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Abstract

Cryptococcus neoformans is a pathogenic yeast capable of a unique and intriguing form of cell-to-
cell transfer between macrophage cells. The mechanism for cell-to-cell transfer is not understood.
Here we imaged mouse macrophages with CellTracker Green CMFDA-labeled cytosol to ascertain
whether cytosol was shared between donor and acceptor macrophages. Analysis of several transfer
events detected no transfer of cytosol from donor to acceptor mouse macrophages. However,
blocking Fc and complement receptors resulted in a major diminution of cell-to-cell transfer
events. The timing cell-to-cell transfer (11.17 min) closely approximated the sum of phagocytosis
(4.18 min) and exocytosis (6.71 min) times. We propose that macrophage cell-to-cell transfer
represents a non-lytic exocytosis event followed by phagocytosis into a macrophage that is in close
proximity and name this process Dragotcytosis (Dragot is a Greek surname meaning “Sentinel’) as
it represents sharing of a microbe between two sentinel cells of the innate immune system.

Introduction

Cryptococcus neoformans is a pathogenic fungus that is the causative agent of
cryptococcosis, a disease that affects primarily immunocompromised individuals. C.
neoformans is a facultative intracellular pathogen that infects and reproduces inside of
macrophages. Hence, the macrophage is a key cell in the pathogenesis of cryptococcosis and
the outcome of the C. neoformans-macrophage interaction can determine the outcome of the
infection(1-5). The cryptococcal pathogenic strategy is remarkable in that it involves fungal
cell survival in a mature phagosome and the phenomenon of non-lytic exocytosis (or
Vomocytosis), which is characterized by expulsion of the fungal cells from the macrophage
with the survival of both cells(6-8). In addition, C. neoformans is capable of being
transferred from an infected to a non-infected macrophage(7, 8). Cell-to-cell transfer is
generally believed to be a process different from non-lytic exocytosis, with these two events
being referred to as Type 111 and Type 11 exocytosis, respectively(9), denoting the fact that all
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these events share in common the exit of a fungal cell from an infected macrophage. Non-
lytic exocytosis has been described in mammalian(7, 8), fish(10), insect(11), and
amoeba(12) cells and appears to be a highly conserved strategy for C. neoformans cells to
escape host and environmental predatory phagocytic cells. Non-lytic exocytosis has been
described in other pathogenic microbes, including Burkholderia cenocepacia(13), Candida
albicans(14), and Mycobacterium tuberculosis(15), suggesting that it may be a widespread
strategy for microbial escape from phagocytic cells.

Little is known about the mechanism of cell-to-cell transfer, which could facilitate the spread
of infection in anatomical sites where macrophages are in close apposition to one another,
such as cryptococcal granulomas and infected lymph nodes. Macrophage to endothelial cell
transfer of C. neoformans was described in blood-brain barrier models(16). Whether cell-to-
cell transfer favors control of infection, or promotes it, it is likely to depend on the
circumstances of the host-microbe interaction. For example, transfer of a single fungal cell
between two macrophages would appear to be a debit for the host, since C. neoformans
residence in macrophages is associated with host cell damage(17) and thus could damage
two host cells. Conversely, transfer of fungal cells from a macrophage infected with many
yeasts could help in the control of infection since it would reduce the multiplicity of
infection per cell.

C. neoformans cell-to-cell transfer has received relatively little attention, largely because it is
difficult to study. We investigated the mechanism of macrophage-to-macrophage transfer of
C. neoformans cells and found that it involves a coordinated non-lytic exocytosis event from
one cell followed by immediate phagocytosis by an adjacent cell. The results implicate non-
lytic exocytosis in cell-to-cell transfer.

Materials and Methods

C. neoformans Strain and Culture Conditions

Cryptococcal cultures were prepared by inoculating 10 mL Sabouraud Dextrose Broth
[SAB; Becton-Dickenson, Franklin Lakes, NJ] media with a stab of frozen C. neoformans
var. grubii serotype A strain H99 stock. Cultures were incubated at 30 °C shaking at 150
rpm for 2 d before use in infections. Cultures were heat killed by incubating for 1 h at 60 °C
in a water bath.

Macrophage culture

Bone-marrow derived macrophages (BMDM) were generated from hind leg bones of 5- to
8-wk-old co-housed C57BL/6 female mice (Jackson Laboratories, Bar Harbor, ME) or Fc
receptor knockout (Fcerlg) mice (Taconic model 583) of the same age. For the macrophage
differentiation, cells were seeded in 100 mm tissue culture-treated cell culture dishes
(Corning, Corning, NY) in Dulbecco’s Modified Eagle medium (DMEM; Corning) with
20 % L-929 cell-conditioned medium, 10 % FBS (Atlanta Biologicals, Flowery Branch,
GA), 2mM Glutamax (Gibco, Gaithersburg MD), 1 % nonessential amino acid [Cellgro],

1 % HEPES buffer [Corning], 1 % penicillin-streptomycin [Corning] and 0.1 % 2-
mercaptoethanol [Gibco] for 6-7 d at 37 °C with 9.5 % CO,. Fresh media in 3 ml were
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supplemented on day 3 and the medium were replaced on day 6. Differentiated BMDM were
used for experiments within 5 days after completed differentiation.

Murine macrophage-like J774.16 cells were maintained in DMEM with 10 % NCTC109
medium [Gibco], 10 % FBS, 1 % nonessential amino acid, 1 % penicillin-streptomycin at
37 °C with 9.5% CO». All murine work was done using protocols reviewed and approved by
IACUC. All experimental work in this study was done with BMDM except for the high-
resolution movie shown in Figure S1, which was filmed using J774.16 cells.

