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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 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 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.
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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, 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 11l and Type Il exocytosis, respectively(9), denoting the
fact that all 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
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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.

In this study, we investigated the mechanism of macrophage-to-macrophage C.
neoformans. The results are interpreted as consistent with an initial non-lytic exocytosis event
followed by phagocytosis by a nearby macrophage, thus implicating non-lytic exocytosis in cell-

to-cell transfer
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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.

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 % COz. Fresh media in 3 ml were 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.

5
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83  All experimental work in this study was done with BMDM except for the high-resolution movie

84  shown in Figure S1, which was filmed using J774.16 cells.

85
86  Acquisition of Supplemental Video

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

97  were controlled by Zen black software [Carl Zeiss].

98
99  Macrophage Infections and Videos for Cytosol Exchange and Inhibitor Trials

100 BMDMs were seeded (2.5 x 10* cells/well) in MatTek dishes and 24-well plates [Corning].
101 Cells in one MatTek dish and one well from the 24-well plate were activated overnight (16h) with
102 IFNy (0.02 pg/mL) and (0.5 pg) LPS. Cells in the MatTek dish were stained with CellTracker
103  Green CMFDA [ThermoFisher] according to manufacturer’s protocol before infecting with Uvitex

104 2B (5 um/mL ; Polysciences Inc., Warrington, PA) labeled and 18B7 (Generated in lab; 10 pg/mL)

6
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105  or guinea pig complement (20% ; MilliPore) opsonized Cryptococcus at an MOI of 1 for 1 h. Cells
106  from the 24-well plate were labeled with CellMask Orange [ThermoFisher] according to
107  manufacturer’s protocol, then raised and seeded over the MatTek dish after washing with 2mL
108  fresh cell media three times to remove extracellular cryptococcal cells. Cells were incubated for
109 30 additional minutes to allow for adhesion before supplementing the plate with 2 mL fresh cell
110  media. MatTek dishes were then placed under a Zeiss axiovert 200M 10X magnification, incubated
111 at 37°C and 9.5% COg, and imaged every 2 min for a 24 h period. Images were then manually
112 analyzed to identify clear transfer events. For each transfer event donor and acceptor cells were
113 outlined according to cell membranes visible in phase contrast. CellTracker and Uvitex 2B channel
114  intensities were then collected for each pixel within the cell outline and compared using unpaired

115  two-tailed t tests between pre and post transfer quantifications.

116 Receptor inhibitor experiments used a single MatTek dish with 5 x 10* macrophages
117  activated overnight with IFNy (0.02 pg/mL) and LPS (0.5 pg/mL). Cells were infected with C.
118 neoformans at an MOI of 1 for 1 h followed by three washes of 2 mL fresh media to remove
119  extracellular cryptococcal cells. Cells were incubated for 1h with aCD16/32 anti-Fc receptor
120  antibodies (0.5 pg/mL; BD Biosciences 553142) and CD11b anti-complement antibodies (0.5
121 pg/mL; BD Biosciences 553308) or Cytochalasin D (1 pg/mL ; Sigma) before beginning 24 h
122 imaging under the Zeiss axiovert 200M 10X magnification at 37 °C with 9.5 % CO: overnight to

123 analyze total cellular exit events.

124 Fc receptor knockout experiments used a single MatTek dish with 5 x 10* macrophages
125  activated overnight with IFNy (0.02 pg/mL) and LPS (0.5 pug/mL). Cells were infected with C.
126  neoformans at an MOI of 1 for 1 h followed by three washes of 2 mL fresh media to remove

127  extracellular cryptococcal cells. Cells were then imaged for 24 h under the Zeiss axiovert 200M

7
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128 10X magnification at 37 °C with 9.5 % CO. overnight to analyze total cellular exit events. For
129 inhibitor trials, cells were incubated for 1h with CD11b anti-complement antibodies (0.5 pg/mL)
130  before beginning 24 h imaging under the Zeiss axiovert 200M 10X magnification at 37 °C with

131 9.5 % CO2 overnight to analyze total cellular exit events.

132 For phagocytosis and non-lytic exocytosis timing experiments were set up as above except
133 using an MOI of 1 for 2 h at 4°C, then MatTek dishes were placed on the microscope stage, and
134  images were immediately taken every 1 min for 24 h immediately after adding mAb 18B7 (10

135  pg/ml) directly to the dish.

