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Abstract

The intracellular lifestyle of Salmonella enterica is characterized by the formation of a
replication-permissive membrane-bound niche, the Salmonella-containing vacuole (SCV). A
further consequence of the massive remodeling of the host cell endosomal system, intracellular
Salmonella establish a unique network of various Salmonella-induced tubules (SIT). The
bacterial repertoire of effector proteins required for the establishment for one type of these SIT,
the Salmonella-induced filaments (SIF), is rather well-defined. However, the corresponding
host cell proteins are still poorly understood. To identify host factors required for the formation
of SCV and SIF, we performed a sub-genomic RNAIi screen. The analyses comprised high-
resolution live cell imaging to score effects on SIF induction, dynamics and morphology. The
hits of our functional RNA1 screen comprise: 1) The late endo-/lysosomal SNARE (soluble N-
ethylmaleimide-sensitive factor attachment protein receptor) complex, consisting of STX7,
STXS, VTI1B, and VAMP7 or VAMPS, this is, in conjunction with RAB7 and the homotypic
fusion and protein sorting (HOPS) tethering complex, a complete vesicle fusion machinery. ii)
Novel interactions with the early secretory GTPases RAB1A and RAB1B, possibly providing
a link to coat protein complex I (COPI) vesicles and reinforcing recently identified ties to the
endoplasmic reticulum. iii) New connections to the late secretory pathway and/or the recycling
endosome via the GTPases RAB3A, RAB8SA, and RABSB and the SNAREs VAMP2, VAMP3,
and VAMP4. iv) An unprecedented involvement of clathrin-coated structures. The resulting set
of hits allowed to characterize completely new host factor interactions, and strengthen

observations from several previous studies.

Author Summary

The facultative intracellular pathogen Salmonella enterica serovar Typhimurium induces the
reorganization of the endosomal system of mammalian host cells. This activity is dependent on

translocated effector proteins of the pathogen. The host cells factors required for endosomal
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remodeling are only partially known. To identify such factors for formation and dynamics of
endosomal compartments in Salmonella-infected cell, we performed a live cell imaging-based
RNAI screen a to investigate the role of 496 mammalian proteins involved in cellular logistics.
We identified that endosomal remodeling by intracellular Sa/monella dependent on host factors
in following functional classes: 1) the late endo-/lysosomal SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) complex, ii) the early secretory pathway,
represented by regulators GTPases RAB1A and RAB1B, iii) the late secretory pathway and/or
recycling endosomes represented by GTPases RAB3A, RAB8A, RABS8B, and the SNAREs
VAMP2, VAMP3, and VAMP4, and iv) clathrin-coated structures. The identification of these
new host factors provides further evidence for the complex manipulation of host cell transport
functions by intracellular Salmonella and should enable detailed follow-up studies on the

mechanisms involved.
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Introduction

The food-borne, facultative intracellular pathogen Salmonella enterica serovar Typhimurium
(STM) is the etiological agent of gastroenteritis in humans or systemic infections in mice [1].
An early step in disease is the active invasion of epithelial cells. This process is dependent on
the translocation of effector proteins by STM into the host cell through a type 3 secretion system
(T3SS) encoded on Salmonella pathogenicity island 1 (SPI1) [2, 3].

After invasion STM, similar to many other intracellular pathogens, establish a replicative niche
in host cells, termed Sa/monella-containing vacuole (SCV). This process is dependent on the
function of a distinct T3SS, encoded by SPI2 [4, 5] and translocating another set of effectors
[6]. Though initially associating with markers of the early endosome (EE) such as EEA1 and
the small GTPase RABS [7, 8], the SCV finally acquires several markers of the late endosome
(LE). These include lysosome-associated membrane proteins (LAMPs) [9, 10], the vacuolar
ATPase [11], and RAB7 [12, 13]. Concurrently, other canonical organelle markers such as the
mannose-6-phosphate receptor are excluded [14].

A unique feature of STM among intravacuolar bacteria is the formation of a diverse array of
long tubular structures, Salmonella-induced tubules (SIT) [15]. These include the LAMP-
decorated Salmonella-induced filaments (SIF), the first SIT discovered [16, 17]. Moreover, SIF
have been structurally characterized, revealing the presence of a double membrane tubular
network [18, 19]. The host-derived membranes forming SCV, SIF, and other tubular
compartments are collectively termed Sa/monella-modified membranes (SMM).

The repertoire of bacterial effector proteins necessary for formation of SMM is quite well-
characterized, with the SPI2-T3SS effector protein SifA being the most important factor [20,
21]. However, much less is known about corresponding host factors required for biogenesis of
SMM. One crucial factor in SIF biogenesis is the SifA- and kinesin-interacting protein SKIP

(a.k.a. PLEKHM?2). In conjunction with the effectors SifA and PipB2 [22, 23] and the small
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100  GTPase ARLSB [24, 25], SKIP mediates kinesin-1 interaction and thus a link to the microtubule
101  cytoskeleton and organelle motility [26].

102 Several attempts were made to analyze the interactions of STM with host factors in a systematic
103 manner. These comprise RNA inference (RNA1) screens aiming at different parts of the STM
104 infection process. Two genome-scale screens targeted the invasion [27, 28], while three screens
105  focused on intracellular replication with two sub-genomic screens covering kinases and
106  corresponding phosphatases, respectively [29, 30], and a genome-wide screen [31].
107  Additionally, two recent proteomic studies also shed light on interactions of intracellular STM
108  with host cells. Vorwerk et al. [32] characterized the proteome of late SMM, while Santos et al.
109  focused on early and maturing SCV [33].

110  All of these studies identified host factors yet unprecedented in STM pathobiology, and showed
111 the general value of such systematic approaches. However, none of these approaches targeted
112 specifically SIF, thus a host-SIF interactome is far from complete. Therefore, we established a
113 targeted RNAI screen comprising 496 human genes mostly involved in cellular logistics to
114  identify host factors involved in the formation of SIF. Using stably LAMP1-GFP-transfected
115 HeLa cells, we performed automated microscopy on a spinning disk confocal microscope
116  (SDCM) system with time-lapse live cell imaging (LCI) of STM infection, and scored for
117  altered SIF formation as phenotypic readout. Investigating high-scoring hits of the RNAi
118  screen, we validated several so far unknown host-SIF interactions by LCI: (i) involvement of
119  the late endo-/lysosomal soluble N-ethylmaleimide-sensitive factor attachment protein receptor
120 (SNARE) complex and its interaction partners, (ii) interactions of SIF with early secretory
121  RABIA/B, (iii) late secretory RAB3A, RAB8A/B, and VAMP2/3/4, and (iv) a connection to

122 clathrin-coated structures.
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124  Results

125  Setup and evaluation of RNAi screen

126  We aimed to identify host cell factors that are required for the endosomal remodeling induced
127 by intracellular STM in a SPI2-T3SS-dependent manner. For this, an RNAi screen was
128  performed with siRNAs predominantly targeting mammalian genes involved in cellular
129  logistics and trafficking (75.2% categorized in intracellular transport according to Gene
130  Ontology terms). This subset of 496 genes was termed ‘Trafficome’ and is listed in Table S1.
131  Such a screen necessitates specific considerations and controls with the major ones described
132 below, and further experimental issue are detailed in Suppl. Materials.

133 As a phenotypic readout for STM-induced endosomal remodeling, we scored the formation of
134 SIF in infected cells. SIF show a highly dynamic behavior in their early phase after formation,
135  with constant elongation and retraction [34, 35]. Thus, in contrast to previous RNAi screens
136  done by analyzing fixed cells, we decided to perform this screen by LCI in order to obtain
137  maximal phenotypic information. A previously established HeLa cell line stably transfected
138  with LAMP1-GFP as the marker for SIF [18] was used as host cell.

139  As controls for STM-induced phenotypes, we used STM wild type (WT), capable in SIF
140  induction, and an isogenic strain defective in SsaV, a central component of the SP12-T3SS, and
141  thus unable to induce SIF formation (Figure 1A). As a control for successful reverse
142 transfection in general, we analyzed the lethal effect of an siRNA directed against polo-like
143 kinase 1 (PLK1), a cell cycle control protein. The knockdown of this protein leads initially to a
144 cell cycle arrest, and ultimately to cell death, as shown in Figure 1B. Besides, a phenotype-
145  related control was established, i.e. knockdown of a host factor already known as essential for
146  SIF formation. A host factor directly involved in SIF formation is SKIP [22]. This study already
147  successfully used SKIP silencing, thus we used an siRNA with the same sequence as control.

