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25 Abstract

26

27  Perturbation of endoplasmic reticulum (ER) functions can have critical consequences for
28  cellular homeostasis. An elaborate surveillance system known as ER quality control (ERQC)
29 ensures that only correctly assembled proteins reach their destination. Persistence of
30 misfolded or improperly matured proteins upregulates the unfolded protein response (UPR) to
31 cope with stress, activates ER associated degradation (ERAD) for delivery to proteasomes for
32 degradation. We have identified a Brucella abortus type IV secretion system effector called
33 BspL that targets Herp, a key component of ERQC and is able to augment ERAD.
34  Modulation of ERQC by BspL results in tight control of the kinetics of autophagic Brucella-
35 containing vacuole formation, preventing premature bacterial egress from infected cells. This
36  study highlights how bacterial pathogens may hijack ERAD components for fine regulation of
37  their intracellular trafficking.
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43  Introduction

44  The endoplasmic reticulum (ER) is the largest organelle in the cell and plays numerous
45  functions vital for maintaining cellular homeostasis. It is the mgjor site for protein synthesis
46  of both secreted and integral membrane proteins as well as exporting of newly synthesised
47  proteins to other cellular organelles. Disturbance or saturation of the folding-capacity of the
48 ER leadsto acomplex stress response that has evolved to help cells recover homeostasis or, if
49  necessary, commit them to death. The ER relies on a complex surveillance system known as
50 ER qudity control (ERQC) that ensures handling of misfolded, misassembled or
51 metabalicaly regulated proteins (Braakman and Bulleid, 2011). Once retained in the ER,
52  these proteins are retrotranslocated back into the cytosol to be ubiquitinated and degraded by
53 the proteasome, a process known as ER-associated degradation (ERAD) (Wu and Rapoport,
54  2018). Alternatively, ERAD-resistant proteins can be degraded via ERQC-autophagy (Houck
55 etal., 2014).

56

57 Inresponse to ER perturbations, particularly following the accumulation of toxic amounts of
58 misfolded proteins, ER stress ensues and cells activate a set of inter-connected pathways that
59 are collectively referred to as the unfolded protein response (UPR) that have a critical role in
60 restoring homeostasis (Walter and Ron, 2011). The UPR is regulated by three ER membrane
61 sensors, the inositol-requiring enzyme | (IRE1), double-stranded RNA-activated protein
62 kinase-like ER kinase (PERK) and activating transcription factor 6 (ATF6). In non-stress
63 conditions these are kept inactive thanks to their association with the ER chaperone BiP.
64  Upon stress, BiP is dislodged from the luminal domains of the three sensors which leads to
65 their activation and induction of specialized transcriptional programs. The IRE1 and ATF6
66 pathways are involved in induction of the transcription of genes encoding for protein-folding

67  chaperones and ERAD-associated proteins (Hetz and Papa, 2018). Whereas PERK sensing is
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68 particularly important in control of autophagy, protein secretion and apoptosis (Hetz and
69 Papa, 2018).

70

71  The homocysteine-inducible ER stress protein (Herp) is an ER membrane protein that is
72  highly upregulated during ER stress by all UPR branches (Kokame et al., 2000; Ma and
73  Hendershot, 2004). Herp is a key component of ERQC that plays a protective role in ER
74  stress conditions (Chan et al., 2004; Tuvia et a., 2007). It is an integral part of the ERAD
75 pathway, enhancing the protein loading and folding capacities of the ER. In addition, it acts as
76 a hub for membrane association of ERAD machinery components, stabilizing their
77 interactions with substrates at ERQC sites (Leitman et al., 2014) and facilitating their
78 retrotranslocation (Huang et a., 2014). Furthermore, as Herp is aso in a complex with the
79 proteasome it may aid delivery of specific retrotranslocated substrates to the proteasome for
80  degradation (Kny et al., 2011; Okuda-Shimizu and Hendershot, 2007).

81

82 Given its importance for cellular homeostasis, the ERQC represents a prime target for
83  microbial pathogens. Indeed, a growing number of bacterial pathogens have been shown to
84  hijack ERQC pathways, especially by modulating UPR (Celli and Tsolis, 2014). For example,
85 Legionella pneumophila secretes several effector proteins that repress CHOP, BiP and XBP1s
86 a the translational level, resulting in UPR inhibition and decrease in inflammation
87 (Hempstead and Isberg, 2015). Another pathogen for which modulation of UPR plays a
88 critical role during infection is Brucella spp., a facultative intracellular pathogen that causes
89  brucellosis, a zoonosis still prevalent worldwide. Brucella abortus has been shown to induce
90 UPR (de Jong et a., 2012; Smith et al., 2013), and more specifically the IRE1 pathway,
91 contributing to enhanced inflammation, a process particularly relevant in the context of

92  colonization of the placenta and abortion (Keestra-Gounder et al., 2016). However, activation
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93 of IREl isalsoimportant for Brucella trafficking and subsequent Brucella multiplication (Qin
94 etal., 2008; Smith et a., 2013). After cellular uptake, Brucella is found in a membrane bound
95 compartment designated endosomal Brucella-containing vacuole (eBCV) which transiently
96 interacts with early and late endosomes, undergoing limited fusion with lysosomes (Starr et
97 al., 2008). Bacterial are then able to sustain interactions with ER exit sites (ERES) a process
98 that requires the activity of the small GTPases Sarl (Celli et al., 2005) and Rab2 (Fugier et
99 al., 2009) and results in the establishment of an ER-derived compartment suited for
100 multiplication (replicative or rBCV). UPR induction by Brucella is necessary for this
101 trafficking step, as the formation of rBVCs is dependent on IREL activation by the ERES-
102 localized protein YiplA, which mediates IRE1 phosphorylation and dimerization (Taguchi et
103 al., 2015). Once rBCVs are established, Brucella is capable of extensive intracellular
104  replication, without induction of cell death. Instead, at late stages of the intracellular cycle,
105 rBCVs reorganize and fuse to form large autophagic vacuoles (aBCVs) that will mediate
106  bacterial exit from infected cells (Starr et al., 2011). The bacterial factors behind the switch
107  between rBCVs and aBCV's remain uncharacterized.
108
109 Brucellarelies on atype 4 secretion system (T4SS), encoded by the virB operon and induced
110  during eBCV trafficking to translocate bacterial effectors into host cells and directly modulate
111 cellular functions. However, only a few effectors have been characterized and for which we
112 have a full grasp of how they contribute towards pathogenesis. This system has been
113  implicated in the induction of UPR during infection and a subset of these effectors has been
114  shown to modulate ER-associated functions. VceC interacts with the ER chaperone BiP to
115 activate the IREL pathway, which results in NODI/NOD2 activation and up-regulation of
116  inflammatory responses (de Jong et al., 2012; Keestra-Gounder et al., 2016). BspA, BspB and

117  BspF have al been implicated in blocking of ER secretion (Myeni et al., 2013). In particular,
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118 BspB was shown to interact with the conserved oligomeric Golgi (COG) complex to redirect
119 vesicular trafficking towards the rBCVs (Miller et a., 2017). Several other effectors that
120 localize in the ER when ectopically expressed have been shown to induce UPR or control ER
121  secretion, but the mechanisms involved remain uncharacterized.

122

123 In this study, we identify a new T4SS effector of Brucella abortus, that we designate as
124  Brucella-secreted protein L (BspL) that targets a component of the ERAD machinery, Herp.
125 BspL enhances ERAD and delays the formation of aBCV's, preventing early bacterial release
126  from infected cells which helps maintain cell to cell spread efficiency.

