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Resum

Aproximadament el 40% de les vaques lleteres desenvolupen una malaltia uterina durant
el post-part que acaba provocant infertilitat. Alguns estudis indiquen que la infeccio
uterina, causada principalment per Escherichia coli durant la primera setmana post-part,
esta associada amb la metritis, caracteritzada per la inflamacié de I'Gter on la vaca és
incapac d’eliminar els bacteris patogens. El tractament antibacteria tradicional que
s’utilitza per contrarestar la metritis pot no ser efectiu en tots els casos, sobretot quan hi

ha una inflamacié prolongada.

El primer estudi esta enfocat en avaluar I'efecte de 4 possibles probiotics del grup de
bacteris de I'acid lactic (BAL): Lactobacillus rhamnosus, Pediococcus acidilactici,
Lactobacillus sakei i Lactobacillus reuteri, en un cultiu primari d’endometri amb infeccié
bacteriana i/o inflamaci6. Els principals resultats obtinguts van ser que P. acidilactici
disminuia la infeccioé d’E. coli, que L. rhamnosus reduia significativament la inflamacio
cel-lular i que L. reuteri era capa¢ de disminuir la infeccido d’E. coli quan les cél-lules
epitelials estaven préviament inflamades. Durant el segon estudi es van provar 4
combinacions diferents de BAL a partir dels resultats obtinguts en el primer estudi. Es va
avaluar la capacitat d’aquestes combinacions de disminuir la infecci6é d’E. coli i reduir la
inflamaci6 en el mateix cultiu primari. La combinacié composta per L. rhamnous/ P.
acidilactici/ L. reuteri amb una ratio de 12/12/1 va ser la seleccionada. Llavors es va
decidir comprovar que aquesta combinacié continués sent efica¢c en un model ex vivo
(explants d’endometri). Els resultats obtinguts confirmaven la capacitat de la combinacié
de BAL de reduir la inflamaci6 tissular. Per altra banda els assajos amb microscopia
electronica mostraven un efecte protector de BAL en les cél-lules epitelials. Hi havia
menys necrosis, menys dany mitocondrial i més moc en les cél-lules tractades amb BAL
que en les no tractades. En el tercer estudi es va aplicar la combinacié de BAL
intravaginalment a vaques i al cap de 3 setmanes es va recol-lectar els seus endometris
per obtenir-ne explants i infectar-los amb E. coli ex vivo. No es van observar diferéncies
en els marcadors d’inflamacio entre les vaques tractades amb BAL o les vagues control,
ni en el nimero de Lactobacillus que hi havia a I'endometri de les vaques. Per altra banda,
les vaques tractades amb BAL tendien a tenir menys presencia d’E. coli a la vagina que les
vaques control, i a més, expressaven menys B-defensins i MUC1, considerats marcadors

d’infeccid. Finalment, en el quart estudi, es van analitzar els efectes in vivo de la
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combinacio de BAL sobre la incidéncia de metritis i inflamacio de I'endometri en vaques
de llet quan s’administrava intravaginalment durant 3 setmanes pre-part i o a I'iter un
dia post-part. Els principals resultats obtinguts van ser que el tractament vaginal reduia
un 58% la prevalenca de metritis comparada amb el grup control mentre que el
tractament endometrial no la variava. No es va observar cap diferéncia amb els

marcadors d’inflamacié pero els dos tractaments disminuien I'activitatneutrofilica.



Summary

Approximately 40% of dairy cows develop a uterine disease during the post-partum
leading to infertility. Several studies indicate that uterine infection, mainly caused by
Escherichia coli during the first week post-partum, is associated with metritis,
characterized by inflammation in the endometrium where the cow is not able to clear
pathogenic bacteria. The traditional antimicrobial treatment may lack efficacy, especially

in cases of sustained inflammation.

The first study is focused in the evaluation of 4 possible probiotics belonging to the lactic
acid bacteria (LAB): Lactobacillus rhamnosus, Pediococcus acidilactici, Lactobacillus sakei,
and Lactobacillus reuteri, in an endometrial primary culture against bacterial infection
and inflammation. The main results were that P. acidilactici was able to reduce E. coli
infection, L. rhamnosus diminished cellular inflammation, and L. reuteri reduced E. coli
infection when the epithelial cells were inflammated. On the second study, 4 different
LAB combinations based on the results of the first study, were tested using the same
primary culture. The combination composed by L. rhamnosus/ P. acidilactici/ L. reuteri
with a ratio of 12/12/1 was selected. Then, this combination was tested in an ex vivo
model (endometrial explants). The obtained results confirmed the capacity of this LAB
combination to reduce tissular inflammation. On the other hand, electron microscopy
assays showed a protective effect of LAB in endometrial epithelial cells. There was less
necrosis, mitochondrial damage, and more mucus in the surface of LAB-treated cells than
not-treated cells. In the third study, LAB combination was applied in vivo in the vagina of
several cows, and 3 weeks later, the endometrium of those animals were collected.
Explants were made from the endometrium and then infected with E. coli. No differences
were observed in the inflammation markers between LAB-treated and control cows, or
in the final quantification of Lactobacillus in the endometrium. On the other hand, LAB-
treated cows tended to have less presence of E. coli in the vagina than control cows and,
moreover, they expressed less B-defensins and MUCL, considerate markers of infection.
Finally, on the fourth study, the effects of LAB combination were analyzed in vivo
quantifying metritis prevalence and endometrial inflammation in dairy cows when the
LAB combination was applied intravaginally during 3 weeks pre-partum or intra-uterine,
1 day after calving. The main results were that the vaginal treatment reduced metritis

prevalence up to 58% compared with the control cows while no differences were

v
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observed with the endometrial treatment. No differences were found in the
inflammation markers whereas both treatments (vaginal and endometrial) were able to

modulate neutrophilic activity.
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Block 1: Transition period in dairy cows

The transition period for a dairy cow is from 3 weeks prepartum until 3 weeks postpartum
[1]. The term transition involves the important physiological, nutritional, and metabolic
changes occurring during this period of time. It constitutes a turning point in the
productive cycle of a cow from one lactation to the next. How these changes occur and
how they are managed, is an issue of great importance because impacts on the lactation
performance, clinical and subclinical postpartum diseases, and reproductive efficiency
affecting profitability. Health problems during the transition period are clearly a major
complicating factor for subsequent reproduction performance, resulting in economic

losses. Poor transition also leads to milk income losses.

Calving and the onset of lactation lead to a sudden increase in the energy requirements
of the dairy cow. This time is also characterized by a drop in feed intake. During the dry
off, cows dry matter intake will be approximately 2% of their body weight. One week
before calving, dry matter intake drops to about 1.25% of body weight [2, 3]. This change
is believed to be due, in part, to high levels of estrogen prior to calving [4]. Although feed
intake decreases, nutrient requirements are high due to calf growth and preparation for
milk production. Feed intake after calving is usually less than what they require in spite
of the nutrient demands of milk synthesis. This reduction in feed intake is related to

physical, behavioral, hormonal and metabolic changes around parturition [5].

This imbalance between the energy that the cow consumes and the energy needed for
production demands is termed negative energy balance (NEB). Cows cannot consume
sufficient energy-yielding nutrients from voluntary dry matter intake (DMI) after calving
to meet energetic requirements for milk production. Consequently, NEB occurs for a

period of days to weeks during early lactation [6].

Cows adapt to NEB periods by moving fat reserves through a process known as lipid
mobilization. Dairy cows mobilize adipose energy depots and turn skeletal muscle into
the major site for use of fat-derived fuels, such as non-esterified fatty acids (NEFA) and
ketone bodies, allowing glucose to be redirected for fetal metabolism and lactose

synthesis [7].
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Metabolic adaptations such as lipid mobilization are accompanied by alterations in
inflammatory responses that modify immune function. Lipid mobilization is a
physiological adaptation that mammals acquired to survive times of reduced nutrient and
energy availability. It is defined as an imbalance between lipogenesis and lipolysis within

the adipose tissue [5].
1.1 Non-esterified fatty acids (NEFA) in Immune system

There are several proposed mechanisms by which elevated NEFA can regulate the
inflammatory response benefiting or damaging the host. Changes in the concentration
and the composition of plasma NEFA directly affect white blood cell function. A first way
to modify immune function is by changing the composition of the cellular membrane of
blood cells [8]. In animal cells, this membrane is composed of phospholipids. These
molecules are formed by different kinds of fatty acids, including saturated,
monounsaturated, and polyunsaturated. Fatty acids together with some proteins form a
bilayer that surrounds and protect the cells. The fatty acid composition of the cellular
membrane is directly affected by the composition of lipids in blood, especially NEFA.
Therefore, any change in the content of blood NEFA will be reflected directly in the

phospholipid membrane of the white cells [8].

Excessive adipose stores and elevated NEFA concentrations are positive risk factors for
several pro-inflammatory periparturient diseases in dairy cows such as mastitis and

metritis [9]

In addition to potential hepatic metabolic disease associated with NEB, as ketosis,
periparturient dairy cows also undergo a period of reduced immunological capacity
during the weeks around calving. The immune dysfunction is not limited to isolated
immune parameters; rather is a broad scope and affects multiple functions of various
immune cell types. Fat releases NEFA but also glycerol and proinflammatory cytokines
such as TNF-a or IL-6. This increment of circulating NEFA can activate the
“inflammasome” releasing IL-18. Then, NEFA can also activate TLR-4, a main receptor for
LPS (lipopolysaccharides), which activates NF-kB and leads to the secretion of TNF-q, IL-
1B, and IL-8. TNF-a, IL-1B act as intracellular messengers to up-regulate inflammation and

increase insulin resistance (IR)[10] .
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IR is a physiological condition in which body tissues have lower response to insulin [11]
and during the postpartum, dairy cows go through a period or IR as part of the changes
they go through to produce milk. Growth hormone (GH) increases near parturition,
promoting mobilization of stored nutrients (basically fat from adipose tissue) decreasing
insulin concentration to support milk production [12]. This reduction of insulin favors the
drain of glucose to the udder. In normal conditions, GH promotes the secretion of insulin-
like growth factor (IGF-1) from the liver, but 2 days before calving, GH receptor in the
liver is reduced and its expression remains low for 2 weeks. Without IGF-1 to feed back
against GH secretion from the hypothalamus, circulating GH levels are high, favoring an
increment of NEFA in blood. As NEFA may be used as an alternative source to glucose in
peripheral tissues or incorporating directly to milk fat, elevated NEFA contributes to IR
(Figure 1)[10].

Figure 1: Insulin resistance diagram. In
normal conditions, GH binds to GHR in the
liver, increasing IGF-1 that results in the
synthesis of insulin that will be used for
milk production. In the insulin resistance
model, GHR expression in the liver is
reduced, then there is low IGF-1 to feed
back against GH secretion from the
hypothalamus, GH levels are high
increasing NEFA concentration. NEFA is
used as an alternative fuel source to
glucose in peripheral tissues or
incorporated directly into milk fat.

Normal conditions

Insulin
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Insulin
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1.2 Normal postpartum events

The events that must happen after calving, before a cow is likely to conceive again are
uterine involution, regeneration of the endometrium, elimination of bacterial

contamination of the uterus and return of ovarian cyclical activity [13].

The initial stimulus for these changes is the expulsion of the fetus along with the
associated membranes and fluids at calving. Uterine involution is associated with a
progressive decrease in vaginal discharge and in uterine and cervical diameters. The
cervix decreases from 30 cm immediately after parturition to approximately 2 cm by day
7 postpartum [14]. The decrease in the uterine diameter follows a similar pattern to the
cervical diameter though the cervix usually involutes more slowly than the uterus [15].
Epithelial regeneration is complete by about 25 days after calving, but the deeper layers
of the tissues are not fully restored until 6-8 weeks after parturition. The normal uterus
is able to efficiently clear bacterial infection, by 3-4 weeks postpartum, the number of
bacteria and the variety of species has diminished substantially in healthy cows. The
genital tract should have little evidence of the previous pregnancy by 6 weeks after

calving and be capable of establishing the next pregnancy.
1.3 Peripartum diseases

Disease incidence is the highest in the 30 days immediately after calving, and 30 to 50%
of high-producing cows may be affected by some disease around parturition [16]
increasing with age due to the increased occurrence of production related diseases [17].
All peripartum dairy cattle experience a period of insulin resistance, reduced feed intake,
negative energy balance, lipolysis, and weight loss in early lactation. Furthermore, levels
of calcium in blood are low after calving; the immune function is reduced from 1-2 weeks
before until 2-3 after parturition, plus there is bacterial contamination of the uterus for
2-3 weeks after calving [16]. All these factors contribute to the apparition of the following

diseases:
1.3.1 Hypocalcemia:

Hypocalcemia is a common metabolic disorder that occurs at the onset of lactation. The

dysregulation of calcium at the onset of lactation is largely a result of a dairy cow’s
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inability to manage maternal calcium homeostasis while secreting calcium into the milk
[18]. Blood calcium concentration is around 2.5 mM but when lactation starts the
colostrum has a calcium concentration of 62-75 mM and milk of 25-30 mM [19]. This
represents a =30-10 fold difference and this demand for calcium from the mammary
gland leads to depletion of circulating and maternal calcium stores, often provoking

periparturient hypocalcemia.

Hypocalcemia can be a clinical (total blood calcium below 6 mg/dL) or subclinical (below
8 mg/dL) disease [20]. It can have its clinical manifestation between 24 hours pre-natal
until 72 hours after delivery [21]. Intravenous administration of Ca (usually 8 to 10 g Ca
in the form of Ca borogluconate) are used to keep the cow alive long enough for intestinal
and bone Ca transport mechanisms to adapt [22]. In its clinical form, hypocalcemia is
affecting 3.45% of North American cows. It reaches 6.17% in Europe and 3.5% in Australia
[23]. Taking subclinical cases into account, the incidence of subclinical hypocalcemia is
50% in older cows [20].

Subclinical hypocalcemia can be present for the first 40 days after a normal delivery in
cows with high milk production [24]. In these cases, the alterations of blood calcium levels
are lower, but also dramatically affect the health and welfare of animals. There are no
clinical signs of the hypocalcemia itself, but food intake decreases and muscle contraction

can be reduced, affecting ruminal, intestinal and abomasal mobility [20].

Hypocalcemia is associated with an increased incidence of displaced abomasum [25],
uterine prolapsed and retention of fetal membranes [26]. It has also been linked with
higher incidence of metritis and mastitis due to the reduction in the immune cell

functions [27].
1.3.2 Ketosis:

Ketosis is a common disease of adult cattle. It typically occurs in dairy cows in early
lactation and is t is characterized by an intense adipose mobilization and a high glucose
demand. Adipose mobilization is accompanied by high blood serum concentrations of
non-esterified fatty acids (NEFAs). During periods of intense gluconeogenesis, a large

portion of serum NEFAs is directed to ketone body synthesis in the liver. Thus, the
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clinicopathologic characterization of ketosis includes high serum concentrations of NEFAs
and ketone bodies and low concentrations of glucose. Prevalence of ketosis during the
first 6 weeks postpartum is between 7-14%, where the peak prevalence is during the first
2 weeks. The clinical diagnosis of ketosis is based on presence of risk factors (early
lactation), clinical signs, and ketone bodies in urine or milk. BHB (B-hydroxybutyric)
concentrations in milk may be measured by a dipstick method that is available in some
countries, or by an electronic device. Treatment of ketosis is aimed at reestablishing
normoglycemia and reducing serum ketone body concentrations. Bolus IV administration
of 500 mL of 50% dextrose solution is acommon therapy [28]. Cows with ketosis have 2.0

times more risk of metritis, cystic ovarian disease and left displaced abomasum [29].

Several authors found that ketosis was a risk factor for endometritis particularly in

multiparous cows [30, 31].
1.3.3 Abomasum displacement:

The abomasum (or true stomach) normally lies on the floor of the abdomen, but can
become filled with gas and rise to the top of the abdomen, when it is said to be
‘displaced’. The abomasum is more likely to be displaced to the left (LDA) than the right
(RDA). The majority of cases occur soon after calving. During pregnancy the uterus
displaces the abomasum, so that after calving the abomasum has to move back to its
normal position, increasing the risk of displacement. The symptoms are loss of appetite,
reduction in milk yield, reduction in rumination time, and mild diarrhea. Treatment
requires replacing the abomasum in its normal position. Preferably, the veterinarian also

prevents recurrence by tacking the abomasum to the body wall

Surgery can be performed, however is not always necessary. Often the abomasum can
be returned to its usual place by casting and rolling the animal onto its back, permitting

the abomasum to "float" back into its normal position.
1.3.4 Peripartum uterine diseases:

The resolution of post-partum uterine infection and inflammation has been identified as

one of the most important events that has to happen for the establishment of successful
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pregnancy in dairy cattle [32]. Uterine contamination at parturition or in the following
days is unavoidable and normal with 80-100% of animals having bacteria in the uterine
lumen in the first 2 weeks post-partum [33]. Pathogenic bacteria frequently persist,
causing uterine disease. Although many of these bacteria are eliminated during the first
5 weeks post-partum, around 40% of this animals develop clinical disease in the uterus
[34]. On average, 35% of cattle develop acute clinical uterine disease within a week of
parturition (metritis), 20% have a persistent clinical disease 3 weeks after calving
(endometritis) and approximately 30% have a chronic subclinical inflammation of the

uterus (subclinical endometritis)[34-36].

The uterus of post-partum cows is usually contaminated (that is different from infected)
with a range of bacteria, but this is not consistently associated with clinical disease.
Infection implies the adhesion of pathogenic organisms to the mucosa, colonization or
penetration of the epithelium, and/or the release of bacterial toxins that lead to
establishment of uterine diseases. Depending on the immune response of the cow and
the species and number (load or challenge) of the bacteria, a uterine disease will be

developed.

The most typical uterine diseases are the following: retained placenta, metritis, and

endometritis.

Figure 2: Major problems in diary cows in the postpartum period. Schematic presentation of
time, issue, incidence and reasons of uterine diseases [32].

EVENT TIME ISSUE INCIDENCE REASON(S)
(pAys) cows
Parturition UTERINE = ;
. CONTAMINATION 90% Unavoidable and normal
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1.3.4.1 Retained placenta:

Retained fetal membranes or, retained placenta (RP), is the failure to pass the placenta
within 24h postpartum [37]. Some authors define RP at 12h instead of 24, as 95% of the
cows expel the placenta during the 12 first hours so no distinction is required. If the
placenta is retained, it will take an average of 7 days to be finally expelled. The incidence
in healthy dairy cows is 5-15%. This incidence is increased by abortion, dystocia, twin
birth, stillbirth, hypocalcemia, heat stress, increasing age, premature birth or induction
of parturition, placentitis, and nutritional disturbances [38]. At the same time, cows with

RP have an increased risk for metritis, displaced abomasum, and mastitis [39-41].

Retention of fetal membranes is mediated by impaired migration of neutrophils to the
placental interface in the periparturient period. The decreased neutrophil function
extends into the postpartum period and probably mediates the recognized complications
of RP.

Diagnosis is usually straightforward as degenerating, discolored, ultimately fetid
membranes are seen hanging from the vulva <24h after calving. No signs of systemic
illness are usually found. Manual removal of RP is not recommended and is potentially
harmful [42, 43]. Untreated cows expel the membranes in 2-11 days. It is not clear if all
the cases need systemic antibiotic treatment but oxytocin, estradiol, PGF.,, and oral

calcium preparations are frequently used.
1.3.4.2 Metritis:

Clinical metritis is inflammation of uterus, usually due to bacterial infection, occurring
within 21 days (most commonly within 10 days) after parturition. It is characterized by
systemic signs of sickness, including fever, red-brown watery foul-smelling uterine
discharge, dullness, inappetance, elevated heart rate, and low production [33]. Metritis
affects up to 40% of dairy cows and the total estimated cost of a single case of metritis is
about 317€ taking in account direct and indirect costs [44]. Direct costs are treatment
costs and reduction in milk production. In the other hand, indirect costs involve

increment in number of inseminations, increase at calving interval and, culling increase.
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Some studies calculated that the annual cost of uterine disease in the European Union is
€1.4 billion and in the United States is $650 million [45].

Microbial contamination of the uterus occurs shortly after parturition by a number of
opportunistic bacteria, including Escherichia coli, Trueparella pyogenes, and the
anaerobes Prevotella sp,. Fusobacterium necrophorum, and Fusobacterium nucleatum.
E. coliis particularly prevalentin the first week postpartum and is associated with metritis,
with increased risk of infection with T. pyogenes in weeks 2 and 3, and with endometritis
[10]. Cows with severe metritis ate 2-6 kg dry matter less than healthy cows in the 2-3
weeks preceding the clinical signs of metritis [46]. The largest risk factor for metritis is RP,
but other conditions that may impair feed intake and immune function also increase the
risk of metritis. It is generally considered that bacterial contamination of the uterus
combined with the tissue repair due to calving, initiates inflammation of the
endometrium and in occasions, deeper layers of the uterus [47, 48]. This sustained

inflammation may be attributable to the reduce immune function before calving [49].

It is very important to diagnose and treat metritis early in the post-calving period. Every
cow should receive a postpartum examination early in lactation (first 10 days) as part of
routine heard health program. Clinical metritis can be diagnosed by presence of a >50%

pus in a purulent vaginal discharge and fever > 39.5.

Figure 3: Vaginal discharge scale. Grade 0 (clear or translucent mucus), 1 (mucus containing flecks
of white or off-white pus), 2 (exudate containing < 50% pus) or 3 (exudate containing > 50%
purulent material, usually white or yellow but occasionally sanguineous)[33].

Because of metritis infectious nature, antibiotics are considered beneficial for its

treatment. These antibiotics are given by intrauterine route, systemically, or both. Dairy
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cows with metritis have been treated with systemic penicillin or ampicillin
administrations in conjunction with intrauterine instillations of oxytetracycline or

ampicillin and cloxacillin [50].

The innate immune response to bacteria is key to rapidly clearing infection [51].
Recruitment of hematopoietic immune cells and the inflammatory response, including
secretion of cytokines and chemokines, all combine to clear the bacterial infection and
restore hemostatic function of the endometrium. When the physical barriers (cervix and
mucosal mechanisms) are breached during parturition, bacterial pathogens can rapidly
invade the uterus to establish infection. This can result in clinical disease if cellular and

humoral defense mechanisms are overwhelmed [52].
1.3.4.3 Endometritis:

Endometritis is inflammation of the uterus without systemic illness. It is characterized by
muco-purulent uterine discharge associated with chronic bacterial infection of the
uterus, occurring later than 3 weeks postpartum. Histologically, endometritis is
characterized by disruption of the endometrial epithelium, infiltration of inflammatory
cells and accumulations of lymphocytes, vascular congestion, and stromal edema [53].
Diagnosis of subclinical (cytologic) endometritis requires use of endometrial cytology,

ultrasonography, or endometrial biopsy, because other signs are often absent.

The prevalence of endometritis in 43 studies ranged from 2.2% to 37.3% [37], the main
problem is that many studies do not define explicitly endometritis. Endometritis increase
mean days open by 15, decrease the relative risk of pregnancy by 150 DIM by 31%, and
reduce the rate at which cows become pregnant by 16% [54]. As uterine inflammation
occurs in all cows during uterine involution, the factors responsible for failure to resolve
the endometrial inflammation at the start of the breeding period seem to be critical.
Detection and treatment of suffering animals must be detected as soon as possible but
on the average dairy farm, disease detection is done by a veterinarian and only during
routine herd health checks. That means that in many cases, early warning signs of disease
go unnoticed until the disease is in its full clinical stage, making it more difficult to treat.
As a result chronic endometritis may still be present at the moment that cows should

become pregnant [29]. The costs of endometritis include reproductive inefficiency,

11



Chapter | General introduction

culling, treatment cost, milk discard, labor, and increased risk of residues in food

products.

A wide variety of therapies have been reported, including systemically or locally
administrated antibiotics, or systemically injected PGF,.. The principle of the
endometritis’ therapy is to reduce the load of pathogenic bacteria and enhance uterine
defense and repair mechanisms, and thereby halt and reverse inflammatory changes

impairing fertility [53].
Block 2. Bacteria causing metritis

Uterine infection was most commonly associated with the presence of Escherichia coli,
Trueperella pyogenes, Fusobacterium necrophorum, and Prevotella or Bacteroides

species.

E. coli infections are mostly found during the first days / week after calving, this germ has
been thought to pave the way for subsequent infections with other bacteria or viruses.
Nowadays, there is a lot of research going on to find out whether there are typical E. coli
strains bearing specific virulence factors involved. On the other hand, T. pyogenes often
in combination with some of the above mentioned anaerobes, causes the most severe

endometrial lesions [41].
2.1 Escherichia coli

E. coli is a Gram-negative, facultative anaerobic, rod-shaped bacterium which has high

diversity of subspecies that goes from commensal bacteria to highly adapted pathogens.

Pathogen species cause a huge variety of diseases such as extra-intestinal infections,
gastroenteritis and uropathogenic diseases. There are 6 different types of strains, also
known as virotypes that typically cause diarrhea (DEC), differentiated by their pathogenic

capacity:

e Enteropathogenic E. coli (EPEC): induces a profuse diarrhea. Pathogenesis
of EPEC involves a plasmid-encoded protein referred as EPEC adherence

factor (EAF) that enables localized adherence of bacteria to intestinal cells
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and non fimbrial adhesin (intimin), which is an outer membrane protein

that mediates the final steps of adherence.

e Enterotoxigenic E. coli (ETEC): it also induces diarrhea. The main feature

is the production of fimbria and enterotoxins.

e Enteroinvasive E. coli (EIEC): penetrates and multiply with epithelial cells

of the colon causing widespread cell destruction.

e Enterohemorragic E. coli (EHEC): It causes bloody diarrhea. It is
characterized by the production of Shiga toxins (Stx). It is considerated as

moderately invasive.

e Enteroagreggative E. coli (EAEC): its distinguishing feature is their ability

to attach to tissue culture cells in an aggregative manner.

e Adherent-invasive E. coli (AIEC): They invade the host intestinal epithelial

cells and multiply, causing destruction and acute inflammatory response.

On the other hand, there are several varieties that can be found outside the gut, they are

known as Extra-intestinal E. coli (ExPEC). E. coli strains isolated from infections outside

the intestinal tract are:

Uropathogenic E. coli (UPEC): The bacteria colonize from the faces or perineal
region and ascend the urinary tract to the bladder. The adhesin most
associated with UPEC is the P fimbria (PAP).

Neonatal meningitis-associated E. coli (NMEC): E. coli strains invade the blood
stream. The K-1 antigen is considered the major determinant of virulence

among these strains of E. col

Two specific animal pathogenic subgroups have been proposed:

Mammary pathogenic E. coli (MPEC) [55]
Endometrial pathogenic E. coli (EnPEC) [56]
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2.1.1 Endometrial pathogenic E. coli (EnPEC):

It is assumed that the infection with Gram-negative E. coli is the first step in the process
to develop metritis in dairy cows. There is a wide genetic diversity of E. coli in the
environment and feces. So the most common assumption was that these genetically
diverse fecal E. coli randomly contaminate the endometrium to cause metritis. However,
it has been demonstrated that strains of DEC and ExPEC, are able to infect tissues
different than the endometrium. Sheldon et al. demonstrated in 2010 a different type of

E. coli strain, named Endometrial pathogenic E. coli (EnPEC).

EnPEC is more adherent and invasive for endometrial epithelial and stromal cells,
compared with other strains of E. coli, isolated from the uterus of clinically unaffected
animals. The endometrial epithelial and stromal cells produced more prostaglandin E;
and IL-8 in response to lipopolysaccharide (LPS) purified from EnPEC compared with non-
pathogenic E. coli. LPS seems to be the major virulence factor of EnPEC, stimulating TLR4-
dependent inflammatory responses by endometrial cells [57]. The ENPEC causes metritis
when infused into the uterus of mice with accumulation of neutrophils and macrophages
in the endometrium. Its infusion, is only associated with bacterial invasion of the
endometrium and myometrium [56, 58]. EnPEC tend to be phylogenetically distant from
the majority of ExPEC, and more closely related to human intestinal pathogens [59].
However, the EnPEC have acquired, via horizontal transfer, DNA encoding iron acquisition
systems and a virulence plasmid, similar to that found in several EXPECs. On the other
hand, EnPEC have few virulence factors typical of enteric E. coli, although they possess
the gene encoding the FimH adhesion factor, and it fosters adhesion of EnPEC to

endometrial cells [58, 60].
2.2 Trueperella pyogenes:

T. pyogenes also previously known as Corynebacterium pyogenes, Actinomyces pyogenes,
and Arcanobacerium pyogenes, is a non-motile facultative anaerobic Gram-positive
bacterium. Is commonly found in the urogenital, gastrointestinal, and upper respiratory
tracts of cattle, goats, horses, musk deer, pigs, and sheep, causing abscesses, mastitis,

metritis, and pneumonia. It usually invades after physical or microbial induced trauma.
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It is associated with the severity of postpartum endometritis in cattle, and causes uterine
disease when infused into the uterus of cattle [61-63]. Some authors postulated that the
most severe endometrial lesions are caused by T. pyogenes [34, 47]. All the strains
isolated from the uterus express plo [64], that encodes a cholesterol-dependent
cytotoxin called pyolysin, which is both a host-protective antigen and a virulence factor.
Cholesterol-dependent cytotoxin molecules are attracted to cholesterol-rich domains in
cell membranes, where they aggregate to form a pore, leading to osmotic death of the
cell [65]. It has also been proved the capacity of pyolysin to kill endometrial epithelial and

stromal cells in vitro.
2.3 Fusebacterium necrophorum:

F. necrophorum is a road-shaped species of Gram-negative bacteria. Is an obligate
anaerobe and is a common inhabitant of the alimentary tract of humans and animals.
Along with T. pyogenes, and Prevotella sp. act synergistically to enhance the likelihood
and severity of uterine disease [66]. It is recognized to be highly relevant in the

establishment of uterine infections in cattle [67].
2.4 Prevotella species:

Prevotella is a genus of Gram negative bacteria, and are members of the oral and vaginal
flora. It has been isolated from cows with metritis. Prevotella has been linked with a more

severe clinical disease and increased endometrial inflammation [68].
2.5 Bacteroides species:

Bacteriodes is a genus of Gram negative, obligate anaerobic bacteria. They are part of the
mammal gastrointestinal flora but some species have been described as opportunistic
human pathogens. It has been isolated from the uterus of metritic cows being found that

metritic cows increase Bacteroides population in spite of Proteobacteria [69].
Block 3: Innate immune response
3.1 Immune system:

The physiologic function of the immune system is to defend against infectious microbes.

