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The C-Type Lectin Receptor MCL Mediates Vaccine-Induced
Immunity against Infection with Blastomyces dermatitidis
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C-type lectin receptors (CLRs) are essential in shaping the immune response to fungal pathogens. Vaccine-induced resistance requires
Dectin-2 to promote differentiation of antifungal Th1 and Th17 cells. Since Dectin-2 and MCL heterodimerize and both CLRs use
FcRy as the signaling adaptor, we investigated the role of MCL in vaccine immunity to the fungal pathogen Blastomyces dermatitidis.
MCL™'~ mice showed impaired vaccine resistance against B. dermatitidis infection compared to that of wild-type animals. The lack
of resistance correlated with the reduced recruitment of Th17 cells to the lung upon recall following experimental challenge and im-
paired interleukin-17 (IL-17) production by vaccine antigen-stimulated splenocytes in vitro. Soluble MCL fusion protein recognized
and bound a water-soluble ligand from the cell wall of vaccine yeast, but the addition of soluble Dectin-2 fusion protein did not aug-
ment ligand recognition by MCL. Taken together, our data indicate that MCL regulates the development of vaccine-induced Th17 cells
and protective immunity against lethal experimental infection with B. dermatitidis.

Vaccination is one of the greatest achievements in medicine and
a powerful tool to protect humans against infectious diseases.
The current armamentarium and efficacy of antifungal drugs is
limited; thus, fungal vaccines are urgently needed (1). Today’s
vaccines against infectious diseases preferentially induce protec-
tive antibodies, driven by adjuvants such as alum, which has been
used in a clinical trial of vaccination against Candida albicans with
a recombinant fungal antigen (2). However, accumulating evi-
dence suggests that antibodies contribute less to antifungal host
defense than cellular immunity, which is required to resolve most
fungal infections (3-5). Vaccine-induced resistance to fungi re-
quires CD4™ T cells that produce the proinflammatory cytokines
interleukin-17 (IL-17; Th17 cells) and gamma interferon (IFN-v;
Th1 cells) (3, 4). While Th1 cells may be dispensable for vaccine-
induced immunity against infection with systemic dimorphic
fungi in murine models, Th17 cells generally are required for re-
sistance against these infections (3). Hence, the identification of
host pathogen recognition receptors (PRR) and signaling path-
ways that lead to the induction of vaccine-induced Th17 cell re-
sponses is critical for the rational design of antifungal vaccines.

C-type lectin receptors (CLRs) represent a large family of PRRs
that share structurally homologous carbohydrate recognition do-
main(s) (CRD) (6, 7). CLRs expressed on antigen-presenting cells
recognize carbohydrate structures on the fungal cell wall and tai-
lor adaptive responses via the instruction of CD4™ T helper cells
(1, 8,9). In a murine model of subcutaneous vaccination, we have
previously uncovered an essential role of Dectin-2 in inducing
antifungal immunity and CD4 " T cell development (10). Using a
reporter cell assay, we showed that Dectin-2 directly binds to vac-
cine yeast and triggers downstream NFAT signaling. Animals
lacking Dectin-2 or its adaptor, FcRy, fail to differentiate and re-
cruit Th1/Th17 cells to the lung upon recall, and consequently the
mice lack the ability to acquire vaccine-induced resistance.

