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Proteus mirabilis fimbriae- and urease-dependent
clusters assemble in an extracellular niche to
initiate bladder stone formation
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The catheter-associated uropathogen Proteus mirabilis frequently
causes urinary stones, but little has been known about the initial
stages of bladder colonization and stone formation. We found that
P. mirabilis rapidly invades the bladder urothelium, but generally fails
to establish an intracellular niche. Instead, it forms extracellular clus-
ters in the bladder lumen, which form foci of mineral deposition
consistent with development of urinary stones. These clusters elicit
a robust neutrophil response, and we present evidence of neutrophil
extracellular trap generation during experimental urinary tract infec-
tion. We identified two virulence factors required for cluster develop-
ment: urease, which is required for urolithiasis, and mannose-
resistant Proteus-like fimbriae. The extracellular cluster formation
by P. mirabilis stands in direct contrast to uropathogenic Escherichia
coli, which readily formed intracellular bacterial communities but
not luminal clusters or urinary stones. We propose that extracellular
clusters are a key mechanism of P. mirabilis survival and virulence in
the bladder.

Proteus mirabilis | urinary tract infection | urease | fimbriae |
bladder stones

he pathogen Proteus mirabilis is linked with catheter-associ-

ated urinary tract infections (UTIs), where it can cause
complications including crystalline biofilms, urinary stones, py-
elonephritis, and septicemia (1-3). Although numerous studies
have identified aspects of P. mirabilis biology that are important
for infection, the P. mirabilis pathogenic life cycle is poorly un-
derstood. Moreover, we lack a mechanistic understanding of the
contributions of essential virulence factors. For example, al-
though mannose-resistant Proteus-like (MR/P) fimbriae are re-
quired to maximally colonize the bladder and kidneys and are
important for hemagglutination, biofilm formation, and auto-
aggregation in vitro, their binding target and in vivo role remain
elusive (4-6).

Visualization of P. mirabilis in experimentally infected mice at
48 h postinfection (hpi) and beyond found P. mirabilis in the urinary
tract individually, in groups, and embedded in urinary stones (5,
7-9). Urolithiasis, the process of stone formation, requires urease,
which releases ammonia and increases urinary pH via urea hydro-
lysis, resulting in the precipitation of calcium and magnesium com-
pounds into urinary stones (10, 11). However, early stages in stone
development remained unobserved in vivo, and it was unclear how
this process was connected to early events in colonization and
pathogenesis.

The early colonization events of uropathogenic Escherichia coli
(UPEC), a major cause of uncomplicated UTI, have been de-
lineated. Upon bladder entry, UPEC attaches to superficial uro-
thelial cells (umbrella cells) that line the bladder lumen (12). The
apical surface of umbrella cells is covered in 2D crystalline plaques
formed by heterotetramers of four uroplakin proteins (UPIa, UPIb,
UPII, and UPIIIa) (13). UPEC adheres to UPIa on the apical
surface with type 1 fimbriae, which triggers the uptake of UPEC by
umbrella cells (12). Once inside umbrella cells, UPEC can multiply
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and form organized groups of tightly packed bacteria known as
intracellular bacterial communities (IBCs) (14). These IBCs may
completely fill the umbrella cell before the cell either ruptures or is
exfoliated, causing a rapid increase in umbrella cell turnover (14—
16). In addition to intracellular replication, UPEC can multiply
extracellularly in the bladder lumen, reaching up to 107 colony
forming units (cfu)/mL (17, 18).

In this study, we compare the initial events of P. mirabilis bladder
infection with the well-established life cycle of UPEC. Although
initial attachment and invasion of P. mirabilis resembles that of
UPEC, P. mirabilis forms IBCs that are significantly rarer and
smaller than UPEC IBCs. Instead, the majority of P. mirabilis
bacteria are in large, extracellular clusters in the bladder lumen.
These clusters promote extensive neutrophil infiltration and de-
position of calcium ions, a crucial initial step in urolithiasis. Im-
portantly, cluster development requires both MR/P fimbriae and
urease. This work elucidates a P. mirabilis life style that is distinct
from UPEC’s and uncovers functions for two critical virulence
factors in infection.

