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Real-Time Imaging of Interactions of Neutrophils with Cryptococcus
neoformans Demonstrates a Crucial Role of Complement C5a-C5aR
Signaling
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Neutrophils have been shown to efficiently kill Cryptococcus neoformans, a causative agent of meningoencephalitis. Here, using
live-cell imaging, we characterize the dynamic interactions of neutrophils with C. neoformans and the underlying mechanisms
in real time. Neutrophils were directly seen to chase C. neoformans cells and then rapidly internalize them. Complement C5a-
C5aR signaling guided neutrophils to migrate to the yeast cells, resulting in optimal phagocytosis and subsequent killing of the
organisms. The addition of recombinant complement C5a enhanced neutrophil movement but did not induce chemotaxis, sug-
gesting that the C5a gradient is crucial. Incubation with C. neoformans resulted in enhanced activation of Erk and p38 mitogen-
activated protein (MAP) kinases (MAPKs) in neutrophils. Inhibition of the p38 MAPK pathway, but not the Erk pathway, signif-

icantly impaired neutrophil migration and its subsequent killing of C. neoformans. Deficiency of CD11b or blocking of CD11b
did not affect the migration of neutrophils toward C. neoformans but almost completely abolished phagocytosis and killing of
the organisms by neutrophils. C5a-C5aR signaling induced enhanced surface expression of CD11b. Interestingly, the original
surface expression of CD11b was essential and sufficient for neutrophils to attach to C. neoformans but was unable to mediate
phagocytosis. In contrast, the enhanced surface expression of CD11b induced by C5a-C5aR signaling was essential for neutro-
phil phagocytosis and subsequent killing of yeast cells. Collectively, this is the first report of the dynamic interactions of neutro-
phils with C. neoformans, demonstrating a crucial role of C5a-C5aR signaling in neutrophil killing of C. neoformans in real time.

he study of neutrophil interactions with Cryptococcus neofor-

mans started decades ago (1, 2). So far, it has been shown that
neutrophils are able to kill C. neoformans (3, 4) and that the anti-
fungal capability of neutrophils is usually greater than that of
monocytes (1, 5). In vitro, neutrophils have been shown to kill C.
neoformans via intracellular (1, 2) or extracellular (6) killing
mechanisms. However, recent data demonstrated that C. neofor-
mans may negatively regulate the extracellular killing activity of
neutrophils (7, 8). Both oxidative killing (1, 5, 9, 10) and nonoxi-
dative killing (11) of C. neoformans by neutrophils have been de-
scribed.

Although the important role of neutrophils in killing of C.
neoformans is concluded based mainly on data from in vitro stud-
ies, recent results suggested that neutrophils may also exert antic-
ryptococcal activity in vivo (12, 13). Augmentation of neutrophil
defenses by administration of granulocyte colony-stimulating fac-
tor (G-CSF) remarkably reduced brain fugal burden and signifi-
cantly enhanced the survival of infected mice, indicating that neu-
trophils play an important role in the clearance of C. neoformans
in the brain in vivo (13). A deficiency of myeloperoxidase (MPO)
significantly decreased the rate of survival of mice infected with C.
neoformans (12). As MPO is most abundantly expressed in neu-
trophils (14), this finding also suggested that neutrophils contrib-
uted to host defenses against C. neoformans in vivo (12). In clinical
settings, administration of G-CSF to AIDS patients enhances the
anticryptococcal activity of neutrophils (15, 16). However, it was
also reported that depletion of neutrophils did not affect the fun-
gal burden in the lung following intratracheal infection with a
mutant strain of C. neoformans that secreted gamma interferon
(IFN-vy) (17). Importantly, depletion of neutrophils significantly
reduced the pulmonary fungal burden on day 1 and enhanced the
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survival time of mice infected intratracheally with a wild-type
strain of C. neoformans (serotype D), which was associated with
higher lung concentrations of interleukin-4 (IL-4), IL-10, IL-12,
and tumor necrosis factor alpha (TNF-a) (18). These data suggest
that neutrophils may play a detrimental role via modulation of
cytokine production during pulmonary infection with C. neofor-
mans (18). Nevertheless, C. neoformans was seen to be efficiently
engulfed by neutrophils in the lung in a murine model of crypto-
coccosis (19). More recently, we have shown that neutrophils con-
tribute to intravascular clearance of disseminating C. neoformans
cells following intravenous infection with these yeast cells in a
mouse model (20). These data should not be interpreted to ex-
clude the detrimental effect of neutrophils as shown during pul-
monary infection (18); instead, they reflect the complexity of roles
of neutrophils during C. neoformans infection (4).
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In vitro experiments have shown that host defense against C.
neoformans by neutrophils can be mediated by complement (21,
22). Both complement C3 and complement C5 are involved in the
clearance of C. neoformans in animal models (23-26). In general,
the activation of complement leads to the formation of C3 con-
vertase, which cleaves C3 into C3a and C3b. C3b facilitates patho-
gen opsonization and enables the cleavage of C5 into C5a and C5b
(27). C5a plays an important role in the attraction of phagocytes to
infectious sites, whereas C5b, together with C6 to C9, leads to the
formation of a membrane-attacking complex (MAC) (27). Neu-
trophils express complement receptors (3). In particular, comple-
ment receptor 3 (CR3) (also known as CD11b/CD18) has been
shown to play an important role in complement-mediated phago-
cytosis of C. neoformans (28). However, how C3, C5, and CR3
precisely regulate the dynamic interactions of neutrophils with C.
neoformans (i.e., migration of neutrophils toward C. neoformans
and subsequent phagocytosis and killing of yeast cells) still re-
mains poorly understood. In this study, we took advantage of
live-cell imaging as well as the availability of gene knockout mice
to directly characterize the transient and dynamic interactions of
neutrophils with C. neoformans in the context of complement and
the underlying mechanisms in real time. The results reveal multi-
ple functions of C5a-C5aR signaling during the interactions of
neutrophils with C. neoformans and highlight the important roles
of this signal in neutrophil antifungal activities.

