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Allergen-Encapsulating Nanoparticles Reprogram
Pathogenic Allergen-Specific Th2 Cells to Suppress Food
Allergy
Michael N. Saunders, Laila M. Rad, Laura A. Williams, Jeffrey J. Landers, Russell R. Urie,
Sarah E. Hocevar, Miguel Quiros, Ming-Yi Chiang, Amogh R. Angadi,
Katarzyna W. Janczak, Elizabeth J. Bealer, Kelly Crumley, Olivia E. Benson, Kate V. Griffin,
Brian C. Ross, Charles A. Parkos, Asma Nusrat, Stephen D. Miller, Joseph R. Podojil,
Jessica J. O’Konek,* and Lonnie D. Shea*

Food allergy is a prevalent, potentially deadly disease caused by inadvertent
sensitization to benign food antigens. Pathogenic Th2 cells are a major driver
for disease, and allergen-specific immunotherapies (AIT) aim to increase the
allergen threshold required to elicit severe allergic symptoms. However, the
majority of AIT approaches require lengthy treatments and convey transient
disease suppression, likely due to insufficient targeting of pathogenic Th2
responses. Here, the ability of allergen-encapsulating nanoparticles to directly
suppress pathogenic Th2 responses and reactivity is investigated in a mouse
model of food allergy. NPs associate with pro-tolerogenic antigen presenting
cells, provoking accumulation of antigen-specific, functionally suppressive
regulatory T cells in the small intestine lamina propria. Two intravenous doses
of allergen encapsulated in poly(lactide-co-glycolide) nanoparticles (NPs)
significantly reduces oral food challenge (OFC)-induced anaphylaxis. Impor-
tantly, NP treatment alters the fates of pathogenic allergen-specific Th2 cells,
reprogramming these cells toward CD25+FoxP3+ regulatory and CD73+FR4+

anergic phenotypes. NP-mediated reductions in the frequency of effector cells
in the gut and mast cell degranulation following OFC are also demonstrated.
These studies reveal mechanisms by which an allergen-encapsulating
NP therapy and, more broadly, allergen-specific immunotherapies,
can rapidly attenuate allergic responses by targeting pathogenic Th2 cells.
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1. Introduction

Food allergy is a severe and increasingly
common disease with few current ther-
apeutic options. About 1 in 12 children
and 1–10 adults in the United States
are affected, of which ≈38% and ≈51%
have suffered a severe clinical reaction,
respectively.[1,2] Food allergy symptoms can
range from mild to severe and include a
variety of psychological and physiological
systems involving the skin, cardiovascular
system, respiratory tract, and gastrointesti-
nal tract. Reactivity to food antigens is due
to food allergen-specific T cells displaying
T helper type 2 (Th2) phenotypes, result-
ing in the production of pro-allergic cy-
tokines including the interleukins (IL-) 4,
5, 9, and 13.[3] This signaling in turn pro-
motes allergen-specific B cell class switch-
ing toward IgE, which binds Fc𝜖R1 on the
surface of effector cells including mast cells
and basophils, enabling their rapid degran-
ulation and release of allergic mediators fol-
lowing subsequent allergen exposure.
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The management of food allergy has evolved over the last 2
decades, resulting in the emergence of new allergen-specific im-
munotherapies (AITs) that aim to desensitize patients or induce
tolerance. Current clinical management of food allergy primar-
ily revolves around allergen avoidance, a practice which has sig-
nificant individual and societal costs and leaves patients sus-
ceptible to accidental allergen exposures requiring emergency
epinephrine use. However, efforts to desensitize food allergic in-
dividuals using AITs have generated encouraging results, sug-
gesting that the threshold of reactivity may be raised in individ-
uals with IgE-mediated food allergy.[3–6] Current methods of AIT
generally involve daily delivery of allergen through oral, sublin-
gual, or epicutaneous routes. Slowly increasing the daily dose of
allergen over time results in therapeutic cellular responses in-
cluding reduced allergen-specific T and B cell reactivity, increased
regulatory T cell (Treg) induction, reduced allergen-specific IgE
production, and reduced basophil reactivity.[3,5] While these ther-
apies may result in transient desensitization as long as exposure
to allergen is maintained, only ≈25–50% of these patients achieve
sustained unresponsiveness after AIT cessation.[7–9]

Our laboratory has developed clinically-relevant antigen-
encapsulating nanoparticles (NPs) made of the biodegradable
polymer poly(lactide-co-glycolide) that can be used to induce
antigen-specific immune tolerance in the setting of autoimmu-
nity and transplant rejection. These NPs mimic apoptotic cel-
lular debris in terms of both size and negative surface charge,
enabling their direct association with scavenger receptors on
antigen presenting cells and subsequent phagocytosis in a non-
inflammatory manner.[10–15] NP-encapsulated antigens are sub-
sequently processed and presented on MHC I and II to naïve
and effector T cells without concomitant co-stimulatory molecule
expression, resulting in cognate T cell induction toward regu-
latory fates, anergy, or apoptosis and clonal deletion.[12,16] This
NP platform, which is currently in a phase 2b clinical trial for
the treatment of the autoimmune condition celiac disease, of-
fers a translational platform for food allergen desensitization
with the potential for tolerance induction.[17,18] We have previ-
ously demonstrated that allergen-encapsulating NPs are capable
of reducing disease in an antigen-specific manner in a mouse
model of airway allergy, reducing Th2 cell and eosinophil pro-
liferation and airway accumulation.[19] Importantly, allergen en-
capsulation within a biodegradable polymer was hypothesized
to prevent pathogenic allergic reactions to the therapy resulting
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from IgE-allergen crosslinking.[10] Lactate within the poly(lactide-
co-glycolide) is also hypothesized to promote tolerogenic DC in-
duction, resulting in subsequent allergen-specific regulatory T
cell induction.[20–22] We have shown that treatment with NPs
loaded with 25 μg encapsulated allergen per mg NP did not
significantly bind anti-allergen immunoglobulin and that their
intravenous delivery into peanut allergic mice did not elicit
treatment-related anaphylaxis.[23] This previous work establishes
that intravenously-delivered allergen-encapsulating NPs can be
safely administered to food allergic mice. However, these NPs
held only mixed efficacy in therapeutically reducing clinical ana-
phylaxis upon peanut OFC. Application of particles containing a
larger therapeutic antigen dose in a mouse model of ovalbumin
food allergy would allow for evaluation of their efficacy against
severe anaphylactic reactions, and it also enables a finer study
of the cellular mechanisms influenced by nanoparticles due to
the availability of transgenic models and a larger body of related
literature.

