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31 Abstract

32 Biofilms are extremely tolerant toward antimicrobial treatment and host
33 immune clearance due to their distinct physiology and protection by
34 extracellular polymeric substances. Bis-(3"-5")-cyclic dimeric guanosine
35 monophosphate (c-di-GMP) is an essential messenger that regulates biofilm
36 formation by a wide range of bacteria. However, there is a lack of physiological
37 characterization of biofilms in vivo as well as the roles of c-di-GMP signaling in
38 mediating host-biofilm interactions. Here, we employed dual RNA-Seq to
39 characterize the host and pathogen transcriptomes during Pseudomonas
40 aeruginosa infection using a mouse keratitis model. In vivo P. aeruginosa
41  biofilms maintained a distinct physiology compared with in vitro P. aeruginosa
42  biofilms, with enhanced virulence and iron uptake capacity. C-di-GMP
43  synthesis was enhanced in P. aeruginosa cells in vivo, potentially due to
44  down-regulation of the expression of several phosphodiesterases (e.g., DipA,
45 NbdA). Increased intracellular c-di-GMP levels were required for long-term

46  ocular colonization of P. aeruginosa and impaired host innate immunity.
47 Keywords:

48 In vivo Dbiofilms, Kkeratitis, transcriptomics, c-di-GMP, Pseudomonas

49  aeruginosa
50 Introduction

51 Bacterial pathogens are able to form surface-attached, complex-multicellular
52  biofilm communities in clinical settings, including hospital environments and
53 the site of host infection [1]. Bacterial cells within biofilms are encased in

54  extracellular polymeric substances (EPS), which mainly consist of extracellular
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55 proteins, exopolysaccharides and extracellular DNA (eDNA) [2-4]. These
56 densely packed EPS serve as a protective shield that reduces the penetration
57 of antimicrobials as well as phagocytes, thus greatly enhancing the survival of
58 pathogens under hostile environmental conditions [3,5]. In addition to EPS, the
59 specific physiology and social behaviors of biofilm cells also contribute to their

60 tolerance toward antimicrobials and host immune clearance [6-8].

61  Biofilm formation has been proposed to be the main cause of a wide range of
62  persistent infections, including well-characterized cystic fibrosis lung infections
63 [9], dental plaque-induced gingival diseases [10] and urinary tract infections
64 [11]. However, there is a lack of physiological characterization for the presence
65 and/or impact of biofilms in a number of infections. One example is ocular
66 infection, which continues to be the main cause of ocular disease and vision
67 loss [12]. Despite increasing evidence that bacterial biofilms play a role in
68 ocular infections, most studies have been based on in vitro characterizations
69 of the biofilm formation capacity of ocular bacterial isolates [13]. Studies of
70  bacterial physiology and host-pathogen interactions within the ocular tissue
71  might provide mechanistic insights into the pathogenesis of bacterial ocular

72 infections.

73  The Gram-negative opportunistic pathogen Pseudomonas aeruginosa is an
74  important etiologic agent of a variety of ocular infectious diseases [14]. Current
75 evidence indicates that the induction of the T helper 1 (Thl)-type immune
76  response in C57BL/6 mice does not eradicate P. aeruginosa during corneal
77  infections, and contributes to corneal destruction and perforation associated
78  with the mouse keratitis model [15]. The inability of the corneal innate immune

79 response to clear P. aeruginosa infections leads to the hypothesis that biofilm
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80 formation protects P. aeruginosa cells against immune clearance during
81 corneal infections. As a model organism for biofilm research, the biofilm
82 formation mechanisms of P. aeruginosa have been well characterized [16].
83 Biofilm formation and the dispersal of P. aeruginosa is regulated by the
84 intracellular secondary messenger c¢-di-GMP, which is synthesized by
85 diguanylate cyclase (DGC) enzymes and degraded by phosphodiesterase
86 (PDE) enzymes [17]. A high intracellular content of c-di-GMP represses P.
87 aeruginosa cell motility and induces polysaccharide (Pel, Psl and alginate)
88 synthesis, resulting in biofilm formation in vitro [18,19]. Lowering the
89 intracellular c-di-GMP content of biofilm cells by inducing the expression of
90 PDE enzymes have been shown to disperse biofilms both in vitro [20] and in
91 vivo [21]. However, it is unclear whether c-di-GMP regulates P. aeruginosa

92  biofilm formation and host-pathogen interactions during ocular infections.

93 In the present study, we employed dual RNA-Seq technology for comparative
94  analysis of the transcriptomes of in vivo P. aeruginosa with different c-di-GMP
95 contents, and we provide evidence that c-di-GMP synthesis is induced in vivo
96 and contributes to biofilm formation and host-pathogen interactions during

97 mouse corneal infection.
98 Materials and Methods
99 Ethics statement

100 All animal experiments were conducted in compliance with the ARVO
101 statement for the Use of Animals in Ophthalmic and Vision Research, the
102  Guide for the Care and Use of Laboratory Animals (National Research Council)