MCL (also known as Dectin-3, CLECSF8, and CLEC4D) is a
recently described Dectin-2 family member (11). It was originally
cloned from macrophages (12) and later found to be expressed in
other myeloid cell types, including monocytes and various subsets
of dendritic cells (13, 14). Like Dectin-2, MCL is a type II trans-
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membrane protein with a single extracellular CRD, and it associ-
ates with FcRy to trigger intracellular signaling (15). Recent stud-
ies have shown that MCL recognizes mycobacterial cord factor
TDM (trehalose-6,6"-dimycolate) (15, 16), a glycolipid ligand also
recognized by another Dectin-2 family member, Mincle. MCL
recognition of TDM induces Mincle expression and thus en-
hances host innate responses (15, 17, 18). Moreover, MCL is able
to form a receptor complex with Mincle (19-21) to facilitate sur-
face expression of the latter (19). Consequently, MCL is critically
involved in TDM-induced experimental autoimmune encephalo-
myelitis (EAE) (15) and plays a nonredundant role in antimyco-
bacterial innate immunity (17). MCL also has been shown to play
a protective role in innate host defense against Gram-negative
pneumonia (22). Aside from studies with C. albicans and Fonse-
caea pedrosoi (13, 23), the role of MCL in antifungal immunity
remains poorly defined. Interestingly, MCL was shown to form a
heterodimer with Dectin-2 to synergistically induce NF-kB in re-
sponse to C. albicans hyphae (24).

In view of the essential role of Dectin-2 and FcRy in inducing
protective immunity in our model of vaccine immunity and the
facts that (i) MCL and Dectin-2 utilize FcRwy as their downstream
signaling adaptor and (ii) MCL forms heterodimers with Dec-
tin-2, we investigated whether MCL is instrumental in acquiring
vaccine-induced immunity. Here, we report that MCL contrib-
utes to the acquisition of vaccine-induced resistance, promotes
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the development of fungal antigen-specific Th17 cells, and recog-
nizes a water-soluble ligand from the cell wall of vaccine yeast.

MATERIALS AND METHODS

Ethics statement. All animal procedures were performed in accordance
with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (25). Care was taken to min-
imize animal suffering. The work was done with the approval of the
IACUC of the University of Wisconsin—-Madison.

Fungal growth conditions. B. dermatitidis strains used were ATCC
26199, a wild-type virulent strain, and the isogenic, attenuated mutant
lacking BAD1, designated strain 55 (26). Isolates of B. dermatitidis were
maintained as yeast on Middlebrook 7H10 agar with oleic acid-albumin
complex (Sigma) at 39°C.

Mouse strains. Cryopreserved spermatozoa from C57BL/6-
Clec4dtm1.1Cfg/Mmucd (Mcl-knockout) (stock 031935-UCD) mice
were obtained from the Consortium of Functional Genomics and Mutant
Mouse Resources & Research Centers (MMRRC) and used to fertilize
wild-type C57BL6 eggs. The offspring were bred as brother/sister matings
at our facility. Blastomyces-specific T-cell receptor (TCR) transgenic (Tg)
1807 mice were generated in our laboratory and were backcrossed to congenic
Thy1.17 mice as described previously (27). Dectin-2 "/~ mice (28) were bred
at our facility. All mice were 6 to 8 weeks of age at the time of experiments.
Mice were housed and cared for according to guidelines of the University of
Wisconsin Animal Care Committee, which approved all aspects of this work.

Vaccination and experimental infection. Virulence-attenuated yeast
of B. dermatitidis strain 55 were injected as live cells using a dose range of
10° to 107 yeast per mouse. Mice were vaccinated subcutaneously (s.c.) at
two sites, dorsally and at the base of the tail. Resistance experiments in-
cluded one booster vaccination 2 weeks apart. Mice were infected intra-
tracheally with 2 X 10° or 2 X 10* isogenic, wild-type B. dermatitidis
26199 yeast as described previously (3). At day 4 postinfection, the mice
were sacrificed and lung T cells were analyzed by fluorescence-activated
cell sorter (FACS) analysis. The burden of lung infection was determined
by plating lung homogenates on brain heart infusion (Difco) agar fol-
lowed by enumeration of CFU.

