macrophages (37), and the current
study and our recently published data (24) also support a role for
Mincle in antimycobacterial immunity against M. bovis BCG. Dif-
ferences in the virulence profiles of the employed mycobacterial
strains (M. tuberculosis H37Rv, M. tuberculosis Erdman, and M.
bovis BCG) and differences in mycobacterial administration
routes may explain, at least in part, the reported differences be-
tween the studies.

The attenuated antimycobacterial response of Mincle-KO
mice to intravenous BCG challenge was recapitulated to a large
extent in i.v. BCG-infected WT mice treated with the function-
blocking anti-Mincle antibody 1B6, with the treatment overall
resulting in significantly increased mycobacterial loads in the
spleens of mice during an observation period of 21 days. In this
regard, Miyake et al. (39) most recently demonstrated a weak
cross-reactivity of the currently employed anti-Mincle antibody
1B6 with the newly characterized C-type lectin macrophage C-
type lectin (MCL; also called Clec4d). MCL is likely to arise from
duplication of the gene for Mincle, is constitutively expressed on
macrophages, and, like Mincle, is also an activating receptor that
mediates the adjuvanticity of TDM (24, 39). Our recently pub-
lished data from a study employing antibody 1B6 to monitor
Mincle expression on alveolar macrophages in response to various
mycobacterial PAMPs in vitro demonstrated only a very weak im-
munoreactivity of 1B6 with Mincle-KO macrophages, which con-
stitutively express MCL, thus supporting the view that 1B6 has a
very weak affinity of binding to MCL, as opposed to its high affin-
ity of binding to Mincle (24, 39). Therefore, we believe that the in
vivo blockade observed in the currently reported experiments em-
ploying antibody 1B6 were, for the most part, due to a specific
Mincle blockade by 1B6, rather than a low-level cross-reactivity of
antibody 1B6 with the C-type lectin MCL.

In conclusion, we show that the C-type lectin Mincle is an
important pattern recognition receptor that contributes to the
control of splenic and hepatic mycobacterial infections after sys-
temic M. bovis BCG infection in mice. These data may be an im-
portant basis for future preclinical studies to modulate Mincle
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expression in vivo with the aim of accelerating the Mincle-depen-
dent onset of antimycobacterial responses and, thus, host protec-
tive immunity against mycobacterial challenge.
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