[\

W

11
12

13
14

15
16

17

18
19

20
21

22
23

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40

41
42

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.03.592378; this version posted May 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

Hijacked Immune Cells Traverse Microenvironmental Barriers

by Positioning and Pushing their Intracellular Parasite Cargo

Authors: Mauricio J.A. Ruiz-Fernandez!, Jianfei Jiang??, Armina Mortazavi>3, Bingzhi
Wang!, Artur Kuznetcov!, Jack Merrin*, Markus Meissner®, Javier Periz>*, Benedikt
Sabass>**, Jorg Renkawitz!*

Affiliations:

! Biomedical Center, Walter Brendel Center of Experimental Medicine, Institute of Cardiovascular
Physiology and Pathophysiology, Klinikum der Universitit, Ludwig-Maximilians-University Munich;
Munich, Germany.

2 Department for Veterinary Sciences, Institute for Infectious Diseases and Zoonoses, Ludwig-Maximilians-
University Munich; Munich, Germany

3 Faculty of Physics and Cetner for NanoScience, Ludwig-Maximilians-University Munich; Munich,
Germany

4 Institute of Science and Technology (IST) Austria; Klosterneuburg, Austria

5 Experimental Parasitology, Department for Veterinary Sciences, Ludwig-Maximilians-University Munich;
Munich, Germany

*Correspondence: Javier.Periz@para.vetmed.uni-muenchen.de, Benedikt.Sabass@micro.vetmed.uni-
muenchen.de, and Joerg.Renkawitz@med.uni-muenchen.de.

Abstract:

Intracellular pathogens hijack the cytoskeletal networks of their host cells to facilitate their
uptake, drive their intracellular motility, or prevent their degradation. While many underlying
principles have been explored during host cell infections by intracellular bacteria like Listeria,
Chlamydia, or Shigella, it remains less well understood how large eukaryotic intracellular
parasites like Toxoplasma gondii exploit the host cytoskeleton. In particular, how Toxoplasma
achieves its transport within highly motile immune cells remains largely unknown despite its
large intracellular size. Here, we discover that Toxoplasma gondii hijacks host myosin forces
for translocation through microenvironmental barriers along immune cell migration paths.
Using highly defined micro-engineered migration paths and dendritic cells as a highly motile
immune cell model, we reveal that large parasitic cargos acquire a surprising intracellular
position frontward of the host nucleus and microtubule-organizing center. This frontward
localization of parasitic cargos depends on microenvironmental confinement and host myosin
activity. We identify that the parasite cargos cause high contractility within their motile host
cells mediated by host myosin-II, thereby facilitating their squeezing and deformation to enable
transversal through confining microenvironments. Our findings establish parasitic hijacking of
myosin forces as a novel principle of how parasites exploit host cytoskeletal networks.

Keywords: Toxoplasma gondii, cytoskeletal forces, myosin, cell motility, organelle
positioning, dendritic cells, microenvironmental pores.


https://doi.org/10.1101/2024.05.03.592378
http://creativecommons.org/licenses/by-nc-nd/4.0/

43

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.03.592378; this version posted May 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

Introduction

Mammalian cells are equipped with dynamic cytoskeletal structures that provide forces for cell
shape dynamics, cell motility, organelle positioning, and intracellular transport! . Intracellular
pathogens can hijack these forces generated by the host cell to (i) facilitate their uptake, (ii)
drive their intracellular motility, or (iii) prevent their degradation*. For instance, various
intracellular pathogens like the bacterium Shigella flexneri hijack and modulate the ability of
host cells to engulf extracellular fluid by actin-dependent cellular protrusions in a process
termed macropinocytosis, thereby facilitating their uptake and also release into the host
cytoplasm®>~’. The host actin cytoskeleton is further critical to provide a structural scaffold
around vacuoles of the intracellular bacterium Chlamydia for vacuole stability ®. Moreover, the
intracellular bacteria Listeria and Rickettsia employ a comet-like movement within host cells
to cross the plasma membrane of neighboring cells. The forces driving this fast intracellular
movement originate from the host actin cytoskeleton, which is induced by the Listeria protein
ActA that is anchored to the pathogen surface and stimulates the actin nucleation activity of
the host actin nucleator Arp2/3°, or by the Rickettsia protein Sca2 that has formin-like
properties and thereby directly nucleates host actin in a linear manner!?. Thus, hijacking of the
host cell cytoskeleton is important for infection cycles of diverse bacterial pathogens.

However, whether and how the host cytoskeleton is exploited by large eukaryotic
intracellular parasites is less well understood. The eukaryotic intracellular parasite
Leishmaniasis generates a protective host actin coat around Leishmania-containing
phagosomes!'! and also alters the host actin cytoskeleton of macrophages and dendritic cells to
modulate their migratory ability'2. The migratory capacity of dendritic cells is also well-known
to be stimulated by the eukaryotic intracellular parasite Toxoplasma gondii, which induces a
highly active migration mode of host dendritic cells '*14. Considering that Toxoplasma gondii
(1) disseminates quickly from the host gut through the host organisms into lymph nodes and
diverse tissues, and (ii) efficiently infects highly migratory host immune cells like dendritic
cells, neutrophilic granulocytes, and T cells, Toxoplasma gondii appears to hijack the ability
of host immune cells to move through tissues and to cross microenvironmental barriers'>!6,
However, such a model leads to a paradox, in which the large size of the parasitophorous
vacuole that contains the replicating parasite!” appears incompatible with the crossing of tissue
microenvironments that are highly confining and contain pores that are substantially smaller
than the host cell body and the parasitophorous vacuole's.