Acquisition of Supplemental Video

J774.16 cells were seeded (5 x 104 cells/well) on poly-D-lysine coated coverslip bottom
MatTek petri dishes with 14mm microwell [MatTek Brand Corporation] in medium
containing 0.5 pg/ml lipopolysaccharide [LPS; Sigma], 0.02 pg/mL (100 U/ml) gamma
interferon [IFN-y; Roche]. Cells were then incubated at 37 °C with 9.5 % CO, overnight. On
the following day, macrophages were infected with cryptococcal cells s (1.5 x 10° cells/
well) in the presence of 10 pg/ml monoclonal antibody (mAb) 18b7. After 2 h incubation to
allow phagocytosis, culture was washed five times with fresh medium to remove
extracellular cryptococcal cells. Images were taken every 4 min for 24 h using a Carl Zeiss
LSM 780 confocal microscope with a 40 x 1.4 NA Plan Apochromat oil-immersion DIC
objective and a spectral GaAsP detector in an enclosed chamber under conditions of 5.0 %
CO, and 37 °C. Acquisition parameters, shutters and focus were controlled by Zen black
software [Carl Zeiss].

Macrophage Infections and Videos for Cytosol Exchange and Inhibitor Trials

BMDMs were seeded (2.5 x 104 cells/well) in MatTek dishes and 24-well plates [Corning].
Cells in one MatTek dish and one well from the 24-well plate were activated overnight (16h)
with IFNy (0.02 pg/mL) and (0.5 pg) LPS. Cells in the MatTek dish were stained with
CellTracker Green CMFDA [ThermoFisher] according to manufacturer’s protocol before
infecting with Uvitex 2B (5 um/mL ; Polysciences Inc., Warrington, PA) labeled and 18B7
(Generated in lab; 10 pg/mL) or guinea pig complement (20% ; MilliPore) opsonized
Cryptococcus at an MOI of 1 for 1 h. Cells from the 24-well plate were labeled with
CellMask Orange [ThermoFisher] according to manufacturer’s protocol, then raised and
seeded over the MatTek dish after washing with 2mL fresh cell media three times to reduce
extracellular cryptococcal cells. Inspection of MatTek monolayers immediately after
washing and before starting the experiments revealed no extracellular C. neoformans. Cells
were incubated for 30 additional minutes to allow for adhesion before supplementing the
plate with 2 mL fresh cell media. MatTek dishes were then placed under a Zeiss axiovert
200M 10X magnification, incubated at 37 °C and 9.5% CO», and imaged every 2 min for a
24 h period. Images were then manually analyzed to identify clear transfer events. For each
transfer event donor and acceptor cells were outlined according to cell membranes visible in
phase contrast. CellTracker and Uvitex 2B channel intensities were then collected for each
pixel within the cell outline and compared using unpaired two-tailed t tests between pre and
post transfer quantifications.
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Receptor inhibitor experiments used a single MatTek dish with 5 x 104 macrophages
activated overnight with IFN+y (0.02 pg/mL) and LPS (0.5 pg/mL). Cells were infected with
C. neoformans at an MOI of 1 for 1 h followed by three washes of 2 mL fresh media to
reduce extracellular cryptococcal cells. Cells were incubated for 1h with aCD16/32 anti-Fc
receptor antibodies (0.5 ug/mL; BD Biosciences 553142) and anti-CD11b antibodies (0.5
pg/mL; BD Biosciences 553308) or Cytochalasin B (2, 4, or 10 uM ; Sigma C6762), or
Cytochalasin D (2 or 4 uM ; Sigma C8273) before beginning 24 h imaging under the Zeiss
axiovert 200M 10X magnification at 37 °C with 9.5 % CO, overnight to analyze total
cellular exit events.

Fc receptor knockout experiments used a single MatTek dish with 5 x 104 macrophages
activated overnight with IFNy (0.02 pg/mL) and LPS (0.5 ug/mL). Cells were infected with
C. neoformans at an MOI of 1 for 1 h followed by three washes of 2 mL fresh media to
reduce extracellular cryptococcal cells. Cells were then imaged for 24 h under the Zeiss
axiovert 200M 10X magnification at 37 °C with 9.5 % CO, overnight to analyze total
cellular exit events. For inhibitor trials, cells were incubated for 1h with CD11b anti-
complement antibodies (0.5 pg/mL) before beginning 24 h imaging under the Zeiss axiovert
200M 10X magnification at 37 °C with 9.5 % CO, overnight to analyze total cellular exit
events.

Phagocytosis and non-lytic exocytosis timing experiments were set up as above except using
an MOI of 1 for 2 h at 4 °C, then MatTek dishes were placed on the microscope stage, and
images were immediately taken every 1 min for 24 h immediately after adding mAb 18B7
(10 pg/mL) directly to the dish.

For experiments in which we explored dye acquisition during exposure to the extracellular
environment, BMDMs were seeded in a single MatTek dish with 5 x 104 macrophages
activated overnight with IFNy and LPS. Cells were infected with C. neoformans at an MOI
of 3 for 1 h followed by three washes of 2 mL fresh media to reduce extracellular
cryptococcal cells. Uvitex (50 um/mL) and 18B7 conjugated to Oregon Green (100 pg/mL)
was supplemented to the extracellular media. Cells were then imaged for 24 h under the
Zeiss axiovert 200M 10X magnification at 37 °C with 9.5 % CO» overnight to analyze
cryptococcal cell acquisition of each dye.

BMDM mRNA Gene Expression Array

BMDMs were seeded in 6-well dishes at 106 cells per well. Cells were activated overnight
with IFN-y and LPS. Cells were then treated for 1 h with or without Fc receptor blocking
antibody, or harvested before the incubation for a baseline. Cells were lifted from the dishes,
pelleted, and resuspended in TRIzol reagent [ThermoFisher]. The supernatant was then flash
frozen and stored at —80 °C.

