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Abstract

Cell membrane engineering, including live cell membrane bioconjugation and cell membrane-
derived nanomaterials is a highly promising strategy to modulate immune responses for treating
diseases. Many cell membrane engineering methods have potential for translation for human
clinical use in the near future. In this review, we summarize the cell membrane conjugation
strategies that have been investigated for cancer immunotherapy, prevention of immune rejection
to donor cells/tissues, and induction of antigen-specific tolerance in autoimmune diseases.
Additionally, cell membrane-derived or membrane-coated nanomaterials are an emerging class of
nanomaterials that is attracting significant attention in the field of nanomedicine. Some of these
nanomaterials have been employed to elicit immune responses against cancer, toxins, and bacteria,
although their application in establishing immune tolerance has not been explored. In addition to
discussing potential problems, we provide our perspectives for promising future directions.
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Introduction

Immunotherapy has entered the mainstream in research and clinics for treating various
diseases. It functions by harnessing one’s own immune system to target and remedy the
disease of interest. For example, cancer and autoimmune disorders are associated with either
the suppression or overactivation, respectively, of immune responses in the body. To
address those issues, immunotherapies can deliver therapeutics to certain immune cells for
sensitizing or tolerizing them in response to specific antigens.
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Cancer occurs when cells undergo uncontrolled proliferation and the immune system cannot
target the aberrant cancer cells. Recently cancer immunotherapies have significantly
improved the ability to treat some types of cancer. These include immune checkpoint
inhibitors that block the ability of cancer cells to downregulate the T cell responses against
cancer, and chimeric antigen receptor (CAR) T cell therapies that modify T cells to target
specific cancer-associated antigens.2 3 However, these treatments are still limited to specific
subsets of cancer, and, in the case of CAR-T cells, require complicated and expensive
manipulations of patient cells ex vivo. Therefore, strategies that complement to checkpoint
inhibitors or CAR-T cells, and new anticancer immunotherapies are being actively explored.

On the other hand, autoimmune diseases are conditions in which the body’s own immune
system erroneously becomes activated against self-antigens, resulting in an immune
response against its own cells and tissues. Current treatment options for these conditions are
limited and generally use broadly immunosuppressive drugs, which are often associated with
significant side effects.# As such, current research focuses on antigen-specific treatments,
which targets only the aberrant immune cells while leaving the rest of the immune system
intact to fight off normal infections.> Recent advances in understanding how the body
induces tolerance to certain antigens have highlighted the potential of cell membrane-based
immunotherapies.® Such strategies take advantage of the body’s own systems for inducing
tolerance by presenting antigens in specific, non-inflammatory ways.

Since the immune system is heavily involved in virtually all types of pathologies, the ability
to manipulate different components to direct immune responses is of great interest. Both
synthetic and biologically-derived particles have been developed to carry drug payloads and
target them to tissues of interest.” Micro and nanomaterials-based therapeutic strategies that
function at the cell and tissue level have emerged as a promising strategy for immune
modulation.8: © On the other hand, the importance of cell membrane surfaces is increasingly
recognized, as the signals they provide to other cells play major roles in directing the
outcome of immune responses.1 Membrane-engineered cells and cell membrane-derived
materials have been utilized to increase compatibility and interaction with targeted cells/
tissues, and more importantly, to enhance therapeutic efficacy.11-17 Thus, the control of cell
interactions and functions by manipulating cell surfaces via membrane conjugation methods
and/or utilizing cell membrane-derived materials is an attractive area in immunotherapy
(Figure 1).

In the first part of this review, we will address major methods in cell membrane modification
with potential applications for immunotherapy. The focus will be on the chemical
conjugation schemes used for engineering cell membranes that both preserve their biological
properties and add functionalities. Then, a new class of nanomaterials, cell membrane-
derived nanomaterials for immune system modulation will be discussed.

Cell membrane conjugation for immunotherapy

Cell membranes have been modified in various ways for immune-related therapies. These
strategies include chemical conjugation, hydrophobic interactions, and cell surface-specific
binding interactions (Figure 2). While some of these methods have been applied to
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stimulating immune responses for treating diseases like cancer, many others have been used
for inducing tolerance to donor cells or for treating autoimmune diseases. This section will
discuss cell membrane conjugation strategies in immune-related therapies (Figure 2).

