Dietary medium-chain triglycerides promote oral allergic
sensitization and orally induced anaphylaxis to peanut

protein in mice
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Background: The prevalence of peanut allergies is increasing.
Peanuts and many other allergen sources contain significant
amounts of triglycerides, which affect absorption of antigens but
have unknown effects on sensitization and anaphylaxis. We
recently reported that dietary medium-chain triglycerides
(MCTs), which bypass mesenteric lymph and directly enter
portal blood, reduce intestinal antigen absorption into blood
compared with long-chain triglycerides (LCTs), which stimulate
mesenteric lymph flow and are absorbed in chylomicrons
through mesenteric lymph.

Objective: We sought to test how dietary MCTs affect food
allergy.

Methods: C3H/HeJ mice were fed peanut butter protein in
MCT, LCT (peanut oil), or LCT plus an inhibitor of
chylomicron formation (Pluronic L81). Peanut-specific
antibodies in plasma, responses of the mice to antigen
challenges, and intestinal epithelial cytokine expression were
subsequently measured.

Results: MCT suppressed antigen absorption into blood but
stimulated absorption into Peyer patches. A single gavage of
peanut protein with MCT, as well as prolonged feeding in MCT-
based diets, caused spontaneous allergic sensitization. MCT-
sensitized mice experienced IgG-dependent anaphylaxis on
systemic challenge and IgE-dependent anaphylaxis on oral
challenge. MCT feeding stimulated jejunal-epithelial thymic
stromal lymphopoietin, 7125, and 1/33 expression compared with
that seen after LCT feeding and promoted Ty2 cytokine
responses in splenocytes. Moreover, oral challenges of sensitized

From “the Graduate Center for Nutritional Sciences and Internal Medicine Department,
Division of Digestive Diseases and Nutrition, and "the Department of Immunology,
Microbiology and Molecular Genetics, University of Kentucky, Lexington, and “the
Department of Medicine, Cincinnati Veterans Affairs Medical Center; the Department
of Medicine, Division of Immunology, Allergy and Rheumatology, University of
Cincinnati College of Medicine; and the Division of Immunobiology, Cincinnati Chil-
dren’s Hospital Medical Center.

Supported by National Institutes of Health grants 5R21AI088605-02 and
5P20RR021954-03 (to E.R.M.E.) and a Merit Award from the US Department of Vet-
erans Affairs (to ED.F.).

Disclosure of potential conflict of interest: J. Li has received research support and travel
support from the National Institutes of Health (NIH). J. Woodward and E. R. M.
Eckhardt have received research support from the NIH. F. D. Finkelman has received
consultancy fees from Abbott and has a preliminary patent from the University of
Cincinnati. The rest of the authors declare that they have no relevant conflicts of
interest.

Received for publication October 24, 2011; revised September 17, 2012; accepted for
publication October 3, 2012.

Corresponding author: Erik R. M. Eckhardt, PhD, Graduate Center for Nutritional Sci-
ences, 588 Charles T. Wethington Building, 900 S Limestone, Lexington, KY
40536-0200. E-mail: erikeckhardt@live.com.

0091-6749/$36.00

© 2012 American Academy of Allergy, Asthma & Immunology

http://dx.doi.org/10.1016/j.jaci.2012.10.011

mice with antigen in MCT significantly aggravated anaphylaxis
compared with challenges with the LCT. Importantly, the effects
of MCTs could be mimicked by adding Pluronic L.81 to LCTs,
and in vitro assays indicated that chylomicrons prevent basophil
activation.

Conclusion: Dietary MCTs promote allergic sensitization and
anaphylaxis by affecting antigen absorption and availability and
by stimulating Ty2 responses. (J Allergy Clin Immunol
20]12;NEN:EEN-NEN,)

Key words: Peanut allergy, triglycerides, thymic stromal lympho-
poietin, adjuvant, chylomicrons, intestinal epithelium, Ty2 responses

Peanut allergy affects approximately 2% of the Western
population, and its prevalence is increasing.'™ The condition is
rarely outgrown, and there is no cure. It is important to unravel
mechanisms that lead to allergic sensitization to stem the increase
in food allergies. Peanuts and many allergenic foods contain sig-
nificant amounts of triglycerides (“fat”) or are most likely in-
gested with a fat-rich meal, especially in Western societies,
which are also more affected by food allergies. However, little
is known about the effect of dietary fat in allergic sensitization
or immune responses to dietary proteins.

Recent work has demonstrated that the intestinal epithelium
plays a key role in immune responses to dietary antigens.
Intestinal epithelial cells control access of luminal antigenic
material to the lamina propria and beyond, and it has been
suggested that increased intestinal permeability could be a risk
factor for allergic sensitization.>>*® On the other hand, properly
controlled intestinal absorption of small amounts of dietary anti-
gen can protect against food allergies by promoting oral toler-
ance.’ However, the mechanisms involved in soluble antigen
absorption are poorly understood.