127

128

129 Results

130

131 BspL isaBrucella T4SS effector protein

132 Bacteria effectors are often similar to eukaryotic proteins or contain domains and motifs that
133 are characteristic of eukaryotic proteins. Multiple bacterial effectors benefit from the host
134 lipidation machinery for targeting eukaryotic membranes. Some of these contain a carboxyl-
135 terminal CAAX tetrapeptide motif (C corresponds to cysteine, A to aliphatic amino acids and
136 X to any amino acid) that serves as a site for multiple post-translation modifications and
137 addition of a lipid group which facilitates membrane attachment, such as SifA from
138 Salmonella enterica (Boucrot et al., 2003; Reinicke, 2005) and AnkB from Legionella
139  pneumophila (Price et al., 2010). Previous work highlighted several Brucella encoded
140 proteins that contain putative CAAX motifs (Price et al., 2010) which could therefore be
141  T4SS effectors. In this study, we focused on one of these proteins encoded by the gene

142 BABL1 1533 (YP_414899.1), that we have designated BspL for Brucella-secreted protein L.
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143

144  Wefirst determined if BspL was translocated into host cells during infection. We constructed
145 astrain expressing BspL fused to the C-terminus of the TEM1 3-lactamase (encoded by bla)
146 and infected RAW macrophage-like cells for different time-points. A Flag tag was also
147  included for control of protein expression. The fluorescent substrate CCF2 was added and the
148  presence of fluorescent emission of coumarin, resulting from cleavage by the cytosolic TEM 1
149 lactamase, was detected by confocal microscopy. This assay is widely used in the Brucella
150 field and we included the T4SS effector VceC as a positive control (de Jong et al., 2008),
151 which showed the highest level of secretion at 24h post-infection in our experimental
152  conditions (Figure 1A). We found that TEM 1-BspL was secreted into host cells as early as 4h
153  post-infection, with a slight peak at 12h post-infection, CCF2 cleavage was still detected at
154  24h post-infection (Figure 1A). This phenotype was fully dependent on the T4SS as a AvirB9
155  mutant strain did not show any coumarin fluorescence (Figure 1A and B). This was not dueto
156 lack of expression of TEM1-BspL as both the wild-type and the AvirB9 strains carrying the
157 bla:bspL plasmid showed equivalent levels of TEM1-BspL expression (Figure 1C).
158  Together, these results show BsplL is a T4SS effector.

159

160 Ectopically expressed BspL accumulates in the ER, does not interfere with host protein
161  secretion but inducesthe UPR

162 BspL is very well conserved in the Brucella genus, it is 170 amino acids long (Figure S1A)
163 and is approximately 19 kDa. BspL does not share any homology to eukaryotic proteins nor
164 to other bacterial effectors. Its nucleotide sequence encodes for a sec secretion signal, a
165 feature commonly found in other Brucella effectors (Marchesini et al., 2011). In addition, it
166 contains a hydrophobic region that may constitute a transmembrane domain as well as a

167  proline rich region, with seven consecutive prolines that may be relevant in interactions with
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168 eukaryotic proteins. To gain insight into the function of BspL we ectopically expressed HA,
169 myc or GFP-tagged BspL in HelLa cells. We found BspL accumulated in the ER, as can be
170  seen by the co-localization with calnexin (Figure 2A and S1B, S1C), an ER membrane
171  protein and chaperone. Unlike what has been reported for VceC (de Jong et al., 2012), the
172  structure of the ER remained relatively intact upon BspL expression. Deletion of the C-
173  terminal tetrapeptide sequence, which could correspond to a potential lipidation motif had no
174  effect on the ER localization of BspL in transfection (Figure S1B, bottom panel), as it
175 significantly overlapped with the full-length protein when co-expressed in the same cell
176  (Figure S1C).

177

178 Our observations suggest BspL is part of a growing number of Brucella effectors that
179  accumulate in the ER when ectopically expressed, including VceC, BspB and BspD (de Jong
180 et al., 2012; Myeni et a., 2013). We therefore investigated if BspL shared any of the ER
181 modulatory functions described for other effectors, notably interference with ER secretion as
182 BspB (Miller et al., 2017; Myeni et d., 2013) or induction of ER stress as VceC (de Jong et
183  al., 2012; Keestra-Gounder et a., 2016).

184 To determine the impact of BspL on host protein secretion we used the secreted embryonic
185 akaline phosphatase (SEAP) as a reporter system. HEK cells were co-transfected with the
186  vector encoding SEAP and vectors encoding different Brucella effectors. We chose to work
187  with HA-BspL, to alow direct comparison with previously published HA-BspB that blocks
188 ER secretion and HA-BspD as a negative control (Myeni et al., 2013). Expression of the
189 GDP-locked allele of the small GTPase Arf1[T31N], known to block the early secretory
190 pathway, was used as a control for efficient inhibition of secretion (Figure S1D). As
191  previously reported, we found that expresson of HA-BspB drastically reduced SEAP

192  secretion (Figure S1D). In contrast, HA-BspL did not impact SEAP secretion to the same
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193 extent as BspB, having an effect equivalent to HA-BspD previously reported not to affect host
194  protein secretion (Myeni et al., 2013).

195

196 We next investigated whether ER targeting of BspL was accompanied with activation of the
197 UPR, an important feature of Brucella pathogenesis. In the case of B. abortus, IRE1 is the
198 main pathway activated (de Jong et al., 2012) which leads to splicing of the mRNA encoding
199 the transcription factor X-box-binding protein 1 (XBP1) which in turn induces the expression
200 of many ER chaperones and protein-folding enzymes. The second branch of the UPR
201 dependent on PERK may also be of relevance in Brucella infection (Smith et al., 2013).
202 Under prolonged stress conditions, this UPR branch leads to the up-regulation of the
203 transcription factor C/EBP-homologous protein (CHOP) which induces expression of genes
204  involved apoptosis. We therefore monitored XBP1s and CHOP transcript levels following
205 ectopic expression of HA-BspL, in comparison to HA-VceC, established as an ER stress
206  inducer and HA-BspB, known not to induce ER stress. Treatment with tunicamycin, a
207  chemical ER stress inducer was also included. We found that over-expression of HA-BspL
208 induced an increase of both XBP1s and CHOP transcription, to levels even higher than HA-
209  VceC (Figure 2B and C). These results suggest BspL may induce ER stress.

210

211 BspL is not involved in establishment of an ER-derived replication niche but is
212  implicated in induction of ER stressduring infection

213 As UPR has been implicated in the establishment of rBCVs (Taguchi et a., 2015) and
214 intracellular replication (Qin et al., 2008; Smith et al., 2013; Taguchi et a., 2015) of Brucella
215 we next investigated the intracellular fate of a B. abortus 2308 strain deleted for bspL in
216  comparison with the wild-type. Two cellular models were used, HelLa cells and an

217  immortalized cell line of bone marrow-derived macrophages (iBMDM). We found that the


https://doi.org/10.1101/699330
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/699330; this version posted July 11, 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-NC-ND 4.0 International license.

218 AbspL strain replicated as efficiently as the wild-type in both iBMDM (Figure S2A) and
219 Hela cdls (Figure S2B). In terms of intracellular trafficking no obvious differences were
220 observed in the establishment of rBCV's a 24 and 48h post-infection, as AbspL BCVs were
221 nicely decorated with the ER marker calnexin in both cell types (Figure 2D and E) as
222  observed for the wild-type strain (Figure S2C and D). As this is the first report to our
223  knowledge to use iBMDM in Brucela infections, we confirmed this observation by
224  quantifying the percentage of BCVs positive for calnexin and the lysosomal associated
225 membrane protein 1 (LAMP1) in comparison with the wild-type at 24 and 48 post-infection
226  (Figure S2E and F, respectively). The wild-type strain in this cellular model behaved as
227  expected forming the typical rBCVs.

228

229 Asin transfected cells we found that BspL induced UPR, we next monitored the levels of
230 XBP1s and CHORP transcripts during infection. Since the rate of infected cells is too low to
231 detect ER stress in HelLa cells, these experiments were only performed in iBMDMs. As
232  expected, the wild-type B. abortus strain induced an increase in the levels of transcription of
233  XBP1sin relation to the mock-infected control iBMDM at 48h post-infection (Figure 2F). In
234  contrast, AbspL infected macrophages showed decreased XBP1s transcript levels compared to
235  the wild-type (Figure 2G). Furthermore, the wild-type phenotype could be fully restored by
236 expressing a chromosomal copy of bspL in the AbspL strain, confirming that BspL
237  specificaly contributes towards induction of the IREL branch of the UPR during infection
238 (Figure 2F). We did not observe an increase in CHOP transcript levels in iBMDM infected
239  with the wild-type nor AbspL strains in comparison to the mock-infected cells (Figure 2G),
240  suggesting that B. abortus does not significantly induce the PERK-dependent branch of the
241  UPR at this stage of the infection.