Total RNA was extracted using a PureLink RNA minikit (Ambion/Life Technologies)
according to the manufacturer’s protocol, including on-column DNase treatment. Following
elution of purified RNA from the PureLink columns with nuclease-free water, quantitation
was performed using a NanoDrop spectrophotometer, and quality assessment was
determined by RNA LabChip analysis on an Agilent Bioanalyzer 2100 system or with RNA
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Screen tape on an Agilent TapeStation 2200 system. One hundred nanograms of total RNA
was processed for hybridization to Agilent SurePrint G3 mouse (v2) 8x60K gene expression
arrays according to Agilent’s one-color microarray-based analysis (low-input QuickAmp
labeling) protocol, including cDNA synthesis, cRNA synthesis with Cy3 labeling and
purification, fragmentation, hybridization, and post-hybridization washing. Spike-In controls
were utilized and processed according to Agilent’s one-color RNA Spike-In kit protocol.
The arrays were scanned in an Agilent G2600D SureScan microarray scanner using scan
protocol AgilentG3_GX_1color. Agilent’s Feature Extraction software was used to assign
grids, provide raw image files per array, and generate quality control (QC) metric reports
from the microarray scan data. The QC metric reports were used for quality assessment of
all hybridizations and scans. Txt files from the Feature Extraction software were imported
into the Partek Genomics Suite (v7.0; Partek) for detailed analyses of gene expression.
Within Partek, the gProcessedSignal was imported and the intensity values were normalized
to the 75th percentile, lower expressed genes were filtered out, and log transformation base
2.0 was performed. The batch effect removal tool (analysis of variance [ANOVA]) was used
to correct for effects of array (slide). A two-way ANOVA with linear contrasts for treatment
(Antibody) and time (1hr) versus the control (No Antibody 1hr or No Antibody Ohr) was
performed with outputs of Pvalue, fold change, and mean ratio. The cutoff criteria for
filtering gene lists were significant P values (£ < 0.05) with the fold changes of greater than
2 or less than —2. Heatmaps were generated from the filtered gene lists, as well as lists from
Venn diagram comparisons. Microarray data has been deposited to the NCBI Gene
Expression Omnibus (GEO) repository (GEO dataset # GSE126977) https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE126977.

Quantification of Temporal Kinetics

Each type of event (phagocytosis, non-lytic exocytosis, and cell-to-cell transfer) was given a
start and end based on the movie frame when beginning and ending was observed. The total
number of frames spanning from start to end were counted to estimate the duration of the
event. The start of phagocytosis was defined as the first frame in which a cryptococcal cell
was attached to a macrophage cell, no longer free moving through the media. The end of
phagocytosis was defined as the first frame in which it is undeniably clear that the
cryptococcal cell has been fully engulfed and is no longer touching the plasma membrane.
The start of non-lytic exocytosis was defined as the frame immediately prior to a
cryptococcal cell within a macrophage moving toward the plasma membrane. The end of
non-lytic exocytosis was defined as the frame in which that cryptococcal cell is fully outside
of its host macrophage and no longer in contact with the plasma membrane. The start of a
cell-to-cell transfer event was defined in the same way as non-lytic exocytosis, that is the
frame immediately prior to movement toward the plasma membrane. The end of a cell-to-
cell transfer event was defined in the same way as phagocytosis, that is the frame in which
the cryptococcal cell is fully engulfed by the acceptor macrophage and is no longer in
contact with the plasma membrane.

C. neoformans Inhibition Assay

BMDMs were seeded (1 x 10° cells/well) in 6-well tissue culture treated plates [Corning].
Cells in one MatTek dish and one well from the 24-well plate were activated overnight (16
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h) with IFN-y (0.02 pg/mL) and (0.5 pg) LPS. Cells were then infected with C. neoformans
opsonized with 18B7 (10 pg/uL) at MOI 3 and incubated a further 24 h. Wells were washed
twice with 1 mL HBSS then lifted with CellStripper and pelleted via centrifugation (350 x g
for 10 min). Macrophages were then lysed via resuspension in 500 pL dH,O for 10 min.
Released C. neoformans were then plated on a SAB agar plate in a serial dilution of 8 x 1/3
dilutions. SAB agar plates were incubated at 30 °C for 2 d. To quantify, the smallest dilution
with at least 1 colony was identified for each sample. Colony counts were back calculated to
the highest common dilution and compared.

Statistical differences between dye channels for both cytosolic (CellTracker Green) and
cryptococcal (Uvitex 2B) were determined by two-tailed unpaired t-test between cells pre
and post transfer. The region of interest was manually defined by the exterior of the host cell
plasma membrane via phase contrast channel. Each pixel within the designated region was
measured for intensity in its respective channel. Graphs are a depiction of pixel intensity
values with bars representing minimum and maximum values. Statistics were calculated on
these groups of pixel intensity values. For inhibitor trials significance was calculated using a
one-sided test of proportions for each condition compared to the control (18B7 opsonized
with no inhibiting antibody treatment).

High Resolution Imaging of Cell-to-Cell Transfer

Cryptococcal cell-to-cell transfer was observed by imaging J774.16 cells infected with C.
neoformans overnight with phase contrast microscopy (SMovie 1). The coordination
apparently involved in this event suggests an underlying mechanism involving both the
donor and acceptor cell.

Cytosol Transfer was not Detected During Cryptococcal Transfer

To determine whether cytosol was transferred from donor to acceptor cell along with
Cryptococcus cells during fungal macrophage-to-macrophage cell transfer, we visualized
transfer events in which only the donor cell was stained with a permanent cytosolic dye in
BMDMs. BMDMs were used in this and all proceeding experiments described in this
manuscript. Upon identifying a transfer event the microscopic images were isolated before,
during, and after the transfer event (Figure 1). This experiment was repeated until ten
independent events were identified and the individual fluorescent channels were quantified
at each frame before and after Cryptococcal cell transfer. We ensured donor (positive) and
acceptor (negative) cell populations were distinguishable by cytoplasmic stain intensity, even
at the upper dynamic range of the assay (SFig 1). We found that cytosolic dye signal
remained constant in the donor (Figure 2A) and was not observable above background in the
acceptor (Figure 2B) cell throughout the event. However, fluorescence intensity
corresponding to cryptococcal cells decreased in the donor cell (Figure 2C) and increased in
the acceptor cell (Figure 2D) after transfer. This analysis was repeated for every event. Taken
together these data showed no evidence that host cell cytosol was transferred during
cryptococcal cell-to-cell transfer. Additionally, we performed experiments supplemented
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with a plasma membrane stain (CellMask Orange; ThermoFisher) and identified two transfer
events. There was no intensity difference between plasma membrane staining before and
after transfer, suggesting that there is no mixing between donor and acceptor cell plasma
membranes during transfer events (SFig 2).

