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Tissue-Targeted Drug Delivery Strategies to Promote
Antigen-Specific Immune Tolerance

Yuan Rui, Haleigh B. Eppler, Alexis A. Yanes, and Christopher M. Jewell*

During autoimmunity or organ transplant rejection, the immune system
attacks host or transplanted tissue, causing debilitating inflammation for
millions of patients. There is no cure for most of these diseases. Further,
available therapies modulate inflammation through nonspecific pathways,
reducing symptoms but also compromising patients’ ability to mount healthy
immune responses. Recent preclinical advances to regulate immune
dysfunction with vaccine-like antigen specificity reveal exciting opportunities
to address the root cause of autoimmune diseases and transplant rejection.
Several of these therapies are currently undergoing clinical trials,
underscoring the promise of antigen-specific tolerance. Achieving
antigen-specific tolerance requires precision and often combinatorial delivery
of antigen, cytokines, small molecule drugs, and other immunomodulators.
This can be facilitated by biomaterial technologies, which can be engineered
to orient and display immunological cues, protect against degradation, and
selectively deliver signals to specific tissues or cell populations. In this review,
some key immune cell populations involved in autoimmunity and healthy
immune tolerance are described. Opportunities for drug delivery to
immunological organs are discussed, where specialized tissue-resident
immune cells can be programmed to respond in unique ways toward antigens.
Finally, cell- and biomaterial-based therapies to induce antigen-specific
immune tolerance that are currently undergoing clinical trials are highlighted.

1. Introduction

During healthy immunity, the immune system mounts proin-
flammatory responses to clear pathogenic infections while
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maintaining tolerance toward host cells and
tissues. Disruptions to this delicate balance
can lead to autoimmunity, diseases during
which self-reactive immune cells drive in-
flammation and pathology.[1] An estimated
3–5%[2] of the world’s population is af-
fected with autoimmune diseases such as
multiple sclerosis (MS) and type I diabetes
(T1D). Epidemiological data suggest that
the prevalence of autoimmune diseases is
also rising.[3] There is no cure for most au-
toimmune diseases, and currently available
therapies tackle immunological dysfunc-
tion in a nonspecific manner. This can help
slow or suppress autoimmune responses,
but also healthy immunity, leaving patients
susceptible to infections, certain cancers,
and other immunotoxic side effects. Even
monoclonal antibodies, which are molec-
ularly specific for cell populations in au-
toimmune pathogenicity, cannot differen-
tiate between healthy and self-reactive im-
mune cells that express these markers, lead-
ing to nonspecific immunosuppression.[4]

Unwanted immunosuppression is also a
problem for cell or organ transplant recip-
ients, who must undergo lifelong immuno-
suppressant therapy that prevents graft

rejection, but also leaves these patients vulnerable to cancer[5]

and infectious diseases.[6]

Therapies that promote tolerance that is specific to disease-
inducing immune cells while leaving healthy immunity intact
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could be transformative for patients with autoimmune diseases
and transplant recipients. One therapeutic approach to achieve
this goal is targeting only immune cells that react against spe-
cific identifying molecules – termed “antigens” – on host or trans-
planted cells. Promoting antigen-specific tolerance requires redi-
recting the immune responses to these antigens away from in-
flammation using combinations of immune signals such as anti-
gen fragments, small molecule drugs, and other immunomod-
ulatory molecules. This concept presents a unique opportunity
to leverage biomaterial-based drug delivery vehicles, which of-
fer tunable combinatorial immune signal loading and controlled
drug release.[7,8]

Another important consideration is design strategies to target
cargo to specific immunological tissues or resident immune cell
populations. Immune cell programming occurs in specialized
lymphoid organs such as the spleen and lymph nodes (LNs), as
well as other immunological “hubs” (e.g., lungs, liver, and skin).
These organs provide a niche for high concentrations of immune
cells to encounter each other, as well as large antigen loads.[9]

Biomaterial strategies targeted to these centers for immune re-
programming could promote antigen-specific tolerogenic cell
populations that then circulate systemically and selectively sup-
press autoimmunity or transplant rejection in other parts of the
body.

In this review, we first provide an overview of key immune cell
subsets involved in the induction of immune tolerance, specif-
ically in the context of autoimmunity and transplant rejection
(Section 2). In Section 3, we discuss biomaterial challenges and
applications relevant for selective drug delivery to tissue-resident
immune cell populations. Finally, in Section 4 we highlight and
provide perspective on recent clinical efforts to advance antigen-
specific tolerance in patient trials, including recent biomaterials
strategies.

2. Key Immune Cells Direct the Nature of
Immunity across Autoimmunity and Tolerance

Healthy immunity is orchestrated through a complex interplay
between the innate and adaptive immune systems, as well as
tissue-specific phenomena (Figure 1). When this intricate bal-
ance is disrupted, autoimmune diseases can occur, and both in-
nate and adaptive immune cells play important roles in initiat-
ing autoimmunity and perpetuating self-reactive inflammation.
During healthy immunity, the innate system mounts rapid, but
nonspecific, defenses against invading pathogens. Some of these
reactions against microbial products have been attributed to the
generation of specific autoimmune diseases, which innate im-
mune cells can also exacerbate through localized secretion of in-
flammatory cytokines.[10] On the other hand, adaptive immunity
is highly specific, and the difference between an inflammatory
response to clear infections and healthy self-tolerance is defined
by the specific antigens as well as the immunological context un-
der which antigens are presented. The majority of our knowledge
on autoimmunity centers on the role of the adaptive responses,
which include auto-antibody secretion by self-reactive B cells, di-
rect host tissue destruction by CD8+ cytotoxic T cells, and inflam-
matory cytokine secretion by CD4+ helper T cells. In this section,
we describe several immune cell populations involved in adaptive

immunity and their roles in orchestrating autoimmunity. While
this list is by no means comprehensive, it highlights key popula-
tions to which bioengineers are designing targeted drug delivery
strategies to facilitate antigen-specific tolerance—the topic of the
subsequent sections.