We now demonstrate that allergen-encapsulating nanopar-
ticles engage multiple immunological pathways to reprogram
the immune system of food allergic recipients and robustly re-
duce OFC-induced anaphylaxis. We report that sensitized mice
treated with only two doses of allergen-encapsulating NPs dis-
play reduced clinical symptoms of anaphylaxis and small intes-
tine pathology after OFC compared to untreated controls. NPs
directly associate with and increase the frequency of tolerogenic
dendritic cells, ultimately coinciding with NP-mediated increases
in the induction of allergen-specific, functionally suppressive
CD4+CD25+FoxP3+ Tregs, as well as CD8+CD25+FoxP3+ sup-
pressor T cells, in the small intestine lamina propria. Using
an adoptive transfer model, we show that allergen-specific Th2
cells are induced toward regulatory FoxP3+IL-10+ and anergic
CD73+FR4+ T cell fates by NP treatment. Finally, we report that
basophils and mast cells are present at a reduced frequency in
the gut of NP-treated mice and that OFC thereby reduces serum
levels of the mast cell degranulation marker mucosal mast cell
protease 1 (MCPT-1). These results provide a detailed picture of
the pro-tolerogenic immunological pathways through which an
intravenously-delivered NP therapy effectively desensitizes recip-
ients with food allergy.

2. Experimental Section

2.1. Reagents

A full list of reagents may be found in Table S1, Supporting In-
formation.

2.2. Nanoparticle Production and Characterization

Ovalbumin (OVA; Grade V with MW 44.3 kDa; Sigma)-
encapsulating NPs were fabricated using a double emulsion
(w/o/w) solvent evaporation method as previously described.[23]

Briefly, 150 μL of 200 mg mL−1 OVA in phosphate buffered
saline (PBS) was added to 2 mL of 20% w/v 50:50 poly(lactide-
co-glycolide)-COOH (i.v. = 0.18; Evonik) in dichloromethane
and emulsified by sonication. 10 mL of 2% w/v aqueous (MW
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Figure 1. A) Intravenous delivery of nanoparticles containing encapsu-
lated allergen to food allergic mice reduces severity of subsequent oral
food challenge-induced anaphylaxis. Ovalbumin (OVA)-allergic mice were
generated by sensitizing BALB/cJ mice with two i.p. injections of OVA
and aluminum hydroxide (alum) and challenging them seven times over
2 weeks with intragastric OVA. Mice were treated with two i.v. injections
of OVA-encapsulating poly(lactide-co-glycolide) nanoparticles (OVA NPs),
an equivalent dose of i.v. OVA (100 μg) dissolved in phosphate-buffered
saline (PBS), or i.v. PBS. B) Mortality rates due to treatment were 0%
among sensitized i.v. PBS (0/37 mice) and i.v. OVA NP (0/52 mice) re-
cipients versus 13.3% (2/15 mice) for sensitized i.v. OVA recipients. C)
Upon tissue harvest at day 60, PBS-treated mice had reddened, edema-
tous small intestines consistent with enteritis compared to healthy-looking
tissues observed in OVA NP-treated mice. Mice receiving i.v. OVA NPs,
as well as mice surviving i.v. OVA treatment, displayed D) reduced oral
food challenge (OFC)-induced clinical anaphylaxis scores, E) temperature
drops, and F) diarrhea incidence compared to i.v. PBS-treated controls (n
= 13 for i.v. PBS group, n = 18 for i.v. OVA NP group, and n = 5 for i.v. OVA
group). Error bars indicate mean ± SEM; statistical significance was deter-
mined using the Kruskal–Wallis Test with Dunn’s multiple comparisons.
**p <0.01 and ***p <0.001.

400,000 Da) poly(ethylene-alt-maleic anhydride) (PEMA; Poly-
sciences, Inc.) was added as a surfactant stabilizer and the solu-
tion was sonicated a second time. The resulting emulsion was
added to a 0.5% w/v PEMA solution and continuously stirred
overnight. NPs were washed four times by centrifugation (5000
× g, 15 min, 4 °C) in 0.1 m sodium bicarbonate–sodium carbon-
ate buffer, pH 9.6 (Polysciences, Inc.), and lyophilized in 3% w/v
aqueous D-mannitol and 4% w/v aqueous sucrose. NPs tagged

with the fluorescent molecule Cy5.5 (Lumiprobe) were produced
using 1% w/w Cy5.5-poly(lactide-co-glycolide) synthesized using
EDCI chemistry as previously described.[16] Size and charge of
OVA NPs in MillliQ water were measured by dynamic light scat-
tering (DLS) and zeta potential analysis using a Zetasizer Nano
ZSP to confirm 400–700 nm diameter, polydispersity index of
<0.3, and surface zeta potential of less than −35 mV. Allergen
loading of !40 μg allergen mg−1 was confirmed via Micro BCA
assay (ThermoFisher) following manufacturer instructions after
NP dissolution by sodium hydroxide, representing a loading of
44.7%. Release of encapsulated antigen was measured by incu-
bating 8 mg of OVA NPs in 1 mL of PBS at 37 °C and collecting
supernatant after 15, 30, 60, and 120 min. 2.5 mg NPs was resus-
pended in 1 mL endotoxin free water and assessed for endotoxin
content using a Pierce Chromogenic Endotoxin Quantification
kit (ThermoFisher).

2.3. OVA Food Allergic Mice Sensitization, Treatment, and
Challenges

All animal work was approved by the University of Michigan’s
Institutional Animal Care & Use Committee under protocol
PRO00011621. Naïve female 4–6-week-old BALB/cJ female mice
(Jackson Laboratories) were sensitized to OVA using two i.p. in-
jections of 20 μg OVA adsorbed to 1 mg of aluminum hydrox-
ide (alum; Alhydrogel adjuvant 2%, Invivogen) on days 0 and 14
(Figure 1A). Sensitization was confirmed by assessment of serum
OVA-specific IgE and IgG1 titers at day 27: briefly, mice with IgE
titers of 0 and IgG1 titers of 50 000 or less were excluded from
further experimentation and analysis, as in our experience, these
mice do not react to OFC (data not shown). OVA-sensitized mice
were treated with 2.5 mg per dose OVA NPs in 100 μL PBS, an
equivalent dose (100 μg) of OVA resuspended in PBS, or 100 μL
PBS on days 28 and 42. Routes of delivery included intravenous
(i.v.; via tail vein injection) and intramucosal large intestine in-
jection (supplemental methods) as indicated in the text. For all
treatment conditions, the oral food challenge began on day 45
and consisted of 5 h of fasting to ensure gastric emptying, fol-
lowed by intragastric (i.g.) administration of 10 mg OVA in PBS.
7 challenges were completed over a two-week period to promote
mast cell accumulation in the small intestine similar to levels ob-
served in food allergic humans.[24] 24 h after challenge 7, blood
was collected via cardiac puncture, and serum was evaluated for
OVA-specific IgE, IgG2a, and IgG2b antibody titers by ELISA (In-
vitrogen).

