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Macrophage receptor with collagenous structure (MARCO) contributes to fungal contain-
ment during the early/innate phase of cryptococcal infection; however, its role in adaptive 
antifungal immunity remains unknown. Using a murine model of cryptococcosis, we 
compared host adaptive immune responses in wild-type and MARCO−/− mice through-
out an extended time course post-infection. Unlike in early infection, MARCO deficiency 
resulted in improved pulmonary fungal clearance and diminished cryptococcal dissem-
ination during the efferent phase. Improved fungal control in the absence of MARCO 
expression was associated with enhanced hallmarks of protective Th1-immunity, including  
higher frequency of pulmonary TNF-α-producing T  cells, increased cryptococcal- 
antigen-triggered IFN-γ and TNF-α production by splenocytes, and enhanced expres-
sion of M1 polarization genes by pulmonary macrophages. Concurrently, we found lower 
frequencies of IL-5- and IL-13-producing T cells in the lungs, impaired production of 
IL-4 and IL-10 by cryptococcal antigen-pulsed splenocytes, and diminished serum IgE, 
which were hallmarks of profoundly suppressed efferent Th2 responses in MARCO-
deficient mice compared to WT mice. Mechanistically, we found that MARCO expression 
facilitated early accumulation and alternative activation of CD11b+ conventional DC 
(cDC) in the lung-associated lymph nodes (LALNs), which contributed to the progressive 
shift of the immune response from Th1 toward Th2 at the priming site (LALNs) and local 
infection site (lungs) during the efferent phase of cryptococcal infection. Taken together, 
our study shows that MARCO can be exploited by the fungal pathogen to promote 
accumulation and alternative activation of CD11b+ cDC in the LALN, which in turn alters 
Th1/Th2 balance to promote fungal persistence and dissemination.

Keywords: scavenger receptor macrophage receptor with collagenous structure, fungal persistence, Th2 
response, cD11b+ conventional Dc, Cryptococcus neoformans

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01231&domain=pdf&date_stamp=2017-09-28
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01231
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:olszewsm@umich.edu
https://doi.org/10.3389/fimmu.2017.01231
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01231/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01231/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01231/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01231/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01231/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01231/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01231/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01231/abstract
http://loop.frontiersin.org/people/469713
http://loop.frontiersin.org/people/463829
http://loop.frontiersin.org/people/437100
http://loop.frontiersin.org/people/147824
http://loop.frontiersin.org/people/288127


2

Xu et al. MARCO in Adaptive Anti-Fungal Immunity

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1231

inTrODUcTiOn

Cryptococcus neoformans is an environmental fungal pathogen 
that causes severe meningoencephalitis with mortality rates of 
up to 20–60%, despite the availability of antifungal drugs (1). 
Cryptococcal infections generally manifest in patients compro-
mised due to HIV infection, cancer, or organ transplantation. 
However, up to 25% of cases reported in the United States 
and 60% of cases in China occur in patients without recogniz-
able immune-deficiencies (2, 3). Furthermore, Cryptococci can 
persist within immune competent hosts for an extended period 
of time and can reactivate following immune-compromise (4). 
Increasing evidence suggests that both host immune dysfunction 
and immune modulation induced by C. neoformans contributes 
to fungal persistence (2, 5–8).

One major way through which C. neoformans promotes fun-
gal persistence is by altering CD4+ helper T (Th) cell polarization 
and subsequent macrophage activation status (9, 10). Virulence 
factors that contribute to the shift of host responses away from 
protective Th1 to non-protective Th2 bias correlate with invasive 
fungal disease severity [reviewed in Ref. (2, 11)]. The absence 
of protective Th1 cytokines (IFN-γ and TNF-α) and enhanced 
production of Th2 type cytokines (IL-4, IL-5, and IL-13) 
facilitate alternative activation of macrophages, which enable 
intracellular survival and growth of C. neoformans (12, 13).  
Th cell differentiation is orchestrated by antigen-presenting cells. 
During C. neoformans infection, pulmonary CD11b+ conven-
tional DC (cDC) are the primary cellular population responsible 
for non-protective Th2 cell polarization (14, 15). However, the 
factors that modulate the migration and activation of CD11b+ 
cDC during fungal infection are not well understood. Although 
skewing of Th2 responses is one well-established effect of crypto-
coccal virulence factors (6–8, 12, 15), very few loopholes in the 
host immune system that can be exploited by C. neoformans to 
promote non-protective responses have been identified (15–17). 
Identification of host factors that contribute to non-protective 
responses and enable fungal persistence may reveal new targets 
for promoting effective T cell responses that are crucial for com-
bat fungal infections.

Macrophage receptor with collagenous structure (MARCO) 
(human Gene ID: 8685) is a scavenger receptor that plays 
important roles in host defense against viral, bacterial, and 
parasitic infections (18). Our recent study showed that MARCO 
expression contributes to fungal containment during the innate 
phase of cryptococcal infection by enhancing production of 
pro-inflammatory cytokines and recruitment of mononuclear 
phagocytes to the infection sites (19). Besides its well-studied 
roles in antibacterial and antifungal innate immunity (20–24), 
the importance of MARCO in regulating adaptive immunity is 
being increasingly recognized. Notably, MARCO expression 
has been shown to regulate morphology, gene expression, and 
migration of dendritic cell (DC) upon stimulation; thus, MARCO 
may act as an important link for the initiation and polarization 
of adaptive responses (25–27). Recent studies support this para-
digm and showed that MARCO is involved in the development 
of T  cell-mediated immunity during tumor inflammation and 
allergic airway responses (28, 29). While the role of MARCO 

in modulation of adaptive immunity to fungi remains unclear, 
a previous study by our group demonstrated that another scav-
enger receptor, scavenger receptor-A (SR-A), can be exploited 
by C. neoformans to support Th2 immune polarization during 
infection (17). Thus, we hypothesized that MARCO also regulates 
T  cell-mediated immunity during fungal infections, possibly 
through modulation of DC migration and/or activation.

In the current study, we focused on the roles of MARCO in 
the adaptive immune response during C. neoformans infection. 
Using a murine model of cryptococcosis, we found that MARCO 
expression shifts both local and systemic Th responses away 
from protective Th1 toward non-protective Th2 response with 
impaired classical activation of macrophages. Thus, MARCO 
expression contributes to fungal growth and dissemination dur-
ing the efferent phase of cryptococcal infection. Mechanistically, 
we show that MARCO expression facilitates the accumulation 
and alternative activation of CD11b+ cDC in the lung-associated 
lymph nodes (LALN) which promote the priming of a non-
protective Th2 response in secondary lymphoid organs during  
C. neoformans infection.

MaTerials anD MeThODs

Mice
C57BL/6 mice (wild type) were obtained from Jackson Labora-
tories (Bar Harbor, ME, USA). MARCO-deficient (MARCO−/−) 
mice, obtained initially from Dr. Lester Kobzik (21), were bred 
and housed under specific pathogen-free conditions in the 
Animal Care Facility at the VA Ann Arbor Healthcare System. 
Both male and female mice were between the ages of 6–12 week 
at the time of infection and were humanely euthanized by CO2 
inhalation at the time of data collection. All experiments were 
approved by the Institutional Animal Committee on Use and 
Care and the Veterans Administration Institutional Animal Care 
and Use Committee under protocol # 0512-025 and were carried 
out according to NIH guidelines and the Guide for the Care and 
Use of Laboratory Animals.