Fatty acids, which are released in significant amounts from
dietary triglycerides in the upper gastrointestinal tract, have potent
detergent properties and might induce transient mucosal damage
and gut leakiness,® which could enable translocation of dietary
antigen. The type of dietary fat might determine antigen absorp-
tion. We recently observed that dietary long-chain triglycerides
(LCTs), which contain fatty acids that have more than 12 C-atoms
and are absorbed through mesenteric lymph as part of chylomicron
particles, promoted the absorption of the dietary antigen ovalbu-
min (OVA) into lymph and blood.” In contrast, dietary medium-
chain triglycerides (MCTs; fatty acids with <12 C-atoms), which
are absorbed through portal blood, promoted less antigen absorp-
tion.” This would suggest that MCTs should differ from LCTs in
their effects on allergic sensitization and anaphylaxis.

Fatty acids of different chain lengths might also differ in
pharmacologic properties, especially in their effects on the
intestinal epithelium, with which they interact in large numbers.
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Abbreviations used

LCT: Long-chain triglyceride

MCT: Medium-chain triglyceride
MLN: Mesenteric lymph node

OVA: Ovalbumin

PL81: Pluronic L81
TSLP: Thymic stromal lymphopoietin

Intestinal epithelia not only control antigen absorption but also
secrete factors that significantly affect nearby immune cells. For
example, the intestinal epithelial cytokine thymic stromal lym-
phopoietin (TSLP) promotes the induction of Ty2 responses
through multiple mechanisms.'® Interestingly, TSLP has been im-
plicated in allergic diseases, including experimental food
allergy.!' Other Ty2-biasing cytokines, such as IL-25 (IL-17E)
and IL-33, are also expressed in the intestinal epithelium and sup-
port Ty2-mediated expulsion of parasitic worms.'*!? Fatty acids
are known to affect intestinal epithelial cytokine expression,m’15
although it is unclear how epithelial cytokines relevant to food
allergy are regulated.

On the basis of these putative immune-modulating effects of
dietary fat, we evaluated how dietary fats affect oral sensitization
in naive mice and immune responses to oral antigen challenge in
sensitized mice. We decided to compare LCTs with MCTs based
on their different effects on OVA absorption. As a model system
for oral sensitization, we slightly modified a recently reported
adjuvant-free model. 16 This model and a classical systemic sensi-
tization model were also used to test the effect of triglycerides
during oral antigen challenges. A small amount of the chylomi-
cron secretion inhibitor Pluronic L81 (PL81) was added in
some experiments to acutely block chylomicron formation during
LCT feeding.”'"'®

Interestingly, when we replaced LCTs in peanut butter with
MCTs or gavaged OVA with MCTs, we observed marked allergic
sensitization, which was associated with a significant induction of
intestinal epithelial Ty2 cytokine expression in the jejunum, a
reduction of antigen absorption into blood, and an increase in
antigen absorption into Peyer patches. LCTs did not induce sen-
sitization unless PL81 was added. Moreover, our data suggest
that chylomicron formation during antigen ingestion might
promote oral tolerance and impair allergic responses.

METHODS

Animals

Experiments with peanut protein were performed with male C3H/Hel
mice. Experiments with OVA used male C3H/HeJ mice, female BALB/c mice,
and DO11.10 mice (BALB/c background) of both sexes and female Sprague-
Dawley rats. Approximately 70% of CD4 T cells of the transgenic DO11.10
strain express a T-cell receptor for an OVA peptide (residues 323-339)."° The
mice, ordered at 5 weeks of age from the Jackson Laboratory, were housed 3
per cage in a room of a specific pathogen-free animal facility with a 12-hour
light/dark cycle and were used at 6 weeks of age. Rats were purchased from
Taconic (Hudson, NY). Unless indicated otherwise, the animals received stan-
dard rodent diets and filtered tap water ad libitum. All animals were handled in
strict accordance with good animal practice, as defined by the relevant national
and local animal welfare bodies, and all animal work was approved by the
Institutional Animal Care and Use Committee of the University of Kentucky
(Animal Welfare Assurance Number of the University of Kentucky A3336-01;
U.K. TACUC protocol 2008-0306).
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Gavage suspensions and diets

Gavages. Jif brand peanut butter (J. M. Smucker, Orville, Ohio) or
grade V OVA (Sigma-Aldrich, St Louis, Mo) were used for gavage studies.
Peanut butter was diluted with 2 volumes of MCT oil (distilled coconut oil;
Nestlé Nutrition, Florham, NJ) and passed through a sieve with a 70-um pore
size to prevent clogging of the feeding tube. The filtrate was centrifuged (for 4
minutes at 16,800g), and the supernatant was replaced with triglycerides or
water to reconstitute the initial volume of peanut butter. Triglycerides con-
sisted of MCT oil or an LCT (food-grade peanut oil, “Hollywood” brand).
In some cases PL81 was added at 3% by volume to the LCT to block chylo-
micron secretion into lymph.®'”"'8 We found this quantity to completely block
chylomicron formation without toxic side effects.”'® PL81’s effectiveness is
shown in Fig 1, B.