Chemical conjugation

A myriad of molecules on cell membranes provide a variety of modification locations.
Functional groups including primary amine, carboxylic acid, and free thiols from
membrane-associated proteins and polysaccharides can be targets of various chemical
reactions, offering covalent linkages to desired conjugants. Among these functional groups,
primary amines are the most popular one. Conjugation can be completed in a one-step
reaction or multiple reactions with the introduction of new functional groups.

One-step chemical conjugation—A simple strategy to reduce immune responses to
donor cells is to prevent the presentation of stimulatory molecules to host immune cells by
physically blocking access. Scott and colleagues conjugated cyanuric chloride-coupled
methoxy(polyethylene glycol) (mPEG) on the membranes of red blood cells (RBCs) via an
easy nucleophilic substitution of chlorides with amines on cell membranes.18 Compared to
unmodified RBCs, sheep mPEG-modified RBCs were phagocytosed by human peripheral
blood monocytes at much lower rates and had a higher /in vivo survival rate when injected
intraperitoneally into mice. Later, the same group demonstrated that PEGylation of donor
peripheral blood mononuclear cells could effectively inhibit the proliferation of T cells from
HLA class I disparate recipients in a mixed lymphocyte reaction.1® It was claimed that this
could have applications in preventing graft-verus-host disease elicited by organ
transplantation. These studies demonstrated the concept of using chemical modification to
mask cells from the immune system, and facilitated the development of the concept of
modifying transplanted pancreatic islets to prevent immune rejection for treating type 1
diabetes mellitus (T1DM). Since T1DM is an autoimmune disease that destroys pancreatic
islets of Langerhans, which produce insulin for metabolic regulation, islet transplantation is
an attractive strategy for permanently treating the disease.2% However, as with any organ
transplant, the donor tissue is subject to immune rejection and current methods to protect it
lead to significant suppression of the entire immune system. To reduce immune rejection of
implanted donor islets by recipients, several groups have used N-hydroxysuccinimide
(NHS)-functionalized polyethylene glycol (NHS-PEG) to modify islet cells via a simple
one-step reaction, which links primary amines on islet cells and NHS-activated carboxyl
groups to form an amide bond (Figure 2A).21-25 The reaction is faster and more
biocompatible than the cyanuric chloride-based nucleophilic substitution. These studies
showed significant protective effects by maintaining the ability of islets to regulate insulin
production in a murine allograft model. This strategy, when combined with the short-term
immunosuppressant drug anti-LFA-1 antibody, showed even greater effects, eliminating
hyperglycemia in 78% of diabetic animals.2> The same membrane conjugation method has
also been used to stimulate immune responses. CpG-oligonucleotides, a toll-like receptor
(TLR) agonist, were modified with NHS and conjugated on mouse lung cancer cells for
stimulating bone marrow-derived dendritic cells (DCs).26
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Instead of utilizing pre-activated carboxyl groups, carboxylic acid-activating molecule, 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, which has also been
named ECDI) has been used for attaching antigens on cell surfaces by simply adding to a
mixture of cells and antigens. Although this is not a clean or optimal conjugation method
since EDC can activate carboxyl groups of both cells and antigens, and is toxic to cells, it
was later found EDC-treatment has the unique effect on antigen-presenting cells of causing
them to induce tolerogenic responses when interacting with T cells.27-30 Initially, this was
shown that by conjugating an antigen of interest via EDC to splenocyte membranes, the
splenocytes induced T cell unresponsiveness to the antigen.2’ Subsequently, Elliot et al.
found that EDC treatment alone was sufficient to generate MHC-specific tolerogenic
splenocytes.?8 This is useful for inducing donor-specific tolerance for organ transplantation
in which MHC-mismatched surface antigens are introduced to the graft recipient. Similar to
autoimmune diseases, the field of organ transplantation is also focused on suppressing
immune responses towards specific antigens from an allograft donor.3! When used in skin,
cardiac, and islet allograft transplant models, i.v. infused EDC-conjugated donor cells
significantly extended graft survival time.28-30 In optimizing the type of cells and timing of
injection before graft transplantation, Miller and Luo could induce indefinite tolerance to
allogeneic islet grafts in a murine model of diabetes.3% The mechanism behind this is
complex and has not been fully elucidated, but one major factor is related to the fact that
EDC-treated cells are much more prone to undergo apoptosis, which has been shown to
exert pro-tolerogenic effects.29: 32 33 One mechanism is that apoptotic antigen-coupled
splenocytes/leukocytes accumulate in the splenic marginal zone. Spleen macrophages uptake
the apoptotic cells, and then produce IL-10 and express programmed death-ligand 1 (PD-
L1), both of which suppress overactive immune responses. The process also generates T
regulatory cells that downregulate effector T cell responses and are essential for maintaining
long-term tolerance.34 In a Phase 1 clinical trial, myelin peptide-coupled autologous
apoptotic peripheral blood mononuclear cells were shown to regulate myelin specific T cell
responses in multiple sclerosis patients.3®