Results

P. mirabilis Rapidly Invades the Urothelium but Rarely Establishes
IBCs. Previous studies of P. mirabilis pathogenesis did not docu-
ment events within the first 24 h of infection. To investigate the
in vivo localization of P. mirabilis during the early stages of patho-
genesis, we visualized bacteria and the urothelial surface—defined
by UPIIIa staining—in sections of infected murine bladders during
the first 24 hpi. We found that P. mirabilis attached to the urothelial
surface by 0.5 hpi. In some instances, P. mirabilis and UPIIla
staining overlapped, suggesting that P. mirabilis may invade the
urothelium within this time frame (Fig. 14). However, we in-
frequently observed intracellular bacteria at later time points;
although P. mirabilis formed IBCs at 6, 10, and 24 hpi (Fig. 14),
IBCs were rare (Table 1 and Fig. 1B) and small (Fig. 1G).

Significance

Early events during Proteus mirabilis-mediated urinary tract in-
fection have not been well defined. Here we demonstrate that, in
contrast to uropathogenic Escherichia coli, P. mirabilis rarely forms
bladder intracellular communities. Rather, in the bladder lumen it
establishes large urease- and mannose-resistant Proteus-like fim-
briae-dependent clusters, which draw a massive neutrophil re-
sponse and are precursors to urinary stones.
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Fig. 1. P. mirabilis invades the urothelium, but infrequently forms IBCs.
(A-D) Representative images of P. mirabilis (A and B) and UPEC (C and D) attach-
ment and invasion. Bacteria (green), UPllla (red), and DNA (blue) show locali-
zation of the bacteria relative to the apical surface of the urothelium. (Scale bars,
10 pm.) (B and D) A regional view of the bladder section containing the 10 hpi
IBC shown in A and C, respectively. (Scale bars, 100 um.) L, bladder lumen. (E and
F) Quantification of P. mirabilis (E) and UPEC (F) bladder invasion at 0.5 hpi
following either ex vivo gentamicin treatment (Gent) or mock treatment (Mock)
(n = 6-8). *P < 0.05. (G) Size of P. mirabilis and UPEC IBCs. Every observed IBC was
measured from P. mirabilis-infected sections, as well as from UPEC-infected
sections at 6 and 24 hpi. However, due to the high number of IBCs in UPEC-
infected mice at 10 hpi, sizes were determined from two sections, each
from a different mouse. See Table 1 for details on the IBC frequency relative
to the number of sections and mice. (H and /) Quantification of the cfu
detected during P. mirabilis infection of the bladder (H) and urine (/). Each
data point represents an individual animal.

As a comparison, we examined UPEC in our model system.
UPEC also attached to and appeared to invade the urothelial sur-
face by 0.5 hpi (Fig. 1C). By 6 hpi, most detected bacteria were
intracellular (Fig. 1C). At 10 hpi, IBCs were larger and more
abundant, and the bladder lumen contained shed epithelial cells
with IBCs (Fig. 1 C and D). Finally, at 24 hpi, we observed a de-
crease in the number of IBCs, consistent with the exfoliation of
epithelial cells containing IBCs (Table 1). Notably, UPEC IBCs at
10 and 24 hpi were significantly larger than P. mirabilis IBCs at their
most abundant time point (Fig. 1G, 24 hpi).

Because we observed evidence of invasion, we used an ex vivo
gentamicin protection assay to enumerate intracellular bacteria.
Both P. mirabilis and UPEC invaded the bladder urothelium by
0.5 hpi, as shown by a significant difference between gentamicin-
and mock-treated bladders (P = 0.0107 and 0.0194, respectively),
and both bacterial species had a similar amount of invasion
(5.3 x 10* and 3.0 x 10* cfu/g tissue, respectively) (Fig. 1 E and
F). When bladders were homogenized before gentamicin treat-
ment, we rarely detected viable bacteria, indicating that genta-
micin treatment effectively kills accessible bacteria (Fig. S1).

