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Increased Inflammation and Tissue Damage to the
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Infection of rat prostates with cytotoxic necrotizing factor type 1 (CNF1)-positive uropathogenic Escherichia
coli caused more inflammation-mediated morphological and histological tissue damage than did infection with
isogenic CNF1-negative mutants. These striking differences occurred despite the finding that bacterial counts
for the strain pairs were indistinguishable. We conclude that CNF1 contributes to E. coli virulence in a model
of acute prostatitis. To our knowledge, the results of this study provide the first demonstration of a role for any
uropathogenic E. coli virulence factor in acute prostatitis.

Symptoms of prostatitis occur in up to one-half of all men at
some time during their lifetimes, and these clinical manifesta-
tions are the most common source of urologic complaints in
men younger than 50 years of age. Bacterial prostatitis, char-
acterized by symptoms of urinary tract infection (UTI), ac-
counts for 5 to 10% of all prostatitis cases. The primary etio-
logical agent of bacterial prostatitis is Escherichia coli. Many of
the disease-causing E. coli isolates express one or more of
several virulence factors that include cytotoxic necrotizing fac-
tor type 1 (CNF1), hemolysin, and P fimbriae. Indeed, epide-
miological studies have linked CNF1 with strains that cause
prostatitis, as well as uncomplicated UTI in women. Specifi-
cally, Mitsumori et al. reported that 64% of prostatitis patient
isolates were cnf; " (18), and Andreu and colleagues found that
the percentages of cnf, * prostatitis, pyelonephritis, and cystitis
patient isolates were 63, 48, and 44%, respectively (1). In ac-
cordance with the findings of Andreu et al., Terai and col-
leagues noted that 44% of E. coli isolates from patients with
ascending urethral bacterial prostatitis were cnf, ™ (27).

CNF1 is a chromosomally encoded uropathogenic E. coli
(UPEC) toxin that catalyzes the deamidation of the small
GTPases RhoA, Rac, and Cdc42 (8, 9, 15, 26). Deamidation of
the GTPases renders these proteins constitutively active, an
occurrence that in most cells leads to formation of actin stress
fibers, lamellipodia, and filopodia. HEp-2 cells, which have
been used as the prototypic cell line for evaluation of CNF1
toxicity, not only display actin stress fibers but also become
multinucleated (3, 6, 24). Moreover, CNF1 has been reported
previously to mediate a spectrum of additional phenotypic
effects on cultured cells that include enhancement of phago-
cytosis in epithelial cells (5, 7) and reduction of CR3 receptor-
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dependent phagocytosis in monocytes (2, 5, 7). CNF1 also
inhibits wound repair in T24 bladder cells and Hs 738 fibro-
blast cells (11), kills 5637 bladder cells through an apoptotic
mechanism (17), effaces the brush border of T84 cells, and
decreases the degree to which polymorphonuclear leukocytes
migrate across a monolayer of those intestinal cells (10). Thus,
CNF1 affects a variety of cellular functions in vitro, presumably
through activation of the Rho GTPases.

