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The normal flora furnishes the host with ecological barriers that prevent pathogen attack while maintaining
tissue homeostasis. Urinary tract infections (UTIs) constitute a highly relevant model of microbial adapta-
tion in which some patients infected with Escherichia coli develop acute pyelonephritis, while other patients
with bacteriuria exhibit an asymptomatic carrier state similar to bacterial commensalism. It remains unclear
if the lack of destructive inflammation merely reflects low virulence or if carrier strains actively inhibit
disease-associated responses in the host. Here, we identify a new mechanism of bacterial adaptation through
broad suppression of RNA polymerase II-dependent (Pol II-dependent) host gene expression. Over 60% of all
genes were suppressed 24 hours after human inoculation with the prototype asymptomatic bacteriuria (ABU)
strain E. coli 83972, and inhibition was verified by infection of human cells. Specific repressors and activators
of Pol II-dependent transcription were modified, Pol II phosphorylation was inhibited, and pathogen-specific
signaling was suppressed in cell lines and inoculated patients. An increased frequency of strains inhibiting Pol
II was epidemiologically verified in ABU and fecal strains compared with acute pyelonephritis, and a Pol II
antagonist suppressed the disease-associated host response. These results suggest that by manipulating host
gene expression, ABU strains promote tissue integrity while inhibiting pathology. Such bacterial modulation
of host gene expression may be essential to sustain asymptomatic bacterial carriage by ensuring that poten-

tially destructive immune activation will not occur.

Introduction

The skin and mucosal surfaces are sites where normal bacterial flora
persists without triggering a destructive host response (1-4). Bacterial
pathogens, in contrast, gain a short-term advantage at these sites by
expressing virulence factors that can dysregulate a range of host sig-
naling pathways (5). Their virulence repertoire includes a diverse array
of molecules that trigger specific host cell receptors and signaling
pathways or inactivate the host defense, including capsules, comple-
ment inactivators (6, 7), and secreted inhibitors of Toll-like receptor
(TLR) and MyD88 signaling (8, 9). The failure of asymptomatic carrier
strains to trigger disease-associated signaling pathways and pathology
has generally been attributed to their lack of virulence (5, 10, 11). It is
not clear if; in addition, asymptomatic carrier strains actively enhance
their own persistence by modifying the host environment.

Urinary tract infections (UTIs) constitute a highly relevant model
of microbial adaptation in which the contrasting effects of pathogens
and commensals on host tissues are clearly displayed. While virulent
Escherichia coli cause severe, potentially life-threatening disease by
breaking the inertia of the mucosal barrier and infecting the kidneys,
the most common outcome of bacteriuria is an asymptomatic carrier
state resembling commensalism at other mucosal sites (12). Patients
with asymptomatic bacteriuria (ABU) may carry the same strain for
months or years without developing a destructive host response, and
the bacteria co-evolve with their hosts in a niche with little microbial
competition (13). The molecular determinants of long-term bacte-
rial persistence and adaptation are still poorly understood, however.
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Genome sequencing has revealed that at least 50% of ABU strains
have evolved from virulent uropathogenic E. coli (UPEC) strains by
loss of virulence genes, suggesting a reductive evolution and an active
adaptation to the host environment (14). It is unclear whether this
abrogated virulence factor expression is sufficient to explain the lack
of overt mucosal inflammation in asymptomatic carriers or whether
a separate class of host suppressive factors enables ABU strains to
modify the host response and promote their own survival.

To address this question, we examined the effects of asymptom-
atic bacterial carriage on host gene expression. Studying the proto-
type ABU strain E. coli 83972 in the human inoculation model, we
observed marked suppression of host gene expression in patients
who became asymptomatic carriers. ABU strains suppressed RNA
polymerase II-dependent (Pol II-dependent) transcription in inoc-
ulated patients and in human kidney, bladder, and intestinal epithe-
lial cells after in vitro infection. Signaling pathways suppressed by
E. coli 83972 included TLR and type 1 IFN in contrast to the uro-
pathogenic E. coli strain CFT073, which activated Pol II transcrip-
tion and these signaling pathways. We believe that these results
suggest for the first time that asymptomatic carrier strains promote
their own survival by broadly manipulating host gene expression.

Results

Suppression of gene expression in patients inoculated with E. coli
83972

Therapeutic urinary tract inoculation with the prototype ABU
strain E. coli 83972 is a safe alternative approach for patients with
therapy-resistant, recurrent UTIs (15-17). The strain establishes
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persistent bacteriuria, protecting patients against superinfection
with more virulent strains (17). Using this protocol, we examined
whether the establishment of asymptomatic bacterial carriage
alters host gene expression. Patients were inoculated with E. coli
83972 (10° CFU/ml), and in 3 individuals, significant bacteriuria
was established after 24 hours (Figure 1A). Prior to inoculation,
the urine was sterile and neutrophil numbers and cytokine con-
centrations in serum and urine were low, contradicting a strong
preexisting chronic inflammatory response in the urinary tract or
a preceding systemic immune response (Figure 1B).

The urinary tract response to E. coli 83972 inoculation in a pla-
cebo-controlled study was previously examined (18) and low, but
detectable, increases in urinary neutrophils and cytokines were
observed. These responses were below the levels reported during
symptomatic UTIs (19, 20). Here, systemic cytokine activation (IL6
or IL8) was not detected in the inoculated patients (Figure 1B).
Urinary neutrophil numbers were transiently elevated in parallel
with an IL8 response (Figure 1B).

