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Abstract

Scavenger receptor MARCO promotes protective innate immunity against bacterial and parasitic
infections; however, its role in host immunity against fungal pathogens, including the major
human opportunistic fungal pathogen Cryptococcus neoformans, remains unknown. Using a
mouse model of C. neoformans infection we demonstrated that MARCO deficiency leads to
impaired fungal control during the afferent phase of cryptococcal infection. Diminished fungal
containment in MARCO™- mice was accompanied by impaired recruitment of Ly6Chigh
monocytes and monocyte-derived dendritic cells (moDC) and lower moDC co-stimulatory
maturation. The reduced recruitment and activation of mononuclear phagocytes in MARCO™
mice was linked to diminished early expression of INF-y along with profound suppression of
CCL2 and CCL7 chemokines, providing evidence for roles of MARCO in activation of the CCR2-
axis during C. neoformans infection. Lastly, we found that MARCO was involved in C.
neoformans phagocytosis by resident pulmonary macrophages and DC. We conclude that
MARCO facilitates early interactions between C. neoformans and lung resident cells and promotes
the production of CCR2-ligands. In turn, this contributes to a more robust recruitment and
activation of moDC that opposes rapid fungal expansion during the afferent phase of cryptococcal
infection.

Introduction

Cryptococcus neoformans is a ubiquitous opportunistic fungal pathogen that causes
substantial morbidity and mortality amongst immunocompromised patients (1, 2). Spores or
desiccated yeast cells of C. neoformans enter the host through the respiratory tract, from
which uncontrolled infection disseminates to the central nervous system and causes fatal
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meningitis (1-4). However, the existing treatments for cryptococcosis are generally
ineffective in immune-compromised patients with impaired adaptive immunity. The innate
immune response, which is critical for eliciting immediate defense towards C. neoformans,
may be the only functional arm against the expansion of pathogens in patients with severe T
cell deficiencies (5). Thus, understanding mechanisms of innate anti-cryptococcal defenses
could aid the development of supportive immunotherapies for the treatment of
cryptococcosis in immunocompromised patients.

Innate control of cryptococcal infection requires cells of the monocyte lineage including
macrophages and dendritic cells (DC), and decreased recruitment of these cells, observed for
example in CCR2 deficient mice, leads to severely impaired fungal clearance (6-8).
Macrophages and DC can polarize to classical or alternative activation phenotypes in
response to specific pathogen stimuli or their cytokine environment (9). Classically skewed
mononuclear phagocytes show robust expression the enzyme inducible nitric oxide synthase
(iNOS) which is needed to generate the major fungicidal molecule, nitric oxide.
Consistently, the onset of cryptococcal clearance in mice coincides with peak accumulation
of monocyte progenitor cells and corresponding up-regulation of iNOS (10). While
classically activated macrophages and DC are highly efficient killers of C. neoformans,
alternatively skewed cells are non-protective. These cells show diminished expression of co-
stimulatory molecules and iNOS, but robust expression of alternative activation markers
including arginase-1 (Argl) and CD206 (11).

Though under extensive investigation, the mechanisms and factors that foster effective
defense during the afferent phase of cryptococcosis (defined in mouse models as 0-14 days
post infection) are not well understood. Early production of iNOS and IFN-y is associated
with improved control of C. neoformans growth (12, 13). However, pathways that initiate
these early responses are unclear. Previous studies showed innate receptors, such as TLR9
and mannose receptor, are critical for development of protective immunity against C.
neoformans but affect fungal control at the efferent stage (>14 dpi) of infection (14-16).
Thus, studies of other components and signaling cascades that initiate and promote
protective afferent responses to C. neoformans infection are needed.

Macrophage receptor with collagenous structure (MARCO) is a scavenger receptor that
facilitates pro-inflammatory cytokine production and mononuclear cell recruitment in
response to bacterial infection (17-19). MARCO is mainly expressed on macrophages, DCs
and inflammatory monocytes and its expression can also be up regulated during bacterial
infections, suggesting that MARCO is important for innate immune defense (20-23).
MARCO also participates in the phagocytosis of fungal pathogens by host cells (24, 25).
However, whether MARCO modulates cell recruitment and pro-inflammatory cytokine
production during fungal immunity remains unknown.

