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Abstract 36 

Staphylococcus aureus (S. aureus) can form biofilms on biotic or abiotic surfaces making 37 
biofilm infections a relevant clinical problem. Biofilms can evade immunity and resist 38 
antimicrobial treatment, and as such an understanding of biofilm infection in vivo is 39 
necessary to inform new therapeutics. Using a mouse model of S. aureus foreign-body skin 40 
infection and intravital microscopy, we imaged the interactions between neutrophils and S. 41 
aureus biofilm. We observed that neutrophils were separated from bacteria by a biofilm 42 
matrix composed of the polysaccharide intercellular adhesin (PIA), an exopolysaccharide 43 
chemically designated as poly-N-acetylglucosamine (PNAG) that is produced by 44 
enzymatic machinery encoded by the icaADBC operon. Infection with icaADBC-deficient 45 
S. aureus strains led to increased neutrophil infiltration and access to bacteria and resulted 46 
in full clearance of infection by 7 days. Moreover, enzymatic treatment with PgaB, which 47 
hydrolyzes partially deacetylated PNAG, was shown to disaggregate the biofilm giving 48 
neutrophils access into the infection site to improve clearance. Taken together, our results 49 
show that PNAG shelters S. aureus biofilms from innate host defense, and that targeting 50 
the biofilm matrix with glycoside hydrolases is a promising therapeutic avenue to treat S. 51 
aureus biofilm infections.  52 

 53 

Author Summary 54 

Staphylococcus aureus is a major cause of biofilm-associated infections, which pose a 55 
major threat to human health. A biofilm is difficult to treat since bacteria are protected from 56 
antimicrobials within an extracellular matrix. This study is the first to show that the PgaB 57 
enzyme, a glycoside hydrolase, can disrupt the S. aureus biofilm matrix in vivo. Disrupting 58 
the biofilm matrix with PgaB gives neutrophils access to bacteria for elimination.  59 
 60 
 61 
  62 
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Introduction 63 

 64 
Staphylococcus aureus is a leading cause of bacterial infection and foreign-body 65 

associated infections worldwide, and alternatives to antibiotics are needed to defeat these 66 
infections. The ability of S. aureus to form biofilm on surfaces such as catheters and 67 
medical implants, or host tissues such as bone and heart valves, contributes to its 68 
persistence in chronic infections (1). Biofilms are difficult to eradicate, as they present as 69 
a physical barrier to the host immune system and cells within the biofilm are tolerant to 70 
antimicrobials (1). The standard of practice to resolve biofilm infections is removal of the 71 
infected device, which puts the patient more at risk for developing further complications 72 
such as surgical site infections (2). Currently, there are no therapeutics in practice that are 73 
specifically designed to disrupt the S. aureus biofilm.  74 

 75 

A first step of biofilm formation often involves the attachment of planktonic 76 
bacterial cells to a surface such as a foreign body, followed by growth and maturation of 77 
the biofilm (3). We previously described that pre-formed aggregates of S. aureus in the 78 
early stages of biofilm development were resistant to neutrophil-mediated killing and that 79 
neutrophils recruited to the skin were unable to eliminate the bacteria (4). This observation 80 
led us to hypothesize that components of the S. aureus biofilm matrix hinder the innate 81 
immune response leading to a persistent infection.  82 

 83 

The extracellular matrix is a hallmark of biofilm formation. The biofilm matrix 84 
functions to protect bacteria from hostile environmental factors such as the host immune 85 
system as well as antibiotics (5). In many bacterial species,  biofilm matrix polysaccharides 86 
such as cellulose, acetylated cellulose, poly-β-1,6-N-acetyl-D-glucosamine (PNAG), Pel, 87 
and alginate are produced by various biosynthetic machineries (6, 7). In addition to the 88 
biofilm matrix polymers, other components of the biofilm matrix include proteins, teichoic 89 
acids, and extracellular DNA (eDNA) (5).  90 

 91 

Staphylococcal biofilms are divided into two broad categories depending on the 92 
composition of the EPS: polysaccharide-dependent and polysaccharide-independent 93 
protein-rich biofilms. Staphylococci produce one main exopolysaccharide in the EPS, 94 
initially designated as the polysaccharide intercellular adhesin (PIA), which is made up of 95 
repeating monomers of ß-1-6-linked N-acetyl glucosamine monomers to form PNAG. This 96 
extracellular polymer is synthesized by the enzymatic machinery encoded in the icaADBC 97 
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operon (8, 9). Partial deacetylation of PNAG by IcaB modifies the charge of the polymer 98 
which is required for biofilm formation (10). Since its original description in S. epidermidis 99 
(11), the icaADBC operon has been identified in multiple S. aureus strains including S. 100 
aureus MW2, a clinically relevant USA400 methicillin-resistant S. aureus (MRSA) strain 101 
(12, 13). In addition, clinical isolates of S. aureus have been shown to upregulate icaADBC 102 
compared to commensal S. aureus species (14, 15). In vivo, PNAG has been shown to 103 
establish an invasive lung infection where deletion of ica in S. aureus resulted in fewer 104 
lung abscesses and a reduction in bacterial burden from the lungs of infected mice (16). 105 

 106 

Due to the rise of antibiotic resistant strains, alternatives to treating S. aureus 107 
infections are needed. One strategy is to disrupt the biofilm by targeting the 108 
exopolysaccharide biofilm matrix with glycoside hydrolase enzymes (17). Previous studies 109 
have shown that the glycoside hydrolases α-amylase and cellulase can degrade 110 
Pseudomonas aeruginosa and S. aureus biofilms in vitro and ex vivo (18, 19). Dispersin B 111 
(DspB), which degrades PNAG (20), has been shown to reduce S. aureus colonization in a 112 
rabbit model of subcutaneous implant infection (21). In addition, we have previously 113 
shown that S. aureus biofilms can be disrupted by the glycoside hydrolase enzyme PgaB 114 
in vitro, where PgaB hydrolyzes partially deacetylated PNAG (22). However, no studies 115 
have determined the role of PNAG or glycoside hydrolase treatment on immune function 116 
during S. aureus infection in vivo.  117 

 118 

In the present study, we have used a foreign body biofilm infection model using S. 119 
aureus agar beads to image the host response to S. aureus biofilm, as previously described 120 
(23). We show that the persistence is due to PIA exopolysaccharide which acts as a physical 121 
barrier that protects bacteria from the host immune system and hinders neutrophils from 122 
accessing bacteria. Infection with biofilm-deficient S. aureus mutants in the bead increased 123 
immune cell infiltration into the infection site at 24 hours, leading to enhanced bacterial 124 
clearance at 7 days. Imaging the biofilm revealed that neutrophils utilized elastase to 125 
infiltrate into the infection site but were sequestered at a distance from bacterial clusters 126 
separated by the PIA biofilm. After infection with biofilm-deficient strains, neutrophils 127 
were able to migrate further into the infection site and access bacterial clusters. Finally, 128 
enzymatically disrupting the biofilm matrix with PgaB, an enzyme that hydrolyzes partially 129 
deacetylated PNAG (22), improved neutrophil access to bacterial clusters and eradication 130 
in vivo suggesting that disrupting the biofilm matrix with glycoside hydrolases is a 131 
promising therapeutic option to treat biofilm infections.  132 
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 133 
 134 

