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Summary

Antibodies are key to the clearance of Bartonella bacteremia, but the mechanisms and targets of
protective antibodies are unknown and bacterial evasion strategies remain elusive. We studied
experimental Bartonella taylorii infection of mice, its natural host, and investigated protective
immune responses. Clearance of bacteremia depended on specific antibodies that interfere with
bacterial attachment to erythrocytes. Accordingly, antibodies were effective in the absence of
complement and Fc-receptors. Moreover, they formed independently of B-cell hypermutation and
isotype class switch. The cloning of neutralizing monoclonal antibodies (mAbs) led to the identification
of the bacterial autotransporter CFA as a protective antibody target, and vaccination against CFA
protected against Bartonella bacteremia. MAb binding mapped to a region of CFA that is
hypervariable in both human- and mouse-pathogenic Bartonella strains, suggesting mutational
antibody evasion. These insights further our understanding of Bartonella immunity and immune

evasion and elucidate mechanisms driving high Bartonella prevalence in the wild.
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Introduction

Neutralizing antibodies protect from infectious agents by impeding or inactivating the pathogen’s
essential biological functions. Neutralizing antibodies have been best studied in the context of viral
infection, where they typically bind to surface structures, thereby interfering with host cell binding or
membrane fusion (Burton, 2002). In case of bacterial infections, secreted toxins are common targets
of neutralizing antibodies (Oleksiewicz, et al., 2012). Moreover, neutralizing antibodies have been
shown to interfere with various processes and steps in bacterial infection such as bacterial attachment
to fibrinogen (Hall, et al.,, 2003), bacterial growth (Barbour & Bundoc, 2001), agglutination and
epithelial cell infection (Menozzi, et al., 1996). For instance, neutralizing antibodies against specific
parts of the major outer membrane protein of Chlamydia trachomatis prevent host cell attachment
and thus antagonize the internalization of this obligate intracellular pathogen (Su, et al., 1990).

Bartonellae are Gram-negative, facultative-intracellular pathogens of mammals that are
typically transmitted by blood-sucking arthropods (Harms & Dehio, 2012). The hallmark of infection
of these highly host-restricted pathogens in their natural mammalian host is the establishment of a
long-lasting intra-erythrocytic bacteremia (Seubert, et al.,, 2001; Chomel, et al., 2009; Minnick &
Battisti, 2009; Harms & Dehio, 2012). Bartonella infections are of clinical importance, can be life-
threatening and present with a broad spectrum of symptoms that depend on the given species and
the immune status of the patient (Maguifia, et al., 2009; Maguifia & Gotuzzo, 2000).

The infection of erythrocytes by Bartonella is reported to be a three step-mechanism, consisting
of attachment, erythrocyte deformation and invasion (Deng, et al., 2018). Several virulence factors
involved in this process have been identified (Mitchell & Minnick, 1995; Coleman & Minnick, 2001;
Vayssier-Taussat, et al., 2010) and were found essential for successful colonization of the host (Saenz,
et al., 2007; Vayssier-Taussat, et al., 2010).

Previous studies on the clearance of Bartonella infection leave important knowledge gaps.
Observations in wild animals evidenced multiple sequential bacteremic cycles (Abbott, et al., 1997)

and a lack of antibodies in infected animals (Kosoy, et al., 1998; Kosoy, et al., 2004). On the contrary,
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experimental Bartonella grahamii infection of mice showed that antibodies mediate clearance of
bacteremia (Koesling, et al., 2001). This goes in hand with high human antibody seroprevalence in
endemic regions (Caceres-Rios, et al., 1995), detectable antibody responses in infected patients
(Spach & Koehler, 1998) and reports on high Bartonella strain-specific 1gG titers in several
experimental animal models as determined by ELISA (Kosoy, et al., 1999; Kabeya, et al., 2006; Kabeya,
et al.,, 2009; Vigil, et al., 2010). Experimentally infected animals failed to develop Bartonella
bacteremia upon re-exposure to the same strain, which is indicative of protective immunological
memory (Kosoy, et al., 1999). Besides antibodies (Koesling, et al., 2001), the cellular immune response
(Karem, 2000) and notably T cell help (Marignac, et al., 2010) have been suggested to contribute to
the clearance of Bartonella.

While the mechanisms underlying antibody protection against Bartonella remain essentially
unstudied, it has long been speculated that neutralizing antibodies might interfere with the infection
of erythrocytes (Karem, 2000; Schiilein, et al., 2001; Koesling, et al., 2001). Indeed, antisera raised
against the flagellum of Bartonella bacilliformis and the lalB protein of Bartonella birtlesii were shown
to prevent erythrocyte infection by the respective species in vitro (Scherer, et al., 1993; Deng, et al.,
2016). It remains unknown, however, if these antibody specificities are occurring in the natural
infection context.

In this study, we explored the adaptive immune response to Bartonella in its natural host, using
B. taylorii infection of mice. We unravel the requirements for protective antibody formation and their
mechanism of action. Moreover, we identify a protective surface antigen in Bartonella, the
characterization of which across human- and mouse-pathogenic Bartonella species offers new insights
into bacterial immune evasion with likely implications for Bartonella prevalence and iterative infection

cycles in the wild.
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77  Results

78  B-cell-dependent clearance of Bartonella bacteremia and passive antibody therapy

79 Studying the mouse model of Bartonella infection, we set out to characterize the adaptive
80 immune response with special emphasis on the role B-cells play in clearing bacteremia. To this end,
81 we used B. taylorii IBS296, a strain naturally infecting mice (Harms, et al., 2017). We first compared
82  the course of bacteremia in wild-type (WT) C57BL/6 mice to gene-targeted mice lacking either only B-
83 cells (B-cell ko) or both B- and T-cells (Ragl-/-) (Figure 1A). Intradermal (i.d.) infection of WT mice was
84  followed by a brief abacteremic window of 5-7 days. Bacterial titers in blood then rose to peak at 10-
85 12 days post infection (d.p.i.) with approx. 10° cfu/ml blood. The infection was cleared within 50 d.p.i.
86  andrelapses were never observed. This infection kinetics resembled earlier reports from small rodent
87 models of Bartonella infection (Koesling, et al., 2001; Okujava, et al., 2014). In contrast, Ragl-/- or B-
88 cell ko mice showed lifelong persistent infection, reaching a plateau of up to 107 cfu/ml blood (Figure
89 1A). The lack of clearance in Ragl-/- and B-cell knock-out mice confirmed earlier findings on the
90 essential role of B-cells in the clearance of Bartonella grahamii in mice (Koesling, et al., 2001). To
91  directly assess the efficacy of antibodies in Bartonella control we performed transfer experiments with
92  B. taylorii-reactive sera of WT mice (Figure 1B). Immune serum transfer to bacteremic B-cell knock-
93  outmice on day 87 post infection caused bacteremia to subside (Figure 1C, D). Further, we established
94  aprophylactic serum transfer protocol (Figure 1E). WT mice obtained naive or immune serum on day
95 3 post infection, thus in the abacteremic window. Recipients of naive serum developed bacteremia,
96  while the blood of mice given immune serum remained sterile (Figure 1F). Thus, antibodies were
97  effective in both clearing and preventing Bartonella bacteremia.

98

99 Immune sera interfere with Bartonella adhesion to erythrocytes while complement
100  and Fcy-receptors are dispensable for bacterial control in mice

101 We aimed to test the long-standing but so far unproven hypothesis that antibodies interfere

102  with Bartonella infection through neutralization defined as the prevention of erythrocyte infection
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103 (Karem, 2000; Schiilein, et al., 2001; Koesling, et al., 2001). To quantify the protective capacity of
104  immune sera, we modified an in-vitro Bartonella erythrocyte infection assay previously published for
105  B. birtlesii (Vayssier-Taussat, et al., 2010). Murine erythrocytes were purified and incubated with GFP-
106 expressing B. taylorii IBS296 (Figure S1A). Bacterial attachment to erythrocytes was quantified using
107  flow cytometry. To assay for interference of protective antibodies with erythrocyte infection, bacteria
108  were incubated with naive or immune serum prior to the incubation with erythrocytes (Figure 2A).
109 Immune serum suppressed the rate of GFP+ erythrocytes in a concentration-dependent manner,
110  whereas naive serum had no observable effect (Figure 2B, C). Heat inactivation of complement in
111 immune serum had no effect on the suppression of erythrocyte adhesion (Figure S1B). No significant
112 bactericidal effect of the immune serum on B. taylorii IBS296 was observed by assaying for bacterial
113  growth at the end of the erythrocyte infection assay (Figure S1C), indicating that the reduction of GFP+
114  erythrocytes by immune serum can unlikely be attributed to killing of the bacteria.

115 Previous studies on in vitro infection of erythrocytes showed that Bartonella remains
116 extracellular at 24 h post infection (Vayssier-Taussat, et al., 2010). To investigate if our assay is limited
117  to measuring the adhesion to the target cell, we performed confocal microscopy and observed
118  B. taylorii 1BS296 on the erythrocyte surface only but not in the cells’ interior (Figure 2D). We
119  confirmed this finding using a gentamicin protection assay. Gentamicin does not enter eukaryotic cells
120 and the treatment thus selectively kills extracellular bacteria, while intracellular bacteria survive.
121 Indeed, B. taylorii IBS296 remained gentamicin-sensitive during incubation with erythrocytes. In
122  comparison, erythrocytes obtained from infected mice contained mostly gentamicin-insensitive
123 bacteria (Figures 2E and S1E), indicating a mostly intra-erythrocytic localization as previously reported
124 for other Bartonella species infecting rodents (Schiilein, et al., 2001; Vayssier-Taussat, et al., 2010).
125 We next aimed to assess the titer of neutralizing serum activity over the course of the infection
126  and tested if the established erythrocyte adhesion inhibition (EAI) assay correlated with clearance.
127  We infected WT mice and followed the animals’ EAI titer over time (Figure 2F). Between day 7 and
128  day 14 postinfection, the EAl titer rose sharply and was maintained throughout the bacteremic period

129  and beyond, reaching titers of up to 1:1024. Around the time when EAI serum activity became

6
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130 detectable, the level of bacteria stabilized, and over the subsequent weeks it steadily subsided. The
131  appearance of EAl activity did not, however, result in immediate bacterial clearance. This was in line
132  with the above in vitro findings, suggesting protective antibodies interfere with erythrocyte infection
133 prior to bacterial internalization. Bacteria residing inside infected erythrocytes are, therefore,
134 predicted to be protected. Given that the intraerythrocytic stage of Bartonella infection is non-
135 haemolytic (Schiilein, et al., 2001), a delayed wash-out of intra-erythrocytic bacteremia is compatible
136  with EAIl as a main mechanism of anti-Bartonella antibody activity.

