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Abstract

The development of intestinal polyps in an orthotopic colorectal
mouse model, receiving a probiotic yogurt formulation containing
microencapsulated live Lactobacillus acidophilus cells was
investigated. The expression of various immunohistochemical
markers namely CD8, Mac-1, Ki-67, and cleaved caspase-3,
was evaluated. Results suggest that the probiotic formulation
decreases overall intestinal inflammation. Mice receiving the
probiotic formulation were found to develop almost two-fold
fewertumorsinthesmallintestines.Inthelargeintestine, however,
there was no significant difference observed among polyp
numbers. The formulation appears to have potential application
in the prevention of various Gl pathological conditions.

Keywords: artificial cell, Gl health, inflammatory cytokines,
intestinal polyps, microencapsulation, probiotics

Introduction

Colorectal cancer (CRC) leads to significant cancer-related
morbidity and mortality in most industrialized countries
(Haggar and Boushey 2009). CRC includes hereditary, spo-
radic, and colitis-associated CRC. In addition to somatic
mutations and epigenetic changes, epidemiologic and
experimental evidence strongly suggests chronic inflamma-
tion as a risk factor for developing CRC (Katoh et al. 2013).
During tumor development, immunological interactions
between cancer cells and host immune cells are believed
to play an important role in regulating tumor cell growth
(Coussens and Werb 2002, Strober et al. 2007). There are a
large number of biomarkers, for instance cyclooxygenase
2 (COX-2) enzyme and COX-2 derived prostaglandin E2
(PGE,) (Lauritsen et al. 1986, Singer et al. 1998) IL-6 and Stat3
(Grivennikov et al. 2009), IL-23 and IL17 (Grivennikov et al.
2012) that can be used to detect the immune cell activation
of the host which when quantified, can serve as a tool to track
the progress of the disease. The generation of inflammatory
changes is largely dependent upon the activation of T cells,

release of various cytokines and a massive infiltration of
neutrophils, lymphocytes, and monocytes into the inflamed
intestinal tissue (Katoh et al. 2013). In addition, TNFo. and
IL-1J are essential in the initiation of chronic inflammation,
and their role via the activation of NFxB pathways has pro-
vided a strong link to cancer (Tu et al. 2008). Human CRC
was analyzed for expression of CD8 + T cells and Ki-67 and a
double immunohistochemistry confirmed higher prolifera-
tive activity of CD8 + T cells within cancer cell nests (Naito
et al. 1998). Similarly, Buckley et al. observed tumor killing
by activated CD8 + T cells and NK cells in 75% of patients
with advanced CRC immunized with human anti-idiotypic
antibody 105AD7 that mimics the CD55 antigen, present in
70-80% of colorectal tumors (Austin et al. 1998).

While there is a strong association between chronic
inflammation and CRC in inflammatory bowel disease
(IBD) patients, studies evaluating this relationship still aim
to improve our understanding and gain more insight into
both physiological pathways and therapeutic strategies.
For instance, the disruption of immune homeostasis in the
intestine in response to the gut flora, which contains for-
eign luminal antigens from food and commensal bacteria,
can result in the development of IBD (Katoh et al. 2013).
Furthermore, the importance of flora for IBD is evident by
the observations that antibiotic treatment and/or probiotic
therapy have been shown to be beneficial for, as least, some
of IBD patients (Gionchetti et al. 2003, Sutherland et al. 1991,
Iannitti and Palmieri 2010). While histology is considered
the gold standard for evaluating the presence of various bio-
markers, their quantification remains challenging due to the
unavailability of relevant tools and unestablished methods.
Moreover, a clinical diagnosis without histological exami-
nation of the tissue of interest may miss potentially serious
conditions, including malignant lesions.

