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Abstract

Aims: To evaluate the effects of spray drying of Lactobacillus rhamnosus 64 on

its capacity to modulate the gut immune response and on the attenuation of

TNBS-induced colitis in mice.

Methods and Results: Lactobacillus rhamnosus 64 was spray dried in cheese

whey-starch solution and administered to mice for 3, 6 or 10 consecutive days.

Peritoneal macrophage phagocytic activity, secretory IgA levels in the small

intestinal fluid and TNFa, IFNc, IL-10, IL-6 and IL-2 levels in homogenates of

the small and large intestine were determined. The effects of spray drying were

also evaluated in an acute model of Trinitrobenzenesulfonic acid (TNBS)-

induced colitis. A shift in the regulation of immune parameters, particularly

the cytokine profile, was observed for mice treated with the spray-dried

culture, compared to the profile observed in animals that received the strain as

fresh culture (FC). The spray-dried culture of L. rhamnosus 64 showed anti-

inflammatory properties in murine model of TNBS-induced colitis.

Conclusions: The spray-drying process of L. rhamnosus 64 in whey-starch

modified its immunomodulating capacity in healthy animals and conferred

enhanced protection in an in vivo model of inflammation.

Significance and Impact of the Study: Probiotic capacity can be affected by

spray drying in relation to the properties observed for the strain as an

overnight FC. This fact should be taken into account when producing the

culture for its application in the industry.

Introduction

Probiotics are widely used as preventative or therapeutic

agents or added into foods, and numerous human inter-

vention studies have been performed to prove their bene-

ficial effects in the last decade (Sanders et al. 2013).

Probiotics can enhance the host’s health and well-being

since they are, at least partially, an effective prevention

and control tool for certain diseases such as various types

of diarrhoeal diseases, respiratory infections, chronic gas-

trointestinal inflammatory disorders, necrotizing entero-

colitis or allergic responses (Grover et al. 2012).

Mechanisms such as the ability to compete with patho-

genic micro-organisms for adhesion sites, to antagonize

pathogens or to modulate the host’s immune response

have been proposed to describe how these micro-organ-

isms, acting mainly on the gastrointestinal tract, might be

able to treat or prevent intestinal disorders (Syngai et al.

2016).

For long-term preservation of probiotic’s viability

and functionality, the biotechnology industry uses dry-

ing processes which involve the transition of micro-

organisms from a liquid to a solid medium. Industrial

manufacturing processes of dried cultures may affect

microbial structures and functional properties. Factors

that may affect cell viability and functionality during

spray drying, such as growth media, pH of growth,

growth phase at harvesting and harvesting technique,
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scale of spray drying, atomization, protective agents

and total solids, weere recently reviewed (Huang et al.

2017). Iaconelli et al. (2015) studied the impact of air

drying, freeze drying and spray drying on Bifidobac-

terium bifidum, Lactobacillus plantarum and Lactobacillus

zeae, finding that the bacteria respond differently to the

three different drying processes in terms of viability

and functionality (immunomodulation and hydropho-

bicity). They observed that adherence can be stimulated

(air drying) or inhibited (spray drying) by drying pro-

cesses and results of a multivariate analysis show no

direct correlation between bacterial survival and func-

tionality. In order to evaluate the impact of the drying

processes, bacterial survival is usually measured soon

after the dehydration process is carried out and along

storage of dehydrated cultures. Nevertheless, the main-

tenance of cell viability after the drying process, does

not always warrant the probiotic capacity. The survival

of probiotic bacteria does not necessarily correlate with

the preservation of their beneficial effects (Makinen

et al. 2012). In this context, long-term preservation of

both viability and probiotic capacity is a challenge for

the industry as the drying processes may affect, for

example, the immunomodulating capacity of probiotics

(Pa�ez et al. 2013; Iaconelli et al. 2015). The aim of this

work was to study the in vivo effects of spray drying

of L. rhamnosus 64 in whey-starch on its capacity to

modulate the gut immune response in the small and

large intestine, and to preliminary study the effects of

this dehydration technology on the attenuation of the

inflammatory response in a murine model of colitis

induced by TNBS.

Materials and methods

Bacterial strain

Lactobacillus rhamnosus 64 was used in this study. The

strain was isolated in our laboratory from faeces of neo-

nates (Vinderola et al. 2008), and showed the capacity

to promote the proliferation of IgA-producing cells in

the small intestine lamina propria of mice (Gregoret

et al. 2013) and to survive spray drying (Lavari et al.

