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Abstract 15 

Acinetobacter baumannii can cause prolonged infections that disproportionately affect 16 

immunocompromised populations.  Our understanding of A. baumannii respiratory pathogenesis 17 

relies on an acute murine infection model with limited clinical relevance that employs an 18 

unnaturally high number of bacteria and requires the assessment of bacterial load at 24-36 hours 19 

post-infection.  Here, we demonstrate that low intranasal inoculums in immunocompromised mice 20 

with a tlr4 mutation leads to reduced inflammation, allowing for persistent infections lasting at 21 

least 3 weeks.  Using this “chronic infection model,” we determined the adhesin InvL is an 22 

imperative virulence factor required during later stages of infection, despite being dispensable in 23 

the early phase.  We also demonstrate that the chronic model enables the distinction between 24 

antibiotics that, although initially reduce bacterial burden, either lead to complete clearance or 25 

result in the formation of bacterial persisters.  To illustrate how our model can be applied to study 26 

polymicrobial infections, we inoculated mice with an active A. baumannii infection with 27 

Staphylococcus aureus or Klebsiella pneumoniae. We found that S. aureus exacerbates the 28 

infection, while K. pneumoniae enhances A. baumannii clearance.  In all, the chronic model 29 

overcomes some limitations of the acute pulmonary model, expanding our capabilities to study of 30 

A. baumannii pathogenesis and lays the groundwork for the development of similar models for 31 

other important opportunistic pathogens. 32 

  33 
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Introduction 34 

 Acinetobacter baumannii is a Gram-negative opportunistic pathogen that causes diverse 35 

infections including pneumonia, urinary tract infection (UTI), bone and soft tissue infection, and 36 

septicemia (1–5).  While becoming an increasingly more common cause of community-acquired 37 

infections, A. baumannii still primarily causes hospital-acquired infections in critically ill and 38 

immunocompromised patients, ~25% of which are polymicrobial (6–11).  These infections are 39 

associated with an alarming mortality rate, up to 80% in some populations, largely owing to 40 

extremely high rates of multi-drug resistance (8, 12, 13).  Notably, A. baumannii isolates exhibit 41 

the highest rates of multi-drug resistance of all Gram-negative pathogens, leading the World 42 

Health Organization to classify the bacterium at its highest priority for research and development 43 

of new treatments (13, 14).  There is consequently an urgent need to better understand the 44 

virulence mechanisms employed by A. baumannii to guide the development of novel therapeutic 45 

approaches to combat infections. 46 

 While A. baumannii can cause a variety of infections, it is most commonly associated with 47 

pneumonia (4, 15).  In fact, A. baumannii causes up to 10% of all hospital-acquired pneumonia 48 

(HAP) cases in the United States, highlighting its importance in clinical settings (16, 17).  Despite 49 

this, little is known regarding the pathogenesis of this bacterium in the respiratory tract (18).  A 50 

major hindrance in the ability to investigate A. baumannii pneumonia is the lack of available 51 

clinically-relevant murine infection models.  This is, in large part, due to the low virulence of most 52 

strains in immunocompetent mice.  This is a shared feature among many pathogens that 53 

commonly cause HAP, including Pseudomonas aeruginosa and Staphylococcus aureus, for which 54 

animal models closely mimicking human infection are not available (19, 20).  An acute infection 55 

model requiring a very high, and rather artificial, inoculum of 108-109 bacteria introduced 56 

intranasally or intratracheally is most often used to investigate these pathogens (10, 20, 21).  Wild-57 

type (WT) mice will typically either succumb to infection or clear the organism by 72 h, thus 58 
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requiring early readouts of infection such as bacterial pulmonary titers at 24-36 h.  While this 59 

model may serve as a useful tool to study pathogenesis early during infection, the quick bacterial 60 

clearance does not allow for the study of bacterial virulence mechanisms at later timepoints.  61 

Importantly, A. baumannii respiratory infection in humans results in an average length of hospital 62 

stay of ~30 days, and this number is much higher in cases caused by multi-drug resistant strains, 63 

highlighting the need for a long-term infection model (22, 23).  In this pursuit, some laboratories 64 

have used antibody or cyclophosphamide treatments to render mice neutropenic (24–30).  These 65 

treatments initially make mice more susceptible to A. baumannii infection, enabling the study of 66 

bacterial pathogenesis up to 7 d post-infection (dpi) using lower inoculums (~107 bacteria).  67 

However, these models do not achieve stable neutropenia in mice which leads to clearance of 68 

infection.  To maintain neutropenia over longer periods, multiple injections would be necessary, 69 

which can lead to fluctuating neutrophil levels, thereby altering the overall course of disease.  A 70 

notable caveat to many reports using these currently available immunocompetent and 71 

immunocompromised infection models is that older, lab-domesticated strains and non-lung 72 

isolates, such as Ab19606 and Ab17978, are employed, despite the extensive literature 73 

demonstrating numerous genotypic and phenotypic differences between these and modern 74 

respiratory isolates (31–35).  In all, there is an urgent need for alternative infection models to 75 

study bacterial pathogenesis during long-term infection by relevant clinical isolates. 76 

 Previous reports have used genetically immunocompromised mice to study the role of the 77 

host immune response to A. baumannii infection.  One example is mice carrying a mutation in 78 

toll-like receptor 4 (TLR4).  TLR4 recognizes the lipid A moiety of bacterial lipopolysaccharide 79 

(LPS) and lipooligosaccharide (LOS), the main component of the outer membrane of most Gram-80 

negative bacteria (36–38).  The recognition of lipid A by TLR4 triggers a signaling cascade through 81 

MyD88- or TRIF-dependent pathways, resulting in increased inflammatory cytokine and type 1 82 

interferon production, respectively (39).  The role of TLR4 during A. baumannii infection has been 83 
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examined in murine septicemia, acute pneumonia, UTI, and catheter-associated UTI (CAUTI) 84 

models (40–42).  In the acute pneumonia model, Knapp et al. showed that tlr4 mutant mice had 85 

increased A. baumannii CFU in the lungs with reduced inflammatory cytokines compared to WT 86 

mice (41, 43).  Using a bloodstream infection model, Lin et al. demonstrated that WT C3H/FeJ 87 

and tlr4 mutant C3H/HeJ mice had similar bacterial burdens (40, 44).  However, all WT mice 88 

succumbed to infection by day 4, whereas all tlr4 mutant mice survived.  This could be attributed 89 

to WT mice experiencing septic shock associated with increased inflammatory cytokines.  Finally, 90 

in a UTI model, our laboratory found that tlr4 mutant C3H/HeJ mice were more susceptible to 91 

infection than WT C3H/HeN mice (42).  Moreover, we found that C3H/HeJ mice in the UTI model 92 

formed small intracellular populations in urothelial cells referred to as Acinetobacter baumannii 93 

intracellular reservoirs (ABIRs), which could seed a recurrent infection upon catheterization at 94 

higher rates relative to WT mice.  In addition to playing a significant role during murine infection, 95 

TLR4 is relevant in clinical settings as well.  In fact, numerous studies have identified links 96 

between tlr4 polymorphisms and infection outcomes from A. baumannii pneumonia (45–47).  In 97 

all, these studies demonstrate the key role of TLR4 in controlling A. baumannii infection and 98 

disease progression and highlight the clinical relevance of the associated signaling cascade.  99 

 In this work we describe a novel murine model of A. baumannii pneumonia that employs 100 

tlr4 mutant mice and low bacterial inoculums (105 bacteria).  Using this model, we show that 101 

clinically-relevant A. baumannii strains can establish chronic infection.  We additionally 102 

demonstrate that our model enables the discovery of virulence factors not detectable in the acute 103 

infection model.  Finally, we illustrate how our model can be employed to assess the efficacy of 104 

antibiotics over the course of infection and investigate polymicrobial infections.   105 

  106 
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Results 107 

tlr4 mutant mice are susceptible to chronic infection at low inoculums. 108 

To assess if tlr4 mutant mice could serve as permissive hosts for long-term respiratory 109 

infection, we performed intranasal inoculations of WT (C3H/HeN) and tlr4 mutant (C3H/HeJ) mice 110 

with high (108) and low (105) inoculums of a modern A. baumannii respiratory isolate, G636, and 111 

sacrificed groups of mice every 3 days starting at 24 hours post-infection (hpi).  At the higher 112 

inoculum, WT mice cleared infection by day 4, consistent with previously published results using 113 

the acute pulmonary infection model (Fig. 1A) (21).  tlr4 mutant mice infected with the higher 114 

inoculum also cleared infection relatively early after inoculation, with most mice having no 115 

detectable bacteria in the lungs by ~7 dpi.  Strikingly, while WT mice infected with the lower dose 116 

of 105 bacteria cleared infection after 1 day, tlr4 mutant mice maintained detectable bacteria in 117 

the lungs out to the latest timepoint tested, 19 dpi (Fig. 1D).  Despite this long infection course, 118 

dissemination to distal organs was rarely detected.  This is consistent with the clinical 119 

manifestations of non-ventilator A. baumannii pneumonia, as less than 20% of patients will 120 

develop subsequent bacteremia (48).  Notably, by employing confocal microscopy, we were able 121 

to visualize bacteria in tlr4 mutant mice with the low inoculum; at early timepoints (4 hpi and 2 122 

dpi), bacteria were identified inside cells in the bronchoalveolar lavage fluid (BALF), as well as 123 

extracellularly, consistent with our previously published results in the acute infection model (Fig. 124 