Growing evidence suggests that as the expression of
COX-2 is increased in colorectal tumors, this elevation can
protect intestinal epithelial cells from apoptosis (Tsujii
and DuBois, 1995, Chan et al. 1998). Furthermore, a study
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demonstrated that the symbiotic combination of resistant
starch and Bifidobacterium lactis has exerted a pro-apoptotic
action in response to the carcinogen azoxymethane (Le
Leu et al. 2005, Le Leu et al. 2010). Inflammation is a local,
protective response to microbial invasion or injury. Direct
evidence for the role of luminal flora came from animal
studies showing that chronic colitis is dependent on their
presence (Elson et al. 2005). The intestinal epithelium is a
highly proliferative single-layer epithelium, inhabited by
large and dynamic populations of bacterial species. With the
advancement of metagenomic technology, our knowledge
of the diversity of bacterial species has expanded rapidly
beyond the list obtained from traditional microbiological
methods, by which many gut bacteria are not culturable
(Qin et al. 2010). Around 15 000 to 36 000 species of bacteria
have now been identified in the human gastrointestinal tract
using culture-independent rRNA sequence analysis (Frank
etal. 2007, Frank and Pace 2008).

In an attempt to assess the relative immunomodulatory
contribution of microencapsulated live Lactobacillus aci-
dophilus cells, as described before (Bhathena et al. 2008,
Urbanska et al. 2007, Bhathena et al. 2007) in the prevention
and/or suppression of intestinal polyps formation, various
inflammatory biomarkers were quantified and their expres-
sion levels were correlated to disease progression. In the
current study, we hypothesized that probiotic microorgan-
isms interfere with the expression of the various immuno-
logical markers and we aimed to quantify their effects on the
onset of polyp formation, using histochemical methods, in
an orthotopic APC (Min/+) model of intestinal carcinogen-
esis. The ApcMin mouse is a well-established animal model
to study intestinal tumorigenesis and is used to study the
impact of various factors including genetics, diet or different
chemical compounds on the incidence of polyp formation
in the intestines (Ahn and Ohshima 2001).

ApcMin mice have a germ-line nonsense mutation at
codon 850 of adenomatous polyposis coli (Apc) gene and
spontaneously develop multiple polyps in the small and
large intestines at the age of 10-12 weeks (Su et al. 1992).
In this study, biomarkers of apoptosis or apoptosis-related
gene products consisted of antibodies recognizing single-
stranded DNA (ssDNA), the Ki-67 antigen and cleaved
(activated) caspase-3 in normal and neoplastic tissues was
investigated (Deckert-Schluter et al. 1998, Konstantinidou
et al. 2001). Furthermore, the host immune responses to the
delivered therapeutics were evaluated by monitoring the
immune cell infiltration to the tumor stroma; the expression
of CD8, a marker for cytotoxic T-cells and natural killer (NK)
cells was also studied. The expression of Mac-1, a comple-
ment receptor expressed on the surface of macrophages
and polymorphonuclear leukocytes was quantified using a
custom image processing algorithm. Investigating a set of
biomarkers in response to the probiotics will contribute to
the development of microencapsulated probiotics.

Materials and methods

Materials
Sodium alginate (low viscosity), poly-L-lysine hydrobromide
(MW = 27,400) and calcium chloride (A.C.S. reagent) were

purchased from Sigma-Aldrich, Canada. Difco TM Lactoba-
cilli MRS AGAR and Difco TM Lactobacilli MRS BROTH were
purchased from Becton, Dickinson and Company Sparks,
USA. Liberty plain yogurt 2% M. E was procured from a local
grocery store.

Bacteria and culture condition

L. acidophilus cells were purchased from ATCC (314)
(Manassas, VA) and were cultivated and serially propagated
in the MRS medium. Incubations were performed at 37°C
in a Professional Sanyo MCO-18M Multi-Gas Incuba-
tor under anaerobic conditions (1-2% CO2, Atmosphere
Generation System AnaeroGenTM; Oxoid Ltd., Hampshire,
England). Bacteria cells were harvested after 20 hours of
the third passage for microencapsulation.

Microencapsulation method

The bacterial strains were microencapsulated into Alginate-
Poly-L-Lysine-Alginate (APA) membranes. APA microcapsules
were prepared aseptically using an Inotech Encapsulator®
IER-20 (Inotech Biosystems Intl. Inc. Switzerland). Freshly
prepared microcapsules were washed twice with 0.85%
saline and stored at 4°C. Parameters for microencapsulation
were as follows: gelation time in CaCl,—30 minutes, coating
time—10 minutes, nozzle diameter—300 pm, vibrational
frequency—918 Hz, voltage—above 1.00 kV and current—2
amp. APA microcapsules loaded with L. acidophilus bacterial
cells were carefully mixed with Liberty plain yogurt 2% M.E
and 0.85% saline in the proportions of 3:1, respectively. They
were stored at 4°C until further use.