137 When following EAI titers after serum transfer into B-cell knock-out mice (Figures 1C, D and
138 S1D), EAI titers reached detection limits within about two to three weeks, and similar kinetics were
139  observed when immune serum was transferred into uninfected B-cell knock-out mice (Figure S1D),
140  suggesting that EAI titers were not substantially masked by antibody binding to free bacteria in
141  circulation. We conclude that antibodies clear the infection by interfering with bacterial attachment
142  to erythrocytes and that the EAl assay can serve for the quantification of Bartonella-neutralizing
143 antibody responses.

144 To test for a potential contribution of antibody Fc-dependent effector mechanisms in bacterial
145  control, we infected mice lacking all a chains of Fcy-receptors as well as complement component C3
146  (FcyRnull x C3-/-). In this model, antibodies fail to activate complement or to mediate antibody-
147  mediated cellular phagocytosis and related Fc-dependent effector functions. There was no difference
148  in bacteremia kinetics between FcyRnull x C3-/- and WT mice (Figure 2G), indicating that Fc-dependent
149  effector mechanisms are dispensable and do not significantly contribute to Bartonella clearance.
150  Accordingly prophylactic transfer of immune serum protected FcyRnull x C3-/- mice analogously to
151 the observations made in WT mice (Figure 2H, |; compare Figure 1E, F).

152

153 Bartonella clearance depends on antibody specificity and CDA40L, but occurs

154  independently of antibody affinity maturation and isotype class switching

155 To further assess the mechanistic requirements for a protective antibody response against Bartonella

156  we infected a range of gene-targeted mouse models and measured bacteremia and EAI antibody
7
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157 responses over time. In stark contrast to WT mice, B-cell ko mice failed to mount an antibody response
158 and became persistently infected, as expected (Figure 3A, B; compare Figure 1A, B). B-cells of mice
159 deficient in activation-induced deaminase (AID-/- mice) cannot undergo affinity maturation or class
160 switch recombination, but AID-/- mice nevertheless mounted a largely normal EAl antibody response
161 and controlled Bartonella similarly to WT mice (Figure 3C). slgM-/- mice carry surface IgM on naive B
162 cells but are unable to secrete soluble IgM and only secrete class-switched immunoglobulin isotypes.
163 Nevertheless, slgM-/- mice promptly produced Bartonella-specific antibodies and controlled the
164 infection (Figure 3D). These data indicated that either IgM or class-switched antibody responses alone
165 sufficed to control Bartonella infection, and that the germline antibody repertoire was sufficient to
166 effectively combat this pathogen. AID-/- x slgM-/- double-deficient mice have B-cells but owing to
167  their combined deficiency are unable to secrete any immunoglobulins. Accordingly, these mice failed
168  to mount antibacterial antibody responses and had unchecked bacteremia for the entire period of
169 observation. While B-cell ko mice are devoid of B-cells as well as antibodies, these findings in AID-/- x
170 slgM-/- mice documented that it was the antibody production rather than any other role of B-cells in
171 the immune response that controls Bartonella infection (Figure 3E). ELISA assays were conducted and
172 confirmed that WT mice produced Bartonella-specific IgM and IgG, AID-/- mice produced only IgM
173 whereas slgM-/- mice were devoid of anti-Bartonella 1gM but produced class-switched antibodies
174  (Figure S2A). To specifically address a potential role of complement in IgM-mediated bacterial
175 clearance, we tested infection control and antibody responses in AID-/- x C3-/- double-deficient
176 animals but did not find a clear difference in bacterial clearance kinetics or EAl antibody responses
177 (Figure S2B).

178 To test whether antibody specificity was important for anti-Bartonella defence, we used
179 T11uMT mice, which have an almost monoclonal B-cell repertoire directed against a Bartonella-
180 unrelated viral antigen (Bergthaler, et al., 2009). Accordingly, the Bartonella EAl antibody response of
181  T11uMT was substantially delayed. Bacteremia persisted approximately twice as long as in WT mice
182 and only subsided with the advent of a delayed albeit eventually robust antibody response (Figure

183 3F).
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184 CD4 T-cells have been reported to contribute to Bartonella clearance (Marignac, et al., 2010)
185 and T help generally requires T-cell — B-cell interactions involving CD40L — CD40 signalling. In the first
186  thirty to forty days post Bartonella infection CD40L-/- mice controlled bacteremia and mounted
187 antibody responses similar to WT mice. At later time points, however, CD40L-/- mice exhibited
188 intermittent drops in antibody titers, which varied between individual mice, and the animals failed to
189 completely eliminate Bartonella or evidenced rebound bacteremia after a period of transient bacterial
190 control (Figures 3G-l and S2C-E). Unsustained antibody responses and incomplete pathogen control by
191 CD40L-/- mice mimicked these animals’ behaviour in other infection models (Whitmire, et al., 1996;
192 Bachmann, et al., 2004) and indicated CD40L-dependent helper functions were essential for sustained
193 antibody responses and complete Bartonella control.

194

195  Cloning and characterization of protective monoclonal antibodies against B. taylorii

196 In light of this key role of the antibody response in the clearance of Bartonella infection, we set out to
197 identify the molecular target(s) of neutralizing antibodies. We generated hybridomas from BALB/c
198 mice immunized with B. taylorii 1BS296 and identified two promising mAbs that interfered with
199 Bartonella adhesion to erythrocytes in vitro (LS4G2 and LS5G11; Figure 4A, B). The LS4G2 hybridoma
200  was of the IgG3 isotype but was recombinantly expressed as an IgG2a for comparison to LS5G11. Both
201 antibodies bound to the bacterial surface (Figure 4C, D) yet lacked a detectable bactericidal effect
202 (Figure S3A). Strikingly, both antibodies were highly specific for the B. taylorii 1BS296 strain used for
203 immunization and failed to bind another B. taylorii isolate (strain M1) or other, closely related
204 Bartonella species (Figure S3B). Since both antibodies were selected for their in vitro activity, we
205 wanted to test if they are also protective in vivo. To this end we infected mice with B. taylorii IBS296
206 and 3 days later treated them with either LS4G2, LS5G11 or isotype control antibody. The blood of
207 recipients of LS4G2 and LS5G11 remained sterile, while those given isotype control antibody became
208 bacteremic (Figure 4E, F). These findings indicated that the EAIl assay identified antibodies that
209 exhibited in vivo protective capacity. Analogous results on LS4G2 passive immunization, were

210 obtained in FcyRnull x C3-/- mice (Figure 4G; H), further supporting the conclusion that LS4G2
9
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211 protected by neutralizing Bartonella independently of classical complement or Fc-mediated effector
212 functions.
213

214  The B. taylorii autotransporter CFA is a target of protective antibodies

215 To identify the bacterial targets of the two protective mAbs, we performed immunoprecipitations
216  from the solubilized outer membrane fraction of B. taylorii 1BS296 followed by mass spectrometry.
217 Surprisingly, both antibodies pulled down the same protein: OPB34894.1 (Figure 5A, B). The
218 orthologue in B. henselae was previously identified as an autotransporter with a putative co-
219 hemolysin activity and has been termed CAMP-like factor autotransporter (CFA) (Litwin & Johnson,
220 2005). Autotransporter proteins constitute a large family of virulence factors secreted by Gram-
221 negative bacteria via the type V secretion mechanism. They are characterized by an extracellular
222 passenger domain at the N-terminus that often remains anchored in the outer membrane via a
223 C-terminal B-barrel (Tame, 2011). Deletion of the cfa locus in B. taylorii 1BS296 resulted in complete
224 loss of binding by LS4G2 and LS5G11, a phenotype which could be rescued by the expression of the
225 protein from a plasmid (Figure 5C). Finally, the expression of CFA of B. taylorii IBS296 (CFAgt.y) in other
226 Bartonella species, which in their native form failed to react with our mAbs, resulted in surface staining
227 (Figure S3B-D). Altogether, these observations validated CFA as the molecular target of the protective
228  antibodies LS4G2 and LS5G11.

229 CFA has been shown essential for B. tribocorum bacteremia in rats (Saenz, et al., 2007) and B.
230 birtlesii bacteremia in mice (Vayssier-Taussat, et al., 2010). We extended these findings to B. taylorii
231 IBS296 by infecting mice with either one of two isogenic strains, namely the deletion mutant and its
232 revertant wild-type variant. Indeed, the blood of the animals infected with the Acfa locus mutant
233 remained sterile, while revertant wild-type bacteria caused normal bacteremia (Figure 5D).

234 B. tribocorum naturally infects rats but does not cause robust bacteremia in mice (Schiilein, et
235 al.,, 2001). Here we used it as a prototypic live vaccine vector to test whether CFA is a protective
236 antigen in B. taylorii IBS296. We vaccinated mice with an isogenic B. tribocorum strain, which we

237 engineered to ectopically express CFAgwy, Whereas control animals were administered WT

10


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

238 B. tribocorum. Six weeks post immunization we challenged both groups of mice with B. taylorii IBS296.
239  All control mice immunized with WT B. tribocorum developed B. taylorii 1BS296 bacteremia. In
240 contrast, one-third of the mice vaccinated with B. tribocorum expressing CFAgway remained
241 abacteremic (Figure 5E). The other two-third of vaccinated mice, albeit developing bacteremia,
242 exhibited a significantly reduced peak bacterial burden and a shortened duration of bacteremia
243 (Figure 5F-H). Importantly, mice immunized with B. tribocorum expressing CFAgwy, developed EAI
244 antibodies within the first 7 days after challenge, whereas the control group only did so by day 14
245 (Figure 51). Taken together, these experiments identified the autotransporter CFA as a protective
246 antibody target and candidate vaccine antigen in Bartonella.

247

248  High variation of CFA on the sub-species level suggests immune evasion from

249  antibody selection pressure

250  We next performed a comparative genomics analysis among the Bartonellae to learn more about the
251 structure of the cfa locus as well as about the level of conservation and sequence variation in CFA. We
252 found that the cfa locus is present in all Eubartonellae (Figure S3E). The locus is composed of the cfa
253 gene, immediately followed by a variable number of downstream genes or pseudogenes with
254 homology to cfa, suggesting that those represent remnants of gene duplication or recombination
255 events. The cfa locus is flanked by synteny blocks consisting of highly conserved genes responsible for
256 iron uptake (fatBCD, located upstream) and accountable for creatin and cobalamin metabolism
257 (BH12990-12970, located downstream), respectively (Figure 6A).