148  Real-time PCR indicated that the siRNA targeting SKIP yielded not a complete but sufficient
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149 and significant knockdown with a reduction to ca. 22% (Figure 1C). Transfection with AllStars
150  siRNA did not affect SIF formation and dynamics over the course of infection (Figure 1D,
151  Movie 1), while SKIP knockdown abolished SIF formation (Figure 1D, Movie 2) and reduced
152  intracellular replication of STM. Though this does not completely exclude off-target effects,
153 the phenotypic/visual control showed at least the intended purpose of this siRNA being fulfilled.
154  The partial knockdown explains the rare appearance of SIF. Taken together, the establishment

155  of the proper controls allowed us the execution of a larger scale RNA1 screen.

156  The RNAi trafficome screen

157  The complete workflow of the RNAi screen executed is summarized in Figure 2. First, siRNAs
158  were automatically spotted onto 96-well plates. Additionally, each plate contained siAllStars,
159  siPLKI1, and siSKIP as negative and positive siRNA controls, and as phenotype-specific
160  control, respectively. HeLa-LAMPI1-GFP cells were seeded onto siRNAs for reverse
161  transfection, incubated for 72 h, and subsequently infected with mCherry-labelled STM WT or
162 ssalV. The formation of SIF was followed by LCI using an SDCM from 1-7 h post infection
163  (p.i.) with hourly intervals.

164  We set out to execute the analysis by visual inspection following the example of Stein et al.
165 [20], who performed a mutant library screen to identify bacterial factors involved in SIF
166  formation. As the dynamic nature of SIF and phenotypic heterogeneity in the cellular context
167  excluded fully automated analysis, we decided to perform the analysis by visual inspections
168  and used a MATLAB-based tool named SifScreen to support data input and collection (Figure
169  2). This tool queried the presence of SIF in the examined field of view as the main feature in a
170  binary manner (for detailed information see Suppl. Material).

171  Since siRNA silencing usually does not yield 100% loss of function, we did not expect a
172 complete lack of SIF in each of the eight images per well. Furthermore, since a considerable
173 number of cells were present per image (roughly 10-30 cells, depending on applied siRNA and

174  position on plate) a single SIF-forming cell would have prompted a SIF-positive scoring, even

8
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175  if generally a SIF-negative knockdown might have occurred. Thus, we decided to define an
176  overall SIF-abolishing hit with a comparably high cutoff of 50%, i.e. if less than 50% of the
177  images showed SIF. However, this did not take into consideration knockdowns possibly
178  affecting cell viability in general or other circumstances compromising the analysis. Since these
179  parameters were also queried by SifScreen, this allowed us to differentiate between ‘true hits’
180 and ‘possible hits,” scoring the former and latter with values of 3 and 1, respectively.
181  Additionally, to avoid a possible bias due to visual analysis, each screening plate was analyzed
182  independently by two investigators. With the screen performed in biological triplicates, we
183  subsequently compiled all scoring data for each host target, also pooling the results of the three
184  individual siRNAs per target. This resulted in a list of final hits shown in Table S2, in which
185  hits with a cumulative scoring of 1-4, 5-7, or >8 were classified as low-, mid- and high-ranking
186  hits, respectively.

187  Approximately 81% (404 of 496) of the trafficome targets scored to varying degrees positive,
188  underlining the general importance of trafficking processes for SIF formation. Table 1 shows
189  selected high-ranking hits involved in trafficking and cytoskeleton biology. These hits clearly
190  show the involvement of all protein classes necessary for the vesicle budding and fusion
191  machinery, the core of cellular trafficking. These comprise: (i) small GTPases, especially Rab
192  GTPases, as primary regulators [36-38]; (ii) vesicle coats and their adaptors as cargo and
193  budding mediators [39-43]; (iii) cytoskeleton components as the basis for vesicle motility [44];
194  (iv) tethering factors as part of the fusion specification [45, 46]; (v) SNARESs as the primary
195 fusion agents [45, 47, 48]. Besides, this list includes hits of diverse subcellular origin,
196  encompassing the complete secretory and endo-/lysosomal system, i.e. endoplasmic reticulum
197  (ER), Golgi apparatus, endo-/lysosomes. Supporting these allocations, the interaction network
198  of the hits from Table 1 shows several distinct clusters (Figure 3). Two of them are connected
199  to cytoskeleton biology (also interconnected if lower-ranking hits are included, data not shown).

200  Another cluster is SNARE-centered, including RAB1A with RAB11A as a node between this
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201  cluster and one of the cytoskeleton-related clusters. Lastly, one cluster is associated with COPI
202  and clathrin-coated vesicles (CCVs). Collectively, the overall results of the trafficome screen
203  confirm the general importance of host trafficking factors in SIF biogenesis, indicating a crucial

204  role for a plethora of as yet unprecedented factors in STM pathobiology.

205  Validation of selected hits

206  To test the validity of our approach and the resulting hits, we focused on a subset of genes due
207  to their presence in the noticeable interaction clusters depicted in Figure 3, or prior reports on
208  involvement in STM pathobiology. HGS was chosen due to being the highest-ranking hit (Table
209  S2) and the interaction of SPI1-T3SS effector SopB with endosomal sorting complex required
210  for transport (ESCRT) complexes previously reported [49] with HGS being part of the ESCRT-
211 0 complex. Furthermore, RABIA and RAB11A were included as the highest-ranking Rab
212 GTPases with RAB11A previously being shown to colocalize with SCV as well as SIF [32,
213 50]. Consistently, RAB7A served as another well-established SCV- and SIF-localizing control
214 [12,50-52]. STXS, STX7, VAMP7, and VAMPS8 were chosen due to being the highest-ranking
215  SNAREs (except VAMPS lacking from the trafficome), the colocalization of STX7 with SIF
216  [50], and the recent reported essential role of VAMP7 in SIF biogenesis [33]. The AAA ATPase
217  VCP was included as another of the highest-ranking trafficking-related hits and another host
218  factor already known to be important for proper SCV as well as SIF biogenesis via STM effector
219  SptP [53]. Finally, the VPS11 core component of the class C core vacuole/endosome tethering
220  (CORVET) / homotypic fusion and protein sorting (HOPS) group of multisubunit tethering
221  complexes (MTCs) was chosen due to the HOPS complex functionally bridging RAB7 with
222 late endo-/lysosomal SNAREs and the recent recognition of its essential role in STM replication
223 and SCV and SIF biogenesis [54, 55].

224 The success of the siRNA knockdowns was confirmed by RT-PCR with a consistently
225  significant decrease in mRNA in most cases down to 5-10% compared to control siAllStars

226  (Figure S1, siSKIP served as the screen-inherent phenotype-specific control). Next, we exactly

10
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227  quantified the reduction of SIF formation due to the silencing of the selected targets (Figure 4).
228  The ssaV mutant strain and the knockdown with siSKIP served as screen-inherent SIF-
229  abolishing controls. All knockdowns resulted in decreased SIF formation with the reduction
230  being statistically significant except for siHGS and siSTXS5. The siRAB7A had the highest
231  impact, siVCP the second-highest and the others ranged similar. Thus, the knockdowns of
232 VAMP7 and VCP meet previous data (even though SIF abolishment regarding VCP depletion
233 here is less pronounced) [33, 53]. Altogether, the effect on SIF formation demonstrates that our
234 approach confirms known host factors, but also allows the identification of novel factors to be

235  crucial for SIF biology.

236  STM deploys membranes of early and late secretory, late endo-/lysosomal, and clathrin-

237  coated origin in SIF biogenesis

238  The fact that host factors appear as hits in our screen, clearly indicates a physiologically relevant
239  role in SIF biogenesis. However, whether this role is by direct interaction or an indirect one
240  involving several intermittent steps, remains unclear. Thus, we decided to analyze the
241  localization of selected hits with regard to SIF (Figure 5, Figure 6, Figure 7).

242 For analyses of RAB GTPases (Figure 5), we again used RAB7A as well as RAB9A as positive
243 controls, both showing a clear colocalization with SIF. Of the several Rab GTPases included in
244  the trafficome RABIA showed the highest score (Table S2). RAB1 GTPases are responsible
245  for anterograde ER-Golgi trafficking [56-59]. Importantly, RABIA can be functionally
246  substituted by RAB1B [60, 61] and an STM replication-targeted RNAi screen identified
247  specifically RABIB as a hit [31]. Hence, we analyzed the infection-related localization of both
248  isoforms and detected a partial and a strong colocalization of RABIA and RABIB,
249  respectively, with SIF (Figure 5).

250  Another high-ranking hit with relation to RAB proteins was RAB3GAP2 (Table S2), the non-
251  catalytic subunit of the RAB3 inactivating GTPase-activating protein (GAP) complex [62].