Experimental animals

Male C57BL/6]J-ApcMin/+, abbreviated ApcMin, mice 5 or
6 weeks old were obtained from The Jackson Laboratory
(Bar Harbor, ME). Control (n=24) animals were gavaged
0.3 mL of 0.85% saline solution and treatment (n=24)
animals were gavaged with APA microencapsulated
L. acidophilus bacterial cells blended in 2% M.F. yogurt.
Statistical significance was calculated using the unpaired
Student’s t-test assuming unequal variance, and a P-value
less than 0.05 was considered to indicate significant differ-
ence. Animals were weighed individually every week and
their food consumption was recorded. The animal use pro-
tocol was approved by the Animal Care Committee of McGill
University and animals were cared for in accord with the
Canadian Council on Animal Care (CCAC) guidelines.

Preparation of microscopic sections

In order to preserve the cell and tissue structures, specimens
were fixed with 10% formaldehyde. The material was then
incubated overnight in the refrigerator (4°C) for fixation. After
fixation, the tissues were immersed in 15% sucrose/PBS (~X 10
volume) at 4°C with gentle rocking for 4 hours. Overnight incu-
bation in 30% sucrose/PBS (~X 10 volume) at 4°C with gentle
rocking followed. The samples were flash frozen and 4 pm sec-
tions were cut in the cryostat with a manual cryotome.

Polyp scoring
Polyp scoring was performed by a technician blinded to
the treatment. The observed lesions were divided into two
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categories based on the size of the lesion: gastrointestinal
intraepithelial neoplasia (GIN)(<1 mm) and adenoma
(>1 mm). The standards for the histological assessment
were established from the NCI Mouse Models of Human
Cancers Consortium —sponsored symposium and are
detailed on the MMHC web site: (http://emice.nci.nih.gov/).
In addition, the counted polyps were graded as follows:
(small intestines) no polyps: score 0; up to 5: score 1; up to
10: score 2; from 11 to 15: score 3 and above 15: score 4; (large
intestines) no polyps: score 0; up to 1: score 1; up to 2: score
2; up to 3 score: 3; up to 4 score: 4 and above 5: score 5.

Immunohistochemistry

CD8, Mac-1 staining

Embedded tissue blocks were cut serially. Slides were
stained for hematoxylin and eosin (H&E) for histopatho-
logical evaluation and the remaining were used for immu-
nohistochemistry. A standard avidin-biotin complex (ABC)
method was used for immunohistochemistry (Vector
Laboratories, Burlingame, California, USA). Briefly, 4-um
thick cryostat sections were fixed in ice-cold acetone and
rehydrated in 10 mM of sodium phosphate, pH 7.5, 0.9%
saline (PBS). The slices were incubated with the biotiny-
lated antimouse CD8a monoclonal antibody or the bioti-
nylated antimouse Mac-1 monoclonal antibody, both from
Cedarlane (Hornby, Ontario, Canada). The slices were
washed in Tris Buffered Saline (TBS) and incubated with
Vectastain Elite ABC kit (Vector Laboratories, Burlingame,
CA). The slides were again washed in TBS, and developed
with 3,3’- diaminobenzidine peroxidase (DAB) substrate
kits of Vector Laboratories or Zymed Laboratories (South
San Francisco, CA) for CD8 and Mac-1 analysis, respec-
tively. All kits were used according to the manufacturers’
instructions. The slides were counterstained with hematox-
ylin and methyl green for CD8 and Mac-1 analysis, respec-
tively. They were mounted with VectaMount AQ mounting
medium and VectaMount mounting medium (VectaMount
AQ, Vector Laboratories, Inc.) for CD8 and Mac-1 analysis,
respectively. Negative control samples were produced by
incubating the samples in TBS plus 1% BSA without either
of the biotinylated primary antibodies.