Diets. All diets were from Harlan Teklad (Indianapolis, Ind). Their
standard rodent diet, with casein as a protein source and soybean oil as a fat
source, was considered the LCT diet. The MCT diet differed only in fat source
(partially hydrogenated coconut oil instead of soybean oil). In OVA studies
10% of casein was replaced with egg white solids (Deb-El, Elizabeth, NJ). In
peanut feeding studies 10% of casein was replaced with defatted peanut flour
(Byrd Mill, Ashland, Va), and soybean oil was replaced with peanut oil.

Allergic sensitization

Acute feeding. Mice were fasted for 4 hours and then gavaged once
with 0.3 mL of antigen suspension in various vehicles (approximately 80 mg
of peanut protein or 60 mg of OVA). An 18-gauge 38-mm polypropylene
feeding tube with a rounded tip (Harvard Apparatus, Holliston, Mass) was
used to avoid injury. Mice were returned to standard diets, and blood was
drawn 18 to 21 days later for antibody measurements. In some instances (as
indicated) mice received a second oral sensitization 1 week after the first.

Chronic feeding. Mice were fed MCT- or LCT-based peanut or
control diets for 4 weeks, with weekly blood sampling.

Systemic sensitization. Mice received 2 intraperitoneal injec-
tions with 10 pg of OVA in 0.2 mL of alum (Accurate Chemical and Scientific,
Westbury, NY), with 1 week between injections. One week later, blood was
tested for anti-OVA IgE. Rats were sensitized by a single subcutaneous
injection with 0.1 mg of OVA and 1 mg of alum in saline, and their blood
was obtained 2 weeks later. Serum was also obtained from nonsensitized
animals.

ELISA for antigen-specific IgE and IgG

To detect antigen-specific IgE and IgG, we developed an ELISA that
involved coating 96-well BD Falcon ELISA plates (BD Biosciences, Franklin
lakes, NJ) with 20 g of peanut butter protein or 20 wg of OVA in carbonate
buffer (pH 9.6). Washed plates were treated with blocking solution (“NAP
blocker”; G-Biosciences, St Louis, Mo), and mouse serum, diluted 1:500 in
blocking solution for IgG measurements and 1:10 for IgE measurements, was
added for 1 hour at room temperature. Unbound antibody was washed with
Tris-buffered saline containing Tween 20. Alkaline phosphatase—conjugated
rabbit anti-mouse IgG (1:5000; A1902, Sigma-Aldrich) or goat anti-mouse
IgE (1:800; SouthernBiotech, Birmingham, Ala) were added in blocking
solution and incubated for 60 minutes or longer at room temperature in
complete darkness (sometimes several hours in the case of IgE). After washing
unbound antibody, AP substrate (femto-ELISA-AP Substrate, G-Biosciences)
was added, and the absorption at 450 nm (A450) was read after addition of 50
WL of stop solution (3 mol/L NaOH).

In vitro splenocyte stimulation assays

Spleens were aseptically removed, gently minced, and passed through a 70-pm
mesh into culture medium (Dulbecco modified Eagle medium:F12 [1:1; Lonza,
Basel, Switzerland] with 10% heat-inactivated FCS [Gibco, Carlsbad, Calif] and
antibiotics [Gibco]). Cell viability was assessed with Trypan blue staining.
Splenocytes were seeded in 96-well plates at 1 X 10° live cells/cm? and kept in an
incubator maintaining 100% humidity, 37°C, and 5% atmospheric CO,. Cells
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FIG 1. Effects of triglycerides on antigen absorption. A, Plasma iodine 125 levels 30 minutes after gavage of
radiolabeled peanut protein with indicated vehicles (n = 6). B, PL81 blocks LCT absorption, as reflected by
increased buoyancy because of lipid entrapment. Tissue was obtained 5 hours after gavage. C and D,
CD11¢* and DQ-OVA™ cells in Peyer patches 16 hours after DQ-OVA gavage in indicated vehicles (n = 4).

were pulsed with homogenized peanut butter (50 pg of protein/mL) or 1 pg/mL
OVA peptide 323-339 (InvivoGen, San Diego, Calif) or vehicle (control), and me-
dium obtained 4 days after the pulse was analyzed for cytokine content (ELISA
kits; eBioscience, San Diego, Calif).