103 under SingHealth Institutional Animal Care and Use Committee (IACUC)
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104 protocol number #2014/SHS/901, SingHealth Institutional Biosafety
105 Committee (IBC) approval number SHSIBC-2014-015 and under the
106  supervision of SingHealth Experimental Medical Centre (SEMC).
107 Bacterial strains and culture media
108 The bacterial strains (Table 1) were routinely cultivated in Luria-Bertani (LB)
109  medium. For marker selection in P. aeruginosa, 30 ug mlI'* gentamicin (Gm),
110 50 ug mi™ tetracycline (Tc), 100 pug mi™ streptomycin (Strep) or 200 ug mi™
111 carbenicillin (Cb) were used, as appropriate.
112  Table 1. Strains and primers used in this study.
Source or
Strains and primers | Relevant characteristic(s)
reference
Strains
PAO1 Prototypic wild-type strain [22]
wspF derivative of PAO1 constructed by allelic
AwspF [23]
exchange
siaD derivative of PAO1 constructed by allelic
AsiaD [24]
exchange
PA5442 derivative of PAO1 constructed by allelic
APAb442 This study
exchange
PAOL1/pjac-yhjH Tc"; PAO1 containing the pjc-yhjH vector [20]
PAOL/pcara-gfp Gm"; PAOL1 carrying the peara-gfp report [23]
PAO1-miniTN7-Piac-g Gm'; PAOL1 tagged by the miniTn7-gfp [20]
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fp

AwspF-miniTN7-pjac-
Gm'; AwspF tagged by the miniTn7-gfp [20]
ofp

Gm'; Tc'; PAO1/piac-yhjH tagged by the miniTn7-gfp | [20]
-MiniTN7- pac-gfp

PAO1-lasB-gfp Gm'; PAOL1 carrying the miniTn5-lasB-gfp report [25]

PAO1-exoT-gfp Gm"; PAOL1 carrying the miniTn7-exoT-gfp report [26]

Primers for constructing the deletion mutant

PA5442-1 agctcggtacccgggTGAACTGCTGGATGTTCTCG

PA5442-2 TTCAACGAGCCTGGCGCAAAGTCATAGGCGCTTGTTCTTG
PA5442-3 CAAGAACAAGCGCCTATGACTTTGCGCCAGGCTCGTTGAA
PA5442-4 cgacggccagtgccaATCTTTTCCGGTAGCGCTTC

PA5A42-F AACGGTAGTTCTGCTCCAG

PA5442-R CTCGCCCTCGAAGAATTCG

Primers for gRT-PCR analysis
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pelA-F GACAACTGGATCGCTGCACG
pelA-R CTTGAGTTTCTGCGACAGCC
CUAL-F TATCACATTCAGCGGCGAAG
CUpAL-R TCGGTGAGTTGCAGGGTGAAG
dipA-F AAGAACCACGAGCCTTACTG
dipA-R CCAGCTTGTTCTGCGTGATG
nbdA-F CGGCATTCAACGAAGTGTTC
nbdA-R TCGTTGATCCGCTTGAAGTG
PAOS75-F CCGAGTACGCCATCCACTAC
TGATCGGGGTGACCAAATCG
PA0575-R
PA1181-F TCAACAGCGACATCACCG
PA1181-R CCGATGGAATACAGGGTCAC
PA2072-F GGCATTTCGTCTTCACCTATC
PA2072-R CCTTCCAGCCACTTGACGAT
MUCR-F TCAGCCAGCCGTACCAGATA
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MUCR.R CTGGTCCTTGGCGTGATACA
GAPDH-F GACCGTTCCTCGACAAGTTC
GAPDH-R TCAGCAGGCCTTCGAGATAG
Or0C-F ATCAGTTGCTCCGGCTTCAG
oroC-R ATCGACGTGGTCGAGTCCAA
GGGGCTGTCTCGAATACGTT
rpoD-F
1poD-R GGGATACCTGACTTACGCGG

113
114 Mouse infection experiment

115 Female C57BL6 (6-8 weeks old, 20-30 g) mice (The Jackson Laboratory) were
116  anesthetized subcutaneously with 100 mg kg™ ketamine and 10 mg kg*
117 xylene and placed under a stereoscopic microscope. A sterile miniblade
118 (Beaver-Visitec International, MA, USA) was used to make corneal scratches
119 (n=3, each 1 mm long) that did not breach the superficial stroma on the right
120 eye, while the left eye remained untouched [27,28]. Ten microliters of a
121  bacterial suspension containing 1 x 10° colony forming units (CFU)/ul P.
122  aeruginosa was topically applied to infect the scratched cornea.

123

124 The mouse corneas were infected with the PAO1-lasB-gfp and
125 PAO1l-exoT-gfp strains for 2 days. The corneas were then dissected and

126  stained with 20 ul of 5 uM SYTO®62 Red Fluorescent Nucleic Acid Stain
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127 (Thermo Fisher Scientific, Singapore), which stains nucleic acids in both
128 Dbacterial and corneal cells, for 15 min. They were then visualized under a
129  Zeiss LSM780 Confocal Laser Scanning Microscope, CLSM (Carl Zeiss, Jena,
130 Germany) with a 63x objective lens using an argon laser (488 nm, 535 nm
131 emission) for GFP observation and a helium laser (633 nm, 680 nm) for
132 STYO®62. For the in vitro biofiim controls, the PAO1-lasB-gfp and
133 PAO1l-exoT-gfp strains were grown at 37°C in ABT minimal medium [29]
134  supplemented with 2 gl glucose and 2 gI™* casamino acids (ABTGC) using
135 the p-Slide 8-well imaging chamber (Ibidi GmbH, Martinsried, Germany) for 18
136  hours under static conditions. Similarly, the in vitro biofilms were stained with
137 SYTO®62 and imaged under a CLSM.