2014). The strain is kept in the culture collection of the

INLAIN (UNL-CONICET, Santa Fe, Argentina). Over-

night cultures (16 h, 37°C) were obtained in MRS (de

Man, Rogosa and Sharpe) broth (Biokar, Beauvais,

France), after three successive transfers from frozen

(�70°C) stocks in MRS added with 18% (w/v) glycerol

(Ciccarelli, Santa Fe, Argentina). Levels of viable cells

were routinely checked by plating serial dilutions on

MRS agar (37°C, 72 h, aerobiosis) and optical density

(560 nm) reading.

Spray drying in cheese whey-starch solution

A culture of L. rhamnosus 64 was obtained in a 2-l fermen-

tor (Biostat A plus; Sartorius, Buenos Aires, Argentina),

inoculated (1% v/v, achieving c. 7 log orders CFU per ml

in the fermentor) with an overnight (37°C, aerobiosis,

18 h) culture in MRS. As culture medium in the fermen-

tor, 9% (w/v) reconstituted cheese whey permeate (Arla

Foods, Porte~na, C�ordoba, Argentina) supplemented with

2�5 g l�1 yeast extract, 2�5 g l�1 tryptone, 5 ml l�1 Mg–
Mn solution was used (Lavari et al. 2015). Fermentation

was conducted in anaerobiosis with CO2 flow

(0�2 l min�1, 200 rev min�1 stirring) maintaining pH at

6�0 by automatic addition of sterile Na2CO3 (212 g l�1)/

NaOH (160 g l�1). Cells were harvested (4000 g, 15 min,

4°C) and washed twice with PBS (pH 7�4). Cells were

resuspended in (10% w/v) cheese whey (Arla Foods) plus

10% (w/v) starch (Glutal S.A., Buenos Aires, Argentina),

according to a previous work (Lavari et al. 2015). Cell sus-

pensions were spray dried in a laboratory scale spray dryer

(B€uchi mini spray dryer model B290; Flawil, Switzerland).

Drying conditions were: feeding rate, 270 ml h�1; constant

inlet air temperature, 140°C; outlet temperature, 83°C;
and air flux, 357 l h�1 Survival to spray drying was

assessed before and after drying by plating serial dilutions

(10�6 to 10�9) of the culture on MRS agar.

In vivo trials

Animals

Forty-five 6-week-old male BALB/c mice (20 � 1 g) were

obtained from the random bred colony of the Centro de

Medicina Comparada, Instituto de Ciencias Veterinarias

del Litoral (CMC-ICiVet-Litoral, CONICET–UNL), Fac-
ultad de Ciencias Veterinarias, Universidad Nacional del

Litoral (Esperanza, Santa Fe, Argentina). Animals were

allowed to stand at the INLAIN animal facility for 7 days

before the animal trial began. Each experimental group

consisted of five mice housed together in plastic cages

and kept in a controlled environment at a temperature of

21 � 2°C with humidity at 55 � 2%, with a 12 h light–
dark cycle. Mice were maintained and treated according

to the guidelines of the National Institute of Health

(NIH, USA). All animals received, simultaneously and

ad libitum, tap water and a sterile conventional balanced

diet (Cooperaci�on, Buenos Aires, Argentina) containing

proteins, 230 g kg�1; raw fibre, 60 g kg�1; total minerals,

100 g kg�1; Ca, 13 g kg�1; P, 8 g kg�1; water,

120 g kg�1; and vitamins. The experiments with animals

were approved by the Ethical Committee for Animal

Experimentation of the Facultad de Ciencias Veterinarias,

Universidad Nacional del Litoral (Esperanza, Santa Fe,

Argentina).
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Effects of spray drying on the immunomodulating

capacity of Lactobacillus rhamnosus 64

Animals and feeding procedures

The following groups were set: a control group, that

received (by gavage) 0�2 ml day�1 of 20% (w/v) cheese

whey-starch solution for 10 consecutive days, and two

probiotic-treated groups. Mice in probiotics-treated

groups received daily (by gavage) 0�2 ml of a cell sus-

pension containing 108 CFU per ml of L. rhamnosus 64

for 3, 6 or 10 consecutive days. The strain was admin-

istered either as overnight fresh culture (FC), washed

twice in PBS and resuspended in 20% (w/v) cheese

whey-starch solution or as spray-dried (SD) culture in

cheese whey-starch and reconstituted (to 20% w/v) in

distilled water.