However, even noninfectious foreign substances can elicit immune responses. Even
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more, mechanisms that normally protect individuals from infection and eliminate foreign
substances are themselves capable of causing tissue injury and disease in some
situations. So, in summary, immunity is a reaction to foreign substances, including
microbes, as well as macromolecules such as proteins and polysaccharides, regardless of

the physiologic or pathologic consequence of such reaction.

Immunity is divided in two parts determined by the speed and specificity of the reaction.
These are named the innate and the adaptive responses, although in practice there is

much interaction between them.

The innate response provides immediate defense against infection while the adaptive
immunity is the response from the immune system that is stimulated by exposure to
infectious agents and increase in magnitude and defensive capabilities with each
successive exposure to a particular microbe. In this study we will focus in the innate

immunity response [70].
3.2 Innate response:

The term innate immunity, also known as non-specific immune system, is used to include
physical, chemical, and microbiological barriers, but more usually encompasses the
elements of the immune system (neutrophils, monocytes, macrophages, complement,

cytokines, and acute phase proteins) which provide immediate host defense [71].

It is a rapid response as it is the first line of defense, because of that it is not selective,

not targeting specific species of invaders.

Microorganisms not always cause diseases. Most of them are detected and eliminated in
minutes or hours by defense mechanisms that do not require a long period of induction

to be activated. Those are the mechanisms belonging to the innate response.

The innate immunity mechanisms actimmediately and are followed by the early induced
response, that are activated by the infection, but do not provide long term immunity

protection (Figure 4) [72].
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Figure 4: Innate immune response diagram
Elimination of
the infectious
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(4-96h) cells agent

3.2.1 Immediate innate response:

The elements of the immediate innate response include anatomical barriers and
secretory molecules. Among the mechanical anatomical barriers are the skin and internal
epithelial layers, the movement of the intestines and the oscillation of broncho-

pulmonary cilia.

The epithelial surfaces form a physical barrier that is very impermeable to most infectious
agents, acting as the first line of defense against invading organisms. The contact with
the microorganisms may be produced through external or internal epithelial surfaces:
gastrointestinal, respiratory and urogenital tracts [73]. The epithelial cells are efficiently
sealed by tight junctions that separate and protect from the external media. Mucosal
membranes are surrounded by mucus, which is a viscous fluid with glycoproteins named
mucins. Bacteria and other microorganism are trapped inside the mucus and the infection

may be prevented or retarded [74].

There are several types of direct antimicrobial proteins and peptids secreted by epithelial

cells or other immune mediators.
3.2.2 Early induced response:

When a microorganism goes through the epithelial barrier and starts to replicate inside
the host tissue, it is usually recognized by tissue-resident macrophages or neutrophils.
Both phagocytes have a key role in the innate immunity as they are able to recognize,
ingest and destroy most of the pathogens without the help of the adaptive immune

response [70].

3.2.3 Inflammation:
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Inflammation is an evolutionarily conserved response underlying many physiological and
pathological processes. In response to stimuli associated with infection and tissue injury,
components of innate and adaptive immunity initiate coordinated responses and trigger
inflammation [75]. In normal conditions, inflammation will help the body to adapt and

overcome adverse stimuli, reaching finally homeostasis.
Two types of inflammation have been lately described: acute and subacute inflammation.
3.2.3.1 Acute inflammation:

Classic signs of inflammation are redness, swelling, heat and pain. In response to acute
inflammatory stimuli, the body increases the expression and release of inflammatory
mediators including cytokines, chemokines, adhesion molecules, eicosanoids, and
complement proteins. These molecules form regulatory networks that promote
increased blood flow to the infected tissue, immune cell infiltration and activation, and
systemic responses, including increased body temperature, increased heart rate, and
decreased appetite. If Gram-negative bacteria infects the tissue, LPS released from the
bacterial outer membrane is the main pathogen component initiating inflammatory
responses, triggering the production of pro-inflammatory cytokines, that will start the
migration of leukocytes to the site of infection [76]. To be more specific, this response is
triggered by receptors of the innate immune system, such as Toll-like receptors (TLRS)
and NOD (nucleotide-binding oligomerization-domain protein). This recognition is
mediated by tissue-resident macrophages and mast cell which will release cytokines and
chemokines attracting primarily neutrophils. Once the neutrophils reach the tissue, they
will be activated by direct contact with the pathogens or through the actions of cytokines,
and they will release the toxic content of their granules. If the immune response has been

successful, the infectious agent has been eliminated [75].
3.2.3.2 Subacute inflammation:

Subacute or chronic inflammation causes mild increases in inflammatory mediators that
contribute to chronic and progressive changes in tissue function [76]. Pathologic
inflammation appears to differ from physiologic inflammation in severity and duration.

Several evidences indicate that the same inflammatory effectors are involved in disease
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as in physiologic inflammation, only changing in the magnitude, regulation, duration and

effectiveness of the response [10].
3.2.4 Bacterial recognition:

There are two types of microbial inducers: pathogen-associated molecular patterns

(PAMPs) and virulence factors.

The innate immune system recognizes microorganisms via a limited number of pattern-
recognition receptors (PRRs). PRRS are able to recognize microbial components, the
PAMPs that are essential for the survival of the microorganism and, in consequence,

difficult for the microbe to alter.

Different PRRs react with specific PAMPs, showing different expression pattern,

activating specific signaling pathways, which lead to distinct antipathogenic responses.

Some of the most important PRRs that are involved in the pathogen recognition are Toll-
like receptors (TLR), Mannose receptors (MR), Scavenger receptors (SR), and NOD

proteins.

TLRs principally bind PAMPs found in prokaryotes [77], being TLR4 the receptor

recognizing lipopolysaccharide (LPS) belonging to E. coli.
3.25TLR:

Toll like receptors (TLR) are type | integral membrane glycoproteins characterized by the
extracellular domains containing varying numbers of leucin-rich-repeat (LRR) motifs and
a cytoplasmatic signaling domain homologous to that of the interleukin 1 receptor (IL-
1R), termed the Toll/IL-1R homology (TIR) domain [78]. Based on their primary
sequences, TLRs can be divided into several subfamilies, each of which recognizes related
PAMPs:

- Lipids recognition: TLR1, TLR2, and TLR6
- Nucleic acids recognition: TLR7, TLR8, and TLR9

- LPS recognition: TLR4
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Various immune cells express TLRs, as macrophages, dendritic cells, B cells, some specific
types of T cells, and non-immune cells as fibroblasts and epithelial cells. Its expression is
modulated in response to pathogens, cytokines, and environmental stresses. They may
be expressed extra- or intracellularly. In the case of this thesis, we will focus in the role of
TLR4 because it is the receptor that recognizes PAMPs belonging to E. coli causing

metritis.

Receptor TLR4 recognizes LPS, present in the cell wall of Gram negative bacteria,
triggering a signaling cascade and production of proinflammatory cytokines and
chemokines leading to the induction of genes, mainly Nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-«B), involved in antimicrobial host defense [79].

Figure 5: Signalling patways of the Toll-like
receptors. TLRs and IL-1R share common
signaling pathways in general. Stimulation
with their ligands (IL-1 and LPS, respectively)
recruits TIR-domain-containing adeptors
including MyD88 (Myeloid differentiation
primary response gene 88) and TIRAp to the
receptor, and the subsequent formation of
comples of IRAKs, TRAF6, and IRF-5 is
induced. TRAF6 acts as an E3 ubiquitinligase
and catalyzes the K63-linked polyubiquitin
chain on TRAF6 itself and NEMO with E2
ubiquitin ligase complex of UBC13 and
UEV1A. This ubiquitination activates the
TAK1  comples, resulting in the
phosphorylation of NEMO and activation of
the IKK complex. Phosphorylated IxB

IL-1R TLR4

MyDss TIRAR

| IKK+
Ub(K63 type)  TEK1
IKK
complex

* Ub (K48 type) IHF-S@
kB Degradation
NF-xB

NF-xB

AP-1

undergoes K48-linked ubiquitination and IRF-5 s
degradation by the proteasome, Freed NF- Z\2A\\
kb translocates into the nucleus and e i R gines

initiatesexpression  of  pro-inflammatory
cytokine gens. Simultaneously, TAK1 activates the MAP kinase cascades, leading to the activation
of AP-1, which is also criticial for the inductin of cytokine genes. TLR4 triggers the MYD88-in
dependent, TRIFF-dependent signaling pathway via TRAM to induce type | IFNs. TRIF activates NF-
kB and IRF-3, resulting in the induction of proinflammatory cytokine genes and type I IFNs. TRAF6
and RIP1 induce NF-xB activation and TBK1/IKK-i phosporylate IRF-3, which induces the
translocation of IRF-3 [79].

20



Chapter | General introduction

3.2.6 Cytokines:

Cytokines are a broad and loose category of small proteins (~5-20 kDa) that are important
in cell signaling. They are released by different type of cells and have specific effect in
the interactions and communications between cells. Cytokines may act in the cells that
secrete them (autocrine action), on nearby cells (paracrine action), or in some instances
on distant cells (endocrine action). It is common for different cell types to secrete the
same cytokine to act in several different cell types (pleiotropy). They are also redundant
in their activity, meaning several functions can be stimulated by different cytokines. They
are often produced in a cascade, as one cytokine stimulates its target cell to make

additional cytokines. They can act synergically or antagonistically.

There are pro-inflammatory and anti-inflammatory cytokines. Pro-inflammatory
cytokines are produced mainly by activated macrophages and are involved in the up-
regulation of the inflammatory reactions but also by other cell types. Some of the most
relevant pro-inflammatory cytokines in the endometrium are IL-18, TNF-q, or IL-6. In the
other hand, anti-inflammatory cytokines are immunoregulatory molecules that control

pro-inflammatory cytokine response. IL-10 and IL-4 are anti-inflammatory cytokines.

Chemokines, belonging to the cytokine family, can induce direct chemotaxis in nearby
responsive cells. The major role of chemokines is to act as chemoattractant to guide the
migration of cells. Their release is often stimulated by pro-inflammatory cells such as IL-
18. Chemokines function mainly as chemoattractants for leukocytes, recruiting
monocytes, neutrophils and other effector cells from the blood to sites of infection or

tissue damage. One example of chemokine is IL-8 [80].

Table 1: Principal cytokines involved in metritis

endothelia (1 coagulation, ™ inflammation),
IL-1  macrophages, endothelia, epithelia hepatocyties (T acute phase proteins),
hypothalamus (" fever)
endothelia (" coagulation, ™ inflammation),
hepatocyties (T acute phase proteins),
TNF  macrophages, T lymphocytes _ o
neutrophils (1 activation), hypothalamus (‘T

fever)
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) hepatocytes (> acute phase proteins), B
IL-6 macrophages, endothelia, T lymphocytes
lymphocytes (I proliferation)

chemoattractant for neutrophils, basophils
monocytes, neutrophils, macrophages and
IL-8 and T cells; activates neutrophils to
NK cells
degranulate

3.2.7 Antimicrobial peptides:

Antimicrobial peptides (AMPs) are oligopeptides with a varying number (from five to over
a hundred) of amino acids. They have a broad spectrum of targets ranging from viruses
to parasites. In animals, AMPs are mostly found in tissues that are exposed to airbone
pathogens, but can also be found in other tissues as endometrium; and are part of the
first line of the innate immune response [81] against virus, bacteria, and fungi [82].
Several types of eukaryotic cells are involved in AMP production such as lymphs, epithelial
cells in gastrointestinal and genitourinary systems, phagocytes, and lymphocytes of the

immune system [83].

Defensins are a family of mammalian defensins, a small cysteine-rich cationic proteins
found in vertebrates and invertebrates. B-defensins, the most widely distributed, are
antimicrobial peptides implicated in the resistance of epithelial surfaces to microbial
colonization. They have the ability to strengthen the immune system but can also
enhance the adaptative immune system by chemotaxis of monocytes, T-lymphocytes,
dendritic cells and mast cells to the infection site [84, 85]. Defensins are abundant in

neutrophils’ granules.
3.2.8 Neutrophils:

Neutrophils, also called polymorphonuclear leukocytes (PMN), are the most abundant
type of granulocytes and the most abundant type of white blood cells (40% to 75%). They
form an essential part of the innate immune system, as one of its principal effector cells.
Its function is to attack microbes that have breached the epithelial barriers and entered
into tissues or the circulation. The cytoplasm contains granules of two types: the majority,
called specific granules, are filled with enzymes such as lysozyme, collagenase, and

elastase. The rest are lysosimes containing enzymes and other microbial substances[70].
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Blood-derived PMNs are the main effector cells removing bacteria from the uterus after
calving [34]. However, neutrophil killing ability is lower in cows with endometritis [86]

and it is also impaired by the state of negative energy balance around parturition [87].
3.3 Uterine immunity in cattle:

Mammalian pregnancy involves regulation of uterine immunity to facilitate implantation
and survival of the fetus. The classic view is that immunity is suppressed during gestation,
and that this immunosuppressive mechanisms associated with pregnancy persist in the
endometrium after parturition, probably predisposing to uterine disease [34].
Progesterone maintains uterine quiescence throughout gestation, but before parturition
the influence of progesterone diminishes rapidly. It has been described in different
species an increment of inflammatory mediators, such as IL-8, IL-1B, IL-6, and TNF-a, and
an influx of leukocytes, once the influence of progesterone is reduced [49]. Most dairy
cows experience several weeks of substantial reduction in immune function around
calving, typically reaching a nadir approximately 1 week postpartum [88]. Another feature
of the post-partum bovine uterus is the accumulation of CD14+ monocytes and
macrophages, that once activated, will enhance the local inflammatory response by
attracting neutrophils and monocytes, which will clear apoptotic cells, and help
remodeling the caruncle (a small, fleshy protuberance of mucocutaneus tissue), and
helping to the successful release of the fetal membrane. As stated before, the uterus
must recover fast after parturition in order to be ready for the establishment of the next
pregnancy. This recovery involves tissue repair, regeneration of the epithelium lining the

endometrium, and elimination of bacteria [89].
3.4 Endometrial response to uterine infection

Host responses to bacterial infection of the uterus from cows are characterized by
inflammation of the endometrium with the recruitment of macrophages and neutrophils,

along with the accumulation of pus in the lumen.

Figure 5: Pathogenic bacteria cause inflammation in the endometrium. After parturition,
Escherichia coli, Trueperella pyogenes and other bacteria invade the uterus, and the pathogenic
bacteria adhere to and invade the endometrium, particularly where there is tissue damage. T.
pyogenes also produces pyolysin, which creates transmembrane pores in endometrial cells,
causing cell death and further tissue damage. Endometrial epithelial and stromal cells sense
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pathogen-associated and damage-associated molecular patterns via innate immune receptors,
such as TLRs, which leads to the release of cytokines and chemokines, such as IL1B, IL6 and IL8
(black arrows). These inflammatory mediators attract and activate haematopoietic cells,
particularly neutrophils and macrophages, to the site of infection (red arrow), in order to clear
the invading microbes and resolve the tissue damage [89].
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Once the bacteria reach the endometrium they release LPS. The LPS is recognized by TLR-
4 expressed by epithelial cells. Activation of TLRs initiates signaling cascades, activating
NF-«B, resulting in the synthesis and production of pro-inflammatory cytokines and
chemokines such IL-8, IL-1B, and IL-6 that mobilize and activate immune cells [79, 90]. In
the specific case of cows, it is associated with the entrance of neutrophils into the uterus
[91]. In summary, pathologic inflammation only seems to differ from physiological

response in severity, duration and time postpartum in which is most pronounced.
Block 4: Probiotics

The term “probiotics” has been amended by the Food and Agriculture Organization of
the United Nations (FAO) and the World Health Organization (WHO) to “Live
microorganisms, which, when administrated in adequate amounts, confer health benefit

on the host” [92]. However, this definition is not accepted by European Food Safety
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Authority (EFSA) or the U.S. Food and Drug Administration (FDA) since they insist that the
health claim incorporated in the definition is not measurable due to the fact that
commercial markets have outpace the ability of science to substantiate the evidence [93].
Other definitions advanced through the years have been restrictive by specification of
mechanisms, site of action, delivery format, method, or host. Probiotics have been shown
to exertawide range of effects. An important aspect to mention when claiming the health
benefits of probiotics is that a beneficial effect can only be demonstrated by in vivo
studies [94]. Invitro studies can be used to characterize a possible mechanism of probiotic
action, determine the safety of probiotic microorganisms or convey other knowledge of

probiotic strains, in summary, it provides the first step evaluating the probiotics [93].

Probiotics are used in human and animal health; being called “live biotherapeutics” when
used as human drugs. In the case of animals, probiotics are mainly used as feed additives
to regulate intestinal homeostasis. In the case of this thesis, we will focus in probiotics

used to regulate infection and inflammation and to be applied in the uteri-vaginal tract.
The most important properties of strains that may be considered probiotics are [95, 96]:

- Adhesion properties [97]

- Antimicrobial activity against pathogenic microorganisms [97]
- Reduce pathogen adhesion to surfaces [93]

- Enhancing viability of probiotics [93]

- Production of bacteriocins and bacteriocin-like substances [98]

The most common types of microorganisms used as probiotics are lactic acid bacteria

(LAB) and bifidobacteria, although other bacteria and some yeasts are also used [93, 98].
4.1 Lactic Acid Bacteria

Lactic acid bacteria (LAB) are Gram-positive, non-spore forming cocci, coccobacilli or
rods. Generally, they are not respiratory and lack catalase. They ferment glucose to lactic

acid, or to lactic acid, CO., and ethanol. They are aerotolerant anaerobes.

The term LAB is conventionally reserved for genera in the order Lactobacillaes, which

includes Lactobacillus, Leuconostoc, Pediococcus, Lactococcus, and Streptococcus. They
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can convert hexose sugars to lactic acid thus producing an acid environment which

inhibits the growth of several species of harmful bacteria [99].

Lactobacilli are normally present in the vagina, gastrointestinal tract and gut of humans
[99] and they are also present in the vagina of dairy cows [100]. Vaginal lactobacilli inhibit
the growth of genitourinary pathogenic microorganisms through mechanisms of
competitive exclusion of pathogens, stimulation of the host immune system, and
production of specific antibacterial compounds such as lactic acid, hydrogen peroxide,

and antimicrobial peptides [101]
4.1.1 Lactobacillus rhamnosus:

It is a short Gram-positive facultative anaerobic rod that often appears in chains. Some
strains of L. rhamnosus are used as probiotics. It is known that L. rhamnosus is able to
survive the acid and bile of the stomach and intestine, colonize the digestive tract, and
balance intestinal microflora [102, 103]. It has also been proved that L. rhamnosus is able
to protect the human urogenital tract by excreting biosurfactants to inhibit the adhesion

of pathogens and it is extremely adherent to uroepithelial and vaginal cells [104].
4.1.2 Pediococcus acidilactici:

It is a Gram-positive facultative anaerobic cocci that is often found in pairs or tetrads. P.
acidilactici is a homofermentative bacterium that can grow in a wide range of pH,
temperature, and osmotic pressure, therefore being able to colonize the digestive tract.
P. acidilactici has a wide range of potential benefits which are being studied. It has been
used as a probiotic supplement to treat constipation, diarrhea, and enhancing immune
response among birds and small animals [105-107]. It is also know that can prevent E. coli
colonization in the small intestine of pigs [108]. It is known that Pediococci produce
antimicrobial compounds such as organic acids, hydrogen peroxide, and antimicrobial

peptides including pediocin AcH/PA-1 [100].
4.1.3 Lactobacillus sakei:
L. sakei is a Gram-positive facultative heterofementative rod that has usually been used

in the food industry, being proposed to enhance microbial safety of non-fermented meat
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products [109]. It has been identified that L. sakei produces bacteriocins, specifically it

produces sakacin T and sakacin X [110].
4.1.4 Lactobacillus reuteri:

L. reuteri Gram-positive facultative anaerobic rod and some of its strains are used as
probiotics. They naturally inhibit the gut of mammals and birds. L. reuteri is known to
produce reuterin, a broad-spectrum antibiotic substance, able to inhibit the growth of
pathogenic Gram-negative and Gram-positive bacteria, yeasts, fungi, and protozoa [111,
112].

4.2 Modes of action of Probiotics

There are different modes of action for probiotics. It has been extensively studied in the
intestinal tract. Here it is a summary of potential modes of action regarding intestinal

epithelial cells but could be extrapolated to other tissues and environments (Figure 6):

a: Blocking pathogen entry into the epithelial cell by providing a physical barrier,

referred to as colonization resistance.

b: Blocking pathogen entry creating a mucus barrier by causing the release of

mucus from goblet cells.

c: Other probiotics maintain intestinal permeability by increasing the intercellular
integrity of apical tight junctions, for example, by upregulating the expression of
zona-occludens 1 (a tight junction protein), or by preventing tight junction protein

redistribution thereby stopping the passage of molecules into the lamina propia.
d: Some probiotic strains have been shown to produce antimicrobial factors.

e: Still other strains stimulate the innate immune system by signaling dendritic
cells, which then travel to mesenteric lymph nodes and lead to the induction of
TREG cells and the production of anti-inflammatory cytokines, including IL-10 and
TGF-B.

f: Some probiotics (or their products) may also prevent or trigger (right-hand side)

an innate immune response by initiating TNF production by epithelial cells and
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inhibiting (or activitating) NFkB in macrophages and dampening (or priming) the
host immune response by influencing the production of IL-8 and subsequent

recruitment of neutrophils to sites of intestinal injury [113].

Figure 6: Potential mechanisms of action of probiotics. Probiotic organisms can provide a
beneficial effect on intestinal epithelial cells in numerous ways. Abbreviations: Md, macrophage;
Nd, neutrophil; TREG cell, regulatory T cell. Reproduced from [113].
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It seems that when lactic acid bacteria is applied in the vagina produces antimicrobial

factors (d) and triggers innate immune response (f).
4.3 Future perspectives: Antibiotic resistance

until now, research with probiotics has been mainly focused in diseases related with the
gastrointestinal tract in animal production. New lines of research have started regarding
respiratory, gut-brain axis, and uterine diseases. Antibiotic resistance is recognized
worldwide among the top public health challenges facing the 215 century, and thus there
is growing concern regarding the potential impact of extensive use of antibiotics in

livestock.
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Antimicrobial resistance is resistance of a microorganism to an antimicrobial drug that
was originally effective for treatment of infections caused by it. Resistant microorganisms
(including bacteria, fungi, viruses, and parasites) are able to withstand attacks by
antimicrobial drugs, such as antibacterial drugs (e.g. antibiotics), antifungals, antivirals,
and antimalarial, so that standard treatments become ineffective and infections persist,

increasing the risk to spread to others.

The traditional antimicrobial treatment applied against metritis may lack efficacy,
especially in cases of sustained inflammation [53] making metritis a possible target to be

address with probiotics.
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The main objective of this thesis was to evaluate the potential of Lactic acid bacteria to

reduce

Escherichia coli infection and endometrial inflammation from bovine

endometrium. The specific objectives were:

To evaluate the efficacy of four LAB strains at reducing E. coli infection and
endometrial inflammation in vitro.

To evaluate the ability of different combinations of LAB strains at reducing
infection and inflammation of the endometrium in vitro.

To evaluate ex vivo in endometrial explants the ability of a combination of LAB at
reducing the inflammatory response after E. coli infection.

To study if LAB applied in the vagina affects inflammation and immunity in the
endometrium.

To study the best approach to apply the LAB combination in dairy cows (vagina or
uterus) and its incidence in metritis prevalence.

To study the influence of LAB at NEFA concentration, neutrophil activity, and its
interaction.

To study if LAB applied in the uterus at post-partum is able to regulate general

inflammatory status in metritic or healthy cows.

To achieve these objectives, four studies were conducted:

Study 1

Study 2

Study 3

Study 4

“Potential of lactic acid bacteria at regulating Escherichia coli infection and

inflammation of bovine endometrium”

“A combination of Lactic Acid Bacteria Regulates Escherichia coli Infection

and Inflammation of the Bovine Endometrium”

“Effects of intravaginal lactic acid bacteria on bovine endometrium:

implications in uterine health”

“Lactic Acid Bacteria Combination Regulates Neutrophil Activity and

Reduces Metritis Prevalence”
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1. Introduction

Uterine function is often compromised in cattle by bacterial contamination and
inflammation after calving [35, 36, 114]. On average, 20-40% of cattle develop acute
clinical uterine disease within a week from parturition (metritis), 20% have a persistent
clinical disease 3 weeks after calving (endometritis) and approximately 30% have a
chronic subclinical inflammation of the uterus (subclinical endometritis) [33, 35, 36, 45,
114, 115]. Metritis is an inflammation of the uterus resulting in systemic signs of sickness,
including fever, red-brown watery foul-smelling uterine discharge, dullness, inappetance,
elevated heart rate, and low production of milk [53]. Endometritis is characterized by the
presence of purulent (>50% pus) uterine discharge detectable in the vagina, or
mucopurulent (approximately 50% pus, 50% mucus) discharge detectable in the vagina
[33]. The economic impact of uterine diseases in cows is associated with infertility,
increased culling rate due to failure to conceive, reduced milk production, and the
increased cost of antibiotic treatment. The average economic cost of a single case of

metritis has been estimated to be about 350€ [44, 45].

It is generally considered that bacterial contamination of the uterus, or at least exposure
of the endometrium to bacterial lipopolysaccharide (LPS), along with the need for
substantial tissue repair as part of involution, initiates inflammation of the endometrium
and in occasions deeper layers of the uterus [47, 48]. However, the excessive and
persistent inflammatory response occurring in some cases is attributable, in part, to
reduced immune function before calving. Progesterone maintains uterine quiescence
throughout gestation, but before parturition the influence of blood progesterone
concentrations diminish rapidly. In several species, the reduction in the influence of
progesterone is associated with an increase in inflammatory mediators, such as IL-18, IL-
6, IL-8, and TNF-a [49]. Also, stressors such as shortage of nutrient supply around the
time of parturition may lead to increased inflammatory responses and risk of disease
[116, 117].

Epithelial cells are efficiently sealed by tight junctions that separate and protect them
from the external media. Tight junctions strictly seal the intracellular spaces and

contribute to establish an efficient barrier against intracellular infections. A leaking
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barrier can favor the passage of pathogens [118]. Claudins and occludins are
transmembrane proteins present in the tight junctions that interact with the adjacent cell
[119]. Pathogenic bacteria efficiently produce defects in the cell-cell contact, delocalizing

proteins in the tight junctions [120].

Escherichia coli and Arcanobacterium pyogenes are the most prevalent bacteria isolated
from the uterine lumen of cattle with uterine infections, followed by a range of anaerobic
bacteria. E. coli is particularly prevalent in the first week postpartum and is associated
with metritis. The traditional antimicrobial treatment applied may lack efficacy, especially
in cases of sustained inflammation [53]. Moreover, antibiotic resistance is recognized
worldwide among the top public health challenges facing the 21t century, and thus there
is growing concern regarding the potential impact of extensive use of antibiotics in

livestock.

Under normal conditions, the vaginal tract of a dairy cow is populated by a diversity of
bacteria dominated mainly by lactic acid bacteria (LAB) [97]. It has been recently shown
that LAB of the genera Enterococcus, Lactobacillus, and Pediococcus were present in the
vaginal tracts of healthy and infected cows [100, 121]. Vaginal Lactobacilli inhibit the
growth of genitourinary pathogenic microorganisms through mechanisms of competitive
exclusion, stimulation of the host immune system, and production of specific

antibacterial compounds such as acetic and lactic acids [101].