258 Protein folding predictions indicated that the passenger domain of CFA is composed of two j-
259 helices separated by a disordered linker (Figure 6B). Each B-helix contains a predicted pertactin-like
260 (PL1, PL2) fold including a C-terminal autochaperone (AC1, AC2) (Rojas-Lopez, et al., 2018).

261 Comparative sequence analysis of CFA across lineage 4 species indicated that the level of
262 sequence conservation of the passenger domain is inhomogeneous. We found that the N-terminal
263 stalk, which is likely the distal part of CFA exposed on the bacterial surface, contains eight variation

264 hot spots (V1-V8; red in Figures 6C, S4 and S5A) and thereby overall is less conserved than the
11
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265 C-terminal stalk located closer to the membrane anchor. Structure prediction indicated that these
266  variable regions overlap with parts of the polypeptide chain that do not form structural elements of
267  the B-helix fold but rather decorate its surface, likely projecting outwards (Figure S5B, C).

268 We next aimed at mapping the LS4G2 epitope on CFA. We performed immunoprecipitation of
269 CFA followed by limited proteolysis with proteinase K and compared the eluted peptides to the
270 undigested full-length protein by mass spectrometry (Figure 6D). This approach revealed a supposed
271 LS4G2 binding region in the distal (N-terminal) half of the passenger domain, located around amino
272 acid positions 170 to 190. This region overlaps with one of the variation hotspots (V3) (Figure S4A,
273 S5C), which exhibits substantial sequence differences between B. taylorii isolates IBS296 and the M1
274 isolate that is not bound by LS4G2 (Figure S3B, S4A, S5C) and which we identified in our comparative
275 analysis of lineage 4 species (Figure 6C, highlighted in red; Figure S4B). This finding suggested that
276  variation in this antigenic region of CFA may facilitate immune escape. We aimed to generalize and
277 extend these findings to the human pathogen B. quintana (Figure 6E-G, Figure S4C), for which a large
278 number of closely related isolates have been collected from patients in San Francisco during the AIDS
279 epidemic (Table S1). We found that the pattern of variability hotspots on the sub-species level was
280 similar to that observed at the species level in lineage 4 (Figures 6G, compare Figure 6C; Figures S4B,
281 C). Strikingly, the variability of CFA sequences was significantly higher than the one in VirB5, an
282 important virulence factor of Bartonella, which remained almost unchanged at the strain level (Figure
283 6E, F). Collectively, our findings document high variability in the surface-exposed regions of CFA and
284  demonstrate these same regions might be the targets of neutralizing antibodies. Taken together, this
285 pinpoints to antibody selection pressure accelerating the evolution of this protein domain,
286 representing supposed hotspot of mutational immune escape.

287

12
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288 Discussion

289 Antibodies represent a central element of adaptive immunity against many microbial invaders.
290 The same applies obviously to Bartonella infection, yet the kinetics of protective antibody responses,
291 their mechanism of action and molecular targets but also the immunological processes underlying the
292 formation of Bartonella-specific antibody immunity have long represented an understudied subject.
293 By addressing these fundamental knowledge gaps, the present work redefines our general
294 understanding of Bartonella — host interactions, sharpens concepts of the germ’s habitat in
295 mammalian hosts and offers prospects on vaccine design.

296 We suppose CFA is a key molecular target of protective antibodies, although perhaps not the
297 only one. Its sequence hypervariability in antibody binding sites indicates that Bartonella is under
298 antibody selection pressure in the wild and evades it at the sub-species level of individual strains. We
299 propose that CFA hypervariability may facilitate multiple sequential or even timewise overlapping
300 infection episodes of the same mammalian host by closely related Bartonella strains. Besides
301 enlargement of the bacterial habitat in time and host space, superinfection as a consequence of
302 antibody evasion should create opportunities for gene transfer between different Bartonella strains
303 as discussed below and thus is expected to expedite the evolution of the species.

304 From a vaccinology standpoint, the hypervariability of a key protective antibody target heralds
305 major challenges. CFA hypervariability resembles the immune evasion strategy of microbes such as
306  the malaria parasite Plasmodium falciparum with its vast antigenic variation in adhesion molecules
307 (Su, et al.,, 1995; Gardner, et al.,, 2002), the extensive diversity in streptococcal cell wall
308 polysaccharides (Wu, et al., 2015) or gonococcal pilus variants (Meyer & van Putten, 1989), but also
309 the far over one-hundred known rhinovirus serotypes resulting from viral capsid protein variation
310 (Lewis-Rogers, et al., 2014). Unlike for influenza A virus, these pathogens do not depend on their serial
311 replacement over time by new antigenic variants. On the contrary, a large number of variants co-
312 circulate in host communities, raising the bar for a protective vaccine. We report that immunization

313 with vectored CFA matching the Bartonella challenge isolate affords protection against bacteremia.
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314 For clinical use in humans, however, a vaccine would ideally cover all important pathogenic species,
315 or should at least encompass most strains of a given high-incidence species, such as B. henselae or B.
316 quintana that are responsible for most human infections worldwide. Vaccination may thus have to
317 focus antibody responses on conserved regions and epitopes of CFA, provided such antibodies can be
318 elicited, resembling ongoing efforts in epitope-focused vaccine design for HIV, hepatitis C virus (HCV)
319 and influenza A virus (Correia, et al., 2014).

320 It remains to be investigated whether Bartonella carries invariant or less variable protective
321 targets than CFA, which can more easily be exploited for vaccine design. Both protective antibodies
322 identified in our study target CFA, but in light of the limited number of antibodies screened it remains
323 entirely possible that Bartonella exhibits additional protective antibody targets. Besides the numeric
324 limitations of our screen, the screening method relied on bacteria grown on agar plates, such that
325 alternative antibody targets would have escaped detection if their expression was restricted to
326 infection conditions. Similarly, antibodies interfering with steps of the bacterial life cycle other than
327 erythrocyte adhesion would have gone undetected in our EAI assay.

328 CFA is present in all Eubartonellae yet its variability extends to the level of individual strains,
329 indicating immune escape rather than host adaptation drives its evolution. The genomic organization
330 of the cfa locus, with the cfa gene followed by multiple homologous genes, gene fragments and/or
331 pseudogenes, suggests that recombination rather than the accumulation of single base pair changes
332 is driving this process. The lack of recurrence of bacteremia in the experimental model suggests
333 further that immune evasion depends on horizontal gene transfer between a larger pool of variant
334 sequences that have evolved in closely related strains coexisting in the wild. The gene transfer agent
335 (GTA), conserved in all Bartonellae, mediates high frequency horizontal gene transfer (Québatte, et
336 al., 2017; Québatte, 2019) and might contribute to antigenic variation of CFA with resulting immune
337 escape. CFA and other autotransporter proteins were found essential for colonization of the host
338 (Vayssier-Taussat, et al., 2010; Saenz, et al., 2007). The present findings suggest protective CFA-
339 binding antibodies capture bacteria when seeded into the bloodstream and prevent their attachment

340  to erythrocytes, a key step in the bacterial life cycle. Future studies should address how Bartonellae
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diversify the antibody binding regions of CFA at high frequency, while safeguarding its functionality
for the infection process.

Taken together this study provides fundamental conceptual insights into Bartonella immune
control and immune evasion in rodent hosts. Our findings have far-reaching implications for the
understanding of the bacterial niche in its natural habitat and delineate challenges in vaccine design

related to newly identified antigenic variation at the Bartonella species level.
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371

372 Figure 1: B-cell-dependent clearance of Bartonella bacteremia and passive antibody therapy. (A)
373 Mice were infected i.d. with 107 cfu of B. taylorii IBS296 and bacteremia titers (cfu/ml blood) are
374  shown for C57BL/6 wild-type (WT), Ragl-/- mice and B-cell ko mice up to 180 days post infection
375 (d.p.i). (B) ELISA assays were performed on plates coated with B. taylorii IBS296 outer membrane
376 protein preparation. A pool of immune serum from 10 mice infected with B. taylorii mice for at least
377 45 days was compared to naive serum. (C, E) Schematic of the passive immunization experiments by
378  serum transfer reported in subsequent panels. (C) describes the experiment in (D), (E) describes the

379  experiment in (F). (D) We infected B-cell ko mice i.d. with 107 cfu B. taylorii IBS296 and 87 days later,
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after establishment of persistent bacteremia, treated them i.v. with 100 pl of either naive or immune
serum raised against B. taylorii IBS296 as described in (B). Bacteremia was followed over time; the
dashed line indicates the time-point of serum transfer (d87 p.i.). (F) WT mice were infected as for the
experiment in (D) and were treated i.p. with 100 pl of either naive or B. taylorii IBS296-immune serum
on d3. Bacteremia was determined on d14 and d21 p.i.. Data were collected from at least four mice
per group, represented as mean + SD (A, D, F). Data in (B) were collected in technical triplicates. The
figures show combined data from two experiments (A, F) or are representative of at least two
independent experiments (B, D). Statistical analysis was performed using two-way ANOVA and P-
values are reported for comparisons evidencing statistically significant differences. Ns: P > 0.05; ***:

P<0.001
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392 Figure 2: Immune sera interfere with Bartonella adhesion to erythrocytes while complement and
393 Fcy-receptors are dispensable for bacterial control in mice. (A) Schematic of the erythrocyte adhesion
394  inhibition (EAI) assay. GFP-expressing B. taylorii IBS296 (MOI = 0.5) were incubated with either
395 immune serum or naive serum for 1 h at 35°C, 5% CO,, subsequently mouse erythrocytes were added.
396  After co-incubation for 24 h, the bacterial adhesion rate to erythrocytes was quantified by flow
397  cytometry. (B) Exemplary FACS pseudocolor plots of erythrocytes from the EAl assay: Control
398  erythrocytes without addition of Bartonella (uninfected), erythrocytes incubated with GFP-expressing
399 bacteria that have been mock-incubated without serum (no serum) or have been incubated with
400 either naive (naive serum) or Bartonella-immune serum (immune serum). (C) The above EAIl assay was
401  conducted using serially diluted serum. The attachment rate in the presence of serially diluted either
402 naive or immune serum is reported as % GFP+ erythrocytes. (D) Confocal images of murine

403 erythrocytes (stained with anti-Ter119 antibody, red) and incubated with GFP-expressing B. taylorii
19
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404 IBS296 (MOI = 0.5, green). Scale bar is 5 um. (E) Gentamicin (Gm) protection assays were performed
405  with B. taylorii prepared and obtained as follows: Bacteria were either used directly from the plate
406  (free bacteria) or they were incubated with erythrocytes (MOI = 0.5) in vitro for 24 h followed by
407 centrifugation to pellet erythrocytes. The resulting supernatant (SN) and pellet were assayed
408 individually. For comparison, erythrocytes were prepared from mice infected with 107 cfu B. taylorii
409 IBS296 14 days before (ex vivo). (F) Bacteremia and EAIl antibody titers were monitored longitudinally
410 in WT C57BL/6 infected i.d. with 107 cfu B. taylorii 1B5296. (G) Bacteremia titers shown for WT
411 compared to FcyRnull x C3-/- mice. (H) Schematic of the serum transfer passive immunization
412  experimentsin (I). (I) We infected FcyRnull x C3-/- mice i.d. with 107 cfu of B. taylorii IBS296 and three
413  days later treated them with 100 ul of either B. taylorii IBS296-immune (>45 days) or naive serum.
414  Bacteremia was determined on day 7 and day 14 post infection. Data in (B, C, E) were collected in
415  technical triplicates, one representative FACS plot is shown in (B). (D) Reports one representative
416  image from 50’000 erythrocytes analyzed by fluorescence microscopy. In vivo experiments were
417 performed using at least three mice per group. Representative results from one out of two (in-vivo)
418 or three (in-vitro) similar experiments are shown in (B-G). Pooled data from two independent
419 experiments are shown in (I). Data are reported as mean + SD. Statistical analysis in (E) was performed
420  using unpaired Student’s t-test and statistically significant differences are indicated as ***: P < 0.001.
421  See also Figure S1.

