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ABSTRACT PurposeThe type Ill secretion system (T3SS) is a signiftcdrulence
determinant foPseudomonas aeruginosa. Using a rodent model, we found that contact lens
(CL)-related corneal infections were associateth Wahs surface biofilms. Here, we studied the
impact of human tear fluid on CL-associabedfilm growth and T3SS expression.

Methods P. aeruginosa biofilms were formed on contact lenses for up ttays with or without
human tear fluid, then exposed to tear fluid far 24 h. Biofilms were imaged using confocal
microscopy. Bacterial culturability was quantifieg viable counts, and T3SS gene expression
measured by RT-gPCR. Controls included trypticasebsoth, PBS and planktonic bacteria.
Results. With or without tear fluid, biofilms grev ~1 cfu viable bacteria by 24 h. Exposing
biofilms to tear fluid after they had formed withouon lenses reduced bacterial culturability
~180-fold (p<.001). CL growth increased T3SS gergeassion versus planktonic bacteria [5.46
+ 0.24-fold for T3SS transcriptional activitexsA (p=.02), and 3.76 £+ 0.36-fold for T3SS
effector toxinexoS (p=.01)]. Tear fluid further enhancegsA andexoS expression in CL-grown
biofilms, but not planktonic bacteria, by 2.09 B8fold (p = 0.04) and 1.89 + 0.26-fold
(p<.001), respectively.

Conclusions. Considering the pivitol role of theSE3inP. aeruginosa infections, its induction

in CL-grownP. aeruginosa biofilms by tear fluid might contribute to the pagenesis of CL-
relatedP. aeruginosa keratitis.

KEY WORDS biofilms, contact lenses, human tear flltdeudomonas aeruginosa, type Ill
secretion system
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l. INTRODUCTION

More than 120 million individuals worldwide wearntact lenses for correction of refractive
errors! Yet contact lens wear poses a significant riskctomeal infectiorf,a serious eye disease
that can result in permanent vision loss. VIAsgudomonas aeruginosa is the most common
cause of lens-related corneal infection is notrelyticlear® but it is likely related to the

unusually large number of genes devoted to surwwallence and its regulation, and its



capacity to adapt to diverse environméhts.

P. aeruginosa is among the bacteria capable of forming robusfilbis. Biofilms are
communities of surface-associated microbial cella heterogenous protective matrix of
polysaccharides, proteins, and nucleic attfsBiofilm growth can enhance bacterial tolerance
to antimicrobial agent§*®and to host immune respons$&s$®and involves changes in microbial
metabolism, gene expression, and contributions frematrix itself:” P. aeruginosa biofilms
readily form on human contact lenses and in lemsge case¥.

Previously, we showed thBt aeruginosa-contaminated contact lenses reliably caused
disease in otherwise healthy rat eyes after a pefie-8 days® Since this timing was reduced to
~2 days when lenses from already infected rats wansferred to naive rats, the data suggested
that bacteria associated with the lens were prifoedirulence during extended exposure to the
ocular surface environment. Supporting this notienses removed from rat eyes after disease
onset consistently harbored mature biofilms coimair5x10 cfu bacteria per lens.

In this study, we tested the hypothesis that ofirowth on a contact lens and subsequent
exposure to tear fluid can trigger expression aflence factors i. aeruginosa. We focused
on the type Il secretion systeM3SS), because it is considered among the most sigmific
virulence factors of this pathogéh?* and we have shown that it can promBteeruginosa

traversal across a susceptible corneal epithelfufn.

. METHODS
A. Tear Collection
Basal tear fluid was collected from male and fenmaalthy volunteers under a protocol

approved by the Committee for the Protection of ldarBubjects, University of California,



Berkeley. This research followed the tenets ofkelaration of Helsinki. Informed consent was
obtained from all subjects, each of whom was infxirof the nature of the study and potential
consequences. Briefly, polyester capillary micrepies (Drummond Scientific Company; USA)
were placed on the subject’s ocular lateral canthiuapproximately 20-30 min to collect tear
fluid. Collected tears were frozen at -8D until used for experiments. Human tear fluid exisi

antimicrobial activity against susceptible straif®. aeruginosa after pooling and freezirf§.