Results 135 

 136 
Despite the evidence that S. aureus readily forms biofilm on foreign material such 137 

as indwelling catheters, medical devices, prostheses, and host tissue, the innate immune 138 
response to in vivo biofilm infection remains largely unexplored. To investigate the 139 
immune response to biofilm infection in vivo, we utilized a foreign body skin infection 140 
model in combination with microscopy, transgenic reporter mice and genome-engineered 141 
strains of S. aureus MW2, a clinically relevant MRSA strain (24).  142 

 143 

PIA exopolysaccharide is produced during in vivo biofilm 144 

infection  145 

We have recently described a low dose foreign body infection model using S. 146 
aureus-contaminated agar beads (500 CFU/bead). This low dose infection formed biofilm 147 
in vivo and mice infected with an S. aureus bead took longer to clear infection compared 148 
to mice infected with planktonic S. aureus (23). Using this infection model, we investigated 149 
the role of polysaccharide-dependent biofilm formation by engineering an S. aureus MW2 150 
strain with a complete, unmarked deletion of all 4 genes in the intercellular adhesion (Ica) 151 
operon (ΔicaADBC, see methods). At 24 hours post-infection, beads embedded with wild 152 
type S. aureus MW2 in beads showed evidence of biofilm formation, with clusters of S. 153 
aureus cells interconnected together by strands of exopolysaccharide filaments, similar to 154 
that reported previously (25) (Figure 1A). By contrast, only single cells of S. aureus and 155 
no interconnected biofilm matrix were observed from ΔicaADBC S. aureus embedded 156 
beads (Figure 1B). This biofilm phenotype was also validated in vitro using the Calgary 157 
Biofilm Device (26, 27), and the microplate biofilm assay (28) where ΔicaADBC formed 158 
significantly less biofilm when compared to wild type bacteria (Figure 1C-D).  159 

 160 

Using multiphoton intravital microscopy, we imaged the infection at 24 hours and 161 
labeled the biofilm matrix with a fluorescently-conjugated monoclonal antibody (F598) 162 
that recognizes PNAG (29). A 3D reconstruction of S. aureus GFP+ clusters within the 163 
infection site revealed that PNAG (blue-green) was visualized surrounding wild type 164 
bacteria (yellow) in skin, which was not observed in ΔicaADBC infections (Figure 1E). 165 
Dot blots also confirmed PNAG production in vitro in wild type S. aureus but not 166 
ΔicaADBC S. aureus (Figure 1F).  167 
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 168 

We next tested the ability for mice to clear S. aureus bead infections in the presence 169 
or absence of biofilm. In addition to the ΔicaADBC strain, we tested a strain lacking a 170 
regulator of the ica operon, Rbf, which represses the negative regulator of the ica operon, 171 
icaR (13). Although there were no differences in skin CFUs between wild type, ΔicaADBC, 172 
or Δrbf S. aureus at 24 hours post-infection (Figure 1G), bacterial clearance at 7 days post-173 
infection was dependent on ica-dependent biofilm formation, as both ΔicaADBC and Δrbf 174 
bead infections were cleared from skin (Figure 1H). Complementation of the ΔicaADBC 175 
operon was not possible as trans-complementation in S. aureus with a useable vector in 176 
mice has not yet been developed. By contrast, S. aureus Δagr, which lacks agr-dependent 177 
quorum sensing and secreted virulence factors, did not contribute to bacterial persistence 178 
at 7 days post-infection (Figure 1I).  179 

 180 

To test the virulence of biofilm-deficient strains in a systemic challenge, we 181 
administered wild type, ΔicaADCB or Δrbf S. aureus i.v. to C57 mice. Mortality and 182 
changes in body weight were unaffected with biofilm-deficient S. aureus strains after 183 
systemic infection (Figure 1J-K).  184 

 185 

Increased immune infiltration in the absence of biofilm  186 

In our previous work, infection with S. aureus embedded beads disrupted the 187 
collagen structure in the subcutaneous fascia which we visualized by second harmonic 188 
generation (SHG), and we identified the infection site by an absence of collagen signal 189 
(23). Identification of the infection site allowed us to quantify immune cell infiltration into 190 
the collagen-free zone using 3D image analysis (Figure 2A).  191 

 192 

Although wild type and biofilm-deficient S. aureus bead induced similar immune 193 
cell recruitment (Figure 2B, D), we observed differences in their localization pattern with 194 
respect to the collagen-free infection site. Whereas 40% of total neutrophils infiltrated in 195 
wild type infections, mice infected with ΔicaADBC S. aureus bead had increased 196 
neutrophil infiltration (60% of total neutrophils) (Figure 2C). To see if this was just a 197 
barrier, other cell types should also be able to infiltrate into the infection site. When we 198 
looked at monocytes, they too infiltrated the infection site more effectively in the biofilm 199 
mutants than in the wild type infections suggesting that it is not specific to neutrophils 200 
(Figure 2E). Neutrophil elastase (NE) regulated neutrophil infiltration into the infection 201 
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site at 24 hours as NE-/- mice infected with wild type S. aureus exhibited significantly less 202 
neutrophil recruitment into the infection site compared to C57 wildtype mice (Figure 2F-203 
G).  204 

 205 

Flow cytometry of 24-hour skin infections confirmed that total numbers of Ly6Cint 206 
Ly6G+ neutrophils and Ly6G- Ly6Chi CD64+ monocyte-derived cells were similar among 207 
wild type, ΔicaADCB and Δrbf strain infected mice (Figure 3A-C). Additionally, there 208 
were no obvious differences in neutrophil phenotype at 24 hours post-infection in the 209 
absence of biofilm (Figure 3D-F). Neutrophil behaviour was analyzed at 24 hours and 210 
after infection with ΔicaADCB S. aureus bead exposed neutrophils were migrating at 211 
increased velocity compared to neutrophils from wild type infected mice (Figure 3G, 212 
Video S1). In the absence of biofilm, neutrophils also migrated further distances (20-40 213 
μm) compared to neutrophils from wild type infections which migrated less than 20 μm 214 
(Figure 3H). These data suggest that loss of S. aureus MW2 biofilm-linked traits allows 215 
neutrophils to crawl longer distances and infiltrate into the infection to encounter bacteria.  216 

