
Enterococcus faecalis Induces Inflammatory Bowel
Disease in Interleukin-10 Knockout Mice

Edward Balish*† and Thomas Warner ‡

From the Departments of Surgery,* Medical Microbiology and

Immunology,† and Surgical Pathology,‡ University of Wisconsin

Medical School, Madison, Wisconsin

Germ-free interleukin-10 knockout (IL-10 KO) mice
developed inflammatory bowel disease (IBD) after
they were colonized with a pure culture of Enterococ-
cus faecalis. E. faecalis not only induced IBD (pri-
marily in colon and rectum) but rectal dysplasia and
adenocarcinoma was also found in the IL-10 KO mice.
Conventional (complex-intestinal flora) IL-10 KO
mice developed IBD within 10 to 15 weeks of age and
showed more pathology in the cecum (typhlitis) than
we observed with E. faecalis-induced IBD in gnotobi-
otic IL-10 KO mice. Conversely, neither germ-free
IL-10 mice nor IL-10 KO mice colonized as adults, with
a pure culture of Candida albicans, Escherichia coli ,
Lactobacillus casei, L. reuteri , L. acidophilus , a Bi-
fidobacterium sp. , Lactococcus lactis , or a Bacillus
sp. developed IBD during the 25- to 30-week study. E.
faecalis is a common intestinal microbe of man and
animals that can trigger IBD, dysplasia, and carci-
noma in a genetically susceptible murine host. (Am
J Pathol 2002, 160:2253–2257)

Inflammatory bowel diseases (IBD), which affects several
million patients,1 has two main clinical manifestations: 1)
ulcerative colitis, an inflammatory disease that occurs in
the colonic and rectal mucosa; and 2) Crohn’s disease
that affects both the small and large intestine and is
associated with transmural granulomatous inflammation
of the bowel.

Genetic, autoimmune, infectious, and epithelial cell
function(s) and metabolism have all been proposed as
factors involved in the etiology and pathogenesis of IBD.2

Recent clinical and research data point to an infectious
cause of IBD but the etiological agent(s) is not known.3

Spontaneous and genetically engineered animal mod-
els of IBD have been described.2,4,5 IBD can also be
induced in experimental animals with chemicals.6–9 IBD
occurs in conventional flora and specific pathogen-free
rodents that have been genetically altered [knockout
(KO) or transgenic] to impair their capacity to control
T-cell-mediated immune responses to intestinal anti-
gens.10–16 Recent studies have demonstrated the induc-
tion of IBD in genetically susceptible, conventional flora

mice by adoptive transfer of specific T cells suggesting
that dysfunctional, unregulated, T-cell-mediated immune
responses play an important role in IBD pathogene-
sis.15,17,18

Several recent studies have focused attention on an
important role for intestinal microbes in the etiology of
IBD. For example, antibiotics can ameliorate IBD.2,19

Also, IBD-susceptible, genetically engineered rodents
are protected from IBD by maintaining them under germ-
free conditions.10–16,20 Certain rodents (Tg�26 mice)
when treated with bone marrow develop IBD if they have
a complex intestinal flora. However, germ-free Tg�26

mice are protected from IBD by maintaining them germ-
free after treatment with bone marrow.21

Several studies have attempted to induce IBD in ge-
netically susceptible germ-free rodents by colonizing
them with a pure culture of an intestinal microbe22 or with
various combinations of intestinal microbes;20,23 how-
ever, to date no common intestinal microbe in pure cul-
ture has been able to induce IBD in a genetically sus-
ceptible germ-free host.

In this study, we demonstrate that a clinical isolate of E.
faecalis, a common component of the intestinal flora of
man and animals,20,24,25 can induce IBD, dysplasia, and
carcinoma in interleukin (IL)-10�/� KO mice.

