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Escherichia coli is a major cause of life-threatening infections in patients with neutropenia, particularly those receiving chemo-
therapy for the treatment of cancer. In most cases, these infections originate from opportunistic strains living within the pa-
tient’s gastrointestinal tract which then translocate to major organ systems. There are no animal models that faithfully recapitu-
late these infections, and, as such, the host or bacterial factors that govern this process remain unidentified. We present here a
novel model of chemotherapy-induced bacterial translocation of E. coli. Oral gavage of BALB/c mice with a clinical isolate of
extraintestinal pathogenic E. coli (ExPEC) leads to stable and long-term colonization of the murine intestine. Following the in-
duction of neutropenia with the chemotherapeutic drug cyclophosphamide, ExXPEC translocates from the intestine to the lungs,
liver, spleen, and kidneys with concomitant morbidity in infected animals. Translocation can also occur in mice bearing mam-
mary tumors, even in the absence of chemotherapy. Translocation of EXPEC is also associated with an increase of the diversity of
bacterial DNA detected in the blood. This is the first report of a chemotherapy-based animal model of ExXPEC translocation in
cancerous mice, a system that can be readily used to identify important virulence factors for this process.

ancer has been called the emperor of all maladies (1). Nearly 9

million people worldwide died last year due to complications
from cancer, and the incidence is expected to double by 2030 (2).
A hallmark of all cancers is the unchecked division of the body’s
own cells. As a result, dozens of modestly effective chemothera-
peutic drugs have been developed that target fast-replicating cells.
Nearly all chemotherapy for malignancy predisposes patients to
an infection because it induces severe neutropenia (3-5). Accord-
ing to the CDC, 1 of every 10 cancer patients will require hospi-
talization for an infection during their chemotherapy. In 85% of
these patients, the infection originates from microorganisms that
comprise the patient’s own microbiome, especially those that in-
habit the gastrointestinal (GI) tract (6). Indeed, of the potentially
500 to 1,000 different species of bacteria that inhabit the GI tract,
only a handful seem capable of causing such infections, with Esch-
erichia coli being the Gram-negative organism most frequently
isolated from the blood of bacteremic patients (7) and a serious
cause of life-threatening infection in those with cancer (8). Such
strains are referred to as EXPEC (extraintestinal pathogenic E. coli)
strains. Strains of this type include those that cause urinary tract
infections (commonly called uropathogenic E. coli, or UPEC,
strains), which account for nearly 8 million infections every year
in the United States alone (9, 10); one of the two strains that are the
leading causes of neonatal meningitis (11, 12); those strains iso-
lated in about one-third of all bloodstream infections (13); and
strains that account for ~17% of all cases of severe sepsis (13).
ExPEC strains display great genomic diversity with no singular
molecular feature that distinguishes them, outside the fact that
they are frequently isolated from extraintestinal sites and often
harbor a complement of well-known virulence factors such as
toxins, adhesins, or nutrient uptake systems. Such strains are also
problematic in that they are a normal part of the human commen-
sal flora and therefore are ubiquitous, and they can acquire resis-
tance to commonly used antibiotics (13). Furthermore, there cur-
rently is no licensed vaccine against these or related E. coli
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pathotypes, and the use of antibiotics, although effective, can drive
up resistance rates, especially if they are used prophylactically, as
has been observed in cancer patients (14). Antibiotics also can
purge the GI tract of protective intestinal commensals, thereby
eliminating the so-called “colonization resistance” antagonism
against enteric pathogens sometimes attributed to the gut flora
(15). The prevention and treatment of these infections are not
straightforward; there are no vaccines for any E. coli pathotype,
and because of the highly variable pangenomic nature of the E. coli
genome, and the propensity of these strains to be chronic coloniz-
ers of the GI tract, developing a vaccine specific enough to target
only pathogenic strains and not harmless commensals is difficult
(16). Development of a therapeutic, whether a vaccine, drug, or
probiotic, will require knowledge of the factors that govern bacte-
rial translocation and a model to test its efficacy.

The process by which bacteria that inhabit the gastrointestinal
tract break free from this intestinal dwelling place to cause blood-
stream or disseminated infections is called “bacterial transloca-
tion,” a term coined in the 1960s by Wolochow and coworkers
(17). In the 1980s, Berg and colleagues expanded the study of
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translocation and determined (i) that some, but not all, commen-
sal species, including members of the enterobacteriaceae such as E.
coli (18) and Proteus mirabilis (19) as well as Gram-positive bac-
teria such Staphylococcus epidermidis and Enterococcus faecalis
(20), can translocate, and (ii) that the health status of the host and
several other host factors, including the integrity of the epithelial
barrier (21), the disruption of the equilibrium of intestinal micro-
biota with antibiotics (22), depletion of T cells (23, 24), injury
(25), and treatment with immunosuppressive drugs (26), are risk
factors for translocation. Despite much clinical and experimental
knowledge about the risk factors that promote translocation in
susceptible patients, the host and bacterial factors that underpin
this process are unknown, as is the molecular mechanism. This is
in part because there is no practical experimental model system
that adequately mimics the pathophysiology of the process, from
start to finish, in the neutropenic host.

