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Objective: To de®ne the cellular basis for immune enhancement by a probiotic lactic acid bacteria strain
(Bi®dobacterium lactis HN019); and to determine whether immune enhancement can be optimized by delivery in
oligosaccharide-enriched low-fat milk.
Design: A double-blind, three-stage before-and-after intervention trial.
Setting: Taipei Medical College Hospital, Taipei, Taiwan.
Subjects: Fifty healthy Taiwanese citizens (age range 41 ± 81; median 60) randomly allocated to two groups.
Interventions: In stage 1 (run-in control stage) all subjects consumed reconstituted low-fat milk (LFM) for 3
weeks; in stage 2 (probiotic intervention) subjects consumed B. lactis in LFM (group A) or B. lactis in lactose-
hydrolysed LFM (group B) for 3 weeks; in stage 3 all subjects returned to non-supplemented LFM for a further 3
weeks (washout stage). The innate immune functions of two different leucocyte types (polymorphonuclear
(PMN) cells and natural killer (NK) cells) were assessed at four time points via in vitro analyses on peripheral
blood samples.
Results: While consumption of LFM alone had no signi®cant effect on immune responses, stage 2 results
indicated signi®cantly enhanced PMN cell phagocytosis and NK cell tumour killing activity following
consumption of milk containing B. lactis. These increases levelled off following cessation of B. lactis
consumption, but remained above the pre-treatment values. Increases in PMN and NK cell activity were
greatest among subjects who consumed B. lactis in lactose-hydrolysed LFM.
Conclusions: Dietary consumption of the probiotic bacterium B. lactis HN019 enhanced immune function of
two different types of leucocytes; the degree of enhancement was increased by consuming B. lactis in an
oligosaccharide-rich substrate.
Sponsorship: Financial support was provided by the New Zealand Dairy Board.
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Introduction

Lactic acid bacteria (LAB) are common and natural inha-
bitants of the human gut micro¯ora. LAB are also abundant
in fermented food products, especially dairy products such
as yoghurt and cheese. There is little evidence that LAB
contained in fermented foods are pathogenic to humans,
and indeed many strains can readily and safely persist in
the human gut (Fuller, 1992; Salminen et al, 1998). Some
strains of dietary LAB are able to impart physiological
bene®ts to their consumers, which can include increasing

gut function, lowering cholesterol, increasing the uptake
and assimilation of micronutrients, preventing GI tract
pathogen infection and enhancing immunity (Perdigon &
Alvarez, 1992; Marteau & Rambaud, 1993; Saavedra et al,
1994; Sawamura et al, 1994; Majamaa et al, 1995; Rafter,
1995; Fuller & Gibson, 1997; Bertolami et al, 1999;
Anderson and Gilliland, 1999). There is now considerable
commercial interest in isolating and characterizing such
novel strains of LAB, so that they might be incorporated
into food products that offer de®ned health bene®ts to
consumers. Such LAB are therefore performing as probio-
tics, and food products based on them can be classed as
functional foods (Delneste et al, 1998).

One of the most important ways in which probiotic
LAB can provide a physiological bene®t is by enhancing
immune function (Gill, 1998). This effect is particul-
arly important among those groups of individuals who
may have under-developed or sub-optimally functioning
immune systems, such as the young, the old or immuno-
compromised individuals (Makinodan, 1995; Chandra,
1996, 1997). While the proper functioning of all aspects
of the immune system is important in maintaining health,
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certain groups may experience a more pronounced de®-
ciency in one particular facet of the immune system. For
example, the ageing process is associated with a decline in
several aspects of cellular immune function in particular
(Gill, 1998; Weksler, 1995), and it therefore follows that
any immunity-enhancing health bene®ts of a potentially
valuable probiotic LAB strain would be best suited to
enhance or promote this facet of the immune response.