We examined the effects of the ABU strain on host gene expression
using peripheral blood leucocyte RNA isolated before and 24 hours
after intravesical inoculation. Substantially altered genes identi-
fied by whole genome transcriptomic profiling were sorted accord-
ing to their relative expression levels (unadjusted P values less than
0.05 and absolute log fold change greater than 0.5).

Gene expression was markedly reduced in the 3 patients
24 hours after E. coli 83972 inoculation (63.3%, 5,278 of 8,337
probe sets) (Figure 1C). Shared genes, showing a similar change
in expression in the 3 patients were mostly suppressed (87.5%,
140 of 160 probe sets, Venn diagram) (Figure 1D). Regulators of
gene expression were most abundant in this group, including
transcriptional repressors, transcriptional activators, and regula-
tors of translation, chromatin, or DNA organization (Figure 1E
and Supplemental Table 1; supplemental material available
online with this article; d0i:10.1172/JC166451DS1). We further
analyzed the commonly regulated genes for network interac-
tions. Based on established molecular pathways, we identified
a network of genes directly interacting with Pol I, associating
Pol II with transcription factors JUN and CREB1 (Figure 1F). In
total, we found that 9 of 9 regulated genes in this network were
suppressed. For other strongly regulated networks, see Supple-
mental Table 2.

Global changes in gene expression after in vitro infection of buman
uroepithelial cells

To address the mechanism of transcriptional inhibition, we
infected human kidney epithelial A498 cells with the ABU
strain or the virulent CFT073 (APN) strain. This cell line has
been validated as a model of uropathogenic E. coli infection; the
cells express functional receptors for bacterial virulence ligands,
and the response to virulent strains reflects human UTI (21).
RNA harvested after 4 hours was subjected to whole genome
transcriptomic analysis. Raw data, normalized using cross-cor-
relation (22), were of high quality with a replicate correlation
greater than 0.98 and no systematic bias (MA plots, Supplemen-
tal Figure 1). Genes with empirical Bayes-adjusted P values less
than 0.05 and log; fold changes greater than 0.585 were con-
sidered differentially expressed and were functionally charac-
terized using the Database for Annotation, Visualization and
Integrated Discovery (DAVID), Blast AceView, and Ingenuity
Pathway Analysis (IPA) software.
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In total, 1,957 cellular genes were substantially altered by the ABU
and/or APN strains compared with uninfected cells (Figure 2A).
After sorting according to relative expression levels, we identified
4 patterns; 96 genes were only regulated by the ABU strain and were
designated as ABU specific (Figure 2D and Supplemental Tables 3
and 4). Six genes were inversely regulated between the ABU and
APN strains (Supplemental Table 3 and Supplemental Figure 2),
1,186 genes were similarly regulated by both strains (Supple-
mental Table 5), and 669 genes were APN specific (Figure 2A).
Overall, fewer genes were transcribed in response to the ABU
strain compared with the APN strain (1,288 versus 1,861; P < 0.05)
(Figure 2, B and C), suggesting either active suppression of gene
expression or a lack of activation.

ABU-specific changes in gene expression

To identify the effects on host gene expression unique to the ABU
strain, we sorted the 96 ABU-specific and 6 inversely regulated
genes according to their known or suggested functions. Substan-
tially regulated genes involved in transcriptional regulation are
listed in Supplemental Table 3 according to fold change, and the
most regulated gene categories are indicated in Figure 2D. These
categories correspond to those found among the shared regulated
genes in the patients (Figure 1F). The regulators of gene expres-
sion were most abundant, including transcriptional repressors,
transcriptional activators, zinc finger proteins, regulators of
translation, and transcriptional regulators of the innate immune
response, confirming the in vivo observations (Figure 2D).
Genes directly involved in Pol II transcription or in regulating
Pol II-dependent pathways were strongly affected by the ABU
strain (22.5% of the ABU-specific genes) (Figure 2D and Supple-
mental Table 3). Other regulated gene categories include innate
immune receptors like NODI1, TLRS, and TNFRSF10D, as well as
other innate immunity and inflammatory response genes, all of
which were suppressed (Supplemental Table 4). IPA identified 1
network formed by the inversely regulated genes (Supplemental
Figure 2), including FOSB, HSPA6, RN7SK, RGS4, and IFIT1. Three
of these genes regulate Pol II through TATA box-binding protein
(TBP) (23-25). We also identified networks involved in infection
and immunity (Supplemental Figure 3). The transcriptomic pro-
file and IPA did not identify oxidative stress or ER stress response
pathways in infected cells.

Effects on RNA Pol II-dependent transcription

RNA Pol II controls eukaryotic gene expression through mRNA
precursors, most small nuclear RNAs (snRNAs), and microRNAs
(miRNAs) (26). The effects of the ABU strain on critical steps
involved in the Pol II transcription cycle are shown in Figure 3A,
and molecules whose expression was modified in an ABU-specific
manner are listed in Supplemental Table 3 according to their
role in Pol II-dependent gene expression (see legend, Figure 3A).
In addition, genes inversely regulated by APN and ABU were
included. A heatmap of genes modified by the ABU strain is shown
in Figure 3B, and the corresponding effects of infection with the
APN strain are shown for comparison.