MATERIALS AND METHODS

Animals. Inbred C57BL/6 wild-type mice were purchased from the Na-
tional Cancer Institute (Frederick, MD). Breeding pairs of C3 '~ (catalog
no. JAX003641), C5~/~ (catalog no. JAX000461), C3aR ™/~ (catalog no.
JAX005712), C5aR ™/~ (catalog no. JAX006845), and CD1 b/~ (catalog
no. JAX003991) mice were purchased from the Jackson Laboratory and
bred in the animal facilities of the University of Maryland. All experiments
were performed by using 6- to 8-week-old mice. All experimental proce-
dures were approved by the Institutional Animal Care and Animal Use
Committee of the University of Maryland, College Park.

Fungal strains and culture. Encapsulated Cryptococcus neoformans
strain H99 (serotype A) (ATCC 208821) and C. neoformans H99 express-
ing green fluorescent protein (GFP) (a gift of Robin May, United King-
dom [29]) were used in the experiments. Yeast cells were obtained from
glycerol stocks and maintained on Sabouraud dextrose agar (Becton
Dickinson). A single colony of C. neoformans was inoculated into Sab-
ouraud dextrose broth (Becton Dickinson) and cultured to exponential
phase at 32°C with gentle rotation (180 rpm) for 24 h. The yeast cells were
collected by centrifugation at 400 X g for 5 min and washed twice by using
sterile phosphate-buffered saline (PBS) before use. The concentration of
yeast cells was determined by using a hemocytometer.

Antibodies. Rat anti-mouse CD11b (clone M1/70) and C5aR (clone
20/70) monoclonal antibodies (Abs) (MAbs) were purchased from Bio-
legend and used to block CD11b and C5a receptors on neutrophils, re-
spectively. The rat anti-mouse C5a MAb (clone 295108; R&D systems)
was used to neutralize C5a released into the medium. The goat anti-mouse
CD18 polyclonal Ab (BD Pharmingen) was used for blockade of CD18.
The rat anti-mouse CD16/32 MAb (clone 93; eBioscience) was used to
block Fc receptors, and the rat anti-mouse CD35 MAb (clone 7E9; BD
Science) was used to block complement receptor 1 (CR1). Isotype control
antibodies, including rat IgG2a and rat IgG2b, were purchased from Biox-
cell.

Chemicals. Cytochalasin D and DIDS (4,4-diisothiocyanostilbene-
2,2'-disulfonic acid) (an anion exchange inhibitor) were purchased from
Sigma-Aldrich. SB202190 (a selective inhibitor of p38 mitogen-activated
protein [MAP] kinase [MAPK]), PD98059 (a selective inhibitor of MAP/
extracellular signal-regulated kinase [ERK] kinase), and DPI (diphenyle-
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neiodonium) (an NADPH oxidase inhibitor) were purchased from Santa
Cruz. Cytox orange (Life Technologies) was used as an indicator of cell
viability.

Isolation of murine neutrophils from bone marrow. Murine neutro-
phils were isolated as described previously (30). Briefly, mice were eutha-
nized, the femur and the tibia from both hind legs were removed, and soft
tissue was cut off by fine surgical scissors; the extreme distal tip of each
extremity was cut off. Calcium-free Hanks’ balanced saline solution
(HBSS) was forced through the bone with a 23-gauge needle (BD Science)
and filtered through a 40-pwm nylon mesh. After cell clumps were dis-
persed, the cell suspension was centrifuged (400 X g for 10 min at 4°C)
and resuspended in 1 ml HBSS. The cells were layered onto a three-layer
Percoll gradient of 78%, 69%, and 52% Percoll (GE, USA). Neutrophils
from the 69%-to-78% gradient interface and the upper part of the 78%
gradient layer were harvested into 15-ml tubes, followed by lysis of red
blood cells using ammonium chloride-potassium (ACK) lysis buffer (Life
Technologies). The cells were washed twice with HBSS supplemented
with 1% bovine serum albumin (BSA) and placed on ice until use. The
purity of isolated cells was determined to be >90% neutrophils by flow
cytometry following staining with anti-Ly6G MADb, and viability was
>95% as determined by trypan blue staining.

