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Organisms depend upon complex intercellular communication to initiate, maintain, or suppress

immune responses during infection or disease. Communication occurs not only between

different types of immune cells, but also between immune cells and nonimmune cells or

pathogenic entities. It can occur directly at the cell–cell contact interface, or indirectly through

secreted signals that bind cell surface molecules. Though secreted signals can be soluble, they

can also be particulate in nature and direct communication at the cell–particle interface.

Secreted extracellular vesicles are an example of native particulate communication, while

viruses are examples of foreign particulates. Inspired by communication at natural

immunological interfaces, biomimetic materials and designer molecules have been developed to

mimic and direct the type of immune response. This review describes the ways in which native,

biomimetic, and designer materials can mediate immune responses. Examples include

extracellular vesicles, particles that mimic immune cells or pathogens, and hybrid designer

molecules with multiple signaling functions, engineered to target and bind immune cell surface

molecules. Interactions between these materials and immune cells are leading to increased

understanding of natural immune communication and function, as well as development of

immune therapeutics for the treatment of infection, cancer, and autoimmune disease. VC 2015
American Vacuum Society. [http://dx.doi.org/10.1116/1.4922798]

I. INTRODUCTION

The immune system is capable of preventing or limiting

infection by foreign pathogens or abnormal self cells.

However, this ability is compromised in infection, cancer,

and autoimmunity. Intervention can be successful in improv-

ing immune function, best illustrated by the success of vac-

cines for infectious diseases. Vaccination has eradicated

smallpox and greatly reduced the incidence of polio, mea-

sles, rubella, tetanus, diphtheria, and Haemophilus influen-

zae type b.1 However, vaccines do not exist for other

infectious diseases such as human immunodeficiency virus

(HIV), which infects 2.6 million new people globally each

year.2,3 Vaccine design for this and other diseases remains a

challenge. The lack of knowledge of the type of immune

effector response required for protection and the functional

conditions for optimal activity of effector cells limits rational

vaccine development.

Vaccine and immunotherapies are also being investigated

for the treatment of cancer.4,5 Cancer is the second leading

cause of death in the United States, afflicting more than 1.6

million new people each year.6 It has been established that

cancer progresses by exploiting immune check point path-

ways to escape detection.7 Tumor antigens can be poorly

immunogenic, which prevents immune cells from initiating a

tumor specific response. In addition, the immunosuppressive

tumor environment can also influence the type of immune

response.

Though immune activation is the goal for protection

against infection and cancer, uncontrolled immune activity

also leads to disease. Autoimmune diseases, such as rheuma-

toid arthritis and type 1 diabetes, affect 23.5 million people

in the United States.8 In this case, the immune system’s tol-

erance to self is disrupted due to a combination of genetic

and environmental factors.9 The underlying mechanisms that

cause this are not completely understood. It is thus critical to

identify therapeutic interventions that can help restore a tol-

erant state in the body.

In all these diseases, immune responses in the body are

initiated between cells, cell and infectious agent, or cell and

endogenous molecules. During infection, pathogens activate

the innate components of the immune system that help in

controlling the infection. When the infection is not con-

tained, an adaptive immune response is initiated. During

such immune responses, contact based interfaces are often

formed between immune cells including antigen presenting

cells (APCs), B cells, T cells, and phagocytes.10 This inter-

face sustains contact dependent receptor engagement, polar-

ization of molecules in partner cells, and confined release of

secreted products to partner cells.11 Contact independent

mechanisms also contribute to the stimulation or suppression

of cells through secretion of signaling molecules by the

source cells. This indicates that cell based interactions pro-

vide opportunities to direct immune responses.

Immunoengineering is an emerging field that seeks to

understand and manipulate the immune system. Such funda-

mental knowledge of the immune system is necessary to

create molecules, materials, and strategies that can altera)Electronic mail: julie.champion@chbe.gatech.edu
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immune responses in a disease setting. Native, biomimetic,

and synthetic components can be engineered to achieve such

responses through the formation of new immune–material

interfaces. How these classes of materials can be used to

tune immune responses is described in this review. Native

materials, such as extracellular vesicles (EVs), are an emerg-

ing class of materials ripe for engineering. These particles

contain immune-active molecules and also display func-

tional surface molecules that can be used for targeting and

interacting with cells.12 Biomimetic materials are inspired

from nature to recapitulate a natural immune function. These

particulates are capable of interacting with cells and eliciting

specific cellular responses by manipulating parameters such

as geometry, presentation of ligands, and incorporation of

adjuvants. Though natural materials and biomimicry are val-

uable tools, the ability to create designer molecules with

novel combinations of functions can access signaling and

interactions that are not possible otherwise. These synthetic

molecules may be more cost effective with advantages of

precise control, enabling highly specific and tunable interac-

tions with targets.

II. EXTRACELLULAR VESICLES

EVs are nano- or micronsized structures released by a

wide variety of cells.13 Nanovesicles, called exosomes, are

30–100 nm and are produced by extracellular budding of the

peripheral membrane of multivesicular bodies or endosomes.

Microvesicles, called microparticles (MPs) or ectosomes, are

0.1–1 lm in size and are released from the plasma membrane

of cells.14,15 EVs are released by most cells and their

composition depends on the cell type and its physiological

state.12,16,17 Their membranes are enriched in phosphatidyl-

serine (PS) and contain cytoplasmic proteins, lipid-raft inter-

acting proteins. EVs also encapsulate ribonucleic acid

(RNA). The biogenesis and content of exosomes and micro-

particles are distinct, and have been well reviewed.17

Overall, EVs are important modes of communication

between cells.12,17–22 Communication can take place through

ligands present on the surface of EVs, transfer of EV con-

tents to cells, or EV uptake through endocytic processes. By

such modes of communication, EVs possess the ability to

regulate immune responses. They are known to enhance or

suppress immune responses and thus have therapeutic poten-

tial. For example, EVs from APCs carry major histocompati-

bility complex (MHC) class I, MHC class II, and

costimulatory molecules that can activate CD4þ or CD8þ T

cells.20,23,24 On the other hand, EVs from diseased cells,

such as cancer cells, can transfer their content to APCs and

stimulate or suppress the immune response.25,26 EVs are cur-

rently being explored for use as therapeutics, diagnostics,

and vaccines for cancer and viral infection.

A. Exosomes

1. Stimulatory exosomes

Exosomes have therapeutic potential by promotion of

immune responses, as seen in Fig. 1(a). Exosomes from

bone marrow derived dendritic cells (BM-DCs) pulsed with

tumor peptide were shown to eradicate tumors or delay tu-

mor growth in mouse mastocytoma or mammary carcinoma

models.27 This antitumor effect was attributed to the

FIG. 1. Stimulatory and suppressive effects of EVs: (a) exosomes and (b) microparticles, on the immune system. EVs can specifically interact with immune

cells or can have an indirect effect through antigen presentation from dendritic cells.
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activation of CD8þ T cells. Tumor cell derived exosomes

can also be used to transfer their antigen to dendritic cells

(DC) to initiate an immune response, but exosomes derived

from DCs pulsed with tumor peptide were much more effec-

tive in inducing a specific cytotoxic T cell (CTL) response

than tumor cell exosomes.28 In mice deprived of DCs, stimu-

latory exosomes were unable to initiate CTL responses,

highlighting the role of DCs in this immune response. The

enhanced immunogenic capacity of DC-derived exosomes

compared to tumor-derived exosomes was attributed to the

presence of costimulatory molecules on DC-derived exo-

somes. Furthermore, exosomes from DCs containing both B

and T cell epitopes were shown to be superior to those

containing only T cell epitopes in protecting against tumor

growth, by activating specific CTL responses.29,30 It was

demonstrated that intravenously injected exosomes are taken

up by DCs and marginal zone (MZ) B cells and transported

into the T and B cell splenic zones. Activation and interac-

tion of B cells with CD4þ T cells was shown to enhance

antitumor responses. Similar to antitumor examples,

exosomes from DCs that have been exposed to Toxoplasma
gondii or Leishmania antigens lead to protection against the