S1) (31). 125 

We then assessed if a second modern A. baumannii respiratory isolate, G654, behaves 126 

similarly to G636 (Fig. 1E).  Again, detectable levels of bacteria were present in the lungs out to 127 

19 dpi with the low inoculum in tlr4 mutant mice, while WT mice cleared this inoculum within 1 128 

day.  At the higher inoculum, G654 was cleared soon after inoculation regardless of TLR4 129 

functionality (Fig. 1B).  On the contrary, when we tested an older, lab-domesticated urinary isolate 130 

that is commonly used to study A. baumannii respiratory pathogenesis, Ab19606, we found that 131 
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WT and tlr4 mutant mice cleared infection after 1 day regardless of inoculum size or mouse 132 

background (Fig. 1C and 1F).  In all, these results indicate that modern A. baumannii respiratory 133 

isolates can cause infection out to nearly 3 weeks at lower and likely more clinically-relevant 134 

inoculums than previously used in the literature.  The finding that Ab19606 was unable to establish 135 

long-term infection further highlights the differences between modern, infection site-specific 136 

isolates and lab-domesticated strains (31–35).  Importantly, this infection duration with low 137 

inoculums of modern respiratory isolates in tlr4 mutant mice is the longest reported for A. 138 

baumannii in any animal model to date.  We therefore chose to further characterize these 139 

conditions as a model to study pulmonary pathogenesis, referred to hereafter as the “chronic 140 

respiratory infection model.” 141 

 142 

Lower A. baumannii inoculums result in a decreased immune response in tlr4 mutant mice. 143 

 Given the unexpected result that tlr4 mutant mice exhibit chronic infection at lower 144 

inoculums, while WT and tlr4 mutant mice clear infection at higher inoculums, we sought to 145 

characterize the host immune response in these different conditions.  We intranasally infected 146 

groups of WT and tlr4 mutant mice with 105 or 108 bacteria or mock infected them with phosphate-147 

buffered saline (PBS).  Then, at early timepoints of 4 hpi and 2 dpi and a later timepoint of 7 dpi, 148 

BALF was collected for immune cell quantification (Fig. 2).  Regardless of timepoint, inoculum, or 149 

mouse background, few significant changes were observed in number of alveolar macrophages 150 

(AMs) (Fig. 2A-2C).  In WT mice, the number of polymorphonuclear leukocytes (PMNs) was 151 

increased with the higher inoculum relative to lower and mock inoculums at every timepoint (Fig. 152 

2D-2F).  Additionally, at the higher inoculum, WT mice had increased PMNs relative to tlr4 mutant 153 

mice at every time point in line with previous results (41).  Interestingly, at the lower inoculum, 154 

while PMN counts trended higher at 4 hpi for WT mice relative to tlr4 mutant mice, no significant 155 

differences were noted between these groups at any timepoint.  This result suggests that, despite 156 
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neutrophil influx being a predominant mechanism of A. baumannii clearance, PMN numbers alone 157 

may not account for differences in clearance between WT and tlr4 mutant mice at the lower 158 

inoculum (49–55). 159 

 To further evaluate the host response, we quantified 13 common inflammatory cytokines 160 

in the BALF (Table S1).  At the higher inoculum, WT and tlr4 mutant mice exhibited significantly 161 

increased levels of IL-1α, IFN-γ, TNF-α, MCP-1, IL-1β, IL-6, and IL-17A early during infection 162 

relative to the lower inoculum while levels dissipated by 7 dpi, consistent with bacterial clearance 163 

(See Fig. 1A).  WT mice infected with the high inoculum had significantly increased levels of IFN-164 

β relative to tlr4 mutant mice at 4 hpi and increased levels of IL-1α, IFN-γ, TNF-α, MCP-1, IL12-165 

p70, IL-1β, IL-6, IL-27, and IL17A at 2 dpi, likely leading to the earlier clearance observed.  At the 166 

lower inoculum, although WT mice clear infection within nearly 24 h and tlr4 mutant mice maintain 167 

infection out to at least three weeks, minimal significant differences in inflammatory cytokines 168 

were observed (See Fig. 1D).  In fact, the only significant difference noted was the increased 169 

levels of GM-CSF at 4 hpi in WT mice relative to tlr4 mutant mice.  Other inflammatory cytokines 170 

that trended higher at early timepoints in WT mice at the lower inoculum include the 171 

inflammasome-associated cytokines IL-1α and IL-1β, as well as TNF-α and IL-6.  These elevated 172 

levels of inflammatory cytokines early during infection in WT mice could possibly account for the 173 

earlier clearance.  Later during infection, however, tlr4 mutant mice had elevated, albeit not 174 

significantly higher, amounts of TNF-α, IL-1α, and IL-6 relative to WT mice, consistent with 175 

persistent infection.   176 

 177 

The chronic respiratory infection model results in lung pathology. 178 

 We next assessed if the chronic respiratory infection model is associated with lung 179 

pathology.  tlr4 mutant mice were infected with 105 G636 or mock infected with PBS, and mice 180 
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were sacrificed at 4 hpi, 2 dpi, 7 dpi, 14 dpi, and 21 dpi.  Lungs were then sectioned, stained with 181 

hematoxylin and eosin (H&E), and scored for pathological changes as previously described (Fig. 182 

3, Fig. S2, and Fig. S3) (56).  The chronic model resulted in significant increases in alveolitis, 183 

peribronchiolitis, smooth muscle hypertrophy, squamous epithelium metaplasia, and formation of 184 

bronchus-associated lymphoid tissue (BALT) relative to mock-treated mice (Fig. 3 and Fig S2).  185 

Significant changes in goblet cell hyperplasia and fibrosis were not detected (Fig. S3).   Of note, 186 

significant signs of disease were detected out to 14 dpi, and, even at 21 dpi, infected mice showed 187 

trends toward increased lung damage relative to mock-infected mice.  In all, histopathological 188 

analyses revealed that the chronic respiratory infection model results in sustained lung damage, 189 

indicative of chronic infection. 190 

 191 

InvL is a critical virulence factor for long-term infection. 192 

 The acute pulmonary infection model has been widely used to characterize A. baumannii 193 

virulence factors (21).  While the acute model is valuable for identifying bacterial proteins required 194 

at early timepoints, these mice clear infection within 3-4 dpi, not allowing for the identification of 195 

factors required for prolonged infection.  As a proof of principle, we sought to determine if the 196 

chronic respiratory infection model could identify proteins required for bacterial persistence in the 197 

lungs.  We hypothesized that prolonged adherence to respiratory epithelium would be required 198 

for persistence, so we first tested individual mutants lacking previously identified A. baumannii 199 

adhesins (Bap, Ata, FhaBC, and InvL) for attenuation in the chronic infection model (Fig. S4) (57–200 

66).  tlr4 mutant mice were infected with 105 G636 WT or mutant bacteria, and mice were 201 

sacrificed at 1 or 14 dpi for lung colony-forming units (CFU) quantification.  This experiment 202 

indicated a possible role for InvL in long-term infection as mice began to clear bacteria in the lungs 203 

by 14 dpi.  To further confirm the importance of InvL for bacterial persistence, we performed more 204 

extensive analyses with G636 WT, invL mutant (ΔinvL), and complemented invL mutant (invL+) 205 
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strains in the chronic infection model, sacrificing mice at 1, 7, 14, and 21 dpi to quantify CFU in 206 

the lungs (Fig. 4A-D).  Early during infection, the ΔinvL mutant exhibited only a modest defect.  207 