Cryptococcus neoformans
Cryptococcus neoformans strain 52D was recovered from 10% 
glycerol frozen stocks stored at −80°C and grown to stationary 
phase at 37°C using Sabouraud dextrose broth (1% Neopeptone, 
2% dextrose; Difco, Detroit, MI, USA) on a shaker. The cultures 
were centrifuged and washed with non-pyrogenic saline (Travenol, 
Deerfield, IL, USA). Cells were counted via hemocytometer and 
diluted to 3.3 × 105 yeast/ml in sterile non-pyrogenic saline.

intratracheal inoculation of C. neoformans
Mice were anesthetized via intraperitoneal (i.p.) injection of 
ketamine (100  mg/kg body weight) plus xylazine (6.8  mg/kg) 
and were restrained on a foam plate. A small incision was made 
through the skin covering the trachea. The underlying salivary 
glands and muscles were separated. A 30-G needle was attached 
to a 1  ml tuberculin syringe with C. neoformans suspension 
(3.3 × 105 yeast/ml) and infection was performed by intratrache-
ally injecting 30 µl (104 CFU) of inoculum into the lungs. After 
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inoculation, the skin was closed with cyanoacrylate adhesive and 
the mice were monitored during recovery from the anesthesia.

lung leukocyte isolation
The lungs from each mouse were excised, washed in RPMI 
1640 and digested enzymatically as previously described (30). 
In brief, lungs were minced with scissors followed by Gentle 
MACS homogenization and incubated at 37°C for 35  min in 
5  ml/mouse digestion buffer [RPMI 1640, 5% FBS, penicillin, 
and streptomycin (Invitrogen, Grand Island, NY, USA); 1 mg/ml 
collagenase A (Roche Diagnostics, Indianapolis, IN, USA); and 
30 µg/ml DNase I]. The cell suspension and tissue fragments were 
further dispersed by Gentle MACS homogenization and were 
centrifuged. Erythrocytes in the cell pellets were lysed by addition 
of 3 ml NH4Cl buffer (0.829% NH4Cl, 0.1% KHCO3, and 0.0372% 
Na2EDTA, pH 7.4) for 3 min followed by a threefold excess of 
RPMI 1640. Cells were re-suspended and subjected to syringe 
dispersion and filtered through a sterile 100-µm nylon screen 
(Nitex, Kansas City, MO, USA). The filtrate was centrifuged for 
30 min at 1,500 × g with no brake in the presence of 20% Percoll 
(Sigma) to separate leukocytes from cell debris and epithelial 
cells. Leukocyte pellets were re-suspended in complete RPMI 
1640 media and enumerated on a hemocytometer after dilution 
in trypan blue (Sigma).

cFU assay
For determination of fungal burden, small aliquots of digested 
lungs, spleens, and brains were collected. Series of 10-fold dilu-
tions of the samples were plated on Sabouraud dextrose agar 
plates in duplicate 10-µl aliquots and incubated at room tempera-
ture. C. neoformans colonies were counted 2 days later and the 
number of CFU was calculated on a per-organ basis.

laln leukocyte isolation
Individual LALN were excised and then dispersed using a 1-ml 
sterile syringe plunger and flushed through a 70-µm cell strainer 
(BD Falcon, Bedford, MA, USA) with complete media into a ster-
ile tube. After being centrifuged at 2,500 rpm/min for 5 min, the 
supernatant was removed and the cell pellets were used for gene 
expression analysis by quantitative real-time RT-PCR (qRT-PCR) 
or flow cytometry.

ag-specific cytokine Production  
by splenocytes
Spleens were excised and dispersed using a 3-ml sterile syringe 
plunger and flushed through a 70-µm cell strainer (BD Falcon) 
with complete media. Isolated spleen cells were cultured in 
media with heat-killed C. neoformans in a ratio of 1:2 in 6-well 
plates with 2  ml complete RPMI 1640 medium at 37°C and 
5% CO2 for 48  h. Supernatants were stored and analyzed for 
cytokine levels as described earlier. The Ag-specific cytokine 
production was quantified using a LEGENDplex cytometric 
bead array (CBA) kit (BioLegend, San Diego, CA, USA) fol-
lowing the manufacturer’s specifications and read on an LSRII 
flow cytometer (Becton, Dickinson Immunocytometry Systems, 

Mountain View, CA, USA). Analysis was performed using 
BioLegend’s LEGENDplex software.

Total serum ige
Serum was obtained from the blood samples collected by severing 
the vena cava of the mice before lung excision. Blood samples 
were then allowed to clot and were spun to separate serum. Serum 
samples were diluted 100-fold and assayed for total IgE levels 
using a mouse IgE sandwich ELISA kit (BioLegend, San Diego, 
CA, USA) following the manufacturer’s specifications.

rT-qPcr
Total RNA from lung leukocytes was prepared using TRIzol rea-
gent (Invitrogen), and first-strand cDNA was synthesized using 
Reverse Transcription Kit (Qiagen, Hilden, Germany) according 
to the manufacturer’s instructions. Relative gene expression was 
quantified with SYBR green-based detection (Alkali Scientific) 
using a light cycler96 system (Roche) according to the manufac-
turer’s protocols. Relative gene expression was normalized to 18S 
mRNA using the 2−ΔCt method. Fold induction of gene expression 
was normalized to baseline expression in uninfected mice using 
the 2−ΔΔCt method.

abs and Flow cytometric analysis
Ab cell staining was performed as previously described (17). For 
extracellular staining, cells were washed in PBS then stained with 
Live Dead Fixable Aqua (Life Technologies) for 30  min. Cells 
were stained with extracellular antibodies (see below), washed, 
and fixed in 2% formaldehyde. For intracellular staining, the cells 
were stimulated with 50  ng/ml PMA and 1  μg/ml ionomycin 
(Millipore) for 6  h (lung and LALN leukocytes) or heat-killed  
C. neoformans for 24 h (spleen cells) prior to Ab staining. Brefeldin 
A and monensin (BioLegend) were added for the last 4 h. The 
cells were harvested, stained with extracellular, and subsequently 
intracellular antibodies (see below). Data were collected on a 
FACS LSR2 flow cytometer using FACSDiva software (Becton 
Dickinson Immunocytometry Systems, Mountain View, CA, 
USA) and analyzed using FlowJo software (Tree Star, San Carlos, 
CA, USA).

The following gating strategy was used to identify leukocyte 
subsets in the lungs. First, consecutive gates identified singlets, 
live cells and CD45+ leukocytes. Next, a series of selective gates 
were used to identify neutrophils (CD11b+Ly6G+); eosinophils 
(SSChighCD11clow/SiglecF+); Alveolar macrophages (CD11chigh/
SiglecF+); and Ly6Chigh monocytes (CD11c−/CD11b+/Ly6Chigh). 
In cells expressing both CD11c and high levels of MHCII, 
autofluorescent (AF+) exudate macrophages were distinguished 
from non-AF (AF−) DCs. Thereafter, DC were further separated 
into moDC, CD11b+ DC and CD103+ DC as follows: moDC 
were gated as CD11c+MHCIIhighCD64+ cells, then remaining 
CD11c+MHCIIhighCD64− cells were further divided into CD11b+ 
DC and CD103+ DC based on the expression of SIRPα and XCR1, 
respectively (31). A similar gating strategy was used for leuko-
cytes in the LALN. To identify CD4+ Th cells, singlet and live cells 
were first selected and the total numbers of CD45+ leukocytes 
were identified. Next, the CD3+CD4+ cells were identified and 
the expression levels of specific cytokines (IFN-γ, TNF-α, IL-5,  
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FigUre 1 | Macrophage receptor with collagenous structure (MARCO) expression contributes to fungal growth and dissemination during the efferent phase of 
Cryptococcus neoformans infection. MARCO+/+ and MARCO−/− mice were infected intratracheally with 104 C. neoformans 52D. (a) MARCO expression impaired 
fungal clearance in the lungs, spleens, and brains at 35 dpi during C. neoformans infection. (B) Kinetics of pulmonary fungal clearance in the MARCO+/+ and 
MARCO−/− mice during efferent phase of C. neoformans infection. Results represent mean ± SEM from one of two separate matched experiments (n = 5 mice  
for each time point). *p < 0.05, **p < 0.01.
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and IL-13) or transcriptional factors (Gata3) were evaluated. 
Total numbers of each cell population were calculated by mul-
tiplying the frequency of the population by the total number of 
leukocytes (the original hemocytometer count of total cells). 
Isotype control antibodies were used to set gates for positive 
events in all flow cytometric analyses.