It is well known that some strains of LAB can enhance
cellular immune function, either innate or speci®c, when
used as a probiotic (de Simone et al, 1986, 1991; Solis-
Pereyra & Lemmonier, 1991; Link-Amster et al, 1994;
Schiffrin et al, 1995; Kishi et al, 1996). However, studies
conducted to date have generally indicated a positive effect
on one particular cellular function, such as phagocytosis or
cytokine-secreting activity (Schiffrin et al, 1995; Kishi
et al, 1996; Donnet-Hughes et al, 1999). Our laboratory
has recently identi®ed and characterised a new strain of
Bi®dobacterium lactis (B. lactis HN019) which has potent
enhancing properties on several aspects of cellular immu-
nity in animal models (Gill, 1998; Prasad et al, 1999). Mice
fed B. lactis HN019 show enhanced phagocytosis and
tumour killing activity, enhanced lymphocyte proliferation
and increased cytokine-secreting capacity (Gill, 1998; Gill
et al, 2000). Clinical trials have also indicated that dietary
consumption of B. lactis HN019 can enhance immune
function in humans (Arunachalam et al, 2000); peripheral
blood leucocytes of elderly subjects who consumed B.
lactis HN019 showed enhanced phagocytic and cytokine-
producing capabilities, however it remains uncertain which
particular cell types are primarily in¯uenced by the pro-
biotic.

The ability of a probiotic LAB strain to persist in the gut
can be aided by oligosaccharide moieties, which facilitate
the metabolism and growth of LAB in the lumen (Salminen
et al, 1998). Non-digestible sources of dietary oligosac-
charides may therefore act as prebiotics, to assist in the
optimal colonization of the gut by a given probiotic
(Roberfroid, 1998). In theory, optimization of the coloniz-
ing ability of a health-promoting probiotic should also be
able to optimize that particular physiological function for
which the probiotic was selected, however this remains to
be demonstrated in the majority of cases. In the case of B.
lactis (which was derived originally from a dairy product) it
is likely that milk would provide an appropriate oligosac-
charide-containing substrate for bacterial growth, and pre-
vious laboratory studies by our group have utilized
reconstituted low-fat milk powder as a delivery vehicle
for this probiotic (Gill, 1998; Gill et al, 2000). However,
the ability of milk containing higher levels of oligosacchar-
ides (eg derived from the hydrolysis of lactose) to provide
support for enhanced immune-promotion by B. lactis
remains an untested theory.

The present study reports results from a clinical trial to
characterize the immunity-enhancing properties of B. lactis
HN019. Our aims in this trial were two-fold. First, to de®ne
the mode of stimulation by which dietary consumption of
B. lactis enhances cellular immunity in healthy subjects, in
particular by focusing on two key components of innate
cellular immunity (namely phagocytosis and tumour cell
killing). Second, to evaluate whether delivery of the pro-
biotic in oligosaccharide-rich lactose-hydrolysed milk
could confer any additional bene®ts to the enhancement
of cellular immunity, with a view to optimizing any
potential immune-enhancing effects.

Materials and methods

Preparation of diets
Low-fat milk (LFM), containing 12% w=w total fat, was
obtained as a commercial product from the New Zealand
Dairy Board in powder form. Lactose-hydrolysed LFM was
obtained via standard enzymatic treatment using b-galac-
tosidase from Kluyveromyces lactis (Novo). The resultant
LFM contained 8% (w=w) galacto-oligosaccharides, com-
prising predominantly tri- and tetra-saccharide moieties
(Table 1). Bi®dobacterium lactis HN019 was obtained
from the New Zealand Dairy Research Institute Culture
Collection (Palmerston North, New Zealand). For experi-
mental purposes, lyophilized bacteria were incorporated
into LFM or lactose-hydrolysed LFM at 109 cfu=g
powder. During the trial, milk powders or B. lactis-supple-
mented milk powders were supplied to participants in
sachets containing 25 g powder; these were reconstituted
to 200 ml immediately prior to consumption.

Subjects and trial criteria
Fifty healthy volunteers within the age range 41 ± 81 y were
selected for this study. Prior to commencement of the trial,
the selection criteria included general good health and
mobility, with no recent history of acute or chronic debili-
tating illness, no record of milk-product intolerance, and
agreement to avoid potentially con¯icting nutritional or
vitamin supplements during the 9 week duration of the trial.
Compliance with the dietary regimes was con®rmed by the
subjects.