To assess bacterial colonization over time, we enumerated the
total P. mirabilis load in murine bladders at 0.5, 6, 10, and 24 hpi
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(Fig. 1H). At 0.5 hpi, infection was tightly clustered at a median
of 1.5 x 10® cfu/g bladder. By 6 hpi, the bacterial burden de-
creased significantly to an average of 4.8 x 10* cfu/g bladder P=
0.0079), whereas the variability in bacterial burden increased
(Fig. 1H). Between 6 and 24 hpi the bacterial burden in the urine
(P =0.0317), but not in the bladder tissue, increased significantly
(Fig. 11). Individual mice with higher bladder bacterial burdens
emerged at 24 hpi, suggesting the beginning of divergent disease
courses (Fig. 1H). Notably, we observed differences in the bac-
terial load when bladders were homogenized immediately (1.5 X
10® cfu/g) (Fig. 1H) versus when they were homogenized after
mock treatment and washes (2.9 x 10° cfu/g) (Fig. 1E), sug-
gesting that at this early time point a large proportion of
P. mirabilis weakly associate with the bladder surface.

P. mirabilis Forms Large Extracellular Clusters in the Bladder Lumen.
Remarkably, although P. mirabilis was difficult to detect using
microscopy at 6 hpi, by 24 hpi P. mirabilis formed large extracellular
clusters (median 5.9 x 10* ym? n = 6) (Fig. S2) in the bladder
lumen of the majority (five of seven) of infected mice (Fig. 2.4 and
(). Mice at 10 hpi displayed an intermediate phenotype with clus-
ters detected in two of seven mice (Fig. 2 B and C). Generally,
clusters were directly adjacent to the bladder surface, associated
with urothelial destruction (as shown by minimal surface-associated
uroplakin staining adjacent to the cluster), and had a large, unusual
region of dense DAPI staining near the cluster. However, at both
10 hpi (Fig. 2B) and 24 hpi (Fig. S3), one of the detected clusters was
unattached to the urothelium, showed limited urothelial damage,
and had normal DAPI staining. We suspect that these two clusters
represent either early stages of cluster formation or successful dis-
ruption of cluster development by the host. Clusters were rarely
observed in voided urine (Fig. S4). Because the formation of these
exceptionally large luminal bacterial clusters during UTI was an
intriguing finding, we focused further studies on this phenotype.

P. mirabilis Extracellular Clusters Are an Early Stage of Urolithiasis. A
classic characteristic of P. mirabilis UTI is the development of uri-
nary stones. Although mature stones have been imaged, early stones
were undocumented in vivo (11). We hypothesized that concen-
trated urease activity within clusters would cause localized de-
position of struvite and carbonate apatite. To test this hypothesis,
we used Alizarin Red staining, which primarily detects calcium salts,
but can also detect magnesium and other minerals (8). In support of
our hypothesis, Alizarin Red strongly stained sections of P. mirabilis-
infected bladders that contained extracellular clusters at 24 hpi
(Fig. 2D). Conversely, P. mirabilis-infected bladders without
clusters, regardless of the timing, were unstained by Alizarin
Red (Fig. 2D). As expected, because UPEC does not produce
urease, sections of highly infected bladders with many IBCs
remained Alizarin Red-negative (Fig. 2E). These data support
our hypothesis that P. mirabilis clusters result in mineral
deposition that serves as an early step in stone formation.

P. mirabilis Extracellular Clusters Induce an Extensive Neutrophil
Response. We reasoned that a large cluster of P. mirabilis cells as-
sociated with epithelial destruction in the bladder would induce a
potent immune response; furthermore, neutrophil influx is critical
for clearance of UPEC bladder infection (19). In support of this, we