Ki-67 and cleaved-caspase-3 staining

De-paraffinization of tissues was performed using xylene
solution twice for 10 minutes, (X3 changes 10 mins),
followed by rehydration in ethanol baths of descending
ethanol concentrations; 100% EtOH (5 mins), 90% EtOH
(2 mins), 80% EtOH (2 mins), 70% EtOH (2 mins) and
30% (2 mins) followed by dH,O. Next, the slides were
washed in TBS with 0.05% Tween 20. Slides were placed
in a hot target retrieval solution (95°C) and incubated for
20 minutes. They were allowed to cool down and rinsed
with distilled water. Diluted (1:100) in 2% BSA in PBS
Ki-67 was applied to tissue and incubated overnight
at 4°C. Further, slides were washed in Tween-PBS and
biotinylated rabbit anti-rat antibody (Dako, Canada
Inc.) (1:200) was applied to the slides and incubated
for 1 hour at room temperature. Slides were incubated
in Streptavidin/HRP (Dako, Canada Inc.) (1:300) for

30 minutes. After washing in Tween-PBS, slides were
incubated with DAB+ chromogen for 30 minutes at room
temperature. Slides were counterstained with Hematoxy-
lin for 5 minutes. Slides were mounted with a permanent
mount. Proliferative cells were identified by staining with
antibodies against Ki-67 (Dako Canada Inc.). Apoptotic
cells were stained with an antibody against cleaved-
caspase 3 (Cell Signalling Technology, Inc., Danvers, MA).
Negative controls were performed by omitting the primary
antibody.

In Situ TUNEL method

De-paraffinization of tissues was performed as described
above. The slides were washed in PBS buffer for 30 mins at
RT. Subsequently, tissues were digested for 30 minutes with
Proteinase K (Roche). The TUNEL method was carried out
according to manufacturer’s instructions (Roche). Briefly,
450 uL of label solution was added to 50 uL enzyme solu-
tion and mixed to equilibrate components. Fifty microliters
of reaction mixture was added onto each slide and the
sections were incubated for 60 mins at RT in a humidified
atmosphere chamber in the dark. Lack of TdT in the TUNEL
mix completely abolished labeling under all working condi-
tions and therefore served as TUNEL negative control. Tis-
sue sections were analyzed in a drop of PBS buffer under
a fluorescence microscopy at an excitation wavelength of
450 nm and detection range of 515-565 nm. Further, signal
conversion was performed using converter-POD included
in the kit. Fifty microliters of it was added onto each slide
and incubated for 30 mins at RT in a humidified atmo-
sphere chamber in the dark at RT. Slides were rinsed twice
with PBS and 50 puL of 0.05% DAB substrate was added onto
each slide and incubated for 10 mins at RT. Next, slides were
washed with PBS buffer twice and counterstained with H&E
for 45-50 seconds each. The samples were mounted in an
aqueous solution (VectaMount AQ, Vector Laboratories,
Inc.) and covered with a coverslip to analyze under a light
microscope.

Matlab analysis of immunohistochemical images

For all specimens, control and treatment tissues for each
biomarker were processed identically and at the same time.
All specimens were evaluated using a ScanScope XT from
Aperio. Images of four randomly selected animals (from
each group) for each set of biomarkers with same resolu-
tion and magnification were compared. The processed
image resolution was 1072 X910 pixels. The quantifica-
tion of was performed by using custom made algorithm in
Matlab (The MathWorks, Inc., Natick, MA). The algorithm
consisted of converting the RGB-colored images into a gray
scale images. Thresholds were set based on the intensity of
picture’s pixels such that the darker cells of interest were
separated from the rest of the tissue. Our procedure was
to reduce the threshold until extracellular noise became
excessive and then raise the threshold enough to clearly
isolate the segment. A ratio of the stained versus unstained
segments was calculated by dividing the number of pixels
above threshold divided by the total number of pixels in the
image minus background pixels.
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Results

Alginate-based cell microcapsules coated with poly-L-lysine
(PLL) and sodium alginate, forming protective membranes,
were prepared using optimized methods described before.
The bacterial concentration was verified by serial dilutions
using plate spread count methods. The microencapsulation
yielded spherical microcapsules which were able to retain
bacterial cells, and were able to grow normally when the
collected supernatant was plated after manually disrupting
the microcapsule membrane as described previously (Le
Leu et al. 2005).