Cell-to-Cell Transfer Requires FcR and/or Complement Receptor

No cytosolic dye transfer between macrophages during transfer events suggests two
hypotheses: 1. Cryptococcal cells are transferred via coordinated exocytosis followed by
phagocytosis between the two macrophages; or 2. Only the phagosome is directly
transferred between macrophages in a manner that excludes cytosol. Given that the C.
neoformans capsule prevents phagocytosis(18, 19), that opsonin is required for
ingestion(20), and that capsule-associated antibody is present after exocytosis(21), we
designed experiments to test the first hypothesis. Specifically, we investigated whether cell-
to-cell transfer was blocked by the addition of an anti-CD16/32 monoclonal antibody, which
prevents FcR function, in BMDMs. Transfer events were drastically reduced by blocking the
FcR but interestingly, occasional cell transfer events were still observed. Additionally, lytic
and non-lytic exocytosis events were both unexpectedly reduced in anti-CD16/32 incubated
BMDMs compared to control. It is known that opsonized cryptococcal cells can be
phagocytosed via complement receptor (CR) by a mechanism where antibody modifies the
capsule and allows direct interaction with this receptor in the absence of complement(22).
To investigate whether this was the case, the experiments were repeated with complement
inhibiting antibody (anti-CD11b) and both inhibiting antibodies. The frequency of cell-to-
cell transfer was significantly reduced compared to control when each of the FcR and CR
were inhibited and completely abrogated when both were inhibited together, with £< 0.01,
0.05, and 0.001, respectively (Figure 3A, Table I).

To investigate whether the reduction in observed effects was a consequence of antibody
incubation we extracted RNA from BMDMs incubated with or without the Fc receptor
blocking antibody and analyzed mRNA gene expression levels between the cells. We found
that no genes were significantly differentially regulated with an FDR threshold of 0.05, and
only 10 uniquely significantly differentially regulated genes when the cutoff was loosened to
an unadjusted Pvalue < 0.05 (Table I). The data suggests incubation of BMDMs with
receptor blocking antibodies had no significant effect on the transcriptional profile relative to
cells and thus the reduction in transfer events measured is not likely to be due to an effect of
the antibody itself on the host macrophage.

To further explore this phenomenon, we infected BMDMs harvested from Fc receptor
knockout mice (Fcerlg) opsonized with 18B7 antibody. We found that Fcerlg BMDMSs
experienced cell-to-cell transfer significantly less than the control, < 0.01, and at a similar
rate as wild-type cells incubated with the anti-FcR antibody (Figure 3A, Table I). These data
suggested that both Fc and complement receptor mediated phagocytosis can be utilized in
cell-to-cell transfer.

We hypothesized that the initial phagocytic event may have downstream effects on whether
Cryptococcal cells can undergo cell-to-cell transfer. To explore a potential effect of
complement mediated phagocytosis, we repeated these experiments with guinea pig
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complement opsonized C. neoformans on wild type BMDMs. We found that BMDMs which
had ingested C. neoformans via complement experienced abrogated cell-to-cell transfer
compared to control and in frequencies similar to both wild-type BMDMs inhibited with
anti-FcR antibodies and Fcerlg BMDMs with no inhibiting antibodies (Figure 3A, Table I).

Finally, we also performed experiments supplemented with cytochalasin B, an actin
inhibitor, reasoning that actin activity is required for exocytosis. We observed no transfer
events, with £< 0.001 compared to control, further supporting the idea that transfer relies on
exocytosis events (Figure 3A, Table ). Interestingly, previous reports suggested that transfer
events were inhibited(7) but non-lytic exocytosis events were present(23) or even
increased(6) with cytochalasin D treatment at low concentrations, 4 pM and 2 uM in J774
cells. In both cases, however, this was a simply a noted observation without in depth
experimental analysis. Additionally, in these cases non-lytic exocytosis events were
observed almost immediately after adding cytochalasin D, 3-5 min, whereas our experiments
included a 1 h incubation with cytochalasin B before starting image acquisition.
Additionally, these experiments used different host cells and/or C. neoformans strains. We
therefore sought to replicate these experimental conditions utilizing our primary BMDM
cells. Surprisingly, treating BMDMs with 4 uM cytochalasin D resulted in the formation of
extremely large, bulbous, vacuole-like organelles around cryptococcal cells (SFig 3). These
formations would sometimes rupture, leading to lysis of the host macrophage. Regardless,
we observed neither transfer events nor non-lytic exocytosis events and given these results,
we favored the first hypothesis as the continued presence of a phagosome around the
cryptococcal cell would block antibody-receptor interactions.

C. neoformans Cells Must be Alive for Cell-to-Cell Transfer

To determine whether macrophage-to-macrophage transfer is an active process on the part of
C. neoformans, we infected BMDMs with heat killed C. neoformans yeasts opsonized with
18B7. We found no examples of lytic exocytosis, non-lytic exocytosis, or cell-to-cell transfer
events when macrophages were infected with heat killed C. neoformans (Figure 3A, Table
I). Additionally, when macrophages were infected with heat killed C. neoformans and
treated with cytochalasin D we did not observe the above described bulbous vacuole-like
organelle development.