2.4. Oral Food Challenge-Induced Clinical Anaphylaxis and Mast
Cell Degranulation

Clinical anaphylaxis was assessed following challenges 6 and 7 by
measuring anaphylaxis-induced hypothermia via rectal tempera-
ture and evaluating clinical anaphylaxis scores every 15 min for
1 h after i.g. OVA administration.[24–26] Briefly, the scoring sys-
tem involved scores of 0 (no symptoms), 1 (scratching around
nose/mouth), 2 (diarrhea, reduced activity, hunched/scruffy,
puffiness around nose/mouth, or cyanosis of mucus mem-
branes), 3 (wheezing, stridor, or difficulty breathing), 4 (lying
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flat on ground, very little/no movement upon prodding, convul-
sion/tremor, or temperature<33 °C), and 5 (death). Mice that had
a temperature reach <33 °C were placed on a heating pad under
a radiant heat lamp and given 1 mL of lactated ringers for hy-
dration support. Mast cell degranulation was assessed by collect-
ing serum via saphenous phlebotomy 60 min after challenge and
performing an ELISA for mucosal mast cell protease-1 (MCPT-1;
Invitrogen).

2.5. Tissue Harvest and Single Cell Isolation

Single cells were isolated from the spleen, Peyer’s patches (PPs),
mesenteric lymph nodes, and small intestine lamina propria
(SILP). The spleen and mesenteric lymph nodes were mashed
and filtered through a 70 μm cell strainer, and red blood cells
were removed via treatment with ACK lysis buffer (Gibco). The
proximal 15 cm of the small intestine duodenum and jejunum
were harvested and PPs were dissected and digested at 37 °C for
30 min in 2 mg mL−1 collagenase IV (Sigma) and 0.20 mg mL−1

DNase I (Sigma) in RPMI 1640 containing 10% HI-FBS.[27] The
PPs were subsequently triturated through a 19G needle and fil-
tered through a 70 μm strainer to produce single cells. The re-
maining proximal small intestine tissue was deepithelialized via
four washes in 5 mm EDTA in HBSS, minced, and digested at
37 °C in the buffer described above for 20 min.[27] The SILP was
then triturated through a 19G needle and the cells were washed
through a gauze filter. The cells were then resuspended in a 44%
Percoll solution, which was placed over a 67% Percoll solution
prior to centrifugation. SILP lymphocytes were then collected
from the interface of the two phases and washed in RPMI 1640
containing 10% HI-FBS prior to further use.

2.6. Nanoparticle Biodistribution Studies

Naïve 4–6-week-old BALB/cJ female mice (Jackson Laboratories)
were sensitized at days 0 and 7 with i.p. OVA and alum as de-
scribed above or with an equivalent dose of i.p. PBS (Figure 1A).
At days 14 and 21, all mice were treated with Cy5.5-OVA NPs
generated as described above. Spleens were harvested at days 15
and 22 processed into single cells, after which flow cytometry was
used to identify immune cells associating directly with the Cy5.5+

NPs as described below.

2.7. Treg Suppressor Assays and Cytokine Analysis

Treg suppressor assays were performed to assess Treg antigen-
specific suppressive function. A CD4+CD25+ Treg isolation mag-
netic activated cell sorting (MACS) kit (Miltenyi) was used to iso-
late Tregs from the SILP and spleen of i.v. PBS, i.v. OVA NP, and
i.v. OVA-treated mice. APCs were isolated from the spleens of
sex-matched BALB/cJ mice by depleting splenocytes of red blood
cells using ACK lysis buffer (Gibco) and lymphocytes using a
CD90.2 MACS kit (Miltenyi). Naïve OVA-specific CD4+ T cells
were isolated from naïve DO11.10 mouse spleens using a naïve
CD4 T cell isolation MACS kit (Miltenyi). 15 000 spleen- or SILP-
derived Tregs taken from PBS-, OVA NP-, or OVA-treated mice

were co-cultured with 50 000 APCs and 50 000 naïve DO11.10
CD4+ T cells in a 96 well plate in 175 μL T cell media pre-
pared as described above. Cells were cultured with or without
1 μg mL−1 OVA323-339 peptide. Following 72 h of co-culture, plates
were centrifuged at 500 × g for 5 min and supernatant was col-
lected and frozen at −80 °C. ELISA was performed to quantify
IL-10 and TGF-𝛽 concentration. Cytokine levels for each sample
were calculated by subtracting the cytokine concentration in an
OVA-stimulated sample from the cytokine concentration in its
corresponding unstimulated sample as follows: Cytokine level =
[Stimulated] − [Unstimulated].

2.8. Adoptive Transfer of Th2-Primed OVA-Specific DO11.10 Cells

Naïve 5–6 week old DO11.10 mice (Jackson Laboratories) were
sensitized with two i.p. doses of 20 μg OVA (Sigma) adsorbed
to 1 mg of aluminum hydroxide (alum) on days 0 and 14 as de-
scribed above (Figure S7A, Supporting Information). At day 21,
spleens were harvested and processed into single cells, which
were enriched for CD4 expression using a CD4+ T cell MACS kit
(Miltenyi). 5 × 106 CD4+ cells were then adoptively transferred
into age-matched naïve 9–10 week old BALB/cJ mice (Jackson
Laboratories). 7 and 21 days after adoptive transfer, mice were
treated with a 2.5 mg dose of OVA NPs in 100 μL PBS, an equiva-
lent dose (100 μg) of OVA resuspended in PBS, or 100 μL PBS via
tail vein injection. At days 14 and 28 following adoptive transfer,
spleens were harvested and processed into single cells for further
flow cytometric analysis of the transferred cells.