Transcriptional activators and repressors (step 1). The ABU strain
suppressed 7 activators of Pol II-dependent transcription (FOSB,
LBH, OSR2, LHX1, CTNNBI1, MN1, and TFAP2A) (Figure 3A and
Supplemental Table 3). The FOS transcription factor family has
pleiotropic cellular effects. LBH recruits Pol II to specific pro-
moter sites and may regulate FOS through the serum-responsive
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Figure 1

Inhibition of gene expression 24 hours after human inoculation with the ABU strain E. coli 83972. (A) E. coli 83972 CFUs in urine samples
obtained 24 hours after inoculation. (B) Lack of systemic innate immune response after 24 hours. Neutrophil numbers and IL8 concentrations
in urine 4 weeks after inoculation. Levels in patients with symptomatic UTls are indicated for comparison (20). (C) Heatmap illustrating the sup-
pression of gene expression in each patient (green represents suppressed; red represents activated). (D) Venn diagram indicating the number
of individually or commonly regulated genes. (E) Main functional categories among the 160 shared regulated genes (individual genes and other
functional categories are shown in Supplemental Table 1). (F) IPA-generated network illustrating the in vivo suppression of genes in a Pol Il net-
work (for specific genes, see Supplemental Tables 1 and 2). PMNs, polymorphonuclear neutrophils.
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Figure 2

Gene expression in human uroepithelial cells infected with E. coli 83972 or CFT073. (A) Heatmap of genes sorted according to expression
levels. (B) Scatter plot of log> normalized expression illustrating a higher number of regulated genes after CFT073 stimulation than after 83972
stimulation. (C) Venn diagram specifying the number of 83972-specific, CFT073-specific, or commonly or inversely regulated genes. (D) Main
categories of deregulated 83972-specific genes. Transcriptional regulators comprised 42% of the 83972-specific genes, and 22.5% were Pol Il
related (for 83972-specific genes, see Supplemental Tables 3 and 4).
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Figure 3

Suppression of RNA Pol Il-dependent transcription by E. coli 83972. (A)
Overview of the Pol Il-dependent transcription cycle, with genes modi-
fied by E. coli 83972 indicated in boxes adjacent to each step (modified
from Fuda et al., ref. 38). For log. fold changes of individual genes, see
Supplemental Table 3. Step 1: Chromatin opening and binding of the
Pol Il transcriptional complex to DNA is modified by specific activators
or repressors. E. coli 83972 suppressed 6 transcriptional activators and
activated 3 repressors. Step 2: Preinitiation complex formation. HSP70
interacting with GTFs was inhibited. Genes involved in steps 3 (initia-
tion of transcription), 4 (promoter escape/clearance), and 5 (escape
from pausing) were not affected. Step 6: Message elongation. Sup-
pressed snRNA RN7SK, which binds to the transcription elongation
factor P-TEFb. Step 7: Termination. Suppressed snRNA RNUGATAC,
involved in pre-mRNA splicing. See also Supplemental Figure 2 and
Supplemental Table 3. (B) Heatmap of 83972-specific genes inter-
acting with Pol Il and regulating transcription. (C) Verification of the
transcriptomic analysis. RT-PCR confirmed a reduction in transcript
levels for genes in the Pol Il cycle (FOS, LBH, HSPA6, RN7SK, and
RNUBATAC) in A498 cells infected with E. coli 83972. Data represent
the means + SEM. *P < 0.05; **P < 0.01. (D) Western blot analysis con-
firming suppression by E. coli 83972. Reduced levels of FOS, FOSB,
LBH, and increased levels of DACH1 were detected.

element (SRE) in the FOS promoter (27). OSR2 regulates genes
involved in proliferation and development (28). LHX1 is highly
expressed in the urinary tract and is a potential transcription
factor. CTNNBI is a pleiotropic regulator that recruits Pol II to
promoters for cell growth and adhesion, and recruits the tran-
scriptional activators LBH (through WNT3A), MN1, SOX4, and
BRIX1, which are necessary for ribosome biogenesis (29). MN1
is a transcriptional coregulator of genes induced by retinoic acid
(30). TEAP2A belongs to the transcription factor AP2 superfam-
ily, which is inhibited by viral infection (31).

Remarkably, we found that the ABU strain also activated several
repressors of Pol II-dependent transcription, including DACH,
BANP, and DDX20, which prevent Pol II from accessing multi-
ple promoters through local or global chromatin alterations.
DACH]1 regulates FOS by binding SRE in the FOS promoter (32),
potentially providing a mechanism for suppression of the innate
immune response by the ABU strain (Supplemental Table 3).
BANP represses CCNDI transcription and promotes TP53 Ser15
phosphorylation, causing cell cycle arrest (33). DDX20 interacts
directly with the RNA Pol IT complex (34), associates with histone
deacetylases, and enhances NFKB suppression by miRNAs (35).

Pol II complex formation and initiation of transcription (steps 2 and 3).
The ABU strain suppressed 5 genes recognizing TBP (MDM2,
CTNNBI1, FOSB, RN7SK, and HSPA6). In contrast, the APN strain
increased the expression of HSPA6, a member of the HSP70
family that has been suggested to facilitate transcription when
TBP is inhibited (23). In addition, the APN strain upregulated
HSPAY, another member of the HSP70 family that interacts with
GTF2A1 (a TFIIA component) (24) and also upregulated 2 genes
that interact with TFIIB (NR4A2 and GMNN, a repressor of tran-
scription factor binding). The APN strain stimulated the expres-
sion of 3 mediator complex components (MED10, MED13,
MED15) but the ABU strain had only a weak effect on MED13
(log fold change 0.65).

