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Specific Dietary Oligosaccharides Increase Th1 Responses in a Mouse
Respiratory Syncytial Virus Infection Model
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Breast feeding reduces the risk of developing severe respiratory syncytial virus (RSV) infections in infants. In addition to mater-
nal antibodies, other immune-modulating factors in human milk contribute to this protection. Specific dietary prebiotic oligo-
saccharides, similar to oligosaccharides present in human milk, were evaluated in a C57BL/6 mouse RSV infection model. Dur-
ing primary RSV infection, increased numbers of RSV-specific CD4* T cells producing gamma interferon (IFN-y) were found in
the lungs at days 8 to 10 postinfection in mice receiving diet containing short-chain galactooligosacharides, long-chain fructooli-
gosaccharides, and pectin-derived acidic oligosaccharides (termed scGOS/IcFOS/pAOS). In a Th2-skewed formalin-inactivated
(FI)-RSV vaccination model, the prebiotic diet reduced RSV-specific Th2 cytokine (interleukin-4 [IL-4], IL-5, and IL-13)-produc-
ing CD4™ T cells in the lung and the magnitude of airway eosinophilia at day 4 and 6 after infection. This was accompanied by a
decreased influx of inflammatory dendritic cells (CD11b*/CD11c") and increased numbers of IFN-y-producing CD4* and
CD8™" T cells at day 8 after viral challenge. These findings suggest that specific dietary oligosaccharides can influence trafficking
and/or effector functions of innate immune, CD4"*, and CD8" T cell subsets in the lungs of RSV-infected mice. In our models,
scGOS/IcFOS/pAOS had no effect on weight but increased viral clearance in FI-RSV-vaccinated mice 8 days after infection. The
increased systemic Th1 responses potentiated by scGOS/IcFOS/pAOS might contribute to an accelerated Th1/Th2 shift of the
neonatal immune system, which might favor protective immunity against viral infections with a high attack rate in early infancy,

such as RSV.

espiratory syncytial virus (RSV), a pneumovirus in the family
Paramyxoviridae, infects nearly all children within the first 3
years of life (15). Primary RSV infections can cause severe bron-
chiolitis and pneumonia, which are associated with significantly
increased risk of developing wheeze during childhood that lasts
until teenage years (31, 45, 46). Symptomatic reinfections occur in
every age group, but the frequency and severity of symptoms are
highest in children below 5 years of age. The mechanism behind
the onset of severe RSV infections is still not completely clear.
Severe RSV infections that require hospitalization are most fre-
quent in infants 2 to 4 months of age (44). Therefore, it has been
proposed that inadequate innate or adaptive responses of the im-
mature immune system contribute to disease severity; in particu-
lar, Th2 bias of the immature immune system has been suggested
to be an important factor contributing to RSV disease (5, 36).
Formation of the intestinal microbiota population, starting di-
rectly after birth, is shaped during infancy and is unique for each
individual throughout life (23, 37). The intestinal microbiota
composition is important for establishment of gut homeostasis
and affects local mucosal immunity (20). Although it has been
documented that the host genetic background facilitates a core
microbiome (52), factors like caesarian section, diet, and reduced
microbial pressure in western countries shape host microbial pop-
ulations (9, 32). There is increasing evidence that environmental
factors and diet correlate with host immune function and disease
susceptibility. The best-known examples are correlations found in
allergy-related diseases like atopy and asthma, but a relatively new
disease, like obesity, also appears to be linked to a specific compo-
sition of the intestinal microbiota (30, 47). This suggests that the
microbial community and the host immune system continuously
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cross-communicate and reorganize, leading to a delicate balance.
Itis, however, largely unknown how exactly the intestinal bacterial
community interferes with systemic immune processes. Some in-
sight has come from studies of conventional specific-pathogen-
free (SPF) animals, in which a microbiota depletion approach
showed that the enhanced killing of Streptococcus pneumoniae and
Staphylococcus aureus by bone marrow-derived neutrophils was
regulated by bacterial peptidoglycans derived from the gut (8).
This suggests that manipulation of microbiota can induce sys-
temic priming of the innate immune system by systemic shedding
of bacterial components that act as ligands on pattern recognition
receptors.

Breast feeding reduces the risk of severe RSV bronchiolitis (6).
In addition to maternal antibodies, human milk contains im-
mune-modulating components, including oligosaccharides.
Some nondigestible oligosaccharides are called prebiotics, be-
cause they stimulate the growth of commensal bacteria known to
be beneficial to the host (38). It has been shown that infant for-
mula including specific nondigestible carbohydrates, like short-
chain galactooligosacharides (scGOS) and long-chain fructooli-
gosaccharides (IcFOS), affects the incidence of upper respiratory
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tract infections and severity of asthma and lowers IgE antibody
titers in atopic disease (1, 53, 54). In addition, in infants receiving
scGOS, 1cFOS, and pectin-derived oligosaccharides (pAOS), a
preventive effect was found for development of atopic dermatitis
(17).

In this study, the effect of a specific dietary intervention
(termed scGOS/IcFOS/pAOS) with proven gut microbiota-mod-
ulating capacities in humans and mice (1, 16, 33, 56) is evaluated
on virus-specific lung T cell responses in a C57BL/6 mouse model
of primary RSV infection. Because earlier work in an influenza
virus vaccination model has shown that prebiotic treatment in-
duced a Th2—Thl shift, we also tested the prebiotic diet in a
formalin-inactivated (FI)-RSV vaccine model. This FI-RSV
mouse model is an enhanced disease model whereby increased
Th2 responses and lung eosinophilia are critical features of en-
hanced disease. Modulation of systemic immunity potentiated by
these oligosaccharides might contribute to an accelerated Th1/
Th2 shift of the neonatal immune system and thereby favors pro-
tective immunity against viral infections with a high attack rate in
early infancy, such as RSV.