Table 1. Quantification of IBCs in infected bladders
P. mirabilis UPEC

Observations 6 hpi 10 hpi 24 hpi 6hpi 10 hpi 24 hpi
IBCs 2 2 7 17 337 20
Sections examined 16 34 39 10 9 11
Mice with IBCs 1 1 2 2 2 2
Mice with clusters 0 2 5 0 0 0
Total mice 4 7 7 3 2 2
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Fig. 2. P. mirabilis extracellular clusters are precursors to stone formation.
(A and B) A representative image of a P. mirabilis cluster at 24 hpi (A). (Scale
bar, 100 pm.) (B) A P. mirabilis cluster at 10 hpi with limited urothelial destruction
and normal DAPI staining. (Scale bar, 20 pm.) In both A and B, staining of bac-
teria (green), UPIlla (red), and DNA (blue) show accumulation of bacterial clusters
at the bacteria-bladder interface. An asterisk indicates an extracellular cluster; L,
bladder lumen. The thin arrow indicates a region with increased DAPI signal,
whereas thick arrows indicate areas of extensive urothelial damage. (C) Area of
every extracellular cluster detected in P. mirabilis-infected murine bladders (n =7
mice each at 10 and 24 hpi). (D and E) Detection of mineral deposition using
Alizarin Red staining of (D) P. mirabilis- and (E) UPEC-infected bladder sections at
() 6, (i)) 10, and (iii) 24 hpi. (Scale bars, 100 pm.) L, bladder lumen; an asterisk
indicates extracellular cluster (purple staining).

often observed (n = 5 of 6 clusters) a large mass of DAPI staining
adjacent to P. mirabilis extracellular clusters at 24 hpi (Fig. 24),
which also stained positive for the surface-expressed, neutrophil-
specific marker Ly6G (20, 21), in the densely stained DAPI region
adjacent to bacterial clusters. We detected three unique patterns of
Ly6G/DAPI staining in areas near clusters: Ly6G*DAPI™ (Fig. 34),
Ly6G*DAPI™ (Fig. 3 A and B), and Ly6G DAPI" (Fig. 3B). We
hypothesized that Ly6G'DAPI” and Ly6G DAPI* regions may
represent neutrophil extracellular traps (NETs)—extracellular webs
of DNA covered in antimicrobial peptides and proteins released by
the neutrophil cell body—that trap and kill pathogens (22). To
identify NETS, we stained for H2A, a histone marker that remains
attached to eukaryotic DNA during NETosis, the process of NET
formation (22, 23). Indeed, we observed colocalization of H2A and
DAPI in areas adjacent to Ly6G" staining (Fig. 3 B and C). Upon
magnification, we observed a fiber-like pattern of overlapping H2A
and DAPI staining independent of the membrane Ly6G staining,
indicative of NET formation (Fig. 3C). The degree of separation
between nuclear contents (H2A*DAPI") and the membrane
staining (Ly6G™) suggests that neutrophils may be undergoing vital
NETosis, in which neutrophils continue to function as anuclear
cytoplasts after NET expulsion (24, 25). We also observed a NET-
like mass of neutrophils and epithelial cells in the urine of one
mouse (Fig. S4B). Finally, we reasoned that Ly6G*DAPI" re-
gions could represent intact neutrophils: indeed, some of the
Ly6G*DAPI" cells appeared to have phagocytosed bacteria, a
prototypical function of these innate immune cells (Fig. 3D).
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As a comparison, we assessed neutrophil influx in P. mirabilis-
infected bladders in cluster-distal regions, as well as in UPEC-
infected bladders. For UPEC, we found only individual, appar-
ently intact neutrophils in the vicinity of bacteria, including IBCs,
at 10 and 24 hpi (Fig. 3E). We saw a similar phenotype in regions
of P. mirabilis-infected bladders distant from clusters at 10 and
24 hpi (Fig. 3E). We did not detect neutrophils in naive bladders,
consistent with other reports (26, 27). Taken together, these data
suggest that P. mirabilis clusters elicit a specific immune response
that is robust and distinct from UPEC.