Here, we describe the development of a murine model of bac-
terial translocation from the asymptomatically colonized GI tract
in a chemotherapy- and cancer-dependent manner, as is observed
in patients with malignancies. The model is robust in that neutro-
penia is observed, the frequency of translocation is high, multior-
gan dissemination is observed, and the mice become ill from the
developing infection. The utility of the model is validated with the
discovery of a mutant strain that cannot translocate and cause
systemic disease. Overall, this work lays a foundation to under-
stand the factors and mechanisms that govern translocation.

MATERIALS AND METHODS

Experimental animals. BALB/c female, 8-week-old mice (Jackson Labo-
ratories, Bar Harbor, ME) were used for all experiments. All mice received
sterile food and water ad libitum and were housed individually in filtered
cages postinfection (pi). All experiments were done with approval by Bay-
lor College of Medicine’s Institutional Animal Care and Use Committee.

Bacterial strains, cancer cell lines, and growth conditions. The strain
used in this study was E. coli CP9 (serotype O4:K54:H5;F13,F14 [27]),
which was isolated from a bacteremic patient (28, 29) and was a gift from
James Johnson (University of Minnesota). This strain was chosen for this
study because E. coli is the major identified Gram-negative organism that
translocates (30-32) in neutropenic patients, it is often multidrug resis-
tant (MDR) (33), and the strain was isolated from the blood of a patient
(28). In addition, elegant work by Johnson and Russo and coworkers has
characterized several virulence factors important for disease, and those
researchers have performed subcutaneous injections of this strain into
mice (34). Known virulence factors include IroN (the receptor for entero-
bactin), cytotoxic necrotizing factor 1 (CNF1), capsule, and hemolysin
(34-36).

The strain was genetically modified by insertion of a chloramphenicol
resistance and green fluorescent protein (GFP) gene by classical P1 phage
transduction (37). E. coli MG1655 (K-12) was generously provided by
Christophe Herman (BCM) and was similarly modified. Strains were
stored at —80°C in Luria broth (LB)-20% (vol/vol) glycerol. All strains
were grown overnight from a single isolate in LB at 37°C with aeration and
diluted to the appropriate concentration the next day. Chloramphenicol
(EMD Millipore, Darmstadt, Germany) was used to grow resistant strains
at 10 pg/ml. EMT6 (ATCC CRL-2755) cells were grown in minimal es-
sential media (Gibco, Carlsbad, CA, USA), supplemented with 10% fetal
bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA, USA) and
1% streptomycin (Gibco, Carlsbad, CA, USA) and a penicillin mixture
(Thermo Fisher Scientific, Boston, MA, USA), to confluence at 37°C,
disassociated in 1X 0.25% trypsin—EDTA (Thermo Fisher Scientific, Bos-
ton, MA, USA), and subcultured until enough cells were generated for
injection. Strains were stored under cryogenic conditions in growth me-
dia—5% dimethyl sulfoxide (DMSO; Corning, Corning, NY, USA). The
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EMTG6 cells are derived from a mouse mammary carcinoma that formed in
BALB/cCRGL mice and were clonally expanded after being cultured in
vitro (38).

Mouse model of bacterial translocation. CP9 E. coli and MG1655 E.
coli cells were grown under the indicated conditions the day before infec-
tion. On the day of infection, the culture was centrifuged at 15,000 rpm
and resuspended in 1X phosphate-buffered saline (PBS) twice. The opti-
cal density (OD) was measured using a spectrophotometer set to 600 nm,
and the number of CFU delivered via gavage was calculated by correlation
of the OD at 600 nm to the number of colonies after plating. Mice were
subjected to gavage with 100 pl of a bacterial suspension with a sterile
(20-gauge, 38-mm-long) flexible needle. Cyclophosphamide (Cytoxan
[CTX]) (Baxter Healthcare Corporation, Deerfield, IL, USA) was dissolved in
sterile water and diluted with filter-sterilized 1X PBS to a final concentration
of 10 mg/ml, and the mice were given a total dose of 450 mg/kg of body weight
(three 150-mg/kg doses administered at 1-day intervals) intraperitoneally
(i.p.) at the indicated time points for each experiment. To graft mammary
cancer into the mice, EMT6 cells were grown to confluence, subjected to
trypsinization, and centrifuged at 4,000 rpm and 4°C for 5 min. Pelleted cells
were kept on ice and resuspended in sterile 1 X PBS. Numbers of viable cells
per milliliter were determined by staining with trypan blue and counting with
a hemocytometer. The culture was diluted to give mice 1 X 10° cells per
mammary fat pad (number 4 right and left) as previous described (39). Ani-
mals were sedated under isoflurane gas (1 liter to 2.5 liters/min [O, at 55
Ib/in?]), the surgical area was shaved, and a subcutaneous incision was made
below the midline. A Hamilton syringe (26 gauge, 30-degree bevel, 1 in. long)
was used to inject 20 .l of cells in the number 4 right and left fat pads. Keto-
profen was given at 7 mg/kg to reduce pain prior to the incision, the wounds
were closed using sterile, surgical staples, and the mice were observed daily for
pain or complications. Following the procedure, the mice recovered well and
showed no ill effects from the treatment and were not kept on additional pain
medication.