Phagocytosis assay in peritoneal macrophages

After each feeding period, animals were anaesthetized

intraperitoneally (0�2 ml per mouse) with a cocktail

(900 ll of ketamine (100 mg ml�1), 900 ll of xylazine

(20 mg ml�1), 300 ll of acepromazine (10 mg ml�1) and

7�9 ml of sterile 0�85% (w/v) NaCl solution). Animals

were sacrificed by cervical dislocation. Peritoneal macro-

phages were harvested (in sterile conditions) by washing

the peritoneal cavity with 5 ml of PBS containing

10 U ml�1 of Heparin (Sigma Aldrich, St. Louis, MO)

and 0�1% Bovine Serum Albumin (Jackson Immuno

Research, West Grove, PA). The macrophage suspension

was washed twice with the same buffer, and it was

adjusted to a concentration of 106 cells per ml using a

Neubauer chamber. A heat-killed (100°C, 15 min) Can-

dida albicans suspension (107 cells per ml) was opsonized

with mouse autologous serum (10%) for 15 min at 37°C.
Then, 0�2 ml of the opsonized yeast was added to 0�2 ml

of each macrophage suspension. The mixture was incu-

bated for 30 min at 37°C. The percentage of phagocytosis

was measured as the percentage of activated macrophages

(with at least one cell of yeast phagocyted) after a 100-cell

count using an optical microscope (409).

Determination of secretory IgA in the small intestine fluid

Small intestine contents were recovered by gently press-

ing the small intestine from the duodenum to the dis-

tal ileum, weighed and diluted (1 : 4) in PBS

supplemented with 1% (v/v) antiprotease cocktail

(P8340, Sigma). After centrifugation (2000 g, 30 min,

4°C), the supernatant was collected and kept frozen at

�70°C for secretory-IgA (S-IgA; Sigma) and IFN-c
(BD Biosciences Pharmingen, San Diego, CA) quantifi-

cation by ELISA using commercially available kits was

carried out according to the procedures supplied by

the manufacturers.

Immunofluorescence test for IgA-producing cells enumeration

The small intestine was removed for histological prepa-

ration and paraffin inclusion, according to previous

reports (Vinderola et al. 2005). Paraffin sections

(4 mm) were stained with haematoxylin–eosin followed

by light microscopy examination to assess the intestinal

architecture. The number of IgA-producing (IgA+) cells

was determined on histological slices of samples from

the ileum, not considering Peyer’s patches. The

immunofluorescence test was performed using a-chain-
specific anti-mouse IgA fluorescein isothiocyanate

(FITC) conjugate (Sigma Aldrich). Histological slices

were deparaffinized and rehydrated in a series of etha-

nol concentrations. Deparaffinized histological samples

were treated with a dilution (1/100) of the antibody in

PBS and incubated in the dark for 30 min at 37°C.
Then, samples were washed two times with PBS and

examined using a fluorescent light microscope. The

results were expressed as the number of fluorescent,

IgA+ cells per 10 fields. Positive (fluorescent cells) were

counted with magnification of 4009. Data were pre-

sented as the mean value for three tissue slices for each

animal for each feeding period.

Determination of cytokines in the gut

Small and large intestine samples (100–200 mg) were kept

frozen (�70°C). Intestine samples were homogenized

(Ultra Turrax T8, Ika Labortechnik, Staufen, Germany) in

PBS buffer containing 1% (v/v) anti-protease cocktail

(Sigma), 10 mmol l�1 EDTA (Sigma) and 0�05% (v/v)

Tween 20 (Sigma) in a proportion of 1 ml PBS per 100 mg

tissue. The samples were then centrifuged (9500 g, 10 min,

4°C) and the supernatant was collected and kept frozen for

cytokine (TNFa, IFNc, IL-10, IL-6 and IL-2) determina-

tion by ELISA using commercial kits (BD Biosciences

Pharmingen), according to the procedures supplied by the

manufacturer. The results were expressed as concentration

of each cytokine in the intestinal fluid (pg ml�1).

Study of TNBS-induced acute colitis

Animals and feeding procedures

Thirty 6-week-old male BALB/c mice (weigh 20 � 1 g)

were allowed to stand at the INLAIN animal facility for

7 days before the animal trial began. The following

groups (10 mice per group) were set: a group that

received (by gavage) 0�2 ml day�1 of 20% (w/v) cheese

whey-starch solution for 10 consecutive days (control

group). Mice in probiotic-treated groups received daily

(by gavage) 0�2 ml of a cell suspension containing

108 CFU per ml of the strain for five consecutive days.

The strain was administered as an overnight FC, washed
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and resuspended in 20% (w/v) cheese whey-starch, or as

a culture SD in cheese whey-starch and then reconsti-

tuted (to 20% w/v) in distilled water.