Protocol
The trial was a three-stage, before-and-after design. Dietary
allocation was double-blinded with respect to the probiotic
intervention stage (stage 2), for which the trial subjects
were randomly assigned to two groups: A (n� 27; 8 M,
19 F) and B (n� 23; 7 M, 16 F). For the ®rst 3 weeks of the
trial all subjects consumed 25 g=200 ml LFM twice daily as
a run-in control treatment (stage 1; weeks 1 ± 3). Between
weeks 4 and 6 (stage 2), group A subjects consumed 200 ml
LFM containing B. lactis twice daily; over the same period,
group B subjects consumed 200 ml lactose-hydrolysed
LFM containing B. lactis. For the ®nal 3 weeks of the
trial (stage 3; weeks 7 ± 9) all subjects returned to consum-
ing non-supplemented LFM (200 ml twice daily) as a
washout.

To conduct immunological assays, peripheral blood
samples were withdrawn from subjects by venipuncture at
four time points (T) throughout the trial:

� T1 at week 0 (immediately prior to commencement of
the trial, to provide baseline immune measurements);

� T2 at the end of week 3 (after all subjects had
consumed LFM for 3 weeks);

� T3 at the end of week 6 (after subjects had consumed B.
lactis for 3 weeks);

Table 1 Composition of lactose-hydrolysed low-fat milk powder (per
100 g powder)

Energy 1730 kJ
Protein 34 g
Carbohydrate 44.2 g

of which lactose is less than: 10 g
Fat 12 g
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� T4 at the end of week 9 (after all subjects had ceased
consumption of B. lactis, and had returned to LFM
consumption for the ®nal 3 weeks of the trial).

Immunological measurements
Mononuclear cells (MCs) and polymorphonuclear cells
(PMNs) were separated from heparinized whole blood via
centrifugation over isotonic Ficoll-Hypaque (Pharmacia,
Uppsala, Sweden) or 4.5% dextran followed by Ficoll-
Hypaque, respectively. The two cell types were prepared
separately; in both cases, cells were washed three times by
centrifugation in PBS at 300 g for 10 min. Prior to in vitro
experimentation, viable cells were counted (trypan blue dye
exclusion) and resuspended to the desired concentration in
RPMI 1640 medium supplemented with 10% foetal calf
serum.

In the MC cell fraction, the activity of natural killer
(NK) cells was assessed via lysis of chromium-labelled
K562 tumour cells (an NK-speci®c target), as described
elsewhere (Pross et al, 1981). Brie¯y, 104 target 51Cr-
labelled K562 cells were mixed with effector MCs in 96-
well round-bottomed tissue culture plates at an effector :
target ratio of 50 : 1. Chromium release was assessed after
4 h incubation at 37�C by measuring gamma-emission,
and speci®c lysis was determined as:

Percent 51Cr release � �E7S�=�T7S�6100;

where E is the amount of chromium release in the presence
of effector cells, S is the spontaneous release in medium
alone, and T is the total amount of chromium released by
adding HCl to lyse 100% of target cells.

In the PMN cell fraction, phagocytic activity was
assessed via membrane-bound NADPH-oxidase activity,
as measured by the reduction of nitroblue tetrazolium
(NBT; Sigma, Hudson & Hay, 1992). Brie¯y, PMN cells
in suspension were stimulated with 100 ng=ml phorbol-
myristate acetate (PMA; Sigma) in the presence of
0.6 mg=ml NBT for 30 min at 37�C. After incubation,
cells were centrifuged onto glass slides using a cytospin;
the percentage of cells showing NBT reduction activity was
estimated for each sample using low-power microscopy.

Statistical analyses
Statistical analyses were employed to detect signi®cant
changes in cellular immune responses over time, and to
compare the magnitude of any signi®cant changes between
the two diet groups. Data were initially analysed as a
combined group (n� 50) to identify any signi®cant
changes in cellular immune responses between T1 and T2
time points (ie during the run-in stage when all subjects
consumed LFM), using paired sample t-tests. Further ana-
lyses were employed to detect signi®cant changes over time
in response to the speci®ed diets (group A�B. lactis in
LFM; group B�B. lactis in lactose-hydrolysed LFM);
repeat measures analysis of variance (ANOVA) was used
to analyse changes between time points T2, T3 and T4, and
signi®cant changes were identi®ed by Dunnett's post-hoc
test between paired sets of data. Finally, immunological
data were re-expressed as the percentage change in activity
at T3 over the respective T2 values for each individual of
each group; one-sided Mann ± Whitney U-tests were then
used to compare the magnitude of changes in response to

B. lactis consumption between group A and group B. In
all cases, a probability value of < 0.05 was considered
suf®cient to reject the null hypothesis.