Materials and Methods

Mice

Germ-free IL-10 � 129SEV mice were caesarian derived
into the germ-free state and breeding colonies were
established at the University of Wisconsin Gnotobiotic
Research Laboratory (http://www.medsch.wisc.edu/
gnotolab/). Adult IL-10 KO mice (6 to 8 weeks of age)
were transferred into germ-free isolators and orally inoc-
ulated with a viable, pure culture of E. faecalis (kindly
supplied by Dr. M. Huycke, Oklahoma University Health
Science Center, Oklahoma City, OK). Verification of the
microbial integrity of the experiments was performed
weekly by culturing fecal samples on aerobic and anaer-
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obic growth media. E. faecalis, in pure cultures, was iso-
lated throughout the entire study.

Microbiology

Mice were sacrificed at various time intervals after colo-
nization with E. faecalis. Animals were euthanized (CO2)
and dissected under sterile conditions. Contents were
collected from stomach, small intestine, cecum, and co-
lon. The numbers of viable microbes present in the ali-
mentary tracts were quantified by culturing diluted sam-
ples of intestinal contents onto nutrient agar plates. The
inoculated plates were incubated at 37°C. Colonies that
developed in 24 hours were counted and results are
expressed as the number of viable microbes per gram of
intestinal contents (dry weight).

Histopathology

The small and large intestine were fixed in 10% neutral-
buffered formalin. Paraffin-embedded sections (5 �m)
were stained with hematoxylin and eosin or a gram stain.
Tissues were scored (blinded) by a clinical pathologist
(Dr. Thomas Warner, Dept of Surgical Pathology at the
University of Wisconsin-Madison, Madison, WI) for IBD.

Grade I

Thickness of intestine three times normal with hyper-
plastic glands, a reduction in mucus-secreting goblet
cells, pseudostratification of glandular lining epithelium,
or stratification (two to three cells in thickness). Increased
mucosal lymphoid cells including plasma cells with or
without infiltration through the muscularis mucosae. Mu-
cosal lymphoid tissue was excluded.

Grade II

The above features (ie, grade I) and scattered crypt
abscesses—usually five or more polymorphonuclear leu-
kocytes per crypt. The mucosal infiltrate included a pro-
gressive increase in the number of polymorphonuclear
leukocytes from grade II to grade IV.

Grade III

Features of grade I and multiple crypt abscesses, at
least three per �10 field.

Grade IV

The above features or grade I, II, or III with ulceration
often accompanied by glandular distortion.

Results

In this study, we ascertained whether E. faecalis could
colonize the alimentary tract of germ-free mice and in-

duce chronic inflammation in an IBD-susceptible rodent
model, the IL-10 KO mouse.

Our laboratory has associated, in pure culture, germ-
free IL-10 KO mice with several intestinal microbes.
Among these were C. albicans, E. coli, several Lactobacil-
lus spp. (L. acidophilus, L. reuteri, L. casei), a Bifidobacte-
rium sp., and a Bacillus sp. None of the latter microbes
was able to induce IBD in IL-10 KO mice.

When the germ-free IL-10 KO mice were monoassoci-
ated with E. faecalis, they developed a chronic progressive
IBD. Table 1 shows that the gnotobiotic mice were chroni-
cally colonized with E. faecalis throughout the study.

Histopathology in E. faecalis Colonized IL-10
KO Mice

In IL-10 KO mice, histological changes were found mainly
in the distal colon and rectum.

Table 2 shows the number of E. faecalis colonized mice
that manifested IBD early (5 to 15 weeks) and late (20 to
28 weeks) after colonization. Cecal lesions were more
common in the late group (15 of 16 mice) and ulceration
of the cecum was found in 3 of 16 mice in this group
(Table 3). The cecal ulcers were not superficial and gap-
ing but were deep fissures in a hyperplastic mucosa
(Figure 1). Colonic lesions (Tables 2 and 3) were found in
the left colon, especially as it joined the rectum. Grade IV
colonic lesions were present only in the late group (20 to

Table 1. Viable E. faecalis Present in the Alimentary Tract
of Gnotobiotic IL-10�/� KO Mice

Weeks after
colonization

No. E. faecalis/g intestinal contents

Stomach Small intestine Cecum Colon

5 107–108 108–109 108–109 108–109

10 107–108 107–108 108–109 108–109

15 107–108 108–109 108–109 108–109

20 107–108 108–109 108–109 108–109

25 107–108 108–109 108–109 108–109

Intestinal contents from three mice at each time point, were
homogenized, diluted, and plated onto nutrient agar plates. Colonies
were counted at 72 hours of incubation at 37°C.