respective infections.31,32 Exosomes from DCs were also

shown to promote strong immune responses by binding toll

like receptor (TLR) ligands that activated DCs and increased

the ability of these bystander DCs to activate natural killer

(NK) cells.33

Exosomes from red blood cells (RBCs) have also been

shown to be proinflammatory in nature and drive T cell pro-

liferation in an APC dependent manner.34 Exosomes from

NK cells contain proteins that exert cytotoxic activity against

tumor cell lines.35 Activated T cells release exosomes that

result in the proliferation and cytokine production of T cells

in the presence of IL-2.36

Exosomes, as discussed above, have been shown to exert

immune responses through MHC-complexes. This suggests

that it may be required to use autologous exosomes for ther-

apeutic applications. However, there is some evidence

where exosomes derived from human mesenchymal cells

were tolerated in immune-competent mice.37 This aspect

needs to be addressed to better direct therapies involving

exosomes.

2. Suppressive exosomes

Exosomes can also suppress immune activation. Contrary

to antitumorigenic effects of tumor derived exosomes

(TEX), there is also evidence TEX can suppress antigen

specific or antitumor responses. Transfer of plasma-derived

exosomes from mice bearing ovalbumin (OVA) expressing

tumors was able to suppress antigen specific responses in a

delayed hypersensitivity mouse model.38 In addition, TEX

contain Fas ligand (FasL), tumor necrosis factor related apo-

ptosis inducing ligand (TRAIL) or programmed cell death

ligand 1. Ligation of these ligands promotes CD8þ T cell

apoptosis.39–42 TEX have the ability to interfere with T cell

receptor (TCR) signaling by inhibition of CD3f chain

expression in T cells.43,44 They also block the NKG2D

dependent cytotoxic activity of NK cells.45,46

TEX can also promote regulatory T cells (Tregs) by

enhancing their function or making them resistant to apopto-

sis. Tregs coincubated with TEX expressed higher levels of

suppressive molecules such as CTLA-4, IL-10, and TGF-

b1.47 They also block the differentiation of DCs and mono-

cytes through a TGF-b1 dependent mechanism.48 TEX can

modulate T cells in the tumor environment through adeno-

sine production by delivery of surface presented CD73 to

CD39þ cells.49 These examples highlight TEX as one mech-

anism by which tumors subvert immune response and also

indicate their potential as biomarkers for tumor progression.

Exosomes released by various immune cell types also

have a suppressive effect. Exosomes released by Tregs con-

taining miRNA Let-7d resulted in suppression and preven-

tion of systemic inflammation in a T cell deficient mouse

model when exosome-mediated miRNA was transferred to

Th1 cells.50 The mechanism employed for the transfer of

miRNA between immune cells has not been elucidated yet.

Similarly, exosomes released by T cells modulate endothe-

lial cell responses such as vascular endothelial growth factor

signaling, tube formation, and gene expression in a CD47

dependent manner.51 These vesicles can also modulate TCR

signaling through CD47 expression and have implications in

tumor angiogenesis. In addition, exosomes released from

macrophages suppress endothelial cell migration by control-

ling integrin trafficking.52 This can help control inflamma-

tion by balancing leukocyte recruitment through modulation

of integrin expression.

Exosomes can play a role in promoting tolerance.

Combination treatment of immature DC-derived exosomes

and rapamycin before and after transplant prolonged the

survival of cardiac allografts.53 Placental exosomes display

FasL and inhibit T cell signaling to reduce immune rejec-

tion of the fetus.54 Similar tolerance was observed to

exosomes from human mesenchymal stem cells (MSC)

delivered to immune-competent mice.37 This suggests that,

based on the exosome source and requirement of the appli-

cation, therapies can be identified for suppression or induc-

ing tolerance.

B. Microparticles

1. Stimulatory microparticles

Though MPs are often compared to exosomes, the differ-

ence in their composition has a distinct effect on immune

function. Under certain conditions, MPs can be immune-

stimulatory. Neutrophils release MPs depending on the

condition of stimuli, which dictates their composition and the

outcome with target cells.55 MPs were found to be upregu-

lated in inflamed conditions and further activate endothelial

cells through a stress induced signaling pathway, as shown in

Fig. 1(b).56 In inflammatory conditions such as atheroscler-

otic lesions, the interaction of leukocytes and platelets is

critical. MPs from stimulated neutrophils caused activation

of resting platelets through engagement of macrophage-1
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(Mac-1) receptor on MPs and sustained thrombus forma-

tion.57 MPs from mycobacteria-infected macrophages in two

different studies were found to be proinflammatory.58,59 They

induced cytokine release and cell migration,59 and presented

antigen to na€ıve T cells.58 Similarly, endothelial, macro-

phage, T cell, and DC-derived MPs have all been implicated

in promoting inflammation depending upon the activation

state of the source cell.60–62 MPs play a critical role in pro-

moting inflammation, unlike exosomes that have the ability

to initiate specific effector functions.

2. Suppressive microparticles

Like exosomes, MPs can also be suppressive in nature.

Neutrophil MPs have PS on their surface, which, upon

engagement, inhibits the transcriptional activity of NFjB

and modulates activity of macrophages and DCs.63 Release

of TGF-b1 by macrophages on exposure to neutrophil MPs

further enhances immune-modulatory effects. Similar PS

interactions of neutrophil MPs with IL-2/IL-12 treated

neutrophils skewed the cytokine profile toward

anti-inflammatory by inhibiting production of IFN-c and

TNF-a.64 MPs are also released by platelets when stored for

transfusion purposes and have been shown to downregulate

and modify immune cells like macrophages and DCs.65

MPs from apoptotic cells also have an influence on

immune cells. Apoptosis induced platelet MPs have been

shown to promote M2 differentiation of macrophages,66

while MPs from T cells undergoing apoptosis cause apopto-

sis in macrophages upon uptake.67 Moreover, chemoattrac-

tants released by apoptotic MPs mediate the migration of

macrophages toward them.68

Intercellular communication through EVs has advantages

of specific function based on the cell source and context, as

summarized in Fig. 1. EVs also possess good stability due to

their lipid composition and have the advantage of preventing

complement activation.69 However, there are some practical

challenges for use of EVs in therapeutic applications. These

include isolation of sterile vesicles and scale up of EV

production in sufficiently large quantities.

III. BIOMIMETIC MATERIALS

Biomimetic strategies represent a way to recreate interac-

tions of cells with other cells, pathogens, or molecules with

the ability to tune the degree of complexity. This involves

understanding key features of cellular communication such

as antigenic components, cell entry mechanisms, surface

ligands, and tolerization. This section highlights biomimetic

strategies based on these features. Some designs seek to

recapitulate the structure and chemistry of cell–cell,

cell–particle, or cell–molecule interactions, with the hypoth-

esis that function will follow structure. Other approaches are

inspired by the natural function but design to achieve func-

tion directly, not necessarily with the same structure used in

the native system.

