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Abstract

Long-term survival of bacterial pathogens during persistent bacterial infections can be asso-

ciated with antibiotic treatment failure and poses a serious public health problem. Infections

caused by the Gram-negative pathogen Pseudomonas aeruginosa, which can cause both

acute and chronic infections, are particularly challenging due to its high intrinsic resistance

to antibiotics. The ineffectiveness of antibiotics is exacerbated when bacteria reside intracel-

lularly within host cells where they can adopt a drug tolerant state. While the early steps of

adherence and entry of P. aeruginosa into mammalian cells have been described, the sub-

sequent fate of internalized bacteria, as well as host and bacterial molecular pathways facili-

tating bacterial long-term survival, are not well defined. In particular, long-term survival

within bladder epithelial cells has not been demonstrated and this may have important impli-

cations for the understanding and treatment of UTIs caused by P. aeruginosa. Here, we

demonstrate and characterize the intracellular survival of wild type (WT) P. aeruginosa

inside bladder epithelial cells and a mutant with a disruption in the bacterial two-component

regulator AlgR that is unable to survive intracellularly. Using simultaneous dual RNA-seq

transcriptional profiling, we define the transcriptional response of intracellular bacteria and

their corresponding invaded host cells. The bacterial transcriptional response demonstrates

that WT bacteria rapidly adapt to the stress encountered in the intracellular environment in

contrast to ΔalgR bacteria. Analysis of the host transcriptional response to invasion sug-

gests that the NF-κB signaling pathway, previously shown to be required for extracellular

bacterial clearance, is paradoxically also required for intracellular bacterial survival. Lastly,

we demonstrate that intracellular survival is important for pathogenesis of P. aeruginosa in

vivo using a model of murine urinary tract infection. We propose that the unappreciated abil-

ity of P. aeruginosa to survive intracellularly may play an important role in contributing to the

chronicity and recurrence of P. aeruginosa in urinary tract infections.
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Author summary

Chronic persistent bacterial infections are a serious and growing public health problem

worsened by the rise in antibiotic resistance, yet new approaches for treating these infec-

tions are lacking. These long-term infections can occur when bacteria invade and survive

inside host cells where they can hide from the immune system and become less susceptible

to killing by antibiotics. Pseudomonas aeruginosa, a bacterium conventionally considered

an extracellular pathogen, can cause chronic infections of many organ systems, including

the urinary tract. Here, we show that P. aeruginosa can in fact survive inside bladder epi-

thelial cells and becomes tolerant to antibiotic treatment. Using gene expression analysis,

we show that bacteria quickly adapt to the intracellular environment while the corre-

sponding host cells upregulate the NF-κB signaling pathway. We demonstrate that this

response, which had previously been shown to be required for clearance of extracellular

bacteria, is paradoxically also required for survival of intracellular bacteria. We propose

that the ability of P. aeruginosa to survive intracellularly plays an important role in con-

tributing to the chronicity and recurrence of P. aeruginosa infections and that targeting

host pathways, such as NF-κB signaling, could transform our ability to manage chronic

and/or recurrent infections.

Introduction

Persistent bacterial infections result from ineffective clearance by the host, often in conjunc-

tion with incomplete eradication by antimicrobial therapy. Persistent bacteria can result in

chronic, indolent infection or repeated recrudescence of acute infection. The antibiotic toler-

ant state of these bacteria contributes to treatment failure, thus complicating management of

these infections [1]. Greater insight into the host and pathogen molecular pathways enabling

the establishment of persistent bacterial reservoirs is needed to devise new strategies to better

manage these types of infections.

Urinary tract infections (UTIs) are one of the most prevalent bacterial infections resulting

in major medical expenses each year with high rates of recurrence [2]. Among uropathogens,

uropathogenic E. coli (UPEC) has been shown, both in vivo and in vitro, to invade bladder epi-

thelial cells and form biofilm-like pods and quiescent intracellular reservoirs (QIRs) [3–5].

Intracellular bacteria are able to evade immune clearance, avoid killing by antibiotics, and

form reservoirs that enable the recurrence of infections and the development of antibiotic

resistance [6]. Pseudomonas aeruginosa, another important Gram-negative uropathogen, is the

third most common cause of UTIs. Although most infections are nosocomial or catheter-asso-

ciated [7], it is also prevalent in community-acquired infections, particularly in children [8].

Moreover, infection by P. aeruginosa is often difficult to treat and eradicate because of its

intrinsic antibiotic resistance and increasing rates of resistance to existing antibiotics [9].

Although it has been demonstrated to invade epithelial and mast cells [10–12], little is known

about the fate of internalized P. aeruginosa and whether, like UPEC, formation of stable intra-

cellular reservoirs in the urinary epithelium has similar implications for persistent UTIs [13].

The interaction between P. aeruginosa and the mammalian host has been characterized

both in vivo and in vitro. The bacterial transcriptional response is predominated by induction

of the type III secretion system, which injects effector proteins into host cells [14], and upregu-

lation of siderophores involved in iron sequestration [15]. Efficient clearance of extracellular

bacteria relies on both epithelial and innate immune cells sensing P. aeruginosa through Toll-
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like receptor (TLR) recognition of pathogen-associated molecular patterns and downstream

signaling through these receptors [16]. In murine models of pneumonia, inhibition of NF-κB

signaling in epithelial cells resulted in impaired bacterial clearance leading to the conclusion

that activation of NF-κB signaling is protective during P. aeruginosa infection [17]. However,

this insight into the bacterial and host signaling pathways modulated during infection comes

from bulk studies that aggregate analysis of intracellular and extracellular bacteria, as well as

host cells that are invaded and not invaded but exposed to bacteria, resulting in a signal that is

dominated by the response to extracellular bacteria. Identifying bacterial signaling pathways

important for adaptation to the intracellular environment and host signaling pathways acti-

vated by intracellular bacteria may provide us with novel strategies to overcome chronic, per-

sistent P. aeruginosa infections.

In the present study, we demonstrate that P. aeruginosa can survive intracellularly in blad-

der epithelial cells to form a stable intracellular reservoir and identify a bacterial mutant,

ΔalgR, that is unable to survive intracellularly. Using dual RNA-seq transcriptional profiling,

we define the bacterial and host transcriptional adaptations that occur during the early stage of

this host-pathogen interaction leading to bacterial survival versus clearance. Our results indi-

cate that intracellular bacterial survival is dependent on bacterial intrinsic mechanisms of

adaptation to the intracellular environment rather than the specific induction of host clearance

pathways. Importantly, induction of NF-κB signaling in invaded host cells is required for bac-

terial survival rather than clearance, which contrasts with the role of NF-κB signaling in clear-

ance of extracellular bacteria. Intracellular survival in our in vitro model correlates with

bladder colonization in a mouse model of UTI, suggesting that intracellular survival is critical

for in vivo pathogenesis of P. aeruginosa. Finally, we demonstrate that these intracellular bacte-

ria are antibiotic tolerant. Given its high intrinsic antibiotic resistance, the ability to form an

intracellular reservoir during infection may contribute to poor eradication of P. aeruginosa
even after antibiotic treatment, resulting in development of chronic or recurrent UTI

infections.

Results

Pseudomonas aeruginosa forms a stable intracellular reservoir within

bladder epithelial cells

Most studies of P. aeruginosa interaction with host cells have focused on mechanisms of bacte-

rial adherence to, invasion of, and short term (<12 hours) survival within host cells [10–

12,18], rather than the long-term fate of internalized bacteria. Moreover, long-term survival

within bladder epithelial cells has not been demonstrated and this may have important impli-

cations for the understanding and treatment of UTIs caused by P. aeruginosa. To demonstrate

that P. aeruginosa is able to establish stable intracellular reservoirs within host cells, we infected

the human bladder epithelial cell line 5637 with the wild-type (WT) laboratory strain, PAO1,

at a multiplicity of infection (MOI) of 1–10 and used a gentamicin protection assay followed

by plating for colony forming units (CFU) to quantify intracellular bacterial load at various

time points post-infection while preventing subsequent cycles of infection from free bacteria.