High levels of free thiols exist on T-cells, B-cells, and hematopoietic stem cells (HSCs).
These thiol groups can be used to form covalent bonds with conjugants bearing sulfhydryl-
reactive maleimide groups (Figure 2B). Irvine and Stephan have attached various
maleimide-surfaced particles, including liposomes and lipid-enclosed polymeric
nanoparticles (NPs), to antigen-specific CD8* T cells and HSCs through reacting maleimide
with pre-existing thiols on cell membranes (Figure 3A).36-39 The particles were able to stay
on T cell surfaces and were nontoxic to T cells. One promising cancer treatment strategy,
called adoptive T cell therapy, isolates T cells from the cancer patient, stimulates and
expands them ex vivo and reinfuses them back into the patient to target tumors.%9 One major
challenge of this strategy is the loss of function and viability of T cells in the tumor
environment. Administration of high dose IL-15 and IL-21 cytokines has been shown to
stimulate T cell proliferation and effector function,*! but is limited due to dose-dependent
toxicity. To address this, Stephan et al. encapsulated IL-15 and IL-21 inside liposomes and
attached the liposomes onto tumor-specific T cells. The membrane conjugation method
provided localized stimulation to the cells and avoided the side effects associated with
systemic administration of the cytokines.3” The NP-modified CD8* T cells with T cell
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receptors (TCRs) specific to melanoma antigen gp100 (Pmel-1 T cells) were able to
effectively proliferate after being adoptively transferred into mice bearing melanoma tumors
(Figure 3B) and extend mice survival (Figure 3C). Recently, technologies of genetically
engineered CAR-T cells have achieved significant successes,® 42-4% including being
approved by the US Food and Drug Administration for treating blood cancers. However, the
applications in treating solid tumors haven not been successful partly due to the loss of
function of CAR-T cells in the immunosuppressive tumor environment.*6: 47 Membrane-
associated NPs carrying both proliferation stimulating cytokines and antibodies that
overcome the immunosuppressive signaling may be promising to assist the antitumor
response of CAR-T cells.

Multi-step chemical conjugation—Many other modifications have been implemented
involving multi-step modifications. For instance, biotin can bind strongly with avidin/
NeutrAvidin/streptavidin, which have 4 binding sites for biotin (Figure 2C). The method is
commonly used in cell membrane modification schemes. In one study, NHS-biotin was used
to biotinylate the antigen protein, Tat and human erythrocytes. Tat was then anchored on the
erythrocytes via the biotin-avidin interaction to induce antigen-specific T cell responses.*8
Since streptavidin can bind to 4 biotins, this linkage method provides efficient and multiple
attachment if necessary. Biotinylated SLeX was efficiently anchored on mesenchymal stem
cell membranes (MSC) to mediate cell interaction with selectins, which are expressed on
endothelial cells of inflamed blood vessels and are critical to guide immune cells to home to
inflammatory tissues.*? In addition to biological molecules, NPs have been attached on
MSC and endothelial cell membranes using a similar method. The cells were shown to
maintain their tumoritropic properties and ability to form multicellular structures,
respectively.>0 A similar strategy was used to immobilize PLGA particles on islet surfaces
through the biotin-streptavidin interaction.>? In the study, PLGA particles encapsulating
leukemia inhibitory factor (LIF), which promotes adaptive immune tolerance, were attached
on donor islets before the islets were transplanted into allogeneic diabetic mice. The
modified islets helped 57% of recipient mice to maintain long-term normoglycemia, while
all control mice that received unmodified allografts all became hyperglycemic.

