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ABSTRACT: Activating innate immunity in a controlled manner
is necessary for the development of next-generation therapeutics.
Adjuvants, or molecules that modulate the immune response, are
critical components of vaccines and immunotherapies. While small
molecules and biologics dominate the adjuvant market, emerging
evidence supports the use of immunostimulatory polymers in
therapeutics. Such polymers can stabilize and deliver cargo while
stimulating the immune system by functioning as pattern
recognition receptor (PRR) agonists. At the same time, in
designing polymers that engage the immune system, it is important
to consider any unintended initiation of an immune response that
results in adverse immune-related events. Here, we highlight
biologically derived and synthetic polymer scaffolds, as well as
polymer—adjuvant systems and stimuli-responsive polymers loaded with adjuvants, that can invoke an immune response. We present
synthetic considerations for the design of such immunostimulatory polymers, outline methods to target their delivery, and discuss
their application in therapeutics. Finally, we conclude with our opinions on the design of next-generation immunostimulatory
polymers, new applications of immunostimulatory polymers, and the development of improved preclinical immunocompatibility
tests for new polymers.
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1. INTRODUCTION 1930s, Goebel and Avery reported several landmark studies
demonstrating that conjugation of carbohydrate polymers to
proteins could modulate the immune response in a pneumo-
coccus vaccine.' "' Later, researchers in the 1960s identified
that hydrophilic polymers such as poly(ethylene glycol),
alginates, and methylcelluloses were safe for use as drug
excipients or surgical tools, while other hydrocarbons such as
polystyrene and poly(vinyl chloride) were less favorable for
biological applications.">'* Similar property—activity relation-
ships were developed through the 1980s and provide a
foundational understanding of polymer biocompatibility
today. Work in the 1990s demonstrated that polymers could
be synthesized with precise chemistries to deliver small
molecules, proteins, or oligonucleotides with controlled release
kinetics, biodistribution, and immune responses.'>~>° Today,
the ascent of controlled polymerization techniques combined
with sophisticated monomer design”' has allowed a breadth of
polymers to be used in biomedical applications such as tissue
scaffolds, drug delivery systems, drug excipients, antimicrobial
coatings, and gene therapies, to name a few. Specific to clinical
immunology, polymers are critical components of liposomal and

Polymers hold immense potential for the development of novel
therapeutics. On account of their high molecular weights,
tunable properties, and ability to assemble into ordered nano-
and microstructures, polymers can deliver molecular cargo, form
interactions with biological molecules, and target specific cell
subsets, making them potent tools for treatment of disease or
modulation of biological systems.' ~* While such applications of
polymers are commonly exploited, it has also become apparent
that polymers hold an innate immunostimulatory capacity,
which can result in enhanced immune responses or toxic side-
effects when applied in therapeutic modalities.” Indeed, nature’s
polymers, such as bacterial peptidoglycans and single-stranded
DNA, are potent immunogens that are critical for immune
recognition of “non-self” or “damaged-self” from “self” (e.g.,
recognizing viral or cancerous proteins from endogenous
proteins).”~” Polymeric adjuvants can enhance cellular uptake,”
bind immune receptors with higher affinity and avidity,” and
alter pharmacokinetics'’ relative to small molecule adjuvants.
Synthetic alternatives to nature’s polymers offer a low-cost and
tunable parameter space for the design of new adjuvants and
delivery systems that can be prepared with optimized biological
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Figure 1. Schematic overview of relevant components of the innate and adaptive immune systems for vaccination and cancer immunotherapy. Under a
disruption of homeostasis, antigen presenting cells (APCs) of the innate immune system identify “non-self” and “damaged-self” molecular motifs
(PAMPs and DAMPs) through their major histocompatibility complexes (MHC-I and MHC-II) and pattern recognition receptors (PRRs). APCs
then become activated, secrete immunostimulatory cytokines, and present antigens on MHC-I or MHC-II to stimulate a response by the adaptive
immune system. The adaptive response is coordinated by B cells, which bind antigens with their B cell receptor (BCR), as well as CD4" and CD8" T
cells, which bind peptide:MHC complexes with their T cell receptor (TCR). Together, T and B cells facilitate the destruction of the pathogen. Created

with BioRender.com.
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for CAR T cell production and oncological gene therapies,™
and compatibilizing agents for stents and devices.* Growth in
the use of polymers in these applications requires an increased
molecular understanding of interactions between polymers and
the immune system to allow for the development of safe and
improved therapeutics.