2.9. Flow Cytometry

Single cells isolated from the spleen and SILP were analyzed
using a ZE5 Cell Analyzer (Bio-Rad). Cells were washed with
MACS buffer containing bovine serum albumin and ethylene-
diaminetetraacetic acid (EDTA). Depending on the panel, cells
were stained with Live/Dead Fixable Violet (ThermoFisher) or
4′,6-diamidino-2-phenylindole (DAPI; BioLegend) to identify live
cells. Cell surface staining was performed following blockade
with anti-CD16/32 (BioLegend). Cell surface antibodies were
used to target CD11c (BV605 – BioLegend), F4/80 (PE-Cy7 – Bi-
oLegend), CD103 (FITC – BioLegend), CD3 (PE-Cy7 – Invitro-
gen or FITC – eBioscience), CD4 (FITC – BioLegend or BV650
– BD), CD8 (PE-Cy7 –BioLegend), CD25 (BV605 – BioLegend,
BV786 – BD, or APC-Cy7 – BD), CCR9 (PerCP-eFluor 710 – Ther-
moFisher), 𝛼4𝛽7 (APC – Miltenyi), DO11.10 TCR (APC – Invit-
rogen), CD44 (BV786 – BD or APC-Cy7 – BD), IL-10 (PE-Cy7 –
BioLegend), CD73 (BV605 – BioLegend), FR4 (BV711 – BD), Lag3
(PE – Invitrogen or PerCP-Cy5.5 – BD), PD-1 (PE-CF594 – BD),
and CTLA-4 (BV421 – BioLegend). Intracellular staining was per-
formed where indicated using the True-Nuclear Transcription
Factor Buffer Set (BioLegend), followed by intracellular blockade
with normal rat serum (Invitrogen) and staining with FoxP3 (PE
– BioLegend or PerCP-Cy5.5 – eBioscience). Cy5.5-OVA NP:cell
association was established by gating Cy5.5+ events. All gates
were set using fluorescence minus one control, and single posi-
tive samples were used to set machine voltages for each machine
use (Figure S8, Supporting Information). Flow cytometry results
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were analyzed using FlowJo v10.8 (BD Life Sciences). All samples
were gated first on FSC/SSC to remove debris, followed by dou-
blet discrimination gating. Samples were subsequently gated on
viability stains to identify live cells, after which specific cell types
were identified as shown in the supplementary gating strategies.

2.10. Measurement of OVA-Specific Serum Antibodies

Serum samples were obtained from OVA-sensitized mice 24 h
prior to treatment or 24 h after the final oral food challenge. Blood
was collected in serum separator tubes (Greiner), and serum
was isolated by centrifugation at 10 000 × g for 10 min. Serum
samples were stored at −80 °C until analyzed. OVA-specific IgE,
IgG2a, and IgG2b antibodies were determined by ELISA. Serially
diluted serum samples were incubated on 96 well plates coated
with 20 μg mL−1 OVA. IgE and IgG subclass antibodies were de-
tected with alkaline phosphatase-conjugated detection antibodies
(Bethyl Laboratories and Jackson ImmunoResearch, respectively)
and p-nitrophenyl phosphate substrate (Sigma). Endpoint titers
were defined as the reciprocal of the highest serum dilution pro-
ducing an optical density (OD) above the background in naïve
serum. Cutoff for a positive titer was determined as the mean OD
+ 2 standard deviations of the corresponding dilution of naïve
sera.[28]

2.11. Intestinal Histology and Chloroacetate Esterase Staining

The proximal 7 cm of the small intestines was harvested from
mice sensitized, treated, and challenged as shown in Figure 1A
on days 45, 52, or 59, corresponding to just prior to the first,
fourth, or seventh challenge. The intestines were subsequently
flushed, incised longitudinally, and rolled proximal to distal in a
swiss roll fashion before being fixed in 10% formalin, embedded
in paraffin, and cut into 5 mm sections. Sections were stained us-
ing chloroacetate esterase (CAE) as previously published.[29] Tis-
sues were deparaffinized with xylene substitute (Sigma), followed
by gradients of 100%, 95%, and 70% ethanol. The tissues were
rinsed in PBS followed by incubation with a solution containing
0.025% Sodium Nitrate (Sigma), 0.25% New Fuchsin (Fisher),
and 4.5% Naphthol AS-D Chloroacetate (Sigma) in PBS at room
temperature for 45 min. The slides were then washed in PBS
and counterstained in filtered Harris Hematoxylin (Poly Scien-
tific) for 30 s. Deionized water, lithium carbonate (Poly Scientific),
and deionized water washes were followed by dehydration with
70%, 95%, and 100% ethanol, after which tissues were washed
in xylene substitute and mounted with coverslips. The number
of mast cells, stained magenta, was manually counted and av-
eraged across 25 separate, non-overlapping, 40× high powered
fields using brightfield microscopy.

2.12. Statistical Analysis

Statistical analysis was performed as indicated in each figure.
Levene’s test was used to evaluate the equality of variances for
each group, which determined whether data was analyzed using
parametric or non-parametric tests. All data was ultimately an-
alyzed using non-parametric tests. An 𝛼 value of 0.05 was cho-
sen for all tests. Two-tailed Mann–Whitney tests were used to

identify significant differences in experiments with two groups,
while the Kruskal–Wallis test with Dunn’s multiple comparisons
was performed for analyses involving three or more groups. The
Wilcoxon matched pairs rank sign test was used to compare anti-
body levels in a paired fashion by mouse pre-treatment and post-
challenge. Prism 9 software (GraphPad Software) was used to per-
form statistical analyses. Error bars on all graphs indicated mean
± standard error of the mean (SEM).

3. Results

3.1. Allergen-Encapsulating Nanoparticles Reduce Severity of
Oral Food Challenge-Induced Anaphylaxis

Poly(lactide-co-glycolide) NPs containing encapsulated allergen
were initially characterized and applied in a mouse model of
food allergy. NPs generated with a target mean diameter of ap-
proximately ≈500 nm and a surface zeta potential of less than
−35 mV were loaded with 41.9 ± 0.1 μg of the chicken egg pro-
tein ovalbumin (OVA) per mg of NPs (Figure S1A–C, Supporting
Information).[17,18] NP endotoxin levels tested below the accept-
able limit (0.25 EU mL−1) established for Sterile Water for Injec-
tion (data not shown) and burst release assays revealed that NPs
retained ≈90% of their protein content following 2 h of hydra-
tion (Figure S1D,E, Supporting Information). 2.5 mg OVA NPs
or controls consisting of an equivalent mass of solubilized OVA
(100 μg) or phosphate buffered saline (PBS) were intravenously
(i.v.) administered twice to BALB/cJ mice 2 weeks after sensitiza-
tion with intraperitoneal (i.p.) injections of OVA and aluminum
hydroxide (alum), after which the mice were challenged with oral
allergen (Figure 1A).[24–26,30]