Genes regulating preinitiation complex release and productive elongation
(steps 4-6). The ABU strain suppressed the snRNA RN7SK, a reg-
ulator of the Pol IT transcription cycle that reversibly sequesters
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transcription elongation factor b (P-TEFD) into a large kinase-in-
active complex (25). As RN7SK also directly interacts with TBP,
this snRNA has great potential as a broad transcriptional regu-
lator in ABU. RNUGATAC, which regulates splicing of pre-mRNA
(36), was the most strongly suppressed gene in ABU-stimulated
cells (log fold change -4.14). In addition, the ABU strain inhibited
the transcription of RNA28S5, which is Pol I dependent. The ABU
strain increased the expression of PDCD4, which inhibits the heli-
case activity of translation initiation factors EIF4A and EIF4F and
blocks their binding to RNA (37).

RT-PCR and Western blot validation

We confirmed the effects of the ABU strain on gene expression
by RT-PCR of mRNA and snRNA obtained after stimulation of
A498 cells (Figure 3C). FOS and LBH expression was reduced
compared with uninfected cells, as was heat shock protein HSPA6
and snRNAs RN7SK and RNU6ATAC. Western blot analysis (Fig-
ure 3D) detected a reduction in FOS and LBH proteins, whereas
the transcriptional repressor DACH1 was increased, consistent
with the gene expression data. These genes were also suppressed
in the patients (for a comparison with the in vitro data, see Sup-
plemental Figure 4A). mRNA levels for genes involved in Pol II
regulation and transcription were perturbed, including LBH and
FOS, as well as transcription factors IFIT1, EGRI, and ID2, which
were suppressed, and DACHI, which was increased (Supplemen-
tal Figure 4, A and B).

Inbibition of Pol II Ser2 phosphorylation by the ABU strain
Productive elongation of the mRNA requires Pol II phosphory-
lation (38). Carboxy-terminal domain (CTD) repeats on Ser5 are
phosphorylated by the kinase subunit of the general transcrip-
tion factor TFIIH, followed by the phosphorylation of Pol II CTD
repeats on Ser2 by the kinase complex positive transcription elon-
gation factor b (P-TEFb). Pol Il hyperphosphorylation by TFIIH is
necessary for breaking Pol II contacts with some promoter-bound
factors and for its release from the core promoter region.

We observed changes in Pol II phosphorylation after infec-
tion with the ABU strain (for 4 hours) (Figure 4). We infected
the A498 human kidney epithelial cell line or pediatric kid-
ney cells in primary culture with the ABU strain, and detected
phosphorylated Pol II by immuno-peroxidase staining using
anti-phospho Ser2 antibodies. Cells infected with the APN
strain were included as controls (Figure 4, A and B). For cell
morphology, see Supplemental Figure SA. A marked reduction
in nuclear phosphorylated Pol II staining was detected in A498
cells infected with the ABU strain compared with uninfected
cells (Figure 4A). The frequency of cells with negative staining
(-) increased from 5% to 85% (P < 0.0001, %2 test for indepen-
dence). This effect was confirmed by Western blot analysis of
phosphorylated Pol II in whole-cell extracts (Supplemental Fig-
ure 5B). Four additional ABU strains inhibited Pol II phospho-
rylation (Supplemental Figure 5C), but infection with the APN
strain had no significant effect (P = 0.742) (Figure 4A).

We observed a parallel reduction in Pol II phosphorylation in
primary human renal tubular cells. A dose-dependent reduc-
tion in Ser2 phosphorylation was detected in ABU-infected cells
(P < 0.0001 compared with uninfected control cells) (Figure 4B).
Furthermore, in the human bladder cell lines J82 and HTB-9, we
observed a reduction in phosphorylation after exposure to the
ABU strain (Supplemental Figure 6).
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Figure 4

Suppression of Pol Il phosphorylation by E. coli 83972. (A) Active Ser2 phosphorylated Pol Il was stained using monoclonal primary human
phospho CTD Ser2 antibodies and peroxidase-labeled secondary antibodies (brown). E. coli 83972 markedly suppressed Pol Il phosphorylation
compared with uninfected or CFT073-infected human kidney cells (A498). E. coli CFT073 had a nonsuppressive effect. (B) Inhibition by E. coli
83972 of Pol Il phosphorylation in primary human kidney cells (HRTEC) compared with uninfected or CFT073-infected cells. (C) The specific
Pol Il inhibitor DRB (60 uM) abrogated Pol Il phosphorylation in response to E. coli CFT073 compared with A498 cells without an inhibitor. For
dose-dependent inhibition of Pol Il phosphorylation in uninfected A498 cells, see Supplemental Figure 7A. (D) Competition between E. coli
CFTO073 and 83972 in A498 cells. E. coli 83972 inhibited Pol Il phosphorylation in the presence of E. coli CFT073. (A and C) Scale bars: 50 um
and 10 um (insets). *P = compared with medium control; #P = compared with CFT073-infected cells; ? test for independence.
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Figure 5

Pathogen-specific signaling in infected A498 cells. (A) Suppression by E. coli 83972 (right panels) of genes in the TLR4/CREB/IRF3/7 and type
1 IFN pathways. For log, fold changes of individual genes, see Supplemental Table 3. Activation by E. coli CFT073 is shown for comparison.
Increased expression (red), reduced expression (green), and no change (gray). Color intensity reflects the fold change. (B) Phosphorylation of
molecules in the TLR4/CREB/IRF3/7 signaling pathway examined by phosphoarray analysis of whole-cell extracts from E. coli 83972-infected
A498 cells. (C) The ABU strain suppressed the phosphorylation of 7 targets compared with uninfected cells. Quantification based on pixel inten-
sities of phosphorylated targets. Cutoff is set at a fold change less than —1.5 or greater than 1.5.
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Figure 6

Suppression by E. coli 83972 of pathogen-specific signaling in inoculated patients. (A) Inhibition in inoculated patients of the TLR4/CREB/IRF3/7
pathway and suppression of type | IFN signaling. Each symbol is divided into 3 parts and colored according to individual gene expression levels in P1,
P2, and P3. Log, fold change greater than 0.4 (red); log, fold change less than —0.4 (green); and no change (white). For log fold change of individual
genes, see Supplemental Table 1. (B) Transcriptomic analysis of RNA samples obtained from each patient after 3, 24, 48 hours, and 7 days. Pol Il
cycle—related genes remained suppressed for at least 1 week after inoculation. DACH1 expression was increased, except after 1 week in P1 and P2.