242

10
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243  BsplL interactswith Herp, a key component of ERQC

244  To gain insight into the function of BspL we set out to identify its interacting partners. A
245  yeast two-hybrid screen identified 7 candidates: eukaryotic translation initiation factor 4A2
246  (EIF4A2), pyruvate dehydrogenase beta (PDHB), MTR 5-methyltetrahydrofolate-
247  homocysteine methyltransferase, Bcl2-associated athanogene 6 (BAG6), ARMCX3 armadillo
248  repeat containing protein (Alex3), homocysteine-inducible ER protein with ubiquitin like
249  domain (Herpud or Herp) and Ubiquilin2 (UbgIn2).

250

251 Inview of our previous results for BspL showing ER localization and induction of UPR we
252  decided to focus on Alex3, Herp and Ubiquilin2 which are rarely present or even absent in the

253 database of false positives for this type of screen (http:/crapome.org/). Alex3 is a

254  mitochondrial outer membrane protein that has been implicated in regulation of mitochondrial
255  trafficking (Serrat et a., 2013). As ER and mitochondria extensively interact, Alex3 could
256  congtitute an interesting target. Herp is an ER membrane protein playing a role in both the
257 UPR and the ERAD system whereas Ubiquilin2 is implicated in both the proteasome and
258 ERAD and, interestingly, shown to interact with Herp (Kim et al., 2008). In view of these
259  different targets we decided to carry out an endogenous co-immunoprecipitation in cells
260 expressing HA-BspL. As controls for detecting non-specific binding, we aso performed co-
261  immunoprecipitations from cells expressing two other ER-targeting effectors, HA-BspB and
262 HA-VceC. We then probed the eluted samples with antibodies against Alex3, Ubiquilin2 or
263 Herp to detect if any interactions could be observed. We found that Alex3 was co-
264  immunoprecipitated with all 3 effectors suggesting a potentially non-specific interaction with
265 the effectors or the resin itself (Figure 3A). In contrast, no interactions were observed with
266  Ubiquilin2, which was detected only in the flow through fractions. However, we found that

267  endogenous Herp specifically co-immunoprecipated with HA-BspL and not the other

11
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268  effectors (Figure 3A), suggesting Herp and BspL form a complex within host cells. Taken
269 together with the yeast two-hybrid data, we can conclude that BspL directly interacts with
270  Herp. Consistently, over-expressed BspL co-localized with Herp by microscopy (Figure 3B).
271

272 Bspl facilitates degradation of TCRa. via ERAD independently of ER stress

273 Herp is a key component of ERAD, strongly up-regulated upon ER stress. Indeed, during B.
274  abortus infection we observed an up-regulation of HERP transcripts (Figure S3A), consistent
275 with XBP1s induction, although these differences were not statistically significant with the
276  number of replicates carried out. However, inhibition of Herp using SRNA (Figure S3B)
277  showed that ER stress induced following ectopic expression of BspL was not dependent on
278  Herp (Figure S3C and D), suggesting BspL interaction with Herp is mediating other functions
279 inthecell.

280

281  Therefore, we next investigated if BspL could directly impact ERAD. We used expression of
282 T cell receptor apha (TCRa) as reporter system, as this type | transmembrane glycoprotein
283  has been shown to be a canonical ERAD substrate, quickly degraded (Feige and Hendershot,
284  2013; Lippincott-Schwartz et al., 1988). TCRa is transferred across the ER membrane, where
285 is becomes glycosylated and fails to assemble. This in turn induces its retrotranslocation back
286 to the cytosol to be degraded by the proteasome. Cycloheximide treatment for 4 h was used to
287 block protein synthesis, preventing replenishment of TCR pools and alowing for
288  visualization of ERAD-mediated degradation of TCRa.. When HEK-293T cells, which do not
289 naturally express TCR were transfected with HA-TCRa. and treated with cycloheximide, a
290 decrease in HA-TCRo was observed, indicative of degradation (Figure 4A, red arrow).
291  Strikingly, expression of BspL induced very strong degradation of TCRo (Figure 4A). Thisis

292  accompanied by the appearance of a faster migrating band at around 25 KDa (blue arrow),

12
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293 that nearly disappears upon cycloheximide treatment suggesting this TCRo. peptide is
294  efficiently degraded by the proteasome. It is important to note that the 25 KDa band is also
295  present when HA-TCRa is expressed alone (lane 2 of Figure 4A, blue arrow) suggesting it is
296 anatural intermediate of HA-TCRo degradation.

297

298 To determine if the enhanced effect of BspL on TCRo degradation is a side-effect of ER
299  dtress, cells were treated with TUDCA which strongly inhibited both XBP1s and CHOP
300 transcript levels induced by either tunicamycin, BspL or VceC (Figure S3E and F). In the
301 presence of TUDCA, BspL was still found to enhance HA-TCRo. degradation showing thisis
302 occurring in an ER stress-independent manner (Figure $4).

303

304 As the TCRa subunit undergoes N-glycosylation in the ER, we wondered if the faster
305 migrating band of TCRo. induced by BspL corresponded to non-glycosylated form of TCRa.
306 We therefore treated samples with EndoH, which deglycosylates peptides. Upon EndoH
307 treatment we observed deglycosylated HA-TCRo (second lane, Figure 4B, black arrow),
308 confirming the reporter system is being processed normally. In the BspL expressing samples
309 (lanes 3 and 4, Figure 4B), a slight band corresponding to the non-glycosylated TCRo could
310  also be detected particularly after EndoH treatment, confirming that BspL does not prevent
311  TCRo from entering the ER and being glycosylated. The dominant TCRo. band induced upon
312 BspL expression (around 25 KDa, blue arrow) migrates faster than the non-glycosylated form
313  resulting from EndoH treatment (black arrow) and does not appear to be sensitive to EndoH.
314  This may therefore correspond to a natural truncated non-glycosylated form of HA-TCRo.
315 Consistently, this band is aso present in the absence of BspL (lane 1, Figure 4B, blue arrow).
316  Together these dataindicate that BspL is astrong inducer of ERAD.

317

13
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318 ERAD isrequired for different stages of intracellular lifecycle of Brucella

319 Therole of ERAD in the Brucdla intracellular life cycle has not yet been investigated to our
320 knowledge. We therefore decided to block ERAD using eeyarestatin, an established inhibitor
321 of this system. Unfortunately, prolonged treatment a the concentration necessary for full
322 inhibition of ERAD induced detachment of infected iBMDM. Nonetheless, we were able to
323 carry out this experiment in HelLa cells, which showed significant resistance to the
324  eeyarestatin treatment. Total CFU counts after addition of eeyarestatin at 2h post-infection
325 showed a significant decrease in bacterial counts at 48h, suggesting a potential inhibition of
326  replication (Figure 5A). However, microscopy observation of infected cells at this time-point
327 clearly showed extensive replication of bacteria even in the presence of eeyarestatin (Figure
328  5B), suggesting that the drop of CFU observed was a result of exit of bacteria from infected
329 cells rather than inhibition of intracellular replication. Consistently, we observed significant
330 numbers of extracellular bacteria as well as many cells infected with only a few bacteria
331 potentialy resulting from re-infection. These results suggest that blocking of ERAD during
332  early stages of infection would favour intracellular replication. To confirm this possibility, we
333  counted by microscopy the number of bacteria per cell at 24h post-infection and indeed found
334  ahigher replication rate upon eeyarestatin treatment (Figure 5C). We therefore hypothesized
335 that Brucella might block ERAD during early stages of the infection to favour establishment
336 of an early replication niche, a phenotype clearly not dependent on BspL, as we have shown it
337 is not implicated in the establishment of rBCV's and when ectopically expressed it induces
338 ERAD. We therefore, wondered if BspL could intervene at a later stage of the infection to
339 induce ERAD viaitsinteraction with Herp.