MATERIALS AND METHODS

Mice. Specific-pathogen-free 3- to 4-week-old female C57BL/6 mice
(Charles River Nederland, Maastricht, The Netherlands) were housed un-
der standard housing conditions. All animals had ad libitum access to tap
water and diet. All study protocols were approved by the Animal Ethics
Committee of the Medical Faculty of Utrecht University.

Diet. AIN-93G-based diets were mixed with a specific oligosaccha-
ride mixture (Research Diet Services, Wijk Bij, Duurstede, The Neth-
erlands) containing 45% short-chain galactooligosacharide (scGOS;
Borculo, Domo, Zwolle, The Netherlands), 100% long-chain fructoo-
ligosaccharide (IcFOS; Orafti, Wijchen, The Netherlands), and pectin-
derived acidic oligosaccharides (pAOS; 5% galacturonic acid; Sud-
sucker, Mannheim, Germany) in a 9:1:10 ratio based on carbohydrate
purity. This specific ratio is based on immune-modulating capacities
in humans and mice described earlier (16, 55). The specific oligosac-
charides were exchanged against 2% (wt/wt) total carbohydrates pres-
ent in the control diet.

Virus and infection. RSV strain A2 (VR-1302; ATCC) was grown on
HEp-2 cells (CCL-23; ATCC) purified by polyethylene glycol 6000 pre-
cipitation and stored in phosphate-buffered saline (PBS) with 10% su-
crose in liquid nitrogen until further use. Mice were anesthetized with
isoflurane and intranasally (i.n.) infected with 4 X 10° PFU RSV in a
volume of 50 pl diluted in PBS.

FI-RSV vaccine and vaccination. FI-RSV was prepared by the method
used for the original vaccine as tested in the 1960s in infants (39). The RSV
A2 strain was grown for 48 h in HEp-2 cells. Culture medium was cleared
from cell debris by low-speed centrifugation (1,000 X g, 10 min, 4°C).
Formalin (F8775; Sigma-Aldrich) was added to 3 X 10° PFU RSV/ml
containing supernatant at a final dilution of 1:4,000 and incubated at 37°C
for 3 days with stirring. After ultracentrifugation (50,000 X g, 1 h, 4°C) of
the FI-RSV preparation, resulting pellets were resuspended to 1/25 of the
original volume in Iscove’s modified Dulbecco’s medium (IMDM; Gibco,
Invitrogen) without supplements. FI-RSV was adsorbed to 4 mg/ml alu-
minum hydroxide (A1577; Sigma-Aldrich) overnight at room tempera-
ture while stirring. Finally, FI-RSV was pelleted by centrifugation (1,000
X g,30 min) and resuspended to 1/4 volume in phosphate-buffered saline
(PBS). This procedure resulted in a final dosage that was concentrated
100-fold and contained 16 mg/ml aluminum hydroxide. At day 0, mice
were intramuscularly (i.m.) injected with 50 pl FI-RSV vaccine prepara-
tion.

Tissue isolation and preparation. Mice were sacrificed at different
time points, as indicated in the figure legends, by i.p. injection of 300
.l pentobarbital. Cells from the airways were obtained by bronchoal-
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veolar lavage (BAL) with 3 washes with 1 ml of 0.15 M NaCl. Prior to
removal, the lungs were perfused with PBS containing 100 U/ml hep-
arin. Lungs were cut to 1- by 1-mm pieces and incubated with colla-
genase (2.4 mg/ml; 10103586001; Roche Applied Science) and DNase
(1 mg/ml; 10104159001; Roche Applied Science) for 20 min at 37°C.
Single-cell suspensions were prepared by processing the tissue through
70-pm cell strainers (BD Falcon, BD Biosciences).

RSV-specific real-time PCR. For preparation of lung tissue homoge-
nates, isolated snap-frozen whole lungs were crushed on dry ice, dissolved
in PBS, and stored at —80°C until further use. Viral replication in lung
homogenates was determined, as earlier described, via plaque assay (24).
To measure total virus copy numbers by PCR, total RNA from lung ho-
mogenates was extracted using MagnaPure LC equipment, cDNA was
synthesized, and viral loads were determined by real-time PCR as recently
described (19). In short, viral genomic RNA was isolated using a Magna-
Pure LC total nucleic acid kit (Roche Diagnostics, Mannheim, Germany).
The isolated viral RNA was reverse transcribed using a MultiScribe reverse
transcriptase kit and random hexamers (Applied Biosystems, Foster City,
CA) according to the manufacturer’s guidelines. Primers and probes de-
signed on the basis of highly conserved genomic regions of the N gene for
both RSV subgroup A (RSV-A) and B (RSV-B) were used for subtyping of
the RSV patient strains. The following primers and probes were used:
RSA-1, 5'-AGATCAACTTCTGTCATCCAGCAA-3"; RSA-2, 5'-TTCTG
CACATCATAATTAGGAGTATCAAT-3';RSB-1, 5'-AAGATGCAAATC
ATAAATTCACAGGA-3'; RSB-2, 5'-TGATATCCAGCATCTTTAAGTA
TCTTTATAGTG-3'; RSA probe, 5'-CACCATCCAACGGAGCACAGGA
GAT-3'; and RSB probe, 5'-TTCCCTTCCTAACCTGGACATAGCATA
TAACATACCT-3'.

Murine encephalomyocarditis virus (RNA) was used as an internal
control. Samples were assayed in a 25-l reaction mixture containing 10
wl of cDNA, TagMan universal PCR master mix (Applied Biosystems,
ABI), primers (900 nM RSV-A primers and 300 nM RSV-B primers), and
fluorogenic probes (58.3 nM RSV-A probe and 66.7 nM RSV-B probe)
labeled with the 5" reporter dye 6-carboxyfluorescein (FAM) and the 3’
quencher dye 6-carboxy-tetramethyl-rhodamine (TAMRA). Amplifica-
tion and detection were performed with an ABI 7900 HT system for 2 min
at 50°C, 10 min at 95°C, and 45 cycles of 15 s at 95°C and 1 min at 60°C.
Samples were controlled for the presence of possible inhibitors of the
amplification reaction by the indicated internal control, signals of which
had to range within a clear-cut interval. Sample cycle threshold values
(Cr) were compared to a standard curve of RSV-A2.

