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Summary

Bacterial biofilm infections are difficult to eradicate due to antibiotic insusceptibility and high 

recurrence rates. Biofilm formation by Pseudomonas aeruginosa, a leading cause of bacterial 

keratitis, is facilitated by the bacterial Psl exopolysaccharide and associated with heightened 

virulence. Using intravital microscopy, we observe that neutrophilic recruitment to corneal 

infections limits P. aeruginosa biofilms to the outer eye surface, preventing bacterial 

dissemination. Neutrophils moved to the base of forming biofilms, where they underwent 

neutrophil extracellular trap formation (NETosis) in response to high expression of the bacterial 

type-3 secretion system (T3S). NETs formed a barrier “dead-zone”, confining bacteria to the 

external corneal environment, and inhibiting bacterial dissemination into the brain. Once formed, 

ocular biofilms were resistant to antibiotics and neutrophil killing, advancing eye pathology. 
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However, blocking both Psl and T3S together with antibiotic treatment broke down the biofilm and 

reversed keratitis, suggesting future therapeutic strategies for this intractable infection.

eTOC abstract

Thanabalasuriar et. al. characterize the interplay between neutrophils and Pseudomonas biofilms 

on the cornea. At the base of the biofilm, neutrophils encounter expression of the type-three 

secretion system, leading to an expansive deposition of neutrophil extracellular traps (NETs). NET 

formation impeded bacterial dissemination into the brain, yet promoted antibiotic resistance.

Graphical Abstract

Introduction

Neutrophils are the first-line of defense deployed against an invading pathogen (Rosales et 

al., 2016). They overcome pathogens by 1) rapid and robust neutrophilic recruitment 2) 

intracellular killing by oxidants and proteases like elastase after phagocytosis (Okada et al., 

2006) and/or 3) via a PAD4 and elastase dependent, extracellular release of neutrophil 

extracellular traps (NETs) (Papayannopoulos, 2018). The latter has been highlighted by 

release of DNA decorated with proteases and other antimicrobial peptides (Yang et al., 

2016). Recent work has proposed that NET release may be in part caused by non-specific 

frustrated phagocytosis wherein the pathogen or foreign particles are too large to be 

engulfed (Branzk et al., 2014). While individual planktonic bacteria are small and easily 

phagocytosed, biofilms are large impenetrable masses, that could potentially induce NET 
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formation. These bacterial biofilm infections are difficult to eradicate because of antibiotic 

insusceptibility and, even with “apparent” eradication, recurrence is a common feature 

(Lebeaux et al., 2014). How neutrophils handle bacterial biofilms is poorly understood 

because visualizing growing biofilms and the immune response in vivo is very challenging. 

Bacterial keratitis represents a clinically relevant and more accessible opportunity to directly 

visualize the progression of a bacterial biofilm and the interactions with the host immune 

response with intravital imaging technologies.

Much is still unknown about ocular surface immunity despite its direct contact with the 

external environment and its critical role in vision (Barabino et al., 2012). For many years, 

eyes were thought to be immune privileged much like the brain (Benhar et al., 2012). 

However, there is growing evidence that the anti-microbial property of tears and the unique 

surface of the eye, combined with the nightly vacuuming by neutrophils and help from 

resident populations of other immune cells like macrophages, prevent infections (Liyanage 

et al., 2016; Liu et al., 2017). While the eye has also been reported to have a microbiome (Lu 

and Liu, 2016), pathogen growth is infrequent unless there is foreign body involvement (i.e. 
contact lenses) or an injury (i.e. abrasion) that exposes the underlying surface (Metruccio et 

al., 2018). In addition, when the host is immunosuppressed and neutropenic, following organ 

transplantation or cancer treatment for example (Ozkan et al., 2017; Nanda et al., 1991), the 

eye may rapidly succumb to opportunistic bacteria such as Pseudomonas aeruginosa, a 

leading cause of bacterial keratitis (Sy et al., 2012). P. aeruginosa employs virulence factors 

such as the type-3-secretion (T3S) system to infuse toxins into host cells, as well as immune 

evasion and persistence determinants such as the Psl exopolysaccharide to form tenacious 

biofilms (Sousa and Pereira, 2014; Ma et al., 2006; Ma et al., 2012). Current understanding 

of P. aeruginosa is based predominately on in vitro systems and advocate that the T3S injects 

various virulence effectors (ExoS, ExoT, ExoY, and ExoU) into host cells (Gellatly and 

Hancock, 2013). Recent studies suggest that T3S may be activated on the surface of P. 
aeruginosa in low pH environments such as those found in the phagolysosome 

(Thanabalasuriar et al., 2017). ExoS and ExoU are rarely seen to be expressed by the same 

strain of P. aeruginosa, while ExoT is expressed by almost all strains. ExoS and ExoT are 

closely related and have been shown to block reactive oxygen species (ROS) production, to 

induce neutrophil apoptosis, and to inhibit neutrophil phagocytosis (Vareechon et al., 2017; 

Sun et al., 2012; Kaminski et al., 2018; Rangel et al., 2014). The survival benefit of having a 

T3S has been attributed to these two effector proteins (Angus et al., 2010). Little is known 

about ExoY’s role in T3S virulence, however it was recently shown to play a role in acute 

lung infections (Kloth et al., 2018). To date, very few studies have shown a role for the T3S 

in biofilm formation, and at least in vitro on glass surfaces it was not detectable in formed 

biofilms (Ray et al., 2018; Tran et al., 2014). However, the in vivo environment varies in 

many ways that is difficult to recapitulate in vitro. In vivo, neutrophils emigrate out of blood 

vessels, which is known to prime their activity and trigger NETosis (Yipp et al., 2012). 

When biofilms are studied in vitro, they are often grown in the absence of many tissue 

factors and, only once formed, are biofilms exposed to isolated circulating neutrophils (Ray 

et al. 2017). Thus, this begs the question: how do bacteria ever survive in the harsh in vivo 
environment?
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Herein we tracked neutrophil recruitment to a developing biofilm on the corneal surface. We 

observed that neutrophils move into the eye after P. aeruginosa corneal infection and 

strategically migrate underneath to the base of the bacterial layer. Interestingly, the 

basolateral area of the biofilm expressed high levels of T3S and, in response, neutrophils 

released NETs. These NETS created a dead-zone of DNA and degraded collagen thereby 

walling off the P. aeruginosa biofilm to the outer surface of the eye. While this prevented 

further bacterial dissemination, the massive biofilm and neutrophil-mediated pathology also 

resulted in severe local ulcerative damage to the eye. Preventing NET formation reduced eye 

pathology yet resulted in bacterial dissemination to the brain. Blocking the 

exopolysaccharide Psl matrix of the biofilm and the T3S PcrV protein enabled specific 

neutrophil penetration into the bacterial area and enhanced the killing and clearance of the 

pathogen. This treatment combined with topical antibiotics was the only strategy that 

optimally cleared a pre-existing bacterial biofilm.