Tumor growth was monitored daily, and measurements were made
using vernier calipers. The volume of each tumor was calculated using a
modified ellipsoid formula (width? X length X 0.5). Mice were eutha-
nized once tumors reached 300 mm? to 500 mm? or 1,500 mm? to 1,700
mm? depending on the experimental conditions. Lung lobes were fixed in
10% buffered formalin and then embedded and stained with hematoxylin
and eosin (H&E) for quantification of metastasis by the Pathology and
Histology core at Baylor College of Medicine.

Bacterial quantification of fecal and organ homogenates. Fecal pel-
lets were removed from cages daily and weighed. Weighed fecal pellets
(250 to 700 mg) were homogenized in 1X PBS. Homogenates were seri-
ally diluted and plated on agar/LB“"'°"*, and plates incubated overnight
at 37°C with colonies were counted the next day. Organs were removed
under sterile conditions immediately following CO, (2 liters/min, 5 min)
euthanasia of animals. Organs were weighed and homogenized in 1 X PBS
with sterile blades. Intestines were washed of fecal contents with 1X PBS
twice and then homogenized. Organ homogenates were plated on LB/
agar“°"" and LB/agar incubated at 37°C overnight and colonies counted
the next day. Assessment of disease severity was as follows: rough coat
(score of 0 to 1), hunched posture (0 to 1), lethargy (0 to 1), and hyper-
pnea (0 or 1). Increments of increasing severity of disease were quantified
in intervals of 0.5 except with hyperpnea, which was given a score of 1
(yes) or 0 (no). A Student’s ¢ test or a Tukey’s test was used in conjunction
with analysis of variance (ANOVA) to calculate statistical differences us-
ing Microsoft Excel 2013. Values were considered significant if a compar-
ison of groups yielded a P value of less than 0.05.

Bacterial 16S rRNA gene analysis. Microbial DNA was extracted with
a PowerSoil DNA isolation kit (MoBio) following the manufacturer’s
guidelines. The 16S rRNA gene V4 region amplicons (single index) were
produced by PCR and sequenced on the MiSeq platform (Illumina) using
the 2-by-250-bp protocol, yielding paired-end reads that overlapped
~247 bp (40). Following sequencing, raw BCL files were retrieved from
the MiSeq platform and called into fastq files by Casava v1.8.3 (Illumina).
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The read pairs were demultiplexed on the basis of unique molecular bar-
codes, filtered for PhiX using Bowtie2 v2.2.1, and reconstituted into two
fastq files for each read using standard BASH. Sequencing reads were
merged (allowing 4 mismatches per =50 bases) and processed using
USEARCH v7.0.1001 (41). Sequences were demultiplexed using QIIME
v1.8.0 (42) and then clustered using the UPARSE pipeline (41). Opera-
tional taxonomic unit (OTU) classification was achieved by mapping the
UPARSE OTU table to the SILVA database (43). Abundances were recov-
ered by mapping the demultiplexed reads to the UPARSE OTUs. A cus-
tom script constructed an OTU table from the output files generated in
the previous two steps. The OTU table was used to calculate alpha diver-
sity and beta diversity and provide taxonomic summaries and in a variety
of other analyses built into QIIME that allowed characterization of indi-
vidual samples and groups of samples based on alpha and beta diversity
indices (44-46). Sequencing of V4 16S amplicons arising from the 39
blood samples evaluated yielded a total of 403,411 mergeable reads. Of
these, 378,391 (93.6%) were mapped to the SILVA database at 97% iden-
tity. Normalization of the data set was set to 1,928 reads per sample in
order to compare all the samples in the data set. For V4 16S amplicons
arising from the 40 fecal samples evaluated, a total of 840,704 mergeable
reads were recovered; of those reads, 771,244 (91.7%) were mapped to the
SILVA database. A cutoff of 14,195 reads per sample was set to compare all
the samples in the data set.

Generation of the mutant strains. E. coli CP9 was transformed with
PKD46 (ampicillin resistant), which carries a N red recombinase. Trans-
formed colonies were selected on ampicillin-resistant plates. PCR prod-
ucts were generated using the knockout (KO) primers corresponding to
regions flanking the gene of interest and FLP recombination target (FRT)
sites using pBA169CM:FRT as the template DNA. The purified digested
PCR product was transformed into competent cells of E. coli CP9:PKD46
grown in L-arabinose to induce recombineering enzymes. Transformed
colonies were selected from chloramphenicol plates, isolated, and
screened for recombineering product by PCR using AMP primers com-
plementary to regions upstream and downstream of the insertion site of
the chloramphenicol-resistant cassette. PKD46 was removed from the
mutant strain by incubating streaked plates at 42°C overnight. Colonies
were tested for ampicillin sensitivity to confirm removal of PKD46.

RESULTS

Establishing EXPEC colonization in the murine intestinal tract.
We sought to generate an experimental model of bacterial trans-
location in the neutropenic host to address an important need in
the cancer ward and for those receiving immunosuppressive drugs
such as chemotherapy. A robust model should be consistent in
this regard with clinical features observed in high-risk patients.
This includes the stable colonization of the patient’s GI tract with
abacterial species capable of translocation, the induction of trans-
location in response to an insult (in this case, chemotherapy) fol-
lowing neutropenia, the dissemination of the translocating species
to major organ systems or the blood, and disease or morbidity that
can lead to death of the host if the infection is left untreated. In
addition, the model should be amenable to the development of
cancer (after all, it is an underlining malignancy that causes the
patient to seek care prior to many of these infections) and should
also be consistent with the presence of bacterial DNA in the blood,
acommon feature in febrile neutropenic patients. EXPEC and CP9
were chosen as the study pathogen and strain, respectively, as out-
lined in Materials and Methods.