Because of the immunogenicity of avidin and streptavidin and their “bulky” size,>2 other
membrane conjugation methods have become more popular. Cheng et al developed a method
utilizing a thiol-maleimide reaction for cell membrane conjugation (Figure 2D). NHS-PEG,-
maleimide was first used to convert cell membrane primary amine groups to maleimide,
which is highly reactive with thiolated peptides and proteins under regular cell culture
conditions.1® 53 Because NHS-PEG,-maleimide is not cell membrane permeable, the
conjugation method was shown to not affect stem cell viability, proliferation or
multipotency. Another advantage of this method is that it allows for precise control of
binding sites on attached peptides or proteins by designing the location of free thiol-
containing cysteine in these molecules. In a similar conjugation strategy, anti-programmed-
death ligand 1 antibody (aPDL1) was conjugated onto platelets to overcome immune
suppression to T cells in residual tumors after primary tumor resection (Figure 3D).>* The
binding of PDL1 on cancer cells and antigen presenting cells (APCs) to the programmed-
cell-death protein 1 (PD1) of T cells inactivates tumor infiltrating T lymphocytes. Although
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the suppression can be overcome by aPDL1,%" its efficacy is compromised by the off-
targeting of aPDL1 to normal cells.56 57 Platelets were selected as the carrier of aPDL1
because of the ability of platelets to home to surgical wounds and to capture circulating
cancer cells.®8 59 Furthermore, the activation of platelets upon adhesion to injured blood
vessels results in the release of platelet membrane-derived microparticles,50 facilitating
membrane-associated aPDL1 blockage of PDL1 and recruitment of more immune cells. To
conjugate aPDL1 on platelets, primary amines on platelet membranes were converted to
sulthydryl groups using Traut’s Reagent (2-iminothiolane), while aPDL1was modified with
maleimide groups using sulfosuccinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-
carboxylate. The conjugation was then completed via thiol-maleimide reaction (Figure 3D).
Compared to aPDL1 alone, aPDL1 conjugated on platelets accumulated more efficiently
into tumor surgical sites, and reduced the recurrence of melanoma tumors and cancer cell
metastasis to the lungs (Figure 3E). Since Traut’s Reagent is cell membrane permeable and
toxic to cells, the conjugation method may be improved by employing cell membrane
impermeable molecules instead of Traut’s Reagent in the step of functionalizing cell
surfaces with thiol groups.

Staudinger ligation has also been applied in forming covalent linkages in biological systems.
It is a biorthogonal reaction between azide and phosphine such as methyl-2-
(diphenylphosphino) terephthalate (MDT) (Figure 2E).61 The advantage of Staudinger
ligation in studying biological systems is that both chemical groups do not exist in natural
biological systems and therefore react specifically, resulting in minimal noise. In one
application, islet spheroids were covered with an ultra-thin conformal coating.62 NHS-PEG-
N3 was used to introduce azide groups onto islet surfaces, and poly(amido amine)
(PAMAM) dendrimer functionalized with MDT was attached as a second layer via
Staudinger ligation. Finally, N3-terminated alginate was conformally coated on islet surfaces
via the same reaction. In another application, the same group used a similar conjugation
strategy to attach TGF-B1 to the surfaces of APCs in order to generate antigen-specific
Tregs.%3 In nature, membrane-bound TGF-B1 on Treg promotes tolerance.54 TGF-p1 was
modified with MDT groups using NHS-PEG-MDT, while murine splenocytes reacted with
NHS-PEG-Nj3 to obtain azide groups. Afterwards, TGF-B1 was immobilized onto the APC
surfaces through Staudinger ligation. The modified APCs were then cocultured with naive
CD4* T cells from OT-11 mice in the presence of OVA peptide. The naive OT-1 CD4* T
cells have TCR specific to OVA and were converted to OVA-specific Tregs, which were
shown to suppress the activation of OVA-specific CD4* T cells.

Abundant polysaccharides on cell membranes have also been targeted for cell membrane
conjugation. To anchor NPs on macrophages for utilizing their tumor hypoxia-tracking
characteristics, sialic acid residues on macrophages were reduced by sodium periodate.8>
The reaction generated aldehyde groups, which reacted with hydrazine groups on NPs to
form a transient Schiff base linkage. In the presence of sodium cyanoborohydride, the
linkages were converted to stable secondary amine bonds (Figure 2F). The study provided a
new cell membrane conjugation method, but it did not investigate whether the method
affected the tumoritropic ability of macrophages.
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The strong attachment of marine mussels on substrates results from their secreted adhesive
proteins containing 3,4-Dihydroxy-I-phenylalanine (DOPA), an amino acid with catechol.%8
The adherence of catechol to cellular surfaces is via phenolic proton-mediated hydrogen
bonding and the formation of covalent bonds through the reaction of nucleophilic groups on
cell surfaces with oxidized catechols.6”- 68 To reduce donor rejection of implanted islets,
PEG and heparin have been conjugated to islet cell surfaces in separate studies using DOPA-
modified PEG and heparin, respectively.67: 69