Results

Neutrophils are unable to penetrate P. aeruginosa biofilm on the surface of the cornea

The corneas of naïve mice are devoid of neutrophils (Figure 1A). Inoculating the eye with as 

much as 107 CFU of P. aeruginosa, failed to induce: 1) bacterial adhesion to the ocular 

surface, 2) persistent infection or 3) inflammation in the form of neutrophil recruitment 

(Figure S1B). In other words, the intact surface of the cornea resists colonization of even 

large amounts of pathogens consistent with previous observations (Augustin et al., 2011). 

Abrasion of corneas (Figure S1C) induced an inflammatory response that was undetectable 

by a crude myeloperoxidase measurement (Figure S1D). However, corneal abrasion did 

induce subtle neutrophil recruitment detectable by intravital imaging and flow cytometry 

over the first 24 hours (Figure 1B,C; S1E). The recruited neutrophils were dispersed across 

the cornea (Figure 1B) and were extremely motile, migrating randomly over the surface of 

the cornea (Video S1). The neutrophils did not show characteristic signs of responding to the 

injury however (Video S1), such as swarming behaviour reported in liver and skin 

(Lammermann et al., 2013; McDonald et al., 2010). Despite this neutrophil recruitment, 

there was no overt eye pathology including opacification or cytokine production including 

IL-1β release (Figure S1F,G).

In contrast, mice that had corneal abrasions and received a dose of 1×107 CFU of P. 
aeruginosa developed significant bacterial growth along the abrasion by 4 hours (Figure 1D; 

Video S2). Rapid and robust neutrophil recruitment in the form of a huge continuous swarm 

was noted near the abrasion at 4 hours by IVM, flow cytometry and detectable by increased 

myeloperoxidase (Figure 1C,D; S1D,E, Video S2). Using a series of small abrasion + 

infection sites on the cornea we found that neutrophils moved onto the cornea through the 

peripheral limbal vasculature (Figure S1H,I). This was evident by the timing of neutrophil 

recruitment: when the infection sites were at the corners of the cornea the neutrophils arrived 

more rapidly than when the abrasion was at the center of the cornea ((Hanlon et al., 2014); 

Figure S1H,I). It is important to note that the full abrasion as well as the small abrasion 

model were used throughout this study to examine bacterial growth and neutrophil 

behaviour respectively. While the results were similar it was much easier to visualize single 
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neutrophil behaviour by intravital microscopy using the small abrasion model and assess 

clinical pathology scores, bacterial CFU counts, and 3D reconstruction using the full 

abrasion model.

At 24 hours post-infection, a large film of P. aeruginosa persisted and a mass of neutrophils 

were recruited with minimal overlap at the border of bacterial growth (Figure 1E,F; Video 

S3). Using multiphoton microscopy and the 3D reconstruction feature (Figure 1F) in 

combination with electron microscopy (Figure 1G) and basic Gram-staining techniques of 

eye biopsies (Figure S2A) revealed that P. aeruginosa formed a thick biofilm on the surface 

of the cornea. This biofilm seemed to be fully developed by 24 hours, based on the 

mushroom like structures seen by electron microscopy and Gram-staining of eye biopsies 

(Figure 1G; S2A; (Miller et al., 2012)). Intravital imaging at 4 and 24 hours further revealed 

that P. aeruginosa moved in rod-like clusters and grew into a thick sheet of bacteria while the 

neutrophils all assembled beneath this layer in the upper part of the cornea and formed an 

apparent shield (Figure 1D,E,F; Video S2,3). These visual observations and molecular 

measurements (including Psl: see later Figure 4A) were all consistent with the sheet of 

bacteria being a biofilm. A ΔpslA knockout isogenic strain (Psl-deficient) did not form an 

organized biofilm nor did it stain well for mannose lectin, consistent with previous 

observations in other in vitro systems (Mann and Wozniak, 2012) showing Psl to be crucial 

for biofilm production (Figure 2F,G and S2B).

Characterization of a dead-zone that separates host from pathogen

A notable chasm (black area) devoid of bacteria or dtTomato neutrophils formed between 

the host and pathogen (Figure 1E). Fluorescent anti-Ly6G antibody given intravenously also 

labelled the layer of neutrophils but not the dead-zone (Figure 2A). The dark area also 

lacked second harmonic signal associated with properly formed collagen matrix composing 

the corneal structure (Figure 2B; Video S4) potentially suggesting proteolytic destruction of 

the pre-existing matrix. Consistent with this observation, analysis of eye biopsy cross-

sections revealed empty spaces under the bacterial growth (Figure S2A). Indeed, a probe that 

detects host elastase activity showed profound but localized staining in this area (Figure 2C). 

The elastase activity was localized to the dead-zone along with histone H2A.X, 

myeloperoxidase, and DNA indicative of NETs (Figure 2D,E; S2C). DNA (devoid of 

histones) was also present in the biofilm consistent with the well-known feature of P. 
aeruginosa releasing its own DNA to form the biofilm matrix (Figure 2D,E).

Biofilm and dead-zone formation are dependent on P. aeruginosa exopolysaccharide Psl 
and the T3S system expression

The Psl exopolysaccharide is a key molecule required for P. aeruginosa to develop and 

maintain biofilms in vitro (Irie et al., 2017; Ray et al., 2017). In the absence of Psl, we 

observed that the bacteria no longer formed a structured biofilm on the eye and a planktonic 

mass spread across the corneal surface at 24 hours post-infection (Figure 2F,G; S2B). In 

addition, evidence of a dead-zone was not observed and the neutrophils were intermingled 

among small colonies of bacteria (Figure 2F,H; S2B). However, the bacteria still managed to 

survive, with ample bacteria on the eye surface and very little improvement of eye opacity or 

keratitis score (Figure 2I; S2D). Upon phagocytosis of P. aeruginosa, neutrophils have been 
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shown to die in a T3S dependent manner (Thanabalasuriar et al., 2017; Sun et al., 2012; 

Rangel et al., 2014). Surprisingly, in the absence of the T3S (ΔpcrV), bacteria grew in a 

cluster but did not form into a complete biofilm (Figure 2F,G). This may be due to the fact 

that neutrophils were also able to move directly into the bacterial cluster and disrupt it with 

no evidence of a dead-zone (Figure 2F–H). Moreover, there were fewer ΔpcrV bacteria by 

48 hours post-infection and the majority were cleared by 7 days (Figure 2I; S2E). In 

addition, the opacity of the eye was greatly improved and the keratitis score was reduced in 

comparison to wildtype bacteria (Figure S2D). Interestingly, neutrophil elastase activity was 

only detected close to the interface between the bacteria and the neutrophils. There was less 

pronounced staining in the ΔpslA infected mice and even less in the ΔpcrV bacteria (Figure 

2J,K). This suggests that if neutrophils are able to phagocytose and perform intracellular 

killing of P. aeruginosa, there is less need for elastase and presumably NET release.

We further characterized the mechanism by which T3S is required for dead-zone formation. 