Recently, we determined that CNF1 produced by UPEC
contributes to the virulence of those organisms in a mouse
model of ascending UTI (23). We found that CNF1 expression
provides a selective net growth advantage to the bacterium in
the urinary tracts of the mice (particularly the bladders), as
suggested in single-strain challenge studies and as demon-
strated in mixed-culture experiments with a CNF1-positive
strain and its CNF1-negative isogenic mutant. Further, we
discovered that the production of CNF1 by an infecting UPEC
strain evoked an inflammatory response in the bladders of the
animals that was more intense than the response in bladders
from animals inoculated with the isogenic CNF1-negative mu-
tant even when bacterial counts were similar. In that same
investigation, we also showed that human polymorphonuclear
leukocytes kill CNF1-negative mutants more efficiently than
they do the cognate CNF1-positive UPEC strain (23). In the
study described here, we compared the effects of a CNF1-
producing strain with those of its CNF1-negative isogenic mu-
tant in a rat model of acute bacterial prostatitis (4, 14, 19). We
consider that this rat model provides a good representation of
the analogous disease process in humans because the rat pros-
tate has many morphological similarities with the human pros-
tate and because the histology displayed in human prostatitis
(Fig. 7.3 and 7.4 in reference 4) bears a very close resemblance
to that of rat prostatitis (Fig. 11.1b and c in reference 4).
Additionally, the initiation of infection in the rat is via an
ascending route through the urethra, a path that is believed to
be the major means by which men become infected.
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Groups of six male rats were anesthetized with 4% halo-
thane, catheterized, and infected with 2 X 10° CFU of UPEC
strain CP9 (an O4:H5:K54, hemolysin-positive, CNF1-positive
isolate from the blood of a patient with pyelonephritis [25]) or
its CNF1-negative isogenic mutant CP9cnf; (23) via urethral
catheter. Complementation of CP9cnf; by transformation with
a cnf,-expressing plasmid was previously demonstrated in the
mouse UTI model (23). Forty-eight hours later, the rats were
euthanatized by CO, asphyxiation and their prostate glands
were removed for analysis. CP9 and CP9cnf, infected the pros-
tate equally well. Prostates infected with CP9 contained an
average of 1.3 X 10° CFU/mg of tissue, while those infected
with CP9cnf, contained 7.4 X 10° CFU/mg of tissue. This slight
difference in bacterial numbers was not statistically significant.
The experiment was repeated three times with different doses
of CP9 or CP9cnf, with comparable results (data not shown).
Cystitis patient isolate C85 (O2:H ™, hemolysin-positive, CNF1-
positive cystitis isolate [28]) and the isogenic mutant, C85cnf;
(23), also reached equivalent levels of colonization in the pros-
tate (7.1 X 10* and 4.9 X 10* CFU/mg of tissue, respectively),
although total bacterial numbers were less than those achieved
with CP9 and its mutant. Thus, unlike our findings in the
mouse UTI model with two of three CNF1-positive and iso-
genic CNF1-negative strain pairs, the wild-type CNF1 isolate
did not appear to possess an in vivo growth advantage in this
model.

Next, we tried a mixed-infection experiment with a Lac-
negative, CNF1-positive derivative of CP9 (CP9acZ) and
CP9cnf, (Lac positive, CNF1 negative). A similar mixed-infec-
tion study was done in the mouse UTI model to conclusively
demonstrate the growth advantage of the CNF1-positive strain
(23). Here, five rats were inoculated with a mixture that con-
tained 2 X 107 CFU of each strain and were euthanatized 2
days later. Prostates were removed, homogenized, and serially
diluted and plated for colony counts. Unlike the mouse UTI
model, no difference in colony counts between the strains 2
days after inoculation was seen (9.3 X 10° CFU/mg of tissue
for CP9lacZ-infected rats versus 6.7 X 10° CFU/mg of tissue
for CP9cnf,-infected rats). Thus, CNF1 does not appear to play
a role in colonization of the prostate by a UPEC strain. One
proviso of this conclusion is that the prostate, unlike the blad-
der, is composed of a number of branched acini that make
removal of bacteria more difficult than in the bladder. Indeed,
50% of rats infected with E. coli in this model will go on to
produce chronic infections of the prostate (4, 19). Therefore,
the influence of CNF1 on colonization of the prostate may not
be readily demonstrable in this model.

