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Background: Treatments to reverse peanut allergy remain
elusive. Current clinical approaches using peanut oral/
sublingual immunotherapy are promising, but concerns about
safety and long-term benefit remain a barrier to wide use.
Improved methods of delivering peanut-specific
immunotherapy are needed.

Objective: We sought to investigate the efficacy and safety of
peanut oral immunotherapy using CpG-coated poly(lactic-co-
glycolic acid) nanoparticles containing peanut extract (CpG/PN-
NPs) in a murine model of peanut allergy.

Methods: C3H/HeJ mice were rendered peanut allergic by
means of oral sensitization with peanut and cholera toxin. Mice
were then subjected to 4 weekly gavages with CpG/PN-NPs,
vehicle (PBS), nanoparticles alone, peanut alone, CpG
nanoparticles, or peanut nanoparticles. Untreated mice served
as naive controls. After completing therapy, mice underwent 5
monthly oral peanut challenges. Anaphylaxis was evaluated by
means of visual assessment of symptom scores and measurement
of body temperature and plasma histamine levels. Peanut-
specific serum IgE, IgG,, and IgG,, levels were measured by
using ELISA, as were cytokine recall responses in splenocyte
cultures.

Results: Mice with peanut allergy treated with CpG/PN-NPs but
not vehicle or other treatment components were significantly
protected from anaphylaxis to all 5 oral peanut challenges, as
indicated by lower symptom scores, less change in body
temperature, and a lower increase of plasma histamine levels.
Importantly, CpG/PN-NP treatment did not cause anaphylactic
reactions. Treatment was associated with a sustained and
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significant decrease in peanut-specific IgE/IgG, levels and an
increase in peanut-specific IgG,, levels. Compared with vehicle
control animals, peanut recall responses in splenocyte cultures
from nanoparticle-treated mice showed significantly decreased
levels of T2 cytokines (IL-4, IL-5, and IL-13) but increased
IFN-vy levels in cell supernatants.

Conclusions: Preclinical findings indicate that peanut oral
immunotherapy with CpG/PN-NPs might be a valuable
strategy for peanut-specific immunotherapy in human subjects.
(J Allergy Clin Immunol 2016;uun:EEE-EEN,)
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Peanut allergy is a serious and often life-threatening condition
for which there are no therapeutic options outside of careful
avoidance of peanut and epinephrine injections administered as
rescue medication.'” Because of frequent hidden peanut
contamination of processed foods, the risk of peanut-induced
anaphylaxis provokes great anxiety in patients and caregivers
and negatively affects their quality of life.** Despite some
promising results from recent clinical trials of peanut oral
immunotherapy (OIT)/sublingual immunotherapy (SLIT),”®
these approaches still carry unacceptable risks for adverse
events.” ! Accurate assessment of the efficacy and safety of these
approaches is made difficult by the fact that such trials often
exclude patients with a history of serious anaphylactic events.
and additionally, the majority of patients appear to regain
reactivity after cessation of therapy.'”'” For these reasons, peanut
OIT and SLIT are not widely used in clinical practice, and their
implementation is a matter of much debate.” "'* Thus a need
remains for development of improved modalities of delivering
peanut-specific immunotherapy.

Poly(lactic-co-glycolic acid [PLGA]) nanoparticles, which are
currently in clinical use, are biodegradable particles suitable for
oral delivery of therapeutic agents because they are stable in the
gastrointestinal environment.”'° PLGA nanoparticles sized
between 200 and 400 nm have been shown to be retained in
lymphoid organs.'”

In the current study we sought to investigate the efficacy of
peanut OIT by using CpG-coated poly(lactic-co-glycolic acid)
nanoparticles containing peanut extract (CpG/PN-NPs) in a
murine model of peanut allergy. We found that 4 weekly gavages
of CpG/PN-NPs to mice with peanut allergy provided significant
and long-lasting protection from anaphylaxis to repeated peanut
challenges extending over a period of 4 months after therapy.
Protection was associated with decreased postchallenge histamine
levels and reduced hypothermia. Peanut-specific T2 immune
responses, such as peanut-specific IgE, IL-4, IL-5, and IL-13,
were significantly reduced in CpG/PN-NP—treated mice, whereas
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Abbreviations used
CpG/PN-NP: CpG-coated poly (lactic-co-glycolic acid) nano-
particles containing peanut extract
OIT: Oral immunotherapy
PLGA: Poly(lactic-co-glycolic acid)
PN/OEE/DNA-NP: Organic E coli membrane nanoparticles containing
peanut extract and sheared E coli DNA
rWNVE: Recombinant West Nile virus envelope antigen
SLIT: Sublingual immunotherapy
TLR: Toll-like receptor