In vitro restimulation. Isolated lung cells were restimulated with a
synthetic peptide representing a dominant H-2-restricted RSV epitope or
a dendritic cell (DC) line infected with RSV. For peptide stimulation,
single-cell suspensions of lung cells (1 X 10° cells) were incubated with the
H-2D"-restricted peptide (1 wg/ml) from the RSV M protein (Mg, 05;
NAITNAKII) (28). Restimulation with RSV was accomplished by cocul-
turing lung cells (1 X 10° cells) with RSV-infected D1 cells (2 X 10° cells).
D1 is a nontransformed, growth factor-dependent, myeloid dendritic cell
line derived from C57BL/6 mice (60). D1 cells were maintained in IMDM,
5% Hyclone fetal calf serum (FCS) (SH30080.03; Perbio), 1% penicillin-
streptomycin, and 50 WM B-mercaptoethanol and supplemented with
30% conditioned medium from granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) producing R1 cells (mouse fibroblast NIH 3T3
cells, transfected with the GM-CSF gene) (12). D1 cells were infected for a
period of 48 h with RSV (multiplicity of infection [MOI], 2) before addi-
tion to the lung cell suspension. Cell suspensions were stimulated for 6 h
at 37°C, 5% CO, in 200 pl IMDM supplemented with 2 mM L-glutamine,
25 mM HEPES bulffer, 5% FCS, penicillin-streptomycin, 50 pM (-mer-
captoethanol, and 50 U/ml recombinant human interleukin-2 (IL-2)
(11147528001; Roche). Brefeldin A (10 wg/ml; B7651; Sigma-Aldrich)
was added for the duration of the stimulation to facilitate intracellular
accumulation of cytokines.

Cell surface and intracellular cytokine staining. Lung single-cell
suspensions were first preincubated with 2.4.G2, an Fc receptor-spe-
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cific antibody (Ab) (anti-CD16/32), to reduce nonspecific binding and
then stained for 4- or 5-color flow cytometry with the following anti-
bodies (from BD Biosciences unless otherwise stated). To identify my-
eloid DC (mDC) populations, cells were stained with anti-CD11c
(clone HL3), anti-major histocompatibility complex class IT (MHC-II)
(I-AP/1-E®; clone AF6-120.1), anti-CD103 (clone M290), and anti-
CD11b (clone M1/70). For plasmacytoid DC (pDC) populations, cells
were incubated with anti-Ly6C (clone RB6-8C5), anti-CD45R (clone
RA3-6B2), anti-CD11b (clone M1/70), anti-CD11c¢ (clone HL3), and
anti-mPDCA-1 (clone JF05-1C2.4.1; Miltenyi Biotec). BAL eosino-
phils were identified with anti-CD45R (clone RA3-6B2), anti-CD11c
(clone HL3), and anti-Siglec-F (clone E50-2440). RSV-specific CD8"
T cells were visualized with the MHC-I M 4,45 tetramer, which was
manufactured as previously described (18). Cytokine production by
CD4™ and CD8™ T cells was measured by flow cytometry. Cells were
washed with fluorescence-activated cell sorting (FACS) buffer and
stained for surface markers with anti-NKG2A (clone 20d5), anti-CD8
(clone 53-6.7), and anti-CD4 (clone RM4-5). For intracellular stain-
ing, cells were fixed and permeabilized with CytoFix/CytoPerm
(554722; BD) solution and Perm/Wash buffer (554723; BD). Intracel-
lular cytokines were detected with anti-gamma interferon (IFN-vy)
(clone XMG1.2), anti-IL-5 (clone TRFKS5), anti-IL-4 (clone 11B11),
and anti-IL-13 (clone eBiol3a; eBioscience). Stained samples were
measured on a FACSCanto II flow cytometer (BD, San Diego, CA) and
analyzed using FacsDiva software (BD, San Diego, CA).

BAL fluid leukocyte composition. Lung cells were spun onto glass
slides (Shandon cytospin, Pittsburgh, PA) and fixed with 100% methanol
for 5 min. Subsequently, cell nuclei were stained in a 1:1 dilution of May-
Griinwald (3855; Mallinckrodt Baker) with buffered water (pH 6.8) for 5
min. After washing with buffered water at pH 6.8, cells were stained with
a 1:8 dilution of Giemsa (1.09204.500; Merck) with buffered water (pH
6.8) for 15 min and finally washed with water. For determination of cell
composition, 100 cells per sample were counted.

Statistical analysis. For all experiments, the difference between
groups was calculated using a two-way analysis of variance (ANOVA)
followed by the Bonferroni test (Graphpad Prism version 4; Graphpad,
San Diego, CA). Data are expressed as the means * standard errors of the
means (SEM). P < 0.05 was deemed significant and is indicated in the
figures.

RESULTS
Dietary intervention with prebiotic scGOS/IcFOS/pAOS in-
creases RSV-specific CD4™ T cell-mediated IFN-y production
during primary RSV infection. The effect of prebiotic dietary in-
tervention on primary immune responses initiated after respira-
tory virus infection was investigated. We used an intranasal RSV
infection model in female C57BL/6 mice. In this model, develop-
ment of the RSV-specific CD4* and CD8™ T cell responses in the
lungs peak around days 8 to 10 after viral exposure (28). Dietary
intervention was started in 3-week-old mice and continued until
the end of the experiment. Six weeks after the start of dietary
intervention, mice were i.n. infected with RSV. At 4 different time
points after infection, mice were sacrificed and bronchoalveolar
lavage (BAL) samples and lung single-cell suspensions were ana-
lyzed for inflammatory cell influx and T cell responses (Fig. 1A).
During the course of infection, a significantly (P < 0.05) lower
cellular influx in the BAL fluid was observed in mice receiving
scGOS/IcFOS/pAOS compared to control mice (3.2 X 10° *
0.2 X 10° versus 5.0 X 10° = 0.8 X 10° cells) at day 8 postinfection.
The cellular composition of BAL samples at all time points was
similar to the control (Fig. 1B).

