
Vaccination with Acinetobacter baumannii adhesin
Abp2D provides protection against catheter-
associated urinary tract infection
Scott Hultgren  (  hultgren@wustl.edu )

Department of Molecular Microbiology and Center for Women's Infectious Disease Research,
Washington University School of Medicine https://orcid.org/0000-0001-8785-564X
Morgan Timm 

Washington University School of Medicine https://orcid.org/0000-0002-2947-9508
Kevin Tamadonfar 

Washington University School of Medicine
Taylor Nye 

Washington University School of Medicine
Jerome Pinkner 

Washington University School of Medicine
Karen Dodson 

Washington University School of Medicine
Ali Ellebedy 

Washington University School of Medicine https://orcid.org/0000-0002-6129-2532

Article

Keywords:

Posted Date: August 10th, 2023

DOI: https://doi.org/10.21203/rs.3.rs-3213777/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: Yes there is potential Competing Interest. The authors have additional
information to disclose. MRT, KOT, KWD, JSP, AHE, and SJH are listed on provisional patent applications
regarding therapeutics targeting Abp1D and Abp2D. SJH consults for Fimbrion Therapeutics, QureTech
Bio, and Sequoia Sciences. AHE has received consulting and speaking fees from InBios International,
Fimbrion Therapeutics, RGAX, Mubadala Investment Company, Moderna, P�zer, GSK, Danaher, Third Rock
Ventures, Goldman Sachs and Morgan Stanley and is the founder of ImmuneBio Consulting.

https://doi.org/10.21203/rs.3.rs-3213777/v1
mailto:hultgren@wustl.edu
https://orcid.org/0000-0001-8785-564X
https://orcid.org/0000-0002-2947-9508
https://orcid.org/0000-0002-6129-2532
https://doi.org/10.21203/rs.3.rs-3213777/v1
https://creativecommons.org/licenses/by/4.0/




Vaccination with Acinetobacter baumannii adhesin Abp2D provides protection 1 

against catheter-associated urinary tract infection 2 

 3 

Morgan R. Timm1, Kevin O. Tamadonfar1, Taylor M. Nye1, Jerome S. Pinkner1, Karen 4 

W. Dodson1, Ali H. Ellebedy2, Scott J. Hultgren1  5 

 6 

1 Department of Molecular Microbiology and Center for Women’s Infectious Disease 7 

Research, Washington University School of Medicine, St. Louis, MO, USA.  8 

2 Department of Pathology and Immunology, Center for Vaccines and Immunity to 9 

Microbial Pathogens, and The Andrew M. and Jane M. Bursky Center for Human 10 

Immunology and Immunotherapy Programs, Washington University School of Medicine, 11 

St Louis, MO, USA.  12 

 13 

Abstract  14 

 15 

Catheter-associated urinary tract infections (CAUTIs) contribute greatly to the burden of 16 

healthcare associated infections. Acinetobacter baumannii is a Gram-negative 17 

bacterium with high levels of antibiotic resistance that is of increasing concern as a 18 

CAUTI pathogen. A. baumannii expresses fibrinogen-binding adhesins (Abp1D and 19 

Abp2D) that mediate colonization and biofilm formation on catheters, which become 20 

coated with fibrinogen upon insertion.  We developed a protein subunit vaccine against 21 

Abp1DRBD and Abp2DRBD and showed that vaccination significantly reduced bladder 22 

bacterial titers in a mouse model of CAUTI. We then determined that immunity to 23 



Abp2DRBD alone was sufficient for protection. Mechanistically, we defined the B cell 24 

response to Abp2DRBD vaccination and demonstrated that immunity was transferrable to 25 

naïve mice through passive immunization with Abp2DRBD-immune sera. This work 26 

represents a novel strategy in the prevention of A. baumannii CAUTI and has an 27 

important role to play in the global fight against antimicrobial resistance.    28 

 29 

Introduction 30 

 31 

The U.S. Centers for Disease Control and Prevention (CDC) estimates that 1 out of 32 

every 31 hospitalized patients in the U.S. will acquire at least one healthcare-associated 33 

infection (HAI) over the course of their care.1 HAIs are problematic because they lead to 34 

an increased burden of morbidity and mortality for patients, cost the US healthcare 35 

system an estimated $35.7 billion per year, and drive antibiotic overuse that contributes 36 

to the development of antimicrobial resistance.2 One of the most common types of HAIs 37 

are catheter-associated urinary tract infections (CAUTIs). The risk of CAUTI increases 38 

by 3-7% with each subsequent day of catheterization and approaches 100% in patients 39 

catheterized for more than 30 days.3,4 More than 30 million Foley (urinary) catheters are 40 

used annually in the United States.5,6 Because catheter use is so ubiquitous, CAUTIs 41 

make up nearly 40% of all HAIs in the US each year.7 Unfortunately, despite concerted 42 

infection mitigation efforts by public health agencies and healthcare facilities, the rate of 43 

CAUTIs continues to rise and increased by 5% from 2019-2021 in the United States.1   44 

 Acinetobacter baumannii is a Gram-negative bacterium implicated in multiple 45 

types of HAIs. While it is best known for causing ventilator-associated pneumonia, it is 46 



increasingly recognized as an important CAUTI pathogen.8 Several single-center 47 

studies have identified A. baumannii as a leading cause of CAUTI in their facilities.8,9 48 