Table 2. Induction of IBD in IL-10-KO Mice by E. faecalis

Group
Weeks

colonized*
No. of
mice†

No. of mice with IBD
histopathology‡

CecumColonRectum

I Early (5 to 15 weeks) 5 3 0 0 1
7 1 1 0 1

10 10 0 8 9
12.5 1 1 1 1
15 4 1 2 4

II Late (20 to 28 weeks) 20 5 4 4 5
21 4 4 4 4
24 3 3 3 3
28 4 3 4 3

Colonized with E. faecalis
from birth

25 5 1 0 5

*Indicates length of time mice were colonized by E. faecalis. Mice were
colonized at 7 to 17 weeks of age, except those colonized at birth.

†Number of mice colonized with E. faecalis.
‡Number of mice with IBD.
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28 weeks, Table 3). The degree of rectal inflammation
(Figure 2) was comparable in both early and late groups
(Table 3). Normal rectum is shown in Figure 3 for com-
parison.

Five mice were colonized with E. faecalis at birth (to 25
weeks of age); cultured fecal samples showed 108 to 109

viable E. faecalis (per gram) throughout the 25 weeks. The
latter mice were not included in the early and late groups
(Table 3). They had no colonic lesions but severe rectal
involvement was seen (grade III: two of five; grade IV:
three of five). This was a different disease spectrum
than we observed in IL-10 KO mice that were colonized
for a similar period as adult germ-free mice (8 to 10
weeks of age).

Table 4 summarizes the rectal dysplasia and carci-
noma we observed in this study. Focal rectal dysplasia
was found in four IL-10 KO mice (4 of 16) in the late group
and in one mouse colonized at birth (one of five). Dys-
plasia consisted of cribriform or branching glands in the
mid- or deep mucosa, pseudostratification of nuclei, or
several layers of enlarged nuclei; it was accompanied by
mucosal fibrosis. Carcinoma was present in two of these
mice; one tumor was invasive (Figure 4; colonized 24

weeks with E. faecalis) and one was intramucosal (colo-
nized 21 weeks).

Nine IL-10 KO mice that were colonized with Lactococ-
cus lactis for 10 (three mice), 27 (three mice), and 28
(three mice) weeks did not develop IBD. However, two of
three mice colonized for 28 weeks developed a focal
proctitis in a 1-mm length of mucosa just inside the ano-
rectal junction. Six control gnotobiotic C57/BL6 (IL-10-
sufficient) mice that were colonized with L. lactis for 24
weeks were free of intestinal inflammation.

In this study, we also examined conventional flora
IL-10 KO mice. These mice were colonized with a com-
plex intestinal flora by inoculating them (orally and as
adults) with cecal contents from conventional C57BL/6
mice. Conventional flora IL-10 KO mice showed grade IV
cecal lesions in five of six mice colonized for 5 and 15
weeks. IL-10 KO mice colonized with E. faecalis for 4 to 5
weeks (eight mice) did not show any signs of IBD. Over-
all, cecal and rectal lesions were observed earlier and
were often more severe in conventional IL-10 KO mice
than in IL-10 mice colonized with E. faecalis. Colonic and
rectal dysplasia and carcinoma of the cecum was
present in one of these conventional flora mice at 15

Figure 1. Fissure (arrowhead) in cecum of IL-10�/� mouse infected with E.
faecalis for 20 weeks. H&E; original magnification, �100.