B. Bacterial Culture

Pseudomonas aeruginosa strain PAO1 was used throughout the study and gaw
trypticase soy agaifGA) plates overnight at 3C.

Planktonic bacteria were obtained by inoculatimgl5of trypticase soy brothlSB) and
incubating overnight at 3%C with shaking. The overnight culture was thentéitli1:50 in TSB
at 37°C, and incubated with shaking until the opticalsign(OD) was 0.1 at 650nm (~10
CFU/mL) determined by a spectrometer. The bactsdhition was then diluted in TSB, PBS, or
tear fluid to ~18CFU/mL as required, and incubated at’@5or various times as specified in
the Results section. TSB transferred from thistditustep (~1 % vol/vol) will likely contribute a
nutrient source to the PBS and tear fluid samphesontrol experiments, planktonic bacterial
growth was evaluated by serial dilution and viadmants on TSA each day for 7 days. Bacterial
viability was similar in both tear fluid and PBSestch time point (p>.5, one-way ANOVA with
Dunn's Multiple post-hoc analysis), although aseeted, both showed ~10-fold lower viability
than TSB grown bacteria at each time point aftecutation (Figure 1).

Biofilms were formed on unworn contact lenses (aloar B 38%, HO 62 %) that had been

previously soaked in 3 mL of PBS for 1-2 days tmoge packaging solution. Lenses were



punctured into 2 mm (diameter) discs and transfieiwea 12-well tissue culture plate, each well
containing 10Qul of planktonic bacteria at ~}0cfu/mL, and incubated for 3 h at 32 with
shaking. Contact lenses were washed once with BB&1ove non-adherent bacteria, then
treated as follows. Some lenses were homogenizéadnh of PBS with Triton X-100 (0.25 %
vol/vol) and initial adherent bacterial numbers mevated by viable counts (initial bacterial
adhesion), andthe remaining lenses were exposEaDio of TSB, PBS or tear fluid for 24 h at
35°C, after which respective fluids were replacedyddilSB was used to control for the
presence of nutrients in tear fluid, and PBS waslus match growth rates (Figure 1). Lenses
from each condition were homogenized at Days &n@,5 to quantify biofilm formation.

For confocal microscopy of contact lens-associatefiims, PAO1 was transformed with
plasmid pSMC2 expresssing GFP (PAO1-GER)nd growth media were supplemented with
carbenicillin 30Qug/mL. Lenses were punctured as described aboveamsferred into sterile
contact lens storage wells (5 lenses per well)hEeall was filled with 2 mL TSB with
carbenicillin, and inoculated with one colony of @BA-GFP previously grown on TSA with
carbenicillin for 18 h at 38C. The lens cases were incubated #3&nd the TSB with
carbenicillin replaced daily for 7 days. Lensesewasualized with confocal microscopy at

various time points as indicated.

C. Exposure of Preformed P. aeruginosa Biofilms on Contact L ensesto Tear Fluid

P. aeruginosa biofilms were formed on a subset of unworn conlagses incubated in TSB
for 7 days. Methods were as described above fdiocahmicroscopy, but using. aeruginosa
PAO1 without GFP, and thus TSB without carbenicillfter removal from the TSB, lenses

were washed once with PBS, then exposed to 100T&B, PBS, or tear fluid and incubated at



37°C for 24 h. As described above, both TSB and PBi® weed as controls: TSB for the
presence of nutrients in tear fluid, and PBS tocimgrowth rates. After incubation, lenses were
washed once with PBS, and numbers of viable bacterieach lens were enumerated by
homogenizing the lens in 5@0 of PBS containing Triton X-100 (0.25 % vol/volna

performing viable counts. Bacteria dispersed fraofiln were enumerated by sampling gi0of

supernatant in each well at the 24 h time poino¥edéd by viable counts.