Temporal Kinetics of Cell-to-Cell Transfer

If Cryptococcal cells are transferred via exocytosis followed by phagocytosis it would follow
that the total time of transfer events should resemble the length of exocytosis plus the length
of phagocytosis. Cell-to-cell transfer time was estimated by counting the total number of
frames immediately prior to immediately after transfer, as each frame represented a set
number of minutes progression in time. Each image was taken at two-minute intervals, and
so the total time of transfer was directly calculated by the number of frames. We found that
the median and mean transfer times were 11 and 11.17 minutes, respectively, from twelve
total analyzed events (Figure 3B). To our knowledge the timing of neither phagocytosis nor
non-lytic exocytosis of C. neoformans by BMDMs has been previously carefully measured.
To investigate whether the timing of cell-to-cell transfer matched the times of exocytosis and
phagocytosis, we visualized phagocytosis by repeating the infection movie protocol but only
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adding opsonizing antibody immediately before starting image acquisition. We observed
phagocytic events and counted the number of frames (taken each minute) to determine an
experimental estimate of phagocytosis ingestion time. Based on eleven observed phagocytic
events we determined ingestion occurred over approximately 4.18 minutes (Figure 3B). We
then timed non-lytic exocytosis events. Based on seven observed non-lytic exocytosis events
we determined a total expulsion time of approximately 6.71 minutes (Figure 3B). Adding
the time required for non-lytic exocytosis (6.71 minutes) to that required for phagocytosis
(4.18 minutes) yielded 10.9 minutes, which is tantalizingly close to the measured average
time of 11.17 minutes for cell-to-cell transfer, £> 0.05 (Figure 3C). Our measured time for
cell-to-cell transfer is close to the 10 minutes reported in the initial description of this
phenomenon (8). In fact, the relatively short time involved in cell-to-cell transfer precluded
us from using either the cell wall dye (Uvitex 2B) or fluorophore conjugated antibody in to
stain C. neoformans cells during the brief time that they would presumably be exposed to
cytoplasm in an exocytosis-phagocytosis event. The time needed for either Uvitex or
antibody cellular staining exceeded the longest observed time for cell-to-cell transfer,
requiring an average time of 30 and 65 minutes to gain appreciable signal, respectively
(Figure 4). However, we made the interesting observation that incubation of macrophages
containing ingested C. neoformans led to Uvitex staining of yeast cells in some phagosomes,
particularly larger ones containing multiple yeast cells (SFig 4). Whether this reflects some
mechanism for leakage of Uvitex into cells or dye transport into the phagosome in a
mechanism involving pinocytosis and delivery to phagosome(24), this observation may be
worthy of future study.

Additionally, we investigated the amount of time required post-infection for transfer events
to start occurring. We found that cell-to-cell transfer events predominantly occur within the
first 9 hours of the experiment, with an average initiation time of approximately 6.7 h
(Figure 3D).

Host Macrophages Establish Contact Before Transfer

It was previously reported that host macrophage membranes contact each other before
cryptococcal cell-to-cell transfer(9, 25). We investigated this further by investigating each of
38 transfer events for whether the donor and acceptor macrophages appeared to establish
membrane contact before transfer. We found that in every situation the donor and acceptor
cells came in close proximity at least two minutes (one frame) prior to transfer, remained in
contact during transfer, and maintained contact for a short time after transfer as well (Figure
5).

A Model for Macrophage-to-Macrophage Cellular Transfer

Our results indicate that cell-to-cell transfer is a coordinated process between two
macrophages, that it does not involve the transfer of cytosol (e.g. Trogocytosis), and that it
does not occur when the opsonic Fc and complement receptors are blocked. The time
required for cell-to-cell transfer closely approximates addition of the times required for non-
lytic exocytosis and ingestion. Although no single observation provides a mechanism, when
our results are considered in combination, the most parsimonious interpretation is that C.
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neoformans cell-to-cell transfer results from sequential non-lytic exocytosis events followed
by subsequent phagocytosis of expulsed yeast cells by an adjacent macrophage. (Figure 6).

Blockading Fc and Complement Receptors Leads to Increased C. neoformans Intracellular

Inhibition

To investigate the potential physiological relevance of this phenomenon, we decided to
quantify and compare the ability of receptor blocked BMDMs to kill ingested C.
neoformans. BMDMs were seeded, activated, and infected for a 24 h interval supplemented
with Fc receptor inhibitory antibodies, both Fc and C receptor inhibitory antibodies, or
simply additional cell media. When surviving intracellular C. neoformans were quantified
we found reduced numbers of viable C. neoformans cells when BMDMs were incubated
with either Fc or Fc and C receptor inhibitory antibodies (Figure 7). These data support the
hypothesis that cryptococcal macrophage-to-macrophage favors pathogen survival and
spread.

Discussion

Cell-to-cell transfer was described simultaneously by two independent groups, including our
own, in 2007(7, 8). Both groups noted that donor and acceptor cells established contact and
that actin was involved at the membrane interface between macrophages. There was
speculation about membrane fusion as a preliminary step in cell-to-cell transfer, but this was
never experimentally established. Little progress has been made in unraveling the
mechanism primarily because cell-to-cell transfer events are relatively rare, occurring
sporadically and unpredictably. In fact, the mechanism by which a fungal cell transfers
between intact macrophages has been difficult to envision given that it would involve a yeast
cell in a membrane-bound phagosome crossing two plasma membranes.