Figure 2. Cryptabscesses (arrowheads) and loss of mucosal goblet cells in
rectal mucosa of IL-10�/� mouse infected with E. faecalis for 10 weeks. H&E;
original magnification, �100.

Table 3. Histopathology Scores for IL-10 KO Mice Colonized with E. faecalis

Group
No. of
mice

Tissue
affected

Histopathology scores*

TotalI II III IV

I Early† 5 to 15 weeks after colonization 19‡ Cecum 2/19 1/19 0/19 0/19 3/19
Colon 1/19 3/19 7/19 0/19 11/19
Rectum 2/19 1/19 10/19 3/19 16/19

II Late 20 to 28 weeks after colonization 16 Cecum 10/16 2/16 0/16 3/16 15/16
Colon 1/16 0/16 11/16 3/16 15/16
Rectum 0/16 1/16 8/16 7/16 16/16

Late colonized from birth to 25 weeks 5 Cecum 0/5 1/5 0/5 0/5 1/5
Colon 0/5 0/5 0/5 0/5 0/5
Rectum 0/5 0/5 2/5 3/5 5/5

*Grade I, Thickness of intestine three times normal with hyperplastic glands, a reduction in mucus-secreting goblet cells, pseudostratification of
glandular lining epithelium, or stratification (two to three cells in thickness). Increased mucosal lymphoid cells including plasma cells with or without
infiltration through the muscularis mucosae. Mucosal lymphoid tissue was excluded. Grade II, The above features (i.e., grade I) and scattered crypt
abscesses—usually five or more PMN/crypt. The mucosal infiltrate included a progressive increase in the number of PMN from grade II to grade IV.
Grade III, Features of grade I and multiple crypt abscesses, at least three per �10 field. Grade IV, The above features or grade I, II, or III with
ulceration often accompanied by glandular distortion.

†Indicates length of time mice were colonized by E. faecalis. Mice were colonized at 7 to 17 weeks of age, except those colonized at birth.
‡Number of mice colonized with E. faecalis.
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weeks; however, dysplasia and carcinoma was not de-
tected in the E. faecalis colonized mice until weeks 20 to
24 of the study (Table 4).

Discussion

Many microbes have been implicated as the etiological
agent of Crohn’s disease and ulcerative colitis, but the
precise etiological agent(s) has not been identified. In
this study, we demonstrate that E. faecalis, a common
component of the microbial flora of man and animals, is
able to induce IBD, dysplasia, and carcinoma in IL-10-
deficient mice.

Current research with genetically engineered rodents
has provided new opportunities to clarify the role of mi-
crobes in the etiology of IBD. Rodents with gene dele-
tions that cause specific impairment of their immune re-
sponse have been shown to spontaneously develop IBD
when housed in conventional (complex microbial flora in
the intestinal tract) environment.10,12,16 If these IBD sus-
ceptible rodents are raised germ-free, they show lit-
tle10,12,16,26 or no20 spontaneous IBD.

Several investigators have attempted to colonize IBD-
susceptible rodents with known intestinal bacteria. For
example, it has been demonstrated that a mixture of six
common colitis-associated microbes (Bacteroides vulga-
tus, Streptococcus faecium [Group D], E. coli, Peptostrep-
tococcus productus, Eubacterium contartum, and Strepto-
coccus avium) induced colitis in HLA-B27� transgenic
rats,23 however, IL-10 KO mice colonized with these
same microbes manifested a delayed onset and very

mild colitis.20 Bacteroides vulgatus, isolated from guinea
pigs with carrageenan-induced colitis only induced a
mild inflammation in IL-10 KO mice.20,27 Cryptosporidium
parvum (a protozoan) induced an IBD-like disease in
gnotobiotic T-cell receptor �-KO mice.22 Helicobacter he-
paticus, in pure culture, does not seem to induce IBD in
IL-10 KO mice,28 but it can apparently induce IBD when
gavaged or injected (intraperitoneally) into SPF IL-10 KO
mice.29