136

137  Quantification of Temporal Kinetics

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

149  exocytosis, that is the frame immediately prior to movement toward the plasma membrane. The
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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.

Statistics

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).
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164  Results

165  High Resolution Imaging of Cell-to-Cell Transfer

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

169  cell.

170

171 Cytosol transfer was not detected during cryptococcal transfer

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

188  cell plasma membranes during transfer events (SFig 2).

189

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

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

207  further explore this phenomenon, and whether the reduction in observed effects was an artifact of

11
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208  antibody incubation, we infected BMDMSs harvested from Fc receptor knockout mice (Fcerlg)
209  opsonized with 18B7 antibody. We found that Fcerlg BMDMs experienced cell-to-cell transfer
210 significantly less than the control, p < 0.01, and at a similar rate as wild-type cells incubated with
211  the anti-FcR antibody (Figure 3A, Table I). These data suggested that both Fc and complement

212 receptor mediated phagocytosis can be utilized in cell-to-cell transfer.

213 We hypothesized that the initial phagocytic event may have downstream effects on whether
214  Cryptococcal cells can undergo cell-to-cell transfer. To explore a potential effect of complement
215  mediated phagocytosis, we repeated these experiments with guinea pig complement opsonized C.
216  neoformans on wild type BMDMs. We found that BMDMs which had ingested C. neoformans via
217  complement experienced abrogated cell-to-cell transfer compared to control and in frequencies
218  similar to both wild-type BMDMs inhibited with anti-FcR antibodies and Fcerlg BMDMs with

219  no inhibiting antibodies (Figure 3A, Table I).

220 Finally, we also performed experiments supplemented with cytochalasin, an actin inhibitor,
221  reasoning that actin activity is required for exocytosis. We observed no transfer events, with p <
222 0.001 compared to control, further supporting the idea that transfer relies on exocytosis events
223 (Figure 3A). Given these results, we favored the first hypothesis as the continued presence of a

224  phagosome around the cryptococcal cell would block antibody-receptor interactions.

225

226 Temporal Kinetics of Cell-to-Cell Transfer

227 If Cryptococcal cells are transferred via exocytosis followed by phagocytosis it would
228  follow that the total time of transfer events should resemble the length of exocytosis plus the length
229  of phagocytosis. Cell-to-cell transfer time was estimated by counting the total number of frames

12
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230 immediately prior to immediately after transfer. Each image was taken at two-minute intervals so
231  thetotal time of transfer was directly calculated by the number of frames. We found that the median
232 and mean transfer times were 11 and 11.17 minutes, respectively, from twelve total analyzed
233 events (Figure 3C). To our knowledge the timing of neither phagocytosis nor non-lytic exocytosis
234  of C. neoformans by BMDMs has been previously carefully measured. To investigate whether the
235 timing of cell-to-cell transfer matched the times of exocytosis and phagocytosis, we visualized
236  phagocytosis by repeating the infection movie protocol but only adding opsonizing antibody
237 immediately before starting image acquisition. We observed phagocytic events and counted the
238  number of frames (taken each minute) to determine an experimental estimate of phagocytosis
239 ingestion time. Based on eleven observed phagocytic events we determined ingestion occurred
240  over approximately 4.18 minutes (Figure 3C). We then timed non-lytic exocytosis events. Based
241 on seven observed non-lytic exocytosis events we determined a total expulsion time of
242  approximately 6.71 minutes (Figure 3C). Adding the time required for non-lytic exocytosis (6.71
243  minutes) to that required for phagocytosis (4.18 minutes) yielded 10.9 minutes, which is
244  tantalizingly close to the measured average time of 11.17 minutes for cell-to-cell transfer, p > 0.05

245  (Figure 3D).