Adoptive transfer of transgenic 1807 T cells and intracellular cyto-
kine staining. Single-cell suspensions of 10° magnetic bead-purified
CD4" cells from TCR Tg 1807 (Thyl.1") mice were injected intrave-
nously (i.v.) into Thy1.2™ C57BL/6 recipients. After vaccination and chal-
lenge, effector T cells from the lung were isolated as described previously
(3). To determine the percentage of transferred 1807 cells, an aliquot of
isolated cells was stained with monoclonal antibodies (MAbs) directed
against the following surface markers: CD4, CD8, Thyl.1, CD44, and
B220 (BD Pharmingen). The number of 1807 CD4* T cells in a lung was
calculated by multiplying the percentage of Thyl.1* CD4™ cells by the
number of viable cells as determined by trypan blue dye exclusion. The
rest of the cells were stimulated with anti-CD3 and anti-CD28 MAbs in
the presence of Golgi-Stop (BD Pharmingen). After 5 h of stimulation,
cells were stained for surface markers, fixed, and permeabilized using a
Cytofix/Cytoperm kit (BD Pharmingen), and then they were stained with
anti-IFN-v and -IL-17 MAbs (BD Pharmingen) as described previously
(3). FACS data were gathered with an LSRII flow cytometer (BD Biosci-
ences), and data were analyzed with FlowJo software (TreeStar).

Ex vivo coculture for cytokine protein measurement. Splenocytes
were harvested from mice at day 4 postinfection (34 days postvaccination),
washed, resuspended in complete RPMI 1640 containing 10 p.g/ml yeast cell
wall membrane (CW/M) antigen (Ag) (29), and plated in 24-well plates at a
concentration of 3 X 10° cells/well. Supernatants were collected from ex vivo
cocultures after 5 days of incubation at 37°C and 5% CO,. IFN-y (R&D
Systems) was used according to the manufacturer’s specifications.

Generation of recombinant Fc fusion protein and binding assay.
The generation of Dectin-2-Fc fusion protein has been described previ-
ously (10). To construct the MCL-Fc expression vector, the extracellular
domain (amino acids 77 to 219) of MCL was amplified by PCR from
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mouse bone marrow dendritic cell cDNA and introduced in frame into
the Kpnl and EcoRI sites of pSecTag2(C)-mDectin-2-Fc (provided by
Philip R. Taylor) to replace the Dectin-2 coding sequence. The
pSecTag2(C)-mMCL-Fc vector was transfected into HEK293T cells using
Lipofectamine 2000 (Invitrogen). Soluble MCL-Fc was expressed and pu-
rified as described previously (30). Human IgG1 Fc recombinant protein
was purchased from Invitrogen.

For the enzyme-linked immunosorbent assay (ELISA)-based assay of
CLR binding, B. dermatitidis cell wall extract (CWE) was prepared by
moderate sonication of live or heat-killed (HK) strain 55 yeast for 5 min.
Water-soluble fractions were collected and coated onto MaxiSorp ELISA
plates (Nunc). Plate-coated CWE was incubated with 0.5 pg/ml Fc or 1
pg/ml Fe fusion proteins in 20 mM Tris-HCI, pH 7.6, 10 mM Ca**, 0.15
M NaCl, and 0.1% (wt/vol) Tween 20. Bound proteins were detected by
using horseradish peroxidase (HRP)-conjugated anti-human IgG Ab
(Jackson ImmunoResearch Laboratories). Absorbance was measured at
450 nm. Readings were measured against a blank of uncoated wells incu-
bated with the appropriate Fc proteins.

For the binding of fusion proteins to B. dermatitidis yeast, Fc fragment
alone or Fc fusion proteins were added at 10 pg/ml to 2 X 10° live, heat-
killed, or UV-inactivated yeast in 100 pl binding buffer (20 mM Tris-HCl,
150 mM NaCl, 10 mM CaCl,, 0.05% Tween 20, pH 7.4) and incubated
overnight at 4°C. The yeast cells were washed twice with binding buffer and
incubated for an additional 30 min at room temperature with 1:100-diluted
phycoerythrin (PE)-conjugated goat anti-human Fc Ab (Jackson Immu-
noResearch Laboratories) in binding buffer. The cells then were washed three
times with binding buffer before being fixed with 1% formaldehyde in bind-
ing buffer. Bound Fc proteins were quantified by flow cytometry.