This assay has been widely used to assess the invasion and intracellular survival of P. aerugi-
nosa in various cell types [10,12,18]. We confirmed that the concentrations of gentamicin used

prevents growth of P. aeruginosa in cell culture media (S1 Fig). We found that the intracellular

bacterial load remained stable over 52 hours, as has been shown previously [12], demonstrat-

ing that PAO1 is able to survive within host cells (Fig 1A). While roughly 25% of bacteria were

able to adhere to the epithelial cells, only ~0.5% were able to invade and survive intracellularly

at 3 hours post infection (hpi), suggesting that invasion is a rare event (Fig 1B). In contrast to
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the cytotoxicity observed for PAO1 in other host cell types [19], PAO1 did not result in

decreased survival of 5637 cells at 3 and 24 hpi compared to uninfected control cells (Fig 1C).

This lack of host cell death may be attributed to a combination of the particular isolate of

PAO1 [20], the host cell type [21] and the low MOI (1–10) used. Notably, intracellular survival

was not restricted to this laboratory-adapted strain, as clinical strains isolated from the urine
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Fig 1. Pseudomonas aeruginosa survives intracellularly. A gentamicin protection assay was used to quantify

intracellular bacterial burden. (A) Cells were infected with WT PAO1 at MOI = 1 or 10. (B) Host cell survival at 3 and

24 hpi with WT bacteria at MOI = 1 or 10 relative to uninfected cells harvested at the same time point. (C) Cells were

infected at MOI = 1 with two clinical strains (BWH005 and BWH039) which were isolated from urine. (D) Cells were

infected at MOI = 10 for 2 hours and incubated in the absence, to measure adherent bacteria, or presence of

gentamicin, to measure invading bacteria, and harvested at 3 hpi. (E-G) Cells were infected with WT GFP-expressing

bacteria at MOI = 10, fixed at the indicated time points and stained with anti-LAMP-1 antibodies and DAPI. (E)

Representative images of invaded cells. Maximum intensity projections of XY (middle), and orthogonal XZ (gray

outline) and YZ (orange outline) projections of the serial confocal images are shown. Scale bar = 5μm. (F) Intracellular

bacterial load as determined by microscopy. (G) Percent of invaded cells with LAMP-1-associated bacteria. Data is

representative of 4–6 biological replicates with at least 50 cells per condition. Error bars represent standard deviation.

Data were analyzed by one-way ANOVA (p = 0.02).

https://doi.org/10.1371/journal.ppat.1009534.g001
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of patients (which also did not induce host cell death and thus were amenable to characteriza-

tion) were also able to establish stable intracellular reservoirs lasting 48 hours (Figs 1D, S2A

and S2B). Importantly, PAO1 was also able to survive in A459 lung epithelial cells, showing

that intracellular survival can occur in multiple epithelial cell types which originate from the

mucosal surfaces of different organs (S2C Fig). In contrast, intracellular bacterial load

decreased more than 100-fold over 48 hours in the macrophage-like cell line J774 (S2D Fig).

To understand the replication and survival dynamics of intracellular P. aeruginosa, we used

microscopy to determine intracellular bacterial load on a per cell basis over time. Importantly,

in this analysis, bacteria colocalized with LAMP-1, an intracellular marker of endosomes/lyso-

somes, suggesting that they were indeed intracellular and not on the surface of the cell. At 3 hpi,

the great majority of invaded cells (69%) harbored 1–2 intracellular bacteria, 25% of cells har-

bored 3–4 bacteria and only 6% of cells harbored�5 bacteria (Fig 1E and 1F). By 24 hpi, the

fraction of cells harboring 1–2 bacteria decreased to 31%, while 34% of cells now harbored 3–4

bacteria and nearly 35% of cells harbored�5 bacteria (Fig 1F). Finally, by 48 hpi, only 17% of

cells harbored 1–2 bacteria, while 43% of cells harbored 3–4 bacteria and 40% of cells harbored

�5 bacteria (Fig 1F); of note, we did not find any cells harboring�10 bacteria. The shift in the

percentage of cells containing 1–2 to�5 bacteria per cell overtime suggests intracellular bacte-

rial proliferation. The slow proliferation rate, however, of ~3 doublings over 48 hours (doubling

time of ~16 hours) is in stark contrast to the fast proliferation rate of planktonic P. aeruginosa
in culture (doubling time of ~30 minutes [22]) or other intracellular pathogens, such as Salmo-
nella typhimurium that can reach over 100 bacteria per epithelial cell within 10 hpi (doubling

time of ~85 minutes [23]). The percentage of bacteria that colocalized with the endosomal/lyso-

somal marker LAMP-1 increased throughout infection, from 84% at 3 hpi to 99% at 48 hpi (Fig

1G). This finding suggests that residence within the endosome/lysosome may be required for

intracellular survival as has been demonstrated for other intracellular pathogens [24].

Measuring the fraction of total cells harboring intracellular bacteria by microscopy, even at

early time points, was not possible because of the rarity of this event. Therefore, we instead

made a theoretical calculation to estimate the percentage of invaded cells. Using the number of

host cells in the well at the time of infection, the total bacterial load per well determined by

CFU (Fig 1A), and an average number of bacteria per cell determined by microscopy (2 at

3hpi, Fig 1F), we estimate that 0.5% of cells harbor bacteria at 3 hpi, which is consistent with

the low level of UPEC invasion of the same cell line [25]. This cell line continues to proliferate

during the assay, with the total number of cells per well increasing ~2.5-fold over the course of

48 hours. Taking into account that the total bacterial load per well remained constant (Fig 1A)

while the number of host cells and the average number of bacteria per cell (4 at 48hpi, Fig 1F)

both increased, we estimate that 0.1% of cells harbor bacteria at 48 hpi. This estimation

assumes all bacteria that successfully invade are able to proliferate. However, our results dem-

onstrate that heterogeneity in infection outcome exists such that some host cells are able to

control proliferation (harboring 1 bacterium at 48 hpi), others support a low level of intracellu-

lar bacterial proliferation (harboring 2+ bacteria at 48 hpi), and others are likely able to clear

bacteria (not measured in our analysis) resulting in a net bacterial load per well that remains

constant overtime. Temporal studies that follow the fate of intracellular bacteria on a per cell

basis are needed to more fully understand this heterogeneity.

The bacterial transcriptional regulator AlgR is required for intracellular

survival

Taking advantage of this model, we tested various mutants containing disruptions of regula-

tory factors to identify bacterial pathways required for intracellular survival of P. aeruginosa.