In this Perspective, we discuss the current status of
immunostimulatory polymers for therapeutic applications.
While polymers employed for drug delivery and nanomedicine
have been extensively reviewed,”*"** herein we discuss the
immune response directed toward polymers independent of
cargo or other extrinsic stimuli. Rather than focus on specific
disease contexts, we instead discuss design principles necessary
for directing an immune response using one of four classes of
materials: (1) biologically derived (or biologically inspired)
polymers that bind known pattern recognition receptors (PRRs,
described below), (2) synthetic polymers that bind known
PRRs, (3) polymers that are covalently conjugated to or
noncovalently formulated with PRR ligands to enhance
adjuvanticity, and (4) polymers that can direct the delivery of
PRR ligands to specific immune compartments using stimulus-
responsive chemistry, biodegradable functional groups, or
targeting ligands. We then discuss how increased understanding
of immune receptor signaling, machine learning, and computa-
tion-guided design, high-throughput synthesis and screening,
and other strategies will allow for the design of materials with a
higher capacity for PRR binding and adjuvanticity. Finally, we
note the importance of biocompatibility screening in the
development of polymeric adjuvants and propose methods by
which this can be achieved.
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. IMMUNE SYSTEM OVERVIEW

While the immune system cannot be fully covered in a single
Perspective, we provide a brief overview of some major
components of innate and adaptive immunity relevant for the
design of immunostimulatory polymers and their applications
for vaccination and immunotherapy (Figure 1). More
information about specific aspects of immunity necessary in
the design of next-generation therapeutics can be found in
excellent texts and reviews.**™*°

To protect the body from disease, foreign antigens (any
proteins or carbohydrates to which an immune response is
mounted) must be identified by the immune system with the
appropriate costimulatory molecules to generate an immune
response. Antigen presenting cells (APCs), such as dendritic
cells and macrophages, sample circulating proteins as they pass
through secondary lymphoid organs. These notably include the
lymph nodes, where APCs sample contents of the lymph
draining from peripheral tissues, and in the spleen, where APCs
sample contents of the blood. Under homeostatic conditions,
APCs endocytose protein antigens and enzymatically process
them into short peptides (epitopes), which can be loaded onto
major histocompatibility complex I or II (MHC-I and MHC-II).
APCs then present these epitopes on MHC-I or MHC-II to
naive T cells in the spleen and lymph nodes. In the absence of
costimulatory molecules (i.e., in the case of an endogenous or
“self” antigen), such antigen presentation fails to induce a
productive immune response and results in anergy, exhaustion,
or immune regulation (i.e., T cell differentiation toward a
regulatory phenotype). During a disruption to homeostasis,
such as the presence of an infection or cancer (i.e., presence of
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Table 1. Selected PRR Agonists and Regulatory Approval Status®

PRR ligand class phase III (with trial number) or approval status?

TLR1/2  lipopeptides no

TLR2/6  lipopeptides no

TLR3 dsRNA no

TLR4 lipopolysaccharide FDA approved for vaccination (AS01 formulation: Shingrix; AS04 formulation: Cervarix),**™* in phase III for vaccination

(AS01 formulation: NCT04319380, NCT05059301)

TLRS bacterial flagellin no

TLR7/8  ssRNA in phase III for vaccination (Imiquimod: NCT04083157, NCT04143451)

TLR9 CpG ssDNA FDA approved for vaccination (CpG-1018: Heplisav B),* in phase III (CpG-1018: NCT04864561 NCT04672395)

NOD peptidoglycan no

(1&2)

NRLP3 ion flux, membrane FDA approved for vaccination (ASO1 formulation: Shingrix; AS04 formulation: Cervarix),** ** in phase III for vaccination
disruption, reactive (ASO1 formulation: NCT04319380, NCT05059301; Matrix-M formulation: NCT 04704830, NCT04611802,
oxygen species NCT04120194)

STING cytosolic cyclic DNA no

RIG-T short viral dsSRNA no

DNGR-1  F-actin—myosin no

Dectin-1  f-glucan in phase III as a cancer immunotherapy supplement (f-glucan dietary supplement: NCT04710290)

Dectin-2  a-mannan no

C-type mannose, fucose, GIcNAc  no

lectins
DC- high mannose glycans no
SIGN

“Note that TLR1/2 and TLR2/6 form heterodimers during ligand binding and were therefore included as one construct. Clinical trial status was
identified by searching each PRR and known agonists for active or recruiting phase III clinical trial status on https://clinicaltrials.gov.
Abbreviations: TLR = toll-like receptor, NOD = nucleotide-binding oligomerization domain-containing protein, NLRP3 = NACHT, LRR, and
PYD domain-containing protein 3, STING = stimulator of interferon genes, RIG = retinoic acid-inducible gene, DNGR = dendritic cell natural
killer lectin group receptor, DC-SIGN = dendritic cell-specific ICAM-grabbing non-integrin.