In vitro basophil stimulation assays

RBL-2H3 cells, a rat leukemia line with basophil and mast cell
characteristics, were obtained from the American Type Culture Collection
and grown until confluency in 96-well tissue-culture plates in Eagle medium
with 10% heat-inactivated serum and antibiotics. They were exposed to
serum from OVA-sensitized rats (1:1 dilution) or naive rats for 2 hours,
washed twice with PBS containing 0.1% BSA, and then incubated with 0.1
mL of serial dilutions of OVA in PBS/BSA for 1 hour. Included with the
OVA was an emulsion with chylomicron-like composition and physiologic
properties (Intralipid 20%; Baxter Healthcare, Deerfield, Ill)20 at a 1:1000 or
1:500 dilution. One hour after the incubation, 30 pL of medium was mixed
with 30uL of 4-nitrophenyl-N-acetyl-B-D-glucosaminide (1 mg/mL in cit-
rate buffer, pH 5; Sigma-Aldrich), and the coloring reaction was stopped af-
ter 1 hour with carbonate buffer (pH 10.5). p-Nitrophenol was subsequently
quantified by measuring the OD at 405 nm. OD405 values of OVA-free so-
lutions were subtracted to correct for light absorption by emulsion particles.
The emulsions were nontoxic at the indicated dilutions, as reflected by lack
of stimulation of spontaneous hexosaminidase release, and the cells’ appear-
ance after incubation was identical to that of control cells (data not shown).

In vivo antigen challenges

For systemic challenges, mice received 30 mg of peanut butter protein
intraperitoneally in 0.3 mL of sterile PBS.'® Body temperature was measured
telemetrically immediately before and every 5 minutes after the challenge by
using subcutaneously placed microtransponders (Bio Medic Data Systems,
Seaford, Del), and mast cell histamine release was estimated by measuring
mouse mast cell protease 1 serum levels 90 minutes after the challenge

(ELISA, eBioscience).'® Signs of anaphylaxis were estimated with semiquan-
titative scoring, with 0 assigned to mice with no symptoms, 1 to mice that were
stationary but moved when provoked, 2 to mice that remained immobile even
when provoked, and 3 to mice lying on their sides.

In some experiments mice were injected intraperitoneally 16 hours before
the challenge with rat blocking mAbs against IgE (clone EM-95; 0.1 mg per
mouse) or FcyRII/III (clone 2.4G2; 0.5 mg per mouse) to determine whether
anaphylaxis was IgE or IgG dependent. These antibodies have been described
elsewhere.?!??

For oral challenges with peanut protein, 80 mg of peanut butter protein was
resuspended in 0.3 mL of vehicle. For oral challenges with OVA, 50 mg of OVA
was suspended in 0.15 mL of water and mixed with 0.15 mL of triglycerides.

Effect of triglycerides on epithelial T42 cytokine

expression

Fasted mice were gavaged with 0.3 mL of MCT or LCT (with or without
PL81) and jejuna were obtained 5 hours later to study the acute effects of
dietary fat on intestinal epithelial cytokine expression. Mice were fed for
3 weeks with MCT or LCT diets and intestines were obtained from nonfasted
mice in the morning to study the chronic effects. Epithelia were isolated by
treating washed sections with 1 mmol/L dithiothreitol and 30 mmol/L
ethylenediaminetetraacetic acid, as described elsewhere.>> Epithelial RNA
was isolated with an EZRNA kit (Omega-Biotech, Victoria, Alberta, Canada)
and reverse transcribed into cDNA with a Q-script kit (Quansys Biosciences,
Logan, Utah). The cDNA was analyzed for abundance of Tsip, 1125, and 1133
mRNA relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
with primer pairs ACG GAT GGG GCT AAC TTA CAA/AGT CCT CGA
TTT GCT CGA ACT (TSLP), ACA GGG ACT TGA ATC GGG TC/TGG
TAA AGT GGG ACG GAG TTG (1i25), ATT TCC CCG GCA AAG TTC
AG/AAC GGA GTC TCA TGC AGT AGA (I133), and CCA GGT TGT
CTC CTG CGA CTT/CCT GTT GCT GTA GCC GTATTC A (Gapdh) by us-
ing a Bio-Rad CFX-96 real-time quantitative PCR machine (Bio-Rad Labora-
tories, Hercules, Calif).
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Effect of triglycerides on T2 responses

DOI11.10 mice were fed egg protein—containing MCT or LCT diets
(or corresponding egg-free diets) for 1 week and spleen cells were challenged
ex vivo with or without OVA peptide to test the effect of the MCT on Ty2 re-
sponses to dietary antigen. Cytokines in the culture supernatants were quanti-
fied by means of ELISA (eBioscience).

Effect of triglycerides on antigen absorption

Peanut butter protein was labeled with iodine 125 according to a slightly
modified iodine monochloride procedure.>* Before protein labeling, the peanut
butter was delipidated with hexane-isopropanol (2:1), resuspended in PBS, di-
alyzed against PBS, and concentrated with a 10-kDa ultrafilter. Fasted C3H/
HelJ mice were gavaged with 80 mg of peanut butter protein spiked with radi-
olabeled protein suspended in 0.3 mL of triglycerides. Plasmaiodine 125 levels
30 minutes after gavage were measured with a gamma counter. Absorption was
expressed as a percentage of gavaged material. Absorption of OVA was studied
by using DQ-OVA (Invitrogen, Carlsbad, Calif), which only emits fluorescence
when degraded in lysosomes. For this, fasted BALB/c mice received gavages
of 1 mg of DQ-OVA in water, MCT, LCT, or LCT plus PL81 and were then de-
prived of food for at least another hour. The next day, single-cell suspensions
from mesenteric lymph nodes (MLNs), Peyer patches, and the spleen were
stained with Alexa 647 anti-CD11c (BioLegend, San Diego, Calif) and ana-
lyzed by using flow cytometry (FACScalibur, Becton Dickinson).