Formation of P. mirabilis Extracellular Clusters Requires Both MR/P
Fimbriae and Urease. We next sought to identify bacterial factors
that mediate cluster formation. Because our evidence suggested
that these clusters are a precursor to stone formation, we com-
pared the phenotype of a urease-negative P. mirabilis ureC mu-
tant to the wild-type parent at 24 hpi. As expected, clusters in
wild-type infected bladders detected by immunofluorescence
closely corresponded with Alizarin Red-positive regions (Fig.
44). In contrast, we did not observe Alizarin Red staining or
extracellular clusters in sections from mice infected with the ureC
mutant (n = 5) (Fig. 4B). Instead, bacteria were rarely observed
and primarily in small intracellular groups (Fig. 4B). These re-
sults indicate that urease is important for the formation and/or

Bacteria DAPI

Ly6G

luminal
bacteria

Ly6G* DAPI-

:| Ly6G* DAPI*

H2A  DAPl Ly6G
lumen
Ly6G* DAPI
Ly6G- DAPI*

Fig. 3. P. mirabilis induces neutrophil recruitment and NET formation.
(A and B) Visualization of neutrophil recruitment at extracellular clusters at
24 hpi. Individual channels for the region enclosed in the dashed rectangle
are shown below at the same magnification. (Scale bars, 100 um.) (C) Identifi-
cation of NET formation in regions of neutrophil recruitment at 24 hpi. Individual
channels representing nuclear stains (H2A and DAPI) and membrane stains
(Ly6G) show the overlap of DAPI and H2A distant from Ly6G staining. (Scale bars,
10 pm.) (D) Neutrophil phagocytosis of P. mirabilis at 24 hpi. Arrows indicate
neutrophils which have phagocytosed bacteria. (E) Individual neutrophil re-
cruitment in sections of murine bladders infected with P. mirabilis without
clusters at 24 hpi and UPEC-infected sections at 10 hpi. Bacteria (green), Ly6G
(red), and DNA (blue) show neutrophils adjacent to bacteria. Arrows indicate
intact neutrophils.
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Fig. 4. P. mirabilis mrpA and ureC mutants are defective in cluster forma-
tion. (A—C) Representative sections of (A) P. mirabilis wild-type, (B) ureC, and
(C) mrpA-infected murine bladders at 24 hpi. The wild-type-infected blad-
ders show two regional views of clusters, whereas the mutant-infected
bladders show a close-up of the urothelial surface (B, i; C, il and a regional
view (B, ii; C, ii). A region with a loose aggregate of mrpA mutant bacteria is
boxed in C, ii, and magnified in C, iv. Bacteria are in green, UPIlla in red, and
DAPI in blue. (Scale bars, in micrometers, are as marked.) (A-C, iii) Alizarin
Red staining of a section proximate to the regional view shown by immuno-
fluorescent staining. Only wild-type P. mirabilis-infected bladders contain sig-
nificant mineral deposition. L, bladder lumen; an asterisk indicates an extracellular
cluster. Arrows indicate regions with increased DAPI signal. (D) Quantifi-
cation of P. mirabilis wild type and mutant bladder colonization at 24 hpi.
Dashed line indicates the limit of detection (200 cfu/g). n = 10 mice per
strain tested.

maintenance of extracellular clusters as well as mineral deposition.
We also compared the bacterial load of the ureC mutant to wild-type
P. mirabilis at 24 hpi and found that the mutant had a 23-fold lower
cfu/g than wild type (2.0 x 10* cfu/g tissue compared with 4.6 x
10° cfu/g tissue, respectively; P = 0.0091) (Fig. 4D). This is consistent
with a previous study that reported a significant defect in bladder
colonization at 48 hpi by the ureC mutant (11). In contrast, this
mutant does not have an in vitro growth defect under a variety of
culture conditions (Fig. S5). Overall, these data suggest that the ureC
mutant is unable to thrive either intracellularly or extracellularly.