In this study we found that MARCO contributes to fungal containment during the afferent
stage of C. neoformans infection. MARCO™" mice had impaired cellular recruitment of
mononuclear phagocytes and diminished pro-inflammatory cytokine production during
cryptococcal infection. MARCO expression enhanced uptake of fungal pathogen by lung

J Immunol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 3

macrophages/DCs. Thus, MARCO plays critical roles in modulating afferent anti-
cryptococcal defenses.

Materials and Methods

Mice

C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME). MARCO™-
mice were bred and housed under specific pathogen-free conditions in the Animal Care
Facility at the VA Ann Arbor Healthcare System. Mice were aged to 8-10 wk at the time of
infection, and were humanely euthanized by CO» inhalation at the time of data collection.
All experiments were approved by the University Committee on the Use and Care of
Animals and the Veterans Administration Institutional Animal Care and Use Committee.

C. neoformans

C. neoformans strain 52D and K99 were 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) on a shaker. The cultures were then
centrifuged and the pellets were washed with non-pyrogenic saline (Travenol, Deerfield, IL).
Cells were counted via hemocytometer, and diluted to 3.3 x 10° yeast/mL in sterile non-
pyrogenic saline. All experiments were performed with C. neoformans strain 52D unless
otherwise indicated in the text.

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-gauge needle was attached to a 1 mL tuberculin syringe with C.
neoformans suspension (3.3 x 10° yeast/ml) and infection was performed by intratracheally
injecting 30 L (10* CFU) of inoculum into the lungs. After inoculation, the skin was closed
with cyanoacrylate adhesive and the mice were monitored during recovery from the
anesthesia.

Lung leukocytes isolation

The lungs from each mouse were excised, washed in RPMI 1640 and digested enzymatically
as previously described (26). 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, NY7; 1
mg/mL collagenase A [Roche Diagnostics, Indianapolis, IN]; and 30 ug/ml DNase | [Sigma,
St. Louis, MO]). 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 NH4CI buffer (0.829% NH4CI, 0.1% KHCOg3, and 0.0372% Na,EDTA, pH
7.4) for 3 min followed by a 3-fold excess of RPMI 1640. Cells were re-suspended and
subjected to syringe dispersion and filtered through a sterile 100-um nylon screen (Nitex,
Kansas City, MO). The filtrate was centrifuged for 30 min at 1500 g with no brake in the
presence of 20% Percoll (Sigma) to separate leukocytes from cell debris and epithelial cells.
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Leukocyte pellets were re-suspended in complete RPMI 1640 media and enumerated on a
hemocytometer after dilution in trypan blue (Sigma).

Lung CFU assay

RT-gPCR

For determination of fungal burden in the lungs, small aliquots of digested lungs were
collected. Series of 10-fold dilutions of the samples were plated on Sabouraud dextrose agar
plates in duplicate 10-pl aliquots and incubated at room temperature. C. neoformans
colonies were counted two days later and the number of CFUs was calculated on a per-organ
basis.

Total RNA from lung leukocytes was prepared using TRIzol reagent (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 using an light cycler96 system (Qiagen) according to the
manufacturer's protocols. Forty-five cycles of PCR (95°C for 15 s followed by 60°C for 30
s) were performed on a cDNA template. The data were normalized to 18S mRNA, compared
with baseline expression in corresponding samples from uninfected mice and expressed as
fold induction using the 2"2Ct method.

Abs and flow cytometric analysis

Ab cell staining was performed as previously described (27). Data were collected on a FACS
LSR2 flow cytometer using FACSDiva software (Becton Dickinson Immunocytometry
Systems, Mountain View, CA) and analyzed using FlowJo software (Tree Star, San Carlos,
CA). 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 lymphocytes (FSC'®W cells expressing CD3 or CD19);
neutrophils (CD11b*Ly6G™); eosinophils (SSCMNINCD11c!oW/SiglecF+); Alveolar
macrophages (CD11c"9"/SiglecF*); monocytes (CD11c-/CD11b*/Ly6Chi9"); and DC were
then identified within the remaining cell populations as cells expressing both CD11c and
high levels of MHCII. DC subsets of moDC, CD11b*™ DC and CD103* DC were identified
as follows: moDC were gated as CD11c*MHCII*CD64" cells, then remaining
CD11c*MHCII*CD64 cells were further divided into CD11b*; DC and CD103* DC based
on the expression of SIRPa and XCR1, respectively (28). Total numbers of each cell
population were calculated by multiplying 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.