However, at later timepoints the infection defect became more pronounced, as some mice cleared 208 

the bacteria as early as 7 dpi.  By 21 dpi, all but two mice had cleared the ΔinvL mutant, while the 209 

majority of mice infected with the WT strain still had detectable bacteria in their lungs.  Genetic 210 

complementation partially rescued this defect at these later timepoints, as no significant difference 211 

was detected between WT and complemented strains.  212 

 We next compared results from the chronic respiratory infection model to the acute 213 

infection model.  We infected C57BL/6 mice with 109 G636 WT, ΔinvL, or invL+ strains.  24 hpi, 214 

mice were sacrificed, and CFU in the lungs, spleens, and kidneys were quantified (Fig. 4E-F).  As 215 

opposed to results seen in the chronic infection model, the ΔinvL mutant had no significant defect 216 

in bacterial load in the lungs.  Additionally, no defect was noted in dissemination to the spleen and 217 

kidneys, indicating that InvL is dispensable in the acute infection model.  In all, these results 218 

highlight the differences in required bacterial genes between these disparate pulmonary infection 219 

models and show the importance of continuing to explore models that can better approximate 220 

clinical disease.  Additionally, these experiments establish InvL as the first known A. baumannii 221 

virulence factor required for long-term infection. 222 

 223 

The chronic infection model can be used to study the outcome of antibiotic treatment. 224 

 The acute pulmonary infection model has been employed extensively to assess effects of 225 

antibiotic treatment (21).  However, this model only allows us to estimate the efficacy of antibiotics 226 

by measuring the initial reduction in the bacterial burden at 24-36 hpi due to rapid bacterial 227 

clearance by the host.  A clear limitation of this model is that it does not inform if bacterial infection 228 

is cleared, or if persistent bacteria remain in the lung.  The chronic respiratory infection model 229 
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therefore represents a novel platform that could be used to track the kinetics of A. baumannii 230 

clearance due to antibiotic treatment.  As a proof of principle, we assessed the effect of tigecycline, 231 

colistin, and imipenem in the chronic model with strains G636 and G654 at antibiotic 232 

concentrations similar to those previously used to determine treatment efficacy in mice (Fig. 5A-233 

B and Fig. S5A-D) (67–73).  We additionally assessed the effect of apramycin, a drug with 234 

demonstrated efficacy and safety in mice that is currently in Phase I clinical trials for use in 235 

humans (Fig. 5C-D) (74–76).  Minimum inhibitory concentrations (MICs) for G636 and G654 for 236 

these and other commonly used antibiotics are listed in Table S2.  Colistin was ineffective for both 237 

strains in the acute infection model, while initial reductions in CFU were noted in the chronic 238 

infection model (Fig. S5A-B).  However, bacterial numbers appeared to stabilize over time in the 239 

chronic infection model, consistent with the development of bacterial persisters (discussed 240 

below).  Imipenem showed limited efficacy against both strains in both models (Fig. S5C-D), as 241 

expected given the strains’ resistance in vitro (Table S2).  At 24 hpi, tigecycline and apramycin 242 

treatment resulted in initial reductions in CFUs in both the chronic and the acute infection models 243 

relative to PBS-treated mice (Fig. 5A-D).  However, the chronic model enabled us to differentiate 244 

the efficacy of both antibiotics at later times.  Apramycin treatment ultimately led to clearance after 245 

3-5 days, demonstrating the efficacy of this antibiotic.  However, with tigecycline treatment, 246 

although there were initial reductions in CFU, bacterial numbers leveled out over time indicative 247 

of treatment failure.  The behavior of bacteria in presence of tigecycline over time is consistent 248 

with the development of persisters.  Notably, the efficacy of tigecycline and apramycin against A. 249 

baumannii cannot be distinguished at 24 hpi.  These results indicate that the chronic model can 250 

be used to determine outcome of infection with therapeutic intervention, a significant advantage 251 

over the currently employed acute infection model. 252 

 253 
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Use of the chronic infection model to study bacterial co-infections reveals that Staphylococcus 254 

aureus exacerbates ongoing A. baumannii infection while Klebsiella pneumoniae leads to earlier 255 

clearance. 256 

 Approximately 25% of A. baumannii pulmonary infections are polymicrobial, and two of 257 

the most commonly co-infecting pathogens are Staphylococcus aureus and Klebsiella 258 

pneumoniae (9).  We thus sought to assess the impact of secondary infections with these two 259 

bacteria on the outcome of A. baumannii infection in the context of the chronic respiratory infection 260 

model.  For these experiments, we first established a primary A. baumannii infection by 261 

inoculating tlr4 mutant mice with 105 CFU of strain G636.  Following 14 days of A. baumannii 262 

infection, we inoculated mice with 5 x 107 CFU of S. aureus strain Newman or K. pneumoniae 263 

strain TOP52, mock-treated mice with PBS, or left mice untreated.  One and two days post-264 

secondary infection, mice were sacrificed, and bacterial CFU were quantified in the lungs, 265 

spleens, and kidneys (Fig. 6, Fig. S6, and Fig. S7).  Secondary infection with S. aureus led to a 266 

resurgence of A. baumannii CFU in the lungs of many mice, though the overall mean CFU in 267 

these mice were not significantly different from mock-infected and untreated groups (Fig. 6A and 268 

Fig. 6D-E).  A. baumannii were also identified in the spleens and kidneys of some mice that 269 

received the secondary S. aureus infection, even though A. baumannii bacteremia rarely occurs 270 

in the context of this chronic respiratory infection model (Fig. S6).  Additionally, S. aureus trended 271 

toward increased numbers in the lungs, spleens, and kidneys in the context of polymicrobial 272 

infection with A. baumannii relative to monomicrobial infection (Fig. S7A-C). Notably, two mice 273 

succumbed to A. baumannii-S. aureus polymicrobial infection ~24 hpi following the secondary 274 

inoculation, an outcome that did not occur with monomicrobial infection with either bacterium.  275 

Contrarily, secondary infection with K. pneumoniae significantly decreased A. baumannii CFU in 276 

the lungs relative to mock-infected and untreated groups (Fig. 6A and Fig. 6D-E).  Additionally, 277 

polymicrobial infection with A. baumannii and K. pneumoniae resulted in significantly reduced K. 278 
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pneumoniae CFU recovered in the lungs, spleens, and kidneys of mice relative to K. pneumoniae 279 

monomicrobial infection (Fig. S7D-E).  Although understanding the interactions between these 280 

bacteria is beyond the scope of this work, these experiments indicate that S. aureus exacerbates 281 

A. baumannii infection, while K. pneumoniae attenuates infection in the context of the chronic 282 

infection model.  Additionally, these results demonstrate the ability of the model to be used to 283 

study longer-term aspects of polymicrobial interactions that were not previously able to be done 284 

with the acute infection model. 285 

  286 
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Discussion 287 

A. baumannii has emerged as a significant cause of nosocomial pneumonia and is of 288 

major clinical importance due to its extremely high rates of multidrug resistance (8, 12, 13).  289 

Despite this, our understanding of A. baumannii respiratory pathogenesis is hindered by a 290 

shortage of clinically relevant infection models.  Here, we aimed to address this significant gap in 291 

the field by developing a novel respiratory infection model.  In this pursuit, we found that, at likely 292 

more clinically-relevant inoculums, tlr4 mutant mice maintain long-term respiratory infections by 293 

A. baumannii.  We then demonstrate the versatility of this model which enabled i) the identification 294 

of a bacterial virulence factor required for long-term respiratory infection, which is not required in 295 

acute models, ii) the study of kinetics of bacterial clearance upon treatment with clinically-relevant 296 

antibiotics, and iii) the exploration of the impact of secondary infections with two commonly co-297 

isolated respiratory pathogens. 298 

 In this study, we found that InvL is required for chronic infection, and, more importantly, at 299 

the later stages of infection.  However, InvL was dispensable in the context of the acute infection 300 

model.  There are multiple possible reasons for this discrepancy.  First, the massive bacterial dose 301 

required for the acute infection model may mask potential defects that can now be detected with 302 

a smaller, more clinically-relevant inoculum.  This is unlikely, as WT and invL mutant bacteria 303 

behave similarly at early time points in our model.  An alternative reason could be that adhesins 304 

required early during infection/interaction with the healthy airway differ from those required during 305 

persistent interaction with a more inflamed or damaged airway.  It is well-established that the 306 

airway extracellular matrix (ECM) is altered by bacterial infection, lung damage, and/or 307 

inflammation  (91, 92).  Long-term lung damage and inflammation results in increased fibronectin, 308 

collagen, laminin, and fibrinogen in the ECM (93–98).  Moreover, specific pathogens elicit different 309 

inflammatory responses, resulting in distinct changes to the lung ECM.  For example, in an acute 310 

mouse model of pneumonia, Pseudomonas aeruginosa induces versican deposition in the lungs, 311 
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while Escherichia coli induces robust versican and hyaluronan deposition (99, 100).  We 312 

previously showed that InvL can bind α5β1 integrin, collagen V, and fibrinogen (66).  However, 313 

whether A. baumannii infection or the associated inflammation induces production of these 314 

protein(s) during pulmonary infection is unknown.  Future work will investigate this possibility, as 315 

well as assess which InvL-host protein interactions are essential for chronic infection. 316 