PLOS PATHOGENS Intracellular survival of Pseudomonas aeruginosa in urinary tract infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009534 April 26, 2021 5 / 24

https://doi.org/10.1371/journal.ppat.1009534


We identified a mutant harboring an in-frame nonpolar deletion of algR that resulted in

decreased intracellular bacterial survival, as determined by the lower fraction of mutant bacte-

ria recovered at 48 hpi relative to 3 hpi, compared to WT bacteria (Figs 1A, 2A and 2B). AlgR

is a member of the LytTR family of two-component response regulators that controls the

expression of more than 200 genes [26]. It is a master regulator of virulence in both acute and

chronic models of infection, and has been shown to positively regulate swimming motility,

alginate production, and type IV pilin assembly and export, while negatively regulating quo-

rum sensing, biofilm formation, type III secretion and anaerobic metabolism [27–35]. Because

the type IV pilus is required for maximal adherence to and invasion of host cells [36], we

examined the impact of decreased invasion of ΔalgR on the ability of bacteria to survive intra-

cellularly. As expected, at the same MOI, infection with ΔalgR bacteria resulted in fewer invad-

ing bacteria at 3 hpi compared to WT bacteria (Figs 1A and 2A). To test whether intracellular

survival was the result of an invasion bottleneck, we increased the number of invading mutant

bacteria by increasing the MOI to obtain an equivalent or higher number of initial intracellular

bacteria as WT at MOI 1; we still observed a pronounced defect in intracellular survival (Fig

2A). This decrease in recovered CFU for ΔalgR bacteria was not due to increased host cell

death as a means to eliminate invaded host cells (Fig 2C). Importantly, the decrease in intracel-

lular survival was also not due to generalized lower fitness of this mutant as it grew identically

to WT in LB and M9 minimal media and was not more susceptible to antibiotics or sodium

hypochlorite in culture, with the latter chosen to mimic the antimicrobial molecule produced

intracellularly by host cells (S3 Fig). Both intracellular survival and invasion were restored to

WT levels upon episomal complementation with algR in the ΔalgR background (Fig 2D).

Thus, AlgR plays a role in both invasion and intracellular survival.
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Fig 2. The bacterial two-component response regulator AlgR is required for intracellular survival of Pseudomonas aeruginosa. (A) Cells were

infected with increasing MOIs of ΔalgR bacteria and intracellular bacterial load was determined. (B) Percent of recovered bacteria at 48 hpi relative to 3

hpi with MOI = 10. Each data point represents an independent experiment. Data were analyzed by unpaired T-test. (C) Host cell survival was measured

at 3 and 24 hpi with WT or ΔalgR bacteria at MOI = 10 relative to uninfected cells harvested at the same time point. (D) algR was complemented in the

ΔalgR deletion strain and cells were infected and harvested as in A. (E-F) Cells were infected with ΔalgR GFP-expressing bacteria at MOI = 10, fixed at

the indicated time points and stained with anti-LAMP-1 antibodies and DAPI. (E) Representative images of invaded cells. Maximum intensity

projections of XY (middle), and orthogonal XZ (gray outline) and YZ (orange outline) projections of the serial confocal images are shown. Scale

bar = 5μm. (F) Intracellular bacterial load as determined by microscopy. (G) Percent of invaded cells with LAMP-1-associated bacteria. Data is

representative of 4–6 biological replicates with at least 50 cells per condition. Error bars represent standard deviation.

https://doi.org/10.1371/journal.ppat.1009534.g002
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We used microscopy to characterize the replication and survival dynamics of ΔalgR bacteria

(Fig 2E). At 3 hpi, the majority of ΔalgR invaded cells (56%) harbored 1 intracellular bacterium

(Fig 2F). Based on imaging, the main difference between WT and ΔalgR bacteria is that intra-

cellular ΔalgR bacteria proliferate to a lesser extent than WT bacteria with only 25% of cells

harboring�5 bacteria at 48 hpi compared to 40% for WT bacteria (Figs 1F and 2F); this could

be due to a slower doubling time or a longer lag time. In contrast to our findings with WT bac-

teria, the proportion of ΔalgR bacteria that colocalized with LAMP-1 did not increase through-

out the time course of infection (Fig 2G). Nevertheless, the majority (>80%) of bacteria also

remained confined to endosomes/lysosomes (Fig 2G) demonstrating that ΔalgR bacteria are

able to reside within these intracellular compartments.

Consistent with two-component regulator systems, phosphorylation of AlgR, likely by the

histidine kinase AlgZ (FimS) can alter its function [37]. Phosphorylated AlgR positively regu-

lates twitching motility through upregulation of the fimU prepilin cluster but is not required

for the activation of alginate production [33,38]. To determine the role of AlgR phosphoryla-

tion in invasion and intracellular survival, we constructed an in-frame nonpolar deletion of

algZ that would result in the absence of AlgR phosphorylation. We found that the ΔalgZ strain

showed both decreased invasion and intracellular survival, although it did not phenocopy the

ΔalgR strain (Fig 3A and 3B). Transcriptional analysis revealed that algR expression was
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Cells were infected at MOI = 10 with the kinase deficient strain ΔalgZ, the phosphomimetic D54E or non-

phosphorylatable D54N single point algR mutants, or the pilus deficient strain ΔpilA. (A, C, E) At indicated time

points, cells were lysed and the intracellular bacterial load was determined. (B, D, F) Percent of recovered bacteria at 48

hpi relative to 3 hpi. Each data point represents an independent experiment. �p<0.05 ��p<0.005 based on one-way

ANOVA.

https://doi.org/10.1371/journal.ppat.1009534.g003
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decreased in the ΔalgZ strain (S3A Fig), raising the possibility that the overall decrease in total

AlgR, rather than the specific absence of phosphorylated AlgR, is responsible for this

discrepancy.

We, therefore, constructed single point mutants of endogenous AlgR that either mimic the

phosphorylated (D54E) or the non-phosphorylated (D54N) state of AlgR [33,39]. These strains

show comparable expression of algR during logarithmic growth to the WT strain and the pre-

dicted transcriptional regulation of the prepilin fimU cluster (S4 Fig). As expected, the phos-

phomimetic D54E mutant invaded cells at similar levels as the WT strain while the non-

phosphorylatable D54N mutant was impaired in invasion (Fig 3C), thus phenocopying a

ΔpilA mutant in which the PilA structural subunit of the type IV pilus is absent (Fig 3E). This

confirms that phosphorylation of AlgR is required for invasion of bladder epithelial cells. The

phosphomimetic D54E mutant was impaired in intracellular survival, phenocopying the ΔalgR
strain, while the non-phophorylatable D54N mutant was able to survive intracellularly, pheno-

copying the WT strain (Figs 3C and 3D). Importantly, the ΔpilA strain was able to survive

intracellularly similarly to the WT strain (Figs 3E and 3F), demonstrating that pilus expression

is not necessary for intracellular survival. Single deletions of known AlgR targets known to

control virulence (algD, exsA, rhlI, anr, mucR, gacA) did not phenocopy the survival defect of

ΔalgR bacteria (S5 Fig) suggesting that the transcriptional control of intracellular survival by

AlgR is complex and may involve multiple, overlapping pathways or other factors. Taken

together, these results demonstrate that the phosphorylated form of AlgR is required for maxi-

mal invasion, but the non-phosphorylated form of AlgR is required for intracellular survival.

Adaptation to the intracellular host environment is bacterial intrinsic

Bacterial adaptation to the intracellular host environment, through metabolic or other physio-

logical changes, is necessary for intracellular bacterial survival. Previous analysis of bacterial

transcriptional responses to infection had profiled a mixture of intracellular and extracellular

bacteria [40–43], precluding the analysis of bacterial adaptation specifically to the intracellular

environment. By using PatH-Cap, a method we developed to enrich for bacteria-derived

mRNA that is particularly powerful when the fraction of bacterial mRNA is extremely low rela-

tive to total RNA in the sample [44], we defined the bacterial transcriptional changes induced

by the intracellular environment. We infected cells with WT or ΔalgR PAO1 constitutively

expressing GFP (PAO1-GFP) and performed fluorescence activated sorting (FACS) to isolate

host cells that were invaded by bacteria (GFP positive). We confirmed that GFP positive cells

harbor live bacteria and GFP negative cells do not by sorting cells directly onto an agar plate

and determining the fraction from which bacterial colonies grew (S6 Fig). For our transcrip-

tional analysis, we focused on an early time point of infection, 2 hpi, to understand the molec-

ular pathways that are induced by the intracellular environment rather than the downstream

consequences of intracellular bacterial survival/death. Importantly, our microscopy analysis

showed that even at 3 hpi intracellular bacteria have not undergone multiple cell divisions

since the majority of cells (69% for WT infected cells) still harbor only 1 or 2 bacteria. We iso-

lated RNA from the sorted populations, prepared RNA-seq libraries using the sc-Dual-seq pro-

tocol [45] which captures both host and pathogen transcripts and applied PatH-Cap to our

dual RNAseq libraries [44]. The fraction of total aligned reads that mapped to P. aeruginosa
genes was 0.05–0.13% before enrichment, precluding differential expression analysis, but

increased to 5.3–16.4% post-PatH-Cap (S1 Table).