Induction of colitis and inflammation scoring

Animals were anaesthetized intraperitoneally as described

above. TNBS (Sigma) at a dose of 100 mg kg�1 body

weight was dissolved in 0�9% NaCl/ethanol (50/50, v/v)

and 50 ll was administered intrarectally at 4 cm proximal

to the anus, using a 3�5F catheter. Mice were monitored

daily for general appearance and behaviour and recording

of body weight. On day 3 post-TNBS challenge animals

were anaesthetized (as previously described), sacrificed by

cervical dislocation and their colons were removed and

examined to evaluate the macroscopic lesions according to

the Wallace criteria (Wallace et al. 1989).

Macroscopic assessment of colitis

The study was performed according to Folign�e et al.

(2006). The colon was removed, dissected free of fat and

mesentery, carefully opened and cleaned with PBS. Colonic

damage and inflammation were assessed according to the

Wallace criteria (Wallace et al. 1989). These criteria for

macroscopic scoring (scores ranging from 0 to 10) have

been well established in mice studies and reflect (i) the

intensity of inflammation, (ii) the thickening of colonic

mucosa and (iii) the extent of ulceration. The scores are:

0 = no damage, 1 = hyperaemia. No ulcers, 2 = hyper-

aemia and thickening of bowel wall. No ulcers, 3 = one

ulcer without thickening of the bowel wall, 4 = two or

more sites of ulceration or inflammation, 5 = two or more

major sites of ulceration and inflammation or one site of

ulceration/inflammation extending >l cm along the length

of the colon, and 6–10 = if damage covered >Z cm along

the length of the colon, the score was increased by 1 for

each additional centimetre of involvement.

Statistical analysis

Data were analysed using the one-way ANOVA procedure

of SPSS software (SPSS Inc., Chicago, IL, ver. 15.0). The

differences between means were detected by Dunnet’s

unilateral post hoc test. Data were considered significantly

different when P < 0�05. For the colitis study, analyses

were performed as comparison of experimental groups

with the respective control, using the Mann–Whitney test,

a nonparametric one-way analysis of variance. Differences

were judged to be statistically significant when the

P < 0�05.

Results

A significant reduction of half log order (P < 0�05) in the

level of viable cells was observed after spray drying. The

count of the cell suspension before spray drying was

9�9 log CFU per ml, whereas the count after the dehydra-

tion process in the reconstituted powder was 9�4 log CFU

per ml. The powder obtained presented a residual mois-

ture of 3�8% (w/v).

The oral administration of L. rhamnosus 64 signifi-

cantly (P = 0�000) increased the phagocytic activity of

peritoneal macrophages (Fig. 1) after 3 days of adminis-

tration of the strain, compared with the control group

(12�4 � 0�8%), without differences between the strain

administered as fresh (23�3 � 1�8%) or as spray-dried

and reconstituted culture (21�6 � 1�7%). The activation

of macrophages was observed after 3 days of administra-

tion of the strain under study, and then returned to the

basal (control) value. As regards S-IgA (Fig. 2), a signifi-

cant increase was observed in animals that received the

FC for 6 days (121�2 � 6�0 lg ml�1; P = 0�000) and

10 days (97�4 � 9�9 lg ml�1 P = 0�021) and in the ani-

mals that received the spray-dried culture for 3 days

(P = 0�01), compared to the control (51�7 � 9�9
lg ml�1). Values of S-IgA between fresh and SD groups

were significantly different (P < 0�05) for each feeding

period studied.

The histochemical study of IgA-producing cells in the

lamina propria of the small intestine (Fig. 3) showed that

the administration of L. rhamnosus 64 induced the prolif-

eration of IgA+ cells both as fresh and as SD culture,

compared to controls (P < 0�05), for all the administra-

tion periods evaluated. No significant differences were

observed among the three periods of administration

assessed or when the strain was administered either as

fresh or as a SD culture.