2.1. Dendritic Cells

Dendritic cells (DCs) are professional antigen-presenting cells
(APCs) that act at the interface between the innate and adaptive
immune systems. DCs process and present antigens to lympho-
cytes – such as T cells and B cells – residing in specialized or-
gans including the spleen that coordinate immune cell interac-
tions (Figure 1a). DCs provide additional signaling to direct T
cell function toward immunity or tolerance. Many of these same
processes also occur in LNs, such as the B cells processes dis-
cuss later below. DCs regulate healthy immunity by recogniz-
ing pathogen associated molecular patterns on bacterial and vi-
ral pathogens, inducing T cells and natural killer cells to clear
infections.[11] Significant evidence demonstrated DCs are also in-
timately involved in autoimmunity.[12] For example, in MS, DCs
contribute to disease induction through self-antigen presentation
and inflammatory cytokine secretion, leading to the expansion of
pathogenic T cell subsets.[13,14]

DCs have also been shown to be critical in the induction
of self-tolerance by supporting the differentiation, proliferation,
and persistence of antigen-specific regulatory B cells[15] and T
cells.[16,17] Specifically, tolerogenic DCs have been identified as
DCs that express surface MHC-I or MHC-II molecules but have
low levels of costimulatory molecule expression; this allows them
to present antigen without activating inflammatory effector T cell
responses, a process that is key to inducing and maintaining self-
tolerance.[18] This process is important in preventing inflamma-
tion in organs where a large number of antigens are sampled.
One example are lung DCs that sample a diverse array of air-
borne antigen without causing tissue damaging inflammation
(Figure 1b). Many biomaterials are currently being developed to
recruit and upregulate these tolerogenic DC and APC popula-
tions for tolerance induction (see Section 3).

The capacity for tolerogenic DCs to program antigen-specific
regulatory T cells to treat autoimmune disease has also been ex-
plored in early-phase clinical trials. In a phase 1b clinical trial,
Zubizarreta et al. extracted DCs from patient blood and cultured
them with the anti-inflammatory drug dexamethasone as well as
peptide antigens implicated in MS or autoimmune neuromyeli-
tis optica.[19] Upon infusion back into the patient, these engi-
neered tolerogenic DCs were well-tolerated, and patient periph-
eral blood mononuclear cells (PBMCs) showed significantly in-
creased anti-inflammatory cytokine IL-10 secretion in response
to ex vivo antigen re-stimulation. Additionally, regulatory T cell
levels were also found to be increased 12 weeks following treat-
ment. These promising results demonstrated that tolerogenic
DCs upregulated several indicators of systemic tolerance in hu-
man patients and that these responses were antigen specific. A
similar study using tolerogenic DCs loaded with proinsulin pep-
tide antigen demonstrated safety and feasibility in T1D patients
(see Section 4 below for more human trial research on antigen-
specific tolerance approaches for autoimmunity).[20]
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Figure 1. Secondary lymphoid organs coordinate immune cell interactions to support the development of key immune functions. Tissues contain
specialized resident immune cells that protect against infection and tissue damage. A) The spleen is the largest secondary lymphoid organ thus a key
part of immune development. The spleen filters aged red-blood cells from circulation providing APCs – macrophage and dendritic cells – to diverse
blood born antigens. APCs can then present antigen along with costimulation to naïve T and B cells to support tolerance or inflammation. B) APCs in
the lung sample inhaled air for disease-causing organisms while preventing inflammation through the secretion of tolerance associated cytokines. This
process is important to prevent inflammation-driven damage to sensitive lung tissue. C) LNs are secondary lymphoid organs dispersed throughout the
body. In these tissues, APCs engage resident lymphocytes such as T cells and B cells. LNs also provide structured microdomains, such as the important
B cell developmental domain – germinal center. There B cells interact with T cells, proliferate, and develop into high affinity antibody producing or
memory cells. B cells undergo selection pressure with self-reactive or low affinity cells undergoing apoptosis. D) The skin provides protection by offering
a physical barrier rich in tissue-resident APCs. These APCs, called Langerhans Cells (LCs), are important in regulating the balance between tolerance
and inflammation. One way that LCs do this is by secreting large amounts of cytokines and rapidly migrate to draining LNs where they support the
development of T cells. E) The liver filters blood from the gut. Liver-resident debris clearing cells known as Kupffer cells are important in this process.
These cells effectively degrade antigen without stimulating a potent immune response. Simultaneously, liver sinusoidal endothelial cells present antigen
without costimulation to promote the development of regulatory T cells. Figure created with Biorender.

2.2. B Cells

Upon exposure to cognate antigen, B cells enter specialized zones
in secondary lymphoid organs – including LNs – known as ger-
minal centers to evolve antibodies with higher binding affin-
ity for the antigen.[21] This process is crucial for the genera-
tion of robust antibody responses and durable immunological
memory against pathogenic infection and during vaccination
(Figure 1c).[22,23] During autoimmunity, the same process can

be misdirected toward self-antigens to generate auto-antibodies,
which numerous studies have shown are critical in the patho-
genesis of autoimmune diseases. In MS, for example, cross-
reactive B cells may be the pathogenic driver of a 32-fold increase
in MS risk observed in people who have previously contracted
Epstein-Barr virus (EBV).[24] Lanz et al. demonstrated that anti-
bodies reactive against the central nervous system protein Glial-
CAM isolated from MS patients were cross-reactive against the
EBV transcription factor EBNA1, providing a mechanistic link
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between MS and EBV infection.[25] CD19/CD20 antibodies de-
signed to deplete B cells have shown improved outcomes in pa-
tients with autoimmune optical neuromyelitis[26] and MS,[27] fur-
ther demonstrating their pathogenic role in autoimmunity. On
the other hand, regulatory B cell subsets have been shown to se-
crete anti-inflammatory cytokine IL-10[28] and suppress autoim-
munity in mouse models of rheumatoid arthritis.[29,30] As further
mechanisms of B cell pathogenesis are revealed, biomaterial ap-
proaches to promote tolerance through regulation of autoreac-
tive B cell populations are currently under investigation. Further-
more, strategies to induce tolerance through promotion of regu-
latory B cell subsets are also being evaluated in clinical trials (see
Section 4)

2.3. T Cells

There are two main subclasses of T cells: CD8+ cytotoxic T cells
and CD4+ helper T cells. CD8+ T cells directly kill damaged
or infected host cells. CD4+ helper T cells coordinate immu-
nity through inflammatory cytokine secretion and activation of
macrophages, B cells, and other T cells. While T cell immu-
nity is critical in protecting against infection, self-reactive T cells
drive pathology in many autoimmune diseases. CD8+ T cells de-
stroy insulin-producing 𝛽-cells in T1D,[31] while myelin-reactive
CD4+[32] and CD8+[33,34] T cells contribute to demyelination of
the central nervous system in MS. On the other hand, regulatory
T cells (TREGS) are a specialized subset of CD4+ T cells that pro-
mote self-tolerance through the secretion of anti-inflammatory
cytokines,[35,36] as well as through contact-dependent suppression
of self-reactive immune cells.[37,38] Interactions with tolerance
promoting antigen presenting cells can cause CD4+ T cells to de-
velop regulatory functions. For example, Langerhan cells (LCs)
are key immune cell populations residing in the skin that surveil
for pathogens. Simultaneously, these cells protect the skin from
damage due to an unrestrained immune response. One-way LCs
regulate the balance between immunity and tolerance is through
a rapid response to antigen. Upon encountering an antigen, these
cells can rapidly migrate to the draining LN and either promote
the development of effector T cells or secrete cytokines support-
ing TREG phenotype (Figure 1d). Loss of TREG immunosuppres-
sive function has been shown to be a major pathogenic mecha-
nism during MS and T1D,[39,40] prompting several early-phase
clinical trials to investigate the protective efficacy of patient-
derived TREG therapies. In these therapies, the patient’s own poly-
clonal TREGS – TREGS with T cell receptors that recognize a diverse
array of antigens – were expanded ex vivo and infused back into
the patient (a process known as adoptive transfer therapy). Early
studies have shown good safety profiles in transplantation[41,42]