We considered several hypotheses for the mechanism of cryptococcal cell-to-cell transfer.
Initially we were intrigued by the possibility that transfer occurred via Trogocytosis, a
cellular communication process in which cytosol and surface proteins are shared between
macrophages(27). Trogocytosis was previously shown to be a mechanism that intracellular
pathogens can utilize and promote to spread between macrophage cells(28). However, when
we labeled the cytosol of cryptococcus-infected macrophages we detected no cytosol
transfer from donor to acceptor cell during cryptococcal transfer. It should be noted that the
shift in Uvitex 2B signal is immediately apparent despite the Uvitex 2B positive population
(corresponding to the cryptococcal cell) accounting for a particularly small subset of the
entire region of interest. Therefore, even a small amount of dye transferred to the donor cell
would noticeably shift the distribution post-transfer. Similarly, we detected no transfer of
plasma membrane between macrophages in the experiments supplemented with membrane
dye. Obviously, one cannot rule out that an iota of cytosol transferred since that would
involve proving a negative, but the absence of any signal indicating cytosol transfer is strong
evidence against a mechanism involving a cell-to-cell channel or bridge where donor and
acceptor cytoplasm contact. These experiments essentially rule out Trogocytosis as the
mechanism of cryptococcal cell-to-cell transfer.
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Next, we investigated whether cell-to-cell transfer was a non-lytic exocytosis event followed
by ingestion of the expulsed yeast by a proximal macrophage. Supporting this hypothesis
was the observation that expulsed yeast cells have residual opsonizing antibody bound to
their capsule even after phagosomal residence, which could support subsequent
phagocytosis(21). When both Fc receptor (FCR) and complement receptor (CR) were
blocked no transfer events were observed. Although our conditions did not contain
complement-derived opsonin, antibody binding to C. neoformans capsule results in
structural changes that allow complement-independent phagocytosis via complement
receptor(22). The measured length of transfer also supports the exocytosis-phagocytosis
hypothesis. We determined the average length of non-lytic exocytosis events to be
approximately 7 min, consistent with the prior reported 4-12 min(31). Macrophage
phagocytosis of C. neoformanstook approximately 4 min. Last, we found that complete
transfer required approximately 11 min, close to the time required for both phagocytosis and
non-lytic exocytosis of C. neoformans. These observations imply that cell-to-cell transfer is
a sequential non-lytic exocytosis event followed by immediate phagocytosis by a nearby
macrophage.

When macrophages were incubated with FcR and CR blocking antibodies non-lytic
exocytosis events were reduced, but not completely abrogated, compared to controls. This
finding suggests that receptor blocking also affects exocytosis, raising the possibility that
reduced transfer in the presence of blocking antibody is a consequence of fewer potential
donor cells. Consequently, we performed a microarray experiment comparing the
transcriptome of macrophages treated with blocking antibody to a control population and
were unable to detect significant differences. In addition, we analyzed cell-to-cell transfer
using FcR knockout mice macrophages. As previously noted, opsonizing C. neoformans
with 18B7 allows phagocytosis via CR so these macrophages can still be infected are unable
to undergo cell-to-cell transfer via FCcR. As hypothesized, transfer events in FCR knockout
mice were reduced to levels similar to macrophages inhibited via FcR blockading antibody,
while lytic and non-lytic events were not significantly reduced compared to wild type
macrophages.

Based on the incomplete inhibition of transfer events with only FcR inhibited, we decided to
investigate the contribution of CR, hypothesizing that it could be an alternative, less efficient
cell-to-cell transfer route. Wild-type macrophages infected with guinea pig complement
opsonized C. neoformans experienced transfer rates similar to wild-type macrophages
inhibited with anti-FcR antibody and macrophages from FcR knockout mice, while neither
lytic nor non-lytic exocytosis events were significantly reduced compared to control. These
data support our overall hypothesis that transfer is a coordinated event of non-lytic
exocytosis followed by phagocytosis. Transfer can be achieved through either FcR or CR
mediated phagocytosis, though FcR mediated phagocytosis is more efficient and common.

To determine if inhibiting actin polymerization affects transfer frequency, we repeated these
experiments with cytochalsin-treated macrophages. We hypothesized that if actin was
required to expel cryptococcal cells, then its inhibition would result in fewer transfers. Our
data supported this hypothesis but differs from a previous report(6) in which transfer
increased after cytochalasin treatment. We tried to reproduce those findings and were unable
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to identify the source of the discrepancy, although it is possibly due to the use of different
types of host cells. Finally, we attempted to show that fungal cells enter the extracellular
environment by adding dyes (Uvitex 2B and antibody conjugated fluorophore) to the media.
Unfortunately, the time required for yeasts to acquire staining was longer than the length of
transfer. Additionally, Uvitex 2B permeated certain macrophages, yielding stained C.
neoformans cells which never exited their host cell.

A coordinated exocytosis-phagocytosis mechanism allows us to discard more complex
explanations. For example, the publications which discovered cryptococcal cell-to-cell
transfer hypothesized that direct “cell-to-cell bridges” formed through merging and
subsequent unmerging of host cell membranes, allowing direct transfer of the cryptococcus
containing organelle. This explanation was suggested without experimental data and does
not explain our results as inhibition of antibody receptors should not inhibit the direct
transfer of an organelle. If cryptococcal cells were retained in the phagosome throughout the
transfer process, then the phagosomal membrane would separate the opsonized yeast from
contact with FcR and CR on the acceptor cell surface. Another hypothesis was that
cryptococcal cells are transferred via membrane tunnel structures between macrophages. A
tunnel transfer explanation is unlikely given that tunnels were absent from our microscopy
analysis. In fact, when tunnels form they are too small for even cytosolic molecules to
traverse(29). In any case, a tunnel is also ruled out by the fact that transfer was abrogated by
blocking cell surface opsonic receptors. Finally, due to the roles of FcR and CR in immune
synapse formation, we contemplated the possibility of cryptococcal transfer between
macrophages via some type of uncharacterized, macrophage specific immune synapse but
concluded this is also unlikely with respect to the data. Immune synapses allow only small
molecules and dyes to directly transfer. Particles larger than 32 nm are entirely excluded(30),
which also excludes C. neoformans.

We have termed the exocytosis-phagocytosis phenomenon Dragotcytosis, to denote that this
is a transfer between two sentinel (Greek ‘Dragot’) phagocytic cells. The coupled
exocytosis-phagocytosis phenomenon is a new process in microbe-macrophage interactions
and warrants a new name to distinguish it from other mechanisms of cell entrance or exit,
such as: Trogocytosis, non-lytic exocytosis, and phagocytosis. Dragotcytosis differs from
other mechanisms of cell to cell transfer mainly in that it involves the complete expulsion of
yeast cells from one macrophage before engulfment by another. Furthermore, Dragotcytosis
differs from a simple sequence of exocytosis and phagocytosis in that the donor and acceptor
cell are in physical contact before the event occurs and remain in contact through the
process. Whether cell contact is involved in triggering exocytosis is an important question
for future studies. Dragotcytosis is anticipated to occur in other pathogenic microbes capable
of triggering exocytosis such as Candida albicans(14), Mycobacteria tuberculosis(32),
Serratia marcescens(33), provided opsonins are available.