138

139 The PAO1/Pcga-gfp and PAO1/pic-gfp cells were used for the corneal
140 infections to observe the expression of GFP. Infected corneas were dissected
141  at 2 hours post-infection (hpi), 4 hpi and 8 hpi as well as at 1 day post-infection
142 (dpi), 2 dpi, 4 dpi and 7 dpi. As mentioned above, the dissected corneas were
143  stained with SYTO®62 and viewed under a CLSM to evaluate the presence of
144 GFP expression and the total biomass. Planktonic PAO1/P.a-gfp and
145 PAO1/piac-gfp were used as controls. The bacterial cells were cultivated in LB
146  medium for 6 h (mid-log phase) with shaking at 37°C and observed under a

147  CLSM.

148  Construction of the P. aeruginosa PA5442 mutant
149  The upstream and downstream sequences of PA5442 were obtained from the
150 Pseudomonas genome database (http://www.pseudomonas.com/), and the

151 primers used for amplification of the PA5442 are listed in Table 1. Briefly, the
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152 up and down flanking fragments of PA5442 were amplified with primer pairs
153 PA5442-1 & PA5442-2, and PA5442-3 & PA5442-4, respectively. The PCR
154  products were purified and assembled with BamHI and Hindlll-digested pK18
155 (Gm") plasmid using Gibson Assembly Master Mix (NEB), and then
156 transformed into E. coli DH5a competent cells. Positive transformants were
157 picked and grown in LB medium supplemented with 30 pg/ml Gm. In-frame
158 deletion mutant was generated by triparental conjugation with the aid of
159 RKG600 [30]. Mutants were confirmed by amplification using primers PA5442-F
160 and PA5442-R and sequencing. All other mutants were generated in the same
161  manner.

162 Colonizing pattern and immune response characterization

163 Female C57BL6 mice (6-8 weeks old, 20-30 g) were infected with the pac-gfp
164 tagged P. aeruginosa PAO1 wild-type, AwspF mutant or the PAO1/pjac-yhjH
165 strain as described above. To visualize the presence of bacteria and
166  characterize the colonization patterns and recruitment of phagocytes, the
167 infected corneas were dissected at 2 dpi and 7 dpi and stained for 15 min with
168 20 pl of solution consisting of 1 uyM of LysoTracker® Red DND-99 and
169 approximately 0.165 uM Alexa Fluor® 635 phalloidin (Life Technologies) (633
170 nm, emission 647), which stain phagocytes and F-actin of eukaryotic cells,

171  respectively, prior to CLSM imaging.

172  To measure the cytokines, infected corneas at 2 dpi and 7 dpi were dissected
173  and homogenized using a VCX 750 probe sonicator (Sonics & Materials, US).
174  The cell debris was removed by centrifugation at 13,000 x g for 5 min, and the
175 supernatants were used to characterize the innate immune response. The

176  cytokine levels were normalized to the total proteins using a Qubit® 2.0

10
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177  Fluorometer (Invitrogen) prior to characterizing the pro-inflammatory response
178 using the Bio-Plex Pro™ Mouse Cytokine 8-plex Assay (Bio-Rad) with the

179  Bio-Plex® 200 system (Bio-Rad).
180 Transcriptomic analysis
181  RNA preparation

182 Female C57BL6 mice (6-8 weeks old, 20-30 g) were infected with P.
183 aeruginosa PAO1 wild-type as described above. Infected corneas were
184  dissected at 2 dpi and 7 dpi, and total RNA was extracted using the MiRNeasy
185 mini kit (Qiagen). A vigorous Turbo DNA-free protocol was used for DNase
186 treatment (Ambion). The integrity of the total RNA and the level of DNA
187 contamination were assessed with an Agilent 2200 Tapestation (Agilent
188 Technologies) and a Qubit 2.0 Fluorometer (Invitrogen). Three biological
189 replicates were used for the transcriptomic analysis at 2 dpi and 7 dpi,

190 respectively.
191 RNA sequencing and data analysis

192 Gene expression analysis was conducted by Illumina RNA sequencing
193 (RNA-Seq technology). RNA-Seq was conducted for three biological replicates
194 of each sample. Libraries were produced using an Illlumina TruSeq Stranded
195 messenger RNA Sample Prep Kit. The libraries were sequenced using the
196 lllumina HiSeq 2500 platform with a paired-end protocol and read lengths of

197 100 nt.

198 A total of approximately 20 million reads were obtained for each sample. Raw
199 reads were trimmed, adaptor sequences removed and any reads below 50 bp

200 discarded. Trimmed reads were then mapped onto the mouse reference

11
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201 genome, which can be downloaded from the Ensemble database
202 (ftp.ensembl.org) using the ‘RNA-Seq and expression analysis’ application of
203 the CLC genomics Workbench 9.0 (CLC Bio, Aarhus, Denmark). The following
204  criteria were used to filter the unique sequence reads: maximum number of
205 hits for a read of 1, minimum length fraction of 0.9, minimum similarity fraction
206  of 0.8 and maximum number of mismatches of 2. A constant of 1 was added to

207  the raw transcript count value to avoid any problems caused by 0.

208  The raw count table of transcripts was then used as an input for the Deseq2 R
209 package for differential expression analysis [31]. First, the raw counts were
210 normalized according to the sample library size. Next, a negative binomial test
211  was performed to identify the differentially expressed genes. The transcripts
212  were determined as differentially expressed among pairwise comparisons
213  when their absolute fold-change value was greater than five and the
214 associated adjusted P-value was smaller than 0.05. The normalized
215 transcripts were then log2(N+1) transformed prior to principal component
216  analysis and UPGMA hierarchical clustering for the sample dendrogram on the

217 heatmap.