Although several investigators have suggested utilization of LAB as prophylactic or
treatment interventions against uterine infections in cattle, to our knowledge there are
no in vitro studies describing the potential of probiotics at regulating the endometrial
inflammation and preventing infections, and there is only one recent study performing a
first evaluation of LAB as a preventing strategy of postpartum uterine disease [121]. We
hypothesized that the administration of adequate doses of some LAB would improve the
inflammatory status of the endometrium and would reduce the ability of E. coli to cause
infection. Thus, the aim of this study was to evaluate the potential of four LAB (L.
rhamnosus, P. acidilactici, L. sakei and L. reuteri) to modulate inflammation and E. coli

infection in bovine primary endometrial cultures.
2. Materials and methods
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2.1 Bacterial strains and culture conditions

Pediococcus acidilactici (CECT 5915) and Lactobacillus rhamnosus (CECT 278) were
purchased from CECT (Coleccidn Espafiola de Cultivos Tipo, CSIC Valencia, Spain), and
Lactobacillus reuteri (DSM 20016) and Lactobacillus sakei (DSM 20100) were acquired at
DSMZ (German collection of microorganisms and cell cultures, Leibniz, Germany).
Lactobacillus sakei and Lactobacillus reuteri were used in this study as two probiotics with
low adhrent capacity in the endometrium; whereas Pediococcus acidilactici and
Lactobacillus rhamnosus were selected as two probiotics with moderate adherent
capacity (++) following the criteria and methods previously described [122] (Table 1).
Three doses of LAB referred as low, intermediate, and high were established considering
any possible cytotoxic effect for the endometrial cells using a lactate dehydrogenase
(LDH) activity assay kit (Sigma-Aldrich, St. Louis, USA) following the manufacturer’s
instructions. The doses showing the least LDH release and activity, and therefore with
least cell damage, were selected to evaluate potential of LAB strains at modulating
infection and inflammation in endometrial cultures. For P. acidilactici and L. sakei, the
LAB:endometrial cells ratios of 1, 25, and 50 and 10, 25, and 50 were selected,
respectively. When using these ratios, cell damage was not different from that measured
in negative control cells (Table 2). In the case of L. rhamnosus and L. reuteri,
LAB:endometrial cells ratios of 25, 50, 100 and 1, 2, and 100 were selected respectively
because cell damage was, actually, lower than in negative control cells (Table 2). A swab
sample was taken from the uterus of 4 different metritic cows to isolate pathogenic E.
coli. Each swab was spread in blood agar, MacConkey agar, and chocolate agar. The final
identification of the colonies was made by Vitek (Biomiéreux, Craponne, France). The E.
coli selected was fimH positive (virulence factor) and hemolytic. Bacterial cultures were
performed inoculating 1 mL of a glycerinate in 9 mL of Luria Bertrani (LB) media (10 g/L
peptone, 5 g/L yeast extract and 10 g/L NaCL) for E. coli or Man, Rogosa, and Shape
medium (MRS, Scharlau, Sentmenat, Spain) at 37°C in static conditions overnight (O/N).
Then, bacteria were centrifuged at 6000 x g for 15 min and resuspended at 1x108 colony-
forming units (CFU)/mL with DMEM (Gibco, NY, USA) supplemented with 8 pg/mL bovine

insulin and 50 pg/mL hydrocortisone. E. coli CFU/mL was confirmed by serially diluting
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and plating the cell extract on MacConkey (Scharlau, Sentmentat, Spain) agar media.

Colonies were counted after an O/N growth at 37°C.

Table 1. Biofilm formation capacity of the different lactic acid bacteria tested. The ability to form
biofilms by LAB is indicated as a measure of absorbance (A490) and classified as weakly (+) or

moderately (++) adherent (n = 8 for each bacteria).

LAB* Adherence
L. sakei +b
L. reuteri +
P. acidilactici +4C
L. rhamnosus ++

2| actic acid bacteria
b+ =05<A490<1

C++=1<A490<?2

Table 2. Dose selection of lactic acid bacteria. Average lactate deshydrogenase activity (LDH) =
SEM for each ratio (multiplicity of infection, MOI) of LAB:endometrial cells for low, intermediate,
and high doses selected for P. acidilactici, L. rhamnosus, L. Sakei, and L. reuteri.

Sample Dose category LDH, mU/mL P-value?
Negative control 13.08 £ 0.016

P. acidilactici MOI=1 Low 12.90 + 0.013 0.908

P. acidilactici MOI=2 Discarded 1481 £0.014 0.087

P. acidilactici MOI=5 Discarded 15.65+0.014 0.017

P. acidilactici MOI=10 Discarded 15.44 +0.016 0.036

P. acidilactici MOI=25 Intermediate 14,19+ 0.016 0.265

P. acidilactici MOI=50 High 14.54 +0.016 0.172

P. acidilactici MOI=100 Discarded 18.18 +0.018 0.001

L. rhamnosus MOI=1 Discarded 16.92 £ 0.770 0.001

L. rhamnosus MOI=2 Discarded 14.47 £0.770 0.211

L. rhamnosus MOI=5 Discarded 11.88 £0.770 0.277

L. rhamnosus MOI=10 Discarded 15.36 + 0.843 0.053

L. rhamnosus MOI=25 Low 1.94 +0.843 <0.0001
L. rhamnosus MOI=50 Intermediate 0.74 £ 0.843 <0.0001
L. rhamnosus MOI=100 High 0.18 £ 0.843 <0.0001
L. sakei MOI=1 Discarded 1481 +£0.177 0.617

L. sakei MOI=2 Discarded 14.65+0.177 0.651

L. sakei MOI=5 Discarded 15.78 £ 0.177 0.133

L. sakei MOI=10 Low 11.72+0.194 0.689

L. sakei MOI=25 Intermediate 13.70£0.194 0.846

L. sakei MOI=50 High 11.88+0.194 0.726

L. sakei MOI=100 Discarded 33.75+0.194 0.001

L. reuteri MOI=1 Low 11.17 £0.028 0.088

L. reuteri MOI=2 Intermediate 12.97 +0.028 0.883

L. reuteri MOI=5 Discarded 13.57 +0.028 0.704

L. reuteri MOI=10 Discarded 15.25+0.032 0.145
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L. reuteri MOI=25 Discarded 14.05 +0.032 0.524
L. reuteri MOI=50 Discarded 13.20 +0.032 0.932
L. reuteri MOI=100 High 4.41 +0.0349 <0.0001

2 Difference with respect to negative control (untreated sample)

2.2 Endometrial primary culture

Endometrial tissue was obtained at a slaughterhouse from one Holstein post-pubertal
non-pregnant cow with no evidence of genital disease or microbial infection and
transported in chilled 40 mL of PBS with 100 pg/mL streptomycin, 100 U/mL penicillin
and 2.5 pg/mL amphotericin B (PEF) to the laboratory. The whole endometrial tissue was
collected (two horns). Then, tissue was cut in small pieces, discarding the myometrium,
and incubated with 15mL of PBS supplemented with 1xPEF, 0.1 mM EDTA and 0.1 mM
DTT for 10 min at 37°C in 5% CO> at 200 rpm. Then the supernatant was removed and
RPMI 1640 media (Gibco, NY, USA) with 0.25% collagenase type Il (Gibco, NY, USA) was
added and further incubated 15 min at 37°C in 5% CO, at 200 rpm. Supernatant was
collected and mixed with (1:1) RPMI 1640 media enriched with 0.02 mg/mL DNase |
RNase free (Roche, Mannheim, Germany) for 30 min at RT. Cells present in the
supernatant were recovered after centrifuging 5 min at 300 x g. This process was
repeated 3 times from the collagenase Il treatment. Final cell pellets were resuspended
in DMEM with 8 pg/mL bovine insulin, 10 pg/mL gentamycin, 50 pg/mL hydrocortisone,
50 pg/mL streptomycin, 50 IU/mL penicillin, 2.5 pg/mL amphotericin B and 10 ng/mL EGF
(epithelial growth factor, Sigma-Aldrich, St. Louis, USA). Cells were quantified by
haemocytometer counting and incubated at 160,000 cells/cm? in culture flasks (Sarstedt,
Numbrecht, Germany). Epithelial cell phenotype was confirmed by immunofluorescence
staining against anti-cytokeratin antibodies (monoclonal anti-cytokeratin pan antibody
produced in mouse, Sigma, 1:500 dilution, St. Louis, USA) of about 90% of isolated cells
(Figure 1) as previously described [123]. For the immunofluorescence, endometrial
primary cells were grown on coverslips and fixed with 4% paraformaldehyde (diluted in
PBS). Hela cells were used as positive control and macrophage differentiated THP-1 cells
as a negative control. Coverslips were blocked with 150 pL of PBS containing goat serum
(0.05% v/v) and Triton 0.2%, for 30 min at room temperature. Primary antibody
(monoclonal anti-cytokeratin pan antibody produced in mouse, Sigma, 1:500 dilution)

was incubated in blocking buffer for 2 h at room temperature. After 3 washes with PBS,
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secondary antibody (antimouse-FITC, Sigma, St. Luis, USA, 1:1000) was incubated for 1 h
at room temperature. Lastly, cells were washed and dried coverslips mounted in glass
slides using Fluoroprep (Biomerieux, Craponne, France) and observed by fluorescence

microscopy.

Figure 1. Primary endometrial epithelial culture. Immunofluorescence of primary endometrial
cultures with pan-cytokeratin. Hela cells (a) as positive control, THP-1 macrophages (b) as
negative control, and endometrial cultures (c).

A b c

2.3 Inflammation model of bovine endometrium

To establish an inflammation model of bovine endometrium, two different pro-
inflammatory cytokines were used IL-18 and IL-6 (KingFisher, St. Paul, USA). Endometrial
cells were incubated with DMEM medium supplemented with 8 pg/mL bovine insulin, 50
pg/mL hydrocortisone, in a 24-well plate at 80,000 cells/well O/N at 37°C and 5% of COs.
After an O/N cells reached a confluence of the 80%. Then 10 pg/uL of IL-1f or IL-6 were
added per well. The cells were incubated for 1, 6, or 24 h and harvested with TRIzol (5
Prime, Gaithesburg, USA) to extract total RNA for further quantification of IL-8 and IL-13
gene expression as inflammation markers. The mRNA abundance of IL-8 increased upon
time when the cells were pre-treated with IL-18 compared with their corresponding
negative controls; whereas, cells treated with IL-6 did not show any increment of
inflammation markers; on the contrary, the abundance of IL-8 mRNA diminished at 6 and
24 h when IL-6 was used to induce inflammation compared with the corresponding
controls (Figure 2A). The inflammation caused by IL-1f treatment was also corroborated
by the increased mRNA abundance of IL-18 after 6 and 24 h relative to control

preparations (Figure 2B). The gene expression of IL-1p was also increased by IL-6 at 24 h
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compared with the corresponding control. Thus, the treatment of endometrial cells with
10 pg/pL of IL-1B per well during 6 h was selected as an effective model to establish

inflammation of bovine endometrial cells.
2.4 Escherichia coli infection assays

Epithelial cells were plated at 80,000 cells/well in 24 well-plates with DMEM medium
supplemented with 8 pg/mL bovine insulin, 50 pg/mL hydrocortisone, and kept O/N at
37°C and 5% CO.. When E. coli infection was evaluated in endometrium under
inflammation, IL-1B (Figure 2) was added at 10 ug/uL 6 h previous to LAB administration.
Cells were incubated (n = 6 for each dose) O/N with three doses of each LAB (high,
intermediate, and low; (Table 1) and then challenged with 4x106 CFU/well of E. coli for 6
h. Infection without LAB was used as an infection control and incubation with media
instead of E. coli as a negative control. Cells were washed twice with chilled PBS and
bacteria were released with 500 pL 0.9% NaCl/well. E. coli was quantified by serially
diluting and plating the cell extract on MacConkey agar media. Colonies were counted
after an O/N growth at 37°C. Cell cultures used for gene expression analyses were
washed twice with PBS and harvested with 500 uL of TriZol (5 Prime, Gaithesburg, USA)

for RNA extraction.
2.5 Quantitative RT-PCR analyses

One microgram of RNA was retro-transcribed to cDNA using PrimeScript RT reagent kit
(Takara, Shiga, Japan) following manufacturer’s instructions. gPCR (iQ5 Termocycler, Bio-
Rad, Hercules, USA) was performed for bovine IL-8, IL-18, TNF-a, IL-6 and OCLN using
specific primers. The primers for all the genes were designed using the Primer Blast
software (NCBI) or selected from other publications (Table 2). A total reaction volume of
20 ul was used, containing 50 ng of cDNA, 10 pl of SYBR Green Fluorescent (Bio-Rad,
Hercules, USA), and the optimized primer concentration for each gene (Table 3). The
gPCR reactions were cycled as follows: an initial denaturing step of 10 min at 95°C,
followed by 40 cycles of 10 s at 95°C, 15 s at optimized annealing temperature for each
gene, 30-60 s at 72°C and a final extension of 10 min at 72°C. Relative gene expression

was calculated using the 2ACt method [124] with GAPDH as a reference gene control and
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all the gPCR amplifications were performed in triplicate. GAPDH was chosen because it is

stably expressed in a variety of cells [125], including uterine tissues [116, 126].

Table 3. Sequence, annealing temperature (At), concentration (UM), accession number or
reference, and forward (Fw) and reverse (Rv) primers used for gPCR.

Gene Fw Rv At, c° uMm Accesion number or ref.
GAPDH  GCATCGTGGAGGGACTTATGA GGGCCATCCACAGTCTTCTG 52°C  0.125 NM_001034034
IL-8 TTGAGAGTGGACCACACTGC TGCACCCAGTTTTCCTTGG 55°C 0.5 [127, 128]
IL-18 TGGGAGATGGAAACATCCAG TTTATTGACTGCACGGGTGC 50°C  0.3125 M37211
IL-6 GGCGGAGCCTTGCGTTAT AACTGCTGTGCTTGCTTCAT  51.5°C 05 [129]
TNFa AACAGCCCTCTGGTTCAAAC TCTTGATGGCAGACAGGATG  60°C 0.5 M_173966
OCLN ATCAACCCCGGTGCCGGAAG GTGGTCTTGCTCTGCCCGCC 57°C 0.5 NM_001082433

2.6 Statistical analysis

Prior to statistical analyses, data were transformed by log or root when necessary to
achieve a normal distribution. Results herein are expressed as the means of non-
transformed data + SEM obtained with normalized data (except otherwise stated). The
data were analyzed using an ANOVA (SAS Inst. Inc., Cary, NC). Treatment and infection

were tested as fixed effects. Differences were considered significant when P < 0.05.
3. RESULTS
3.1 Infection of endometrial cells with Escherichia coli

The effect of the LAB species during an E. coli infection was evaluated. Some doses of the
four LAB reduced (P < 0.0001) E. coli infection in vitro (Figure 3A). The E. coli infection
was reduced up to 83.4% with the presence of P. acidilactici at the low dose and up to
82.5% with the intermediate dose. In the case of L. rhamnosus, only the high dose showed
a significant reduction of E. coli infection (38.1%). The infection of E. coli was decreased
by L. sakei at the three doses tested (86.8% for low, 60.8% for intermediate, and 86.9%

for high, compared with control). Lastly, E. coli infection was decreased with the
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intermediate (77.7%) and the high (69.0%) doses of L. reuteri relative to the negative

control.

The probiotic potential and the modulatory effects of LAB in the endometrial cells against
E. coli was different in the presence or absence of inflammation (Figure 3B). There was
only a reduction of E. coli infection by the intermediate dose of L. reuteri (61.4%, P <
0.0001) and a 96.61% increment (P < 0.0001) of E. coli was found in the cells treated with

the high dose of L. rhamnosus.

Figure 3. E. coli infection of the endometrium. Viable cell counts as CFU/mL of E. coli infection for
each dose of LAB in an endometrium in the absence (a) or in the presence of inflammation (b) (n
= 6 for each condition). Bars represent the means + SEM for the different treatments. Bars with
asterisk are different (P < 0.0001) from E. coli.

A LB0E+05 -
1.40E+05 -
1.20E+05 - Olow
1.00E+05 - @ intermediate

8.00E+04 - ® high

CFU/mL

6.00E+04 - BE. coli

4.00E+04 -

2.00E+04 -

0.00E+00 -
P. acidilactici L. rhamnosus L. sakei L. reuteri

4.4 10°
4.2 10°

4 10°
3.8 10°
3.6 10°
3.4 10°
3.2 10°

3 10°
310°

CFU/mL

2.5 10°

210°

1.5 10°
110°

510"

TP T[T [T T[T T TTTT] [TTTT [T TT T TT T[T [T T77T]

P. acidilactici + IL-1BL. rhamnosus + IL-13 L. sakei + IL-13 L. reuteri + IL-183

41



Chapter Il Study 1

3.2 Lactic acid bacteria effects in tight junctions in endometrial cells

Occludin gene expression was analyzed as a marker of tight junction integrity. The mRNA
abundance of occludin was affected (P < 0.0001) by LAB treatment (A). The gene
expression of occludin increased 3.9 fold in the cells pre-treated with the high dose of L.
sakei compared with the negative control cells (not treated with LAB). An increased gene
expression was also observed with the low (2 fold) and high dose (2.47 fold) of L. reuteri.
However, no differences were observed when P. acidilactici or L. rhamnosus were added

to the cells.

The mRNA abundance of occludin by the endometrial cells in the presence of
inflammation was greater than the one for the normal endometrial cells (negative
control) and it was also affected by LAB treatment (P < 0.0001). When P. acidilactici was
added to the cells at the low dose, compared with the control cells under inflammation
(IL-1B), the gene expression of occludin was incremented 1.6 fold, 2.6 fold with the
intermediate dose, and 1.6 fold with the high dose. L. rhamnosus did not exert any effect
in the gene expression of occludin and the low dose of L. sakei reduced 2.5 fold the mRNA
abundance of occludin compared with IL-1B control. Lastly, the high dose of L. reuteri
increased the gene expression of occludin (2.4 fold) when compared with the

inflammation elicited with IL-1B control.

Figure 4. Occludin expression. Relative units of gene expression of occludin in an endometrium in
the absence (a) or in the presence of inflammation (b) (n = 6 for each condition). Bars represent
means = SE for the different treatments. Bars with asterisk are different (P < 0.0001) from
negative control (a) or IL-1p (b).
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3.3 Innate immunity
3.3.1 Infection model

The expression of IL-8, IL1-8, TNF-a and IL-6 were evaluated after the LAB treatment of
endometrial cells and after the E. coli infection of either LAB-treated or not treated cells.
Significant differences were observed in IL-8 and IL1-3 mRNA abundance. The IL-8 gene
expression was affected by LAB treatment (P < 0.0001) when the cells were not infected
with E. coli (Figure 5A) and also (P <0.0001) in the presence of infection (Figure 5B). When
the cells were treated with the high dose of P. acidilactici, a 2.13-fold increment of IL-8
mMRNA abundance was observed compared with the negative control. The intermediate
dose of L. rhamnosus decreased the gene expression of IL-8 1.66 fold, and L. sakei
lowered 5.35 fold the gene expression of IL-8 for all the tested doses when compared

with the negative control (Figure 5A).

E. coli infection increased 6.23 fold the gene expression of IL-8 with respect to the
negative control. When E. coli infected the cells, the presence of P. acidilactici at the
intermediate dose downregulated the gene expression of IL-8 (1.91 fold).The presence
of L. rhamnosus reduced the mRNA abundance of IL-8 in infected cells up to 3.34 fold
with the low, 28.37 fold with the intermediate, and 85.1 fold with the high dose. When
the infected cells were treated with L. sakei, the gene expression of IL-8 varied depending
on the dose: with the low dose showing a 1.92-fold reduction, and the intermediate and
high doses showing and increase in mRNA abundance of IL-8 (3.36 and 2.05 fold,
respectively). No significant differences were obtained when L. reuteri was added to the

infected cells (Figure 5B).
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The gene expression of IL1-B was not affected (P =0.123, data not shown) by LAB
treatment when endometrial cells were not infected by E. coli. However, the gene
expression of IL1-B after E. coli infection was modified (P < 0.0001, Figure 5C) by LAB pre-
treatment. The mRNA abundance of IL-1B by the endometrial cells infected with E. coli
increased 9.57 fold respect to the negative control, but this increment was reduced when
cells were treated with L. rhamnosus using either the low, intermediate, or high dose
(5.24, 3.01, and 4.23 fold, respectively). However, when the intermediate and high doses
of L. sakei were used, the gene expression of the IL-1B was increased (2.58 and 4.01 fold,
respectively). Lastly, no differences in IL-18 mRNA abundance in infected cells were
observed when cells were treated with P. acidilactici and L. reuteri before inducing the
infection. No differences were observed in the gene expression of TNF-a and IL-6 (data

not shown).

Figure 5. Endometrium innate response. Relative units of gene expression of IL-8 when the cells
were treated with LAB in the absence (a) or in the presence of an E. coli infection (b). Expression
of IL-1B (c) with infected cells (n = 6 for each condition). Bars represent means * SE (a, c) or SEM
(b) for the different treatments. SEM are based on transformed data; whereas SE correspond to
un-transformed data. Bars with asterisk are different (P < 0.0001) from negative control (a) or E.
coli (b, ¢).
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3.3.2 Inflammation model

The gene expression of IL-8 in the inflammation model of endometrial cells (pre-treated
with 10 pg/pL of IL-1B) was as well affected by LAB treatment with (P < 0.0001, Figure
6B) or without E. coli infection (P < 0.0001, Figure 6A). The pre-treatment of endometrial
cells with IL-1B increased the mRNA abundance of IL-8 by 15 fold. In the presence of
inflammation, when the endometrial cells were treated with P. acidilactici, the gene
expression of IL-8 decreased when using the low (1.66 fold), intermediate (1.85 fold) or
the high dose (1.73 fold). Also, the treatment with L. rhamnosus dropped the mRNA
abundance of IL-8 about 2.05 fold with the low, 2.9 fold with the intermediate, and 2.27
fold with the highest dose. No differences were observed with L. sakei or L. reuteri (Figure
BA).

In the presence of inflammation, E. coli infection increased even more (2.27 fold) the
mRNA abundance of IL-8, when compared with the non-infected endometrial cells. The
gene expression of IL-8 of pre-inflammated and post-infected endometria was reduced
up to 2.45 fold with the low and 2.63-fold with the intermediate dose of P. acidilactici.
The intermediate dose of L. reuteri reduced up to 2.35 fold the gene expression of IL-8
when the cells were infected. On the contrary, the intermediate dose of L. sakei caused
a 1.02-fold increase in the mRNA abundance of IL-8 compared with the E. coli infection
along with the high dose (1.69 fold). Lastly, no significant differences were observed

when the infected cells were treated with L. rhamnosus (Figure 6B).

The gene expression of IL-1B in the endometrial cells in the presence of inflammation was

affected (P < 0.0001) by LAB treatment both, when the cells were not infected (Figure
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6C) and when the infection was induced (Figure 6D). The inflamed endometrial cells
overexpressed IL-1B about 18 fold more than the negative control did. The high dose of
P. acidilactici decreased 2 fold the gene expression of IL-18 in inflamed endometrial cells.
Also the low, intermediate, and high doses of L. rhamnosus decreased IL-13 mRNA
abundance in inflammated endometrial cells (3, 3.6, and 4.5 fold, respectively). No
differences were observed with L. sakei. The low and the high doses of L. reuteri caused

a 1.44 and 1.94-fold increase in the gene expression of IL-1B (Figure 6C).

E. coli infection increased the gene expression of IL-1B 2.11 fold compared with non-
infected but inflammated cells. The mRNA abundance of IL-18 was reduced by the low
and intermediate doses (3.17 and 2.24 fold, respectively) of P. acidilactici. A 3.45-fold
reduction was also observed with the high dose of L. rhamnosus. L. sakei diminished (2.53
fold) the gene expression of IL-18 with the three tested doses. No changes were found
when the cells were treated with L.reuteri (Figure 6D), and no differences were found in

the gene expression of TNF-a and IL-6 (data not shown).

Figure 6. Innate response of endometrium in the inflammation model. Gene expression of IL-8
when the cells were treated with LAB in the absence (a) or in the presence of an E. coli infection
(b). Expression of IL-18 with no infection (c) and with infected cells (d) (n = 6 for each condition).
Bars represent means + SEM (a, b) or SE (c, d) for the different treatments. SEM are based on
transformed data; whereas SE correspond to un-transformed data. Bars with asterisk are
different (P < 0.0001) from IL-1B (a, c) or IL-1B + E. coli (b, d).
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4. DISCUSSION

Lactic acid bacteria are, under normal conditions, present in the vaginal tract of dairy
cows [100]. It is known that vaginal Lactobacilli inhibit the growth of genitourinary
pathogenic microorganisms through mechanisms of competitive exclusion of pathogens,
stimulation of the host immune system, and production of specific antibacterial
compounds [99, 100]. Also in the food industry, some microorganisms commonly
associated with meat have proved to be antagonistic towards pathogenic bacteria; in
particular Lactobacillus sakei has been proposed to enhance microbial safety of non-
fermented meat products [109]. In this study, we have evaluated in vitro the potential of
four LAB species at modulating, not only bacterial infection, but also tissular inflammation
of the bovine endometrium, which are the two main processes causing uterine disease
in the cow postpartum. The E. coli infection experiments (Figure 3) indicated that P.
acidilactici, L. sakei and L. reuteri have a high potential at inhibiting E. coli infection in the
endometrial cells. This capacity was not well correlated with the ability to form biofilms
by the four LAB species (Table 2). Although P. acidilactici presented the highest capacity
to form biofilms, it was equivalent to that of L. rhamnosus, which did not perfome well at
inhibiting E. coli infection. Also, L. sakei showed a low adherence in the biofilm

experiment, but was the most effective in inhibiting E. coli infection.

Tight junctions strictly seal the intracellular spaces and contribute establishing an efficient
barrier against intracellular infections. A leaking barrier can favor pathogen and other
antigen passage [118]. Occludins are transmembrane proteins that form part of tight
junctions and interact with the adjacent cells. Pathogenic bacteria efficiently produce
defects in cell to cell contact, delocalizing tight junction proteins [120, 130-132]. Hence,
an increase in the expression of tight junction proteins could partially explain the ability
of LAB to reduce E. coli infection. However, the gene expression of occludin (Figure 4) did
not corroborate this hypothesis. Occludin was not always upregulated in the
endometrium treated with P. acidilactici. It was ony up-regualted when an inflammation
was present, which was when, interestingly, P. acidilactici did not reduce E. coli infection.
Also, the increased expression of occludin was observed randomly in some doses of L.
reuteri and L. sakei but not in all the cases associated with E. coli reduction. Other modes

of action, such as a direct acidification of the medium, because of the metabolic activity
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of LAB [99], or the production of antimicrobial compounds could account for a direct
reduction of E. coli infection [97]. In this context, it is known that Pediococci produce
antimicrobial compounds such as organic acids, hydrogen peroxide, and antimicrobial
peptides including pediocin AcH/PA-1[100], and L. sakei 5, used in the brewery industry,
produces sakacin T and sakacin X, identified as lIb bacteriocins [133]. Although the
mechanisms by which these organisms reduce infection are still unclear, but they could
involve: 1. an ability to adhere to and populate the vaginal epithelium and mucin layer, 2.
to inhibit pathogens from invading the tissue, 3. to reduce pathogen virulence, and 4. to
modulate host defenses. For example, L. sakei may have the capacity to inhibit pathogens
from adhering to the cells, and L. rhamnosus may be able to modulate host defenses [99,
134]. Other more complex mechanisms can aslo be involved, such as the production of
toxins. For instance, some strains of L. reuteri are able to produce one or more molecules
that inhibit the expression of toxins secreted by Staphylococcus aureus leading to an

inhibition of the infection [111].

When the E. coli infection was combined with tissular inflammation, there was only a
single dose of L. reuteri, among all tested LAB, that showed an ability to reduce E. coli
infection. This corroborated what has previously been described in the field: uterine
infection on a tissue with inflammation makes the eradication of the pathogen more
difficult [135, 136] and reinforces the importance of exploring new strategies to prevent

inflammation of the uterus during postpartum.

Several studies have indicated that Lactobacillus species exert a favorable influence in
human health by decreasing the level of cytokines involved in inflammation [137]. It is
known that the endometrium regulates the inflammatory response after an infection by
synthesizing and releasing cytokines and chemokines. TNF-a and IL-1B stimulate the
expression of chemokines such as IL-8 and molecules adhesive to the vascular endothelial
cells, leading to neutrophile and monocyte chemoattraction [126], and IL-6 stimulates

the expression of acute phase proteins [10, 89].