The effect of scGOS/IcFOS/pAOS on developing CD4 " T cell
responses was measured by intracellular staining of IFN-y (Th1)
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and IL-4, IL-5, and IL-13 (Th2) cytokine production after in vitro
restimulation of lung cells with RSV-infected or uninfected D1
cells. The RSV-specific CD4™ T cell response developed from day
4 postinfection onward as has been shown before (28). Mainly
IFN-v was produced by the responding virus-specific cells. A sig-
nificantly increased percentage of virus-specific, [EN-y-produc-
ing CD4™ T cells was detected in the mice receiving scGOS/IcFOS/
PAOS compared to control mice at day 8 after RSV infection
(11.8 = 1.6 versus 7.8 = 0.7) and at day 10 (20.6 £ 1.2 versus
15.3 = 1.3 CD4" IFN-y™" of total CD4™ T cells) (Fig. 1C). Ex-
pressed in absolute numbers/lung, this resulted in increased num-
bers of CD4" IFN-vy*-producing cells (9.1 X 10* = 1.0 X 10*
versus 4.9 X 10* = 1.5 X 10* cells) at day 8 and (2.5 X 10° = 0.3 X
10° versus 1.5 X 10° = 0.3 X 10 cells/lung) at day 10 postinfec-
tion. Th17 cells were barely detectable in the lungs of infected
mice, and no effect of the intervention with scGOS/IcFOS/pAOS
was found on IL-17-producing CD4 " T cells (data not shown).

The total number of recently activated CD8™" T cells present in
the lung was visualized using activation marker NKG2A. Al-
though increased NKG2A™ CD8™" T cell numbers could be de-
tected in the lungs after RSV infection, no difference was found
between the two dietary intervention groups (Table 1). Virus-
specific CD8" T cell responses, visualized by staining with the
H-2D"/M g, 105 tetrameric complex (containing the dominant
RSV epitope derived from the viral matrix protein Mg 1955
NAITNAKII) increased with similar kinetics in both groups. The
absolute number of tetramer-positive cells that produced IFN-vy
was slightly increased in the scGOS/IcFOS/pAOS-receiving group
(9.1 X 10° + 1.7 X 10° versus 6.9 X 10> = 0.9 X 10’ cells/lung) at
day 10 postinfection but didn’t reach statistical significance. These
data show that dietary intervention with scGOS/IcFOS/pAQS se-
lectively increased RSV-specific CD4™ T cell-mediated IFN-y
production in the lungs of RSV-infected mice.

Dietary intervention with scGOS/IcFOS/pAOS lowers the
Th2 type immune response and lung eosinophilia in FI-RSV-
vaccinated mice. Because the prebiotic intervention showed an
increased Thl response during primary RSV infection, it was
further tested in a Th2 disease model to evaluate whether di-
etary intervention could alter the Th1/Th2 balance. We used a
murine formalin-inactivated (FI)-RSV vaccination model
based on the original vaccine as tested in the 1960s in infants
(39). From this model, it is known that Th2 cells play an im-
portant role in the development of enhanced disease (7). Di-
etary intervention started 2 weeks prior to i.m. FI-RSV vacci-
nation and was administered until the end of the experiment.
Thirty-five days after vaccination, mice were i.n. challenged
with RSV. At 3 different time points after infection, mice were
sacrificed and bronchoalveolar lavage (BAL) samples and lung
cell suspensions were analyzed for inflammatory cell influx and
T cell responses (Fig. 2A). Cellular infiltration in the lung air-
ways peaked at day 6 postinfection and was significantly (P <
0.05) decreased in the mice receiving scGOS/IcFOS/pAOS
(1.4 X 10° + 0.2 X 10° versus 4.3 X 10° = 0.6 X 10° cells)
compared to control mice. Furthermore, analysis of the BAL
fluid cell composition showed that eosinophil influx, charac-
teristic for this model, was significantly (P < 0.05) decreased in
mice receiving prebiotic diet compared to control diet at day 4
(30.8% = 5.5% versus 59.9% * 3.1%) and day 6 (38.1% =
7.3% versus 63.3% * 1.7%) after infection (Fig. 2B).

In this model, the specific T cell response against RSV, repre-
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FIG 1 Dietary intervention with scGOS/IcFOS/pAOS (GFA) increases RSV-specific CD4 " T cell-mediated IFN-y production during primary RSV infection. (A)
Mice received prebiotic or control diet starting 6 weeks before intranasal infection with RSV and were sacrificed at the indicated time points. (B) Cell composition
of BAL fluid (BALF); the graph on the left shows total cell numbers, and that on the right indicates cell type as a percentage of total BAL cells. (C) Percentage of
cytokine-producing CD4™" T cells (upper left, IFN-y-producing CD4 ™ T cells; bottom, IL-4", IL-5", and IL- 13" CD4™" T cells as a fraction of total CD4 ™ T cells)
and absolute numbers of IFN-y" CD4™ T cell numbers (upper right) measured after in vitro restimulation of lung cell suspensions with unloaded (D1) or
RSV-loaded (D1+RSV) myeloid dendritic cells. Data shown represent the means * SEM from 2 individual experiments performed with similar results, n =

8/group.
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TABLE 1 Dietary intervention with scGOS/ICFOS/pAOS does not affect RSV-specific lung CD8™ T cell response during primary RSV infection®