246

247 A Model for Macrophage-to-Macrophage Cellular Transfer

248 Our results indicate that cell-to-cell transfer is a coordinated process between two
249  macrophages, that it does not involve the transfer of cytosol (e.g. Trogocytosis), and that it does
250  not occur when the opsonic Fc and complement receptors are blocked. The time required for cell-

251 to-cell transfer closely approximates addition of the times required for non-lytic exocytosis and
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252 ingestion. Although no single observation provides a mechanism, when our results are considered
253 in combination, the most parsimonious interpretation is that C. neoformans cell-to-cell transfer
254  results from sequential non-lytic exocytosis events followed by subsequent phagocytosis of

255  expulsed yeast cells by an adjacent macrophage. (Figure 4).
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256  Discussion

257 Non-lytic exocytosis was implicated in persistence of fungemia(10) and may be involved
258 in brain dissemination(23). Recently, non-lytic exocytosis was implicated as part of a process
259  whereby phagocytic cells transfer C. neoformans to endothelial cells resulting in a new mechanism
260  for cryptococcal crossing of the blood-brain barrier(16). Cell-to-cell transfer is a form of non-lytic
261  exocytosis that has received relatively little attention, largely because it is difficult to study. In
262  fact, the mechanism by which a fungal cell is transferred between two intact macrophages has been
263  difficult to envision given that it involves a yeast cell in a membrane-bound phagosome that must

264  cross two cellular membranes to travel from the donor to the acceptor cell.

265 We considered several hypotheses for the mechanism of cryptococcal cell-to-cell transfer.
266 Initially we were intrigued by the possibility that cryptococcal cell-to-cell transfer occurred via
267  Trogocytosis, a recently described cellular communication process in which cytosol and surface
268  proteins are shared between macrophages(24). Trogocytosis was previously shown to be a
269  mechanism that intracellular pathogens can utilize and promote to spread between macrophage
270  cells(25). However, when we labeled the cytosol of macrophages and loaded them with
271 cryptococcal cells we did not detect cytosol transfer from donor to acceptor cell during
272 cryptococcal cell transfer. Shifts in the population data are clearly visualized in the accompanying
273 density histograms which show no shift in cytosolic dyes before and after transfer events. It should
274  also be noted that the shift in Uvitex 2B signal is immediately apparent despite the Uvitex 2B
275  positive population (corresponding to the cryptococcal cell) accounts for a particularly small
276  population of the entire region of interest (the entire macrophage). Therefore, even a small amount
277  of cytosolic dye transferred to the donor cell would noticeably shift the population distribution

278  post-transfer. Similarly, we could detect no transfer of plasma membrane signal from donor to

15
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279  acceptor macrophage in the experiments supplemented with membrane dye. The transfer
280  experiments using cytosolic dye, combined with the lack of membrane transfer, essentially ruled

281  out Trogocytosis as the mechanism of cryptococcal cell-to-cell transfer.

282 Consequently, we investigated whether cell-to-cell transfer was a non-lytic exocytosis
283  event followed by ingestion of the expulsed yeast by a nearby macrophage. In support of this
284  hypothesis was the observation that expulsed yeast cells have residual opsonizing antibody in
285  their capsule even after phagosomal residence and that this antibody could support subsequent
286  phagocytosis(21). When both FcR and CR were blocked no C. neoformans macrophage cell-to-
287  cell transfer events were observed. Although our conditions should not have contained
288  complement-derived opsonin, antibody binding to the C. neoformans capsule can result in
289  structural changes that allow complement-independent phagocytosis through the complement
290  receptor(22). These observations imply that cell-to-cell transfer is a sequential non-lytic exocytosis

291 event followed by immediate phagocytosis from a nearby macrophage.

292 Non-lytic exocytosis events were reduced, but not completely abrogated, compared to
293  controls when macrophages were incubated with FCR and CR blocking antibodies. This finding
294  suggested that blocking antibody binding was somehow affecting exocytosis, raising the
295  possibility that the reduced transfer in the presence of blocking antibody was a consequence of
296  fewer donor cells. Consequently, we repeated these experiments with macrophages from Fc
297  receptor knockout mice. As previously stated, opsonizing C. neoformans with 18B7 allows
298  phagocytosis via the complement receptor so these macrophages can still be infected but will not
299  be able to undergo cell-to-cell transfer relying on the Fc receptor. As hypothesized, we found that

300 transfer events in Fc receptor knockout mice were reduced to levels similar to macrophages
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301 inhibited via antibody, while lytic and non-lytic events were not significantly lowered compared

302  to control.