While some studies observed efficient migration of immune cells loaded with
Toxoplasma cargos within in vivo tissues and 3D collagen matrices, others observed limited
crossing of microenvironmental barriers!®2!. Thus, it remains unknown whether and how
Toxoplasma achieves its intracellular transport as a bulky cargo in immune cells. Also more
generally, how do large intracellular parasites exploit the mechanics and forces of host cells to
efficiently cross microenvironmental barriers efficiently?

To address this knowledge gap, we here generated micro-engineered
microenvironments that allowed us to investigate the crossing of Toxoplasma cargos within
motile immune cells through space-limiting microenvironments in a quantifiable throughput
manner. Thereby, we discover that Toxoplasma hijacks myosin-driven forces of the host cell
for dynamic intracellular repositioning and for crossing microenvironmental barriers,
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86  providing a new principle of how intracellular pathogens hijack the cellular forces and
87  mechanics of the host.
88

89  Results

90  Unfolding and deformation of the parasitophorous vacuole cargo during immune cell
91  crossing of microenvironmental barriers

92 To address the paradox of how motile immune cells transport large intracellular parasitic cargos
93  efficiently, we employed mouse dendritic cells (DCs) as a well-established highly migratory
94  cellular model and Toxoplasma gondii as a well-established eukaryotic intracellular parasite
95 model. Upon timed infection, we loaded the parasite-bearing DCs into microchannels with a
96  defined width of 8 micrometers and height of 5 micrometers, providing a straight tunnel-like
97  track for motility. Using fluorescently tagged Toxoplasma parasites and simultaneous imaging
98  of hundreds of microchannels allowed us to precisely quantify the migratory velocity for the
99  first time depending on the replication stage of the parasite. These measurements showed that
100 dendritic cells loaded with 1-, 2-, and 4-stage parasites have high migratory velocities of around
101 10 micrometers per minute, comparable to the velocity of non-infected bystander DCs (Fig. 1a,
102 b). Yet, when the parasites further replicated to 8-, 16-, and 32-stages, in which the
103 parasitophorous vacuole (PV) that contains the individual parasites is even larger than the host
104  nucleus (Fig. 1¢), decreased the host cell velocity (Fig. 1b). Nevertheless, even extremely large
105 16- and 32-stage PVs that entirely filled the width of the microchannels and large parts of the
106  host cytoplasm, still migrated with substantial speeds of 2-6 micrometers per minute (Fig. la-
107 c¢). These findings showed that microenvironmental confinement slows the migration of
108 immune cells loaded with very large parasitic cargos, but also suggested that even extremely
109  large parasitic cargo transport is rather efficient.

110 To identify the limits of parasitic cargo transport within motile DCs, we introduced a
111 defined pore of 4-micrometers widths into the migratory track. While larger parasitic cargos
112 took longer to squeeze through the pore, they still passed surprisingly efficiently (Fig. 1d). To
113 provide a smaller pore that is even smaller than an individual parasite, we next introduced pores
114  with widths of only 2 micrometers, and still observed high rates of cellular passage, even when
115 loaded with large parasitic cargos (Fig. le).

116 To understand how this large, bulky, and stiff parasitic cargo is translocated through
117  narrow microenvironmental pores, we next performed fast time-lapse and high-resolution
118  imaging of labeled parasites. These measurements revealed a sequential passage of parasites
119 within a PV through the pores, followed by a rapid PV reorganization behind the pore (Fig. 1f).
120 Squeezing-like deformations of individual parasites accompanied this unfolding-like behavior
121 of the parasitic PV while they translocated through the pore, substantially deforming the
122 ellipsoid shape of Toxoplasma gondii (Fig. 1g). Notably, the individual parasites frequently
123 resided for some time during their invasion into the pore, which was followed by a quick
124 translocation through the pore once the entire parasite was deformed (Fig. li), further
125 underscoring the stiffness of the parasite. Together, these findings demonstrate that
126  intracellular Toxoplasma parasites are a large, bulky, and stiff cargo within motile dendritic
127 cells, thereby representing a bottleneck during migration through microenvironmental pores.
128  However, the translocation of the parasite through narrow pores by PV unfolding and parasite
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129 squeezing also suggests that the parasite employs mechanisms that enable its efficient transport
130 as cargo while immune cells quickly migrate through confining microenvironments.