422
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Figure 3: Bartonella clearance depends on antibody specificity and CD40L, but occurs

independently of antibody affinity maturation and isotype class switching. (A-G) We infected

(12 1) 101 I3

(1eyy:}) 1o 1v3

(1o 1) Joy |3

groups of mice of the indicated genotypes with 107 cfu B. taylorii IBS296 and followed bacteremia as

well as EAl titers over time. Panels (H, I) report these parameters for two individual mice of the

experiment shown in (G). Data of additional individual CD40L-/- mice are displayed in Figure S2.

Symbols in (A-G) represent the mean of at least four mice per group. Representative data from at

least two independent experiments are reported as mean % SD.
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432

433 Figure 4: Cloning and characterization of protective monoclonal antibodies against B. taylorii
434 IBS296. (A) Supernatants collected from 20 individual hybridoma clones in our screen were analyzed
435 using EAI assays. The potency of each clone is expressed as fold-change reduction of erythrocyte
436  attachment when compared to mock (medium only). The two most potent clones (LS4G2 and LS5G11)
437  are highlighted in red and blue, respectively. (B) The EAI potency of purified LS4G2 (red) and LS5G11
438  (blue) in side-by-side comparison to isotype control antibody. (C) B. taylorii IBS296 surface staining by
439 LS4G2 (red), LS5G11 (blue) and isotype control antibody was quantified by flow cytometry. (D) Surface
440 labelling of B. taylorii IBS296 (DAPI, blue) upon incubation with LS4G2, LS5G11 or isotype control
441  antibody (all in green) was visualized by structured illumination microscopy. (E, G) Schematic of
442 passive immunization antibody transfer experiments conducted in panel F (schematic in E) and panel
443 H (schematic in G): WT (F) and FcyR null x C3-/- mice (H) were infected i.d. with 107 cfu B. taylorii
444 IBS296 and three days later were treated with 250 pg of the indicated antibodies i.v.. Bacteremia was

445  determined on day 7 and on day 14 post infection. (B-D) One representative data set from two
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446  independent experiments is shown. Each experiment was performed in technical triplicates. (F)
447 Pooled data from three independent experiments are reported. Symbols in (F, H) represent individual
448  mice (n=10 per group in F, n=4 per group in H). Statistical analysis was performed by unpaired
449 Student’s t-tests, *: P <0.05, **:P< 0.01. Error bars show SD. See Fig. S3 for related data.

450
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Figure 5: The B. taylorii autotransporter CFA is a target of protective antibodies. (A, B) Volcano plots

of proteins identified by mass spectrometry after pull-down with either LS4G2 (A) or LS5G11 (B).

OPB12342 denominates the gene product of cfa. The second LS4G2 hit OPB34763.1 could not be

confirmed in a repeat experiment and hence was not pursued further. (C) To validate CFA as molecular

target of the LS4G2 and LS5G11 mAbs we stained the following versions of B. taylorii 1BS296 and

determined surface-bound antibody by flow cytometry: i) the parental WT bacterium, ii) the cfa locus

knock out mutant (Acfa locus), iii) the corresponding WT “revertant” strain, and iv) the cfa locus knock

out strain complemented by expression of cfa from plasmid (Acfa locus + pcfa). Note that the WT

revertant and the Acfa locus knock mutant are isogenic strains, which are progeny of the same

bacterial mutagenesis intermediate but represent the result of recombination events in different

homology regions, which both led to deletion of a transiently integrated mutagenesis plasmid.
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463  Symbols represent the mean + SD of 3 technical replicates. (D) We infected WT C57BL/6 mice (n=3 per
464  group) i.d. with 107 cfu of either WT revertant or Acfa locus deletion mutant of B. taylorii IBS296 and
465 monitored bacteremia over time. (E-1) We immunized C57BL/6 WT mice i.d. either with 107 cfu of WT
466  B. tribocorum (Btrb WT) or with the same dose of an isogenic strain expressing CFA of B. taylorii 1BS296
467 (Btrb CFAgtay). Six weeks later both groups of mice were challenged with B. taylorii 1BS296. (E) The
468 percentage of abacteremic mice as a function of time. Combined data from 3 experiments with 3-6
469 mice per group each. (F) Bacterial loads in blood are selectively reported only for bacteremic animals
470 (6/6 Btrb WT-immunized mice; 4/6 Btrb CFAgw,-immunized mice) from one out of three experiments.
471 (G, H) Peak bacteremia (G) and duration of bacteremia (H) for bacteremic animals (12/12 Btrb WT-
472 immunized mice, 12/18 Btrb CFAgty-immunized mice). Combined data from three independent
473  experiments. (I) EAl titers of the animals in (F) were determined on day 7 and on day 14 after B. taylorii
474  challenge. (A-D) Representative data from two independent experiments are shown. For statistical
475  analysis we used the Log-rank test (E), two-way ANOVA (F) and unpaired Student’s t-test (G H). *: P <
476 0.05; **: P<0.01; ***: P <0.001. Data in (C, D, F, ) are reported as mean = SD, mean + SEM is shown
477  in (F).
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483 Figure 6: High variation of CFA on the Bartonella sub-species level suggests immune evasion from
484  antibody selection pressure. (A) Gene synteny analysis of the cfa locus and flanking regions in the
485 indicated Bartonella species. Flanking synthenic housekeeping genes are shown in grey, the cfa locus
486 in blue with the corresponding gene annotation and further putative autotransporter
487  genes/pseudogenes in yellow. (B) Domain organization of CFA of B. taylorii IBS296. SP (signal peptide,
488  grey), the surface-located passenger domain with two B-helices (blue), pertactin-like domains (PL) and
489  corresponding autochaperones (AC) predicted to form two stalks, separated by a linker (orange) and
490  the C-terminal B-barrel (green). (C, G) Conservation scores of amino acid sequences along alignments
491  of CFA homologs for (C) representative species of Bartonella lineage 4 or (G) closely related strains of
492  B. quintana. PE (Property Entropy) score is a metrics based on Shannon Entropy (Capra & Singh, 2007).

493  Colouring scheme is based on colours used to illustrate CFA domain organization in (B), except for red
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colour indicating hypervariable regions. (D) Analysis of putative LS4G2 binding regions in CFA of B.
taylorii 1BS296. After LS4G2 immunoprecipitation of CFA from bacterial lysates, a partial digest with
proteinase K was performed and the eluted peptides were compared to full length eluted (undigested)
protein by mass spectrometry. Data are represented as fold change difference between the above
two conditions. The domain architecture is depicted including regions of high variability between B.
taylorii strains 1BS296 and M1 (red). Representative data from two independent experiments are
reported, each of them performed in biological triplicates. (E, F) Phylogeny analysis of the indicated
B. quintana strains were generated for the genes encoding either cfa (E) or virB5 (F). Values above
nodes show bootstrap support (>75%). Scale bar indicates number of substitutions per site. See

Figures S4 and S5 for further detail.
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505  Material and Methods

506  Bacterial strains and growth conditions

507 All bacterial strains and plasmids used in this study can be found in the key resource table and
508 supplementary table S3.

509 E. coli strains were cultivated in lysogeny broth (LB) or solid agar plates supplemented with the
510 appropriate antibiotics at 37°C overnight.

511 Bartonella strains were grown at 35°C and 5% CO; on Columbia blood agar (CBA) plates
512  supplemented with 5% defibrinated sheep blood and the appropriate antibiotics. Bartonella stocks
513  are maintained at -80°C and are streaked as “thumbnails” for 3 days and are subsequently expanded
514 for 2 days prior to the experiment.

515 Plasmids were introduced into Bartonella strains by conjugation from E. coli strain 2150 using
516 biparental mating (Harms, et al., 2017).

517 Antibiotics or supplements were used in the following concentrations: kanamycin at 30 pg/ml,
518  gentamicin at 10 pg/ml, streptomycin at 100 pg/ml, diaminopimelic acid (DAP) at 1 mM.

519

520 Mouse strains and husbandry

521 Female BALB/cJRj and C57BL/6JRj mice were purchased from Javier Labs.

522 The genetically modified strains AID-/- (Muramatsu, et al., 2000), B2M-/- (Zijlstra, et al., 1989),
523 C3-/- (Wessels, et al., 1995), JHT-/- (Chen, et al., 1993), KbD>-/- (Vugmeyster, et al., 1998), MHCII-/-
524 (Madsen, et al., 1999), Ragl-/- (Mombaerts, et al., 1992), slgM-/- (Tsiantoulas, et al., 2017), TCRBS-/-
525 (Mombaerts, et al., 1993) and T11uMT (Klein, et al., 1997) were bread at the Laboratory Animal
526 Science Center (LASC, University of Zurich, Switzerland) under SPF conditions. FcyR4alpha x C3 -/-
527  (crossing of C3-/- with FcyR4alpha-/- (Fransen, et al., 2018)) were bread at the Transgenic Mouse
528 Core Facility (TMCF, University of Basel, Switzerland). uMT-/- mice (Kitamura, et al., 1991) were
529 obtained from Jackson Laboratories, Maine, USA. The strains CD1d-/- (Smiley, et al., 1997) and MR1-
530 /- (Treiner, et al., 2003) were a kind gift from Prof. Genaro De Libero, University of Basel. AID x C3-/-

531  was obtained by crossing AID-/- and C3-/-. TCRB-/- and TCR&-/- single knock outs were obtained by
28
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532 back-crossing TCRB&-/- with WT C57/BL6. CD1d-/- x MHCII-/- and MR1-/- x MCHII-/- were obtained by
533  crossing the respective line with MHCII-/- mice.