A. Cell mimics

Cell mimics are created by using cellular membranes to

cloak nanoparticles (NPs) or preparing cell ghosts through a

combination of hypotonic treatment and extrusion proc-

esses.70,71 Extraction of cellular membranes has been incor-

porated in various applications. Cellular membranes contain

diverse antigenic profiles and specific surface molecules that

enable targeting. These membranes can be utilized to alter

immune responses by their incorporation on NPs. Cancer

cell membrane coated NPs retain their membrane bound

tumor antigens, as depicted in Fig. 2(a).70 These particles, in

combination with an adjuvant, were shown to induce

anticancer immune responses such as stimulation of CTLs.

Moreover, these coated particles were shown to use the

homotypic binding mechanism, by which adhesive domains

on tumor cells form multicellular aggregates, and target can-

cer cells in vitro.

Similarly, MSC membranes can also be used for cancer

targeting. MSCs are known for their hypoimmunogenicity

and ability to target multiple types of cancer through surface

interactions.71 Nanoghosts derived from MSC membranes,

as seen in Fig. 2(b), retained the surface molecules of source

MSCs. These nanoghosts did not exhibit any immunogenic-

ity in vivo. When loaded with a drug, nanoghosts were

shown to inhibit tumor growth of human prostate cancer.

Membrane isolation and cloaking was further extended to

RBCs. In autoimmune diseases such as type II, type III, and

type IV immune hypersensitivity, autoantibodies against

RBC membrane components are produced in the body.72

Nanoparticles that present natural RBC membrane and its

associated surface antigens that are involved in antibody-

mediated RBC clearance were prepared. RBC cloaked nano-

particles were shown to intercept the autoreactive antibodies

of type II immune hypersensitivity reaction. These particles

acted as “antibody decoys” that bind to anti-RBC antibodies,

protecting circulating RBCs. In another application, nano-

sponges made of RBC membrane coated nanoparticles pro-

vided a platform to absorb pore-forming toxins that are

common in bacterial infections and lyse host RBCs.73

In contrast, “un-natural killer cell” mimics were made by

functionalizing leukocytes with liposomes presenting

E-selectin (ES) and TRAIL, as shown in Fig. 2(c).74 ES and

TRAIL are often used to target cancerous cells, and NK cells

that take part in immunosurveillance present TRAIL on their

surfaces. ES and TRAIL coated liposomes, which mimic NK

cells bound leukocytes via selectins on the cell surface under

shear flow conditions. These liposomes induced apoptosis of

circulating cancer cells in mice. The high compressive force

experienced by the cancer cell upon collision with the lipo-

some functionalized leukocytes induced flattening and bind-

ing of ligands on the cell surfaces.

Similarly, membrane receptors were immobilized on an

artificial, cell-like protocell to prevent infection. Protocells

bearing the entry receptor of henipavirus in lipid bilayers

were supported on silica particles.75 The protocells specifi-

cally and renewably inactivated henipavirus envelope

030801-4 A. Garapaty and J. A. Champion: Biomimetic and synthetic interfaces 030801-4

Biointerphases, Vol. 10, No. 3, September 2015



glycoprotein pseudovirus particles. A protein, Ephrin-B2, a

protein on the surface of the particle allowed fusion of the

viral envelope with the protocell. The protocells were

hypothesized to disarm the virus by deactivating a protein

that causes the virus to enter the cell. Such biomimetic

combination approaches, containing both antigenic

information and natural surface properties of cells, could

lead to new therapeutics for disease intervention.

In another application, biomimetic leukopolymersomes

were assembled from block copolymers and functionalized

with sialyl Lewis X (selectin) and an antibody against inter-

cellular adhesion molecule 1 (ICAM-1, integrin).76 These

polymersomes bound exclusively to inflamed HUVECs. By

optimizing the ratios of selectin and integrin receptor

mimics on the surface of the polymersomes, selective bind-

ing to inflamed sites and mimicry of leukocyte adhesion

was achieved. These can be used to selectively target sites

of inflammation and has applications in imaging and drug

delivery.

Like synthetic polymers, proteins can also be engineered

to possess properties that enable their applications in immu-

notherapies. Platelets have been implicated in inflammatory

processes such as arterial thrombosis that leads to myocardial

infarction.77 They can be a useful target at the site of inflam-

mation and when combined with antithrombotic can help

reduce the incidence of arterial thrombosis. Multifunctional

protein nanomicelles were fabricated from elastin like poly-

peptides with two components, a single-chain antibody that

targets the ligand-induced binding site of activated glycopro-

tein IIb/IIIa receptors on platelets and the active domain of

thrombomodulin.78 These micelles bound activated platelets

and inhibited thrombus formation in an in vivo model.

Cell mimetic nanoparticles produced through membrane

coating recreate the cellular interface to enable complex

cellular processes initiated at the membrane. These particles

have the physical properties of the underlying synthetic

nanomaterial and are able to avoid opsonization, delay

uptake by mononuclear phagocyte system, have long circula-

tion times, bind to target cells, and deliver a therapeutic

load.71,72,79 In addition to the abovementioned applications,

this technique is also being extended to develop vaccines

for bacterial infections.80 The prospects of this membrane

coating application are exciting, but the scaling of this tech-

nique and immunogenicity needs to be addressed. Synthetic

versions can address the issue of scalability, but in vivo
testing of these still needs to be pursued.

B. Pathogen mimicking

Pathogens such as bacteria and viruses evade and manipu-

late the immune system to induce favorable interactions with

target cells. Particulate forms of antigen and codelivery of

danger signals and antigen have been identified as critical

parameters for pathogen mimics for vaccine development.

Nanoparticles composed of multilamellar lipid vesicles with

antigen entrapped and expressed on the surface were shown

to elicit a strong humoral response.81 This strong response

was attributed to the formation of germinal B cell centers

near the NP depot that facilitated B cell responses. In addi-

tion, activation of follicular T cells supported the induction

of strong humoral response.

In another study, polyelectrolyte multilayer capsules com-

posed of dextran sulfate and poly-L-arginine with surface-

FIG. 2. Examples of cell mimic strategies. (a) Cancer cell membrane coated

nanoparticles prepared through hypotonic and disruption technique. These

coated particles retained the source cell’s associated antigens and found

applications in delivering tumor-associated antigens to APCs or homotypi-

cally targeting cancer cells. Reprinted with permission from Fang et al.,
Nano Lett. 14, 2181 (2014). Copyright 2014, American Chemical Society.

(b) Nanoghosts prepared from MSCs through hypotonic treatment and ho-

mogenization. They exhibit MSC surface molecules, targeting abilities and

are capable of inducing cancer cell death when loaded with a drug.

Reprinted with permission from Toledano Furman et al. Nano Lett. 13,

3248 (2013). Copyright 2013, American Chemical Society. (c) Un-natural

killer cells were prepared by functionalizing leukocytes with liposomes

coated with E-selectin and TRAIL. They induced apoptosis of circulating

cancer cells by activating the death receptor, TRAIL. Reprinted with per-

mission from Mitchell et al., Proc. Natl. Acad. Sci. 111, 930 (2014).

Copyright 2014, National Academy of Sciences.
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bound CpG adjuvant were engineered to mimic pathogens.82

These CpG coated and OVA encapsulated capsules induced

antibody, Th1 and CTL responses. In a similar approach,

malaria antigenic triepitope peptide incorporated on a poly-

peptide layer-by-layer microparticle was shown to induce

neutralizing antibodies and malaria-specific T cell responses

in vivo.83 These examples suggest understanding the syner-

gistic effect of various pathogen structures and composition

can enhance the effectiveness of vaccines. Lipid enveloped

PLGA micro- and nanoparticles modified with adjuvants

monophosphoryl lipid A and a-galactosylceramide in the

layers and OVA antigen on the surface were created to

mimic pathogens.84 These particles were shown to elicit

strong immune responses such as antibody titers and CD8þ

T cell stimulation at doses lower than conventional doses of

alum or protein-adjuvant solutions.