T cell response”

% IFN-y*/CD8™"

% NKG2A"/CD8™" % IFN-y*/CD8* (D1-RSV) %TET"/CD8* (NAITNAKII)
Day Ctrl GFA Ctrl GFA Ctrl GFA Ctrl GFA
4 99=*13 8.7+13 1.7 £0.2 1.6 0.3 0.3 *0.1 0.5+ 0.1 1.4 0.1 1.9 £0.2
6 19.9 £2.0 204 * 1.6 8.7*0.7 8.6 1.0 7.9 1.0 10.0 £ 1.3 103 £ 1.8 10.8 £ 1.3
8 451+ 2.4 472+ 1.8 24.0 = 1.8 262 £ 1.3 175+ 1.9 17.7 1.2 179 = 1.2 209 2.4
10 59.5 * 1.9 59.8 £ 2.9 264 2.1 292 £2.1 255 * 1.7 28.8 x 2.1 19.6 £ 1.1 20.8 £ 1.1

@ C57BL/6 mice received scGOS/IcFOS/pAOS (GFA) or control diet starting 6 weeks before i.n. infection with 2.0 X 10° PFU RSV. At the indicated time points after infection,
lymphocytes were isolated from the lung parenchyma and stained for CD8 in combination with NKG2A or H-2D®/M g,- 5 tetramer. For in vitro T cell restimulation experiments,
lung cells were stimulated with RSV-infected D1 cells or the RSV epitope NAITNAKII and intracellularly stained for IFN-y.

Y The values depicted represent the number of NKG2A*/CD8™*, IEN-y*/CD8*, or TET*/CD8" double-positive cells as percentages of total CD8* T cells. Data are means = SEM

of control or GFA-treated mice from 2 individual experiments, n = 8/group.

sented as the absolute numbers of IFN-vy-, IL-4-, IL-5-, and IL-13-
producing CD4™ T cells, peaked at day 6 after infection. Dietary
intervention with the specific prebiotic diet significantly (P <
0.05) decreased the absolute numbers of IL-4 (2.8 X 10° * 0.5 X
10° versus 4.8 X 10° = 1.1 X 10° cells), IL-5 (1.1 X 10° = 0.2 X 10°
versus 2.2 X 10° = 0.5 X 10° cells), and IL-13 (2.3 X 10° = 0.4 X
10° versus 4.4 X 10° = 1.1 X 10° cells) producing CD4™" T cells/
lung at day 6 after challenge. Moreover, the percentages of CD4 ™
T cells that produced these Th2 type cytokines were significantly
lower in mice receiving scGOS/IcFOS/pAOS at both day 4 and day
6 postinfection (Fig. 2D). In this model, the absolute numbers of
CD4™" T cells that produced RSV-specific IFN-y remained unaf-
fected, while the percentage followed a pattern similar to that of
the primary infection, i.e., they were significantly (P < 0.05) in-
creased in mice receiving the specific prebiotic diet compared to
the control (44.1 + 4.4 versus 32.6 + 3.8 CD4" IFN-y* cells) at
day 8 postinfection (Fig. 2C).

The development in the total number of activated (NKG2A™)
CD8™" T cells (Table 2) was similar between the two diet groups.
However, virus-specific CD8 ™" T cell response, measured by Mg, ;o5
tetramer staining, showed a significant (P < 0.05) increase in vi-
rus-specific CD8™ T cell numbers in the mice receiving scGOS/
IcFOS/pAOS compared to the control (18.3% =* 2.6% versus
12.8% = 2.6% CD8" IFN-y™ cells) 8 days postinfection. In vitro
restimulation of lung cells with M 5, 145 peptide showed that these
CD8™ T cells were functional, since similar fractions of IFN-vy-
producing CD8™ T cells (13.8% = 2.5% for the control versus
19.7% * 2.8% CD8" IFN-y™ cells in prebiotic-receiving mice)
were measured at this time point. However, expressed in absolute
numbers of tetramer-positive cells that produced IFN-v, this in-
crease (9.1 X 10° = 1.7 X 10° versus 6.9 X 10° £ 0.9 X 10°
cells/lung) in the scGOS/IcFOS/pAOS-receiving group did not
reach statistical significance. Reduced airway eosinophilia at days
4 and 6 after challenge (Fig. 2B) correlated with significantly de-
creased numbers of GATA-3-expressing CD4™" T cells (data not
shown) and percentages of RSV-specific IL-4-, IL-5-, IL-13-pro-
ducing CD4 ™" T cells (Fig. 2D) in the lungs of mice receiving the
prebiotics. These data show that dietary intervention with scGOS/
IcFOS/pAOS modulates FI-RSV-induced RSV-specific CD4* and
CD8™ T cell responses to a more Th1 type of response in the lungs
of RSV-infected mice.

Dietary intervention with scGOS/IcFOS/pAOS lowers abso-
lute numbers of CD11c* CD11b™* DCs in lung tissue of FI-RSV-
vaccinated mice 6 days after RSV infection. In the mouse lung,
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two major subsets of DC have been described, CD11c""/