Prior to homogenization of the prostates for colony counts,
the gross morphologies of all infected prostates (n = 6) were
scored. Infected prostates were observed for overt signs of
inflammation, including edema, congestion, and hyperemia,
and given a score of 0 to 3 for each of these conditions (0 =
none; 3 = the maximum score). The three scores were then
totaled for a final score of 0 to 9. Examination of the gross
morphologies of the infected prostates as well as the gross
pathology score revealed differences between the CNF1-posi-
tive and CNF1-negative strains. CNF1 production by strains
CP9 and C85 promoted an increase in the severity of both
edema and hyperemia in the prostates of rats (data not shown).
Prostates of animals infected with CP9 exhibited a trend to-
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FIG. 1. CNF1-positive strains (CP9 and C85) cause more morpho-
logical damage to the prostate than do CNF1-negative strains (CP9cnf;
and C85¢nf,). Male rats were inoculated with 2 X 10° CFU of either
strain and euthanatized 48 h later. Prostates were removed and exam-
ined for gross morphological changes. Each prostate was given a score
of 0 to 3 for edema, congestion, and hyperemia (0 was none, and 3 was
the maximum score). Data are from six rats for each strain. Scores
were combined to give the total score that is depicted in the graph. (A)
Average gross morphology scores for each individual strain. (B)
Average gross morphology scores for combined CNF1-positive and
combined CNF1-negative strains. (C) Percentages of animals that dis-
played moderate (score of 2 to 4) to severe (score of 5 to 9) inflam-
mation.
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ward severe tissue damage, while those infected with CP9cnf,;
had more moderate damage (Fig. 1A). Similarly, those animals
infected with C85 had statistically more severe damage to the
prostate than did those infected with C85cnf; (one-way anal-
ysis of variance, P = 0.015) (Fig. 1A). When the data from the
two CNF1-positive strains were combined, the wild-type strains
caused statistically significantly more damage than did the iso-
genic mutants (P < 0.05) (Fig. 1B). Thus, 90% of animals in-
fected with CNF1-positive strains had moderate to high inflam-
mation evident upon examination of the gross morphology of
the prostate (Fig. 1C). Animals infected with CNF1-negative
bacteria were less likely to exhibit moderate to high inflamma-
tion (50% of all animals [Fig. 1C]).

We then examined the influence of CNF1 production by
UPEC on the histology of prostate tissues. One half of each
prostate was fixed in 10% neutral buffered formalin, embedded
in paraffin, sectioned, and stained with hematoxylin and eosin.
Prostates infected with wild-type bacteria consistently showed
histological evidence of more extensive and severe inflamma-
tion than did those infected with the CNF1-negative mutants
(Fig. 2). The prostate is a compound gland composed of nu-
merous acini (sac-like ducts) within stromal tissue. In normal
prostates, the acini are clear of neutrophils and there is little
stromal tissue surrounding the acini. Acini in prostates infect-
ed with CP9 were filled with neutrophils, and the stromal tissue
was edematous (Fig. 2B). Conversely, the acini of prostates
from CP9cnf,-infected animals contained many fewer neutro-
phils and the stromal tissue was markedly less edematous (Fig.
20).