An alternative to synthetic approaches is the type III bac-

terial protein secretion system (T3SS). T3SS delivers bacte-

rial virulence effector proteins into the cytosol of host cells,

which stimulates antigen-specific T cells. However, these

systems need live bacteria. Inspired by the T3SS mechanism,

bacterial minicells were engineered to deliver proteins

through encoded Salmonella typhimurium T3SS.85 Bacterial

minicells are capable of protein synthesis and metabolic

activities, but are incapable of undergoing cell division. In

addition to having an immune adjuvant capability, these

engineered nanoparticles were shown to deliver an antigen

to murine lymphoma RMA cell line in vitro and stimulate

production of antigen-specific CD8þ response in vivo. This

platform provides an effective strategy to prime immune

cells ex vivo for immunotherapy.

Synthetic particles have been successfully used to mimic

pathogens for vaccination. This has led to the identification

of materials for encapsulation of antigen and tuning immune

responses through choice of danger and adjuvant signal that

achieve immunization at lower doses than soluble forms of

antigen. However, critical features of such immune

responses like type of antibodies, degree of affinity matura-

tion of antibodies and optimal T cell response needs to be

addressed to achieve effective vaccination.86,87 For these

purposes, it might be beneficial to engineer systems like

Salmonella T3SS system that retain their natural ability of

delivery antigens for processing.

C. Artificial antigen presentation

Artificial antigen presenting cells (aAPCs) can be used

for both adoptive and active immunotherapy. These aAPCs

should be able to create a physical interface with T cells

to present antigen, costimulatory factors, and stimulate

cytokine release.88 aAPCs can activate and expand T cells ex
vivo, which are then adoptively transferred into a patient.89,90

They can also be injected in vivo to achieve T cell activation.

RAFTsomes are liposomes derived from enriched MHC

class II lipid rafts of membranes from DCs that were stimu-

lated with antigens.91 They elicit CD4þ T cell priming, as

shown in Fig. 3(a), antibody production, and antigen specific

responses in vivo. This shows that membrane microdomains

enriched in MHC-peptide complexes alone, without costi-

mulatory factors, can achieve an immune response.

Polystyrene bead aAPCs have been functionalized with

MHC class I tetramers and costimulatory molecules.92 When

coupled with melanoma associated self-antigen and injected

intravenously and subcutaneously, they elicited specific CTL

responses and delayed tumor progression in a melanoma

model of na€ıve and antigen-primed mice. However, biosaf-

ety and organ toxicity is a concern with these systems.

Nanoscale iron–dextran and quantum dot particles coupled

with MHC-Ig dimers and anti-CD28, as depicted in Fig. 3(b),

were effective in T cell stimulation.93 These nanoparticles

induced antigen specific T cell responses in vitro and antitu-

mor activity in vivo. This was attributed to the use of MHC-

Ig dimers with a flexible hinge region and the ability of

MHC-dimers to enhance TCR and MHC interactions. Unlike

micro-aAPCs, these nano-aAPCs were shown to localize in

the lymph nodes and distribute away from the injection site.

In an extension of this study, these iron–dextran paramag-

netic nano-aAPC were shown to facilitate magnetic-field

induced T cell activation.94 The magnetic field caused aggre-

gation of these paramagnetic aAPC, which was associated

with increased TCR clusters and T cell activation in vitro.

This technique was suitable to activate na€ıve T cells, antigen-

specific T cells and such activated T cells were shown to in-

hibit tumor growth in a melanoma adoptive immunotherapy

in vivo model. These studies are the first demonstration of

nanoscale aAPC particles with applications in immunother-

apy through in vivo administration of nano-aAPC or adoptive

immunotherapy through magnetic-field induced nano-aAPC

based antigen specific T cell expansion.

Janus particles have also been used as aAPCs to activate T

cells. Micron-sized silica particles with a “bull’s eye” pattern,

shown in Fig. 3(c), that resembles the immunological synapse

were fabricated.95 Anti-CD3 was enriched in the central do-

main and surrounded by fibronectin molecules for adhesion

to mimic the native pattern. A reversed pattern with fibronec-

tin as a central domain surrounded by anti-CD3 was also fab-

ricated. The reverse bull’s eye pattern enhanced polyclonal T

cell activation over the native bull’s eye, which performed

slightly better than particles coated with fibronectin. This

enhanced activation was attributed to a combination of spatial

organization and increased surface coverage by anti-CD3.

While Janus particles with the bull’s eye pattern captured

the importance of ligand spatial organization to enhance

interactions between aAPCs and T cells, geometry of aAPCs

has also been identified as a crucial parameter for such inter-

actions. Ellipsoidal aAPCs displaying MHC-Ig dimers and

anti-CD28 were shown to activate CD8þ T cells in vitro
better than spherical aAPCs.96 This improved activation was

demonstrated to be dependent on the shape of aAPCs and

not differences in the density of the ligands on the surface.

These ellipsoidal aAPCs were effective in increasing the sur-

vival of mice compared to spherical aAPCs in a subcutane-

ous melanoma tumor model.
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The previous aAPC systems primarily incorporate antigen

recognition and costimulation but not cytokine release.

PLGA micro-aAPCs with peptide-MHC, costimulatory

ligands and encapsulated IL-2 were fabricated to replicate all

the key features of APCs.97 CD4þ and CD8þ T cells were

stimulated to a greater extent when cocultured with these

aAPCs than aAPCs that lack encapsulated IL-2 but were sup-

plemented with the cytokine exogenously. Paracrine delivery

of IL-2 upon aAPC contact with T-cell resulted in increased

accumulation of synaptic IL-2 and increased proliferation of

CD8þ T cells in vitro than exogenous administration of IL-2.

Furthermore, these T cell responses were found to be depend-

ent on the sustained release of the cytokine and proximity

between aAPCs and T cells.

aAPCs can also be used to activate T cells with chimeric

antigen receptors (CARs). Adoptive transfer of T cells with

CARs that recognize specific tumor antigens has been shown

to be effective in tumor immunotherapy.98 However, this

method requires aAPCs to be tuned to the specific antigen

recognized by CARs. A universal aAPC was developed with

K562 lymphoblast cells expressing a ligand directed toward

a conserved extracellular domain on CARs.99 This contrib-

uted toward activation of CAR modified T cells, independent

of their antigen specificity, but preserved their antigen speci-

ficity. These strategies and design parameters provide insight

for the development of targeted therapies that circumvent

the need for natural APCs to initiate immune responses.

D. Specific ligand immobilization

APCs present antigen to T cells within an immunological

synapse that forms between the two cells. Adhesion

molecules on these cells aid in the formation of this syn-

apse.100 Synthetic peptides LABL and cIBR have been

developed to bind receptors ICAM-1 and lymphocyte func-

tion associated antigen (LFA-1) on DCs and T cells, respec-

tively.101 Functionalization of LABL peptides on NP

inhibited binding of T cells to DCs through blockade of

ICAM-1, as depicted in Fig. 4(a). Similarly, cIBR-NP pre-

treated T cells interacted with DCs to a lesser extent than

untreated T cells. These peptide-functionalized nanoparticles

can be used to interfere with the maturation of DCs or T cell

expansion.

T cells expand when activated with antigen and costimula-

tory signals. Activation of T cells is mediated through the

TCR-CD3 complex. On na€ıve T cells, TCRs are present in

nanoclusters on the cell surface that oligomerize into micro-

clusters upon activation.102 Anti-CD3 functionalized quantum

dots exploited this difference in TCR clustering to selectively

activate antigen-experienced T cells as shown in Fig. 4(b).