218 gRT-PCR analysis

219

220 Total RNA was extracted using a miRNeasy Mini Kit (Cat. No. 74104, Qiagen)
221  with on-column DNase digestion. The purity and concentration of the RNA
222  were determined by NanoDrop spectrophotometry, and the integrity of the

223  RNA was measured using an Agilent 2200 TapeStation System. The

224  contaminating DNA was eliminated using a Turbo DNA-free Kit (Cat. No.

12
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225 AM1907, Ambion) and confirmed by real-time PCR amplification of the

226 rpoD gene using total RNA as the template.

227  Quantitative reverse transcriptase PCR (QRT-PCR) was performed using a
228  two-step method. First-strand cDNA was synthesized from total RNA using the
229  SuperScript Il First-Strand Synthesis SuperMix kit (Cat. No. 18080-400,
230 Invitrogen). The cDNA was used as a template for gRT-PCR with a SYBR
231 Select Master Mix kit (Cat. No. 4472953, Applied Biosystems by Life
232 Technologies) on an Applied Biosystems StepOnePlus Real-Time PCR
233  System. The rpoD, proC and GAPDH genes were used as endogenous
234 controls. All pairs of primers were confirmed to have an efficiency between
235 90-110% before performing the qRT-PCR. Melting curve analyses were

236 employed to verify the specific single-product amplification.

237  Accession codes

238 The dual-species RNA-Seq data have been deposited in the NCBI Short Read
239  Archive (SRA) database under accession code SRP078905. The RNA-Seq
240 data for P. aeruginosa in vitro planktonic cells, biofilm cells and dispersed cells
241  have been previously published [29] and deposited in the NCBI Short Read
242  Archive (SRA) database under accession code SRP041868.

243
244  Results
245  Transcriptomes of in vivo P. aeruginosa biofilms

246  To examine the physiology of in vivo P. aeruginosa biofilms and their impact
247  on the host, we performed dual RNA-Seq analysis of biofilms formed by P.

248 aeruginosa PAO1 wild-type, its high intracellular c-di-GMP containing

13
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249  derivative AwspF mutant and its intracellular c-di-GMP-depleted derivative
250 PAO1/piac-yhjH mutant at 2 day-post-infection (dpi) and 7 dpi in the mouse
251  model of experimental keratitis infection, which has recently been suggested to
252  be a biofilm-associated infection according to imaging-based characterization
253  [32]. The AwspF mutation, which encodes a repressor for WspG DGC, is
254  frequently observed in P. aeruginosa clinical isolates [33]. We used the
255 heterologous PDE YhjH to deplete the P. aeruginosa intracellular c-di-GMP
256  content [34], which presumably is not subject to regulation in P. aeruginosa

257  since it contains only an EAL domain and is from E. coli.

258 Both P. aeruginosa and mouse corneal RNA were purified from infected
259 corneal samples, and RNA-Seq was performed using the lllumina HiSeq
260 2500 System. Between 404,204 and 1,192,838 reads were mapped to the P.
261 aeruginosa genome from 2 dpi samples, while between 3,238 and 107,380
262 reads were mapped to the P. aeruginosa genome from 7 dpi samples (Table
263  S1). Due to an insufficient number of reads, the P. aeruginosa samples from 7
264 dpi infected corneas were discarded. The transcriptomes of P. aeruginosa
265 PAO1 wild type, AwspF mutant and PAO1/pjc-yhjH strain from 2 dpi infected
266  corneas were compared to our previously characterized transcriptomes of in
267  vitro P. aeruginosa PAOL1 planktonic cells, biofilm cells and dispersed cells [29].
268 Projection of the transcriptomes by principal component analysis (PCA)
269 revealed that in vivo P. aeruginosa cells have a distinct physiology compared
270 with P. aeruginosa cells in vitro, which was largely independent of the
271  intracellular c-di-GMP content (Figure 1A). The PCA analysis suggested that
272 the in vivo P. aeruginosa cells has significant similarities to P. aeruginosa

273  biofilm cells cultured in vitro (reflected by PC2). Using a negative binomial test

14
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274  with a P-value cut-off of 0.05 and a fold-change cut-off of 5, we found that 348
275 genes (Supplementary Data 1) were up-regulated and 301 genes
276  (Supplementary Data 2) were down-regulated in P. aeruginosa cells cultured
277 in vivo compared with in vitro P. aeruginosa biofilms. Genes responsible for
278 iron uptake (such as PA4836, phuR, hasAp, and hasR) and type Il secretion
279  mechanisms (such as exoS, pcrV, pscF, and exoT) were highly expressed in P.
280 aeruginosa cells in vivo compared with P. aeruginosa biofilm cells in vitro
281 (Supplementary Data 1). In contrast, in vitro P. aeruginosa biofilm cells
282  exhibited a higher expression level of genes involved in quorum sensing (e.g.,

283 lasA, chiC, rhiB, lecB, and hcnB) compared with in vivo biofilm P. aeruginosa
284  cells (Supplementary Data 2). To confirm the RNA-Seq analysis, we used
285 GFP-based reporter fusions of the lasB gene (quorum-sensing controlled) and
286 exoT gene (type Il secretion controlled) to measure the expression of
287 quorum-sensing and type lll secretion in P. aeruginosa cells in vivo and P.
288 aeruginosa biofilm cells in vitro. As shown in Figure 1B, these results were

289  consistent with the RNA-Seq analysis (Supplementary Data 1 and 2).