The levels of IFNc, TNFa, IL-2, IL-6 and IL-10 were

evaluated in homogenates of the small and large intestine

by ELISA. In the small intestine, no significant differences
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Figure 1 Phagocytic activity of peritoneal macrophages from mice

that received Lactobacillus rhamnosus 64 as fresh (FC) or spray-dried

(SD) culture for 3 (&), 6 ( ) or 10 ( ) consecutive days, compared

to control animals: untreated mice (&) and animals that received only

the 20% (w/v) cheese whey-starch solution (h). Values are the

mean � SEM. *Significantly different (P < 0�05) compared to control

animals.
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were observed for IL-2, IL-6 and IL-10 for any of the

periods of administration evaluated (3, 6 and 10 days)

when the strain was administered as fresh or SD culture,

compared to control mice. No significant differences were

observed between the control group and the group that

received only 20% (w/v) cheese whey-starch solution for

10 days. A significant increase in IFNc was observed,

compared to the control group (88�5 � 25�4 pg g�1),

when mice received the strain for 10 days (Fig. 4) as

fresh (262�5 � 43�2 pg g�1, P = 0�058) or spray-dried

cultures (292�8 � 52�7 pg g�1, P = 0�012 respectively),

without differences between them. The concentration of

TNFa in homogenates of the small intestine of mice that

received the FC for 10 consecutive days was lower

(1675 � 364 pg g�1, P = 0�006) than in untreated ani-

mals (3477 � 277 pg g�1). For the SD culture this fact

was observed for 3 days of administration

(1938 � 422 pg g�1, P = 0�019 respectively) (Fig. 4).

Additionally, a significant difference (P < 0�05) was

observed for this parameter in animals that received fresh

or SD cells for 3 days.

In the large intestine, no changes were observed for the

expression of IL-2 and IL-6 after the administration of L.

rhamnosus 64, either as fresh or SD culture (data not

shown). An increase in IL-10 expression was observed for

the FC for all feeding periods (P = 0�043, 0�017, 0�031
for 3, 6 or 10 days respectively), but only after 3 days

(P = 0�049) of the administration of the SD culture

(Fig. 5). Additionally, a significant difference (P < 0�05)
was observed for IL-10 in mice that received fresh or SD

cells for 10 days. In relation to the expression of the pro-

inflammatory cytokines IFNc and TNF-a, a significant

decrease (P < 0�05), compared to control values, was

observed for both cytokines when the strain was adminis-

tered as FC or spray-dried culture for all administration

periods, without differences between treatments and peri-

ods of administration (Fig. 6).

The effect of oral administration of L. rhamnosus 64 in

a model of acute colitis induced by TNBS was evaluated.

The macroscopic evaluation of the tissues showed that a

thickening of the large intestine wall occurred in the con-

trol group, as in the group that received L. rhamnosus 64

as a FC. The colonic tissue showed larger areas of ulcera-

tion and necrosis with respect to the group of animals
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Figure 2 Secretory IgA (S-IgA) in the small intestine content of mice

that received Lactobacillus rhamnosus 64 as fresh ( ) or as spray-

dried ( ) culture for 3, 6 or 10 consecutive days, compared to control

animals: untreated mice (&) and animals that received only the 20%

(w/v) cheese whey-starch solution (h). Values are the mean � SEM.

*Significantly different (P < 0�05) compared to control animals.
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Figure 3 Effects of the oral administration of Lactobacillus rhamno-

sus 64 as fresh (FC) or spray-dried (SD) culture for 3 (&), 6 ( ) or 10

( ) consecutive days on the number of IgA-producing cells in the

lamina propia of the small intestine, compared to control animals:

untreated mice (&) and animals that received only the 20% (w/v)

cheese whey-starch solution (h). Values are the mean � SEM. *Sig-

nificantly different (P < 0�05) compared to control animals.
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Figure 4 Effects of the oral administration of Lactobacillus rhamno-

sus 64 as fresh (FC) or spray-dried (SD) culture for 3 (&), 6 ( ) or 10

( ) consecutive days on the production of IFNc (above) or TNFa (be-

low) in homogenates of the small intestine, compared to control ani-

mals: untreated mice (&) and animals that received only the 20%

(w/v) cheese whey-starch solution (h). Values are the mean � SEM.

*Significantly different (P < 0�05) compared to control animals.
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that received L. rhamnosus 64 as a SD culture. The ani-

mals treated with the SD culture presented a lower degree

of inflammation compared to the FC group (P = 0�0018)
and compared to the control group (P = 0�043) (Fig. 7).

Colon shortening was significantly greater in the control

group than in the group that received the SD culture

(P = 0�044) (Fig. 7). A significant diminution in the

expression of IL-2 and TNFa were observed when L.

rhamnosus 64 was administered as fresh (P = 0�001, 0�029
for IL-2 and TNFa respectively) or SD culture

(P = 0�014, 0�039, for IL-2 and TNFa respectively),

whereas an increase (P = 0�025) in IL-10 expression was

observed only when the strain was administered as SD

culture (Fig. 8).