252  RAB3 possesses four isoforms in mammals [63] and is involved in regulated exocytosis [64].

11
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253 As neither the catalytic GAP subunit, RAB3GAP1, nor one of the four isoforms were present
254  in the trafficome, we decided to analyze the localization of RAB3A and found a partial
255  colocalization with SIF (Figure 5).

256  Besides, a mid-ranking hit was RAB8A (Table S2), a Golgi- and endosome-localized RAB
257  likewise involved in exocytic processes [65]. Interestingly, its isoform RAB8B was observed
258  to be excluded from maturing SCVs (< 3 h p.i.) [50]. Therefore, we analyzed the localization
259  of both, RAB8A and RABSB, and strikingly found a strong colocalization of not only RAB8A
260  but also RABSB with SIF (Figure 5).

261  As several RAB proteins participating in the late secretory system/exocytosis seem to play a
262  role in SIF biogenesis, we additionally analyzed three SNARESs with exocytic roles not present
263  in the trafficome: VAMP2, VAMP3, and VAMP4 [66-68], with VAMP?2 also shown to be
264  present on early SCV [69]. Apart from that, the presence of the two high-ranking SNARE hits
265 STX7 and VAMP7 (Table S2) on SIF was previously shown [33, 50]. However, SNAREs, are
266  part of complexes of usually four proteins participating in membrane fusion and consisting of
267  a single protein v-SNARE (on the vesicle or incoming membrane) and a ternary t-SNARE
268  subcomplex (on the target or accepting membrane). VAMP7 is the v-SNARE in the SNARE
269  complex for heterotypic LE/lysosome fusions with the t-SNAREs STX7, STXS, and VTI1B
270  [70, 71] being replaced by VAMPS in homotypic LE fusions [72, 73]. In fact, the presence of
271  VTIIB and STXS8 on early SCV [69, 74] and their role in STM replication [54], as well as the
272  involvement of VAMPS in STM invasion were already shown [75]. However, their interaction
273 with SIF remains unclear, except VAMPS silencing causing SIF reduction identified here
274  (Figure 4). Thus, we analyzed the localization of VTI1B, STX8, and VAMPS using STX7 and
275  VAMP7 as controls. As shown in Figure 6, we detected prominent association of STX7 and
276  VAMP7 with SIF, as well as for VAMP2 and VAMPS8. Colocalization of VTIB, STXS,
277  VAMP3, and VAMP4 with SIF was also observed. However, these SNARE subunits showed

278  amore heterogeneous distribution, and only a fraction of SIF was positive for these candidates.

12
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279  Notably, both recent proteomic studies [32, 33] and this screen identified AP2A1 as being
280  present on SMM/SCYV or scoring high-ranking (Table S2), respectively. AP2A1 represents one
281  of the two core subunit isoforms of the canonical AP-2 adaptor complex usually acting in
282  clathrin-mediated endocytosis (CME) at the plasma membrane [76, 77]. Accordingly, the main
283  coat determinants implicated in the formation of CCVs were among the high-scoring hits,
284  including both clathrin light chains, CLTA and CLTB, as well as the conventional heavy chain,
285 CLTC (Table S2). Thus, we analyzed the localization of CLTA and observed a partial
286  colocalization with SIF (Figure 7).

287  In conclusion, the colocalization of various host factors involved in cellular transport with SIF
288  validated the results of the RNAi screen. These proteins are components of SIF tubules and, to
289  variable extent, required for the formation of SIF. The data also support the highly diverse

290  origin of host cell membranes involved in SIF formation.

13
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292  Discussion

293 By applying a targeted RNAI screen, we identified several new host factors required for the
294  formation of SIF, and partially characterized interactions of host proteins with SMM. Out data
295  strengthen the involvement of the late endo-/lysosomal SNARE complex, and reveal new
296 interactions of SIF with RABI, RAB3, and RAB8 GTPases, exocytic SNAREs, as well as
297  clathrin-coated structures. The implications of these findings as discussed below are depicted
298  in Figure 8. Several host trafficome components identified here were previously shown as
299  involved in infection biology in STM in general, and specifically in SCV and/or SIF biogenesis
300 including: dynein — DYNCIHI1 [78-80], filamin — FLNA [81], myosin Il — MYHI10 [82],
301  VPS4A/B [49]. This also holds true for several mid-ranking hits: kinesin-1 — KIFSA/B [22-25,
302  83], PIKFYVE [84], RABYA [85, 86], RAB14 [85], SCAMP3 [87].

303  Complementary data were recently provided by two proteomic studies. Our group analyzed the
304 SMM proteome in the late phase of infection (8 h p.i.) [32] that contained several host proteins
305 that are mid- or high-ranking hits in this screen (summarized in Table 2, first column). The
306  colocalization of several of these proteins with SMM was shown by immunostaining or LCI.
307  Santos et al. [33] determined the proteomes of early and maturing SCV (30 min p.i. and 3 h p.i.,
308  respectively) again identifying proteins appearing as hits in this screen (see Table 2, second and
309  third column). Taken together, these data strongly validate the approach deployed here.

310  The approach reported were has an major advantage compared to studies based on organelle
311  proteomics [32, 33]. Proteomics shown presence or absence of host factors on the organelle of
312  interest, but a particular role in the biogenesis of this organelle cannot be implied directly. In
313 our RNAI approach potentially each, or at least each high-ranking hit, points to a role in STM-
314  induced endosomal remodeling. However, a functional role revealed by RNAi does not
315  necessarily require colocalization of the host factor with the compartment, because a function
316  may be mediated indirectly, involving several interacting partners. We analyzed the localization

317  ofselected factors (Figure 5, Figure 6, Figure 7) and found several differences in the host factor
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318 sets identified by proteomics or by our approach. Nevertheless, there is a considerable overlap
319  of host factors identified by both approaches as represented in Table 2.

320  The interaction of microbial pathogens with regulators of the early secretory system, such as
321  Legionella and Coxiella with RAB1 [88-90], and Brucella with RAB2 [91, 92], is well
322 established. However, an interaction of STM with the early secretory system, e.g. RAB2A, was
323 only recently described by proteomic studies [32, 33]. We now expand this interaction by
324  showing the physiological relevance of RAB1A in SIF formation (Figure 4), as well as the
325  presence of both RABIA and RABI1B on SIF (Figure 5). This is in striking contrast to the
326  previous observation that RAB1A is detrimental to STM replication due to its role in
327  antibacterial autophagy, which is counteracted by the SPI2-T3SS effectors SseFG [93, 94].
328  Future work has to clarify this apparent conundrum, at least regarding RAB1A. The direct
329  association of RABIA/B with SIF possibly connects several distinct trafficking events. First,
330 RABIB was shown to be involved in formation of the COPI vesicle coat, which participates in
331  intra-Golgi and retrograde Golgi-to-ER transport. The formation of COPI is dependent on
332  RABIB due to its effector GBF1, which is an activating guanine exchange factor (GEF) of
333 ARF1, the primary COPI-regulating small GTPase [95-97]. Second, the COPI components
334  COPA and COPGI were shown to partly colocalize with SIF [32]. In accordance, our screen
335 identified the majority of COPI components as mid- or high-ranking hits (ARCNI,
336 COPA/B1/B2/Gl, Table 1 and Figure 3, though ARF1 did not score at all, and GBF1 only low).
337  Thus, RABIA and/or RAB1B might represent a physical link between COPI vesicles and SCV
338 and/or SIF for the redirection of early secretory material as depicted in Figure 8iv.

339  The physical interaction of SIF with COPI vesicles might be, similar to the late endo-/lysosomal
340  fusion machinery, additionally accompanied by tethering factors and SNAREs. The conserved
341  oligomeric Golgi (COGQG) tethering complex was shown to be a RAB1 effector and directly bind
342 COPI components [98, 99]. Interestingly, all components of the COG present in the trafficome

343  scored mid- to high-ranking (COG1/2/3/5/7, Table S2). Additionally, COG binds STXS, a

15


https://doi.org/10.1101/848549
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/848549; this version posted November 19, 2019. 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 4.0 International license.

18.11.2019 Host factors for SIF formation

344  SNARE that is part of several ER-Golgi and intra-Golgi transport-related SNARE complexes
345 [100]. These complexes either consist of STXS5, GOSR2/GS27/membrin, BET1, SEC22B
346 [101], or STX5, GOSR1/GS28, BET1, YKT6 [102], or STXS5, GOSR1, BET1L/GS15, YKT6
347  [103]. All of these SNARE:s are present in the trafficome, but strikingly only the components
348  of the first SNARE complex scored all mid- to high-ranking (Table 1 and Table S2). STM
349  effectors partaking in this interaction might by SseF and SseG, as they were recently shown in
350  a BiolD screen [104] to interact with STXS and SEC22B, besides PipB2 also interacting with
351  SEC22B. However, the potential involvements indicated by these collective data remain to be
352 elucidated.