Indeed, recent studies have demonstrated that 17% of published A. baumannii isolates 49 

originated in the urinary tract and up to 2% of the healthy population may exhibit A. 50 

baumannii asymptomatic bacteriuria.10,11 At the same time, the level of antimicrobial 51 

resistance identified in A. baumannii isolates is on the rise, with most isolates resistant 52 

to at least one antibiotic class and many isolates displaying multi-drug resistance.12 As a 53 

result, the CDC and World Health Organization have classified carbapenem-resistant A. 54 

baumannii as an “urgent threat,” which is the highest threat level.13 Together, the 55 

prevalence of A. baumannii coupled with its multi-drug resistance profile have 56 

emphasized the critical need for antibiotic-sparing therapeutics for A. baumannii CAUTI. 57 

 Many Gram-negative bacteria produce hair-like proteinaceous fibers called pili, 58 

tipped by specialized adhesins that recognize receptors with stereochemical specificity 59 

to determine host and tissue tropisms. The class of pili most implicated in host-60 

pathogen interactions are the chaperone-usher pathway (CUP) pili.14 CUP adhesins are 61 

two-domain proteins with an amino terminal receptor binding domain (RBD) and a pilin 62 

domain that links the adhesin to the pilus rod. Importantly, new therapies that neutralize 63 

the function of the receptor binding domain of CUP pilus adhesins in a variety of 64 

pathogens have been successful in preclinical models and early human clinical trials.15–
65 

24 Our recent studies of A. baumannii CAUTI pathogenesis have revealed that A. 66 

baumannii CUP adhesins are critical in catheter colonization and thus may represent 67 

promising drug targets.8,25 When a urinary catheter is inserted into the bladder, it 68 

induces inflammation and leads to deposition of host proteins, such as fibrinogen, onto 69 



the surface of the implant.23,24,26–28 A. baumannii have evolved two CUP pili, Abp1 and 70 

Abp2, tipped with fibrinogen binding adhesins Abp1D and Abp2D respectively. The 71 

majority of published A. baumannii genomes encode one or both of these pilus 72 

operons.25 Both of these adhesins have been shown to bind fibrinogen and to be critical 73 

in a mouse model of CAUTI.25 Therefore, we hypothesized that targeting the 74 

Abp1D/Abp2D adhesins with an adhesin-based vaccine, comprised of their receptor 75 

binding domains Abp1DRBD and Abp2DRBD, would prevent A. baumannii CAUTI 76 

pathogenesis. 77 

Here, we present evidence that vaccination with recombinant Abp2DRBD provides 78 

protection from A. baumannii CAUTI in a mouse model. Immunity conferred by a 79 

previous A. baumannii infection was used to establish a baseline for vaccine 80 

performance. We demonstrate that a vaccine formulation containing both adhesins 81 

provided protection from A. baumannii CAUTI that was superior to natural infection. 82 

Further, we show that immunity to Abp2DRBD alone was sufficient for protection. We 83 

demonstrate that our Abp2DRBD vaccine generates robust memory B cell and bone 84 

marrow plasma cell responses, and that antibody-mediated protection is transferable to 85 

naïve mice via passive immunization. This work provides proof-of-concept that an 86 

adhesin-based vaccine may be a promising strategy for multidrug-resistant A. 87 

baumannii CAUTI and could directly contribute to the arsenal of antibiotic-sparing 88 

therapeutics needed to meet the urgent threat of antibiotic-resistant A. baumannii.  89 

 90 

 91 

 92 



Results  93 

 94 

Natural infection provides protection against subsequent A. baumannii CAUTI 95 

infection despite lack of adhesin-specific IgG response. We have previously shown 96 

that adhesins Abp1D and Abp2D are critical virulence factors for A. baumannii CAUTI 97 

pathogenesis.25 However, prior studies did not examine the immune response to 98 

Abp1D/Abp2D during infection, nor did they consider whether a history of infection 99 

would provide any degree of protection from a subsequent challenge infection. To 100 

investigate this question, we catheterized C57BL/6 mice, infected with A. baumannii 101 

strain ACICU or mock-infected with PBS, and then treated with apramycin at week 5 to 102 

clear the infection (Figure 1a). We then analyzed the serum, bladders, and kidneys of 103 

treated mice, termed convalescent mice, for IgG specific to Abp1DRBD and Abp2DRBD to 104 

determine if an immune response was elicited against these adhesins. While two 105 

individuals developed a low level of Abp1D or Abp2D-specific IgG (AUC ~0.005), most 106 

animals did not generate any appreciable antigen-specific IgG response (AUC < 0.002) 107 

(Figure 1b). The low levels of antigen specific IgG to the Abp1 and 2 adhesins was not 108 

surprising, as this has been observed in other pilus systems.19  Each pilus is comprised 109 

of thousands of rod subunits tipped by a single adhesin. When mice are infected with 110 

whole bacterial cells or immunized with whole pili, the antibody response is skewed 111 

towards the much more abundant rod subunit and the response to the adhesin is 112 

minimal.19,23 That said, CAUTI mice treated with antibiotics and subsequently re-113 

infected displayed a reduction in bladder and catheter bacterial titers of approximately 1 114 

log compared to naïve mice (Figure 1c). The lack of IgG titers suggests that factors 115 



other than adhesin-specific IgG, such as epithelial trained immunity or adaptive 116 

immunity to other bacterial epitopes, are likely responsible for the protective effect. 29–33  117 