Discussion

Technological factors such as sugar ingredients’ concen-

tration in the culture medium and moment of cell har-

vesting during biomass production, the protectants and

technology used for culture preservation and the food

matrix where a probiotic is included may modify its pro-

biotic capacity without direct correlation with changes in

the level of viable cells (Vinderola et al. 2011; Lavari et al.

2015). In this work, we aimed at studying the impact of

spray drying of L. rhamnosus 64 on its immunomodulat-

ing capacity in the gut, a strain with potential technologi-

cal properties for application in food as a probiotic

(Lavari et al. 2014, 2015).
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Figure 5 Effects of the oral administration of Lactobacillus rhamno-

sus 64 as fresh (FC) or spray-dried (SD) culture for 3 (&), 6 ( ) or 10

( ) consecutive days on the production of IL-10 in homogenates of

the large intestine (above) and small intestine (below) compared to

control animals: untreated mice (&) and animals that received only

the 20% (w/v) cheese whey-starch solution (h). Values are the

mean � SEM. *Significantly different (P < 0�05) compared to control

animals.
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Figure 6 Effects of the oral administration of Lactobacillus rhamno-

sus 64 as fresh (FC) or spray-dried (SD) culture for 3 (&), 6 ( ) or 10

( ) consecutive days on the production of IFNc (above) or TNFa (be-

low) in homogenates of the large intestine, compared to control ani-

mals: untreated mice (&) and animals that received only the 20%

(w/v) cheese whey-starch solution (h). Values are the mean � SEM.

*Significantly different (P < 0�05) compared to control animals.

4

5

6

7

8

9

Control FC SD

C
ol

on
 le

ng
th

 (
cm

)

**

*

**

*

0

1

2

3

4

5

6

7

Control FC SD

W
al

la
ce

 s
co

re

*

Figure 7 Colon length and Wallace inflammation scores after 5 days

of TNBS challenge in mice that received Lactobacillus rhamnosus 64

as fresh (FC) or spray-dried (SD) culture for five consecutive days,

compared to control animals. Values are the mean � SEM. *Signifi-

cantly different (P < 0�05) compared to control animals. **Signifi-

cantly different (P < 0�05).
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The increase in the phagocytic activity of peritoneal

macrophages has been considered an indicator of

immune modulation at distant sites following the intake

of probiotic micro-organisms or functional foods in ani-

mal models (Vinderola et al. 2005) and in healthy

humans (Vanderhoof et al. 1999), whereas the elimina-

tion of fermented foods in the diet of healthy volunteers

for 2 weeks decreased the phagocytic activity of leuco-

cytes (Yan and Polk 2004; Olivares et al. 2006). In this

work, an enhanced phagocytic activity of murine peri-

toneal macrophages was observed after 3 days of admin-

istration of the strain under study. It is interesting to

note that there was a fast activation (after 3 days of

administration) but short duration (by day 6 the phago-

cytic activity returned to control values) of the systemic

immune response induced, when compared to the local

(gut mucosa), and more prolonged response observed for

IgA-producing cells. This type of behaviour for the pah-

ogytic activity of peritoneal macrophages was observed in

a previous study (Vinderola et al. 2005). In the present

work and in the work referenced, the activation of

macrophages occurred in the short term (after 3 days of

the beginning of the administration of the strain under

study) and returned to the state of homoeostasis or equi-

librium, also quickly.

Secretory IgA has many functions, such as inhibiting

pathogens from inhabiting the intestine and impairing

the attack of toxins to mucosal surfaces, but it can also

keep the balance of the intestinal microbiota and increase

the immune function (Baldassano et al. 2013). As a func-

tional trait, the capacity of enhancing mucosal IgA in the

gut after oral administration of bacteria is a desirable

attribute for probiotic candidates (Galdeano and

Perdig�on 2004), and it has been linked to enhanced pro-

tection against Salmonella infection in the gut (Vinderola

et al. 2007; Steinberg et al. 2014). Frece et al. (2005)

demostrated that a 10-day feeding period is adequate to

expect an increase of IgA in the gut of mice when candi-

date probiotics are orally administered in a murine

model. In this work, although both forms of administra-

tion (fresh or spray-dried culture) achieved an increase in

the levels of S-IgA, the dynamics were different and

dependent on the technological treatment, that is, the fact

that the culture was administered as a fresh (increase in

S-IgA for 6 and 10 days of administration) or spray-dried

and reconstituted culture (increase in S-IgA 3 days of

administration). Different profiles in S-IgA were observed

between fresh and SD cultures but not in the number of

IgA-producing cells in the lamina propria. This change in

the kinetics of IgA production was previously observed

for probiotic micro-organisms (Pa�ez et al. 2013) and for

soluble antigens (Burns et al. 2010) when administered as

fresh or SD ingredients, however, the mechanisms remain

unknown. These results highlight the need to conduct

functional studies with the strain under the technological

format in which it is intended to be used, since probiotic

capacity might be modified by technological treatments

(Vinderola et al. 2011), especially dehydration processes

(Iaconelli et al. 2015), compared to that observed for FCs

obtained under laboratory conditions.