Statistics

Results were analyzed with GraphPad Prism software (version 5; GraphPad
Software, La Jolla, Calif) and are displayed as averages = SEMs. ANOVA was
followed by between-group post hoc analysis (Newman-Keuls). Anaphylaxis
scores were compared with Mann-Whitney U tests. Temperature data were
analyzed by comparing the maximum temperature decrease or the area under
the curve. Columns in graphs that do not share letter labels differ significantly
from each other (P <.05). All figures show representative results of at least 2
repeats per experiment.

RESULTS
MCTs and LCTs differentially affect antigen
absorption and dissemination

MCTs were previously found to decrease absorption of dietary
OVA into blood compared with LCTs.” Radiolabeled peanut pro-
tein was fed to fasted mice together with MCT, LCT, or LCT plus
PL81 and blood was collected 30 minutes later to test whether this
also applies to peanut protein. As shown in Fig 1, A, gavage with
the MCT resulted in significantly reduced antigen absorption
compared with the LCT. However, addition of PL81 to the LCT
(which trapped chylomicrons within jejunal epithelial cells;
Fig 1, B) reduced absorption to levels seen with the MCT (which
does not cause chylomicron release).

To further test the effect of postprandial chylomicron formation
on antigen absorption, we measured DQ-OVA uptake by antigen-
presenting cells 1 day after DQ-OVA gavage in the presence of
different triglycerides. Surprisingly little signal was found in the
MLNSs of either group (<1% positive cells were positive), with
slightly stronger signal in the spleen (approximately 3%). However,
there were no significant differences between groups for any of
these sites (data not shown). In contrast, a pronounced difference
was observed in the percentage of DQ-OVA™ cells in the Peyer
patches among groups, with significantly more DQ-OVA™ cells
after gavage with the MCT and the LCT plus PL81 than after gavage
with water or the LCT (Fig 1, C). Thus prevention or inhibition of
chylomicron formation suppressed antigen absorption into the
circulation while enhancing antigen delivery to the Peyer patches.

J ALLERGY CLIN IMMUNOL
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Dietary MCTs promote allergic sensitization

Because the MCT and LCT differed in their effects on antigen
absorption, we next evaluated their effects on immune responses
to dietary antigens. Strikingly, antigen-naive male C3H/HelJ mice
gavaged once with peanut protein (80 mg) in the MCT produced
significantly more IgE and IgG against peanut protein than mice
gavaged with the same amount of protein in the LCT or water (Fig
2, A and B). Use of another LCT, soy oil, yielded the same results
(Fig 2, C). The protective effect of LCTs was abrogated by adding
PL81 (Fig 2, A and B). In addition, splenocytes from mice gav-
aged with peanut protein in the MCT produced more IL-13
when stimulated in vitro (Fig 2, D). The failure to induce sensiti-
zation with the LCT can involve induction of oral tolerance by the
LCT because a single gavage of peanut protein in the LCT pre-
vented subsequent sensitization by antigen in the MCT (Fig 2,
E). Interestingly, the proallergenic effect of the MCT was not lim-
ited to peanut protein because a single gavage of OVA (60 mg) in
the MCT or LCT plus PL81 groups also resulted in increased IgE
anti-OVA antibody production compared with gavage in water or
the LCT (Fig 2, F).

Collectively, these data suggest that dietary MCTs promote
allergic sensitization to food antigens and that chylomicrons
might prevent sensitization.

Dietary MCTs promote intestinal epithelial T2
cytokine expression and T2 bias

Recent reports indicated that intestinal epithelial cells can
contribute to allergic sensitization by releasing cytokines that
promote Ty2 responses.'' To determine whether the sensitizing
effect of MCTs was associated with increased Tslp expression,
we measured intestinal epithelial 7s/p mRNA in jejunal epithelia
5 hours after gavage with the MCT or LCT. As shown in Fig 3, A,
mice gavaged with the MCT had significantly higher 7s/p mRNA
values in jejunal epithelial cells than mice gavaged with the LCT,
unless PL81 was added (Fig 3, B).

We next tested whether chronic MCT feeding also stimulates
intestinal epithelial 7slp mRNA expression. Indeed, C3H/HeJ
mice fed for 3 weeks with the MCT diet had significantly higher
levels of Tslp mRNA in their duodenal and jejunal epithelia than
control mice (Fig 4, A). Tslp, which is more highly expressed in
the distal gastrointestinal tract,”” was not upregulated by the
MCT in sites distal from fat absorption. There was also a stimula-
tory effect of the MCT on 1125 and 1133 mRNA expression (Fig 4,
B). However, TSLP protein levels were less than the level of de-
tection by means of ELISA (data not shown).