OVA-allergic mice intravenously treated with OVA NPs
demonstrated significant improvements in post-OFC anaphy-
laxis symptoms, mast cell degranulation, and small intestine
pathology. Importantly, encapsulating OVA in NPs improved tol-
erability of the treatment as no allergic mice treated with i.v.
OVA NPs died due to treatment, whereas i.v. OVA treatment
resulted in a 13.3% mortality rate secondary to systemic ana-
phylaxis (Figure 1B). Following OFC, grossly examined proxi-
mal small intestines from PBS-treated food allergic mice were
red and edematous compared to the healthy-looking intestines
of i.v. OVA NP recipients (Figure 1C). PBS-treated mice had sig-
nificantly higher symptom scores than OVA NP recipients in re-
sponse to OFC (Figure 1D). Eight out of thirteen (61.5%) PBS re-
cipients had scores greater than 3, indicating symptoms of signif-
icant respiratory distress or worse, compared to two out of eigh-
teen (11.1%) OVA NP recipients. Four out of thirteen (30.8%)
PBS recipients died after OVA OFC compared to only one out
of eighteen (5.5%) OVA NP recipients. While PBS treatment re-
sulted in an average core temperature drop of ≈3°, i.v. OVA NP
recipients had temperature drops of only 1° (Figure 1D). OVA
NP treatment also reduced the incidence of diarrhea to 38.9%
compared to the 100% incidence observed among PBS recipi-
ents (Figure 1F). Quantification of pre-treatment (day 27) and
post-challenge (day 60) serum levels of OVA-specific antibodies
revealed increases in OVA-specific IgG2a and IgG2b among i.v.
PBS- and i.v. OVA NP-treated mice (Figure S2, Supporting In-
formation). However, no significant changes were observed in
serum OVA-specific IgE.

Adv. Healthcare Mater. 2024, 2400237 2400237 (5 of 13) © 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 2. A) Intravenously-delivered OVA NPs associate with and increase the frequency of pro-tolerogenic dendritic cells. BALB/cJ mice were sensitized
with i.p. OVA and alum or given an equivalent dose of i.p. PBS at days 0 and 7. B) All mice received treatment with i.v. Cy5.5-conjugated OVA NPs, and
splenocytes were isolated and analyzed via flow cytometry on days 15 and 22 to identify NP-associated cells. A sensitization-specific increase in expression
of the marker CD103 was found among splenic CD11c+F4/80− dendritic cells (DCs) associating with Cy5.5-tagged OVA NPs compared to total DCs (n
= 5). After receiving one or two doses of Cy5.5-tagged OVA NPs, OVA-sensitized mice had C,D) greater frequencies and counts of NP+ CD103+ DCs (n
= 4–6) and E,F) total CD103+ DCs (n = 4–6) compared to naïve mice. However, no differences were observed in NP+ DC frequency between these two
sensitization conditions (data not shown). G,H) In mice sensitized and treated using the timeline in Figure 1A, OVA NP treatment ultimately resulted
in an increased splenic CD103+ DC frequency and count compared to PBS-treated controls when cells were evaluated at days 31 and 44, or 3 and 2 days
after i.v. therapy, respectively (n = 5). Error bars indicate mean ± SEM; statistically significant differences at each timepoint were identified using the
Mann–Whitney Test; ns = no significance, *p <0.05 and **p <0.01.

3.2. Nanoparticles Associate With and Increase Pro-Tolerogenic
Antigen Presenting Cells

Allergen-encapsulating NPs associate with and increase the
frequency of antigen presenting cells (APCs) displaying pro-
tolerogenic phenotypes. BALB/cJ mice sensitized with i.p.
alum/OVA or receiving an equivalent volume of i.p. PBS (Figure
2A) were treated with i.v. OVA NPs tagged with the fluo-

rescent molecule Cy5.5. Flow cytometry 24 h after each in-
jection revealed that these NPs associated with macrophages
and dendritic cells, both of which were phagocytic antigen-
presenting immune populations. Expression of the marker
CD103, also known as integrin 𝛼E𝛽7, was increased among a NP-
associated subset of splenic CD11c+F4/80− dendritic cells (DCs;
Figure 2B). CD103+ DCs are essential for the generation of natu-
ral oral tolerance through retinoic acid- and TGF-𝛽-mediated Treg
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Figure 3. A,B) OVA NP treatment increased suppressive OVA-specific Tregs in the small intestine lamina propria. I.V. OVA NP treatment resulted in an
increase in the frequency and count of CD4+CD25+FoxP3+ regulatory T cells (Tregs) in the small intestine lamina propria (SILP) relative to i.v. PBS-treated
mice following the final OFC at day 60 (n = 5–8). C) CD4+CD25+ T cells derived from SILP of i.v. OVA NP-treated mice and stimulated with OVA323-339
peptide-presenting splenocytes produced high levels of the regulatory cytokine IL-10 (n = 3–5), D) but not of TGF-𝛽 (n = 4,5), as measured by ELISA. E,F)
CD4+ Tregs from i.v. OVA NP treated mice more frequently expressed the gut-homing markers 𝛼4𝛽7 (n = 5–8) and G,H) CCR9, relative to PBS-treated
controls (n = 5–8). I,J) Flow cytometry also demonstrated a trend toward higher CD8+CD25+FoxP3+ suppressor T cell frequencies and a significantly
higher count of these cells in the SILP of i.v. OVA NP-treated mice compared to i.v. PBS-treated mice at day 60 (n = 4). Error bars indicate mean ± SEM;
statistical significance was determined using the Kruskal–Wallis Test with Dunn’s Multiple Comparisons or the Mann-Whitney Test; *p <0.05.

induction, and prior studies have suggested that they play
a role in mediating desensitization in food allergic oral im-
munotherapy recipients.[31–34] Interestingly, both NP+ CD103+

DCs (Figure 2C,D) and CD103+ DCs (Figure 2E,F) were in-
creased in OVA-sensitized mice relative to naïve mice after one or
two treatments; although, no differences were observed in total
NP+ DC frequency (data not shown). These results were corrobo-
rated in experiments assessing splenic CD103+ DC frequency in
i.v. PBS- and i.v. OVA NP-treated mice sensitized using the time-
line shown in Figure 1A. Splenic CD103+ DCs were increased in
OVA NP-treated, OVA-sensitized mice at days 31 and 44 relative
to mice treated with PBS (Figure 2G,H).