131

132 Dynamic intracellular repositioning of large parasitic cargos towards the cell front of
133 motile immune cells.

134 To identify the mechanisms of how the parasite organizes its efficient transport as cargo, we
135 imaged the intracellular position of the parasite in relation to the host nucleus and the
136 microtubule-organising center (MTOC), both serving as indicators for the underlying cell
137  polarity and thus cytoskeletal forces. To our surprise, we observed that parasitic cargos are
138 frequently positioned frontward of the host DC nucleus during the migration through maze-
139 like microenvironments (Fig. 2a). Given that DCs belong to the class of migrating cells that
140  employ an amoeboid migration mode that is characterized by low-adhesiveness to the substrate
141 and frontward positioning of the nucleus towards the cellular protrusion®??, this even more
142 frontward positioning of the parasitic cargo in relation to the host nucleus was highly
143 unexpected. Notably, quantification of parasite positioning in relation to the parasite stage
144 revealed that large parasitic 8- and 16-stage cargos particularly frequently positioned in front
145 of the host nucleus (Fig. 2a). To confirm this finding, we loaded parasite-infected DCs in 8
146  micrometers wide linear microchannels, allowing us to precisely map the intracellular
147 positioning of the parasite independent of directional changes of the host cell (Fig. 2b).
148 Quantification confirmed an increasing frontward positioning of the PV cargo with increasing
149  PV-stage and -size, in which very small 1-stage PV cargos are mostly positioned in the back
150  of the host nucleus, whereas very large 32-stage PV cargos are mostly positioned in the front
151 (Fig. 2c). In agreement with this finding, we frequently observe repositioning of large parasitic
152 cargos from the rear to the front during our imaging intervals but rarely vice versa (Fig. 2d, e),
153  demonstrating that large parasitic cargos actively acquire their frontward intracellular
154 localisation.

155 To map this surprising intracellular position of the parasitic cargo more precisely, we
156  infected EB3-mcherry expressing DCs, serving as a microtubule-plus end and microtubule-
157  organising center (MTOC) marker with the motile host cells (Fig. 2f). This revealed that large
158  parasitic cargos are mostly positioned frontward of the MTOC (Fig. 2g), which typically
159 localizes approximately to the center of cells. Moreover, in most cases the large parasitic cargo
160  is even positioned together with the nucleus in front of the MTOC (Fig. 2h), showing that both
161  can acquire an amoeboid-like frontward positioning. These findings together uncover that large
162 parasitic cargos are positioned towards the cell front despite their large and bulky nature.

163 Interestingly, when we loaded passive beads with a diameter of 6 micrometers into
164  parasite-infected DCs, we observed a rather random intracellular localization of the passive
165  beads, being mostly positioned behind the parasitic cargo (Fig. 2i), suggesting that the parasite
166 may actively drive its positioning with increasing PV-stage. Notably, 4- and 8-stage PVs
167  represent the transition point of when the parasitic cargo begins to be preferentially positioned
168  towards the cell front, correlating with a parasitic size that is large enough to be in the close
169  vicinity of the microenvironmental substrate in 8 micrometers wide microchannels. Thus, we
170 speculated that the frontward positioning of large parasite cargo may be based on a mechanism
171  that senses the microenvironmental confinement of the parasitic cargo. To test this model, we
172 loaded parasite-infected DCs into more-wide channels with widths of 10- or 16 micrometers.
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173 Quantification indeed revealed that these wider-spaced microenvironments required larger
174  parasitic cargos to observe the frontward positioning of the parasitic cargo in comparison to
175 the 8 micrometers-wide microchannels (Fig, 2j, k). Together, these findings reveal that large
176  parasitic cargos are dynamically positioned towards the cell front, particularly in confining
177  microenvironments. Given that the parasitic cargo is not simply dragged at the very cell rear,
178 these data identify the existence of forces that move and position the parasitic cargo.

179

180  Host cell myosin drives the dynamic repositioning of large parasitic cargos.

181  To identify the forces that move the bulky parasitic cargo intracellularly, we targeted key
182 cytoskeletal force generators within the host cell. Host cells position specific sets of their
183  organelles by forces derived from the microtubule cytoskeleton and its motors?®, including the
184  pulling of the large and bulky nucleus in mesenchymal migrating cells?*. However, the above-
185  described positioning of Toxoplasma gondii parasites within DCs far frontward of the
186  microtubule organizing center rather argued against a mechanism that employs microtubule
187  forces to pull the bulky parasitic cargo. Indeed, when we analyzed the positioning of the
188  parasite cargo upon microtubule depolymerization, we did not observe any impaired frontward
189  positioning of large parasitic cargo (Fig. 3a). Rather in contrast, cells with a depolymerized
190  microtubule cytoskeleton may tend to position their large parasitic cargo even more likely to
191  the front of the cell (Fig. 3a), largely excluding microtubules as a major driving force for the
192 intracellular position of Toxoplasma gondii in motile DCs.

193 Given that microtubule-depolymerisation is well-known to induce cellular contractility
194 via myosin, the finding that microtubule-depolymerisation may cause a more likely frontward
195  positioning of large cargos suggested that forces originating from myosin may drive the
196  intracellular movement and positioning of the parasite. In line with this notion, we often
197  observed a smooth roundish cell front in Toxoplasma gondii-infected DCs (Fig. 3b) and even
198 occasionally cells with a blebbing cell front during migration, both indicators of a high degree
199 of intracellular contractility. This finding was surprising, as DCs have not yet been described
200 to employ a blebbing-like migration mode, which is used by some cell types for forward
201  movement**?>, As DCs typically have cell fronts composed of highly dynamic veil-like
202  protrusions, this finding indicated a shift in the balance of cellular progressiveness and
203  contractility?® upon parasite infection. Notably, when we quantified the frequency of this
204  smooth cell front phenotype in relation to the replication stage of the parasite, we observed that
205 large parasitic cargos almost always caused the appearance smooth roundish DC cell front (Fig.
206  3b). This phenotype was appeared even with smaller parasitic cargos upon host cell
207  microtubule depolymerization (Fig. 3b), again suggesting an increased myosin-based cell
208  contractility in Toxoplasma gondii-infected DCs.