Results

Changes in cellular immune responses over time
For the ®rst 3 weeks of the trial, all subjects (n� 50)
consumed LFM as a run-in control. There were no sig-
ni®cant changes in PMN cell phagocytosis or NK cell
tumour killing activity between baseline measurements at
the start of the trial (T1) and the end of this 3 week run-in
period (T2) (Figure 1). Between weeks 4 and 6 of the trial,
subjects consumed B. lactis in either LFM (group A,
n� 27) or B. lactis in lactose-hydrolysed-LFM (group B,
n� 23), before returning to LFM for the ®nal 3 weeks of
the trial. There were signi®cant changes in both PMN cell
phagocytosis and NK cell tumour killing activity following
consumption of B. lactis (Figures 2 and 3). Among group A
subjects, PMN cell phagocytosis was signi®cantly higher at
T3 and T4 compared to T2, while NK cell tumour killing
was signi®cantly higher at T4 than at either T2 or T3.
Among group B subjects, both PMN cell phagocytosis and

Figure 1 Effects of dietary consumption of reconstituted low-fat milk on
natural immune function. Fifty subjects consumed 25 g=200 mL reconsti-
tuted low-fat milk (LFM) twice daily for a period of 3 weeks (dietary run-
in control, stage 1). Immune measurements were made via peripheral
blood samples at the commencement of the trial (T1) and after 3 weeks'
consumption of LFM (T2). Data indicate that there were no signi®cant
changes in PMN cell phagocytic activity or NK cell tumour killing activity
due to consumption of LFM alone.
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NK cell tumour killing activity were higher at T3 and T4
than at T2.

Comparison of the magnitude of increases in immune
function between different groups
Given that levels of PMN cell phagocytosis and NK cell
tumour killing activity were enhanced following consump-
tion of B. lactis, we wanted to further determine whether
there were any differences in the relative magnitude of
these increases between group A subjects (who consumed
B. lactis in LFM) and group B subjects (who consumed
B. lactis in lactose-hydrolysed LFM). The relative post-B.
lactis increase in NK cell tumour killing was signi®cantly
higher among group B subjects than group A subjects
(Figure 4); the relative post-B. lactis increase in PMN
cell phagocytosis was also higher among group B subjects,
however this was not signi®cantly different to the relative
increase observed among group A subjects.

Discussion

The ability of probiotic LAB to stimulate the human
immune system has been demonstrated in previous studies
(de Simone et al, 1986, 1991; Solis-Pereyra & Lemmonier,
1991; Link-Amster et al, 1994; Schiffrin et al, 1995; Kishi
et al, 1996). In particular, dietary consumption of some
strains of LAB has been shown to enhance cellular immune
responses, including phagocytosis, lymphocyte prolifera-
tion and cytokine production (de Simone et al, 1986; Link-
Amster et al, 1994; Schiffrin et al, 1995). The strain used in
our study (B. lactis HN019) has been shown previously to
enhance several aspects of innate and acquired immunity in
laboratory animals (Gill, 1998; Gill et al, 2000). We have
demonstrated here that dietary consumption of B. lactis is
associated with signi®cant enhancement of two different
cellular immune responses by two distinct leucocyte types,
namely phagocytosis by PMN cells and tumour killing by
NK cells, among healthy human subjects. These responses

Figure 2 Effects of dietary consumption of B. lactis on PMN cell
phagocytosis. Group A subjects (n� 27) consumed 25 g=200 mL recon-
stituted LFM supplemented with 109 cfu B. lactis=g twice daily for a
period of 3 weeks; group B subjects (n� 23) consumed lactose-hydrolysed
LFM supplemented with 109 cfu B. lactis=g twice daily for the same
period. Immune measurements were undertaken prior to consumption of B.
lactis (T2), after 3 weeks consumption of B. lactis (T3); and 3 weeks after
cessation of the B. lactis supplement (T4). Phagocytosis was measured via
reduction of NBT by PMA-stimulated peripheral blood PMN cells; data
are expressed as mean percentage of cells showing phagocytic activity at
each time-point+ s.e.m. Asterisks refer to values signi®cantly different
P< 0.05 from the respective pre-B. lactis (T2) values.