353  Transport protein particle (TRAPP) complexes I, II, and III were identified as RAB1 GEFs
354  [105-108], as well as COPII [TRAPPI; 109, 110, 111], and COPI tethers [TRAPPII; 107, 112].
355 TRAPPI is the core shared by all TRAPP complexes, with II and III processing unique
356  additional subunits. TRAPPCS, the unique component of TRAPPIIIL, scored high-ranking.
357  Other components were not present in this trafficome, except the TRAPPI core subunit
358 TRAPPC2, which unexpectedly did not score at all (Table S2). So far TRAPPIII is only
359  characterized to participate in autophagy [108, 113, 114]. Finally, the golgin USO1/p115 scored
360  mid-ranking (Table S2). It is also a RAB1B effector and COPI and COPII tether [97, 115, 116],
361  partly in conjunction with COG [117], besides being likewise able to bind STXS5 [118]. For
362  both TRAPP complexes and USOI, a specific role in SIF biogenesis remains to be elucidated.
363 It has already been described that STM, depending on SseF/SseG, recruits to the SCV exocytic
364  vesicles from the Golgi apparatus destined to the plasma membrane [119]. Which host factors
365 are involved in this process was unclear, and our work now sheds light on this phenotype by
366  showing the presence of exocytic RABs, RAB3A, RABSA, and RAB8B (Figure 5) on SIF, as
367  well as exocytic SNARESs, i.e. VAMP2, VAMP3, and VAMP4 (Figure 6).

368  Besides their involvement in exocytosis, VAMP4 and VAMP3 are also known to prominently

369  participate in endosome-to-Golgi transport in conjunction with STX16, VTI1A, and STX6 or
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370  STXI10 for EEs or LEs, respectively [120, 121]. Although STX6 and STX10 were not included
371  in the trafficome and STX16 ranked low, VTI1 A was a mid-ranking hit (Table S2). The STM-
372  mediated redirection of LAMP1-containing vesicles from the Golgi apparatus to the early SCV
373  was shown to involve recruitment of STX6 and VAMP2 via SPI1-T3SS effector SipC [69].
374  Alternatively, this might happen via SP12-T3SS effector PipB2 that was identified in the recent
375  BiolD screen as interactor of VAMP2 [104]. Furthermore, in homotypic EE fusion STX16 is
376  replaced by STX13 [122], and STX13 was previously shown to be present on early SCV [74,
377  123]. While the exact role of RAB3A and the identity of SNAREs involved remain to be
378  determined, this might indicate that the interception of secretory vesicles depends on a SNARE
379  complex comprising a distinct combination of the abovementioned SNARE:s as represented in
380  Figure 8ii.

381 In addition to its exocytic role, RAB8A is involved in recycling processes as indicated by the
382  localization on tubular recycling endosomes (RE) [124]. This localization depends on several
383  factors such as RAB8 GEF RAB3IP/RABINS (which is also part of the trafficome, though it
384  ranked low, Table S2), concurrently being an effector of RE master regulator RAB11 [125].
385  Another factor is the RE-localized MICALL1, which interacts with the dynamin-like ATPases
386 EHDI and EHD3 [124, 126, 127]. Interestingly, MICALL1 was identified in an RNAi screen
387  with focus on STM intracellular replication [31], EHD1 and EHD2 were present in the
388  proteome of maturing SCV [33], and EHD4 was present in late SMM [32]. Moreover, the
389  association of the maturing SCV and late SMM with RAB11A/B was shown previously [32,
390  50], with RAB11A following RAB1A as the second highest-ranking RAB in our screen (Table
391 S2). RABSB was not present in our screen, but showed a clear colocalization with SIF. In a
392  previous screen RAB8B was shown to be excluded from maturing SCV [50], however only
393  early events up to 3 h p.i. were analyzed. Temporal differences in RAB8B recruitment could
394  explain these observations. SPI2-T3SS effector SopD2 most likely plays a role in RABS

395  recruitment, as it was previously shown to interact with RABS [104, 128]. Collectively, these
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396  data strongly argue for a continued association of STM not only with exocytic compartments,
397  but also with recycling compartments at later time points (summarized in Figure 8ii).
398  Concurrently, a RAB11-to-RABS8 switch might occur on SMM, similar to the RAB5-to-RAB7
399 and RAB14-to-RAB9 switches, probably involving RAB3IP/RABINS. However, unlike the
400  enduring RAB5-to-RAB7 switch and similar to the RAB14-to-RAB9 switch, this seems to
401  happen repeatedly in a transient manner due to the continued presence of RAB11 on SIF as
402  with RABI14 [32].

403  The presence on SIF, and/or importance for SIF formation of RAB7, the HOPS complex, STX7,
404  and VAMP7, as well as the direct fusion of late endo-/lysosomal-like VAMP7-positive vesicles
405  with the SCV, was shown before [33, 50, 54]. This indicates the involvement of the complete
406  canonical mammalian late endo-/lysosomal vesicle fusion machinery in SIF biogenesis.
407  Whether this interaction cascade also employs the canonical STX7, VTI1B, and STX8 was not
408  fully clarified. Here, we expand this cascade by showing the physiological relevance of STX7
409  for SIF formation (Figure 4), and the presence of VTI1B and STXS8 on SIF (Figure 6, Figure 5)
410  as depicted in Figure 8iii. This cascade is possibly expanded by the host protein PLEKHM1, as
411  the recruitment of RAB7 and the HOPS complex by SifA via the host protein PLEKHMI1 and
412  its involvement in SCV biogenesis was recently revealed [55], most likely also being involved
413  in SIF biogenesis. Taken together, SifA seems to recruit the complete late endo-/lysosomal
414  fusion machinery. Thus, SifA performs a dual role besides the binding of SKIP and the SIF
415  mobility connected with it. This is also corroborated by the identification of interactions of SifA
416  with STX7 and VAMP7 by the recent BiolD screen [104]. Alternatively or in addition, SopD2
417  might be likewise involved as it was also shown to interact with STX7 and VAMP7 besides
418  VTIIB in the same study.

419  Data on involvement of clathrin-coated structures or adaptor protein complexes in infection
420  processes of intracellular bacterial pathogens are scarce. The usurpation of CME during the

421  internalization/invasion process is only recently being recognized to be employed by several
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422  bacteria, best studied in Listeria monocytogenes infection [129, 130]. However, only one study
423  on Brucella abortus, a pathogen also residing in a vacuole during intracellular lifestyle,
424  demonstrated the association of clathrin with the Brucella-containing vacuole [131]. We now
425  show such an association with CLTA also for STM (Figure 7). It is peculiar that proteomics, as
426  well as our screen, indicate an involvement of the AP-2 complex, but one of the other adaptor
427  complexes. This is noteworthy due to the CME-related AP-2 being primarily plasma
428  membrane-localized, in contrast to the Golgi traffic-related AP-1 and AP-4, or the endo-
429  /lysosomal traffic-related AP-3 and AP-5 [43]. Especially AP-3 deserves detailed analyses
430  since its two core subunit isoforms scored in mid- and high-ranking range (AP3B1 and AP3DI,
431  Table S2, see Figure 8i). An interaction of AP-3 with VAMP7 in mammalian cells [132-134],
432 as well as an interaction with the complete late endo-/lysosomal SNARE complex in
433 Dictyostelium discoideum was previously shown [135]. Several SPI2-T3SS effectors, i.e.
434  PipB2, SopD2, and SseG, might participate in such a recruitment because a recent BiolD screen
435  revealed interaction with various AP-2 and AP-3 core subunits [104]. However, examination
436  of other AP complexes also seems worthwhile, since the latter study indicates interactions with
437  several of them and the trafficome screen did not comprehensively cover AP complex.