209 To directly test this hypothesis, we first imaged the localization of host myosin by
210 infecting Myh9-GFP expressing DCs to visualize host myosin-IIA (Fig. 3¢). Live cell imaging
211 revealed a strong enrichment of myosin-IIA in the rear of the cell behind the parasitic cargo
212 (Fig. 3c). While uninfected DCs also often show a rearward accumulation, the distribution
213 pattern is often more distributed intracellularly. However, with the increasing parasite
214 replication stage, we observed an increasing frequency of a clearly defined rearward
215 enrichment of host myosin-IIA (Fig. 3d), showing that large parasitic cargos cause a shift in
216  the distribution of myosin-IIA. This strong rearward accumulation of myosin suggested a
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217 model in which myosin-based contractility at the cell rear cause a contractile force that pushes
218  the parasitic cargo. To directly test this model, we employed the myosin-inhibitor para-nitro
219 blebbistatin and measured the positioning of the parasitic cargo during DC migration. While in
220 control cells the frontward position of the parasite cargo increased with increasing parasite
221  stages, inhibited cells showed an overall mostly random localization pattern (Fig. 3e). This
222 finding was substantiated when we analyzed the frequency of how often the PV cargo moves
223 to the front in our imaging periods, revealing that myosin-inhibition strongly impaired the
224 ability of parasitic cargos to move toward the cell front of infected-DCs (Fig. 3f). Together,
225  these data show that Toxoplasma gondii parasites hijack forces from host myosin contractility.
226  Considering that this particularly occurs with large parasitic cargos shows that parasites are
227  able to adapt their hijacking strategy to the size of the parasite.

228

229  Intracellular parasitic repositioning and host cell contractility facilitate crossing of
230  microenvironmental barriers.

231 To address whether Toxoplasma gondii does not only hijack host myosin contractility for its
232 own intracellular movement but also to overcome microenvironmental barriers that motile
233 immune cells face on their trafficking paths, we quantified the velocity of parasite-loaded
234 motile DCs upon myosin inhibition. This showed that uninfected bystander cells achieve the
235 same velocities in the presence of the myosin inhibitor para-nitro blebbistatin as control cells
236 (Fig. 4a). Similarly, also parasite-infected cells with small 1-stage PVs showed non-impaired
237  migration velocities (Fig. 4a). However, with increasing PV stages and thus sizes of the parasite
238  cargo, myosin inhibition caused impaired migration through 8 micrometers-wide
239 microchannels (Fig. 4a), suggesting that migration of parasite cargos with sizes being confined
240  in the microenvironment may require host myosin activity.

241 To directly mimic confined microenvironments, we next investigated how often
242 parasite-infected DCs passed 2 micrometers pores. While almost all control cells efficiently
243 translocated through these tiny pores (as shown in Figure 1), myosin inhibition caused a strong
244  impairment of larger PV to cross these pores (Fig. 4b). While small 1- and 2-stage parasites
245  still sometimes migrated through the pores, large 4-, 8-, and 16-stages almost always got
246  entirely stuck at the 2 micrometer-sized pores (Fig. 4b). Notably, when we imaged the
247  behaviour of parasite-loaded DCs that get stuck at the pore entrance when myosin function is
248 impaired, we noticed egress of the parasite out of the host cell (Fig. 4c). Quantification in
249  relation to the PV cargo revealed that egress was rare in control cells but particularly frequently
250  occurring with large parasitic cargos upon impairement of myosin activity (Fig. 4c). Together,
251  these data discover that Toxoplasma gondii hijacks the myosin contractility of the host cell to
252 achieve its transport during the highly dynamic migration of dendritic cells through complex
253 and confining microenvironments. These data further discover that this hijacking mode adapts
254 to the size of the parasite cargo, providing forces when they are most needed, namely to move
255 and squeeze particularly large intracellular parasitic cargos.

256

257

258

259
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260 Discussion

261  Parasites can facilitate their dissemination within the host organism by intracellular transport
262 in highly motile immune cells. Whereas the dissemination of the eukaryotic parasite
263 Toxoplasma gondii by long-range transport between different tissues within a single immune
264  cell is highly debated' and appears unlikely, facilitated dissemination by a ‘hop-on hop-off’-
265  like mechanism with multiple cycles of infection and egress using different individual motile
266  immune cells is strongly supported by several pieces of evidence: Toxoplasma gondii (1) infects
267  efficiently and early immune cells in the gut of their host upon uptake by food, (ii) arrives
268  already after a few days in the lymph nodes, which represent the homing destination of many
269 highly motile immune cells, and (iii) even induces a high motile mode of immune cells once
270  they are infected!>?’. However, considering the bulky nature of the parasitophorous vacuole -
271 in which the parasite replicates - within its host cells, it remained entirely unknown how fast
272 immune cell migration through the complex and confining microenvironment of tissues is
273 compatible with such a bulky cargo. Here, we identify that the parasitic cargo is indeed larger
274 and likely even stiffer than the host nucleus. This finding was surprising, as the host nucleus is
275  already well-known to be a bottleneck for cell motility through environmental pores®28
276  its large size and high stiffness in comparison to other cellular organelles®. Employing