Given that ExoS has previously been shown to manipulate neutrophil function and since the 

PAO1 strain we are utilizing does not express ExoU, we tested PAO1 Δexos in our in vivo 
biofilm model. When mice were infected with the ExoS mutant, there was no apparent dead-

zone formation and reduced elastase activity (Figure 2F,H,J,K). In fact, in these mice the 

neutrophils penetrated into the biofilm (Figure 2F). In addition, the bacterial load on the 

corneal surface in ExoS mutant infected mice was significantly reduced compared to wild-

type bacteria (Figure 2I; S2E). It is worth noting that the ExoS mutant was not as 

compromised in biofilm formation as the complete T3S mutant indicating that another T3S 

effector may be contributing to the phenotype (Figure 2F,G). A likely candidate would be 

ExoT which has previously been shown to work in synergy with ExoS. However, the lack of 

a dead-zone suggests that ExoS but not ExoY or ExoT play a prominent role in NET 

formation.

The dead-zone is formed by neutrophil extracellular traps (NETs)

To further establish that NET machinery was involved in the response to P. aeruginosa and 

dead-zone formation, peptidyl arginine deiminase, type IV (PAD4−/−), neutrophil elastase 

(NE−/−), and cathepsin C (Cstc−/−) knockout mice were systematically examined. All three 

of these strains of mice have previously been shown to have impaired NET production 

(Papayannopoulos et al., 2010) (Akk et al., 2016). No dead-zone was detected in any of 

these mice (Figure 3A,C). The absence of this dead-zone was associated with absence of the 

striking biofilm seen on the cornea of wild-type mice (Figure 3A,B,D; Video S6) suggesting 

that the presence of NETs caused the highly replicative planktonic bacteria to form a 

biofilm. Indeed, there was significantly increased bacterial growth in the serine protease 

deficient mice (NE−/− and Cstc−/−) compared to wild-type mice (Figure 3E). The PAD4−/− 

mice had a less significant increase in bacterial growth (Figure 3E). However, unlike the NE
−/− and Cstc−/− mice that could not make NETs or release elastase, PAD4−/− mice could still 

release elastase perhaps limiting bacterial growth (Figure 3F,G). The lack of biofilm 

production at 24 hours post-infection reduced the opacity of the eye in these mutant mice 

(Figure 3D). To determine whether NETs were critical as a barrier, bacteria were measured 

in other compartments in the mouse. Surprisingly, P. aeruginosa was able to disseminate 

beyond the eye into the brain of all three knockout mouse strains by 7 days (Figure 3H), 
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suggesting that neutrophils release a NET barrier to keep bacteria external to the host and 

prevent dissemination to the brain while sacrificing the pathology of the eye. This 

dissemination is likely through a direct portal to the brain, for example through the optic 

nerve, since we were unable to detect bacteria in the spleen or blood of any of the knockout 

mouse strains (Figure S3G). This was not due to better killing of P. aeruginosa in the brain 

by the wild-type versus PAD4−/− mice, as neither mouse strain demonstrated any ability to 

kill the pathogen when inoculated into the brain. In fact, only 500 CFU of P. aeruginosa 
injected directly into the brain resulted in massive bacterial growth in the cerebral 

parenchyma of both wild-type and PAD4−/− mice (Figure S3H). It is worth mentioning that 

some immune pathways were not involved in this host-pathogen encounter. For example, we 

examined whether complement C3 was involved in the host response to P. aeruginosa. 
Despite the many roles complement plays in the host response to P. aeruginosa, it had no 

readily apparent effect on the ocular surface (Figure 3A–E).

We speculated that this spread of bacteria from the eye to the brain was likely due to the 

bacteria being in an extremely motile planktonic form rather than a more immobile biofilm 

form. When P. aeruginosa strain PAO1 is grown in planktonic culture it is susceptible to the 

antibiotic tobramycin (Hill et al., 2005). Therefore, we tested the susceptibility of PAO1 on 

the surface of wildtype versus PAD4−/− mice to tobramycin (Figure 3I). While tobramycin 

had no effect on the biofilm growing on corneas of wild-type mice, PAD4−/− mice treated 

with antibiotics had significantly lower bacterial CFUs (Figure 3I) consistent with the 

absence of a biofilm in PAD4−/− mice.

P. aeruginosa biofilm formation can be blocked in vivo using a bispecific antibody 
targeting both T3S and Psl

Having established Psl and T3S to be important for P. aeruginosa biofilm formation on the 

ocular surface, we next examined the impact of systemically-administered therapeutic 

antibodies against these components (anti-Psl, anti-PcrV, and a bispecific antibody-

MEDI3902; (DiGiandomenico et al., 2014; Warrener et al., 2014; DiGiandomenico et al., 

2012)). These antibodies distributed from the bloodstream to the ocular surface very rapidly. 

In fact, 1.5 hours after intravenous administration, antibodies could be detected in the eye 

(Figure 4A; S3A). Systemic application of fluorescent antibodies targeting Psl and PcrV of 

the T3S system showed strikingly different binding patterns. Anti-Psl antibody 

administration resulted in antibody binding on the outer surface of the bacterial mass, while 

anti-PcrV antibody localized to the bottom of the biofilm at the host-pathogen interface 

(Figure 4A). The bispecific antibody incorporating both anti-Psl and anti-PcrV 

complementarity determining regions, bound to the surface, underneath and throughout the 

biofilm heterogeneously (Figure 4A). Intriguingly, we could detect only Psl and no PcrV 

when we grew biofilms in vitro as previously described (Ray et al., 2018). Prophylactic 

treatment with IgG control antibody had no discernable impact on the bacteria and 

neutrophil distribution compared to naïve mice, with bacteria growing in a biofilm 

surrounded by a dead-zone and neutrophils (Figure 4C–I). By contrast, administration of 

antibodies against Psl or PcrV prophylactically reduced the height of the biofilm and 

eradicated the dead-zone with neutrophils inter-mixed with the bacteria (Figure 4E,F). 

Inhibition of PcrV but not Psl also somewhat improved the opacity of the eye (Figure 4H,I; 
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S3C,D). In the case of the bispecific antibody which blocks both effector functions of the 

bacteria, the opacity of the eye was improved and a dramatic reduction in the ocular bacteria 

by 7 days post infection was noted (Figure 4G–M; S3B–D).

Using the small abrasion site + infection model (Figure 4B) to image the neutrophil-bacterial 

interactions, we observed an improved immune cell meandering index directly towards the P. 
aeruginosa in antibody-treated mice (Figure 4D). A further assessment of blocking both Psl 

and PcrV revealed neutrophils directly engulfing bacteria and disrupting the forming biofilm 

(Figure 4 C–F; Video S5). In fact, much less extracellular elastase was detected at 24 hours 

post-infection (Figure S3E,F). This suggested a conversion from extracellular NET 

formation to intracellular phagocytosis and killing in the absence of both these bacterial 

virulence factors. By 24 hours post-infection, very few bacteria were seen by IVM but large 

numbers of neutrophils were still visible in biphasic antibody-treated mice (Figure 4E,G).