303 Based on the reduction but not complete inhibition of transfer events when only the Fc
304 receptor was inhibited we decided to investigate the contribution of complement receptor,
305 hypothesizing that it could be used as an alternative but less efficient cell-to-cell transfer route.
306  Wild-type macrophages infected with guinea pig complement opsonized C. neoformans
307  experienced cell-to-cell transfer rates similar to wild-type macrophages inhibited with anti-FcR
308  antibody and macrophages from FcR knockout mice, while neither lytic nor non-lytic exocytosis
309 events were significantly reduced compared to control. These data support our overall hypothesis
310 that cell-to-cell transfer follows from coordination of a non-lytic exocytosis event followed by a
311  phagocytosis event. Cell-to-cell transfer can be achieved through either Fc or complement receptor

312  mediated phagocytosis, though Fc receptor mediated phagocytosis is more common.

313 An exocytosis-phagocytosis mechanism allows us to discard more complex explanations.
314  For example, we had also hypothesized that the phagosome directly transferred between cells, but
315 thisalso does not explain our results as inhibition of antibody receptors should not inhibit the direct
316 transfer of an organelle. If the cryptococcal cells were retained in the phagosome throughout the
317  cell-to-cell transfer process, then the phagosomal membrane would separate the opsonized
318  cryptococcal capsule from Fc and complement receptors on the acceptor cell surface. Another
319  hypothesis entertained was that cryptococcal cells are transferred utilizing membrane tunnel
320  structures between macrophages. A tunnel transfer explanation is unlikely given that tunnels were
321  absent from our microscopy analysis. In fact, when cell-to-cell tunnels occur these tend to be too
322 small for even cytosolic molecules to diffuse through(26). In any case, a tunnel explanation is also

323 ruled out by the fact that cell-to-cell transfer was abrogated by blocking cell surface opsonic
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324  receptors. Finally, due to the roles of Fc and complement receptors in immune synapse formation,
325  we contemplated the possibility of cryptococcal cell transfer between macrophages via some type
326  of previously uncharacterized macrophage specific immune synapse but concluded this would also
327  be unlikely with respect to the data. Known immune synapses allow only small molecules and
328  dyes to directly pass through. Particles larger than 32 nm are entirely excluded(27) which would

329 also exclude cryptococcal cells.

330 The measured time of cell-to-cell transfer also supports the exocytosis-phagocytosis
331 hypothesis. We determined the average length of non-lytic exocytosis events to be approximately
332 7 minutes, which is consisted with the prior reported time of 4-12 minutes(28). Macrophage
333  phagocytosis of C. neoformans took approximately 4 minutes, providing measure for this process
334  for the first time. Last, we measured that total cell-to-cell transfer took approximately 11 minutes,
335 atime that appears close to the sum of macrophage phagocytosis and non-lytic exocytosis of C.

336 neoformans times

337 We have termed the exocytosis-phagocytosis phenomenon Dragotcytosis, to denote the
338  fact that this is a transfer between two sentinel (Greek ‘Dragot’) phagocytic cells. A new name
339  would also allow us to distinguish it from other mechanisms denoting cell entrance or exit, such
340 as: Trogocytosis, non-lytic exocytosis, and phagocytosis. Dragotcytosis differs from other
341  mechanisms of cell to cell transfer mainly in that it involves the complete expulsion of

342  cryptococcal cells from one macrophage before engulfment by another.

343 In summary, three lines of evidence indicate that cell-to-cell transfer represents sequential
344  exocytosis-phagocytosis events: 1) we observed no cytoplasm transfer from donor to receptor