In vitro killing assay. Murine neutrophils were incubated with 2 X
10° C. neoformans cells in 96-well flat-bottomed plates containing 100 pl
RPMI 1640 supplemented with 40% fresh wild-type, C37/~, or C5~/~
mouse serum. Control wells contained C. neoformans cells alone with 40%
mouse serum. After 4 h of culture at 37°C in 5% CO,, 100 1 0.1% Triton
was added to each well to stop the reaction and lyse neutrophils. Dilutions
from each well were plated onto Sabouraud dextrose agar plates and in-
cubated at 30°C for 36 h for counting of CFU. An effector-to-target cell
ratio of 10:1 was used throughout all experiments. No significant growth
of C. neoformans was observed during the 4-h cultivation period.

Phagocytosis assay. Quantification of phagocytosis was performed as
described previously, with slight modifications (9). In brief, neutrophils
(1 X 10°) and C. neoformans cells expressing GFP (1 X 10 cells) were
added to 12-mm-diameter glass coverslips in 24-well tissue culture plates
(Costar, Cambridge, MA) containing 40% fresh mouse serum in RPMI
1640. After incubation of neutrophils with C. neoformans at 37°C for 60
min, cells were fixed in 1% paraformaldehyde at 4°C for 30 min, and
neutrophils were stained by using phycoerythrin (PE)—anti-Ly6G MAb.
Phagocytosis was quantified by laser scanning confocal microscopy (Zeiss
LSM 510 system). For each sample, at least 100 yeast cells were counted,
and the number of yeast cells ingested or bound was determined. The level
of phagocytosis is presented as the percentage of C. neoformans cells
within neutrophils out of the total number of yeast cells counted.

Live-cell imaging. Live-cell imaging was performed by using the Zeiss
LSM 510 system coupled with a CO, module and a temperature control
module (Pecon, Germany) connected to a transparent chamber to main-
tain 5% CO, and 37°C. To visualize the neutrophil behaviors and the
kinetics of phagocytosis, 200 ] RPMI 1640 supplemented with 40% fresh
mouse serum was added to a 35-mm glass-bottom dish (thickness no. 1.5;
MatTek, USA). Neutrophils and yeast cells were added to the system at the
desired ratio sequentially. In some experiments, neutrophils were pre-
treated with different inhibitors or antibodies. After the addition of all
designated cells and reagents, the glass-bottom dish was transferred to the
incubation chamber and warmed to 37°C at the start of video recording.
Videos were recorded at a speed of 4 frames per min or 1 frame per s, and
recording lasted for atleast 30 min. To ensure the best video quality, a 63X
oil lens and the differential interference contrast (DIC) channel were used
for all experiments. A laser was used only when it was necessary in order to
minimize potential photocytotoxicity to neutrophils and C. neoformans.
Videos obtained were analyzed by using image] with the Mtrack] plug-in
for neutrophil movements. The coordinates generated by Mtrack] were
further processed and plotted in Microsoft Excel. The distance traveled
was defined as the total distance that each neutrophil migrated during the
video-shooting period. The distance traveled toward C. neoformans was
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defined as the distance that the neutrophil migrated in the direction to-
ward the nearest C. neoformans cell, ignoring nondirectional movements
of neutrophils. Negative values here indicate that a neutrophil moved
against its neighboring C. neoformans cell during the video-shooting pe-
riod.

Flow cytometry. After experiments were performed, cells were harvested
and counted. Fc receptors were blocked by using anti-CD16/32 Abs (clone 93;
eBioscience). The cells were stained by using anti-Ly6G-allophycocyanin
(APC) (clone 1A8; eBioscience) which is specific for neutrophils. PE—anti-
C5aR (clone 20/70; eBioscience) and PE-anti-CD11b (clone M1/70; eBiosci-
ence) were used for staining of C5aR and CD11b expressed on the neutrophil
surface, respectively. For C3b deposition assays, yeast cells were cultured in
RPMI 1640 supplemented with 40% fresh mouse serum for different time
intervals; C3b/iC3b deposition was detected after staining with purified anti-
mouse C3b/iC3b MADb (clone 6C9; Thermo) and Alexa Fluor 555-conjugated
goat anti-mouse IgG secondary Abs. For all stains, isotype-matched Abs were
used as controls. Flow cytometry was performed by using a FACSAria IT flow
cytometer (BD Biosciences); data obtained were subsequently analyzed by
using FlowJo software.

Quantification of complement C5a release. C5a release was mea-
sured by using a mouse C5a enzyme-linked immunosorbent assay
(ELISA) kit from R&D Systems according to the manufacturer’s instruc-
tions.

Statistical analysis. GraphPad 5.0 was used for all statistical analyses.
For single comparisons, an unpaired two-sided Student ¢ test was per-
formed; for multiple comparisons, one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was used. In both cases, a P
value of <0.05 is considered to be significant.