  118 

Immunization with A. baumannii Abp1/Abp2 adhesins provides protection from 119 

CAUTI.  Mutations in abp1/abp2 attenuate virulence.8,25  Thus, based on work with 120 

other adhesin-based vaccines,19,23,24 we hypothesized that immunization with the A. 121 

baumannii adhesins, Abp1D and Abp2D, might confer increased protection relative to 122 

natural immunity. We purified the Abp1D and Abp2D receptor binding domains (RBDs) 123 

as previously described25 and used the proteins to immunize C57BL/6 mice. Four 124 

weeks after the final immunization, mice were catheterized and infected with strain 125 

ACICU (Figure 2a). Since the efficacy of most vaccines depends on eliciting a strong 126 

antigen-specific IgG response, we collected serum at: i) week 4 (prior to 2nd 127 

immunization); ii) week 8 (prior to 3rd immunization); and iii) week 12 (at time of 128 

sacrifice), to test for Abp1DRBD- and Abp2DRBD-specific IgG. We also tested bladder and 129 

kidney homogenates collected at sacrifice for Abp1DRBD- and Abp2DRBD-specific IgG. All 130 

animals produced a strong IgG response against both Abp1DRBD and Abp2DRBD. This 131 

response was enhanced with each subsequent immunization to an AUC > 0.08 at week 132 

12. (Figure 2b). Mice that received Abp1DRBD/Abp2DRBD immunizations had 133 

significantly (1.5-2 log) lower bacterial titers in bladder tissue and on the catheter 134 

surface than mock immunized animals (Figure 2c). Remarkably, the magnitude of the 135 

phenotype was significantly increased compared to that observed in convalescent mice 136 

(Figure 2d). The degree of antigen-specific IgG in serum and bladder tissue was also 137 

much greater in immunized mice compared to convalescent mice (AUC > 0.08 vs. 138 



<0.005) (Figure 2e). These data demonstrate that Abp1DRBD/Abp2DRBD vaccination 139 

both produces greater immunity against two key CAUTI virulence factors than does 140 

natural infection and provides a superior level of protection.  141 

 142 

Immunity to Abp2DRBD, but not Abp1DRBD, is required for protection from A. 143 

baumannii CAUTI. As mentioned above, A. baumannii deficient in either Abp1D, 144 

Abp2D, or both are attenuated in a CAUTI model.25 To test whether immunity to both 145 

adhesins is required for protection from CAUTI, we immunized mice with each adhesin 146 

individually (Figure 3a). We tested the cross-reactivity of the IgG response in 147 

immunized animals (Figure 3b) because Abp1DRBD and Abp2DRBD share both structural 148 

homology and 70% sequence identity.25 Each mouse in the Abp1DRBD-immunized group 149 

produced a strong Abp1DRBD-specific IgG response, but the degree of cross-reactivity 150 

with Abp2DRBD varied between animals, with only ~30% displaying strong cross-151 

reactivity. Similarly, each mouse in the Abp2DRBD-immunized group produced a strong 152 

Abp2DRBD-specific IgG response, with strong Abp1DRBD cross-reactivity occurring in 153 

~50% of individuals. Upon catheterization and infection, mice that received Abp2DRBD 154 

immunizations were protected from infection, with a statistically significant 2-3 log 155 

decrease in bladder and catheter bacterial titers compared to mock-immunized animals 156 

(Figure 3c). However, despite high serum levels of Abp1DRBD-specific IgG (AUC > 157 

0.08), mice that received Abp1DRBD immunizations were not protected from infection, 158 

with bladder and catheter titers equivalent to mock-immunized animals (Figure 3c). 159 

This suggests that the lack of protection from CAUTI in Abp1DRBD-immunized animals is 160 

not due to a lack of immunogenicity. Our studies indicate that immunity to Abp2DRBD 161 



alone is both necessary and sufficient for protection from A. baumannii CAUTI in this 162 

model.  163 

 164 

Abp2DRBD vaccine generates antigen-specific bone marrow plasma cells and 165 

splenic memory B cells. A successful vaccine elicits an antibody response that is both 166 

high-affinity and long-lasting. We evaluated the immunogenicity of our Abp2DRBD protein 167 

subunit vaccine by examining memory B cells and bone marrow plasma cells in 168 

immunized animals (Figure 4a). Abp2DRBD-specific memory B cells were detectable in 169 

the spleens of all immunized animals (Figure 4b-d) by flow cytometry. Antigen-specific 170 

memory B cells were defined as lymphocytes/single cells/live/CD4- CD19+/IgDlo/GL7- 171 

CD38+/IgG1+/Abp2DRBD-bio-SA-APC-Fire750+ (Figure S1). In addition, all immunized 172 

animals had detectable Abp2DRBD-specific antibody-secreting cells in their bone marrow 173 

as assayed by ELISpot (Figure 4e and 4f). We also tested serum and tissue IgG levels 174 

in these mice, which were Abp2DRBD-vaccinated but did not undergo CAUTI (Figure 175 