3.3. Nanoparticle Treatment Increases the Frequency of
Functional Allergen-Specific Tregs in the Gut

Intravenous allergen-encapsulating NP treatment promotes an
increase in functionally suppressive, allergen-specific Tregs within

the small intestine. Flow cytometric analysis of cells isolated
from the small intestine lamina propria (SILP) at the same time-
point revealed an increase in both the frequency (Figure 3A) and
count (Figure 3B) of CD4+CD25+FoxP3+ Tregs in OVA NP-treated
mice relative to PBS-treated mice. CD4+CD25+ cells taken from
the SILP of control and OVA NP-treated mice and combined
with OVA-presenting splenocytes did not alter the proliferation
of co-cultured activated OVA-specific DO11.10 T cells (Figure
S4, Supporting Information). However, OVA-stimulated SILP
CD4+CD25+ cells taken from OVA NP-treated mice produced
greater amounts of the suppressive cytokine IL-10 (Figure 3C),
but not of TGF-𝛽 (Figure 3D), relative to cells from i.v. OVA-
treated mice. These findings suggest that i.v. treatment with
OVA NPs induces a robust population of functional allergen-
specific Tregs. OVA NP treatment also increased the frequency
and count of Tregs expressing the gut-homing markers 𝛼4𝛽7 inte-
grin (Figure 3E,F) and CCR9 (Figure 3G,H), suggesting the gut
as a location for pro-tolerogenic APC:T cell interactions follow-
ing NP treatment. These results prompted investigation of an
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Figure 4. A) Allergen-encapsulated nanoparticles reprogram pathogenic Th2-primed cells toward regulatory and anergic fates. DO11.10 mice were
sensitized with OVA and alum at days 0 and 14, followed by isolation of CD4+ T cells at day 21 via magnetic activated cell sorting. These OVA-specific,
Th2-primed T cells were adoptively transferred into naïve BALB/cJ mice, after which the mice were treated with i.v. PBS, i.v. OVA NPs, or i.v. OVA at
days 28 and 42. Spleens were harvested 1 week after each treatment (days 35 and 49) and DO11.10 cells were analyzed via flow cytometry. B) Following
a single treatment, splenic DO11.10 cells from OVA NP recipients were enriched with CD25 and FoxP3 expression, with or without IL-10 expression,
compared to PBS-treated controls, with the former displaying increased co-expression with the activation marker CD44 (n = 5). Expression of the anergy
markers CD73 and FR4 was also upregulated, alongside expression of tolerogenic markers PD-1 and CTLA-4. However, the T cell exhaustion marker
Lag3 was not expressed to a greater degree in OVA NP-treated mice compared to controls. C) Following a second i.v. treatment, activated FoxP3+CD44hi

Tregs, CD73+FR4+ anergic T cells, and PD-1 and CTLA-4 expression were upregulated among the splenic DO11.10 T cells of OVA NP recipients (n
= 5). Data from Figure 4B,C are shown in Table S2, Supporting Information. Similar trends were observed based on cell count at both timepoints
(Figure S6C,D, Supporting Information). Statistically significant differences were calculated for each cell type using the Kruskal–Wallis Test with Dunn’s
Multiple Comparisons, and differences between i.v. PBS and i.v. OVA NP treatment conditions were noted with asterisks; while, differences involving i.v.
OVA-treated mice were not denoted. *p <0.05 and **p <0.01.

alternate NP delivery route to increase gut delivery of the NPs.
However, while directly targeting OVA NPs to the gut through
colonoscopic intramucosal injection provided protection from
clinical anaphylaxis symptoms, the degree of these changes was
not significantly improved relative to i.v. injection (Figure S3,
Supporting Information).[35,36] Finally, flow cytometric analysis of
SILP regulatory lymphocyte populations revealed a NP-mediated
increase in the count (Figure 3J), but not in frequency (Figure 3I),
of SILP CD8+CD25+FoxP3+ Tregs, a non-classical regulatory pop-
ulation of which little is currently known about their contribu-
tions in desensitizing food allergy.[37–40] Similar OVA NP-induced
trends in CD4+ and CD8+ Treg frequencies and counts were ob-
served in the spleen, but not in the Peyer’s patches or mesenteric
lymph nodes (Figure S5, Supporting Information).

3.4. Pathogenic Th2 Cells Have Multiple Fates Following OVA NP
Treatment

The fates of allergen-specific pathogenic Th2 cells following i.v.
OVA NP treatment were assessed by adoptive transfer of CD4+

Th2-skewed allergen-specific T cells into naïve mice prior to NP
administration (Figure 4A). Spleens were harvested 1 week af-
ter both the first and second particle treatment, revealing an
i.v. OVA NP-dependent increase in CD3+ T cells among cells
staining positive for the OVA epitope-specific DO11.10 T cell
receptor (Figure S6A,B, Supporting Information). Analysis of
the transferred OVA-specific T cells following a single NP treat-
ment demonstrated an increase in the frequency of allergen-
specific Tregs expressing FoxP3, IL-10, or both, including acti-
vated CD25hiFoxP3+CD44hi Tregs (Figure 4B). NP treatment also
shifted the fates of allergen-specific T cells toward expression
of the anergic markers CD73 and FR4 and induced expression
of pro-tolerogenic markers PD-1 and CTLA-4 relative to PBS
treatment.[41–43] However, significant Lag3 expression was not ob-
served, suggesting that OVA-specific T cells did not undergo ex-
haustion following NP treatment. Similar trends were observed
based on cell count (Figure S6C,D, Supporting Information).
Two weeks later, following a second treatment with i.v. PBS, i.v.
OVA NPs, or i.v. OVA, FoxP3+CD44hi activated Tregs remained in-
creased among OVA NP-treated mice, as did anergic CD73+FR4+

T cells (Figure 4C). PD-1 and CTLA-4 expression also remained

Adv. Healthcare Mater. 2024, 2400237 2400237 (8 of 13) © 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

elevated, suggesting that a pro-tolerogenic environment may be
maintained for weeks following treatment. Interestingly, the ratio
of transferred OVA-specific cells in the spleens of i.v. OVA NP-
treated mice compared to i.v. PBS-treated mice trended down-
ward between days 35 and 49 (Figure S6E, Supporting Informa-
tion).

3.5. OVA NP Treatment Reduces Effector Cell Frequency and
OFC-Induced Degranulation

Food allergic responses result from both Th2 cell mediated im-
mune activation and the crosslinking of allergen-specific IgE an-
tibodies bound to Fc𝜖R on basophils and mast cells. Allergen-
encapsulating NPs’ impact on these cells’ frequency and func-
tion was therefore investigated to determine how NP treatment
might reduce allergic symptoms. Following the last OFC in al-
lergic mice treated with i.v. PBS, i.v. OVA NPs, or i.v. OVA,
flow cytometry revealed decreases in the frequency and count of
CD200R+Fc𝜖RI+c-kit− basophils (Figure 5A,B) and Fc𝜖RI+c-kit+

mast cells (Figure 5C,D) in the mesenteric lymph nodes of i.v.
OVA NP-treated and i.v. OVA-treated mice relative to i.v. PBS-
treated controls. Similar i.v. OVA NP-mediated reductions were
observed in the frequency of basophils (Figure 5E,F) and mast
cells (Figure 5G,H) in the SILP. Chloroacetate esterase staining
of mast cells in the small intestine (Figure 5I; Figure S7, Support-
ing Information) revealed a reduced mast cell frequency through-
out the course of challenges in i.v. OVA NP-treated and i.v. OVA-
treated mice compared to i.v. PBS-treated controls (Figure 5J).
These results coincided with significant reductions in serum lev-
els of MCPT-1 released following OFC-induced mast cell de-
granulation in i.v. OVA NP-treated and i.v. OVA-treated mice
(Figure 5K).