CLR reporter cell construction and stimulation. Dectin-2- and
MCL-expressing B3Z reporter cells and the control cell line expressing the
FcRy adaptor alone have been described previously (10). To generate a
cell line coexpressing Dectin-2 and MCL, Dectin-2 reporter cells were
retrovirally transduced with pMX-mMCL-Flag-IRES-hCD8 (23), puri-
fied using anti-hCD8 microbeads (Miltenyi Biotec), and verified by cell
surface staining and FACS analysis using an anti-mouse MCL MADb (a gift
from Sho Yamasaki) and an anti-Flag MAD (Sigma). For B3Z cell stimu-
lation, 10° B3Z cells/well in a 96-well plate were incubated for 18 h with
5 X 10° heat-killed yeast from B. dermatitidis strain 55 or 2 pg plate-
coated CWE. LacZ activity was measured in total cell lysates using CPRG
(Roche) as a substrate. The optical density at 560 nm (ODs,) was mea-
sured using the ODq,,, as a reference.

Statistical analysis. Differences in the number and percentage of ac-
tivated or cytokine-producing T cells were analyzed using the Wilcoxon
rank test for nonparametric data or the ¢ test (using GraphPad Prism)
when data were normally distributed (31). Factorial analysis of variance
(ANOVA) using SAF software was used to compare the vaccine-induced
reduction in lung CFU between different strains of mice. P < 0.05 is
considered statistically significant.

RESULTS

Vaccine-induced immunity against Blastomyces dermatitidis
requires MCL. To test if MCL is required for vaccine-induced
antifungal immunity, we immunized MCL ™'~ mice or wild-type
littermates. Since MCL™'~ mice have been backcrossed to
C57BL6 mice only three times, we used wild-type littermates of
the same genetic background as that of the controls. Unvaccinated
MCL™/" mice had a burden of lung infection similar to that of
unvaccinated wild-type controls, suggesting that MCL does not
contribute to innate resistance (Fig. 1). Vaccination with live-at-
tenuated yeast enhanced resistance to challenge in both wild-type
mice and MCL ™/~ mice, but the level of resistance in MCL ™/~ mice
was significantly diminished compared to that in wild-type mice
(Fig. 1A and B). Thus, MCL is required for optimal vaccine-induced
resistance against lethal experimental infection.
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FIG 1 Vaccine-induced immunity against B. dermatitidis requires MCL sig-
naling. MCL™/~ mice and wild-type littermates were vaccinated with 10° live
vaccine yeast twice over the course of 4 weeks. Two weeks after the boost,
vaccinated and unvaccinated mice were challenged with 2 X 10 wild-type
yeast. At 2 weeks postinfection (A), when unvaccinated mice were moribund,
or 4 days postinfection (B), during the peak influx of antigen-specific CD4 T
cells into the lung, lung CFU were assessed. Data are the means * standard
errors of the means (SEM) (n = 8 to 12 mice/group); data are from a single
experiment representative of 3 independent experiments. *, P < 0.05 versus
vaccine-induced reduction in lung CFU in wild-type mice. Numbers indicate
the n-fold difference in lung CFU versus that of unvaccinated controls.
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The recruitment of primed T cells is blunted in MCL ™/~ mice
upon recall. CD4™ T cells are the key players in mediating vac-
cine-induced resistance to fungi (4, 5, 32). Since MCL ™/~ mice
showed impaired vaccine resistance, we sought to investigate
whether the development and recruitment of CD4™ T cells to the
lung upon recall is impaired in the absence of MCL. To enumerate
the number of fungus-specific CD4™ T cells, we exploited TCR Tg
1807 cells that recognize calnexin (Cnx), an antigen shared by
systemic dimorphic fungi (33, 34), and adoptively transferred na-
ive 1807 cells into MCL ™'~ and wild-type mice prior to vaccina-
tion. At day 4 postinfection, the number of activated (CD44 ")
1807 cells that migrated to the lungs rose by >20-fold in vacci-
nated wild-type mice, whereas the respective number of cells rose
by <10-fold in vaccinated MCL ™/~ mice (Fig. 2A and B). At day 4
postinfection, vaccinated MCL ™'~ mice likewise failed to signifi-
cantly reduce lung CFU, whereas vaccinated wild-type mice re-
duced the lung burden by >2 logs versus unvaccinated controls
(Fig. 1B). Thus, MCL is required for the optimal development and
recruitment of antifungal T cells to the lungs, which coincided
with the early reduction of lung CFU.