At 2 hpi, WT bacteria demonstrated rapid and extensive transcriptional adaptation to the

intracellular host environment, differentially expressing 1,268 genes (645 upregulated and 623

downregulated of 4,781 genes analyzed; padj < 0.05) compared to planktonic WT bacteria
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grown in LB (Fig 4A and S1 Dataset). Intracellular WT bacteria upregulated major virulence

genes involved in type III secretion and biosynthesis of the siderophore pyoverdine required

for iron sequestration (Fig 4A), which could be a response either to host cell contact itself and/

or a response to exposure to the intracellular environment, as has been previously reported

[40–43]. Interestingly, we found transcriptional downregulation of the lipopolysaccharide

(LPS) O antigen biosynthesis wpb gene cluster (wbpA, wzy, wbpGHI), of arginine degradation

and transport genes (arcDABC, aruG, aotP), previously shown to be upregulated in a murine

acute P. aeruginosa pneumonia model [43], and of the transcriptional regulator phoQ, previ-

ously reported to be upregulated upon interaction with epithelial cells [46]. These transcrip-

tional changes may reflect the restricted availability of specific nutrients in the intracellular

environment resulting in a slow proliferation rate, as demonstrated by microscopy, and struc-

tural changes to the bacterial cell wall that have been shown to occur during chronic infections

[47].

We then directly compared the transcriptional profile of intracellular WT and ΔalgR bacte-

ria to understand differences in their ability to adapt to the intracellular environment. Surpris-

ingly, only 24 genes were differentially expressed (padj < 0.05; 1,302 genes analyzed) (Fig 4B

and S1 Dataset). The 17 genes expressed at higher levels by ΔalgR bacteria than WT bacteria

do not appear to be enriched for any biological pathway or function, even using homology pre-

dictions on the 10 genes that encode hypothetical proteins. The seven genes expressed at

higher levels by intracellular WT than ΔalgR bacteria consisted of five genes encoding proteins
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Fig 4. Bacterial adaptation to the host intracellular environment is rapid and is impaired in ΔalgR bacteria. Dual

RNA-seq libraries of WT- and ΔalgR-invaded cells were made from cells sorted 2 hpi and enriched using P.

aeruginosa-specific probes using PatH-Cap. (A) Log2 fold change in gene expression of intracellular versus planktonic

WT bacteria. Differentially expressed genes (padj<0.01 for WT, 825 genes, dark gray) and those differentially

expressed in both comparisons encoding genes belonging to pyoverdine biosynthesis (13, green), T3S secretion (28,

red), arginine degradation (6, blue), and LPS biosynthesis (8, pink) GO terms are highlighted. (B) Log2 fold change in

gene expression of intracellular P. aeruginosa WT versus ΔalgR bacteria. Genes highlighted in blue (7) are expressed at

higher levels by intracellular WT bacteria; genes highlighted in red (17) are expressed at higher levels by intracellular

ΔalgR bacteria (padj<0.05). Unlabeled points (10) represented uncharacterized genes that encode hypothetical

proteins. (C) Percent of reads from dual RNAseq pre-PatH-Cap libraries that align to P. aeruginosa genome. (D)

Composition of bacterial fraction of dual RNA-seq pre-PatH-Cap libraries.

https://doi.org/10.1371/journal.ppat.1009534.g004
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involved in translation (tufA, tufB, infC, rplX and rplP) and two genes (oprF and acpP) encod-

ing a transmembrane porin and an acyl carrier protein, respectively. Apart from the transla-

tion-associated genes upregulated in WT compared to ΔalgR bacteria, we also noted that the

composition of the ΔalgR-invaded libraries prior to PatH-Cap enrichment was different from

WT-invaded libraries. Bacteria-derived reads composed only 0.4% of libraries made from

ΔalgR-invaded cells compared to 1.9% of libraries made from WT-invaded cells (Fig 4C).

Moreover, ΔalgR-invaded libraries were composed of a lower percentage of rRNA compared

to WT libraries (ΔalgR-invaded libraries: 72% rRNA, 13% mRNA; WT-invaded libraries: 88%

rRNA, 6% mRNA) (Fig 4D), a finding consistent with previous observations that under stress

conditions, such as heat shock, rRNA is preferentially degraded resulting in an overall decrease

in total RNA [48]. Taken together, the lower expression of translation-related genes and

decreased fraction of rRNA available for translation in the ΔalgR strain suggests that even at

this early time point, 2 hpi, ΔalgR bacteria may be unable to translationally adapt to the intra-

cellular environment rapidly enough to support survival.

Intracellular bacteria induce a host response that is predominated by

activation of the NF-κB signaling pathway in non-immune cells

Host transcriptional responses, such as those downstream from TLR activation, are also critical

determinants of the outcome of a bacterium invading a host cell [49]. To define the host

responses during intracellular P. aeruginosa infection, we used the same model system to com-

pare the expression profiles of cells that harbored intracellular bacteria (“invaded”, GFP posi-

tive), cells that were exposed to but were not invaded (“exposed”, GFP negative), and cells that

were never exposed to bacteria (“unexposed”). We identified differentially expressed genes,

analyzed them by Gene Set Enrichment Analysis (GSEA) and calculated normalized enrich-

ment scores (NES) for Hallmark gene sets [50].

In both WT and ΔalgR -invaded cells, genes involved in TNFα signaling via NF-κB, IL6/

JAK/STAT3 signaling, hypoxia and the inflammatory response were upregulated while genes

categorized as MYC targets, oxidative phosphorylation and E2F targets were downregulated

(FDR qval<0.005; Figs 5B and S7A). Importantly, ΔalgR-invaded cells do not show a transcrip-

tional signature of apoptosis, supporting that death of host cells is not the reason for the lack of

bacterial survival (S2 Dataset). Although the global transcriptional response was similar, the

magnitude of the NF-κB response was lower in cells invaded by ΔalgR compared to WT bacte-

ria. Of the 45 genes that were more highly expressed in WT- than ΔalgR-invaded cells, 23 of

them were categorized as NF-κB targets including transcriptional regulators downstream from

TLRs (IRF1, JUN, ATF3, ETS2), chemokines and cytokines (CXCL2, CXCL3, CXCL8, IL6,

IL11, CSF3), and negative regulators of NF-κB signaling (NFKBIA, DUSP1, NFKBIZ) (Fig

5C). These results indicate that ΔalgR-invaded cells do not activate a unique transcriptional

program that results in active bacterial clearance but, rather, these findings are consistent with

our interpretation that the ΔalgR mutant has an intrinsic inability to adapt to the intracellular

environment.

NF-κB and TNFα have long been known to be important for host defense and indeed have

been shown to play a role in clearing extracellular bacteria in P. aeruginosa induced pneumo-

nia. Yet, here, we find that stronger induction of NF-κB by WT bacteria is associated with

increased intracellular survival while weaker levels of NF-κB response were associated with

decreased intracellular survival of ΔalgR bacteria. To explore the possibility that the stronger

NF-κB response to WT bacteria could paradoxically be contributing to enhanced intracellular

bacterial survival relative to ΔalgR bacteria, we blocked NF-κB signaling with two IKK inhibi-

tors, GSK 319347A and Wedelolactone [51,52], and also tested wortmannin, a PI3K inhibitor
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Fig 5. Activation of the host NF-κB signaling pathway is correlated with bacterial survival rather than clearance.