4g). Serum and kidney titers were similar to those seen in earlier cohorts. However, 176 

bladder IgG levels were reduced (AUC≤0.04) , likely due to a lack of catheterization, 177 

which is known to induce significant inflammation and IgG influx.24 The presence of 178 

antigen-specific bone marrow plasma cells, memory B cells, and high levels of serum 179 

IgG indicate that Abp2DRBD vaccination generates all of the hallmarks of immunity of an 180 

effective vaccine.    181 

 182 

Passive immunization with serum from Abp2DRBD-immunized mice protects naïve 183 

mice from CAUTI. If the immunity conferred by the Abp2DRBD vaccine is due to serum 184 



IgG, then transferring IgG from immunized animals to naïve animals should also provide 185 

protection from a CAUTI challenge. To test the degree to which immunity conferred by 186 

the Abp2DRBD vaccine is antibody-mediated, we administered serum pooled from 5 187 

groups of mice: i) mock immunized; ii) convalescent; iii) Abp1DRBD + Abp2DRBD 188 

immunized; iv) Abp1DRBD-immunized; and v) Abp2DRBD-immunized (Figure 5a). Mice 189 

that received serum from Abp1DRBD + Abp2DRBD immunized animals had a statistically 190 

significant reduction of ~1 log in bladder bacterial titers (P<0.05), while mice receiving 191 

serum from convalescent or Abp1DRBD-immunized mice were not protected (Figure 5b). 192 

Mice that received serum from Abp2DRBD-immunized animals had a 1 log reduction in 193 

bladder bacterial titers trending towards significance (P=0.1632). The smaller effect size 194 

compared to vaccination is not unexpected, since passively immunized mice have a 195 

much lower concentration of adhesin-specific antibodies in their bladder and kidney 196 

tissues (Figure 5c). These data demonstrate that humoral rather than cellular immunity 197 

is the likely driver of protection in our vaccine model.  198 

 199 

Discussion 200 

Catheter-associated urinary tract infections are the second most common cause of 201 

healthcare-associated infections. Although A. baumannii causes a small percentage of 202 

all CAUTIs, these infections are often multi-drug resistant and frequently life-threatening 203 

for affected patients, leading the CDC to label A. baumannii as a “pathogen of urgent 204 

concern.”13 Thus, there is a critical need to develop novel antimicrobial strategies to 205 

combat this infection. Here we demonstrate that a vaccine targeting the interaction 206 

between A. baumannii and its ligand provides protection from CAUTI. Our Abp2DRBD 207 



vaccine elicits many features of a successful immune response including memory B 208 

cells, bone marrow plasma cells, and high levels of serum and tissue IgG. While several 209 

vaccine strategies have been attempted for A. baumannii with mixed results,34 to our 210 

knowledge this is the first report of an A. baumannii vaccine that is effective in 211 

preventing CAUTI pathogenesis in a mouse model.  212 

 Other adhesin-based vaccines for the treatment and prevention of urinary tract 213 

infections have been reported in the literature. A vaccine against the E. coli FimH pilus 214 

adhesin, which has been shown to be critical in interactions initiating and perpetuating 215 

E. coli cystitis, has recently completed a Phase Ia/Ib human clinical trial. This trial 216 

showed that the vaccine reduced the incidence of recurrent UTI by more than 75% in 217 

vaccinated patients.35 218 

 Analogous to COVID vaccines that target the SPIKE protein, our strategy is to 219 

neutralize the adhesin that Acinetobacter uses for binding fibrinogen-coated catheters, 220 

leading to infection. Both Abp1 and Abp2 pili are capable of binding to fibrinogen, and 221 

both pili play a role in CAUTI.25 Thus, we expected that immunity to both Abp1D and 222 

Abp2D would be required in order to fully “neutralize” the bacteria and prevent adhesion 223 

to the catheter. It was therefore surprising that immunity to Abp1DRBD proved to be 224 

unnecessary for protection from CAUTI. Although mice immunized with Abp1DRBD 225 

generated high serum levels of Abp1DRBD-specific IgG, including IgG capable of cross-226 

reacting with Abp2DRBD, there was no protective effect. Structural studies of Abp1DRBD 227 

and Abp2DRBD provide a possible explanation for this observation. While the two 228 

adhesins share a great deal of structural similarly, the anterior loop of the binding 229 

pocket is considerably more flexible in Abp1DRBD than in Abp2DRBD.25 Because of this 230 



flexibility Abp1DRBD can adopt either a “closed” (lower affinity) or “open” (higher affinity) 231 

conformation. An antibody response generated against the “closed” conformation is 232 

unlikely to recognize the binding pocket and therefore unlikely to functionally inhibit 233 

binding to a fibrinogen coated catheter. Conversely, the anterior loop of Abp2DRBD is 234 

more rigidly positioned in an open conformation and therefore presents a more reliably 235 

accessible antibody epitope.25 The differences in both conformation and flexibility 236 

between the binding pockets of the two proteins may explain why Abp2DRBD 237 

immunization is more protective than immunization with Abp1DRBD. Other explanations 238 

for the difference between Abp1DRBD and Abp2DRBD vaccines may include changes in 239 

pilus expression, variations in epitope availability, or other differential factors. 240 