We first sought to determine if EXPEC CP9 could be processed
by oral gavage and maintained in these mice and followed the
experimental regimen shown in Fig. 1A. P1 transduction was used
to insert a chloramphenicol resistance gene into CP9 so that
ExPEC bacteria shed in feces could be selected from the intestinal
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bacterial flora on agar plates. The gavage of ExXPEC CP9 into mice
led to bacterial shedding in the feces for 15 days postinfection
(dpi) and the detection of ExPEC in the small and large intestines,
especially at gavage doses of between 10° and 10° cells (Fig. 1B and
C). Doses lower than 10° did not yield any detectable colonies in
the feces, indicating that gavage performed with doses above this
level was best to achieve consistent colonization (Fig. 1B).

We next determined a chemotherapy regimen that would pro-
mote high levels of colonization of seeded EXPEC. We settled on
the use of cyclophosphamide (CTX), an antitumor agent that al-
kylates DNA to kill rapidly dividing cells (47, 48) and is used to
treat many types of cancers, including leukemia, myeloma, lym-
phoma, certain brain tumors, and retinoblastoma, as well as pros-
tate and breast carcinomas (49). Either 10° or 10° ExPEC CP9
cells, the highest and lowest doses used in these colonization stud-
ies, were used for gavage of the mice, and CTX was given at 1, 3,
and 5 dpi at human doses normalized to the weight of the mouse
(Fig. 2A). Surprisingly, CTX treatment led to levels of ExPEC (at
the 10° dose) being shed into feces that were approximately 4
orders of magnitude higher than those seen with untreated mice
and promoted the retention of EXPEC even at the lowest dose of
10° CFU, a result which was not observed in the absence of CTX
(Fig. 2B). In the absence of CTX, even high doses of ExXPEC in the
gavage treatments would steadily decline to a lower basal level of
colonization at about 6 days. These data indicate that CTX, a che-
motherapeutic drug commonly used to treat human cancers, can
induce intestinal colonization by ExPEC at higher levels and for
longer periods of time.

Chemotherapy induces bacterial translocation of colonized
ExPEC. A successful model of bacterial translocation should dem-
onstrate the movement of seeded intestinal bacteria from the GI
tract to peripheral organs. We noticed that mice colonized with
ExPEC that received chemotherapy became sick after a second
dose of CTX. Hypothesizing that CTX-treated mice were ill be-
cause of EXPEC translocation, we subjected animals to gavage with
10° CFU of CP9 and administered chemotherapy as described in
the Fig. 2 legend. Treatment with CTX once again led to higher
levels of shed ExPEC at 8 dpi (Fig. 3A), with mice in this group
becoming visibly ill as early as 4 dpi, a condition which progres-
sively worsened until the animals reached a state of morbidity and
were sacrificed (Fig. 3B). Necropsy of moribund mice indicated
that ExXPEC had translocated at high levels to the liver, lungs, kid-
ney, and spleen in the CTX-treated mice, a condition rarely ob-
served in mice colonized with ExXPEC without chemotherapy (Fig.
3C). The higher levels of ExPEC in the intestinal segments in mice
given chemotherapy confirmed that CTX induces the expansion
of the populations of colonized EXPEC cells in these animals (Fig.
3D), a condition likely made possible by the highly immunosup-
pressive effects of CTX on circulating neutrophils (Fig. 3E), thus
indicating that these mice were also neutropenic. Collectively,
these data indicate that treatment of mice with the chemothera-
peutic agent cyclophosphamide induces the translocation of
ExPEC CP9 from the gastrointestinal tract to major organ sys-
tems, a process that correlates with severe neutropenia and a sub-
stantial reduction in the health of the mouse, which then leads to
morbidity. A summary of the translocation of ExPEC to major
organ systems over a wide range of CFU delivered into the animals
via gavage is shown in Fig. 3F. It should be noted that that EXPEC
cells derived from late-stage cultures, as opposed to those from the
exponential phase, demonstrated a distinct trend toward higher
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levels of colonization. However, this effect was statistically signif-
icant only on the first day postgavage (data not shown).
Translocation of ExXPEC can be induced in chronically colo-
nized mice. We hypothesized that the long-term colonization
(i.e., colonization in excess of the 8 days of colonization whose
results are described above) of the GI tract would also lead to
ExPEC translocation upon chemotherapy, a situation meant to
mimic what is observed in humans, where the translocating bac-
terium may be a permanent inhabitant of the patient’s GI tract. To
test these ideas, we delivered 10’ CFU of EXPEC CP9 or E. coli K-12
(MG1655) into mice and followed colonization by monitoring
fecal shedding for 34 days. As demonstrated in Fig. 4A, ExPEC
levels stabilized after a few days and remained moderate for the
entire length of the experiment whereas E. coli K-12 levels steadily
declined (or, in most cases, were not detected in the feces). Upon
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the initiation of chemotherapy on day 29 postinfection and nec-
ropsy of morbid mice on day 35 postinfection, most of the mice
colonized with ExXPEC demonstrated translocation of EXPEC CP9
whereas none of the mice subjected to gavage with E. coli K-12
displayed this property (Fig. 4B). Since colonization by K-12 is not
as efficient as colonization by CP9, translocation in these experi-
ments may have been a result of a composite of high levels of CP9
colonization and of this strain possessing specific factors that fa-
cilitate the occurrence of translocation. To differentiate between
these two possibilities, we performed another series of experi-
ments whereby mice were subjected to gavage with either ExPEC
CP9 or MG1655 K-12, chemotherapy was started 1 day postinfec-
tion, and colonization and subsequent translocation were as-
sessed. As demonstrated in Fig. S1A in the supplemental material,
ExPEC CP9 and E. coli K-12 seemed to colonize the mouse at
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detected, and n was at least 5.