peanut-specific Tyl responses, such as IgG,, and IFN-vy, were
increased. Importantly, administration of CpG/PN-NPs to mice
with peanut allergy was not associated with allergic symptoms.
This is the first report describing a PLGA nanoparticle-based
peanut immunotherapy approach in mice with established
peanut allergy, and our findings suggest that this approach merits
further research for applicability in human subjects.

METHODS
Mice

Five-week-old female C3H/HeJ mice purchased from the Jackson
Laboratory (Bar Harbor, Me) were maintained in pathogen-free facilities at
the Mount Sinai vivarium according to standard guidelines for the care and use
of animals."'®

Sensitization and challenge of peanut-allergic mice

As described previously,'” mice were intragastrically sensitized with 10 mg
of homogenized peanut (whole roasted peanuts with skins but shells removed
and blended in PBS) in 0.5 mL of PBS containing 75 mg of sodium
bicarbonate (Fisher Scientific, Bridgewater, NJ), 20 pg of the mucosal
adjuvant cholera toxin (List Laboratories, Campbell, Calif), and 16.5 pL
(1.1 pL/g body weight) of 80-proof Stolichnaya Vodka (a source of
food-grade ethanol) to neutralize stomach pH and increase gastrointestinal
permeability” at the times indicated in Fig 1. A boosting dose of 50 mg of
peanut was given at weeks 6 and 8 using the same gavage solution as above.
Naive mice were not sensitized. Oral challenge with 200 mg of peanut
commenced at week 14, and subsequent challenges were given at weeks 18,
22, 26, and 30. Mice were given a sensitization dose of peanut and cholera
toxin 1 day after all but the final challenge to maintain reactivity.

Nanoparticle preparation and characterization
Nanoparticles composed of 50:50 PLGA (Durect, Pelham, Ala) were
synthesized by using an endotoxin-free double-emulsion technique, as previ-
ously described.”’ Briefly, PLGA was dissolved in methylene chloride (Thermo
Fisher, Waltham, Mass) at room temperature. Roasted peanuts were ground to a
paste and washed with acetone (Fisher Scientific) to remove fat and dried to
powder. Defatted peanut extract dissolved in PBS solution was added dropwise
to vortexing polymer. Polymer/peanut solution was sonicated for 30 seconds at
38% amplitude with a tekmar Sonic Distributor (tekmar Control Systems,
Vernon, British Columbia, Canada) fitted with a CD26 sonicator. The emulsion
was then added dropwise to a vortexing solution of avidin-palmitate, prepared
as previously described,”’ and 1.25% poly(vinyl alcohol) (Sigma-Aldrich, St
Louis, Mo) and then ultrasonicated for 30 seconds. The resulting emulsion
was added to a vigorously stirring solution of 0.3% poly(vinyl alcohol),
allowing methylene chloride to evaporate while nanoparticles hardened at
room temperature. Particles were collected by means of centrifugation at
18,500g, washed 3 times with deionized water, flash-frozen with liquid
nitrogen, lyophilized, and stored at —20°C before analysis and use.
Particle size was measured by using the liquid-phase Stokes diffusion
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particle-tracking system (NanoSight, Wiltshire, United Kingdom), and
spherical morphology was verified with scanning electron microscopy. Particles
had an average diameter of 214 = 39 nm. Total protein levels were measured by
dissolving the nanoparticles in 0.2 N NaOH at room temperature overnight and
assaying with a micro BCA protein assay (Pierce, Boston, Mass). Biotinylated
type B CpG-ODN 1826 (5'-TCC ATG ACG TTC CTG ACG TT-3') with a
phosphorothioate backbone (Keck Oligonucleotide Synthesis Resource, Yale
University, New Haven, Conn) was added to peanut-loaded nanoparticles on
the day of each dose administration. The nanoparticles and CpG-biotin were
suspended in sterile PBS, pH 7.4, and incubated for 15 minutes at room
temperature to allow for labeling and used within 30 minutes of preparation.
For organic E coli membrane nanoparticles containing peanut extract and
sheared E coli DNA (PN/OEE/DNA-NPs) (data shown in Fig E1 in this article’s
Online Repository at www.jacionline.org), PLGA particle assembly was
essentially as described above but without avidin-palmitate and included
Escherichia coli membrane extract.”” Particles were loaded with sheared
E coli DNA, bacterial intracellular proteins, and 200 pg of peanut extract.