mPDCA-1" plasmacytoid DC (pDC) and myeloid, or conven-
tional, CD11c" DC (¢DC). These CD11c* ¢DCs can be further
divided into CD11c” MHC-II" CD103~ CD11b"®" (CD11b"
DC), a subset located in the lung parenchyma that is important
in leukocyte recruitment, and CD1lct MHC-II" CD103™"
CD11b"" (CD103" DC), located underneath the epithelium,
that can sample antigens from airways (3, 50). Different DC
populations might locally be involved in polarization of Th cell
subsets (29, 48). In this study, the kinetics of lung DC popula-
tions present during the acute RSV response as well as the
FI-RSV-induced disease was investigated. During the acute
RSV infection, no differences between the two dietary inter-
ventions on DC populations in the lungs were detected (data
not shown). Within the FI-RSV vaccination model, the pDC
population, known for its function in antiviral immunity and
rapid production of IFN-a, decreased from day 4 to 8 after
intranasal challenge with RSV-A2, but no differences were ob-
served between the mice receiving prebiotic and control diet
(Fig. 3B). No differences were found in CD103™ DC between
the two intervention groups. CD11b* DCs were the most
abundant DC population on days 4 to 8 after viral challenge.
This population was significantly larger (P < 0.05) at day 6 in
animals receiving control diet than that of mice receiving spe-
cific prebiotic diet (Fig. 3B). However, at day 8, CD11b™ DC
numbers in the lungs decreased in both groups and reached
similar levels. These data indicate that dietary intervention
with scGOS/IcFOS/pAOS affected the lung CD11b™ DC popu-
lation, a subset known to be important in leukocyte recruit-
ment, at day 6 after RSV challenge in the FI-RSV vaccination
model.

Dietary intervention with scGOS/IcFOS/pAOS in the
C57BL/6 FI-RSV vaccination model does not affect body weight
but improves viral clearance. Weight loss can be used as a corre-
late of illness severity in mouse models of respiratory infection.
Therefore, we performed daily weight measurements in individ-
ual mice to monitor the effect of dietary intervention. During the
7-week period prior to infection, the diet with scGOS/IcFOS/
pAOS did not change the growth pattern of the mice compared to
the control diet (data not shown). Compared to the BALB/c
mouse model, C57BL/6 mice are relatively resistant to viral
growth and weight loss (22, 40, 49). In accordance with these
earlier studies, we did not observe significant weight loss during
primary RSV infection, and no differences were observed between
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FIG 2 Dietary intervention with scGOS/IcFOS/pAOS (GFA) decreases the Th2 type immune response and lung eosinophilia upon challenge in FI-RSV-vaccinated
mice. (A) Mice received prebiotic or control diet starting 2 weeks before i.m. vaccination with 50 pl of FI-RSV. After RSV challenge at day 35 after vaccination, mice were
sacrificed at the indicated time points. (B) Cell composition of BAL fluid (left, total cell numbers; right, indicated cell type as a percentage of total BAL cells). Percentages
of eosinophils were significantly decreased in mice treated with the GFA diet (P < 0.05). (C and D) Percentages of IFN-y-, IL-4-, IL-5-, and IL-13-producing cells of total
CD4™" T cells and total IFN-y-, IL-4-, IL-5-, and IL-13-producing CD4" T cell numbers after in vitro restimulation of lung CD4" T cells with unloaded (D1) or
RSV-loaded (D1+RSV) myeloid dendritic cells. Data shown represent the means * SEM from 2 individual experiments performed with similar results, n = 8/group.
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TABLE 2 Dietary intervention with scGOS/IcFOS/pAQOS increases RSV-specific lung CD8™ T cell response in FI-RSV vaccinated mice”

T cell response®

% IFNy"/CD8"
% NKG2A"/CD8™" % IFNy*/CD8" (D1-RSV) %TET"/CD8* (NAITNAKII)
Day Ctrl GFA Ctrl GFA Ctrl GFA Ctrl GFA
4 19.1 £ 1.5 17.4 £ 0.8 6.2+ 0.6 52 %02 1.5*+0.3 1.3*£0.2 47 *£0.5 34+02
6 22.7 £2.1 25.0£1.9 13.0 £ 1.2 141 *+13 51%05 6.8 £ 0.9 6.3 £ 0.8 83*X14
8 47.6 * 4.7 52.4 = 4.7 26.1 £2.0 29.6 = 3.0 12.8 £2.6 18.3 £ 2.6* 13.8 £ 2.5 19.7 £ 2.8*

@ C57BL/6 mice received scGOS/IcFOS/pAOS (GFA) or control diet starting 2 weeks before i.m. vaccination with 50 .l of FI-RSV. After 35 days, mice were i.n. challenged with

2.0 X 10° PFU RSV. At the indicated time points, lymphocytes were isolated from the lung

parenchyma and stained for CD8 in combination with NKG2A or H-2D®/M;_,95

tetramer. For in vitro T cell restimulation experiments, lung cells were stimulated with RSV-infected D1 cells or the RSV epitope NAITNAKII and intracellularly stained for IFN-y.
b The values depicted represent the number of NKG2A*/CD8 ™, IEN-y*/CD8*, or TET*/CD8™" double positive cells as percentages of total CD8™" T cells. The table shows the
means * SEM of control or GFA-treated mice from 2 individual experiments, n = 8/group. Values denoted with an asterisk represent a significant (P < 0.05) increase in

NAITNAKII-specific (IFN-y-producing) CD8" T cells.

the diet groups (data not shown). In addition, no significant
weight loss was observed in the FI-RSV vaccination model, and
again weight changes between the two diet groups were not signif-
icantly different (Fig. 4A).

We next addressed the question of whether changes ob-
served in immune responses caused by the dietary intervention
affected the lung viral load and virus elimination kinetics. Be-