In contrast to the above mentioned conjugation reactions that establish linkages on cell
membranes at relatively random positions, selective cell membrane conjugation can be
achieved with the help of enzymes. These biochemical methods require cell membranes to
present specific amino acid sequences, called acceptor peptides.’%72 For instance, the
LPETGG motif can be recognized and cleaved in between threonine and glycine residues by
sortase A. The produced thioester acyl-enzyme intermediate reacts with peptides with N-
terminal glycine, (G),, to covalently link the motif with the peptides (Figure 2H).”2 To
introduce acceptor peptides on cell membranes at pre-defined positions, genetic
modification of cells is required and had safety concerns until the recent establishment of
targeted genome editing technology, CRISPR-Cas9 that enables the insertion of genes at
pre-defined regions of the genome.”3: 74 In a very recent study, CRISPR-Cas9 was used to
generate RBCs presenting Kell proteins with an LPETGG motif. In the presence of sortase
A, autoantigen peptides were linked on these modified RBC membranes.”® This method of
conjugation was shown to be very gentle and did not damage RBCs. Furthermore, it allowed
for well-controlled presentation of the antigen motif on the RBC Kell protein. To expand the
clinical applicability of this strategy, a conjugation method that does not require genetic
modification was also developed, taking advantage of endogenous RBC proteins with an
exposed glycine at the N terminus (Figure 4A). This strategy was demonstrated to have
significant potential when applied to immunotherapy for autoimmunity thanks to the
tolerogenic nature of RBCs. When MOGg3s._55, a myelin antigen implicated in experimental
autoimmune encephalomyelitis (EAE), a murine model of multiple sclerosis, was
conjugated to RBC membranes in this manner and then i.v. injected in mice with EAE, the
modified RBCs could both prevent and treat the disease. Similarly, conjugating an insulin
peptide prevented the development of diabetes in non-obese diabetic mice. The simplified
method without acceptor peptides sacrificed some degree of selectivity. It is interesting to
study if other simple chemical conjugation methods discussed above can result in a similar
efficacy in autoimmune disease models.

Hydrophobic interactions

Cell membranes are composed of a lipid bilayer, proteins, and polysaccharides. Lipids are
amphiphilic molecules and self-assemble into lipid bilayers. The hydrophobic interaction
between lipid tails and protein transmembrane domains is critical to stabilize membrane
proteins on cell surfaces. Similarly, hydrophobic interactions can be a facile strategy to
introduce conjugants on cell membranes (Figure 21). Compared to chemical conjugation,
especially nonspecific reactions, hydrophobic interactions may cause less damage to the
original physiochemical properties of cell membranes. However, its disadvantage is the
instability of the inserted targets. Unlike the relatively large transmembrane domain of
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proteins, inserted molecules normally have a hydrophobic portion similar to lipid alkyl
chains, which are prone to leave cell membranes, especially when a plethora of proteins
exist in close proximity /n vivo. Liu et al. have tested the conjugation efficiency of CpG-
oligonucleotides terminated with various hydrophobic moieties including C1g chain,
diacyllipid with or without spacer PEG, and cholesterol on B16F10 melanoma tumor cells /n
vitro and in vivo. Unlike free CpG-oligonucleotides, hydrophobic-tail modified CpG-
oligonucleotides can insert into the tumor cells and have a better retention time in tumor
tissues.”® Many hydrophobic interaction-based conjugation methods involve two steps. In
one study, protein A was palmitated for inserting into leukemia cell membranes. Then fusion
protein, B7-1-Fcy, was anchored on the cells via the binding between Fc and protein A.
B7-1 is a co-stimulatory molecule for T cell activation, and its density on modified cells was
shown to affect T cell proliferation in vitro.”” Some conjugants are attached through similar
two-step strategies. In another study, for the conjugation of urokinase, a protein that helps
dissolve blood clots, to islet cell membranes, oligo(dT),o-PEG-lipids were inserted into cell
membranes though hydrophobic interactions. Hybridization between urokinase-oligo(dA)»q
with oligo(dT),q anchored the proteinase onto islet surfaces.”®