Nanoparticle therapy

Nanoparticle therapy commenced at week 11 of the protocol shown in Fig 1.
Mice were fasted for 2 hours and administered either 0.5 mL of PBS (treatment
vehicle), 200 pg of peanut extract, PLGA nanoparticles alone, CpG-PLGA
nanoparticles (1.8 pg of CpG per dose), peanut nanoparticles (200 pg of
peanut per dose), CpG/PN-NPs, or PN/OEE/DNA-NPs by means of oral
gavage once a week for 4 consecutive weeks. Naive mice were not treated.

Assessment of hypersensitivity reactions

Anaphylactic symptoms were evaluated 30 to 40 minutes after oral peanut
challenge, as described previously.'” Visually observed symptoms were
scored by using the scoring system described previously®: 0, no symptoms;
1, scratching and rubbing around the snout and head; 2, puffiness around the
eyes and snout, pilar erection, reduced activity, and/or decreased activity
with increased respiratory rate; 3, wheezing, labored respiration, and cyanosis
around the mouth and the tail; 4, no activity after prodding or tremor and
convulsion; and 5, death. Cage identities were concealed during visual
assessment of anaphylactic symptoms. Rectal temperatures were measured
with a rectal probe (Harvard Apparatus, Holliston, Mass).

Measurement of plasma histamine levels

Thirty minutes after scoring and measurement of body temperature, blood was
collected by means of submandibular bleeding, and plasma was harvested within
20 minutes after blood collection by means of submandibular bleeding at
challenge and stored at —80°C until use.” Histamine levels were measured with
anenzyme immunoassay kit (Fisher Scientific), as described by the manufacturer.

Measurement of food specific-IgE, 1gG.., and IgG,

levels

Peanut-specific IgE, 1gG,,, and IgG, levels in serum were measured, as
reported previously.” Briefly, microtiter plates were coated with defatted
peanut extract (sample wells), anti- mouse IgE (BD Biosciences, San Jose,
Calif, for IgE reference wells), or DNP-HSA (Sigma-Aldrich for IgG,, and
IgG, reference wells) and held overnight at 4°C. After washing, plates were
blocked with 2% BSA-PBS. Washed plates were incubated with diluted serum
samples, mouse IgE (BD Biosciences), anti-DNP-IgG,,, or anti-DNP-IgG,
(Accurate Antibodies, Westbury, NY) overnight at 4°C and developed by
using biotinylated anti-IgE IgG,, or IgG; detection antibodies (BD
Biosciences), avidin-peroxidase, and ABTS substrate (KPL, St Paul, Minn).

Cell culture and cytokine measurements

After final challenge at week 30, splenocytes from individual animals were
prepared, as previously described, and cultured in the presence or absence
of 200 pg/mL defatted peanut extract.”” Culture supernatants were collected
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FIG 1. Experimental design. Protocol for sensitization, treatment, and challenge: 6-week-old C3H/HEJ mice
were orally sensitized with peanut (PN) and cholera toxin at weeks 0 through 5. Mice were boosted with
peanut and cholera toxin at weeks 6 and 8. Weekly oral treatment started at week 11 (blue upward arrows)
and continued through week 14. Mice underwent oral peanut challenge 5 days later and then at 4-week
intervals for another 4 challenges (weeks 14, 18, 22, 26, and 30, as indicated by tall black arrows). Short black
arrows indicate oral gavage with sensitization dose of peanut plus cholera toxin given 1 day after each
challenge, except the final challenge at week 30. N = 10-22 mice per group from 2 separate experiments.

i.g., Intragastric; NP, nanoparticles.

after 72 hours. Cytokine levels were determined by means of ELISA,
according to the manufacturer’s instructions (R&D Systems, Minneapolis,
Minn, for IL-13 and BD Biosciences for all others), and reported after
subtraction of basal cytokine levels of cultures stimulated with medium alone.