290 C-di-GMP synthesis is induced in P. aeruginosa during corneal

291 infections

292  To further capture the “biofilm features” of the in vivo P. aeruginosa cells, we
293 compared the transcriptomes of in vivo P. aeruginosa PAO1 cells with the in
294  vitro P. aeruginosa PAO1 planktonic cells. Using a negative binomial test with
295 a P-value cut-off of 0.05 and a fold-change cut-off of 5, we found that 330
296 genes (Supplementary Data 3) were up-regulated and 414 genes
297 (Supplementary Data 4) were down-regulated in in vivo P. aeruginosa cells

298 compared with in vitro P. aeruginosa planktonic cells. Genes encoding the

15
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299  biofilm matrix, such as Pel exopolysaccharide (e.g., pelB, pelC, pelD, and pelF)
300 and cup fimbriae (e.g., cupAl, cupA2) were highly expressed in in vivo PAO1
301 cells compared with in vitro PAO1 planktonic cells (Supplementary Data 3),

302 which was confirmed by gqRT-PCR analysis (Figure S1).

303 Since the expression of genes involved in Pel exopolysaccharide and cup
304 fimbriae synthesis is induced by a high intracellular c-di-GMP content in P.
305 aeruginosa [35,36], we next examined whether the intracellular c-di-GMP
306 content in P. aeruginosa increased during corneal infections by using a P.

307 aeruginosa PAOL1 strain carrying the pedra-9fp c-di-GMP reporter fusion to

308 establish infections [23]. The cdrA gene encodes a large extracellular matrix
309 adhesin, which is up-regulated in the presence of high levels of intracellular

310 c-di-GMP [19]. Planktonic PAO1/pcgra-0fp cells showed an extremely low
311 expression level of the pcgra-gfp fusion (below the detection threshold)
312 compared with planktonic PAO1 control cells carrying piac-gfp (Figure 2A and
313  2B), implying that the level of intracellular c-di-GMP content was low. This

314  result correlates well with the previous study showing that expression of the

315  pedra-9fp fusion could only be detected in planktonic P. aeruginosa cells with

316  high intracellular c-di-GMP contents, such as the AwspF mutant [20,23]. A
317 pac-gfp tagged PAO1 strain showed a clear biofilm-like aggregation
318 morphology at 8 hours post-infection (8 hpi) (Figure 2C). To capture the

319 transition stage of pcgra-gfp expression, we monitored the expression of the
320 pedrAa-9fp fusion in the PAO1/pcgra-afp strain at 2 hpi, 4 hpi and 8 hpi, and

321 found that gfp expression was induced in approximately half of the

322 PAO1/pcgra-afp cells at 2 hpi (Figure 2D), suggesting that c-di-GMP synthesis
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323 in P. aeruginosa might be induced shortly after the establishment of corneal
324 infections. At 4 hpi, only gfp-expressing cells were observed in the

325 PAO1l/pcdra-9fp-infected corneas (Figure 2E), suggesting that bacteria with

326 low intracellular c-di-GMP contents might be eradicated by the host immune
327 system due to their low fitness. At 8 hpi, small biofilm-like aggregates were

328 visualized in the PAO1/pcgra-afp-infected corneas with bright GFP fluorescent
329 signals (Figure 2F). Expression of the pggra-gfp fusion was maintained at a

330 high level in mouse corneal samples at 2 dpi and 4 dpi, suggesting a
331 constitutive increase in c-di-GMP content in P. aeruginosa cells during the
332  course of corneal infection (Figure 2G and 2H). Interestingly, expression of the

333 pcdra-9fp fusion was reduced in PAO1 cells at 7 dpi (Figure 2I). No

334 background gfp fluorescence could be detected in the control scratched

335 mouse corneas (Figure S2).

336 To identify the potential DGCs responsible for the increased intracellular
337 c¢-di-GMP content of P. aeruginosa during ocular infections, we first examined
338 the expression of pcgra-ofp in the PAO0169 (siaD) and PA5442 (an
339 uncharacterized gene encoding a GGDEF domain-containing protein) mutants
340 during ocular infection because these two DGC (or potential DGC)-encoding
341 genes were shown to be induced in in vivo P. aeruginosa cells from ocular
342 infection by 2.8 and 2.6-fold, respectively, compared with planktonic cells
343  (Supplementary Data 3). However, the pcgra-afp fusion was expressed during
344  corneal infection in both mutants (Figure S3), suggesting that the induction of

345 c-di-GMP reporter pedra-9fp expression was unlikely to be due to the activity

346  of these DGCs.
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347 By examining the transcriptomic data of in vivo P. aeruginosa cells in
348 comparison with planktonic cells, we noticed that the expression of some
349 previously characterized PDE-encoding genes, dipA (PA5017), mucR
350 (PA1727), nbdA (PA3311), PAO0575, PA1181, and PA2072, was
351 down-regulated in in vivo P. aeruginosa cells compared with planktonic cells
352  (Supplementary Data S4), which was confirmed by gRT-PCR analysis (Figure
353 S1). The down-regulation of these PDE-encoding genes might be responsible
354  for the increased intracellular c-di-GMP content of in vivo P. aeruginosa cells,
355 which again suggests that corneal infection caused by P. aeruginosa is a

356 biofilm-associated infection.

357 C-di-GMP is required for the establishment of microcolonies of P.

358 aeruginosa during corneal infection

359  Neutrophil recruitment following P. aeruginosa corneal infection has been well
360 documented [37]. However, the recruited neutrophils are unable to eradicate
361 the P. aeruginosa during corneal infection, likely due to the high level of
362 tolerance of P. aeruginosa biofilms toward host phagocytic cells. Both in vitro
363 and in vivo experiments provide evidence that host phagocytic cells are unable
364 to penetrate P. aeruginosa biofilms [38,39]. Since the comparative
365 transcriptomic analysis and c-di-GMP reporter fusion pcga-gfp assay both
366 suggest that c-di-GMP synthesis is induced during P. aeruginosa ocular
367 infections, we hypothesized that increased c-di-GMP content is required for in

368 vivo P. aeruginosa colonization.