Effects of Pol 11 inhibition on the cellular response to infection Pol II transcription without directly affecting other cellular functions
To specifically address whether Pol II inhibition alters the (39). We quantified the dose-dependent effect of DRB as the reduc-
response to infection, we pretreated human kidney cells with  tionin Ser2 staining in A498 cells (Supplemental Figure 7A). At these
5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (DRB). This ade-  concentrations, no reduction in cell viability was observed (Supple-
nosine analog has been proposed to specifically and reversibly inhibit  mental Figure 8A). Pol II phosphorylation in APN-infected cells was
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APN

Epidemiologic analysis of Pol Il suppression. (A) Higher frequency of Pol Il suppression in A498 cells infected with ABU or fecal strains than with
APN strains. (B) Light microscopic images of Pol Il phosphorylation at Ser2 in A498 cells, analyzed by ImageJ, using changed lookup tables
and inverted colors. Scale bar: 50 um (upper panel). Each strain was assigned a staining score based on the scale and is illustrated in the lower

panel (scale bar: 10 um). (C) Strongly inhibitory strains were more abundant in the ABU (44%) than in the APN group (9%, P < 0.001), and the
staining score was lower (P = 0.001).

specific (Supplemental Figure 8B) and was reduced by DRB (60 pM,;
P <0.0001) (Figure 4C). We observed a similar reduction in Pol II
phosphorylation in cells cochallenged with the ABU and APN strains
compared with the APN strain alone, suggesting that the ABU strain

inhibits the response to the APN strain (P < 0.0001) (Figure 4D).
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We confirmed the broad suppression of gene expression by tran-
scriptomic analysis in DRB-treated (60 uM) human kidney cells
(Supplemental Figure 7, B and C) and found that the effect of the
ABU strain was more restricted (1,577 versus 155 inhibited genes;
absolute fold change greater than 2). Genes regulated by both DRB
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and the ABU strain included FOS, LBH, DACHI, and RNU6ATAC,
as defined by RT-PCR. We found that HSPAG6 was suppressed only
by the ABU strain, and RN7SK was not regulated in this experiment
(Supplemental Figure 7D). Several studies have proposed that DRB
targets casein kinase II and that inhibition of casein kinase II may
block Pol II carboxy-terminal domain phosphorylation (39-41).
Furthermore, casein kinase II inhibits CREB1 and ATF1, which
regulate the MAPK1 pathway (42, 43). These effects are consistent
with the profile of suppression by the ABU strain, but the molecu-
lar basis for Pol II inhibition and the narrower spectrum of inhib-
ited genes compared with DRB remain to be identified.

Inbibition of innate immune signaling defined by pathway analysis
and phosphorylation arrays

Uropathogenic E. coli activate a pathogen-specific, TLR4/CREB/
IRF3/7-dependent innate immune response, which is crucial for
host resistance to acute pyelonephritis (9, 44). P fimbriae bind to
glycosphingolipids, and ceramide release activates TLR4 signaling
(44). Irf3/- mice develop acute pyelonephritis with urosepsis, fol-
lowed by tissue damage within 1 week of infection (9). Uropatho-
gens also stimulate IFN expression and infected Ifnb mice develop
kidney pathology, suggesting that type 1 IFNs are essential for a
functional antibacterial defense in the kidneys (9).

These pathways were less strongly activated by the ABU strain
than by the APN strain, as shown by transcriptomic analysis of
infected A498 kidney cells (at 4 hours) (Figure SA and Supple-
mental Figure 9) TLR4, MAPK14, FOS, JUN, and CCLS. In addi-
tion, IL1B expression was reduced in ABU-infected cells, and
MAP2K3, MAP3K1, PRKCE, and IRF7 were not activated. IFNB
was less strongly induced by the ABU strain, and IFITI, down-
stream of IFNB, was suppressed. Importantly, the ABU strain still
activated the NFKB-dependent pathway and TNF, IL6, and IL8
responses to the ABU and APN strains were similar in vitro (Sup-
plemental Figure 10).

The ABU strain also reduced the phosphorylation of signaling
molecules downstream of TLR4 (MAP2K1/2 and MAPK1, as well
as MAPK14 and MAPKS), as determined by phosphoarray analysis
of whole-cell extracts of ABU-infected cells (Figure 5, B and C).
A corresponding increase in phosphorylation in response to viru-
lent strains has been reported (9). MAPKs, and especially MAPK14,
were previously shown to regulate the phosphorylation of CREB1
and the nuclear translocation of IRF3 (9), and MAPKs regulate
AP1 formation from FOS and JUN.

Long-term suppression of pathogen-specific signaling in inoculated
patients

We also detected the inhibition of TLR4/CREB/IRF3/7 and type 1
IFN signaling in the inoculated patients (Figure 6, Supplemental
Figure 11, and Supplemental Table 1). After 24 hours, both path-
ways were suppressed compared with the preinoculation samples
in each patient (reduced JUN, FOS, CREB, and PLCGI expression)
(Figure 6A). Type I IFN pathway genes were either suppressed or
unchanged, including SOCS1, STATI-, and IFN-stimulated genes
(IFIT1, IFIT3, OAS1, MX1, CXCL10) (Figure 6A).