340

341 BsplL delays premature bacterial egress from infected cells
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342 The late stage of the intracellular cycle of Brucella relies on induction of specific autophagy
343 proteins to enable the formation of aBCVs characterized as large vacuoles with multiple
344  bacteria decorated with LAMPL (Starr et al., 2011). In our experimental conditions aBCVs
345  could be clearly observed in iBMDM infected for 65h with wild-type B. abortus (Figure 6A).
346  We therefore investigated if BspL was involved in formation of aBCVs. Strikingly, AbspL
347 aBCVs could be detected as early as 24h, with nearly 30% of infected cells showing aBCVs
348  at 48h post-infection compared to less than 10% for wild-type infected cells (Figure 6B and
349  C). Importantly, complementation of the AbspL strain fully restored the wild-type phenotype.
350 These results strongly suggest that BspL is involved in delaying the formation of aBCVs
351  during B. abortus macrophage infection. Consistently, imaging of AbspL infected iBMDM at
352 48h, revealed the presence of high numbers of extracellular bacteria as well as cells with
353 single bacteria or a single aBCV (Figure 6D), suggestive of re-infection and reminiscent of
354  what was observed following eeyarestatin treatment that blocks the ERAD. In contrast, wild-
355 type infected iBMDM at the same time-point showed none or few signs of re-infection with
356  most cells showing extensive perinuclear ER-like distribution of bacteria (Figure 6D).

357  In conclusion, we propose that, secretion of BspL during Brucella infection induces ERAD to
358 control aBCV formation and prevent premature bacterial egress from infected cells.

359

360

361 Discussion

362

363 In this study, we characterize a previously unknown T4SS effector of B. abortus and its role
364 invirulence. We found this effector hijacks the ERAD machinery to regulate the late stages of
365 the Brucella intracellular cycle. Although many bacteria pathogens have been shown to

366  control UPR, very little is known about the impact of ERAD, a downstream process following
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367 UPR, in the context of intracellular bacterial infections. To our knowledge there are only two
368 examples. The obligatory intracellular pathogen Orientia tsutsugamushi, the cause of scrub
369 thypus, is an auxotroph for histidine and aromatic amino acids and was shown to transiently
370 induce UPR and block ERAD during the first 48h of infection (Rodino et al., 2017). Thisin
371 turn enables release of amino acids in the cytosol, necessary for its growth (Rodino et al.,
372 2017). The second example is Legionella pneumophila, that recruits the AAA ATPase
373  Cdc48/p97 to its vacuole, that normally recognizes ubiquitinated substrates and can act as a
374  chaperone in the context of ERAD to deliver misfolded proteins to the proteasome.
375 Recruitment of Cdc48/p97 to the Legionella vacuole is necessary for intracellular replication
376 and helps dislocate ubiquitinated proteins from the vacuolar membrane, including bacterial
377  effectors (Dorer et a., 2006).

378

379 Inthe case of BspL we found it directly interacts with Herp, a component of ERAD which is
380 induced upon UPR. Our data suggest that BspL enhances ERAD and this prompted us to
381 further investigate the role of ERAD during Brucella infection. Interestingly, we found that
382 inhibition of ERAD is beneficial during early stages of intracellular trafficking and enhances
383  bacterial multiplication. It is possible that Brucella is transiently blocking ERAD during
384 rBCV formation and initial replication, potentialy via aspecific set of effectors or a particular
385 cellular signa yet to be identified. This could, as demonstrated for Orientia, release amino
386 acidsinto the cytosol that would be critical for bacterial growth. Alternatively, or in parallel, a
387  Dblock of ERAD could potentially enhance autophagy to deal with the ER stress that would in
388  turn favour rBCV formation.

389

390 As apermanent block of ERAD could become damaging to the cell under prolonged stress

391 and, as we observed, speed up the bacterial release from infected cells potentially
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392 prematurely, Brucella translocation of BspL could counteract these effects by enhancing
393 ERAD and slowing down aBCV formation. We could not directly show BspL ERAD
394  induction is dependent on Herp as its depletion would itself block ERAD (Hori et al., 2004;
395  Okuda-Shimizu and Hendershot, 2007). However, in the presence of BspL no glycosylated
396 ER loaded HA-TCRo was observed indicative of enhanced processing through the ERAD
397 pathway. Instead, only a truncated unglycosylated TCRo intermediate was detected, which
398 disappeared in the presence of cycloheximide suggesting it is efficiently degraded. These
399 likely correspond to a backlog of peptides awaiting proteasomal degradation, generated by an
400 abnorma ERAD flux induced by BspL.

401

402  Further work is now required to establish the precise mechanisms that enables BspL to
403 facilitate ERAD. It is possible that BspL interaction with Herp stabilizes it, preventing its
404  degradation and would therefore help sustain ERAD. Indeed, ER stress significantly induces
405 Herp levels but Herp was shown to be quickly degraded, enabling efficient modulation of
406 ERQC (Yanet a., 2014). Alternatively, BspL may favour Herp accumulation at ERQC sites
407 that would also enhance its ability to assist protein retrotranslocation and delivery to
408 proteasomes. Imaging of BspL during infection will help to determine if a particular sub-ER
409 compartment is targeted, such as ERQC-sites.

410

411 This study focuses on BspL-Herp interactions, nevertheless we cannot exclude the
412 participation of other potential targets identified in the yeast-two hybrid screen, notably
413  Ubiquilin 2 and Bag6. Ubiquilins function as adaptor proteins between the proteasome and
414  ubiquination machinery and therefore participate in ERAD. Ubiquilins also interact with Herp
415 (Kim et a., 2008) and very interestingly have been shown to play a role in control of

416  autophagy (Senturk et al., 2019). Our co-immunoprecipitation experiment did not reveal any
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417  binding but perhaps a weak or transient interaction is taking place not detectable with our
418 current in vitro conditions. Another interesting target is Bag6, (aso known as Bat3) a
419  chaperone of the Hsp70 family that is also involved in delivery of proteins to the ER or when
420 they are not properly folded to the proteasome. Bag6 was shown to be the target of the
421  Orientia Ank4 effector that blocks ERAD (Rodino et al., 2017) and to be targeted by multiple
422  Legionella effectors to control host cell ubiquitination processes (Ensminger and Isberg,
423  2010). Therefore, it is possible that Bagé may contribute towards BspL control of ERAD
424 functions during Brucella infection.

425

426 In addition to ERAD, we found that BspL itself was implicated in induction of UPR.
427  However, this phenotype was independent of Herp and may be an indirect effect duetoits ER
428  accumulation or via another cellular target yet to be characterized. Furthermore, the increased
429 ERAD activity upon BspL expression was not a result of increased ER stress; suggesting that
430 BspL is independently controlling these two pathways. There is growing evidence that the
431 induction of IRE1-dependent UPR by multiple effectors is linked to modulation of Brucella
432  intracellular trafficking and intracellular multiplication (Smith et al., 2013; Taguchi et al.,
433  2015). Our data allow us to add another piece to this complex puzzle, and place for the first
434  time the ERAD pathway at the centre of Brucella regulation of its intracellular trafficking.
435  Further work is now required to decipher all the molecular playersinvolved.

436

437 In conclusion, our results show that ERAD modulation by BspL enables Brucella to
438 temporarily delay the formation of aBCVs and avoid premature egress from infected cells,
439  highlighting a new mechanism for fine-tuning of bacteria pathogen intracellular trafficking.
440

441
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471  Figurelegends

472  Figurel. BspL isa T4SSeffector translocated into host cells during B. abortus infection.
473  (A) Macrophage-like cell line (RAW) was infected with B. abortus carrying a plasmid
474  encoding for bla fused with BspL (pbla::bsplL) to enable expression of TEM-BspL. Cells
475  were infected with either wild-type B. abortus or AvirB9 carrying this plasmid. A positive
476  control of wild-type expressing bla::vceC was included. At 4, 12 or 24h post-infection, cells
477  were incubated with fluorescent substrate CCF2-AM, fixed and the percentage of cells with
478 coumarin emission quantified using an automated plugin. More than a 1000 cells were
479 quantified for each condition from 3 independent experiments and data represent means +
480 standard deviations. Kruskal-Wallis with Dunn’s multiple comparisons test was used and P =
481  0.0019 between wild-type pbla::bspL and AvirB9 pbla::bspL at 12h (**) and 0.171 at 24h (*).
482  Not all statistical comparisons are shown.