cause changes in immune parameters were most pronounced
in the FI-RSV vaccination model, lung viral load was measured
in total lung tissue in the FI-RSV vaccination model after bron-
choalveolar lavage. Virus titration was performed on HEp2
cells to determine the amount of infectious virus in the lung
parenchyma, and total viral particle counts based on PCR were
also determined. Eight days after i.n. infection with RSV, sig-
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FIG 3 Dietary intervention with scGOS/IcFOS/pAOS (GFA) decreases CD11¢™ CD11b™ DC influx in lung tissue of FI-RSV-vaccinated mice at day 6 after RSV
infection. (A) Lungs of naive mice were used for gating strategies of lung DC populations, designated I (pDC), I (CD103™ DC), and I1I (CD11b™ DC). (B) Days
4, 6, and 8 after intranasal challenge with RSV, absolute cell numbers of pDC, CD103* DC, and CD11b* DC were determined. Data shown represent the
means * SEM from 2 individual experiments performed with similar results, n = 8/group.
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FIG 4 Dietary intervention with scGOS/IcCFOS/pAOS (GFA) does not affect body weight but has a significant effect on viral clearance in FI-RSV-vaccinated mice.
(A) Daily weight measurements were performed for 8 days after RSV infection. The percentage of original body weight is shown. (B) Viral replication in lungs
of mice was measured by plaque assay and shown as PFU/gram of lung (left). Amounts of RSV A2 present in lung of FI-RSV-vaccinated mice were measured by
RT-PCR. Concentrations of RSV-N RNA were determined by comparing sample threshold values to a standard curve of RSV A2 and are shown as copies of
RSV-N/gram of lung (right). (C) Development of the RSV-specific CD8™" T cell response measured as H-2D®/M g, 5 tetramer-positive cells as a percentage of
total CD8™ T cells (left) and absolute numbers (right) in BAL fluid. Kinetics of eosinophil (CD45* CD11c¢~ Siglec-F*) influx in BAL fluid as a percentage of total
BAL cells are shown (left) and are depicted as absolute numbers (right). (D) Kinetics of CD4™ Foxp3™ regulatory T cells in BAL fluid of FI-RSV-vaccinated mice
at days 4, 6, and 8 after infection (left) and GzmB expression in CD4 " Foxp3™ cells (right) at these time points. Data shown represent the means * SEM, n =

5/group. Significant differences are indicated with an asterisk (P < 0.05).

nificantly (P < 0.05) lower viral copy counts were recovered
from lungs of mice receiving scGOS/IcFOS/pAOS diet com-
pared to mice receiving control diet in the FI-RSV-vaccinated
mice (Fig. 4B). During this experimental setup, immunological
parameters were monitored in the BAL fluid. As observed be-
fore in the FI-RSV vaccination model (Fig. 2), a substantial
influx of eosinophils was observed in the BAL fluid in the con-
trol diet group, which was strongly inhibited in mice receiving
the scGOS/IcFOS/pAOS diet. In addition, as observed in lung
tissue (Table 2), we found a significantly (P < 0.05) increased
percentage of virus-specific CD8™ T cells in the BAL fluid at
day 8 after RSV challenge in FI-RSV-vaccinated mice (Fig. 4C).

Previously, changes in CD25™ regulatory CD4™" T cells (Tregs)
were observed in an influenza vaccination model when the
scGOS/IcFOS/pAQS diet was administered (55). In the experi-
ments described in Fig. 2, we observed a systemic decrease in
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Treg numbers in lung, spleen, and mesenteric lymph nodes at
day 4 after infection in FI-RSV-vaccinated mice receiving the
scGOS/IcFOS/pAOS diet (data not shown). Tregs have previ-
ously been found to regulate RSV-specific primary immune
responses after in vivo Treg depletion with antibodies (14, 26,
41) or after diphtheria toxin-induced depletion in mice ex-
pressing diphtheria toxin receptor under the control of the
foxp3 gene locus (27). In the latter study, the expression of
granzyme B (GzmB) in Treg locally in the lung was shown to be
involved in the immune-regulatory function of Tregs in the
primary RSV infection model. Although the percentage of
Tregs did not differ, a significantly decreased absolute influx of
Tregs was detected in the BAL fluid at day 4 after challenge in
FI-RSV-vaccinated mice receiving the scGOS/IcFOS/pAOS
diet. At this time point, GzmB expression was also significantly
lower in Tregs of mice receiving the specific prebiotic diet (Fig.
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4D). This indicates that the dietary intervention with scGOS/
IcFOS/pAOS has an effect on the function of regulatory im-
mune cells which correlates with altered RSV-specific immune
responses.

DISCUSSION

In recent years, research in the fields of immunology and micro-
biology has revealed that commensal bacteria in the mammalian
host play a role that is not limited to digestive help alone. The
composition and products of gut microbiota can influence host
immune and inflammatory responses (32). Its effect on systemic
immunity, however, is still largely unknown and is a field of grow-
ing interest. In this study, we demonstrate that a specific mixture
of orally applied, nondigestible oligosaccharides, scGOS/IcFOS/
pAOS, with known prebiotic properties (16, 56), can regulate
CD4" and CD8™ T cell-mediated immune responses in the lungs
of RSV-infected mice.

During primary infection, dietary intervention with scGOS/
IcFOS/pAQS resulted in a lower cellular infiltrate in BAL fluid and
an increased virus-specific CD4* IFN-vy response in the lungs of
RSV-infected mice. In an FI-RSV vaccination model, typical asth-
matic parameters, like airway hypersensitivity, airway eosino-
philia, RSV-specific IgE, and a Th2-skewed cytokine profile, are
present (4, 10, 25). In this FI-RSV model, dietary intervention
with scGOS/IcFOS/pAOS reduced lung cell infiltration and airway
eosinophilia at days 4 and 6 after challenge and correlated with
significantly decreased numbers of GATA-3-expressing CD4" T
cells (data not shown) and numbers of RSV-specific [L-4-, IL-5-,
and IL-13-producing CD4™ T cells in the lungs of scGOS/IcFOS/
pAOS-receiving mice. Although a slightly different ratio of oligo-
saccharides was used in previous studies (9:1:2), these findings
extend earlier observations that a specific prebiotic mixture de-
creases lower airway hyperreactivity, IgE serum levels, and lung
inflammatory cell influx in an ovalbumin-induced murine
asthma model (57). Furthermore, it has been reported that ad-
ministration of scGOS/IcFOS in combination with Bifidobacte-
rium breve M-16V for a period of 4 weeks significantly reduced
systemic production of Th2 cytokines after allergen challenge in
patients with asthma and house dust mite allergy (53). These stud-
ies all underscore the immune-modulating and, more specifically,
Th1-supporting effect of these specific oligosaccharide mixtures.