Bone marrow—derived macrophage and DC culture

Bone marrow was isolated as previously described (9). To obtain BMM and BMDC, we
cultured bone marrow cells from uninfected MARCO** or MARCO™~ mice in Dulbecco's
minimal essential medium (DMEM, from Life Technologies, Inc., Gaithersburg, MD)
containing 20% fetal calf serum, GlutaMAX, MEM-nonessential amino acids, sodium
pyruvate, penicillin, and streptomycin. 50 ng/mL G-CSF and 20 ng/mL GM-CSF
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(PeproTech, Rocky Hill, NJ) were added for BMM and BMDC culture, respectively. Cells
were harvested after 7 days of culture. For subsequent experiments, BMM/BMDC were
removed from differentiation dishes using cold sterile pyrogen-free PBS and subsequently
cultured in RPMI 1640 containing 10% fetal calf serum, GlutaMAX, MEM-nonessential
amino acids, sodium pyruvate. To evaluate fungicidal activity of BMDC and BMM, 1 x 10°
cells were seeded on 96-well plate and infected with C. neoformans yeast (1 x10%) with or
without IFN-y (100 ng/mL). After 24 hrs incubation, the yeast were collected by lysing
BMM/BMDC and enumerated by plating onto Sabouraud dextrose agar plates. Colony
values in individual treatment groups were compared to culture wells without BMDC/BMM
and expressed as percent of growth inhibition.

C. neoformans phagocytosis by lung leukocytes

To determine the phagocytosis of C. neoformans by lung leukocytes, the fungi were first
labeled with 1% Uvitex 2B in PBS buffer for 10 min. The fungi were then washed and
collected at 1500 rpm for 5 min. Uvitex 2B-labeled C. neoformans were incubated with
isolated lung leukocytes from uninfected mice for 2 hrs at 37 °C. Cells were harvested and
stained. Flow cytometric analysis was then performed on the samples.

Calculations and statistics

Results

All values are reported as mean + SEM. Student ¢test 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). Means with p values <0.05 were considered significantly different.

MARCO expression contributes to control of pulmonary fungal growth during afferent
phase of the response to C. neoformans infection

The receptor MARCO contributes to innate response to bacterial and viral pathogens (18,
20, 29) but its role in anti-cryptococcal defenses remains unknown. Our first goal was to
determine if MARCO is required for anti-cryptococcal host defenses. MARCO** and
MARCO™- mice were infected intratracheally with 104 CFU C. neoformans 52D and
expression of the /marco gene was analyzed in leukocytes isolated from uninfected and
infected lungs. We found that C. neoformans-infection resulted in significant up regulation
of the marco gene in pulmonary leukocytes relative to that in uninfected controls as early as
4 dpi (Fig. 1A). As expected, no transcription of the marco gene was detected in the
MARCO™ mice (Fig. 1A). Next, we evaluated the effect of MARCO deletion on the
pulmonary control of C. neoformans growth. MARCO deletion did not affect the pulmonary
fungal growth at 4 dpi in the infected mice. However, a significant increase in fungal load
was noted at 7 dpi in the lungs of MARCO™ mice compared to infected MARCO*/* mice
(Fig. 1B). Interestingly, we did not observe significantly higher fungal burden in MARCO-/-
mice at 21 dpi (not shown), suggesting that the effects of MARCO are most important
during the afferent phase of host defense against cryptococcosis (30-32). Finally, to
determine if the beneficial effect of MARCO receptor was applicable to other serotype
strains of C. neoformans, we analyzed fungal burdens in mice infected with serotype A
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strain K99. We found similarly impaired fungal control in MARCO deficient mice infected
with strain K99 at 7 dpi (Fig. 1C). Thus, expression of MARCO contributes to anti-
cryptococcal defenses during the afferent phase of the immune response.

MARCO expression contributes to the early accumulation of monocytes in C. neoformans
infected lungs