Although promotion of IgA at intestinal level is a rele-

vant parameter to establish the functional capacity of a

potential probiotic culture, a standardized protocol for

this purpose has not yet been harmonized by the scien-

tific community. Furthermore, it has not been suggested

yet whether the functional capacity of a probiotic candi-

date may be better predicted by measuring S-IgA by

ELISA in the luminal contents or by determining IgA-

producing cells by immunohistochemistry at the small
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Figure 8 Concentration of cytokines in homogenates of the large

intestine of mice after 5 days of TNBS challenge in mice that received

Lactobacillus rhamnosus 64 as fresh (FC) or spray-dried (SD) culture

for five consecutive days, compared to control animals. Values are

the mean � SEM. *Significantly different (P < 0�05) compared to

control animals.
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intestine lamina propria. While ELISA test measures the

levels of (dimeric) S-IgA soluble in the intestinal con-

tents, immunohistochemical analysis quantifies plasma

cells with IgA molecules as membrane receptors, respon-

sible for IgA secretion into the intestinal lumen

(Macpherson et al. 2012). Even though proliferation of

this cell population in the mucosal lamina propria and

dimeric IgA excretion into the intestinal space (lumen)

are sequential phenomena, there are no studies of IgA

promotion where both methodologies (ELISA and

immunohistochemistry) were compared in order to

determine their correlation. During this work, an

increased number of IgA-producing cells in the small

intestine was noticed, both for fresh and SD cultures and

for the three administration periods evaluated. However,

this resulted in enhanced S-IgA in the luminal content of

the small intestine on day 6 and 10 of the administration

of the FC, and on day 3 of administration of the SD cul-

ture. There is no clear mechanism for the lack of direct

correlation between both ways of quantifying this phe-

nomenon. However, we may hypothesize that the differ-

ence may be related to the fact that half-life for IgA+
plasma cells in the lamina propria is 5 days (Cerutti and

Rescigno 2008), whereas S-IgA in the small intestine is

subjected to luminal degradation and dragging and elimi-

nation through faeces caused by peristaltic movements.

Anyway, and for the aim of our study, the measure of S-

IgA allowed to see a difference in probiotic capacity due

to the spray drying that was not noticed by quantifying

IgA-producing cells by immunohistochemistry.

Cytokines are low molecular weight peptides that regu-

late the function of the immune cells that produce them

and also act on other cell populations. These molecules

are the agents responsible for intercellular communica-

tion to induce the activation of specific membrane recep-

tors, cell proliferation and differentiation, chemotaxis,

growth and modulation of immunoglobulin secretion.

Beyond the activation of peritoneal macrophages and the

enhancement of IgA levels, the administration of a probi-

otic candidate may exert effects on cytokines expression.

However, there is no direct correlation between the

administration of a probiotic and an expected or desired

profile of cytokines expression when several cytokines are

assessed, except in some particular cases where, for

instance, the administration of a strain with anti-inflam-

matory properties is expected to enhance IL-10 levels

(Folign�e et al. 2007) or when the administration of a

strain with capacity to protect from Salmonella infection

is expected to raise the levels of IFNc (Castillo et al.

2011). One of the main mechanisms of protection of pro-

biotics in case of intestinal inflammatory pathologies is

the induction of the synthesis of regulatory cytokines,

such as IL-10 (Mileti et al. 2009). This cytokine is one of

the most frequently analysed ones when studying the

immunomodulatory profile of a probiotic strain.

Although it is often considered anti-inflammatory (de

Kivit et al. 2012), it is actually a regulatory cytokine that

can be produced by different immune cells and lead, not

only to a humoral or cellular immune response but also

to the development of oral tolerance (Johansson et al.

2012; Rescigno 2013). Increased expression of IL-10 is

positively related to the potential of controlling or mod-

erating inflammatory bowel processes in vivo such as

intestinal inflammation or various types of diarrhoea

(Folign�e et al. 2007; Paul et al. 2012). As observed in this

work, the increase in IL-10 was also reported by Castillo

et al. (2011) after feeding mice for 7 days with Lactobacil-

lus casei CRL 431. Active treatment with probiotics

induces changes in the immune response of individuals

with inflammatory bowel disease, characterized by a

decrease in the number of monocytes and dendritic cells

producing IFN and increased secretion of IL-10 and

TGFb (Pathmakanthan et al. 2004). A review of results

from human trials using meta-analysis concluded that

probiotic treatment may be effective for patients with

inflammatory disorders such as ulcerative colitis during

the remission period (Sang et al. 2010).