Statistical analysis

Data were analyzed with GraphPad Prism software (GraphPad Software,
La Jolla, Calif). Plasma histamine and body temperature data were
normally distributed, and differences between groups were analyzed by
means of 1-way ANOVA, followed by the Bonferroni posttest. For all other
data, Kruskal-Wallis ANOVA on ranks was performed, followed by the Dunn
posttest. P values of less than .05 were considered significant.

RESULTS

Peanut OIT delivered through PLGA nanoparticles
expressing CpG oligonucleotide protects mice with
peanut allergy from anaphylactic symptoms to oral

peanut challenge
Mice with peanut allergy were generated by using the oral
sensitization and boosting protocol shown in Fig 1. Starting at

week 11 of the protocol, mice were given 4 weekly oral
treatments with agents listed in Fig 1 and described in the
Methods section. Mice were observed for 30 minutes after
receiving treatment. No visual signs of anaphylaxis were
observed in the treatment group, and their behavior was
indistinguishable from that of vehicle (PBS)-treated control
mice. Consistent with our previous studies using this model,
vehicle-treated mice showed observable signs of anaphylaxis,
with 18 of 20 mice reacting at the first peanut challenge and
100% reacting at the following 4 challenges given monthly
(Fig 2). Median symptom scores (indicated by bars in Fig 2)
in the vehicle treatment group ranged from 2 to 3 on a
5-point scale. In comparison, more than 70% of mice treated
with CpG/PN-NPs were protected completely from anaphylaxis
at almost all monthly challenges, and median symptom scores
in these groups were significantly lower (P < .01 vs .001 vs
sham). Mice receiving peanut alone, nanoparticles alone, or
CpG nanoparticles had reaction rates of 100% at all 5 monthly
challenges. Three of 10 mice given peanut loaded within
nanoparticles did not react to the first challenge; however, all
mice in this group reacted to subsequent challenges.
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FIG 2. Anaphylaxis symptom scores. Thirty minutes after oral peanut (PN)
challenge, mice were visually assessed for symptoms of anaphylaxis and
assigned symptom scores using the scoring system described in the
Methods section. Naive mice were challenged only at the fifth challenge.
Bars represent group medians. **P < .01 and ***P < .001 versus sham.
N = 10-22 mice per group from 2 separate experiments. NC, Not
challenged; NP, nanoparticles.

Mice treated with CpG/PN-NPs are protected from
anaphylaxis-associated hypothermia

Hypothermia is associated with systemic anaphylaxis in
mice.”® After each oral peanut challenge, the vehicle control
group had mean body temperatures that were consistently
lower than those of the naive control mice, indicating systemic
anaphylaxis (Fig 3). Postchallenge body temperatures in
CpG/PN-NP-treated mice were significantly higher than
those in vehicle control mice at all challenges except the first
challenge at week 14 (P < .05-.001 for CpG/PN-NPs vs sham
treatment).
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FIG 3. Body temperature after oral peanut (PN) challenges. After recording
symptom scores, the core body temperature of each animal was measured
with a rectal thermometer. Data show group medians and interquartile
range. ¥*P < .05 and ***P < .001 versus sham. N = 10-22 mice per group
from 2 separate experiments. NP, Nanoparticles.

Postchallenge plasma histamine levels are
significantly reduced in mice treated with CpG/PN-NPs
Consistent with protection from anaphylaxis, mean plasma
histamine levels in blood drawn 30 minutes after each oral peanut
challenge were markedly lower in CpG/PN-NP-treated mice
compared with those in the sham group. Differences in group means
between the treatment and vehicle control groups were observed at
all 5 monthly challenges (P <.05-.001), as shown in Fig 4. Mean
postchallenge histamine levels in groups receiving nanoparticles
alone, CpG nanoparticles, or peanut alone were indistinguishable
from sham treatment for all challenges. Mean histamine levels in
mice given peanut nanoparticles were modestly reduced only at
the first monthly challenge, although without statistical significance.