To address whether the ABU strain continued to suppress host
gene expression during in vivo carriage, we obtained repeated RNA
samples from each patient (at 3,24, 48 hours and 7 days) (Figure 6B).
Suppression of Pol II cycle-related genes was detected up to 1 week
after inoculation (FOS, HSPAS, functional analogs of HSPA6 and
LBH). DACHI1 expression was increased at all time points except
2376
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after the first week in patient no. 1 (P1) and patient no. 2 (P2). The
results show that the ABU strain actively suppresses essential reg-
ulators of gene expression and pathogen-specific innate immune
signaling and that the suppressive effect is maintained in inocu-
lated patients for at least 1 week.

Frequency of Pol II suppression among E. coli strains from APN,
ABU, or the fecal flora

We examined Pol II suppression in an epidemiologically defined
collection of ABU isolates (n = 75) from which E. coli 83972 was
derived (10, 45, 46). APN strains (n = 88) were obtained from chil-
dren with febrile UTIs and fecal strains (» = 46) from children in
the same area who had no history of UTI and negative urine cul-
tures at screening.

We infected human kidney cells with each strain, and the inhi-
bition of Pol II phosphorylation was graded according to the
overall staining intensity as strong, intermediate, or negative rel-
ative to uninfected control cells (Figure 7, A-C). Seventy-seven
percent of the ABU strains inhibited phosphorylation and 37%
were strongly inhibitory compared with 17% for the strongly
inhibitory APN strains (P = 0.006, X? test for independence)
(Figure 7A). The fecal strains resembled the ABU group, but with the
majority of the strains being intermediately inhibitory (P = 0.038
compared with the APN group).

To further characterize the difference in Pol II phosphorylation,
we quantified the staining in a subset of the ABU (n = 45) or APN
(n=43) strains (Figure 7B). The Pol II phosphorylation score was sub-
stantially lower in the ABU group than in the APN group (P < 0.001,
x? test for independence) (Figure 7C). The results suggest that
ABU strains inhibit Pol II activation more often than virulent
strains and that this property is shared with certain E. coli strains
from the intestinal flora.

To address whether the inhibitory effect might be relevant in
the intestinal environment, we exposed 2 colon cancer cell lines
(HT29 and DLD-1) to E. coli 83972 and stained for Pol II phospho-
rylation. The strain inhibited phosphorylation in both cell lines
(Supplemental Figure 12, A and B). The cells were subsequently
exposed to E. coli strains from the fecal flora, one defined as inhib-
itory and one as noninhibitory in the epidemiologic survey based
on uroepithelial cells (Figure 7A and Supplemental Figure 12C).
The pattern of inhibition was reproduced in the colonic epithelial
cells. In addition, we exposed the 2 bladder epithelial cell lines,
J82 and HTB-9, to two acute cystitis strains, one with inhibitory
activity in A498 human kidney cells and one lacking such activity.
The pattern of Pol II inhibition resembled that observed in A498
cells (Supplemental Figure 6, C and D).

Discussion
As pathogens express new tissue attack mechanisms, the host
defense retaliates by increasing the complexity of innate and
acquired immunity. While this positive and competitive mode of
evolution is well established, we believe this to be a new mecha-
nism that shifts the balance in favor of commensals or symbionts
and away from disease. We propose that certain nonvirulent bac-
teria may act as guardians of the host environment by controlling
the quality and quantity of host gene expression. Such suppressive
strains may add essential negotiating power to the host, aiming to
ensure that constant, potentially destructive immune activation
will not occur. The inhibitory effect retained specificity, however,
as only certain facets of the host response repertoire were per-
Number 6
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turbed. For example, the suppressive effect of the ABU strain did
not include all innate immune signaling pathways, since type 1
IFN signaling was inhibited, but NFKB was not. Through this new
mechanism of transcriptional modulation, bacteria may establish
a host-beneficial, pathology-averse symbiotic state.

DNA is transcribed by RNA polymerases, and the large RNA
Pol IT complex is essential for protein expression (38). For spec-
ificity, the assembly of Pol II is tightly controlled, and the effi-
ciency of transcription is modified at individual promoters by
activators and repressors, general or specific transcription factors,
and mRNA-modifying steps (47, 48). Approximately 10% of all
expressed genes have been shown to be involved in transcriptional
regulation, and the assembly and control of the Pol I complex and
transcription cycle have been extensively characterized (38). Tar-
geting of the host Pol II transcription machinery by bacteria has,
to our knowledge, not been investigated, however. We show here
that E. coli strains from asymptomatic carriers directly inhibit Pol
II-dependent transcription in vitro in human kidney cells and in
vivo during asymptomatic bacterial carriage in the human urinary
tract. A marked reduction in overall gene expression was achieved
by the combined stimulation of critical Pol II transcriptional
repressors and by suppression of transcriptional activators and
transcription factors. Further network analysis showed that criti-
cal innate immune response pathways were suppressed, especially
the pathology-generating pathways activated by uropathogenic
E. coli. The majority of ABU strains from a population-based screen
shared the ability to suppress Pol II activation, as did many E. coli
strains from the fecal flora, suggesting relevance of this mecha-
nism for asymptomatic carriage in the urinary and gastrointestinal
tracts. Suppressive activity was also seen among the APN strains,
though less frequently. The expression by the APN strains of viru-
lence factors that activate the host response might also provide a
mechanism to counter suppression of Pol II.