 Herein, we demonstrate the potential to use the chronic respiratory infection model to 317 

study the efficacy of antibiotic treatments over time.  One intriguing finding from these experiments 318 

is that with antibiotics such as colistin and tigecycline, an initial decrease in CFU (~10-100 fold) 319 

recovered from the lungs at 1 dpi was observed.  However, following this decrease, the number 320 

of bacteria in the lungs appeared to stabilize over time.  It is tempting to speculate that this is the 321 

result of the formation of bacterial persisters, defined as bacterial cells that become tolerant to 322 

antibiotics despite undergoing no genetic changes (101–103).  Importantly, the commonly used 323 

acute infection model does not allow for the study of bacterial persisters due to the short time 324 

course of the model.  Given that persister cells represent a major cause of treatment failure and 325 

chronic infection, the chronic infection model presented here represents a unique platform that is 326 

desperately needed to understand this aspect of A. baumannii pathogenesis.  Furthermore, our 327 

model offers new possibilities to study efficacy of novel antibiotics in murine models before 328 

committing to expensive clinical trials.  329 

 While a significant portion of A. baumannii infections are polymicrobial, the acute infection 330 

model has limitations for use with polymicrobial infections.  First the quick clearance of the 331 

bacteria usually only allows inoculation at a single timepoint, thus not enabling investigation of 332 

secondary infections.  Second, the high required infectious dose often means that typical 333 

inoculums for bacteria used in these experiments must be adjusted, so mice do not succumb to 334 

infections at early timepoints.  Here, we applied the chronic respiratory infection model to assess 335 

the result of secondary infection with two pathogens commonly co-isolated with A. baumannii, S. 336 
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aureus and K. pneumoniae.  We found opposite results with these different bacteria; S. aureus 337 

secondary infection trended toward exacerbation of A. baumannii infection, while K. pneumoniae 338 

secondary infection led to reduced A. baumannii numbers.  The potential synergism of A. 339 

baumannii and S. aureus in the chronic infection model aligns with previous reports.  For example, 340 

using a Tn-Seq-based approach, Li et al. demonstrated that the 49% of genes required by S. 341 

aureus for monomicrobial infection in a murine systemic infection model became non-essential 342 

upon A. baumannii co-infection (104).  Another recent report showed that S. aureus can support 343 

A. baumannii growth in vitro by providing acetoin as a carbon source (105).   344 

Although we found that K. pneumoniae secondary infection led to reduced A. baumannii 345 

numbers in the lungs in the chronic infection model, one study has shown that K. pneumoniae 346 

could cross-feed A. baumannii through products of sugar fermentation in vitro and demonstrated 347 

that co-infection led to reduced survival of Galleria mellonella relative to monomicrobial infection 348 

with either pathogen (106).  This, in part, shows that these two bacteria can have beneficial 349 

interactions.  There are two potential reasons however for the reduction of CFU for both bacteria 350 

in the context of the chronic infection model reported here; i) bacterial competition or ii) the host 351 

response to the secondary infection.  Regarding bacterial competition, there have been several 352 

lines of evidence pointing to direct bacterial killing between diverse A. baumannii and K. 353 

pneumoniae strains mediated by the type VI secretion system (107–110).  In addition to direct 354 

killing, this bacterial competition could be indirect as well, as both A. baumannii and K. 355 

pneumoniae may be competing for similar nutrients in the lung microenvironment.  With respect 356 

to the immune response, a difference between this work and the above study is that the 357 

microenvironment encountered in the mammalian lung is not perfectly modeled by the wax moth 358 

(111).  Our results may therefore be the result of TLR4-independent host response elicited by the 359 

combination of both bacteria that is not recapitulated by a G. mellonella model.  While 360 

understanding the precise mechanism behind the in vivo interactions between A. baumannii and 361 
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commonly co-isolated pathogens is outside the scope of the current study, these results highlight 362 

the practicality of applying the chronic respiratory infection model to better understand 363 

polymicrobial infections. 364 

 In this study, we have validated several different uses for the chronic respiratory infection 365 

model.  However, there are also other potential uses for this model that were not previously 366 

investigable.  For example, we can now perform experiments differentiating between virulence 367 

factors required for establishment of infection and factors required for maintenance of infection, 368 

assessing bacterial evolution during long-term infection, investigating changes in the pulmonary 369 

microbiome due to infection over time, and analyzing the long-term outcomes of novel therapies 370 

such as newly developed phage cocktails.  Additionally, while this model was initially developed 371 

to study Acinetobacter respiratory infections, it has the potential to be applied to research with 372 

other respiratory pathogens in cases where suitable animal models are lacking.  In all, this work 373 

describes the longest-term infection model available to investigate A. baumannii host-pathogen 374 

interactions to date, which will ultimately aid in the development of novel therapeutics to combat 375 

infection by this increasingly multidrug-resistant bacterium.  376 

  377 
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Materials and Methods 378 

Bacterial plasmids, strains, and growth conditions.   379 

Plasmids and strains used in this study are detailed in Table S3.  Bacterial cultures were 380 

grown at 37°C in Lennox broth/agar supplemented with 10 μg/mL chloramphenicol, 50 μg/mL 381 

apramycin, 100 μg/mL ampicillin, 50 μg/mL kanamycin, 10 μg/mL tetracycline, or 10% sucrose 382 

when appropriate.   383 

 384 

Murine pneumonia models.   385 

All animal experiments were approved by the Washington University Animal Care and Use 386 

Committee, and we have complied with all relevant ethical regulations.  The acute pneumonia 387 

model was performed similar to previously described experiments (21, 112).  Briefly, overnight 388 

cultures were subcultured at a 1:200 dilution and grown shaking at 37°C for 3 h to mid-exponential 389 

growth phase.  Six- to eight-week-old female C57BL/6 mice (Charles River Laboratories, 390 

Wilmington, MA) anesthetized with 4% isoflurane were intranasally inoculated with 109 CFU that 391 

were twice-washed in PBS.  At 24 hpi, mice were sacrificed, and CFU in the lungs, spleen, and 392 

kidneys were quantified by serial dilution plating the homogenized organs.  For experiments with 393 

C3H/HeN (Envigo International Holdings, Indianapolis, IN) and C3H/HeJ (Jackson Laboratory, 394 

Bar Harbor, ME) mice, A. baumannii, S. aureus, and K. pneumoniae inoculums were prepared 395 

and mice were intranasally inoculated as described above, with the exception that inoculums of 396 

105 and 108 CFU were used for A. baumannii, and 5 x 107 CFU was used for S. aureus and K. 397 

pneumoniae.  Following, at the indicated timepoints, mice were sacrificed and bacteria in the 398 

lungs, spleen, and kidneys were quantified as described above.  For co-infections, A. baumannii 399 

was distinguished from S. aureus and K. pneumoniae by plating on LB agar supplemented with 400 

10 μg/mL chloramphenicol.  For antibiotic treatment experiments the indicated mice were treated 401 
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intraperitoneally with PBS or 100 mg/kg tigecycline every 12 h, PBS or 5 mg/kg colistin every 8 402 

h, PBS or 500 mg/kg apramycin every 12 h, or PBS or 100 mg/kg imipenem every 12 h with all 403 

treatments beginning 4 hpi.  Antibiotics for intraperitoneal treatments were dissolved in PBS, and 404 

the injection volume was 100 μl. 405 

 406 

Flow cytometry.  407 

Flow cytometry was performed similarly to previously described methods (31).  Briefly, 408 

BALF samples were collected in PBS supplemented with 1 mM EDTA, and cells were collected 409 

by centrifugation at 300 x g for 5 min.  Cells were then resuspended in Pharm Lyse Buffer (BD 410 

Biosciences, Franklin Lakes, NJ) and incubated for 3 min at room temperature to lyse red blood 411 

cells.  Cells were subsequently washed in fluorescence-activated cell sorting (FACS) buffer (PBS 412 

supplemented with 1% heat inactivated fetal bovine serum and 0.1% sodium azide) and blocked 413 

with TruStain FcX PLUS (BioLegend, San Diego, CA) for 15 min at 4°C.  Samples were then 414 

stained with anti-CD45-BV605 (BioLegend), anti-CD11c-APC (BioLegend), anti-SiglecF-415 

PerCP5.5 (BioLegend), and anti-Ly6G-BV421 (Biolegend) for 30 min at 4°C.  Following, cells 416 

were washed in FACS buffer and fixed in 2% paraformaldehyde (PFA).  Samples were read on a 417 

LSR II Fortessa cytometer (BD Biosciences) or an Aurora cytometer (Cytek Biosciences, Fremont, 418 