483 (B) Representative images of cells infected for 24h with B. abortus wild-type or AvirB9
484  carrying pbla::bspL. Cells were incubated with CCF2 and the presence of translocated
485 TEM1-BspL detected by fluorescence emission of coumarin (red). Scale bars correspond to 5
486  pm.

487 (C) The expression of TEM1-BspL in the inocula of wild-type and AvirB9 strains was
488 controlled by western blotting thanks to the presence of a FLAG tag in the construct. The
489 membrane was probed with an anti-Flag antibody (top) or anti-Omp25 (bottom) as a loading
490 control. A sample from wild-type without the plasmid was included as a negative control.

491 Molecular weights are indicated (KDa).
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492

493  Figure 2. BspL does not impact early BCV trafficking but contributesto UPR induction
494  at late stages of theinfection.

495  (A) Confocal microscopy image showing the intracellular localization of HA-BspL expressed
496 in Hela cells labelled with an anti-HA antibody (green) and ER marker calnexin (red).
497  Phaloidin (cyan) was used to label the actin cytoskeleton and Dapi (white) for the nucleus.
498 (B) Quantification of mRNA levels of XBP1s and (C) CHOP by quantitative RT-PCR
499 obtained from HelLa cells expressing HA-BspL, HA-VceC or HA-BspB for 24h. Cells
500 transfected with empty vector pcDNA3.1 were included as a negative control and cells treated
501 tunicamycin at 1pg/pl for 6h as a positive control. Data correspond to the fold increase in
502 relation to an internal control with non-transfected cells. Data are presented as means *
503 standard deviations from at least 4 independent experiments. Kruskal-Wallis with Dunn’s
504  multiple comparisons test was used and P = 0.042 between negative and HA-BspL (**) and
505 0.0383 between HA-BspL and HA-BspB (*) for XBP1s. For CHOP, P = 0.0184 between
506 negative and tunicamycin (*); 0.0088 between negative and HA-BspL (**); 0.0297 bteween
507  tunicamycin and HA-BspB (*) and 0.011 between HA-BspL and HA-BspB (*). All other
508  comparisons ranked non-significant.

509 (D) Representative images of rBCVs from AbspL-expressing DSred infected iBMDM or (E)
510 Helacellsat 24 and 48h post-infection, labelled for calnexin (green).

511 (F) Quantification of mRNA levels of XBP1s and (G) CHOP by quantitative RT-PCR
512  obtained from iBMDMs infected with wild-type, AbspL or the complemented AbspL::bspL
513 strains for 48h. Mock-infected cells were included as a negative control. Data correspond to
514  thefold increase in relation to an internal control with non-infected cells. Data are presented
515 asmeans * standard deviations from at least 3 independent experiments. Kruskal-Wallis with

516  Dunn’s multiple comparisons test was used and, for XBP1s, P = 0.042 between negative and
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517 HA-BspL (**) and 0.0352 between the negative control and wild-type infected cells (*) and
518 0.0111 between negative and the complemented AbspL::bspL infected cells (*). All other
519  comparisons ranked non-significant with this test.

520

521  Figure 3. BspL specifically interactswith the ERAD component Herp.

522  (A) Co-immunoprecipitation (co-IP) from cell extracts expressing either HA-BspL, HA-BspB
523 and HA-VceC using HA-trapping beads. Flow through and elutions were probed with
524  antibodies against Alex3, Ubiquilin (Ubgin) and Herp in succession. The level of each
525 effector bound to the beads was revealed with an anti-HA antibody and 15% of the input used
526  for the co-IP shown (at the bottom). Molecular weights are indicated (KDa).

527 (B) Representative confocal micrograph of HelLa cells expressing HA-BspL (green) and
528 labelled for Herp (red). Scale bar correspondsto 5 um.

529

530 Figure4. BspL enhances ERAD degradation of TCRa.

531 (A) HEK 293T cells were transfected with HA- TCRa. in the absence or presence of myc-
532 BspL for 24h. Where indicated, cells were treated with 50 pg/ml cycloheximide for the last
533 4h. The blot was probed first with an anti-TCR antibody followed by anti-actin. The same
534  samples were loaded onto a separate gel (separated by dashed line) for probing with an anti-
535 myc and anti-actin to confirm the expression of myc-BspL. Molecular weights are indicated
536 (KDa) and relevant bands described in the text highlighted with different coloured arrows.
537 (B) HEK 293T cells were transfected with HA- TCRa in the absence or presence of myc-
538 BspL for 24h and samples treated with EndoH where indicated. The blot was probed first
539  with an anti-TCR antibody followed by anti-actin. The same samples were loaded onto a

540 separate gel (separated by dashed line) for probing with an anti-myc and anti-actin to confirm
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541 the expression of myc-BspL. Molecular weights are indicated (KDa) and relevant bands
542  described in the text highlighted with different coloured arrows.

543

544  Figure 5. Blocking of ERAD at early stages of the infection enhances intracellular
545 replication and accelerates bacterial release.

546  (A) Bacteria counts (CFU) at 2, 24 and 48h post-infection with either the wild-type without
547 any treatment (wt, black) or in the presence of 8 UM eeyarestatin (wt+Eeya, red) or the
548 equivalent amount of DMSO (wt+DMSO, green). Data correspond to means = standard
549  deviations from 6 independent experiments. A two-way ANOVA was used yielding a P <
550 0.0001 (****) between wild-type+DM SO with wild-typet+Eeya at 48h. Other comparisons are
551 not indicated.

552 (B) Representative confocal images of HelLa cells infected with the wild-type DSRed or
553 following treatment eeyarestatin at 48h post-infection.

554  (C) Microscopy bacterial counts at 24h post-infection with either the wild-type with DM SO
555 or in the presence of 8 UM eeyarestatin. Data is presented as the percentage of cells
556  containing 1 to 5 bacteria per cell (red), 6 to 30 (black), 30 to 40 (blue) or more than 50
557  (green). Data correspond to means + standard deviations from 3 independent experiments. A
558 two-way ANOVA test was used yielding a P= 0.0003 (***) between wild-type+DM SO with
559  wild-typet+Eeya at 48h. Other comparisons are not indicated.

560

561 Figure6. BspL isimplicated in delay of aBCV formation.

562 (A) Representative confocal images of iBMDM infected with wild-type DSred for 65h
563 labelled for LAMPL (green). Scale bar correspondsto 5 pum.

564 (B) Representative confocal images of iBMDM infected with AbspL DSred for 24h (top), 48h

565  (middle) and 65h (lower), labelled for LAMPL (green). Scale bars correspond to 5 pm.
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566 (C) Quantification of the percentage of cells with aBCVs, in iBMDMs infected with either
567  wild-type, AbspL or the complemented AbspL::bspL strains for 24, 48 or 65h. Data
568  correspond to means + standard deviations from at least 5 independent experiments. A two-
569 way ANOVA was used yielding aP < 0.0001 (****) between wild-type and AbspL as well as
570  AbspL and AbspL::bspL at 48h. Other comparisons are not indicated.

571 (D) Representative confocal image of iBMDM infected with either wild-type DSRed or
572  AbsplL for 48h, labelled for calnexin (red). Bacteria shown in white. Scale bars correspond to
573 5um.

574

575  Supplementary Figure Legends

576

577 Figure S1. BsplL targetsthe ER independently of its CAAX motif without impacting ER
578  secretion.

579 (A) Schematic diagram of BspL and its domains, namely the Sec secretion signal,
580 hydrophobic region, Prolin-rich region (PRR) and potential CAAX motif with amino acid C,
581 T,AandN.

582 (B) Representative confocal images of Hela cells expressing myc-BspL (top panel) or myc-
583 BspLACAAX (bottom panel) labelled for the ER marker calnexin (red). Scale bars
584  correspond to 5 pm.

585 (C) Helacells were co-transfected with GFP-BspL (green) and myc-BspLACAAX (cyan) for
586  24h and labelled for the ER marker calnexin (red). Scale bars correspond to 5 pm.