The sensitivity of TCR clusters in antigen-experienced cells is

greater than na€ıve T cells, which initiates this response. These

nanoparticles enhanced antigen-specific T cell responses

in vivo and exhibited increased recall response upon chal-

lenge. This strategy could also be extended to other clustered

receptors such as CD20 on B cells.

CD200R is expressed on immune cells and is an inhibi-

tory immune receptor. It associates with its ligand CD200, a

known immune-modulatory protein.103 CD200 functional-

ized polystyrene microbeads bound CD200R on macro-

phages and reduced activation and inflammatory cytokine

release. These particles also reduced inflammation in vivo.
This strategy could be applied to other types of biomaterials

to reduce the foreign material immune response.

FIG. 3. Artificial antigen presenting cells. (a) Raftosomes contain peptide-MHC II enriched lipid rafts obtained from DCs that were stimulated with antigens.

They were capable of stimulating T cells and priming immune responses (Ref. 91). (b) Nano-aAPCs were synthesized by coupling soluble MHC-Ig dimer (sig-

nal 1) and B7.1-Ig (signal 2) to the surface of paramagnetic iron oxide, dextran-coated particle. Reprinted with permission from Perica et al., Nanomed.

Nanotechnol., Biol. Med. 10, 119 (2014). Copyright 2014, Elsevier. (c) Bull’s eye janus particles prepared by microcontact printing. Three-dimensional confo-

cal fluorescence images depict the native and reverse bull’s eye particles that display patterns of anti-CD3 and fibronectin. Reprinted with permission from

Chen et al., ACS Appl. Mater. Interfaces 6, 18435 (2014). Copyright 2014, American Chemical Society.

030801-7 A. Garapaty and J. A. Champion: Biomimetic and synthetic interfaces 030801-7

Biointerphases, Vol. 10, No. 3, September 2015



E. Peripheral tolerance induction

Apoptotic cells and their debris are removed from the

body by immune cells without activation of the immune sys-

tem.104 When these antigens are processed by APCs in the

absence of an inflammatory signal, tolerance is induced.

This processing is a key mechanism through which periph-

eral tolerance is maintained. Apoptotic protein/peptide anti-

gens covalently coupled to splenocytes (Ag-SPs), pictured in

Fig. 5(a), were shown to induce antigen-specific T-cell toler-

ance.105 Upon intravenous administration, Ag-SPs initiated

IL-10 production by MZ macrophages. IL-10 production

was found to regulate the expression of PD-L1 on MZ mac-

rophages, which was critical for tolerance induction. Treg

cell induction was also confirmed. In a recent phase I clinical

trial for multiple sclerosis, myelin peptide antigens were

coupled to autologous peripheral blood mononuclear

cells.106 A reduction in myelin-specific autoreactive T cell

response was observed.

A modular biomolecular approach was developed to

induce immunological tolerance by exploiting apoptotic cell

carriers. A targeted antigen that binds to the protein

glycophorin-A on the surface of mouse erythrocytes was

engineered.107 This antigen induced anergy when processed

by APCs following erythrocyte-apoptosis, as shown in Fig.

5(b). In a mouse model of autoimmune diabetes, deletion of

autoreactive T cells was achieved when b-cell antigen was

bound to erythrocytes through a designed antibody construct.

This technique could also be applied to other antigens for

tolerization.

Particle based tolerogenic approaches are also being pur-

sued. Encephalitogenic antigen peptide covalently coupled

to polystyrene or biodegradable PLGA microparticles, as

depicted in Fig. 5(c), were shown to induce T cell tolerance

in a mouse model of experimental autoimmune encephalo-

myelitis.108 MZ macrophages internalized these particles

through scavenger receptor, macrophage receptor with col-

lagenous structure (MARCO), and played a key role in regu-

lating the response. This tolerance induction depended both

on T cell anergy and activity of Tregs. In a related approach,

nanoparticles were coated with different peptide-MHC com-

plexes to blunt the polyspecific autoimmune responses in a

type 1 diabetes model.109 Nanoparticles coated with disease-

relevant peptide-MHC complexes were also shown to

expand cognate “autoregulatory” T cells. These antigen

experienced CD8þ autoreactive T cells were found to sup-

press the activation and recruitment of other noncognate spe-

cificities. This technique can be extended to other diseases

by incorporating relevant antigen.

Extending the particle strategy, synthetic nanoparticles

encapsulating protein or peptide antigens and tolerogenic

immunomodulator rapamycin were shown to induce toler-

ance toward the antigen.110 These nanoparticles were effec-

tive in models such as allergic hypersensitivity disorder,

multiple sclerosis, and hemophilia A. Rapamycin has been

FIG. 4. Specific ligand immobilization. (a) cIBR conjugated NP bind LFA-1 or LABL conjugated NP bind ICAM-1 on DCs and block T cell association and

activation. Reprinted with permission from Chittasupho et al., ACS Nano 5, 1693 (2011). Copyright 2011, American Chemical Society. (b) Anti-CD3 coated

nanoparticles take advantage of receptor clustering upon T cell activation with antigen and induce strong signaling upon binding the cluster (Ref. 102).

FIG. 5. Peripheral tolerance induction. (a) Autologous splenocytes treated with ethylene carbodiimide in the presence of exogenous antigen results in apoptotic

antigen bearing debris. This apoptotic debris induces T cell tolerance (Ref. 106). (b) Antigen can be fused to a single chain variable fragment (scFv) specific to

proteins present on RBCs. scFv bound RBCs are cleared subsequently upon aging and tolerizes the immune system to the antigen on the RBC debris (Ref.

107). (c) Polymer microparticles conjugated to antigen induce T cell tolerance. Macrophages that take up these particles through the scavenger receptor

MARCO play a key role in this response (Ref. 108).
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established to induce tolerance even in the presence of

inflammation. Similarly, these nanoparticles retained their

tolerogenic potential even when coadministered in the pres-

ence of antigen and TLR agonists. This technique can

address the issue of anaphylaxis, where antigen administra-

tion during inflammation often leads to disease exacerbation.

A biodegradable PLGA nanoparticle platform was devel-

oped by an emulsion process using poly(ethylene-co-maleic

acid) as a surfactant.111 These particles were investigated for

their ability to couple to antigen, and safety and protection in

a mouse multiple sclerosis model. The incorporation of the

surfactant into the PLGA particle synthesis was shown to

mitigate the disease, relapses, and minimize epitope spread-

ing during intravenous administration. These particles had

superior performance than commercially available nanopar-

ticles, but the mechanism has not yet been established.

These antigen-coupled particles were demonstrated to be

safe and not induce an anaphylactic reaction. This biode-

gradable nanoparticle platform can be extended to other

diseases by changing the antigenic epitopes.

Biomimetic materials take advantage of the physicochem-

ical properties of nano- and micromaterials. The nanomateri-

als, owing to their size, can enable targeting of specific cell

types such as those in the lymph nodes.112 These materials

can also be tuned to mimic cells or pathogens while retaining

a key advantage of synthetic materials, mass production.

They represent an exciting area where engineering principles

can be applied to biologically inspired design to achieve

immunologically active materials.

IV. DESIGNER MOLECULES

In contrast to biomimetic particles presenting native

membrane or ligands, designer immunomodulatory mole-

cules have features not seen in natural immune molecules.

They have the potential to induce immune function that is

not possible with a single natural molecule or entity, through

creative design involving novel signal combinations and al-

ternative spatial or temporal presentation. These structures

have precise molecular control and can be used to study

immune function or develop new immune therapeutics or

vaccines. Antibody–drug conjugates are not covered here as

often their use is not for immunomodulation, but rather for

targeting or pharmacokinetic benefits.113 Designer antibod-

ies, toll-like receptor agonists, and carbohydrate molecules,

as well as approaches to design molecules present on living

cells, are described.