RESULTS

Both complement C3 and complement C5 are required for
phagocytosis and killing of C. neoformans by neutrophils. To
evaluate the role of complement in phagocytosis of C. neoformans
(H99 strain), yeast cells were incubated with neutrophils in the
presence of mouse serum. As assessed by flow cytometry, the per-
centage of phagocytosis/binding of yeast cells by neutrophils in-
creased with time in the presence of wild-type mouse serum (see
Fig. S1A and S1B in the supplemental material). Next, we evalu-
ated phagocytosis and killing of the organisms by confocal micros-
copy and CFU determination, respectively. In agreement with
previously reported observations of binding of complement C3b/
iC3b to cryptococcal capsules (22, 31-33), C. neoformans was in-
gested by neutrophils in the presence of wild-type mouse serum
(Fig. 1A; see also Video S1 in the supplemental material) but not
C37'~ mouse serum (Fig. 1A). Quantitative data indicated that
phagocytosis and killing of C. neoformans by neutrophils were
almost completely abolished in the presence of C3~/~ mouse se-
rum (Fig. 1B and C). In addition, phagocytosis and killing of the
organisms by neutrophils were also dramatically reduced in the
presence of C5 '~ mouse serum compared to wild-type mouse
serum (Fig. 1B and C). We also found that C3 and C5 played an
important role in phagocytosis and killing of the other two strains
of C. neoformans (B3501 and 52D) (see Fig. S2 in the supplemental
material). Furthermore, the level of production of reactive oxygen
intermediates (ROIs) by neutrophils following incubation with C.
neoformans was significantly higher in the presence of wild-type
mouse serum than in the presence of C3~/~ or C5 '~ mouse
serum (see Fig. S3 in the supplemental material). Thus, both C3
and C5 play a crucial role in phagocytosis and killing of C. neofor-
mans by neutrophils, consistent with previously reported findings
showing that C37/7 (26) and C57/~ (25) mice are susceptible to
infections.
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To determine whether there is a link between phagocytosis/
binding and killing, we separated C. neoformans cells associated
with neutrophils from free yeast cells by flow cytometry and then
determined their viability. We found that the majority of the yeast
cells that were associated with neutrophils were killed by the
phagocytes (see Fig. S4 in the supplemental material). In contrast,
most of the free yeast cells survived (see Fig. S4 in the supplemen-
tal material). Phagocytosis of C. neoformans by neutrophils was
abolished by the actin polymerization inhibitor cytochalasin D
(20 wM) (Fig. 1B). Killing of the organisms was inhibited by cy-
tochalasin D in a dose-dependent manner (Fig. 1D). Interestingly,
the inhibition of killing by DPI treatment appears to be partial,
suggesting a role for both oxidative and nonoxidative mechanisms
(Fig. 1E). DPI treatment did not affect phagocytosis (data not
shown).

Complement C5a-C5aR signaling and CD11b are crucial for
killing of C. neoformans by neutrophils. The above-described
results demonstrated that C3 and C5 were required for killing of
C. neoformans. Since both C3a and C5a are released during com-
plement activation (3), we next evaluated the roles of these two
cleavage fragments in killing of the fungus. We found that C3b/
iC3b was rapidly deposited on the surface of the organism by as
early as 5 min, and the deposition was saturated 10 min after
incubation (Fig. 2A), which correlated with the release of C5a (Fig.
2B). Incubation of neutrophils with yeast cells preopsonized by
wild-type mouse serum almost completely recovered the killing
activity of C3™/~ mouse serum (Fig. 2C). Since no C3a existed in
the above-described system, we concluded that C3a was not essen-
tial for killing of yeast cells. This was further confirmed by the
observation that neutrophils from C3aR ™/~ mice killed C. neofor-
mans as efficiently as those from wild-type mice (Fig. 2E). In con-
trast to C3~/~ mouse serum, the killing activity was not restored
in C57/~ mouse serum (Fig. 2C), demonstrating that C5-related
products were crucial for the killing of C. neoformans mediated by
neutrophils. Among various C5-related products, we hypothe-
sized that C5a played a crucial role. To address this hypothesis, we
performed killing experiments using neutralizing and blocking
Abs. Neutralization of C5a dramatically reduced the killing activ-
ity compared to control Abs (Fig. 2D). Blockade of C5aR (Fig. 2D)
or deficiency of C5aR (Fig. 2E) almost completely abolished the
killing of yeast cells. Blocking of Fc receptors (CD16/32) or com-
plement receptor 1 (CD35) did not affect killing (Fig. 2D). Thus,
C5a-C5aR signaling played a crucial role in the killing of C. neo-
formans by neutrophils.

Previously reported work showed that C5a-C5aR signaling can
enhance the surface expression of CD11b on neutrophils (34, 35).
We therefore explored the role of CD11b in the killing of C. neo-
formans. Blockade of CD11b almost completely abolished the kill-
ing activity of neutrophils (Fig. 2D). In addition, blockade of
CD18 also significantly reduced the killing activity of neutrophils
(Fig. 2D). The killing capability of neutrophils from C3~/~ or
C5~'~ mice was not impaired (Fig. 2E). In contrast, neutrophils
deficient in CD11b were unable to kill C. neoformans at all (Fig.
2E). These data suggested that CD11b is essential for neutrophils
to kill C. neoformans.