CA).  Total cell counts in the BALF were calculated using Precision Count Beads (BioLegend) 419 

according to the manufacturer’s instructions. 420 

 421 

Antibiotic protection assays.  422 

Antibiotic protection assays were performed as previously described (31).  To determine 423 

the number of total and intracellular bacteria present in BALF from A. baumannii infected mice, 424 

two 500 μl aliquots of lavage fluid were centrifuged at 4100 x g for 5 min.  Pelleted cells were 425 
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resuspended in warm Dulbecco's Modified Eagle Medium (DMEM) (total bacteria) or DMEM with 426 

colistin (50 μg/mL) (intracellular bacteria) and incubated for 1h at 37°C.  Samples were then 427 

washed three times with PBS and lysed with 500 μL of Triton X-100 (0.05%).  CFUs were 428 

determined by serial dilutions of the bacterial suspensions.  The remaining lungs following BALF 429 

collection were also homogenized, and CFUs were quantified by serial dilution plating. 430 

 431 

Cytospin of BALF cells.   432 

Cytospin of BALF cells was performed similar to previously described work (31).  BALF 433 

samples were centrifugated at 300 x g for 5 min, and the pellets were resuspended in 1 mL Pharm 434 

Lyse Buffer (BD Biosciences) and incubated for 5 min on ice to lyse red blood cells.  9 mL of PBS 435 

was added to stop the lysis, viability was determined using Trypan Blue solution (Sigma-Aldrich, 436 

St. Louis, MO), and cells were counted using the TC20 Automated Cell Counter (Bio-Rad 437 

Laboratories, Hercules, CA).  Samples were centrifugated at 300 x g for 6 min onto CytoPro Poly-438 

L-Lysine Coated Microscope Slides (ELITechGroup Inc., Logan, UT) using a Cytospin 439 

Cytocentrifugue (Fisher Scientific, Hampton, NH).  The slides were air-dried overnight at 4°C and 440 

fixed in 4% PFA for 30 min at room temperature.  Samples were incubated with permeabilizing 441 

and blocking solution (PBS supplemented with 0.1% saponin, 0.5% bovine serum albumin, and 442 

10% heat inactivated fetal bovine serum).  Cells were stained with Alexa Fluor 555 Phalloidin (Cell 443 

Signaling Technology, Danvers, MA) and 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) 444 

solution (Invitrogen) for 1 h at 37°C.  After staining, the samples were rinsed with washing solution 445 

[PBS supplemented with 0.1% saponin and 0.5% bovine serum albumin (BSA)], and then rinsed 446 

with water and mounted on a coverslip in ProLong Gold Antifade Mountant (Invitrogen).  447 

 448 

Confocal microscopy.   449 
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Confocal microscopy was performed as previously described (31, 66).  Microscopy slides 450 

were analyzed with a Zeiss LSM880 laser scanning confocal microscope (Carl Zeiss AG, 451 

Oberkochen, Germany) equipped with 405nm diode, 488nm Argon, 543nm HeNe, and 633nm 452 

HeNe lasers.  A Plan-Apochromat 63X DIC objective and ZEN black 2.1 SP3 software were used 453 

for image acquisition.  Images were analyzed using ImageJ software (National Institutes of Health, 454 

Bethesda, MD) (113). 455 

 456 

Cytokine analysis.   457 

BALF was collected and centrifuged at 300 x g for 5 min.  Supernatant containing 458 

cytokines was then collected and frozen at -20°C until the analysis was performed.  Cytokine 459 

levels were determined using the LEGENDplex Mouse Inflammation Panel (13-plex) with V-460 

bottom Plate (BioLegend) according to the manufacturer’s instructions.  Samples were read using 461 

an Aurora cytometer (Cytek Biosciences). 462 

 463 

Histopathology of lung slices.   464 

Lung slices were prepared, stained, and scored as previously described by Castro et al. 465 

(71).  Briefly, lungs were perfused with PBS, inflated with optimal cutting temperature (OCT) 466 

compound (Fisher Scientific) diluted in 4% PFA at a 1:1 ratio, snap-frozen, and stored at -80°C 467 

until sectioning.  For histology imaging, 4 μm tissue sections were stained with H&E and imaged 468 

with a ZEISS Axioscan 7 Microscope Slide Scanner (Carl Zeiss AG).  Lung tissues were blindly 469 

scored on a scale of 0 to 3 for alveolitis, peribronchiolitis, smooth muscle hypertrophy, squamous 470 

epithelium metaplasia, BALT formation, goblet cell hyperplasia, and fibrosis.  Area affected was 471 

quantified, multiplied by previously defined intensity scores, and the resulting weighted scores are 472 

reported.   473 
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 474 

Generation of constructs and strains used in this study.   475 

Primers used in this study are listed in Table S4.  DNA fragments were assembled using 476 

either the In-Fusion HD EcoDry Cloning Kit (TaKaRa Bio, Mountain View, CA) or NEBuilder HiFi 477 

DNA Assembly Master Mix (New England Biolabs, Ipswich, MA).  To generate the vector for 478 

generation of the invL mutational construct, pEX18Tc was amplified without the tetracycline 479 

resistance cassette (primers: 5’ pEX18 marker swap and 3’ pEX18 marker swap), the apramycin 480 

resistance cassette was amplified from pKD4-Apr (primers: 5’ Apr for pEX18Ap and 3’ Apr for 481 

pEX18Ap), and the amplicons were assembled, generating pEX18Ap (114, 115).  The pEX18Ap 482 

mutational constructs were then made by amplifying the pEX18Ap vector (primers: 5’ pEX18Tc 483 

and 3’ pEX18Tc), a ~1000 bp region upstream of the genes of interest (invLKO primers: 5’ F1 484 

G636 invLKO and 3’ F1 G636 invLKO; bapKO primers: 5’ F1 G636 bapKO and 3’ F1 G636 bapKO; 485 

ataKO primers: 5’ F1 G636 ataKO and 3’ F1 G636 ataKO; fhaBCKO primers: 5’ F1 G636 fhaBCKO 486 

and 3’ F1 G636 fhaBCKO), and a ~1000 bp region downstream of the genes of interest (invLKO 487 

primers: 5’ F2 G636 invLKO and 3’ F2 G636 invLKO; bapKO primers: 5’ F2 G636 bapKO and 3’ 488 

F2 G636 bapKO; ataKO primers: 5’ F2 G636 ataKO and 3’ F2 G636 ataKO; fhaBCKO primers: 5’ 489 

F2 G636 fhaBCKO and 3’ F2 G636 fhaBCKO), followed by assembly of these amplicons.  490 

Mutational constructs were then transformed into G636, and strains with the integrated plasmid 491 

were selected for by apramycin treatment.  Counterselection for double crossover was performed 492 

by plating these strains on LB agar without NaCl supplemented with 10% sucrose.  Mutants were 493 

then confirmed by PCR analyses and whole-genome sequencing. 494 

The invL complementation construct was generated by amplifying the putative promoter 495 

region (~300 bp upstream) along with the invL open reading frame (primers: 5' G636 fdeCKO 496 

Comp and 3' G636 fdeCKO Comp-His6 v2) and the pUC18T-miniTn7T-Apr vector (primers: Tn7 497 

linear Fwd-His6 and Tn7 liner Rev) (116).  These amplicons were then assembled, generating 498 
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pUC18T-miniTn7T-Apr::G636 invLKO comp.  To generate the gfp integration construct, the gfp 499 

cassette was amplified from PB-FLuc+GFPd2 (primers: 5’ d2EGFP for pUC18T-mTn7 and 3’ 500 

d2EGFP for pUC18T-mTn7) and pUC18T-mTn7-Apr was amplified (primers: 5’ pUC18T-mTn7 for 501 

d2EGFP and 3’ pUC18T-mTn7 for d2EGFP).  These fragments were then assembled, generating 502 

pUC18T-miniTn7T-Apr::gfpd2.  pUC18T-miniTn7T-Apr::G636 invLKO comp and pUC18T-503 

miniTn7T-Apr::gfpd2 were introduced into G636 ΔinvL and G636, respectively, using a four-504 

parental conjugation technique, as previously described (116–119).  Selection was achieved using 505 

LB supplemented with apramycin and chloramphenicol, and insertion of the respective fragments 506 

at the mTn7 site in the resulting G636 invL+ and G636-gfp strains was confirmed by PCR 507 

analyses. 508 

 509 

Antibiotic susceptibility assays. 510 

MIC analyses were performed using a two-fold broth dilution microtiter assay similar to 511 

previously described protocols (112, 120, 121).  Briefly, overnight cultures were sub-cultured at 512 

0.05 Abs600 and grown for 3 h shaking at 37 hpi.  Mid-exponential growth phase cultures were 513 

then inoculated at 0.01 Abs600 into a 96-well microtiter plate (Corning Inc, Corning, NY) containing 514 

two-fold decreasing dilutions of the indicated antibiotics.  Plates were then incubated at 37°C with 515 

shaking for 24 h.  The MIC was defined as less than 10% of the Abs600 of an untreated control.   516 

