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Lactulose synergizes with CpG-ODN to modulate
epithelial and immune cells cross talk

R. Mukherjee, *a M. van de. Kaa,†b J. Garssen,b,c R. J. Pieters, a

A. D. Kraneveldb,d and L. E. M. Willemsenb

Lactulose, a non-digestible oligosaccharide and functional food,

promotes Bifidobacteria growth. Here we show that lactulose,

beyond its prebiotic action, may have direct immunomodulatory

effects as well. In synergy with CpG-ODN, a bacterial DNA mimetic,

lactulose enhances basolateral concentrations of IFN-γ, IL-10, and
galectin-9 in the co-culture model of epithelial and immune cells.

Lactulose, though not present in nature, occurs in heat-treated
milk products. It was first produced in 1930 via catalyst-free
Lobry de Bruyn-Alberda van Ekenstein (LA) rearrangement of
lactose in a weak calcium hydroxide solution.1 Recently,
various research groups have reported enzymatic syntheses of
lactulose using the fungus Aspergillus oryzae, the archaea
species Pyrococcus furiosus,2 and the bacterium
Caldicellulosiruptor saccharolytisus.3

In contrast to lactose, humans cannot digest lactulose,
mainly because human intestinal enzymes cannot cleave the
β-(1,4)-glycosidic bond in lactulose. Most of the non-digested
lactulose passes into the colon. The colonic bacteria, amongst
others, Bifidobacteria, metabolize lactulose and produce short
chain fatty acids (SCFAs).4 SCFAs are important for colon
health and are proved to exert immunologic effects.5 These
characteristics of lactulose have important biological and
medical implications, thus creating many applications both in
the food and pharmaceutical industries. Lactulose has been

used medically since 1950.6 In the pharmaceutical industry, it
is used for the treatment of various medical conditions, e.g.
hyperammonemia/hepatic encephalopathy, constipation,
small intestinal bacterial overgrowth, salmonella state carriers
and for diagnostic applications.7 Lactulose is also used in
veterinary medicine, mainly in hepatic encephalopathy and
constipation.8 In the food industry, it is used as a prebiotic, a
flavouring agent, and a sweetener.

Besides modifying the intestinal microbiota and promoting
Bifidobacteria growth, lactulose also may show direct immuno-
logic effects. Small amounts of lactulose are absorbed
(0.25–2%), pass through the liver, and are available in the sys-
temic circulation.6 These small amounts (∼30 µg mL−1) are
sufficient for immunological reactions.6 When lactulose was
administered intravenously, galactosamine-induced necrosis
of hepatocytes and inflammatory reactions of liver tissue in
rats were mostly prevented.9 In addition, the direct inhibitory
effect of lactulose on endotoxin-induced tumor necrosis factor-
α (TNFα) release by monocytes was observed as well.10

Other non-digestible oligosaccharides, e.g. a mixture of
short chain galacto-oligosaccharides (scGOS) and long chain
fructo-oligosaccharides (lcFOS), also show immunologic
effects in the host. A diet containing scGOS/lcFOS (9 : 1), and
Bifidobacterium breve (containing immunomodulatory un-
methylated CpG-DNA which is a Toll-like receptor (TLR)-9
ligand) suppresses allergic symptoms in mice and humans in
association with induction of enhanced systemic galectin-9
levels.11 Galectin-9 is known to enhance regulatory T-cell func-
tion and to inhibit IgE-mediated mast cell degranulation.11,12

Furthermore, it was shown that galectin-9 enhances the
secretion of regulatory-type IL-10 from T-cells and monocytes
as well as Th1 polarization in an in vitro co-culture model of
human intestinal epithelial cells (IECs) and peripheral blood
mono-nuclear cells (PBMCs).13,14

The comparison of the chemical structures of scGOS,
lcFOS, and lactulose, reveals that lactulose, a disaccharide, is a
combination of the monosaccharides—galactose and fructose
—that are present in both scGOS and lcFOS (Fig. 1).
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Therefore, we aimed to determine whether lactulose can
promote some immunomodulatory effects like the scGOS/
lcFOS mixture in the human co-culture model of IECs and
PBMCs. The direct immunomodulatory effect of lactulose was
compared to lactose upon exposure to IECs in the presence or
absence of CpG-ODN, which is a mimetic of bacterial DNA as
well as a TLR-9 ligand (agonist). The concentration of galectin-
9, IFN-γ, and IL-10 were measured as a read-out. We chose
lactose as a control since lactulose may be generated from
lactose. Moreover, lactose is also a disaccharide, containing
glucose and galactose. Hence, the degree of polymerization
(thus roughly the molecular length and weight) was kept
similar for the comparison of the observed effect.