The numbers of lung Th17 cells are reduced in challenged
MCL ™'~ mice. Vaccine-induced CD4 ™" T cells mediate host resis-
tance by producing the proinflammatory cytokines IFN-y and
IL-17, which recruit and activate phagocytes to kill the fungi (5).
Consequently, we asked if MCL ™/~ mice have impaired Th1 and
Th17 cell responses. First, we studied the recruitment of Ag-spe-
cific Th1/Th17 cells to the lung upon challenge. At day 4 postin-
fection, vaccinated MCL ™'~ mice recruited reduced numbers of
IL-17-producing 1807 cells to the lungs compared to that of wild-
type controls (Fig. 3A and B). Second, we harvested activated T
cells from the spleen at day 4 postinfection and stimulated them ex
vivo with cell wall membrane (CW/M) Ag. CD4™ T cells from
MCL™/" mice produced less IL-17 in response to stimulation than
wild-type T cells. In contrast to these results, IFN-y responses did
not differ in MCL ™/~ versus wild-type mice. Thus, MCL contrib-
utes to the development of Th17 responses after vaccination.

MCL promotes T cell expansion and Th17 cell differentia-
tion. We have previously shown that the downstream signaling
adaptor Card9 regulates the development of Th17 cells primarily
at the level of T cell differentiation and modestly during T cell
expansion (10). The C-type lectin receptor Dectin-2 phenocopied
the impairment of Th17 cell recruitment to the lung on recall (10).
Thus, we sought to investigate at what stage MCL impacts the
development of Th17 cells and compare its role to that of Dec-
tin-2. We chose to analyze T-cell expansion, proliferation, and
differentiation at the peak of the expansion phase at day 8 post-
vaccination. The number of activated (CD44™) 1807 T cells was
modestly reduced in the skin-draining lymph node (sdLN) and
spleen of vaccinated MCL ™/~ versus MCL™'" mice and in the
sdLN but not spleen of vaccinated Dectin-2~/~ versus Dectin-
2" mice (Fig. 4A). The proliferation of carboxyfluorescein suc-
cinimidyl ester (CFSE)-labeled 1807 T cells was not impacted by
the absence of MCL or Dectin-2 (data not shown). However, the
differentiation of 1807 T cells into Th17 cells was sharply reduced
in Dectin-2"/" versus Dectin-2*'" control mice and modestly
reduced in MCL ™/~ versus MCL ™" mice (Fig. 4B and C). At day
8 postvaccination, differentiation of Th1 cells was not significantly
reduced in the absence of Dectin-2 or MCL (Fig. 4C and data not
shown). Thus, MCL promotes expansion and differentiation of
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FIG 2 Number of activated T cells migrating to the lung on recall is reduced in MCL ™/~ mice. MCL ™/~ mice and wild-type littermates received an adoptive
transfer of 10° CD4™ purified, naive 1807 Tg cells and were vaccinated with 10° live vaccine yeast or left unvaccinated. At day 4 postinfection, the number of
activated (CD44™) transferred 1807 T cells was enumerated from the lung by flow cytometry. (A and B) Dot plots show concatenated samples of 4 to 6
mice/group. The numbers indicate the means * SEM of activated (CD44™) 1807 Tg (Thyl.1") T cells. Data are expressed as means = SEM (n = 4 to 6
mice/group). Data are means = SEM (n = 4 to 6 mice/group) from single experiments representative of 3 independent experiments. *, P < 0.05 versus the

number of 1807 T cells in vaccinated wild-type mice.