While complement was not important in untreated wild-type mice, this was not due to a lack 

of complement on the corneal surface inasmuch as the bispecific antibody required both 

functional complement and the Fc receptors. In C3−/− and FcRγ−/− mice, the bispecific and 

anti-PcrV showed no difference in keratitis compared to isotype control mice whereas both 

antibodies showed significant benefit in wild-type mice (Figure S4A–D). In addition, 

elastase was critical for the intracellular neutrophil killing of P. aeruginosa, as bispecific 

antibody treatment of NE−/− mice provided no protection and bacteria were able to 

disseminate beyond the neutrophils into the brain (Figure 4J–M). It is interesting to note that 

functional neutrophils were required for effective antibiotic clearance given that tobramycin 

treatment was ineffective in NE−/− mice (Figure S4E). By contrast, lacking the ability to 

make NETs (PAD4−/− mice) while still having normal elastase levels allowed the antibody to 

induce neutrophil killing of bacteria (Figure 4J–M). Indeed, blocking both Psl and PcrV on 

P. aeruginosa protected PAD4−/− mice from ocular damage and brain dissemination when 

prophylactically administered (Figure 4J–M). These data indicate that antibody therapy 

promoted switching from a NET-mediated bacterial killing program to an intracellular 

protease-mediated killing mechanism. They also strongly support the view that T3S is key to 

NET formation.

Adjunctive treatment with bispecific antibody in tandem with antibiotics significantly 
reduced keratitis

While prophylactic use of these antibodies would be useful in certain patients, such as those 

receiving organ transplants, their efficacy after biofilms have started to form is unclear. 

Tobramycin is the antibiotic of choice in P. aeruginosa infections but outcomes are variable 

(Mulcahy et al., 2014). At 6 hours post-infection, tobramycin was started every day for one 

week but had little effect on the clearance of the P. aeruginosa biofilm (Figure 5A,B). In fact, 

the bacterial CFUs were comparable to the isotype control treatment, even though the PAO1 

strain used is highly susceptible to tobramycin when grown in planktonic culture in vitro 
(Tre-Hardy et al., 2010). Clearly it is much less effective in biofilms. Importantly, bispecific 

antibody administration post-infection only partially rescued the eye (Figure 5B) with 

significantly less opacity and a reduced clinical score but certainly some pathology remained 

(Figure 5C,D). Tobramycin given in tandem with the antibody twice a day starting at 6 hours 
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post-infection had by far the best outcome. It completely eradicated P. aeruginosa in at least 

80% of mice and also resulted in a profound reduction of proinflammatory cytokines and 

chemokines (Figure 5B–E). When either Psl or PcrV alone with antibiotics was used, neither 

showed any efficacy or clearance of the biofilm (Figure S4F). The simultaneous blocking of 

Psl and PcrV together with antibiotics was the key to breaking down the biofilm, showing 

the tremendous resistance of biofilms in vivo.

Discussion

The impact of innate and adaptive immunity on biofilm formation or eradication has been 

difficult to study in vivo despite biofilm contribution to numerous diseases including ocular 

complications. Indeed, bacterial keratitis continues to be a major concern in both healthy and 

immunocompromised individuals in developed and developing nations (Robertson et al., 

2007). In this study, we systematically examined the role of the bacteria as well as the host 

in the progression of debilitating keratitis caused by P. aeruginosa. Once formed, neutrophils 

were incapable of penetrating the biofilm, and this was primarily due to high expression of 

the T3S system. This led to the production of NETs, which formed a formidable barrier 

against the pathogen and inhibited the spread of the bacteria to the brain. It is intriguing to 

speculate, that this might be an evolutionarily beneficial mechanism to shield the brain from 

infections via the ocular route.

In this study we examined the dynamic host-pathogen interplay in the development of 

biofilms in vivo using intravital microscopy. Indeed, our work provides insights not readily 

implicit from our previous in vitro studies using a flow cell chamber (Ray et al., 2018). 

Preformed biofilms grown on a glass slide harboured abundant Psl but completely lacked 

T3S staining and Psl inhibition was sufficient to significantly affect the biofilm (Ray et al., 

2018). In vivo on the corneal surface, neutrophils form a barrier of NETs below the bacteria, 

T3S was directionally induced towards the amassing neutrophils, keeping them at bay and 

allowing the biofilm to mature. In vitro, it is impossible to place neutrophils below the 

biofilm on a coverslip and as such the results are limited. Indeed, neutrophils that had 

emigrated out of the vasculature formed a barrier by releasing NETs in a directional manner 

in vivo. Nevertheless, some in vitro data had complementarity to our work. As one example, 

in vitro Staphylococcus aureus biofilms were shown to stimulate NET release and this 

facilitated growth of the bacteria (Bhattacharya et al., 2018). Of course, this in vitro study 

could not have possibly conceived the importance of the NET barrier in preventing 

dissemination of bacteria to brain. It is also worth noting that in our study we see that in the 

absence of NETs, the bacteria remained planktonic giving them the capacity to penetrate 

deeper into tissues. These observations suggest that the neutrophils and their effector 

mechanisms are an impetus for P. aeruginosa to make biofilms. Finally, whereas in vitro 
studies use neutrophils that are isolated from blood, in vivo, neutrophils will have emigrated 

into the tissue. The emigration process itself has been documented to prime neutrophils to do 

various things including make more NETs (Branzk et al., 2014; Yipp et al., 2012). As such 

we would submit that there is much value to studying the host-pathogen biofilm interface in 
vivo, which provided detailed insights from both the bacterial and the neutrophil aspect. 

These findings of differential virulence factor expression within an in vivo biofilm and the 
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critical neutrophil responses could have significant implications for other biofilm infections 

including those common to cystic fibrosis patients, for example.

Using a combination of intravital imaging, bacterial mutants, and antibodies that block P. 
aeruginosa virulence we have found that neutrophils come in from the peripheral corners of 

the eye. It is intriguing that we did not observe neutrophils moving on top of the biofilm. 

This could be due to toxins released around the biofilm restricting the proximity of 

neutrophils to the biofilm, so the neutrophils crawl underneath these structures. High 

expression of the Psl exopolysaccharide on the surface of the biofilm might cloak P. 
aeruginosa from neutrophil recognition as was previously described (Mishra et al., 2012; 

Thanabalasuriar et al., 2017). Indeed, the Psl mutant allowed neutrophils to infiltrate 

throughout the bacterial clusters. However, this was not sufficient to eradicate the bacteria. 

In this study, we found that T3S plays a critical role in keeping the neutrophils at bay so that 

the biofilm could mature. Further work revealed that the ExoS mutant of P. aeruginosa failed 

to form the T3S-dependent dead-zone, suggesting that this toxin is released in the direction 

of the amassing neutrophils. Another unique observation that highlights the complex 

neutrophil-pathogen interplay is that, as the neutrophils moved under the biofilm, they were 

triggered to form NETs by P. aeruginosa T3S toxin release. While this NET formation 

effectively blocked bacterial dissemination into the brain, it also resulted in the formation of 

an impenetrable biofilm. This biofilm formation is drug resistant and difficult to treat with 

topical antibiotics.