Complement C5a-C5aR signaling navigates neutrophils to-
ward C. neoformans. Next, we sought to dissect the mecha-
nism(s) underlying the critical involvements of C5a-C5aR signal-
ing in the killing of C. neoformans. Recent advances in live-cell
imaging enabled us to directly visualize the dynamics of interac-
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FIG 1 Essential role of C3 and C5 in phagocytosis and killing of C. neoformans by neutrophils. (A) Immunofluorescent confocal images showing C. neoformans
(green) inside neutrophils (red) incubated in the presence of wild-type (WT) mouse serum (left) or outside neutrophils incubated with C3~/~ mouse serum
(right). (B) Percentage of yeast cells ingested by neutrophils in the presence of wild-type, C37/~, or C5~/~ mouse serum or wild-type mouse serum with
cytochalasin D (Cyto D). (C) Percentage of yeast cells killed by neutrophils in the presence of wild-type, C3~'~, C5~/~, or heat-inactivated (HI) wild-type mouse
serum. (D) Percentage of yeast cells killed by neutrophils in the presence of wild-type mouse serum and cytochalasin D. (E) Percentage of yeast cells killed by
neutrophils in the presence of wild-type mouse serum and diphenyleneiodonium (DPI). Data are presented as means = standard errors of the means. Data are
representative of results from 3 independent experiments. **, P < 0.01; ***, P < 0.001.

tions of neutrophils with C. neoformans. As shown in Fig. 3A and
in Video S2 in the supplemental material, a neutrophil chased a
yeast cell in the presence of wild-type mouse serum. The neutro-
phil eventually caught the yeast cell and rapidly internalized it
following long-distance travel (Fig. 3A; see also Video S2 in the
supplemental material). During the movements, neutrophils ad-
justed their directions continuously in order to follow the yeast
cells (see Video S3 in the supplemental material). In contrast,
neutrophils were not observed to chase and ingest C. neoformans
in the presence of C3/~ or C5~/~ mouse serum (Fig. 3B and C;
see also Videos S4 and S5 in the supplemental material). We mea-
sured the movements of individual neutrophils under various
conditions. Neutrophils often made long-distance travel when in-
cubated with C. neoformans in the presence of wild-type mouse
serumbutnot C3 ™/~ or C57/~ mouse serum (Fig. 3D). Moreover,
this neutrophil behavior of long-distance travel was affected by
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blocking of C5aR (Fig. 3D). Quantitative analysis suggested that
neutrophils incubated with C. neoformans traveled a significantly
longer distance in the presence of wild-type mouse serum than in
the presence of C37/~ or C5~/~ mouse serum and that blockade
of C5aR significantly shortened the travel distances of neutrophils
(Fig. 3E). Finally, we quantified the distance traveled by neutro-
phils toward C. neoformans. As shown in Fig. 3F, the distances
traveled by neutrophils toward C. neoformans were significantly
shorter in the presence of C3~/~ or C5 '~ mouse serum or wild-
type mouse serum with anti-C5aR Abs than in the presence of
wild-type mouse serum or control Abs. Taken together, these re-
sults suggested that C5a-C5aR signaling was crucial for neutro-
phils to migrate toward C. neoformans.

A concentration gradient of complement C5a around C. neo-
formans is required for optimal killing of yeast cells. Having
shown that C5a-C5aR signaling played a crucial role in killing of
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at various time points. (C) Percentage of yeast cells killed by neutrophils in the presence of wild-type, C3~/~, or C5~/~ mouse serum following preopsonization
by wild-type mouse serum. (D) Percentage of C. neoformans cells killed by neutrophils in the presence of wild-type mouse serum and various Abs. (E) Percentage
of C. neoformans cells killed by neutrophils derived from wild-type and knockout mice in the presence of wild-type mouse serum. Data are presented as means =

standard errors of the means. Data are representative of results from 3 independent experiments. ***, P < 0.001; NS, not significant.

C. neoformans by neutrophils via guiding the migration of neutro-
phils toward the organism, we next set out to determine whether
killing activity could be restored in the presence of C5~'~ mouse
serum through the addition of recombinant C5a (rC5a) in the
environment. As a control, the addition of rC5a did not restore the
phagocytosis and killing of C. neoformans at all in the presence of
C37'~ mouse serum (Fig. 4A and B). In contrast, the addition of
rC5a could partially, but not fully, restore the phagocytosis and
killing of the organisms in the presence of C5~/~ mouse serum
(Fig. 4A and B). Interestingly, the addition of rC5a significantly
enhanced the movements and travel distances of neutrophils (Fig.
4C and D; see also Video S6 in the supplemental material). How-
ever, the addition of rC5a did not induce the chasing of C. neofor-
mans by neutrophils (see Video S6 in the supplemental material).
Quantitative analysis suggested that the addition of rC5a did not
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affect the distances traveled by neutrophils toward C. neoformans
(Fig. 4E). Obviously, the increased movements of neutrophils in-
duced by the addition of rC5a were random and not specific for C.
neoformans. These results suggested that a concentration gradient
of C5a around C. neoformans was crucial for neutrophils to effi-
ciently target organisms and exert their optimal killing activity.
The p38 MAPK pathway is critically involved in complement
C5a-C5aR-mediated neutrophil migration. Next, we sought to
determine the signal pathway(s) involved in the chemotaxis of
neutrophils incubated with C. neoformans. Previously reported
work suggested that MAPKs are involved in the regulation of neu-
trophil migration (36-38). The p38- and Erk-mediated signals
controlled the chemotactic “go” and “stop” activities of G-pro-
tein-coupled-receptor-mediated chemotaxis, respectively (38).
Using Western blot analysis, we showed that coincubation of neu-
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trophils with C. neoformansled to the activation of the Erk and p38
pathways (see Fig. S5 in the supplemental material). In addition,

the presence of wild-type mouse serum (Fig. 5B and C). These
results suggested that the p38 MAPK pathway was critically in-

pretreatment of neutrophils with SB202190, a selective inhibitor
of p38, for 30 min significantly inhibited the killing of C. neofor-
mans in a dose-dependent manner (Fig. 5A). In contrast, pretreat-
ment of neutrophils with PD98059, a selective inhibitor of Erk, for
30 min did not affect the killing activity of neutrophils (Fig. 5A).
Accordingly, SB202190, but not PD98059, significantly reduced
the distances traveled by neutrophils incubated with yeast cells in

volved in C5a-C5aR-mediated chemotaxis of neutrophils during
their killing of C. neoformans.