Normal gut flora has mainly been studied as a positive force
in tissue homeostasis and immune maturation (2, 3, 49). Bac-
terial colonization stimulates the formation of Peyer’s patches
and mucosal lymphocyte maturation in germ-free mice (50), and
symbiotic flora regulates postnatal gut development and host
physiology, including the degradation of otherwise indigestible
plant polysaccharides and dietary oxalates, the biotransformation
of conjugated bile acids, or vitamin synthesis (51). Bacteroides
infection modulated the expression of genes involved in nutrient
absorption, sodium transport, host lipid absorption, metabolism,
and postnatal immune maturation (4). Commensals were also
proposed to enhance influenza virus immunity in the lung (52).
Here, we add a mechanism for broad modulation of the host envi-
ronment by bacteria, as the ABU strain suppressed key transcrip-
tion factors involved in innate immunity. Selectivity was indicated
by the inactivation of key signaling pathways generating mortality
and pathology, and by the activation of these pathways by the vir-
ulent APN strain under the same experimental conditions (9). By
suppressing host gene expression, the asymptomatic carrier strains
may succeed in tethering the host defense, thereby generating a
well-balanced, rather than an overreactive, immune environment.

These findings may appear paradoxical, as immune avoidance
is an established survival strategy for pathogens rather than com-
mensals. However, commensals have also been proposed to sup-
press the innate immune response. Using gene chip analysis, a
reduction in IFN-a signaling was detected in specific pathogen-
free (SPF) mice compared with germ-free mice (53). Intestinal
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colonization with bifidobacteria restored oral tolerance in neo-
natal mice, and an intact flora reduced allergy-type hypersensi-
tivity reactions to food allergens (54). The normal flora has also
been proposed to suppress immune activation through NFKB-de-
pendent pathways (49). Deleterious effects of TNF or IFNYy were
reversed by “probiotics” (55), and some commensal bacteria
inhibited TLR4 signaling specifically by elevating PPARY expres-
sion and uncoupling NFKf-dependent target genes in a negative
feedback loop (56). Recently, normal gut microbiota were shown
to modulate brain development by reducing motor neuron excit-
ability and anxiety in SPF mice (57), suggesting effects on tissues
distant from the site of colonization. The inhibition of Pol II-
dependent gene expression observed in the present study may
provide a mechanistic framework to further explain some of the
previously observed inhibitory effects.

Interestingly, a number of fecal strains inhibited Pol II phos-
phorylation, raising the question about the relevance of transcrip-
tional regulation for the commensal flora in the large intestine.
Prior to causing UTI, uropathogenic E. coli reside in the large intes-
tine, which serves as a reservoir for such strains, and virulence fac-
tors associated with UTI facilitate their persistence and spread to
the urinary tract (58). ABU strains are also successful colonizers
of the gut, but lack the adaptive advantages of the virulent strains
and so far, their molecular adaptation strategies have not been
addressed. This study implicates Pol II regulation as a mechanism
of adaptation also in the gut environment. The ABU strain was
shown to suppress Pol II phosphorylation in 2 human colonic
epithelial cell lines, as did a strain from the fecal flora previously
shown to be inhibitory for urinary tract cells. Further in vivo stud-
ies are required to evaluate the contribution of this mechanism in
the intestinal environment, however.

It may appear paradoxical that suppression of innate immunity
by ABU strains would benefit a host, who frequently encounters
uropathogenic E. coli. Innate immunity is essential for the anti-
bacterial defense of the urinary tract and exaggerated or dysreg-
ulated innate immunity causes symptoms and tissue damage.
The ABU strain did not entirely stop transcription, however,
but reduced the magnitude of gene expression. Based on human
genetic variation affecting innate immunity, we have previously
identified several common polymorphisms that reduce the level
of gene expression rather than inactivate the gene. For example,
TLR4 promoter polymorphisms suppressing TLR4 expression
have been identified in patients with ABU, suggesting that being
a low responder is advantageous during mucosal infection. The
present study adds active suppression of innate immunity by ABU
bacteria as a mechanism of “taming” the host environment rather
than eliminating the defense entirely. Control of gene expression
and the mucosal environment might thus be achieved by the com-
bined effect of host genetics and bacteria that actively modify the
host transcriptional machinery.

Methods

Bacterial strains and stimulation of human epithelial cells. The prototype ABU
or APN strains E. coli 83972 (OR:K5:H-) (13, 15-17) and E. coli CFT073
(06:K2:H1) (59) were cultured on tryptic soy agar (16 hours, 37°C), har-
vested in PBS (pH 7.2, 10' CFU/ml), and diluted as appropriate. Human kid-
ney carcinoma (A498, ATCC HTB44), human colon cancer (HT29, DLD-1,
ATCC), and bladder carcinoma cells (J82, ATCC HTB-1 and ATCC HTB-9)
were cultured in RPMI-1640 supplemented with 1 mM sodium pyruvate,
1 mM nonessential amino acids, gentamycin (50 ug/ml), and 5% FCS (PAA).
Number 6 2377
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The A498 cell line is an established model to study UTI pathogenesis (21).
Primary human renal tubular epithelial cells (9), provided by Diana Karpman
(Department of Pediatrics, Lund University, Lund, Sweden), were cultured in
supplemented DMEM/F12 1:1 (HyClone, Thermo Scientific) with 15% FCS.
Confluent cells in 6-well plates (Thermo Fisher Scientific) were exposed to
bacteria in fresh, serum-free supplemented RPMI (10° or 2 x 10° CFU/ml).