The experiments here do not directly address the biological significance of Dragotcytosis. In
fact, designing an experiment to assess biological significance by interfering with
Dragotcytosis then measuring an outcome related to cryptococcal infection is not possible
without introducing a variety of downstream changes that would raise serious doubts about
any association between measured effects on virulence and this process. To interfere with
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Dragotcytosis /n vivowould require preventing either phagocytosis or non-lytic exocytosis
and such interference would have important secondary effects on host defense and
intracellular pathogenesis, respectively. Instead, we argue for the significance of this effect
from logical inference and deduction. Phagocytosis is a fundamental cellular host defense
mechanism that occurs /n7 vivo during cryptococcal infection, evident from the intracellular
residence of cryptococci during infection(3, 4). Non-lytic exocytosis is a complex cellular
process shown to occur during cryptococcal infection in mice, zebra fish, and amoeba (12,
34, 35). Hence, both phagocytosis and non-lytic exocytosis occur both /7 vivoand in vitro
(3, 35). During cryptococcal infection, yeast reside in granulomatous inflammation where
the cellular density of macrophages is much greater than the /n vitro conditions where
Dragotcytosis was shown to occur in this study (3). Given the occurrence of its component
processes of phagocytosis and non-lytic exocytosis /n vivo and that C. neoformans often
resides in granulomas where macrophages exist in close apposition, it is likely that
Dragotcytosis occurs /in vivo.

Dragotcytosis may result in an overall benefit to C. neoformans rather than the host. After
infecting BMDMs with C. neoformans, we found that inhibiting Dragotcytosis through
blockading FcR and CR reduced C. neoformans viability. This suggests that the ability of C.
neoformans to freely move between macrophages is advantageous to the yeast. We
considered the possibility that addition of blocking antibodies was activating the
macrophages in some way to enhance their antifungal activity but found no evidence that
receptor blockage affected transcriptional responses. We know C. neoformans can reside in
macrophages for hours, if not days, and it is possible that antifungal effects in
phagolysosomes take time to be effective in inhibiting fungal replication. Hence, moving to
a younger phagolysosome by Dragotcytosis could benefit fungal cells. We confirmed that C.
neoformans viability is essential for non-lytic exocytosis and Dragotcytosis. We recognize
that if inhibition of Dragotcytosis enhances antifungal activity, and that fungal viability is
needed for exocytosis, the latter alone could reduce the frequency of Dragotcytosis.
However, we note non-lytic exocytosis occurs relatively early (< 4 h) in macrophage
infection (9) while the commencement of intracellular budding occurs later, peaking at 6-10
h (36). Indeed, we observed the initiation of Dragotcytosis events early in macrophage
infection as well (approximately 6.7 h). Hence, although we cannot fully separate reduction
in Dragotcytosis by receptor blocking from enhanced inhibition of C. neoformansin
macrophages where the fungal cell cannot escape, the available data favors a temporal
sequence where inhibition of Dragotcytosis is followed by inhibition of fungal replication.

In summary, three lines of evidence strongly suggest that Dragotcytosis represents sequential
exocytosis-phagocytosis events: 1) we observed no cytosol transfer from donor to receptor
cell; 2) the frequency of transfer events was greatly reduced by interference with phagocytic
receptors; and 3) the time involved in Dragotcytosis was indistinguishable from the sum of
the times involved in exocytosis and phagocytosis. The implications of Dragotcytosis for
pathogenesis and host defense are uncertain and may vary with infection setting. Antibody
administration can protect mice against cryptococcal infection(37). Comparative analysis of
infected tissues of antibody-treated and control mice shows that presence of antibody is
associated with increased C. neoformans intracellular residence in macrophages(38), which
was interpreted as reflecting more efficient antibody-mediated phagocytosis. However, our
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results suggest that Dragotcytosis could contribute to this effect since fungal cells
experiencing non-lytic exocytosis in granulomas could be rapidly ingested by proximal
macrophages, perpetuating intracellular residence. The dependence on phagocytic receptors
and opsonins has the interesting implication that Dragotcytosis may be more frequent in
hosts with robust antibody responses. Since non-lytic exocytosis has been described with
several other pathogens, Dragotcytosis could theoretically occur in other infections. Whether
Dragotcytosis benefits the host by promoting re-ingestion of expulsed cells or harms the host
by promoting new cellular infections capable of disseminating in a Trojan Horse manner is
not known and probably depends on the circumstances when it occurs. Future research into
Dragotcytosis should focus on elucidating the factors that control the frequency of transfer
and the macrophage and/or fungal signals that trigger this process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points
C. neoformans transfer between macrophages in coordinated exocytosis-phagocytosis.
Opsonin receptors are utilized for transfer process.

C. neoformans must be viable for transfer process to occur.
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Figurel.
Dragotcytosis event captured via fluorescent microscopy. Representative frames before

(Pre), during, and after (Post) cryptococcal transfer. 10X Phase Contrast, Cytosolic
CellTracker Green CMFDA (Green), Uvitex (Blue), and merged channels. The Scale bar
represents 10 um and is constant for all images. Pre, During, and Post Transfer images were
obtained from movie frames 266, 274, and 278, respectively. Representative regions of
interest have been outlined (yellow) to demonstrate areas analyzed for fluorescence. These
images are from Event 4 in subsequent graphs.
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Quantifications of stains from Dragotcytosis events in biological replicates. A. Donor cell
cytosol as measured by CellTracker Green CMFDA intensity before (blue) and after (red)
transfer. B. Acceptor cell cytosol as measured by CellTracker Green CMFDA intensity
before and after transfer. Intensity values remain at background levels in each replicate. C.
Presence of cryptococcal cell inside Donor cell measured as Uvitex intensity before and
after transfer. D. Presence of cryptococcal cell inside Acceptor cell measured as Uvitex
intensity before and after transfer. Significance was determined by unpaired two tailed #test
with (****) representing a Pvalue of < 0.0001, (***) representing a P value of <0.001, and