Statistical methods.  517 

All statistical analyses were performed using GraphPad Prism version 9, and P values of 518 

<0.05 were considered statistically significant.  When normally distributed, data sets were 519 

analyzed with Unpaired Student’s t-tests (comparing two samples), one-way analysis of variance 520 

(ANOVA) with Tukey’s test for multiple comparisons (comparing more than two samples), or two-521 

way ANOVA with Tukey’s test for multiple comparisons (comparing more than two samples with 522 
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two independent variables).  For non-normally distributed data sets, the Mann-Whitney U test 523 

(comparing two samples) or the Kruskal Wallis H test with Dunn’s test for multiple comparisons 524 

(comparing more than two samples) was used.  525 
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Tables 543 

Table S1.  Cytokine analysis at 4 h, 2 d, and 7 d post-intranasal infection with G636. 544 

Cytokinea,b WT tlr4 mutant 

4 h 105 G636 108 G636 Mock 105 G636 108 G636 Mock 

IL-23 23.26 (10.14) 38.53 (6.36) 10.67 (7.09) 22.57 (13.26) 32.61 (3.61) 15.90 (15.90) 

IL-1α 58.57 (18.27) 323.11 (75.42)#,$ 2.5 (0.43) 2.77 (0.47) 429.19 (90.22)#,$ 1.49 (0.13) 

IFN-γ 0.77 (0.36) 5.13 (1.30)#,$ 0.00 (0.00) 0.23 (0.23) 4.34 (0.39)#,$ 0.00 (0.00) 

TNF-α 2219.55 
(214.72) 

14888.73 
(311.27)#,$ 

108.38 (66.66) 49.51 (6.47) 12802.47 
(3073.56)#,$ 

12.82 (3.58) 

MCP-1 0.00 (0.00) 65.73 (15.07)#,$ 0.00 (0.00) 0.00 (0.00) 65.57 (8.23)#,$ 0.00 (0.00) 

IL-12p70 0.00 (0.00) 1.43 (1.43) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-1β 9.50 (1.95) 46.26 (10.54)#,$ 0.00 (0.00) 0.00 (0.00) 56.58 (12.58)#,$ 0.00 (0.00) 

IL-10 0.00 (0.00) 4.18 (4.18) 0.00 (0.00) 0.00 (0.00) 2.04 (2.04) 0.00 (0.00) 

IL-6 910.41 (172.71) 7885.57 
(1645.56)#,$ 

18.19 (5.67) 8.09 (2.69) 6334.72 
(1218.67)#,$ 

2.70 (2.70) 

IL-27 0.00 (0.00) 85.90 (13.54)#,$ 0.00 (0.00) 0.00 (0.00) 42.77 (24.83)$ 0.00 (0.00) 

IL-17A 1.05 (0.74) 8.36 (2.46)#,$ 0.00 (0.00) 0.00 (0.00) 4.66 (0.39)#,$ 0.00 (0.00) 

IFN-β 0.00 (0.00) 29.75 (17.23)*,#,$ 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

GM-CSF 96.65 (13.37)*,# 55.42 (7.19)#,$ 0.00 (0.00) 0.00 (0.00) 47.41 (6.96)#,$ 0.00 (0.00) 

2 d       

IL-23 19.93 (9.61) 27.05 (8.76) 44.09 (21.87) 26.04 (11.37) 11.35 (5.56) 72.50 (36.30) 

IL-1α 1.14 (0.19) 157.28 (58.45)*,#,$ 1.13 (0.20) 2.00 (0.50) 25.68 (6.15) 19.64 (18.02) 

IFN-γ 2.20 (0.98) 212.26 (54.96)*,#,$ 0.00 (0.00) 3.70 (2.48) 4.96 (2.48) 0.00 (0.00) 

TNF-α 1.85 (0.82) 592.26 
(154.11)*,#,$ 

1.03 (0.60) 19.79 (6.79) 52.20 (8.86) 5.76 (4.31) 

MCP-1 0.00 (0.00) 160.30 (14.27)*,#,$ 0.00 (0.00) 0.00 (0.00) 33.52 (6.37)#,$ 0.00 (0.00) 

IL-12p70 0.00 (0.00) 46.17 (17.63)*,#,$ 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-1β 1.06 (1.06) 12.35 (2.80)*,#,$ 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-10 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-6 0.00 (0.00) 1179.63 
(323.29)*,#,$ 

0.00 (0.00) 0.00 (0.00) 20.45 (3.83) 4.29 (4.29) 

IL-27 0.00 (0.00) 137.76 (81.43)*,#,$ 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-17A 0.42 (0.42) 25.31 (10.22)*,#,$ 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IFN-β 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

GM-CSF 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

7 d       

IL-23 41.43 (14.43) 30.14 (19.51) 20.66 (20.66) 9.07 (5.32) 29.77 (12.87) 12.69 (12.69) 

IL-1α 1.05 (0.18) 41.50 (23.66) 1.62 (0.92) 5.54 (4.27) 4.60 (2.50) 1.79 (0.85) 

IFN-γ 0.00 (0.00) 53.36 (40.45)$ 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

TNF-α 0.00 (0.00) 93.32 (36.14)*,#,$ 0.00 (0.00) 3.17 (3.17) 2.41 (1.54) 0.00 (0.00) 

MCP-1 0.00 (0.00) 14.83 (14.83) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-12p70 0.00 (0.00) 1.54 (1.54) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-1β 0.00 (0.00) 1.43 (1.43) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-10 0.00 (0.00) 6.84 (6.84) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-6 0.00 (0.00) 232.41 (182.45) 0.00 (0.00) 5.19 (5.19) 16.72 (16.72) 0.00 (0.00) 

IL-27 0.00 (0.00) 26.87 (26.87) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IL-17A 0.00 (0.00) 13.67 (11.48) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

IFN-β 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 

GM-CSF 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 
aMean pg/ml (SEM) from two independent experiments at each timepoint is displayed. 545 
b*P < 0.05 relative to tlr4 mutant at same inoculum; #P < 0.05 relative to mock in same mouse 546 

strain. $P < 0.05 relative to 105 inoculum in same mouse strain.   Two-way ANOVA, Tukey’s test 547 

for multiple comparisons.  Significant differences are also highlighted in green. 548 
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Table S2.  MICs for A. baumannii strains G636 and G654. 550 

Antibiotic G636 
(Resistant/Sensitive) 

G654 
(Resistant/Sensitive) 

Clinical 
Breakpointa 

Imipenem >256 µg/ml (Resistant) >256 µg/ml (Resistant) 2 µg/ml 

Ampicillin >256 µg/ml (N/A) >256 µg/ml (N/A) N/Ac 

Ciprofloxacin >256 µg/ml (Resistant) >256 µg/ml (Resistant) 1 µg/ml 

Levofloxacin 32 µg/ml (Resistant) 128 µg/ml (Resistant) 2 µg/ml 

Colistin 1 µg/ml (Intermediate)b 8 µg/ml (Resistant) 2 µg/mlb 

Polymyxin B 2 µg/ml (Intermediate)b 4 µg/ml (Resistant) 2 µg/mlb 

Tigecycline 2 µg/ml (N/A)c 1 µg/ml (N/A)c N/Ac 

Gentamicin >256 µg/ml (Resistant) 2-4 µg/ml (Sensitive) 4 µg/ml 

Apramycin 16 µg/ml (N/A)c 16 µg/ml (N/A)c N/Ac 
aClinical breakpoints are according to the Clinical and Laboratory Standard Institute (CLSI) M100 551 

Performance Standards for Antimicrobial Susceptibility Testing 30th Edition (122). 552 
b A “sensitive” breakpoint is not available for colistin or polymyxin B from the CLSI.  Strains with 553 

MICs of less than or equal to 2 µg/ml are considered to have “intermediate resistance.” 554 
cThe clinical breakpoint has not been defined for ampicillin, tigecycline, and apramycin by the 555 

CLSI. 556 
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Table S3.  Plasmids and strains used in this study. 558 

Plasmid or Strain Descriptiona Sourceb 

Plasmids   

pEX18Tc Precursor plasmid used for generation of pEX18Ap; Tetr (114) 

pKD4-Apr Source for apramycin cassette for mutant generation; Aprr (115) 

pEX18Ap Plasmid background used for generation of A. baumannii 
mutants; Aprr 

This study 

pEX18Ap::G636 
invLKO 

Plasmid used for mutation of invL in G636; Aprr This study 

pUC18T-miniTn7T-
Apr 

Vector used for genetic complementation at the mTn7 site; 
Aprr 

(116) 

pUC18T-miniTn7T-
Apr::G636 invLKO comp 

Plasmid used for complementation of the ΔinvL mutant; 
Aprr 

This study 

PB-FLuc+GFPd2  Plasmid source for gfp cassette; Ampr b 

pUC18T-miniTn7T-
Apr::gfpd2 

Expression vector; Aprr This study 

pRK2013 Helper plasmid for mobilization of non-self-transmissible 
plasmids; Kanr 