The ability to reduce the inflammation by the four LAB tested herein was also assessed
(Figure 5 and 6). L. sakei reduced the gene expression of IL-8 in endometrial cells but,

surprisingly, the high and intermediate doses increased the abundance of IL-8 and IL-18
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MRNA when the endometrial cells were infected with E. coli. On the contrary, the low
dose of L. sakei diminished the gene expression of IL-8 and IL-1B independently of the
presence of infection or inflammation. Altogether, these results indicate that depending
on the dose used of L. sakei, the response of endometrial cells change dramatically,
disqualifying this bacterium as a potential probiotic. Although P. acidilactici at high dose
slightly increased the gene expression of IL-8 in the endometrial cells, under infection and
inflammation, there was a consistent effect to reduce inflammation, mainly with the
intermediate and low doses, which were also the ones most efficient at fighting E. coli
infection. L. rhamnosus did not present any potential at inhibiting E. coli infection (there
was only a moderate inhibition with the high dose), but it demonstrated a high potential
to downregulate inflammation; mainly when there was an acute inflammation caused by
infection. However, there was a dose-dependent response that led to a progressive
downregulation of IL-8 and IL-1B gene expression as the dose of L. rhamnosus dose
increased. Lastly, L. reuteri did not exert an immunomodulatory response despite its
capacity to reduce E. coli infection, and depending on the dose used there was a

potentiation of endometrial inflammation, which would be nocive to the animal.
5. CONCLUSIONS

In conclusion, some LAB have great potential to modulate endometrial infection and
inflammation. P. acidilactici presented both, the ability to inhibit E. coli infection and also
downregulating inflammation, mainly when intermediate and low doses were used. L.
rhamnosus presented a great capacity to reduce inflammation in the endometrium,
mostly in the presence of an acute inflammation caused by bacterial infection. Although
L. sakei and L. reuteri are effective at preventing E. coli infection, they present a dose-
variable response on tissular inflammation that could lead to negative consequences to
the host. Further studies assessing the effect of combining different doses of LAB
probiotics could be of relevant importance to establish an adequate balance between
reducing pathogen infections and modulating the inflammation of the endometrium

before in vivo studies could be conducted.
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1. Introduction

Uterine function is often compromised in cattle by bacterial contamination and
inflammation after calving [35, 36, 114]. Metritis is an acute inflammation that occurs
within 21 d and is most common within the first 6 d after parturition. Metritis affects
about 20% of lactating dairy cows, with an incidence ranging from 8 to >40% [138], and
is characterized by an enlarged uterus and a watery red-brown fluid uterine discharge,
which has a fetid odor [34]. When a persistent clinical disease is found 3 wk after calving,
the process is described as purulent vaginal discharge (~20% incidence). However, about
30% of dairy cows have subclinical endometritis [33, 35, 36, 45, 114, 115], and thus the
problem may occur unnoticed. The economic impact of uterine diseases in dairy cows is
derived from infertility, increased culling due to failure to conceive, reduced milk
production, and the cost of antibiotic treatments. The economic cost of a single case of

metritis has been calculated to be about 350€ [44, 45].

Among the wide range of bacteria that contaminate the bovine uterus, Escherichia coli
are abundant and are associated with high concentrations of LPS in the uterine lumen
and with metritis [68]. It is generally considered that bacterial infection fosters the
recruitment of immune cells and leads to acute inflammation in the uterus [51]. This
process coexists with post-partum uterine involution, which causes basal tissue
inflammation leading to an excessive inflammatory status. In some cases, the persistent
inflammatory response is also attributable, in part, to reduced immune function before
calving [139]. In this context, efforts to reduce uterine infection and the consequent
acute inflammation are of great importance to decrease the final inflammatory status of
the uterus and its side effects such as tissue damage or failure to complete involution of
the uterus [140].

The mechanisms of infection and immunity in the endometrium have mostly been
studied in vitro [34, 51], whereas the characterization of uterine infection and insights
into the pathogenesis of disease often stem from observational studies of spontaneous
post-partum uterine infections in vivo [36, 45, 114]. The overall inflammatory response
to pathogens associated with innate immunity depends on the sum of the actions of

multiple cell types rather than just specialized immune cells [89]. The study of tissue
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explants collected from the endometrium ex vivo allows investigation of potential links
between whole animal clinical signs and cellular function [141]. Inflammatory mediators,
such as cytokines, are important molecules eliciting the cellular response against
pathogens but they also may initiate a cascade of events that may end in important toxic
effects on the tissue or induce cell death by necrosis or apoptosis. In this context,
morphological assessment of toxic effects at the ultrastructural level by field emission
scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) are

valuable tools to understand how E. coli alone or combined with LAB affects cell health.

Because the traditional antimicrobial treatment applied for metritis may lack efficacy and
it does not typically improve reproductive performance of the treated animals [97, 142],
the use of probiotic strains of bacteria has been proposed as an alternative to prevent
postpartum uterine infections and inflammation [107, 121]. In our recent work, various
individual strains of LAB have been shown to protect against E. coli infection in vitro and
reduce inflammation in epithelial cells [143]. The hypothesis of present work is that the
combination of LAB strains tested in our previous work [143] could reduce inflammation
and E. coli infection in bovine endometrium. Ex vivo experiments offer a good opportunity
to evaluate these effects considering the combination of several cell types and their

interactions.

The objective of this study was to establish the best probiotic combination of
Lactobacillus rhamnosus, Pediococcus acidilactici, and Lactobacillus reuteri in primary
cultures and to assess its capacity to modulate uterine inflammation caused by basal
tissue inflammation, such as that associated with calving, or by acute factors such as E.

coli infection.
2. Materials and methods
2.1 Bacterial strains and culture conditions

Pediococcus acidilactici (CECT 5915) and Lactobacillus rhamnosus (CECT 278) were
purchased from CECT (Coleccion Espafiola de Cultivos Tipo, CSIC Valencia, and Spain).
Lactobacillus reuteri (DSM 20016) and Lactobacillus sakei (DSM 20100) were acquired

from DSMZ (German collection of microorganisms and cell cultures, Leibniz, Germany). A

53



Chapter IV Study 2

swab sample was taken from the uterus of four metritic cows to isolate a pathogenic E.
coli. Each swab was spread in blood agar, MacConkey agar, and chocolate agar. Final
identification of the colonies was made by Vitek (Biomiéreux, Craponne, France). The E.
coli selected was FimH positive (virulence factor) and hemolytic. Bacterial cultures were
performed inoculating 1 mL of a glycerinate in 9 mL of Luria Bertani (LB) medium (10 g/L
peptone, 5 g/L yeast extract and 10 g/L NacCl) for E. coli or Man, Rogosa, and Sharpe
medium (MRS, Scharlau, Sentmenat, Spain) for L. rhamnosus, P. acidilactici, and L. reuteri
at 37°C in static conditions overnight (O/N). Then, bacteria were centrifuged at 6,000 x g
for 15 min and resuspended at 1x10® colony-forming units (CFU)/mL with DMEM (Gibco,
NY, USA) supplemented with 8 pg/mL bovine insulin and 50 pug/mL hydrocortisone. E.
coli CFU/mL was confirmed by serially diluting and plating into MacConkey (Scharlau,

Sentmentat, Spain) agar media. Colonies were counted after an O/N growth at 37°C.
2.2 Endometrial primary culture

Endometrial tissue was obtained at a slaughterhouse from post-pubertal non-pregnant
cattle with no evidence of genital disease or microbial infection and transported in chilled
PBS with 100 pg/mL streptomycin, 100 U/mL penicillin and 2.5 pg/mL amphotericin B
(PEF) to the laboratory. Then, tissue was cut into small pieces and incubated with PBS
supplemented with 1xPEF, 0.1 mM EDTA, and 0.1 mM DTT for 10 min at 37°C in 5% CO:
at 200 rpm. Then, the supernatant was removed and RPMI 1640 medium (Gibco, NY,
USA) with 0.25% collagenase (Gibco) was added and further incubated 15 min at 37°C in
5% CO> at 200 rpm. Supernatant was collected and mixed (1:1) with RPMI 1640 media
enriched with 0.02 mg/mL DNasa (Roche, Mannheim, Germany). Cells present in the
supernatant were recovered after centrifuging 5 min at 300 x g. This process was
repeated 3 times. Final cell pellets were resuspended in DMEM with 8 pg/mL bovine
insulin, 10 pg/mL gentamycin, 50 pg/mL hydrocortisone, 50 pg/mL streptomycin, 50
IU/mL penicillin, 2.5 pg/mL amphotericin B and 10 ng/mL epithelial growth factor (EGF;
Sigma-Aldrich, St. Louis, USA). Hydrocortisone was included in the medium to foster cell
growth [124]. Cells were quantified using a haemocytometer and incubated at 160,000
cells/em? in culture flasks. Epithelial cell phenotype was confirmed by
immunofluorescence labeling against anti-cytokeratin (monoclonal anti-cytokeratin pan

antibody produced in mouse, 1:500 dilution; Sigma-Aldrich) of at least 90% of isolated
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cells as previously shown [143]. For the immunofluorescence, endometrial primary cells
were grown in coverslips and fixed with 4% paraformaldehyde in PBS. Hela cells were
used as a positive control and macrophage differentiated THP-1 cells as a negative
control. Coverslips were blocked with 150 pL of PBS containing goat serum (0.05% v/v)
and Triton 0.2%, for 30 min at room temperature. The primary antibody was incubated
in blocking buffer for 2 h at room temperature at a dilution 1:500 (monoclonal anti-
cytokeratin pan antibody produced in mouse; Sigma-Aldrich). After 3 washes with PBS,
secondary antibody, an antimouse-FITC, was incubated for 1 h at room temperature at a
dilution 1:1000 (Sigma-Aldrich). Lastly, cells were washed and dried coverslips mounted

on glass slides using Fluoroprep and observed by fluorescence microscopy.
2.3 Ex vivo bovine endometrial explants

Segments of endometrial tissue were obtained at a slaughterhouse from 20 post-pubertal
non-pregnant cattle with no evidence of genital disease or microbial infection and
transported in chilled PBS with 100 pg/mL streptomycin, 100 U/mL penicillin and 2.5
ug/mL amphotericin B (PEF) to the laboratory. The tissue was cut into 0.8 cm? diameter
segments using skin biopsy punches (Kai medical, Seki, Japan). The explants were plated
in 24-well plates (1 explant /well) and incubated with RPMI 1640 medium (Gibco, NY,
USA) supplemented with 10% FBS, 50 pg/mL streptomycin, 50 IU/mL penicillin, 2.5 pg/mL
amphotericin B in 5% COat 37°C. These experiments were repeated on 4 different days
(each day involving five independent animals to reach a total of 20 cows) and using in

each experiment 6 replicates/animal for each ex vivo treatment.
2.4 In vitro experiments: LAB treatment, inflammation, and E. coli infection

Primary epithelial cells were plated at 80,000 cells/well in 24 well-plates with DMEM
supplemented with 8 pg/mL bovine insulin, 50 pg/mL hydrocortisone, and kept O/N at
37°C and 5% CO.. Cells were incubated with six replicates O/N with 4 LAB combinations
(Table 1) and positive controls (P. acidilactici at a ratio of 25 bacteria/epithelial cell, in the
model without basal inflammation, and with L. reuteri at ratio 2 bacteria/endometrial cell,
in the presence of basal inflammation). The basal inflammation was induced with 10
ug/uL of IL-1B as described elsewhere [143].Then, cells were challenged with 4x10°

CFU/well of E. coli for 6 h. Infection without LAB was used as an infection control and
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incubation with medium instead of E. coli as a negative control. If cells were submitted to
previous basal inflammation, the negative control was cells with IL-18 and medium. Cells
were washed twice with chilled PBS and associated bacteria were released with 500 pL
0.9% NaCl/well. Associated E. coli was quantified by serially diluting and plating the cell
extract onto MacConkey agar media. Colonies were counted after an O/N growth at 37°C.
Cells used for gene expression analyses were washed twice with PBS and harvested with
500 pL of Trizol (5Prima, Gaithesburg, USA) for RNA extraction.

Table 1: Combinations of LAB used in this study. Ratio of each LAB corresponds to the number of
LAB vs epithelial cells.

Combination Ratio L. rhamnosus Ratio P. acidilactici Ratio L. reuteri
A 100 25 0
B 25 25 0
C 100 25 2
D 25 25 2

2.5 Ex vivo experiments: LAB treatment, inflammation and E. coli infection

Explants were incubated in six replicates O/N with the selected LAB combination and then
challenged with 1.5x106 CFU/well of E. coli O/N. Infection without LAB was used as an
infection control and incubation with media instead of E. coli as a negative control. When
E. coli infection was evaluated in endometrial explants under inflammation, IL-18 was
added at 10 ng/well 1 h before LAB administration. In this case explants inflammated and
infected were used as an infection control and, explants inflammated and treated with
LAB were used as a negative control. Supernatant was collected for further II-8, IL-1$3, and

IL-6 ELISA quantification.
2.6 Quantitative RT-PCR analysis

One microgram of RNA was retrotranscribed to cDNA using the PrimeScript RT reagent
kit (Takara, Shiga, Japan) following manufacturer’s instructions. Quantitative PCR (qPCR)
was performed for bovine CXCL8 and IL1B using specific primers (Table 2). A total reaction
volume of 20 pl was used, containing 50 ng of cDNA, 10 ul of SYBR Green Fluorescent
(Bio-Rad, Hercules, CA, USA), and the optimized primer concentration for each gene
(Table 2). The gPCR reactions were cycled as follows: an initial denaturing step of 10 min

at 95°C, followed by 40 cycles of 10 s at 95°C, 15 s at the optimized annealing
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temperature for each gene, 30 to 60 s at 72°C and a final extension of 10 min at 72°C.
Relative gene expression was calculated using the Pfaffl method [144] with GAPDH as a
reference gene control and all the gPCR were performed in triplicate. GAPDH was chosen
because it is stably expressed in a variety of cells, including uterine tissues [116, 126].
Moreover, we checked that no differences in the expression of GAPDH were found

among treatments.

Table 2: Sequence, annealing temperature (At), concentration (uM), amplicon size (bp) of forward
(Fw) and reverse (Rv) primers used for gPCR and accession number or reference.

Gene Fw Rv At, C° 1LY Accession number or ref.
GAPDH GCATCGTGGAGGGACTTATGA GGGCCATCCACAGTCTTCTG 52 0.125 NM_001034034
CXCL8 TTGAGAGTGGACCACACTGC TGCACCCAGTTTTCCTTGG 55 0.5 [145]

IL1B TGGGAGATGGAAACATCCAG TTTATTGACTGCACGGGTGC 50 0.3125 M37211

2.7 Enzyme-linked immunosorbent assay (ELISA)

Concentrations of IL-1B, IL-6 and IL-8 were measured in supernatants from explants by
ELISA according to the manufacturers’ instructions: Bovine IL-18 ELISA Kit (ESS0027;
ThermoFisher Scientific, Cramlington, UK); Bovine IL-6 ELISA Kit (ESS0029; ThermoFisher
Scientific, Cramlington, UK); Human CXCL8/IL-8 DuoSet (DY208, Vitro S.A., Spain). The
Human CXCL8/IL-8 DuoSet has previously been validated for measuring bovine IL-8 [141,
146].

2.8 Field emission scanning electron microscopy (FESEM)

Microdrops of Lactobacillus rhamnosus, Pediococcus acidilactici, and Lactobacillus reuteri
cultures were directly deposited for 2 min onto silicon wafers (Ted Pella Inc., Redding,
CA, USA), excess of sample blotted with Whatman filter, air dried, and immediately
observed without coating in nearly native state with a FESEM Zeiss Merlin (Oberkochen,
Germany) equipped with a high resolution in-lens secondary electron detector and

operating at 1kV.

Triplicate samples of epithelial cell cultures with or without LAB treatment and with E.

coli infection, except for the negative control, were fixed with 3% (v/v) glutaraldehyde
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(Merck, Darmstadt, Germany) in phosphate buffer (PB) 0.1M at pH 7.2 (Sigma-Aldrich,
Steinheim, Germany) for 2 h at room temperature, rinsed 4 times with PB, post-fixed with
1% (w/v) osmium tetraoxide (TAAB Lab., Reading, UK) in PB for 2 h at 4°C, rinsed 4 times
in PB, dehydrated in ethanol (Panreac, Barcelona, Spain), and dried with CO> in a critical
point drying system (Bal-Tec AG, Bakzers, Liechtenstein). Samples were mounted in stubs
and observed without coating with a Zeiss Merlin microscope under the same conditions

as LAB samples.

A qualitative used for the analysis of 10 randomly distributed areas for each treatment.
The parameters observed were general structure of the epithelium (size and shape of
cells, ultrastructure, and amounts of ultrastructure of microvilli), presence of E. coli and

LAB on cell surface, and cell debris.
2.9 Transmission electron microscopy (TEM)

For the assessment of potential changes in the ultrastructure, samples of epithelial
cultures treated with PBS, E. coli and E. coli with LAB were fixed O/N in 2% (w/v)
paraformaldehyde (TAAB Lab., Reading, UK) and 2.5% (v/v) glutaraldehyde (Merck,
Darmstadt, Germany) in 0.1 M PB (Sigma-Aldrich, Steinheim, Germany), post-fixed for 2
h with 1% (w/v) osmium tetroxide (TAAB Lab., Reading, UK) containing 0.8% (w/v)
potassium hexocyanoferrate (Sigma-Aldrich, Steinheim, Germany) in PB, sequentially
dehydrated in acetone, embedded in Eponate 12™ resin (Ted Pella Inc., Redding, CA,
USA), and polymerized at 60 °C for 48 h. Ultrathin sections (70 nm) of selected areas
obtained with Leica ultracut UCT microtome (Leica Microsystems, Mannheim, Germany),
were placed on 200 mesh carbon-coated copper grids, and contrasted with conventional
uranyl acetate and lead citrate solutions. Ultrathin sections were then observed in a TEM
Jeol JEM-1400 (Jeol Ltd., Tokyo, Japan) operating at 80kV and equipped with a CCD Gatan
ES1000W Erlangshen camera.

A semiquantitative analysis was performed on 10 ultrathin sections randomly chosen
from three different areas per treatment. The parameters studied were presence of
mucus on cell surface, mitochondrial damage, and cell death (necrosis or apoptosis). For
each treatment, a value following a scale from — (healthy, without alteration) to +++ (high

alteration) was assigned for each parameter. Briefly, mucus was observed as a
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electrodense layer coating surface cells, edematous mitochondria was considered when
showed higher size, round shape, non-homogeneous matrix electrodensity, and/or
disorganized or disappeared cristae, necrotic cells showed non-homogeneous and

disorganized cytosol and conserved nucleus (see representative images in Fig 8).

2.10 Statistical analysis

Before statistical analyses, data were transformed by log or square root when necessary
to achieve a normal distribution. Results herein are expressed as means of non-
transformed data + SEM obtained with normalized data (unless otherwise stated). Data
were analyzed using a mixed-effects model (SAS Inst. Inc., Cary, NC, USA), considering
treatment and infection as fixed effects and animal (the donor for the cell cultures) as a
random effect. Data from TEM were analyzed using a Fisher exact test (SAS Inst. Inc.,
Cary, NC, USA), assigning a value from 0 (-) to 3 (+++) for each parameter. Differences

were considered significant when P < 0.05.
3. Results
3.1 Selection of LAB combination in vitro

The best combination of LAB strains tested in our previous work [143] was selected in

vitro taking into account its ability to reduce inflammation and E. coli infection.
3.1.1 E. coliinfection.

The effect of the LAB combinations on E. coli infection is presented in Figure 1A. The E.
coli count was reduced by 95.1% (P < 0.0001) when using LAB combination D (Table 1; L.
rhamnosus ratio 25, P. acidilactici ratio 25, and L. reuteri ratio 2); whereas, it was
increased (P < 0.0001) with LAB combinations A and B (56.0% and 75.6%, respectively)
relative to culture with E. coli inoculum alone. No differences were found with LAB
combination C. Furthermore, LAB combination D was able to surpass P. acidilactici, used

as positive control, which reduced E. coli infection by 89.7%.

The probiotic potential and modulatory effects of the LAB combinations against
endometrial E. coli infection were similar in the presence (Fig 1A) or absence of a basal

inflammation (Fig 1B). Under basal inflammation, there was a reduction of E. coli infection
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with LAB combination D (89.78%; P < 0.01) and no differences were found with other LAB
combinations. LAB combination D was also able to surpass the decrease of infection
induced by L. reuteri alone (73.5%), which was used as a positive control to reduce

infection under basal inflammation.

Figure 1: E. coli infection of primary endometrium cultures. Viable cell counts (CFU/mL) of E. coli
for each combination of LAB in an endometrium in the absence (A) or in the presence of a basal

inflammation (B). Bars represent means + SE. Bars with an asterisk differ (P < 0.01) from E. coli.
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3.1.2 Innate immunity under acute inflammation.

The expression of CXCL8 and IL1B genes was used as markers of innate immunity under
acute inflammation caused by E. coli treatment of either LAB-treated or non-treated
endometrial cells. The abundance of CXCL8 mRNA was affected (P < 0.01) by LAB
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treatment when cells were not infected (Fig 2A, open bars) and also (P < 0.0001) in the
presence of infection (Fig 2A, grey bars). Specifically, when cells were treated with the
LAB combinations C and D, a 1.7- and a 2.1- fold increment in CXCL8 expression in
epithelial cells were observed, respectively, compared with non-treated cells (negative
control). No differences were observed when LAB combinations A and B were applied to

epithelial primary cultures of endometrium.

The expression of the CXCL8 gene increased 21.8 fold with respect to the negative control
(Fig 2A, grey bars), but it was down-regulated when E. coli was applied with LAB
combinations A, B, C, or D (11.8, 2.0, 4.7, 4.7 fold reduction, respectively; Fig 2A, grey

bars).

The gene expression of IL1B was affected by LAB treatment (P < 0.0001) when cells were
uninfected (Fig 2B, open bars) and also (P < 0.0001) in the presence of infection (Fig 2B,
grey bars). Cells treated with LAB combinations A and C expressed more IL1B than the
negative control (13.9 and 21.7 fold, respectively). No differences were found with the

other LAB combinations (Fig 2B, open bars).

The mRNA abundance of IL1B in the endometrium infected with E. coli increased 137.5
fold with respect to the negative control. However, this increment was reduced when
cells were treated with either LAB combination (5.5, 3.1, 10.6 and 2.2 fold, for A, B, Cand
D, respectively; Fig 2B, open bars).

Figure 2: Innate immune response in primary endometrial cultures under an acute inflammation.
Relative units of gene expression of CXCL8 when cells were treated with LAB combinations in the
absence (Fig 2A, open bars) or in the presence of an E. coli infection (Fig 2A, grey bars). Gene
expression of IL1B in uninfected (Fig 2B, open bars) and infected (Fig 2B, grey bars) cells. Bars
represent means + SEM (Fig 2A) or SE (Fig 2B) for the different treatments. Bars with a cross differ
(P < 0.01) from the negative control, whereas bars with an asterisk differ (P < 0.01) from E. coli
control. Negative control and E. coli control differed at P < .0001.
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3.1.3 Innate immunity under a basal and an acute inflammation.

The gene expression of CXCL8 in the basal tissue inflammation model of endometrial cells
(cells pre-treated with 10 pg/uL of IL-1B) was affected by the different LAB combinations
both in the presence (P < 0.0001; Fig 3A, grey bars) and in the absence of an acute
inflammation caused by E. coli infection (P < 0.0001; Fig 3A, open bars). Pre-treatment of
the endometrium with IL-1B increased the expression of CXCL8 gene by 6.2 fold, but it
only increased 1.4 fold when the basal inflammation was induced in the presence of LAB

combination B (Fig 3A, open bars).

Infection with E. coli increased 2.35 fold the expression of CXCL8 by epithelium under a

basal inflammation. When cells were treated with LAB combinations A or C, a decreased
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expression of CXCL8 was observed (2.6 and 2.2 fold, respectively), whereas, the LAB
combination D only tended (P = 0.08) to decrease CXCL8 expression, and no differences

were found with the LAB combination B (Fig 3B).

The mRNA abundance of IL1B in the endometrium in the presence of basal inflammation
was affected by LAB combination when acute inflammation was induced (Fig 3B, grey
bars; P < 0.0001). The inflammated endometrium expressed 49 fold more IL1B than the
negative control. However, no differences were observed when the LAB treatments were
applied (Fig 3B, open bars). E. coli infection (acute inflammation) raised the expression of
IL1B 1.93 fold compared with uninfected cells under basal inflammation When the LAB
combinations were applied, a reduction (relative to negative control) was observed in all
cases: 2.1- fold for LAB combination A, 1.7- fold for LAB combination B, 2.3- fold for LAB
combination C, and 1.9- fold for LAB combination D (Fig 3B, grey bars).

Figure 3: Innate immune response of primary endometrial cultures under a total (acute and basal)
inflammation. Expression of CXCL8 gene when cells were treated with LAB combinations in the
absence (Fig 3A, open bar) or in the presence of an E. coli infection (Fig 3A, grey bars). Gene
expression of IL1B in infected (Fig 3B, open bars and uninfected (Fig 3B, grey bars) cells. Bars
represent means + SEM for the different treatments. Bars with a cross differ (P < 0.05) from IL-
1B, whereas bars with an asterisk differ (P < 0.05) from E. coli + IL-1B. Difference Negative control
and E. coli control differed at P <.0001.
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3.2 LAB combination for ex-vivo experiments

The LAB combination selected to conduct the ex-vivo experiments was the combination

D (L. rhamnosus ratio 25, P. acidilactici ratio 25, and L. reuteri ratio 2).
3.2.1 Ex-vivo acute inflammation model.

The secretion of IL-8, IL-1B, and IL-6 was evaluated after an acute inflammation produced

by E. coli infection of either LAB-treated or non-treated explants.

IL-8 secretion was affected (P < 0.0001) by E. coli infection and an interaction (P < 0.0001)
between infection and treatment was also observed (Fig 4A). When the probiotic
combination was applied to explants, IL-8 secretion increased 1.6 fold compared with the
negative control. When infection was induced, the secretion of IL-8 increased 3.7 fold
compared with the negative control. However, in the presence of the probiotic
combination the secretion of IL-8 decreased by 2.20 fold. No differences were found in
the secretion of IL-8 between the explants treated with probiotic in the presence or

absence of an E. coli infection.

The secretion of IL-1B was affected by LAB treatment (P < 0.0001), infection (P < 0.0001),
and the interaction between treatment and infection (P < 0.0001, Fig 4B). The probiotic
combination increased the secretion of IL-1B by 2.1 fold compared with the negative

control. When the explants were infected with E. coli, the secretion of IL-18 increased 6.3
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fold, but the increase was lesser when the infection of E. coli was induced in cells treated
with LAB (2.5- fold). Hence, the probiotic combination was able to reduce by 1.2 fold the

final secretion of IL-1B in the presence of an E. coli infection.

The secretion of IL-6 was affected by infection (P < 0.0001) and the interaction between
infection and treatment (P < 0.0001, Fig 4C). The probiotic combination increased the
secretion of IL-6 1.8 fold compared with the negative control. When the explants were
infected by E. coli, secretion of IL-6 increased 4.5 fold, whereas when explants were pre-

treated with the probiotics, IL-6 secretion decreased 2.2 fold.

Figure 4: Innate immune response in endometrial explants treated ex vivo under an acute
inflammation. Secretion (pg/mL) of IL-8 (Fig 4A), IL-1B (Fig 4B), and IL-6 (Fig 4C). Dots represent
means for each treatment and cow, whereas lines represent the means for each treatment.
Columns with different letters differ (P < 0.0001).
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3.2.2 Ex-vivo total inflammation model.

The secretion of IL-8, IL-1B, and IL-6 was evaluated in LAB-treated and untreated

endometrial explants after inducing inflammation (basal + acute inflammation).

The secretion of IL-8 was affected by treatment (P < 0.0001), infection (P < 0.0001), and
the interaction between treatment and infection (P < 0.0001, Fig 5A). E. coli infection
increased the secretion of IL-8 1.8 fold compared with the negative control. When the
LAB treatment was previously applied, secretion of IL-8 decreased in 1.6 fold. No
differences were observed between the negative control and explants pre-treated with
LAB.

Secretion of IL-1B was affected by infection (P < 0.0001), and the interaction between
treatment and infection (P < 0.0005, Fig 5B). E. coli infection increased the secretion of
IL-18 1.1 fold compared with the negative control. When the non-infected explants were
treated with LAB, an increment of 1.04 fold was observed compared with the negative
control and no differences were perceived in comparison with the infected explants. The
combination of the LAB and E. coli increased the secretion of IL-18 1.1 fold compared

with the infected explants.

Secretion of IL-6 was affected by infection (P < 0.0001), and the interaction between
treatment and infection (P < 0.0002, Fig 5C). The LAB treatment increased the secretion
of IL-6 1.1 fold compared with the negative control. When the explants were infected
with E. coli, the secretion of IL-6 increased 1.6 fold. Although E. coli induced the explants
treated with probiotics to secrete more IL-6 than those not infected (1.2- fold), the

probiotic combination resulted in 1.2 fold reduction of the secretion of IL-6.

Figure 5: Innate immune response in endometrial explants treated ex vivo under a total
inflammation (basal plus acute). . Secretion (pg/mL) of IL-8 (Fig 5A), IL-1pB (Fig 5B), and IL-6 (Fig
5C).Dots represent means for each treatment and cow, whereas lines are the means for each

treatment. Columns with different letters differ (P < 0.0001).
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3.3 FESEM

The study of LAB by FESEM showed bacteria with similar size and shape in each culture
and also after incubation with primary endometrial epithelia (Fig 6 A-B). Moreover, E. coli
bacteria were also observed in contact with epithelial cells either incubated alone or with
the LAB combination D (Fig 6 C-D). E. coli alone or E. coliand LAB appeared in low numbers

in the surface of the epithelial cells and in no case formed biofilms or interactions
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between each other (Fig 6 C-D). E. coli abundance was lower in samples treated with LAB

than in those infected with E. coli alone (P < 0.05).

Figure 6: Representative images of LAB and E. coli. General view and detail of LAB cultures (Fig
6A). Detail of LAB incubated with epithelial cells (Fig 6B). General view and details of E. coli
incubated alone (Fig 6C) or with LAB combination D (Fig 6D; L. rhamnosus, P. acidilactici, L.
reuteri). Bars size: 1 pym.