Materials and methods

Lactulose was obtained from Fisher Scientific (99.3%) and
lactose from Sigma, Zwijndrecht, the Nederlands. CD3 (clone
CLB-T3/2), CD28 (clone CLB-CD28) antibodies as well as the
buffy coats from healthy donors are purchased from Sanquin,
Amsterdam, The Netherlands. CpG ODN M362 was purchased
from Invitrogen San Diego USA.

Transwell co-cultures

Human epithelial cells (HT-29 cell line), isolation of human
PBMC and transwell cocultures were performed as previously
described.10 HT-29 cells were grown till confluency on trans-
well insert filters (Corning, NY, USA). In the basolateral com-
partment 3 × 106 anti-CD3/CD28-activated PBMC were added
below the IEC for 24 hours. IEC were exposed to medium,
lactose (0.5% w/v) or lactulose (0.5% w/v) in absence or pres-

ence of the TLR9 ligand, CpG-ODN (5 µM). After 24 h the baso-
lateral supernatant was collected and cytokines or galectin-9
were measured by means of ELISA.

ELISA

The concentrations of IL10 (U-Cytech, Utrecht, The
Netherlands) and IFNγ (Invitrogen, CA, USA) were measured
according to the manufacturer’s protocol. To assess the con-
centration of galectin-9, high-binding EIA/RIA 96-well plates
(Costar; Corning Inc., Corning, N.Y., USA) were coated with
0.75 μg ml−1 primary antibodies (R&D Systems) and incubated
overnight at 4 °C. 1% BSA in PBS was used to block the plates
for 1 h. Samples or the human recombinant-galectin-9 (R&D
systems) standard were then added for 2 h, washed and incu-
bated with 0.75 μg ml−1 biotinylated secondary antibody (R&D
Systems) in 1% BSA. Plates were washed and incubated with
streptavidin-HRP (R&D Systems), washed and incubated with
tetramethylbenzidine (Thermo Scientific, Rockford, Ill., USA).
The reaction was stopped with 2 M H2SO4 and optical density
was measured at 450 nm.11

Statistics

Data were analysed using One-way ANOVA with Bonferroni post
hoc test or for the ratios with Kruskall Wallis with Dunn’s post
hoc test in graph pad prism version 7.

Results
Epithelial exposure to a combination of lactulose and
CpG-ODN enhances IFN-γ and IL-10 production in the co-
culture model

It was previously shown that apical scGOS/lcFOS potentiated
the TLR9 ligand-induced IFN-γ secretion by the CD3/CD28-
activated PBMCs via IECs dependent mechanisms.12 In our
experiment with this co-culture model, apical exposure of IECs
to lactulose or CpG-ODN alone did not enhance IFN-γ pro-
duction by activated PBMCs. However, lactulose significantly
enhanced the IFN-γ production by the PBMCs when added to
the IECs simultaneously with CpG-ODN (Fig. 2A) indicating a
synergistic effect between these components. Also, the effect of
lactulose on the basolateral anti-inflammatory IL-10 pro-
duction was determined in the IEC/PBMC co-culture model.
Like the effect on IFN-γ, apical application of lactulose or
CpG-ODN alone did not affect basolateral IL-10 production. By
contrast, apical exposure of a combination of lactulose and
CpG-ODN significantly enhanced the IL-10 concentration at
the basolateral side (Fig. 2C). Apart from lactulose, it was
observed that lactose was also capable to enhance the IL-10
production in the presence of CpG-ODN.

In addition, we calculated the factor of increase in IFN-γ
and IL-10 production induced by lactulose or lactose in the
presence of CpG-ODN over the effect of CpG-ODN alone
(Fig. 2B and D). These results confirm that apical IEC exposure
to lactulose in the presence of CpG-ODN can potentiate the
basolateral release of IFN-γ and IL-10 in the co-culture model.

Fig. 1 Chemical structures of prebiotics. A: lactose; B: lactulose; C:
scGOS (only one representative structure is shown), scGOS is a mixture
of many other structures; D: lcFOS.