345 cells; 2) the frequency of transfer events was greatly reduced by interference with receptors
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346 involved in phagocytosis; and 3) the time involved in cell-to-cell transfer was indistinguishable
347  from the sum of the times involved in exocytosis and phagocytosis. The implications of this
348  mechanism for pathogenesis and host defense are uncertain and may vary with the infection
349  setting. Antibody administration can protect mice against cryptococcal infection(29). Comparative
350 analysis of infected tissues of antibody-treated and control mice shows that the presence of
351 antibody is associated with increased C. neoformans intracellular residence in macrophages(30).
352 The increased prevalence of intracellular yeast cells was interpreted as reflecting more efficient
353  antibody-mediated phagocytosis. However, our results suggest that Dragotcytosis could have
354  contributed to this effect since fungal cells experiencing non-lytic exocytosis in granulomas could
355  have been rapidly ingested by macrophages in close apposition to fungal infected cells. The fact
356 that transfer events were completely absent between macrophages with inhibited antibody
357  receptors has the interesting implication that these events may occur more frequently in hosts with
358  robust antibody responses. Additionally, non-lytic exocytosis has been described with several
359  other pathogens and Dragotcytosis could theoretically occur in other infections. For example,
360 tuberculosis is a significant global disease in which intracellular pathogens can spread from lung
361  granulomas, potentially through a similar mechanism. Whether Dragotcytosis benefits the host by
362  promoting re-ingestion of expulsed cells or harms the host by promoting new cellular infections
363  capable of spreading throughout the organism in a Trojan Horse manner is not known and probably
364  depends on the circumstances when it occurs. Future research into Dragotcytosis should focus on
365 elucidating what factors control the frequency or direction of transfer, whether there is a significant
366 role for proximity of macrophages, whether there is a recruitment process for acceptor
367 macrophages or specific surface markers upregulated by the donor, potential transcriptional

368  differences between donor and acceptor macrophages or macrophages more likely to be donors vs

19


https://doi.org/10.1101/387688

bioRxiv preprint doi: https://doi.org/10.1101/387688; this version posted August 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

369  acceptors, studying the process in-vivo for clinical relevance, and probing whether other relevant

370 intracellular pathogens are capable of Dragotcytosis.

20


https://doi.org/10.1101/387688

bioRxiv preprint doi: https://doi.org/10.1101/387688; this version posted August 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

371 Acknowledgements

372 Quigly Dragotakes would like to acknowledge Gundula Bosch Ph.D, Clive Shiff Ph.D.,
373  and David Sullivan M.D. for the timely assignment of a Trogocytosis paper in journal club during

374  his rotation in the Casadevall Lab which inspired him to investigate this phenomenon.

375 Additionally, we would like to thank Carolina Coelho Ph.D. for sharing BMDM harvesting

376  responsibilities on many occasions.

21


https://doi.org/10.1101/387688

bioRxiv preprint doi: https://doi.org/10.1101/387688; this version posted August 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

377 References

378 1. Johnston, S. A., and R. C. May. 2013. Cryptococcus interactions with macrophages: evasion

379  and manipulation of the phagosome by a fungal pathogen. Cell. Microbiol. 15: 403-411.

380 2. Alanio, A., F. Vernel-Pauillac, A. Sturny-Leclére, and F. Dromer. 2015. Cryptococcus

381  neoformans host adaptation: toward biological evidence of dormancy. MBio 6.

382 3. Feldmesser, M., Y. Kress, P. Novikoff, and A. Casadevall. 2000. Cryptococcus neoformans is

383  afacultative intracellular pathogen in murine pulmonary infection. Infect. Immun. 68: 4225-4237.

384 4. Levitz, S. M., S. H. Nong, K. F. Seetoo, T. S. Harrison, R. A. Speizer, and E. R. Simons. 1999.
385  Cryptococcus neoformans resides in an acidic phagolysosome of human macrophages. Infect.

386 Immun. 67: 885-890.

387 5.Davis, M. J., T. M. Tsang, Y. Qiu, J. K. Dayrit, J. B. Freij, G. B. Huffnagle, and M. A. Olszewski.
388 2013. Macrophage M1/M2 polarization dynamically adapts to changes in cytokine

389  microenvironments in Cryptococcus neoformans infection. MBio 4: e00264-00213.

390 6. Alvarez, M., and A. Casadevall. 2006. Phagosome Extrusion and Host-Cell Survival after

391  Cryptococcus neoformans Phagocytosis by Macrophages. Curr. Biol. 16: 2161-2165.

392 7. Alvarez, M., and A. Casadevall. 2007. Cell-to-cell spread and massive vacuole formation after

393  Cryptococcus neoformans infection of murine macrophages. BMC Immunol. 8: 16.

394 8. Ma, H., J. E. Croudace, D. A. Lammas, and R. C. May. 2007. Direct cell-to-cell spread of a

395  pathogenic yeast. BMC Immunol. 8: 15.