 Although we demonstrated that our Abp2DRBD vaccine produces a robust 241 

antigen-specific IgG response and that this immunity is transferable through serum, one 242 

limitation of this study is that we are unable to identify which specific properties of the 243 

antibody response are providing the protection from challenge. We initially hypothesized 244 

that protective antibodies would “neutralize” bacteria by physically blocking the 245 

interaction between Abp2D and its ligand, fibrinogen, to reduce catheter bacterial 246 

colonization and thus prevent bladder infection. Vaccinated mice demonstrate a 247 

reduction in catheter bacterial titers, including several individual animals that completely 248 

excluded A. baumannii colonization of the catheter, so this mechanism of action is 249 

plausible. However, antibodies can also promote infection clearance through other 250 

mechanisms such as opsonization and complement activation. Future studies will 251 

attempt to establish which properties of the Abp2DRBD antibody response are most 252 

essential for protection and optimize Abp2DRBD immunizations to maximize efficacy.   253 



Vaccines have an important role to play in reducing the incidence of disease and 254 

decreasing opportunities for natural selection of antibiotic-resistance. However, it is 255 

difficult to predict which patients may develop an A. baumannii infection and therefore 256 

challenging to identify who would most benefit from vaccination. One potential patient 257 

cohort is chronically catheterized patients. CAUTI risk increases by 3-7% for each day 258 

of catheterization, leading to an almost 100% probability of CAUTI in patients who 259 

remain catheterized over the long term.3 Once established, CAUTI can be highly 260 

recurrent in spite of repeated antibiotic administration. Thus, chronically catheterized 261 

patients may be good candidates for prophylactic vaccination against CAUTI pathogens 262 

such as A. baumannii. In addition, given that A. baumannii can establish intracellular 263 

reservoirs within bladder epithelial cells, patients with a history of A. baumannii cystitis 264 

may benefit from vaccination to prevent recurrence.9 However, perhaps the greatest 265 

potential benefit of an A. baumannii vaccine lies in the developing world. The highest 266 

relative burden of deaths associated with antibiotic-resistant A. baumannii occurs in low 267 

and  middle income countries.12 Health centers in Somalia and Kuwait report that A. 268 

baumannii accounts for up to 25% of CAUTIs in their facilities.10,11 In this setting, the 269 

storage conditions required for a protein subunit vaccine (e.g., simple refrigeration) 270 

present an advantage over more modern vaccine modalities.27    271 

 Our findings highlight how basic research into microbial pathogenesis, such as 272 

the identification of pili implicated in CAUTI, can be translated into effective, antibiotic-273 

sparing therapeutics. An Abp2DRBD vaccine has the potential to reduce A. baumannii 274 

CAUTI incidence in vulnerable patient populations and has an important role to play in 275 

the fight against antimicrobial resistant infections. 276 



Methods 277 

 278 

General bacteriology. Bacterial stocks were maintained as glycerol stocks at -80°C. 279 

Strains were streaked on LB-agar plates and incubated at 37°C for 14-18 hours, at 280 

which time colonies were selected and used to inoculate liquid low-salt LB media (10 g 281 

tryptone, 5 g NaCl, and 5 g yeast extract per L). All bacterial cultures used in this study 282 

were grown statically at 37°C for 24 hours followed by 1:1000 dilution and subculture for 283 

an additional 18-20 hours. Bacteria were spun down at 3000xg, washed 1x in PBS, 284 

resuspended at the specified OD600, and kept on ice until use. A. baumannii strain 285 

ACICU, representative of global clone 2,36 was used for all experiments described in 286 

this study.  287 

 288 

Protein purification and labeling. Protein was expressed and labeled as previously 289 

described.24 Briefly, cells were harvested in a large-scale fermenter format from C600 290 

containing expression plasmids, grown to mid-logarithmic phase, and induced with 291 

0.1mM IPTG for 1 h. The culture was subsequently harvested, and the periplasm 292 

isolated generally as described previously.35 RBD protein constructs and mutants were 293 

purified by cobalt affinity chromatography, eluted at ~150mM imidazole with a gradient 294 

of 1xPBS to 1xPBS/300mM imidazole. Protein-containing fractions were pooled and run 295 

on a Source 15S (Tm GE) cation-exchange column and eluted at 30mM NaCl with a 296 

gradient of 20mM MES pH 5.7 to 20mM MES pH 5.7/200nM NaCl. Purified protein was 297 

subsequently dialyzed or buffer exchanged into 20 mM MES pH 5.8 + 50 mM NaCl. 298 

Where required, protein was biotinylated using the EZ-Link NHS-PEG4 biotinylation 299 



reagent (Thermo Scientific) and diluted in H2O to 100 mM. Protein was either dialyzed 300 

or buffer exchanged into 1× PBS. Biotinylation reagent was added at a 20 fold molar 301 

excess for 2 h at 4 °C under rocking. Biotinylated protein was subsequently dialyzed 302 

into PBS, removing the excess biotin reagent. 303 

 304 

Murine immunizations. All immunizations were prepared by mixing 50 µg/mouse of 305 

Abp1DRBD or Abp2DRBD 1:1 by volume with Addavax, a squalene oil-in-water adjuvant 306 

(Invivogen) to a total volume of 50 µL/mouse. Mock immunizations were prepared by 307 

mixing buffer 1:1 with Addavax. C57Bl/6 mice were obtained from Charles River 308 

Laboratories and were 7-9 weeks old at the first immunization. Mice were immunized 309 

intramuscularly in the hind flank at weeks 0, 4, and 8, for a total of 3 immunizations of 310 