 217 

PNAG biofilm restricts neutrophil migration into the infection 218 

site to access bacteria 219 

We hypothesized that the biofilm matrix exopolysaccharide hindered neutrophil 220 
migration into the infection site. We imaged Catchupivm-red mice infected with GFP-221 
expressing S. aureus and observed a dark zone defined by the SHG-negative, GFP-negative 222 
and tdTomato-negative area (Figure 4A) exactly where the PNAG biofilm matrix was 223 
observed previously within the infection site in wild type infections (Figure 1C-D). As we 224 
imaged deeper into the infection site below the collagen surface, the bacterial clusters 225 
became visible, and we observed a dark zone around the wild type bacterial clusters that 226 
was not apparent in biofilm-deficient infections (Figure 4B-D). The dark zone area was 227 
significantly reduced in Δrbf or ΔicaADCB infections (Figure 4E).  228 

 229 

As we have previously shown that S. aureus biofilms can be disrupted by a 230 
glycoside hydrolase enzyme PgaB in vitro (22), we next tested whether PgaB treatment in 231 
vivo would affect neutrophil localization and access to bacteria. Catchupivm-red mice were 232 
infected with GFP-expressing wild type S. aureus embedded beads, treated with PgaB or 233 
catalytically inactive enzyme PgaBD474N at the time of infection, and imaged at 24 hours 234 
post-infection. The dark zone was apparent in inactive PgaBD474N treated mice but absent 235 
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in active PgaB treated mice (Figure 4F-G), suggesting that inhibiting biofilm production 236 
with PgaB allows neutrophils to access the bacteria. Dispersin B (DspB), another enzyme 237 
that hydrolyzes PNAG (22), also gave neutrophils access to bacteria with a reduction in 238 
dark zone area at 24 hours post-infection (Figure 4H). As a result of neutrophils accessing 239 
bacteria, PgaB enzyme treatment, both at the time of infection (Figure 4I) or 240 
therapeutically at 24 hours post-infection (Figure 4J), significantly reduced bacterial 241 
burden at 7 days post-infection. 242 

 243 
 244 

Discussion  245 

 246 
These data show that the PNAG biofilm matrix produced by proteins encoded by 247 

the icaADBC operon is critical for S. aureus persistence in a foreign-body skin infection 248 
model. Imaging the early innate immune response at 24 hours post-infection revealed that 249 
immune infiltration into the infection site was hindered in the presence of biofilm which 250 
can be therapeutically targeted using the glycoside hydrolase enzyme PgaB. This work is 251 
promising for the development of new targeted therapies for foreign-body associated 252 
infections with S. aureus.  253 

 254 

S. aureus readily forms biofilm on foreign body surfaces or host tissues. This is a 255 
major cause of chronic infections in humans (1). Despite decades of research on bacterial 256 
biofilms, most studies are limited to in vitro models which do not reflect what happens in 257 
vivo (30). Using in vivo intravital microscopy on living mice during a foreign body biofilm 258 
infection, we were able to image not only the biofilm in vivo, but also the dynamic host 259 
immune response to in vivo biofilm infection. Our lab had previously used a foreign-body 260 
infection model with S. aureus-laden agar beads but at high concentrations of bacteria 261 
(~106 CFU/bead) to study neutrophil recruitment to the S. aureus bead (31). We have 262 
adapted this infection model to use low concentrations of S. aureus on the agar bead (500 263 
CFU/bead) which serves as a foreign body and in our opinion is more clinically relevant 264 
than the more common high dose planktonic infections.  265 

 266 

Evidence for an in vivo biofilm model 267 

Our previous data using bead infection model supported biofilm formation in vivo 268 
(23). We know that PIA/PNAG is present in S. aureus biofilm matrix which is synthesized 269 
by proteins encoded in the icaADBC operon (32), and many clinical isolates of S. aureus 270 
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display high levels of icaADBC expression compared to commensal S. aureus strains (14, 271 
15). The S. aureus strain used in this study, MW2, is also PIA/PNAG+ and forms ica-272 
dependent biofilm formation in vivo (13). In our study, a loss-of-function mutation in 273 
icaADBC led to a decreased biofilm phenotype with the absence of PNAG biofilm matrix 274 
in S. aureus. The ΔicaADBC strain was cleared from skin by 7 days post-infection 275 
indicating that PIA/PNAG is critical for S. aureus to establish a persistent subcutaneous 276 
infection in vivo.  277 

 278 

Our data with the ΔicaADBC strain was also supported with a S. aureus Δrbf 279 
mutant. Rbf regulates S. aureus biofilm formation in vitro (13). A Δagr mutant strain is 280 
unable to produce several virulence factors including toxins, phenol soluble modulins, and 281 
protein A (33), yet more biofilm compared to wild type strains (34). Here, deletion of agr 282 
in did not affect bacterial persistence at 7 days post-infection and even trended towards 283 
more difficult to eradicate infection.  284 

 285 

In addition to PIA/PNAG, S. aureus can produce other biofilm matrix polymers 286 
which include teichoic acids, proteins, and eDNA. These polymers can have a variety of 287 
functions during different stages of biofilm development (5). In addition, the composition 288 
of the polymers within biofilms can vary by strain and foreign body surface (5). Future 289 
directions using this low-dose S. aureus bead infection model would be to identify 290 
additional components within the biofilm matrix and determine their functional role during 291 
in vivo biofilm infection in skin. 292 

 293 

Neutrophil-biofilm interactions in vivo 294 

Neutrophil behaviour in close proximity to bacteria within the infection site after 295 
wild type infections and its counterparts lacking rbf and icaADBC showed striking 296 
differences despite having similar numbers of neutrophils recruited to the infected area. 297 
Neutrophils in the wild type skin infection had reduced motility whereas neutrophil in the 298 
biofilm-deficient strains were more active with higher velocity and further track 299 
displacement. This phenotype was most prominent in S. aureus mutant lacking icaADBC. 300 
The reduced motility is likely due to the presence of PIA/PNAG biofilm matrix.  301 

 302 
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Without labeling for PNAG, a dark zone that was SHG (collagen)-negative, GFP 303 
S. aureus-negative, and tdTomato (neutrophil)-negative was apparent which we referred to 304 
as the biofilm. The dark areas observed in S. aureus biofilm infections were similar to the 305 
‘dead zone’ found after Pseudomonas aeruginosa biofilm infection in the eye where a 306 
black area devoid of tdTomato+ neutrophils and GFP bacteria was formed between host 307 
and pathogen (35). We cannot rule out the possibility of other biofilm components such as 308 
proteins or eDNA being present within the dark zone. However, after infecting with rbf- 309 
and icaADBC-deficient S. aureus strains, or treating mice with PgaB, the dark zone was 310 
eliminated suggesting that the PIA biofilm matrix contributed to the formation of the dark 311 
zone.  312 