The sustained effect of the MCT on epithelial cytokine
expression prompted us to test whether addition of peanut protein
to MCT diets would cause sensitization during sustained dietary
exposure. Indeed, C3H/HelJ mice receiving peanut protein in the
context of the MCT had detectable amounts of anti-peanut IgE in
their serum after 4 weeks (Fig 4, C).

Thus dietary MCTs promote allergic sensitization, which
partially involves upregulation of expression of Ty2-biasing cyto-
kines in the epithelium of the jejunum. To investigate whether
dietary MCTs cause a general Ty2 bias, we fed DO11.10 mice
with MCT or LCT diets with or without egg white protein for
1 week and then stimulated splenocytes ex vivo with OVA peptide.
In the absence of OVA peptide, none of the splenocyte prepara-
tions produced detectable IL-4 or IFN-vy (Fig 5). In contrast, stim-
ulation with OVA peptide resulted in significant production of
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FIG 2. MCT causes allergic sensitization. A-C, Anti-peanut antibodies 18 days after gavage with peanut
protein (80 mg) in indicated vehicles (n = 6). The LCT was peanut oil in Fig 2, A and B, and soybean oil
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FIG 3. Tslp mRNA in epithelial cells of the jejunum 5 hours after gavage of
0.2 mL of the MCT, the LCT, or saline (A) or 0.2 mL of the LCT, the LCT plus
PL81, or saline plus PL81 (B; n = 6).

these cytokines caused by the large numbers of OVA-reactive
CD4 T cells in DO11.10 mice. However, splenocytes from mice
fed MCT diets with OVA produced more IL-4 and less IFN-y
than those fed the LCT/OVA diet, suggesting that the dietary
MCT had indeed promoted T2 responses to the antigen.

IlgG-dependent anaphylaxis on systemic antigen
challenge

We next tested whether sensitized mice would have anaphy-
laxis on antigen re-exposure. Mice (C3H/HeJ) were gavaged once
with peanut protein in the MCT, LCT, or LCT plus PL81 groups
and then challenged intraperitoneally 18 days later with 30 mg of
peanut protein in 0.2 mL of PBS. As shown in Fig 6, A and B, mice
sensitized with peanut protein in the MCT or LCT plus PL81
groups released much more mouse mast cell protease 1 into the
bloodstream and showed a greater decrease in body temperature
than mice sensitized by means of gavage with peanut protein in
the LCT. Semiquantitative clinical scoring of anaphylaxis (based
on mouse mobility) in a separate experiment yielded negligible

scores in mice sensitized with peanut protein in water or the
LCT, whereas mice sensitized with the MCT or the LCT plus
PL81 had significantly increased scores on challenge (Fig 6, C).
However, diarrhea or significant stool softening was not evident
in any group. Mice sensitized by using gavage of peanut protein
in the MCT were treated 16 hours before the systemic challenges
with rat mAbs that block IgE-mediated pathways of anaphylaxis
(EM-95), IgG-mediated pathways of anaphylaxis (2.4G2), or
both to determine whether anaphylaxis was IgE or IgG depen-
dent.”® As shown in Fig 6, D, anaphylaxis was prevented when
the mice were pretreated with anti-FcyRII/III but not anti-IgE,
suggesting that anaphylaxis was IgG dependent. The mild
decrease in body temperature in naive mice might relate to com-
plement activation by peanut protein.>’

IgE-dependent anaphylaxis on oral antigen
challenge

Next we tested whether mice sensitized by means of gavage of
peanut protein in the MCT have anaphylaxis when re-exposed to
antigen through the oral route. To this end, mice were gavaged
with peanut protein in the MCT on days 1 and 8 (double
sensitization) and injected 40 days later with IgE-blocking
antibodies or vehicle. One day later, the mice received a third
gavage with peanut protein in the MCT, and body temperature
was monitored. As shown in Fig 7, A, oral antigen—challenged
mice showed a significant decrease in body temperature provided
that no blocking antibody had been injected. In contrast, mice
pretreated with blocking antibodies against IgE did not respond
to the oral antigen challenge, suggesting that orally induced
anaphylaxis was IgE dependent. It should be emphasized
that sensitization in this experiment was enhanced by performing
2 gavages with the MCT separated by 1 week. In contrast, gavage
with peanut protein in the LCT before gavage with the MCT led to
tolerance (Fig 2, E).
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indicated cytokines were measured by using an ELISA.