4. Discussion

Therapeutic delivery of allergen-encapsulating polymeric NPs ef-
ficiently and effectively reprograms pathological Th2 cell, mast
cell, and basophil responses in food allergic individuals. We re-
port that sensitized food allergic mice treated with only two doses
of allergen-encapsulating NPs display significantly reduced ana-
phylaxis symptoms following OFC. Although an imperfect com-
parison, NP therapeutic outcomes are similar to those from pub-
lished mouse OIT regimens in terms of degree of tempera-
ture drop, anaphylaxis score changes, and reductions in serum
MCPT-1 levels, despite OIT often requiring administration of
multiple allergen doses daily.[44–46] In addition, while previous
application of NPs containing ≈25 μg allergen per mg NPs had
mixed efficacy in therapeutically decreasing symptoms in peanut
allergic mice, we show that increasing NP loading to a capacity
of 40 μg allergen per mg NPs robustly protects recipients from
subsequent anaphylactic symptoms, including temperature drop
and anaphylaxis score. Importantly, despite this increase in NP
loading, i.v. OVA NP delivery does not result in recipient mor-
tality, whereas delivery of equivalent doses of unmasked allergen
causes a mortality rate upwards of 13%. The experiments detailed
in this manuscript also reveal key immunological mechanisms
involved in the induction of pro-tolerogenic responses after AIT

administration. Our results suggest that allergen-encapsulating
NPs, which are rooted in a polymeric NP platform, currently in
phase 2b clinical trials for the treatment of celiac disease, enable
robust anaphylaxis protection with limited dosing requirements
relative to currently available AIT modalities.[17,18]

We investigate the hypothesis that direct internalization of
allergen-loaded NPs by DCs enables reprogramming of the dys-
regulated lymphocyte response in food allergy. Expression of
the marker CD103 (integrin 𝛼E𝛽7), which may denote a tolero-
genic DC subset that induces Tregs in a retinoic acid- and TGF-
𝛽-dependent manner, is higher among NP+ DCs compared to
total DCs in sensitized mice.[31,32] Importantly, CD103+ DCs
also play an important role in the induction of gut-homing
𝛼4𝛽7+ and CCR9+ Tregs, reflecting their necessity in the de-
velopment of natural tolerance to food antigens.[47–51] Allergen-
encapsulating NPs may directly induce tolerogenic APC pheno-
types or they may preferentially associate with CD103+ DCs rela-
tive to CD103− DCs. The former hypothesis is supported by accu-
mulating evidence that exogenous sources of lactic acid, such as
the poly(lactide-co-glycolide) from which our NPs are made, may
metabolically stimulate HIF1𝛼-mediated DC reprogramming to-
ward an anti-inflammatory, pro-tolerogenic phenotype.[20,21,52,53]

Regarding the latter hypothesis, prior studies have demon-
strated that these NPs are phagocytosed via MARCO, a size-
and surface charge-dependent scavenger receptor, on APCs.[10,11]

Interestingly, MARCO expression has been reported to differ
between APCs based on their inflammatory phenotype, and
MARCO-related signaling itself may modulate inflammatory
pathways.[54,55] The site of NP:CD103+ DC interaction is also in
question. NPs may primarily interact with DCs centrally in the
spleen or these interactions can occur at distant sites, followed
by migration to the spleen. Collectively, our findings establish
key mechanisms through which allergen-encapsulating nanopar-
ticles induce tolerogenic immune phenotypes while reprogram-
ming the food allergic immune system.

Allergen-encapsulating NP treatment robustly reprograms the
allergen-specific T cell compartment in food allergic recipients to-
ward a variety of pro-tolerogenic fates. Diverse and dynamic T cell
compartment changes occur with successful AIT-mediated im-
mune reprogramming and are the subject of significant inquiry
in the broader field of food allergy.[3,56,57] Calise et al. recently pub-
lished results showing that OIT reduces Th2A allergen-specific
T effector cells.[58] However, AIT induction of regulatory fates
among pathogenic allergen-specific T cells is generally under-
studied. Our experiments show that NP treatment shifts the
phenotypes of splenic allergen-specific T cells toward regula-
tory fates, including IL-10-producing CD4+CD25+FoxP3+ Tregs,
within 1 week after NP administration; allergen-specific T cells
expressing the anergic markers CD73 and FR4 are also upreg-
ulated, as are PD-1- and CTLA-4-expressing lymphocytes. Over
the course of 3 weeks following these treatments, the relative
frequency of splenic allergen-specific T cells trends downward
in NP recipients compared to PBS-treated mice, suggesting that
a process similar to clonal deletion may play some role in im-
proved OFC outcomes following NP treatment. Following chal-
lenges, allergen-specific Tregs, including functionally suppres-
sive IL-10-producing cells, are observed in the SILP of NP-
treated mice. Our results suggest that tolerogenic T cell fates are
adopted in the spleen, after which, T cells are induced to express
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Figure 5. OVA NP treatment reduces mast cell and basophil frequency, count, and activity in the gut. Mice treated with i.v. PBS, i.v. OVA NPs, or i.v. OVA
were sacrificed at day 60, at which point the mesenteric lymph nodes and SILP were harvested and processed for flow cytometry. A,B) CD200R+Fc𝜖RI+c-
kit− basophils (n= 5–9) and C,D) Fc𝜖RI+c-kit+ mast cells were both reduced in frequency and count among i.v. OVA NP- and i.v. OVA-treated recipients (n
= 5–9). Mast cell frequency and count similarly trended downward. (n = 4–9) (D). E,F) In the SILP, i.v. OVA NPs significantly reduced basophils frequency
(n = 4–9); while, G,H) inducing a non-significant downward shift in basophil count. I) Chloroacetate esterase (CAE) staining of mast cells (scale bar
is 20 μm; arrowheads indicate mast cells) was performed on proximal intestinal tissues harvested at challenges 1, 4, and 7, revealing a trend toward
reduced mast cell frequencies per high powered field (HPF) in i.v. OVA NP-treated mice compared to J) i.v. PBS-treated controls (n = 4). Representative
images for each condition are shown in Figure S7, Supporting Information. K) Serum levels of mucosal mast cell protease 1 (MCPT-1), indicative of
mast cell degranulation levels, were reduced in i.v. OVA NP and i.v. OVA recipients compared to PBS-treated mice at day 59 following challenge (n = 13
for i.v. PBS group, n = 17 for i.v. OVA NP group, and n = 5 for i.v. OVA group). Error bars indicate mean ± SEM; statistical significance was determined
using the Kruskal–Wallis Test with Dunn’s Multiple Comparisons; *p <0.05, **p <0.01, and ***p <0.001.
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gut-homing molecules such as 𝛼4𝛽7 and CCR9, which en-
able subsequent MAdCAM-1- and CCL25-mediated cell entry
into the gut, respectively.[59–63] Prior studies have also demon-
strated a role for CD103+ DCs in the induction of CCR9
expression.[33] NP treatment also increases the frequency of
SILP CD8+CD25+FoxP3+ Tregs, a population that may play
a role in modulating gut IgE responses in food allergic
recipients.[38,64] Taken together, we show that i.v. delivery of
allergen-encapsulating NPs to food allergic recipients results in
the modulation of critical pathogenic T cell populations through
Treg induction, anergy, and clonal deletion.