“non-self” or “damaged self”), APCs are further stimulated by
pathogen associated molecular patterns (PAMPs) and/or
damage associated molecular patterns (DAMPs) binding to
PRRs in the cytosol or on the APC surface. Activation of these
PRRs can induce production of costimulatory factors, such as
cytokines (which are immune signaling proteins), which are
needed to license naive T cells to become activated, rapidly
proliferate, and facilitate a memory-inducing adaptive immune
response. APCs also reside in lesser numbers in peripheral
tissues, such as the skin, and sample the local environment for
antigens. Under stimulation by PAMPs or DAMPs, they migrate
to the secondary lymphoid organs where they can similarly
initiate an adaptive response.

The adaptive component of the immune response is mediated
by T cell receptors (TCRs) and B cell-bound immunoglobulins
(the B cell receptor, BCR). TCRs, in coordination with CD4 and
CD8, bind antigenic epitopes presented by APCs on MHC-II or
MHC-], respectively, to bridge innate and adaptive immunity. T
cell responses can be separated into a CD8" cytotoxic T
lymphocyte (CTL) response, critical for killing and clearing
pathogen-infected or tumor cells, ora CD4" “helper” T cell (Th)
response, important for secreting soluble immune mediators,
such as cytokines, which enhance CD8" T cell and B cell
responses. Helper T cells can be further separated into Th1 and
Th2 subtypes, where Thl responses support CTL-mediated
killing and Th2 responses support B cell maturation and
differentiation. BCRs, meanwhile, bind antigenic macromole-
cules such as proteins and carbohydrates (or, in some cases,
synthetic materials) on account of their secondary structure.
Naive B cells that bind an antigen and subsequently receive
stimulation by Th2-biasing cytokines differentiate into plasma
cells that can both secrete antibodies and allow for phagocytosis
to mediate destruction of pathogens. Alternatively, arrayed
binding of a repeating secondary structure, such as in the case of
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a carbohydrate or synthetic material, can induce B cell
maturation and antibody production independent of T cell
signaling. Stimulation of B cells with appropriate cytokines can
induce isotype class switching from conventional IgM and IgD
antibodies to those with increased affinity and specialized
functions, such as IgG2 (which specialize in responding to
bacterial capsular polysaccharides) and IgA (which specialize in
responding to mucosal infections).”’ Concurrent B and T cell
responses are often necessary to neutralize pathogens.

Given the importance of innate immune costimulation in
mounting a productive adaptive immune response, providing
PAMPs and/or DAMPs that can bind PRRs concurrently with
administration of antigen is often necessary for application in
vaccination and immunotherapy.”®*” Such molecular agonists
and other molecules, which modulate adaptive responses, are
called adjuvants. While prophylactic vaccines were historically
generated from attenuated or inactivated pathogens, which
intrinsically contain PAMPs, new systems such as subunit and
mRNA vaccines or cancer immunotherapies may lack natural
immunostimulatory components and can require supplementa-
tion with adjuvants to facilitate immunogenicity. There are >20
known PRRs that bind a diverse range of molecular patterns, and
the design of synthetic PRR agonists that induce specific
cytokine profiles for use in therapeutics is an active area of
research (Table 1). Despite promising research in these areas,
synthetic adjuvants are often limited by systemic toxicity, as
activation of PRRs can result in immunotoxic cytokine
production and lead to fever, injection site pain, or other side
effects. In severe cases, excessive PRR stimulation can result in a
life-threatening pathology known as a “cytokine storm”
(sometimes called Cytokine Release Syndrome, or CRS).*>*
As such, effective formulation of antigen and adjuvant in a
delivery vehicle, such as synthetic nanoparticles, emulsions, or
liposomes, to target immune cell subsets and reduce adjuvant
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dose is often beneficial for successful vaccine design.
Alternatively, adjuvants that enhance adaptive immunity
through less-specific mechanisms than PRR binding (such as
general inflammation or “depot” effects) have found success in
clinical applications. Specifically, aluminum salts (“alum”) were
among the first adjuvants, and many FDA-approved vaccines
have made use of alum or squalene emulsion-based antigen
depots. The mechanism of antigen depot-based vaccines is
debated but appears to invoke B and T-helper cell-mediated
immunity by stabilizing antigen at the injection site, altering cell
adhesion, and inducing inflammation so as to recruit and
activate nearby peripheral tissue-resident APCs.”” > While we
will focus on adjuvants that target PRRs, the ability of polymers
to form biophysical interactions with cells must be considered in
defining the immunogenicity of next-generation polymeric
adjuvants.

Despite the promise of small molecule and biological
adjuvants in preclinical studies, existing systems are limited by
poor targeting of immune cells and systemic toxicity, and few
molecular adjuvants have been approved by the FDA for
prophylactic vaccination. Even among recently FDA-approved
molecular adjuvants, off-target toxicity has proven to induce
high grade immune-related adverse events in a significant
portion of the ?opulation and is thus likely to reduce vaccine
compliance.”***” Polymeric adjuvants developed with careful
early stage biocompatibility testing hold promise to overcome
these problems. These materials form nanostructures that can
mimic the size, shape, and biodistribution of pathogens, target
and deliver cargo selectively via the incorporation of
immunogenic molecular patterns, and slow the systemic release
of immunostimulatory components into the bloodstream.
Moreover, by use of polymers that can directly bind receptors
while delivering antigenic cargo, systems with multiple
capacities for immunostimulation can be achieved. Under-
standing the design principles needed to accomplish and control
such responses will facilitate the rational design of better
therapeutics.