D. Confocal Microscopy

Biofilm formation on contact lenses By aeruginosa strain PAO1-GFP was imaged by
confocal microscopy. An uninoculated control lereswsed to standardize imaging parameters,
and lenses for imaging were prestained with Coomémssliant blue (5 % vol./vol.) prior to
biofilm formation for contrast. Prior to imagingrises with biofilms were gently washed in 1
mL of PBS to remove loosely attached planktonidérza. PAO1-GFP biofilms were examined
using a confocal laser scanning microscope (FV-100mpus Optical Co. Ltd., Japan) and
488 nm and 533 nm lasers. Image J was used to mmsgiack images into a 3-D or orthoslice

displays.

E. Quantification of T3SS Gene Expression by Real Time (RT)-gPCR

Planktonic bacteriaR; aeruginosa strain PAO1) were prepared as described abover &fe
1:50 dilution step, bacteria were incubated forat B7°C until the OD was ~ 0.4. After
centrifugation at 3,000 x g for 5 min, the supeanatvas discarded and bacterial pellet
resuspended in 2 mL of PBS or tear fluid and intedbdor 5 h at 37C with shaking. Samples

were then centrifuged again to obtain a bactegdépwhich was resuspended in RNA protect



™ for RNA extraction. Biofilm grown bacteria on uom contact lenses were also prepared in
TSB as described above, but using whole contasekerOn day 7, the TSB was removed, lenses
were washed once with PBS, and incubated in 2 nfeBS or tear fluid for 5 h at 3T. Biofilm
on the contact lenses was collected by vortexiegehses in 2 mm glass beads with RNA
protect ™.

Total RNA from either planktonic and biofilm groi®AO1 was extracted with the RNeasy
Kit (Qiagen, Valencia, CA) according to manufactlg@rotocol, and using Qiagen on-column
DNase steps to remove any contaminating genomic JRMA quality was assessed using a
NanoDrop machine. The cDNA was transcribed witlerse transcriptase following
manufacturer instructions (BioRad, CA). T3SS gexfgession €xsA andexoS) was quantified
by RT-gPCR. Reactions were carried out using tlod-&st EvaGreen Supermix (Biorad, CA)
under these conditions: 95 °C for 30 s followedbycycles of 95 °C for5 s, 58 °C for 5 s, and a
final melt curve at 72 °C with 2 sec/step. Primesed in the reactions were: 5'- CGA GGT
CAG CAG AGT ATC GG-3' exoSforward) and 5'-GTA GAG ACC AAG CGC CAT CA-3
(exoSreverse); 5'- CTG GCG AGT TGC TTT TCG TC-2xEA forward) and 5’-ACG CTC
GAC TTC ACT CAA CA-3' (exsAreverse); 5- TCT AAG GAG ACT GCC GGT GA-3’
(ribosomal 16Sforward) and 5’-CAG CT GCG ATC CGG ACT AC-3ibosomal 16Sreverse).
Transcript levels of each gene were normalizetiab of the internal control ribosomal 16S and
expression calculated by using theAA€T method?® Normalized fold expression was calcuated
relative to control using BioRad CFX Manager vensio6.541.1068. Controls without reverse

transcriptase were also included.

F. Statistical Analysis



Data were expressed as a mean = standard erioe afi¢dan $EM) for each group. For
viable counts of bacterial biofilms on contact leiscs, significance of differences between two
groups at each time point was determined usind/iwen-Whitney U test. For other experiments,
the significance of differences between groups aedsrmined using Student's t-test for two
groups, or one-way ANOVA with Dunn's Multiple pdste analysis for multiple-groups. P

values of <.05 were considered significant. All esments were repeated at least three times.

1. RESULTS

A. P. aeruginosa Biofilm Formation on Contact L enses

Contact lens discs (2 mm) incubated wWithaeruginosa PAO1-GFP formed substantial
surface biofilms at 24 h as shown by 3D confocadgmg of progressive biofilm formation
(Figure 2A). Orthoslice imaging revealed minimattesial penetration into the contact lens
material at 24 h (Figure 2B). From 48 to 72 h, hesvebacterial biofilm showed increasing
penetration into the lens material (Figure 2B). ldgemnization of biofilm-coated contact lens
discs revealed similar numbers of culturable b#ctr4 h and 8 h post-inoculation (4 h mean =
4.9 x 16 + 1.3 x 16 CFU: versus 8 h mean = 3.0 x’301.2 x 1§ CFU, p>.05, Mann-Whitney
U test). The number of bacteria recovered increasgdficantly by 24 h (Day 1 mean = 2.2 x
10 + 8.5 x 10 CFU, p<.001, Mann-Whitney U test versus 8 h timmf)oAlthough greater
penetration of biofilm into the lens material wdserved from 48-72 h (Figure 2B), the number
of recovered bacteria remained consistent from DayDay 7 (Day 7 mean = 2.6 x*:01.14 x

106° CFU).