A qualitative assessment of epithelial cells was performed by FESEM, and a healthy
epithelium was observed in all treatments (epithelial cells with normal size and shape and
normal appearance of microvilli), butin cultures infected with E. coli, abundant areas with
cell debris and bacilli in were observed on the surface of epithelial cells (Fig 7). These
areas of damaged epithelial cells were less abundant in the control and in the LAB pre-

incubated cells than in cells infected with E. coli.

Figure 7: Representative images of epithelial cells of negative control, E. coli and LAB with E. coli.
General view of epithelial cell surface showing similar aspect in the 3 treatments (Fig 7A). Detail
of cell surface of the 3 treatments showing microvilli longer and more abundant in epithelia
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treated with E. coli alone and E. coli with LAB (Fig 7B) than with control cells. Detail of E. coli bacilli
(rod-shape bacterium) with cells covered with cell debris (misshapen rests of degraded organelles
and other cell components) or detail of E. coli with LAB associated to cells with a normal aspect
(Fig 7C). Bars size for general view: 5 um, for the rest: 1 um.

3.4 TEM

Quantitative data by TEM clearly illustrated the highest incidence of necrosis in among
all samples infected with E. coli, indicating a clear harmful effect of this pathogen in our
model (P = 0.07, Fig 8). In contrast, cell death decreased with the use of LAB probiotics.
A similar pattern between treatments was found for mitochondrial damage (edematous
mitochondria) (P < 0.01). No morphological signs of apoptosis were found in any of the

treatments.

Figure 8: Representative images of the semiquantitative assessment of ultrastructure. Healthy (-
) and necrotic (+) cells (Fig 8A). Bars size: 2 um. Healthy (-) and damaged (+) mitochondria (Fig
8B). Bars size: 0.5 um. Absence (-) or presence (+) of mucus on cell surface (Fig 8C). Bars size: 0.5
pum. A semiquantitative assessment for all treatments ranging from — (without alteration) to +++
(high alteration) was assigned for each parameter and treatment used for statistical comparisons
(Fig 8D).
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4. Discussion

Understanding the mechanisms of infection and immunity normally involves the use of
in vitro studies. However, the generation of cell cultures usually disrupts the tissue
architecture and the spatial arrangement of cells, which are often necessary for normal
function [147, 148]. The use of tissue explants gives the opportunity to study the overall
inflammatory response to pathogens depending on the sum of actions of multiple cell

types rather than just epithelial or specialized immune cells.

The LAB combinations tested herein were selected from the results obtained during
former experiments [143]. Briefly, 3 doses of a combination of 4 LAB were tested (L.
rhamnosus, P. acidilactici, L. reuteri, and L. sakei) for their capacity to modulate basal
inflammation in an endometrial primary culture infected with E. coli. The main results
obtained in our previous work were that P. acidilactici ratio 25 was able to inhibit E. coli
infection and down-regulate total inflammation, L. rhamnosus ratio 100 and 25 were able

to reduce total inflammation but increased the extent of E. coli infection with the
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greatest dose, and L. reuteri ratio 2 was able to reduce E. coli infection in the presence of

a basal inflammation [143].

Overall, all the biochemical and ultrastructural results herein demonstrated that the best
LAB combination to fight E. coli infection in the endometrium was the LAB combination
D composed by L. rhamnosus ratio 25, P. acidilactici ratio 25, and L. reuteri ratio 2 (Fig 1
and Fig 2). L. reuteri played a key role in the LAB combination as indicated by the
comparison of LAB combination D and B, which differed only in the presence (D) or
absence (B) of this bacterium. The presence of L. reuteri (D) reduced 21.6 and 83.8 fold
the extent of E. coli infection compared with the levels achieved with the LAB
combination B with or without a basal inflammation, respectively. Although the
importance of the role of L. reuteri, the mixture with L. rhamnosus, and P. acidilactici was
necessary to improve the performance obtained with L. reuteri and P. acidilactici alone,
which had previously been selected as the best LAB strains inhibiting infection with or
without inflammation, respectively [143]. These results confirmed our hypothesis that an
adequate combination of probiotics would efficiently counteract an endometrial
infection by E. coli. The LAB combination D, not only reduced most efficiently the E. coli
infection (Fig 1), but it also led to the greatest reduction of acute and basal inflammation
(Fig 2 and 3). Probably, in the case of the combination D applied to epithelial cultures, the
obtained reduction of CFU of E. coli (Figure 1) was the main cause behind the decreased
expression of pro-inflammatory cytokines during the infection (Figure 2), because lower

bacterial counts cause less acute inflammation.

The healthy uterus is able to efficiently clear bacterial infection and, once bacteria have
gained access to the uterus, the most important component of uterine defense is non-
specific phagocytosis by neutrophils [53]. Parturition in dairy cattle is associated with
impairment of polymorphonuclear leukocytes phagocytosis and with a decrease in the
ability to fight bacterial infections [88]. A decrease in neutrophils’ activity during the
periparturient period has been suggested to influence the occurrence of uterine
infections in both cows [149, 150] and buffalos [151]. The phagocytic capacity of
neutrophils remains high throughout the peripartum period but their killing capacity is
impaired [152].
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There are several studies that demonstrate the capacity of L. rhamnosus to activate
neutrophils [153, 154]. Fish receiving a feed supplemented with P. acidilactici also
presented elevated proportions of circulating neutrophils [155] and L. reuteri recruited

neutrophils against pneumovirus in mice [156].

Because IL-8 is the main chemokine recruiting neutrophils, the increase in IL-8
concentration observed when the LAB probiotic combinations were applied to the
explants (Fig 4 and 5) could be responsible of the recruitment of neutrophils. This, in
combination with the previously demonstrated ability of LAB for reducing E. coli CFU,
would protect the tissue against E. coli infection and the consequent acute inflammation
(with or without basal inflammation). Hence, the inflammatory response was less
pronounced in LAB-treated and infected explants than in the explants infected but not-
treated with LAB (Fig 4 and 5). It is likely that the LAB probiotics prepared the tissue pre-
infection to efficiently respond against pathogens and avoid a high inflammatory

feedback that could be deleterious for the uterus.

FESEM images (Fig 6 and 7) demonstrated that there was no direct interaction between
the different strains, or between bacteria and endometrial cells, and that there was no
formation of biofilms. Probably the presence of LAB may have reduced, by competition
mechanisms, the direct interaction of E. coli with the epithelial cells. These ultrastructural
analyses also suggested that the mode of action of LAB could be related to the presence
of extracellular bioactive peptides and bacteriocins (important antimicrobial metabolites
produced by LAB) [157]. In this context, Pediocin PA, a bacteriocin produced by
Pediococcus acidilactici, has been described to inactivate Listeria and other food-
pathogens [158]. Also, a recent study showed that increased secretion of MUC3 mucin
leads to reduced adhesion of enteropathogenic E. coli and enterohemorrhagic E. coli
strains [159, 160]. It has also been proved that the bacterial exopolysaccharide reuteran,
synthesized by L. reuteri, reduces enterotoxigenic E. coli colonization of piglet jejunal
epithelial cells [161]. Further studies will be carried out to demonstrate the involvement

of those factors in the LAB protection against E. coli infection of bovine endometrium.

Cytokines and necrosis reflect the progression of inflammation [162, 163]. In general, the

loss of epithelial cells increases the risk of infections, inflammation, and other deleterious
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effectsin the tissues [162]. LAB treatment reduced mitochondrial damage compared with
E. coli infected cells (Fig 8). Our ultrastructural findings are relevant because
mitochondrial damage and cell death compromise the tridimensional organization of
epithelial cells and hampers their barrier function, crucial for endometrium homeostasis
[164]. These results complemented our biochemical data, since intracellular signaling
pathways of inflammation participate actively in tissue homeostasis [165] and may induce

morphological changes [166].
5. Conclusions

In conclusion, a LAB combination consisting of L. rhamnosus ratio 25, P. acidilactici ratio
25, and L. reuteri ratio 2 presented the best potential to modulate E. coli infection and
endometrial inflammation in vitro compared with the individual LAB strains separately.
Furthermore, the optimal LAB combination was able to reduce the secretion of
inflammation markers (IL-8, IL-18, and IL-6) in the ex vivo acute inflammation model, and
in the ex vivo total inflammation model (IL-8 and IL-6). We also conclude that the
physiological and morphological effects (namely pro-inflammatory cytokine production
and necrosis) consequence of the exposure of uterine cells to E. coli may be reduced in
the presence of a combination of LAB. This ability to modulate and reduce or even
neutralize the main pathological effects of E. coli infection demonstrates a promising
potential of LAB probiotics as a therapeutic and preventive alternative against metritis in

the periparturient cow.
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1. Introduction

Infection and subsequent inflammation of the bovine uterus compromise uterine health
and hamper reproductive efficiency in dairy cows [167]. The onset of milk production
leads to a dramatic increase in energy requirement of dairy cows which cannot be
compensated by feed intake resulting in a negative energy balance, which can continue
up to about 3 mo of lactation difficulting the resolution of peripartum disease [168].
Moreover, the recovery process for the uterus after parturition requires tissue repair,
regeneration of the endometrial epithelium, and clearance of bacteria that contaminate
the uterus around parturition. In this context, both a basal tissue inflammation (due to
post-parturm uterine involution) and an acute inflammation (caused by bacterial
infections) may coexist in the uterus. Whether bacteria that reach the endometrium will
ultimately cause disease depends on the balance between the classic triad of the
virulence of the microbes, the effectiveness of the host defense systems, and the

environment [169].

Escherichia coli, Trueparella pyogenes, and Fusobacterium necrophorum are considered
important etiological agents of uterine diseases. E. coli is particularly prevalent in the first
week postpartum and is commonly associated with metritis. Some authors have
demonstrated that E. coli isolated from cows with metritis were adherent and invasive to
endometrial epithelial and stromal cells, and able to induce inflammation through TLR-4
inamouse model [51, 56]. Infection in the uterus is accompanied by systemic fluctuations

of inflammatory cytokines such as IL-8, IL-1B and IL-6 [170].

It is hypothesized that reproductive tract diseases represent a failure of the immune
system to switch sufficiently fast from a heightened state of function for postpartum
clearance of bacteria and tissue debris to a down-regulated state necessary for
maintenance of pregnancy [171]. Probiotics are live microorganisms that, when
administrated in adequate amounts, confer a health benefit to the host. They have been
shown to exert a wide range of effects, such as altering intestinal microbiota or enhancing
the immune system [172]. In our recent work we have demonstrated the effectiveness

of a combination of probiotics (Lactobacillus rhamnosus, Pedioccocus acidilactici, and
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Lactobacillus reuteri) at reducing inflammation and E. coli infection in epithelial

endometrial cells and tissue [143].

The objective of this study was to evaluate the effect of LAB probiotic combination,
administered intravaginally to dairy cows, on the innate immunity of the endometrium
and on the ability of endometrial tissue to withstand further ex vivo E. coli infection or

inflammation challenges.
2. Materials and methods
2.1 Animals and experimental design

This experiment was conducted in the facilities of Institut de Recerca i Tecnologia
Agroalimentaries (IRTA) at Monells (Spain). All experimental procedures were approved
by the IRTA Animal Care Committee. Twenty lactating Holstein cows at the end of stage
2 of the estrous cycle were enrolled to this study for a 3-wk period. At the end of the 3
wk cows were culled. Cows were enrolled during stage 2 of the estrous cycle to guarantee
they would be in the stage Il and | at the end of the treatment. Stage | and Il were chosen
due to its similarity with post-partum cows in progesterone concentration [141]. Cows
were randomly assigned to either 2 doses of LAB per wk (LAB); or 2 doses of carrier (sterile
sodium chloride 0.9%) (CTRL). The LAB treatment consisted of a mixture of Lactobacillus
rhamnosus CECT 278 (Coleccion Espafiola de Cultivos Tipo, Valencia, Spain), Pediococcus
acidilactici CECT 5915, and Lactobacillus reuteri DSM 20016 (German collection of
microorganisms and cell cultures, Leibniz, Germany) with a final cell count of
4.5.10'°%fu/dose and a relationship among the 3 probiotics of 12:12:1, respectively. LAB
mixture was made fresh every day. The LAB or carrier was infused into the vaginal tract
with sterile 5-mL syringes (Terumo, Germany) and deposited in the vagina just before the
entrance to the cervix. Aseptic procedures were maintained during LAB administration.
All uteri were collected at the slaughterhouse and transported to the lab at 4°C. Vaginal
and endometrial swabs (HydraFlock, Guilford, USA) were taken from all animals and

stored at -80°C until further gPCR analysis or kept at 4°C to perform bacterial cell counts.

2.2 Blood samples and lab analysis
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Two blood samples from each cow were collected from the coccygeal vein 1 d before
culling using 10-mL vacutainer tubes with EDTAK; (BD Vacutainer Systems, Plymouth, UK).
Blood samples were centrifuged at 3500 rpm at 4°C for 15 min. Serum and plasma

samples were collected and stored at -20°C until further analysis.

Concentrations of progesterone were measured in plasma using a commercially available
kit (PROG-EASIA Kit, DIAsource ImmunoAssays S.A.,Belgium) with a sensitivity of
0.8ng/mL.

2.3 Bacterial strains and culture conditions

Pediococcus acidilactici (CECT 5915) and Lactobacillus rhamnosus (CECT 278) were
purchased from CECT (Coleccién Espafiola de Cultivos Tipo, CSIC Valencia, Spain), and
Lactobacillus reuteri (DSM 20016) was acquired at DSMZ (German collection of
microorganisms and cell cultures, Leibniz, Germany). A swab sample was taken from the
uterus of 4 metritic cows (not part of the 20 cows enrolled in this study) to isolate
pathogenic E. coli. Each swab was spread in blood agar, MacConkey agar, and chocolate
agar. The final identification of the colonies was made by Vitek (Biomiéreux, Craponne,
France). The E. coli selected was FimH positive (virulence factor) and hemolytic. Bacterial
cultures were performed inoculating 1 mL of a glycerinate in 9 mL of Luria Bertrani (LB)
media (10 g/L peptone, 5 g/L yeast extract and 10 g/L NaCL) for E. coli or MRS (Scharlau,
Sentmenat, Spain) at 37°C in static conditions overnight (O/N). Then, media were
centrifuged at 6000 x g for 15 min, and resuspended in 1 mL of sterile NaCl 0.9%. To
prepare the LAB treatment, 2.4 - 10%° cfu of L. rhamnosus, 2.4 - 10*° cfu of P. acidilactici,

and 1.93-10° cfu of L. reuteri were resuspended in 2 mL of NaCl 0.9%.
2.4 Escherichia coli infection of ex vivo explants

Segments of endometrial tissue were obtained at the slaughterhouse from the 20 cows
with no evidence of genital disease or microbial infection and transported in chilled PBS
with 100 pg/mL streptomycin, 100 U/mL penicillin and 2.5 pg/mL amphotericin B (PEF)
to the laboratory. The tissue was cut into 0.8 cm? diameter segments using skin biopsy
punches (Kai medical, Seki, Japan). The explants were plated in 24-well plates (1 explant
/well) and incubated with RPMI 1640 media (Gibco, NY, USA) supplemented with 10%
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FBS, 50 pg/mL streptomycin, 50 IU/mL penicillin, 2.5 pg/mL amphotericin B in 5% CO at

37°C. Endometrial explants were plated in 24 well-plates and kept O/N at 37°C and 5%

CO2.Explants were challenged with 1.5x10° CFU/well of E. coli O/N. Incubation with media

instead of E. coli was used as a negative control. When E. coli infection was evaluated in

endometrium under a basal inflammation, IL-13 was added at 10 ng/mL 1h before

inducing the infection with E. coli. Each treatment was performed by sixtiplicate.

Supernatant was collected for further 1I-8, IL-13, and IL-6 analysis. Tissue was collected

for the analysis of gene expression by RT-PCR.

2.5 DNA extraction swabs.

Total DNA was extracted from the swabs using Power Soil DNA Isolation kit (MOBIO,

Carlsbad, USA) following the manufacturer’s instructions. The amount of DNA was

quantified using Nanodrop. Lactobacillus quantification was assessed by qPCR (Table 1).

Table 1: Sequence, annealing temperature (At), concentration (uM), amplicon size (bp) of the

forward (Fw) and reverse (Rv) primers used for qPCR and accession number or reference.

Gene Fw Rv At, C° UM Accession number
GAPDH GCATCGTGGAGGGACTTATGA GGGCCATCCACAGTCTTCTG 52 0.125 NM_001034034
CXCL8 TTGAGAGTGGACCACACTGC TGCACCCAGTTTTCCTTGG 55 0.5 [127, 128]
IL1B TGGGAGATGGAAACATCCAG TTTATTGACTGCACGGGTGC 50 0.3125 M37211
IL6 GGGCTCCCATGATTGTGGTA GTGTGCCCAGTGGACAGGTT 51.5 05 NM_173923.2
TNFa AACAGCCCTCTGGTTCAAAC TCTTGATGGCAGACAGGATG 60 05 AF011926.1
NFkB GGGCTCCCATGATTGTGGTA GTGTGCCCAGTGGACAGGTT 51.5 05 NM_001076409.1
TLR4 TCAGAAACCTCCGCTACCTTG TTCTGAAAAGAGTTGCCTGCC 52.1 05 NM_174198.6
IGF1 CCTGGATTTCTTTTTGCCTCAT GGTGAAGGCGAGCAAGCA 50 0.25 NM_001077828.1
PGHS2 AGGTGTATGTATGAGTGTAGGA GTGCTGGGCAAAGAATGCAA 50 0.25 NM 174445.2
Muc1l CATTGCCCTGGTTGTGTGTC ACCATTGCCTGCAGAAACCT 54 0.25 NM_174115.2
B-defensins GGTCACAAGTGGCAGAGGAT TGGTTGAAGAACTTCAGGGC 55 05 [173]
EMMPRIN GGTCACCATCATCTTCATCTA AGAGCCTATGTCTTCATCATC 48 0.25 NM_001075371.2
IGFBP2 CTGGAGCACCTCTACTCCCT CCGGTGTTAGGGTTCACACA 54 05 NM_174555.1
Lactobacillus GCAGCAGTAGGGAATCTTCCA GCATTYCACCGCTACACATG 60 0.25

2.6 Swab culture conditions

Vaginal swabs were cultured in MRS (Scharlau, Sentmenat, Spain) and MacConkey agar

(Scharlau, Sentmenat, Spain) plates and kept in static conditions at 37°C. Colonies were

counted after an O/N.
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2.7 Retrotranscription and quantitative PCR (gPCR).

Total RNA was extracted from endometrial explants using Trizol ® (ThermoFisher
Scientific, Cramlington) following manufacturer’s instruction and quantified using
Nanodrop. The RNA was retrotranscrived to DNA using iScript cDNA synthesis kit (Bio-
Rad, California, USA). Reactions of gPCR were performed using iQ5 Termocycler (Bio-Rad,
California, USA) and gPCR conditions for each set of primers were optimized (Table 1).
The specificity of the amplification was evaluated by the single band identification at the
expected molecular weight in DNA agarose gel and a single peak in the gPCR melting
curves. The efficiency was calculated by amplifying serial 1/10 dilutions of each gene
amplicon. A standard curve at Ct versus log was plotted to obtain the efficiency, which is
calculated using the formula 10%5°P¢, with an acceptable range of 1.8-2.2 [124]. A total
reaction volume of 20 ulL was used, containing 50 ng of cDNA, 10 uL of SYBR Green
Fluorescent (Bio-Rad), and the optimized gene concentration for each gene (Table 1). The
gPCR reactions were cycled as follows: an initial denaturing step of 10 min at 95°C,
followed by 40 cycles of 10 s at 95°C, 15 s at optimized annealing temperature for each
gene, 30 s at 72°C and a final extension of 10 min at 72°C. Relative gene expression was
calculated using the Pfaffl method [144] with GAPDH as a reference control gene. All
gPCR assays were performed in triplicate. GAPDH was chosen because it is stably

expressed in uterine tissues [116, 126].
2.8 Enzyme-linked immunosorbent assay (ELISA)

Concentrations of IL-1B, IL.-6 and IL-8 were measured in the supernatants of explants by
ELISA according to the manufacturers’ instructions: Bovine IL-18 ELISA Kit (ESS0027;
ThermoFisher Scientific, Cramlington, UK); Bovine IL-6 ELISA Kit (ESS0029; ThermoFisher
Scientific, Cramlington, UK); Human CXCL8/IL-8 DuoSet (DY208, Vitro S.A., Spain). The
Human CXCL8/IL-8 DuoSet has previously been validated for the measurement of bovine
IL-8 [141, 146].

2.9 Statistical analysis

Previous to statistical analyses, data were log- or square root-transformed when

necessary to achieve a normal distribution. Results herein are expressed as the means of
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non-transformed data + SEM obtained with normalized data (except otherwise stated).
Data were analyzed using an ANOVA (SAS Inst. Inc.; Cary, NC, USA), considering treatment
and infection as fixed effects and animal as a random effect. E. coli presence in vaginal
swabs was analyzed using a Chi Square. Differences were considered significant when P
<0.05.

3. Results
3.1 Blood progesterone

Blood progesterone concentrations confirmed that 89.7% of the cows (17/19) were in
the stage | or Il of the estrous cycle [141] [174] (data not shown). Two cows were in stage

1, but the results were analyzed together.
3.2 Innate immunity of the endometrium

The expression of 10 genes considered markers of inflammation and innate immunity of
endometrium [175-178] was evaluated. The endometrium of LAB-treated cows in vivo
presented differences in expression levels of B-defensins and MUC1 (Figure 1) but not in
other innate immunity genes analyzed, in comparison with CTRL cows (not treated) (Table
2). In the case of B-defensins, gene expression was reduced 8 fold (P < 0.05) compared
with the CTRL cows (Figure 1). The same pattern was observed for MUC1, which was
reduced 1.77 fold (P < 0.05) in comparison with CTRL cows (Figure 1). The response of
the endometrial explants treated ex vivo was performed as a positive control for the
potential direct LAB effects on the endometrium (Table 2). The abundance of CXCL8, IL1B,
IL6, and TNFa was affected (P < 0.05) by the direct LAB treatment ex vivo, whereas no
differences were observed between groups in the expression of the other genes.
Applying LAB ex vivo increased the expression of CXCL8 4.03 fold, IL1B 2.51 fold, IL6 2
fold, and TNFa 3.33 fold compared with the other groups.

Table 2: Gene expression in endometrial explants. Relative units of gene expression (mean + SEM)
for different groups of explants. Values with different letters differ (P < 0.05).

Animal treatment CTRL LAB
Ex vivo treatment - - LAB
Name Not treated Treated CTRL +
CXCL8 1.45+0.230° 1.21+0.281° 5.85+0.2882
IL1B 0.53+0.187° 0.36 £0.210° 1.33+0.1932
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IL6
TNFa
NFkB
TLR4
IGF1

PGHS2
EMMPRIN

0.186 +0.04520 0.23+0.078b" 0.46£0.1142
0.003 +0.0011° 0.002 +0.0006° 0.010 +0.00422
0.22 +0.069 0.16 +£0.065 0.33+0.065
0.05+0.033 0.03+0.033 0.07£0.033
0.03+0.213 0.04+0.213 0.03+0.213
0.02+0.020 0.01+0.019 0.08 £0.025
0.186 £0.159 0.192 £0.142 0.46 £0.142

Study 3

Figure 1: Explants B-defensins and MUCL1 expression. Relative units of gene expression of B-
defensins and MUCL. Bars represent mean + SEM for the different groups. Bars with different
letters differ (P < 0.05).
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3.3 Ex vivo E. coli infection

LAB

The resistance of the endometrium to E. coli infection was evaluated ex vivo using

endometrium explants from CTRL and LAB cows. The infection was monitored through

the production of IL-8, IL-18, and IL-6 biomarkers [179]. The secretion of IL-8, IL-1f3, and

IL-6 was affected (P < 0.0001) by E. coli infection (Table 3). When the explants were

infected, the secretion of IL-8 increased 1.30 fold compared with the uninfected explants.

In the case of IL-1B concentration, infected explants expressed 6.29 fold more protein

than the uninfected explants. Lastly, infected explants had 3.36 fold more concentration

of IL-6 than uninfected explants. No differences were observed between treatments

(Table 3) regarding the secretion of IL-8, IL-1B, or IL-6.
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On the other hand, the response of endometrium from cows was also analyzed after ex
vivo inflammatory stimulus (treatment with 10ug/pL of IL-1B) that mimicked the basal
inflammation at calving. The concentration of markers IL-8, IL-18, and IL-6 in the
inflammation model was evaluated in endometrial explants before and after E. coli

infection.

Table 3: Effect of E. coli infection in IL-8, IL-1B, and IL-6 concentration on endometrial explants.

Infection Treatment
Protein Not infected Infected CTRL LAB
IL-8 60.80 +0.057° 79.42 +0.0522 66.04 +0.073 74.19 +0.072
IL-1B 207.76 +0.084° 1306.40 £0.0852 812.64 £0.102 701.52 +0.099
IL-6 4616.45 +0.066° 15515 +0.0672 8411.45 +0.085 11720 £0.081

&b Means within a row with different subscripts differ (P < 0.005).

The amount of IL-8, and IL-6 was affected (P < 0.0001) by infection (Table 4), but there
were no differences in either treatment with LAB or interaction between treatment with
infection. Infected explants secreted 1.43 fold more IL-8, and 1.70 fold more IL-1f than

not infected explants. No differences were found with IL-18.

Table 4. Effect of E. coli infection on IL-8, IL-1B, and IL-6 concentration on pre-inflammated
endometrial explants.

Infection Treatment
Protein Not infected Infected CTRL LAB
IL-8 69.31 +0.047° 99.65 +0.0472 92.41 +0.060 76.54 £0.057
IL-1B 13528 £ 0.044 14904 £ 0.044 14379 £0.055 14107 £0.053
IL-6 13769 +0.070° 23476 £0.0702 18806 +0.080 18439 +0.078

&b Means within a row with different subscripts differ (P < 0.005)

3.4 Vaginal E. coli and Lactobacillus spreading

The concentration of Lactobacillus was evaluated from vaginal and endometrial swabs
from each cow. The amount of Lactobacillus was affected by tissue (P < 0.05), but not by

treatment or the interaction between treatment and tissue (Figure 2).

Figure 2: Lactobacillus concentration. Reverse relative units of Lactobacillus. Bars represent mean
+ SEM for the different groups. Bars with different letters differ (P < 0.05).
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The amount of Lactobacillus observed in the vagina of the control cows compared with
the endometrium was significantly bigger (1.06 fold, P = 0.036). No differences were
observed in the LAB treated cows. On the other hand, the results from the vaginal swab
cultures shown a tendency to have more presence of E. coliin CTRL cows than in the LAB-
treated cows (P =0.088).

4. Discussion

As uterine inflammation occurs in all cows during the post-calving uterine involution, the
factors responsible for failure to resolve the endometrial inflammation at the start of the
breeding period are critical. The scale of the inflammatory response to microbes is
dependent on multiple factors, including microbial virulence effectors, host tissue
factors, and on the regulation of intracellular signaling pathways associated with innate
immunity [180]. Furthermore, this inflammated uterus seems to be more susceptible to
E. coli infections. Thus, understanding which factors are involved in this process will help
to diminish E. coli infections responsible for metritis and the inflammation associated

with calving.

Pathologic or acute inflammation appears to differ from the physiologic or what we call
basal inflammation in severity, duration, and the time postpartum in which it is more

pronounced. It is accepted that the same inflammatory effectors are involved in disease
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and in physiologic inflammation, but that the difference lies in the magnitude, regulation,
duration, and effectiveness of the response [10]. Our models allow to study the LAB
treatment and further endometrium performance in different situations: acute
inflammation (infection), basal (tissue inflammation induced by IL-18) and total
inflammation (combining both models). These models are based on combining a LAB in
vivo treatment with an ex vivo challenge ensuring a more controlled experimental
environment without compromising ethical issues. When we compared the results of
both basal and total inflammation (acute and basal inflammation) (Tables 3 and 4,
respectively) we observed an increment in the concentration of all the cytokines.
Specifically, the concentration of IL-8 was increased 1.25 fold, IL-1B 3.75 fold, and IL-6
1.51 fold in the total inflammation model (Table 4) compared with the acute
inflammation model (Table 3). These results are in agreement with our previous results

[181].

The comparison of the expression of pro-inflammatory cytokines in the endometrium of
CTRL (not-treated) animals and LAB-treated animals revealed no differences. However in
order to check that Lactobacillus was able to modulate some of these cytokines in the
endometrium, an ex vivo LAB treatment was included in the experiments (what we called
positive control) (Table 2, Figure 1). In this experiment we observed that CXCL8, IL1B, IL6,
and TNFa were over-expressed in the LAB-ex vivo treatments compared with the other 2
groups, only treated in vivo (4.03, 2.5, 2, and 3.33 fold, respectively). This confirms that
LAB treatment in vivo does not affect the endometrium because none of those markers
were modified. That could be explained by the absence of differences in Lactobacillus
counts in the endometrium of LAB-treated or CTRL cows (Figure 2), suggesting that the

LAB treatment applied in the vagina did not reach the endometrium.