Results show that all animals in the control group (25*
0.5 g) and in the treatment group (25 * 1.4 g) gained weight
steadily up to the 16th week of age. The animals maintained
a constant weight until 17 weeks of age, after which the
weight of animals in the in control group decreased to
20+ 0.4 g whereas treatment group animals continued to
increase their weight up to 27 = 0.3 g at the time of sacrifice
(17th week of treatment) (p <0.05). Food consumption was
consistent with body weight gain and loss. In every week after
the 14th week of age, mice in the control group had lower
consumption than treatment group animals (p <0.05). The
normal distribution of animal body weights further confirms
the weight loss in control animals versus in the treatment
group (Figure 1A). MatLab analysis revealed that the popu-
lation weight histogram was unimodal and near Gaussian,
which proves that ANOVA tests were applicable (Figure 1B).
This difference between groups in their food intake and body
weights demonstrates that the probiotic containing formula-
tion may have had a beneficial effect on the animals, espe-
cially in their last 6 weeks of life.

Further, we assessed the efficacy of the microencapsu-
lated live L. acidophilus cells on animal tumorigenesis using
histochemical analysis. Using H&E-stained intestine tissue
samples, the actual number of adenomas were scored and
classified according to their size. The oral administration of
the probiotic yogurt formulation significantly reduced the
total number of intestinal tumors when compared to animals
receiving saline (p < 0.05). There were, on average, 4.5 = 1.46
tumors found per animal in the control group and 2.5 + 1.60
tumors in the treatment group (Table IA). Most polyps were
small GINs (GIN): a total of 66 in the small intestines of
the control group animals and 42 in the large intestines of
treatment-receiving animals. In general, adenomas found in
the colons of control group (4) and treatment group animals
(2) were less frequent. This is a 44% decrease in the total
number of adenomas in probiotic formulation receiving
animals when compared to control group animals. The
number of tumors was scored according to 0-5 scale, and
the final scores are presented in Table IB.

The tumors in the small intestine were in general smaller
than 1 mm in diameter. The control group animals had a
significantly higher polyp count. Figure 2 shows photomi-
crographs of longitudinal sections of the small intestine of
representative control and treatment group animals along
with their magnified areas of interest. Figure 3 depicts large
intestines obtained from the representative animals from
control and treatment groups. The occurrence of adenomas

found in the large intestine is significantly lower than that
found in the small intestine. From a thorough analysis of
intestinal polyp morphology of all 48 animals, only one
lesion resembling a malignant tumor was observed in an
animal from the control group. It was characterized by a
cribriform, sieve-like pattern with nuclear pleomorphism
and loss of cell polarity. Additional pathology was also
observed in a form of intraglandular papillary projections
and the presence of flat destructed villi. The remaining ani-
mals, on average, had sessile/broad-based adenomas with
either low or high grade of dysplasia. They were primar-
ily composed of papillary projections of lamina propria
covered by an epithelium.

Apoptotic cells in the polyps were determined using the
TUNEL method; Figure 4A shows a photomicrograph of the
control group animal small intestine with the apoptotic cells
distributed at the base and along the surface of the adenoma.
The photomicrograph of well-defined villi obtained from a
representative animal of the treatment group is depicted in
Figure 4B. Because the TUNEL is a semi-qualitative method,
staining against cleaved caspase-3 cells was used to quantify
the expression.

Figure 5A shows a photomicrograph processed using our
customized MatLab program. The algorithm for analysis of
immunohistochemical staining was designed to estimate
the count of cells stained with antibodies, namely CD8,
Mac-1, cleaved caspase-3, and Ki-67. The expression profile
was quantified and represented in Figure 5B.

In the present study, the tissue of treatment group ani-
mals was found to express higher concentrations of CD8
cells than the tissue of animals in the control group; 1.93
and 6.87%, respectively (Figure 5B). Adenoma tissues, on
average, contained higher CD8 cells when compared to
healthy tissue staining indicating efficient recruitment of T
lymphocytes during the inflammatory state. Relatively simi-
lar Mac-1 expression was found in animal tissues from both
control and treatment groups—6.02 and 5.43%, respectively
(Figure 5B).