 313 

Degradation of the biofilm in vivo 314 

PgaB is a two-domain enzyme produced by the pgaABCD operon in Bordetella 315 
bronchiseptica and Escherichia coli species amongst others (7). Its N-terminal domain 316 
exhibits PNAG deacetylase activity while its C-terminal domain has glycoside hydrolase 317 
activity. The enzyme is required for PNAG-dependent biofilm formation (22). In 318 
staphylococcal biofilms, PgaB can disrupt the exopolysaccharide of the biofilm matrix. 319 
Importantly, pathogens who do not produce the PNAG exopolysaccharide are not affected 320 
by glycoside hydrolase activity (36).  321 

 322 

Conclusion 323 

Our work adds to a growing body of work that suggests glycoside hydrolases may 324 
be used therapeutically. Although PgaB has been shown to disrupt staphylococcal biofilm 325 
in vitro (22), PgaB has not been used to target in vivo biofilms, which makes us the first to 326 
study the in vivo effects of this enzyme on the host immune system. In addition to Dispersin 327 
B which has the same enzymatic activity as PgaB, glycoside hydrolases from other bacteria 328 
such as P. aeruginosa and Aspergillis have also shown therapeutic potential in in vivo 329 
infection models (37, 38). Finally, a recent systematic survey of bacterial EPS operons 330 
revealed that 288 bacterial species contain the operon that encodes for PIA/PNAG (7), 331 
which suggests not only an evolutionarily conserved mechanism of PIA-mediated biofilm 332 
formation, but points to PgaB as a broadly targeting therapeutic for chronic infections 333 
caused by many different bacterial species. Altogether, this paper demonstrates a role for 334 
ica-dependent biofilm formation in vivo and a therapeutic angle to target chronic biofilm 335 
infections with glycoside hydrolase enzymes.  336 
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Materials and Methods 337 

 338 
Mice. Animal experiments were performed with adult male and female 7-8-wk-old mice 339 
and all experimental animal protocols were approved by the University of Calgary 340 
Animal Care Committee and followed guidelines established by the Canadian Council for 341 
Animal Care (protocol number AC19-0138). All mice were housed under specific 342 
pathogen-free conditions and received sterilized rodent chow and water ad libitum. Mice 343 
infected longer than 24 hours were housed in a biohazard facility biosafety level 2. 344 
C57BL/6J mice were purchased from The Jackson Laboratory and bred in house. Ly6G-345 
cre/Ai14 (CatchupIVM-red) mice were a kind gift from Matthias Gunzer. We crossed 346 
CatchupIVM-red mice to CX3CR1gfp/gfp mice to generate CatchupIVM-red CX3CR1gfp/wt 347 
double reporter mice, as previously described (23).  348 

 349 

Staphylococcus aureus. S. aureus strain USA400 MW2 (Baba et al., 2002) and its 350 
genetically engineered mutant strains were used for every experiment. MW2 WT and MW2 351 
Δrbf were kindly gifted to us from Dr. Chia Lee (UAMS). Bacteria were grown in Brain 352 
Heart Infusion (BHI) broth medium at 37°C while shaking at 225 rpm. When required, 353 
bacteria were transformed with pCM29 to constitutively express GFP (Pang et al., 2010). 354 
For MW2-GFP growth, chloramphenicol (10 μg/mL) was added for plasmid selection. For 355 
infection, S. aureus strains were sub-cultured in BHI medium without antibiotics until late 356 
exponential phase (OD660 1.5), washed once with sterile PBS, and resuspended in 1 mL 357 
PBS for bead or planktonic infections.  358 

 359 

Standard microbiological and molecular biology methods. All strains and plasmids are 360 
listed in Table S1, and primers in Table S2. All basic microbiological and molecular 361 
procedures were executed according to standard protocols(39). DNA concentrations were 362 
measured using the A260/A280 method with a Nanodrop 2000 Spectrophotometer 363 
(ThermoFisher Scientific). Protein concentrations were determined using the Pierce 660 364 
nm Protein Assay Reagent (ThermoFIsher Scientific), which was calibrated using bovine 365 
serum albumin standards. Genomic DNA (gDNA) isolation, plasmid preparation and DNA 366 
gel extraction were performed using nucleotide purification kits purchased from Qiagen or 367 
BioBasics. Phusion DNA polymerase and BP Clonase II were purchased from 368 
ThermoFisher Scientific. Oligonucleotide primers were purchased from Integrated DNA 369 
Technologies. Sanger sequencing was outsourced to UCDNA Services at the University of 370 
Calgary. Lysostaphin, anhydrotetracycline (ATC), chloramphenicol (CHL) and 371 
carbenicillin (CAR) were purchased from Sigma-Aldrich. Antibiotic stock solutions were 372 
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corrected for activity, filter sterilized, split into 0.5 ml aliquots, and stored at −70 °C until 373 
used. 374 

 375 

Microbiological media and buffers. Ultrapure water was used in all buffers and media. It 376 
was prepared in-house using a Milli-Q Direct Water Purification System (Millipore-377 
Sigma). Phosphate buffered saline (PBS) was purchased as a 20 × concentrate (Amresco). 378 
It was diluted as needed in ultrapure water and then sterilized using an autoclave. 379 
Escherichia coli and S. aureus strains were routinely propagated in lysogeny broth (LB). 380 
LB was made with 10 g tryptone, 5.0 g yeast extract and 5.0 g NaCl per 1.0 L of ultrapure 381 
water. Semi-solid LB agar in Petri dishes was prepared by adding 15.0 g/L bacteriological 382 
agar to LB prior to autoclaving. S. aureus was propagated, as required, in brain-heart 383 
infusion (BHI) broth, tryptic soy broth (TSB), or tryptic soy agar (TSA) purchased from 384 
BD Difco and prepared according to manufacturer’s directions in ultrapure water. As 385 
required, antibiotics and/or ATC were added as follows to media for selection during 386 
genetic manipulations: for E. coli, CAR at 50 µg ml-1, and CHL at 25 µg ml-1; for S. aureus 387 
MW2: CHL at 10 µg ml-1, and ATC at 0.50 µg ml-1. All strains were stored at -70 °C in 388 
LB containing 16.7% glycerol. 389 