Itis known that some probiotics (or their derivative products or metabolites) may prevent
or trigger an innate immune response by initiating TNF-a production by epithelial cells,
inhibiting or activating NF-kB and priming or dampening the host immune response by
influencing the production of IL-8 and subsequent recruitment of neutrophils [182]. A
previous study [183] reported that a LAB treatment composed by Lactobacillus
suntoryeus HY7801, Bifidobacterium longum HY130504, Lactobacillus plantarum AK8-3,
and L. acidophilus A101, inhibited TLR-4 linked NF-kB activation. Consistent with the NF-
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kB results observed herein, no differences in TLR4 expression were observed in that
study. In our experiments, no differences were observed in the gene expression of NFkB
indicating that 1) this may not be the route of immune modulation used by the LAB
combination used herein, or 2) the sampling time was not adequate to observe
differences in NFKB or TLR4.

Prostaglandin G/H synthases (PGHS2) is an enzyme involved in the conversion of
arachidonic acid into PGH2, a common precursor of various forms of prostaglandins (PG)
including PGE2 and PGF2a. The downstream enzyme PGE synthase (PGES) catalyzes the
conversion of PGH2 to PGE2, which regulates the production of various cytokines
including TNF-a and IL-6 [184]. However, no differences were observed between
treatments or the positive control (Table 2). That again, lack of differences may be due
to a delayed sampling time as differences in TNFa and IL6 were observed. Postpartum
dairy cows enter a period of negative energy balance associated with low circulating IGF-
1, during which the uterus must undergo extensive repair following calving. IGF-1 is vital
for proliferation, differentiation and steroidogenesis of granulose cells. It is also known
that low levels of IGF-1 may cause delay in resumption of estrous cyclicity [185].
Multiparous cows with a low nadir in circulating IGF-1 in the first 2 wk postpartum
subsequently fail to conceive. Fertility is strongly linked to animal’s health around calving.
The postpartum uterus is exposed to the prevailing metabolic environment within the
animal, including IGF-1 [178]. A previous study reported that giving an oral combination
of Lactobacillus acidophilus, L. rhamnosus, and Lactobacillus casei to human volunteers
was able to regulate IGF1 in the mucosa [186]. In our study, LAB was not able to regulate

IGF1 expression, at least when no infection was involved.

Extracellular matrix metalloproteinase inducer regulates several biological functions
involving the modulation of cell behaviors via cell-cell and cell-matrix interactions, is also
highly associated with endometrial remodeling, and it has been detected in the luminal
and glandular epithelium and stroma [176]. No differences were observed between

treatments.

The principal antimicrobial peptides expressed in the bovine endometrium include [-

defensin and its transcripts are most abundant in the face of microbial challenge [89].
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Several studies have found that tracheal antimicrobial peptide (TAP) is up-regulated in
diseased endometrium, or in cytology samples collected from the endometrium. TAP is,
a B-defensin produced by mucosal epithelial cells [60]. Our results showed that cows
treated with LAB in vivo expressed less B-defensins than CTRL cows (Figure 1). Also,
differences were observed (Figure 1) in MUC1 (an inducible innate immune effector and
an important component of the first line of defense against bacterial invasion of epithelial
surfaces [175]). A decrease of MUCL1 expression of 1.77 fold was found in LAB treated
cows compared with not treated and positive control. That seems to indicate that
although the LAB applied in the vagina was not able to reach the endometrium, it may
regulate the vagina environment as demonstrated by the amount of vaginal E. coli found
in the swabs, where there was a tendency towards lower E. coli counts in cows treated in
vivo with LAB compared with CTRL. This effect might reduce the bacterial load reaching
the uterus, consequently, reducing the expression of B-defensins nor MUC1. This findings
correlate with our results and leads to think that B-defensins may be use as a marker of

uterine infection.
5. Conclusion

The vaginal treatment with a combination of LAB based on L. rhamnosus, P. acidilactici,
and L. reuteri does not reach the endometrium and does not modulate inflammation and
tissue remodeling genes. However LAB-treated cows showed a lower expression of B-
defensins and MUC1 in the endometrium, two indicators of uterine infection, which may
be explained by a regulation of pathogenic environment in the vaginal tract by the action

of LAB and a consequent reduction of pathogenic bacteria reaching the endometrium.
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1. Introduction

Acute metritis is an inflammation of the uterus due to bacterial infection occurring the
first 21 days after calving (more prevalent during the first 10 DIM). The main
characteristics are systemic signs of sickness, including fever over 39.5°C, red-brown
watery foul-smelling vaginal discharge, dullness, inappetance, elevated heart rate, and
low milk production (Sheldon et al. 2006). Damage to the uterine tissue during parturition
leads to inflammation that likely contributes to the systemic condition [76] This
inflammation found in the uterus comes from the need for substantial tissue repair as
part of post-partum involution, recruiting immune cells [51]. When microorganisms reach
the uterus, the resistance to disease depends on the balance between the host defense

systems, the virulence of the microbes, and the environment [89].

The periparturient dairy cow has nutritional requirements that exceed its dietary intake
potential. This leads to a state of negative energy balance (NEB), during which blood
glucose decreases and body tissue reserves are mobilized to provide more energy,
hardening the resolution of peripartum diseases [187, 188]. Cows in greater degree of
NEB have higher values of non-esterified fatty acids (NEFA) in blood, that at the same

time are associated with lower feed intake [46, 150].

Parturition in dairy cattle is associated with impairment of neutrophil phagocytosis and
oxidative burst activity [189] therefore with a decrease in the ability to fight bacterial
infections. Other authors demonstrated in vitro that an increase of NEFA in blood tended
to desensitize neutrophil oxidative burst [188], being the specific fagocytosis by
neutrophils the most important component of uterine defense after bacterial infections
[16].

The traditional antimicrobial treatment applied for metritis may lack efficacy and it does
not typically improve the reproductive performance on the treated animals [142]. That
along with the recommendations from the WHO to reduce antibiotic treatments leads to
investigate alternative therapies. The use of probiotic strains has been proposed as an
alternative to prevent postpartum uterine infections and inflammation. Deng et al had
demonstrated that some lactic acid bacteria (LAB) strains are able to reduce uterine

disease prevalence in dairy cows [107]. Our recent work, have demonstrated that other
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LAB strains are also able to modulate uterine inflammation in vitro and ex vivo [143, 181]
and when administered in vivo intra-vaginally the LAB does not reach the endometrium
but regulates vaginal environment restricting the amount of bacteria reaching the uterus
[190].

2. Materials and methods
2.1 Animals and experimental design:

This experiment was conducted in the facilities of Dairy Research and Educational Centre
from University of British Columbia (UBC) at Agassiz, Canada. All experimental procedures
were approved by the UBC Animal Care Committee. One hundred thirty-five cows were
enrolled 3 wk before calving and randomly assigned to treatments to insure similar
frequencies for parity and previous illness in all treatment groups. The treatment groups
were: (1) two intravaginal doses of lactic acid bacteria (LAB) per wk during 3 wk pre-
calving (Vaginal); (2) 1 intra-uterine dose 1 d after calving (Endometrial); and (3) no
intervention (Control). The LAB treatment dose was a mixture of Lactobacillus rhamnosus
CECT 278 (Coleccion Espafiola de Cultivos Tipo, Valencia, Spain), Pediococcus acidilactici
CECT 5915, and Lactobacillus reuteri DSM 20016 (German collection of microorganisms
and cell cultures, Leibniz, Germany) with a final cell count of 4.5:10'° CFU/dose and a
proportion of 25/25/2, respectively. LAB treatment was made fresh every day.
Intravaginal LAB treatments were applied with a plastic cannula, previously cleaned with
water and 70% ethanol, deposited in the vagina just before the entrance of the cervix.
For the endometrial treatment, LAB was applied with a sterile syringe directly inside the
uterus. Aseptic procedures were maintained during LAB administration. A small sample
from the endometrium was collected through a non-surgical procedure (at day 1, 3, and
6 after calving) from 15 cows from the endometrial treatment, and 15 cows from the
control. Randomly selected cows received local anesthesia (epidural) using standard
procedure indicated by the farm veterinary. Tissue collected was submerged in 500uL of
RNA later (Thermo Fiser Scientific, Cramlington, UK) and kept O/N at 4°C. Then RNA later

was removed and the tissue stored at -80°C until further analysis.

2.2 Clinical observations and measurements:
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All cows were monitored clinically at 1, 3, and 6 DIM for metritis. Rectal temperature
were measured twice and fever was declared when it was greater than 39.5°C. Retained
placenta was declared if a cow did not expel the placenta within 24 hours after
parturition. Cows with retained placenta were removed from the study as were treated
with antibiotics. A metritic case was diagnosed if the cow had reddish brown vaginal
discharge with fetid odor, or more than 50% pus, together with fever at DIM 6. To check
the discharge the Metricheck device, a soft rubber hemisphere connected to a stainless
steel rod, was inserted into the vagina. Vaginal discharge was evaluated after retracting

the device caudally [191]
2.3 Sampling and laboratory analysis:

Blood samples were collected from the coccygeal vein at d-14, -10, -7, -4, +1, +3, +6, and
+14 related to calving after being milked with 10 mL vacutainer tubes with EDTA (BD
Vacutainer Sytems, Plymuth, UK). Blood samples were processed for neutrophil RNA
isolation or centrifuged at 1573 x g at 5°C for 15 min to separate the plasma. Two aliquots
for sample were stored at -20°C until further analysis. Concentrations of Non-esterified
fatty acids (NEFA) were measured in plasma using a commercially available kit (NEFA
standard solution, NEFA-HR2 Color A and B, and NEFA-HR2 Solvent A and B, Wako

Diagnostics, Mountain View, USA).
2.4 Bacterial strains and culture conditions:

Pediococcus acidilactici (CECT 5915) and Lactobacillus rhamnosus (CECT 278) were
purchased from CECT (Coleccién Espafiola de Cultivos Tipo, CSIC Valencia, Spain), and
Lactobacillus reuteri (DSM 20016) was acquired at DSMZ (German collection of
microorganisms and cell cultures, Leibniz, Germany). Bacterial cultures were performed
inoculating 1 mL of a glycerinate in 45 mL of Man, Rogosa, and Sharpe medium (MRS,
Scharlau, Sentmenat, Spain) for L. rhamnosus, and P. acidilactici; and in 20 mL of MRS
medium for L. reuteri at 37°C in static conditions for 2 days. Then bacteria was
centrifuged at 6000 x g for 15 min and resuspended with sterile NaCl with a final
concentration of 4.5-10'° CFU/dose. Each dose had a ratio of 25/25/2 for L. rhamnosus,

P. acidilactici, and L. reuteri, respectively.
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2.5 Neutrophil isolation:

Neutrophils were isolated from 20 mL of blood based on the procedures of Carlson and
Kaneko (1973). Specifically, blood was centrifuged at 1000 x g for 45 min at 4°C, and then
plasma, buffy coat, and two-thirds of the red blood pack were removed. Red blood cells
in the remaining sample were lysed by adding 12 mL of hypotonic solution (10.6 mM
Na2HPO4, and 2.7 mM NaH2PO4) and mixing for 90 s. Then, 6 mL of 4°C hypertonic
solution (10.6 mM NazHPO4, 2.7 mM Na2POas, and 430 mM NaCl) was added, and tubes
were mixed to restore instonocity. Samples were centrifuged at 800 x g for 5 min at 4°C.
The supernatant was discarded and the pellet was washed with 10 mL of Hank’s Balanced
Salt Solution (HBSS, Sigma-Aldrich, St. Louis, USA). Then samples were centrifuged again
at 800 x g for 5 min at 4°C and the pellet was washed with 10 mL of HBSS. Samples were
centrifuged at the same conditions and the pellet was resuspended with 1 mL of HBSS
and poured to 1.5 mL microcentrifuge tubes. The tubes were centrifuged at 9600 x g for
15 min at 4°C, the supernatant was pipetted off, and 500 uL of TRIzol reagent (5Prima,

Gaithesburg, USA) was added. Samples were stored at -20°C until RNA extraction.
2.6 Retrotranscription and quantitative PCR (qPCR):

Total RNA was extracted from neutrophil isolations using TRIzol Reagent (5Prima,
Gaithesburg, USA) following manufacturer’s instructions and quantified using Nanodrop
instrument (Thermo Fisher Scientific, Cramlington, UK). The RNA was retrotranscrived to
DNA using iScript cDna Synthesis kit (Bio-Rad, California, USA). Reactions of gPCR were
performed using CFX384 Touch Real-Time PCR Detection System (Bio-Rad) and gPCR
conditions for each set of primers were optimized (Table 1). The specificity of the
amplification was evaluated by the single band identification at the expected molecular
weight in DNA agarose gel and a single peak in the gPCR melting curves. The efficiency
was calculated by amplifying serial 1/10 dilutions of each gene amplicon. A standard
curve at Ct versus log was plotted to obtain the efficiency, which is calculated using the
formula 10%/5°P¢ with an acceptable range of 1.8-2.2 [124]. A total reaction volume of 20
ulL was used, containing 50 ng of cDNA, 10 ulL of SYBER Green Fluoresecent (Bio-rad), and
the optimized gene concentration for each gene (Table 1). The gPCR reactions were

cycled as follows: an initial desnaturalizing step of 10 min at 95°C, followed by 40 cycles
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of 10 s at 95°C, 15 s at optimized annealing temperature for each gene, 30 s at 72°C and
a final extension of 10 min at 72°C. Relative gene expression was calculated using the
Pfaffl method [144] with GAPDH and RPS9 as reference gene controls and all the qPCR
were performed in triplicate. GAPDH and RPS9 were chosen because they are stably

expressed in a variety of cells, including uterine tissues [87, 116].

Table 1: Sequence, annealing temperatures (At), concentration (uM), amplicon size (bp) of
forward (Fw) and reverse (Rv) primers used for qPCR and accession number.

Gene Fw Rv At,C° pum bp  Accession number
GAPDH GCATCGTGGAGGGACTTATGA GGGCCATCCACAGTCTTCTG 52 0125 67 NM_001034034.2
RPS9 CCTCGACCAAGAGCTGAAG CCTCCAGACCTCACGTTTGTTC 57 0125 63 NM_001101152.2

SELL ACGGGAAAAAAGGATTACTATGGA GCCTATAGTTGCATATGTATCAAATTTTCA 51 0.25 144 NM_174182.1

NCF1 TCCTCAACTTCTTCAAGGTGCG CAGCGTTGTTCTTGCCATCTTT 53 0.5 107 NM_174119.4
SOD1 GGCTGTACCAGTGCAGGTCC GCTGTCACATTGCCCAGGT 558 0.25 100 NM_174615.2
TNFaR GTGCAGTGCGTGTGTTTGTGTC ATCTTCGCAACCACTGCCTTG 55.2 0.5 109 NM_174674.2

2.7 NanoString® nCounter Assay:

Gene expression from biopsy samples was measured on the NanoString nCounter
Analysis System (NanoString Technologies, Seattle, WA, USA). The system measures the
relative abundance of each mRNA transcript of interest using a multiplex hybridization
assay as digital readouts of fluorescent barcode probes that are hybridized to each
transcript. An nCounter CodeSet (NanoString Technologies) containing a biotinylated
capture prove for 100 genes and 4 reference genes, but only 4 genes were analyzed for
this experiment (Table 2) and reporter proves attached to a color barcode tags according
to the nCounter™ code-set design was hybridized in solution to 200ng of total RNA for

18 h at 67°C according to the manufacturer’s instructions.

Table 2: Accession number, position and target sequence.
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Gene Accession Number  Position Target sequence

CGCCTTCGCCGCCGGTCGACACCGCAACCAGTTCGCCATGGATGATGATATTGCTGCGCTC

ACTB NM_173979.3 56-155 GTGGTCGACAACGGCTCCGGCATGTGCAAGGCCGGCTTC

TGATTCCACCCACGGCAAGTTCAACGGCACAGTCAAGGCAGAGAACGGGAAGCTCGTCATC

GAPDH NM_001034034.1 213-312 AATGGAAAGGCCATCACCATCTTCCAGGAGCGAGATCCT

GCCTGTGACTGTCCATTCCCGGGCTCGATGCCGGAAAAACACCTTGGCTCGCCGGAAAGGC

RPLL9 NM_001040516.1 193-292 AGGCATATGGGTATAGGTAAGCGAAAGGGTACTGCCAAT

CTGATGGTGTCCCCATGCCTGATAAGTACTCCTTGCAGCCAGTTGCTGTAGAACTCAAATCT

PGK1 NM_001034299.1 317-416 CTGCTGGGCAAGGATGTTTTGTTCTTGAAGGACTGTGT

CAGAAGAAACCTGACAAAAAGCCTCTTGTTCAATATGACTTCCAAGCTGGCTGTTGCTCTCT

CXCL8 NM_173925.2 40-139 TGGCAGCTTTCCTGCTCTCTGCAGCTCTGTGTGAAGCT
TGACCTGAGGAGCATCCTTTCATTCATCTTTGAAGAAGAGCCTGTCATCTTCGAAACGTCCT
IL18 NM_174093.1 331-430 CCGACGAGTTTCTGTGTGACGCACCCGTGCAGTCAATA
AAAAATGGAGGAAAAGGACGGATGCTTCCAATCT TTCAATCA ATTTGCTTGAT
IL6 NM_173923.2 320-419 C GGAGG GGACGGATGCTTCCAATCTGGGTTCAATCAGGCG GCTTG

CAGAACCACTGCTGGTCTTCTGGAGTATCAGATATACCT

TTCGCAACATTCCTTGAGAAGATCTCACCTAGAACTTGACATGCGTGGACTTCAACTCTCCCT

TNFa NM_173966.2 1207-1306 TCCTGCCAATGTTTCCAGACTCCCCTGAGGTGGGAAG

2.8 Bioinformatics:

To obtain gene expression data from the NanoString nCounter assay, filtering of samples
using quality control (QC) criteria was performed according to the manufacturer’s
recommendations. Row counts of QC-passed samples were normalized using 4 reference

genes as internal controls (GAPDH, ACTB, RPL19, and PGK-1).
2.9 Statistical analysis:

Previous to statistical analysis, data were transformed by log or root when necessary to
achieve a normal distribution. Results herein are expresses as the means of non-
transformed data + SEM obtained with normalized data (except otherwise stated).
Neutrophils, NEFA and NanoString data were analyzed using an ANOVA (SAS Inst. Inc.,
Cary, NC, USA), considering treatment, day, as fixed effects, parity as a block effect and
animal as a random effect. Differences were considered significant when P < 0.05.
Metritis prevalence was analyzed using a Chi-square comparing each treatment against

the control cows.

3. Results
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3.1 Metritis prevalence:

The results of clinical observations for metritis are presented in Figure 1. Data showed
that cows under vaginal treatment had lower prevalence of metritis compared with cows
belonging to the control group ( P < 0.05) while the endometrial treatment did not show
any difference. Vaginal treatment lowered the prevalence rate of metritis by 58%
compared with the CTRL group, showing an incidence of 13% whereas the control group
had a 30% incidence of metritis. Primiparous cows (heifers) showed greater metritis
prevalence than multiparous cows ( P < 0.05, Table 3) but no interaction with treatment

was observed.

Figure 1: Metritis prevalence. Percentage of metritis cases in each treatment. Different letters
differ (P < 0.05).
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Table 3: Prevalence of metritis by parity, % (case/total).
Metritis
Parity No Yes P value
Heifers 63.65% (28/44) 36.36% (16/44)
Cows 81.82% (72/88) 12.12% (72/88) 0.02

3.2 Neutrophil relative gene expression:

The expression of SELL, NCF1, SOD1, and TNFaR genes was used as a marker of neutrophil
killing activity. Treatment was affecting the expression of SELL ( P < 0.005), NCF1 (P <
0.05), SOD1 ( P < 0.05), and TNFaR ( P < 0.05, Table 4). Endometrial treatment reduced
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gene expression of all the genes compared with the control, while vaginal treatment

reduced SELL and TNFaR expression and a tendency was also observed with NCF1.

Table 4: Neutrophil gene expression by treatment.

Treatment

Gene Ctrl Endo Vaginal p-value

SELL 4.92 +0.093? 2.18 +0.092° 2.86 + 0.092° 0.0022
NCF1 14.21+0.012*¢  6.81+£0.012" 9.05+0.12%P 0.0137
SOD1 9.27 £0.097% 5.72 + 0.095° 7.83 £ 0.098? 0.0135

TNFaR 1.67 +0.089% 0.99 + 0.086° 1.37 £0.088° 0.0354

b Means within a row with different subscripts differ (P < 0.05)

Metritis also affected the expression of TNFaR ( P < 0.05, Table 5). Cows with metritis
expressed more TNFaR and tended to express more SELL. Furthermore, day of sampling
tended to affect the expression of NCF1 (P = 0.069, data not shown), down-regulating its

expression at day 3 compared with day -10 and 1.

Table 5: Neutrophil gene expression by disease.

Metritis
Gene No Yes p-value
SELL 2.60 £ 0.075% 4.02 £0.075% 0.0795
NCF1 10.01 +£1.803% 9.97 £1.821° 0.3293
SoD1 5.69 +0.079? 9.67 + 0.080° 0.3738
TNFaR 1.01 +0.072° 1.67 £0.0722 0.041

b Means within a row with different subscripts differ (P < 0.05)

No interaction has been observed between day and treatment, treatment and metritis,

or day and metritis.
3.3 NEFA:

NEFA concentration was affected by day ( P < 0.0001), and parity ( P < 0.0255) but no by
treatment (P = 0.4457). Interactions between treatment and parity (P = 0.0062, Fig. 2A),
and parity and day (P = 0.0048, Fig. 2B) were significant whereas no relationship between
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treatment and day (P =0.477) was observed. Endometrial treatment in multiparous cows
significantly increased NEFAs in blood compared with the rest of the treatments (with
multiparous or primiparous cows) except primiparous control cows, at least 1.29 fold.
NEFA concentration in blood was 1.55 fold lower before calving (day -10) than after
calving in primiparous cows whereas NEFAs concentration in blood raised 2.03 fold after
calving in multiparous cows. No differences were observed between heifers and cows
before calving, but after calving, multiparous cows had at least 1.20 fold more NEFAs in
blood than primiparous cows. No differences were observed between metritic and

healthy cows (data not shown).

Figure 2: NEFA by treatment and parity (A), by parity and day (B). Bars represent mean + SE.
Different letters differ ( P < 0.05).
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Table 6: Correlations between concentration of NEFA (uM) in blood and neutrophil relative gene
expression.

NEFA
Neutrophil r2 P value
SELL 0.024 0.096
NCF1 0.043 0.026
SoD1 0.015 0.19

TNFaR 0.009 0.32

96

0d-10
@d+1
md +3
md +6



Chapter VI Study 4

3.4 Pro-inflammatory markers:

The gene expression of the pro-inflammatory cytokines CXCL8, IL1B, IL6, and TNFa was
evaluated as markers of inflammation in the endometrium. The gene expression of this
cytokines was affected by time ( P < 0.0001), but not by treatment or metritis. No
significant interactions were found between treatment and metritis, metritis and time,
time and treatment. The triple interaction treatment*metritis*time was not observed
neither (Figure 3).

Figure 3: Innate immune response from endometrial biopsies taken from healthy (white spots)
and metritic (black spots) cows from the CTRL (black line with circumferences) and ENDO (grey

line with triangles) treatment. Expression of CXCL8 gene over time (Fig 3A), IL1B (Fig 3B), IL6 (Fig
3C), and TNFa (Fig 3D). Points represent means + SEM for different conditions.

A 45 1

w
I

4 -

w
ol
1

w
(6]
1
w
1

N
ol
1
N
1

log CXCLS8 relative gene

N
1
=
ol
1

expression
w
1
log IL1B relative gene expression
N
ol
1

=
(6]
-

7 15

o1

13

I

In IL6 relative gene expression
w
S B IS, BRYJURNS, B NS BN, BN )
1
root TNFa relative gene expression
[{e)
1

11

N

-

—o— Ctrl Healthy
—e— Ctrl Metritic
—a— LAB Healthy
—a— LAB Metritic

T T T 3 T T T
0 2 4 6 0 2 4

day day

[ep]

As treatment was not affecting the expression of pro-inflammatory profile, a second

analysis was performed to evaluate differences in gene expression between metritic and
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healthy cows, then removing treated cows (endometrial treatment) and only using those

belonging to the control group.

The gene expression of CXCL8 was affected by day ( P < 0.0001), and there was an
interaction of metritis and day ( P < 0.05, Figure 4A). Healthy cows tended to express
more CXCL8 at day 1 (2.30 fold) whereas metritic cows tended to increase its expression

by 2.45 fold at day 3 compared with healthy cows.

The /L1B gene expression was affected by day ( P < 0.0001) and there was an interaction
between day and metritis ( P < 0.05, Figure 4B). Metritic cows tended to increase /L1B
gene expression at day 3 by 3.05 fold compared with healthy cows. No differences were

found at day 1 or day 6.

Figure 4: Innate immune response from endometrial biopsies taken from healthy (grey line) and
metritic cows (black line) from the CTRL treatment. Expression of CXCL8 gene over time (Fig 4A),
and IL1B (Fig 4B). Points represent means + SEM for different conditions. Points with t differ (P <
0.1) between healthy and metritic cows.
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The gene expression of IL6, and TNFa was affected by day ( P < 0.05), but no differences

were observed between healthy and metritic cows.
4. Discussion

Previous work by other authors had proved in the past that intra-vaginal administration
of some LAB strains was able to reduce uterine infections in dairy cows [107]. The main
objective of this study was to evaluate the capacity of another LAB strains combination,
previously proved to reduce E. coli infection in vitro and ex vivo [143] to modulate
inflammation and reduce metritis prevalence after intra-vaginal or intra-uterine
administration. The intra-vaginal application of LAB twice per week during the three
weeks before calving (with a media of 5 doses/cow) was able to reduce up to 58% (P =
0.04, Figure 1) metritis prevalence in this group of cows (vaginal group) compared with
the control cows. Previous work demonstrated that cows treated intra-vaginally with this
combination of LAB tended to have lesser presence of E. coli in the vagina than not-
treated cows (P = 0.088, unpublished data). These findings could explain partially the
results observed herein. On the other hand, the intra-uterine application of the same
dose of LAB did not show any differences in metritis prevalence compared with the
control group (P =0.872, Figure 1). The idea behind this treatment was to study not only
the effect on metritis prevalence but also if a more direct application of LAB to the
endometrium would be able to down-regulate the post-calving inflammation associated

with infection and involution processes.

In this study, neutrophil activity was quantified by gene expression as part of the
inflammatory response. It is known that neutrophils are a primary source of immune
response in the uterus, being the neutrophil activity associated with risk of metritis [150].
Some authors [192] have stated that desirable response should be a prompt, substantial
flux of neutrophils into the uterus after calving. On the other hand, an excessive immune
response could be counter-productive as impairs uterine or ovarian function [10, 193].
In our case, we had observed that metritic cows tended to express more SELL (I-selectin,
P =0.079, Table 4), a protein that is expressed on the neutrophil surface and promotes
neutrophil infiltration into the infected tissue, than healthy cows. Furthermore, metritic

cows also expressed more TNFaR (the TNF-a receptor that is involved in regulating
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neutrophil function) than healthy cows ( P = 0.041, Table 5). When we compare LAB
treated cows with not-treated cows, we realized that the vaginal and endometrial
treatment down-regulated the expression of all genes studied as markers of neutrophil
activity (Table 4). Specifically, the expression of SELL and TNFaR was reduced along with
the expression of NCF1 and SOD, both involved in the respiratory burst. In the vaginal
treatment the decrease of neutrophil activity probably could be related to the reduction
of pathogenic bacteria in the vagina and the less incidence of infection in the uterus. No
differences by LAB endometrial treatment were observed nor with CXCL8, nor with the
other cytokines /L1B, IL-6, and TNFa expression levels (Figure 3). In the endometrial
treatment this was an unexpected result because in previous in vitro and ex vivo studies,
the direct treatment of endometrium with LAB modulated the levels of those cytokines
[181]. The endometrial treatment produced some effects because there was a clear
reduction of neutrophils activity but probably the number of administration was not
enough to produce a sustained effect to modulate neither the proinflammatory cytokines

expression nor the metritis incidence.

The differences between a pathological and physiological inflammation is not well
understood and depends on the severity, timing and duration of inflammation [10]. It is
widely accepted that all post-partum cows are in an inflammatory state [76] and that
damage to uterine tissue during calving leads to inflammation that likely contributes to
the systemic condition. In this study, when the profile of pro-inflammatory cytokines was
analyzed only in control animals the results showed that metritic cows had impaired
expression of CXCL8 at day one compared with the controls, but at day 3 it is reversed,
CXCL8 and IL1B are over-expressed in those metritic cows compared with the controls
(Figure 4). It seems that those cows with a less active immune system are the ones more
sensible to the bacterial infection (that is present to almost all dairy cows during the 2-3
weeks after calving [194]) causing metritis at the end, as the immune systems reacts more

slowly.

Hammon et al., 2006, found that cows with puerperal metritis had significantly higher
NEFA levels pre-partum than healthy cows. In this study no differences in NEFA
concentration in blood between healthy and metritic cows were observed ( P =0.183).