Figure 3 Effects of dietary consumption of B. lactis on NK cell tumour
killing activity. Group A subjects (n� 27) consumed 25 g=200 mL recon-
stituted LFM supplemented with 109 cfu B. lactis=g twice daily for a
period of 3 weeks; group B subjects (n� 23) consumed lactose-hydrolysed
LFM supplemented with 109 cfu B. lactis=g twice daily for the same
period. Immune measurements were undertaken prior to consumption of B.
lactis (T2), after 3 weeks' consumption of B. lactis (T3); and 3 weeks after
cessation of the B. lactis supplement (T4). Tumouricidal activity was
measured via lysis of NK cell-speci®c K562 target cells by peripheral
blood MCs; data are expressed as mean percentage target cell killing at
each time-point+ s.e.m. Asterisks refer to values signi®cantly different
P< 0.05 from the respective pre-B. lactis (T2) values.
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are important indices of innate (`natural') immunity, and
are commonly employed to gauge the capacity of dietary
interventions to stimulate the immune system (Schiffrin
et al, 1995; Santos et al, 1996). The present observations
con®rm results from a previous clinical trial, which had
demonstrated enhanced peripheral blood cell phagocytic
activity and production of the cytokine interferon-alpha
among elderly subjects (aged 60 ± 83 y) following con-
sumption of B. lactis (Arunachalam et al, 2000). Moreover,
results of the present study have extended the immune-
enhancing paradigm of B. lactis HN019 to include an
additional cohort, namely middle-aged adults (41 ± 60 y).

That the observed increases in cellular immune function
were due to consumption of B. lactis HN019 was con®rmed
in the present study, since elevated immune responses were
®rst recorded in the period immediately following this

intervention; in contrast, no signi®cant effects were
detected following the 3 weeks prior run-in period of
LFM alone. While we can provide no further evidence
here as to the molecular signalling mechanisms by which
B. lactis is able to enhance cellular immunity, it is known
that phagocytic cells are stimulated by direct contact with
LAB and sub-cellular fractions of bacterial cell walls
(Keller et al, 1994; Miettinen et al, 1996). Furthermore,
recent studies have indicated that LAB also induce mono-
nuclear leucocytes to secrete procellular immunity cyto-
kines such as interleukin-12 and interleukin-18, both of
which are potent stimulators of NK cell activity and inter-
feron production (Miettenen et al, 1999; Hessle et al, 1999).
It is therefore possible that immune enhancement in humans
by dietary consumption of B. lactis is due primarily to
stimulation of the inter-communicating cytokine network,
which serves to drive the immune system toward a general
enhancement of cellular immune function.

The demonstration that dietary consumption of B. lactis
can enhance aspects of natural immunity may be highly
relevant to providing health bene®ts to humans. It is
thought that enhanced PMN cell activity can contribute to
an increased ability to combat microbial infections (Roitt,
1997), and this is particularly relevant to an ageing popula-
tion who may be at increased risk of infection due to a
decline in cellular immune function (Chandra, 1997).
Furthermore, NK cells contribute to natural defence against
viral infection and tumour cells (Roitt, 1997), and mechan-
isms which enhance NK cell activity are therefore likely to
impart a greater ability of these cells to combat neoplastic
diseases. While it is dif®cult to correlate a proven health
bene®t in humans with a measurable increase in immune
function, there is some circumstantial evidence to support
the case with probiotic LAB, since dietary consumption of
live yoghurt cultures has been shown to reduce intestinal
viral infections, and may also reduce tumour growth
(Saavedra et al, 1994; Sawamura et al, 1994; Aso et al,
1995; Majamaa et al, 1995; Rafter, 1995). In previous
studies, we have demonstrated that dietary consumption
of B. lactis can enhance cellular immune function in mice
(Gill, 1998; Gill et al, 2000) and that this enhancement
correlates with increased resistance to intestinal infection
with Salmonella typhimurium (Shu et al, 2000); there is
therefore the promising possibility that enhancement of
immune function by dietary consumption of B. lactis
might also provide disease protection in humans, however
this remains to be determined.