and T1D.[43] While the studies above demonstrate that polyclonal
TREGS may protect against autoimmune disease, preclinical data
suggest that antigen-specific TREGS may be more efficient at con-
trolling pathological immune dysregulation.[44,45] This is likely
due to the increased propensity for antigen-specific TREGS to mi-
grate toward and expand in tissues containing high concentra-
tions of cognate antigen, which are usually sites of autoimmune-
mediated inflammation. This leads to more potent and persistent
control of autoimmune inflammation localized to areas under at-
tack by pathogenic immune cells.[46]

The tolerogenic efficacy of antigen-specific TREGS have recently
been tested clinically in allogeneic hematopoietic stem cell trans-
plantation (HSCT), which involves infusing donor blood cells
into a genetically dissimilar recipient. Because of the geneti-
cally encoded immunological mismatch between donor and host,
transplant patients are susceptible to graft-versus-host disease,
in which transplanted immune cells recognize host antigens
(termed “alloantigens”) as foreign and mount a systemic inflam-
matory response. In a phase I clinical trial, Chen et al. demon-
strated that donor-derived TREGS could be engineered to be spe-
cific for host alloantigens by ex vivo coculture with tolerogenic
DCs extracted from the host.[47] These alloantigen-specific TREGS
persisted in the peripheral blood of allogeneic HSCT recipients
up to 1 year after transplant, showed upregulation of immune
suppressive markers such as CTLA-4 and PD-1, and secreted
IL-10, warranting further efficacy trials in suppressing graft-
versus-host disease. While TREGS-based cell therapies have shown
promising results, many failed trials highlight the challenges that
remain in achieving robust efficacy. One such obstacle is the pu-
rification and ex vivo expansion of antigen-specific TREGS, which
has a very low frequency in the peripheral blood.[48] Strategies to
generate and expand antigen-specific TREGS by reprogramming
the patient’s own immunological organs abrogates this expensive
and time-consuming ex vivo cell culture process. Biomaterials
that provide precise spatiotemporal control over immunomod-
ulatory signal delivery to polarize patient immune cells toward
regulatory phenotypes such as TREGS are actively under investiga-
tion in preclinical studies.

3. Biomaterials Have Unique Features to Target
Tissue-Specific Immune Cells for Tolerance

In the previous section, we described several important im-
mune cell populations that are involved in orchestrating antigen-
specific tolerance. Strategies that leverage the body’s inherent
ability to program immune cells toward tolerogenic phenotypes
are an exciting approach that may overcome shortcomings in ex-
isting therapies. Biomaterials facilitate this process by enabling
precision delivery of combinatorial immune cues to specific lo-
cations in the body. Several preclinical studies have used bio-
material drug delivery approaches to reprogram immunological
niches where immune cells naturally encounter antigens and re-
ceive signals specifying their responses. Although these targeted
delivery areas (e.g., LNs and spleen) are often distinct from the
sites where autoreactive cells are actively causing inflammation
(e.g., CNS in MS, pancreas in T1D), they serve as immunologi-
cal hubs where antigen-specific regulatory cells can be mass pro-
duced and deployed systemically. In this section we highlight bio-
material design strategies for targeted drug delivery to traditional
and emerging immune tissues and other relevant organs to pro-
mote antigen-specific tolerance.

3.1. Liver

The liver is the largest internal organ in the body and plays a cen-
tral role in metabolism and detoxification. Processing 30% of the
total blood volume every minute,[49] the liver encounters antigens
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deriving both from the gastrointestinal tract as well as arterial
blood. This allows the liver to play a key role in immune surveil-
lance as resident immune cells must clear pathogens deriving
from the gut as well as systemic circulation. This organ is well-
equipped in this capacity, containing the single largest population
of macrophages (residential Kupffer cells) and the greatest den-
sities of natural killer cells.[49] On the other hand, the liver is also
intimately involved in inducing tolerance to dietary and commen-
sal antigens. Resident APCs such as Kupffer cells and liver sinu-
soidal endothelia cells (LSECs) are key players in mediating liver
tolerance.[50] In particular, Kupffer cells clear cellular debris from
the liver without stimulating an inflammatory response. LSECs
present antigen to CD4+ T cells via MHC-II but express low levels
of costimulatory molecules. This combination of antigen without
costimulation makes LSECs a main driver in the development of
TREGS (Figure 1e).[51,52]

Most biomaterial drug delivery vehicles designed to target
liver immune cells are nanoparticles (NPs) administered intra-
venously (IV) to take advantage of the high blood flow volume
through this organ. NPs can be decorated with ligands that
are highly expressed on liver immune cells to enable receptor-
mediated active targeting. Liu et al. demonstrated the feasibility
of this approach by modifying the surface of polymeric NPs with
ligands targeting scavenger and mannose receptors[55] or stabilin
receptors,[56] which are highly expressed on LSECs. The authors
showed that while NPs in the 200–300 nm range accumulated
almost exclusively in the liver, targeting ligands were necessary
for antigen colocalization with LSECs. These and other similar
studies have motivated the design of NPs decorated with sugar[53]

or antibody[57,58] ligands for active targeting of liver-resident im-
mune cells.

Ligand-mediated active targeting of liver immune cells could
also be done in a carrier-free manner. This approach has the
advantages of delivering a higher density of tolerizing im-
mune signals per mass of administered materials as well as
eliminating potentially immunostimulatory effects of the car-
rier material itself.[59,60] Wilson et al. demonstrated carrier-
free liver targeting by modifying protein and peptide antigens
with polymeric forms of N-acetylgalactosamine (GalNAc) or N-
acetylglucosamine (GluNAc), which enable them to bind to C-
type lectins on Kupffer cells, LSECs, and hepatocytes.[53] The au-
thors found that 3 hours after IV administration, synthetically
glycosylated ovalbumin (OVA) accumulated in the liver at a 2-fold
higher level compared to un-glycosylated OVA. Two IV adminis-
trations of GluNAc-conjugated p31 peptide, which is the disease-
relevant antigen in the BDC2.5 T-cell adoptive transfer model of
T1D, maintained normal blood glucose for the duration of the
experiment, while mice receiving unmodified p31 peptide devel-
oped hyperglycemia after just 7 days (Figure 2A–C). The authors
attributed this therapeutic efficacy to the induction of a signif-
icant population of TREGS in the spleen, highlighting the poten-
tial of liver-targeted technologies to drive systemic tolerogenic re-
sponses.