587 (D) Quantification of SEAP secretion in HEK 293T cells expressing either control empty
588 vector (pcDNA3.1), dominant negative form of Arfl (HA-ARHT31N]), HA-BspL, HA,
589 BspB or HA-BspD. Measurements were done at 24h after transfection and the secretion index

590 corresponds to means * standard deviations. Kruskal-Wallis with Dunn’s multiple
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591 comparisons test was used and P = 0.0164 between pcDNA control and HA-ARF[T31N] (*)
592 and 0.0005 between pcDNA and HA-BspB (***). All other comparisons ranked non-
593 significant.

594

595 Figure S2. Equivalent intracdlular trafficking of wild-type and bspL mutant strains.

596 (A) Bacterial counts using colony forming units (CFU) at 2, 24 and 48h post-infection with
597 either the wild-type (red) or AbspL strains (black) of iBMDM or (B) HelLa cells. Data
598  correspond to means * standard deviations from 3 independent experiments.

599 (C)iBMDM or (D) HeLa cells were infected with wild-type B. abortus DSRed (red) for 24 or
600 48h and labelled for the ER marker calnexin (green). Zoomed insets are indicated. Scale bars
601 correspond to 5 um.

602 (E) Quantification of the percentage of BCV's positive for calnexin or (F) LAMPL at 24 or
603  48h post-infection of iBMDM with either wild-type or AbspL DSRed-expressing strains. Data
604 are presented as means + standard deviations from at 6 independent experiments. Kruskal-
605 Wallis with Dunn’s multiple comparisons test was used and all comparisons between the
606  wild-type and the mutant strain yielded P > 0.05, considered as non-significant.

607

608 Figure S3. BspL induction of ER stressisindependent of Herp.

609 (A) Quantification of mRNA levels of HERP by quantitative RT-PCR obtained from
610 iBMDMs infected with wild-type, AbspL or the complemented AbspL::bspL strains for 48h.
611 Mock-infected cells were included as a negative control. Data correspond to the fold increase
612 in relation to an internal control with non-infected cells. Data are presented as means +
613 standard deviations from 3 independent experiments. Kruskal-Wallis with Dunn’s multiple

614  comparisons test was used and yielded non-significant differences.
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615 (B) Western blot of cell lysates from Hela cells treated with siRNA control (siCtrl) or SSRNA
616 Herp (siHerp) for 48h. A sample from non-treated cells was included as a negative control.
617 Membrane was probed with an anti-Herp antibody followed by anti-actin for loading control.
618 (C) Quantification of MRNA levels of XBP1s or (D) CHOP by quantitative RT-PCR obtained
619 from HelLa cells expressing HA-BspL or HA-VceC for 24h. Where indicated, Hel.a cells
620 were treated with siRNA control (siCtrl) or SIRNA Herp (siHerp). Cells transfected with
621 empty vector pcDNA3.1 were included as a negative control and cells treated tunicamycin at
622 1lug/ul for 6h as a positive control. Data correspond to the fold increase in relation to an
623 interna control with non-transfected cells. Data are presented as means + standard deviations
624  from at least 3 independent experiments. Kruskal-Wallis with Dunn’s multiple comparisons
625 test was used and yielded P=0.0184 (*) between negative siCtrl and BspL siCtrl, 0.0277 (*)
626 between negative siHerp and BspL siHerp and 0.0485 (*) between negative siCtrl and
627  tunicamycin siCtrl. No significant differences for observed for CHOP.

628 (E) Quantification of mMRNA levels of XBP1s or (F) CHOP by quantitative RT-PCR obtained
629 from Hela cells expressing HA-BspL, HA-VceC or HA-BspB for 24h. Were indicated, cells
630  were treated with 0.5 nM of TUDCA for 22h. Cells transfected with empty vector pcDNA3.1
631 were included as a negative control and cells treated tunicamycin at 1ug/ul for 6h as a
632 positive control. Data correspond to the fold increase in relation to an internal control with
633  non-transfected cells. Data are presented as means + standard deviations from 3 independent
634  experiments. Kruskal-Wallis with Dunn’s multiple comparisons test was used and yielded
635 P=0.0439 (*) between BspL and BspL+TUDCA. For CHOP, P=0.0012 (**) between
636  tunicamycin and tunicamycin+TUDCA, 0.0036 (**) between BspL and BspL+TUDCA and
637  0.0192 (*) between VceC and VceC+TUDCA. Not all comparisons are indicated.

638

639 Figure $4. BspL induction of ERAD isER stress-independent.
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640 HEK 293T cells were transfected with HA- TCRo in the absence or presence of myc-BspL
641 for 24h. Where indicated, cells were treated with 50 pg/ml cycloheximide for the last 6h or
642 0.5nM of TUDCA for 22h. The blot was probed first with an anti-TCR antibody followed by
643 anti-actin. The same samples were loaded onto a separate (separated by dashed line) for
644  probing with an anti-myc and anti-actin to confirm the expression of myc-BspL. Molecular
645 weights are indicated (KDa) and relevant bands described in the text highlighted with
646  different coloured arrows.

647

648

649 Material and methods

650

651 Cédll culture

652 Hela, RAW and HEK293T cells obtained from ATCC were grown in DMEM supplemented
653 with 10% of fetal calf serum. Immortalized bone marrow-derived macrophages from
654 C57BL/6J mice were obtained from Thomas Henry (CIRI, Lyon, France) and were
655 maintained in DMEM supplemented with 10% FCS and 10% spent medium from L929 cells
656  that supplies MC-CSF.

657

658 Transfectionsand SRNA

659  All cells were transiently transfected using Torpedo® (Ibidi-Invitrogen) for 24 h, according to
660 manufacturer’sinstructions. sSiRNA experiments were done with Lipofectamine® RNAIMAX
661 Reagent (Invitrogen) according the protocol of the manufacturers. Importantly, SiRNA
662 depletion of Herp was done by treatment with 3uM siRNA the day after seeding of cells and
663 again at 24h. Depletion was achieved after 48h total. Depletion was confirmed by western

664  Dblotting with an antibody against Herp. ON-TARGETplus SRNA SMARTpool (L-020918)
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665 were used for Herp and for the control ON-TARGETplus Non-targeting pool (D-001810)
666  both from from Dharmacon. For both transfections and SIRNA cells were weeded 18h before
667  at 2x10* cells/well and 1x10° cells/well for 24 and 6 well plates, respectively.

668

669 Bacterial strainsand growth conditions

670 Brucella abortus 2308 was used in this study. Wild-type and derived strains were routinely
671 cultured in liquid tryptic soy broth and agar. 50 ug/ml kanamycin was added for cultures of
672 DSRed or complemented strains.

673

674  Construction of BspL eukaryotic expression vectors

675 The BspL constructs were obtained by cloning in the gateway pDONR™ (Life Technologies)
676  and then cloned in the pENTRY Myc, HA or GFP vectors. The following primers were used
677 5 -GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAATCGATTTTTGAAGATCACTAT-3' and 5'-
678 GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGTTGGCCGTGCAGAAATG-3'. For the construct
679  without CAAX the following reverse primer was used: 5'-
680 GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGAAATGGTCGCGACCGTCA-3'.  The  fina
681  constructs were verified by sequencing and expression of tagged-BspL verified by western
682  Dblotting.