“Unexposed”, “exposed” but uninfected GFP negative and “invaded” GFP positive cells were infected with WT or

ΔalgR PAO1 GFP-expressing bacteria and sorted 2 hpi. (A) Differential expression analysis of WT exposed and

invaded cells. Differentially expressed genes (padj< 0.01) highlighted in blue; top 10 genes labeled. (B) Gene

expression profiles of WT- and ΔalgR-invaded cells were compared to unexposed cells. Normalized enrichment score

(NES) for gene sets significantly enriched (FDR qval<0.005) in each comparison are shown. (C) Heat map showing

genes differentially expressed between WT-invaded and ΔalgR-invaded cells. Genes belonging to the TNFα via NF-κB

gene set are highlighted. (D) Cells were pre-treated for 30 min with GSK 319347A or Wedelolactone before infection

with WT P. aeruginosa at MOI = 10. At indicated time points, the number of intracellular bacteria was determined. (E)

Cells were pre-treated with TNFα blocking monoclonal antibodies or recombinant TNFα 1 hour before infection with

WT or ΔalgR P. aeruginosa, respectively, at MOI = 10. At indicated time points, the number of intracellular bacteria

was determined.

https://doi.org/10.1371/journal.ppat.1009534.g005

PLOS PATHOGENS Intracellular survival of Pseudomonas aeruginosa in urinary tract infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009534 April 26, 2021 11 / 24

https://doi.org/10.1371/journal.ppat.1009534.g005
https://doi.org/10.1371/journal.ppat.1009534


that has been shown to block NF-κB activation by LPS but not TNFα [53]. Pre-treatment with

IKK inhibitors or wortmannin all reduced intracellular survival of WT bacteria (Figs 5D and

S7B), thus demonstrating that NF-κB signaling is necessary for intracellular bacterial survival.

However, activation of the NF-κB pathway with exogenous rTNFα did not enhance the intra-

cellular survival of ΔalgR bacteria nor did blockade of TNFα with antibodies result in reduced

intracellular survival of WT bacteria (Fig 5E) even though both TNFα and its receptors,

TNFRSF1A and TNFRSF1B, are expressed during infection (S7C Fig), suggesting that other sig-

naling pathways activated during infection may also be involved. Thus, activation of NF-κB sig-

naling in host cells appears to be necessary, but not sufficient, for intracellular bacterial survival.

Bacterial intracellular survival increases in vivo persistence in a mouse

model of urinary tract infection

To determine the in vivo significance of intracellular survival, we compared survival of WT

versus ΔalgR bacteria in a mouse model of urinary tract infection [54]. Infection with UPEC in

this model results in intracellular survival of bacteria within the bladder epithelium; some of

these cells are shed in the first few hours after infection exposing deeper layers of cells that also

become reservoirs of intracellular bacteria [54]. We infected mice transurethrally with P. aeru-
ginosa, harvested bladders at the indicated time points, and plated the homogenates to deter-

mine bacterial load. To distinguish between intra- and extracellular bacteria, we incubated

explanted bladders in the presence or absence of gentamicin prior to homogenization follow-

ing an established ex vivo gentamicin protection assay protocol [55]. At 3 hpi, 90% of WT bac-

teria were killed by ex vivo exposure to gentamicin, demonstrating that only 10% of bacteria

were intracellular at this time point. By 2 days post-infection (dpi), however, the majority of

WT bacteria were intracellular (Fig 6A) and able to persist out to 7 days in 4 out of 5 mice (Fig

6B). This persistence at 7 dpi was also was also true for two clinical strain isolated from the

urine of patients, with one strain persisting in all 4 mice infected and the other one persisting

in 2 out of 5 mice (Fig 6B). Importantly, infection with ΔalgR bacteria resulted in a lower intra-

cellular bacterial load recovered from the bladder at 2 dpi, compared to WT bacteria. This

decrease cannot be attributed to a decrease in pilus-dependent invasion since ΔpilA bacteria

were able to survive within the bladder to the same extent as WT bacteria (Fig 6C), just as they

were able to survive intracellularly in our in vitro model. These data demonstrate that the in
vitro model recapitulates in vivo infection, and that intracellular survival contributes to bladder

colonization in murine urinary tract infection.

Bacterial intracellular infection decreases antibiotic efficacy

Finally, in the context of various bacterial infections, a fraction of intracellular bacteria has

been shown to become antibiotic tolerant [12,56,57]. To determine whether intracellular P.

aeruginosa form a similar population within bladder epithelial cells, we treated infected cells

with a concentration of the cell permeable antibiotic ciprofloxacin 10–25 times above the mini-

mum inhibitory concentration that rapidly sterilizes the bacteria in culture. Indeed, we

observed a biphasic kill curve, particularly with the higher concentration of antibiotic, that

results in a stable population of antibiotic tolerant intracellular bacteria that are resistant to

killing 48 hours after treatment (Fig 6D). Importantly, these intracellular bacteria have not

acquired ciprofloxacin resistance, as they are sensitive to the antibiotic after isolation (Fig 6E).

Discussion

Our understanding of P. aeruginosa infection has been predominantly focused on its ability to

form extracellular biofilms, or to invade and kill host cells. Here, we demonstrate that P.
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aeruginosa also has the ability to survive intracellularly within human bladder epithelial cells

and this survival potentially contributes to the formation of a persistent intracellular reservoir

in a mouse model of urinary tract infection. Using dual transcriptional analysis, we define the

host and bacterial adaptations to P. aeruginosa intracellular survival within bladder epithelial

cells. Moreover, this intracellular population is antibiotic tolerant and, therefore, may serve as

a reservoir that could give rise to antibiotic resistant bacteria, further complicating the treat-

ment of these infections [1].

Pseudomonas aeruginosa is an important uropathogen in both catheter and non-catheter

associated UTIs [8,13]. It is most prevalent in catheter associated UTIs where it is correlated

with high mortality in hospitalized patients [58]. Interestingly, it has been shown that P. aeru-
ginosa UTIs result in higher readmission rates compared to UTIs caused by other uropatho-

gens, underscoring the clinical importance of this problem [9]. Bacteriuria has been shown to

persist in patients even after catheter removal and, although antibiotic prophylaxis prior to

removal of the catheter shows some benefit in preventing subsequent UTIs, not all patients

respond to this treatment [59]. We speculate that intracellular survival of bacteria within host

tissues during catheter usage may impede response to antibiotic treatment after catheter

removal, since our data demonstrate that intracellular bacteria adopt an antibiotic tolerant

state. It will be of interest to assess whether intracellular P. aeruginosa can indeed be detected

in patients who undergo catheterization or suffer from chronic UTIs. Such clinical data would

support the notion that bacterial adaptation to the intracellular niche promotes pathogenesis,

Fig 6. Bacterial intracellular survival increases in vivo persistence in a mouse model of urinary tract infection and decreases antibiotic efficacy. (A-C) C57BL/

6 female mice were transurethrally inoculated with 1–6 x 107 CFU P. aeruginosa. (A) At 3 hours or 2 days post-infection, bladders were harvested and incubated for

30 minutes in media alone or gentamicin to kill extracellular bacteria; the entire bladder was then homogenized to determine total (untreated) and intracellular

(gentamicin treated) bacterial load. n = 5 per time point per condition. (B) Mice were infected with the lab-adapted strain PAO1 or two clinical strains isolated from

urine (BWH005 and BWH039). Seven days post-infection, bladders were harvested, homogenized and bacterial load was determined. n = 4 or 5 per strain. (C)

Mice were infected with WT, ΔalgR or ΔpilA PAO1 P. aeruginosa. Two days post-infection, bladders were harvested and homogenized to determine bacterial load.