, given

277 hundreds of microchannels with defined microenvironmental topography in parallel, allowed
278  us to here discover how the parasite overcomes this paradox. We identify that the parasite
279  causes a rearward accumulation of myosin, fostering a presumably frontward-driven cellular
280  contractility from the cell rear to drive the movement of the parasite within the host cytoplasm
281  and through microenvironmental confinement. If this myosin II-driven contractility is
282  impaired, the parasitic cargo and thus the entire immune cell gets stuck at narrow pores,
283  preventing parasite dissemination and causing local egress. Together, these findings identify
284  the principle of pathogen hijacking of host myosin contractility for efficient parasite cargo
285  transport. Further, our findings identify that Toxoplasma gondii modulates the forces of the
286  host cytoskeleton with its own size to an increasing extent, thereby discovering that parasites
287  can adapt their hijacking of the host cytoskeleton to the nature of the parasitic cargo.

288

289
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394  Figures and figure legends

395
397
Figure 1. Unfolding and deformation of the parasitophorous vacuole cargo during immune cell
crossing of microenvironmental barriers.
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400  Figure 1. Unfolding and deformation of the parasitophorous vacuole cargo during
401  immune cell crossing of microenvironmental barriers. (A) Representative Toxoplasma
402 gondii-infected dendritic cells (DCs) migrating in linear microchannels. Note the different
403 replication stages (1- to 32-stage) of the parasite within the motile host cell. Toxoplasma gondii
404  is shown in red, the host DC nucleus in cyan (Hoechst), and the imaging medium contained
405  DMSO. (B) Quantification of a) of the DC velocity in relation to the replication stage of the
406  parasite cargo. N= 86 cells (non-infected bystander DCs), 22 cells (1-stage PV), 29 cells (2-
407  stage PV), 50 cells (4-stage PV), 93 cells (8-stage PV), 67 cells (16-stage PV), and 11 cells
408  (32-stage PV) from 3 independent biological replicates. Data are mean+95% CI. (C) Length of
409  the parasitophorous vacuole in comparison to the host cell nucleus during DC migration along
410  linear microchannels as shown in a). N= 8 cells (1-stage PV), 10 cells (2-stage PV), 24 cells
411 (4-stage PV), 28 cells (8-stage PV), 37 cells (16-stage PV), and 9 cells (32-stage PV) from 3
412 independent biological replicates. Data are mean+95% CI. (D) Passing times of parasitic cargos
413 of different sizes during DC migration through 4 micrometers-sized pores. Data are meantSD.
414  (E) Passing times of parasitic cargos of different sizes during DC migration through 2
415  micrometers-sized pores. Data are meantSD. (F) Representative 16-stage example of
416  unfolding of the parasitophorous vacuole (PV) during passage through a 2 micrometers-sized
417  pore. The yellow dashed square is shown as a zoom. (G) Representative example of squeezing
418  of individual parasites within a 2-stage parasitophorous vacuole (PV) during passage through
419 a2 micrometers-sized pore. The yellow dashed square is shown as a zoom.
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Figure 2. Dynamic intracellular repositioning of large parasitic cargos towards the cell front
of motile immune cells.

a P itic cargos repositi the host cell front b Intracellular positioning of parasite cargos C Quantification of b)
during parasite replication & PV growth during directional migration
4 ~1007) Straight 4
@ migration 100
3D migration 3 (straight
“pillar forest” L] 8 microchannels)
. ® 3% [
o ® 82 ® 2 8o
e o ST 2
) font €3 PV 3
oG e infon 'SE | i 8 60
o o g2 %0 £
o o5
IR 4 & top view 4 23 a0
. £E 2
= €
denditic cell o z 5 e [ ) 2 201
T.gondi @ s o
3 side view )
B | 1
hostpucleus = 0= denditic cell / . 4 - — 0-
in front T.gondii PV Nuc PV Nuc PV Nuc PV Nuc PV Nuc hogipucieus
in n in in n in n in in in in in
front front front front front front front front front front front front &
1-stage 2-stage  4-stage 8-stage 16-stage 32-stage N
, e ° % ® ©
e Quantification of d)
1007 -@- host nucleus moving to front
-@- PV moving to front
g
o
o
2
5
2
S
=)
g
H
2
@
o
o
f PV localisation in relation g The PV localises frequently h The PV and the host nucleus localise
to the host MTOC in front of the host MTOC frequently in front of the host MTOC
Straian [l PV in front of MTOC
m,‘;a‘%e‘,, [ MTOC in front of PV parasiiophoros 1
(straight c L
mic o) 4§ oMol
= .
5 100 1 Intracellular PV vs bead
5 -] positioning in motile cells
5 PVin front I Nucin front MTOC in front
O 80 Py & Nu N N " " " 4
s 23 oo MEom o
] nucleus
pir it 150 im0
O ® bead [ H
5 + ETw 3 - !
™ % S bead at rear PV at rear nucleus at rear
side view 2c 3 ti g
e 2 20 £S 100 ‘pilar forest 5100
dendritic cell / ° 8= 2
T.gondi L] s 282 . H
a 0 ‘o8 ¢
"o $ L L L L 8%s P ¢
PV uc 2 2 ¥ P O 0§° o pe %
520 507 58 580 07 @ S o
infront  in'teont TP ‘b’b\ & .-,’1«"9 E 355 50 S & 3
e ° . S 50
8-stage PV 2 5 . s
* ) oo B 2 . "% 3
PV stage g N g
0 denditic cell /
ondii
0
Nucleus PV Nucleus Bead PV Bead
PV Nucleus Bead Nucleus Bead
Bead Bead PV PV Nucleus Nucleus
PV stage
] Quantification of the positionin? of large PV cargos k Quantification of the repositioning of large PV cargos
to the host cell front towards the host cell front
* B PVinfront [ Nuc in front n=3 rep: . PV moves to front PV stays at front M Nuc moves to front ~ Nuc stays at front
10 id 16 vids 10 micrometers-wide 16 micrometers-wide
swaight 100 100
T @ g £
microchannels) %3 80 g 80
infront  ®e s
35 5
2= 60 5 60
4 35 2
g E 40 5 40
£ 3 =
dendriticcell/ | @ 02 2
Tgondii @ ;=§ 20 S
ag
hogh RiEae U 0 0
@ £ 2 2 2 2 @ L 2 L L 2 2 g 2 2 2 2 2 & & 2
S5 F ST S TS 5 S S S S E LS S
NN G N W 7 WY NTT W T & Y N W & & WY