Alternatively, biomaterial properties can be tuned to enable
passive targeting. Saito et al. demonstrated that peptide antigen-
carrying polymeric nanoparticles synthesized using poly(d-
lactide) (PLA) enabled significant, though incomplete, protec-
tion against a mouse experimental autoimmune encephalomyeli-
tis (EAE) model of MS with IV administration of a low par-

ticle dose of 1.5 mg per mouse.[54] Curiously, this protection
was not observed when particles were formulated with poly(dl-
lactide-co-glycolide) (PLG) despite both sets of particles exhibit-
ing similar biophysical characteristics (≈400 nm z-average diam-
eter, −40 mV zeta-potential, and 2.5 μg peptide loaded per mg of
particle) and similar peptide release kinetics. The authors found
that compared to PLG particles, PLA particles persisted longer in
the liver and increased liver fractions of inflammatory IFN-𝛾+ or
IL-17+CD4 T cells (Figure 2D,E). Thus PLA particles are thought
to protect against EAE by sequestering pathogenic T cells in the
liver and inhibiting their migration to the CNS to induce disease.

Other studies have shown that up to 99% of systemically-
administered NPs reach the liver,[61] making hepatically tar-
geted delivery systems highly attractive and relatively feasible.
However, in order to remain immunologically active, biomate-
rial design strategies must avoid clearance by Kupffer cells and
reach tolerogenic immune cell populations (i.e., hepatocytes and
LSECs) once inside the liver. Future strategies to enable both
these goals could benefit from NP surface engineering to ma-
nipulate surface charge. In particular, zwitterionic surface coat-
ing has been shown to improve NP circulation time[62] as well as
selective targeting to the liver,[63] and may be a promising drug
delivery approach to liver-resident immune cell populations for
tolerance induction.

3.2. Lungs

In their vital function as organs of gas exchange, human lungs
inhale almost 11 000 L of air daily containing heavy loads of
airborne antigens and pathogens. Lung-resident immune cells
are heavily involved in maintaining healthy immunity against
pulmonary infections as well as tolerance against harmless in-
haled antigens. For example, lung-resident CD11b+ DCs have
been shown to play a central role in promoting tolerance to pul-
monary antigens in neonatal development in a process partly reg-
ulated by the expression of immunomodulatory costimulatory
molecule PD-L1.[64] Another group of tolerogenic lung-resident
APCs is alveolar macrophages, which have been shown to induce
TREGS after exposure to airborne antigens.[65,66] This is due to their
high baseline expression of anti-inflammatory cytokine TGF-𝛽
and retinal dehydrogenases, which catalyzes the production of
retinoic acid to generate inducible TREGS.[67] Lung-resident im-
mune cells may also be involved in orchestrating autoimmunity
as myelin-reactive T cells have been reported to undergo genetic
reprogramming in the lungs and lung-draining LNs, a process
that is required for pathogenic T cells to enter into the CNS and
induce disease in a rat EAE model.[68]

The large population of specialized lung-resident immune
cells that can be reprogrammed toward potent systemic toler-
ance is one of several advantages of lung-targeted drug deliv-
ery. The physiological structure of the lungs provides a large
surface area through which drugs can be readily absorbed and
transported directly into the bloodstream. This reduces first-pass
metabolism by the liver, which significantly reduces the bioavail-
ability of orally administered drugs.[69] Finally, inhalation deliv-
ery is painless and noninvasive, which has the added benefit of
enhancing patient compliance.
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Figure 2. Direct intra-LN injection of PLGA MPs enable sustained release of immune signals and systemic tolerance. A) Whole animal imaging of
untreated mouse (control) and mouse with intra-LN injection of fluorescently labeled MPs (i.LN) 24 h post-injection. B) Intra-LN injection of MPs
encapsulating fluorescently labeled immune adjuvant polyIC (MP-polyIC) enabled longer signal retention in LNs compared to soluble polyIC or polyIC
encapsulated in nanoparticles (NP-polyIC). C) A single intra-LN injection of MPs encapsulating MOG peptide antigen and Rapamycin (MOG/Rapa MP)
at peak disease permanently reversed paralysis in mouse EAE. D) Therapeutic efficacy of MOG/Rapa MPs required direct intra-LN injection (i.LN.); no
significant protection was seen when the same dose of MPs was injected intramuscularly (i.m.). E) Intra-LN injection of MPs restrained inflammatory
cell infiltration into the CNS as demonstrated by immunofluorescent analysis of spinal cord sections showing CD3 expression. Scale bar, 10 μm. F)
MOG/Rapa MP treatment increased TREG frequencies in nontreated LNs and spleen. (A,B) Adapted with permission.[94] Copyright 2011, PNAS. (C–F)
Reproduced with permission.[95] Copyright 2016, Cell Press.

Although pulmonary delivery of soluble immune signals have
been used to demonstrate efficacy in mouse EAE models,[71]

most preclinical studies have relied on NP encapsulation of im-
munomodulatory cues. This may be due to the fact that solu-
ble antigen has been shown to clear the lungs rapidly follow-
ing pulmonary delivery, while antigen encapsulated in particu-
late form shows nearly 75% retention in the lungs after 1 day.[72]

Recent studies have shown that NP retention time in the lungs is
predominantly determined by NP size. Haque et al. tracked the
fate of poly(lactide-co-glycolide) (PLGA) NPs following intratra-
cheal (IT) administration and found that nearly 40% of 400 nm
NPs could still be detected in lung tissue after 7 days while
50 nm NPs were almost completely cleared.[73] To enable sus-
tained pulmonary antigen release, Saito et al. engineered PLGA
NPs around 350 nm in size (Figure 3A) loaded with a disease-
relevant myelin proteolipid protein fragment (PLP139-151).[70] Flu-
orescent signal from Cy5.5-labeled NPs was still detectable in

lung tissue 14 days after IT administration (Figure 3B), which is
consistent with biodistribution studies reported by other groups
using PLGA NPs with similar biophysical properties.[73] IT ad-
ministration of NPs encapsulating PLP peptide (nano-PLP-IT)
delayed EAE disease onset by 1 week compared to IV injection
of the same dose of NPs (nano-PLP-IV; Figure 2C). As IV injec-
tions led to high NP accumulation in the liver and spleen, the au-
thors attributed this difference in disease kinetics to faster NP in-
ternalization and processing by lung-resident APCs compared to
APCs in the liver and spleen. Mechanistically, the authors showed
that nano-PLP-IT treated animals showed 2-fold higher accumu-
lation of T cells and B cells in the lungs and negligible infiltration
of these immune cells into the CNS compared to nanoparticles
loaded with irrelevant OVA peptide (Figure 2D). This indicates
that therapeutic protection was achieved in part by redirecting
pathogenic immune cells away from the CNS to prevent autoim-
mune pathogenicity. Additionally, Nano-PLP-IT promoted lung