A. Antibodylike molecules

Antibodies are widely engineered molecules but much of

their modification has been to achieve new or higher affinity

binding to targets. This section describes antibodylike mole-

cules that have been designed to achieve better immune

function. Synthetic antibody mimics (SyAMs) are medium

sized (7 kDa) molecules that have both the targeting and

effector function of antibodies.114 Like antibodies, they are

capable of forming a three-part complex with a target cell

(prostate cancer in this work) and an immune effector cell,

as shown in Fig. 6. Unlike antibodies, SyAMs have bivalent

Fc receptor (FcR) binding as well as bivalent target binding.

Modeling of the three-part complex supported experimental

results that bivalent FcR binding significantly enhanced

phagocytosis of target cells more than bivalent target cell

binding. Importantly, bivalent FcR binding did not result in

nonspecific activation of effector cells in the absence of tar-

get cells. Since SyAMs are �1/20th the size of antibodies

and are synthesized chemically, they have delivery, stability,

and immunogenicity advantages over traditional antibodies.

While SyAMs operate as independent immune effector

molecules, antibody-recruiting molecules (ARMs) are syn-

thetic small molecules that bind antigens and enhance host

antibody binding to cells bearing those antigens.115 ARMs

bind target cells on one end and display a recruiting antigen

on the other end that binds known native or supplemented

antibodies. They can engage both complement dependent cy-

totoxicity and antibody dependent cellular cytotoxicity to

enhance the native immune response for applications in

cancer and bacterial and viral infections, including HIV (Ref.

116) and prostate cancer117 most recently. Additionally, they

can be used as tools to study human antibodies including

variation across people, subtypes, and antigens, as well as to

identify antigens with the greatest therapeutic potential.117,118

The history and varied use of ARMs has been recently

reviewed.115 The breadth of targeting capabilities and the

ability to utilize endogenous antibodies makes this small mol-

ecule platform amenable to scale up and translation.

Unlike SyAMs and ARMs that replicate a part of or recruit

antibodies for effector function, antibody functionalized pol-

yisocyanides are a class of polymers being explored for anti-

body display to exert immune function. Polymerization of

isocyanopeptides leads to a helical backbone stabilized

through hydrogen bonding between side chains.119 This heli-

cal b-sheet like structure forms a rodlike polymer. This poly-

mer exhibited semistiffness and well-defined stereoregularity

based on its persistence length. These filamentous polymers

were functionalized with anti-CD3 antibodies and activated T

cells through CD3 ligation seven fold more efficiently than

PLGA spherical counterparts displaying the same number of

antibodies and spacing.120 This enhanced interaction was

attributed to the structural architecture of the polymer

that enabled superior receptor–ligand interactions. In an

extension of this study, both anti-CD3 and anti-CD28 were

FIG. 6. Synthetic antibody mimic. SyAM displays a pair of PSMA targeting

motifs to bind prostate cancer cells and a pair of FccRI targeting motifs to

bind immune cells. This simultaneous binding elicits selective phagocytosis

of cancer cells. Reprinted with permission McEnaney et al., J. Am. Chem.

Soc. �, � (2014). Copyright 2014, American Chemical Society.

030801-9 A. Garapaty and J. A. Champion: Biomimetic and synthetic interfaces 030801-9

Biointerphases, Vol. 10, No. 3, September 2015



functionalized on the polymer.121 This combination of

ligands activated effector CD8þ and memory CD4þ T cells.

The CD8þ T cells exhibited cytotoxic activities like produc-

tion of granzyme B and degranulation marker CD107a. This

highlights a unique molecular design factor, semiflexibility,

which enables excellent mimicking of DCs. Further, these

polymers have potential in applications requiring antigen spe-

cific immune responses.

B. Toll-like receptor ligands

TLRs are a family of receptors that recognize different

chemical species and play an important role in activation of

innate immune responses. In native pathogens, multiple TLR

agonists are displayed with particular spatial and temporal

patterns. Molecular strategies are being developed to present

synthetic TLR agonists under controlled spatial and temporal

conditions. To spatially control presentation to two TLRs,

TLR 2 (lipoteichoic acid) and TLR 9 (CpG DNA) agonists

were conjugated via an a, x-heterotelechelic polyethylene

glycol linker.122 In in vitro stimulation assays with APCs,

the connected agonists induced greater immune stimulation

of both polarizing cytokines and T cell adhesion proteins,

compared to either agonist alone, mixtures of unconjugated

agonists, or lipopolysaccharide. Temporal control was

achieved by photocaging. Soluble TLR7 and TLR8 agonists

Imiquimod and Resiquimod were synthesized in photocaged

forms.123 The caged agonists were inactive until application

of UV light, which induced their activation of APCs, as

shown in Fig. 7(a). Combinations of these approaches and

inclusion of other TLR agonists will enable more complex

stimulation patterns for basic study and mimicry of natural

pathogens for vaccination.

TLR3 recognizes double stranded viral RNA, and its

synthetic analog polyinosinic–polycytidylic acid (poly I:C).

Poly I:C is synthesized enzymatically and is not well defined,

containing a range of molecular weights and unpaired

strands. A method was developed to design and synthesize

double stranded synthetic oligoribonucleotides (dsORNs) of

defined length using solid phase synthesis.124 The ORNs con-

sist of an alignment region and either a poly-I or poly-C tail.

The alignment regions of two ORNs were designed to be

complementary and hybridize, leaving the tails exposed on

either end. Self-assembly of the ORNs through hybridization

and formation of double I:C helices in the tails resulted in

long double stranded structures. The lengths of the alignment

and tail regions were found to be critical to self-assembly of

stable structures and subsequent TLR3 activation. The opti-

mized dsORNs activated TLR3 in vitro and stimulated

immune responses in mice and nonhuman primates in vivo.

Future work will investigate the use of dsORNs as adjuvants

in vaccine formulations.

The TLRs that recognize nucleic acids (TLR3, 7, 8, 9)

can also play key roles in autoimmune disease through rec-

ognition of self DNA or RNA. However, direct inhibition of

these TLRs can compromise the ability to fight viral and

bacterial infections. Synthetic nucleic-acid scavenging poly-

mers (NASPs) were screened and several candidates identi-

fied that can inhibit TLR activation by binding a variety of

nucleic acid types and inhibiting nucleic acid interaction

with TLRs.125 Generation 3-polyamidoamine dendrimer on

a 1,4-diaminobutane core (PAMAM-G3) was found to be

the most promising because, unlike some others studied, it

did not inhibit nucleic-acid independent T cell activation or

TLR recognition of encapsulated nucleic acids such as those

in viruses.126 NASPs have the potential to serve as therapeu-

tics for nucleic acid related autoinflammation with less effect

on protective immune function during infection.

Taking cues from molecular strategies, cell surfaces have

also been modified to direct immune stimulation through

TLRs. Lewis lung carcinoma cell surface proteins were

chemically modified with a polymeric linker to incorporate

lipoteichoic acid (TLR-2/6 agonist) and CpG-oligonucleotides

(TLR 9 agonist) as depicted in Fig. 7(b).127 This synergistic

combination of agonists induced enhanced immune stimula-

tion in a murine macrophage reporter cell line and BM-DCs

in vitro. This could enable the design of effective vaccines by

combining multiple danger signals and antigens.

C. Carbohydrate ligands

Carbohydrates are on the surface of all cells, self, and

foreign, and their recognition and impact on subsequent

immune responses is critical to understand. Dendritic

FIG. 7. Toll-like receptor agonists. (a) Deprotection of the photocaged agonist in the presence of light causes TLR7/8 activation and subsequent signaling.