P. aeruginosa is known to be highly virulent, causing eye ulcerations that are more difficult 

to treat than other bacterial corneal ulcers resulting in poor visual outcomes (Sy et al., 2012). 

In this study we found that a bispecific antibody targeting two evasion mechanisms in P. 
aeruginosa can effectively and rapidly reach the eye and together with antibiotics can help to 

breakdown bacterial biofilms. Blocking the T3S, and therefore the cytotoxic effects of P. 
aeruginosa, reduced the need for NET formation. In addition, targeting Psl with the antibody 

either disrupts the development of a biofilm or opsonizes the bacteria (DiGiandomenico et 

al., 2014) that are trying to form a biofilm, thus promoting neutrophil-mediated clearance. In 

combination with topical antibiotic treatment we found that blocking both virulence factors 

was necessary for the effective eradication of infection and reduction of eye inflammation in 

mice with a developed biofilm.

Initially, neutrophils were thought to perform frustrated phagocytosis in an attempt to engulf 

either inert or large particles. More recently, it was reported that these types of large particles 

including pathogens such as hyphae may induce NET release (Branzk et al., 2014). In our 

study, we saw that neutrophils primarily attempted to phagocytose planktonic P. aeruginosa, 
but when presented with the same species of bacterium as a large impenetrable biofilm, the 

neutrophils release NETs that formed a barrier restricting dissemination into the brain. The 

inability to make NETs resulted in bacteria entering the brain from the corneal surface. 

While both blood and the optic nerve could function as portals for this dissemination, we 

speculate that bacteria utilize the optic nerve to enter the brain as no other organ was 

infected despite the fact that this strain of P. aeruginosa is trophic for the lung and spleen 

when in blood (Thanabalasuriar et al., 2017). A similar mechanism of dissemination through 

the optic nerve was previously suggested for viral infections (Olson et al., 1987; Francis et 
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al., 2003). In this study we show an intriguing example of host-response co-evolution in that 

NET formation seemed to occur hand in hand with biofilm formation. While it is impossible 

to delineate whether the NETs induced biofilm formation or whether the biofilm induced 

NET formation, it is clear NETs absolutely serve a barrier function, that seems critical to 

survival of the host but comes at the expense of the eye. As such, treatment strategies must 

be designed with this very precarious balance in mind.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Paul Kubes (pkubes@ucalgary.ca).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice—6–8 week-old C57BL/6 wild-type male and female mice were purchased from The 

Jackson Laboratory originally and the bred in house. Experiments consisted of a 

combination of males and females since there were no sex specific effects seen in the data 

sets. B6.129S4-C3,tm1Crr./J referred to as C3 −/− mice in this paper were purchased from 

The Jackson Laboratory (3641). FcRγ−/− on the C57 background were purchased from 

Taconic (583). Catchup mice were a gift from Matthias Gunzer. Neutrophil elastase 

knockout mice were purchased from Jax strain 6112. Cathepsin C knockout mice (Cstc−/−) 

were a gift from GlaxoSmithKline. Peptidyl arginine deiminase, type IV, (PAD4−/−) were a 

generous gift from Kerri A. Mowen, La Jolla California. Mice were housed under pathogen-

free conditions and received sterilized rodent feed and water. All mice were used in 

experiments at the 6–8 weeks of age and combination of males and females were used. 

Littermates of the same age were allocated to experimental groups. All experimental animal 

protocols were approved by the University of Calgary Animal Care Committee and followed 

the Canadian Council for Animal Care Guidelines (protocol nr. AC16–0224 and AC16–

0144).

Bacterial Strains—PAO1 bacteria were kindly donated to this work by Dr. Shawn 

Lewenza. Plasmid CTX-Ptac-GFP was obtained from D. Wozniak (Wyckoff and Wozniak, 

2001). Plasmid pPM297 was generated by replacing the GFP coding sequence in CTX-Ptac-

GFP with a synthetic gene encoding dsRed2. Both constructs were propagated in E. coli 
JM109. Tri-parental mating resulting in chromosomal integration of the fluorescent protein 

expression cassettes were carried out as described previously (Wyckoff and Wozniak, 2001). 

No difference in viability or in vitro growth kinetics were observed for all PAO1 isogenic 

mutant strains used in our manuscript when compared to the wild type parental strain (data 

not shown). For keratitis infections bacteria were grown overnight on blood agar plates at 37 

degrees Celsius. Bacteria were scraped off the plate and resuspended in PBS. OD 650 was 

measured and bacterial volumes were calculated based on the OD.

METHOD DETAILS

Eye intravital microscopy—Mice were placed under anesthetic (ketamine (200mg/kg) 

and xylazine (10mg/kg)) and a jugular catheter was inserted as previously described 
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(McDonald et al., 2010; Lee et al., 2010). Mice were placed on a heating pad (World 

precision Instruments), on their side and restrained using umbilical tape by their arms and 

feet to reduce movement from breathing. Throughout the imaging process the mouse 

remained on the heating pad with a rectal probe to maintain body temperature. A 25 mm 

circular coverslip (48380–080 VWR) mounted on a plastic restrainer was used to maintain 

the position of the head under the upright microscope (Figure S1A). A small drop of saline 

was placed on the eye before putting the mouse under the restrainer to keep the eye moist. 

Gentle and uniform pressure was placed on the eye with the coverslip (Figure S1A). Mice 

were imaged either using spinning disk confocal microscopy (Quorum) or multiphoton 

microscopy (Leica SP8). Leica SP8 microscope (Leica Microsystems), equipped with white 

light laser and resonance scanner, a 20X 0.95 NA water objective with a piezo actuator and 

controller was used. A combination of HyD-detectors and PMT internal (confocal) and 

external (2-photon) detectors were used to detect with 650–700 nm, 565–620 nm and 500–

550 nm. Spinning disk confocal images were acquired with an upright microscope (BX51; 

Olympus; Quorum) XLUM Plan F1 10X 0.3 NA air and 20X 0.95 NA water immersion 

objectives. A C9100–13; Hamamatsu camera was used for fluorescence detection (Quorum). 

Simultaneous observation of bacteria, neutrophils, and therapeutic antibodies was assessed 

using 3 laser excitation wavelengths (488, 561, and 635 nm; Cobolt AB) in rapid succession 

and visualized with the appropriate long-pass filters (Semrock).

Neutrophils were labelled using tail vein injection of Ly6G antibody 2–4 hours before 

imaging or using Catchup transgenic mice (Hasenberg et al., 2015). Experiments with 

knockout mouse strains we used intravenous inject of Ly6G 1A8 antibody to identify 

neutrophils, control wild-type mice were similarly stained with Ly6G antibody. Mice were 

imaged for 30 minutes to1 hour at a rate of 10 frames per second. Z-stacks were performed 

based on optimal slice size and numbers based on software recommendations. Data were 

analyzed using Volocity imaging software, Leica image analysis software, and FIJI software. 