683

684  Construction of bspL mutant and complementing strain

685 B. abortus 2308 knockout mutant AbspL was generated by allelic replacement. Briefly,
686  upstream and downstream regions of about 750 bp flanking the bspL gene were amplified by
687 PCR (Q5 NEB) from B. abortus2308 genomic DNA using the following primers: (i)
688  Spel_Upstream Forward: actagtATGTCGAGAACTGCCTGC, (i)

689 BamHI_Xbal_Upstream_Reverse: CGGGATCCCGGCTC
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690 TAGAGCGCGGCTCCGATTAAAACAG,  (iii) BamHI_Xbal Downstream Forward:
691 CGGGATCC CGGCTCTAGAGCACCGAACCGATCAACCAG and (iv)
692 Spel_Downstream_Reverse: actagtCC CTATACCGAGTTGGAGC. A joining PCR was used
693 to associate the two PCR products using the following primers pairs: (i) and (iv). Finally, the
694  ABspL fragment was cloned in a Spel digested suicide vector (pNPTS138). The acquisition of
695 this vector by B. abortus after mating with conjugative S17 Escherichia coli was selected
696 using the kanamycin resistance cassette of the pNPTS138 vector and the resistance of B.
697 abortusto nalidixic acid. The loss of the plasmid concomitant with either deletion of a return
698 to the wild type phenotype was then selected on sucrose, using the sacB counter selection
699 marker aso present on the vector. Deletant (A) strain was identified by diagnostic PCR using
700 the following primers. Forward: CACTGGCAATGATCAGTTCC and Reverse
701 CTGACCATTATGTGTGAACAGG (Amplicon length: WT-2000 bp, A - 1500 bp).

702  The complementing strain was constructed by amplifying BspL and its promoter region (500
703  bp upstream) with the PrimeStar DNA polymerase (Takara) using the following primers: Fw:
704 AAAGGATCCGACAATCAGAAGGTTTCCTATGAAACG and Rev:
705 AAAACTAGTTCAGTTGGCCGTGCAGAAATG. Insert and pmini-Tn7 (Myeni et al.,
706 2013) were digested with BamHI and Spel and ligated overnight. Transformants were
707 selected on kanamycin 50 ug/mL and verified by PCR and sequencing. To obtain the
708 complementing strain the AbspL mutant was electroporated with pmini-Tn7-bspL with the
709 helper plasmid pTNS2. Electroporants were selected on tryptic soy agar plates with
710  kanamycin 50 ug/mL and verified by PCR.

711

712 HA-TCRa

713  The pcDNA-TCRo was obtained from Linda Hendershort (St Judes Medical School, USA)

714 and it corresponds to the A6-TCRo (Feige and Hendershot, 2013). The HA tag was

29


https://doi.org/10.1101/699330
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/699330; this version posted July 11, 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-NC-ND 4.0 International license.

715 introduced by sequence and ligation independent cloning (SLIC) method with the following
716  primers: TCR-Fw:
717 CGAGCTCGGATCCACTAGTCCAGTGTGGTGGAATTCTACCCATACGATGTTCCAG

718 ATTACGCTATGGGCATGATCAGCCTG and TCR-
719 Rv:GAGCGGCCGCCACTGTGCTGGATATCTGCAGAATTCTTACTAGCTAGACCACA
720  G. Briefly, pcDNA-TCRa was digested with EcoRI and incubated with purified PCR product
721  amplified with the PrimeStar DNA polymerase (Takara — Ozyme) for 3 min at RT followed
722 by 10 min on ice. The following ratio was used for the reaction: 100 ng vector + 3x PCR
723  insert.

724

725 Infections

726  Bacterial cultures were incubated for 16h from isolated colonies in TSB shaking overnight at
727 37 °C. Culture optical density was controlled at 600 hm. Bacterial cultures diluted to obtain
728  the appropriate multiplicity of infection (MOI) for HeLa 1:500 and iBMDMs 1:300 in the
729  appropriate medium. Infected cells were centrifuged at 400 x g for 10 minutes to initiate
730  bacterial-cell contact followed by incubation for 1h at 37°C and 5% CO, for HelLa cells and
731 only 15 min for iBMDMs. After the cells were washed 3 times with DMEM and treated with
732  gentamycin (50 pg/mL) to kill extracellular bacteria for 1h. At 2 hours pi the medium was
733  replaced with a weaker gentamycin concentration 10 ug/mL. Cells are plated 18h before
734  infection and seeded at 2x10* cell / well and 1x10°cells/well for 24 and 6 well plates
735  respectively. For qRT-PCR experiments, 10 mm cell culture plates were used at a density of
736  1x10°ell/plate. At the different time points cells were either harvested of coverslips fixed for
737  immunostaining. In the case of bacterial cell counts, cells were lysed in 0.1% Triton for 5 min
738 and aseria dilution plated for enumeration of bacterial colony forming units (CFU).

739
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740  Immunofluorescence microscopy

741 At the appropriate time point, coverslips were washed twice with PBS, fixed with AntigenFix
742  (MicromMicrotech France) for 15 minutes and then washed again 4 times with PBS. For ER
743 and Herp immunostaining, permeabilization was carried out with a solution of PBS
744  containing 0.5% saponin for 30 minutes followed by blocking aso for 30 minutes in a
745 solution of PBS containing 1% bovine serum albumin (BSA), 10% horse serum, 0.5%
746  saponin, 0.1% Tween and 0.3 M glycine. Coverslips were then incubated for 3h at room
747  temperature or at 4 °C overnight with primary antibody diluted in the blocking solution.
748  Subsequently, the coverslips were washed twice in PBS containing 0.05% saponin and
749 incubated for 2h with secondary antibodies. Finally, coverslips were washed twice in PBS
750  with 0.05 % saponin, once in PBS and once in ultrapure water. Lastly, they were mounted on
751 a slide with ProLongGold (Life Technologies). The coverslips were visualized with a
752 Confocal Zeiss inverted laser-scanning microscope LSM800 and analyzed using Imagel
753  software. For Lampl immunostaining no pre-permeabilization and blocking were done and
754  coverslips were directly incubated with antibody mix diluted in PBS containing 10% horse
755  serum and 0.5% saponin for 3h a room temperature. The remaining of the protocol was the
756  same as described above.

757

758  Western blotting

759  Cells were washed 1x with PBS and the 1x with ice-cold PBS. Cells were scrapped ince-cold
760  PBS, centrifuged for 5 min at 4 °C at 80 g. Pellets where then ressuspended in cell lysis buffer
761  (Chromotek) supplemented with phenylmethylsulfonyl fluoride (PMSF) and proteinase
762 inhibitors tablet cocktail (complete Mini, Roche). Samples resolved on SDS-PAGE and
763 transferred onto PVDF membrane Immobilon-P (Millipore) using a standard liquid transfer

764  protocol. Membranes were blocked using PBS with 0.1% Tween 20 and 5% skim milk for 30
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765 min and the probed using relevant primary antibodies overnight at 4 °C, washed 3 times with
766  PBS with 0.1% Tween 20 and then incubated with HRP-conjugated secondary anti-goat,
767  mouse or rabbit antibodies, diluted in PBS with Tween 20 0.1% and 5% skim milk for 1 h.
768 Western blots were revealed using ECL Clarity reagent (BioRad). Signals were acquired
769 using a Fusion Camera and assembled for presentation using Image J.

770

771 TEMZ1 trandocation assay

772  RAW cells were seeded in a 96 well plates at 1x10* cells/well overnight. Cells were then
773  infected with an MOI of 300 by centrifugation at 4 °C, 400 g for 5 min and 1 a 37 °C 5%
774  CO,. Cells were washed with HBSS containing 2.5 mM probenicid. Then 6 pl of CCF2 mix
775  (as described in the Life Technologies protocol) and 2.5 mM probenicid were added to each
776  well, and incubated for 1.5 h at room temperature in the dark. Cells were finally washed with
777  PBS, fixed using Antigenfix and analysed immediately by confocal microscopy (Zeiss
778  LSM800).