CpG/PN-NP therapy reduces peanut-specific serum
IgE and IgG, levels but increases peanut-specific
lgG,, levels

One day before commencement of treatment at week 11, we
observed no differences in peanut-specific serum IgE levels
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FIG 4. Plasma histamine levels after oral peanut (PN) challenge. Blood was
drawn approximately 30 minutes after the oral peanut challenge, and
plasma was harvested for measurement of histamine by using ELISA.
Data are shown as means + SDs at each of the 5 challenges. **P < .01
and ***P < .001 versus sham. N = 10-22 mice per group from 2 separate
experiments. NP, Nanoparticles.

between mice assigned to treatment groups and mice assigned
to the sham control group, as shown in Fig 5, A. After
commencement of therapy, mean IgE levels in the CpG/PN-NP
treatment group steadily decreased through the duration of the
study, whereas IgE levels in sham-treated mice remained
relatively unchanged. Significantly reduced peanut-specific IgE
levels in CpG/PN-NP-treated mice were observed at all
challenges except the first challenge at week 14 (P <.05-.001).
A similar trend of results was observed for peanut-specific
1gG,, a Ty2-associated immunoglobulin that has been implicated
in anaphylactic reactions in mice (Fig 5, B).

IgG,, is a Tyl-associated immunoglobulin in mice. Before
starting treatment, group means of peanut-specific serum IgG,,
levels between the treatment and vehicle control groups were
indistinguishable (CpG/PN-NPs: 339,592 *+ 51,494 ng/mL vs
vehicle control: 318,286 = 32,586 ng/mL). Posttherapy
peanut-specific 1gG,, levels were significantly increased in
CpG/PN-NP-treated mice at all 5 challenge times (P <.05-.01),
as shown in Fig 5, C. Naive mice that were not sensitized or
treated had undetectable peanut-specific IgE, IgG,, and IgG,,
levels throughout the study.

Mice treated with CpG/PN-NPs show beneficial
alterations in cytokine profiles in response to
peanut restimulation

After the fifth and final peanut challenge, mice were killed,
splenocyte cultures were restimulated with peanut, and levels of
cytokines secreted in the cell supernatant were measured by using
ELISA. As expected, high levels of Ty2 cytokines (IL-4, IL-5,
and IL-13) were observed in cultures from sham-treated mice,
whereas little to no peanut-restimulated cytokines were observed
in cultures from naive control mice (Fig 6). Cell supernatant
levels of IL-4, IL-5, and IL-13 (Fig 6, A-C) were significantly
decreased in cultures from the CpG/PN-NP-treated
groups (P <.001 for all). In contrast, IFN-vy levels in cultures in
these 2 treatment groups were increased in comparison
with levels in cultures from vehicle-treated animals (P < .001;
Fig 6, D). No significant differences were observed in levels of
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FIG 5. Peanut (PN)-specificimmunoglobulins. Blood was drawn from mice
at the times indicated. Peanut-specific serum IgE (A), IgG; (B), and IgGa,
(C) levels were measured by using ELISA. Data symbols indicate group
medians, and bars indicate interquartile ranges. *P < .05 and **P < .01
versus sham. N = 10-22 mice per group from 2 separate experiments.
NP, Nanoparticles.

peanut-restimulated IL-10 or TGF-{3 for any of the treated groups
when compared with the sham group (Fig 6, E and F).

PLGA nanoparticles assembled with whole E coli
extract and peanut reproduce therapeutic effects of
CpG/PN-NPs

Although CpG/PN-NPs provide proof-of-concept data, the
need to link CpG to the nanoparticle just before treatment
undermines clinical practicality. In addition, the CpG sequences
that are immunostimulatory in mice are not identical to those that
are active in human subjects,”’ which could limit the potential
translational utility of a CpG-based approach. To address these
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FIG 6. Peanut (PN)-restimulated splenocyte cytokine levels. Splenocyte
cultures from individual mice were incubated in the presence of 200 pg
of peanut extract or medium alone for 72 hours under standard tissue
culture conditions. Cytokine levels were measured by using ELISA. Data
are displayed as group medians and interquartile ranges. ***P < .001
versus sham. N = 10-22 mice per group from 2 separate experiments.
NP, Nanoparticles.