534 All mice were in C57BL/6 background unless specified otherwise. Adult mice (5-8 weeks) of both
535  sexes were used for experiments.

536 Mice were housed in ventilated cages on sterilized bedding and provided water and food ad
537  libitum. Housing density was maximal five mice per cage and mice were allowed to acclimatize for at
538 least a week undisturbed. The animal room was on a 12 light/ 12 dark cycle, and cage bedding changed
539  every week. Mice were housed in strict accordance with the Federal Veterinary Office of Switzerland
540  and/or local animal welfare bodies. All animal work was approved by the Veterinary Office of the
541  Canton Basel City (license no. 1741).

542

543 Method Details

544  Constructions of strains and plasmids

545 DNA manipulations were performed according to standard techniques and all cloned inserts were DNA
546  sequenced to confirm sequence integrity.

547 For the generation of bacterial knock outs the previously described two-step selection
548  procedure for gene replacement was used (Schulein & Dehio, 2002). For complementation
549  overexpression selected genes from plasmid were cloned into variants of the plasmids pJS43 (Celli, et
550 al., 2005) under the control of the AphT promotor of pJC43 (GFP-expression) or IPTG-inducible
551 promotor Plac(MQ5) (Harms, et al., 2017) (CFAgty). For genetic complementation under the natural
552 promotor in the chromosome insertions via the Tn7 transposon were used (based on pUC18T-mini-
553  Tn7, (Choi, et al., 2005)).

554 For antibody expression vectors, the corresponding V regions of heavy and light chain were
555  cloned into the CMV-promoter-driven mammalian expression vector pXLG1.2, followed by the Cy2a

556  constant domain (kindly provided by Prof. Shozo lIzui, University of Geneva).
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557 A detailed description for the construction of each plasmid is presented in Table S3. The
558  sequences of all oligonucleotide primers and synthesized gene fragments used in this study are listed
559  inTable S2 and S4.

560

561  Animal experimentation

562 Animals were infected or immunized i.d. with 107 cfu bacteria in PBS under isofluorane/oxygen
563 anaesthesia. Blood was drawn in 3.8% sodium citrate at the indicated days post infection. For blood
564 cfu count, whole blood was frozen at -80°C, thawed and plated in limited dilution series on CBA blood
565 agar. For serum analysis, the blood samples were centrifuged for 5 min at RT at 5000 x g in serum
566  tubes. Serum was frozen at -20°C until further usage. Immune serum was obtained 45 dpi from
567 immunized C57BL/6 mice and pooled from 20 animals. Naive or immune serum were injected i.v. in
568 100 pl. Antibodies were given i.v.in a dose of 250 g in PBS.

569

570  Erythrocyte infection and EAI assay

571 Murine Erythrocytes were isolated from BALB/c mice after blood collection in 3.8% sodium citrate by
572  terminal bleeding. Erythrocytes were purified using a Ficoll-gradient and kept at 4°C in DMEM
573  supplemented with 10% FCS for up to two weeks until usage.

574 For the EAI assay, a serial dilution of sera or antibodies was performed in a U-bottom 96-well
575 plate in DMEM with 10% FCS. 5*105 bacteria (GFP+) were added per well and incubated for 1 h at 35°C
576  and 5 % CO.. 106 (MOI 0.5) erythrocytes were added in 100 ul DMEM containing 10% FCS. After 24 h
577  the supernatant was removed and the cells were fixed in 1% PFA and 0.2% GA in PBS for 10 min at
578  4°C. FACS buffer (2% FCS in PBS) was added and the plates were analyzed by flow cytometry (Cantoll,

579  using the HTS autosampler). If indicated, the serum was heat-inactivated at 60°C for 30 min before

580 usage.
581 EAI titers were calculated by endpoint titer determination as described (Frey, et al., 1998).
582 For confocal microscopy, erythrocytes were infected using the same conditions lacking the

583 serum pre-incubation.
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584

585  Microscopy

586 Bacteria were grown as described above, collected in PBS and stained with purified antibody for 45
587  min at RT. Bacteria were then washed twice with PBS, centrifuged at 4000 x g for 5 min and stained
588  with the secondary antibody (anti-mouse IgG-Alexa 488) for 1 h at 4°C in the dark. After 3 washes, the
589  bacteria were stained with DAPI for 1 h at 4°C in the dark and after another three washes fixed in 3.7%
590 PFA for 10 min at 4°C in the dark.

591 Erythrocytes were infected with GFP+ bacteria as described above. Erythrocytes were then
592  stained with anti-Ter119-Alexa 647 for 1 h at 4°C in the dark. After washing and centrifugation at 100
593 x g, 5 min, the cells were fixed in 1% PFA and 0.2% GA in PBS for 10 min at 4°C in the dark.

594 Fixed erythrocyte samples were centrifuged at 100 x g for 5 min. Stained bacteria samples were
595  centrifuged at 4000 x g for 5 min. For both types of samples, the supernatant was removed and the
596  cell pellet was resuspended in ProLong Diamond Antifade mountant. 15 pl of the suspension was
597  applied on 18 mm, #1.5 thickness coverslips and mounted onto glass slides. After 24 h of curing at
598 room temperature, the coverslips were sealed with nail polish.

599 Confocal images were acquired with a SP8 confocal microscope (Leica) equipped with 488 and
600 638 nm solid-state lasers and a Plan Apo CS2 63x, 1.40 NA oil objective.

601 3D-SIM was performed using a DeltaVision OMX-Blaze system (version 4; GE Healthcare)
602  equipped with 488 and 568 nm solid-state lasers, Plan Apo N 63x, 1.42 NA oil objective and 4 liquid-
603  cooled sCMOs cameras (pco Edge, full frame 2560 x 2160; Photometrics). Optical z-sections were
604  separated by 0.125 um. Exposure times were between 3 and 10 ms, with three rotations of the
605 illumination grid. Multichannel imaging was achieved through sequential acquisition of wavelengths
606 by separate cameras. First, the channels were aligned in the image plane and around the optical axis
607 using predetermined shifts and measured using a target lens and the SoftWoRx alignment tool.
608  Afterwards, they were carefully aligned using alignment parameters from control measurements

609  made with 0.5 um diameter multi-spectral fluorescent beads. Raw 3D-SIM images were processed and
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610 reconstructed using the DeltaVision OMX SoftWoRx software package. The final voxel size was 40 nm
611 x40 nm x 125 nm.

612

613  Gentamicin protection assay

614  Blood from infected animals (day 14 post infection) or over night in-vitro infected erythrocytes (see
615  above) were incubated for 2 h at 35°C, 5% CO2 either in PBS alone or in PBS containing 40 pg/ml
616  gentamicin. Cells were washed 3 times with PBS and centrifugation at 300 x g for 5 min. Cell pellets
617  were frozen at -80°C for erythrocyte lysis and plated in serial dilutions on blood agar plates.
618 Supernatant and medium only controls were directly used for serial dilution and plating.

619

620  Antibody binding to the bacterial surface by flow cytometry

621 Bacteria were grown as described above, collected in PBS and stained with purified antibody for 45
622 min at RT. Bacteria were then washed twice with PBS, centrifuged at 4000 x g for 5 min and stained
623  with the secondary antibody (anti-mouse IgG-Alexa 647) for 1 h at 4°C in the dark. After 3 washes, the
624  bacteria were fixed in 3.7% PFA for 10 min at 4°C in the dark and resuspended in FACS buffer before
625  analysis via flow cytometry (Cantoll).

626 For CFA expression from plasmid, the bacteria were incubated in DMEM containing 10% FCS
627 and 100 nM IPTG overnight prior to staining.

628 For binding curves, a serial dilution series of monoclonal antibody or isotype was performed in
629  a U-bottom 96-well plate. 107 bacteria were added per well. After 45 min at RT in the dark, staining
630 continued as described above.

631

632  ELISA

633 Purification of Bartonella outer membrane proteins (OMP) was performed as has been described
634 previously (Otsuyama, et al., 2016). For antibody titers in serum, anti murine I1gG-HRP or anti murine

635 IgM-biotin and streptavidin-HRP were used.
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636 In brief, ELISA plates were coated over night with purified Bartonella OMP (1 mg per 96-well
637  plate) in coating buffer. The plates were washed with 0.05 % Tween in PBS and blocked 1 h at RT with
638 1x ELISA buffer. After another wash, sera were added in dilution series for 3 h at RT. After 3 washes,
639  detection antibody was added in the recommended dilution for 1 h at RT. If necessary streptavidin-
640  HRP was added after another 3 washes for 30 min at RT. After 5 washes 1x ELISA substrate was added
641 at RT for 5-10 min and stopped with 1 M phosphoric acid. Plates were read at 450 and 570 nm using
642 a plate reader.

643

644  Hybridoma production and handling

645 For hybridoma production the DiSH Kit (Enzo Life Sciences) was used. BALB/c mice were infected as
646 described above before i.v. reinfection with 107 cfu after clearance of the first infection. 2 weeks later,
647  the animals were boosted with 107 cfu heat inactivated bacteria (3 h at 60°C) and the spleens were
648  harvested 2 days later. A collagenase digest (3 mg/ml Collagenase IV, 2% FCS, in RPMI) was performed
649  for 30-60 min at 37°C. The digestion mixture was put through a cell strainer and approx. 10 ml of RPMI
650  + 10% FCS were added. The cells were centrifuged for 10 min at 300 x g at 4°C and a red blood cell
651  lysis was performed by resuspending the pellet in ACK buffer (150 mM NH4CI, 10 mM KHCOs and 0.1
652 mM EDTA). After 1 min at RT, 10 ml of RPMI + 10% FCS were added and the cells were centrifuged
653  again and used according to the DiSH Kit protocol. In brief, the obtained lymphocytes were washed
654  with WCM. Myeloma fusion partner SP2ab grown in PMC medium, washed once with WCM and added
655  to the lymphocyte pellet in a ration of 1:5 Sp2ab : lymphocyte. After centrifugation for 10 min at 4°C,
656 300 x g, the cell pellet was warmed to 37°Cin a water bath. While keeping the pellet in the water bath,
657 PEG1000 was added drop wise to the cell mixture. After 60 sec at 37°C, 4 ml of prewarmed WCM were
658 added drop-wise over the course of 2 min while keeping the cells at 37°C. Another 5 ml were added
659 over the course of 1 min. Another 6 ml were added over the course of 1 min. After 10 min at 37°C, 30
660 ml of FCM were added and the cells were centrifuged at 150 x g for 5 min. The cells were then
661 incubated over night in FCM at 37°C, 5% CO2. The fused cells were plated in semisolid medium

662  complemented with hybridoma selection medium until the appearance of single colonies, approx.
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663  after 8 days. Clones were then harvested in RCM, expanded in ECM and screened for specificity using
664  the EAl assay. Hybridoma clones were then grown in RPMI complemented with 10% FCS.