Adjusted P value of Dunn’s multiple comparisons test between groups displayed. n = 10–15 mice from 3 independent experiments. (D) Bladder epithelial cells were

infected with WT bacteria for 2 hours and then incubated with gentamicin plus the cell permeable antibiotic ciprofloxacin at either 10 or 25 μg/mL. At the indicated

time points intracellular bacterial load was determined. For comparison, the same inoculum of bacteria was treated with 25 μg/mL ciprofloxacin without host cells

and the number of surviving bacteria was determined. (E) Cells were infected with WT bacteria and treated as in D with ciprofloxacin (10 μg/mL) and the lysate

was plated in the absence of presence of ciprofloxacin (10 μg/mL). Minimum level of detection was 5 CFU/well.

https://doi.org/10.1371/journal.ppat.1009534.g006
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as has been shown for UPEC in persistent UTIs [60]. Host colonization by uropathogens

occurs in the lumen of the bladder where the stratified epithelium is composed of an undiffer-

entiated basal layer, followed by 3–4 layers of intermediate and then highly differentiated

superficial umbrella cells [54]. The cell line used for these studies does not express umbrella

cell markers, such as uroplakin, and therefore most closely resembles undifferentiated urothe-

lial cells [61]. It has been shown that invasion of superficial cells by UPEC results in rapid bac-

terial replication and formation of intracellular bacterial communities (IBCs). This superficial

layer of invaded cells is exfoliated within 24 hours after infection, which serves as a host

defense mechanism and reduces bacterial load [61]. Critically, exfoliation exposes the deeper

layers of the urothelium which may in turn be colonized; it is within these underlying epithelial

layers that uropathogens may persist in a quiescent state [62], which we propose is the case in

our model. Indeed, UPEC has been shown to remain viable for months in murine models of

UTI, presumably within these deeper layers of the urothelium, and giving rise to quiescent

intracellular reservoirs (QIRs) [54]. Here, we demonstrate that P. aeruginosa is able to invade

and persist within the murine bladder epithelium with similar kinetics as UPEC, showing a

decrease in bacterial load over the course of 7 days of infection [54]. QIRs are more prevalent

in Balb/c compared to C57BL/6 mice demonstrating host variability in the resolution of UTIs

[61]. General host-specific responses to infection, as well as pathogen-specific ones, remain to

be identified and will undoubtably further our understanding of this complex interaction.

Here, we additionally show that there is significant variability in the ability of clinical isolates

from urine to persist in this mouse model: one clinical isolate, BWH005, persisted for 7 days in

all mice infected while the other one, BWH039, persisted only in 2 out of 5 mice infected.

These differences may be due to either stronger host responses or other bacterial-intrinsic

defects not related to intracellular survival since the BWH039 strain was able to survive intra-

cellularly in our in vitro model.

Previous simultaneous transcriptional analyses of P. aeruginosa and host cells either in vivo
or in vitro have profiled a mixture of intracellular and extracellular bacteria as well as a mixture

of exposed and invaded cells [40–43]. Our ability to exclusively profile intracellular bacteria

and to differentiate between the host response to exposure versus invasion advances our

understanding of this complex host-pathogen interaction. For example, downregulation of

LPS biosynthesis in our model suggests that modification of LPS may be specifically required

for adaption to the intracellular environment. Meanwhile, host transcriptional profiling dem-

onstrated that intracellular bacteria are sensed by host cells in a response that is dominated by

activation of NF-κB signaling, likely downstream from TLRs. Comparing invasion by WT bac-

teria to invasion by a mutant that is defective for intracellular survival due to disruption of the

global regulator of virulence AlgR, we found that the host NF-κB response is stronger in WT-

invaded compared to ΔalgR-invaded cells. A recent study showed that high and sustained NF-

κB signaling and maximal JNK signaling only occurred in response to live bacteria that were

sensed by the host as a threat, as opposed to heat-killed bacteria [63], suggesting that the rela-

tively muted NF-κB signaling on the part of the host in response to ΔalgR invasion may be

because it is not sensing the same threat level as it does from WT bacteria. Paradoxically, while

the NF-κB response plays a role in clearing of extracellular bacteria [17], it appears to be

required for intracellular bacterial survival, as its inhibition with IKK inhibitors leads to

decreased survival of intracellular WT bacteria. However, it is not itself sufficient for intracel-

lular bacterial survival, because its activation with exogenous TNFα did not rescue the intracel-

lular survival of the ΔalgR mutant. This NF-κB host response thus appears to promote the

maintenance of an intracellular bacterial reservoir during persistent infection. These divergent

roles of NF-κB may be due to differences between professional innate immune cells and epi-

thelial cells, with P. aeruginosa being readily cleared from macrophage-like cells but surviving
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inside epithelial cells. In support of this dual role for NF-κB signaling, more severe bladder

inflammation is seen in mice infected with UPEC that go on to develop chronic cystitis and

persistent bacteriuria: the establishment of intracellular bacterial reservoirs is correlated with

higher levels of IL-5, IL-6, CSF and the IL-8 homolog KC [64]. As in our model, however, it is

unclear whether the exacerbated host response is the cause or the consequence of the chronic

infection.

This analysis revealed that there is heterogeneity in the outcome of infection of the small

fraction (0.5%) of epithelial cells that are initially invaded by P. aeruginosa. With WT bacteria,

we observed two distinct outcomes of infection: bacterial replication with an intracellular rep-

lication rate that is much slower than is seen in culture or for other intracellular pathogens,

and bacterial survival or persistence without proliferation, comprising 4% of invaded cells at

48 hpi. A third outcome, the inability to survive intracellularly, was exemplified by ΔalgR bac-

teria, but is likely to also occur with a fraction of WT bacteria. Determining both the host and

bacterial molecular pathways governing these outcomes will likely require analysis at the single

cell level since bulk analysis, as presented here, averages the transcriptional responses of this

heterogenous intracellular population. Although our analysis identified genes differentially

expressed between intracellular WT and ΔalgR bacteria, it was restricted to genes detected in

both strains (1,302 genes). Genes with no detectable expression were excluded from our analy-

sis due to the inability to differentiate between true lack of expression and lack of technical

detection. As such, genes required for intracellular survival that were not upregulated by ΔalgR
bacteria, and therefore not detected in our RNAseq libraries, were not identified by our tran-

scriptional analysis. Thus, it is possible that more genes are in fact differentially regulated

between these two strains that may help explain the difference in their ability to survive intra-

cellularly. Technical improvements in capture and detection of lowly expressed transcripts,

which in these dual host-bacteria RNA-seq libraries comprise all bacterial transcripts, will

increase the sensitivity of detection of the bacterial transcriptome and enable more compre-

hensive analysis of all genes [44].

Persistent bacterial infections that are resistant to antimicrobial therapy pose a serious and

growing public health problem, yet novel approaches to addressing these infections are lack-

ing. We have demonstrated that the previously unappreciated ability of P. aeruginosa to sur-

vive intracellularly may play an important role in contributing to the chronicity and

recurrence of urinary tract and, potentially, other infections caused by P. aeruginosa. Finding

novel approaches to eradicating this intracellular population, potentially by targeting host

pathways such as NF-κB signaling, could transform our ability to manage chronic and/or

recurrent infections such as UTIs.

Methods

Ethics statement

Pseudomonas aeruginosa clinical strains were collected by the Clinical Microbiology Labora-

tory at Brigham and Women’s Hospital (BWH). Collection of strains was approved by Part-

ners Healthcare Internal Review Board (2012P001062) with waiver of patient consent, since

bacterial isolates were obtained from discarded, de-identified material from the clinical labora-

tories. All vertebrate animal experiments were done with the approval of the Massachusetts

General Hospital’s Institutional Animal Care and Use Committee (2007N000153).