438  In summary, we successfully employed a sub-genomic RNA1 screen to systematically identify
439  new host factors, corresponding protein complexes, and pathways involved in SIF formation.
440 By providing physiologically relevant data regarding SIF formation, this work further
441  corroborates the promiscuous origin of SMM indicated by previous proteomics studies [32, 33].
442 Similar future screens can also reveal the biogenesis of several other SIT [15], and extend to
443 the host cell types important for Salmonella pathogenesis.
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453  Materials and Methods

454  Bacterial strains and growth conditions

455  Forinfection STM NCTC 12023 WT and isogenic SPI2-T3SS-defective strain P2D6 harboring
456  plasmid pFPV-mCherry/2 or isogenic GFP-expressing MvP1897 were used (for details see
457  Table S6). Strains were routinely grown in Luria-Bertani (LB) broth (Difco, BD, Heidelberg,

458  Germany) containing 50 pg/mL carbenicillin for plasmid selection at 37 °C with aeration.

459  Cell lines and cell culture

460  Experiments were performed using the parental HelLa cell line (ATCC No. CCL-2) or the
461  lentivirus-transfected HeLa cell line stably expressing LAMP1-GFP [18]. Cells were routinely
462  cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L glucose, 4 mM
463  stable glutamine, and sodium pyruvate (Biochrom, Berlin, Germany) supplemented with 10%
464  inactivated fetal calf serum (iFCS; Gibco, Darmstadt, Germany) in an atmosphere of 5% CO,

465  and 90% humidity at 37 °C.

466  siRNA library and individual siRNAs

467  The siRNA library used comprised siRNAs targeting 496 host proteins mostly involved in
468 intracellular trafficking (but also other processes such as metabolism) with a threefold coverage.
469  The siRNAs were part of a human whole-genome library obtained from Qiagen (Hilden,
470  Germany) deposited at the Max Planck Institute for Infection Biology (Berlin, Germany). A
471  volume of 4 pL of each siRNA (0.2 uM, end concentration of 5.2 nM) was spotted
472  automatically onto 96-well Clear Bottom Black Cell Culture Microplates (Corning, Corning,
473  NY, USA) and frozen at -20 °C before transfer. Additionally, each plate contained the same
474  amount of the following siRNAs from Qiagen as knockdown controls: AllStars as negative and
475 Hs PLKI1 7 (directed against the cell cycle protein polo-like kinase 1) as positive controls. A

476  custom siRNA from Qiagen directed against SKIP served as a phenotype-specific control [22]
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477  and was spotted on location. Information including target sequences for these siRNAs, as well

478  as those ordered for validation experiments, are listed in Table S7.

479  Reverse transfection with siRNA

480  If not using 96-well screening plates as detailed above, the amount for an end concentration of
481 5 nM siRNA was spotted onto standard cell culture 6-well plates (for mRNA extraction, TPP,
482  Trasadingen, Switzerland) or 8-well polymer bottom chamber slides (for quantification of SIF
483  formation, p-Slides, ibidi, Martinsried, Germany).

484  Next, a mixture of the transfection reagent HiPerFect (Qiagen, Hilden, Germany) and serum-
485  free cell culture medium was applied and this was incubated for 5-10 min at room temperature
486  (RT). Subsequently, 5,000, 125,000, or 20,000 cells per well of 96-well plates, 6-well plates,
487  or 8-well chamber slides, respectively, were added in serum-containing medium and incubated

488  for 72 h at 37 °C in a humidified atmosphere containing 5% CO,.

489  Gene expression quantification

490  After reverse transfection with different siRNAs total RNA of cells was extracted using the
491  RNeasy Mini Kit following the manufacturer’s instructions (Qiagen, Hilden, Germany).
492  Homogenization during extraction was performed using Qiagen QIAshredder columns. Then,
493 1 pg of RNA digested with DNasel (NEB, Frankfurt a. M., Germany) was used for reverse
494  transcription of mRNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo
495  Scientific, Dreieich, Germany) following the manufacturer’s instructions using the Oligo(dT);s
496  primer. For RT-PCR 1 pL of ¢cDNA was used with the Thermo Scientific Maxima SYBR
497  Green/Fluorescein qPCR Master Mix (2x). As reference gene the housekeeping gene GAPDH
498  was selected [136]. For control of individual host factor knockdowns primers were used
499  employing the PrimerBank database [137, 138]. Primers for those as well as GAPDH are listed
500  in Table S8. Primer concentration was 150 nM each, and primer efficiency was determined for

501 each primer pair. RT-PCR was performed in an iCycler instrument (Bio-Rad, Munich,
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502  Germany) in triplicates in 96-well plates. Relative expression was determined using the 2-2Ct
503  method [84, 139] with GAPDH expression set as 100%. Results were plotted using SigmaPlot

504 11 (Systat Software, Erkrath, Germany.

505  Construction of plasmids

506  Plasmids used in this study were either obtained from Addgene, kind gifts from various
507  laboratories, or cloned by Gibson Assembly or restriction enzyme digests and are listed in Table
508  S6. Oligonucleotides for the construction of plasmids encoding host proteins fused to mRuby2
509  or EGFP are listed in Table S8. First, N- or C-terminal mRuby?2 vectors were cloned. For that,
510  the vectors pEGFP-C1 and pEGFP-N1 were amplified and EGFP was exchanged for a fragment
511  encoding mRuby2. Genes encoding host proteins were amplified from vectors obtained from
512 DNASU (Table S6) and then inserted into mRuby?2 vectors by Gibson Assembly. Plasmids
513  encoding host proteins fused to EGFP were constructed using restriction enzyme digests. The
514  vector pEGFP-C3 was digested with Kpnl and Xbal or Kpnl and BamHI and the larger fragment

515  was recovered. The inserts were treated the same way and fragments were ligated.

516  Host cell transfection

517  For LCI for localization of host factors, HeLa or HeLa-LAMP1-GFP cells were seeded 1 d prior
518  totransfection. About 20.000 or 150.000 cells were seeded in 8-well chamber slides (see above)
519  or 3.5mm glass bottom dishes (FluoroDish, WPI, Berlin, Germany), respectively. For
520 transfection 0.5 or 2 pg of plasmid DNA in 25 or 200 pL serum-free medium were mixed with
521 1 or 4 uL of FUuGENE HD transfection reagent (DNA to reagent ratio of 1:2, Promega,
522  Mannheim, Germany) and incubated for 10 min at RT. Medium on the cells was changed and
523  transfection mixture applied. Cells were incubated for at least 18 h before infection with

524  medium change during infection. For a complete list of transfection plasmids, see Table S6.

525  Infection experiments
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526  Overnight cultures of STM were diluted 1:31 and grown for additional 3.5 h in LB broth in
527  glass test tubes with agitation in a roller drum. HeLa cells were infected with STM WT or ssalV’
528  for screening approaches in 96-well plates with a multiplicity of infection (MOI) of 15,
529  otherwise for colocalization analysis or SIF quantification in 8-well chamber slides or
530  FluoroDishes with an MOI of 75 or 50, respectively. Infection only of 96-well plates was
531  synchronized by centrifugation at 500 x g for 5 min, and in all cases proceeded for 25 min at
532 37°C in a humidified atmosphere containing 5% CO,. Cells were washed thrice with full
533  medium or PBS for screening or non-screen LCI purposes, respectively, and incubated in full
534  medium containing 100 pg/mL gentamicin for 1 h to eliminate extracellular bacteria. Then

535  medium containing 10 pg/mL gentamicin was applied for the remainder of the experiment.

536  Live cell imaging

537  For LCI full medium was replaced by imaging medium consisting of Minimal Essential
538  Medium (MEM) with Earle’s salts, without NaHCOj3, without L-glutamine and without phenol
539  red (Biochrom, Berlin, Germany) supplemented with 30 mM HEPES (4-(2-hydroxyethyl)-1-
540  piperazineethanesulfonic acid) (Sigma-Aldrich, Taufkirchen, Germany), pH 7.4, containing
541 10 pg/mL gentamicin. Fluorescence imaging for screening purposes was performed using a
542 Zeiss Cell Observer microscope with Yokogawa Spinning Disk Unit CSU-X1 (Carl Zeiss,
543  Gottingen, Germany), Evolve 512 x 512 EMCCD camera (Photometrics, Tucson, AZ, USA),
544  automated PZ-2000 stage (Applied Scientific Instrumentation, Eugene, OR, USA), and
545  infrared-based focus system Definite Focus, operated by Zeiss ZEN 2012 software (blue
546  edition). The microscope was equipped with live cell periphery consisting of a custom-made
547  incubation chamber surrounding the microscope body and connected with “The Cube’ heating
548  unit (Life Imaging Services, Basel, Switzerland) maintaining 37 °C and the Incubation System
549 S for CO, and humidity supply (PeCon, Erbach, Germany). Images were acquired using the
550  Zeiss LD Plan-Neofluar 40x/0.6 Corr air objective (with bottom thickness correction ring). For

551 acquisition of GFP and mCherry BP 525/50 (Zeiss) and LP 580 (Olympus, Hamburg,
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552  Germany) filters, respectively, were applied. All images obtained were processed by the ZEN
553  software. Non-screen LCI was performed using a Leica SP5 confocal laser-scanning
554  microscope (CLSM) operated by Leica LAS AF software. The microscope was also equipped
555  with live cell periphery consisting of ‘The Box’ incubation chamber (Life Imaging Services,
556  Basel, Switzerland), a custom-made heating unit and a gas supply unit ‘The Brick’. Images
557  were acquired using the HCX PL APO CS 100x/1.4 oil objective (Leica, Wetzlar, Germany),
558  applying the polychroic mirror TD 488/543/633 for acquisition of GFP and mCherry. All

559  images were processed by LAS AF software.