779

780 RNA isolation and real-time quantitative polymerase chain reaction (QRT-PCR)

781 Helacells were seeded in 100x100 culture dishes at 1x10° cells/plate for each condition and
782  were either transfected with HA-tagged BspL, VceC or BspB for 24h or infected with wild-
783  type, mutant or complemented strains for 48h. Cells were then washed 1x in PBS, scrapped in
784  buffer RLT (Qiagen) supplemented with [3-mercaptoethanol and transfered on a Qiashredder
785  column (Qiagen). Then several wash steps were performed and total RNAsS were extracted
786  using a RNeasy Mini Kit (Qiagen). 500 ng of RNA were reverse transcribed in a final volume
787  of 20 pl using Quanti Tect Reverse Transcription Kit (Qiagen). Real-time PCR was performed
788 using SYBR Green PowerUp (ThermoScientific) with an QuantiTect Studio 3

789  (ThermoScientific). Specific primers  for human cells: HERP fw:
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CGTTGTTATGTACCTGCATC and HERP rev: TCAGGAGGAGGACCATCATTT ; XBP1s
fw: TGCTGAGTCCGCAGCAGGTG and XBP1s rev: GCTGGCAGGCTCTGGGGAAG;
CHOP fw: GCACCTCCCAGAGCCCTCACTCTCC and CHOP rev:
GTCTACTCCAAGCCTTCCCCCTGCG. The HPRT, and GAPDH expressions were used as
internal controls for normalization and fold change calculated in relation to the negative
control. Primers were HPRT fw: TATGGCGACCCGCAGCCCT and HPRT rev:
CATCTCGAGCAAGACGTTCAG; GAPDH fw: GCCCTCAACGACCACTTTGT and
GAPDH rev: TGGTGGTCCAGGGGTCTTAC.

For murine cellss HERP fw: CAACAGCAGCTTCCCAGAAT and HERP rev:
CCGCAGTTG GAGTGTGAGT; XBP1s fw: GAGTCCGCAGCAGGTG and XBP1s rev:
GTGTCAGAGTCCATGGGA; CHOP fw: CTGCCTTTCACCTTGGAGAC and CHORP rev:
CGTTTCCTGGGGATGAGATA and for theinternal controls for normalization primers were
18S fw: GTAACCCGTTGAACCCCATT and 18S rev: CCATCCAATCGGTAGTAGCG;
GAPDH fw: TCACCACCATGGAGAAGGC and GAPDH rev:

GCTAAGCAGTTGGTGGTGCA. Data were analyzed using Prism Graph Pad 6.

ERAD evaluation

HEK293T cells seeded in 100 mm culture plates at 8x10° cells/plate overnight and then co-
transfected for 24h with Torpedo (Ibidi) with vectors encoding HA-TCR (5 pg) and myc-
BspL (5 pg). Cycloheximide 50 pg/ml was added 6h before lysis. Where indicated, TUDCA
was added 2h after transfection at 0.5 mM. Cells were harvested as described above (western
blotting) and lysed in 200 ul of lysis buffer (Chromotek). EndoH (New England Biolabs)
treatment was carried out following the manufacturers protocol for 1h at 37 °C. Sample buffer

was then added (30 mM Tris-HCI pH 6.8, 1% SDS, 5% glycerol, 0.025% bromophenol blue
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814 and 1.25 3-mercaptoethanol final concentration). Western blotting was done as described
815 aboveusing anti-TCR antibody. Actin levels were also analyzed as aloading control.

816

817  Secretion assay

818 HEK?293T cells were harvested and seeded in 6-well plates at 1x10° cells/well and co-
819 transfected with plasmids encoding Brucella secreted proteins (300 ng DNA) and the secreted
820 embryonic akaline phosphatase (SEAP) (300 ng DNA) provided by Jean Celli. Total amount
821 of transfected DNA was maintained constant using an empty vector pcDNA 3.1 for the
822  positive control. At 18 h post transfection, the transfection media was removed and then cells
823 were still incubated at 37°C 5% CO,. Fourty-eight hours later, media containing culture
824  supernatant (extracellular SEAP) was removed and collected. To obtain intracellular SEAP,
825 each well was washed with PBS and then incubated with a solution of PBS-Triton X-100
826  0.5% for 10 minutes. An incubation of each fraction was performed a 65 °C following a
827  centrifugation at maximum speed for 30 seconds. Then cells were incubated with a provided
828 substrate 3-(4-methoxyspiro [1,2-dioxetane-3,2' (5 -chloro)-tricyclo(3.3.1.13,7) decane]-4-
829  yl)phenyl phosphate (CSPD) by SEAP reporter gene assay, chemiluminescent kit (Roche
830 Applied Science). Chemiluminescence values were obtained with the use of a TECAN at 492
831 nm. Data are presented as the SEAP secretion index, which is a ratio of extracellular SEAP
832  activity to intracellular SEAP activity.

833

834  Yeast two-hybrid

835 BspL was cloned into pDBa vector, using the Gateway technology, transformed into Mav 203
836 and used as a bait to screen a human embryonic brain cDNA library (Invitrogen). Media,
837 transactivation test, screening assay and gap repair test were performed as described (Orr-

838 Weaver and Szostak, 1983; Thalappilly et al., 2008; Walhout and Vidal, 2001).
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839

840 Antibodies

841  For immunostaining for microscopy the following antibodies were used:

842 Rat anti-HA antibody clone 3F10 (Roche, #1867423) was used at a dilution 1/50 and mouse
843 anti-HA (Covance, clone 16B12, #MMS-101R), at 1/500. Rabbit anti-calnexin (Abcam,
844  #ah22595) was used at 1/250. Rabbit anti-Herp EPR9649 (Abcam, #ab150424) at 1/250. The
845 mouse anti-myc antibody clone 9E10 (developed by Bishop, J.M.) was used at 1/1000. Rat
846 anti-LAMPL clone ID4B (developed by August, J.T.) was used 1/100 for mouse cells and
847 mouse anti-LAMPL clone H4A3 (developed by August, J.T. / Hildreth, JE.K.) was used
848 1/100 for human cells. All LAMP1 and Myc antibodies were obtained from the
849 Developmental Studies Hybridoma Bank, created by the NICHD of the NIH and maintained
850 at the University of lowa. Secondary anti-mouse, rabbit and rat antibodies were conjugated
851  with Alexas-555, -488 or -647 fluorochromes all from Jackson Immunoresearch at a dilution
852  1/1000. Phallodin Atto-647 (Sigma, #65906) was used at a dilution of 1/1000. Dapi nuclear
853  dye (Invitrogen) was used at adilution of 1/1000.

854  For western blotting the following antibodies were used:

855  rabbit anti-FLAG (Sigma, #F7425) at 1/1000 ; rabbit anti-Alex3 (Sigma, # HPA000967) at
856  1/100; rabbit anti-Ubiquilin 2 (Abcam, #ab217056) at 1/1000; rabbit anti-Herp EPR9649
857  (Abcam, # ab150424) at 1/1000; mouse anti-HA (Covance, clone 16B12, ref. MM S-101R) at
858  1/1000; rabbit anti-TCR clone 3A8 (Invitrogen, #TCR1145) at 1/1000; mouse anti-myc
859  antibody clone 9E10 at 1/1000 ; mouse anti-actin AC-40 (Sigma, #A4700) at 1/1000. Anti-
860 mouse (GE Healthcare) or rabbit-HRP (Sigma) antibodies were used at 1/5000.

861

862  Drugtreatments
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863  All drug treatments are indicated in the specific protocols. To summarize the concentrations
864  used were: TUDCA (Focus Biomolecules) at 0.5 nM; Cycloheximide (Sigma) at 50 pug/ml;
865 Eeyarstatin (Sigma) at 8 uM; Tunicamycin (Sigma) at 1 pug/ul; Probenicid (Sigma) at 2.5
866 mM.

867

868 Co-immunoprecipitation

869 Hela cells were cultured in 100 mm x 20 mm cell culture dishes at 1x10° cells/dish
870  overnight. Cells were transiently transfected with 30 uL of Torpedo °™* (1bidi) for 24h for a
871 total of 10 ug of DNA/plate. On ice, after 2 washes with cold PBS cells were collected with a
872  cell scraper and centrifuged at 80g at 4 °C during 10 min. Cell lysis and processing for co-
873 immunoprecipitation were done as described with the PierceTM HA Epitope Antibody
874  Agarose conjugate (Thermo scientific).

875

876  Statistical analysis

877 All data sets were tested for normality using Shapiro-Wilkinson test. When a normal
878  distribution was confirmed a One-Way ANOVA test with a Tukey correction was used for
879  satistical comparison of multiple data sets with one independent variable and a Two-Way
880 ANOVA test for two independent variables. For data sets that did not show normality, a
881  Kruskall-Wallis test was applied, with Dunn’s correction, or Mann-Whitney U-test for two
882  sample comparison. All analyses were done using Prism Graph Pad 6.

883
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