similar levels for the first 8 days. When mice were given chemo-
therapy, only the mice that were colonized with EXPEC showed
evidence of translocation (7/7) whereas the K-12-colonized mice
had no translocation (see Fig. S1B). These results suggest that the
reason that there was little to no translocation observed in the
original experiment with K-12 was that this strain somehow lacks
the ability to translocate (relative to EXPEC). This implies that
ExPEC generally harbors specific virulence factors that facilitate
its translocation. In addition, these experiments indicate that it is
experimentally achievable to induce translocation of ExXPEC more
than a month after gavage, an important point for building into
this model such time-consuming steps as the development of
cancer.

Translocation of EXPEC occurs in cancerous mice. Bacterial
translocation and subsequent bacteremia are major concerns in
patients with cancer who are receiving immunosuppressive che-
motherapy. We sought to further extend this translocation model
beyond just chemotherapy-induced translocation to more accu-
rately reflect what occurs in patient populations, i.e., that they first
present with an underlying cancer and then receive chemother-
apy. To test this idea, we surgically transplanted a breast carci-
noma cell line (EMT6) into the mammary fat pad of mice (38). In
this cancer model, EMT6 cells develop into large tumors, 2 weeks
after implant, which can metastasize to the lungs, leading to the
death of the animal. However, the cancer is treatable with cyclo-
phosphamide, which has been shown to prevent tumor growth in
animals (50). We first tested what would happen if mice received
ExPEC after cancer, a situation designed to simulate the acquisi-
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tion by a patient of an EXxPEC strain during cancer care (Fig. 5A).
Following the implant of cancerous EMT6 cells in the mouse
mammary fat pad, we observed the rapid growth of tumors over
~5 weeks in both the left and right flanks in the absence of che-
motherapy (Fig. 5B and C), with 5 of the 7 mice showing metas-
tasis to the lungs (see Table SI in the supplemental material).
Cyclophosphamide completely inhibited the growth of tumors
with a regimen of three doses (given on days 14, 16, and 18), with
no metastasis to the lungs observed (Fig. 5B and C; see also Table
S1). At day 24 postcancer, mice were subjected to gavage with
ExPEC, chemotherapy was once again administered, and coloni-
zation, translocation, and disease were assessed. As shown in Fig.
5D, the levels of excreted ExPEC remained stable throughout the
experiment in all test groups, and EXPEC could be found in the
intestine as well (Fig. 5E). Surprisingly, in addition to the translo-
cation expected for mice treated with chemotherapy, there was
also substantial translocation in mice bearing tumors that did not
receive CTX treatment (Fig. 5E), and all mouse groups ap-
proached a moribund state by day 8 after chemotherapy (Fig. 5F).
This suggests not only that translocation can be induced in can-
cerous mice receiving chemotherapy, an interesting feature of our
model, but also that the very process of cancer progression itself
somehow influences the translocation of ExPEC in this model
system. It should be noted that, whereas mice receiving cancer and
chemotherapy treatment presented with higher levels of ExXPEC
colonization overall (as assessed by counts in the feces and intes-
tinal tissue), there was a noticeably low level of translocation in the
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spleen and kidneys. We do not yet understand the mechanism
behind the latter process.

We next determined if translocation could be induced when
ExPEC was already present in the intestine when cancer developed
and chemotherapy was given, a situation that would resemble pa-
tient’s being chronically colonized, acquiring cancer, and then
receiving cancer therapy (see Fig. S2A in the supplemental mate-
rial). Once more, mice developed palpable tumors that were treat-
able with cyclophosphamide (see Fig. S2B) and showed high levels
of colonization by EXPEC (see Fig. S2C) and high levels of trans-
location to multiple organs in a chemotherapy-dependent man-
ner (see Fig. S2E). This occurred despite the successful treatment
of the cancer by chemotherapy (see Fig. S2B), where mice chron-
ically colonized with ExXPEC showed high levels of morbidity and
translocation (see Fig. S2D and E). These results suggest that this
system represents a cancer- and chemotherapy-induced model of
ExPEC translocation from the GI tract of chronically colonized
mice, a situation observed in high-risk patients.