560  Quantification of SIF formation
561  After siRNA knockdown and infection, 100 infected HeLa-LAMP1-GFP cells per condition
562  were examined live from 6-8 h p.i. for presence of SIF as exhibited by WT-infected cells, and

563  percentage calculated. Results from biological triplicates were plotted using SigmaPlot 11.

564  Data analysis

565  For central entry and collection of scoring data, the MATLAB-based utility SifScreen was used.
566  Categorization of targets/hits was executed using the Gene Ontology classification scheme
567  [140, 141]. For visualization of protein interactions, the STRING v10 database with default

568  settings was applied [142].
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1092  Tables
1093  Table 1. High-ranking trafficome hits (scoring cutoff of >8) involved in trafficking and
1094  cytoskeleton biology.
Gene symbol Full name! Localization?
Small GTPases and interacting proteins
Arf family
ARLI ADP-ribosylation factor-like 1 Golgi
Rab family
RABIA RABIA, member RAS oncogene family ER, Golgi, EE
RABI1A RABI11A, member RAS oncogene family RE, vesicle, PM
Ras family
RHOB ras homolog family member B nucleus, LE, PM
RHOTI ras homolog family member T1 mitochondrion
OM
Interacting proteins
G3BP2 GTPase activating protein (SH3 domain) cytoplasm
binding protein 2
RAB3GAP2 RAB3 GTPase activating protein subunit 2 cytoplasm
(non-catalytic)
Vesicle coats and adaptors
BBSome
BBS4 Bardet-Biedl syndrome 4 CS/MTOC
Clathrin coats
AGFGI1 ArfGAP with FG repeats 1 nucleus, vesicle
AP2A1 adaptor-related protein complex 2, a 1 subunit  CCV, PM
AP3DI1 adaptor-related protein complex 3, B 1 subunit CCV, Golgi
CLTA/B clathrin, light chain A and B CCV
CLTC clathrin, heavy chain (Hc) CCV
GGA3 golgi-associated, y adaptin ear containing, ARF  Golgi, endosome
binding protein 3
SYNRG synergin, y Golgi
COP-1
ARCNI1 archain 1 Golgi, vesicle
COPA/B1/B2/G1 coatomer protein complex, subunit a, 3, B’, and  Golgi, vesicle
Y
TMEDI10 transmembrane emp24-like trafficking protein ER, Golgi,
10 vesicle
COP-11
SEC24D SEC24 family member D ER, Golgi,
vesicle
Retromer
VPS35 vacuolar protein sorting 35 homolog EE, LE
Tethering factors
Exocyst complex
EXOC5 exocyst complex component 5 cytoplasm
TRAPPIII complex
TRAPPCS trafficking protein particle complex 8 Golgi
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SNARE:Ss
Qa-SNAREs
STXS syntaxin 5 Golgi
STX7 syntaxin 7 EE, LE
Ob,c-SNAREs
SNAP23 synaptosomal-associated protein, 23 kDa PM
R-SNAREs
SEC22B SEC22 vesicle trafficking protein homolog B ER, Golgi
VAMP7 vesicle-associated membrane protein 7 ER, Golgi, LE/
lysosome,
vesicle, PM
Interacting proteins
NAPA N-ethylmaleimide-sensitive factor attachment membrane
protein, o
STXBP2 syntaxin binding protein 2 PM
Cytoskeleton and motor proteins
Kinesins
KIF1A/B/C kinesin family member 1A, B, and C CS
Dyneins
DYNCIHI dynein, cytoplasmic 1, heavy chain 1 CS
Microtubule-associated proteins
CEP57 centrosomal protein 57 kDa CS/MTOC,
nucleus
MAPIA microtubule-associated protein 1A CS
Myosins
MYHI10 myosin, heavy chain 10, non-muscle CS
Actin filament membrane linkers
ANK3 ankyrin 3, node of Ranvier (ankyrin G) CS
FLNA filamin A, o CS
ESCRT complexes
Adaptors
HGS hepatocyte growth factor-regulated tyrosine EE, MVB
kinase substrate
AAA ATPase
VPS4A/B vacuolar protein sorting 4 homolog A and B MVB
Miscellaneous
ERGICI1 endoplasmic reticulum-golgi intermediate ER, Golgi
compartment (ERGIC) 1
SNX15 sorting nexin 15 vesicle
SORT1 sortilin 1 nucleus, ER,
Golgi, endo-
/lysosome
VCP Valosin-containing protein nucleus, ER
Iaccording to NCBI Gene

2 subcellular localization according to UniProt; CCV = clathrin-coated vesicle, CS =
cytoskeleton, EE = early endosome, ER = endoplasmic reticulum, LE = late endosome, MTOC
= microtubule organizing center, MVB = multivesicular body, OM = outer membrane, PM =
plasma membrane, RE = recycling endosome
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1101  Table 2. Host proteins (gene symbols) identified as hits in the trafficome screen that are also

1102 present in at least one distinct SMM proteome.

8 h p.i. SMM! 30 min p.i. SCV? 3 h p.i. SCV?
AP2A1 (AP-2) - AP2A1
- - BET1 (SNARE)
- CLTC (clathrin) -
COPA/G1 (COPI)} - -
DYNCI1HI1 (dynein) DYNCIH1 -

- ERGIC1 ERGIC1
- ERP29 -

- - EXOC5
FLNA (filamin) FLNA FLNA
G3BP2 - G3BP2
- IQGAPI IQGAPI
- KIF5B (kinesin-1) KIF5B
- MAPI1B -
MYHY9/10 (myosin II) MYH9 MYH9
NAPA/0-SNAP - -
RAB2A3 RAB2A -

- RAB4A -
RAB7A3 RAB7A -
RABI11A3 - -
RAB143 - -

- SEC22B (SNARE) -

- SEC24C (COPII) -
TMED10 (COPI) - -

VCP - -

1103 1[32]
1104  2[33]

1105 3 colocalization with SMM shown by fluorescence microscopy
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1107  Figure legends

1108

1109  Figure 1. RNAi screen setup and validation. A) Intracellular phenotypes of STM under
1110  screening conditions. HeLa-LAMP1-GFP cells were infected with mCherry-labelled STM WT
1111 or ssaV strains and imaged live 8 h p.i. by SDCM. Presence of STM in LAMP1-positive SCV
1112 (blue arrowhead), induction of SIF formation by STM WT (white arrowhead), and lack for SIF
1113 formation by STM ssal strain. Scale bar, 10 um. B) Controls for siRNA-mediated knockdown.
1114  HeLa-LAMPI-GFP cells were reverse transfected with scrambled AllStars siRNA or PLK1
1115  siRNA. Scale bar, 20 um. C) Validation of SKIP siRNA knockdown. HeLa-LAMP1-GFP cells
1116  were reverse transfected with AllStars or SKIP siRNA. Then, RT-PCR targeting SKIP was
1117  performed. Depicted is the mean with standard deviation of three biological replicates (n = 3)
1118  each performed in triplicates. Statistical analysis was performed using Student’s #-test and
1119  indicated as: ***, p <0.001. D) SKIP knockdown as control for inhibition of SIF formation.
1120 HeLa-LAMPI1-GFP cells were first reverse transfected with AllStars or SKIP siRNA. Then,
1121  cells were infected with mCherry-labelled STM WT (MOI = 15) and imaged live 1-7 h p.i. by
1122 SDCM. Blue arrowheads indicate SIF-forming or non-SIF-forming single bacteria or
1123 microcolonies, white arrowheads indicate SIF. Scale bar, 10 um.