Strain selection and construction

Mutants with in-frame nonpolar deletions tested to identify bacterial pathways required for

intracellular survival of P. aeruginosa were ΔalgR, ΔexsA, ΔphzA1/2, ΔpqsA, ΔpqsE and ΔmvfR
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[65]. BWH001, BWH05, BWH015, BWH039, and BWH060 clinical strains are all exoS+,

exoU-, exlA-. P. aeruginosa PAO1-GFP was constructed by integrating a single copy of the

pGFPmut3.1 gene driven by a constitutive insulated promoter [66] into the bacterial chromo-

some using the mini-Tn7 vector [67]. Gene deletions in PAO1 were performed by allelic

exchange as previously described [68] and were confirmed by PCR amplification and sequenc-

ing. For complementation, the algR gene was cloned into pHERD20T using complement for-

ward and reverse primers; expression is driven by the pBAD promoter in this plasmid. For site

directed mutagenesis, the algR gene was first cloned into the pEXG2-GW vector using replace

forward and reverse primers; site directed mutagenesis was performed using the Q5 Site-

Directed Mutagenesis Kit (NEB) using the SDM primers. Mutagenesis was confirmed by

sequencing. The mutagenized versions were then used to replace the endogenous algR locus

by allelic exchange. S2 Table includes all primers used for in-frame deletions, algR comple-

mentation and site-directed mutagenesis.

Gentamicin protection assay

5637 human bladder epithelial cells (RRID: CVCL_0126), A549 human lung epithelial cells

(RRID: CVCL_0023) or macrophage-like murine J774 cells (RRID: CVCL_4692) were seeded

overnight in RPMI media supplemented with 10% FBS. Log-phase bacteria grown in LB

(OD600 = ~0.3) and diluted in media were used to infect cells at the indicated MOI and centri-

fuged to synchronize infection. Cells were incubated for 1–2 hours, extracellular bacteria were

removed, media containing 200 μg/ml gentamicin was added and incubated for an additional

1–2 hours. Media was then replaced with media containing 25 μg/ml gentamicin, to prevent

reinfection, until cells were harvested. For enumeration of intracellular bacteria, at the indi-

cated time points, cells were washed with PBS and lysed in 1 mL of PBS + 0.1% Triton X-100

and plated to LB agar + 15 μg/mL irgasan to enumerate CFU. For enumeration of adherent

bacteria, cells were incubated in the absence of gentamicin for 3 hours, washed with PBS and

harvested as described at 3 hpi. Viability of host cells was measured using CellTiter-Glo (Pro-

mega) per the manufacturer’s protocol; data shown is relative to uninfected cells harvested at

the same time point to control for proliferation of this cell line.

Where indicated, cells were pre-incubated with recombinant human TNFα protein (125

pg/mL; R&D Systems), anti-human TNFα antibodies (0.1 μg/mL; RRID:AB_2203945), IKK

inhibitor GSK 319347A (1 μM; Tocris), Wedelolactone CAS 524-12-9 (10 mM; Calbiochem)

or Wortmannin CAS 19545-26-7 (100 nM; Sigma-Aldrich) for 30–60 minutes before infection

and throughout all incubations. Ciprofloxacin was used at a concentration of 10 or 25 μg/ml as

indicated starting at 3 hpi. For the confirmation of ciprofloxacin sensitivity, cell lysates were

plated on plates without antibiotic (LB) or containing 10 μg/ml ciprofloxacin.

Flow cytometry

Fluorescently activated cell sorting was performed using a BD FACSAria II (BD Biosciences).

Cells were infected as described, incubated for 1hr before the addition of gentamicin and

detached using trypsin 2 hpi. DAPI was added prior to sorting to discriminate dead/dying cells

from healthy cells. GFP+ and GFP- cells were sorted using gates analogous to the “high” and

“neg” gates, respectively, shown in S6 Fig. For transcriptional analysis, populations of cells

were sorted directly into lysis buffer (RNA-Gem Lysis buffer, 1% BME and RNAse inhibitor)

and frozen. For confirmation of viability of intracellular bacteria, single cells were sorted

directly onto agar plates, the plates were incubated overnight at 37˚C and the number of colo-

nies that grew out were counted.
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Microscopy analysis

Cells were seeded on glass coverslips, infected at MOI = 10, fixed with 1% formaldehyde,

stained with anti-LAMP-1 antibodies (RRID: AB_775978) and DAPI, imaged using a Zeiss

LMS800 confocal microscope and acquired and analyzed using the Zeiss ZEN software. At

least 50 invaded cells per condition were chosen randomly from 4–6 biological replicates. Z-

series were collected that captured the entirety of the cell. Maximum Intensity Projections of

the XY, XZ and YZ planes are shown. Intracellular bacterial load was determined manually.

Intracellular bacterial were considered to be LAMP-1 associated when they were at least 50%

surrounded by LAMP-1 staining.

RNA isolation and library construction of planktonic bacteria

Bacteria were grown to mid-logarithmic phase (OD600 = ~0.3) in LB, harvested by centrifuga-

tion, resuspended in TRIzol (ThermoFisher Scientific), incubated for 10 minutes at room tem-

perature, transferred to tubes with zirconia beads, and bead beat three times for 60 seconds

each, with 60 seconds incubations on ice in between pulses. RNA was extracted using the

Directzol RNA extraction kit (Zymo Research). Libraries were generated using the RNAtag-

Seq protocol [69].

Library construction

For host transcriptional analysis, 5,000 cells were sorted per sample (three independent biolog-

ical infections). Samples were lysed by incubating at 75˚C for 5 minutes and RNA was isolated

using SPRI paramagnetic beads. rRNA was depleted using RiboGone-Mammalian (Clontech

Laboratories, Inc), cDNA was synthesized using the SMARTer Universal Low Input RNA Kit

(Clontech Laboratories, Inc) and library preparation was performed using the Low Input

Library Prep Kit v2 (Clontech Laboratories, Inc).

For bacterial intracellular transcriptional analysis, populations of 1,000 cells were sorted

(for WT-invaded: four technical replicates from each of three independent biological infec-

tions; for ΔalgR -invaded: two technical replicates from each of three independent biological

infections). Samples were lysed by incubating at 75˚C for 5 minutes. Dual RNA-seq libraries

were made following the sc-Dual-seq protocol [45]. P. aeruginosa mRNA transcripts were

enriched with PatH-Cap as previously described [44]. Briefly, dual RNA-seq libraries com-

posed of host and bacterial transcripts were incubated with biotinylated probes specific for the

PAO1 transcriptome. The targets derived from bacterial mRNA were then pulled down by

their corresponding biotinylated probe using streptavidin-coated beads, PCR amplified and

sequenced.

Sequencing, alignment and analysis

Paired-end sequencing of RNA-seq libraries was performed on Illumina NovaSeq and NextSeq

platforms at the Broad Institute Genomics Core. Reads were aligned to the PAO1 genome

from Refseq (NC_002156) using BWA and the human transcriptome generated from Ensembl

gene annotations (GRCh38/hg38) using BBMap as previously described [44]. For RNAtag-Seq

and SMARTer libraries both read1 and read2 were aligned; for Dual-seq libraries only read2

was aligned after trimming reads with stretches of 7 or more A’s. An in-house script was used

for enumeration and metrics generation. For SMARTer libraries, reads aligned to sense and

antisense genes were summed since this library construction protocol is not stranded. For

Dual-Seq libraries, transcripts with the same Unique Molecular Identifier (UMI) were collapse

into a single read using an in-house script by clustering with respect to UMI as previously
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described [44]. All gene expression analysis of intracellular bacteria was done after duplicate

reads were removed.