(**) representing a P value of <0.01. Data for each population is each individual pixel

intensity measurement, with bars representing minimum-maximum spans in box-whisker

format. Density (pixel intensity frequency) histograms represent pixel population data

specifically for Event 4 with solid colored rectangles representing mean +/- standard error.
Data for each event consists of intensity measurements from each pixel within the acceptor
or donor cell. The relative fluorescence of Event 1 is higher than the other events because

that measurement came from the initial experiment before dyes were titrated for

optimization. Each of these events corresponds to a single event in which a single yeast is
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transferred from one macrophage to another with the exception of event 8 which spans two
individual transfer events in which one yeast cell is transferred during each event. This was
due to the necessity of acquiring clear frames for quantification.
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Figure 3.
Inhibition and timing of transfer events supports exocytosis-phagocytosis hypothesis. A.

Quantification of the frequency of transfer events observed between BMDMs supplemented
with different inhibitor antibody combinations. Frequency values represent frequency of
events based on number of events in all infected cells, with complete information found in
Table I. Pvalues calculated via one tailed proportion test. B. Quantification of the total
timespan of each transfer event as well as phagocytosis ingestion time determined by total
frames captured. C. Quantification of the total timespan of transfer events compared to the
addition of phagocytosis and exocytosis events. Data points represent population average
with bars representing population standard deviations. P value calculated as non-significant
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via unpaired two tailed #test. D. Timespan between the start of an experiment and the initial
frame of transfer events. Events began at 392 min post infection (SD +/- 395 min) with most
events occurring before 9 h.
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Figure 4.
Temporal dynamics of dye acquisition for Uvitex 2B and 18B7-Oregon Green in BMDM

ingested C. neoformans. Quantification of the amount of time, in minutes, required for a
cryptococcal cell to be exposed to the extracellular environment in order to acquire a clear
dye signal for 18B7-Oregon Green (65 min) and Uvitex 2B (30 min).
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Figureb.
Visualization of donor and acceptor macrophages immediately pre- and post-transfer events.

A. Initial image of donor and acceptor cells immediately prior to transfer. B. Initial image
pre-transfer with donor (red) and acceptor (blue) cells outlined. C. Initial image of donor
and acceptor cells immediately after transfer. D. Initial image post-transfer with donor (red),
acceptor (blue), and transferred crypto (green cross) cells noted. Scale bar represents 10 pm
and is consistent throughout images.
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Figure®6.
Proposed overarching model of cryptococcal cell-to-cell transfer. A. The initial step in

transfer, and the point which was defined as the start of exocytosis. The moment when a
phagosome (white space) containing an opsonized cryptococcal cell begins to move toward
the plasma membrane of the donor macrophage. The phagosome reaches and merges with
the plasma membrane of the donor macrophage in a manner which expels the cryptococcal
cell. Cytosol is retained within the donor macrophage and excluded from the transfer
process. The moment at which the cryptococcal cell is fully expelled from a macrophage
was defined as the end of exocytosis. B. The next step of transfer in which the released
cryptococcal cell is free to interact with the Fc receptor of the acceptor macrophage via
opsonin which survives the initial phagosome. The moment of initial attachment of the
cryptococcal cell to the acceptor macrophage defined as the start of phagocytosis. Note the
macrophage cells remain in contact but the transfer site is not sealed to the extracellular
environment. C. The final step of transfer, the point at which the cryptococcal cell has been
fully ingested by the acceptor macrophage. This moment is also used to define the end of
phagocytosis. L eft. The total time of exocytosis, phagocytosis, and Dragotcytosis denoted
by black line and measured time. The total length of Dragotcytosis roughly equals that of
exocytosis plus phagocytosis.
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Figure 7.
Relative quantification of surviving intracellular C. neoformans. Fungal colonies were

enumerated via serial dilution after a 24 h infection period in which BMDMSs were incubated
with different combinations of inhibitory antibodies. *** denotes < 0.001 compared to
control.
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Table I.

Quantified cellular events in the presence or absence of antibody receptors. Counts are written as “Total #
(Percent)”. Lytic exocytosis is denoted as N/A for cytochalasin experiments because the drug results in cell
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death starting approximately 10 h into the experiment.

Event Control | acD16/32 | acitb | 2SR18%2 | rer ko Cg’;‘gr?i';‘;‘t CytoB | CytoD [ Hoot
LyticExocytoss | 12(6.9) | 1(0.67) 0 108 | 6(403) | 9(739) NA [ A 0
Non-Lytic Exocytosis | 95.1) | 1067 | 46s) | 108 | 4@es) | 6192 0 0 0
Trangfer 148) | 2034 | 6397 0 301 | 3(250) 0 0 0
Total Infected Cells | 140 149 151 126 149 122 21 | 320 | 169
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Table Il.

Annotated genes differentially expressed in macrophages incubated with Fc receptor blocking antibody.
Samples were compared to macrophages pre-incubation and post-incubation without antibody. Two genes are
omitted due to lack of annotation.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

GenbankAccession | Symbol GeneName p-value Fold-Change

AK164118 Phyhipl phytanoyl-CoA hydroxylase interacting protein-like 0.043635 2.49488
NM_009140 Cxcl2 chemokine (C-X-C motif) ligand 2 0.0204045 2.37112
NM_011879 1k IK cytokine 0.0417661 2.015
NM_013877 Cabp5 calcium binding protein 5 0.0249099 2.59332
NM_026268 Dusp6 dual specificity phosphatase 6 0.0186441 2.28549
NM_199022 Shc4 SHC (Src homology 2 domain containing) family, member 4 | 0.047315 2.39855

XM_006500371 Trp53rkb transformation related protein 53 regulating kinase B 0.0397998 2.39335
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