Antibodies against CD8, Mac-1, Ki-67, and cleaved
caspase-3 were used to determine the effect of probiotic
treatment on the recruitment of T cells, as well as cell pro-
liferation and apoptosis (Figure 6). Cleaved caspase-3 was
expressed in apoptotic cells, apoptotic bodies and in some
tumor cells, mostly at the base and surface (Figure 6E, F) in
control group animals, whereas in treatment group animals,
cleaved caspase-3 expression was localized to the nucleus
and to the cytoplasm diffusely, thus it was less concentrated
in the normal mucosa. Quantification using MatLab yielded
11.36 and 6.09% expression of cleaved caspase-3 in control
and treatment group animals, respectively (Figure 5B). Ki-67
staining was observed to be lower in adenomas of treatment
group animals (5.00% expression in cells) as compared with
adenomas of the control group (8.72% expression) (Figures
5B and 6G, H).

Collectively, our results suggest that oral administration of
the probiotic formulation may lower the expression of mark-
ers directly related to intestinal inflammation and therefore
may have potential application as a dietary supplement



Microencapsulated probiotic formulation favorably impacted polyp formation in APC min mice 5

(A) 20 Control Body Weight Measurements 2 Treatment Body Weight Measurements
/[
28 2 /
=% %
= = b
g g
z 2 2
>~ >
En 22
18 18
16 1 1 1 1 1 1 1 1 J 16 1 1 1 1 1 1 1 1 J
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Weeks Animal Age (weeks)

(B)

D —

- >
Som e g~

e

e D — ——

lﬂ--r-l-— -‘-—;—- lq'-rl-:~
Figure 1. The effect of daily gavage of microencapsulated live L. acidophilus cells in 2% (milk fat) M.E. yogurt to ApcMin mice on animal
body weights: normal distribution of body weights for each animal (A); Histograms representing weekly animal body weight distribution
(weeks:1-12,15-17, n = sample size, b = bin (g)); size selected so the histogram of the simulated Gaussian function exhibits the expected normal

distribution (B). Data represent the mean = SEM per group; n = 24.
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Table I. Enumeration, classification (A) and scoring (B) of tumors in ApcMin mice.

(A)
No. tumors per cage No. mice with GIN No. mice with adenoma
Small Large Small Large Small Large
Group intestine intestine Total intestine intestine Total intestine intestine Total
Control (6 cages, 20 2 22 66 10 76 30 4 34
4 animals per cage)
24 3 27
14 0 14
12 1 13
8 5 13
18 3 21
Avg/ animal 4.0*1.45 0.6 £0.44 4.5*1.46 28 0.4 3.2 1.3 0.2 1.4
Treat. (6 cages, 9 0 9 42 2 44 14 2 16
4 animals per cage)
2 0 2
9 1 10
6 0 6
20 1 21
10 2 12
Avg/ animal 2.3+£1.50 0.2£0.20 2.5+ 1.60 1.8 0.08 1.8 0.6 0.08 0.7
(B)
Tumor scores per cage
Small Large
Group (n) intestine intestine Total
4 2 4
4 3 4
Control (24) 3 0 4
3 1 4
2 5 4
4 3 4
Avg/animal 0.8+0.20 0.6 +£0.44 1+0
2 0 2
1 0 1
2 1 3
Treat. (24) 2 0 2
4 1 4
2 2 2
Avg/animal 0.5+0.25 0.2+0.20 0.6 = 0.26

in the modulation of certain gastrointestinal pathological
conditions.

Discussion

It is known that the microflora of the gut stimulates the pro-
liferation and differentiation of epithelial cells (Fooks and
Gibson 2002). It is therefore postulated that the imbalance in
microbiota may be due to the suppression of cell prolifera-
tion, enhancement of apoptosis within cells and restoration
of microbial gut flora due to beneficial probiotic bacterial
populations. The basic functions of the mucosal immune
system include protection against pathogens, prevention
of penetration by foreign antigens, and maintenance of
mucosal homeostasis (Parkin et al. 2001). The knowledge
of the different requirements needed to induce an effec-
tive immune response at the mucosal sites would help to
define immunotherapeutic approaches and to prevent dis-
eases. Probiotic bacteria would be good candidates to affect
improvement of the mucosal immune system; however,
the precise mechanisms through which they work, such
as network of signals involved in GI immune response, are
still unknown. Conceivable mechanisms which involve pro-
biotic impact on development of intestinal tumors include