50 µg/protein each. For dual immunization experiments, each mouse received 50 µg of 311 

Abp1DRBD in the left hind flank and 50 µg of Abp2DRBD in the right hind flank at each 312 

time point. Blood was collected at weeks 4 and 8 by submandibular or submental 313 

collection prior to the administration of the immunization. 314 

 315 

Murine CAUTI model. Mice were catheterized and infected as described previously.8 316 

Briefly, mice were anesthetized with 4% isoflurane/0.8% oxygen by inhalation. A short 317 

piece of silicone tubing (4-5 mm) was transurethrally inserted into the bladder and 318 

immediately followed by 2 doses of 2x108 CFUs of A. baumannii strain ACICU in 50 µl 319 

of PBS (OD600 ~13). 24 hours after infection, mice were anaesthetized and humanely 320 

sacrificed by cervical dislocation. Blood was collected from the inferior vena cava, 321 

allowed to clot for 30 minutes at room temperature, and spun down to remove red blood 322 



cells and clotting factors. Serum was removed to a new tube and frozen at -20°C until 323 

analysis. Catheters were removed from bladders, placed into 1 mL of sterile PBS, and 324 

processed by vortexing for 30 seconds, sonicating for 10 minutes, and vortexing for an 325 

additional 30 seconds to remove biofilm and bacteria from the catheter surface. 326 

Bladders and kidney pairs were both placed into tubes containing sterile stainless steel 327 

beads and sterile PBS (1 ml for bladders, 800 µl for kidney pairs) and homogenized at 328 

4°C using the MP Biomedical Fastprep-24 homogenizer. The homogenization settings 329 

used were 1 min shaking at 4 m/s, 5 min of rest, followed by an additional 1 min of 330 

shaking. Bladder, kidney, and catheter samples were serially diluted and plated on 331 

selective media (LB + 100 µg/L Ampicillin). Plates were incubated at 37°C for 12-16 332 

hours and bacterial cfus enumerated. Remaining bladder and kidney homogenates 333 

were frozen at -20°C for additional analyses.  334 

 335 

Convalescent infection model. 7-9 week old C57Bl/6 mice were catheterized and 336 

infected as described above. One group of mice received 2 doses of 2x108 cfus of 337 

ACICU, and the other group received sterile PBS. Urines were collected at days 3, 7, 338 

10, 14, and weekly thereafter. Blood was collected by submandibular or submental 339 

collection at weeks 3, 5, and 8, and at time of sacrifice. At week 5, mice were treated 340 

with 1 g/L Apramycin for 10 days to clear bacteriuria. At week 8, mice were again 341 

catheterized and infected, then sacrificed at 24 hours post infection as described above.  342 

 343 

ELISAs. All ELISAs were performed using Grenier Microlon high-binding plates 344 

(Grenier Bio-One #655085). Plates were coated with 100 µl of 1 µg/ml Abp1DRBD, 345 



Abp2DRBD, or E. faecalis EbpANTD (used as a negative control for anti-HIS antibodies) in 346 

PBS and incubated overnight at 4°C. The following morning plates were washed 1x with 347 

200 µl PBS containing 0.05% Tween-20 (PBS-T). Plates were blocked with 300 µl of 348 

PBS-T containing 10% fetal bovine serum (P10) for 1.5 hours at room temperature. 349 

Serum, bladder, and kidney homogenates were diluted 1:30 into 75 µl P10 and then 350 

serially diluted 1:3 and incubated for 1 hour at room temperature. Plates were washed 351 

3x in PBS-T. Goat anti-mouse-IgG-HRP secondary antibody (Southern Biotech Cat# 352 

1030-05) was diluted 1:1000 in P10 and 100 µl added to each well and incubated for 1 353 

hour at room temperature in the dark. Plates were washed 3x with PBS-T followed by 354 

3x with PBS, developed with 100 µl developing reagent and quenched with 100 µl of 1 355 

M HCl. Developing reagent consists of 10 ml phosphate-citrate buffer (Sigma Cat# 356 

P4809), 4 mg o-Phenylenediamine dihydrochloride (Sigma Cat#P8787), and 33 µl 3% 357 

H2O2 per plate. Plates were read using the BioTek ELx800 plate reader on the OD490 358 

setting. Graphpad Prism 9 was used to calculate area under the curve for each sample. 359 

AUCs were baseline corrected by subtracting the AUC binding to the negative control 360 

protein, EbpANTD,23 which contains the same 6x His tag used to purify Abp1DRBD and 361 

Abp2DRBD but is otherwise structurally unique.  362 

 363 

ELISpot. PVDF-membrane plates (Millipore Sigma #MSIPN4W50) were prepared by 364 

activating with 50 µl of 35% ethanol for 30 seconds followed by washing 3x with PBS. 365 

Plates were coated with 100 µl of 5 µg/ml Abp2DRBD or anti-mouse IgG (positive control) 366 

in PBS and incubated overnight at 4°C. The next morning, plates were washed 3x with 367 

PBD + 0.05% Tween-20 (PBS-T) and blocked with 200 µl of RPMI media containing 368 



10% fetal bovine serum (R10) for 2 hours at 37°C and 5% CO2. Mice that were 369 

immunized as described above were sacrificed 4 weeks after the third immunization. 370 