ExPEC is associated with the presence of bacterial DNA in
the blood. Polymicrobial translocation, the presence of multiple
enteric bacterial species in the blood, is a common clinical finding
in the chronically ill and is linked to many diseases, including liver
failure, HIV infection, and cancer (51-53). We wondered
whether, in our model system, we could detect the presence of
bacterial DNA other than that of ExPEC in the blood of mice that
had cancer and/or had been treated with chemotherapy. As such,
we subjected the blood of mice from all the experimental test
groups represented in Fig. S2 in the supplemental material to se-
quencing of the bacterial 16S rRNA gene, a technique used to
determine the number of operational taxonomic units (OTUs)
present in each sample (40), at 21 days postinfection. Somewhat
surprisingly, the three test groups (of the seven assessed) with the
highest number of OTUs present were the groups of mice that
were initially colonized with EXPEC, with the group having the
most OTUs present in the blood being the one that received che-
motherapy (Fig. 6A). Interestingly, the mice colonized with
ExPEC but not given chemotherapy or cancer, which showed very
little ExPEC translocation overall (Fig. 3 and 4), had the second
highestlevels of detected OTUs of all of the bacterial enterics in the
blood among the groups. Indeed, there was an increase in the
diversity of bacterial DNA detected in the blood, as assessed by a
Shannon diversity index analysis, in the test groups that had been
colonized with ExPEC (Fig. 6B). In fact, the presence or absence of
ExXPEC was the only variable for which a clear separation of the
groups was observed, as determined by principal component
analysis (see Fig. S3A to C). This ExXPEC-specific increase in bac-
terial diversity was not observed in feces (Fig. 6C), indicating that
the specificity of this effect was at the level of entry into blood and
not a consequence of dramatic changes in the composition of the

Model of Bacterial Translocation

flora that inhabitant the GI tract of these mice. Collectively, these
findings suggest that EXPEC substantially increases the levels and
diversity of bacterial 16S DNA in the bloodstream of ExXPEC-col-
onized animals.

Validation of the model: the identification of a virulence fac-
tor necessary for translocation. The process of translocation has
been referred to by Berg and colleagues as the sequence of events
between colonization of the gastrointestinal tract and systemic,
extraintestinal infection of distal tissues. The bacterial genes and
virulence factors that mediate translocation have not been identi-
fied, largely because there has not been a suitable model that
would reveal them as important for this process. Such factors
would be good candidates for vaccines or targets for new thera-
peutics. We hypothesized that our model of intestinal transloca-
tion and concomitant bacteremia in the neutropenic host would
have the sensitivity needed to identify bacterial genes that are im-
portant for this process. Reasoning that some known virulence
determinants might be a good place to start, we used recombineer-
ing technologies to generate isogenic knockouts in iroN, which
encodes the enterobactin receptor that is important for iron up-
take in low-iron environments such as the vertebrate host (54),
and cnfl, which encodes cytotoxic necrotizing factor 1, a potent
cytotoxin that induces the rearrangement of the actin cytoskeleton
(55). Both of these genes have been implicated in ExPEC virulence
(34, 36). We also decided to make a strain of ExXPEC that lacks E.
coli k1.3385 (ecok1.3385), a gene of uncharacterized function that
likely encodes a secreted protein with mucinase activity (56, 57)
and was previously reported to demonstrate broad protection
against EXPEC in a screen for vaccine antigens (58). The gene
product was subsequently named SslE (for “secreted and surface-
associated lipoprotein from E. coli”) (59, 60). Wild-type and mu-
tant EXPEC strains were delivered via gavage into mice, which
were treated with chemotherapy as described in the Fig. 2 legend,
and the levels of EXPEC were assessed in the intestine and organs.
As demonstrated in Fig. 7A and B, the levels of wild-type and
mutant ExPEC shed into the feces and present in the different
segments of the intestine were approximately equivalent, indicat-
ing that these genes do not alter the ability of EXPEC to colonize
these mice. However, whereas wild-type, Acnfl, and AiroN strains
showed comparable levels of translocation following chemother-
apy, the use of EXPEC lacking ssIE resulted in only 1 mouse of 10
showing dissemination to peripheral organs (Fig. 7C). In that
mouse, only one organ (the liver) had a single colony of ExPEC
(Fig. 7D). The strain lacking SsIE grew just as well as wild-type
ExPEC, did not show any loss of membrane permeability, and had
no negative effect on the expression of downstream genes (data
not shown). Taken together, these results indicate that ssiE is
somehow important for the multistep process of ExPEC translo-
cation and, to our knowledge, is the first such factor identified in a