B. Tear Fluid Does Not Affect P. aeruginosa Biofilm For mation, but Reducesthe
Number of Bacteria Culturable From Preformed Biofilms

Contact lens discs were incubated wWattaeruginosa for 5 days in the presence of human
tear fluid, then compared to PBS and TSB contiéar fluid- and PBS-formed biofilms yielded
similar number of culturable bacteria after bothntl 3 days, each significantly less than TSB-
formed biofilms (Figure 3A;p<.05 one-way ANOVA wibunn's Multiple post-hoc analysis).
By day 5, there were significantly more culturabiefilm bacteria than on Day 1 and Day 3 for
both TSB and tear fluid (Figure 3A; p<.05 one-wady@VA with Dunn's Multiple post-hoc
analysis). While there were still more culturabéeteria recovered from TSB biofilms at Day 5
compared to PBS and tear fluid, differences betwirese groups were not significant.

We next exposed already-formed biofilms (i.e., gnow TSB for 7 days) to each of the three
different media for 24 h (Figure 3B). The numbecuolturable bacteria continued to increase in
TSB. However, tear fluid reduced the number ofuwgalble bacteria in preformeH. aeruginosa
biofilms by ~180-fold compared to the biofilms sahgently exposed to TSB (p<.001, one-way
ANOVA with Dunn's Multiple post-hoc analysis), boy only ~ 4-fold compared to PBS
controls (p=.001, one-way ANOVA with Dunn's Multgpost-hoc analysis).

For both tear fluid and PBS, some dislodgment ofiloh was noted after 24 h compared to
TSB-exposed biofilms, which appeared more firmbaetied to the lens material. To explore the
role of dispersal in reducing the number of baategcovered from biofilms after tear fluid
exposure, the incubation solution containing degddbacteria and their progeny was also
examined. Significantly fewer detached bacterisewerovered after tear fluid exposure
compared to controls (~2 log reduction comparedB&, >3 log reduction compared to TSB,

p<.001, one-way ANOVA with Dunn's Multiple post-hanalysis; Figure 3B).
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C. Tear Fluid Induction of T3SS Gene Expression in P. aeruginosa Biofilms

RT-gPCR was used to compare expression of two T@88s irP. aeruginosa biofilms vs.
in planktonic bacteria, and after human tear fexgosure. Expression of bagksA (encodes a
transcriptional activator of the T3SS) am@S (encodes an important T3SS effector toxin) was
examined (Figure 4). Expression of both genes wgificantly upregulated ifP. aeruginosa
biofilms associated with contact lens discs congbéweplanktonic bacteria (Figure 4A; p=.02 for
exsA, p=.01 forexoS, t-Test). Moreover, exposure of the contact lessaiatedP. aeruginosa
biofilms to tear fluid (for 5 h) further induced@ression of both T3SS genes as compared to
control biofilms exposed only to PBS (Figure 4B,@forexsA, p<.001 forexoS, t-Test).
Exposure of planktoniP. aeruginosa to tear fluid did not induce T3SS gene expresglodd +

0.78-fold forexsA, and 0.95 + 0.12-fold foexoS [p=.25 for each versus PBS controls, t-Test]).