396 9. Stukes, S. A., H. W. Cohen, and A. Casadevall. 2014. Temporal Kinetics and Quantitative

22


https://doi.org/10.1101/387688

bioRxiv preprint doi: https://doi.org/10.1101/387688; this version posted August 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

397  Analysis of Cryptococcus neoformans Nonlytic Exocytosis. Infect. Immun. 82: 2059-2067.

398 10. Davis, J. M., M. Huang, M. R. Botts, C. M. Hull, and A. Huttenlocher. 2016. A Zebrafish
399 Model of Cryptococcal Infection Reveals Roles for Macrophages, Endothelial Cells, and
400  Neutrophils in the Establishment and Control of Sustained Fungemia. Infect. Immun. 84: 3047—

401 3062.

402  11. Qin, Q.-M., J. Luo, X. Lin, J. Pei, L. Li, T. A. Ficht, and P. de Figueiredo. 2011. Functional
403  analysis of host factors that mediate the intracellular lifestyle of Cryptococcus neoformans. PLoS

404  Pathog. 7: €1002078.

405 12. Chrisman, C. J., M. Alvarez, and A. Casadevall. 2010. Phagocytosis of Cryptococcus
406  neoformans by, and Nonlytic Exocytosis from, Acanthamoeba castellanii. Appl. Environ.

407  Microbiol. 76: 6056—6062.

408  13. Vergunst, A. C., A. H. Meijer, S. A. Renshaw, and D. O’Callaghan. 2010. Burkholderia
409  cenocepacia creates an intramacrophage replication niche in zebrafish embryos, followed by

410 bacterial dissemination and establishment of systemic infection. Infect. Immun. 78: 1495-1508.

411  14. Bain, J. M., L. E. Lewis, B. Okai, J. Quinn, N. A. R. Gow, and L.-P. Erwig. 2012. Non-Iytic
412  expulsion/exocytosis of Candida albicans from macrophages. Fungal Genet. Biol. FG B 49: 677—

413  678.

414  15. Hagedorn, M., K. H. Rohde, D. G. Russell, and T. Soldati. 2009. Infection by tubercular

415  mycobacteria is spread by nonlytic ejection from their amoeba hosts. Science 323: 1729-1733.

416  16. Santiago-Tirado, F. H., M. D. Onken, J. A. Cooper, R. S. Klein, and T. L. Doering. 2017.

417  Trojan Horse Transit Contributes to Blood-Brain Barrier Crossing of a Eukaryotic Pathogen. MBio

23


https://doi.org/10.1101/387688

bioRxiv preprint doi: https://doi.org/10.1101/387688; this version posted August 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

418 8.

419  17.Coelho, C., A. C. O. Souza, L. da S. Derengowski, C. de Leon-Rodriguez, B. Wang, R. Leon-
420 Rivera, A. L. Bocca, T. Gongalves, and A. Casadevall. 2015. Macrophage mitochondrial and stress
421  response to ingestion of Cryptococcus neoformans. J. Immunol. (Baltimore, Md. 1950) 194: 2345—

422 2357.

423  18. Syme, R. M., T. F. Bruno, T. R. Kozel, and C. H. Mody. 1999. The capsule of Cryptococcus
424  neoformans reduces T-lymphocyte proliferation by reducing phagocytosis, which can be restored

425  with anticapsular antibody. Infect. Immun. 67: 4620-7.

426  19. Kozel, T. R., and E. C. Gotschlich. 1982. The capsule of cryptococcus neoformans passively

427  inhibits phagocytosis of the yeast by macrophages. J. Immunol. 129: 1675-80.

428  20.Heitman, J., T. R. Kozel, K. Kwon-Chung, J. Perfect, and A. Casadevall. 2011. The Interaction

429  of Cryptococcus neoformans with Host MacroPhages and Neutrophils. ASM Press 373-385.

430 21. Alvarez, M., C. Saylor, and A. Casadevall. 2008. Antibody action after phagocytosis promotes
431  Cryptococcus neoformans and Cryptococcus gattii macrophage exocytosis with biofilm-like

432 microcolony formation. Cell. Microbiol. 10: 1622-1633.