Communication Food & Function

34 | Food Funct., 2019, 10, 33–37 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 0
4 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

on
 3

/4
/2

01
9 

3:
18

:2
7 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c8fo02376j


Epithelial exposure to a combination of lactulose and
CpG-ODN increases the galectin-9 concentration in the co-
culture model

Previously, it was shown that IECs respond to the TLR-9
agonist CpG-ODN under inflammatory conditions by expres-
sing and secreting galectin-9 in the co-culture model. It was
also shown that this effect was further enhanced in the pres-
ence of scGOS/lcFOS.12 Therefore, we studied the effect of lac-
tulose or lactose on the galectin-9 production in the co-culture
model.

Apical exposure of IECs to lactose, lactulose or CpG-ODN
alone did not enhance the galectin-9 concentration (Fig. 2E).
However, epithelial exposure to a combination of CpG-ODN
and lactulose did enhance the basolateral galectin-9 concen-
tration. On the contrary, the combination of lactose and
CpG-ODN did not show the similar effect (Fig. 2E). The factor
of increase in galectin-9 induced by combined exposure to lac-
tulose and CpG-ODN over exposure to CpG-ODN alone showed

a similar pattern compared to the ratio calculated for IFN-γ
and IL-10 (Fig. 2F).

Discussion

The intestinal epithelium is the first line of defence against
foreign/nonself-antigens. A single monolayer of IECs forms a
tight barrier between the intestinal lumen and the lamina
propria. It has been shown also that IECs take part actively in
innate immune responses and shape adaptive immunity.15

IECs may be a potential target for intervention strategies to
modulate immune responses in the gut.

Beyond their function as a physical barrier, IECs can modu-
late innate and effector immune responses via cell–cell contact
or soluble mediator release. IECs are known to express TLRs.
TLRs recognize pathogens, e.g., fragments of bacteria. Human
IECs were described to express TLRs at the surface at low levels

Fig. 2 Immunomodulatory effect of lactulose versus lactose in an in vitro transwell co-culture model of human intestinal epithelial cells (HT29) and
anti-CD3/CD28 activated PBMCs in absence or presence of CpG-ODN. Epithelial cells were exposed to medium, lactose or lactulose (0.5% w/v) in
absence or presence of 5 µM CpG-ODN. After 24 h basolateral supernatant was collected and cytokines or galectin-9 were measured by means of
ELISA. Also, ratios were calculated of incubations with CpG-ODN and components lactose or lactulose (+CpG comp) over the exposure to
CpG-ODN without lactose or lactulose (+CpG medium). (2A) IFN-γ, (2B) IFN-γ ratio, (2C) IL-10, (2D) IL-10 ratio, (2E) galectin-9, (2F) galectin-9 ratio.
N = 4–6 experiments with PBMCs of independent donors were used. Data were analysed using One- way ANOVA with Bonferroni post hoc test or
for the ratios with Kruskall Wallis with Dunn’s post hoc test in graph pad prism version 7. *P < 0.05, **P < 0.01, ***P < 0.001.
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during homeostasis and IECs are then unresponsive toward
TLR ligands. However, during inflammation, TLR expression is
increased allowing microbial components to modulate IEC
function and mediator release.16–20

Dietary intervention using B. breve M-16 V and scGOS/lcFOS
has been shown to partially prevent the development of aller-
gic symptoms by increasing local intestinal and systemic galec-
tin-9 levels.11 In mice as well as in a co-culture model of
human IECs and activated PBMCs, IECs were identified as a
source of galectin-9.11,12 In in vitro studies, using an
IEC-PBMC co-culture model, it was demonstrated that
genomic DNA from B. breve M-16V—a TLR-9 ligand, similar to
synthetic agonist CpG-ODN—further enhances IFN-γ
responses of activated PBMCs in an IEC-dependent manner.12

Furthermore, it was shown that galectin-9, a soluble mediator,
released by IECs upon apical TLR9 ligand exposure, was essen-
tial for the IFN-γ and IL-10-polarized effector responses of the
underlying PBMCs; this effect was further enhanced by scGOS/
lcFOS. Interestingly, scGOS/lcFOS alone did not modulate the
effector immune response in the IEC/PBMC co-culture model.