Having determined that MARCO expression contributed to early anti-cryptococcal defenses,
we explored whether MARCO had a role in early inflammatory responses to C. neoformans
infection. We quantified leukocyte populations in the lungs of MARCO** and MARCO™
mice using flow cytometric analysis at 4 and 7 dpi. Both MARCO** and MARCO™
infected mice progressively accumulated CD45* leukocytes at both time points in similar
numbers (Fig. 2A), indicating that MARCO had no effect on the overall magnitude of the
inflammatory responses during early inflammation. Total numbers of individual leukocyte
subsets including lung alveolar macrophages (CD11c*SiglecF™, Fig. 2B), eosinophils
(CD11c'%SiglecF*, Fig. 2C) and neutrophils (CD11b*Ly6G™, Fig. 2D) were similar
between infected MARCO*"* and MARCO™~ mice at both 4 and 7 dpi. However, early
accumulation of monocytes (CD11b*Ly6CN9M was significantly reduced at 4 dpi in
MARCO™~ mice compared with MARCO*"* mice (Fig. 2E). MARCO™~ mice also showed
diminishing trend in accumulation of monocytes at 7 dpi (o= 0.08) and DC at 4 dpi (p=
0.07) (Fig. 2F). Thus, MARCO expression contributes to early pulmonary recruitment of
innate mononuclear cells during afferent phase of response to C. neoformans infection.

MARCO expression promotes pulmonary accumulation of monocyte-derived DC but not
conventional DC during the afferent response to C. neoformans

We further explored whether MARCO affected the accumulation of specific lung
conventional DC subsets and inflammatory moDC known to be involved in clearance of
fungal pathogens (8, 11). Using defined gating strategies, we separately analyzed moDC
(CD11c*MHCII*CD64™) and two conventional DC (cDC) subsets, CD11b* cDC
(CD11c*MHCII*CD64-SIRPa*) and CD103" ¢DC (CD11c*MHCIITCD64-XCR1*) (28,
33). We found that C. neoformans infection triggered significant accumulation of both
moDC and CD11b* ¢cDC, but not CD103* ¢DC in the infected lungs (Fig. 3). However,
MARCO expression selectively enhanced accumulation of pulmonary moDC, without
affecting pulmonary CD11b* ¢cDC and CD103* ¢cDC populations during cryptococcal
infection (Fig. 3A-C). This conclusion was demonstrated by greater frequencies and total
numbers of moDC at 4 and 7dpi (Fig. 3A and 3C) in infected MARCO™* mice, but no
difference in frequencies and numbers of either CD11b* ¢DC or CD103* ¢DC between
MARCO** and MARCO™" mice at these time points (Fig 3B and 3C). Taken together, the
data demonstrate that MARCO selectively enhances accumulation of moDC, but not
CD11b* ¢DC or CD103* ¢DC, in the lungs during afferent phase of C. neoformans
infection.

MARCO expression promotes early induction of chemokines responsible for monocyte
recruitment in the C. neoformans-infected lungs

Since monocyte and moDC accumulation depends on CCR2 signaling (7, 14), we next
tested whether MARCO expression promoted pulmonary expression of CCR2 ligands. We
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analyzed the mRNA expression of CCR2-axis chemokines cc/2, cc/7and cc/12by the
pulmonary leukocytes in infected mice. The mMRNA expression of all three chemokines was
significantly up regulated post- C. neoformans infection (Fig. 4 A-4C) as previously reported
(14). However, MARCO deficiency substantially impaired the expression of cc/2and ccl7,
but not cc/12in lung leukocytes (Fig. 4A-4C). Consistent with suppressed mMRNA
expression, CCL2 protein production in the infected lungs was reduced in MARCO™" mice
compared to MARCO** mice at 7 dpi (Fig. 4D). However, MARCO deficiency had no
effect on ccl2/ccl7 expression by bone marrow-derived macrophages (BMM) and DCs
(BMDC) stimulated directly with C. neoformans in vitro (not shown). While these cells
typically represent monocyte-derived, nonresident mononuclear cells, these results suggest
either that MARCO enhanced chemokine production by lung resident cells, or that its effect
on CCR2 ligands expression by recruited cells in the infected lungs was indirect. Together,
we found that MARCO expression contributed to induction of two major CCR2 chemokines
ligands in the lungs, which could explain its role in pulmonary accumulation of monocytes
and moDC in C. neoformans-infected lungs.

MARCO expression promotes early induction of major protective cytokines in C.
neoformans-infected lungs

Robust early expression of pro-inflammatory cytokines, such as IFNy, is important for the
innate control of C. neoformans growth in the infected lungs (13, 34). Thus, we further
compared the cytokine production by leukocytes obtained from the infected lungs of
MARCO*"* and MARCO"~ mice. Gene expression of beneficial (IFN-y, 1L-12b and
IL-17A) and detrimental (IL-4, IL-5 and I1L-13) cytokines by pulmonary leukocytes was
evaluated by RT-gPCR (5, 35, 36). Consistent with better fungal control, up-regulation of
protective cytokines IFN-y, IL-12b and IL-17A was significantly greater in infected
MARCO** compared to MARCO™" mice at 4 or 7 dpi (Fig. 5A-5C). However, the early
expression of non-protective cytokines was not affected by MARCO deletion (Fig. 5D-5E).
Thus, MARCO is required for the optimal expression of protective cytokines during the
afferent anti-cryptococcal responses.