Complement C5a-C5aR signaling enhances expression of
CD11b on the surface of neutrophils. Neutrophil activation is
usually associated with CD11b upregulation. As shown in Fig. 6A,
enhanced expression of CD11b on the neutrophil surface was de-
tected as early as 10 min after incubation with C. neoformans.

FIG 3 Complement C5a-C5aR signaling is crucial for neutrophils to migrate to C. neoformans. (A) Series of images showing a neutrophil chasing a yeast cell
(arrow) followed by phagocytosis in the presence of wild-type mouse serum. (B and C) No chasing and phagocytosis of C. neoformans (arrows) by adjacent
neutrophils during the observation period in the presence of C37~'~ (B) or C5~'~ (C) mouse serum. (D) Migration paths of neutrophils incubated with C.
neoformans in the presence of wild-type, C3~/~, or C5~/~ mouse serum or in the presence of wild-type mouse serum and anti-C5aR or control Abs. Paths are
normalized for their origins. (E) Travel distances of neutrophils incubated with C. neoformans in the presence of wild-type, C37/~, or C5~/~ mouse serum or in
the presence of wild-type serum and anti-C5aR or control Abs. (F) Travel distances of neutrophils toward C. neoformans in the presence of wild-type, C3~/~, or
C5~/~ mouse serum or in the presence of wild-type serum and anti-C5aR or control Abs. Data are presented as means = standard errors of the means. Data are
representative of results from 3 independent experiments. **, P < 0.01.
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sented as means = standard errors of the means. Data are representative of
results from 3 independent experiments. *, P < 0.05; **, P < 0.01.

Interestingly, neutrophils harboring or associated with yeast cells
had an even higher level of surface expression of this molecule
than neutrophils alone (Fig. 6A). The surface expression of CD11b
on neutrophils increased continuously with increasing time of
incubation (Fig. 6A). Next, we assessed whether C5a was involved
in the enhanced expression of CD11b on the neutrophil surface.
Neutrophils incubated with C. neoformans in the presence of
C5~'~ mouse serum displayed higher surface expression levels of
CD11b when rC5a was added to the medium and had almost the
same expression level of this molecule as those incubated with
yeast cells in the presence of wild-type mouse serum (Fig. 6B).
More importantly, blockade of C5aR dramatically reduced the
elevation of CD11b expression on the surface of neutrophils incu-
bated with C. neoformans in the presence of wild-type mouse se-
rum (Fig. 6C). Collectively, these results suggested that C5a-C5aR
signaling resulted in enhanced surface expression of CD11b on
neutrophils.
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Elevated expression of CD11b on neutrophils is essential for
phagocytosis and killing of C. neoformans. As described above,
CD11b™’" neutrophils were unable to kill C. neoformans (Fig.
2E). We further demonstrated that the inability of CD11b~'~
neutrophils to kill yeast cells was not attributed to impaired che-
motaxis, because CD11b ™/~ neutrophils actively chased the yeast
cells (Fig. 7A; see also Video S7 in the supplemental material).
These results raised the possibility that the enhanced surface ex-
pression of CD11b on neutrophils induced by C5a-C5aR signaling
significantly contributed to phagocytosis of C. neoformans. To this
end, we pretreated neutrophils with the anion channel-blocking
agent 4,4'-diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS),
which has been shown to be capable of inhibiting increased sur-
face expression of CD11b stimulated by N-formyl-methionyl-leu-
cyl-phenylalanine (fMLP) (39). DIDS is also known not to inter-
fere with other neutrophil functions, including superoxide
generation and non-complement-mediated phagocytosis (40—
42). As expected, DIDS (200 M) almost completely inhibited the
enhanced surface expression of CD11b on neutrophils induced by
C. neoformans or rC5a but did not affect the original expression of
this molecule on the surface of neutrophils (Fig. 7B and C). Live-
cell imaging revealed that neutrophils pretreated with DIDS were
able to stick to but were unable to engulf C. neoformans (Fig. 7D;
see also Video S8 in the supplemental material). Quantitative
analysis demonstrated that DIDS treatment resulted in a nearly
complete inhibition of phagocytosis of C. neoformans by neutro-
phils, although it did not affect the binding of neutrophils to the
organisms (Fig. 7E). As a positive control, pretreatment of neu-
trophils whose surface CD11b expression was upregulated by
rC5a did not affect their ability to phagocytose C. neoformans (Fig.
7E). In addition, CD11b ™/~ neutrophils were unable to bind or
engulf C. neoformans cells at all (Fig. 7E). Thus, the original sur-
face expression of CD11b on neutrophils was essential and suffi-
cient for neutrophils to bind C. neoformans but was unable to
mediate phagocytosis. Furthermore, treatment of neutrophils
with DIDS significantly reduced their killing activity against C.
neoformans in a dose-dependent manner (Fig. 7F). Taken to-
gether, these results suggested that the increased surface expres-
sion of CD11b on neutrophils, which was induced by C5a-C5aR
signaling, was essential for neutrophils to internalize and subse-
quently kill C. neoformans cells.