In order to evaluate the impact of the dehydration

processes on the characteristics of probiotic cultures, bac-

terial survival has been the classic parameter for deter-

mining the resistance to the process after rehydration.

However, studies on the impact of the drying processes

on the viability of micro-organisms often do not take

into account aspects related to the probiotic capacity,

beyond cell viability. In fact, the survival of probiotic

bacteria to the dehydration process does not necessarily

correlate with the preservation of its beneficial effects (or

probiotic capacity). Previous studies have shown that the

same probiotic strain, produced and/or preserved under

different storage conditions, may present different suscep-

tibility to the adverse conditions of the gut, different abil-

ity to adhere to the intestinal epithelium or different

immunostimulatory capacity, although viability is main-

tained (Saarela et al. 2009; Vinderola et al. 2012). The

results obtained in this part of the work are in line with

those published by several authors who evaluated the

probiotic capacity in vitro or in vivo, where the effect of

the dehydration process modified the functionality of the

cultures in some of the measured parameters (Makinen

et al. 2012; Pa�ez et al. 2013; Iaconelli et al. 2015). There-

fore, performing studies of probiotic capacity in the tech-

nological format or in the food matrix used as a vehicle,

will allow a more appropriate estimation of the probiotic

capacity of the strain with respect to the observations that

can be made using cultures obtained under laboratory

conditions. The mechanisms by which spray drying
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altered the cytokine-inducing capacity of the strain,

remain unknown.

In in vivo models using healthy animals, different pro-

biotic strains have demonstrated the ability to promote

immune defences by enhancing parameters of both natu-

ral and acquired immunity (D�ıaz-Ropero et al. 2006).

These observations could explain the protective role of

these strains in models of pathologies, for example, in

reducing inflammation in models of inflammatory bowel

disease in mice (Peran et al. 2007). A preliminary study

was conducted in order to explore the potential of L.

rhamnosus 64 for the prevention of inflammation in a

model of acute colitis. Regarding the weight of the ani-

mals after the administration of TNBS, no significant dif-

ferences were observed between the groups evaluated

(Fig. 7), coinciding with that published by Preising et al.

(2010). According to Philippe et al. (2011), animals trea-

ted with B. bifidum S17 showed a trend towards partial

inhibition of TNBS-induced weight loss, although this

effect was not significant, probably because in the acute

colitis model the period between administration and the

sacrifice is short. From a histopathological point of view,

the strain conferred partial protection against TNBS-

induced colitis, only when it was administered as a SD

culture. This can be explained by the reduction in the

expression of pro-inflammatory cytokines (IL-2 and

TNFa) and an enhancement of IL-10 production,

observed only when mice received SD L. rhamnosus 64.

The downregulation of the expression of pro-inflamma-

tory cytokines and the enhancement of regulating factors

was also observed for a spray-dried strain of bifidobacte-

ria in the same model of acute colitis (Burns et al. 2017).

The difference in effectiveness between fresh and SD cul-

ture might be due may be to the extra charge of nonvi-

able cells present in the SD culture, as result of the,

rather small but significant (P < 0�05) loss in cell viability

(c. 0�5 log orders) during spray drying, as animals

received the strain on a basis of viable cells per millilitre.

It was reported that nonviable cells can also exert health

effects in the gut (Ouwehand and Salminen 1998).

We conclude that L. rhamnosus 64 has the capacity to

promote intestinal and distant site defences, mediated by

IgA and peritoneal macrophages respectively. The appli-

cation of the technology of spray drying to the strain, in

order to develop a dehydrated culture, significantly modi-

fied its effects on the immune response in all parameters

measured in the small and large intestine, but not in dis-

tant sites, where the response was of short duration. The

strain under study in this work displayed capacity to con-

fer enhanced protection in a model of acute colitis in

mice as SD culture. That property is mediated by the

downregulation of pro-inflammatory cytokines and

upregulation of IL-10. Further studies are needed in order

to unveil the mechanisms by which the technological treat-

ment applied to the strain (spray drying) induced

changes in the dynamics of the immunomodulating

capacity of the strain in healthy animals and in an in vivo

model of inflammation.
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