MARCO expression promotes moDC classical activation during the afferent response to C.
neoformans infection

The environmental cytokines influence the classical versus alternative activation of effector
phagocytic cells, which in turn determines their fungicidal capacity and the outcome of
cryptococcal infection (1, 37). Thus, we evaluated whether MARCO participates in the
classical versus alternative activation of macrophage and DC. We found that MARCO
deletion resulted in diminished numbers of CD80M moDC (Fig. 6A, 6B) and increased
frequency of CD206M moDC (Fig. 6C, 6D), suggesting that MARCO expression contributed
to more classical activation profile of moDC. Interestingly, MARCO deletion had no effect
on the activation of alveolar macrophage, CD11b*cDC and CD103*cDC (not shown),
consistent with MARCO being less important for the activation status of these resident
subsets.

Highly induced expression of /NVOS is a hallmark of classically activated effector
phagocytes, while alternative activation is marked by expression of ArgZ (37-39). To further

J Immunol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 8

explore the role of MARCO in expression of classical versus alternative activation genes, we
analyzed mRNA expressions of /NOSand Arg1 in pulmonary leukocytes by RT-gPCR. We
found that MARCO deletion caused a significant reduction in /NVOS expression by
pulmonary leukocytes at 4 and 7 dpi (Fig. 6E). However, the expression of ArgZ was similar
in infected MARCO™- and MARCO*"* mice (Fig. 6F). Taken together, our data suggests that
MARCO expression contributes to improved classical activation of mononuclear phagocytes
during cryptococcal infection.

MARCO expression was not directly involved in the fungicidal activity of BMM and BMDC

To evaluate whether MARCO-expression contributed to fungicidal capacity of inflammatory
effector cells, we examined the microbial growth inhibition by BMM and BMDC. BMM/
BMDC from MARCO*/* and MARCO™- mice were cultured with C. neoformans in the
presence or absence of IFN-y stimulation. Absence of MARCO expression had no direct
effect on the /n vitro fungicidal ability of BMM and BMDC, demonstrating that MARCO
deletion did not result in an intrinsic Killing defect in macrophages or DCs (Fig. 7). In
contrast, we found that cell-extrinsic factors such as IFN-y whose expression in the lungs
was promoted by MARCO facilitated the killing activity of BMM and BMDC in vitro (Fig.
7). These results strongly suggest that MARCO expression affected fungicidal function of
pulmonary macrophages and DCs indirectly, via modulation of cytokine environment, rather
than by intrinsically modulating their fungicidal machinery.

MARCO expression contributes to the interaction between C. neoformans and
mononuclear phagocytes

Lastly, to better understand how MARCO contributed to the induction of early protective
events during immune response to C. neoformans infection, we explored the roles of
MARCO in binding/uptake of C. neoformans by pulmonary phagocytes. To test this, total
lung leukocytes from uninfected MARCO™* and MARCO™- mice were harvested and co-
cultured with Uvitex 2B-labelled C. neoformans. Cell association between distinct leukocyte
subsets and C. neoformans was determined by flow cytometry. We found that macrophages
and DC from MARCO™- mice showed decreased interaction with Uvitex 2B-labeled C.
neoformans compared to cells from MARCO*/* mice, indicating that MARCO is required
for optimal phagocytosis of C. neoformans by mononuclear phagocyte subsets (Fig. 8). In
contrast, MARCO had no effect on the uptake of C. neoformans by neutrophils and
eosinophils (not shown). Thus MARCO is directly involved in the interaction between C.
neoformans and mononuclear phagocytes.