Orally induced anaphylaxis is exacerbated when
chylomicron formation is inhibited

Mice sensitized by using 2 gavages with peanut protein in the
MCT were orally challenged 40 days later with peanut protein in
water, the LCT (peanut oil), the MCT, or the LCT plus PL81 to test
how MCTs might affect responses to oral antigen challenge (Fig 7,
B). In agreement with the experiment in Fig 7, A, mice challenged
with peanut protein in the MCT showed a significant decrease in
body temperature (Fig 7, B). On the other hand, mice challenged
with peanut protein in water or the LCT showed no significant re-
sponse. However, when PL81 was added to the LCT, the response
was similar to that with the MCT (Fig 7, B and C). Chylomicron
formation might have protected against anaphylaxis, perhaps by
preventing absorbed antigen from gaining access to mast cells
or basophils. Indeed, in vitro studies revealed that basophils dec-
orated with anti-OVA IgE responded significantly less when
OVA was added in the presence of chylomicron-like particles
(Fig 7, D). Moreover, in an OVA-based model of food allergy, it
was observed that allergic responses were significantly more
severe when challenges occurred with the MCT or the LCT plus
PL81 than with the LCT alone (Fig 7, E). In particular, the
response of mice challenged with the MCT was very robust.

DISCUSSION

In addition to confirming and expanding our previous obser-
vation that more antigen is absorbed when ingested with LCTs
than with MCTS,9 we have made 6 novel and important

observations: (1) antigen delivery to Peyer patches is significantly
enhanced by MCTs; (2) both acute and chronic MCT feeding pro-
mote allergic sensitization to concomitantly ingested antigens, as
shown by increased antibody production and anaphylaxis after
antigen re-exposure; (3) ingestion of antigen with MCTs pro-
motes the expression of the Ty2-biasing cytokines Tslp, 1125,
and 1133 by upper gastrointestinal tract epithelial cells; (4)
MCT-based diets induce a T2 bias in the host (probably a result
of point 3); (5) MCTs promote the ability of ingested antigen to
induce anaphylaxis in sensitized mice; and (6) almost all MCT ef-
fects are mimicked by mixing LCTs with an inhibitor of epithelial
cell chylomicron secretion, suggesting that chylomicrons inhibit
antigen access to mast cells, basophils, and dendritic cells that
present antigen in a stimulatory manner. Each of these points
and its relevance is discussed below.

Antigen absorption

We previously demonstrated that chylomicron formation pro-
motes intestinal antigen absorption into the bloodstream.” We
now additionally demonstrate that failure to secrete chylomicrons
causes retention of LCTs (and, presumably, associated antigens)
within the intestinal mucosa and lamina propria, where they could
more readily interact with relevant immune cells. A similar mech-
anism might also explain how feeding MCTs instead of LCTs
increases antigen levels within Peyer patches. The role of Peyer
patches in food allergy is unclear, although they are reported to
be associated with oral tolerance.?®?° However, we found that
DQ-OVA was present in a large fraction of Peyer patch dendritic
cells when gavaged with an MCT or an LCT plus PL81. In con-
trast, surprisingly few DQ-OVA™ cells were found in the
MLNs, even when DQ-OVA was gavaged with the LCT. The
apparent conflict between the latter observation and our previous
finding of increased OVA in the MLNs of OVA/LCT-gavaged
mice can be explained by the possibility that chylomicrons traffic
through the MLNSs but prevent the uptake or processing of associ-
ated antigens by MLN dendritic cells.

Sensitization by MCT-rich diets and the role of
chylomicrons

Our findings demonstrate that MCT-based diets promote aller-
gic sensitization to simultaneously ingested antigens in an acute
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FIG 6. IgG-dependent anaphylaxis upon systemic challenge. Mice were gavaged once with peanut butter
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A-C, Parameters included plasma mouse mast cell protease 1 (mmcp-1) 90 minutes after the challenge (Fig

6, A), body temperature (Fig 6, B), and clinical score
against IgG receptors (2.4G2) but not against IgE (EM

and a chronic feeding model. MCT-containing oils are regularly
prescribed to patients with fat malabsorption or intestinal inflam-
mation and are added to some infant formulas and commercially
available peanut butter (Eckhardt and Li, unpublished observa-
tions). The amounts of MCTs required to promote peanut allergy
remains to be determined, however. MCTSs, unlike LCTs, do not
form chylomicrons, which might protect against allergic sensiti-
zation. Chylomicron induction of macrophage cytokine produc-
tion,*3! for example, can prevent Ty2-biasing phenotypes in
antigen-presenting cells and might, as suggested by our data, pro-
mote oral tolerance (Fig 2, E). This is perhaps because of the high
chylomicron content of retinol,*? which promotes oral tolerance
by stimulating regulatory T-cell development.*>>?

Effect of MCTs on T2 cytokine expression in
epithelial cells

The first cells to interact with dietary fatty acids are intestinal
epithelial cells. These play a role in food allergies because of their
barrier function and their active participation in immune responses
to microbial and dietary antigens. One novel epithelial cytokine,
TSLP, was recently shown to be important for the induction of
experimental food allergy.'' Interestingly, our studies showed that
mice fed MCTs through acute gavage or through dietary enrich-
ment increase intestinal-epithelial mRNA expression of 3 Ty2-
biasing cytokines: Tslp, 1125, and I133. This effect is greatest in
the jejunum, which is the principal site of fat absorption. This might
explain why MCT feeding also promoted antigen-driven IL-4 pro-
duction and decreased IFN-y production by isolated splenocytes.