Th17 cells during the priming phase. Compared to MCL, Dectin-2
has a more powerful impact on the differentiation of Th17 cells.

Soluble MCL binds a water-soluble ligand from live and HK
vaccine yeast. CLRs initiate immune responses by recognizing
their cognate ligands and triggering intracellular signaling. Since
our data indicate that MCL regulates vaccine-induced immunity,
we hypothesized that MCL binds to ligands of vaccine yeast. To
test this hypothesis, we exploited an established NFAT-lacZ re-
porter system (10) that reads out a LacZ signal when cell surface-
expressed MCL is triggered by a cognate ligand that is present on
the yeast cell wall. Live-attenuated yeast revealed an MCL pheno-
type during vaccine studies in vivo, but live yeast cannot be used in
the in vitro reporter assay, since the replicating yeast and condi-
tioned media from yeast cultures kill the reporter cells. MCL-ex-
pressing reporter cells showed no activation signal when stimulated
with heat-killed vaccine yeast, whereas Dectin-2 and Dectin-2-MCL-
coexpressing cells showed strong and comparable activation signals
(Fig. 5A). These data suggest that the ligand for MCL does not aug-
ment Dectin-2 recognition and/or signaling, that the ligand is not on
the yeast surface, or, alternatively, that the ligand for MCL is temper-
ature sensitive and destroyed on heat-killed yeast.

To exclude the possibility that an MCL ligand is heat labile and
to expose additional, embedded cell wall ligands to MCL in the
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reporter assay, we prepared water-soluble cell wall extract (CWE)
from both live and HK vaccine yeast and tested them in the re-
porter assay. Whereas both extracts triggered Dectin-2 signaling
in the reporter cells, neither of the extracts triggered MCL signal-
ing in these cells (Fig. 5B). We next generated recombinant MCL
protein fused to human IgG1 Fc to see whether soluble MCL re-
ceptor could bind to a ligand in water-soluble CWE from either
live or HK vaccine yeast. An ELISA-based assay showed that sol-
uble MCL-Fc fusion protein bound to plate-coated, water-washed
ligands from live and HK yeast (Fig. 5C) and the yeast themselves
(Fig. 5D), while Fc alone failed to do so. As a positive control,
soluble Dectin-2-Fc fusion protein also bound strongly to the wa-
ter-soluble ligands. Interestingly, the addition of MCL-Fc together
with Dectin-2-Fc did not augment the binding of the latter to
plate-coated ligand. These results indicate that MCL recognizes
and binds to a water-soluble, heat-stable ligand from vaccine
yeast, but neither the reporter cells nor the soluble form of the
receptor reveal evidence for cooperativity of MCL with Dectin-2
in recognition of ligand(s) from B. dermatitidis.

DISCUSSION

We previously reported that innate sensing by Dectin-2 is re-
quired for the development of Th17 cells and acquired immunity
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FIG 3 Number of IL-17-producing T cells migrating to the lung on recall is reduced in MCL ™'~ mice. MCL™’"~ mice and wild-type littermates received an
adoptive transfer of 10° CD4™" purified, naive 1807 Tg cells and were vaccinated with 10° live vaccine yeast cells or left unvaccinated. At day 4 postinfection, the
number and frequency of cytokines producing 1807 T cells were enumerated from the lung by FACS. (A to C) Dot plots show concatenated samples of 4 to 6
mice/group. The numbers inside the dot plots indicate the mean number = SEM of IFN-y- and IL-17-producing 1807 Tg (Thy1.1") T cells. The numbers outside
the dot plots indicate the mean frequencies = SEM of IFN-y- and IL-17-producing 1807 Tg (Thy1.1") T cells. Data are expressed as the means = SEM (n = 4
to 6 mice/group). *, P < 0.05 versus cytokine production by T cells from wild-type mice. (D) At day 4 postinfection, the splenocytes were stimulated with CW/M
Ag and IFN-y and IL-17 production was determined by ELISA. Data are the means = SEM (n = 4 to 6 mice/group) from single experiments representative of