V. DISCUSSION

P. aeruginosa keratitis is a potentially blinding complicatioh@ntact lens wear, yet the
mechanisms by which lens wear predisposes to fease remains poorly understoBd.
aeruginosa and many other bacterial species can form biofdtmgontact lenses or in lens cases,
a mode of growth that facilitates bacterial resis&ato antimicrobials and phagocytosis by host
cells, and can facilitate increased pathogenftit§2°33

Data collected in this study show thataeruginosa can form biofilms on clean unworn
contact lenses in a range of nutritional conditi@isfilms grown for 5 days in nutrient-rich
culture medium (TSB), balanced salt solution camitey few nutrients (PBS), and 100%

concentrated human tear fluid (which contains fisctath antimicrobial activities) all yielded

11



similar numbers of culturable bacteria. This vali$ais consistent with the large cadre of genes
in theP. aeruginosa genome devoted to survival and adaptation to jiiegaconditions? Indeed,
the kinetics of biofilm development, initially sl@win tear fluid and PBS than in rich culture
media, implicates adaptation. Biofilm formation eve the presence of tear fluid aligns with our
previously published results showiRgaeruginosa can resist and adapt to the antimicrobial
effects of human tear fluitf,and that it can form biofilms on (and penetrate)ithe surface of
contact lenses worn by rats in vit¥bOthers have shown that human tear fluid comporeants
actually contribute to biofilm formation Hy. aeruginosa.®*

While the data showed that biofilm could form ondes in the presence of tear fluid, tear
fluid reduced the number of bacteria recoveraldmfbiofilms that had been grown in TSB
culture media. Some of this loss of culturabilikely reflects a nonspecific shock response to a
change in nutrient concentrations, given that expot PBS also reduced culturability.
However, tear fluid caused a ~4-fold greater lbssi1tdid PBS, suggesting some specificity. The
differences may not be a result of differentialteaal detachment, since there appeared to be
more dispersal in PBS (and TSB) than there wasanftuid. Growth of dispersed bacteria in
TSB may complicate interpretation of dispersal detavever, tear fluid did not suppreBs
aeruginosa culturability in suspension when compared with KBigure 1). Thus, the
mechanism for suppression in biofilms seems wooftfyrther investigation. In particular, it
would be important to know if tear fluid exposureeurages biofilni. aeruginosa associated
with the contact lens to enter a Viable But NottGuble ¥ BNC) and/or persister state>®
phenotypes more resistant to antimicrobials andrahvironmental stresses, and from which
they can be resuscitated to reacquire viruléhée. Despite the fact that tear fluid reduced the

number of culturable bacteria in biofilms compatedBS, it enhanced expression of the

12



bacterial T3SS, a major virulence determinant. Tas over and above the increased expression
caused by biofilm growth compared to growth in snsggon. Our published data show that the
T3SS is involved irP. aeruginosa traversal of superificially-injured corneal epitilben in mouse
models®**3The net sum result on virulence of increasing T8§&ession while also reducing

the number of culturable bacteria via tear fluig@sure will require further investigation. How
virulence factors other than the T3SS are impaoteiear fluid also remains to be determined.
Whatever the case, the data presented here supparttion that studying culturability alone

may not provide enough information to understarmdsiignificance of bacterial contamination
during lens wear.

Following discovery of th®. aeruginosa master regulator RetS by three independent
laboratories, including our grodfy*® a model evolved tha&. aeruginosa utilizes it and other
factors to reciprocally regulate T3SS genes anfilimdormation for the purposes of directing
bacterial pathogenicity towards either acute inéecéind virulence or chronic infection and
persistencé>*’ Indeed, enhanced biofilm formation on abiotic acefs has been observed using
both T3SS and RetS mutafit$® Further, RNA-sequencing has shown a distinct diffee in
the transcriptome of planktonic versus static-tiofP. aeruginosa with the latter favoring T3SS
suppression, production of biofilm matrix materi@dsy. polysaccharide), and adaptation to
microaerophilic condition3However, others have published data that sughesto
phenotypes can occur simultaneously in the samalaiipn*® Our data showing greater T3SS
gene expression in biofilm on contact lenses veptargktonically growrP. aeruginosa also
challenges the idea that there is a neat divisidh aeruginosa into two states depending on
how it is grown. Indeed, the. aeruginosa T3SS has actually been implicated in promoting

adhesion to contact lenses, as has lens exposartfitial tear fluid® Thus, the reciprocal

13



regulation model appears to be conditional on #peemental set-up. It is unclear why there
would be more robust T3SS expression in biofilntgr on contact lenses when its expression
is suppressed during biofilm growth in some othexuenstances, but this could relate to
properties of the material, or some other variabte.exampleP. aeruginosa biofilms exposed

to Acanthamoeba castellanii show induction of T3SS genes to kill the Amoebae.