specific binding interactions

Bioconjugation can be easily achieved using fusion molecules with a ligand binding to cell
membrane proteins. Building upon the discovery that apoptotic cells promote tolerance,
Kontos et al. hypothesized that the large number of erythrocytes that undergo apoptosis each
day can be leveraged to induce tolerance.”® This was evaluated by conjugating a protein of
interest, in this case OVA, to ERY1, a 12-amino acid peptide that specifically binds to
glycophorin A on erythrocyte membranes. When ERY 1-OVA was injected into mice that
were administered adoptively transferred OVA-specific OT-1 CD8* T cells, it was found to
induce deletion of the transferred T cells. Since conjugating sufficient quantities of ERY1 on
small peptides is technically challenging, an erythrocyte binding antibody, TER119, was
engineered into a single-chain fragment carrying the peptide p31, an islet B-cell autoantigen
implicated in diabetes pathogenesis for nonobese diabetic BDC2.5 mice (Figure 4B). When
TER119-p31 was periodically administered into mice injected with activated BDC2.5 CD4*
T cells, rapid-onset diabetes was prevented compared to controls that received p31 alone.
This represents an effective cell membrane conjugation method with the advantage that it
does not require ex vivo cell manipulation. Double cell surface binding has also been
performed. ILY4D is a binding domain of intermedilysin (ILY) on human erythrocyte
membranes and some cancer cells that express CEA. Therefore, anti-CEA/ILY 4D was
fabricated to bind to human erythrocytes, rendering erythrocytes capable to target CEA-
positive cancer cells.80

Cell membrane-derived nanomaterials for immunotherapy

Cell membrane-derived or cell membrane-coated nanomaterials (CM-NMs) are an emerging
class of materials that present natural cell membranes and are highly biocompatible (Figure
1).13 In addition, CM-NMs with synthetic materials in the core own the advantages of
synthetic materials in controlling drug release and imaging /n vivo. The majority of CM-
NMs have been utilized for harnessing the natural targeting ability of cell membrane
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receptors.14 16. 17. 81 Thejr applications in eliciting immune protection have also gained
increasing attention.

Cancer vaccine

One cancer immunotherapy under much investigation uses the concept of vaccination to
induce anti-tumor immunity. This strategy typically incorporates a tumor antigen along with
an immunostimulatory adjuvant to activate APCs and create an anti-tumor response.
However, clinical trials of cancer vaccines have thus far shown very limited effectiveness.40
One reason for this is the limited ability of the vaccine to access DCs, which are one of the
most potent APCs. In fact, one of the only FDA-approved cancer vaccines utilizes ex vivo
isolated and activated DCs (PROVENGE®).82 To avoid the high costs and loss of function of
ex vivoexpanded DCs, Guo et al. developed a cell membrane-coated NP vaccine that targets
DCs in vivo (Figure 5A).83 Their system consisted of melanoma antigen peptide-loaded
PLGA-NPs coated with RBC membranes. DSPE-PEG-mannose were anchored on the
coated membrane of CM-NMs for targeting DCs, while MPLA was also incorporated on the
membrane as an immunostimulatory adjuvant. It was shown that the CM-NMs with both
mannose and MPLA exhibited a higher degree of DC activation compared to control CM-
NMs without one or both modifications, inhibited tumor growth, and suppressed tumor
metastasis in a mouse melanoma tumor model.

To circumvent the need for APC activation to elicit T cell immunity, Zhang et al. generated
artificial APCs using isolated leukocyte membranes (Figure 5B).84 Leukocytes were first
treated with azide-choline to present azide groups on surfaces via cell metabolism and lipid
biosynthesis. After membrane isolation and coating on magnetic nanoclusters, the fabricated
CM-NMs were chemically coupled with dibenzocyclooctyne-modified major
histocompatibility complex class-I (MHC-I), which was loaded with OVA peptide, and
dibenzocyclooctyne-modified co-stimulatory ligand anti-CD28 through the copper-free
azide-alkyne cycloaddition reaction. The generated artificial APCs were highly efficient in
stimulating and expanding CD8* T cells with specific TCR against MHC-1 and OVA peptide
complex. After adoptive transfer of the stimulated CD8* T cells into EG-7 tumor bearing
mice, the T cells associated with the magnetic nanoclusters could by guided to tumors
through magnetic control and inhibited the growth of OVA-expressing EG-7 tumors.