1124

1125  Figure 2. Basic workflow of the trafficome RNAI screen. 96-well plates with clear bottoms
1126  were automatically spotted with siRNAs. HeLa-LAMP1-GFP cells were seeded for reverse
1127  transfection. After 72 h of incubation, infection with STM was performed, followed by LCI
1128  using an SDCM system with hourly intervals of imaging. Phenotypic scoring was performed
1129  using the SifScreen utility. The MATLAB-based data input mask allows the entry of well- and
1130  position-specific information on general cell behavior and Salmonella/SMM phenotypes and
1131  the generation of a results report.
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1132

1133 Figure 3. Interaction network of selected trafficome hits. The interaction of high-ranking
1134 hits (scoring cutoff of >8, see also Table 1) was visualized using the STRING database
1135  (confidence view). Borders delineate clusters related to the cytoskeleton (i, iii), SNARESs (ii),
1136  or COPI and clathrin-coated vesicles (iv).

1137

1138  Figure 4. Influence of host factor silencing on SIF formation. HeLa-LAMP1-GFP cells were
1139  not transfected (mock), or reverse transfected with siAllStars or the indicated siRNA, infected
1140  with STM WT or SPI2-deficient ssal expressing mCherry as indicated, and SIF counted.
1141  Depicted are means with standard deviation for three biological replicates (n = 3). Statistical
1142 analysis was performed against siAllstars + WT with Student’s #-test and indicated as: n.s., not
1143 significant; *, p <0.05; **, p <0.01; *** p <0.001.

1144

1145  Figure 5. RAB proteins identified by the trafficome screen colocalize with SIF and SCV.
1146 A) Direct interaction network of RAB1B as visualized by STRING. B) and C) HeLa cells either
1147  stably transfected with LAMP1-GFP (green), or transiently transfected with LAMP1-mCherry
1148  (red) were co-transfected with plasmids encoding various RAB GTPases (RAB7A, RABIA,
1149 RABI1B,RAB3A,RAB8A, RAB8B, RAB9A, RAB11A) fused to GFP (green) or mRuby? (red)
1150  and then infected with STM WT expressing mCherry or GFP. Living cells were imaged from
1151  6-9 h p.i. by CLSM and images are shown as maximum intensity projections (MIP). Insets
1152  magnify structures of interest and white arrowheads indicate colocalization with SIF. Scale
1153  bars, 10 um (overviews), 1 um (details).

1154
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1155  Figure 6. SNARE proteins identified by the trafficome screen colocalize with SIF and
1156  SCV. A) Direct interaction network of STX7 as visualized by STRING. B) and C) HeLa cells
1157  either stably transfected with LAMPI1-GFP (green), or transiently transfected with LAMP1-
1158  mCherry (red) were co-transfected with plasmids encoding various SNAREs (STX7, VTIB,
1159  STXS8, VAMP7, VAMPS, VAMP2, VAMP3, VAMP4) fused to GFP (green) or mRuby? (red).
1160  Infection and imaging was performed as for Figure 5. Insets magnify structures of interest and
1161  white and blue arrowheads indicate colocalization with SIF and SCV, respectively. Scale bars,
1162 10 um (overviews), 1 um (details).

1163

1164  Figure 7. CLTA identified by the trafficome screen colocalizes with SIF and SCV. A)
1165  Direct interaction network of CLTA as visualized by STRING. B) HeLa cells stably transfected
1166  with LAMPI-GFP (green) were co-transfected with a plasmid encoding CLTA fused to
1167 mRuby?2 (red). Infection and imaging was performed as for Figure 5. Insets magnify structures
1168  of interest and white and blue arrowheads indicate colocalization with SIF and SCV,
1169  respectively. Scale bars, 10 um (overviews), 1 um (details).

1170

1171  Figure 8. Newly identified interactions of intracellular STM with host factors. Depicted
1172  are central eukaryotic endomembrane organelles possibly playing a role in the newly identified
1173  interplays of host factors with SIF. Magnifications show the interactions of clathrin (i), late
1174  secretory and/or recycling-related RAB3A, RABSA/B, and VAMP2/3/4 (ii), late endo-
1175  /lysosomal VTI1B, STXS, and VAMPS (iii), and early secretory RAB1A/B (iv) with other host
1176  factors added as discussed in the text. Solid lines represent interactions identified here or
1177  otherwise known, dashed lines represent putative interactions. COP, coat protein complex; EE,

1178  early endosome; ER, endoplasmic reticulum; LE, late endosome; Lys, lysosome; RE, recycling
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1179  endosome; SCV, Salmonella-containing vacuole; SIF, Salmonella-induced filaments; STM, S.

1180  Typhimurium; SV, secretory vesicle.

1181
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1182 Suppl. Material
1183 Suppl. Tables
1184  Table S1. Full list of the 496 host factors targeted in the siRNA screen including gene symbols,
1185  NCBI Gene IDs and accession numbers, full name, and aliases.
1186
1187  Table S2. Summary of the scoring of the executed siRNA screen with a full list of the
1188  trafficome, a list with hits only, and lists with low-, mid-, and high-ranking hits (scoring of 1-
1189 4, 5-7, or 28, respectively).
1190
1191  Table S3. Requirements of an RNAi screen with LCI for the identification of host factors
1192  involved in SIF formation by intracellular Salmonella.
Type of Prerequisite Necessity/Solution
prerequisite
biological e label for structure of interest LAMPI1 as marker of SIF
e Salmonella controls for WT: SIF-positive, ssaV: SIF-negative
structure of interest
technical e fast and gentle microscopic spinning disk confocal microscope
system (Zeiss)
e multiwell-compatible 37 °C box incubation (custom-made)
incubation
e multiwell-compatible LD 40x/0.6 objective (+ bottom
sufficient magnification thickness correction collar, Zeiss)
¢ autofocus system infrared-based system (Definite
¢ autofocus-compatible Focus, Zeiss)
multiwell plates 96 Well Clear Bottom Black Cell
Culture Microplates (0.5 mm bottom,
Corning)
siRNA- e harmlessness of transfection mock transfection control
related reagent scrambled AllStars siRNA control
e harmlessness of siRNA as lethal PLK 1 siRNA control
reagent SIF-abolishing SKIP siRNA

general efficacy of siRNA
phenotype-interfering siRNA

RT-PCR of SKIP knockdown
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e control of phenotype-

interfering siRNA
data analysis e primary analysis e manual visual inspection
e collection of analyzed data e SifScreen utility
Table S4. Characteristics of microscopy systems with respect to LCI and RNAI1 screening.
System Advantage Disadvantage
WM o fast e lowest resolution (without
e gentle to cells deconvolution)
CLSM e highest resolution e slow
¢ high local illumination, photo-
damage
SDCM e high resolution e lower resolution as CLSM (due to
o fast camera)
e gentle to cells
Table S5. Suitability of various types of multi-well plates for screening with LD 40x objective
and IRF.
Type Bottom Applicability Representative suppliers
thickness in
mm
standard plastic 1 ¢ no, bottom variation Corning, Greiner,
too high Thermo/Nunc, TPP
glass 0.17 ¢ no, otherwise Corning, Greiner,
incompatible MatTek, Thermo/Nunc
cyclic 0.19 ¢ no, otherwise Corning, Greiner
olefin/synthetic incompatible
special plastic 0.5 e yes Corning
Table S6. Bacterial strains and plasmids used in this study.
Designation Relevant genotype Source/Reference
STM strains
NCTC 12023 wild type lab collection
P2D6 ssaV::mTn) [4]
MvP1897 AphoN::Pgy;::sfGFP aph this study
Plasmids
p3099 Pcemvi:eGFP::RABSA This study
p3101 Pevmvi:eGFP::RAB9A This study
p3451 Pcyvyi:hLAMP1L::mCherry [18]
p4080 Pcevy::mRuby2-Cl This study
p4081 Pcyyi:mRuby2-N1 This study
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p4094

p4122

p4209

p4210

p4232

p4250
pcDNA3-mRuby?2
pEGFP VAMP3

pEGFP VAMP7

pEGFP VAMPS

PCMV::
PCMV::
PCMV::
PCMV::
PCMV::
PCMV::
PCMV::
PCMV::

PCMV::

PCMV::

mRuby2::STXS
mRuby2::RABI1B
mRuby2::RABSB
mRuby2::RAB3A
mRuby2::CLTA
mRuby::RABIA
mRuby?2
eGFP::VAMP3

eGFP::VAMP7

eGFP::VAMP8

This study

This study

This study

This study

This study

This study

Addgene (#40260), [146]
Thierry Galli, Paris, Addgene
(#42310), [147]

Thierry Galli, Paris, Addgene
(#42316), [148]