Human therapeutic inoculation. The protocol for therapeutic bladder inocu-
lation of patients with E. coli 83972 (15-17) has been used by investigators
in Sweden and the US (15-17). Briefly, after antibiotic treatment to remove
prior infection, patients are inoculated with E. coli 83972 through a catheter
(30 ml, 10° CFU/ml in saline). Blood and urine samples were obtained before
and repeatedly after inoculation. Viable counts in urine were determined,
and IL6 and IL8 concentrations were quantified by Immulite (Siemens).

Global gene expression. Total RNA was extracted from kidney cells with Trizol
(Invitrogen) followed by RNeasy Cleanup (QIAGEN). RNA was reverse-tran-
scribed and converted to biotin-labeled cRNA using a TargetAmp Nano-g
Biotin-aRNA Labeling Kit (EPICENTRE Biotechnologies), hybridized onto
an [llumina Human HT-12 Expression Beadchip for 16 hours at 58°C, then
washed, stained (Illumina Wash Protocol), and scanned (BeadArray Scanner
500GX). Patient RNA was extracted from PBLs before and at various times
after inoculation with E. coli 83972 using a QIAamp RNA Blood Mini Kit
(QIAGEN) and was then amplified and hybridized onto Affymetrix Human
Genome U219 arrays (AROS Applied Biotechnology).

Illumina data were preprocessed and normalized using cross-correlation
(22). Normalized human kidney cell data were of high quality, with a repli-
cate correlation greater than 0.98 and no systematic bias (microarray plots,
Supplemental Figure 1). Affymetrix data were normalized using robust
multi-array average (RMA) implemented in the free software packages R
and Bioconductor (http://www.r-project.org). Differentially expressed
genes were functionally categorized using DAVID (60) and IPA software
(Ingenuity Systems). The microarray data are available in the NCBI’s Gene
Expression Omnibus database (accession number GSE43887).

Real-time PCR. Total RNA was reverse-transcribed using the SuperScript
III First-Strand Synthesis System for RT-PCR (Invitrogen) and quantified
in real time using QuantiTect SYBR Green-based PCR Kits for mRNA
(QIAGEN) or QiantiFast Probe Assay (QIAGEN) for snRNA on a Rotor-
Gene Q cycler (QIAGEN). Quantitative RT-PCR (qQRT-PCR) reactions were
run in biological duplicates and triplicates, and gene expression was done
based on a standard curve method.

Western blot analysis. Cell lysates from A498 cells (RIPA lysis buffer sup-
plemented with protease and phosphatase inhibitors; Roche Diagnostics)
were separated by SDS-PAGE (4%-12% Bis-Tris gels; Invitrogen), and blot-
ted PVDF membranes were incubated with antibodies against RNA poly-
merase II subunit B1 (phospho CTD Ser2), clone 3E10 (Millipore), or anti-
bodies against FOSB (Cell Signaling Technology), cFOS-P (Abcam), LBH
(Biosite),and DACH1 (Abcam), followed by the appropriate anti-IgG-HRP
with ECL Plus Western Blotting Reagent (GE Healthcare). Restore Western
Blot Stripping Buffer (Pierce Biotechnology) was used as indicated. Band
intensities were quantified using Image] software 1.44p (NIH).

Pol I1 staining and microscopy. Infected and control cells cultured on Nunc
Lab-Tek 8-well chamber glass slides (Thermo Fisher Scientific) (2.5 x 104
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cells per well) were infected for 4 hours, washed, permeabilized (0.25%
Triton X 100), and stained (rat anti-human polymerase II Ser2 and goat
anti-rat-HRP antibodies, Millipore; DAB kit, Invitrogen). Endogenous per-
oxidase was quenched (0.3 % H,O, in PBS). Duplicates were counterstained
with H&E. The cells were sequentially dehydrated with alcohol and xylene,
mounted (Histomount; Invitrogen) and inspected by Microphot-FX
Microscopy (LRI Instrument AB). The Pol II inhibitor 5,6-dichloroben-
zimidazole DRB (Sigma-Aldrich) was first solubilized in DMSO and sub-
sequently diluted in cell culture media to a final concentration of 60 uM.
DMSO itself did not affect Pol II staining (Supplemental Figure 8B).

Phosphoarray. Protein phosphorylation was quantified using the Human
Phospho-Kinase Array Kit (R&D Systems). Protein extracts were prepared
from 100% confluent A498 cells infected with 10° CFU/ml of E. coli 83972
with untreated cells as controls. Nitrocellulose membranes were exposed
to 170 ug of protein extract, blocked, incubated with a detection antibody
cockrail and streptavidin-HRP according to the manufacturer’s instruc-
tions. The signals were detected using the ECL Plus Western Blotting
Detection System (GE Healthcare).

Statistics. For gene expression analysis, genes with empirical Bayes-
adjusted P values less than 0.05 and log; fold changes greater than 0.585
were considered differentially expressed and were functionally character-
ized using DAVID, Blast AceView, and IPA. An unpaired 2-tailed Student’s
¢ test for homoscedastic variances was used to evaluate RT-PCR data and
staining score values. The x? test for independence was used to compare
Pol I phosphorylation (Figures 4 and 7) with InStat software, version 3.06
(GraphPad). In all cases, P values less than 0.05 were considered significant.

Study approval. The human inoculation study was approved by the
human ethics committee at Lund University, and patients provided signed
informed consent forms (Dnr 298/2006).
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