369 We monitored the colonization patterns of pjac-gfp-tagged P. aeruginosa PAO1,

370 the AwspF mutant (with high c-di-GMP content) and the PAO1/pjc-yhjH
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371  mutant (with c-di-GMP depleted) at 2 dpi and 7 dpi. To visualize the interaction
372 between the host immune cells and P. aeruginosa biofilms, the LysoTracker®
373 Red DND-99 stain (Molecular Probes, USA) was used to identify immune cells
374 in C57BL6 mouse corneas infected with P. aeruginosa. LysoTracker® Red
375 DND-99 stains the acidic lysosomes of host immune cells such as
376  macrophages and neutrophils. Alexa Fluor® 635 phalloidin was also used to
377  stain the F-actin of eukaryotic cells. As expected, P. aeruginosa PAO1 and the
378 AwspF mutant formed large and densely packed microcolonies at the sites of
379 infection, and they were surrounded by phagocytes at 2 dpi (Figure 3A, B) and
380 7 dpi (Figure 3D, E). This observation is very similar to the sites of P.
381 aeruginosa infection in the lungs of cystic fibrosis patients [40], where P.
382 aeruginosa biofilm formation is believed to be the main cause of persistent
383 infections and tissue destruction. The PAO1/piac-yhjH strain formed irregular,
384 smaller cell aggregates at the infection sites at 2 dpi, with phagocytes
385 penetrating the P. aeruginosa aggregates (Figure 3C). As a consequence of
386 the phagocyte penetration, there were very few PAO1/piac-yhjH cells remaining
387 at 2 dpi compared with the corneas infected with PAO1 and AwspF (Figure 3A,
388 B). A large number of phagocytes accumulated at the PAO1/pac-yhjH infection
389 sites at 7 dpi, with very few visible and viable PAO1/pjo-yhjH cells (Figure 3F).
390 Determination of the bacterial load of P. aeruginosa strains at 2 dpi and 7 dpi
391 correlated well with the imaging analysis and showed that c-di-GMP was
392 required by P. aeruginosa for long-term colonization during corneal infection

393 (Figure 3G).

394 Increased c-di-GMP content in P. aeruginosa modulates the host immune

395 response
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396 Biofilm formation has been proposed to shift bacterial infections from an acute
397 phase to a chronic phase since biofilm cells can evade host immune attack
398 and produce less acute virulence factors compared with planktonic cells
399 [26,41,42]. To examine the host responses of mouse corneas toward P.
400 aeruginosa infection, we examined the host-associated RNA reads using a
401 dual RNA-Seq dataset to perform a comparative transcriptomic analysis of
402 mouse corneas infected by the P. aeruginosa PAO1, AwspF and
403 PAO1/pic-yhjH mutants at 2 dpi and 7 dpi. Between 25,457,626 and

404 32,332,158 reads were mapped to the mouse genome (Table S1).

405 Projection of the host transcriptomes by PCA revealed that P. aeruginosa
406 infections affected host gene expression in a time-dependent manner, during
407  which 8 of 9 host transcriptomes grouped together at 2 dpi independently of
408 the c-di-GMP content of the P. aeruginosa cells (Figure 4A). Interestingly,
409 c-di-GMP was shown to affect host gene expression at 7 dpi, with a significant
410 effect on PC1 genes observed in the high intracellular c-di-GMP strain (Figure

411  4A).

412  To further examine the role of c-di-GMP signaling in the modulation of host
413 immune responses, we compared the host transcriptomes after infection by
414  the two c-di-GMP ‘locked’ strains: AwspF and PAO1/pjac-yhjH. We excluded
415 the host transcriptome of P. aeruginosa PAO1-infected corneas because of
416 the potential fluctuation of c-di-GMP content of PAO1 during the infection

417  (Figure 2I) due to the dynamic activities of different DGCs and PDEs.

418 Using a P-value cut-off of 0.05 and a fold-change cut-off of 5, 1385 host genes
419 (Supplementary Data 5) were up-regulated and 507 host genes

420 (Supplementary Data 6) were down-regulated in corneal cells at 7 dpi
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421 compared to corneal cells at 2 dpi caused by the AwspF mutant but not the
422  PAO1/pjac-yhjH mutant. Thus, the expression of these host genes was
423  specifically associated with increased c-di-GMP content in P. aeruginosa, and
424  analysis of these genes might reveal important mechanisms underlying how
425 the high intracellular c-di-GMP-containing clinical isolates (such as the small

426  colony variant, SCV) evolved during chronic infections.

427  Several well-known genes involved in the host immune response toward
428 Dbacterial infections were down-regulated, including il10 (encoding interleukin
429 10) by 21.4-fold, il23a (encoding interleukin 23, alpha subunit) by 20.4-fold, tnf
430 (encoding tumor necrosis factor) by 18.4-fold, and Ifnlrl (encoding interferon
431 lambda receptor 1) by 9.8-fold, in corneal cells at 7 dpi compared with corneal
432 cells at 2 dpi (Supplementary Table 8) by the AwspF mutant but not the
433  PAO1/piac-yhjH mutant. This result suggests that components of the Thl and
434  Th2-mediated immune responses were down-regulated during the late stage

435  of corneal infection due to increased c-di-GMP content in P. aeruginosa.