calculations and statistics
All values are reported as mean ± SEM. Unpaired non-parametric 
test (Mann–Whitney) or two-way ANOVA with a Bonferroni 
post  hoc test were used for comparisons of individual means. 
Statistical calculations were performed using GraphPad Prism 
version 6.00 (GraphPad Software, San Diego, CA, USA). Means 
with p values <0.05 were considered significantly different.

resUlTs

MarcO expression Promotes Fungal 
Persistence and systemic Dissemination 
during the efferent Phase  
of C. neoformans infection
Our previous study showed that MARCO contributes to fungal 
control during the early/afferent phase of C. neoformans infec-
tion (19). However, whether MARCO expression affects long-
term adaptive immunity against C. neoformans is unclear. To 
explore the function of MARCO during the late/efferent phase 
of cryptococcal infection, we infected WT and MARCO−/− mice 
with C. neoformans strain 52D and analyzed the fungal bur-
den at 35  days post infection (dpi). Whereas our prior results 
demonstrated that MARCO-deficient mice have increased 
fungal burden at the early stage of infection (19), we found that 
MARCO-deficient mice exhibit decreased pulmonary fungal 
burden at 35  dpi compared to WT mice (Figure  1A). Fungal 
burdens in spleen and brain were also lower in MARCO−/− mice 

compared to WT mice at 35 dpi (Figure 1A). We further evalu-
ated the effects of MARCO on the kinetics of pulmonary fungal 
growth during the efferent phase of C. neoformans infection. 
While equivalent growth of yeast in the lungs was noted in WT 
and MARCO−/− mice at 21 dpi, MARCO deficiency resulted in 
lower fungal burden at 35 and 49 dpi (Figure 1B). Together, our 
results demonstrate that MARCO expression promotes pulmo-
nary fungal persistence and systemic dissemination during the 
efferent phase of C. neoformans infection.

MarcO expression Promotes  
non-Protective Th2 response  
in the lungs during the efferent  
Phase of C. neoformans infection
T helper cell polarization in the lungs is strongly correlated 
with clearance and persistence during the efferent phase of 
C. neoformans infection (32). To determine how MARCO 
expression affects T  cell-mediated responses in the lungs, we 
analyzed leukocyte populations in the infected lungs of WT and 
MARCO−/− mice using flow cytometry. The accumulation of total 
leukocytes and leukocyte subsets, including eosinophils, alveolar 
macrophages, and total DCs, in the infected lungs were similar 
between WT and MARCO−/− mice at 21, 35, and 49 dpi (Figure 
S1 in Supplementary Material).

We next examined the effect of MARCO on T cell polarization 
during C. neoformans infection. There was no difference in the 
accumulation of CD4+ T  cells in the lungs of C. neoformans-
infected MARCO−/− and WT mice during the efferent phase of 
cryptococcal infection (Figure  2A). However, MARCO defi-
ciency resulted in reduced Il-5 and Il-13 mRNA expression, but 
not IFN-γ and TNF-α mRNA expression, by total lung leukocytes 
isolated from infected mice at 35 dpi, suggesting an impaired Th2 
response in MARCO-deficient mice (Figure 2B). Phenotypes of 
T helper cells were further analyzed by intracellular staining using 
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FigUre 2 | Macrophage receptor with collagenous structure (MARCO) expression promotes Th2 response in the lungs during the efferent phase of Cryptococcus 
neoformans infection. (a) MARCO is dispensable for the accumulation of CD4+ T cells in the lungs of C. neoformans-infected mice. (B) MARCO expression 
facilitates IL-5 and IL-13 but not IFN-γ and TNF-α mRNA expression by total lung leukocytes at 35 dpi during C. neoformans infection. (c) MARCO expression 
promotes IL-5 and IL-13 production by CD4+ T cells in the lungs of C. neoformans-infected mice. (D) MARCO expression inhibits TNF-α production by CD4+ T cells 
in the lungs of C. neoformans-infected mice. Results represent mean ± SEM (n = 5) from one of at least two independent experiments. *p < 0.05.
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flow cytometry. Frequencies of CD4 T cells expressing IL-5 and 
IL-13 were significantly lower in MARCO−/− mice compared to 
WT mice at 35 dpi (Figure 2C). By contrast, MARCO deficiency 
led to higher frequencies of CD4+ T cells expressing TNF-α albeit 
without affecting those expressing INF-γ at 35 dpi (Figure 2D). 
Collectively, our data demonstrated that MARCO expression did 
not affect accumulation of lung myeloid or lymphoid cells but 
altered the balance of T  cell polarization away from protective 
Th1 responses toward non-protective Th2 responses in the lungs 
during the efferent phase of C. neoformans infection.

MarcO expression interferes with 
classical activation of Pulmonary  
exudate Macrophages during the  
efferent Phase of C. neoformans infection
The balance of Th1/Th2 cytokines influences macrophage activa-
tion status and their subsequent fungicidal activities (33, 34). 
Exudate macrophages derived from recruited monocytes during 
infection have been shown to be the most efficient effector cells in 
killing C. neoformans (35). We next sought to determine whether 
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FigUre 3 | Macrophage receptor with collagenous structure (MARCO) expression impairs classical activation of macrophages in the lungs during the efferent 
phase of Cryptococcus neoformans infection. (a) Accumulation of exudate macrophages was not affected by MARCO deletion during C. neoformans infection.  
(B) MARCO impairs iNOS expression by adherent macrophages from lungs of infected mice at 35 dpi. (c,D) MARCO impairs expression of CD80 and CD86 by 
lung exudate macrophages at 35 dpi. Results represent mean ± SEM (n = 5) from one of two independent experiments. *p < 0.05. ExM, exudate macrophages.
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MARCO expression affects the activation status of pulmonary 
macrophages during the efferent phase of C. neoformans infec-
tion. Equivalent recruitment of exudate macrophages was noted 
between infected MARCO−/− and WT mice during the efferent 
phase of C. neoformans infection (Figure 3A). However, MARCO 
deficiency resulted in augmented mRNA expression of iNOS but 
not Arg1 by lung macrophages at 35 dpi (Figure 3B). Moreover, 
we found that MARCO deficiency resulted in significantly 
increased expression of CD80 and CD86 by exudate macrophages 
at 35 dpi (Figures 3C,D), consistent with improved pulmonary 
fungal clearance in these mice. Interestingly, expression of CD80, 
CD86, iNOS, and Arg1 by alveolar macrophages was similar 
between infected MARCO−/− and WT mice (not shown). Thus, 
consistent with the diminished efferent Th1 responses, MARCO 
expression is associated with impaired classical activation of 
exudate macrophages in the lungs during the efferent phase of  
C. neoformans infection.