426 -
427

428


https://doi.org/10.1101/2024.05.03.592378
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.03.592378; this version posted May 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

429  Figure 2. Dynamic intracellular repositioning of large parasitic cargos towards the cell
430  front of motile immune cells. (A) Positioning of the parasitophorous vacuole (PV) in relation
431  to the host cell nucleus during migrating of toxoplasma-infected dendritic cells (DCs) through
432 a maze of pillars (10 micrometer spacing between pillars). N= 22 cells (1-stage PV), 23 cells
433 (2-stage PV), 17 cells (4-stage PV), 17 cells (8-stage PV), 2 cells (16-stage PV) from 3
434 independent biological replicates. Data are meant+95% CI. (B) Representative examples of PV
435  positioning in relation to the host cell nucleus during DC migration in a straight 8 micrometer-
436  wide microchannel. Toxoplasma gondii in red, host cell nucleus in cyan. (C) Quantification of
437  the positioning of the parasite cargo in relation to the host nucleus as shown in b) in the presence
438  of DMSO. N=3 individual biological replicates. (D) Representative examples of the
439  repositioning of large PV cargos towards the host cell front into the front of the host nucleus.
440  (E) Quantification of d). (F) Representative example of EB3-mcherry expressing dendritic
441  cells (white; label for the MTOC) infected with Toxoplasma gondii shown in red. The host
442 nucleus is shown in cyan (G) Quantification of the PV to MTOC positioning as shown in f).
443 N=3 individual biological replicates. (H) Quantification of the PV to MTOC to nucleus
444  positioning as shown in f). N=3 individual biological replicates. (I) Quantification of the PV
445  to nucleus axis configuration in relation to latex beads. N=3 individual biological replicates.
446  (J) Quantification of the PV to nucleus axis configuration during migration in wider 10 and 16
447  micrometers channels. N=3 individual biological replicates. (K) As in J, but showing the
448  repositioning of PV cargos towards the host cell front into the front of the host nucleus. N=3
449  individual biological replicates.
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Figure 3. Host cell myosin drives the dynamic repositioning of large parasitic cargos.
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460  Figure 3. Host cell myosin drives dynamic repositioning of large parasitic cargos. (A)
461  Quantification of the positioning of the parasitic cargo in relation to the host nucleus in the
462 presence of the microtubule inhibitor nocodazole or DMSO controls. N=3 individual biological
463 replicates. (B) Quantification of the smooth cell front phenotype in the presence of the
464  microtubule inhibitor nocodazole or DMSO controls. N=3 individual biological replicates. (C)
465  Representative examples of Myh9-GFP expressing DCs (myosin-1IA; shown in white) infected
466  with Toxoplasma gondii (shown in red). The host nucleus is shown in cyan. (D) Quantification
467  of the major localization of the Myh9-GFP signal in relation to the replication stage. N=3
468  individual biological replicates. (E) Positioning of the parasitic cargo in presence of the myosin
469  II inhibitor para-nitro-blebbistatin or DMSO controls. Note that the control cells are the same
470  as plotted in Fig 2c. N=3 individual biological replicates. (F) Repositioning of the parasitic
471  cargo toward the cell front into the front of the host nucleus in presence of the myosin II
472 inhibitor para-nitro-blebbistatin or DMSO controls. Note that the control cells are the same as
473 plotted in Fig 2e. N=3 individual biological replicates.
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Figure 4. Intracellular parasitic repositioning and host cell contractility faciliate crossing of
microenvironmental barriers.
a Migration of host cells with large parasitic b Myosin is required for pore passage
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481  Figure 4. Intracellular parasitic repositioning and host cell contractility facilitate crossing
482  of microenvironmental barriers. (A) Dendritic cell migration velocity through 8
483  micrometers-wide microchannels upon Toxoplasma gondii infection, in presence of the myosin
484 Il inhibitor para-nitro-blebbistatin or DMSO controls. N=3 individual biological replicates. (B)
485  Dendritic cell migration passing time through 4 and 2 micrometers-wide microchannel pores
486  upon Toxoplasma gondii infection, in presence of the myosin II inhibitor para-nitro-
487  blebbistatin or DMSO controls. N=3 individual biological replicates. (C) Parasitic egress upon
488  migration or attempt migration through 4 and 2 micrometers-wide microchannel pores upon
489  Toxoplasma gondii infection, in presence of the myosin II inhibitor para-nitro-blebbistatin or
490  DMSO controls. N=3 individual biological replicates
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498  Methods