issues, we also tested the performance of PLGA nanoparticles
assembled with total E coli membranes that were loaded with
peanut protein and sheared E coli DNA (referred to as PN/OEE/
DNA-NPs, see Results and Figs E1-E3 in this article’s Online Re-
pository at www.jacionline.org). These nanoparticles do not
require postpreparation modification and might be expected to
activate a broader spectrum of Toll-like receptor (TLR)-mediated
signaling pathways in human subjects. Thus the PN/OEE/DNA-
NP approach might represent a more feasible and effective
therapeutic strategy. Using the sensitization and challenge
protocol described in Fig 1, we evaluated the effect of treating
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mice with peanut allergy with PLGA nanoparticles assembled
in the presence of E coli membrane extracts and loaded with E
coli sheared DNA and 200 pg of peanut extract (PN/OEE/
DNA-NP). Mice were given 4 weekly oral treatments (weeks
11-14). Subsequently, mice were orally challenged with peanut
at 4-week intervals. We found that 75% to 80% of mice treated
with PN/OEE/DNA-NPs were protected across 5 challenges
(P <.01 vs sham; see Fig E1, A). Consistently, these mice better
maintained normal body temperature (P <.05-.001 vs sham; see
Fig E1, B) and lower postchallenge histamine levels (P < .001
vs sham; Fig E1, C). As observed with PN/CpG-NP treatment,
therapy with PN/OEE/DNA-NP resulted in a sustained decrease
in peanut-specific IgE/IgG; levels (P < .05-.001 vs sham;
Fig E2, A and B) and increase in peanut-specific I1gG,, levels
(P < .001 vs sham; see Fig E2, C). Evaluation of levels of
peanut-restimulated cytokine levels in splenocyte cultures
showed significant reductions in levels of Ty2 cytokines (IL-4/
IL-5/1L-13: P <.001 vs sham; see Fig E3, A-C) and a significant
increase in IFN-vy levels (P <.001 vs sham; see Fig E3, D). Modest
increases in IL-10 and TGF-f3 levels (see Fig E3, E and F) in PN/
OEE/DNA-NP-treated mice did not achieve statistical
significance. As was the case with the CpG-PN-NPs, PN/OEE/
DNA-NPs provided protection that persisted for several months
after treatment was discontinued.

DISCUSSION

The current study addresses the need for development of
improved peanut-specific immunotherapy with better safety
profiles and longer-lasting benefits than the current approaches
of peanut OIT and SLIT. We explored the concept of providing
peanut OIT within PLGA nanoparticles that have surface-
expressed CpG oligonucleotides. When given to mice with
established peanut allergy, we found PN/CpG-NPs to be well
tolerated, and this therapy conferred persistent protection from
anaphylaxis and induced beneficial regulation of peanut-specific
immune responses. This is the first report to describe a therapeutic
application of nanoparticles in food allergy. A recent report by
Pali-Scholl et al’® described the results of protamine-based
nanoparticle immunotherapy for peanut. Our study differs
considerably in that we investigated therapeutic effects in mice
with established peanut allergy, indicating the ability of our
approach to alter entrenched proallergic immune responses.
Furthermore, therapy in our study was provided orally, a preferred
route of peanut immunotherapy protocols in human subjects.
PLGA nanoparticles have been extensively investigated as
vehicles for drug delivery in human subjects and have been shown
to be safe and effective delivery agents in recent clinical
trials.">? Nanoparticles have been reported to survive the
gastrointestinal environment because they are stable across a
wide pH range. Also, the size of the nanoparticles used in our
study has been previously reported to be optimal for transport
across the gut barrier and cellular uptake at mucosal sites.
PLGA nanoparticles have been shown to be retained for
considerable periods of time, allowing for gradual and extended
release of payload before biodegradation.'” Using ovalbumin-
loaded PLGA nanoparticles, our research group found that
antigen persisted in cultured dendritic cells for 7 days, whereas
naked antigen was cleared within 3 days (A. Seifert, manuscript
in preparation). We believe this capacity to protect loaded
proteins facilitates use of lower and less frequent doses of allergen
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while reducing the risk of mast cell/basophil activation, which
represents an improvement over conventional OIT with naked
allergen and daily dosing.