We also hypothesized that MR/P fimbriae might be important
for cluster formation because they are essential for full bladder
infection (4, 5), they are the most highly induced genes in bac-
teria isolated from the urine of infected mice at 24 hpi (28), and
their expression in P. mirabilis or exogenously in E. coli results in
autoaggregation (5, 6). Indeed, a P. mirabilis mrpA mutant failed
to form typical extracellular clusters in murine bladders by 24 hpi.
Instead, the bacteria were mostly in small intracellular groups (Fig.
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4C, i). In one instance, we identified a loose Alizarin Red-negative
luminal aggregation of the mrpA mutant embedded in a matrix of
unknown material (Fig. 4C, ii and #v). Despite the distinct locali-
zation of mrpA mutant bacteria, the bladder cfu were not signifi-
cantly different from wild type at 24 hpi (Fig. 4D; P = 0.4813).

Because urease activity of intracellular bacteria might be ex-
cluded from the bladder lumen, we tested the pH of urine from
infected mice 24 hpi. We found modest increases in pH for both
wild-type and mrpA mutant infected mice, although the increase
was less for mrpA (Fig. S6). We did not see the massive infiltration
that we found around wild-type clusters in bladders infected with
either the ureC or mrpA mutant (Fig. 4 A-C, ii). Together, these
data support a role for both urease and MR/P fimbriae in cluster
formation and subsequent urolithiasis.

Discussion

To our knowledge, our study is the first to examine the localization
of P. mirabilis in the bladder during the first 24 h after infection.
Despite initially invading the urothelium (Fig. 5, 0.5 hpi), P. mirabilis
primarily occupied an extracellular niche as infection proceeded
(Fig. 5, 6 hpi). P. mirabilis formed large luminal clusters, dependent
on both MR/P fimbriae and urease, which are likely precursors
to urinary stones and resulted in extensive neutrophil recruitment
(Fig. 5, 24 hpi). Clusters were nonuniform, and in addition to
bacteria contained urothelial cell debris, mineral deposits, and
neutrophils. This study, to our knowledge, is the first systematic
characterization of the cellular localization of a uropathogen that
engages in a life style distinct from that of UPEC.

What Is the Fate of Intracellular P. mirabilis? Previous studies showed
that P. mirabilis is highly invasive in cultured cells (29, 30), and we
found that P. mirabilis invaded the bladder epithelium as effectively
as UPEC at 0.5 hpi (Fig. 1E; Fig. 5, 0.5 hpi). However, at later time
points, intracellular P. mirabilis was primarily found as small and
infrequent IBCs, suggesting that IBC development is not a key
strategy for P. mirabilis (Fig. 5, 6-24 hpi). It is unclear why P. mirabilis
largely fails to develop into IBCs. One possibility is that um-
brella cells expel invaded P. mirabilis into the lumen, a phenomenon
shown to occur during UPEC infection (31). P. mirabilis could be
poorly adapted for an intracellular life style, resulting in host-
mediated bacterial death. Alternatively, the invasive capacity
of P. mirabilis and survival of the intracellularly located mrpA
mutant suggest that the intracellular compartment could be an
important component of infection, perhaps by modulation of the
host response to extracellular bacteria.

Luminal Clusters Are an Essential Precursor to Urolithiasis. Our data
suggest that extracellular clusters are an essential component of
P. mirabilis infection: by 24 hpi, most bacteria were found in
clusters that stained positive for mineral deposition (Fig. 2D; Fig.
4A4; Fig. 5, 24 hpi). Based on this observation, we hypothesize
that clusters correlate with urolithiasis and that bacteria themselves
may be an essential component of urinary stones. Indeed, previous
experiments showed that mature P. mirabilis-induced stones contain
embedded bacteria and can serve as a reservoir for recurrent in-
fections (8, 32, 33). We also note that clusters are not uniform in
composition; although clusters may contain areas devoid of bacte-
rial staining, these areas do not necessarily coincide with minerali-
zation (note the serial sections in Fig. 44, ii and iii). Important
questions remain, including how frequently clusters develop into
stones and which bacterial and host factors affect this process.
Because extracellular clusters may mediate disease severity, it is
imperative that future studies both identify the mechanism of their
formation and determine whether this phenotype is prevalent in
patients with P. mirabilis-dependent urolithiasis.