Discussion

Because many patients with cryptococcosis have impaired T cell defenses, an improved
understanding of factors that enhance innate immune defenses against C. neoformans may
yield novel immunotherapies to supplement the standard antifungal treatment in these
patients. In this study, we present novel evidence that MARCO, a class A scavenger
receptor, exerts protective anti-cryptococcal effects that contribute to fungal control during
afferent phase of response to C. neoformans infection. Specifically, we demonstrate that 1)
MARCO contributes to early control of fungal growth in the lungs at 7 dpi; 2) MARCO
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expression facilitates the cellular recruitment and activation of monocytes/moDC; 3)
MARCO enhances the early expression of chemokines and cytokines, including CCL2,
CCL7 and IFN-vy, which affect the influx and activation of monocytes/moDC during C.
neoformans infection; 4) MARCO promotes phagocytosis of C. neoformans by pulmonary
macrophages and DC. Collectively, we demonstrate that MARCO is a critical factor that
promotes the protective host defenses during the afferent phase of response to cryptococcal
infection.

MARCO has been implicated in the development of protective immune response to viral,
bacterial and parasitic infections (18, 20, 21, 40), however its role in host control of fungal
pathogens, including C. neoformans, was previously unknown. Using an established murine
cryptococcosis model we demonstrate that MARCO deletion impairs early fungal control in
mice infected with C. neoformans strain 52D at the peak of afferent phase of the host
immune response (Fig. 1B). These results were reproduced in infection with serotype A
strain K99 (Fig. 1C), demonstrating that MARCO expression is required for the fungal
containment of C. neoformans strains of serotype A and D. Thus, these results extend prior
studies on viruses and bacteria and identify MARCO as an important component for the
early defense against invasive fungal infections.

Our findings that fungal burden in MARCO™ mice was not different at 4 dpi but increased
at 7 dpi in comparison with MARCO™* mice suggested that MARCO expression promoted
defenses mediated by recruited leukocytes rather than resident immune cells. Using a
recently defined gating strategy (28, 33), we found that MARCO expression specifically
promoted accumulation of monocytes and moDC, which have become increasingly
recognized as microbicidal effectors cells during fungal infections including invasive
aspergillos is and cryptococcosis (6-8, 41-43). In support of our study, a recent report
showed that MARCO™- mice had impaired cellular recruitment of monocytes in
Streptococcus pneumoniae infection (19). Together with our findings, these results
demonstrate a conserved role of MARCO in promoting monocyte and moDC recruitment to
the sites of infection during bacterial and fungal infections.

We further showed that MARCO expression is required for the induction of two major
CCR2-axis chemokines, CCL2 and CCL7, in the infected lungs, providing a mechanistic
link between MARCO expression and improved monocyte/moDC recruitment. While we
have not identified the cellular sources of CCL2 and CCL7 in the infected lungs, our data
does not favor that MARCO expression directly increases the production of CCL2 and
CCL7 by monocyte-derived inflammatory macrophages and DCs. The enhanced expression
of CCR2 ligands during C. neoformans infection could be attributed to a) MARCO directly
enhancing production of these chemokines by lung resident cells other than recruited
monocyte-derived cells; or b) chemokine expression being indirectly affected by other
changes in the inflammatory mediator network downstream of MARCO.

In addition to promoting monocyte and moDC accumulation, MARCO expression also
contributes to their classical activation in a manner consistent with enhanced fungicidal
activity. Specifically, we observed that MARCO was associated with increased expression of
CDB80 and iNOS, and decreased expression of CD206. We believe at least two mechanisms

J Immunol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 10

could explain the enhanced classical activation profile observed in MARCO-expressing
mice. First, recruited monocyte-derived phagocytes show greater propensity for classical
activation (expression of iNOS) along with improved killing ability superior to that of
resident alveolar macrophages (10). Second, robust CCL7 expression in C. neoformans-
infected lungs is also linked to enhanced early IFN-y induction, which in turn is the major
factor that promotes classical activation (14, 37). The effect of MARCO favoring induction
of cell-extrinsic factors such as IFN-vy rather than directly activating fungicidal machinery in
the effector myeloid cells is supported by the fact that MARCO deletion did not affect
fungicidal potential of macrophages and DCs in vitro (Fig. 7). Taken together, our findings
favor the notion that the protective effect of MARCO is primarily indirect, acting via
improved recruitment of monocytes/moDC and their subsequent activation by improved
induction of protective cytokines within the pulmonary microenvironment during C.
neoformans infection (Fig. 9). However, addressing the effect of MARCO on cytokine
production by individual cell subsets is still needed in future studies to fully understand the
exact mechanism by which MARCO modulates the early inflammatory network during
innate antifungal defenses in the lungs.