Thierry Galli, Paris, Addgene

pEGFP-C1
pEGFP-C3
pEGFP-N1
pEGFP-Vamp4
pENTR223 RABIA

pENTR223 RABIB
pENTR223 RAB3A
pENTR223 RABSB
pENTR223 STXS8
pFPV-mCherry
pGL-Rab7 wt
pLenti Vamp2
pHtomato

pMRXIP GFP-Stx7
pMRXIP GFP-Vtilb

Pcevyi:EGFP-C1
PCMV: :EGFP-C3
Pcevmvi:EGFP-N1

PCMV: :VAMP4::eGFP

RABIA

RABI1B

RAB3A

RABS&B

STXS

P, sn::mCherry
PSV40: :RAB7::eGFP
VAMP2::pHtomato

Pcemy::GFP::STX7
PCMV:IGFPZZVTIIB

(#42311), [147]
Clontech

Clontech

Clontech

Wanjin Hong, Singapur
DNASU GTPases
(HsCDO00509534)
DNASU GTPases
(HsCDO00509534)
DNASU GTPases
(HsCDO00507538)
DNASU GTPases
(HsCD00288320)
DNASU 16967
(HsCD00507664)
Addgene (#20956), [34]
Martin Aepfelbacher, Hamburg
Yulong Li, Beijing

Addgene (#45921), [149]
Addgene (#45922), [149]

Target sequence

proprietary
GCACGTCTTTCCAGAATTCAA
CGCGGGCAAGATTGTGCCTAA
AACTATAGAGTTAGACGGGAA
TCCCGTTAGATCAGCATTCTA
AAGAGCGATATCGAGCTATAA
AAAACGAAGAGCAGCTGTTCA

CAGTGGAAATTGAAGAGCTAA
CAGAGGATGACCTCCGTCTTA
TAGGGCAATCGTGTCGCTAAT
CCGACTAGGCGAATTCACTTA

Table S7. Individual siRNA information used for validation.
Gene symbol siRNA name Catalog no.
--- AllStars S103650318
HGS Hs HGS 6 S102659650
PLK1 Hs PLKI1 7 S102223844
RABIA Hs RABI1A 9 S102662716
RAB7A Hs RAB7A 2 S100066395
RABI11A Hs RAB11A 7 S102663206
SKIP/ custom custom
PLEKHM2

STXS5 Hs STX5A 4 S100048636
STX7 Hs STX7 7 S103064159
VAMP7 Hs SYBL1 7 S104212453
VAMPS8 Hs VAMPS 2 S102652993
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VCP
VPSI11

Hs VCP 7
Hs VPSII 6

S103019730
S102778167

AACAGCCATTCTCAAACAGAA
CAGCAATATATCCGAACCATT

1202

1203

Table S8. Oligonucleotides in this study.

Targeted Designation Sequence 5°-3’
gene
Used for RT-PCR
GAPDH Hs-GAPDH-qPCR-For2 TGCACCACCAACTGCTTAGC
Hs-GAPDH-gqPCR-Rev2 GGCATGGACTGTGGTCATGAG
HGS Hs-HGS-qPCR-For CTCCTGTTGGAGACAGATTGGG
Hs-HGS-qPCR-Rev GTGTGGGTTCTTGTCGTTGAC
RABIA Hs-RAB1A-qPCR-For AGATTAAAAAGCGAATGGGTCCC
Hs-RAB1A-qPCR-Rev GCTTGACTGGAGTGCTCTGAAT
RAB7A Hs-RAB7A-qPCR-For TACAAAGCCACAATAGGAGCTG
Hs-RAB7A-qPCR-Rev GCAGTCTGCACCTCTGTAGAAG
RABI11A Hs-RAB11A-gPCR-For CAACAAGAAGCATCCAGGTTGA
Hs-RAB11A-gPCR-Rev. = GCACCTACAGCTCCACGATAAT
SKIP/ Hs-SKIP-qPCR-For TAGAGTTCATTCGTTTCGAGCTG
PLEKHM2 Hs-SKIP-qPCR-Rev AAGGCGGTCTTCAAAGTCCAG
STXS Hs-STX5-qPCR-For AAAGCGCAAGTCCCTCTTTGA
Hs-STX5-qPCR-Rev TGAGCAATTTGTTTGTTGAGGC
STX7 Hs-STX7-qPCR-For GGCCCAGAGGATCTCTTCTAA
Hs-STX7-qPCR-Rev ACTGTTGCCTCAATTCAGGTG
VAMP7 Hs-VAMP7-qPCR-For GAGGTTCCAGACTACTTACGGT
Hs-VAMP7-qPCR-Rev. = GACACTTGAGAACTCGCTATTCA
VAMPS Hs-VAMPS8-qPCR-For TGTGCGGAACCTGCAAAGT
Hs-VAMPS-qPCR-Rev  CTTCTGCGATGTCGTCTTGAA
VCP Hs-VCP-qPCR-For CAAACAGAAGAACCGTCCCAA
Hs-VCP-qPCR-Rev TCACCTCGGAACAACTGCAAT
VPS11 Hs-VPS11-qPCR-For CAAGCCTACAAACTACGGGTG

Hs-VPS11-gPCR-Rev

Used for plasmid construction

EGFP

EGFP

RABIA

RABIB

RAB3A

V{-pEGFP-C1
Vr-pEGFP-C1
V{-pEGFP-N1
Vr-pEGFP-N1
1f-Rabl A
1r-Rabl A
1f-Rab1B
1r-Rab1B
1f-Rab3A

1r-Rab3A

GAGTGCAGAGTGGATTGCCA

TCCGGACTCAGATCTCGAGCTCA
GGTGGCGACCGGTAGCGC
AGTAAAGCGGCCGCGACT
GGTGGCGACCGGTGGATC
CTTCGAATTCTGCAGTCGACATGTCCAG
CATGAATCCCGAATA
TCTAGATCCGGTGGATCCTCAGCAGCAA
CCTCCACCTGAC
CTTCGAATTCTGCAGTCGACATGAACCC
CGAATATGACTACCTGTTT
TCTAGATCCGGTGGATCCTCAGCAACAG
CCACCGCCAGC
CTTCGAATTCTGCAGTCGACATGGCATC
CGCCACAGACTC
TCTAGATCCGGTGGATCCTCAGCAGGCG
CAGTCCTGGTG

47


https://doi.org/10.1101/848549
http://creativecommons.org/licenses/by/4.0/

1204

bioRxiv preprint doi: https://doi.org/10.1101/848549; this version posted November 19, 2019. 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 4.0 International license.

18.11.2019

RABSB

mRuby?2

mRuby?2

mRuby?2

mRuby?2

STX8

1f-Rab8B

Ir-Rab8B
1f-pcDNA3-mRu-Cl1
Ir-pcDNA3-mRu-C1
1f-pcDNA3-mRu-N1
Ir-pcDNA3-mRu-N1
Vf-pmRuby2-C1
Vr-pmRuby2-Cl1
Vi-pmRuby2-N1
Vr-pmRuby2-N1
1f-STXS8-C1

Ir-STX8-C1

Host factors for SIF formation

CTTCGAATTCTGCAGTCGACATGGCGAA
GACGTACGAT
TCTAGATCCGGTGGATCCTCAGCAAAGT
AGCGAGCAACG
GCGCTACCGGTCGCCACCATGGTGTCTA
AGGGCGAAGAG
TCGAGATCTGAGTCCGGACTTGTACAGC
TCGTCCATC
GATCCACCGGTCGCCACCATGGTGTCTA
AGGGCGAAGAG
AGTCGCGGCCGCTTTACTTTACTTGTAC
AGCTCGTCCATC
GGATCCACCGGATCTAGATAAC
GTCGACTGCAGAATTCGAAG
CCGCGGGCCCGGGATCCA
CTGCAGAATTCGAAGCTTGAGCTCGAGA
CTTCGAATTCTGCAGTCGACATGGCACC
GGACCCCTGGT
GTTATCTAGATCCGGTGGATCCGTTGGT
CGGCCAGACTGCAA
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18.11.2019 Host factors for SIF formation

1205  Suppl. Figure legends

1206

1207  Figure S1. Validation of host factor siRNA silencing. HeLa-LAMP1-GFP cells were reverse
1208  transfected with siAllStars or the indicated siRNA. Total RNA was extracted, mRNA reverse
1209  transcribed, and the generated cDNA was used in RT-PCR. Depicted are means with standard
1210  deviation for three biological replicates (n = 3) each performed in triplicates. Statistical analysis

1211  was performed against siAllstars with Student’s #-test and indicated as: ***, p < 0.001.

1212

1213 Suppl. Movie captions

1214  Movie 1. Time-lapse acquisition of infected siAllStars-treated cells. The movie corresponds

1215  to Figure 1D.

1216

1217  Movie 2. Time-lapse acquisition of infected siSKIP-treated cells. The movie corresponds to

1218  Figure 1D.
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