MarcO expression enhances  
non-Protective and Opposes Protective 
systemic responses during the efferent 
Phase of C. neoformans infection
Since MARCO affected extra-pulmonary C. neoformans dis-
semination, we next studied its effects on systemic immune 
responses during the efferent phase of cryptococcal infection. 
To accomplish this, we evaluated the cytokine production by 
splenocytes of infected MARCO−/− and WT mice in response 

to cryptococcal antigen. Consistent with results from the lungs, 
production of non-protective cytokines, including IL-4 and 
IL-10, was lower by splenocytes from MARCO−/− compared to 
WT mice at 21  dpi (Figure  4A). The concentration of serum 
IgE, a hallmark of systemic Th2 response, was also significantly 
lower in MARCO−/− mice compared to WT mice at 21 and 35 dpi 
(Figure 4B). Furthermore, MARCO deficiency led to elevated 
production of beneficial Th1 cytokines such as IFN-γ (21 and 
35 dpi) and TNF-α (35 dpi) by splenocytes in response to cryp-
tococcal antigen stimulation (Figure 4C). We next investigated 
whether T  cells were the major source of antigen-triggered 
IFN-γ production in splenocyte cultures using intracellular 
flow cytometric analysis. We identified increased frequencies of 
IFN-γ-producing CD8+ T cells in MARCO−/− mice compared to 
WT mice (Figure 4D). We also observed a similar, strong trend 
in increased frequencies of IFN-γ-producing CD4+ T  cells in 
MARCO−/− mice compared to WT mice (p = 0.1) (Figure 4D), 
which became significant when splenocyte culture were stimu-
lated with PMA and ionomycin (data not shown). Interestingly, 
we also found a higher frequency of non-T  cell populations 
(CD4−CD8−) producing IFN-γ in antigen stimulated splenocyte 
cultures from MARCO−/− mice compared to those from WT 
mice (Figure 4D). These results indicate that MARCO expres-
sion also broadly affects IFN-γ production by cells outside the 
T cell compartment. Collectively, we found that MARCO expres-
sion promotes a systemic shift away from protective responses 
toward non-protective responses during the efferent phase of  
C. neoformans infection.
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FigUre 4 | Continued
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FigUre 4 | Continued  
Macrophage receptor with collagenous structure (MARCO) expression promotes systemic Th2 response and inhibits Th1 response during the efferent phase of 
Cryptococcus neoformans infection. Spleen leukocytes were isolated from infected MARCO−/− and MARCO+/+ mice at 21 and 35 dpi. After stimulated with 
heat-killed C. neoformans for 48 h, cytokine production in the supernatant of cell cultures was analyzed by cytometric bead assay. (a) MARCO expression increases 
IL-4 and IL-10 production by spleen leukocytes at 21 dpi. (B) MARCO expression significantly increases serum IgE level in mice infected with C. neoformans.  
(c) MARCO expression inhibits production of IFN-γ and TNF-α by spleen leukocytes at 21 or 35 dpi. (D) MARCO expression inhibits production of IFN-γ by CD4+ 
T cells, CD8+ T cells and non-T cells (CD4−CD8−) at 35 dpi. Splenocytes were stimulated with heat-killed C. neoformans and analyzed by intracellular flow cytometry. 
Results represent mean ± SEM (n > 4). *p < 0.05.
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MarcO expression contributes  
to Th2 Priming in the lalns during  
C. neoformans infection
We next dissected the mechanisms by which MARCO modulates 
Th polarization. T cells are primed in the draining lymph nodes 
and their polarization is orchestrated by distinct DC subsets 
during C. neoformans infection (36). We, thus, looked at the 
priming of T cells in the LALN at 10 dpi, an early time point at 
the onset of T cell polarization. Though MARCO deficiency had 
no effect on the T cell expansion in LALNs at 10 dpi (Figure 5A), 
we found reduced expression of IL-13 by the LALN leukocytes 
of infected MARCO−/− mice compared to WT mice (Figure 5B). 
Furthermore, expression of IFN-γ and the transcription factors 
T-bet and Eomesodermin by LALN leukocytes were similar 
between MARCO−/− and WT mice (Figure  5B and data not 
shown). To further assess whether MARCO promotes Th2 prim-
ing in the LALN during C. neoformans infection, we performed 
intracellular staining for cytokines and transcription factors in 
LALN leukocytes. Consistent with our gene expression analysis, 
we found that MARCO deficiency resulted in reduced frequen-
cies of LALN CD4+ T cells expressing Th2-associated cytokine 
IL-13 and transcriptional factor Gata3 at 10  dpi (Figure  5C).  
By contrast, MARCO deficiency had no effect on IFN-γ expres-
sion by CD4+ T  cells in the LALN at 10  dpi. Thus, MARCO 
expression enhances early Th2 priming but appears to have little 
or no effect on early Th1 priming in the LALN during C. neofor-
mans infection.

MarcO expression Promotes 
accumulation of cD11b+ cDc in the  
laln during C. neoformans infection
Pulmonary CD11b+ cDC have been shown to orchestrate the 
development of non-protective Th2 responses during cryp-
tococcal infection (15). To test whether MARCO expression 
affects the accumulation of DC in the LALN, we analyzed 
leukocyte populations in the LALN of infected MARCO−/− and 
WT mice at 10 dpi. While total leukocyte accumulation in the 
LALN was not altered in MARCO-deficient mice, MARCO 
expression significantly promoted the accumulation of migra-
tory DC (CD11c+MHCIIhigh) in the LALN of infected mice 
(Figures 6A,B). We further explored whether MARCO affected 
the accumulation of specific DC subsets in the LALN during  
C. neoformans infection. Notably, MARCO deficiency selectively 
impaired accumulation of CD11b+ cDC, but had no effect on the 
accumulation of CD103+ cDC and moDC subsets in the LALN 
of C. neoformans-infected mice (Figure  6C). Thus, MARCO 

expression is critical for the accumulation of CD11b+ cDC in 
the LALN during C. neoformans infection.

MarcO expression Promotes alternative 
activation and inhibits classical activation 
of cD11b+ cDc in lalns during  
C. neoformans infection
The activation status of DC in the LALN can be influenced by 
fungal virulence factors and plays a vital role in the control of 
T  cell polarization (16, 37). We further assessed the effect of 
MARCO on the activation status of CD11b+ cDC in the LALN 
during C. neoformans infection by analyzing the expression of 
classical activation markers (CD80 and CD86) as well as alter-
native activation marker (CD206) on CD11b+ cDC. We found 
that MARCO deficiency led to increased expression of CD80 
and CD86 and decreased expression of CD206 by CD11b+ cDC 
in the LALN at 10  dpi (Figures  7A,B). Interestingly, MARCO 
deficiency had no effect on the activation status of CD103+ cDC 
and moDC in LALN of infected mice (not shown). These data 
show that MARCO expression specifically promotes alternative 
activation and inhibits classical activation of CD11b+ cDC in the 
LALN. Collectively, this MARCO-dependent accumulation and 
alternative activation of CD11b+ cDC in the LALN may represent 
a critical mechanism through which MARCO promotes the 
development of a stronger Th2 response and downregulates the 
Th1 response, leading to fungal persistence during the efferent 
phase of C. neoformans infection (Figure 8).