Bone marrow was collected from both femurs into R10, washed, and resuspended to a 371 

concentration of 1x107 cells/ml. 5x105 cells were added to the first well and serially 372 

diluted. Plates were incubated for 4 hours at 37°C and 5% CO2. Plates were washed 1x 373 

with PBS and 3x with PBS-T. 100 µl of biotinylated anti-mouse IgG (Southern Biotech 374 

Cat#1030-08) diluted 1:1000 in PBS containing 2% fetal bovine serum and 2mM EDTA 375 

was added to the plate and incubated overnight at 4°C. The next day, plates were 376 

washed 3x with PBS-T. HRP-conjugated streptavidin (Jackson Immunoresearch Cat# 377 

016-030-084) was diluted 1:5000 in PBS + 2%FBS/2mM EDTA, 100 µl added to each 378 

well, and the plates incubated for 1.5 hours at room temperature in the dark. Plates 379 

were washed 3x with PBS-T followed by 1x with PBS. Developing solution was 380 

prepared by diluting 3 mg of 3-amino-9-ethylcarbazole in 10 ml of 0.1 M sodium acetate 381 

buffer, pH 5.0 and syringe filtering through a 0.45 PVDF membrane. Just prior to use, 382 

100 µl of 3% H2O2 was added to the mixture. 100 µl of developing solution was added 383 

to each well and allowed to incubate until spots were visible, ~5 minutes. Developing 384 

solution was removed and plates washed under DI water to halt the reaction. Plates 385 

were dried overnight at room temperature and imaged using the CTL ImmunoSpot 386 

imager (Cellular Technology Limited). Spots were counted using the CTL ImmunoSpot 387 

automatic counting program with default parameters.  388 

 389 

Flow cytometry. Mice that were immunized as described above were sacrificed 4 390 

weeks after the third immunization. Spleens were collected into RPMI containing 2% 391 



fetal bovine serum and manually homogenized using the back of a syringe plunger. 392 

Cells were filtered through 75 um mesh, washed 1x, and counted. 2x107 splenocytes 393 

were stained for flow cytometry. All washes for the staining process were performed in 394 

PBS containing 2% fetal bovine serum and 2 mM EDTA. Cells were incubated with 395 

CD16/32 (Biolegend Cat# 101302) and 5.875 µg/ml of biotinylated Abp2DRBD for 10 396 

minutes, then washed 3x. A cocktail containing the following antibodies was prepared in 397 

BD Brilliant Staining Buffer (BD Cat. # 563794), all sourced from BioLegend unless 398 

otherwise indicated : Zombie NIR (Cat#423105), CD19-BV750 (Cat#115561), CD4-399 

BV570 (Cat#100542), IgD-BV711 (Cat#405731), IgM-BV605 (Cat#406523), IgG1-400 

BV510 (Cat#406621), Fas-PE (BD Cat# 554258), GL7-PcpCy5.5 (Cat# 144610), CD38-401 

PE-Cy7 (Cat#102718), CD138-BV421 (Cat#142508), and streptavidin-APC-Fire-750 402 

(Cat#405250). Invitrogen UltraComp eBeads were used for single colors. Flow 403 

cytometry data was collected using the Cytek Aurora with 4 laser 16V-14B-10YG-8R 404 

configuration and processed on FlowJo10 for Mac.  405 

 406 

Passive immunization model. Serum was collected at the time of sacrifice for all 407 

immunized and convalescent animals described above, and this serum was used for 408 

passive immunization experiments. 200 µl of serum from each individual within a group 409 

was combined to form the serum pools. Serum pools were sterile filtered and frozen in 410 

aliquots at -20°C until use. Five pools were prepared: i) Mock immunized/Mock infected, 411 

ii) Convalescent, iii) Abp1DRBD + Abp2DRBD immunized, iv) Abp1DRBD immunized, v) 412 

Abp2DRBD immunized. Naïve, 7-9 week old C56Bl/6 mice received 1 dose of 100 µl 413 

pooled serum 3 hours prior to catheterization and infection as described above. Mice 414 



received a second dose of 100 µl pooled serum 12 hours post infection. Mice were 415 

sacrificed at 24 hpi and tissue titers enumerated as described above.  416 

 417 

Statistical analysis. All statistical tests were performed using built-in statistical 418 

functions of GraphPad Prism 9. All data analyzed for statistical significance (e.g., 419 

bacterial titer data) were nonparametric. The Mann-Whitney U test was used for 420 

comparisons of 2 groups. The Kruskal-Wallis test with multiple comparisons correction 421 

was used for comparisons of 3 or more groups.   422 
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Figures 558 

 559 

Figure 1: Immunity from prior A. baumannii infection. a) 6-7 week old C57/Bl6 mice 560 

were catheterized and infected with A. baumannii strain ACICU or mock-infected with 561 

PBS. Urine was collected to monitor infection status. Mice received 10 days of oral 562 

apramycin (1 mg/L) at Week 5 to clear the infection. At week 8, mice were catheterized 563 

and challenged with A. baumannii strain ACICU and sacrificed 24 hours post infection. 564 

b) Bladder and kidney homogenates and serum from Weeks 3, 5, and 8 were assayed 565 

for Abp1DRBD- and Abp2DRBD-specific IgG by ELISA. Heatmaps were generated by 566 

calculating the area under the curve for each serum/tissue sample. c) Bladder, catheter, 567 

and kidney titers were enumerated. Dashed lines indicate limit of detection.  Mann-568 