That may be due to different criteria to diagnose metritis, while we had diagnose metritis
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when temperature > 39.5°C and cows had vaginal purulent discharge at day 6, they
classified cows as metritic if purulent discharge was observed between day 0 and 14 after
parturition, regardless of presence of fever. It has been observed an increase of NEFA in
multiparous cows in the endometrial treatment. This raising in NEFA concentration may
be explained due to a bigger NEB in this group of cows. However no differences in milk
production at 60 DIM were observed between treatments ( P = 0.5488, data not shown),
and no differences in body weight were observed either (P = 0.956, data not shown). As
cows in the endometrial treatment modified neutrophil expression (Table 4) that may
indicate that LAB is affecting energetic metabolism directly or indirectly. It has been
described in the literature that high peripartum blood NEFA concentration is associated
with impaired blood neutrophil functions [150] and proliferation [188]. Herein we have
not found any correlation between NEFA and the expression of some genes related to
neutrophils activity but we cannot discard other relationships with total neutrophil
activity, not measured here. It is possible that with less neutrophil activity, the
endometrium is recruiting more immune cells necessary for the involution processes,
increasing the negative energy balance of the animal, but no total immune cell count was
performed in this study. No differences in NEFA concentration was observed between
metritic and healthy cows, but as expected pre-calving and post-calving NEFA
concentration varied (P < 0.001, Figure 2b) being samples taken 10 days before

parturition different from the ones taken after calving [195].
5. Conclusions

The LAB vaginal treatment reduced more than a half the metritis prevalence in dairy cows
compared with control animals whereas the LAB endometrial treatment did not alter the
metritis incidence. Both treatments reduced neutrophil activity but did not modify pro-
inflammatory cytokines. This combination of LAB appears to be a promising strategy to

prevent uterine infections by pre-calving intra-vaginal administration.
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The goal of this thesis was to identify possible preventive or/and therapeutic strategies

against metritis in dairy cows.

Metritis accounts for the infection of the uterus during the first 21 days (more prevalent
during the first 10 DIM) after calving. In this infection, pathogenic strains of E. coli play a
crucial role because they have been identified as the first bacteria involved in the
infectious processes [34]. Metritic infections and the consequent acute inflammation
coexist with the physiological inflammatory status due to uterus involution after calving.
Aims to reduce infection and associated acute inflammation are of extremely importance
since they will reduce the total inflammatory status and the negative consequences such
as tissue damage. Moreover, in the literature, it is exposed the need to find new
strategies to fight infections without using antibiotics. The first reason is because often
the antibiotic is not enough to fight against uterine infections [53]. In addition, free
antibiotic use had led to an increment in antibiotic resistances, both in animals and
humans, and in consequence its antimicrobial activity has been compromised. In this
context, finding new antimicrobial alternatives is one of the top public health challenges
in the 21 century. Antibiotics had already been banned as growth promoters in animal
feed in the European Union and everything seems to indicate that a reduction in
antibiotic administration as a preventive strategy against infections will be announced

soon.

One of the most used strategies to fight infections in the gut is the use of probiotics with
interesting results [113]. In the case of uterine infections, metritis specifically, not much

research had been done regarding the use of probiotics.

In chapter Ill, four different Lactic acid bacteria (LAB) strains were selected from the
literature to be tested as possible probiotics against uterine Escherichia coli infection. The
chosen strains were Lactobacillus rhamnosus, Pediococcus acidilactici, Lactobacillus
reuteri, and Lactobacillus sakei. All had been used as probiotics in the gastrointestinal
tract or in the food industry. To be more specific, it is known the capacity of Pediococci
to produce antimicrobial compounds such as organic acids or antimicrobial peptides such
as pediocin AcH/PA-1 [100], and that L. reuteri produces reuterin, a broad-spectrum

antibiotic substance able to inhibit pathogenic bacteria [111]. L. rhamnous is able to
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protect the human urogenital tract by excreting biosurfactants to inhibit the adhesion of
pathogens and it is extremely adherent to uroepithelial and vaginal cells [104], whereas
L. sakei produces sakacin T and X, identified as bacteriocins [133]. It has been
demonstrated by other authors that Lactobacillus are present in the vagina of healthy
and infected cows [100], but more predominantly in the case of healthy cows [97]. That
leaded to the hypothesis that Lactobacillus may be able to block E. coli infection and
reduce the associated physiological (basal) inflammation due to uterus involution after
calving. To prove that hypothesis, 4 different doses of each strain where tested against
metritic E. coli infection in endometrial epithelial primary cell culture. Also, the potential
of such strains was tested at modulating the physiological (basal) inflammation of the
endometrium that may coexist with E. coli infections. Hence, two in vitro/ex vivo models
were used: acute inflammation (induced by E. coli infection) and total inflammation
model (basal inflammation combined with E. coli infection). The doses able to reduce E.
coli infection and/or reduce the pro-inflammatory markers (CXCL8 and IL1B) in vitro were
selected for further experimentation. Interestingly, the different doses of each strain had
different behavior, making the results very dose dependent. P. acidilactici was chosen
due to its capacity to reduce E. coli infection when the cells did not have basal
inflammation, L. rhamnosus because it was able to reduce inflammation markers (under
basal and acute inflammation) and, L. reuteri, because was the only bacterium able to
block E. coli infection in the total inflammation model. L. sakei was discarded even if it
was the strain with better results fighting E. coli infection because, contrary to what it
was expected, it increased the expression of pro-inflammatory cytokines. On the other
hand, other authors found L. sakei a good candidate to be used as a prophylactic

treatment against uterine infections, along with different strains of P. acidilactici [121].

In chapter IV, endometrial epithelial cells were analyzed with electron microscopy, both
scanning and transmission. Those analysis gave us valuable information of how E. coli was
acting, as well as the probiotic strains. In any case biofilms were observed at the used
doses despite the ability of P. acidilactici and L. rhamnosus to form them demonstrated
in chapter lll. Furthermore, no direct interaction between the LAB strains and E. coli were
observed. TEM analysis pointed out higher necrosis incidence in cells infected with E. coli

but not treated with probiotics, whereas in samples pre-treated with LAB, necrosis
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incidence was reduced. Again, more mitochondrial damage was found in not treated cells

than in treated cells.

In chapter IV, the analysis of different combinations of selected LAB and doses were
performed to finally find a synergic action that could efficiently reduce metritis in dairy
cows. The combination composed by L. rhamnosus/ P. acidilactici / L. reuteri with a ratio
of 12/12/1 showed to be the most efficient reducing E. coli infection and inflammation
compared with the other combinations or to the strains alone that performed better in
vitro. The selected LAB combination reduced 2.16 fold E. coli infection without basal
inflammation compared with P. acidilactici alone, while again, the combination was able
to reduce more E. coli infection in the total inflammation model than L. reuteri alone (2.59
fold). Furthermore, the combination led to a greater reduction of acute and basal

inflammation.

Using endometrial tissue in ex vivo experiments instead of just endometrial epithelial cells
was the logical step in order to better understand the effect of the LAB combination
regulating infection and inflammation. The generation of cell cultures (in vitro model)
modifies the tissue architecture and the spatial arrangement of cells, which may alter
their normal function [136, 148]. That difficulty is overcomed using tissue explants
because they are composed by multiple cell types rather than just epithelial or specialized

immune cells, allowing the study of overall inflammatory response to pathogens [141].

When the LAB combination was applied to endometrial tissue, the same pattern was
observed, the pro-inflammatory cytokines IL-8, IL-1B, and IL-6 were reduced when the
probiotics were applied compared with E. coli infection alone. However, the decrease of
the concentration of IL-8 and IL-1B from infected tissue treated with probiotics or not,
was lower than the in vitro model. That could be explained, first, because the
methodology to quantify those inflammatory markers were different. While in the in vitro
model we were quantifying the gene expression of the markers, in the ex vivo model we
were quantifying protein concentration. The methodology was different because the
levels of protein in the supernatant of the in vitro model were not detectable by ELISA.
Secondly, applying the LAB combination directly to the cells instead of tissue facilitates a

more direct and homogenous contact between the bacteria and the cells, increasing the
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stimulation of the innate response. Furthermore, the different types of cells present in

the tissue react different to the LAB combination than only epithelial cells.

It has been described that impairment of polymorphonuclear leukocytes phagocytosis
and a decrease in the ability to fight bacterial infections are associated with parturition
in dairy cattle [88]. The most important component of uterine defense is the non-specific
phagocytosis by neutrophils [53]. It is common knowledge that the immune system is
inhibited before calving [53, 88], so a decrease in neutrophil activity during the
periparturient period may decrease the ability to fight bacterial infections in cows [150].
In chapter VI, differences in neutrophil activity were observed between metritic and
healthy cows. To be more specific, metritic cows tended to express more I-selectin (SELL),
and expressed more TNFaR than healthy cows. During inflammation, SELL expressed in
the neutrophils surface promotes neutrophil infiltration into infected tissue [196]. Once
the neutrophils arrive at the site of infection, toll-like receptors (TLR) expressed on
neutrophils surface recognize and bind pathogens. Neutrophils phagocyte pathogens and
then destroy them by mechanisms including respiratory burst. Components of
respiratory burst pathways include neutrophil cytosolic factor (NCF1, a component of the
NADPH oxidase enzyme complex) and superoxide dismutase (SOD) [197]. Cytokines, such
as TNF-a and IL-1, produced by epithelium and immune cells, can bind to receptors on
neutrophils to regulate neutrophil function [196]. However, cows treated in vivo with the
intra-uterine LAB combination at 1 day after calving reduced the gene expression of
neutrophil activity markers compared with control cows but no interaction between LAB
treatment and disease was observed. In the case of the intra-vaginal treatment, based in
the LAB combination applied during 3 weeks pre-calving, a reduction of SELL and TNFaR,
and a tendency to decrease NCF1 gene expression was observed compared with control
group. The drop in neutrophil activity in the vaginal treatment may be interpreted as a
result in the diminution of metritis prevalence (58% reduction compared with control
cows). Less metritis means less E. coli infection, and then a reduction in neutrophil
activity. That correlates with the fact that metritic cows express more SELL and TNFaR
than healthy cows. No interaction between disease and vaginal treatment was observed
probably because only 6 cows were diagnosed with metritis in the vaginal group, not

having enough statistical power. Some authors have stated that the killing capacity of
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neutrophils is impaired through the peripartum period [152], which may be explaining
the lack of differences in the gene expression of NCF1 and SOD1 between healthy and

metritic cows.

Contrary to what it was expected after the results obtained in vitro and ex vivo (chapters
[l and 1V), no differences in pro-inflammatory markers were found in the biopsies from
cows treated in vivo with intra-uterine LAB treatment compared with control cows
(chapter VI). The idea behind this treatment was to study not only the effect on metritis
prevalence (which was not modified) but also if a direct application of LAB to the
endometrium would be able to down-regulate the post-calving inflammation associated
with infection and involution processes. We were expecting to see a decrease in the pro-
inflammatory markers, especially in the case of CXCL8. CXCL8 induces chemotaxis
principally in neutrophils, causing them to migrate towards the site of infection. However,
no differences were observed. Interestingly, when the biopsies from control cows were
analyzed alone, metritic cows tended to express less CXCL8 than healthy cows at d +1
after calving. Same pattern was observed with IL1B although it was not statistically
significant. These results seem to indicate that considering that bacteria is present in the
vagina of all cows after calving [194], the animals with the immune system more impaired

are the ones who would likely be infected.

It has been described in the literature that cows with metritis have higher levels of non-
esterified fatty acids (NEFA) in blood than healthy cows one week before calving [150].
NEFA are produced under a state of negative energy balance (NEB), characteristic in the
periparturient period of the cow, where blood glucose decreases and body tissue
reserves are mobilized to provide more energy. In the study explained in chapter VI no
differences were observed between healthy and sick animals. As stated in the discussion
of that chapter, that may be due to different criteria diagnosing metritis (other authors
diagnose puerperal metritis while we diagnose acute metritis). Curiously, an increase of
NEFA in blood in multiparous cows (cows with more than one lactation) treated with
intrauterine LAB has been found. It is difficult to explain the reason of this increment as
no differences in body weight loss were observed either. Cows with bigger NEB lose more
weight, that at the same time increases NEFA in blood. Furthermore, no differences in

milk production (which could explain more energetic requirements) were found between
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those cows and the others. Itis possible that with less neutrophil activity (reduced by the
intrauterine treatment), the endometrium is recruiting more immune cells necessary for

the involution processes, increasing the negative energy balance of the animal.

In chapter VI it is proved that the LAB combination is able to reduce metritis prevalence
when the treatment is applied in the vagina but not if it is applied in the endometrium.
Those results combined with the fact explained in chapter V that the LAB combination
applied in the vagina does not reach the endometrium leads to conclude that the
probiotics are regulating the vaginal environment blocking E. coli infection. This will
correlate with the findings from Ametaj group, where even using another combination of
probiotics, they reduce metritis prevalence as well [107]. Moreover, the study in chapter
V demonstrated that cows treated intra-vaginally with this combination of LAB tended
to have lesser presence of E. coli in the vagina and lesser expression of Bdefensins and

Mucl (markers of infection) in the endometrium than not-treated cows.

In general, the results of this thesis, have demonstrated that the use of LAB in specific
combination of strains and doses, allows the reduction of metritis prevalence in dairy
cows and opens a new preventive strategy to improve fertility in cattle, greatly affected
by uterine infections. Finally, this strategy also contributes to decrease and control the

use of antibiotics in animal production, paving a safest and more sustainable future.
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10.

11.

12.

13.

Pediococcus acidilactici inhibits Escherichia coli infection and downregulates
inflammation in bovine endometrial epithelial cells.

Lactobacillus rhamnosus reduces inflammation mostly in the presence of acute
inflammation caused by bacterial infection in bovine endometrial epithelial cells.
Lactobacillus reuteri inhibits Escherichia coli infection in bovine endometrial
epithelium in the presence of basal inflammaton.

The best combination to modulate E. coli infection and inflammatory status in
endometrium in vitro is composed by Lactobacillus rhamnosus/ Pediococcus
acidilactici/ Lactobacillus reuteri with a ratio of 12/12/1.

The selected LAB combination Lactobacillus rhamnosus/ Pediococcus acidilactici/
Lactobacillus reuteri (at the ratio of 12/12/1), improve the control of infection and
inflammation in comparison with the isolated strains.

The LAB combination reduces the concentration of acute and total inflammation
markers ex vivo compared with control tissue.

The in vivo treatment of cows three weeks pre-calving with LAB combination at
45.10'° CFU/dose in the vagina, twice per week, does not reach the
endometrium.

There is no modulation of inflammatory genes at endometrium level when LAB is
applied in the vagina or in the uterus.

LAB applied in the vagina three weeks pre-calving decreases the amount of E. coli
in the endometrium and tends to reduce E. coli in the vaginal tract.

LAB applied in the vagina three weeks pre-calving decreases the expression of
Bdefensins and MUC1 (markers of infection) in the endometrium.

The preventive treatment of dairy cows with intra-vaginal LAB combination
reduces metritis prevalence by 58% compared with control cows.

LAB combination treatment applied in the vagina or in the endometrium are able
to reduce the neutrophil.

Neutrophil activity and NEFA concentration in blood of post-calving cows are not

related.
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14. LAB combination reduces necrosis and mitochondrial damage in endometrial
epithelial cells caused by E. coli infection in vitro.
15. LAB combination does not create biofilms in endometrial epithelial cells in vitro.

16. There is no direct interaction between LAB combination and E. coli in vitro

111



Chapter IX Bibliography

CHAPTER IX

Bibliography

112



Chapter IX Bibliography

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Grummer RR: Impact of changes in organic nutrient metabolism on feeding the
transition dairy cow. J Anim Sci 1995, 73(9):2820-2833.

Bertics SJ, Grummer RR, Cadorniga-Valino C, Stoddard EE: Effect of prepartum dry
matter intake on liver triglyceride concentration and early lactation. J Dairy Sci 1992,
75(7):1914-1922.

Robinson PH, Garrett JE: Effect of yeast culture (Saccharomyces cerevisiae) on
adaptation of cows to postpartum diets and on lactational performance. J Anim Sci
1999, 77(4):988-999.

Grummer RR: Etiology of lipid-related metabolic disorders in periparturient dairy
cows. J Dairy Sci 1993, 76(12):3882-3896.

Contreras GA, Sordillo LM: Lipid mobilization and inflammatory responses during the
transition period of dairy cows. Comp Immunol Microbiol Infect Dis 2011, 34(3):281-
289.

Drackley JK, Cardoso FC: Prepartum and postpartum nutritional management to
optimize fertility in high-yielding dairy cows in confined TMR systems. Animal 2014, 8
Suppl 1:5-14.

Herdt TH: Ruminant Adaptation to Negative Energy Balance: Influences on the Etiology
of Ketosis and Fatty Liver. Veterinary Clinics of North America: Food Animal Practice
2000, 16(2):215-230.

Sordillo LM, Contreras GA, Aitken SL: Metabolic factors affecting the inflammatory
response of periparturient dairy cows. Anim Health Res Rev 2009, 10(1):53-63.

Goff JP: Major advances in our understanding of nutritional influences on bovine
health. J Dairy Sci 2006, 89(4):1292-1301.

LeBlanc SJ: Interactions of metabolism, inflammation, and reproductive tract health in
the postpartum period in dairy cattle. Reprod Domest Anim 2012, 47 Suppl 5:18-30.
Kahn CR: Insulin resistance, insulin insensitivity, and insulin unresponsiveness: a
necessary distinction. Metabolism 1978, 27(12 Suppl 2):1893-1902.

Lucy MC: Regulation of ovarian follicular growth by somatotropin and insulin-like
growth factors in cattle. J Dairy Sci 2000, 83(7):1635-1647.

Sheldon IM, Williams EJ, Miller AN, Nash DM, Herath S: Uterine diseases in cattle after
parturition. Vet J 2008, 176(1):115-121.

Kasimanickam R, Duffield TF, Foster RA, Gartley CJ, Leslie KE, Walton JS, Johnson WH:
Endometrial cytology and ultrasonography for the detection of subclinical
endometritis in postpartum dairy cows. Theriogenology 2004, 62(1-2):9-23.

LeBlanc SJ, Duffield TF, Leslie KE, Bateman KG, Keefe GP, Walton JS, Johnson WH:
Defining and diagnosing postpartum clinical endometritis and its impact on
reproductive performance in dairy cows. J Dairy Sci 2002, 85(9):2223-2236.

LeBlanc S: Monitoring metabolic health of dairy cattle in the transition period. J Reprod
Dev 2010, 56 Suppl:S29-35.

Bigras-Poulin, Meek AH, Martin SW: Interrelantionships among Health Problems and
Milk Production from Consecutive Lactations in Selected Ontario Holstein Cows. Prev
Vet Med 1990, 8:15-24.

Weaver SR, Laporta J, Moore SAE, Hernandez LL: Serotonin and calcium homeostasis
during the transition period. Domestic Animal Endocrinology 2016, 56,
Supplement:S147-5154.

Horst RL, Goff JP, Reinhardt TA: Adapting to the transition between gestation and
lactation: differences between rat, human and dairy cow. J Mammary Gland Biol
Neoplasia 2005, 10(2):141-156.

Goff JP: The monitoring, prevention, and treatment of milk fever and subclinical
hypocalcemia in dairy cows. Vet J 2008, 176(1):50-57.

113



Chapter IX Bibliography

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Shappell NW, Herbein JH, Deftos LJ, Aiello RJ: Effects of dietary calcium and age on
parathyroid hormone, calcitonin and serum and milk minerals in the periparturient
dairy cow. J Nutr 1987, 117(1):201-207.

Hibbs JW: Milk fever (parturient paresis) in dairy cows: A review. J Dairy Sci 1950,
33:758-789.

DeGaris PJ, Lean 1J: Milk fever in dairy cows: a review of pathophysiology and control
principles. Vet J 2008, 176(1):58-69.

Kamgarpour R, Daniel RC, Fenwick DC, McGuigan K, Murphy G: Post partum subclinical
hypocalcaemia and effects on ovarian function and uterine involution in a dairy herd.
Vet J 1999, 158(1):59-67.

Chapinal N, Carson ME, LeBlanc SJ, Leslie KE, Godden S, Capel M, Santos JE, Overton
MW, Duffield TF: The association of serum metabolites in the transition period with
milk production and early-lactation reproductive performance. J Dairy Sci 2012,
95(3):1301-1309.

Risco CA, Reynolds JP, Hird D: Uterine prolapse and hypocalcemia in dairy cows. J Am
Vet Med Assoc 1984, 185(12):1517-1519.

Martinez N, Risco CA, Lima FS, Bisinotto RS, Greco LF, Ribeiro ES, Maunsell F, Galvao K,
Santos JE: Evaluation of peripartal calcium status, energetic profile, and neutrophil
function in dairy cows at low or high risk of developing uterine disease. J Dairy Sci
2012, 95(12):7158-7172.

Merk Veterinary manual
[http://www.merckvetmanual.com/mvm/metabolic_disorders/disorders_of calcium
metabolism/parturient_paresis_in_cows.html]

Opsomer G: Puerperium in the modern dairy cow: state of art. Rev Bras Reprod Anim
Supl 2009, 6:140-147.

DubucJ, Duffield TF, Leslie KE, Walton JS, LeBlanc SJ: Risk factors for postpartum uterine
diseases in dairy cows. J Dairy Sci 2010, 93(12):5764-5771.

Cheong SH, Nydam DV, Galvao KN, Crosier BM, Gilbert RO: Cow-level and herd-level
risk factors for subclinical endometritis in lactating Holstein cows. J Dairy Sci 2011,
94(2):762-770.

Walsh SW, Williams EJ, Evans AC: A review of the causes of poor fertility in high milk
producing dairy cows. Anim Reprod Sci 2011, 123(3-4):127-138.

Sheldon IM, Lewis GS, LeBlanc S, Gilbert RO: Defining postpartum uterine disease in
cattle. Theriogenology 2006, 65(8):1516-1530.

Sheldon IM, Cronin J, Goetze L, Donofrio G, Schuberth HJ: Defining postpartum uterine
disease and the mechanisms of infection and immunity in the female reproductive
tract in cattle. Biol Reprod 2009, 81(6):1025-1032.

Markusfeld O: Periparturient traits in seven high dairy herds. Incidence rates,
association with parity, and interrelationships among traits. J Dairy Sci 1987,
70(1):158-166.

Opsomer G, Grohn YT, Hertl J, Coryn M, Deluyker H, de Kruif A: Risk factors for post
partum ovarian dysfunction in high producing dairy cows in Belgium: a field study.
Theriogenology 2000, 53(4):841-857.

Kelton DF, Lissemore KD, Martin RE: Recommendations for recording and calculating
the incidence of selected clinical diseases of dairy cattle. J Dairy Sci 1998, 81(9):2502-
2509.

Grohn YT, Rajala-Schultz PJ: Epidemiology of reproductive performance in dairy cows.
Anim Reprod Sci 2000, 60-61:605-614.

Ghavi Hossein-Zadeh N, Ardalan M: Cow-specific risk factors for retained placenta,
metritis and clinical mastitis in Holstein cows. Vet Res Commun 2011, 35(6):345-354.
Emanuelson U, Oltenacu PA, GrAfhn YT: Nonlinear Mixed Model Analyses of Five
Production Disorders of Dairy Cattlel. Journal of Dairy Science 1993, 76(9):2765-2772.

114



Chapter IX Bibliography

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

ol.

52.

53.

o4.

95.

56.

o7.

58.

59.

Opsomer G: Metritis and endometritis in high yielding dairy cows. Rev Bras Reprod
Anim 2015, 39(1):164-172.

Bolinder A, Seguin B, Kindahl H, Bouley D, Otterby D: Retained fetal membranes in
cows: Manual removal versus nonremoval and its effect on reproductive
performance. Theriogenology 1988, 30(1):45-56.

Drillich M, Reichert U, Mahlstedt M, Heuwieser W: Comparison of two strategies for
systemic antibiotic treatment of dairy cows with retained fetal membranes:
preventive vs. selective treatment. J Dairy Sci 2006, 89(5):1502-1508.

Overton M: Economics of postpartum health. Dairy cattle reproduction council
convention 2008.

Drillich M, Beetz O, Pfutzner A, Sabin M, Sabin HJ, Kutzer P, Nattermann H, Heuwieser
W: Evaluation of a systemic antibiotic treatment of toxic puerperal metritis in dairy
cows. J Dairy Sci 2001, 84(9):2010-2017.

Huzzey JM, Veira DM, Weary DM, von Keyserlingk MA: Prepartum behavior and dry
matter intake identify dairy cows at risk for metritis. J Dairy Sci 2007, 90(7):3220-3233.
Bonnett BN, Martin SW, Gannon VP, Miller RB, Etherington WG: Endometrial biopsy in
Holstein-Friesian dairy cows. lIl. Bacteriological analysis and correlations with
histological findings. Can J Vet Res 1991, 55(2):168-173.

Sheldon IM, Noakes DE, Rycroft AN, Pfeiffer DU, Dobson H: Influence of uterine
bacterial contamination after parturition on ovarian dominant follicle selection and
follicle growth and function in cattle. Reproduction 2002, 123(6):837-845.

Challis JR, Lockwood CJ, Myatt L, Norman JE, Strauss JF, 3rd, Petraglia F: Inflammation
and pregnancy. Reprod Sci 2009, 16(2):206-215.

Haimerl P, Heuwieser W: Invited review: Antibiotic treatment of metritis in dairy cows:
a systematic approach. J Dairy Sci 2014, 97(11):6649-6661.

Herath S, Fischer DP, Werling D, Williams EJ, Lilly ST, Dobson H, Bryant CE, Sheldon IM:
Expression and function of Toll-like receptor 4 in the endometrial cells of the uterus.
Endocrinology 2006, 147(1):562-570.

Bromfield JJ, Santos JE, Block J, Williams RS, Sheldon IM: PHYSIOLOGY AND
ENDOCRINOLOGY SYMPOSIUM: Uterine infection: linking infection and innate
immunity with infertility in the high-producing dairy cow. J Anim Sci 2015, 93(5):2021-
2033.

LeBlanc SJ: Postpartum uterine disease and dairy herd reproductive performance: a
review. Vet J 2008, 176(1):102-114.

Fourichon C, Seegers H, Malher X: Effect of disease on reproduction in the dairy cow: a
meta-analysis. Theriogenology 2000, 53(9):1729-1759.

Shpigel NY, Elazar S, Rosenshine I: Mammary pathogenic Escherichia coli. Curr Opin
Microbiol 2008, 11(1):60-65.

Sheldon IM, Rycroft AN, Dogan B, Craven M, Bromfield JJ, Chandler A, Roberts MH, Price
SB, Gilbert RO, Simpson KW: Specific strains of Escherichia coli are pathogenic for the
endometrium of cattle and cause pelvic inflammatory disease in cattle and mice. PLoS
One 2010, 5(2):€9192.

Cronin JG, Turner ML, Goetze L, Bryant CE, Sheldon IM: Toll-like receptor 4 and MYD88-
dependent signaling mechanisms of the innate immune system are essential for the
response to lipopolysaccharide by epithelial and stromal cells of the bovine
endometrium. Biol Reprod 2012, 86(2):51.

Bicalho RC, Machado VS, Bicalho ML, Gilbert RO, Teixeira AG, Caixeta LS, Pereira RV:
Molecular and epidemiological characterization of bovine intrauterine Escherichia
coli. J Dairy Sci 2010, 93(12):5818-5830.

Goldstone RJ, Popat R, Schuberth H-J, Sandra O, Sheldon IM, Smith DG: Genomic
characterisation of an endometrial pathogenic Escherichia coli strain reveals the

115



Chapter IX Bibliography

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.
74.

75.

76.

17,
78.

79.

acquisition of genetic elements associated with extra-intestinal pathogenicity. BMC
Genomics 2014, 15(1):1-15.

Carneiro LC, Cronin JG, Sheldon IM: Mechanisms linking bacterial infections of the
bovine endometrium to disease and infertility. Reprod Biol 2016, 16(1):1-7.

Amos MR, Healey GD, Goldstone RJ, Mahan SM, Duvel A, Schuberth HJ, Sandra O, Zieger
P, Dieuzy-Labaye |, Smith DG et al: Differential endometrial cell sensitivity to a
cholesterol-dependent cytolysin links Trueperella pyogenes to uterine disease in
cattle. Biol Reprod 2014, 90(3):54.

Wagener K, Prunner |, Pothmann H, Drillich M, Ehling-Schulz M: Diversity and health
status specific fluctuations of intrauterine microbial communities in postpartum dairy
cows. Vet Microbiol 2015, 175(2-4):286-293.

Semambo DK, Ayliffe TR, Boyd JS, Taylor DJ: Early abortion in cattle induced by
experimental intrauterine infection with pure cultures of Actinomyces pyogenes. Vet
Rec 1991, 129(1):12-16.

Silva E, Gaivao M, Leitao S, Jost BH, Carneiro C, Vilela CL, Lopes da Costa L, Mateus L:
Genomic characterization of Arcanobacterium pyogenes isolates recovered from the
uterus of dairy cows with normal puerperium or clinical metritis. Vet Microbiol 2008,
132(1-2):111-118.

Jost BH, Songer JG, Billington SJ: An Arcanobacterium (Actinomyces) pyogenes mutant
deficient in production of the pore-forming cytolysin pyolysin has reduced virulence.
Infect Immun 1999, 67(4):1723-1728.