DiscUssiOn

Although our previous study demonstrated that scavenger recep-
tor MARCO is involved in the phagocytosis of C. neoformans 
by lung leukocytes and early recruitment of myeloid cells, the 
function of MARCO in the later stages of adaptive antifungal 
immunity remains unknown. Here, we demonstrated that 
MARCO expression ultimately promotes fungal persistence 
and dissemination by directly or indirectly contributing to the 
development of non-protective responses during cryptococcal 
infection. Our immunological analysis mechanistically linked 
these effects during the adaptive phase with increased pulmonary 
and systemic Th2 responses and impaired classical activation of 
macrophages in the lungs. We further show that the upstream 
accumulation and alternative activation of CD11b+ cDC in LALN 
of C. neoformans-infected mice provides a likely mechanism 
through which C. neoformans exploits MARCO to trigger a 
shift to Th2 responses. Collectively, our study uncovers novel 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 5 | Macrophage receptor with collagenous structure (MARCO) promotes Th2 response in the LALN of Cryptococcus neoformans-infected mice.  
(a) MARCO is dispensable for accumulation of CD4+ T cells in the LALN of C. neoformans-infected mice at 10 dpi. (B) Expression of IL-13 and IFN-γ by total LALN 
leukocytes from infected MARCO−/− and MARCO+/+ mice at 10 dpi were analyzed by RT-qPCR. Note that MARCO enhanced mRNA expression of IL-13 but not 
IFN-γ by total LALN leukocytes. Expression of each target gene was normalized to the 18S housekeeping gene. (c) MARCO expression promotes IL-13 and Gata3 
but not IFN-γ protein production by CD4+ T cells in the LALN of C. neoformans-infected mice. Results represent mean ± SEM (n = 5) with similar results from two 
independent experiments. *p < 0.05.
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cellular and molecular pathway through which C. neoformans 
evades host defenses and induces non-protective antifungal 
immunomodulation.

Our current study revealed the novel observation that 
MARCO expression significantly promotes fungal persistence 
and extra-pulmonary dissemination during the efferent phase of 
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FigUre 7 | Macrophage receptor with collagenous structure (MARCO) expression promotes alternative activation and inhibits classical activation of CD11b+ 
conventional DC (cDC) in the lung-associated lymph node (LALN) of Cryptococcus neoformans-infected mice. (a) Surface expression of CD80, CD86, and CD206 
by CD11b+ cDC was analyzed by flow cytometry. (B) Bar graphs represent percentage of CD11b+ cDC expressing CD80, CD86, and CD206. Note that CD11b+ 
cDC from infected MARCO+/+ mice exhibited higher expression of CD80 and CD86 but lower levels of CD206 compared to CD11b+ cDC from infected MARCO−/− 
mice. Results represent mean ± SEM (n = 5), with similar results from two independent experiments. *p < 0.05.

FigUre 6 | Macrophage receptor with collagenous structure (MARCO) expression promotes the accumulation of CD11b+ cDC in the lung-associated lymph node 
(LALN) of Cryptococcus neoformans-infected mice. (a,B) MARCO expression promotes the accumulation of dendritic cell (DC) but not total leukocytes in LALN of 
C. neoformans-infected mice at 10 dpi. (c) MARCO expression promotes the accumulation of CD11b+ cDC but not CD103+ cDC and moDC. Results represent 
mean ± SEM (n = 5), with similar results from two independent experiments. *p < 0.05. cDC, conventional dendritic cells; moDC, monocytes-derived dendritic cells.
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C. neoformans infection. Interestingly, our previous study demon-
strated that MARCO orchestrates innate defenses and contributes 
to fungal containment during initial response to cryptococcal 
infection by promoting early inflammatory cytokine production 
in the lungs and phagocytosis by myeloid cells (19). These results 
show that, in the grand scheme, the initial benefits of MARCO 
expression during the innate phase were gradually replaced by the 
non-protective effects induced by MARCO during the efferent 

phase of C. neoformans infection. Collectively, we found that 
MARCO can play distinct functions in host defenses to patho-
gens, protective during the relatively short innate phase and then 
non-protective during subsequent efferent phase.

Distinct roles of specific factors in innate versus adaptive 
responses, while rare, are not unique to MARCO and can be 
found in other immune receptors, such as T-cell immunoglobu-
lin domain and mucin domain 3 (TIM3), which was shown to 
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FigUre 8 | Roles of macrophage receptor with collagenous structure (MARCO) in orchestrating adaptive immunity during fungal infection. MARCO expression 
contributes to accumulation of CD11b+ conventional DC (cDC) and their alternative activation in the lung-associated lymph node (LALN), which promotes the 
development of Th2 responses in the LALN and lungs during Cryptococcus neoformans infection. Thus, efferent control of fungal growth was impaired along  
with increased production of type 2 cytokines IL-5 and IL-13, and alternative activation of effector cells in the lungs of MARCO+/+ mice.
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promote pro-inflammatory innate responses while restraining 
Th1 responses (38). While it is not uncommon for pathogens to 
exploit loopholes in the signaling cascades of the immune system 
and hijack protective pathways, our results showing dual roles of 
MARCO during cryptococcal infection may provide insights that 
explain why different genetic variants of MARCO differentially 
affect health of the human population. In human pulmonary 
tuberculosis, some genetic variants of MARCO are associated 
with susceptibility, while other variants are associated with 
resistance (39). Given the similarities of pathogenicity between 
C. neoformans and M. tuberculosis (both can survive and grow 
intracellularly in the alveolar macrophages and require Th1-cell 
help for their eradication), it is possible that these distinct vari-
ants may affect the magnitude of protective versus non-protective 
effects of MARCO. Another element of pathogenesis shared 
by C. neoformans and M. tuberculosis is their ability to induce 
latent infections (40, 41). Since, non-protective elements of the 
immune response contribute to cryptococcal persistence (42, 43),  
MARCO and other factors exploited by C. neoformans may in fact 
contribute to the development of cryptococcal latency. Thus, pos-
sible contribution of MARCO expression to long-term latency of 
C. neoformans infection and whether genetic variants of MARCO 
are associated with susceptibility to cryptococcosis in humans 
warrants further study.

The effects of MARCO in the development of adaptive 
immunity were less well explored compared to its well-studied 
innate functions in control of infections such as Mycobacterium 

tuberculosis, Streptococcus pneumonia, and Leishmania major 
(21–23). In this study, we showed that MARCO expression can be 
later exploited by C. neoformans to modulate T cell polarization 
during the efferent phase of infection. Consistent with the higher 
fungal burden in WT mice, MARCO expression led to enhance-
ment of non-protective Th2 responses, diminished protective 
Th1 responses, and impaired classical activation of macrophages 
in the lungs during the efferent phase of C. neoformans infec-
tion (Figure  8). Interestingly, while the effects of MARCO  
on induction of systemic and pulmonary Th2 bias were similar 
(Th2 cytokine production in lungs and spleen and corresponding 
changes in serum IgE level), divergent functions of MARCO were 
found when it comes to IFN-γ production. MARCO expression 
was associated with diminished expression of IFN-γ by both 
T cells and non-T cells in the spleens, while we did not observe 
any effects of MARCO on IFN-γ production by the lung and 
LALN cells. Thus, while our current study substantially advances 
our understanding of the role of MARCO as an important modu-
lator of host adaptive immunity during fungal infections, future 
studies are needed to fully characterize the mechanisms by which 
MARCO plays divergent roles in different organs of the infected 
host.