Reprinted with permission from Ryu et al., J. Am. Chem. Soc. 136, 10823 (2014). Copyright 2014, American Chemical Society. (b) Synergistic combination

of agonists on the surface of a tumor cell, LTA for TLR2/6 and CpG-oligonucleotides for TLR9, causes enhanced stimulation in immune cells. Reproduced

with permission from Tom et al., Chem. Commun. 49, 9618 (2013). Copyright 2013, the Royal Society of Chemistry.
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cell-specific intercellular adhesion molecule-3-grabbing non-

integrin (DC-SIGN) is an example of an immunologically

important carbohydrate. It is a lectin on DCs that has activity

in antigen presentation, T cell activation, and also can be

exploited by HIV and other pathogens to aid infection. In

order to better understand the ligands and function of

DC-SIGN, a synthetic noncarbohydrate glycomimetic from

a shikimic acid scaffold was designed.128 The glycomimetic

not only binds DC-SIGN but it also acts as a functional ago-

nist, undergoing internalization and signaling. Only synthetic

antagonists have been made prior. Molecules like this, and

those designed along similar principles, will not only be val-

uable probes in the understanding of the complicated roles

of lectins in immunity, but also in the design of potentially

therapeutic agonists and antagonists.

Ebola virus utilizes DC-SIGN to induce uptake in DCs.

To inhibit this, a nanoparticle was designed to competitively

bind DC-SIGN.129 To achieve a size and carbohydrate den-

sity similar to viruses, a combination synthetic-recombinant

approach was used. Mannose glycodendrons were made

synthetically and attached via click chemistry to recombinant

Qb viruslike particles bearing non-natural alkyne-containing

amino acids on their surface. The resulting nanoparticles bear

up to 1620 glycans each, the highest density reported with

quasisymmetry. The constructs were able to bind DC-SIGN

and block a model Ebola infection in vitro. Though future

in vivo work will determine if infection can be prevented in

animals, this work highlights immunological applications for

controlled multivalent carbohydrate structures. Recent

reports have also described fullerenes and ferritin cages as

nanoparticles on which carbohydrate moieties can be

immobilized.130,131

CD22 is an immune-inhibitory lectin that colocalizes

with the B cell receptor (BCR). It has been difficult to decou-

ple BCR endocytosis versus signaling. To address this, a set

of synthetic multivalent, defined BCR antigen polymers

have been created.132 One contains only BCR stimulatory

antigen (dinitrophenol, DNP) and the other contains both

DNP and an inhibitory sialylated CD22 ligand. These poly-

mer antigens revealed that both types of ligands induced

BCR internalization but do so at different rates. The combi-

nation polymer with inhibitory ligands is internalized faster

and depletes the cell surface of BCRs more quickly, while

the stimulatory-only ligands increase BCR surface duration

to allow for more stimulation. Future work with these

antigens and newly designed ones will not only contribute

basic understanding to BCR endocytosis and signaling

but also inform antigen design for both vaccination and

autoimmunity.

D. Cell surface engineering

Molecular design is also being applied to the cell surface

for new immune-therapies. Metabolic oligosaccharide engi-

neering was applied to the Helicobacter pylori surface.133

Cells metabolically incorporate unnatural sugars containing

biorthogonal azides into cellular glycans. Phosphine probes

conjugated to immune stimulants, such as DNP, were

targeted to these azide-functionalized glycans through

Staudinger ligation as seen in Fig. 8(a). This technique was

shown to elicit cytotoxicity via effector cells. It might be

useful to selectively label pylori ex vivo to direct antibodies

to its surface prior to in vivo injection for vaccination or to

enhance the response against an active infection. It has been

established that anti-DNP antibodies exist naturally in

humans and this strategy can have potential for pylori
killing.134

In another study, a novel CXCL10-mucin-glycosylphos-

phatidylinositol (GPI) fusion protein was designed to

enhance the recruitment of NK cells, whose infiltration is

poor at tumor sites. The fusion protein was demonstrated to

integrate into the cell membranes of Chinese hamster ovary

or endothelial cells as seen in Fig. 8(b). This fusion protein

was shown to take advantage of the GPI anchor and integrate

into any cell membrane. Fusion protein incorporated

endothelial cells were shown to recruit NK cells under physi-

ologic flow in vitro. This fusion protein was also found to

recruit NK cells to a subcutaneous tumor when injected at

the tumor site in vivo.135

Glycocalyx engineering is another technique to mediate

cell responses. Modification of cancer cells, allogeneic

hematopoietic stem cells and xenogeneic porcine cells with

synthetic sialylated glycopolymers protected them from NK

cell cytotoxicity.136 The engagement of the receptor Siglec-7

on NK cells by these glycopolymers induced an inhibitory

signal and decreased NK cell activity. It suggests hypersialy-

lation to be a potential mechanism by which tumor cells con-

fer resistance. These polymers can increase understanding of

Siglec-7 based mechanisms in cancer biology and lead to

new therapeutics targeting this receptor.

A one step modification of cell surfaces using sortase A

has been recently employed.137 Sortase A was used to conju-

gate LPTEG-tagged probes to glycines present naturally on

the cell surface. This technique was shown to effectively

redirect immune responses based on the domains sortase-

tagged on the surface of cells. Sortase-tagged conjugation of

single domain antibodies on activated T cells redirected

cytotoxicity toward cells expressing the antigen. Similarly,

parasites sortagged with antibodies were shown to target

cells that bear the relevant antigen.

Most of the cellular engineering approaches require

extensive ex vivo processing, which limits the applicability

of these techniques. Retention of molecules introduced on

the surface is critical and the normal degradation or internal-

ization of cell membrane components will affect the density

of engineered molecules in the membrane.138 In addition,

these modifications should also be compatible with in vivo
factors such as protein adsorption that can affect the efficacy

of cell-engineered molecules. These challenges limit the

translation of these approaches into clinic but they can still

be valuable for basic understanding.

The designer molecules described can be precisely tai-

lored for specificity and in turn control the type of immune

response. However, issues such as immunogenicity to these
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molecules can arise.139 These molecules can also result in

adverse effects like autoimmunity or anaphylaxis.140 In addi-

tion, directing specific responses toward cells through these

molecules can also result in systemic inflammatory reactions

like tumor lysis syndrome or cytokine storm. Though these

molecules hold promise for the future, thorough in vivo test-

ing needs to be carried out.

V. CONCLUSION

Although immune-engineering is a relatively new field, a

wide variety of materials and molecules have been produced

to interact with the immune system in various ways.

Extracellular vesicles, biomimetic materials, and designer

molecules all have different building blocks, physicochemi-

cal properties, and immunological function. What they have

in common is the ability to generate an immunological mo-

lecular interface that induces either activation or suppression

of immune cell functions. The number, type, and arrange-

ment of signals present in the interface all influence the out-

come. Biomimetic materials generally present combinations

of these properties as they are observed in natural immune

interfaces between cells, cells and particles, or cells and mol-

ecules. Designer molecules present these properties in ways

that may not exist in native immune systems. As products of

cells, these properties cannot be controlled in EVs.