Although cancer vaccines targeting a single cancer cell antigen can elicit strong immune
responses against tumors, the protection does not last long because of the heterogeneity of
cancer cells.85 Cancer cell membranes carrying a repertoire of membrane antigens are
advantageous in that they provide a broad range of antigens. B16-F10 cancer cell
membrane-coated NPs (CCNPs) with MPLA attached on the surfaces were able to activate
DCs and stimulate antigen-specific T cells.8 In a subsequent study, the authors
subcutaneously injected CpG-encapsulated CCNPs (CpG-CCNPs) into mice either before or
after challenge with B16-F10 cells.8” It was found that if the cancer vaccine was
administered before cancer cell challenge, CpG-CCNPs could prevent tumor establishment
in 86% of mice. In mice for which CpG-CCNPs and the checkpoint inhibitor cocktail of
anti-CTLA4 and anti-PD1 were co-administered after cancer cell injection, the median
survival was extended from 18 to 32 d compared to the blank control. There are two major
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issues that remain to be addressed in future studies. One is whether the disadvantage of
relatively low amount of individual antigens can be overcome to elicit strong immune
responses, especially when original T cells with specific TCRs are in low numbers. The
other is to determine the importance of incorporating patient-specific intracellular

neoantigens that result from tumor-specific mutations and are not in cancer cell membranes.
88

Vaccines against toxin and bacteria

In the field of vaccine development, pore-forming toxins (PFTs) are highly clinically
relevant since they are the main pathogenic component of many common infections.8°
However, developing vaccine formulations is challenging due to the need to first inactivate
them via heat or chemical methods, which can result in reduced immunogenicity and
effectiveness.%0 Hu et al. demonstrated that RBC membrane-coated NPs can entrap
structurally intact toxins in the coating membranes and prevent the toxin from affecting
normal cells, while retaining their immunogenicity to stimulate immune responses (Figure
5C).91 This nanotoxoid system using staphylococcal a.-haemolysin (Hla) antigen elicited
higher anti-Hla IgG titers than heat inactivated Hla alone upon administration of equivalent
amounts of Hla antigen. The antibody protection extended mouse survival in response to a
lethal dose of Hla, as the nanotoxoid treated mice exhibited 50% survival after just one
primary immunization and 100% survival with a booster as compared to 10% and 90%
survival, respectively, by treating with heat-inactivated Hla alone. They also showed that the
RBC delivery vehicle did not induce any autoimmunity, which is an advantage compared to
some currently used adjuvants that can result in reactogenicity and other adverse effects. To
increase the antigenic breadth, the same group collected bacteria-secreted proteins from
bacteria culture medium and incorporated a broad range of toxins into the RBC-coated NPs.
Mice vaccinated with this new formulation of nanotoxoid could protect mice from bacterial
infection.92

Another strategy used by the group is to coat small sized gold NPs with bacteria outer
membranes (Figure 5D).93 After subcutaneous injection, the bacterial membrane-coated
AUNPs quickly drained to lymph nodes due to their small particle size and activated DCs
that elicited both bacteria-specific antibody production and T cell responses /n vivo.

Perspectives and Conclusions

Cell membrane conjugation is a highly promising strategy for immunotherapy as shown
from its demonstrated efficacy in animal models. To date, most studies have manipulated
cell membranes to perform a single function, such as delivering an antigen to attenuate an
autoimmune reaction or locally delivering a cytokine to amplify immune reactions. As these
strategies become better studied, they may be combined with complementary methods to
enhance their effectiveness. For instance, genetically engineered cells that express
tolerogenic cytokines may increase the efficacy of cells with membrane-bound autoantigens
to induce tolerance. Alternatively, to avoid gene therapy, cell membrane conjugation of NPs
encapsulating tolerogenic cytokines may be used. A major limitation of many of these
strategies is the difficulty in translating the treatment to broad clinical use due to the cost.
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Strategies that modulate targeted cells /n situwithout ex vivo cell engineering may pave the
path for more clinical studies. CM-NMs have been mostly used for stimulating immune
responses. We envision the unique nanomaterials may be modified for establishing tolerance
for autoantigen and donor cell/tissues. Tolerogenic drugs encapsulated inside the synthetic

co
co

re of CM-NMs may improve cell membrane-induced tolerance. During membrane
ating, a small fraction of membranes will enclose the synthetic NP core in an inside-out

orientation.?* This fraction of CM-NMs may need to be removed before application in order

to

prevent potential inflammatory responses.
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Figure 1.
Immunotherapy strategies based on cell membrane conjugation and membrane-derived

nanomaterials. Direct modification of cell membranes or membrane coating on nanoparticle
surfaces generate immune-modulating therapeutics. When they are delivered to antigen-
presenting cells, tolerance or immunity to effector T cells can be induced depending on the
formulation.
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Figure 2.
Schematic illustration of cell membrane bioconjugation strategies used for immunotherapy.