Molecular and cellular mechanisms of non-protective Th2 
response development during C. neoformans infection are incom-
pletely understood. Pathogen virulence factors, such as capsule, 
chitin, urease, and other lipid mediators, promote Th2 responses 
during C. neoformans infection (8, 44, 45), however, host signaling 
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pathways exploited by fungal pathogens that contribute to Th2 
development are less studied. Though critical roles of pulmonary 
CD11b+ cDC in Th2 response development during C. neoformans  
infection was demonstrated (15), the underlying mechanisms 
are not fully elucidated. In our study, we demonstrated that 
the upstream Th2 priming in the draining lymph nodes was 
enhanced by MARCO expression. More importantly, our results 
showed that the accumulation and alternative activation of 
CD11b+ cDC also depended on MARCO expression. Thus, the 
increased accumulation and alternative activation of CD11b+ 
cDC is likely a crucial mechanism by which C. neoformans exploits 
MARCO to promote the Th2 response and downregulate Th1 
response during infection. However, at this time, we cannot rule 
out that other possible cell subsets affected by C. neoformans in a 
MARCO-dependent fashion might also enhance non-protective 
Th2 responses.

The current study demonstrates that MARCO exhibits some 
interesting similarities and differences during fungal infections 
when compared with our previous study on the role of another 
scavenger receptor, SR-A (17). While our studies demonstrated 
that C. neoformans can exploit multiple scavenger receptors to 
facilitate its survival in the host by triggering the same type of 
immunomodulation, there are significant differences between the 
effects of SR-A and MARCO on DC activation. SR-A promotes 
the early production of type 2 cytokines in both the lungs and 
LALN during the afferent phase of C. neoformans infection 
and globally contributed to the alternative activation of DC at 
both sites (17). By contrast, MARCO contributes to increased 
early IFN-γ production and classical activation of moDC in the 
lungs (19), at the same time selectively enhances the accumula-
tion and alternative activation of CD11b+cDC in the LALN of  
C. neoformans-infected mice. These seemingly discrepant effects 
within mucosal sites and regional lymph nodes demonstrate that 
MARCO signaling is likely contextual, depending on DC subsets 
and/or effects of local micro-environments. While future studies 
are needed to clarify this, our studies indicate that both MARCO 
and SR-A can promote Th2 polarization during cryptococcal 
infection possibly via different mechanisms.

In summary, our novel findings show that MARCO facili-
tates cryptococcal persistence in the host through promoting 
non-protective Th2 responses during the efferent phase of  
C. neoformans infection. We identify MARCO-dependent 

accumulation and alternative activation of CD11b+ cDC as one 
mechanism explaining these effects. Thus, this study substantially 
advances our understanding about the roles of MARCO in the 
adaptive phase of antifungal immunity.

eThics sTaTeMenT

This study was carried out in accordance with the recommenda-
tions of University Committee on the Use and Care of Animals 
and the Veterans Administration Institutional Animal Care and 
Use Committee. All experiments and protocol were approved by 
the University Committee on the Use and Care of Animals and 
the Veterans Administration Institutional Animal Care and Use 
Committee.

aUThOr cOnTriBUTiOns

JX and AF contributed to experimental design, experimental 
work, data analysis, and manuscript writing. LN, ZF, DC, and 
MI contributed to experimental work and manuscript editing. 
BBM, JC, and JO contributed to write and edit manuscript. 
MO contributed to secure funding, oversee the project, design 
framework, and experimental work.

acKnOWleDgMenTs

MO, JO, and JC were supported by VA Merit grants (I01BX000656, 
BX002120-01 and I01CX000911, respectively). In addition, MO 
was supported by VA RCS award (IK6BX003615). BM was sup-
ported by NIH grant AI117229, HL127805, and HL119682. LN 
was supported by T-32 research training grant T32HL07749. The 
authors wish to thank Enze Xing, Guolei Zhao, Xueli Gao, and 
Jessica Kolbe for technical assistance and the UROP program at 
the University of Michigan for their support of undergraduate 
research.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://journal.frontiersin.org/article/10.3389/fimmu.2017.01231/
full#supplementary-material.

reFerences

1. Brown GD, Denning DW, Gow NA, Levitz SM, Netea MG, White TC. 
Hidden killers: human fungal infections. Sci Transl Med (2012) 4:165rv113.  
doi:10.1126/scitranslmed.3004404 

2. Olszewski MA, Zhang Y, Huffnagle GB. Mechanisms of cryptococcal 
virulence and persistence. Future Microbiol (2010) 5:1269–88. doi:10.2217/
fmb.10.93 

3. Fang W, Fa Z, Liao W. Epidemiology of Cryptococcus and cryptococcosis in 
China. Fungal Genet Biol (2015) 78:7–15. doi:10.1016/j.fgb.2014.10.017 

4. Spitzer ED, Spitzer SG, Freundlich LF, Casadevall A. Persistence of initial 
infection in recurrent Cryptococcus neoformans meningitis. Lancet (1993) 
341:595–6. doi:10.1016/0140-6736(93)90354-J 

5. Wager CML, Wormley  FL Jr. Is development of a vaccine against Cryptococcus 
neoformans feasible? PLoS Pathog (2015) 11:e1004843. doi:10.1371/journal.
ppat.1004843 

6. He X, Lyons DM, Toffaletti DL, Wang F, Qiu Y, Davis MJ, et  al. Virulence 
factors identified by Cryptococcus neoformans mutant screen differentially 
modulate lung immune responses and brain dissemination. Am J Pathol 
(2012) 181:1356–66. doi:10.1016/j.ajpath.2012.06.012 

7. Qiu Y, Davis MJ, Dayrit JK, Hadd Z, Meister DL, Osterholzer JJ, et al. Immune 
modulation mediated by cryptococcal laccase promotes pulmonary growth 
and brain dissemination of virulent Cryptococcus neoformans in mice. PLoS 
One (2012) 7:e47853. doi:10.1371/journal.pone.0047853 

8. Osterholzer JJ, Surana R, Milam JE, Montano GT, Chen G-H, Sonstein J, et al. 
Cryptococcal urease promotes the accumulation of immature dendritic cells 
and a non-protective T2 immune response within the lung. Am J Pathol (2009) 
174:932–43. doi:10.2353/ajpath.2009.080673 

9. Rohatgi S, Pirofski LA. Host immunity to Cryptococcus neoformans. Future 
Microbiol (2015) 10:565–81. doi:10.2217/fmb.14.132 

10. Voelz K, May RC. Cryptococcal interactions with the host immune system. 
Eukaryot Cell (2010) 9:835–46. doi:10.1128/EC.00039-10 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.01231/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.01231/full#supplementary-material
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.2217/fmb.10.93
https://doi.org/10.2217/fmb.10.93
https://doi.org/10.1016/j.fgb.2014.10.017
https://doi.org/10.1016/0140-6736(93)90354-J
https://doi.org/10.1371/journal.ppat.1004843
https://doi.org/10.1371/journal.ppat.1004843
https://doi.org/10.1016/j.ajpath.2012.06.012
https://doi.org/10.1371/journal.pone.0047853
https://doi.org/10.2353/ajpath.2009.080673
https://doi.org/10.2217/fmb.14.132
https://doi.org/10.1128/EC.00039-10


13

Xu et al. MARCO in Adaptive Anti-Fungal Immunity

Frontiers in Immunology | www.frontiersin.org September 2017 | Volume 8 | Article 1231