(123) 

pTNS2 T7 transposase expression vector; Ampr (124) 

Strains   

E. coli   

Stellar mrr-hsdRMS-mcrBC and mcrA; Host strain for cloning  TaKaRa 

HB101 F- mcrB mrr hsdS20(rB- mB-) recA13 leuB6 ara-14 proA2 

lacY1 galK2 xyl-5 mtl-1 rpsL20 glnV44 λ-; Host strain for 

pRK2013 

Promega 

EC100D F - mcrA Δ(mrr-hsdRMS-mcrBC) φ80dlacZΔM15 ΔlacX74 
recA1 endA1 araD139 Δ(ara, leu)7697 galU galK λ- rpsL 
nupG pir +(DHFR); Host strain for pTNS2 

Fisher 

A. baumannii   

G636 2018 A. baumannii respiratory isolate (Strain 3689) c 

G636 ΔinvL G636 invL mutant This study 

G636 invL+ G636 invL mutant complemented This study 

G636 Δbap G636 bap mutant This study 

G636 Δata G636 ata mutant This study 

G636 ΔfhaBC G636 fhaBC mutant This study 

G636-gfp G636 expressing gfpd2 This study 

G654 2020 A. baumannii respiratory isolate (Strain 6919) c 

Ab19606 1948 A. baumannii urinary isolate (125) 

S. aureus   

Newman 1952 osteomyelitis isolate (126) 

K. pneumoniae   

TOP52 2006 cystitis isolate (127) 
aTet, tetracycline; Apr, apramycin; Amp, ampicillin; Kan, kanamycin. 559 
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bPB-FLuc+GFPd2 was a gift from Jordan Green (Addgene plasmid # 127190; 560 
http://n2t.net/addgene:127190; RRID: Addgene_127190). 561 
cStrains G636 and G654 were collected by the CDC-funded Georgia Emerging Infections 562 
Program’s (EIP) Multi-site Gram-Negative Surveillance Initiative (MuGSI) and kindly provided by 563 
Sarah Satola. 564 
 565 
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Table S4.  Primers used in this study. 567 

Primer  Sequence 

5' pEX18 marker 
swap 

ACACGGTGCCTGACTGCGTTAGC 

3' pEX18 marker 
swap 

ATGGAAGCCGGCGGCACC 

5' Apr for 
pEX18Ap 

GAGGTGCCGCCGGCTTCCATGATCCTCAGCCAATCGACTGGC 

3' Apr for 
pEX18Ap 

AACGCAGTCAGGCACCGTGTGATTCCCTTTGTCAACAGCAATGG 

5’ pEX18Tc ATGCCTGCAGGTCGACTCTAGAGG 

3’ pEX18Tc GCAAGCTTGGCACTGGCCGT 

5’ F1 G636 
invLKO 

ACGGCCAGTGCCAAGCTTGCGGCAATGTCTCAAATAAAAAATTTAACT
C 

3’ F1 G636 
invLKO 

TGAGATCCGCTATTATTACTTCCAG 

5’ F2 G636 
invLKO 

AGTAATAATAGCGGATCTCATGCTTCTTTTTTTAGAGTTGTGTTCC 

3’ F2 G636 
invLKO 

TAGAGTCGACCTGCAGGCATAAAATAACCGCATAGCCAGCTTGAGC 

5' G636 fdeCKO 
Comp 

GCATGAGCTCACTAGTGGATCCGAGATTAAGACTTTACTTGGCATACA
CC 

5’ F1 G636 
bapKO 

ACGGCCAGTGCCAAGCTTGCAGAAGCGGCTGGCAATGTCACG 

3’ F1 G636 
bapKO 

TCAAGCACCGGTGCATACTGACC 

5’ F2 G636 
bapKO 

CAGTATGCACCGGTGCTTGAGGTGGTAACACTACAATTCAGATTGACC 

3’ F2 G636 
bapKO 

TAGAGTCGACCTGCAGGCATTCCATAAATGAATTTGCCATTTTCTTGAA
TCTG 

5’ F1 G636 ataKO ACGGCCAGTGCCAAGCTTGCTAAGTCGGTCTGGCTATTCGCC 

3’ F1 G636 ataKO TGATGACGTTGAGAAAAAAGCTAATGCAGG 

5’ F2 G636 ataKO CTTTTTTCTCAACGTCATCAAAAACTTCTCAGACAAATACCGAACTCAA
CG 

3’ F2 G636 ataKO TAGAGTCGACCTGCAGGCATCGTGATCAATTTCTTCTGTAAGCGAATC
TTTTTGC 

5’ F1 G636 
fhaBCKO 

ACGGCCAGTGCCAAGCTTGCTTAAAATTTTAAAGCAGTTTGATGAGCC 

3’ F1 G636 
fhaBCKO 

CAGAATTGTACGTATAAGAACTTTATTTTACAC 

5’ F2 G636 
fhaBCKO 

TTCTTATACGTACAATTCTGTAACAATGAAAAATGCACATGCGG 

3’ F2 G636 
fhaBCKO 

TAGAGTCGACCTGCAGGCATCTTTATTGGTACCCTGATTGCG 

3' G636 fdeCKO 
Comp-His6 v2 

TCAGTGGTGATGGTGATGATGATTACCATTTGAACAGTTTGGATCTATT
CC 

Tn7 linear Fwd-
His6 

CATCATCACCATCACCACTGAAAGCTTGGGCCCGGTACCTC 

Tn7 linear Rev GGATCCACTAGTGAGCTCATGC 
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5' d2EGFP for 
pUC18T-mTn7 

AGAAAGAGGAGAAATACTAGATGGTGAGCAAGGGCGAGG 

3' d2EGFP for 
pUC18T-mTn7 

GAGGTACCGGGCCCAAGCTTCTACACATTGATCCTAGCAGAAGC 

5' pUC18T-mTn7 
for d2EGFP 

AAGCTTGGGCCCGGTACCTCG 

3' pUC18T-mTn7 
for d2EGFP 

CTAGTATTTCTCCTCTTTCTCTAGTAATTGTTATCC 

 568 
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Figure Legends 570 

Figure 1.  Low inoculums of modern respiratory A. baumannii clinical isolates result in chronic 571 

lung infection in tlr4 mutant mice.  Groups of C3H/HeN (WT) or C3H/HeJ (tlr4 mutant) mice were 572 

intranasally inoculated with 108 G636 (A), 108 G654 (B), 108 Ab19606 (C), 105 G636 (D), 105 573 

G654 (E), or 105 Ab19606 (F).  Beginning at 24 hpi, groups of mice were sacrificed every three 574 

days, and bacteria in the lungs were quantified.  Each data point indicates and individual mouse. 575 

Figure 2.  Lower intranasal A. baumannii inoculums result in reduced lung neutrophil influx.  576 

Groups of C3H/HeN (WT) or C3H/HeJ (tlr4 mutant) mice were intranasally inoculated with 105 577 

G636, 108 G636, or mock inoculated with PBS.  At 4 h (A and D), 2 d (B and E), and 7 d (C and 578 

F) pi, alveolar macrophages (AMs) (A-C) and polymorphonuclear leukocytes (PMNs) (D-F) in the 579 

BALF were enumerated by flow cytometry.  Shown are pooled results from at least two 580 

independent experiments, and each data point represents an individual mouse.  The horizontal 581 

line represents the mean, and the standard error of the mean (SEM) is indicated by error bars. *P 582 

< 0.05; two-way analysis of variance (ANOVA), Tukey’s test for multiple comparisons. 583 

Figure 3.  The chronic respiratory infection model results in lung pathology.  Groups of C3H/HeJ 584 

(tlr4 mutant) mice were inoculated with 105 G636 or mock-inoculated with PBS, and at 4 hpi, 2 585 

dpi, 7 dpi, 14 dpi, and 21 dpi, lungs slices were prepared, H&E stained, and scored for alveolitis 586 

(A), peribronchiolitis (B), smooth muscle hypertrophy (C), squamous epithelium metaplasia (D), 587 

and BALT formation (E).  The mean is shown on the graph, and the SEM is indicated by error 588 

bars.  *P < 0.05, Unpaired Student’s t-test. 589 

Figure 4.  InvL is a critical virulence factor for long-term respiratory infection, but dispensable in 590 

the acute infection model.  C3H/HeJ (tlr4 mutant) mice were infected with 105 G636, G636 ΔinvL, 591 

or G636 invL+.  Groups of mice were then sacrificed at 1 dpi (A), 7 dpi (B), 14 dpi (C), and 21 dpi 592 