DISCUSSION

Dissimilar to most infectious agents, C. neoformans is equipped
with a polysaccharide capsule. Although the capsule is antiphago-
cytic and poorly immunogenic, serving as the major virulence
factor, it can activate the complement system, resulting in phago-
cytosis of the organisms by neutrophils and macrophages (3).
Neutrophils have been shown to kill C. neoformans more effi-
ciently than macrophages (1, 5). The complement system plays an
important role in defense against C. neoformans, as demonstrated
both in vitro (21, 22) and in vivo (23, 25, 26), although it was also
reported that some isolates of C. neoformans were resistant to
phagocytosis despite binding of C3 fragments (43). In this study,
we used live-cell imaging to directly characterize how the comple-
ment system precisely drives neutrophils to eliminate the encap-
sulated fungal pathogen in real time.

In the presence of wild-type mouse serum, neutrophils effec-
tively engulfed and killed C. neoformans. In contrast, neutrophils
were almost unable to ingest and kill C. neoformans in C3~'~ or
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C5~'~ mouse serum, suggesting that both complement C3 and
complement C5 were critically involved in host defense against the
organism. This is consistent with previously reported findings
showing that both C37/7 (26) and C57/~ (24, 25) mice are more
susceptible to C. neoformans infection. Additionally, the complete
abrogation of phagocytosis in the presence of C3 ™/~ mouse serum
excluded C3-independent phagocytosis of C. neoformans by neu-
trophils in our system. This is in contrast to phagocytosis of C.
neoformans by macrophages, as macrophages can also internalize
the organism via a C3-independent mechanism (33), probably
through direct interactions of cryptococcal glucuronoxyloman-
nan (GXM) with complement receptor 3 (44, 45).

We found that C5a-C5aR signaling was crucial for killing of C.
neoformans by neutrophils and further demonstrated that one of
the underlying mechanisms is the requirement of C5a-C5aR sig-
naling to guide neutrophils to target organisms. Although che-
motaxis of neutrophils was previously suggested by studies using
Boyden chamber assays (46, 47), we were able to directly visualize
the migration of neutrophils toward C. neoformans in real time.
Blocking of C5aR almost completely abolished the killing of C.
neoformans via inhibiting the migration of neutrophils to the or-
ganism. In contrast, the addition of rC5a to C57/~ mouse serum
in fungicidal assays only partially restored killing, which is in
agreement with findings reported previously by Lovchik and Lip-
scomb (24). To explain the failure of the addition of rC5a to fully
restore killing, Lovchik and Lipscomb suggested that a role for
C5b cannot be ruled out (24). In this study, we further demon-
strated that the addition of rC5a to C5~/~ mouse serum enhanced
the random movements of neutrophils but could not navigate
neutrophils toward C. neoformans. In addition, we showed that
the addition of rC5a to C5~/~ mouse serum enhanced the surface
expression of CD11b on neutrophils to the same level as that in-
duced by C5a-C5aR signaling in the presence of C. neoformans
and wild-type mouse serum, excluding the possibility of impaired
phagocytosis due to less expression of CD11b. Obviously, C5a
needs to be generated at the surface of C. neoformans by a C5
convertase and released into the surrounding environment. As a
result, a concentration gradient of C5a will be generated around
the yeast cells, which will attract neutrophils to migrate to the
organisms. Apparently, the addition of rC5a cannot create such an
environment for neutrophils. We suggested that the partial resto-
ration of the neutrophil killing activity following the addition of
rC5a to C5~/~ mouse serum can be attributed to an accidental
encounter of neutrophils with C. neoformans due to the enhanced
random movements of the phagocytes. Therefore, a concentra-
tion gradient of C5a around encapsulated C. neoformans cells is
required for optimal killing of the organisms by neutrophils. In-

terestingly, cryptococcal GXM has been shown to suppress C5aR
expression on human neutrophils, which was accompanied by a
decreased chemotactic response to C5a (48). In addition, purified
cryptococcal mannoprotein is able to inhibit neutrophil migra-
tion, probably via a mechanism involving chemoattractant recep-
tor cross-desensitization (49). Thus, how neutrophils migrate to-
ward C. neoformans in vivo deserves further investigation.