499  Cell culture.

500  Cells were maintained at 37°C in a humidified incubator with 5% CO; in basis medium of
501  RPMI-1640 medium (Invitrogen, 21875034) containing 10% fetal bovine serum (Gibco,
502 10437-028), 1% penicillin-streptomycin (Sigma-Aldrich, P0781, 100 U/ml penicillin and 100
503  pg/ml streptomycin), 50 uM 2-mercaptoethanol (Gibco, 31350-010). For the culture of
504  immortalized hematopoietic precursor cells (Hoxb8 cell®® ), the basis medium was
505  supplemented with 5% culture supernatant of Flt31 secreting cells and 1 uM estradiol (Sigma-
506  Aldrich, E2758-1G).

507

508  Bone marrow isolation from mice

509  All animal experiments were performed in accordance with the German Animal Welfare Act.
510  The Core Facility Animal Models of the Biomedical Center (BMC) at LMU Munich housed
511  the used mice. Bone marrow from male and female C57B16/J mice sacrificed at age 8 to 12
512 weeks was used for the generation of bone marrow-derived dendritic cells (BMDCs). For this,
513  mice were euthanized by cervical dislocation, femurs and tibiae were isolated, cut open and
514  flushed with basis medium.

515

516  Differentiation of dendritic cells

517 DCs were differentiated from Hoxb8 progenitor cells or murine bone marrow derived
518  progenitor cells. Progenitor cells were seeded in basis medium supplemented with 10% culture
519  supernatant of GM-CSF secreting cells. On day 3, 20% GM-CSF medium was added 1:1 to the
520  cells without pipetting the cells. On day 6, half the culture medium was replaced with 20%
521  GM-CSF medium without pipetting the remaining cells. On day 8 cells were frozen in fetal
522 bovine serum (FBS, Gibco, 10437-028) supplemented with 10% DMSO, first for 3 day at -70C
523 in a suitable Freezing Container then stored for up to 1 year in liquid Nitrogen storage. Cells
524  were used after fast thawing in 37 °C water bath and washing in basis medium, cells were
525  resuspended in basis medium supplemented 10 % GM-CSF medium, 1 million cells were
526  seeded in 3 ml medium per well of a 6 well plate.

527

528  Culturing of Toxoplasma gondii parasites

529  Toxoplasma cell line was tagged with HALO following standard protocols established in the
530  lab 3!. Parasites were maintained on HFFs (Human foreskin fibroblasts (HFFs) (RRID:
531  CVCL 3285, ATCC) in DMEM (Dulbecco’s modified Eagle's medium), 10% fetal bovine
532 serum, 2 mM L-glutamine and 25 mg/ml gentamicin, and maintained at 37°C and 5% CO2.
533 Cultured cells and parasites were screened against mycoplasma contamination with LookOut
534  Mycoplasma detection kit (Sigma) and Mycoplasma Removal Agent (Bio-Rad) if needed.

535

536  Infection of dendritic cells with Toxoplasma gondii parasites

537  HFFs 4cm dish cell cultures were infected with 5x10° parasites and left to replicate for 48h
538 until replicating vacuoles were ready to egress. Following the established protocols in the lab*?,
539  parasites were released by process of scratching and syringing, and then filtered to remove cell
540  debris. Next, toxoplasma cells were centrifuged at 300 g for 5 min and resuspended in
541  prewarmed PBS, washed again and resuspended in prewarmed basis media supplemented with
542 10% GM-CSF medium. DCs were infected by incubating 0.5x10° parasites with 1x10% DCs
543 for 20 h in 3 ml basis media supplemented with 10% GM-CSF medium in the well of a 6 well
544  plate. Cells were stained for 50 min with Janelia dye 646 HaloTag ligand (Promega, GA1120)
545  and Hoechst 33342, two drops of NucBlue (Invitrogen, R37605) per 3ml cells, pelleted at 300g
546  for 5 min and resuspended in basis medium with inhibitors or DMSO according to the
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547  experimental requirements. For imaging, imaging medium was used, phenol-free basis medium
548  supplemented with 50 uM L-ascorbic acid (MilliporeSigma, W210901) to limit photobleaching
549  and phototoxicity.

550

551  PDMS microchannel assays:

552 Microchannels were generated as described previously described ** Polydimethylsiloxane
553  (PDMS, Sylgard 184, Biesterfield) was mixed, elastomer and curing agent 1:10, poured over
554  silicon wafer with the negative microchannel structures imprinted by photolithography,
555  degassed in vacuum, and cured at 80 °C overnight. The PDMS was cut to micro devices of
556  approx. 7x12 mm in size, 2 holes of 2x7 mm were punched with 1 mm distance in between
557  using a custom-made puncher, then the devices and glass coverslips that had been cleaned with
558  isopropanol and ethanol were cleaned in a plasma cleaner and bonded at 120 °C. The PDMS
559  devices were glued to a multi well plate. After 2 min plasma cleaner the microchannels were
560  flooded with imaging medium, and equilibrated in the cell culture incubator. 0.625 pg/ml
561  CCL19 were loaded into one hole and 50x10* infected and stained dendritic cells in the other
562 hole. Imaging was started as soon as the first cells entered into the microchannels.