Adv. Healthcare Mater. 2023, 12, 2202238 2202238 (6 of 16) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Liver-targeting biomaterials protect from autoimmune disease by pathogenic cell sequestration and TREG upregulation. A) Treatment strategy
for liver-targeting synthetically glycosylated p31 antigen peptide in a mouse T1D model. B) Glycosylated antigen (p31-p(GluNAc)) treatment protected
mice from T1D-induced hyperglycemia. C) Therapeutic efficacy was partly due to higher fractions of TREGS induced by p31-p(GluNAc) compared to un-
glycosylated peptide. D) Biomaterial carrier properties can have inherent tolerizing capabilities as PLA nanoparticles carrying antigen (agPLA) maintain
longer liver residence time than analogous PLG nanoparticles (agPLG-L). E) agPLA sequestered inflammatory T cells in the liver. (A–C) Adapted with
permission.[53] Copyright 2019, Springer Nature. (D,E) Adapted with permission.[54] Copyright 2019, Elsevier.

accumulation of MHC-II+ APCs that do not express the costimu-
latory molecule CD86 (Figure 3E). This resulted in the induction
local T cell anergy, a type of tolerance in which T cells cognate for
a specific antigen can no longer mount an immune response.

While the studies described here present compelling evidence
that drug delivery to the lungs can induce potent systemic tol-
erance, IT administration is rarely used in human patients and
more clinically relevant pulmonary delivery systems are needed.
Recent advances in polymeric and lipid gene delivery materials
have demonstrated that nanoparticles encapsulating mRNA can
be nebulized and delivered to mice through inhalation, achiev-
ing gene expression localized nearly exclusively to the lungs.[74,75]

These innovations in noninvasive pulmonary delivery technolo-
gies could be exploited for more translational delivery of pro-
tein or peptide antigens to enable antigen-specific tolerance in
autoimmune diseases. Alternatively, biomaterials could be en-
gineered to accumulate in the lungs following IV administra-
tion. Recent studies have shown that surface modification with
cationic lipids[63] or ligands that allow NPs to hitchhike on red

blood cells[76] enhance pulmonary accumulation of systemically
injected biomaterials. Future work could adopt these strategies
for lung-targeted drug delivery materials to induce immune tol-
erance.

3.3. Spleen

Unlike the previous two organs, which contain large numbers of
resident immune cells but mainly serve nonimmunological func-
tions, the spleen is a specialized immunological organ. In fact,
the spleen is the largest secondary lymphoid organ and serves two
main purposes: 1) hematopoiesis (generation of new blood cells)
and extraction of aged or dead red blood cells from circulation;
2) facilitating interactions between APCs and lymphocytes.[77]

The spleen plays a central role in mounting active immunity
against pathogens but has also been implicated in sustaining
TREG-mediated tolerance in transplant models.[78] For example, in
human multivisceral transplants where the stomach, pancreas,

Adv. Healthcare Mater. 2023, 12, 2202238 2202238 (7 of 16) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Antigen-loaded NPs provide protection against EAE in mice after pulmonary delivery. A) Representative SEM image of PLGA NPs encapsulating
PLP antigen (Nano-PLP). B) Cy5.5-labeled NP signal remained detectable in the lungs at least 14 days after intratracheal administration. C) Intratracheal
administration of Nano-PLP (Nano-PLP-IT) delayed disease onset of EAE compared to animals receiving the same dose of Nana-PLP administered
IV (Nano-PLP-IV). Therapeutic efficacy of Nano-PLP-IT could be attributed to D) sequestration of T cells and B cells in the lungs and away from the
site of pathogenesis in the CNS as well as E) increased anergy (as indicated by MHCII+CD86− expression) among lung-resident APCs. Adapted with
permission.[70] Copyright 2020, American Association for the Advancement of Science (AAAS).

intestine, and liver are transplanted en bloc, cotransplantation
of donor spleen has been shown to have a moderate protective
effect against graft-versus-host disease.[79] Owing to its role in
blood filtration and immune surveillance, the spleen is a highly
vascularized organ, and the majority of spleen-targeted drug de-
livery materials are administered IV. In this section, we discuss
passive spleen targeting strategies relying on biomaterial physio-
chemical properties as well as active targeting strategies based on
receptor-mediated interactions that have been used preclinically
to modulate splenic APCs toward tolerogenic phenotypes.

Passive spleen targeting can be achieved by engineering nano-
materials with anionic surface charge and has been established in
lipid-based systems[63] as well as polymeric NPs.[80] Jamison et al.
encapsulated insulin peptide antigen in anionic PLGA NPs and
demonstrated targeted delivery to spleen APCs. These antigen-
bearing NPs were shown to protect insulin-producing pancre-
atic islets by redirecting pathogenic T cell trafficking toward
the spleen in a mouse T1D model.[80] The Kishimoto lab engi-
neered PLGA NPs encapsulating antigen peptide and the small
molecule immunomodulator Rapamycin. Upon IV administra-
tion, these NPs induced durable, antigen-specific tolerance via
splenic APC reprogramming in several mouse models of autoim-

mune diseases.[81,82] Compared to the studies by Jamison et al.,
the addition of encapsulated Rapamycin was found to be neces-
sary in promoting antigen-specific TREGS, which provided more
durable protection.

Instead of delivering antigen in peptide form, Krienke et al.
used slightly anionic lipid NPs to deliver mRNA encoding anti-
gen to splenic CD11c+ APCs (Figure 4A). The authors found that
modifying the mRNA molecules with 1-methylpseudouridine
(m1Ψ mRNA) reduced the inherent inflammatory properties of
synthetic single-stranded mRNA. As a result, splenic T cells from
m1Ψ mRNA NP-treated animals secreted significantly less in-
flammatory IFN𝛾 upon restimulation with cognate antigen (Fig-
ure 4B). To test the tolerogenic efficacy of this technology, mice
induced with EAE were given two IV injections of NP deliv-
ering m1Ψ mRNA encoding disease-relevant myelin oligoden-
drocyte glycoprotein peptide (MOG35-55) before disease onset.
Among MOG-specific splenic CD4+ T cells that expanded as a re-
sult of treatment, >50% were TREGS (Figure 4C. This population
of antigen-specific TREGS provided significant protection against
EAE (Figure 4D).[83]