To more quantitatively measure the readily visible histolog-
ical differences between prostates infected with CP9 and those
infected with CP9cnf,, stained sections were scored for histo-
logical signs of inflammation: edema, hemorrhage, and leuko-
cyte infiltration. Histological changes were scored in the same
manner as for the gross morphological changes, i.e., each of
the three conditions was given a score of 0 to 3. Total scores of
less than 2 were classified as mild inflammation, scores of 2 to
4 were considered moderate inflammation, and scores of 5 or
greater were categorized as severe inflammation. Tissue sec-
tions from prostates of animals infected with CP9 exhibited a
trend toward more extensive damage, as measured by exami-
nation of the levels of edema, hemorrhage, and leukocyte
infiltration, than did prostates infected with the isogenic mu-
tant (Fig. 3A). While the histological damage caused by strain
C85 was not as extensive as that caused by CP9, damage caused
by strain C85 and that caused by strain C85cnf; were statisti-
cally different (P < 0.05) (Fig. 3A). When histology data for all
prostates infected with CNF1-positive bacteria were combined,
these prostates were more damaged than were prostates in-
fected with the isogenic mutants (P < 0.05) (Fig. 3B). All an-
imals infected with strain CP9 had moderate to high inflam-
mation in comparison to 66% of those infected with CP9cnf;
(Fig. 3C). Strain C85 caused severe damage slightly less often
than did strain CP9, with 80% of wild-type- and only 33% of
mutant-infected prostates manifesting moderate to high in-
flammation (Fig. 3C). In sum, prostates infected with either
wild-type strain, CP9 or C85, had more extensive gross tissue
damage, as well as more severe histological damage, than did
prostates infected with either mutant strain. These results are
consistent with observations made on the role of CNF1 in
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FIG. 2. Histological sections from the prostates of a control rat and
rats infected with CP9 or CP9cnf;. For infected rats, animals were
inoculated intraurethrally with 2 X 10° CFU of either strain and
euthanatized 48 h later. Prostates were removed, fixed in formalin, and
processed for histology. (A) Control prostate from uninfected rat.
Acini (sacs) are open, with well-defined borders, and no neutrophils
are evident within the lumens of the acini. Minimal stromal tissue
surrounds the acini. (B) Prostate from rat infected with CP9. Acini are
filled with neutrophils (typical of most acini observed across fields).
The borders of some acini are ill defined in certain areas, a finding
which supports a loss of tissue integrity (see arrows). Note the higher
magnification in this panel to facilitate resolution of the borders of the
acini. Stromal tissue is edematous and contains neutrophils. (C) Pros-
tate from a rat infected with CP9cnf,. Acini are thickened and con-
tain basal neutrophils, but no neutrophils are present within the sacs.
Only a minority of acini across many fields are filled with neutrophils
(not shown). Again, stromal tissue is edematous and contains neutro-
phils.
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FIG. 3. CNF1-positive strains (CP9 and C85) cause more histolog-
ical damage to the prostate than do CNF1-negative strains (CP9cnf,
and C85cnf;). Male rats were inoculated intraurethrally with 2 X 10°
CFU of either strain and euthanatized 48 h later. Prostates were
removed, fixed in formalin, and processed for histological examination.
Slides were examined under light microscopy, and each prostate was
given a score of 0 to 3 for edema, hemorrhage, and leukocyte infiltra-
tion (0 was none, and 3 was the maximum score). Data are from six rats
for each strain. Scores were combined to give the total score that is
depicted in the graph. (A) Average histology scores for each individual
strain. (B) Average histology scores for combined CNF1-positive and
combined CNF1-negative strains. (C) Percentages of animals that dis-
played moderate (score of 2 to 4) to severe (score of 5 to 9) inflam-
mation.
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induction of extensive inflammation in the mouse UTI model
(23). In that system, we also noted greater edema and neutro-
phil accumulation within bladder tissue infected with either
CP9 or C85. From the previous studies with the mouse UTI
model and the present data for the rat prostatitis model, we
conclude that CNF1 appears to intensify the host inflammatory
response while simultaneously promoting protection of the
bacterium from the antibacterial effects of polymorphonuclear
leukocytes.

Even though the presence of CNF1 appeared to augment
inflammation in the bladders and prostates of the mice and
rats, respectively, the impact of CP9 and C85 in the two model
systems differed. C85 caused significantly more damage to the
prostate than did its mutant, while the differences between
CP9 and its mutant were not significant. This is in contrast with
our cystitis findings, where the differences between CP9 and its
mutant were greater than those between the C85 strain pair.
CP9 and C85 were isolated from different sources within the
body and have different repertoires of virulence factors. These
variations in sources of strain isolation and virulence factor
constellations may account for the observed differences be-
tween damage mediated by CP9 and that mediated by C85 in
the bladder or prostate.

In these experiments, we tested an acute model of bacterial
prostatitis because we had observed that CNF1 plays an early
role in establishing infection and promoting inflammation in
the mouse bladder (23). We did not evaluate the influence of
CNF1 in chronic prostatitis. Because bacterial 16S ribosomal
DNA sequences similar to those of E. coli, but not viable
bacteria, have been found in the prostates of men with chronic
prostatitis as well as in men with prostate cancer (13), we
intend to extend our investigation on the role of CNF1 in
chronic prostatitis. Furthermore, it is conceivable that CNF1,
through deamidation and activation of the Rho family of small
GTPases (8, 16, 26), is involved in development of prostate
cancer. Constitutive activation of the Rho GTPases by CNF1
in the prostate would result in aberrant cell signaling which
could, in turn, lead to transformation of the cell. Indeed, ac-
tivation of the Rho GTPases has been shown to weakly trans-
form fibroblast cell lines, and a role for RhoA and Racl in Ras
transformation has been established elsewhere (12, 20-22).
Rho GTPase signaling in prostate cell lines has not been ex-
amined, and so it is possible that CNF1-positive UPEC could
contribute to the development of prostate cancer. Whether
further studies support such a speculative hypothesis, the find-
ings in this report are the first to our knowledge that show a
definitive role for any UPEC virulence factor in acute pros-
tatitis in an animal model.
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