665

666  Purification of monoclonal antibodies

667  Sequencing of the antibody expressed by a hybridoma cell line was performed by Absolute Antibody,
668 UK. The sequences of LS4G2 and LS5G11 V, and V4 region are given in Table S4.

669 The corresponding gene fragments were synthesized (Genscript, New Jersey, USA). For
670 recombinant expression, rearranged V regions were subcloned into the CMV-promoter-driven
671 mammalian expression vector pXLG1.2, followed by the Cy2a constant domain (kindly provided by
672 Prof. Shozo lzui, University of Geneva), corresponding to the Genbank sequences for mouse 1gG2a
673 (J00470.1). The procedure for the light chain was identical.

674 Antibodies were expressed by transient co-transfection of HEK cells (Protein Production and
675  Structure Core Facility, EPFL, Lausanne, Switzerland) and purified on protein G columns with
676  AKTAprime plus followed by PBS dialysis.

677 For conjugation of the purified antibody, we used the lightning link labeling kit from Expedeon
678  according to the manufacturer’s protocol.

679

680 Immunoprecipitation

681  Bartonella taylorii IBS296 was grown as described above. Bacteria were collected in wash buffer (50
682 mM HEPES pH 7.4, 200 mM NaCl, 5% glycerol) containing benzoase and protease inhibitors, lyzed
683 using French Press and centrifuged at 10.000 x g for 10 min at 4°C. The supernatant was centrifuged
684  at 100.000 x g at 4°C to obtain the membrane protein fraction. The pellet was solubilized over-night
685 at 4°C with 1% DDM in wash buffer and again centrifuged at 100.000 x g at 4°C. The supernatant was
686 incubated overnight with 20 pg of antibody and 80 pl of UltralLink Resin at 4°C. The mixture was
687 centrifuged at 6000 x g and the beads were washed 3 times with excess wash buffer containing 0.05%
688 DDM before elution with 25 pl of Laemmli buffer. If indicated the samples were digested using 1 U or

689  proteinase K for 10 min at 4°C before another 3 washing steps and elution.
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690

691 Sample preparation for MS-based proteome analysis

692 0.5 pL of 1 M iodoacetamide was added to the samples. Cysteine residues were alkylated for 30 min
693  at 25°C in the dark. Digestion and peptide purification was performed using S-trapTM technology
694  (Protifi) according to the manufacturer’s instructions. In brief, samples were acidified by addition of
695 2.5 L of 12% phosphoric acid (1:10) and then 165 pL of S-trap buffer (90% methanol, 100 mM TEAB
696 pH 7.1) was added to the samples (6:1). Samples were briefly vortexed and loaded onto S-trapTM
697 micro spin-columns and centrifuged for 1 min at 4000 g. Flow-through was discarded and spin-
698 columns were then washed 3 times with 150 pL of S-trap buffer (each time samples were centrifuged
699  for 1 min at 4000 g and flow-through was removed). S-trap columns were then moved to the clean
700  tubesand 20 pl of digestion buffer (50 mM TEAB pH 8.0) and trypsin (at 1:25 enzyme to protein ratio)
701  were added to the samples. Digestion was allowed to proceed for 1 h at 47°C. After, 40 L of digestion
702 buffer was added to the samples and the peptides were collected by centrifugation at 4’000 g for 1
703 minute. To increase the recovery, S-trap columns were washed with 40 pL of 0.2% formic acid in water
704  (400g, 1 min) and 35 pL of 0.2% formic acid in 50% acetonitrile. Eluted peptides were dried under
705  vacuum and stored at -20 °C until further analysis.

706 The peptides were dissolved in LC-buffer A (0.15% formic acid, 2% acetonitrile) right before
707  ultrasonication for 10 sec and shaking at 1’400 rpm at 25°C for 5 min.

708

709  Mass spectrometry

710 For each sample, aliquots of 0.4 pg of total peptides were subjected to LC-MS analysis using a dual
711 pressure LTQ-Orbitrap Elite mass spectrometer connected to an electrospray ion source (both Thermo
712 Fisher Scientific) and a custom-made column heater set to 60°C. Peptide separation was carried out
713 using an EASY nLC-1000 system (Thermo Fisher Scientific) equipped with a RP-HPLC column (75 pum x
714 30 cm) packed in-house with C18 resin using a linear gradient from 95% solvent A (0.1% formic acid in
715  water) and 5% solvent B (80% acetonitrile, 0.1% formic acid, in water) to 35% solvent B over 50

716 minutes to 50% solvent B over 10 minutes to 95% solvent B over 2 minutes and 95% solvent B over 18
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717  minutes at a flow rate of 0.2 pl/min. The data acquisition mode was set to obtain one high resolution
718 MS scan in the FT part of the mass spectrometer at a resolution of 120’000 full width at half maximum
719 (at 400 m/z, MS1) followed by MS/MS (MS2) scans in the linear ion trap of the 20 most intense MS
720 signals. The charged state screening modus was enabled to exclude unassigned and singly charged
721 ions and the dynamic exclusion duration was set to 30 s. The collision energy was set to 35%, and one
722 microscan was acquired for each spectrum. The mass spectrometry proteomics data have been
723 deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol, et al., 2019) partner
724  repository with the dataset identifier PXD028783 and 10.6019/PXD028783.

725

726

727

728  Protein Identification and Label-free Quantification

729  The acquired raw-files were imported into the Progenesis Ql software (v2.0, Nonlinear Dynamics
730 Limited), which was used to extract peptide precursor ion intensities across all samples applying the
731  default parameters. The generated mgf files were searched using MASCOT against a decoy database
732  containing normal and reverse sequences of B. taylorii 1BS296 (UniProt, 10.01.2020) proteome and
733  commonly observed contaminants (in total 3484 sequences) generated using the SequenceReverser
734  tool from the MaxQuant software (Version 1.0.13.13). The following search criteria were used: full
735  tryptic specificity was required (cleavage after lysine or arginine residues, unless followed by proline);
736 2 missed cleavages were allowed; carbamidomethylation (C) was set as fixed modification; oxidation
737 (M) and protein N-terminal acetylation were applied as variable modifications; mass tolerance of 10
738  ppm (precursor) and 0.6 Da (fragments) was set. The database search results were filtered using the
739 ion score to set the false discovery rate (FDR) to 1% on the peptide and protein level, respectively,
740 based on the number of reverse protein sequence hits in the datasets.
741  Quantitative analysis results from label-free quantification were normalized and statically analyzed
742 using the SafeQuant R package v.2.3.4 to obtain protein relative abundances. This analysis included

743  summation of peak areas per protein and LC MS/MS run followed by calculation of protein abundance
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744  ratios. Only isoform specific peptide ion signals were considered for quantification. The summarized
745 protein expression values were used for statistical testing of differentially abundant proteins between
746  conditions. Here, empirical Bayes moderated t-Tests were applied, as implemented in the
747 R/Bioconductor limma package. The resulting p-values were adjusted for multiple testing using the
748 Benjamini Hochberg method.

749

750  DNA extraction and sequencing

751  Genomic bacterial DNA was extracted with QIAGEN Genomic-tip 20/G according to the
752 manufacturer’s guidelines. Whole genome sequencing of B. taylorii M1 strain was done with Illumina
753  and Nanopore sequencing technologies. lllumina short-read sequencing was performed at the
754 Microbial Genome Sequencing Center (MiGS) using the Illumina NextSeq 2000 platform. The libraries
755 for the Nanopore sequencing were made with Ligation Sequencing Kit and Native Barcoding Expansion
756 1-12 according to the protocol provided by ONT. The sequencing was done with the MinlION Mk1B
757  sequencing device and the MinION Flow Cell (R10.3).

758

759  Genome assembly and annotation

760  All calculations were performed at sciCORE scientific computing center at the University of Basel. Base-
761  calling and barcoding of raw ONT data was done with Guppy v.5.0.7 (Oxford Nanopore Technologies).
762  Then, ONT read sets were filtered and reads shorter than 1 kbp were removed with Filtlong v.0.2.0.
763 Illumina reads were quality assessed with FastQC v.0.11.8 and if needed trimmed with Trimmomatic
764  v.0.39. Next, consensus assemblies were generated with Trycycler v.0.5.0 based on multiple input
765 assemblies made with Canu v.2.1.1, Raven v.1.5.0, Minimap2 v.2.20-r1061 combined with Miniasm
766  v.0.3-r179 and polished with Minipolish v.0.1.3. The assemblies then were finalised by polishing with
767  ONT reads (Medaka v.1.4.3) and short reads (Pilon v.1.24).

768

769  Bioinformatic analysis
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770  Synteny analysis of Cfa autotransporter was inferred with MultiGeneBlast v.1.1.14 in architecture
771  search mode with default search parameters. The database was generated in MultiGeneBlast from
772  annotated genome sequences of Bartonella species (Table S1).

773 Search for domains present in CFA was done with Conserved Domain Search tool with Result mode
774  seton “Full”.

775 The alignment of protein sequences of Cfa was made with MSAProbs v.0.9.7 implemented in
776 MPI Bioinformatics Toolkit. Positions of the alignment containing at least 40% of gaps were removed
777  from the alignment with Mask alighment option of Geneious Prime. Resulting trimmed alignment was
778  used to calculate conservation scores with the Property Entropy (PE) scoring method of Protein
779 Residue Conservation Prediction tool. Conservation scores were summed and averaged within a
780 sliding window of 19 amino acids [ai-9; ai+9], where a is a conservation score and i is an amino acid
781 index. The resulting values were plotted with GraphPad Prism. Alignment of Cfa from lineage 4 species
782  was used to identify variability sites. Sites were considered variable if averaged PE scores were equal
783 or lower 0.4. Then, variability sites were mapped onto Cfa from B. taylorii IBS296 and alignments
784  generated for B. quintana. Modelling the Cfa from B. taylorii 1BS296 was done with AlphaFold with
785  default options.