Active targeting strategies have also demonstrated protective
efficacy in preclinical animal models. Pishesha et al. covalently
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conjugated antigen to single-domain antibody fragments that
recognize MHC-II, which is expressed by all professional APCs.
A single IV administration of these complexes alleviated disease
in mouse models of EAE, T1D, and rheumatoid arthritis in a
splenic CD11c+DC-dependent manner.[85] Rather than choosing
a specific targeting ligand, the Miller lab targeted splenic APCs by
leveraging the spleen’s involvement in clearing apoptotic debris.
Apoptotic clearance is a natural process for maintaining healthy
self-tolerance that is primarily mediated by specialized splenic
marginal zone macrophages.[86,87] To target these cells, the Miller
lab engineered apoptotic splenocytes coupled to antigen (Ag-SP).
Ag-SP accumulated in the spleen within 30 minutes of IV infu-
sion, where they were taken up by macrophages in the marginal
zone. Tolerance was induced by IL-19 production by and PD-L1
expression on macrophages, but long-term maintenance of tol-
erance required activation of TREGS.[88] The same group recently
published follow-up studies in nonhuman primate models of
islet transplantation and found that infusion of apoptotic donor
leukocytes (ADLs) along with a short-term immunosuppressant
therapy protected MHC-I mismatched islet allografts from rejec-
tion in 5 of 5 rhesus macaques for greater than 1 year (Figure
4E–G). This efficacy was attributed to ADL inhibition of effector
memory T cells as well as nearly 2-fold upregulation of several
suppressive T cell subsets.[84]

The efficiency of future spleen-targeted biomaterials admin-
istered via the IV route could be enhanced by engineering the
interactions between the materials and serum proteins. Recent
studies have demonstrated that serum proteins adsorb onto the
surface of NPs immediately upon IV injection to form a pro-
tein corona, which heavily dictates NP interactions with cells
and tissues.[89,90] NP surface modification with the helper lipid
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), for example,
has been shown to preferentially target lipid NPs to the spleen
due to reduced interactions with apolipoprotein E.[91] Similar
strategies for spleen targeting by modulating the protein corona
composition on NP surfaces could help reduce the therapeutic
dose of immunomodulatory signals and lower the risk of off-
target effects.

3.4. Lymph Nodes (LNs)

LNs are secondary lymphoid organs with highly specialized mi-
croenvironments that determine effector immune cell responses.
The large number of cells and antigens travelling through drain-
ing LNs provide a high concentration of antigens and APCs. This
facilitates antigen presentation and priming of naïve lympho-
cytes into effector T cells and B cells. While the antigens pre-
sented determine the antigen specificity of mature effector cells,
other signals provided in the LN milieu educate lymphocytes to-
ward immunity or tolerance. Simon et al. reported that stromal
laminin expression in LNs direct T cell differentiation, with low
laminin 𝛼4:𝛼5 ratio driving immunity and high ratios driving
tolerance.[92] The dynamics of DC-T cell interactions have also
been shown to be important as prolonged interactions between
T cells and DCs lead to pro-inflammatory CD8+ T cell activa-
tion while brief contact may contribute to the induction of T cell
tolerance.[93]

Many LN-targeting biomaterial strategies have relied on size-
mediated passive drainage[96,97] or active receptor-mediated tar-
geting of residential APC populations.[98] Galea et al. synthesized
≈100 nm liposomes encapsulating antigen and immunomodu-
latory small molecule calcitriol to target LNs via passive drain-
ing. They found increased PD-L1 and decreased MHC-II expres-
sion in DCs in the draining LNs, which effectively suppressed
effector T cells while inducing antigen-specific TREGS to produce
IL-10.[99] Maulloo et al. reported that antigens directly conju-
gated to GluNAc sugar molecules improved retention in drain-
ing LNs after subcutaneous administration, increased antigen
uptake and presentation by LN APCs, and promoted tolerance via
CD4+/CD8+T cell anergy and TREGS induction.[100] Interestingly,
the same research group previously reported that IV administra-
tion of similar synthetically glycosylated antigens accumulated in
the liver to induce tolerance via hepatic APC reprogramming,[53]

highlighting the importance of administration route as a part of
the design considerations for targeted biomaterial delivery strate-
gies.

In contrast to the above strategies, which aim to target drain-
ing LNs after systemic administration of biomaterial vehicles, our
lab has taken the approach of directly injecting biomaterial de-
pots into LNs. This strategy physically localizes immunomod-
ulatory cues to treated LNs, which concentrates these signals
to the sites of immune cell reprogramming without exposure
to other tissues. Intra-LN (i.LN) injections in preclinical mouse
models are enabled by subcutaneous injections of a tracer dye,
which drains to and allows for visualization of mouse inguinal
LNs.[101] Direct i.LN injection of PLGA microparticles (MPs) en-
capsulating a TLR agonist showed nearly 4-fold higher signal re-
tention at 96 hours postinjection compared to injected soluble
TLR agonist (Figure 5A,B).[94] MPs encapsulating MOG antigen
peptide and Rapamycin inhibited inflammatory T cell infiltra-
tion into the spinal cord and promoted systemic antigen-specific
TREGS.[95] A single i.LN MP injection at peak disease permanently
reversed paralysis in a mouse EAE model (Figure 5C–F). Inter-
estingly, therapeutic protection was completely abrogated by in-
jecting a matching dose of MPs intramuscularly. These studies
demonstrated that local LN reprogramming through controlled
release of immune signals from biomaterial depots can drive sys-
temic, antigen-specific tolerance. In an open-label clinical trial,
3 i.LN injections of grass pollen allergen over 2 months was
shown to be more effective at ameliorating IgE-mediated allergies
than conventional treatment of 54 subcutaneous injections over
3 years even though the subcutaneous group received >1000-
fold more cumulative allergen dose.[102] This study demonstrates
that robust and systemic immunomodulatory responses could be
achieved in translatable i.LN injections in humans. Combining
this localized injection route with controlled-release biomaterials
could enable potent immune regulatory efficacy without harmful
systemic exposure to powerful immune cues or drugs. Figure 5