Our data suggested that CD11b was not required for neutro-
phils to migrate toward C. neoformans. However, blockade of
CD11b or deficiency of CD11b almost completely abolished the
phagocytosis and killing of C. neoformans by neutrophils, suggest-
ing that CD11Db is essential for phagocytosis and killing of the
organisms. We further demonstrated that C5a-C5aR signaling en-
hanced the surface expression of CD11b on neutrophils. These
data are consistent with previously reported findings showing that
blocking C5aR or neutralizing C5a inhibits phagocytosis of Esch-
erichia coli or Candida albicans by neutrophils, associated with the
abrogation of the enhanced surface expression of CD11b on neu-
trophils (34, 35). Although phagocytosis of these organisms was
almost completely abolished by blocking of CD11b (34, 35), evi-
dence that there is a direct link between enhanced CD11b expres-
sion and phagocytosis of the organisms has not been provided.
This is because treatment of neutrophils with anti-CD11b Abs not
only blocks the enhanced expression of CD11b but also blocks the
original expression of CD11b on the surface of neutrophils. It is
still unknown whether the enhanced CD11b expression or the
original CD11b expression is essential for neutrophil phagocyto-
sis. To further address this question, we used DIDS to inhibit the
increased surface expression of CD11b by C5a-C5aR signaling,
retaining the original expression of this molecule, as reported pre-
viously (39). Our results demonstrated that the original surface
expression of CD11b was essential and sufficient for neutrophils
to attach to C. neoformans but was unable to mediate phagocytosis
and subsequent killing of the organisms, suggesting that C5a-
C5aR signaling was critically involved in the neutrophil phagocy-
tosis of encapsulated C. neoformans cells through inducing en-
hanced surface expression of CD11b on the phagocytes. We are
aware that DIDS has not been proven to be a specific inhibitor
of CD11b upregulation. Unfortunately, the pathways of CD11b
upregulation have not been well characterized, and a specific
inhibitor of CD11b upregulation is currently not available.
Nevertheless, DIDS was used previously to inhibit CD11b up-
regulation stimulated by fMLP (39) and was proven not to
interfere with other neutrophil functions, including superox-
ide generation and non-complement-mediated phagocytosis
(40—42). Importantly, the present study showed that treatment
of neutrophils with elevated expression of CD11b with DIDS

FIG 7 Essential role of enhanced surface expression of CD11b on neutrophils in phagocytosis and subsequent killing of C. neoformans. (A) Series of images
showing CD11b~/" neutrophils chasing C. neoformans cells (arrows) in the presence of wild-type mouse serum. (B) Surface expression of CD11b on neutrophils
with or without pretreatment with DIDS after incubation with C. neoformans in the presence of wild-type mouse serum. Gray-filled histogram, naive neutrophils;
solid line, neutrophils without pretreatment with DIDS; dotted line, neutrophils with pretreatment with DIDS. (C) Surface expression of CD11b on neutrophils
with or without pretreatment with DIDS after incubation in the presence of C5~/~ mouse serum with the addition of rC5a. Gray filled histogram, naive
neutrophils; solid line, neutrophils without pretreatment with DIDS and with the addition of rC5a; dotted line, neutrophils with pretreatment with DIDS and
with the addition of rC5a. (D) Series of images showing that neutrophils pretreated with DIDS are able to attach to C. neoformans (arrows) but are unable to
engulf yeast cells in the presence of wild-type mouse serum. (E) Percentage of yeast cells ingested by (left) or attached to (right) CD11b~’/~ neutrophils and
wild-type neutrophils with or without pretreatment with DIDS in the presence of wild-type mouse serum. Stimulated wild-type neutrophils pretreated with
DIDS (WT-sti + DIDS) were first treated with rC5a (10 nM) for 10 min at 37°C to allow CD11b upregulation and then pretreated with DIDS. (F) Percentage of
yeast cells killed by neutrophils pretreated with DIDS at various doses in the presence of wild-type mouse serum. Data are presented as means * standard errors
of the means. Data are representative of results from 3 independent experiments. *, P < 0.05; ***, P < 0.001.
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did not affect their ability to phagocytose C. neoformans, further
suggesting that the inability of DIDS-treated neutrophils to ingest
yeast cells can be attributed to a failure to enhance the surface
expression of CD11b. It is noteworthy that phagocytosis of C.
albicans by neutrophils is dependent on C5a-C5aR signaling 10
min after infection but is independent of this signaling 60 min
after infection (34). This is in contrast to the phagocytosis of C.
neoformans; this discrepancy may reflect a differences in surface
components and structures between the organisms. In contrast to
C. albicans, the capsule of C. neoformans covers potential compo-
nents that could be recognized by phagocytes in other pathways,
as occurred in C. albicans.

CD11b and CD18 form CR3. Obviously, phagocytosis me-
diated by CR3 requires the activation of CR3. In this respect,
staurosporine (a protein kinase C inhibitor) inhibits neutro-
phil phagocytosis but not iC3b binding mediated by CR3 (50).

January 2016 Volume 84 Number 1
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It is conceivable that the activation of CR3 involves protein
kinase C signaling. We further speculate that CR3 activation
triggers actin polymerization, leading to the phagocytosis of C.
neoformans.

In conclusion, taking advantage of live-cell imaging and the
availability of knockout mice, we have, for the first time, di-
rectly visualized the dynamic interactions of neutrophils with
C. neoformans in real time and revealed the critical role of com-
plement C5a-C5aR signaling in their interactions and subse-
quent killing of encapsulated yeast cells by neutrophils through
guiding the migration of neutrophils toward the organisms and
triggering phagocytosis via upregulation of surface CD11b
expression. We have summarized our findings in Fig. 8.
These findings contribute significantly to our understanding
of the complicated interactions between phagocytes and
pathogens.
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