FIG 3 Chemotherapy induces the translocation of ExXPEC. (A) BALB/c mice were subjected to oral gavage with EXPEC CP9 and treated with CTX (150 mg/kg;
red bars) or left untreated (gray bars). EXPEC colonization was monitored by plating fecal pellets on LB/agar“™°™" daily. (B) Disease severity in mice was
monitored by daily observation as described in Materials and Methods. Control groups included uninfected mice treated (orange) or not treated (blue) with
CTX. (C) Bacterial CFU levels in livers, lungs, kidneys, and spleens were determined by plating tissue on LB/agar“™°"* and LB/agar. n.s, not statistically
significant. (D) Intestinal tissue was similarly plated on LB/agar"'°"* and assessed. (E) Levels of circulating neutrophils and white blood cells were determined
by collecting blood in an endpoint cardiac stick and assessment in an Advia 120 hematology analyzer at the Comparative Medicine Pathology department at
Baylor College of Medicine. (F) BALB/c mice were subjected to oral gavage with 5 different gavage doses (10° to 10°) of ExXPEC CP9 depending on the group and
treated with CTX (150 mg/kg) on days 1, 3, and 5 postinfection or treated with PBS. The shaded red bars and pink bars represent mice treated by chemotherapy
(Chemo), and the shaded dark-gray bars and light-gray bars represent untreated mice. Spread to organs was monitored on day 7. Error bars represent = standard
deviations, a double prime (") denotes a significant (P = 0.05) difference between groups, and # was at least 5.
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chronically colonized and chemotherapy-induced GI transloca-
tion model. These results also indicate that this model can be used
to identify the mechanisms and factors involved in the develop-
ment of the life-threatening systemic infection for E. coli that orig-
inates in the GI tract.

DISCUSSION

We demonstrate here a viable model of bacterial translocation
that has many of the features of the human problem, including (i)
the stable persistence of EXPEC in the GI tract of mice that remain
asymptomatic throughout colonization, (ii) the induction of
ExPEC translocation after administration of the widely used che-
motherapeutic agent cyclophosphamide, (iii) a bacteremic, dis-
seminated disease that results in ExPEC in the liver, spleen, kid-
neys, and lungs, (iv) morbidity associated with disseminated
infection, (v) EXPEC translocation in mice with mammary tumors
and in mice bearing tumors treated with cyclophosphamide, (vi)
ExPEC-associated increases in the levels and diversity of bacterial
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DNA in the blood of chronically colonized mice, and (vii) the
identification of a virulence factor important for this process, the
putative mucinase SslE.

Berg and colleagues in the 1980s and 1990s performed exten-
sive experimentation to explore the topic of translocation, using
primarily rodents as the model system. This work was instrumen-
tal in defining many of the host factors that make the host suscep-
tible to translocation, including suppression of the immune sys-
tem with steroids (61), the loss of CD4 and CDS8 T cells (24), the
use of antibiotics that purge competing commensals (22), high
bacterialloads in the cecum (62), mice that have tumors (63), diets
without fiber (64), breakdown in the integrity of the gut wall (65),
and hemorrhagic shock (66). The work here combined several of
those features, as well as others, into one convenient model. Here,
translocation was examined in the presence of an intact micro-
biome, in contrast to many earlier translocation studies where
germfree or monoassociated mice were used. This is an important
feature because it is likely that immunocompromised patients that

iai.asm.org 3251


http://iai.asm.org

Green et al.

A
250
200
o ExPEC + Chemo
—T—— ExPEC
= 150 T T
g . EXPEC + Cancer + Chemo
g l Chemo
[0)
2 100 ExPEC + Cancer
o Control
50 Cancer
ot . . .
0 500 1000 1500 2000
Sequences Per Sample
B ,<0.0001 , =0.0001
7 . <0.0001
) . <0.0001 {
T
£ 64
Ed
I
g
3 57 1T
c —
2
c 4
g 1
3 T T T T T
Control ExXPEC Chemo Cancer EXPEC +
Chemo
C. 71
x
L <0.0001
£ 61
B 1 <0.0001
@
2
55 = ==
=
2
s 4+ T
L
7}
P

T T T T T
Control ExXPEC Chemo Cancer EXPEC +
Chemo

FIG 6 ExPEC promotes the translocation of enteric microbiota. (A) Rarefac-
tion curves of phylogenetic diversity in blood samples representing the num-
ber of operational taxonomic units (OTUs) identified for each group. (B and
C) Box plots of Shannon diversity index values constructed for blood samples
rarefied to 1,896 sequences per sample (B) and fecal samples rarefied to 14,190
sequences per sample (C). A Mann-Whitney U test was employed to deter-
mine significance.

undergo translocation harbor a relatively intact intestinal micro-
biome, although, depending on their condition or treatment, it
certainly may be imbalanced. Furthermore, a human bloodstream
isolate (EXPEC CP9) was used which has now is been sequenced
(unpublished data), thereby allowing the investigator to identify
the virulence factors that may mediate translocation by simply
screening for mutant strains that fail to translocate. This differs
from the use of the nonpathogenic C25 strain used in previous
studies. This feature is important because available data from
characterized E. coli strains suggest that some isolates do contain a
complement of key virulence factors (67). Perhaps the most sig-
nificant addition, however, is that the model can be easily manip-
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ulated to include a growing tumor (here, a mammary carcinoma)
that is responsive to chemotherapy (here, cyclophosphamide), as
a result of which translocation is induced upon treatment of the
tumor. This feature allows the investigator to examine transloca-
tion in the context of what a patient, having first been diagnosed
with a malignancy and then undergoing a chemotherapy regimen,
would be experiencing in the clinic.