563

564  Live cell imaging.

565  Live-cell imaging was performed using a Leica DMi8 inverted wide-field epifluorescence
566 ~ microscope with motorized stage and cell culture conditions of 37 °C and humidified 5 % CO2
567  (Pecon). Time-lapse recordings were performed using a 20x (Leica HC PL APO 20x/0.80,
568  11506529) or 40x (Leica HC PL APO 40x/0.95 CORR, 11506414) Lenses. The Leica sCMOS
569  Camera DFC9000 GT was used as camera, LEDS fluorescence light source. Toxoplasma JF640
570  signal was imaged with a far-red filter (Excitation: 638/31, Emission: 695/58) and 640 nm
571  excitation, EB3-mcherry with an orange filter (Excitation: 554/24, Emission: 594/32)) and 550 nm
572 excitation, signal the nuclear Hoechst signal with a blue filter (Excitation: 391/32, Emission:
573 435/30) and 395 nm excitation. Exposure to 395 nm light was kept to a bare minimum, just enough
574  to clearly localize the nucleus position and size, to avoid photo toxicity affecting experimental
575 results.

576  Inhibitor experiments

577  Inhibitors were added to the imaging medium and added to the cells after staining, and the
578  experimental environment, and CCL19 medium aswell. Para-Nitroblebbistatin was used at 25 uM
579  with the same volume of DMSO as control, here a 1:2000 dilution. Nocodazol was used at 1 uM
580  with the same volume of DMSO as control, here a 1:3333 dilution.

581

582  Image Analysis.

583 Fiji (version 2.14.0, ** and LAS X (Version 3.7.6) were used for image processing. Only cells not
584  interacting with other cells, and with single 1-32 stage PV or uninfected bystanders were analyzed.
585  For each cell individual parasite cells inside the PV were counted to assess the PV stage. All data
586  was grouped accordingly. Cells positions were tracked using ROI manager of Fiji and quantified,
587  exported, or merged to kymographs using custom made ImagJ scripts. Single cell data was analyzed
588  with R (R version: 4.3.3, R-studio version 2023.12.1.402, tidyverse package version 2.0.0) and
589  exported to GraphPad Prism (version 8.0.1) for statistical analysis.

590

591  Analysis of migration in straight channels: PV — host nucleus axis, migration speed, PV size
592 For orientation of Toxoplasma PV —host nucleus axis, cells were analyzed migrating in 8, 10 or 16
593  um wide and 5 pum high PDMS channels. In imaging medium alone or supplemented with DMSO
594  or inhibitors as indicated in the figure legends. Cells were imaged from ~100 to 600 pm after
595  entering channels, PV-nucleus orientation, position, was documented at the beginning and end of
596  the frame, from which orientation changes and average migration speed was calculated. PV or
597  nucleus size was measured as the length of the PV or nucleus in direction of the channel,
598  representing the major axis of the PV area. Cells were imaged at constant time interval that was
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599  depending on the replicate between 45 and 75 seconds, except for the unfolding analysis, here cells
600  were recorded every 10 s.

601

602  Analysis of migration in 2 and 4 pm constriction channels

603  For each cell first time point of entering the channel of the cell, the nucleus, and the PV,
604  respectively, as well as first timepoint in which the cell, PV, and nucleus, respectively, fully exited
605  the constriction were documented. From the difference in time the passing time was calculated.
606  Further cells that did not exit the constriction during the recording of 5 h were documented to
607  calculate percentage of passed and stuck cells. Egress also was documented. Cells were imaged at
608 2 min time interval.

609

610  Analysis of eb3-mcherry live fluorescence analysis.

611  DCs derived from EB3-mcherry or Myosin-GFP expressing Hoxb8 cells were imaged while
612  migrating in 8 um wide and 5 pm high microchannels. For the MTOC orientation analysis cells
613  with a clearly defined MTOC, as a single brightest spot in the EB3-mcherry fluorescence single
614  that was consistently present the recording time, were used. PV-Nuc-MTOC axis orientation was
615  documented after cells migrated roughly 300-500 pum in the channels.

616

617  Analysis of myosin-GFP live fluorescence analysis.

618  Myosin-GFP signal was analyzed first in 2 pm constriction channels. Kymographs of cells passing
619 2 um constriction were generated. As the fluoresce localization did not notably change during pore
620  passage, the localization of Myosin-GFP analysis was analyzed in straight PDMS microchannels
621  of 8 um width and 5 pm height. Myosin-GFP was categorized into predominantly in front,
622  predominantly in the rear, or diffuse signal, where fluorescence was not clearly localized neither to
623  the front or back but present everywhere.

624

625  Statistics. All experiments were performed at least as three independent biological replicates.
626  All replicates were validated independently. Statistical analysis was conducted using GraphPad
627  Prism (version 8.0.1) using the appropriate tests according to normal or non-normal data
628  distribution as stated in the figure legend. Fractional of cell subpopulations was calculated from
629  pooled cell numbers of at least three independent biological replicates, 95% confidence of the
630  fractions were calculated using the Wilson/Brown hybrid method. Error bars are defined in the
631  figure legends.

632

633
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