 390 

Construction of allelic exchange vectors and S. aureus deletion mutants. An in-frame 391 
deletion mutation in icaADBC was engineered in S. aureus MW2 using established 392 
protocols for two-step allelic exchange(40), but with some modifications. Briefly, primer 393 
pairs oTER334/oTER345 and oTER338/oTER344 were used to amplify DNA regions 394 
upstream and downstream of icaA and icaC, respectively. These PCR products were gel 395 
purified and then fused together using established protocols(41) for splicing-by-overlap-396 
extension (SOE) PCR with primers oTER334 and oTER344, which had been tailed with 397 
attB1 and attB2 sequences, respectively. The SOE-PCR product was gel purified and then 398 
recombined with pKOR1 using BP Clonase II. This reaction mixture was transformed into 399 
E. coli DH5α via electroporation, plated onto LB + CAR agar, and incubated overnight at 400 
30 °C. Clones bearing the desired insert were identified via established protocols for colony 401 
PCR with M13F and M13R primers (oJJH367 and oJJH368, respectively, Table S2)(41, 402 
42). The resulting allelic exchange vector, pKOR1::ΔicaABDC (pTER139, Table S1) was 403 
verified by Sanger sequencing using M13F and M13R primers.  404 

The pTER139 plasmid was transformed into E. coli DC10B, outgrown, selected, 405 
and purified using standard methods to ensure restriction modification system 406 
compatibility(43) with S. aureus MW2. Subsequently, 5 µg pTER139 was electroporated 407 
into S. aureus MW2 via established protocols(43). Merodiploids were selected on TSA + 408 
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CHL after 24 h incubation at 30 °C. Subsequently, several propagations were necessary to 409 
cure the pKOR1-derived allelic exchange vector. Here, 2-3 colonies were picked from 410 
these plates and transferred to 5 mL TSB + CHL and incubated overnight at 30 °C and 250 411 
RPM; 5 µl of this culture was then transferred to 5 mL TSB + CHL, incubated for 24 h at 412 
42 °C and 250 RPM. This culture was serially diluted and spread onto TSA + CHL and 413 
incubated at 42 °C. Merodiploid colonies were collected with a sterile swab and transferred 414 
to 5 ml TSB and incubated overnight at 37 °C and 250 RPM, and then serially diluted and 415 
spread on TSA + ATC for counterselection. Colonies were picked from these plates and 416 
spotted on TSA and TSA + CHL. Colony PCR using phenol extraction of S. aureus 417 
gDNA(44) from CHL-sensitive colonies was used to identify the ΔicaADBC mutant using 418 
primers oTER423 and oTER382 (Table S2). The deletion mutation was confirmed via 419 
Sanger sequencing of this PCR product using the same primers, yielding S. aureus TER49 420 
(Table S1). 421 

 422 

 423 

S. aureus agar bead preparation. S. aureus-inoculated agar beads were used to model a 424 
foreign-body infection, as previously described (23). Bacteria were resuspended in 1mL 425 
PBS, adjusted to an OD660 of 0.100, then diluted 10-fold. 250 μL of bacteria suspension 426 
was then added to 2.25 mL of freshly autoclaved, warm, liquid 1.5% BHI agar. The agar-427 
bacteria mixture was slowly dropped into 40 mL ice-cold mineral oil solution containing 428 
400 μL Tween 20 to prevent bead clumping. Gentle stirring for 15 minutes in an ice bath 429 
yielded spherical S. aureus agar beads. From there, beads were washed with sterile PBS by 430 
spinning in a centrifuge at 2000 rpm for 10 minutes. This wash step was repeated up to 431 
eight times to remove mineral oil coating the beads. Beads were stored at 4°C for up to two 432 
days, and fresh beads were made before every experiment. Validation of S. aureus bead 433 
concentrations of every bead batch were confirmed by mechanical disruption three times 434 
with a 30 gauge insulin syringe in 1 mL sterile PBS. 50 μL of the bead solution was plated 435 
onto BHI agar plates and grown overnight at 37°C for enumeration of CFUs. The average 436 
of four beads determined the bead concentration of the batch.  437 

 438 

Infection model – S. aureus agar beads. For bead infections, mice were anesthetized with 439 
isoflurane gas, back hair was shaved, and hair was chemically removed with Nair hair 440 
removal cream. Nair cream was washed off with water and skin was dried with a gauze 441 
pad. Mice were tattooed with green animal tattoo ink to permanently mark the infection 442 
site. A single bead was picked up with forceps and placed onto the bore of an 18 gauge 443 
needle connected to a syringe containing 50 μL sterile PBS, and the bead was moved back 444 
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by gentle pull of the syringe which moved the bead into the needle tip. The bead was 445 
injected subcutaneously into the dorsal flank skin within the tattooed region.  446 

 447 

Infection model – bloodstream S. aureus infection. Bacterial strains were grown in 3 mL 448 
BHI overnight at 37˚C while shaking. Subcultures of 150 µL bacteria in 3 mL BHI were 449 
grown for 2 hours at 37˚C. 1 mL of subculture was spun down and resuspended in sterile 450 
saline and adjusted to 5x108 CFU/mL. Mice were injected intravenously with 200 µL of 451 
bacteria (1x108 CFU inoculum) of either S. aureus MW2 WT, ∆rbf, or ∆icaADBC. Infected 452 
mice were regularly monitored for weight and illness behaviours. Euthanasia was 453 
performed when the humane endpoint was reached (20% weight loss) or clinical signs of 454 
severe systemic illness were observed. 455 

 456 

Antibodies 457 

Antibodies used for flow cytometry were purchased from eBioscience, BioLegend or BD 458 
Biosciences. Dead cells were excluded by a fixable viability dye (Ghost Red 710, Tonbo 459 
Biosciences, 1:6400). The following antibodies were used for flow cytometry:  460 

 461 

Reagent Source Identifier 
Anti-mouse CD45 BV510 (clone 30-F11) BioLegend Cat# 103138 
Anti-mouse Ly6G BV650 (clone 1A8) BD Cat# 740554 
Anti-mouse CD11b BV750 (clone M1/70) BioLegend Cat# 101267 
Anti-mouse Ly6C PerCP Cy5.5 (clone HK1.4) BioLegend Cat# 129012 
Anti-mouse CD64 Alexa Fluor 647 (clone X54-5/7.1) BD Cat# 558539 
Anti-mouse CD182 (CXCR2) BUV563 (clone V48-
2310) 

BD Cat# 748681 

Anti-mouse CD184 (CXCR4) BUV615 (clone 2B11) BD Cat# 752552 
Anti-mouse Siglec-F BUV737 (clone 1RNM44N) BD Cat# 750024 
Anti-mouse CD117 APC (clone 2B8) BioLegend Cat# 105812 
Anti-mouse CD49d FITC (clone R1-2) BioLegend Cat# 103606 
Anti-mouse CD62L BV605 (clone C068C2) BioLegend Cat# 104438 
Anti-mouse CD54 PE (clone YN1/1.7.4) BioLegend Cat# 116108 
Anti-mouse CD101 PE-Cy7 (clone Moushi101) Invitrogen Cat# 12-1011-