436  To validate the transcriptomic analysis, C57BL6 mouse corneas were infected
437  with the P. aeruginosa AwspF mutant and the PAO1/pjac-yhjH mutant. Infected
438 mouse corneas were harvested at 2 dpi and 7 dpi to compare their cytokine
439 levels. In accordance with the transcriptomic analysis, the cytokines IL-10,
440 IFN-y" and transforming growth factor TNF-a were all induced at 2 dpi in
441 response to both P. aeruginosa strains (Figure 4B); these cytokines were
442  reduced at 7 dpi in corneas infected with the AwspF mutant (Figure 4B), while
443  they remained at the same levels or increased at 7 dpi in corneas infected with
444  the PAO1/pic-yhjH strain (Figure 4B). The reduced cytokine levels in mouse

445  corneas infected with the P. aeruginosa AwspF mutant at 7 dpi compared with
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446 2 dpi corresponded well with the very few phagocytes associated with the
447  AwspF microcolonies at 7 dpi (Figure 3E). In contrast, the high cytokine levels
448 in mouse corneas infected with the P. aeruginosa c-di-GMP-depleted
449  PAO1/piac-yhjH strain at 7 dpi compared with 2 dpi corresponded well with the
450 large numbers of live phagocytes at the sites of infection at 7 dpi (Figure 3F).
451  The cytokine levels have been previously reported to peak at early stages (1-3
452  d) of P. aeruginosa mouse corneal infection and then decline to baseline levels
453  in BALB/c mice and remain at lower levels in C57BL/6 mice at the late stage of
454  corneal infection (5-7 d) [43]. Our study showed that increased c-di-GMP
455  content in P. aeruginosa was associated with the reduction of cytokine levels
456 in the infected corneas of C57BL/6 mice, which suggests that the manipulation
457  of intracellular c-di-GMP content in P. aeruginosa could be further investigated
458 for improving current therapeutic strategies against biofilm-associated

459 infections.
460 Discussion

461 It has been proposed for decades that bacterial biofilm formation is
462  responsible for many persistent and chronic infections. In vitro experiments
463 have demonstrated that biofilms confer tolerance toward antimicrobials and
464  phagocytosis by immune cells [41]. Numerous chemical biological strategies
465 have also been developed to eradicate biofilms by targeting specific signaling
466 pathways, such as quorum-sensing and c-di-GMP signaling, which are
467 essential for in vitro biofilm formation [44]. However, the development of
468  biofilm controlling strategies is largely limited by the lack of characterization of

469  biofilms in vivo.
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470 Using a mouse keratitis model, we have provided physiological evidence that
471 in vivo biofilms formed by P. aeruginosa contribute to the establishment of
472  ocular infections. Comparative transcriptomic analysis revealed that P.
473  aeruginosa ocular infections induced Thl7-regulated innate immune
474  responses (Supplementary Data 5), which are known to contribute to the
475 establishment of experimental P. aeruginosa infection in mouse corneas [45].
476 Importantly, we demonstrated that the bacterial secondary massager
477  c-di-GMP plays a crucial role in the establishment of mouse corneal infections.
478 A pcara-gfp reporter revealed the kinetics of the intracellular c-di-GMP content
479 of P. aeruginosa during mouse ocular infections, in which the intracellular
480 c-di-GMP level increased after 2 h of infection (Figure 2D) and declined at 7
481  dpi (Figure 21). The induction of c-di-GMP signaling in P. aeruginosa during the
482  early stage of ocular infections might be due to the down-regulation of several
483 PDEs (Figure S1), which can lead to an accumulation of c-di-GMP. The
484  induction of intracellular c-di-GMP content is crucial for the survival of P.
485 aeruginosa during the early stage of mouse ocular infections. The
486 PAO1/pc-yhjH strain was cleared by the mouse immune system much more
487 efficiently than the PAO1 wild-type and AwspF mutant strains (Figure 3). In
488  contrast, lowering the intracellular c-di-GMP in PAO1/pgap-yhjH and PAO1 at 1
489 dpi had no impact on the survival of these strains during infection (Figure 7).
490 Similarly, a recent report has shown that c-di-GMP synthesis is also required
491 for the establishment of P. aeruginosa biofilms in vivo during

492  catheter-associated urinary tract infection [46].

493 We also observed a reduction of P. aeruginosa intracellular c-di-GMP content

494  at 7 dpi, which might have resulted from the production of a large number of
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495 antimicrobial components (such as NO) during the course of infection.
496  Unfortunately, due to the technical limitations of our RNA-Seq analysis, we
497  were unable to obtain enough reads and identify potential PDEs responsible

498 for the reduction of c-di-GMP at 7 dpi.