When it comes to understanding roles of different scavenger receptors, it is interesting that
MARCO and SR-A, which both belong to the class A scavenger receptor family and possess
very similar structures, have very different effects on fungal control during cryptococcal
infection. In this study, we show that MARCO enhances early production of pro-
inflammatory cytokines by lung leukocytes. In contrast, we and others have previously
demonstrated that SR-A impairs fungal clearance through mechanisms involving dampened
production of the pro-inflammatory cytokines (IFN-y, TNF-a and IL-12) and increased
alternative activation of mononuclear cells during C. neoformans and Pneumocystis carinii
infection (27, 44). Furthermore, MARCO expression facilitates phagocytosis of C.
neoformans by lung macrophages and DCs, while SR-A appears to have no effect on the
uptake of C. neoformans by phagocytic cells (27). Thus, in contrast to SR-A which
suppresses host defenses against fungal pathogens, MARCO enhances critical early effector
pathways in response to cryptococcal lung infection.

The impact of MARCO on the early, afferent response to cryptococcosis was unique relative
to the effects conferred by other innate receptors and signaling pathways studied in this
model system. Here we observed that MARCO enhanced immune effector mechanisms and
promoted fungal clearance at the times post-infection previously shown to be the peak of the
afferent response to cryptococcal infection (30, 31). This immune-modulatory effect of
MARCO contrasts with previously reported effects of other factors that mostly modulate the
adaptive immune responses without affecting the afferent control of fungal growth during
cryptococcal infection. For example, TLR9 signaling and early induction of IL-12 and TNF-
a, have no impact on fungal clearance during the afferent phase, but rather promote the
development of protective Th1l immunity, M1 polarization and enhance fungal clearance
during the efferent phase of C. neoformans infection (14, 15, 45, 46). This unique effect of
MARCO on early defenses suggests that MARCO and/or downstream signaling pathways
might be targeted for the development of immunotherapies to treat cryptococcosis in patients
with severe T cell deficiencies. Such therapeutic strategies could help to improve fungal
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containment in these patients either prior to the immune reconstitution, or in situations
where immune reconstitution is not attainable or inadvisable.

In summary, this study has identified that MARCO modulates inflammatory responses
against C. neoformans infection and contributes to fungal containment during the afferent
stage of cryptococcal infection. These effects are associated with improved pulmonary
monocyte recruitment, increased inflammatory cytokine production and classical myeloid
cell activation. Our study unlocks the potential for manipulation of MARCO signaling to
support the treatment of fungal diseases.
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Fig. 1. MARCO expression contributesto control of pulmonary C. neoformans growth during
afferent phase of theimmune response
MARCO** and MARCO™" mice were infected intratracheally with 104 C. neoformans 52D

(A, B) or C. neoformans K99 (C). Expression of MARCO mRNA and pulmonary fungal
burdens were quantified. MARCO gene expression was significantly up-regulated in lung
leukocytes of C. neoformans infected mice relative to uninfected control at 4 dpi (A).
MARCO deficiency significantly impaired pulmonary fungal control in mice infected with
C. neoformans strains 52D (B) and K99 (C) at 7 dpi. Results represent mean + SEM from
one of at least two separate matched experiments (n = 5 mice for each time point). * p <
0.05, ** p < 0.01.
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Fig. 2. MARCO expression promotes afferent phase pulmonary monocytes accumulation during
C. neoformansinfection
Lung leukocytes from infected MARCO** and MARCO™" mice were isolated and analyzed

by flow cytometry as per Material and Methods. Total numbers of leukocytes (A),
macrophage (B), eosinophil (C), neutrophil (D), monocytes (E) and DC (F) are shown.
Dashed lines represent initial levels in uninfected mice. Note MARCO™- mice exhibited less
monocytes and DC relative to WT control mice. Results represent mean = SEM (n =5 mice
for each time point). * p< 0.05 in comparison between MARCO*"* and MARCO™- mice.
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Fig. 3. MARCO expression enhances pulmonary recruitment of moDC throughout the afferent

immuneresponseto C. neoformansinfection

Lung leukocytes were isolated from infected MARCO*'* and MARCO™" mice. (A)
Frequency of moDC (CD11c*MHCII*CD64%) was significantly lower in MARCO™~ mice
than MARCO*"* mice. (B) MARCO has no effect on the frequencies of CD11b* cDC
(CD11c*MHCII*CD64SIRPa™) and CD103* ¢DC (CD11c*MHCII*CD64 XCR1*). (C)
MARCO™" mice had significantly lower total number of moDC but not CD11b*cDC and
CD103" ¢DC in the infected lungs relative to WT control. Results represent mean + SEM (n
= 5 mice for each time point). * p<0.05 in comparison between MARCO** and MARCO™