82 
 462 
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Skin Imaging 463 

Mice were anesthetized (ketamine (200 mg/kg) and xylazine (10 mg/kg) intraperitoneally) 464 
and a jugular catheter was inserted as previously described (McDonald et al., 2010). 465 
Anesthetics were administered through the intravenous catheter at regular intervals to 466 
maintain the mouse in a surgical plane of anesthesia. The skin surgical procedure was 467 
performed as previously described (Yipp et al., 2012). Briefly, mice were placed on a 468 
heating pad (World Precision Instruments) maintained at 37° C. A midline incision was 469 
made on the dorsal side of the mouse and the dorsal side of the flank skin was exposed and 470 
secured using silk stay-sutures onto a skin prep board (3D-printed in house). A superfusion 471 
system was set up with Hank’s Balanced Salt Solution (HBSS) heated to 37° C to perfuse 472 
the exposed skin tissue at a flow rate of 0.05. A cover glass was placed on top of the 473 
exposed skin for imaging.  474 

 475 

Resonant Scanning Multiphoton Intravital Microscopy 476 

Intravital image acquisition of the skin was performed with an upright Leica SP8 resonant 477 
scanning multiphoton microscope equipped with a 20X 0.95 NA water objective. A tunable 478 
multiphoton laser was set to 940nm for excitation of GFP, tdTomato and qTracker655 for 479 
blood vessels. Second harmonic generation was visualized at an emission of 470nm. 480 
External hybrid detectors were used to detect emission at 620-680 nm (HyD-RLD1), 565-481 
620nm (HyD-RLD2), 495-565 nm (HyD-RLD3) and <495 nm (HyD-RLD4). For 3D time 482 
lapse videos, three fields of view were selected within the infection area at 50 μm z-stack 483 
with 5 μm z-step size. Intervals were set to 30.0 seconds and videos were acquired over 20 484 
minutes. After videos were acquired, two-three 3D regions were imaged to capture the 485 
infection area at the following dimensions: 2x5 tile scan at 200 μm z-stack with 5 μm z-486 
step size. All videos and images used a line averaging of 16.  487 

Image processing, analysis and quantification 488 

Raw imaging data was processed and quantified using Imaris Bitplane version 9.5. A 489 
Gaussian filter and background subtraction was applied to all images. A MATLAB 490 
XTension “Channel Arithmetics” was run to subtract GFP signal from (Ch2[neutrophils]-491 
Ch3[S. aureus GFP]). 3D surface models of collagen were generated in Imaris using default 492 
parameters. Imaris spot function was used for automated cell counting using default 493 
parameters, and then all spots were filtered by volume to exclude spots < 5 μm3.  For 494 
quantification of neutrophil and monocyte infiltration, a 25 μm z-stack was cropped at the 495 
focal plane of the infection site, a mask was applied to the collagen surface, then an 496 
intensity max filter was applied to neutrophil (tdTomato+) or monocyte (GFP+) spots as 497 
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collagen mask+ or collagen mask-. For quantification of immune cell track length and 498 
velocity, tdTomato+ spots were tracked with Brownian motion over the 10-minute video 499 
and position XYZ coordinates were exported, and added into Rstudio where the data were 500 
quantified using an R script for generation of the spider plots and velocity measurements. 501 
For quantification of the dark zone in biofilm infections, a 2D region was cropped at the 502 
infection site, and the sum of collagen area, neutrophil area and GFP bacteria area was 503 
subtracted from the total region area. For overlapping areas, a mask was applied, and a new 504 
channel was duplicated such that any signal inside the mask was set to zero to ensure that 505 
the overlapping areas were not duplicated.  506 

 507 

CFU Experiments 508 

Skin infections (1 cm2 biopsy of full thickness skin) were collected at different time points, 509 
homogenised in PBS and serial dilutions were plated on BHI agar plates and colonies were 510 
counted after 18 h at 37°C.  511 

 512 

Flow cytometry 513 

Skin biopsies of the infected area were harvested (1 cm2 section) and collected into cold 514 
HBSS. Skin tissue was digested as previously described (23). Skin tissue was incubated at 515 
37˚C with gentle rotation for 75 minutes in 2 mL of HBSS containing 3% FBS, 5 mM 516 
EDTA and 0.8 mg/mL collagenase II (Worthington). Following enzymatic digestion tissue 517 
was passed through a 70 μm filter and washed with HBSS containing 3% FBS and 5 mM 518 
EDTA. A debris removal step was performed as per manufacturer protocol in the debris 519 
removal kit (Miltenyi Biotech). Single cells were resuspended in 800 μL of HBSS 520 
containing 3% FBS and 5 mM EDTA and 200 μL was used for antibody staining. Blood 521 
was obtained by intra-cardiac collection from anesthetized mice and 50 μL of blood lysed 522 
with ACK lysing buffer. Cells were first stained with Fc blocking antibody (1:200) and 523 
Ghost Red 710 fixable viability dye (1:6400) in HBSS for 30 minutes on ice. CXCR4 524 
antibody staining was done at 37°C for 20 minutes. Next, cell suspensions were stained for 525 
remaining surface antigens in HBSS supplemented with 3% FBS and 5 mM EDTA for 20 526 
minutes on ice. After washing with HBSS containing 3% FBS and 5 mM EDTA, cells were 527 
fixed with 1% paraformaldehyde in HBSS for 15 minutes on ice and then run the following 528 
day on the Cytek spectral cytometer. All flow cytometry experiments were analyzed with 529 
FlowJo v10 (Tree Star).  530 

 531 
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In vivo enzyme treatment for biofilm disruption 532 

A PgaB ortholog of Bordetella bronchiseptica (PgaBBb) that only contained the C-terminus 533 
of PgaB was shown to have effective glycoside hydrolase activity comparable to other 534 
enzymes such as dispersin B (Little et al., 2018), and this was the enzyme used in this work. 535 
The biofilm-disrupting enzyme, PgaB, or mutant, nonfunctional enzyme PgaB D474N 536 
were injected subcutaneously into the mouse flank skin at the time of infection with the S. 537 
aureus bead. For PgaB and PgaB D474N, 0.4 mg/mouse was injected in a 50 μL volume.  538 

 539 

Whole mount 3D multiphoton microscopy 540 

Skin samples were harvested from mice and fixed in 4% PFA for 48 hours at 4°C. Samples 541 
were then washed 3 times in 1% PBS for 1 hour at 4 °C, shaking and left in 1% BSA 1% 542 
Triton X-100 PBS overnight in 4%, shaking. Tissues were then stained with rabbit anti-543 
S100a9 antibody (Abcam, 1:500) and chicken anti-GFP antibody (AvesLabs, 1:200) in 1% 544 
Triton X-100 and 1% BSA PBS for 3 days 4 °C, shaking. Next, the samples were washed 545 
and stained with secondary antibodies (1:1000) for 2 days 4 °C, shaking. The tissues were 546 
washed and mounted onto a glass coverslip and imaged using an Leica SP8 multiphoton 547 
microscope.  548 