In the FI-RSV-induced, Th2-dominated model, we observed
that decreased Th2 responsiveness at days 4 and 6 was accompa-
nied by the development of an increased IFN-y response in CD4™
aswellas CD8" T cells at day 8 after infection in the mice receiving
scGOS/IcFOS/pAOS. Interestingly, the increase in IFN-vy produc-
tion at day 8 postinfection was also seen during primary RSV
infection when Th2 responses do not play a significant role. The
impact detected on viral load and physical condition of the mice
was marginal in this model. How the Thl and Th2 arms of the
virus-specific immune response reciprocally interact in these
models is unclear. Suppression of Th2-induced disease in the FI-
RSV model can be accomplished when CD8™ T cell responses are
boosted early during challenge, i.e., in mice preimmunized with
the dominant CD8™ T cell epitope (34, 35). However, the virus-
specific CD8™ T cell response and CD4™ T cell-mediated IFN-y
responses were not different early after viral challenge in mice
receiving the scGOS/IcFOS/pAQOS diet. Furthermore, dietary-in-
duced differences in the magnitude of the Th2 response (day 4 and
6in the FI-RSV model) preceded the difference in Th1 response by
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CD4™ T cells and virus-specific CD8 ™ T cells (day 8/10) as well as
viral clearance differences between the diets. Recently, a regula-
tory function of CD4™ Foxp3™ T cells has been described during
primary RSV infection. Several approaches, including in vivo de-
pletion with CD25-specific antibody, conditional depletion with
diphtheria toxin during primary RSV infection in DEREG mice
that express the diphtheria toxin receptor under the control of the
Foxp3 locus, and in vivo Treg activation by IL-2 immune com-
plexes, have shown that Tregs can regulate the early inflammatory
response and the magnitude and quality of adaptive immune re-
sponses (14, 26, 27). In the present study, we found a correlation
between diminished CD4" Foxp3™ T cells in the lungs and in-
creased virus-specific CD8™ T cell numbers at day 8 postchallenge
in the FI-RSV vaccination model. In addition, we also found de-
creased GzmB expression in the CD4" Foxp3™ cells in the BAL
fluid of scGOS/IcFOS/pAOS-receiving mice, another indication
that regulatory T cell function in these mice is influenced.

In the FI-RSV experiment, mice received the scGOS/IcFOS/
pAOS diet from 2 weeks before vaccination through the entire
experiment until they were sacrificed 8 days after viral challenge.
Therefore, it is possible that dietary effects on Tregs (or other
immune cells) affected immune responses during priming as well
as during the recall response. It has been shown in a murine model
of experimental allergic airway inflammation performed with
DEREG mice that depletion of Treg during the priming phase of
the response led to an exacerbation of allergic airway inflamma-
tion affecting serum IgE levels and lung eosinophilia (2). Because
of the similarities between ovalbumin (OVA)-induced allergy
models and the FI-RSV model (25), a direct effect of altered Treg
function on the Th2 component in the immune response might be
envisioned in the FI-RSV model without a role of Th1-mediated
suppression of Th2 responses and eosinophilia. More in-depth
studies looking into the role of Tregs during dietary intervention
are needed to address their specific role and function in time.

The exact mechanism(s) involved in systemic immune modu-
lation by scGOS/IcFOS/pAOS is currently unknown. Because of
the prebiotic capacities of the oligosaccharides tested in this study,
it is tempting to speculate that microbial products or composition
influences gut and systemic immunity. Studies with germfree, re-
stricted flora or antibiotic-treated mice have shown that commen-
sal microbiota can influence systemic immunity by targeting spe-
cific cell types, like plasmacytoid dendritic cells, invariant NKT
cells, virus-specific CD8 * memory cells, and marginal-zone B cells
(13, 51, 58, 59). Products from gut bacteria provide signals for
pattern recognition receptors like NOD or Toll-like receptors.
Systemic immune response alterations appear to be caused by
interaction of gut microbial components and such innate immune
receptors. Ichinohe et al. showed that immune responses against
respiratory tract influenza A virus infections could be influenced
by gut commensal bacteria. Administration of broad-spectrum
antibiotics in mice resulted in incompetent virus-specific CD4™
and CD8" T cell responses, a defect that could be completely
restored by intrarectal injection of the TLR4 ligand lipopolysac-
charide (LPS) (21). Another recent study of mice showed that gut
microbiota-derived peptidoglycan is translocated from the gut
into the systemic circulation. Systemic availability of peptidogly-
can is sensed by Nod1 receptors and results in enhanced neutro-
phil-mediated innate immunity (8). In addition to effects of bac-
terial composition or bacterial components, the observed
immune modulation might be a result of direct interactions be-
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tween oligosaccharides provided in the diet and host immune
cells. Eiwegger et al. showed that small amounts of scGOS and
IcFOS can cross the gut epithelial barrier, therefore these compo-
nents may become systemically available (11). Lectins are known
to bind carbohydrate structures and modulate immune responses.
Galectins have been shown to control immune homeostasis and
inflammation. Galectin-9-Tim-3 interactions regulate virus-spe-
cific primary and memory CD8™ T cell responses in herpes sim-
plex virus infections and promote the induction of regulatory T
cells (42, 43).

In summary, in our study we show that dietary intervention
with a specific prebiotic oligosaccharide mixture can influence
host innate and T cell responses during a respiratory virus infec-
tion by modulation of the Th1/Th2 responses in the lungs. There-
fore, prophylactic dietary supplementation of scGOS/IcFOS/
pAOS in infant formula could be beneficial by accelerating
postnatal maturation of the infant immune system and potentiat-
ing protective immunity against respiratory virus infections with a
high attack rate in early infancy, such as RSV.
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