Chylomicrons and anaphylaxis
In addition to their protective role in the sensitization phase
of peanut and OVA allergy, chylomicrons were also protective

(Fig 6, C). D, Pretreatment with blocking antibodies

-95) blunted anaphylaxis.

in the effector phase of food allergy. Both in the peanut protein
model and in a classical OVA model, gavage of the antigens
with LCTs did not cause anaphylaxis, unless PL81 was added.
In contrast, gavage of antigens with MCTs caused clinically
significant anaphylaxis. This suggests that chylomicrons pre-
vent the access of ingested antigens to mast cell- and basophil-
associated IgE. This hypothesis is supported by in vitro
basophil activation tests in which the presence of chylomicrons
greatly reduced the effect of OVA on basophils (Fig 7, D). This
inhibitory effect should more than compensate for the increase
in antigen absorption that is associated with chylomicron
formation.

We recognize that these in vitro studies have some limitations.
We used Intralipid as a substitute for chylomicrons, which are
similar in size and lipid content but lack apolipoprotein B48.
However, Intralipid particles acquire other apolipoproteins from
serum?” and have metabolic clearance rates similar to those for
chylomicrons.>® Additionally, we have not determined whether
inhibition of basophil activation results from OVA sequestration
by chylomicrons® or from a direct inhibitory effect of chylomi-
crons on basophils. Our findings nevertheless suggest that post-
prandial lipid transport through the lamina propria in the upper
gastrointestinal tract, where most mast cells reside, or through
the bloodstream has important effects on the effector phases of
food allergies.

Ingestion of antigen with water, rather than a fat, also failed to
induce anaphylaxis. We currently cannot distinguish the possi-
bility that antigen ingested with water is poorly absorbed from the
possibilities that antigen ingested with water becomes associated
with chylomicrons or is otherwise protected from access to mast
cell and basophil IgE. Regardless of the mechanism involved, our
finding is still potentially relevant for optimization of oral
desensitization, as currently attempted in small clinical trials.*’
Feeding antigen with LCTs might prevent anaphylaxis during
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FIG 7. IgE-dependent orally induced anaphylaxis is aggravated by MCTs. A, Body temperature of mice
(n = 6-7) challenged with peanut protein in the MCT with or without pretreatment with IgE blocking anti-
body. Sensitization occurred by means of gavage on days 1 and 8, and challenges were performed on
day 48. B, Mice (n = 6) were sensitized as in Fig 7, A, but the oral challenge was performed by using gavage
of peanut protein in different vehicles. C, Plasma mouse mast cell protease 1 (mmcp-1) levels in mice in Fig
7, B. D, Inhibition of basophil activation by including Intralipid (2 different dilutions) with OVA added to sen-
sitized basophils (n = 4 per group). E, BALB/c mice (n = 9 per group) were sensitized intraperitoneally with
OVA in alum and then challenged with 60 mg of OVA by means of gavage in the indicated vehicle. All ex-
periments were repeated at least twice with similar outcome, except those shown in Fig 7, B and C, which

were performed once.

oral treatment while boosting its effectiveness by promoting oral
tolerance (Fig 2, E).

Concluding remarks

Our study suggests that dietary MCTs might have a previously
unappreciated effect on immune responses to dietary antigens,
both on sensitization and anaphylaxis, by affecting antigen
absorption and by promoting a T2 bias. Although it is premature
to vilify MCTs, they nevertheless could be a novel dietary risk
factor for allergies. In this respect it is important to note that
MCTs are present in breast milk and infant formula. On the other
hand, the Ty2-biasing properties of MCTs could be exploited to
treat or prevent “Tyl/Tyl7 diseases,” such as Crohn disease
and diabetes. Interestingly, most of the effects of MCTs could
be mimicked by adding an inhibitor of chylomicron formation
to LCTs, which suggests that postprandial chylomicron formation
plays an important role in immune responses to dietary antigens.
This intriguing observation suggests that subtle genetic defects in
the production, secretion, transport, and clearance of chylomi-
crons might be a risk factor for food allergy development.

We thank Dr Ailing Ji from the laboratory of Dr van der Westhuyzen in the
Department of Internal Medicine for assistance with the iodination of peanut
protein.

Key messages

o Compared with ubiquitous LCTs, MCTs promoted aller-
gic sensitization to concomitantly ingested antigens while
reducing antigen absorption into blood, increasing anti-
gen absorption into Peyer patches, and stimulating intes-
tinal epithelial T2 cytokine expression and, seemingly, a
Ty2 bias.

MCTs also significantly promoted orally induced allergic
responses.

The effects of MCTs could be mimicked by addition of an
inhibitor of chylomicron secretion to LCTs.
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