Artificial vesicles are being explored to exercise control

over exosomelike functionalities by manipulating the type of

signals required. Liposomes derived from lipids of intestine-

derived exosome like nanoparticles were shown to induce

similar reduction in natural killer T cell (NKT) cytokine

production as the native structures.141 The native structures

were shown to induce NKT cell anergy through interaction

between prostaglandin E2 on the native structures and its

associated receptor on NKT. Incorporating such lipids on

liposomes can help retain native functionality but allow con-

trol over physicochemical properties. In another synthetic

EV approach, liposomes were prepared by coupling MHC-

cytomegalovirus (CMV) peptide complex and costimulatory

Fab fragments and encapsulating iron oxide NP. Like

exosomes, these liposomes were shown to activate antigen-

specific CD8þ cells through APCs when incubated with

peripheral blood mononuclear cells from CMV-positive indi-

viduals in vitro.142 Physical methods like serial extrusion

can also be used to prepare exosome-like nanovesicles.

These nanovesicles were shown to retain the counter-

receptor LFA-1 and thus mimic the targeting ability of the

source macrophage cell. The targeting ability enabled deliv-

ering a therapeutic load to activated endothelial cells in vitro
and when injected intravenously in vivo in a subcutaneous

tumor model.143

Though these strategies represent ways in which exo-

somelike mimetics can be engineered retaining concerned

surface molecules, it is also crucial to impart good function-

ality. Exosomes contain various candidate membrane

proteins that can be incorporated into mimetics for enhanc-

ing immune functionality.144 Tetraspanins like CD9, CD63,

CD81, and CD82 are enriched on exosomes and play a role

in binding to target cells. Similarly, other proteins like CD55

and CD59 are found in exosomes from diverse cell types

and protect exosomes from complement-mediated lysis.

Incorporation of tetraspanins in addition to antigenic ligands

may enhance binding of exosome-mimetics like liposomes

to target cells. Inclusion of CD55 and CD59 on liposomes

may hamper their lysis and improve circulation.

As potential immune therapeutics, each class of materials

described in this review has advantages and disadvantages.

EVs have the benefit of complexity and multifunctionality.

They contain proteins and RNA of different types, both on

the membrane and inside. These molecules are displayed or

contained in a manner that preserves their activity, but there

is less control over EV properties, contents, and function.

The cell type and state or environment of the cell can be

FIG. 8. Cell surface engineering. (a) The glycans of H. pylori are selectively labeled with azide-containing sugar. The azide undergoes Staudinger ligation with

an immune stimulant. This surface modification enables the immune system to trigger a response resulting in H. pylori death. Reprinted with permission from

Kaewsapsak et al., ChemBioChem 14, 721 (2013). Copyright 2013, Wiley. (b) Mucin domain of CXC3CL1 was combined with a glycosylphosphatidylinositol

anchor and integrated into the cell membranes of Chinese hamster ovary and endothelial cells. The CXCL10 chemokine head enabled the recruitment of leuko-

cytes to the tumor microenvironment. Reprinted from Ref. 135: Muenchmeier et al., PLoS One 8, e72749 (2013).
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selected to modulate EVs. Because cells produce EVs, no

synthesis processes are required. However, separation, puri-

fication, and sterilization of EVs are significant challenges,

as well as scale-up of production.

Biomimetic materials are diverse and have a variety of

benefits and challenges. These materials provide the oppor-

tunity to mimic natural compositions of cells through cloak-

ing, or chemically decorate the surface with one or more

ligands, in an isotropic or anisotropic way through the

employment of patterning techniques. In addition, the spatial

organization of these ligands can be altered over time as in a

cell. The example of a protocell designed to inactivate heni-

pavirus achieves this by taking advantage of the protocell’s

membrane fluidity for dynamic ligand presentation.75 As

seen in the section on peripheral tolerance mechanisms,

these materials can also be tuned to replicate natural mecha-

nisms through biomolecular approaches. Though these mate-

rials can be tuned for varied applications, it still remains a

challenge to understand how they can achieve a specific

response such as controlled immune-suppression in autoim-

mune diseases, effective antitumor response through cancer

vaccination by prevention of Treg induction in tumor micro-

environment, or eliciting sustained levels of high-affinity

antibodies for vaccination.

Designer molecules are synthetic. This gives them advan-

tages of being well-defined chemically, which can lead to

better reproducibility and regulatory potential. It also allows

for fine control of the architecture of molecules to tune

immune function. However, the possible designs are, in

theory, infinite so high-throughput synthesis and screening

methods may be needed to efficiently produce new func-

tional molecules. For those that do have therapeutic poten-

tial, more synthesis steps may be required, but purification

and sterilization may be easier than cell derived products.

As with any material to be introduced in the body, immu-

nogenicity is always a concern. For immune-stimulatory

materials such as vaccines, which are administered one or

few times, there is a risk of overstimulation or cytokine

storm.145 For immune suppressive materials that may be

used to treat autoimmune or other chronic inflammatory

states, repeated administration could lead to antibodies

against the material. The risk of either of these outcomes

could depend significantly on the immune and disease status

of the individual and may vary widely. Additionally, there

could be unintended consequences of immune signaling or

targeting by these materials. In the body, many immune mol-

ecules have multiple functions and balance is maintained via

feedback and control mechanisms. Even natural materials,

like EVs, are likely to have functions that are not yet known.

Cancer immune therapy trials have revealed that not all

patients respond in the same manner.146 While some have

durable disease remission, others have severe immune-

related side effects. Careful assessment of immune tuning

materials must be performed in suitable in vivo models to

identify risk.

In the case of vaccination, dose sparing of adjuvants can

help reduce side effects. Lipid coated PLGA MP or NP

represents a promising strategy to address this. These par-

ticles can mimic pathogens effectively by encapsulating

hydrophilic antigen in the core and entrapping hydrophobic

antigen or adjuvants on the lipid envelope.84 Such incorpora-

tion facilitated a 12-fold increase in antibody titers compared

to lipid-enveloped particles. Contrary to this, immunother-

apy involving treatment with immune-cell activating adju-

vant without administration of antigen is being explored for

cancer. Pluronic-stabilized poly(propylene sulfide) and pyri-

dyl sulfide NPs (30 nm) were prepared by encapsulating

paclitaxel (PXL, TLR 4 agonist) or conjugating CpG (TLR 9

agonist) to the surface.112 These NPs when delivered to the

tumor draining lymph node (TDLN) were able to induce DC

maturation and achieve antitumor responses by inducing

antigen-specific CD8þ T cells in the tumor. CpG-NPs were

found to bias a Th1 immune response whereas PXL-NP

reduced Treg numbers in the TDLN. Similarly, the polymer

composition associated with the antigen altered the type of T

cell response initiated by the lymph node APCs. OVA

encapsulated PLGA NP but not N-trimethyl chitosan-tri-pol-

yphosphate were found to induce FoxP3 in activated T cell

via expression of retinaldehyde dehydrogenase enzymes in

cervical lymph node dendritic cells in vitro.144 Furthermore,

immune-modifying particles derived from carboxylated bio-

degradable poly(lactic-co-glycolic) were shown to reduce

inflammatory monocyte mediated pathology in various dis-

ease models including experimental autoimmune encephalo-

myelitis when injected intravenously in vivo.147 These

highly negatively charged particles were taken up by inflam-

matory monocytes via the scavenger receptor MARCO.

Subsequently, these monocytes were sequestered in the

spleen through apoptosis and thus alleviating inflammation.

The relationship between the particle uptake and apoptosis

induction is not yet known. These studies are exciting as

they showcase the ability of the immune system to reshape

the environment without the need for multiple signals. This

also highlights the need to understand how material proper-

ties can be tuned to achieve immune responses without the

need for antigen.

As the field of immune-engineering grows, so will

opportunities to manipulate immune interfaces with natu-

ral or synthetic materials. Advances in understanding of

immune cell function and signaling in health and disease

will create new sources of bioinspiration and new ideas for

therapeutic interventions. These will be coupled with

improving chemical synthesis and molecular control,

nano- and microparticle fabrication, and practical scale up

and production.
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