Throughout the studies shown above, we find that that OVA
encapsulation within poly(lactide-co-glycolide) NPs leads to dis-
tinct differences in T cell responses compared to OVA delivered
intravenously, independent of a polymer particle structure. Dif-
ferences between OVA NP and i.v. OVA may arise from differ-
ences in biodistribution of the NPs relative to free peptide or the
impact of the NP on the phenotype of the cells that internalizes
the NP. Prior to challenge, i.v. OVA NP treatment significantly
increases splenic Treg frequency, IL-10 production, and anergic
marker expression relative to i.v. OVA treatment. After challenge,
when mice have been exposed to allergen via the intestine, i.v.
OVA NP-treated mice appear to have slightly stronger CD4 Treg
phenotypes in the SILP compared to i.v. OVA-treated mice, with
the reverse being true in the spleen. Importantly, IL-10 produc-
tion among SILP CD4+ Tregs increases in i.v. OVA NP-treated
mice relative to i.v. OVA-treated mice. Further study is needed
to determine how i.v. OVA NP and i.v. OVA treatment alter APC
phenotypes in the setting of food allergy. While both i.v. OVA NPs
and i.v. OVA hold clinical efficacy in significantly reducing ana-
phylactic symptoms, i.v. OVA treatment leads to significant mor-
tality risks. Mice surviving i.v. OVA treatment trend toward re-
duced temperature drops and diarrhea incidence following chal-
lenge relative to i.v. OVA NP-treated mice, with the significant
mortality in the group receiving i.v OVA, supporting the need for
new methods to safely deliver allergen. However, differences be-
tween the mechanisms of efficacy of i.v. OVA versus i.v. OVA NPs
require further investigation.

In addition to NPs’ effects on allergen-specific lymphocyte
fate, NP administration also alters the mast cell and basophils
response in food allergic individuals. Allergen-specific IgE dis-
played on the Fc𝜖 receptors of these cells is crosslinked upon al-
lergen encounter, resulting in the release of pre-formed granules
containing allergic mediators.[65,66] Following challenge, both
mesenteric lymph node and SILP basophils are reduced in fre-
quency in NP-treated mice, with mast cell frequencies following a
similar trend. The mechanism behind these decreases is unclear;
NP-mediated changes to the surrounding immune environment
may result in reduced mast cell and basophil proliferation or ac-
cumulation, or direct NP:cell interactions may result in cell re-
programming. The former hypothesis is supported by changes in
the gut T cell compartments, especially with respect to Treg induc-
tion. Studies in food allergic mice receiving OIT demonstrate that
Tregs can suppress mast cell activity through downregulation of
Th2 cytokine production.[67] Mast cell activity, proliferation, and
recruitment are also regulated by IL-9, which can be produced by
T cells, mast cells, and group 2 innate lymphoid cells.[24,68] Finally,
NP reprogramming of the splenic T cell compartment may also
be sufficient to reduce mast cell frequency, given the decrease in

mast cells observed in splenectomized mice.[69] The potential role
of direct NP:cell interactions on mast cell and basophil phenotype
requires further investigation. Overall, the reduction in mast cell
frequencies in NP-treated mice would appear to explain the de-
creased serum levels of mucosal MCPT-1 observed following the
final OFC. However, it is possible that NP treatment may reduce
mast cell activity independent of its effect on cell frequency. Our
results suggest that altered levels of serum allergen-specific anti-
bodies are not responsible for the clinical improvement in aller-
gic symptoms following NP administration, aligning with prior
studies in mice and humans demonstrating that many individu-
als have food-specific IgE but are not clinically allergic.[70,71] Fur-
ther studies are needed to determine whether NPs alter allergen-
specific antibody production in the long term in a clinically mean-
ingful manner. Our results demonstrate that basophil and mast
cell frequency and reactivity without altered IgE production can
effectively contribute to reduced allergic disease.

Our studies demonstrate that polymeric NPs containing en-
capsulated allergen provide a robust and efficient means of
therapeutically reducing food allergy reactivity by reprogram-
ming allergen-specific Th2 cells. NPs may carry out these clin-
ically beneficial effects through their ability to associate with
tolerogenic APCs, namely CD103+ DCs, which in turn have
been shown to induce Treg phenotypes during antigen presen-
tation. In addition to reprogramming allergen-specific T cells to-
ward regulatory fates, NP treatment also promotes anergy and
clonal deletion among splenic allergen-specific T cells. Follow-
ing a course of OFCs, functionally suppressive allergen-specific
CD4+CD25+FoxP3+ Tregs, as well as CD8+CD25+FoxP3+ Tregs,
are present at greater frequencies in the SILP of NP-treated mice.
In addition to their effect on food allergy-relevant T cell compart-
ments, NP treatment reduces basophil and mast cell frequency
in the gut following challenges, likely contributing to the reduc-
tion of mast cell degranulation as measured by serum levels of
mucosal MCPT-1. These results provide an account of some of
the key immunological changes occurring following treatment of
food allergic recipients with a novel, clinically-relevant AIT. These
NPs have the potential to significantly alter the clinical AIT land-
scape due to their robust outcomes and ease of use.
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