786 Tree topology and bootstrap support values were inferred with PhyML v.3.0, model (JTT+G+I+F),
787 1000 bootstrap replicates. The tree was based on a concatenated alignment of five core protein
788  sequences (FtsZ, GroEL, GyrB, RpoB and SecY). The protein sequences were aligned with Clustal
789  Omega (implemented in Geneious Prime), then concatenated, and all gaps were removed with Mask
790 alignment option of Geneious Prime.

791

792  Data analysis

793 Unless stated differently, statistical analysis of the obtained data was performed using GraphPad
794 Prism Software and the statistical tests as indicated. P-values are depicted as follows: ns = P > 0.05; *

795 =P <0.05; **=P<0.01; ***=P<0.001

38


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

796 All LC-MS analysis runs were acquired from independent biological samples. To meet additional
797  assumptions (normality and homoscedasticity) underlying the use of linear regression models and
798  Student t-Test MS-intensity signals are transformed from the linear to the log-scale.
799 Unless stated otherwise linear regression was performed using the ordinary least square (OLS) method
800 as implemented in base package of Rv.3.1.2. The sample size of three biological replicates was chosen
801 assuming a within-group MS-signal Coefficient of Variation of 10%. When applying a two-sample, two-
802 sided Student t test this gives adequate power (80%) to detect protein abundance fold changes higher
803 than 1.65, per statistical test. Note that the statistical package used to assess protein abundance
804  changes, SafeQuant, employs a moderated t-Test, which has been shown to provide higher power
805  than the Student t-test. We did not do any simulations to assess power, upon correction for multiple
806  testing (Benjamini-Hochberg correction), as a function of different effect sizes and assumed
807  proportions of differentially abundant proteins. For peptide enrichment upon proteinase K digest, the
808 ratio between digested and undigested sample was formed and plotted within a sliding window of 19
809 amino acids [ai-9; ai+9], where a is a conservation score and i is an amino acid index.

810

811 References

812 Abbott, R. C. et al., 1997. Experimental and natural infection with Bartonella henselae in domestic
813 cats. Comparative Immunology, Microbiology and Infectious Diseases, 20(1), pp. 41-51.

814 Ahrné, E. et al., 2016. Evaluation and Improvement of Quantification Accuracy in Isobaric Mass Tag-
815 Based Protein Quantification Experiments. Journal of Proteome Research, 15(8), p. 2537—-2547.

816 Andrews, S., 2010. FastQC: A Quality Control Tool for High Throughput Sequence Data.

817 Bachmann, M. et al., 2004. Maintenance of memory CTL responses by T helper cells and CD40-CD40
818 ligand: antibodies provide the key. Eur. J. Immunol., Volume 34, pp. 317-26.

819 Barbour, A. G. & Bundoc, A., 2001. In Vitro and In Vivo Neutralization of the Relapsing Fever Agent
820 Borrelia hermsii with Serotype-Specific Immunoglobulin M Antibodies. Infection and immunity,

821 96(2), pp. 1009-1015.

39


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

822 Bergthaler, A. et al., 2009. Imaired antibody response causes persistence of prototypic T cell-

823 contained virus. PLoS Biol, 7(4), p. 1000080. .

824 Bermond, D. et al., 2000. Bartonella birtlesii sp. nov., isolated from small mammals (Apodemus spp.).
825 International Journal of Systematic and Evolutionary Microbiology, 50(6), p. 1973-1979.

826 Burton, D. R., 2002. Antibodies, viruses and vaccines. Nat Rev Immunol, Issue 9, pp. 706-13.

827 Caceres-Rios, H. et al., 1995. Verruga peruana: an infectious endemic angiomatosis. Crit Rev Oncog,
828 6(1), pp. 47-56.

829 Capra, J. & Singh, M., 2007. Predicting functionally important residues from sequence conservation.
830 Bioinformatics, 23(15), pp. 1875-82.

831 Celli, J., Salcedo, S. P. & Gorvel, J.-P., 2005. Brucella coopts the small GTPase Sarl for intracellular
832 replication. Proceedings of the National Academy of Sciences, 102(5), p. 1673—1678.

833 Chen, J. et al., 1993. Immunoglobulin gene rearrangement in B cell deficient mice generated by
834 targeted deletion of the JH locus. Int Immunol., 5(6), pp. 647-56.

835 Choi, K. et al., 2005. A Tn7-based broad-range bacterial cloning and expression system.. Nat
836 Methods, 2(6), pp. 443-8.

837 Chomel, B. et al., 2009. Ecological fitness and strategies of adaptation of Bartonella species to their
838 hosts and vectors. Vet. Res., p. 4.

839 Coleman, S. A. & Minnick, M. F., 2001. Establishing a direct role for the Bartonella bacilliformis
840 invasion-associated locus B (lalB) protein in human erythrocyte parasitism. Infection and Immunity,

841 69(7), p. 4373-4381.

842 Correia, B. et al., 2014. Proof of principle for epitope-focused vaccine design. Nature, 507(7491), pp.

843 201-6.

844 Deng, H. et al., 2016. Identification and functional analysis of invasion associated locus B (lalB) in

845 Bartonella species. Microbial Pathogenesis, Volume 98, p. 171 —177.

40


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

846 Deng, H., Pang, Q., Zhao, B. & Vayssier-Taussat, M., 2018. Molecular mechanisms of Bartonella and
847 mammalian erythrocyte interactions: A review.. Frontiers in Cellular and Infection Microbiology,
848 Volume 8, p. 431.

849 Deutsch, E. et al., 2017. The ProteomeXchange consortium in 2017: supporting the cultural change
850 in proteomics public data deposition. Nucleic Acids Research, 45(D1), p. D1100-D1106.

851 Fransen, M. et al., 2018. A Restricted Role for FcyR in the Regulation of Adaptive Immunity. The
852 Journal of Immunology, p. ji1700429.

853 Frey, A., Canzio, J. D. & Zurakowski, D., 1998. A statistically defined endpoint titer determination
854 method for immunoassays. Journal of Immunological Methods, Volume 221, p. 35—-41.

855 Gardner, M. et al., 2002. Genome sequence of the human malaria parasite Plasmodium falciparum.
856 Nature, 419(6906), pp. 498-511.

857 Guindon, S. et al.,, 2010. New Algorithms and Methods to Estimate Maximum-Likelihood
858 Phylogenies: Assessing the Performance of PhyML 3.0. Systematic Biology, 59(3), pp. 307-21.

859 Gustafsson, M., 2000. Surpassing the lateral resolution limit by a factor of two using structured
860 illumination microscopy. Journal of Microscopy, Volume 198, pp. 82-87.

861 Hall, A. E. et al, 2003. Characterization of a Protective Monoclonal Antibody
862 RecognizingStaphylococcus aureusMSCRAMM Protein Clumping Factor A. Infection and Immunity,
863 71(12), pp. 6864-6870.

864 Harms, A. & Dehio, C., 2012. Intruders below the radar: Molecular pathogenesis of Bartonella spp.
865 Clinical Microbiology Reviews, 25(1), p. 42—78.

866 Harms, A. et al., 2017. A bacterial toxin-antitoxin module is the origin of inter-bacterial and inter-
867 kingdom effectors of Bartonella. PLOS Genetics, 13(10), pp. 1-22.

868 Harms, A. et al., 2017. Evolutionary Dynamics of Pathoadaptation Revealed by Three Independent
869 Acquisitions of the VirB/D4 Type IV Secretion System in Bartonella. Genome Biology and Evolution,
870 9(3), pp. 761-776.

871 Jumper, J. et al., 2021. Highly accurate protein structure prediction. Nature.

41


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

872 Kabeya, H., Sase, M., Yamashita, M. & Maruyama, S., 2006. Predominant T helper 2 immune
873 responses against Bartonella henselae in naturally infected cats. Microbiology and Immunology,

874 50(3), p. 171-178.

875 Kabeya, H. et al., 2009. Experimental infection of cats with Bartonella henselae resulted in rapid
876 clearance associated with T helper 1 immune responses. Microbes and Infection, 11(6), p. 716 — 720.
877 Karem, K. L., 2000. Immune aspects of Bartonella. Critical Reviews in Microbiology, Volume 26, p.

878 133-45.

879 Kitamura, D., Roes, J., Kiihn, R. & Rajewsky, K., 1991. A B cell-deficient mouse by targeted disruption

880 of the membrane exon of the immunoglobulin mu chain gene. Nature, Volume 3350, p. 423-6.

881 Klein, M. A. et al., 1997. A crucial role for B cells in neuroinvasive scrapie. Nature, Volume 390, p.

882 687-690.

883 Koesling, J. et al., 2001. Cutting edge: Antibody-mediated cessation of hemotropic infection by the

884 intraerythrocytic mouse pathogen Bartonella grahamii. The Journal of Immunology, 167(1), p. 11—
885 14.
886 Koren, S. et al., 2017. Canu: scalable and accurate long-read assembly via adaptive k-mer weighting

887 and repeat separation. Genome Res, Issue 5, pp. 722-736.

888 Kosoy, M. et al., 2004. Prospective Studies of Bartonella of Rodents. Part Il. Diverse Infections in a
889 Single Rodent Community. Vector-Borne and Zoonotic Diseases, 4(4), pp. 296-305.

890 Kosoy, M. Y. et al.,, 1999. Experimental infection of cotton rats with three naturally occurring
891 Bartonella species. Journal of Wildlife Diseases, 35(2), p. 275—-284.

892 Kosoy, M. Y. et al., 1998. ISOLATION OF BARTONELLA SPP. FROM EMBRYOS AND NEONATES OF
893 NATURALLY INFECTED RODENTS. J Wildl Dis, 34(2), p. 305—-309.

894 Lewis-Rogers, N., Seger, J. & Adler, F., 2014. Human Rhinovirus Diversity and Evolution: How Strange
895 the Change from Major to Minor. J Virol., 91(7), pp. e01659-16.

896 Li, H., 2016. Minimap and miniasm: fast mapping and de novo assembly for noisy long sequences.

897 Bioinformatics, 32(14), p. 2103-2110.

42


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

898 Li, H., 2018. Minimap2: pairwise alighment for nucleotide sequences. Bioinformatics, 34(18), p.
899 3094-3100.

900 Litwin, C. M. & Johnson, J. M., 2005. Identification, cloning, and expression of the CAMP-like factor
901 autotransporter gene (cfa) of Bartonella henselae. Infection and Immunity, 73(7), pp. 4205-4213.
902 Liu, Y., Schmidt, B. & Maskell, D. L., 2010. MSAProbs: multiple sequence alignment based on pair
903 hidden Markov models and partition function posterior probabilities. Bioinformatics, 26(15), p.
904 1958-1964.