(D), and CFU in the lungs were quantified.  Shown are the results from 3 independent 593 

experiments.  For the acute infection model, groups of C57BL/6 mice were infected with 109 G636, 594 

G636 ΔinvL, or G636 invL+.  24 hpi, mice were sacrificed, and CFU in the lungs (A), spleen (B), 595 

and kidneys (C) were enumerated.  Each data point represents an individual mouse, the 596 

horizontal line represents the mean, and the SEM is indicated by error bars.  Shown are the 597 

results of 2-3 independent experiments.  *P < 0.05; Kruskal-Wallis H test with Dunn’s test for 598 

multiple comparisons; ns = not significant. 599 

Figure 5.  The chronic respiratory infection model can be used to study outcomes of antibiotic 600 

treatment.  Groups of C3H/HeJ (tlr4 mutant) mice were infected with 105 G636 (A, C) or 105 G654 601 

(B, D) and sacrificed at 1, 3, and 5 dpi (long-term).  Additionally, groups of C57Bl/6 mice were 602 

infected with 109 G636 (A, C) or 109 G654 (B, D) and sacrificed at 24 hpi (acute).  Mice in both 603 

infection models were treated intraperitoneally treated with PBS or 100 mg/kg tigecycline (tig) 604 

every 12 h (A, B) or PBS or 500 mg/kg apramycin (apr) every 12 h (C, D) with all treatments 605 

beginning 4 hpi.  At each timepoint, CFU were quantified in the lungs.  Shown are the results from 606 

at least two independent experiments, each data point represents an individual mouse, the 607 

horizontal line represents the mean, and the SEM is represented by error bars.  *P < 0.05; Mann-608 

Whitney U test. 609 

Figure 6.  Bacterial secondary infection alters the course of chronic A. baumannii pneumonia.  610 

C3H/HeJ (tlr4 mutant) mice were intranasally inoculated with 105 G636, and groups of mice were 611 

sacrificed at 1, 7, and 14 dpi.  At 14 days post-A. baumannii infection, groups of mice were either 612 

not inoculated (untreated), inoculated with PBS (mock-infected), infected with S. aureus, or 613 
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infected on K. pneumoniae.  Subsequently, on days 15 and 16 post-A. baumannii infection (1 and 614 

2 days post-secondary infection), mice were sacrificed, and A. baumannii CFU were quantified in 615 

the lungs (A, D, E), spleen (B), and kidneys (C).  In panels A, B, and C, each data point represents 616 

the mean, the SEM is represented by error bars, and the limit of detection is indicated by the 617 

dashed line.  In panels D and E, each data point represents an individual mouse, the horizontal 618 

line represents the mean, and the SEM is indicated by error bars.  Shown are results from at least 619 

2 independent experiments.  *P < 0.05; Kruskal-Wallis H test with Dunn’s test for multiple 620 

comparisons. 621 

Figure S1.  Intracellular A. baumannii are detectable in BALF at early timepoints in the chronic 622 

respiratory infection model.  Groups of C3H/HeJ (tlr4 mutant) mice were intranasally inoculated 623 

with 105 G636, and BALF was collected at 4 hpi (A), 2 dpi (B), and 7 dpi (C) and either treated 624 

with 50 µg/ml colistin or mock-treated.  Following, bacterial CFU in the treated (intracellular; IC) 625 

and mock treated (total) BALF, as well as in the remaining lungs following BALF collection, were 626 

enumerated by serial dilution plating.  The horizontal line represents the mean, and the SEM is 627 

indicated by error bars.  Shown are the results from at least two independent experiments.  628 

C3H/HeJ (tlr4 mutant) mice were infected with G636 expressing gfp, and, at these same 629 

timepoints, BALF was collected, and host cells were isolated and stained with DAPI (blue) and 630 

phalloidin (red).  Intracellular bacteria were identified by microscopy at 4 hpi (D) and 2 dpi (E).  631 

Shown are representative images from independent samples from at least two biological 632 

replicates.  Scale bar = 5 µm.  633 

Figure S2.  The chronic respiratory infection model results in lung pathology during infection.  634 

Groups of C3H/HeJ (tlr4 mutant) mice were inoculated with 105 G636 or mock-inoculated with 635 

PBS, and at 4 hpi (A), 2 dpi (B), 7 dpi (C), 14 dpi (D), and 21 dpi (E), lungs slices were prepared 636 

and H&E stained.  Shown are representative images from each timepoint.  Lung slice scale bar: 637 

1000 µm; Inset scale bar: 100 µm. 638 

Figure S3.  The chronic respiratory infection model does not cause goblet cell hyperplasia or 639 

fibrosis.  Groups of C3H/HeJ (tlr4 mutant) mice were inoculated with 105 G636 or mock-inoculated 640 

with PBS, and at 4 hpi, 2 dpi, 7 dpi, 14 dpi, and 21 dpi, lungs slices were prepared, H&E stained, 641 

and scored for goblet cell hyperplasia (A) and fibrosis (B).  The mean is shown on the graph, and 642 

the SEM is indicated by error bars.  Unpaired Student’s t-test. 643 

Figure S4.  Testing of G636 adhesin mutants in the chronic respiratory infection model reveals a 644 

potential role for InvL in bacterial persistence.  Groups of C3H/HeJ (tlr4 mutant) mice were 645 

intranasally inoculated with 105 G636, G636 Δbap, G636 Δata, G636 ΔfhaBC, and G636 ΔinvL.  646 

1 (A) and 14 (B) dpi, mice were sacrificed, and CFU in the lungs were quantified.  Each data point 647 

represents an individual mouse, the horizontal line represents the mean, and the SEM is indicated 648 

by error bars.  Shown are results from single experiments for each strain. 649 

Figure S5.  The chronic respiratory infection model can be used to study outcomes of antibiotic 650 

treatment.  Groups of C3H/HeJ (tlr4 mutant) mice were infected with 105 G636 (A, C) or 105 G654 651 

(B, D) and sacrificed at 1, 3, and 5 dpi (long-term).  Additionally, groups of C57Bl/6 mice were 652 

infected with 109 G636 (A, C) or 109 G654 (B, D) and sacrificed at 24 hpi (acute).  Mice in both 653 

infection models were treated intraperitoneally treated with PBS or 5 mg/kg colistin (col) every 8 654 

h (A, B) or PBS or 100 mg/kg imipenem (im) every 12 h (C, D) with all treatments beginning 4 hpi.  655 

At each timepoint, CFU were quantified in the lungs.  Shown are the results from at least two 656 
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independent experiments, each data point represents an individual mouse, the horizontal line 657 

represents the mean, and the SEM is represented by error bars.  *P < 0.05; Mann-Whitney U test. 658 

Figure S6.  S. aureus secondary infection sometimes causes A. baumannii dissemination to the 659 

spleen and kidneys in the chronic respiratory infection model.  C3H/HeJ (tlr4 mutant) mice were 660 

intranasally inoculated with 105 G636.  At 14 days post-A. baumannii infection, groups of mice 661 

were either not inoculated (untreated), inoculated with PBS (mock-infected), infected with S. 662 

aureus, or infected with K. pneumoniae.  Subsequently, on days 15 (A and B) and 16 (C and D) 663 

post-A. baumannii infection (1 and 2 days post-secondary infection), groups of mice were 664 

sacrificed, and A. baumannii CFU were quantified in the spleen (A and C), and kidneys (C and 665 

D).  Each data point represents an individual mouse, the horizontal line represents the mean, and 666 

the SEM is indicated by error bars.  Shown are results from at least 2 independent experiments.  667 

Significant differences were not detected; Kruskal-Wallis H test with Dunn’s test for multiple 668 

comparisons. 669 

Figure S7.  Ongoing A. baumannii pneumonia alters bacterial numbers following secondary 670 

infection with S. aureus and K. pneumoniae.  C3H/HeJ (tlr4 mutant) mice were either intranasally 671 

inoculated with 105 G636 14 days prior to infection with S. aureus or K. pneumoniae (+Ab) or not 672 

infected prior to S. aureus or K. pneumoniae infection (-Ab).  At 14 days post-A. baumannii 673 

infection, groups of mice were infected with S. aureus or K. pneumoniae.  1 and 2 dpi with S. 674 

aureus (A, B, and C) or K. pneumoniae (D, E, and F), mice were sacrificed, and these bacteria 675 

were quantified in the lung (A and D), spleen (B and E), and kidneys (C and F).  Each data point 676 

represents an individual mouse, the horizontal line represents the mean, and the SEM is indicated 677 

by error bars.  Shown are results from at least 2 independent experiments.  *P < 0.05; Mann-678 

Whitney U test. 679 
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