Increases in PMN and NK cell function were recorded
following consumption of B. lactis, and while these
increases generally levelled off following cessation of
consumption, immune activity remained elevated above
the pre-treatment values. This suggests that immune
enhancement by B. lactis had a signi®cant carry-over
effect that was sustained even when subjects returned to
consuming non-supplemented LFM (a treatment which was
shown not to affect PMN or NK cell function in the run-in
period). This retention of immune-enhancement was most
likely due to sustained immune stimulation by B. lactis
organisms which had colonized the gut; molecular studies
using a strain-speci®c oligonucleotide probe have demon-
strated previously that B. lactis can transiently colonize the
human gut following oral delivery, and residual organisms
can be detected in human stools up to 2 weeks following
cessation of consumption (Arunachalam et al, 2000; PK
Gopal and HS Gill, unpublished).

Figure 4 Relative increases in cellular immunity, following consumption
of B. lactis in LFM or lactose-hydrolysed LFM. Group A subjects (n� 27)
consumed 25 g=200 mL reconstituted LFM supplemented with 109 cfu B.
lactis=g twice daily for a period of 3 weeks; group B subjects (n� 23)
consumed lactose-hydrolysed LFM supplemented with 109 cfu B. lactis=g
twice daily for the same period. Immune measurements were undertaken
prior to consumption of B. lactis (T2), and after 3 weeks' consumption of
B. lactis (T3). Data are presented here as the increase in immune function
in response to consumption of B. lactis, expressed as the mean percentage
increase between T2 and T3 time-points for each group. The relative
increases in PMN cell phagocytosis and NK cell tumour killing activity
were higher for group B subjects (B. lactis in lactose-hydrolysed LFM)
than for group A subjects (B. lactis in LFM). Figures refer to Mann ±
Whitney non-parametric test P-values comparing the relative T2 to T3
increases between the two groups.
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An additional aim of our study was to determine
whether delivery of B. lactis in oligosaccharide-enriched
milk could facilitate greater immune-enhancing effects than
B. lactis delivered in plain LFM. Our results have shown
that subjects who consumed B. lactis in lactose-hydrolysed
LFM experienced greater increases in PMN cell phagocy-
tosis and NK cell tumour killing activity than subjects who
consumed the probiotic in plain LFM. Although these
differences were signi®cant only for the NK cell data, the
results do strongly suggest that the degree of immune
enhancement imparted by B. lactis can be improved by
delivering the probiotic in a suitable substrate. Whether
these increased immune-enhancing effects re¯ect (indir-
ectly) quantitative increases in number and gut colonizing
ability of B. lactis is uncertain; aside from acting as a
prebiotic, there is increasing evidence that oligosaccharides
can interact directly with probiotic LAB and potentiate
their immune-enhancing effects, both in vitro and in vivo
(Murosaki et al, 1999). Oligosaccharides derived from milk
are thought to have additional health bene®ts besides
potentiating probiotic-mediated immune enhancement,
including the prevention of pathogen colonization of the
gut (Zopf & Roth, 1996; Roberfroid, 1998). Further studies
by our group will therefore aim to de®ne the optimum dose
of milk-derived oligosaccharides that can promote
enhanced cellular immune function in humans, and to
determine whether an oligosaccharide-rich delivery sub-
strate for B. lactis can enhance resistance to intestinal tract
pathogens using laboratory rodent models of infection.

In summary, the present study has demonstrated that
consumption of the lactic acid bacterium B. lactis HN019
can enhance two important aspects of cellular immune
function among adult and elderly subjects, and that the
degree of immune enhancement can be increased by
delivering the probiotic in an oligosaccharide-enriched
milk. These results open up the possibility that B. lactis
may be incorporated into a dairy-based food product with
de®ned immunity-promoting properties, which can offer
signi®cant bene®ts to human health.
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