P. mirabilis Embedded in Extracellular Clusters Is Insulated from
Neutrophil Attacks. Clusters induce a rapid, extensive infiltration
of neutrophils that, to our knowledge, is unlike any immune re-
sponse reported in the literature (Fig. 3; Fig. 5, 24 hpi). Although
the exact neutrophil staining pattern varied among clusters,
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Fig. 5. Model of initial bladder colonization and cluster development by
P. mirabilis. P. mirabilis infections are frequently associated with urinary catheters
(Top). At early time points after gaining access to the bladder (0.5 hpi), bacteria
(green) adhere to and invade urothelial umbrella cells; however, by 6 hpi, in-
tracellular bacteria have largely disappeared (dashed outlining). Instead, fim-
briated bacteria begin to form clusters on the apical surface of umbrella cells
(10 hpi), which continue to grow (24 hpi), leading to increased local concentra-
tions of toxins (yellow stars) and urease-generated ammonia (NHs) as well as
massive neutrophil infiltration (blue cells). The combined effect leads to crystal-
line mineral deposition (gray) and destruction of the urothelial surface.

we found recurring patterns of LyoG*DAPI*, LypG*DAPI~, and
Ly6G DAPI" staining. Upon closer examination, we identified
instances of neutrophil attack on bacterial clusters via NETosis
and phagocytosis. Indeed, a recent proteomic analysis suggested
that NETs could occur specifically in response to P. mirabilis-
mediated UTI (34). In addition to vital NETosis, regions with
Ly6G staining but lacking nuclear DAPI signal may be the result
of P. mirabilis toxins directly attacking infiltrating immune cells
(35, 36). The potent immune response could be influenced by
NLRP3-inflammasome activation; this pathway can be broadly
activated by crystalline substances and specifically activated by
P. mirabilis in the digestive tract (37, 38). It is also possible that
neutrophils directly contribute to cluster formation, such as by
providing materials for aggregation (i.e., DNA). Further studies of
the immune response to P. mirabilis infection may examine the
recruitment of additional innate immune effectors as well the
mechanisms that P. mirabilis uses to evade immune cell attacks.

Both Urease and MR/P Fimbriae Are Essential for Extracellular Cluster
Formation. There are several explanations for why the ureC mutant
does not form clusters. In addition to causing mineral deposition, the
generation of ammonia by urease also results in changes to the pH
and nitrogen availability in the bladder lumen. Each of these aspects
of urease activity could contribute to P. mirabilis adaptation to the
harsh environment of the urinary tract, culminating in a defect for the
ureC mutant in cluster formation or maintenance. Although the re-
quirement of urease for stone formation has been known for de-
cades (39), its necessity for cluster formation is a novel finding.

Although the importance of MR/P fimbriae in vivo is well
established, the mechanism of MR/P contribution to virulence
remains enigmatic. Previous in vitro studies support a role for
MR/P fimbriae in autoaggregation (5, 6), hemagglutination (6,
40), and biofilm formation (5), phenotypes that are reminiscent
of the in vivo clusters; indeed, we found that the P. mirabilis mrpA
mutant failed to form extracellular clusters. We hypothesize that
MR/P initiates cluster formation through interactions with the
bladder surface, mineral deposits, other P. mirabilis cells, or, most
likely, a combination of all of the above. The exact mechanism by
which MR/P functions and identification of the binding target(s)
remains an active area of investigation.
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mrpA Mutant Persists in an Intracellular Niche. Surprisingly, al-
though the mrpA mutant failed to form luminal clusters, it may
be more successful at surviving intracellularly than wild-type
cells. However, other studies clearly show that mrp mutants are
defective in colonization by 7 d postinfection (4, 6, 41, 42), in-
dicating that the intracellular life style is not an effective long-term
strategy for this pathogen. The intracellular phenotype of the
mipA mutant could be due to several factors, including altered
attachment resulting in increased invasion or a different invasion
pathway. In support of this, a previous study suggested that MR/P
fimbriae affect the localization of bacteria in the bladder (5). Al-
ternatively, the mrpA mutant may elicit an altered immune re-
sponse or modify other host-pathogen interactions. It is also
possible that a polar effect on the transcriptional regulator MrpJ,
which is encoded in the mrp operon, and known to regulate an
array of virulence-associated genes, contributes to the phenotypes
of the P. mirabilis mrpA mutant (41). Thus, mrpA mutant phe-
notypes may be dependent on the fimbrial structure, on MrpJ
targets, or both. Additional in vivo and in vitro studies will be
needed to define the exact roles of MR/P fimbriae, particularly in
attachment, invasion, and intracellular survival.