499  High c-di-GMP-containing P. aeruginosa variants (such as the AwspF mutant)
500 are often isolated from chronic P. aeruginosa infections [33]. We provide in
501 vivo evidence that a high c-di-GMP-containing P. aeruginosa variant is able to
502 form large microcolonies during ocular infections (Figure 3). Phagocytic cells
503 accumulated around but were unable to penetrate the P. aeruginosa biofilm
504 microcolonies in the infected mouse corneas (Figure 3), in a similar manner to
505 previously demonstrated P. aeruginosa microcolonies in infected lung tissue of
506 cystic fibrosis patients [40]. Phagocytic cells that are recruited to infection sites
507 are likely to cause severe damage during the host inflammatory response [43].
508 However, our study provides evidence that the P. aeruginosa AwspF mutant
509 containing high levels of c-di-GMP also down-regulated Th1/Th2-regulated
510 innate immune responses during the late stage of mouse corneal infection
511 (Supplementary Data 6). C-di-GMP is known to control the production of Pel,
512  Psl exopolysaccharides, CdrA adhesin, Cup fimbriae, and the pyoverdine iron
513 siderophore and to decrease bacterial motility in vitro [19,47,48]. These
514  biofilm-associated properties may impair host immune system clearance. For
515 example, P. aeruginosa Psl polysaccharide production and reduced motility
516 have been shown to be linked to a reduction in neutrophil opsonophagocytosis
517 [49,50]. Interestingly, through comparative transcriptomic analysis of in vivo
518 PAOL1 at 2 dpi of the mouse corneas with planktonic cells, we noticed that only

519 Pel polysaccharide but not Psl polysaccharide synthesis was induced in vivo
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520 (Supplementary Data 3). This result might partially explain why Psl
521 polysaccharide is not produced by this widespread P. aeruginosa PA14 linage
522  [51]. It remains unclear how Pel polysaccharide contributes to the tolerance of
523  P. aeruginosa biofilms toward host immune clearance and antibiotic treatment.
524  Further studies are needed to evaluate the Pel polysaccharide and other
525 potential c-di-GMP effectors that contribute to the down-regulation of

526 Thl/Th2-regulated innate immune responses.
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710 Figure 1. A. PCA of the transcriptomes of in vitro P. aeruginosa PAO1
711  planktonic cells, SNP-dispersed cells, biofilm cells and in vivo P. aeruginosa

712 cells at 2 dpi of mouse corneas by PAO1, AwspF and PAO1/pjac-yhjH. Raw
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713 RNA-Seq data were normalized using the DESeq package before PCA
714  analysis. The dotted line was used to separate in vivo P. aeruginosa cells and
715 in vitro P. aeruginosa cells by PCA analysis. B. Confocal image of in vitro P.
716  aeruginosa PAOL1 biofilm cells and in vivo P. aeruginosa PAOL1 cells at 2 dpi of
717 mouse corneas. PAOL1 strains are tagged with lasB-gfp (quorum-sensing
718 reporter) and exoT-gfp (type Il secretion reporter), respectively. The
719  expression of reporter fusions was recorded by the green fluorescence, while
720 the total biomass was imaged based on the SYTO®62 stain (red fluorescence).

721  Representative images are shown for each condition. Scale bars, 10 pm.
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724  Figure 2. Induction of the c-di-GMP reporter fusion pcga-gfp in P.
725 aeruginosa PAO1l during mouse corneal infection. A. Planktonic
726  PAO1/piac-gfp cells. B. Planktonic PAO1/pcqra-gfp cells. C. PAO1/piac-gfp cells
727  at 8 hours post-infection (8 hpi) of mouse cornea. D. PAO1/p.qa-gfp cells at 2
728 hpi of mouse cornea. E. PAO1/p.ya-gfp cells at 4 hpi of mouse cornea. F.
729  PAO1/pcqara-gfp cells at 8 hpi of mouse cornea. G. PAO1/pqara-gfp cells at 1 day
730  post-infection (1 dpi) of mouse cornea. H. PAO1/p.qa-gfp cells at 4 dpi of
731  mouse cornea. |. PAO1/pqaa-gfp cells at 7 dpi of mouse cornea. SYTO®62
732 was used to stain host cells as well as P. aeruginosa cells lacking fluorescence.
733  Green fluorescence represents constitutive expression of piac-gfp (A, C) and
734  expression of the pcqaa-gfp reporter fusion (B, D - 1), and red fluorescence
735 represents SYTO®62 staining. Representative images are shown for each

736  condition. Scale bars, 10 pm.
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738 Figure 3. Distribution of P. aeruginosa cells and host cells among the P.
739 aeruginosa-infected mouse corneas (A) and bacterial load determination
740 reflected by colony forming units (CFU) (B) at 2 dpi and 7 dpi. Mouse
741 corneas were infected with PAO1-gfp, AwspF-gfp and PAO1L/pjc-yhjH-gfp

742  strains. P. aeruginosa cells were tagged with pjac-gfp. The red fluorescence
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743  represents the staining of phagocyte lysosomes, including polymorphonuclear
744  leukocytes, by LysoTracker® Red DND-99. The yellow fluorescence
745  represents Alexa Fluor® 635 phalloidin, which stains F-actin of the eukaryotic
746  cells. Representative confocal images are shown for each condition. Scale
747 bars, 20 um. CFUs of corneas infected with P. aeruginosa PAO1-gfp,
748  AwspF-gfp and PAO1/pic-yhjH-gfp at 2 dpi and 7 dpi. Mean values and s.d.

749  from triplicate experiments are shown. *p < 0.01, ANOVA test.
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751 Figure 4. A. PCA of transcriptomes of mouse corneal cells at 2 dpi and 7
752  dpi with P. aeruginosa PAO1, AwspF and PAO1/pjac-yhjH. Raw RNA-Seq
753 data were normalized using the DESeq package before PCA analysis. The
754  dotted line was used to separate the transcriptomes of 2 dpi cells and 7 dpi
755 cells by PCA analysis. B. Production of cytokines by mouse corneal cells
756 at 2 dpi and 7 dpi with P. aeruginosa AwspF and PAO1/pioc-yhjH. Black
757  bars represent 2 dpi and gray bars represent 7 dpi. Mean values and s.d. from

758 triplicate experiments are shown. *p < 0.05, *p < 0.01, ANOVA test.
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