V. CONCLUSION

The results of this study contribute another pitecine puzzle of how contact lens wear
promotes infection withP. aeruginosa. Due to its inherent resistance to killing, itpaeity for
adaptation, and its ubiquitousness in our envirarinke aeruginosa commonly contaminates
contact lenses and lens care prodectsOn the surface of these materials, it can fornusob

3033:35ncluding on contact lenses worn in vito'® Biofilm formation?® and tear

biofilms,
fluid,>’ can each promote outer membrane vesicle (OMVjselédyP. aeruginosa, and OMVs
can prime the cornea for subsequent bacteria aath®si

The data presented here show that biofilm growth tens and exposure to human tear fluid
can also upregulate expression of the T3SS, wlanoheoabld®. aeruginosa to traverse
susceptible corneal epitheliin?an essential event in the pathogenesis of comieattion. In
the absence of lens we&,aeruginosa (and other microbes) cannot infect a healthy carne
surface, which has anti-adhesive properi&d Since there is nothing for them to establish a
foothold, any inoculated bacteria are rapidly regtwiy highly effective clearance

mechanism&® giving them insufficient time or opportunity toime the surface for adhesion or

to trigger expression of virulence factors requii@dtissue invasion.

14



Infection of the cornea can lead to rapid visiossldStudies of the sequence of events
involved in pathogenesis of infection versus thoséntaining health at the ocular surface and
elsewhere could lead to strategies for preventifigction. That would improve upon the current
approach of treating infection after pathologyvglent, and potential for loss of vision or life is

already apparent.
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FigureLegends

Figure 1. Planktonic growth oP. aeruginosa strain PAOL1 in TSB, PBS and tear fluid.* Growth
in TSB was significantly higher than in PBS or téard on each day after day 1 (p<.01, one-
way ANOVA with Dunn's Multiple post-hoc analysigut growth in PBS and tear fluid was not

significantly different.

Figure 2. Confocal microscopy images Bf aeruginosa biofilms (PAO1-GFP, green) on contact
lenses (blue). A. 3-D images of biofilm developmewer 24 h. B. Orthoslice images@f

aeruginosa biofilm penetration of the contact lens over 72 h.

Figure 3. A. Effect of human tear fluid on the developmenPoéeruginosa PAO1 biofilms on
contact lenses compared to PBS and TSB contralsl Ipacterial adhesion is indicated (see
Methods). Biofilms were allowed to form over 5 daysing exposure to the different media
indicated at time zero.* 1 day and 3 day tear flaidPBS-grown biofilms showed significantly
reduced bacterial culturability compared to TSBvgndiofilms at each time point (p<.05, one-
way ANOVA with Dunn's Multiple post-hoc analysigut did not differ from each other.**
After 5 days, bacteria numbers were significantghkr in tear fluid or TSB than in the same
media on days 1 and 3 (p<.05, one-way ANOVA witmBa Multiple post-hoc analysis), but
not significantly different between media. B. Effe¢ human tear fluid on preformed biofilms of
P. aeruginosa PAO1 grown on contact lenses for 7 days in TSBit{él" refers to viability of 7
day bacterial biofilm).* Tear fluid exposure (24gignificantly reduced both the number of

bacteria that could be cultured from the biofiimddrom incubation media around the biofilm
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(dispersed), compared to both the PBS and TSBasr({<.001 for each group, one-way

ANOVA with Dunn's Multiple post-hoc analysis).

Figure4. P. aeruginosa T3SS gene expression in contact lens-associabéithis by g-PCR. A.
Expression of the T3SS transcriptional activa@A, and effector toxin genexoS, was
significantly increased in contact lens-grown bdimB compared to bacteria grown in suspension
(planktonic[* p=.02 forexsA, p=.01 forexoS t-Test]). B. Expression @ksA andexoSwas

further upregulated iR. aeruginosa contact lens-grown biofilms exposed to human fieiat for

5 h compared to biofilms without tear exposure (§g=forexsA, p<.001 forexoS, t-Test).
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