For analysis of Dual-seq libraries, libraries were filtered based on host alignment of pre-

PatH-Cap libraries: percent protein coding regions < 45%; percent sense protein coding

regions > 65%; unique host transcripts (UMI collapsed) in protein coding regions >3,000. For

analysis of bacterial transcriptome, technical replicates were summed, and only genes detected

(>0 counts) in at least two of three biological replicates of intracellular bacteria for each strain

were analyzed. Differential expression analysis was conducted with DESeq2 [70]. Identified

DEGs were analyzed using the PANTHER Classification System [71] using an overrepresenta-

tion test (Released 20181113) in the GO ontology database (Released 2018-11-15).

For analysis of host transcriptome, only genes detected with�10 reads were included. Dif-

ferential expression analysis was conducted with DESeq2 [70]. Identified DEGs were then ana-

lyzed by Gene Set Enrichment Analysis (GSEA) using the Molecular Signatures Database

(MSigDB) Hallmark gene set collection v 6.2 [50,72]. Normalized enrichment scores (NES)

were calculated in MSigDB.

Murine urinary tract infections

We adapted the established murine UPEC urinary tract infection model to the use of P. aerugi-
nosa [54]. Female 12–16 week old C57BL/6 mice from Jackson Laboratories were used. Bacte-

ria were grown in LB to stationary phase, collected by centrifugation, washed in PBS, and

resuspended in PBS. 1–6 x 107 bacteria in 50 μl were instilled in the bladder through a 0.61/

0.28 mm (inner/outer diameter) catheter while animals were anesthetized by inhaled isofluor-

ane. At the indicated times post infection, mice were euthanized per protocol by CO2 overdose

and cervical dislocation, bladders were homogenized in 1 mL of PBS + 0.1% Triton X-100 and

plated to LB agar + 15 μg/mL irgasan to enumerate the bacterial burden. The ex vivo gentami-

cin protection assay has been previously described [55]. Briefly, bladders were washed in PBS 3

times and incubated in the presence or absence of 200 μg/mL gentamicin for 30 min at room

temperature. After this incubation, bladders were washed and homogenized and lysates were

plated to enumerate bacterial burden.

Statistical analysis

GraphPad Prism software (GraphPad Software) was used for the statistical analysis and graph

preparation.

Supporting information

S1 Fig. Gentamicin prevents growth of P. aeruginosa in RPMI. PAO1 was incubated in

RPMI + 10% FBS with increasing concentration of gentamicin. OD600 was measured at 16

hours.

(TIF)

S2 Fig. Intracellular survival of P. aeruginosa extends to clinical strains and other host cell

types. (A-B) Cells were infected with clinical strains isolated from urine at MOI = 1. (A) Host

cell survival was measured 24 hpi relative to uninfected cells harvested at the same time point.

(B) Percentage of intracellular bacteria recovered at 48 hpi relative to 3 hpi. Each data point

represents an independent experiment. (C) A549 lung epithelial cells were infected with WT

PAO1. Number of surviving intracellular bacteria were determined at 24 and 48 hpi. Average

of two independent experiments is shown. (D) The macrophage-like cell line J774 was infected

with WT PAO1. Number of surviving intracellular bacteria were determined at 24 and 48 hpi.
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Data shown is representative of three independent experiments.

(TIF)

S3 Fig. ΔalgR strain does not have a general fitness defect. (A, B) Growth of WT and ΔalgR
was followed at 37˚C in either LB (A) or M9 minimal medium (B) by measuring OD600. (C)

Antibiotic susceptibility to gentamicin (GM), levofloxacin (LVX), azithromycin (AZM), ami-

kacin (AN), colistin (CL), tobramycin (NN), ciprofloxacin (CIP), imipenem (IMP) and ceftazi-

dime (CAZ) was determined by disc diffusion. Average zone of inhibition for three discs is

shown. (D) Survival of WT and ΔalgR after exposure to 25μM NaOCl in PBS + 10mM glucose

determined by plating for CFU.

(TIF)

S4 Fig. Expression of algR and fimUpilVWXY1Y2E operon during log phase by RNAseq.

RNA-seq libraries were made of WT, ΔalgR, ΔalgZ and D54N and D54E algR point mutants

grown in LB during logarithmic phase. Transcripts per million (TMPs) for (A) algR gene and

(B) the sum of the genes in the fimU operon (fimUpilVWXY1Y2E).
(TIF)

S5 Fig. Single deletions of known AlgR targets and/or pathways do not phenocopy intracel-

lular survival defect. In-frame nonpolar deletions of known AlgR targets were made in the

PAO1 background. Cells were infected and harvested at the indicated time points. (A) Quo-

rum sensing regulator lasR and inducers lasI and rhlI. Alginate producing enzyme algD. (B)

Transcriptional activator of anaerobic gene expression anr and two-component regulator con-

trolling quorum sensing gacD. (C) Type III secretion regulator exsA and needle component

pscC. (D) Alginate biosynthesis regulator mucR.

(TIF)

S6 Fig. GFP positive cells harbor live bacteria while GFP negative cells do not. Cells were

infected at various MOIs with the GFP expressing WT strain. At 4 hpi cells were harvested and

single cells were sorted directly onto agar plates. (A) Gating scheme based on side scatter

(SSC) and GFP fluorescence. (B) Plates were incubated overnight and the number of colonies,

relative to the number of single cells sorted was determined. For MOI = 50 and 25, 162 cells

were sorted per gate. For MOI = 5, 81 cells were sorted per gate. Representative of two inde-

pendent experiments.

(TIF)

S7 Fig. Activation of the host NF-κB signaling pathway is correlated with bacterial survival

rather than clearance. (A) Log2 fold change gene expression of WT-invaded and ΔalgR-

invaded cells compared to unexposed cells. Genes differentially expressed between WT-

invaded and ΔalgR-invaded cells highlighted in red. (B) Cells were pre-treated for 60 min with

wortmannin before infection with WT P. aeruginosa at MOI = 10. At indicated time points the

number of intracellular bacteria was determined. (C) Transcripts per million (TMPs) for genes

encoding TNFα and its receptors, TNFRSF1A and TNFRSF1B, from the indicated sorted pop-

ulations. Each data point represents a biological replicate.

(TIF)

S1 Table. PatH-Cap enrichment enables analysis of P. aeruginosa invaded cells. Dual RNA-

seq libraries were made with the scDualseq protocol and were sequenced before and after

enrichment of P. aeruginosa mRNA derived transcripts with PatH-Cap. Percentage of total

aligned reads that mapped to the P. aeruginosa genome and specifically to P. aeruginosa
mRNA are shown. �of total aligned reads (host + bacteria aligned).

(DOCX)
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S2 Table. Oligonucleotides used. Primers used for in-frame nonpolar deletions, algR comple-

mentation and site-directed mutagenesis.

(DOCX)

S1 Dataset. Bacterial transcriptional analysis of P. aeruginosa infection. Invaded GFP posi-

tive (“inv”) cells were sorted 2 hours post-infection with WT or ΔalgR PAO1 GFP-expressing

bacteria. RNAseq libraries were made using the scDualseq protocol and enriched for P. aerugi-
nosa mRNA using PatH-Cap. Libraries from log phase planktonic culture grown in LB (“log”)

were made using the RNAtag-Seq protocol. Raw counts, and DESeq2 analysis (log2 fold change

and pajd) shown for intracellular WT vs intracellular ΔalgR bacteria and intracellular vs log

phase bacteria.

(XLSX)

S2 Dataset. Host transcriptional analysis of P. aeruginosa infection. Unexposed (“unexp”),

exposed but uninfected GFP negative (“exp”) and invaded GFP positive (“inv”) cells were

sorted 2 hours post-infection with WT or ΔalgR PAO1 GFP-expressing bacteria. RNAseq

libraries were made using the SMARTer protocol. Raw counts and DESeq2 analysis (log2 fold

change and pajd) shown for various comparisons.

(XLSX)
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