433  22. Taborda, C. P., and A. Casadevall. 2002. CR3 (CD11b/CD18) and CR4 (CD11c/CD18) are
434  involved in complement-independent antibody-mediated phagocytosis of Cryptococcus

435  neoformans. Immunity 16: 791-802.

436  23. Casadevall, A. 2010. Cryptococci at the brain gate: break and enter or use a Trojan horse? J.

437  Clin. Invest. 120: 1389-1392.

438  24. Joly, E., and D. Hudrisier. 2003. What is trogocytosis and what is its purpose? Nat. Immunol.

24


https://doi.org/10.1101/387688

bioRxiv preprint doi: https://doi.org/10.1101/387688; this version posted August 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

439  4:815.

440  25. Steele, S., L. Radlinski, S. Taft-Benz, J. Brunton, and T. H. Kawula. 2016. Trogocytosis-

441  associated cell to cell spread of intracellular bacterial pathogens. Elife 5: e10625.

442  26. Rustom, A., R. Saffrich, I. Markovic, P. Walther, and H.-H. Gerdes. 2004. Nanotubular

443  Highways for Intercellular Organelle Transport. Science (80-. ). 303: 1007-1010.

444  27. Cartwright, A. N. R., J. Griggs, and D. M. Davis. 2014. The immune synapse clears and

445  excludes molecules above a size threshold. Nat. Commun. 5: 5479.

446  28. Stukes, S., and A. Casadevall. 2014. Visualizing non-lytic exocytosis of Cryptococcus

447  neoformans from macrophages using digital light microscopy. J. Vis. Exp. JOVE e52084.

448  29. Casadevall, A., and L.-A. Pirofski. 2012. Immunoglobulins in defense, pathogenesis, and

449  therapy of fungal diseases. Cell Host Microbe 11: 447-456.

450  30. Feldmesser, M., and A. Casadevall. 1997. Effect of serum IgG1 to Cryptococcus neoformans
451  glucuronoxylomannan on murine pulmonary infection. J. Immunol. (Baltimore, Md. 1950) 158:

452  790-799.

453

454  Footnotes

455 1. The authors declare that we have no commercial or other association which might pose a

456 conflict of interest.

25


https://doi.org/10.1101/387688

bioRxiv preprint doi: https://doi.org/10.1101/387688; this version posted August 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

457 2. Arturo Casadevall is supported by 5R01HL059842, 5R01A1033774, 5R37A1033142, and
458 5R01AI1052733. Quigly Dragotakes is supported by a T32 and a fellowship from the
459 ARCS-MWC foundation.

460 3. None of the data in this manuscript has been presented at any meetings.

461 4. All requests for reprints should be addressed to the corresponding author with information
462 provided on the title page.

463 5. No authors affiliations have changed since completion.

464

465  Figure Legends

466

467  Figure 1. Dragotcytosis event captured via fluorescent microscopy. Representative frames before
468  (Pre), during, and after (Post) cryptococcal transfer. 10X Phase Contrast, Cytosolic CellTracker
469  Green CMFDA (Green), Uvitex (Blue), and merged channels. The Scale bar represents 10 um and
470 is constant for all images. Pre, During, and Post Transfer images were obtained from movie frames
471 266, 274, and 278, respectively. These images are from Event 4 in subsequent graphs.

472

473  Figure 2. Quantifications of stains from Dragotcytosis events in biological replicates. A. Donor
474  cell cytosol as measured by CellTracker Green CMFDA intensity before (blue) and after (red)
475  transfer. B. Acceptor cell cytosol as measured by CellTracker Green CMFDA intensity before and
476  after transfer. Intensity values remain at background levels in each replicate. C. Presence of
477  cryptococcal cell inside Donor cell measured as Uvitex intensity before and after transfer. D.
478  Presence of cryptococcal cell inside Acceptor cell measured as Uvitex intensity before and after

479  transfer. Significance was determined by two tailed t-test with (****) representing a P value of <
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480  0.0001, (***) representing a P value of <0.001, and (**) representing a P value of <0.01. Data for
481  each population is each individual pixel intensity measurement, with bars representing minimum-
482  maximum spans in box-whisker format. Density histograms represent population data specifically
483  for Event 4 with cross-hatch rectangles representing mean +/- standard error. The relative
484  fluorescence of Event 1 is higher than the other events because that measurement came from the
485 initial experiment before dyes were titrated for optimization. Each of these events corresponds to
486  a single event in which a single yeast is transferred from one macrophage to another with the
487  exception of event 8 which spans two individual transfer events in which one yeast cell is
488 transferred during each event. This was due to the necessity of acquiring clear frames for

489  quantification.