11. Gibson JF, Johnston SA. Immunity to Cryptococcus neoformans and C. gattii 
during cryptococcosis. Fungal Genet Biol (2015) 78:76–86. doi:10.1016/j.fgb. 
2014.11.006 

12. Müller U, Stenzel W, Köhler G, Werner C, Polte T, Hansen G, et  al. IL-13 
induces disease-promoting type 2 cytokines, alternatively activated mac-
rophages and allergic inflammation during pulmonary infection of mice  
with Cryptococcus neoformans. J Immunol (2007) 179:5367–77. doi:10.4049/
jimmunol.179.8.5367 

13. Zhang Y, Wang F, Tompkins KC, McNamara A, Jain AV, Moore BB, et  al. 
Robust Th1 and Th17 immunity supports pulmonary clearance but cannot 
prevent systemic dissemination of highly virulent Cryptococcus neoformans 
H99. Am J Pathol (2009) 175:2489–500. doi:10.2353/ajpath.2009.090530 

14. Iwasaki A, Medzhitov R. Control of adaptive immunity by the innate immune 
system. Nat Immunol (2015) 16:343–53. doi:10.1038/ni.3123 

15. Wiesner DL, Specht CA, Lee CK, Smith KD, Mukaremera L, Lee ST, et  al. 
Chitin recognition via chitotriosidase promotes pathologic type-2 helper 
T cell responses to cryptococcal infection. PLoS Pathog (2015) 11:e1004701. 
doi:10.1371/journal.ppat.1004701 

16. Valdez PA, Vithayathil PJ, Janelsins BM, Shaffer AL, Williamson PR, Datta SK.  
Prostaglandin E2 suppresses antifungal immunity by inhibiting interferon 
regulatory factor 4 function and interleukin-17 expression in T cells. Immunity 
(2012) 36:668–79. doi:10.1016/j.immuni.2012.02.013 

17. Qiu Y, Dayrit JK, Davis MJ, Carolan JF, Osterholzer JJ, Curtis JL, et al. Scavenger 
receptor A modulates the immune response to pulmonary Cryptococcus 
neoformans infection. J Immunol (2013) 191:238–48. doi:10.4049/jimmunol. 
1203435 

18. Canton J, Neculai D, Grinstein S. Scavenger receptors in homeostasis and 
immunity. Nat Rev Immunol (2013) 13:621–34. doi:10.1038/nri3515 

19. Xu J, Flaczyk A, Neal LM, Fa Z, Eastman AJ, Malachowski AN, et al. Scavenger 
receptor MARCO orchestrates early defenses and contributes to fungal 
containment during cryptococcal infection. J Immunol (2017) 198:3548–57. 
doi:10.4049/jimmunol.1700057 

20. Areschoug T, Gordon S. Scavenger receptors: role in innate immunity and 
microbial pathogenesis. Cell Microbiol (2009) 11:1160–9. doi:10.1111/j.1462- 
5822.2009.01326.x 

21. Arredouani M, Yang Z, Ning Y, Qin G, Soininen R, Tryggvason K, et  al. 
The scavenger receptor MARCO is required for lung defense against pneu-
mococcal pneumonia and inhaled particles. J Exp Med (2004) 200:267–72. 
doi:10.1084/jem.20040731 

22. Gomes IN, Palma LC, Campos GO, Lima JGB, De Almeida TF, De Menezes JP,  
et al. The scavenger receptor MARCO is involved in Leishmania major infec-
tion by CBA/J macrophages. Parasite Immunol (2009) 31:188–98. doi:10.1111/ 
j.1365-3024.2009.01093.x 

23. Bowdish DM, Sakamoto K, Kim M-J, Kroos M, Mukhopadhyay S, Leifer CA,  
et  al. MARCO, TLR2, and CD14 are required for macrophage cytokine 
responses to mycobacterial trehalose dimycolate and Mycobacterium tuber-
culosis. PLoS Pathog (2009) 5:e1000474. doi:10.1371/journal.ppat.1000474 

24. Dorrington MG, Roche AM, Chauvin SE, Tu Z, Mossman KL, Weiser JN, et al. 
MARCO is required for TLR2-and Nod2-mediated responses to Streptococcus 
pneumoniae and clearance of pneumococcal colonization in the murine naso-
pharynx. J Immunol (2013) 190:250–8. doi:10.4049/jimmunol.1202113 

25. Kissick HT, Dunn LK, Ghosh S, Nechama M, Kobzik L, Arredouani MS. The 
scavenger receptor MARCO modulates TLR-induced responses in dendritic 
cells. PLoS One (2014) 9:e104148. doi:10.1371/journal.pone.0104148 

26. Grolleau A, Misek DE, Kuick R, Hanash S, Mulé JJ. Inducible expression 
of macrophage receptor MARCO by dendritic cells following phagocytic 
uptake of dead cells uncovered by oligonucleotide arrays. J Immunol (2003) 
171:2879–88. doi:10.4049/jimmunol.171.6.2879 

27. Granucci F, Petralia F, Urbano M, Citterio S, Di Tota F, Santambrogio L, et al. 
The scavenger receptor MARCO mediates cytoskeleton rearrangements in 
dendritic cells and microglia. Blood (2003) 102:2940–7. doi:10.1182/blood- 
2002-12-3651 

28. Komine H, Kuhn L, Matsushita N, Mulé JJ, Pilon-Thomas S. Examination of 
MARCO activity on dendritic cell phenotype and function using a gene knock-
out mouse. PLoS One (2013) 8:e67795. doi:10.1371/journal.pone.0067795 

29. Arredouani MS, Franco F, Imrich A, Fedulov A, Lu X, Perkins D, et  al. 
Scavenger receptors SR-AI/II and MARCO limit pulmonary dendritic cell 
migration and allergic airway inflammation. J Immunol (2007) 178:5912–20. 
doi:10.4049/jimmunol.178.9.5912 

30. Olszewski MA, Huffnagle GB, McDonald RA, Lindell DM, Moore BB,  
Cook DN, et  al. The role of macrophage inflammatory protein-1 alpha/
CCL3 in regulation of T cell-mediated immunity to Cryptococcus neoformans 
infection. J Immunol (2000) 165:6429–36. doi:10.4049/jimmunol.165.11.6429 

31. Guilliams M, Lambrecht B, Hammad H. Division of labor between lung 
dendritic cells and macrophages in the defense against pulmonary infections. 
Mucosal Immunol (2013) 6:464–73. doi:10.1038/mi.2013.14 

32. Wozniak KL, Hardison S, Olszewski M, Wormley  FL Jr. Induction of pro-
tective immunity against cryptococcosis. Mycopathologia (2012) 173:387–94. 
doi:10.1007/s11046-011-9505-8 

33. Hardison SE, Herrera G, Young ML, Hole CR, Wozniak KL, Wormley  FL Jr.  
Protective immunity against pulmonary cryptococcosis is associated with 
STAT1-mediated classical macrophage activation. J Immunol (2012) 189: 
4060–8. doi:10.4049/jimmunol.1103455 

34. Flaczyk A, Duerr CU, Shourian M, Lafferty EI, Fritz JH, Qureshi ST. IL-33 
signaling regulates innate and adaptive immunity to Cryptococcus neoformans. 
J Immunol (2013) 191:2503–13. doi:10.4049/jimmunol.1300426 