P. mirabilis and UPEC Occupy Distinct Locations in the Bladder. In this
and other studies, UPEC establishes an intracellular niche (Fig. 1D;
Table 1). Others have reported UPEC in an adherent layer on the
luminal surface or as filamentous bacteria extruding from urothelial
cells (16, 43, 44). We found that, unlike UPEC, P. mirabilis primarily
resided in large luminal clusters (Figs. 24 and 5; Table 1). In-
terestingly, cocolonization of P. mirabilis and UPEC results in in-
creased UPEC bacterial loads in the bladder (45), which could be the
result of P. mirabilis clusters and/or stones providing an additional
niche for UPEC to colonize. Similarly, P. mirabilis cocolonization
with P. stuartii results in increased P. stuartii bacterial loads compared
with monospecies infection (46). These data emphasize the need to
further investigate the life style of P. mirabilis and other understudied
uropathogens, particularly in the context of polymicrobial infections.

Concluding Remarks. This study applied a technique commonly
used to study UPEC pathogenesis to the understudied uropathogen
P. mirabilis. We revealed that this pathogen uses a colonization
pathway that is distinct from UPEC and results in a unique and
robust immune response. By comparing colonization of wild-type
and mutant P. mirabilis, we gained insight into the mechanisms of
urease and MR/P contribution to virulence. These results provide a
strong basis for future studies that will illuminate details of P.
mirabilis invasion, life style, and interaction with the host that are
essential for understanding and preventing P. mirabilis infection.

Materials and Methods

Bacterial Strains and Media. All bacterial strains were grown at 37 °C with
aeration in low-salt LB (per liter: 10 g tryptone, 5 g yeast extract, 0.5 g NaCl) or
on LB solidified with 1.5% agar. Antibiotics were added as needed: ampicillin
(100 pg/mL) and kanamycin (25 pg/mL). The strains used in this study are in Table
S1 and details on mrpA mutant construction are in S/ Materials and Methods.

Mouse Model of UTI. Five- to seven-week-old female CBA/J mice (Jackson
Laboratory) were infected with 1-2 x 108 cfu bacteria in PBS via transurethral
catheter in accordance with New York University Langone Medical Center
Institutional Animal Care and Use Committee-approved animal protocol
140204; details are in S/ Materials and Methods.

Gentamicin Protection Invasion Assay. The ex vivo gentamicin protection assay
was performed as previously described with the following modifications (14).
At 0.5 hpi, infected bladders were aseptically extracted, bisected, and
washed with PBS. One bladder half was incubated with DMEM + 100 pg/mL
gentamicin and the other half with DMEM alone. Both halves were in-
cubated at 37 °C for 1 h, washed with PBS, homogenized, serially diluted,
and plated. Details are in S/ Materials and Methods.

Immunofluorescence and Alizarin Red Staining. For immunofluorescence, 5-um

paraffin-embedded sections were processed and blocked, and antigens were
detected with the appropriate primary and secondary antibodies and then
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incubated with DAPI solution (Invitrogen). Sections were visualized on a Nikon
TE2000 inverted microscope, and images were processed and pseudocolored
using FlJI (47). To detect early stages of mineral deposition, we modified the
Alizarin Red S staining procedure previously used to stain urinary stones caused
by P. mirabilis (8). Detailed methods of staining, imaging, and measurement
of IBC and cluster size are in SI Materials and Methods.

Statistical Analyses. To compare bacterial colonization, invasion, and IBC size,
the nonparametric two-tailed Mann-Whitney test was used (GraphPad).
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