Neutrophil elastase staining was quantified by taking 3D images and compressing them into 

one 2D stack. Mean fluorescence intensity was quantified in the single stack using Leica 

software. Lectin staining was performed as previously described (Ma et al., 2009). For lectin 

staining of the biofilm, the lectin stain (MOA-TRITC) was placed on the eye 20 minutes 

before imaging. The eye was stained for 10 minutes and then gently washed 3 times PBS.

Keratitis models—The eye was abraded using a 25-gauge needle in the form of a scratch, 

disturbing the corneal epithelial cells but not causing excessive damage to the eye itself, as 

previously described (Sun et al., 2012). For all experiments, if a mouse’s eye was considered 

smaller than the other mice in the group or had any signs of trauma in comparison to other 

mice in the group this eye or mouse was omitted from the analysis.

For CFU experiments, clinical scores and biofilm 3D reconstruction, animals were 

anesthetized with isoflurane followed by initiation of three 1-mm abrasions on the cornea 

using a 25-guage needle (full/traditional abrasion technique). Mice were infected with GFP 

expressing P. aeruginosa strain PAO1 and isogenic mutants (1×107 CFU/eye) by placing the 

bacteria directly on the eye in a total volume of 0.05ml. At designated time points post-

infection, animals were euthanized by CO2 asphyxiation followed by either: determination 

of bacterial burden in eye homogenates or determination of corneal pathology scores.
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For IVM we redeveloped the traditional keratitis model to make a focal infection point. A 25 

Gauge needle was used to disturb approximately 10–30 corneal epithelial cells, making a 

scarified zone no bigger than the diameter of the 25-gauge needle. For IVM imaging to track 

neutrophil-bacterial interactions and to further define the dead zone, a localized abrasion 

(small abrasion technique) was performed at the temporal corner of each eye. This procedure 

was performed using a dissection microscope and a 25-guage needle. The needle was 

carefully place onto the eye without the application of pressure. We used the needle to 

scratch a small area in the region of interest. Bacteria (1×107 CFU/eye) were then dropped 

directly on the eye in a total volume of 0.05ml. These bacteria only adhered to the area 

where the small abrasion was made.

CFU experiments. Organ burden analyses and quantification of 
proinflammatory cytokines/chemokines—6–8 weeks old male or female with ocular 

infections were sacrificed using CO2 at specified time points. Eyes, spleen, and brains were 

harvested from animals followed by homogenizing of organs. Homogenized tissues were 

plated on tryptic soy agar plates for identification of bacterial colony forming units (CFU). 

The CFU for each eye was determined. The weights of the spleens and brains were 

measured to determine CFU per gram of tissue. Supernatants from tissues were then 

analyzed for IL-1β, IL-6, KC/GRO, and TNF-α using a multiplex kit (Meso Scale 

Diagnostics) according to the manufacturer’s instructions.

Flow cytometry—Mice were euthanized at various time points post infection and perfused 

with 0.9% saline through the right ventricle of the heart. The eyes were harvested and 

minced into pieces. Eye tissue was digested in 2mL RPMI-1640 medium containing 0.5 

mg/mL collagenase VI (Sigma) for 90 minutes at 37°C with shaking (60 rpm). The digested 

corneal tissue was then passed through a 100 μm filter cell strainer (Corning) to remove the 

debris. The cells were then pelleted by centrifugation at 400g for 5 minutes and washed once 

with 1x PBS. The cells were subjected to antibody staining for flow cytometric analysis. 

Cell numbers were measured using absolute cell count beads (eBioscience) according to the 

manufacturers’ instruction. Flow cytometric data were analyzed using FlowJo X software 

(Tree star). Refer to the Key Resource Table for antibodies used. Cells were gated using 

FSCA and FSCH to identify singlets, then gated for live cells by taking a population that 

was negative for live/dead stain. Gating strategy is presented in Figure S1J. Eyes were not 

pooled together for analysis.

Intracerebral administration of Pseudomonas aeruginosa—Mice were 

anesthetized with ketamine (200 mg/kg) and xylazine (10 mg/kg) i.p and placed on a 

stereotaxic frame. After a midline skin incision, a burr hole (0.5 diameter) was made using a 

motorized drill 1.0 mm anterior and 2.0 mm lateral to the bregma. A 10 μl microsyringe 

(Hamilton Company) was loaded with a 2 ul suspension containing 500 CFU Pseudomonas 
aeruginosa GFP (PAO1) and affixed to the stereotaxic frame. The needle was advanced 4.0 

mm into the brain from the surface of the dura and the suspension was slowly administered. 

The burr hole was then sealed with wax and the incision closed. Mice were recovered and 

closely monitored. At 24 hours post-infection, animals were euthanized and tissues were 

collected to determine CFUs in brain and spleen.
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Antibiotic treatment—0.3% tobramycin eye drops (Tobrex, sterile ophthalmic ointment) 

were administered to mice two times daily, directly onto the eye. As a control, mice were 

administered eye drops with no antibiotics.

Antibody conjugation—Abcam antibodies were conjugated to Alexa-647 using the 

Biotium conjugation kits.

Therapeutic antibodies—Anti-psl commercial name Psl0096, anti-PCRV commercial 

name V2L2, bispecific commercial name MEDI3902. Produced by MedImmune/

AstraZeneca.

NET staining—Sytox red (ThermoFisher) was diluted 1:500 and gently dripped on the 

surface of the eye, left for 5 minutes, and then gently washed off with PBS (3x). H2A (10μg 

of labelled antibody per mouse) and neutrophil elastase probe (100μl as recommended by 

Perkin Elmer) was injected I.V. into the mouse 2–3 hours prior to imaging. Refer to 

Extended Table 1 for detailed list of antibodies used. Elastase antibody probe used was to 

detect activity of mammalian elastase enzyme, as seen by the lack of staining only in 

neutrophil elastase deficient animals. We did not see reactivity with P. aeruginosa elastase 

using this probe.

Total human IgG quantification from mouse eye—The total concentration of 

MEDI3902 in mouse homogenates was determined by enzyme-linked immunosorbent assay 

(ELISA) as previously described (DiGiandomenico et al., 2014). The procedure is a 

heterogeneous format in which wash steps follow after each incubation. All plates were 

washed 3X with PBS supplemented with 0.1% tween 20. A 96 well microtiter plate 

(NUNC™ MaxiSorp™) was coated with 0.05 ml/well of sheep anti-human IgG (H+L) 

diluted to 0.5 μg/mL in carbonate/bicarbonate. The standard curve was established using a 

four parameter logistical curve fit model [y-(A-D)/(1+(x/C)^B+D] without weighting. The 

nominal range of this assay was 1–1000 ng/mL.