490

491  Figure 3. Inhibition and timing of transfer events supports exocytosis-phagocytosis hypothesis.
492  A. Quantification of the frequency of transfer events observed between BMDMs supplemented
493  with different inhibitor antibody combinations. Frequency values represent frequency of events
494  based on number of events in all infected cells, with complete information found in Table 1. B.
495  Quantification of the total timespan of each transfer event as well as phagocytosis ingestion time
496  determined by total frames captured. C. Quantification of the total timespan of transfer events
497  compared to the addition of phagocytosis and exocytosis events. Data points represent population
498  average with bars representing population standard deviations. P-value calculated as non-

499  significant via unpaired two-tailed t-test.

500
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501  Figure 4. Proposed overarching model of cryptococcal cell-to-cell transfer. A. The initial step in
502 transfer, and the point which was defined as the start of exocytosis. The moment when a
503 phagosome (white space) containing an opsonized cryptococcal cell begins to move toward the
504  plasma membrane of the donor macrophage. B. The second step of transfer when the phagosome
505 reaches and merges with the plasma membrane of the donor macrophage in a manner which expels
506 the cryptococcal cell. Cytosol is retained within the donor macrophage and excluded from the
507 transfer process. The moment at which the cryptococcal cell is fully expelled from a macrophage
508 was defined as the end of exocytosis. C. The third step of transfer in which the released
509  cryptococcal cell is free to interact with the Fc receptor of the acceptor macrophage via opsonin
510 which survives the initial phagosome. The moment of initial attachment of cryptococcal cell to
511  macrophage was how the start of phagocytosis was defined. D. The final step of transfer, the point
512  at which the cryptococcal cell has been fully ingested by the acceptor macrophage. This moment
513 s also used to define the end of phagocytosis. Below. The total time of exocytosis, phagocytosis,
514 and Dragotcytosis denoted by black line and measured time. The total length of Dragotcytosis

515  roughly equals that of exocytosis plus phagocytosis.

516

517  Supplemental Figure 1: Compilation of density histograms representing the data portrayed in the
518  cytosolic stain and Uvitex 2B quantifications. Vertical patterned bars represent the mean plus or
519  minus the standard error of mean. These depictions offer a better visualization for the difference,

520 or lack thereof, between stains before and after transfer events.

521

28


https://doi.org/10.1101/387688

bioRxiv preprint doi: https://doi.org/10.1101/387688; this version posted August 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

522  Supplemental Figure 2: Quantification of a plasma membrane marker before and after transfer

523  events for donor and acceptor macrophages.

524

525  Supplemental Movie 1: A high resolution microscopy video of non-lytic cell-to-cell transfer of

526  C. neoformans from one macrophage to another.

527

528  Supplemental Movie 2: A representative full move of one transfer event. Cells are visualized by

529  phase contrast (gray), cytosolic stain (green), and Uvitex 2B (blue).
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Repeat aCD16/32 Complement .
Event Control aCD16/32 | aCD11b +acD11b FcR KO Opsonized Cytochalasin
Lytic
12 (6. 1(0.67 1 (0. 7. 7 (6.2
Exocytosis (6.9) (0.67) 0 (0.8) 6 (4.03) 2(7.38) (6.25)
Non-Lytic
A 1(0.67 4 (2. 1 (0. 4 (2. 4,92
Exocytosis 9(5.1) (0.67) (2.65) (0.8) (2.68) 6 (4.92) 0
Transfer 14 (8) 2(1.34) 6 (3.97) 0 3(2.01) 3(2.50) 0
Total 140 149 151 126 149 122 112

Infected Cells

Table I. Quantified cellular events in the presence or absence of antibody receptors. Counts are

written as “Total # (Percent)”.
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