alteration of the intestinal microflora, inactivation of can-
cerogenic compounds, competition with putrefactive and
pathogenic microbiota, improvement of the host’s immune
response, anti-proliferative effects via regulation of apopto-
sis and cell differentiation, fermentation of undigested food,
and inhibition of tyrosine kinase signaling pathways (Ucello
et al. 2012). It has also been shown that the colonization of
the gut with commensal microflora influences the develop-
ment of the immune system (Galdeano and Perdigon 2006).

In the evolution of intestinal tumorigenesis the imbal-
ance between cell proliferation and apoptosis is consid-
ered one of the prominent causes of tumor induction
and/or progression. Therefore studies involving the thor-
ough evaluation of apoptotic cells are quite valuable as
they provide insightful information about the process. For
instance, there is much evidence that probiotics can have
a role in the regulation of cell proliferation and apoptosis
which are potentially crucial mechanisms in the prevention
of CRC by suppressing TNF-induced NK-kB activation in a
dose- and time-dependent manner (Iyer et al. 2008), or by
altering the differentiation process of tumor cells (Baricault
etal. 1995). In the present study, we assessed the impact of a
probiotic-containing yogurt formulation on intestinal tum-
origenesis in ApcMin mice using various immunochemical
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(A)

(B)

Figure 2. Histological evaluation: intestinal changes in the small intestines of ApcMin mice; (A) Multiple lesions found in control group
animal, arrows point to high- (control group) and low-grade (treatment group) adenomas; note: magnified tumor shows features resembling
adenocarcinoma, with the initiation of cribriform pattern features (top arrow); Diagnosis of possible adenocarcinoma was based on cellular and
nuclear pleiomorphism and loss of cell polarity. Architectural abnormalities such as the presence of intraglandular papillary projections and
cribriform and solid areas were also present; the presence of flat destructed villi and intestinal glands was also observed throughout analysis of
individual samples of animals from control group. (B) Microadenomas found in treatment group animal; note: the unobstructed intestinal lumen
and well-defined, healthy microvilli composed of columnar epithelial cells. Magnification: 4X (left), 20X (right). All tissues were stained with

hematoxylin and eosin.

markers. TUNEL, a common and reliable apoptosis detec-
tion method in tissue sections was used (Arai et al. 2005,
Donoghue et al., 1999); however, this method does not
detect the early stages of apoptosis (Hall et al. 1992). There-
fore, we chose to verify the concentration of pre-apoptotic
cells and used additional cleaved caspase-3 antibody stain-
ing. As a result, we were able to detect pre-apoptotic cells
and confirm a useful method in the detection of apoptosis
on formalin-fixed, deparaffinized tissue sections.

N ey

An important step in the immune response system is the
recruitment of lymphocytes into target tissues. Our results
show significantly higher expression levels of CD8 cells in
animals in the control group as compared to in the treat-
ment group. There was no statistically significant difference
detected in Mac-1 expressing cells between groups. This indi-
cates that the recruitment of T lymphocytes was equally pres-
ent in both groups. Ki-67, a marker of proliferating cells, was
highly expressed in adenomas, especially within animals of

Figure 3. Histological evaluation: pathological changes in the large intestines of ApcMin mice; (A) a representative tumor found in an animal from
the control group displaying features of an invasive adenoma protruding into intestinal lumen. Note: absence of Lieberkiihn crypts around the
adenoma. (B) a representative large intestine obtained from animal of treatment group showing completely unobstructed lumen and the absence
of polyps; Original magnification: 4X. All tissues were stained with hematoxylin and eosin.
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(A)

Figure 4. Determination of apoptotic cells in lamina propria of the small intestine of ApcMin mice using In Situ Apoptotic Cell Labeling Method
(TUNEL); (A) Slide showing a tumor found in the animal from control group, note presence of apoptotic cells primarily at the surface of the tumor,
a localization of the oldest cells; magnification 40X (B) slide showing healthy microvilli found in the representative animal of treatment group,
apoptotic cells are found throughout the entire length of the villi, at the base, along the crypts and at the surface, magnification 40X.
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Figure 5. MatLab processing and quantification of the biomarkers; (A) representative photograph showing processed image; (B) the percent
expression of CD8, Mac-1, cleaved caspase-3, and Ki-67 expressing cells in control and treatment group animals; asterisks, statistical differences
(p <0.05) when compared to control.