35. Osterholzer JJ, Chen G-H, Olszewski MA, Zhang Y-M, Curtis JL, Huffnagle GB,  
et  al. Chemokine receptor 2-mediated accumulation of fungicidal exudate 
macrophages in mice that clear cryptococcal lung infection. Am J Pathol 
(2011) 178:198–211. doi:10.1016/j.ajpath.2010.11.006 

36. Eastman AJ, Osterholzer JJ, Olszewski MA. Role of dendritic cell-pathogen 
interactions in the immune response to pulmonary cryptococcal infection. 
Future Microbiol (2015) 10:1837–57. doi:10.2217/fmb.15.92 

37. Xu J, Eastman AJ, Flaczyk A, Neal LM, Zhao G, Carolan J, et al. Disruption 
of early tumor necrosis factor alpha signaling prevents classical activation 
of dendritic cells in lung-associated lymph nodes and development of pro-
tective immunity against cryptococcal infection. MBio (2016) 7:e00510–16. 
doi:10.1128/mBio.00510-16 

38. Anderson AC, Anderson DE, Bregoli L, Hastings WD, Kassam N, Lei C, et al. 
Promotion of tissue inflammation by the immune receptor Tim-3 expressed on 
innate immune cells. Science (2007) 318:1141–3. doi:10.1126/science.1148536 

39. Bowdish DM, Sakamoto K, Lack NA, Hill PC, Sirugo G, Newport MJ, et al. 
Genetic variants of MARCO are associated with susceptibility to pulmo-
nary tuberculosis in a Gambian population. BMC Med Genet (2013) 14:47. 
doi:10.1186/1471-2350-14-47 

40. Alanio A, Vernel-Pauillac F, Sturny-Leclère A, Dromer F. Cryptococcus  
neoformans host adaptation: toward biological evidence of dormancy. MBio 
(2015) 6:e02580–14. doi:10.1128/mBio.02580-14 

41. Getahun H, Matteelli A, Chaisson RE, Raviglione M. Latent Mycobacterium 
tuberculosis infection. N Engl J Med (2015) 372:2127–35. doi:10.1056/
NEJMra1405427 

42. Arora S, Olszewski MA, Tsang TM, McDonald RA, Toews GB, Huffnagle GB.  
Effect of cytokine interplay on macrophage polarization during chronic 
pulmonary infection with Cryptococcus neoformans. Infect Immun (2011) 
79:1915–26. doi:10.1128/IAI.01270-10 

43. Hernandez Y, Arora S, Erb-Downward JR, McDonald RA, Toews GB, 
Huffnagle GB. Distinct roles for IL-4 and IL-10 in regulating T2 immunity 
during allergic bronchopulmonary mycosis. J Immunol (2005) 174:1027–36. 
doi:10.4049/jimmunol.174.2.1027 

44. Almeida GM, Andrade RM, Bento CA. The capsular polysaccharides of 
Cryptococcus neoformans activate normal CD4+ T cells in a dominant Th2 
pattern. J Immunol (2001) 167:5845–51. doi:10.4049/jimmunol.167.10.5845 

45. Vecchiarelli A, Pietrella D, Lupo P, Bistoni F, McFadden DC, Casadevall A. 
The polysaccharide capsule of Cryptococcus neoformans interferes with human 
dendritic cell maturation and activation. J Leukoc Biol (2003) 74:370–8. 
doi:10.1189/jlb.1002476 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Xu, Flaczyk, Neal, Fa, Cheng, Ivey, Moore, Curtis, Osterholzer and 
Olszewski. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) or licensor are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.fgb.
2014.11.006
https://doi.org/10.1016/j.fgb.
2014.11.006
https://doi.org/10.4049/jimmunol.179.8.5367
https://doi.org/10.4049/jimmunol.179.8.5367
https://doi.org/10.2353/ajpath.2009.090530
https://doi.org/10.1038/ni.3123
https://doi.org/10.1371/journal.ppat.1004701
https://doi.org/10.1016/j.immuni.2012.02.013
https://doi.org/10.4049/jimmunol.
1203435
https://doi.org/10.4049/jimmunol.
1203435
https://doi.org/10.1038/nri3515
https://doi.org/10.4049/jimmunol.1700057
https://doi.org/10.1111/j.1462-
5822.2009.01326.x
https://doi.org/10.1111/j.1462-
5822.2009.01326.x
https://doi.org/10.1084/jem.20040731
https://doi.org/10.1111/
j.1365-3024.2009.01093.x
https://doi.org/10.1111/
j.1365-3024.2009.01093.x
https://doi.org/10.1371/journal.ppat.1000474
https://doi.org/10.4049/jimmunol.1202113
https://doi.org/10.1371/journal.pone.0104148
https://doi.org/10.4049/jimmunol.171.6.2879
https://doi.org/10.1182/blood-
2002-12-3651
https://doi.org/10.1182/blood-
2002-12-3651
https://doi.org/10.1371/journal.pone.0067795
https://doi.org/10.4049/jimmunol.178.9.5912
https://doi.org/10.4049/jimmunol.165.11.6429
https://doi.org/10.1038/mi.2013.14
https://doi.org/10.1007/s11046-011-9505-8
https://doi.org/10.4049/jimmunol.1103455
https://doi.org/10.4049/jimmunol.1300426
https://doi.org/10.1016/j.ajpath.2010.11.006
https://doi.org/10.2217/fmb.15.92
https://doi.org/10.1128/mBio.00510-16
https://doi.org/10.1126/science.1148536
https://doi.org/10.1186/1471-2350-14-47
https://doi.org/10.1128/mBio.02580-14
https://doi.org/10.1056/NEJMra1405427
https://doi.org/10.1056/NEJMra1405427
https://doi.org/10.1128/IAI.01270-10
https://doi.org/10.4049/jimmunol.174.2.1027
https://doi.org/10.4049/jimmunol.167.10.5845
https://doi.org/10.1189/jlb.1002476
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Exploitation of Scavenger 
Receptor, Macrophage Receptor with Collagenous Structure, 
by Cryptococcus neoformans Promotes Alternative Activation 
of Pulmonary Lymph Node CD11b+ Conventional Dendritic Cells 
and Non-Protective Th2 Bias
	Introduction
	Materials and Methods
	Mice
	Cryptococcus neoformans
	Intratracheal Inoculation of C. neoformans
	Lung Leukocyte Isolation
	CFU Assay
	LALN Leukocyte Isolation
	Ag-Specific Cytokine Production 
by Splenocytes
	Total Serum IgE
	RT-qPCR
	Abs and Flow Cytometric Analysis
	Calculations and Statistics

	Results
	MARCO Expression Promotes Fungal Persistence and Systemic Dissemination during the Efferent Phase 
of C. neoformans Infection
	MARCO Expression Promotes 
Non-Protective Th2 Response 
in the Lungs during the Efferent 
Phase of C. neoformans Infection
	MARCO Expression Interferes with Classical Activation of Pulmonary 
Exudate Macrophages during the 
Efferent Phase of C. neoformans Infection
	MARCO Expression Enhances 
Non-Protective and Opposes Protective Systemic Responses during the Efferent Phase of C. neoformans Infection
	MARCO Expression Contributes 
to Th2 Priming in the LALNs during 
C. neoformans Infection
	MARCO Expression Promotes Accumulation of CD11b+ cDC in the 
LALN during C. neoformans Infection
	MARCO Expression Promotes Alternative Activation and Inhibits Classical Activation of CD11b+ cDC in LALNs during 
C. neoformans Infection

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