905 Madsen, L. et al., 1999. Mice lacking all conventional MHC class Il genes. Proceedings of the National
906 Academy of Sciences, 96(18), pp. 10338-10343.

907 Maguina, C. & Gotuzzo, E., 2000. Bartonellosis: New and old. Infectious. Disease Clinics of North
908 America, 14(1), pp. 1-22.

909 Maguifia, C., Guerra, H. & Ventosilla, P., 2009. Bartonellosis. Clinics in Dermatology, 27(3), pp. 271-
910 280.

911 Marchler-Bauer, A. & Bryant, S., 2004. CD-Search: protein domain annotations on the fly. Nucleic
912 Acids Res, 32(W), pp. 327-331.

913 Marignac, G. et al., 2010. Murine model for Bartonella birtlesii infection: New aspects. Comparative
914 Immunology, Microbiology and Infectious Diseases, 33(2), p. 95 — 107.

915 Medema, M. H., Takano, E. & Breitling, R., 2013. Detecting Sequence Homology at the Gene Cluster
916 Level with MultiGeneBlast. Mol Biol Evol, 30(5), p. 1218-1223.

917 Menozzi, F. D. et al, 1996. Identification of a Heparin-binding Hemagglutinin Present in
918 Mycobacteria. The Journal of Experimental Medicine , Volume 184, pp. 993-1001.

919 Meyer, T. & van Putten, J., 1989. Genetic mechanisms and biological implications of phase variation
920 in pathogenic neisseriae.. Clin Microbiol Rev. , Suppl(Suppl), pp. S139-45.

921 Minnick, M. F. & Battisti, J. M., 2009. Pestilence, persistence and pathogenicity: infection strategies

922 of Bartonella.. Future Microbiology, 4(6), p. 743-758.

43


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

923 Mitchell, S. J. & Minnick, M. F., 1995. Characterization of a two-gene locus from Bartonella
924 bacilliformis associated with the ability to invade human erythrocytes. Infection and Immunity, 63(4),
925 p. 1552-1562.

926 Mombaerts, P. et al., 1992. RAG-1-deficient mice have no mature B and T lymphocytes. Cell, 68(5),
927 pp. 869-877.

928 Mombaerts, P. et al.,, 1993. Spontaneous development of inflammatory bowel disease in T cell

929 receptor mutant mice. Cell, Volume 75, p. 274-82.

930 Muramatsu, M. et al., 2000. Class Switch Recombination and Hypermutation Require Activation-
931 Induced Cytidine Deaminase (AID), a Potential RNA Editing Enzyme. Cell, 102(5), pp. 553-563.

932 Okujava, R. et al., 2014. A translocated effector required for Bartonella dissemination from derma to
933 blood safeguards migratory host cells from damage by co-translocated effectors.. PLOS Pathogens,

934 10(6), p. 1-19.

935 Oleksiewicz, M. B., Nagy, G. & Nagy, E., 2012. Anti-bacterial monoclonal antibodies: Back to the
936 future?. Archives of Biochemistry and Biophysics, 526(2), pp. 124-131.

937 Otsuyama, K.-l.et al., 2016. Development of a Highly Specific IgM Enzyme-Linked Immunosorbent
938 Assay for Bartonella henselae Using Refined N-Lauroyl-Sarcosine-Insoluble Proteins for
939 Serodiagnosis of Cat Scratch Disease. Journal of Clinical Microbiology, 54(4), p. 1058—1064.

940 Perez-Riverol, Y. et al., 2019. The PRIDE database and related tools and resources in 2019: improving
941 support for quantification data. Nucleic Acids Res, 47(D1), pp. D442-D450.

942 Québatte, M. a. D. C., 2019. Bartonella gene transfer agent: Evolution, function, and proposed role
943 in host adaptation. Cellular Microbiology, Volume 21, p. €e13068.

944 Québatte, M. et al., 2017. Gene Transfer Agent Promotes Evolvability within the Fittest
945 Subpopulation of a Bacterial Pathogen. Cell Syst , 4(6), pp. 611-621.

946 Renshaw, B. et al.,, 1994. Humoral immune responses in CD40 ligand-deficient mice. J Exp Med,

947 180(5), pp. 1889-900.

44


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

948 Robert, X. & Gouet, P., 2014. Deciphering key features in protein structures with the new ENDscript
949 server. Nucleic Acids Research, 42(W1), p. W320-W324.

950 Rojas-Lopez, M. et al., 2018. Identification of the Autochaperone Domain in the Type Va Secretion
951 System (T5aSS): Prevalent Feature of Autotransporters with a B-Helical Passenger. Front Microbiol,
952 Volume 8, p. 2607.

953 Saenz, H. et al., 2007. Genomic analysis of Bartonella identifies type IV secretion systems as host
954 adaptability factors. Nature Genetics, Volume 39, p. 1469-14.

955 Scherer, D. C., DeBuron-Connors, |I. & Minnick, M. F., 1993. Characterization of Bartonella
956 bacilliformis flagella and effect of antiflagellin antibodies on invasion of human erythrocytes.
957 Infection and Immunity, 61(12), p. 4962—4971.

958 Schneider, C. A., Rasband, W. S., Elicein & W., K., 2012. NIH Image to Imagel: 25 years of image
959 analysis. Nature Methods, Volume 9, pp. 671-675.

960 Schulein, R. & Dehio, C., 2002. The VirB/VirD4 type IV secretion system of Bartonella is essential for
961 establishing intraerythrocytic infection. Molecular Microbiology, Volume 46, pp. 1053-1067.

962 Schiilein, R. et al., 2001. Invasion and persistent intracellular colonization of erythrocytes. A unique
963 parasitic strategy of the emerging pathogen Bartonella.. Journal of Experimental Medicine, 291(6),
964 pp. 555-560.

965 Seubert, A., Schulein, R. & Dehio, C., 2001. Bacterial persistence within erythrocytes: A unique
966 pathogenic strategy of Bartonella spp.. International Journal of Medical Microbiology, 291(6), p. 555
967 - 560.

968 Smiley, S. T., Kaplan, M. H. & Grusby, M. J., 1997. Immunoglobulin E Production in the Absence of
969 Interleukin-4-Secreting CD1-Dependent Cells. Science, 275(5302), p. 977-979.

970 Spach, D. & Koehler, J., 1998. Bartonella-associated infections. Infect Dis Clin North Am., 12(1), pp.

971 137-55.

45


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

972 Su, H., Watkins, N. G., Zhang, Y. X. & Caldwell, H. D., 1990. Chlamydia trachomatis-host cell
973 interactions: role of the chlamydial major outer membrane protein as an adhesin.. Infection and

974 Immunity, 58(4), pp. 1017-1025.

975 Su, X. et al., 1995. The large diverse gene family var encodes proteins involved in cytoadherence and

976 antigenic variation of Plasmodium falciparum-infected erythrocytes. Cell, 82(1), pp. 89-100.

977 Tame, J. R. H., 2011. Autotransporter protein secretion. Biomol Concepts, 2(6), pp. 525-36.

978 Treiner, E. et al., 2003. Selection of evolutionarily conserved mucosal-associated invariant T cells by
979 MR1. Nature, Volume 422, p. 164-9.

980 Tsiantoulas, D. et al., 2017. Secreted IgM deficiency leads to increased BCR signaling that results in
981 abnormal splenic B cell development. Scientific Reports, Volume 7, p. 3540.

982 Vaser, R. & Siki¢, M., 2021. Time- and memory-efficient genome assembly with Raven. Nature

983 Computational Science, Volume 1, p. 332—-336.

984 Vaser, R., Sovi¢, |., Nagaraja, N. & Siki¢, M., 2017. Fast and accurate de novo genome assembly from
985 long uncorrected reads. Genome Res, Issue 5, pp. 737-746.
986 Vayssier-Taussat, M. et al., 2010. The Trw Type IV secretion system of Bartonella mediates host-

987 specific adhesion to erythrocytes. PLOS Pathogens, 6(6), pp. 1-10.

988 Vigil, A. et al., 2010. Identification of the feline humoral immune response to Bartonella henselae
989 infection by protein microarray. PLOS ONE, Volume 5, pp. 1-11.

990 Vugmeyster, Y. et al., 1998. Major histocompatibility complex (MHC) class | KbDb -/- deficient mice
991 possess functional CD8+ T cells and natural killer cells. Proceedings of the National Academy of

992 Sciences, 95(21), pp. 12492-12497.

993 Walker, B. J. et al., 2014. Pilon: An Integrated Tool for Comprehensive Microbial Variant Detection

994 and Genome Assembly Improvement. PLoS ONE, 9(11), p. e112963.

995 Wessels, M. R. et al.,, 1995. Studies of group B streptococcal infection in mice deficient in
996 complement component C3 or C4 demonstrate an essential role for complement in both innate and
997 acquired immunity. Proceedings of the National Academy of Sciences, 92(25), pp. 11490-11494.

46


https://doi.org/10.1101/2021.09.29.462357

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.29.462357; this version posted September 29, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

998 Whitmire, J. K. et al., 1996. CD40 ligand-deficient mice generate a normal primary cytotoxic T-
999 lymphocyte response but a defective humoral response to a viral infection. Journal of Virology,
1000 70(12), p. 8375-8.
1001 Wick, R. R. & Holt, K. E., 2021. Benchmarking of long-read assemblers for prokaryote whole genome
1002 sequencing [version 4; peer review: 4 approved]. F1000Research, Volume 8, p. 2138.
1003 Wick, R. R. et al., 2021. Trycycler: consensus long-read assemblies for bacterial genomes. BioRxiv, p.
1004 .07.04.451066.
1005 Wick, R. R., Judd, L. M., Gorrie, C. M. & Holt, K. E., 2017. Unicycler: Resolving bacterial genome
1006 assemblies from short and long sequencing reads. PLoS Comput Biol, 13(6).
1007 Wu, D., Chaiyakunapruk, N., Chong, H. & Beutels, P., 2015. Choosing between 7-, 10- and 13-valent
1008 pneumococcal conjugate vaccines in childhood: a review of economic evaluations (2006-2014).
1009 Vaccine, 33(14), pp. 1633-58.
1010 Zhang, P. et al., 2004. A family of variably expressed outer-membrane proteins (Vomp) mediates
1011 adhesion and autoaggregation in Bartonella quintana. Proceedings of the National Academy of
1012 Sciences, 101(37), pp. 13630-13635.
1013 Zijlstra, M. et al., 1989. Germ-line transmission of a disrupted B2microglobulin gene produced by
1014 homologous recombination in embryonic stem cells. Nature, Volume 342, pp. 435-438.

1015

47


https://doi.org/10.1101/2021.09.29.462357