The concept of including CpG oligonucleotides or TLR
agonists as a component of allergen immunotherapy has been
explored previously in murine models for food allergy and
asthma®? and in human subjects for allergic rhinitis®*;
however, these studies used exposed allergen and thus might be
less suited for peanut OIT, especially in highly reactive
patients.”*® Increases in allergen-specific Ty1 responses have
been shown to be associated with favorable outcomes of
immunotherapy and spontaneous outgrowth of food allergy in
human subjects.”” Our observation of increased peanut-specific
1gG,, levels (a Tyl-associated immunoglobulin in mice) after
starting therapy and significantly increased IFN-y levels in
response to peanut restimulation in splenocyte cultures indicate
that inclusion of CpG residues (in CpG/PN-NPs) appeared to be
successful in enhancing Ty1-skewed peanut-specific responses.
These observations are consistent with our prior findings, where
we evaluated CpG nanoparticles loaded with recombinant West
Nile virus envelope antigen ({fWNVE) in an infectious disease
model.>® CpG-rWNVE nanoparticles, but not antigen loaded in
plain nanoparticles or rWNVE-alum complexes, -elicited
dendritic cell activation that was accompanied by significant
increases in CD80/CD86 expression and increased IL-12 and
IL-6 production. In addition, CpG nanoparticles were much
more avidly endocytosed by dendritic cells than plain
nanoparticles, suggesting that this increased uptake is likely to
account mechanistically, at least in part, for their enhanced
capacity to activate dendritic cells. Consistently, only mice
exposed to CpG-rWNVE nanoparticles displayed increased
rWNVE-specific IgG,, and rWNVE-stimulated IFN-vy recall
responses. It is highly likely that similar mechanisms are involved
in peanut-specific Tyl skewing observed in the current study.
Regulatory cytokines were largely unaffected, as suggested by a
lack of differences in IL-10 or TGF-B levels across treatment
groups.

Importantly, we found that copresentation of peanut and CpG
through nanoparticles was necessary for protection. Mice
receiving only 200 g of peanut (naked or within nanoparticles),
nanoparticles alone, or CpG nanoparticles were not protected. It
must be noted that the dose (200 ng) and frequency (weekly) of
antigen used for treatment in our study is much lower than in other
murine studies describing OIT (milligram amounts).””*' The
CpG dose used in our study is also lower than in previous murine
allergy/asthma studies. PLGA nanoparticles themselves have
been shown to possess Tyl adjuvant activity and have been
demonstrated to enhance CpG adjuvant activity.*”** However,
in our model CpG nanoparticles or nanoparticles alone did not
modify existing peanut-specific Ty2 responses or establish
peanut-specific Tyl responses. It is possible that although
PLGA nanoparticles alone can skew naive T-cell responses,
therapeutic alteration of antigen-specific responses requires
simultaneous presence of antigen. Dendritic cells have emerged
as a prime target for immunomodulatory nanoparticles because
of their nature as professional antigen-presenting cells with the
capacity to cross-present antigen.'” As reviewed by Silva
et al,** nanoparticles that are approximately 200 nm or less can
transit lymphatic barriers and be taken up by dendritic cells in
lymph nodes, and when “decorated” with TLR agonists, such
as CpG, such nanoparticles elicit robust Ty 1 responses. Our study
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also evaluated the performance of PN/OEE/DNA-NPs, a nanopar-
ticle formulation that does not require postpreparation linkage of
CpG and that might be expected to activate a broader range of
TLRs, making it more feasible for clinical application.
Therapeutic effects of PN/OEE/DNA-NPs were comparable
with PN/CpG-NPs with regard to the magnitude and duration of
protection from anaphylaxis and alteration of peanut-specific
immune responses.

Although there have been few studies investigating OIT for
food allergy in murine models, almost none have addressed
long-term protection after stopping therapy.***>**’ In a report by
Leonard et al,>® OIT of ovalbumin-sensitized mice resulted in
protective desensitization when the antigen was presented
through the gastrointestinal mucosa but not injected systemically,
and protective effects were lost 2 weeks after therapy was discon-
tinued. These results are consistent with recent clinical results in
which the majority of patients undergoing peanut immunotherapy
regained reactivity after discontinuing treatment.” We believe
factors such as extended retention of antigen through nanopar-
ticles and establishment of peanut-specific Ty 1 responses might
be contributing to the persistent protection observed in our study.
Overall, 16 of 22 mice retained protection despite continued
periodic exposure to the peanut sensitization cocktail that was
given to all mice to prevent spontaneous loss of reactivity over
the course of the study. A recent study by Burton et al*' identified
antigen-specific IgG as a mechanism of suppression of allergic
responses through FeyRII ligation after OIT in mice. We observed
a persistent increase in peanut-specific IgG,, (but not IgG,) levels
in our study, but further studies are needed to determine whether
such mechanisms are operational in our system.