Scanning electron microscopy—Eye samples were collected from mice at 24 hours 
post-infection. The full eye with the optic nerve was prepared and mounted. The optic nerve 
was used to orient our imaging. Samples were prepared as previously described using the 
critical drying point method (Saraswathi and Beuerman, 2015). Images were obtained from 

John’s Hopkin’s EM facility. All SEM images except for the first panel of Figure 1G were 

collected at 6.0KX magnification. Panel 1 of Figure 1G was captured at magnification of 

650X.

Histology—In order to keep the shape of the eyes intact and not disturb the biofilm on the 
surface of the cornea, we fixed the whole head of the mouse in 10% buffered formalin after 
the mice were sacrificed. Eyes were removed from mice 24 hours after fixation and paraffin 
embedded. Samples were sectioned using a microtome and stained using Gram-stain and 
hematoxylin and eosin stain as previously described (Brown and Hopps, 1973).
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QUANTIFICATION AND STATISICAL ANALYSIS

Statistical analysis—All experiments were repeated three times with n=4–5 mice per 

group. Both eyes were infected on each mouse and plotted individually (to show variability); 

however statistics were performed on the average of the two eyes from the same mouse. For 

example, an experiment with n=4 mice will have 8 points to account for the individual eyes, 

unless otherwise stated. Data are represented as the mean ± standard error of the mean or 

median and interquartile range (IQR; 25th and 75th percentiles), as specified in figure 

legends. Normally distributed data were analyzed using Student’s t-test or one-way analysis 

of variance (ANOVA) with Holms-Sidak’s multiple comparisons post-hoc test. Non-

normally distributed data were analyzed using the Mann Whitney U test or Kruskal-Wallis 

ANOVA with Dunn’s multiple comparisons post-hoc test. All statistical tests were two-sided 

and a p-value <0.05 was considered significant. Data were analyzed using GraphPad Prism 

(Version 7, GraphPad Software Inc., CA, USA).

IVM image quantification—For IVM image quantification, each point in a graph 

represents one mouse as only one eye per mouse could be imaged using this technique. 

Leica software TCS SP8 software was used to quantify the height of the biofilm. Images 

were gathered and 3D projections were made of each z-stack. The z-stacks were then sliced 

at three regions and the height of the biofilm at three points in each region was measured and 

averaged. The average of these quantifications is represented in the graphs. Similarly, dead-

zone measurements were performed at three points in the 3D image and the average was 

plotted. Please refer to Figure S1K for schematic of how we made these measurements.

Keratitis severity score—Full abrasion model was used for keratitis scores. Keratitis 

severity score was adapted from Hazlett et al. (Hazlett et al., 1987). We modified the 

semiquantitative score to include an additional category for eyes without any visual opacity 

and adjusted the score developed by Hazlett et al. accordingly. Eyes of infected mice were 

scored by two individuals and the identity of the samples were blinded to the individuals. 

The average of both individuals was processed and graphed (Hazlett et al., 1987). Scoring 

format: 1= Clear or slight opacity, partially covering pupil; 2 = Slight opacity fully covering 

anterior segment; 3 = Dense opacity, partially or fully covering pupil; 4 = Dense opacity, 

covering entire anterior segment; 5 = Corneal perforation or phthisis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• P. aeruginosa keratitis infections result in biofilm formation on the cornea

• NETs form at the base of the biofilm, triggered by the typethree secretion 

system (T3S)

• NETs stop bacterial dissemination into the brain but promote antibiotic 

resistance

• Blocking exopolysaccharide Psl and the T3S allowed neutrophils to 

breakdown the biofilm
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Figure 1. Neutrophils move into the eye during P. aeruginosa infection but are unable to stop 
biofilm development.
A. In vivo microscopy of a naive mouse cornea, outlined in white (green autofluorescence 

signal of epithelial cells).White arrows point to neutrophils (red) moving quickly through 

blood vessels in the sclera. B. In vivo microscopy 24 hours post eye abrasion. Neutrophils 

(red) start to move onto the cornea. C. Flow cytometry analysis of the full corneal abrasion 

model at 4, 24 hours post-abrasion only as well as abrasion + infection. All samples were 

gated as singlets, live, CD45+ cells with neutrophils gated as Ly6G+ Cd11b+ cells. D. In 
vivo microscopy 4 hours post abrasion + infection of cornea with P. aeruginosa strain PAO1 

(green), neutrophils (red). E. In vivo microscopy 24 hours post abrasion + infection with P. 
aeruginosa strain PAO1 (green), neutrophils (red). F. Zoomed in 3D-reconstruction of the 

biofilm in vivo. P. aeruginosa (green), neutrophils (red). G. Scanning electron microscopy of 

the corneal surface at 24 hours post P. aeruginosa infection. Yellow arrow defines 

mushroom-like structures characteristically seen in developed biofilms. Right panel is a 

zoomed in section 6.00KX magnification of the 650X magnification image on the left. 

White arrows define single bacteria that are encased in a matrix (biofilm matrix).
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Figure 2. Developed bacterial biofilm and dead-zone is dependent on P. aeruginosa T3S and Psl 
exopolysaccharide.
A. In vivo microscopy 24 hours post infection. Red (Catchup reporter mouse, dtTomato 

neutrophils), blue (Ly6G staining, antibody administered intravenously), green (P. 
aeruginosa biofilm). White dotted line defines the dead-zone. B. In vivo microscopy 

showing collagen (second harmonic signal, white) around bacterial biofilm (green), 

neutrophils (red). White dotted line defines the dead-zone. C. Active neutrophil elastase 

staining (blue) in vivo 24 hours post-infection. P. aeruginosa biofilm (green), neutrophils 

(red). White dotted line defines the dead-zone. D. Histone H2A staining (blue) in vivo 24 

hours post-infection. P. aeruginosa biofilm (green), neutrophils (red). White dotted line 

defines the dead-zone. E. Sytox Red DNA staining (blue) in vivo 24 hours post-infection. P. 
aeruginosa biofilm (green), neutrophils (red). White dotted line defines the dead-zone. F. 
Mice were given ocular infections with wild-type P. aeruginosa and isogenic mutants (Δpsl, 
Δpcrv, Δexos). Top panel: in vivo microscopy and 3D reconstructions were used to observe 

and quantify biofilm and dead-zone formation (G, H). Bottom panel: scanning electron 

microscopy images taken at 6.00kX magnification. White arrows indicate bacteria. I. 
Quantification of bacterial CFUs in eyes at 24 and 48 hours post-infection. J. Active 

neutrophil elastase activity (blue) was visualized in vivo and quantified (K) at 24 hours post-

infection with P. aeruginosa (Δpsl, Δpcrv, and Δexos; green), neutrophils (red). Data in I are 

represented as median and interquartile range and tested by non-parametric Kruskal-Wallis 