Biomaterials that could be administered systemically, selec-
tively drain to LNs, and persist there for sustained immunomod-
ulation could be an interesting direction for future study.
This could be achieved using self-assembly materials, which
form intricate structures driven by hydrophobic or electrostatic
interactions.[103] Self-assembled materials are particularly rele-
vant for LN targeting because while materials <40 nm in diam-
eter have been shown to enhance drainage into LNs,[96,104] they
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Figure 5. Spleen-targeting biomaterial therapies offer protection in preclinical models of autoimmune disease and transplantation. A) Lipid nanoparticles
carrying modified (m1Ψ) or unmodified (U) mRNA enable strong gene expression in the spleen. B) IFN𝛾 secretion was not elevated in CD4+ T cells from
animals treated with MOG35-55-m1Ψ after ex vivo restimulation with MOG35-55 peptide. C) Treatment with m1Ψ mRNA encoding the MOG35-55 peptide
(MOG35-55-m1Ψ) promoted higher antigen-specific TREGS in C57BL/6 mice as analyzed by MOG35-55-tetramer staining. D) Two treatments (black arrows)
of 20 μg MOG35-55-m1Ψ prior to onset of disease prevented EAE-induced paralysis in mice. E) Rhesus macaques receiving apoptotic donor leukocyte
ADL) infusions maintained stable tolerance of MHCI-mismatched pancreatic islet allografts for at least 1 year after engraftment. F) Intact, insulin-
stained donor islets were found only in recipients receiving ADL treatment 1 year post-transplant. G) Graft tolerance was attributed to elevated levels of
circulating regulatory immune cell network. (A–D) Adapted with permission.[83] Copyright 2021, AAAS. (E–G) Adapted with permission.[84] Copyright
2019, Springer Nature.

must assemble into much larger structures to enhance retention
within LNs and prolonged immune signaling. Environmentally
responsive materials that self-assemble into macrostructures in
response to pH,[105] temperature, or light stimuli, could be engi-
neered to enhance LN retention of injected materials.

3.5. Skin

The skin is our first line of defense that not only acts as a physical
barrier but can also serve as a potent immunologic organ. Skin
is composed of two main layers, the epidermis and dermis. The
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epidermal layer contains APCs such as epidermal dendritic cells
and Langerhans cells (LCs). LCs are skin resident macrophages
involved in in situ antigen presentation but also have the unique
capability to traffic to draining LNs.[106] Evidence suggests that
LCs are implicated in skin-mediated tolerance through IL-10 pro-
duction and TREG induction, making them an attractive target for
biomaterial antigen delivery.[107,108] Beneath the epidermis lies
the dermal layer, where blood vessels, neurons, and lymphatic
vessels run throughout to facilitate local inflammation during in-
fection and skin repair.[106] The high concentration of APCs in
the skin makes this organ an attractive target for induction of
antigen-specific tolerance. Using a cynomolgus-macaque model
of EAE, Fovet et al. demonstrated that intradermal injection
of MOG peptide fused to antibodies directed against dendritic
cell receptors protected against disease.[109] This efficacy was at-
tributed to reduced activation of inflammatory effector CD4+ T
cells as well as induction of MOG-specific TREGS, highlighting
that potent, systemic tolerance can be achieved by modulating
skin-resident immune cells. To access these skin-resident im-
mune cells in a more clinically translational manner, researchers
have dived into the use of microneedle (MN) patches, which are
an attractive alternative to hypodermic needles as they can re-
duce trauma at site of treatment, decrease pain, and improve
antigen delivery and retention in the skin.[110] Stainless steel, sil-
icone, and polymer MN formulations have been used to fabricate
coated, solid, and dissolvable microneedles loaded with antigen
or peptide of interest.[107,108,111]

Taking advantage of the abundant population of APCs in the
skin, the Hanna lab applied peptide coated MNs to the skin of
mice to deliver endogenous antigen to induce tolerance in a T1D
model.[110] The authors fabricated arrays of stainless-steel nee-
dles to deliver peptides of varying hydrophobicity and demon-
strated that the more hydrophobic BDC2.5 mimotope showed
longer retention in the skin than the WE14 peptide which had in-
creased water solubility. To test the hypothesis that sustained anti-
gen presentation can promote tolerance induction, islet-specific
BDC2.5 T cells were transferred into NOD mice treated with 2
μg peptide delivered via MN or injected intradermally. After 72 h,
MN treatment elicited a more consistent level of proliferation in
skin draining-LNs compared to intradermal (ID) injections us-
ing the same dose of peptide.[110] These results illustrate that
the larger surface area covered by MN can enable more efficient
antigen delivery to skin-resident LCs and amplify immune re-
sponses.

Sustained release of antigen peptides could be further im-
proved by encapsulating peptides in polymeric nanoparticles be-
fore coating them onto MN’s.[111] MN strategies to enable direct,
sustained antigen delivery to skin APCs were further demon-
strated by the Kim lab. They manufactured microneedle patches
loaded with house dust mite allergen (D. Farinae extract; DfE) to
evaluate its efficacy as a novel allergen specific immunotherapy
to treat atopic dermatitis (AD). 10 μg DfE delivered via MNs was
able to suppress pro-allergic Th2 cytokines IL-4 and IL-13 while
increasing IL-10 production and TREGS.[107] Interestingly, 100 μg
DfE injected subcutaneously was required to achieve similar effi-
cacy to the 10 μg DfE MN patch, with 10 μg DfE subcutaneous in-
jection having no effect. These studies highlight that biomaterial-
based MNs can be used to engineer the large number of skin-
resident immune cells during allergen therapy.

3.6. In Situ Immune Cell Reprogramming

So far, we have discussed design strategies that target biomate-
rials to tissue-resident immune cells in several organs. An al-
ternative strategy is to use biomaterials to recruit immune cells
to the site of injection and engineer immune responses in situ.
The Keselowsky lab engineered such an “artificial immune or-
gan” by using a dual-sized microparticle system to deliver anti-
gen and cytokines. In these studies, PLGA MPs ≈30 μm in diam-
eter were designed to be nonphagocytosable and release GM-CSF
for DC recruitment as well as TGF-𝛽 for tolerogenic reprogram-
ming. Simultaneously, phagocytosable MPs ≈1 μm were used
for intracellular delivery of self-antigen and vitamin-D3, which
induces tolerance by binding intracellular transcription factors.
Upon sub-cutaneous delivery, the larger, un-phagocytosable MP
populations recruited DCs, which phagocytosed and trafficked
smaller MPs to draining LNs. There, these tolerogenic DCs
promoted antigen-specific TREGS to impart protective efficacy in
mouse T1D[112,113] and EAE[114] models. Chen et al. engineered
immune-homeostatic microparticles (IHMs) that induced tol-
erance through immune cell recruitment in circulation. These
IHMs were designed to release monocyte chemotactic protein-
1 to recruit activated T cells, which underwent apoptosis after
binding to Fas ligand decorating the particles. As apoptosis is
a naturally tolerizing process that produces anti-inflammatory
cytokines, IHMs engineered to codeliver self-antigens simulta-
neously depleted pathogenic T cells while expanding antigen-
specific TREGS to reduce disease burden in mouse models of col-
itis, T1D, and EAE.[115]

4. Clinical Perspectives

There are currently no cures for autoimmune disease such as
MS and T1D, and most available treatments are disease modi-
fying therapies aimed at controlling symptoms or slowing dis-
ease progression. In the case of MS, for example, FDA-approved
disease modifying therapies include: generally immunosuppres-
sive anti-inflammatory cytokines (e.g., beta interferons[116]); DNA
synthesis disruptors to inhibit rapidly dividing pathogenic T cells
(e.g., teriflunomide[117]); and monoclonal antibodies for lympho-
cyte depletion (e.g., ocrelizumab,[27] natalizumab[118]). Although
these therapies provide symptom relief to patients, most of them
act through suppressing activated immune cells, which include
pathogenic autoreactive populations but also immune cells in-
volved in fighting cancer or infections. The resulting risks of im-
munocompromise seriously hamper the quality of life of autoim-
munity or organ transplant patients, who need to take these treat-
ments for the rest of their lives.