In summary, PLGA nanoparticles are well suited for providing
safe peanut immunotherapy because they are readily taken up at
mucosal sites after oral administration and persist for days,
allowing for controlled and extended release of allergen. When
applied to peanut immunotherapy in the clinic, this approach
could greatly reduce the need for repeated daily dosing of peanut,
as is required in current OIT protocols, potentially minimizing the
risk of adverse reactions during therapy, enhancing compliance,
and maximizing the opportunity to alter immune responses.
Although our research findings might not directly correlate with
findings in human subjects, long-term protection observed in our
study, if reproducible in human subjects, suggests that peanut OIT
with CpG/PN-NPs might be a valuable approach to safely induce
long-term desensitization and possibly tolerance in human
patients with peanut allergy.

Key messages

o OIT with peanut/CpG nanoparticles provided long-term
protection in mice with established peanut allergy.

o Peanut/CpG nanoparticle therapy did not cause adverse
reactions.

o Beneficial effects of peanut/CpG nanoparticle immuno-
therapy were associated with reduced peanut-specific
Tx2 responses and increased Tyl responses.
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RESULTS

Using the sensitization and challenge protocol described in
Fig 1, we evaluated the effect of treating mice with peanut allergy
with PLGA nanoparticles assembled in the presence of E coli
membrane extracts and loaded with E coli sheared DNA and
200 g of peanut extract (PN/OEE/DNA-NPs). Mice were given
4 weekly oral treatments (weeks 11-14). Subsequently, mice were
challenged orally with peanut and then at 4-week intervals. We
found that 75% to 80% of mice treated with PN/OEE/DNA-
NPs were protected across 5 challenges (P < .01 vs sham;
Fig E1, A). Consistently, these mice better maintained normal
body temperature (P <.05-.001 versus sham; Fig E1, B) and lower
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postchallenge histamine levels (P <.001 versus sham; Fig E1, C).
As observed with PN/CpG-NP treatment, therapy with PN/OEE/
DNA-NPs resulted in a sustained decrease in peanut-specific IgE/
IgG; (P <.05-.001 versus sham; Fig E2, A and B) and increase in
peanut-specific 1gG,, (P <.001 versus sham; Fig E2, C) levels.
Evaluation of peanut-restimulated cytokine levels in splenocyte
cultures showed significant reductions in Ty2 cytokines levels
(IL-4/1IL-5/IL-13: P < .001 versus sham; Fig E3, A-C) and a
significant increase in IFN-y levels (P < .001 versus sham;
Fig E3, D). Modest increases observed for IL-10 and TGF-f
(Fig E3, E and F) in PN/OEE/DNA-NP-treated mice did not
achieve statistical significance.
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FIG E1. Anaphylactic reactions to oral peanut (PN) challenge. A, Mice were visually assessed for symptoms
of anaphylaxis 30 minutes after challenge and assigned symptom scores by using the scoring system
described in the Methods section. Naive mice were challenged only at the fifth challenge. Bars represent
group medians. B, Body temperatures were measured with a rectal thermometer. C, Histamine levels
in plasma harvested after challenge were measured by using ELISA. Data are shown as means = SDs.
Bars indicate group medians in Fig E1, A, and group means *= SDs for Fig E1, B and C. *P < .05,
**P < .01, and ***P < .001 versus sham. N = 5-10 mice per group. NP, Nanoparticles.
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FIG E2. Peanut (PN)-specific immunoglobulins. Blood was drawn before
treatment (week 11) and each of the challenges (weeks 14-30). Peanut-
specific serum IgE (A), 1g9G, (B), and 1gG,, (C) levels were measured by
using ELISA. Symbols indicate group medians, and bars indicate
interquartile ranges. **P < .01; ***P < .001 versus sham. N = 5-10 mice
per group. NP, Nanoparticles.
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FIG E3. Peanut (PN)-restimulated splenocyte cytokine levels. Splenocyte cultures from individual mice
were incubated in the presence of 200 g of peanut extract or medium alone for 72 hours under standard
tissue culture conditions. Cytokine levels were measured by using ELISA. Data show group medians and
interquartile ranges. ***P < .001 versus sham. N = 5-10 mice per group.
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