ANOVA. Data in G, H, and K are represented as the mean ± standard error and tested by 

one-way ANOVA. *p<0.05; **p<0.01, ***p<0.001. n=4–5 per group.
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Figure 3. Formation of the dead-zone is dependent on the production of NETs and proteases by 
host neutrophils.
Mice lacking neutrophil elastase (NE−/−), PAD4 (PAD4−/−), Cathepsin C (Cstc−/−), or 

complement component 3 (C3−/−) were infected with wild-type P. aeruginosa. Biofilm and 

dead-zone formation were visualized using in vivo microscopy (A) and quantified (B, C). D. 
Eye pathology was observed and assessed. E. Bacterial CFUs in eyes were assessed at 24 

hours post-infection in mutant mice. F. Active elastase staining (blue) in PAD4−/− and NE−/− 

mice was visualized in vivo and mean fluorescence intensity was quantified (G). H. 
Quantification of bacterial CFUs in brains at 7 days post-infection. I. Quantification of 

bacterial CFUs in eyes at 7 days post-infection. Wild-type C57 and PAD−/− mice were 

treated with topical eye drops with or without tobramycin two times a day for 7 days. Data 

in E, H, and I are represented as median and interquartile range and tested by non-parametric 

Kruskal-Wallis ANOVA. Data in B, C, D, and G are represented as the mean ± standard 

error and tested by one-way ANOVA. *p<0.05; **p<0.01, ***p<0.001. n=4–5 per group.
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Figure 4. Prophylactic treatment of mice with bispecific therapeutic antibodies reduces biofilm 
formation and bacterial load.
A. Schematic and visualization of antibody binding to the bacterial biofilm using in vivo 
microscopy. Antibodies (anti-Psl, anti-PcrV, bispecific: blue), biofilm (green). B. Schematic 

of antibody treatment and infection models (using small localized abrasion model for in vivo 
intravital imaging and classic full abrasion model to assess clinical pathology and CFUs). 

C,D. In vivo imaging of neutrophils (red) in the cornea and quantification of neutrophil 

behavior at 4 hours post-infection in the presence of therapeutic antibodies. P. aeruginosa, 

green. E,F. In vivo imaging of neutrophils (red) in the cornea and quantification of biofilm 

(green) height at 24 hours post-infection in antibody treated mice. White dotted line defines 

the dead-zone. Small focal infection point model was used. G. Quantification of bacterial 
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CFUs in eyes at 24 hours post-infection. H,I. Clinical outcome and scores of eyes at 7 days 

post-infection. J. Quantification of bacterial CFUs in eyes at 7 days post infection. n=4–5 

mice per group prophylactically treated with therapeutic antibodies. K. Quantification of 

bacterial CFUs in brains at 7 days post-infection. L,M. Clinical outcome and scores of eyes 

at 7 days post-infection in NE−/−, PAD4−/−,and Cstc−/− mice treated with bispecific 

therapeutic antibody. Data in G, J, and K are represented as median and interquartile range 

and tested by non-parametric Kruskal-Wallis ANOVA. Data in D, F, I, and M are 

represented as the mean ± standard error and tested by one-way ANOVA. *p<0.05; 

**p<0.01, ***p<0.001. n=4–5 per group.
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Figure 5. Treatment with the bispecific antibody can breakdown biofilm infections in a 
neutrophil serine protease mediated manner.
A. Timeline of antibody and tobramycin treatment of mice post-infections. n=5 per group. 

B. Quantification of bacterial CFUs at 7 days post-infection and treatment. C,D. Clinical 

outcome and scores of eyes at 7 days post-infection. E. Concentration of TNF-α, IL-1β, and 

KC in whole eyes at 7 days post-infection and treatment. Classic full abrasion of the cornea 

model was used here. Data in B are represented as median and interquartile range and tested 

by non-parametric Kruskal-Wallis ANOVA. Data in D and E are represented as the mean ± 

standard error and tested by one-way ANOVA. *p<0.05; **p<0.01, ***p<0.001. n=6–8 per 

group.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Ly6G (clone: 1A8) Biolegend Cat. # 127609, RRID:AB_1134162

F480 (clone BM8) Ebioscience Cat. # 47-4801-82 RRID:AB_2735036

CD11c (N148) Ebioscience Cat # 11-0114-82 RRID:AB_464940

CD11b (M1/70) Ebioscience Cat # 25-0112-82 RRID:AB_469588

MHCII (M5/114.15.2) Ebioscience Cat # 12-5321-82 AB_465928

CD45 (clone 30-F11) Biolegend Cat # 103137 RRID:AB_2561392

H2A.X histone antibody Abcam Cat#: Ab188819 RRID:AB_10672053

Mouse anti-MPO Abcam Cat # Ab9535 RRID:AB_307322

Neutrophil Elastase 680 FAST Fluorescent 
Imaging Agent

PerkinElmer Cat # NEV11169

Ghost Red Live/dead Tonbo Cat # 13-0871-T100

IgGA control Abcam Cat # ab37415 RRID:AB_2631996

MOA (Marasmium oreades agglutinin)-TRITC EY Labs Cat # R-9001-1

Anti-Psl (Psl0096) (DiGiandomenico et al., 2012) NA

Anti-PcrV (V2L2) (Warrener et al., 2014) NA

Bispecific (MEDI3902) (DiGiandomenico et al., 2014) NA

Bacterial Strains

Pseudomonas aeruginosa PAO1 WT GFP Shawn Lewenza NA

Pseudomonas aeruginosa PAO1 Δpsl GFP Created in this study NA

Pseudomonas aeruginosa PAO1 ΔpcrV GFP Created in this study NA

PAO1 dexos GFP Created in this study NA

E. coli JM109 Promega Cat# (P9751)

Experimental Models: Organisms/Strains

C57BL/6 wild-type Jackson #664

B6.129S4-C3,tm1Crr./J Jackson #3641

Catchup Ly6G reporter mice Hasenberg et al., 2015 NA

Peptidyl arginine deiminase, type IV (PAD4−/−) Gift from Kerri A. Mowen, La Jolla 
California NA

Cathepsin C knockout mice (Cstc−/−) GalxoSmithKline NA

Neutrophil elastase knockout (NE−/−) Jackson #6112

Fc R gamma receptor knockout mice (FcRγ−/−) Taconic #583

Critical Commercial Assays

Meso Scale Multiplex assay Kits Proinflammatory panel K152QOD

Plasmids

CTX-Ptac-GFP Wyckoff and Wozniak, 2001 NA

pPM297 Wyckoff and Wozniak, 2001 NA

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER

Prism GraphPad https://www.graphpad.com/scientific-software/
prism/

Volocity Quorum http://quorumtechnologies.com/index.php/
component/content/article/31-volocity-
software/31-volocity-quantitation

FIJI ImageJ https://fiji.sc/

Leica SP8 software Leica https://www.leica-microsystems.com/products/

FlowJo Tree Star https://www.flowjo.com/

Other.

0.3% Tobrex (3mg/mL tobramycin eye 
ointment)

Canadian distributors of veterinary 
products NA

Eye ointment (no antibiotics) VWR NA
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