Microencapsulated probiotic formulation favorably impacted polyp formation in APC min mice o

Figure 6. Immunohistochemical staining for CD8, Mac-1, cleaved caspase-3, and Ki-67 expressing cells in the small intestinal tissue from
representative animals; control animal (left) and treatment animal (right). (A) higher abundance of positive CD8 cells in control group animal;
magnification 40X (B) localization of CD8 cells within and around a tumorous overgrowth; magnification 40X (C) expression of Mac-1 cells in
a control group animal; magnification 40X (D) scarce positive Mac-1 cells detected in treatment group animal; magnification 40X (E) staining
for cleaved caspase-3: high expression of apoptotic cells in the area of the tumor with greater concentration found at the surface; magnification
20X (F) lower expression of cleaved caspase-3 cells in normal mucosa; magnification 40X (G) proliferation cells marker Ki-67 greatly present in
adenoma of control group animal; magnification 20X (H) fewer Ki-67 positive cells seen within microvilli of the small intestine of the treatment
group animal, see pointing arrows; magnification 20X.

the control group. No significant correlation was observed in proliferation and susceptibility to intestinal polyps s still being
the detection of apoptotic cells between staining with cleaved ~ questioned by the differences in the background proliferation
caspase-3 and Ki-67. However, the proposed linkbetween cell  indicesin differentregions ofthe intestinal tract (Heyman etal.
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1987, Potten et al. 1992). The quantitative distribution gener-
ated by MatLab was shown to contribute detailed informa-
tion that further demonstrates specific antibody occurrence
with respect to its size and location. Although a more diligent
program is needed to fully assess the immunohistochemical
analysis, we were able to show relative biomarker distribution
between control and treatment groups.

Our results further demonstrate the polyp-inhibition
activity of our microencapsulated probiotic live bacteria in
the yogurt formulation by the significant difference in the
total number of polyps per animal between groups, namely
animals orally gavaged the probiotic formulation developed
an average of 2.5 = 1.60 tumors while animals in the control
group developed 4.5+ 1.46 tumors on average per animal.
Although ApcMin mice provide a genetically valid model
for studying and understanding intestinal tumorigenesis, its
majordrawbackisthatthevariationinindividualmouse tumor
incidence is large and therefore it is difficult to draw consis-
tent conclusions when comparing different animal batches.
However, it must be noted that the individual treatment group
animals consistently had lower numbers of tumors than the
control animals. As GINs are the precursors of adenomas
and eventually of intestinal carcinoma, it was interesting to
note higher polyp counts of this type within control group. To
further improve the effectiveness of polyp enumeration and
classification along with immunohistochemical analysis, an
automated system (protocol), that would allow consistency
by implementing universal guidelines and standards, needs
to be further designed and developed.

In theory, the oral administration of a probiotic yogurt
formulation is a promising alternative modality for intes-
tinal polyp suppression. However, the major drawback of
this study is the use of ApcMin mouse which, while being
the most widely used genetically engineered mouse model
to study intestinal tumorigenesis, differs significantly from
human form in its cancer development overall mode. For
instance, in humans, carcinogenesis is a complex, multi-
step process which often includes metastasis. Most CRCs in
human are regarded as sporadic and only a small percent-
age is due to an autosomal-dominant inherited syndrome
(Heijstek et al. 2005). The polyps found in ApcMin mice do
not undergo the process of metastasis (Wilson et al. 1997).
Furthermore, adenomas in ApcMin mice occur primarily
in the small intestine, whereas tumors in humans are
generally residing to the colon and rectum. Therefore,
additional studies are needed to clarify the mechanism of
bacterial activity and its impact on the immunomodulation
of the gastrointestinal tract in mice and/or humans.
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