mice.
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Fig. 4. MARCO promotesthe expression of ccl2 and ccl7 but not ccl12 chemokinesin C.
neoformans infected lungs
Total RNA of lung leukocytes from MARCO™- and MARCO*/* mice were isolated. Gene

expression of cc/2 (A), ccl7(B) and cc/12(C) at 4 and 7 dpi was evaluated by RT-gPCR.
Note that the expressions of cc/2and cc/7in pulmonary leukocytes were significantly
reduced by MARCO deletion. (D) Lungs of MARCO** and MARCO™- mice were
homogenized and CCL2 protein level was evaluated by ELISA at 7 dpi. Dotted line shows
CCL2 level in uninfected lungs. Note that MARCO deletion resulted in reduced CCL2
protein production in C. neoformans infected lungs, mirroring CCL2 gene expression data.
Results represent mean £ SEM (n = 5 mice for each time point). *p < 0.05, ** p<0.01
compared with control mice;
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Fig. 5. MARCO promotes early protective cytokine expression in leukocytes from C. neoformans
infected lungs
Gene expression of protective cytokines IFN-y (A), IL-12b (B) and IL-17A (C) as well as

non-protective cytokines IL-4 (D), IL-5 (E) and IL-13 (F) by pulmonary leukocytes at 4 and
7 dpi was evaluated by RT-gPCR. Note that the expression of protective cytokines was
significantly lower in infected MARCO™- mice than WT mice at 4 or 7 dpi. Results
represent mean £ SEM (n = 5 mice for each time point). *p < 0.05 compared with control

mice.
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Fig. 6. MARCO expression modulates moDC DC1/DC2 activation profile during the afferent
immuneresponseto C. neoformansinfection

Lung leukocytes isolated from infected MARCO*"* and MARCO™- mice were analyzed
using flow cytometry as per Material and Methods. Frequency and total number of moDC
that express CD80 (A and B) and CD206 (C and D) at 7 dpi were assessed. Note the total
number of moDC expressing CD80 and the frequency of moDC expressing CD206 were
affected by MARCO expression. Gene expression of /NOS (E) and ArgI (F) by pulmonary
leukocytes at 4 and 7 dpi was evaluated by RT-gPCR. Note that the expression of /NOS was
affected by MARCO deletion, but the expression of ArgZ were similar between MARCO*/*
and MARCO™" groups. Results represent mean + SEM (n = 5 mice for each time point). * p
< 0.05 in comparison between MARCO** and MARCO™ mice.
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Fig. 7. MARCO hasnodirect rolein fungicidal activity of BMDC and BMM

Fungicidal activities of inflammatory DC (A) and macrophages (B) were evaluated in cells
derived from bone marrow of MARCO*"* and MARCO™- mice. C. neoformans growth
inhibition was evaluated in 24h co-incubation assay in the presence or absence of IFN-y
(100 ng/mL). Note that fungicidal potential of BMDC and BMM was not affected by
MARCO expression and was equally enhanced by IFN-y stimulation. Results represent
mean £ SEM from three separate matched experiments. * p < 0.05, NS, no significant

difference between MARCO** and MARCO™- mice.
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Fig. 8. MARCO sdlectively promotes phagocytosis of C. neoformans by lung resident

mononuclear phagocytes

Lung leukocytes were isolated from uninfected MARCO*"* or MARCO™" mice as per
Materials and Methods. (A) Lung leukocytes were co-cultured with Uvitex 2B-labeled C.
neoformans. Cell association between different cell subsets and C. neoformans were
measured by flow cytometry. (B) Bar graphs represent the percentage of cells associating
with C. neoformans. Note that alveolar macrophage and DC from MARCO*/* can interact
with C. neoformans more efficiently than those from MARCO-/- mice. Results represent
mean + SEM from one of three matched experiments. *p < 0.05, ** p < 0.01, ***p < 0.001
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Fig. 9. Model of MARCO orchestrating innate anti-fungal immunity
MARCO promotes the expression of CCL2 and CCL7 which improves the CCR2-mediated

recruitment of monocytes and moDC. MARCO expression also improves early induction of
protective cytokines which promote stronger classical activation of recruited mononuclear
effector cells. Together these effects support more efficient Killing of C. neoformans in the
infected lungs.
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