3 independent experiments. *, P < 0.05 versus the number of lung CFU from vaccinated wild-type mice.

to B. dermatitidis (10). In a model of C. albicans infection, Dec-
tin-2 signaling and downstream cytokine production in response
to a-mannan on the fungal hyphae is augmented by the formation
of heterodimers with MCL (24). Here, we sought to investigate
whether MCL recognizes vaccine yeast and is required for T cell
development and acquired resistance to B. dermatitidis. We also
explored whether MCL acts together with Dectin-2 to augment
receptor signaling, as in reports with C. albicans. Most strikingly,
we found that MCL is required for the development of Th17 cells
and optimal vaccine-induced protection against lethal pulmonary
infection with B. dermatitidis. The absence of MCL was associated
with striking decrements in Th17 development and sharply im-
paired resistance to infection. MCL regulated the development of
Th17 cells during the priming phase by promoting T cell expan-
sion and differentiation but not proliferation. These results are
similar to the role of Dectin-2 and Card9 in inducing vaccine
immunity and the development of Th17 cells (10) and add new
insight into the requisite role for CLRs in vaccine-induced resis-
tance to the fungi. However, a side-by-side analysis of the roles of
Dectin-2 and MCL on T-cell priming indicated that Dectin-2 has
a more profound impact on Th17 cell differentiation than MCL.
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To understand how MCL recognizes vaccine yeast, we tested
cell surface-bound and soluble forms of MCL receptor for signal-
ing and binding in response to whole yeast or its extracted ligands.
In contrast to Dectin-2-expressing cells, MCL-expressing reporter
cells did not recognize and signal in response to HK vaccine yeast
or to water-soluble ligands from either HK or live yeast. Likewise,
coexpression of MCL on Dectin-2 reporter cells did not augment
Dectin-2 signaling triggered by yeast or soluble ligands. In con-
trast to the reporter cells, soluble MCL receptor in the form of a
fusion protein recognized a water-soluble ligand from both live
and HK vaccine yeast and the yeast themselves. These data indi-
cate that the soluble MCL receptor binds a heat-stable water-sol-
uble ligand from the cell wall of vaccine yeast.

There are several possible explanations for the different func-
tions of the cell surface-bound MCL receptor on reporter cells
versus the soluble form of the MCL receptor. These possible ex-
planations include the following: (i) a soluble receptor better ac-
cesses ligands buried deep in the yeast cell wall, which might not be
accessible to a CLR that is more physically constrained while teth-
ered on the surface of reporter cells; (ii) the relative affinity of
soluble MCL versus cell surface-bound MCL is different and lower
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FIG 4 MCL and Dectin-2 regulate T-cell expansion and Th17 cell differentiation. C57BL6 wild-type mice (Dectin-2"'"), Dectin-2 /™ mice, and MCL ™/~ mice
and wild-type littermates received an adoptive transfer of 10° CD4* purified, naive, CFSE-labeled 1807 Tg cells and were vaccinated with 10° live vaccine yeast
or left unvaccinated. At day 8 postvaccination, the number of activated (CD44™") (A) and cytokine-producing (B) 1807 T cells were enumerated from the lung
by FACS. Dot plots show concatenated samples of 4 to 6 mice/group. The numbers inside the dot plots indicate the mean number * SEM of activated (CD44™")
1807 Tg (Thy1.1") T cells. Data are expressed as the means = SEM (1 = 4 to 6 mice/group). *, P < 0.05 versus activated 1807 T cells from wild-type mice. SP,
spleen. (C) T cells from the sdLN and spleen were stimulated with CW/M antigen for 3 days, and cytokines were measured in the cell culture supernatant. *, P <
0.05 versus cytokines from wild-type control mice.