The induction of IBD in IL-10�/� KO mice by intestinal
microbes seems to be dependent on an uncontrolled
T-helper cell (TH-1) response in the host.18,21,29,30 Like-
wise, in cell-transfer studies T cells apparently can in-
duce IBD in SCID mice or Tg�26 transgenic mice treated
with bone marrow cells;15 however, it is necessary for a
microbial flora to be present for IBD to be induced and
perpetuated in bone marrow-treated Tg�26 mice.21

We have colonized IL-10�/� KO mice with a variety of
microbes (in pure culture) but the IL-10 KO mice did not
manifest IBD (eg, C. albicans, E. coli, Lactobacillus spp. [L.
casei, L. reuteri, L. acidophilus] a Bifidobacterium sp., a
Bacillus sp., and Lactococcus lactis). C. albicans can stim-
ulate AMI and CMI in IL-10 KO mice but we observed no
IBD in the IL-10�/� KO mice that were colonized with C.
albicans for 35 weeks.31 Thus, a variety of host responses
take place when IBD-susceptible rodents are colonized
with a pure culture or a mixture of intestinal bacteria.
Some microbes cause IBD only when other intestinal
microbes are in the gut.20,21,23,26 Various rodent model-
sof IBD respond differently to a similar microbial flora. For
example, a mixture of intestinal bacteria that produced
IBD in HLA-B27 rats26 was unable to induce IBD in IL-
10�/� KO mice.20

Our study demonstrated that a pure culture of E. fae-
calis can induce IBD, dysplasia, and rectal carcinoma in
IL-10 KO mice. E. faecalis is an opportunistic pathogen
that is found in the alimentary tract of both man and
animals. It is a microbe that is notorious for its capacity to
acquire virulence factors (and) antibiotic resistance
genes (eg, vancomycin resistance) that have made this
opportunistic microbe a major problem for patients and
clinicians.24,25,32 Strains of E. faecalis are also used in the
food industry and it has recently been demonstrated that

Figure 3. Normal rectal mucosa from an IL-10�/� germ-free mouse at age 21
weeks. H&E; original magnification, �100.

Figure 4. Extra-rectal extension of invasive adenocarcinoma showing dilated
mucin-filled acini. IL-10�/� mouse infected with E. faecalis for 24 weeks.
H&E; original magnification, �100.

Table 4. Dysplasia and Rectal Carcinoma in IL-10 KO Mice
Colonized with E. faecalis

Time
colonized
(weeks)*

Grade of
proctitis Dysplasia Carcinoma

20 III � �
20 III � �
21 IV � � (Mucosal)
27 IV � � (Invasive)

*Sixteen mice were colonized with E. faecalis at 7 weeks of age for
20 to 27 weeks.
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virulence factors can be transferred by these food indus-
try strains.25

How E. faecalis is able to induce and perpetuate IBD in
IL-10�/� KO mice is unknown at this time. This model of
IBD certainly lends itself to answering important ques-
tions about the immune mechanisms involved in the in-
duction of the disease and to exploring methods that can
be used for the prophylaxis and therapy of IBD.

We also colonized IL-10 KO mice with Lactococcus
lactis. L. lactis, although it did not induce IBD in IL-10 KO
mice (in pure culture), it did cause focal proctitis in two
gnotobiotic mice. L. lactis is currently being researched
as a microbe that can be genetically manipulated to
provide immune factors (eg, IL-10) to a host after it col-
onized the alimentary tract.33 We have pointed out pre-
viously that so-called probiotic or genetically manipu-
lated microbes may pose a threat to immunodeficient
hosts, especially neonates.34 The use of microbes to
deliver therapeutic factors, or to act as probiotics for
enhancement of factors that can promote the health and
well being of a host must be pursued with caution in
immunodeficient hosts.
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