In response to the challenges discussed above, a steady stream
of therapies that promote antigen-specific tolerance are currently
undergoing clinical testing. Among these, a majority involve ex
vivo engineering of tolerogenic immune cells, which are then
adoptively transferred back into the patient (Table 1). Although
these treatments still need to overcome major hurdles before
reaching the clinic, adoptive cell transfer immunotherapies have
previously demonstrated efficacy in cancer treatment. One such
treatment, the prostate cancer therapy Sipuleucel-T,[119–121] which
consists of autologous DCs stimulated ex vivo to react against
prostate cancer antigen, highlights the therapeutic potential of
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Table 1. Recent clinical trials promoting antigen-specific tolerance.

Design Route Disease Outcome Trial ID Ref.

DC-based therapy Autologous DCs tolerized with
dexamethasone and loaded with
mixture of myeline peptides

IV MS Safety and tolerability; increased IL-10
production after ex vivo antigen
restimulation; increased TREG

frequency

NCT 0228367 [19]

DC-based therapy Autologous DCs tolerized with
vitamin-D3 and loaded with
mixture of myeline peptides

IV or i.LN MS Ongoing NCT 02618902
NCT 02903537

[122]

Apoptotic cell-based
therapy

Autologous PBMCs chemically
coupled to mixture of myelin
peptides

IV MS Safety and tolerability; decrease in
antigen-specific T cell responses

EudraCT
#2008-004408-29

[123]

Apoptotic cell-based
therapy

Donor PBMCs treated with
mitomycin C to induce apoptosis

IV Living donor kidney
transplant

Safety and tolerability; increase in
regulatory B cell frequency

NCT 02560220 [124]

Biomaterial-based
therapy

PLGA NPs encapsulating gluten
protein antigen (gliadin)

IV Celiac disease Reduction in interferon-𝛾 ; reduction in
circulating effector T cells following
14-day gluten challenge

NCT 03738475 [125]

antigen-specific cell therapies. Indeed, several recent clinical tri-
als have engineered tolerogenic autologous DCs using combi-
nations of antigen peptides and tolerizing steroids[19] or small
molecules.[122] Other groups have focused on inducing toler-
ance through apoptotic cell-based therapies, where PBMCs bear-
ing relevant antigens are induced to display tolerizing apoptotic
markers before IV infusion into patients. Lutterotti et al.[123] used
this approach in a first-in-human trial in MS patients by chem-
ically coupling autologous PBMCs to a cocktail of seven myelin
peptides using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
chemistry, which induces cellular apoptosis. In addition to good
safety and tolerability, this phase I trial showed that patients re-
ceiving a dose of >1 × 109 cells saw a decrease in T cell pro-
liferation in response to ex vivo peptide restimulation, suggest-
ing that an antigen-specific tolerizing effect was achieved. Apop-
totic PBMCs also demonstrated promising results in a phase
I trial involving patients receiving living donor kidney trans-
plants. In this study, donor PBMCs (which already expressed rel-
evant donor antigens) were modified ex vivo to undergo apop-
tosis using mitomycin C, an alkylating agent that causes cell
death via DNA transcription inhibition.[124] Patients receiving up
to 1.5×108 cells per kg of body weight prior to kidney trans-
plant in addition to post-transplantation immunosuppression
showed no donor-specific antibodies or rejection episodes, sug-
gesting good tolerability. Compared to control transplantation
cohorts, patients that received apoptotic cell therapy demon-
strated up to 68-fold increases in CD19+CD24hiCD38hi regula-
tory B cells, the majority of which secreted IL-10. Importantly,
patient cells showed no reactivity upon ex vivo restimulation with
donor blood cells at 360 days post-transplantation but preserved
reactivity against third-party cells, indicating that tolerance was
antigen-specific.

Results from some of the first biomaterial-based therapies
have also demonstrated antigen-specific tolerance in early-phase
trials in patients with celiac disease, in which gluten protein in-
duces unwanted immune activation. In this study, negatively-
charged PLGA NPs encapsulating the gluten protein gliadin were
infused into celiac disease patients, who then completed a 14-

day gluten challenge.[125] Patients who received NP treatment
showed an 88% reduction in interferon-𝛾 secretion compared to
placebo, and circulating levels of CD4+, CD8+, and 𝛾𝛿 effector
T cells were also reduced. These promising results suggest that
biomaterial-based therapies could be safe and effective at pro-
moting antigen-specific tolerance in humans. Similar therapies
could be produced by substituting in different antigens to pro-
duce highly translatable, off-the-shelf therapies for other autoim-
mune diseases.

5. Conclusions

Therapeutic strategies enabling antigen-specific immune toler-
ance could be transformative for patients with autoimmune dis-
eases. In the past decade, a small number of exciting cell thera-
pies have demonstrated good tolerability and evidence of antigen-
specific tolerance in human patients, and may be on the hori-
zon for autoimmune disease treatment. Cell therapies are in-
herently complex and expensive to manufacture, however, and
the ultimate goal for autoimmune therapies should be off-the-
shelf therapeutics that direct the body’s own immune cell pro-
gramming and expansion machinery to promote robust, antigen-
specific tolerance. Toward this end, many exciting biomaterial
approaches are currently in development to target immune or-
gans and educate tissue-resident immune cells toward tolerance.
Preclinical studies have demonstrated that these approaches in-
duce tolerance through diverse mechanisms including seques-
tering self-reactive pathogenic cells away from locations where
they induce disease, promoting tolerogenic DCs and TREGS re-
sponses, and leveraging the body’s naturally tolerizing process
for clearing apoptotic debris to induce an anti-inflammatory re-
sponse. Some of these technologies are already in early stages
of clinical translation. Looking ahead, strategies that combine
advances in biomaterials with new findings in autoimmune
pathogenesis[24,25] or self-antigens common in most patients[126]

would greatly facilitate the translation of these technologies to the
clinic.

Adv. Healthcare Mater. 2023, 12, 2202238 2202238 (12 of 16) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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