 549 

Scanning Electron Microscopy 550 

Skin infections were harvested and immediately fixed in 3% glutaraldehyde and 551 
paraformaldehyde for 2 hours. Samples were dehydrated in increasing concentrations of 552 
ethanol (30, 50, 70, 80, 90, and 100%), 10 minutes for each wash. Samples were transferred 553 
to hexamethyldisilazane for 1 hour and air dried overnight. Samples were sputter coated 554 
with 10nm platinum prior to imaging. SEM imaging was done on the XL30 30 kV 555 
Scanning electron microscope.  556 

 557 

Semi-quantitative PNAG dot blots 558 

Dot blots for PNAG were executed by protocols modified from those previously described 559 
by our groups to measure P. aeruginosa PSL (Harrison et al., 2020). Here, S. aureus strains 560 
were grown overnight on tryptic soy agar (TSA) at 37 ᵒC. Subsequently, single colonies 561 
were picked from the agar with a sterile loop, transferred to 2 mL tryptic soy broth (TSB) 562 
containing 1% glucose, and incubated overnight at 37 ᵒC and 250 RPM. Cell pellets were 563 
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collected from 1 mL of each culture by centrifugation (21,000 RCF for 2 min), and the 564 
supernatant discarded. The cells were suspended in 250 µL of 0.5 M EDTA (pH 8.0), and 565 
boiled at 100 ᵒC for 60 min. These boiled suspensions were again centrifuged (21,000 RCF 566 
for 10 min), and 220 µL of supernatant was transferred to a new tube. Protein 567 
concentrations were measured for each sample using the A280 NanoDrop method and a 568 
protein standard curve (ThermoFisher Cat. 23208). Afterwards, 10 µL of proteinase K was 569 
added to each sample, and the samples were incubated at 56 ᵒC for 30 min, followed by a 570 
100 ᵒC incubation for 15 min to inactivate proteinase K. These samples were diluted to 571 
3000, 1500, and 750 ng/µL, and stored at -20 ᵒC.  572 

 573 

Frozen samples were thawed and then boiled at 100 ᵒC for 5 min. A 2 µL aliquot for each 574 
sample was spotted in technical triplicate onto nitrocellulose membranes. The membrane 575 
was air dried and then rinsed in TRIS-buffered saline containing 0.5% w/v Tween-20 576 
(TBS-T). Blots were blocked with TBS-T containing 5% w/v skim milk powder for 30 577 
min, which were placed at room temperature on orbital shaker at 100 RPM. Afterwards, 578 
the blocking buffer was replaced with TBS-T + 5% w/v skim milk powder containing the 579 
human-α-PNAG antibody (Kelly-Quintos, Cavacini, Posner, Goldmann, & Pier, 2006) at 580 
a 1:1000 dilution. The blot was then incubated at room temperature on the orbital shaker 581 
for 1 h, and then rinsed 3 times with TBS-T (3 × 10 min, on the orbital shaker). 582 
Subsequently, the blot was labelled with horse-radish peroxidase (HRP) conjugated goat 583 
anti-human IgG antibody (Invitrogen, catalog number 31410) using a 1:3333 dilution in 584 
TBS-T. The blot was then incubated at room temperature on the orbital shaker for 1 h, and 585 
then rinsed 3 times with TBS-T (3 × 10 min, on the orbital shaker). Subsequently, the blot 586 
was labelled with horse-radish peroxidase (HRP) conjugated goat anti-human IgG antibody 587 
(Invitrogen, catalog number 31410) using a 1:3333 dilution in TBS-T. The blot was again 588 
incubated at room temperature on the orbital shaker for 1 h, and then rinsed 3 times with 589 
TBS-T as described above. Finally, the HRP-conjugated secondary antibody was 590 
visualized with Super Signal West Dura Extended Duration Substrate (ThermoFisher 591 
Scientifc®) and imaged using the FluorChemQ gel documentation system 592 
(Proteinsimple®). Images were captured and analyzed using Alphaview (v3.4.0) software 593 
(Proteinsimple®). Analysis was executed in biological and technical triplicate. Each 594 
sample was run in technical triplicate. One biological replicate was run per blot, 3 595 
biological replicates were tested.  596 

 597 
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In vitro biofilm assay 598 

S. aureus MW2 WT or ΔicaADCB was grown in TSB medium containing 0.125% glucose 599 
for 24 hours and biofilms were stained with 0.1% crystal violet using two different in vitro 600 
biofilm assays: the Minimum Biofilm Eradication Concentration (MBEC) assay utilizing 601 
the Calgary Biofilm Device, as previously described (Ceri et al., 1999; Harrison et al., 602 
2010) and the microplate biofilm assay (O'Toole, 2011).  603 

 604 

Statistical analysis and experimental design 605 

In most experiments sample size was determined based on previous studies within the lab 606 
using these techniques.  For intravital microscopy, we were limited by imaging only one 607 
mouse at a time so a minimum of 1 experimental mouse and 1 control mouse was imaged 608 
per day. Sample size was determined based on prior studies and literature using similar 609 
experimental paradigms. In instances where the approach had not previously been used, a 610 
minimum of 4 animals/group were utilized. All experiments were replicated at least once 611 
with similar findings and all replications were successful. For all experiments that required 612 
either pharmacological treatment or different infection conditions, mice were randomized. 613 
The investigators were not blinded during experiments because treatments and data 614 
collection were performed by the same researcher. For image analysis, the images were 615 
randomly assigned a key by the researcher and all images were processed using the same 616 
workflow, therefore, image analysis was blinded after data collection. 617 

 618 

Statistical analyses were performed using Prism 9 (Graphpad Software Inc., v9.1.1, La 619 
Jolla, CA). Statistical tests are described for each figure in the figure legend. A normality 620 
test was performed for all data to determine whether a parametric or non-parametric 621 
statistical test would be used. A P value < 0.05 was considered statistically significant. 622 

 623 
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Figure 1. PNAG biofilm matrix contributes to S. aureus persistence in skin 791 