In the present study, we chose to evaluate the effects of lac-
tulose in the co-culture model, which was previously used to
identify the immunomodulatory effects of scGOS/lcFOS,
because of its scientific merit. More recently, the effect of
scGOS/lcFOS in inducing the production of galectin-9 by epi-
thelial cells as well as enhancing in Th1 cells and regulatory
IL-10 have been shown in a similar co-culture model using
PBMCs from peanut allergy patients.21 Moreover, results
derived from this co-culture model with IECs and PBMCs have
been translated to a murine model of food allergy and infants
affected with atopic dermatitis who were provided with a
dietary intervention containing amongst others scGOS/lcFOS,
which emphasized its validation.11,13

We show that lactulose in the presence of the TLR-9 agonist
CpG-ODN, enhances basolateral galectin-9, IFN-γ, and regulat-
ory IL-10 concentrations after 24 hours in the co-culture
model. Lactulose on its own did not modulate these responses.
This result suggests that lactulose has direct mucosal immuno-
modulatory effects like the scGOS/lcFOS mixture in combi-
nation with a TLR-9 ligand. Therefore, we hypothesize that,
lactulose may have a potential to alleviate allergy development
as well although further validation focussed on allergy man-
agement will be essential. We also showed that lactulose but
not lactose synergizes with CpG-ODN to enhance the IFN-γ,
IL-10, and galectin-9 concentrations in the co-culture model.

To understand the reason, we analyzed the chemical struc-
tural aspects of these oligosaccharides (Fig. 1). scGOS contains
varying chain lengths of galactose with glucose at the reducing
end. lcFOS contains various chain lengths of fructose with
glucose at the reducing end. So, we hypothesized that the
galactose and fructose moieties in the scGOS/lcFOS mixture
might contribute at least in part to galectin-9 production and
skewing of the immune response towards IL-10 and IFN-γ in
the CpG-ODN exposed IEC/PBMC co-culture since both
contain a glucose as a common reducing end. If that is true, a
molecule containing fructose and galactose should show a

comparable effect like the scGOS/lcFOS mixture for the specific
immune effects as mentioned above. Indeed, lactulose, a non-
digestible disaccharide composed of fructose and galactose
within one molecule shows these similar immunomodulatory
effects as was shown for scGOS/lcFOS in the human IEC/PBMC
co-culture model regarding the specific immune effects
measured.

The present study shows that lactose does not have similar
immunomodulatory potential as lactulose, which may be
attributed to its chemical structure. Lactose, a disaccharide,
consists of glucose (at the reducing end) and galactose. The
combination of these two monosaccharides may be not as
effective in modulating the IEC response to CpG-ODN com-
pared to the fructose and galactose combination in lactulose.
Alternatively, lactose may be digested by epithelial enzymes,
such as lactases, and therefore not functional. However, the
IECs used in this study, HT29 cell line, do not express
lactase.22 In addition, lactose is also a well-known galectin
binder23 and in the used human co-culture model it may have
interfered with the currently unknown mechanism that con-
tributes to the increase in galectin-9 release by IECs or the
mechanism by which galectin-9 exerts its immunomodulatory
actions.

These findings may help to design potential drugs as well
as food supplements to prevent or treat allergy and/or to allevi-
ate allergic symptoms. Lactulose, being a disaccharide, opens
opportunities for a small molecule carbohydrate-based drug
design. Performing structure–activity relationships on lactu-
lose would be relatively straightforward during the drug discov-
ery process compared to longer oligosaccharides. Also, chemi-
cal modification on lactulose to improve its immunomodula-
tory potency would be relatively easier as well due to its
smaller size. In the future, a lactulose-based drug may see its
potential in the pharmaceutical industry.

Conclusions

Lactulose is present in heat-treated milk and is produced by
non-catalytic rearrangement of lactose. Lactose and lactulose
have different reducing ends—glucose and fructose, respect-
ively. This study identified the difference in immunomodula-
tory potential between lactose and its derivative lactulose in a
human co-culture model of IECs and activated PBMCs.
Lactulose synergizes with CpG-ODN to enhance IFN-γ, IL-10
and galectin-9 concentrations in this co-culture model. These
immunomodulatory effects were very similar as previously
observed for some effects induced by a mixture of scGOS/
lcFOS. On the contrary, lactose only enhanced IL-10 concen-
trations when combined with CpG-ODN. We think that the
unique molecular structure of lactulose may contribute to its
efficacy in enhancing the immune polarizing properties of
CpG-ODN, which may link to its potential to reduce allergy
risk. Lactulose may be further developed as an anti-allergy
small molecule carbohydrate-based drug by coupling
additional bioactive groups. Future studies in in vivo allergy
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models and clinical validation are essential to test lactulose’s
prophylactic and therapeutic potentials.
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