Olson JD, Ball L, Mortimer RG, Farin PW, Adney WS, Huffman EM: Aspects of
bacteriology and endocrinology of cows with pyometra and retained fetal
membranes. AmJ Vet Res 1984, 45(11):2251-2255.

Azawi Ol Postpartum uterine infection in cattle. Anim Reprod Sci 2008, 105(3-4):187-
208.

Williams EJ, Fischer DP, Pfeiffer DU, England GC, Noakes DE, Dobson H, Sheldon IM:
Clinical evaluation of postpartum vaginal mucus reflects uterine bacterial infection
and the immune response in cattle. Theriogenology 2005, 63(1):102-117.

Jeon SJ, Vieira-Neto A, Gobikrushanth M, Daetz R, Mingoti RD, Parize AC, de Freitas SL,
da Costa AN, Bicalho RC, Lima S et al: Uterine Microbiota Progression from Calving until
Establishment of Metritis in Dairy Cows. Appl Environ Microbiol 2015, 81(18):6324-
6332.

Abbas AK, Lichtman AH: Cellular and Molecular Immunology, Fifth edn: Saunders; 2003.
Parkin J, Cohen B: An overview of the immune system. Lancet 2001, 357(9270):1777-
1789.

Janeway CA, Jr., Travers P, Walport M, Shlomchik MJ (eds.): Immunobiology. The
immune system in healthy an disease conditions., 2nd edn: Masson; 2003.

Murphy K (ed.): Janeway's Immunobiology, 8th edn: Garland Science; 2011.
Doménech A: Analysis of the functional roles of Mammary Serum Amyloid A3 protein.
UAB; 2013.

Medzhitov R: Origin and physiological roles of inflammation. Nature 2008,
454(7203):428-435.

Bradford BJ, Yuan K, Farney JK, Mamedova LK, Carpenter AJ: Invited review:
Inflammation during the transition to lactation: New adventures with an old flame. J
Dairy Sci 2015, 98(10):6631-6650.

Beutler BA: TLRs and innate immunity. Blood 2009, 113(7):1399-1407.

Bowie A, O'Neill LA: The interleukin-1 receptor/Toll-like receptor superfamily: signal
generators for pro-inflammatory interleukins and microbial products. J Leukoc Biol
2000, 67(4):508-514.

Akira S, Uematsu S, Takeuchi O: Pathogen recognition and innate immunity. Cell 2006,
124(4):783-801.

116



Chapter IX Bibliography

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

Zhang JM, An J: Cytokines, inflammation, and pain. Int Anesthesiol Clin 2007, 45(2):27-
37.

Zasloff M: Antimicrobial peptides of multicellular organisms. Nature 2002,
415(6870):389-395.

Radek K, Gallo R: Antimicrobial peptides: natural effectors of the innate immune
system. Semin Immunopathol 2007, 29(1):27-43.

Bahar AA, Ren D: Antimicrobial peptides. Pharmaceuticals (Basel) 2013, 6(12):1543-
1575.

van Dijk A, Veldhuizen EJ, Haagsman HP: Avian defensins. Vet Immunol Immunopathol
2008, 124(1-2):1-18.

Meade KG, Cormican P, Narciandi F, Lloyd A, O'Farrelly C: Bovine beta-defensin gene
family: opportunities to improve animal health? Physiol Genomics 2014, 46(1):17-28.
Kim IH, Na KJ, Yang MP: Immune responses during the peripartum period in dairy cows
with postpartum endometritis. J Reprod Dev 2005, 51(6):757-764.

Galvao KN, Felippe MJ, Brittin SB, Sper R, Fraga M, Galvao JS, Caixeta L, Guard CL, Ricci
A, Gilbert RO: Evaluation of cytokine expression by blood monocytes of lactating
Holstein cows with or without postpartum uterine disease. Theriogenology 2012,
77(2):356-372.

Kehrli ME, Jr., Nonnecke BJ, Roth JA: Alterations in bovine neutrophil function during
the periparturient period. Am J Vet Res 1989, 50(2):207-214.

Sheldon IM, Cronin JG, Healey GD, Gabler C, Heuwieser W, Streyl D, Bromfield JJ,
Miyamoto A, Fergani C, Dobson H: Innate immunity and inflammation of the bovine
female reproductive tract in health and disease. Reproduction 2014, 148(3):R41-51.
Fischer H, Yamamoto M, Akira S, Beutler B, Svanborg C: Mechanism of pathogen-
specific TLR4 activation in the mucosa: fimbriae, recognition receptors and adaptor
protein selection. Eur J Immunol 2006, 36(2):267-277.

Turner ML, Healey GD, Sheldon IM: Immunity and inflammation in the uterus. Reprod
Domest Anim 2012, 47 Suppl 4:402-409.

Afrc RF: Probiotics in man and animals. Journal of Applied Bacteriology 1989, 66(5):365-
378.

Fijan S: Microorganisms with claimed probiotic properties: an overview of recent
literature. IntJ Environ Res Public Health 2014, 11(5):4745-4767.

FAO/WHO FaAOotUNWHO: Guidelines for the Evaluation of Probiotics in Food. 2002.
Tulumoglu S, Yuksekdag ZN, Beyatli Y, Simsek O, Cinar B, Yasar E: Probiotic properties
of lactobacilli species isolated from children’s feces. Anaerobe 2013, 24:36-42.

Seale JV, Millar M: Probiotics: a new frontier for infection control. J Hosp Infect 2013,
84(1):1-4.

Otero MC, Morelli L, Nader-Macias ME: Probiotic properties of vaginal lactic acid
bacteria to prevent metritis in cattle. Lett Appl Microbiol 2006, 43(1):91-97.
Nader-Macias MEF, Juarez Tomas MS: Profiles and technological requirements of
urogenital probiotics. Advanced Drug Delivery Reviews 2015, 92:84-104.

Cribby S, Taylor M, Reid G: Vaginal microbiota and the use of probiotics. Interdiscip
Perspect Infect Dis 2008, 2008:256490.

Wang Y, Ametaj BN, Ambrose DJ, Ganzle MG: Characterisation of the bacterial
microbiota of the vagina of dairy cows and isolation of pediocin-producing
Pediococcus acidilactici. BMC Microbiol 2013, 13:19.

Eschenbach DA, Davick PR, Williams BL, Klebanoff SJ, Young-Smith K, Critchlow CM,
Holmes KK: Prevalence of hydrogen peroxide-producing Lactobacillus species in
normal women and women with bacterial vaginosis. J Clin Microbiol 1989, 27(2):251-
256.

Alander M, Satokari R, Korpela R, Saxelin M, Vilpponen-Salmela T, Mattila-Sandholm T,
von Wright A: Persistence of Colonization of Human Colonic Mucosa by a Probiotic

117



Chapter IX Bibliography

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Strain, Lactobacillus rhamnosus GG, after Oral Consumption. Applied and
Environmental Microbiology 1999, 65(1):351-354.

Soccol CR, Vandenberghe LP, Spier MR, Medeiros AB, Yamaguishi CT, Lindner J, Pandey
A, Thomaz-Soccol V: The potential of probiotics: a review. Food Technol Biotechnol
2010, 48(4):413-434.

Reid G, Bruce AW: Selection of lactobacillus strains for urogenital probiotic
applications. J Infect Dis 2001, 183 Suppl 1:S77-80.

Herstad HK, Nesheim BB, L'Abee-Lund T, Larsen S, Skancke E: Effects of a probiotic
intervention in acute canine gastroenteritis--a controlled clinical trial. J Small Anim
Pract 2010, 51(1):34-38.

Hoseinifar SH, Mirvaghefi A, Amoozegar MA, Sharifian M, Esteban MAn: Modulation of
innate immune response, mucosal parameters and disease resistance in rainbow trout
(Oncorhynchus mykiss) upon synbiotic feeding. Fish & Shellfish Immunology 2015,
45(1):27-32.

Deng Q, Odhiambo JF, Farooq U, Lam T, Dunn SM, Ametaj BN: Intravaginal lactic Acid
bacteria modulated local and systemic immune responses and lowered the incidence
of uterine infections in periparturient dairy cows. PLoS One 2014, 10(4):e0124167.
Daudelin J-Fo, Lessard M, Beaudoin Fdr, Nadeau Ar, Bissonnette N, Boutin Y, Brousseau
J-P, Lauzon K, Fairbrother JM: Administration of probiotics influences F4 (K88)-positive
enterotoxigenic Escherichia coli attachment and intestinal cytokine expression in
weaned pigs. Veterinary Research 2011, 42(1):69-69.

Chaillou S, Christieans S, Rivollier M, Lucquin I, Champomier-Verges MC, Zagorec M:
Quantification and efficiency of Lactobacillus sakei strain mixtures used as protective
cultures in ground beef. Meat Sci 2014, 97(3):332-338.

Vaughan A, Eijsink VG, Van Sinderen D: Functional characterization of a composite
bacteriocin locus from malt isolate Lactobacillus sakei 5. Appl Environ Microbiol 2003,
69(12):7194-7203.

Laughton JM, Devillard E, Heinrichs DE, Reid G, McCormick JK: Inhibition of expression
of a staphylococcal superantigen-like protein by a soluble factor from Lactobacillus
reuteri. Microbiology 2006, 152(Pt 4):1155-1167.

Talarico TL, Casas IA, Chung TC, Dobrogosz WJ: Production and isolation of reuterin, a
growth inhibitor produced by Lactobacillus reuteri. Antimicrob Agents Chemother
1988, 32(12):1854-1858.

Gareau MG, Sherman PM, Walker WA: Probiotics and the gut microbiota in intestinal
health and disease. Nat Rev Gastroenterol Hepatol 2010, 7(9):503-514.

Borsberry S, Dobson H: Periparturient diseases and their effect on reproductive
performance in five dairy herds. Vet Rec 1989, 124(9):217-2109.

Lincke A, Drillich M, Heuwieser W: [Subclinical endometritis in dairy cattle and its effect
on fertility--a review of recent publications]. Berl Munch Tierarztl Wochenschr 2007,
120(5-6):245-250.

Wathes DC, Cheng Z, Chowdhury W, Fenwick MA, Fitzpatrick R, Morris DG, Patton J,
Murphy JJ: Negative energy balance alters global gene expression and immune
responses in the uterus of postpartum dairy cows. Physiol Genomics 2009, 39(1):1-13.
Swangchan-Uthai T, Chen Q, Kirton SE, Fenwick MA, Cheng Z, Patton J, Fouladi-Nashta
AA, Wathes DC: Influence of energy balance on the antimicrobial peptides S100A8 and
S100A9 in the endometrium of the post-partum dairy cow. Reproduction 2013,
145(5):527-539.

Roselli M, Finamore A, Britti MS, Konstantinov SR, Smidt H, de Vos WM, Mengheri E:
The novel porcine Lactobacillus sobrius strain protects intestinal cells from
enterotoxigenic Escherichia coli K88 infection and prevents membrane barrier
damage. J Nutr 2007, 137(12):2709-2716.

118



Chapter IX Bibliography

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Miyoshi J, Takai Y: Molecular perspective on tight-junction assembly and epithelial
polarity. Adv Drug Deliv Rev 2005, 57(6):815-855.

Boyle EC, Brown NF, Finlay BB: Salmonella enterica serovar Typhimurium effectors
SopB, SopE, SopE2 and SipA disrupt tight junction structure and function. Cell Microbiol
2006, 8(12):1946-1957.

Ametaj BN, Igbal S, Selami F, Odhiambo JF, Wang Y, Ganzle MG, Dunn SM, Zebeli Q:
Intravaginal administration of lactic acid bacteria modulated the incidence of purulent
vaginal discharges, plasma haptoglobin concentrations, and milk production in dairy
cows. Res Vet Sci 2014, 96(2):365-370.

Atshan SS, Shamsudin MN, Lung LT, Sekawi Z, Ghaznavi-Rad E, Pei CP: Comparative
characterisation of genotypically different clones of MRSA in the production of
biofilms. J Biomed Biotechnol 2012, 2012:417247.

Hashim A, Clyne M, Mulcahy G, Akiyoshi D, Chalmers R, Bourke B: Host cell tropism
underlies species restriction of human and bovine Cryptosporidium parvum
genotypes. Infect Immun 2004, 72(10):6125-6131.

Domenech A, Pares S, Bach A, Aris A: Mammary serum amyloid A3 activates involution
of the mammary gland in dairy cows. J Dairy Sci 2014, 97(12):7595-7605.
Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, Speleman F:
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging
of multiple internal control genes. Genome Biol 2002, 3(7):RESEARCH0034.

Galvao KN, Santos NR, Galvao JS, Gilbert RO: Association between endometritis and
endometrial cytokine expression in postpartum Holstein cows. Theriogenology 2011,
76(2):290-299.

Arnold R, KAfinig B, Werchau H, KAfinig W: Respiratory syncytial virus deficient in
soluble G protein induced an increased proinflammatory response in human lung
epithelial cells. Virology 2004, 330(2):384-397.

Ou G, Baranov V, Lundmark E, Hammarstréom S, Hammarstrom ML: Contribution of
Intestinal Epithelial Cells to Innate Immunity of the Human Gut - Studies on Polarized
Monolayers of Colon Carcinoma Cells. Scandinavian Journal of Immunology 2009,
69(2):150-161.

SuF,LiuX, LiuG,YuY,WangY,linY,HuG, Hua$, Zhang Y: Establishment and evaluation
of a stable cattle type Il alveolar epithelial cell line. PLoS One 2013, 8(9):e76036.
Kohler H, Sakaguchi T, Hurley BP, Kase BA, Reinecker HC, McCormick BA: Salmonella
enterica serovar Typhimurium regulates intercellular junction proteins and facilitates
transepithelial neutrophil and bacterial passage. AmJ Physiol Gastrointest Liver Physiol
2007, 293(1):G178-187.

Krug SM, Schulzke JD, Fromm M: Tight junction, selective permeability, and related
diseases. Semin Cell Dev Biol 2014.

Qin H, Zhang Z, Hang X, Jiang Y: L. plantarum prevents enteroinvasive Escherichia coli-
induced tight junction proteins changes in intestinal epithelial cells. BMC Microbiol
2009, 9:63.

Luders T, Birkemo GA, Fimland G, Nissen-Meyer J, Nes IF: Strong synergy between a
eukaryotic antimicrobial peptide and bacteriocins from lactic acid bacteria. Appl
Environ Microbiol 2003, 69(3):1797-1799.

Reid G: Probiotic agents to protect the urogenital tract against infection. AmJ Clin Nutr
2001, 73(2 Suppl):437S-443S.

Roessler A, Friedrich U, Vogelsang H, Bauer A, Kaatz M, Hipler UC, Schmidt I, Jahreis G:
The immune system in healthy adults and patients with atopic dermatitis seems to be
affected differently by a probiotic intervention. Clin Exp Allergy 2008, 38(1):93-102.
Healy LL, Cronin JG, Sheldon IM: Endometrial cells sense and react to tissue damage
during infection of the bovine endometrium via interleukin 1. Sci Rep 2014, 4:7060.

119



Chapter IX Bibliography

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

You GE, Jung BJ, Kim HR, Kim HG, Kim TR, Chung DK: Lactobacillus sakei lipoteichoic acid
inhibits MMP-1 induced by UVA in normal dermal fibroblasts of human. J Microbiol
Biotechnol 2013, 23(10):1357-1364.

Galvao KN: Identifying and Treating Uterine Disease in Dairy Cows. 2011.

LeBlanc SJ: Reproductive tract inflammatory disease in postpartum dairy cows. Animal
2014, 8 Suppl 1:54-63.

Walker CG, Meier S, Hussein H, McDougall S, Burke CR, Roche JR, Mitchell MD:
Modulation of the immune system during postpartum uterine inflammation. Physiol
Genomics 2015, 47(4):89-101.

Borges AM, Healey GD, Sheldon IM: Explants of intact endometrium to model bovine
innate immunity and inflammation ex vivo. AmJ Reprod Immunol 2012, 67(6):526-539.
Gilbert RO, Schwark WS: Pharmacologic considerations in the management of
peripartum conditions in the cow. Vet Clin North Am Food Anim Pract 1992, 8(1):29-56.
Genis S, Bach A, Fabregas F, Aris A: Potential of lactic acid bacteria at regulating
Escherichia coli infection and inflammation of bovine endometrium. Theriogenology
2016, 85(4):625-637.

Pfaffl MW: A new mathematical model for relative quantification in real-time RT-PCR.
Nucleic Acids Res 2001, 29(9):e45.

Arnold R, Kénig B, Werchau H, Konig W: Respiratory syncytial virus deficient in soluble
G protein induced an increased proinflammatory response in human lung epithelial
cells. Virology 2004, 330(2):384-397.

Rinaldi M, Ceciliani F, Lecchi C, Moroni P, Bannerman DD: Differential effects of alphal-
acid glycoprotein on bovine neutrophil respiratory burst activity and IL-8 production.
Vet Immunol Immunopathol 2008, 126(3-4):199-210.

Healy LL, Cronin JG, Sheldon IM: Endometrial cells sense and react to tissue damage
during infection of the bovine endometrium via interleukin 1. Sci Rep 2014, 4.

Vogel V, Sheetz M: Local force and geometry sensing regulate cell functions. Nat Rev
Mol Cell Biol 2006, 7(4):265-275.

Cai TQ, Weston PG, Lund LA, Brodie B, McKenna DJ, Wagner WC: Association between
neutrophil functions and periparturient disorders in cows. Am J Vet Res 1994,
55(7):934-943.

Hammon DS, Evjen IM, Dhiman TR, Goff JP, Walters JL: Neutrophil function and energy
status in Holstein cows with uterine health disorders. Vet Immunol Immunopathol
2006, 113(1-2):21-29.

Patra MK, Kumar H, Nandi S: Neutrophil functions and cytokines expression profile in
buffaloes with impending postpartum reproductive disorders. Asian-Australas J Anim
Sci 2013, 26(10):1406-1415.

Hussain AM: Phagocytosis by uterine fluid and blood neutrophils and hematological
changes in postpartum cows following normal and abnormal parturition.
Theriogenology 1992, 37:1253-1267.

Kandasamy M, Bay BH, Lee YK, Mahendran R: Lactobacilli secreting a tumor antigen
and IL15 activates neutrophils and dendritic cells and generates cytotoxic T
lymphocytes against cancer cells. Cell Immunol 2011, 271(1):89-96.

Seow SW, Cai S, Rahmat JN, Bay BH, Lee YK, Chan YH, Mahendran R: Lactobacillus
rhamnosus GG induces tumor regression in mice bearing orthotopic bladder tumors.
Cancer Sci 2010, 101(3):751-758.

Standen BT, Rawling MD, Davies SJ, Castex M, Foey A, Gioacchini G, Carnevali O,
Merrifield DL: Probiotic Pediococcus acidilactici modulates both localised intestinal-
and peripheral-immunity in tilapia (Oreochromis niloticus). Fish Shellfish Immunol
2013, 35(4):1097-1104.

Garcia-Crespo KE, Chan CC, Gabryszewski SJ, Percopo CM, Rigaux P, Dyer KD,
Domachowske JB, Rosenberg HF: Lactobacillus priming of the respiratory tract:

120



Chapter IX Bibliography

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Heterologous immunity and protection against lethal pneumovirus infection. Antiviral
Res 2013, 97(3):270-279.

Hor YY, Liong MT: Use of extracellular extracts of lactic acid bacteria and bifidobacteria
for the inhibition of dermatological pathogen Staphylococcus aureus. Dermatologica
Sinica 2014, 32(3):141-147.

Woraprayote W, Kingcha Y, Amonphanpokin P, Kruenate J, Zendo T, Sonomoto K,
Benjakul S, Visessanguan W: Anti-listeria activity of poly(lactic acid)/sawdust particle
biocomposite film impregnated with pediocin PA-1/AcH and its use in raw sliced pork.
IntJ Food Microbiol 2013, 167(2):229-235.

Mack DR, Ahrne S, Hyde L, Wei S, Hollingsworth MA: Extracellular MUC3 mucin
secretion follows adherence of Lactobacillus strains to intestinal epithelial cells in
vitro. Gut 2003, 52(6):827-833.

Pan Q, Tian Y, Li X, Ye J, Liu Y, Song L, Yang Y, Zhu R, He Y, Chen L et al: Enhanced
membrane-tethered mucin 3 (MUC3) expression by a tetrameric branched peptide
with a conserved TFLK motif inhibits bacteria adherence. J Biol Chem 2013,
288(8):5407-5416.

Zhang W, Zhu YH, Yang JC, Yang GY, Zhou D, Wang JF: A Selected Lactobacillus
rhamnosus Strain Promotes EGFR-Independent Akt Activation in an Enterotoxigenic
Escherichia coli K88-Infected IPEC-J2 Cell Model. PLoS One 2015, 10(4):e0125717.
Perdomo OJ, Cavaillon JM, Huerre M, Ohayon H, Gounon P, Sansonetti PJ: Acute
inflammation causes epithelial invasion and mucosal destruction in experimental
shigellosis. J Exp Med 1994, 180(4):1307-1319.

Ajonuma LC, Fok KL, Ho LS, Chan PK, Chow PH, Tsang LL, Wong CH, Chen J, Li S, Rowlands
DK et al: CFTR is required for cellular entry and internalization of Chlamydia
trachomatis. Cell Biol Int 2010, 34(6):593-600.

Bryant DM, Mostov KE: From cells to organs: building polarized tissue. Nat Rev Mol Cell
Biol 2008, 9(11):887-901.

Eritja N, Mirantes C, Llobet D, Masip G, Matias-Guiu X, Dolcet X: ERalpha-mediated
repression of pro-inflammatory cytokine expression by glucocorticoids reveals a
crucial role for TNFalpha and IL1alpha in lumen formation and maintenance. J Cell Sci
2012, 125(Pt 8):1929-1944.

Saito T, Yoshida K, Matsumoto K, Saeki K, Tanaka Y, Ong SM, Sasaki N, Nishimura R,
Nakagawa T: Inflammatory cytokines induce a reduction in E-cadherin expression and
morphological changes in MDCK cells. Res Vet Sci 2014, 96(2):288-291.

Hammon DS, Evjen IM, Dhiman TR, Goff JP, Walters JL: Neutrophil function and energy
status in Holstein cows with uterine health disorders. Vet Immunol Immunopathol
2006, 113(1-2):21-29.

Eger M, Hussen J, Drong C, Meyer U, von Soosten D, Frahm J, Daenicke S, Breves G,
Schuberth HJ: Impacts of parturition and body condition score on glucose uptake
capacity of bovine monocyte subsets. Vet Immunol Immunopathol 2015, 166(1-2):33-
42,

Sheldon IM: Genes and environmental factors that influence disease resistance to
microbes in the female reproductive tract of dairy cattle. Reprod Fertil Dev 2014,
27(1):72-81.

Genis S, Sanchez-Chardi A, Bach A, Fabregas F, Aris A: Combination of lactic acid
bacteria regulates Escherichia coli infection and inflammation in bovine endometrial
explants. Under review 2016.

LeBlanc SJ: Interactions of metabolism, inflammation, and reproductive tract health in
the postpartum period in dairy cattle. Reprod Domest Anim 2012, 47 Suppl 5:18-30.
Sanders ME: Probiotics: definition, sources, selection, and uses. Clin Infect Dis 2008, 46
Suppl 2:558-61; discussion S144-151.

121



Chapter IX Bibliography

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Fjell CD, Jenssen H, Fries P, Aich P, Griebel P, Hilpert K, Hancock RE, Cherkasov A:
Identification of novel host defense peptides and the absence of alpha-defensins in
the bovine genome. Proteins 2008, 73(2):420-430.

Ireland JJ, Murphee RL, Coulson PB: Accuracy of predicting stages of bovine estrous
cycle by gross appearance of the corpus luteum. J Dairy Sci 1980, 63(1):155-160.
Kasimanickam R, Kasimanickam V, Kastelic JP: Mucin 1 and cytokines mRNA in
endometrium of dairy cows with postpartum uterine disease or repeat breeding.
Theriogenology 2014, 81(7):952-958 e952.

Mishra B, Kizaki K, Koshi K, Ushizawa K, Takahashi T, Hosoe M, Sato T, Ito A, Hashizume
K: Expression of extracellular matrix metalloproteinase inducer (EMMPRIN) and its
related extracellular matrix degrading enzymes in the endometrium during estrous
cycle and early gestation in cattle. Reproductive Biology and Endocrinology : RB&E
2010, 8:60-60.

Sheldon IM: Genes and environmental factors that influence disease resistance to
microbes in the female reproductive tract of dairy cattle. Reprod Fertil Dev 2014,
27(1):72-81.

Wathes DC, Cheng Z, Fenwick MA, Fitzpatrick R, Patton J: Influence of energy balance
on the somatotrophic axis and matrix metalloproteinase expression in the
endometrium of the postpartum dairy cow. Reproduction (Cambridge, England) 2011,
141(2):269-281.

Herath S, Lilly ST, Santos NR, Gilbert RO, Goetze L, Bryant CE, White JO, Cronin J, Sheldon
IM: Expression of genes associated with immunity in the endometrium of cattle with
disparate postpartum uterine disease and fertility. Reprod Biol Endocrinol 2009, 7:55.
Ribet D, Cossart P: How bacterial pathogens colonize their hosts and invade deeper
tissues. Microbes Infect 2015, 17(3):173-183.

Genis S, Sanchez-Chardi A, Bach A, Fabregas F, Aris A: A combination of lactic acid
bacteria regulates Escherichia coli infection and inflammation of bovine
endometrium. In.: Journal of dairy science; 2016.

Daoud H, Hani B: Lactic Acid Bacteria as Probiotics: Characteristics, Selection Criteria
and Role in Immunomodulation of Human GI Muccosal Barrier. In., edn.; 2013.

Lee JH, Lee B, Lee HS, Bae EA, Lee H, Ahn YT, Lim KS, Huh CS, Kim DH: Lactobacillus
suntoryeus inhibits pro-inflammatory cytokine expression and TLR-4-linked NF-
kappaB activation in experimental colitis. Int J Colorectal Dis 2009, 24(2):231-237.
Johnson H, Torres CG, Carvallo F, Duchens M, Peralta OA: Endometrial expression of
selected transcripts in postpartum of primiparous Holstein cows with clinical and
subclinical endometritis. Anim Reprod Sci 2015, 156:34-39.

Onnureddy K, Ravinder, Onteru SK, Singh D: IGF-1 attenuates LPS induced pro-
inflammatory cytokines expression in buffalo (Bubalus bubalis) granulosa cells. Mol
Immunol 2015, 64(1):136-143.

van Baarlen P, Troost F, van der Meer C, Hooiveld G, Boekschoten M, Brummer RJ,
Kleerebezem M: Human mucosal in vivo transcriptome responses to three lactobacilli
indicate how probiotics may modulate human cellular pathways. Proc Natl Acad Sci U
SA 2011, 1:4562-4569.

Eger M, Hussen J, Drong C, Meyer U, von Soosten D, Frahm J, Daenicke S, Breves G,
Schuberth HJ: Impacts of parturition and body condition score on glucose uptake
capacity of bovine monocyte subsets. Vet Immunol Immunopathol 2015, 166(1-2):33-
42,

Ster C, Loiselle MC, Lacasse P: Effect of postcalving serum nonesterified fatty acids
concentration on the functionality of bovine immune cells. J Dairy Sci 2012, 95(2):708-
717.

Hoeben D, Monfardini E, Opsomer G, Burvenich C, Dosogne H, De Kruif A, Beckers JF:
Chemiluminescence of bovine polymorphonuclear leucocytes during the

122



Chapter IX Bibliography

190.

191.

192.

193.

194.

195.

196.

197.

periparturient period and relation with metabolic markers and bovine pregnancy-
associated glycoprotein. J Dairy Res 2000, 67(2):249-259.

Genis S, Bach A, Aris A: Effects of intravaginal lactic acid bacteria on bovine
endometrium: implications in uterine health. Theriogenology 2016 uner review.
McDougall S, Macaulay R, Compton C: Association between endometritis diagnosis
using a novel intravaginal device and reproductive performance in dairy cattle. Anim
Reprod Sci 2007, 99(1-2):9-23.

Gilbert RO, Santos NR, Galvao KN, Brittin SB, Roman HB: The relationship between
postpartum uterine bacterial infection (BI) and subclinical endometritis (SE). J Dairy
Sci 2007, 90(Suppl. 1):469.

Henderson B, Wilson M: Cytokine induction by bacteria: beyond lipopolysaccharide.
Cytokine 1996, 8(4):269-282.

Sheldon IM: The postpartum uterus. Vet Clin North Am Food Anim Pract 2004,
20(3):569-591.

Rukkwamsuk T, Kruip TA, Wensing T: Relationship between overfeeding and
overconditioning in the dry period and the problems of high producing dairy cows
during the postparturient period. Vet Q 1999, 21(3):71-77.

Tizard IR: Veterinary Immunology: An Introduction., 8th edn. St Louis, MO.: Saunders
Elsevier; 20009.

Hengst BA, Nemec LM, Rastani RR, Gressley TF: Effect of conventional and intensified
milk replacer feeding programs on performance, vaccination response, and neutrophil
MRNA levels of Holstein calves. J Dairy Sci 2012, 95(9):5182-5193.

123



	Títol de la tesi: Use of lactic acid bacteria as a preventive strategy
against metritis in dairy cows
	Nom autor/a: SANDRA GENÍS PAGÈS