(A-B) Representative scanning electron microscopy images of MW2 wild type and 792 
ΔicaADCB S. aureus bead at 24 hours post-infection. (C-D) S. aureus MW2 wild type or 793 
ΔicaADCB was grown in TSB containing 0.125% glucose for 24 hours and biofilms were 794 
stained with 0.1% crystal violet using two different in vitro biofilm assays. Quantification 795 
of in vitro biofilm production using the MBEC assay (formerly Calgary Biofilm Device) 796 
(C) and O’Toole assay (D) assays. A 10-fold dilution was made for the O’Toole assay. n 797 
= 4-5 technical replicates per group from 4 independent experiments. *p < 0.05. Student t-798 
test was used. (E) C57 mice were infected with GFP-expressing S. aureus wild type or 799 
ΔicaADCB and imaged at 24 h. Topical addition of Alexa Fluor 594-conjugated anti-F598 800 
was added onto the skin infection prior to imaging. Image shows a 3D reconstruction (top) 801 
and surface rendering (bottom) of PNAG in wild type and ΔicaADCB infections. Scale 802 
bars = 100 μm (top) and 50 μm (bottom). (F) Semi-quantitative PNAG dot blot for S. 803 
aureus strains containing precisely-engineered deletions of icaADBC relative to the wild 804 
type strain. n = 3 biological and technical replicates were tested. (G-I) C57 mice were 805 
infected with S. aureus bead and infections were harvested for quantification of skin CFUs. 806 
(G) Bacterial CFUs at 24 hours post-infection with wild type, Δrbf and ΔicaADBC. n = 7-807 
9 from 2 independent experiments. (H) Bacterial CFUs at 7 days post-infection with wild 808 
type, Δrbf and ΔicaADBC. n = 10-15 from 3 independent experiments. (I) Bacterial CFUs 809 
at 7 days post-infection with MW2 wild type and Δagr. n = 8-10 from 2 independent 810 
experiments. (J-K) C57 mice were infected with 1x108 CFU S. aureus wild type, Δrbf, or 811 
ΔicaADBC i.v. and mouse survival (J) and body weight (K) were recorded. n = 5 per group 812 
from 1 independent experiment. Student t-test (C-D, F) and Kruskal-Wallis test (P = 813 
0.0002) with Dunn's multiple comparisons test (H) were used. **p < 0.01, ***p < 0.001. 814 
****p < 0.0001. 815 
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 819 

 820 
 821 

Figure 2. S. aureus biofilm blocks immune infiltration into the infection 822 

(A-E) Catchupivm-red CX3CR1gfp/wt mice were infected with S. aureus MW2 wild type, 823 
Δrbf, and ΔicaADCB bead and imaged at 24 h. (A) Representative stitched image of 824 
infections in wild type and ΔicaADCB infected mice. Scale bars = 100 μm. (B-E) 825 
Quantification of total numbers of neutrophils (B), percent neutrophil infiltration (C), 826 
total numbers of monocytes (D), and percent monocyte infiltration (E) at 24 hours post-827 
infection. n = 4-5 per group from two independent experiments. (F-G) C57 or NE-/- mice 828 
were infected with GFP-expressing S. aureus wild type and skin tissue was processed for 829 
whole mount immunofluorescence staining and imaged on the multiphoton microscope. 830 
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(F) Representative 2D images at 24 h post-infection. (G) Quantification of percent 831 
neutrophil infiltration. n = 3-4 from 2 independent experiments. (C, E, G) Student t-test 832 
(G) and One-way ANOVA (P = 0.0118 for C, P = 0.0003 for E) with Tukey’s multiple 833 
comparison test (C, E) were used. **p < 0.01, ***p < 0.001. 834 
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 837 

Figure 3. Neutrophil heterogeneity and behaviour after S. aureus biofilm infection 838 

(A-F) C57 mice were infected S. aureus wild type, Δrbf, and ΔicaADCB bead and spectral 839 
flow cytometry was performed at 24 h post-infection. (A) Gating strategy to identify 840 
neutrophils and monocytes. (B-C) Quantification of total numbers of neutrophils (B) and 841 
monocytes (C) at 24 h post-infection. (D) List of neutrophil markers used to characterize 842 
neutrophil heterogeneity at 24 h post-infection. Quantification of frequency (E) and MFI 843 
(F) of neutrophil subsets. n = 3-4 from one independent experiment.  844 
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(G-H) Catchupivm-red mice were infected with wild type, Δrbf, or ΔicaOP S. aureus bead 845 
and neutrophil behaviour was analyzed at 24 hours. (G) Quantification of neutrophil 846 
velocity over a 10-minute video. n = 4-5 from 2 independent experiments. (H) 847 
Representative spider plots showing neutrophil displacement. Each neutrophil track is 848 
identified by different colors. (B-C, E-F) One-way ANOVA with Tukey’s multiple 849 
comparisons test were used. (G) One-way ANOVA (P = 0.0165) with Tukey’s multiple 850 
comparison test were used.  *p < 0.05. 851 
 852 
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 854 

Figure 4. Glycoside hydrolases disrupt S. aureus biofilm in vivo 855 
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(A-E) Catchupivm-red mice were infected with GFP-expressing S. aureus MW2 wild type, 856 
Δrbf, and ΔicaADCB and imaged at 24 hours. (A) Representative 2D images of wild type 857 
and ΔicaADCB infections at 24 hours. Scale bar = 200 μm. (B) Schematic showing 3 focal 858 
planes of a 3D z-stack of the infection. (C) Representative images showing 3 focal planes 859 
of a 3D z-stack in wild type and ΔicaADCB infections. Scale bar = 200 μm. (D) 860 
Representative image showing the dark zone highlighted by a dashed line. Scale bar = 50 861 
μm. (E) Quantification of dark zone area in wild type, Δrbf, and ΔicaADCB infections. n 862 
= 3-4 per group from 2 independent experiments. (F-G) Catchupivm-red mice were infected 863 
with GFP-expressing S. aureus wild type, treated with PgaB or PgaBD474N, and imaged at 864 
24 hours. (F) Representative 2D images showing the dark zone after PgaB enzyme 865 
treatment. Scale bar = 100 μm. (G) Quantification of dark zone area in PgaBD474N or PgaB 866 
treated mice. n = 3 per group from 2 independent experiments. (H) Catchupivm-red mice 867 
were infected with GFP-expressing S. aureus wild type, treated with DspB or DspB buffer, 868 
and imaged at 24 hours. Quantification of dark zone area in DspB or DspB buffer treated 869 
mice. n = 4 per group from 2 independent experiments. (I-J) C57 mice were infected with 870 
S. aureus wild type bead, treated with PgaB or PgaBD474N at the time of infection (I) or at 871 
24 h post-infection (J) and skin infections were harvested at 7 days post-infection for 872 
CFUs. n = 4 per group (I) and n = 5-7 per group (J) from 2 independent experiments. (E, 873 
G, H-J) One-way ANOVA with Tukey’s multiple comparison test (P = 0.0038) (E) and 874 
Student t-test (G, H-J) were used. *p < 0.05, **p < 0.01. 875 
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Supplementary videos 879 

Video S1. Neutrophil behaviour during biofilm infection 880 

Catchupivm-red mice were infected with GFP-expressing S. aureus MW2 WT, ΔicaADBC, 881 
or Δrbf bead and imaged at 24h post-infection. A 3D timelapse video was taken and 882 
neutrophil behaviour was analyzed using Imaris. Video shows neutrophils (magenta), S. 883 
aureus GFP (yellow) and collagen (grey). 884 
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