for MCL bound on the surface of reporter cells; (iii) theamountof  tor binding does not necessarily translate into receptor signaling;
MCL ligand present on vaccine yeast and in the water-soluble and (v) MCL signaling requires another coreceptor that is not
extract is too low to trigger MCL reporter cells but sufficient to  present in the reporter cells.

generate a signal in the ELISA with soluble MCL; (iv) MCL recep- We did not find evidence for receptor synergy as assessed by
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FIG 5 Recognition of B. dermatitidis ligands by Dectin-2 and MCL. (A and B) B3Z cells expressing FcRy, Dectin-2 and FcRy, MCL and FcRy, or Dectin-2, MCL,
and FcRry were stimulated with heat-killed B. dermatitidis (A) or plate-coated cell wall extract (CWE) isolated from live and heat-killed B. dermatitidis (B). After
18 h, lacZ activity was measured using a colorimetric assay and expressed as ODs,/ODq,, values. Data are the means * standard deviations from duplicate wells.
(C) Recombinant human IgG1 Fc, Dectin-2-Fc, MCL-Fc, and a mixture (1:1) of Dectin-2-Fc and MCL-Fc were incubated with the indicated amount of
plate-coated cell wall extract isolated from live or heat-killed B. dermatitidis. Bound proteins were detected with anti-hIgG-HRP and expressed as OD,,5, values.
(D) Fc protein staining of B. dermatitis. Heat-killed and live yeast cells were incubated with Fc fragment alone, Dectin-2-Fc, MCL-Fc, or a mixture of Dectin-2-Fc
and MCL-Fc, as indicated by different colors, followed by staining with PE-conjugated anti-human Fc Ab and analysis by FACS. As a negative control, Ab-stained

fungal cells without any Fc proteins are indicated by gray filled histograms.

augmented LacZ signal in B3Z T hybridoma cells that coexpressed
MCL and Dectin-2. We purposely chose to express the CLRs in
nonmyeloid B3Z T hybridoma cells that lack the myeloid signal-
ing machinery and other CLRs and TLRs to let us individually test
and identify receptors and adaptors required for vaccine yeast and
ligand recognition. In contrast, Zhu et al. overexpressed MCL and
Dectin-2 in RAW264.7 macrophages that also express other re-
ceptors and signal pathways when they reported synergistic sens-
ing of C. albicans hyphae and NF-kB signaling (24). Thus, it is
possible that other receptors expressed by the macrophage cell line
could have formed a multireceptor complex with MCL and Dec-
tin-2 to promote receptor synergy. However, our data do not ex-
clude the possibility that the observed MCL phenotype is due to a
synergistic interaction of MCL with other CLRs and receptors.
In our study, the absence of MCL led to the impaired develop-
ment of protective Th17 cells and blunted vaccine resistance; how-
ever, MCL was dispensable for innate resistance during a primary
lung infection with B. dermatitidis. This finding is contrary to
what was described in an experimental model of pulmonary in-
fection with M. tuberculosis. In that model, MCL was required for
innate defense but dispensable for the development of acquired
immunity (17). Moreover, the expression of MCL together with

March 2016 Volume 84 Number 3
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FcRy was insufficient to mediate mycobacterial binding in trans-
fected fibroblasts, implying that MCL must associate with other
receptors to mediate its function (17). Thus, further investigation
is needed to fully understand MCL sensing and signaling of mi-
crobial pathogen-associated molecular patterns.
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