Primary amines on cell membrane are used to form different linkages with conjugants,
including amide bonds (A), biotin-avidin linkage (C), thiol-maleimide linkage (D), and
Staudinger ligation linkage (E). Free thiols can form thiol-maleimide linkage with
conjugants (B), and polysaccharides can be modified to present aldehyde groups to form
secondary amine bonds (F). Biochemical methods (H), hydrophobic interactions (1), and cell
surface specific binding (J) can also be used for conjugations.
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Figure 3.
Cell membrane conjugation on T cells (A-C) and platelets (D-E) for enhanced cancer

immunotherapy. Liposomes encapsulating cytokines for T cell proliferation can be attached
on T cells to overcome their inhibited proliferation in tumors. (A) Confocal images of T
cells conjugated with fluorescently labeled liposomes on day 0 and day 4 after stimulation.
Scale bars, 2 um (B) Bioluminescence intensity of T cells variation with time. The T cells
expressed firefly luciferase, and the bioluminescence intensity was an indicator of T cell
numbers in the mice. Each curve represents one mouse. (C) Survival curves of B16
melanoma-bearing mice after T cell therapy. Immune check inhibitor can be delivered by
platelets to residual tumors after surgical removal of primary tumors. (D) Illustration of
aPDL1 conjugated on platelets for blocking PDL1 on tumor cells to enhance T cell
antitumor function. (E) Tumor growth curves of mice with an incomplete surgical resection
of mouse melanoma tumors (left). Numbers of lung metastatic foci from mice treated with
PDL1 antibody-modified platelets (right). (Reproduced with permission from Ref 37,
Copyright© 2010, Nature Publishing Group; and Ref 54, Copyright© 2017, Nature
Publishing Group)
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Red blood cell membrane conjugation for treating experimental autoimmune
encephalomyelitis (A) and autoimmune induced diabetes (B). A) The EAE inducing peptide
MOG3s.55 Was conjugated onto RBC membranes using the sortagging method. Around
13-14 days after induction of EAE, modified RBCs were i.v. administered into mice. Mice
that received RBCs modified with the EAE peptide exhibited complete remission of disease
scores approximately 5 days after treatment. Whereas the control EAE mice received RBCs
modified with an irrelevant peptide, maintained disease scores. B) The anti-erythrocyte
antibody TER119 was converted into a single chain Fv with an attached p31 peptide used in
inducing diabetes in the BDC2.5 diabetic mouse model. In mice in which TER119-p31 was
administered i.v. following adoptive transfer of diabetogenic BDC2.5 CD4+ T cells three
times spaced 3 days apart, glucose levels were maintained at normal levels compared to
control mice, which all developed diabetes. (Adapted from Ref 75 and Ref 79 with

permission.)

Bioconjug Chem. Author manuscript; available in PMC 2019 March 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.

Page 20

A Mannose-RBC-NP,,, C Toxin vaccine (nanotoxoid)

Artificial APCs y

Cell Membrane-Coated
Nanomaterials as Vaccines

N

D

Bacterial membrane-coated AuNPs

E‘ tQ;&anti-giDZS

N

Figureb.
Cell membrane-derived nanomaterials for immunotherapy. (A) Mannose-RBC-NP vaccine

for DC activation and tumor suppression. (B) Artificial magnetic APC vaccine for T cell
stimulation and guided T cell tumor homing. The artificial APCs were magnetic nanocluster
covered with leukocyte membranes and decorated with MHC-1 and anti-CD28 for
stimulating antigen-specific T cells. (C) Nanotoxoid for antitoxin vaccination. The
Nanotoxoid was made of RBC membrane-coated NPs entrapping toxin. (D) Bacterial
membrane-coated AuNPs for antibacterial immunity. (Adapted with permission from Ref
83, Copyright© 2015, ACS Publications; Ref 84, Copyright© 2017, ACS Publications; Ref
91, Copyright© 2013, Nature Publishing Group; and Ref 93, Copyright© 2015, ACS
Publications.)
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