Very little is understood regarding the underlying mechanisms
that govern translocation. Issues remain concerning the role of the
intestinal commensals in translocation (i.e., whether the compo-
sition of the GI microbiome predisposes one to translocation, and,
if so, how), the mechanism by which translocating bacteria access
the epithelium and subsequently pass through it, and the bacterial
genes that are required for each step in the process (mucus clear-
ance, adherence, invasiveness, survival in the blood, etc.). Regard-
ing the route of translocation, some have suggested that intestinal
macrophages phagocytose bacteria in the gut and transport them
to the mesenteric lymph nodes (MLN) (68). There, the bacteria
may gain access to the thoracic duct and enter the bloodstream to
spread to other organs or tissues (69). Other work suggests that the
hepatic portal vein is the dominant route of dissemination, with as
much as 75% of all translocation occurring via this route (70). The
routes of entry into the blood may also be different for different
species of bacteria. For example, whereas E. coli and P. mirabilis,
both of which are normal commensals of the GI tract, were found
translocated to the MLN segments nearest to the intestinal seg-
ment that they colonized at the highest levels, the pathogen Sal-
monella enterica serovar Typhimurium translocated to every area
of the MLN independently of its levels in the different segments of
the intestine (71). Whereas macrophage-mediated transport of
bacteria to the MLN and disruption of physical GI barrier by
trauma or inflammation have been proposed as ways bacteria may
translocate, it is also likely that different species have different
mechanisms by which they transverse the host epithelium. These
include direct invasion of the epithelium and paracellular trans-
port through junctional complexes. Having viable models of
translocation for the most frequently observed enterics associated
with bloodstream infections, including the strains of E. coli re-
ported here, will go along way toward enhancing the possibility of
applying the newest and most sensitive tracking methodologies to
determine the exact route by which ExPEC enters the systemic
circulation, as well as to begin to answer some of the questions
already posed.

Compared to the work examining the host side of transloca-
tion, there is a considerable dearth of knowledge concerning the
bacterial genes or factors that are necessary for this process. These
include the mechanism by which bacteria move through a GI ep-
ithelial barrier, the surface proteins needed to engage the epithe-
lium, the genes needed by the bacterium to resist host-specific
killing processes, and the genes needed for survival and growth in
blood and off-site tissues. While assessing whether the model sys-
tem could be used to identify mutants in E. coli that lacked the
ability to translocate, it was discovered that ssIE, but not cnfI or
iroN, was important for the process of translocation. This is im-
portant for two main reasons. First, it demonstrates that the
model can be used to identify nontranslocating phenotypes.
Knowing the genes involved in this process will allow one to de-
velop vaccines, inhibitors, or probiotic strains that prevent trans-
location. Second, SslE is emerging as an important virulence fac-
tor for pathogenic E. coli. SslE encodes a 1,528-amino-acid protein
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that was initially identified in a reverse vaccinology screen for E.
coli proteins that protect against intraperitoneal or intravenous
injection of EXPEC (58). Follow-up studies also demonstrated the
efficacy of the vaccine in a murine model of ascending urinary
tract infection (57). The gene encoding this protein is found in a
majority of EXPEC strains and is localized to both the outer mem-
brane (59) and medium, its secretion being dependent on the type
I secretion system (T2SS) (58, 72). SslE is annotated as a M60-like
metallopeptidase domain located between amino acids 1090 and
1386, the latter being widely distributed in bacteria associated with
mucosal surfaces (73). The M60-like domain of SslE cleaves the
intestinal mucins Muc 2 and 3, an activity that facilitates the access
of heat-labile enterotoxin (LT) from enterotoxigenic E. coli
(ETEC) to intestinal enterocytes (56) and is necessary for the pas-
sage of EXPEC through a synthesized mucin matrix (57, 74). Given
this knowledge, it is possible that the lack of translocation ob-
served for EXPEC devoid of ssIE is because this strain cannot de-
grade the thick mucus barrier to gain access to the underlying
intestinal epithelium. Future studies will seek to resolve the nature
of this phenotype and to determine how it may be used to further
development of an E. coli vaccine to protect against these types of
infections.

There is increasing evidence that the translocation of endoge-
nous microbiota is a common event in those who are very ill (51,
52, 75). The contribution of these translocating species to disease
onset or progression, as well as how their byproducts or secreted
toxins alter the immune response or host physiology, is currently
unknown. The use of 16S rRNA gene sequencing as a method to
characterize the “translocating microbiome” is an attractive area
of study and will shed light on the details of the species that enter
the blood and that may be difficult to grow by traditional micro-
biological methods. In this regard, while developing a model of
ExPEC translocation, we also observed 16S rRNA gene evidence
that members of the host endogenous microbiota were also pres-
ent in the blood of these mice. In addition to the presence of
microbial DNA in mice receiving chemotherapy (an expected
finding that has been widely reported in immunosuppressed pa-
tients), there was a marked increase in both the diversity and the
numbers of bacterial products in mice that were stably colonized
by ExPEC. Given that the fecal commensals did not show this
expansion and increase, these results suggest that ExPEC itself can
stimulate or otherwise aid in the movement of bacteria or their
products into the blood. A histological examination of the duode-
num, jejunum, ileum, and large intestine did not identify any
definitive morphological or inflammatory lesions that could spe-
cifically explain how ExPEC and/or other enterics breached the
intestinal epithelial barrier (data not shown). Considering the
number of diseases associated with translocation and the preva-
lence of ExPEC as a major translocating pathotype, this finding is
worthy of further investigation and will be the topic of additional
studies in the laboratory.
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