Whitney U-test, ***P≤0.0005, **P≤0.005. 569 



 570 

Figure 2: Immunization with Abp1D and Abp2D provides protection from CAUTI. 571 

a) 6-7 week old C57/Bl6 mice received 3 adjuvanted doses of 50 ug Abp1DRBD and 50 572 

ug Abp2DRBD or buffer alone (mock). Serum was collected at weeks 4 and 8 prior to 573 

immunizations, and at week 12 following sacrifice. Four weeks after the third dose, mice 574 

were catheterized and challenged with A. baumannii strain ACICU. Mice were sacrificed 575 

24 hours after infection. b) Bladder and kidney homogenates and serum from Week 4, 576 

Week 8, and the day of sacrifice were assayed for Abp1DRBD and Abp2DRBD-specific 577 

IgG by ELISA. Heatmaps were generated by calculating area under the curve for each 578 

serum/tissue sample. c) Bacterial titers were enumerated from bladders, catheters, and 579 

kidneys. d) Normalized reduction in bacterial titers in the bladders of convalescent and 580 

Abp1DRBD/Abp2DRBD immunized mice. e) ELISA AUCs of Abp1DRBD and Abp2DRBD-581 

specific IgG in serum from convalescent vs. Abp1DRBD/Abp2DRBD immunized mice. 582 

Mann-Whitney U-test, ***P≤0.0005, **P≤0.005, *P≤0.05.  583 



 584 

Figure 3: Immunity to Abp2D, not Abp1D, drives protection from CAUTI. a) 6-7 585 

week old C57/Bl6 mice received 3 adjuvanted doses of 50 ug Abp1DRBD, Abp2DRBD, or 586 

buffer alone (mock). Serum was collected at weeks 4 and 8 prior to immunizations, and 587 

at week 12 following sacrifice. Four weeks after the third dose, mice were catheterized 588 

and challenged with A. baumannii strain ACICU and sacrificed 24 hours post-infection. 589 

b) Bladder and kidney homogenates and serum from week 4, week 8, and the day of 590 

sacrifice were assayed for Abp1DRBD and Abp2DRBD-specific IgG by ELISA. Heatmaps 591 

were generated by calculating area under the curve for each serum/tissue sample. c) 592 

Bacterial titers were enumerated from bladders, catheters, and kidneys. Kruskal-593 

Wallace test with multiple comparisons correction, ****P≤0.0001, **P≤0.005. 594 



 595 

Figure 4: Vaccination with Abp2D generates antigen-specific memory B cells and 596 

bone marrow plasma cells. a) 6-7 week old C57/Bl6 mice received 3 adjuvanted 597 

doses of 50 ug Abp2DRBD or buffer (mock) and were sacrificed 4 weeks after the 3rd 598 

dose. b) Splenic memory B cells (Live/CD4- CD19+/IgDlo/GL7- CD38+/IgG1+) were 599 

stained with Abp2DRBD-biotin and detected with SA-APC-Fire750 via flow cytometry. c) 600 

Quantification of Abp2DRBD+ splenic memory B cells as % of IgG1+ memory B cells. d) 601 

Total Abp2DRBD+ memory B cells per spleen. e) Bone marrow was assayed for antigen-602 

specific bone marrow plasma cells via ELISpot. Representative wells from mock-603 

immunized animals and Abp2DRBD-immunized animals are shown. f) Quantification of 604 

Abp2DRBD-specific bone marrow plasma cells in Abp2DRBD-immunized animals (n=10). 605 

Dotted line indicates the limit of detection (3 cells per 1e6 bone marrow cells). g) 606 

Bladder and kidney homogenates and serum from week 4, week 8, and the day of 607 

sacrifice were assayed for Abp1DRBD- and Abp2DRBD-specific IgG by ELISA. Heatmaps 608 

were generated by calculating area under the curve for each serum/tissue sample. 609 



 610 

Figure 5: Passive immunization with serum from immunized mice protects naïve 611 

mice from CAUTI. a) 6-8 week old C56/Bl6 mice received two 100 ul doses of pooled 612 

serum at 3 hours prior and 12 hours after catheterization and infection with A. 613 

baumannii strain ACICU. Serum was pooled from i) mock immunized and mock infected 614 

animals, ii) convalescent animals, or animals immunized with iii) Abp1DRBD + Abp2DRBD, 615 

iv) Abp1DRBD alone, or v) Abp2DRBD alone. b) Mice were sacrificed 24 hours post-616 

infection and bacterial titers enumerated from bladders, catheters, and kidneys. c) 617 

Serum, bladder and kidney homogenates from infected mice were assayed for 618 

Abp1DRBD- and Abp2DRBD-specific IgG by ELISA. The serum pools used for 619 

immunizations were also tested and are shown on the left of each heatmap. Heatmaps 620 

were generated by calculating the area under the curve. Mann-Whitney U-test, *P≤0.05. 621 



 622 

Supplemental Figure 1: Flow cytometry gating strategy for Abp2D+ splenic 623 

memory B cells. Splenocytes were stained and gated on lymphocytes/single 624 

cells/live/CD4- CD19+/IgDlo/GL7- CD38+/IgG1+/Abp2DRBD
+.  625 
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