3. BIOLOGICALLY DERIVED POLYMERS WITH INNATE
IMMUNOSTIMULATORY ACTIVITY

3.1. Conceptual Overview. The innate immune system has
evolved to recognize PAMPs, molecular patterns unique to
pathogens, such as bacterial lipopolysaccharide, unmethylated
CpG DNA, and flagellin (Table 1). Researchers have utilized
such pathogenic motifs in therapeutic formulations to modulate
innate immune responses and facilitate adaptive immunity.**’
Biologically derived polymers with adjuvant capabilities can be
extracted directly from biosources or synthesized by chemical
approaches. When used in vaccines and immunotherapies, such
polymers can facilitate antigen presentation, form depots,
enhance endocytosis, and bind PRRs to modulate the immune
response.” Moreover, repetitive carbohydrate polymer struc-
tures can induce T cell-independent B cell responses.”"**
Carbohydrate-based formulations are employed in FDA-
approved vaccines against Hemophilius influenza type B, Nisseria
meningitidis, Salmonella typhi, and Streptococcus pneumoniae and
are known for inducing strong Th1-biased responses.”’ While
this discussion will focus primarily on carbohydrates, glycolipids,
and their derivatives as adjuvants, carbohydrates can also be
employed as an antigen to invoke potent B cell-mediated
immunity; excellent reviews on carbohydrate antigen vaccines
can be found elsewhere.""**
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In the biological milieu, carbohydrates are ubiquitous as
soluble or insoluble structural and functional units in cells or as
glycosylation units bound to proteins called glycans.” Carbohy-
drate-binding protein domains are known as lectins and
differentiated by their carbohydrate recognition domain
(CRD). A wide array of polysaccharides have been shown in
an immunological context to engage the C-type lectin class of
receptors and stimulate innate immune responses.5’43 C-type
lectins include the mannose-binding lectins (which bind
mannose-, fucose-, and N-acetylglucosamine-terminated gly-
cans), Dectin-1 (which binds f-glucan), DC-SIGN (which
binds high-mannose glycans), and many others, although
significant overlap exists in terms of CRD and lectin binding
specificity.** Carbohydrate adjuvants targeting C-type lectins
offer a promising alternative to classical adjuvants, as they are
potent, synthetically tunable, and low-toxicity immune modu-
lators. Here, we will focus on biologically derived molecular
targets of C-type lectins including mannose, fucose, f-glucan,
and chitosan. Other lectins, such as galectins (which bind
glycans containing N-acetyllactosamine) and Siglecs (which
bind glycans containing sialic acid), have also been shown to
play a role in innate immunity and have been reviewed
elsewhere.*>*® In addition, glycolipids derived from diverse
natural products can produce robust immunological activity
through PRRs or other innate immune signaling molecules
including TLR4, NLRP3, and CD1d. Perhaps the most notable
glycolipid is bacterial lipopolysaccharide, which was one of the
earliest identified PAMPs and has been extensively reviewed for
both its role in diseases and its use as an adjuvant.”*’ Here, we
will focus on two relevant glycolipids, saponins and a-
galactosylceramides (a-GalCers), as they both have recently
attracted attention as adjuvants that can generate safe innate
immune stimulation with unique adaptive immune response
profiles.

3.2. Mannose and Fucose. C-type lectins with CRDs
containing the amino acid sequence GluProAsn can bind
mannose, fucose, and N-acetylglucosamine (GIcNAc).***®
These lectins can be further differentiated into soluble receptors,
which bind bacterial carbohydrates and signal for their
destruction via the complement pathway, and cell surface
receptors, which can facilitate endocytosis of antigen upon
binding.*® We focus here on the cell surface receptors, of which
DEC-205 (CD205), DC-SIGN (CD209), and the macrophage
mannose receptors (MMR, or CD206) are the most studied.
Mannose is a C2 glucose epimer which enzymatically reacts to
form oligomers (glycosylations) at reactive sites on the surface
of many proteins.”” Naturally or synthetically mannosylated
antigens that are capable of binding these receptors enhance
targeting and activation of antigen-presenting cells to facilitate
adaptive immunity when used in vaccines and immunotherapies.
Early works targeting the MMR identified the immunomodu-
latory capacity of this approach, as work by Tan and colleagues
demonstrate that mannosylated antigens were more efficiently
taken up by dendritic cells and presented on MHC-II than
nonmannosylated antigens.”” Despite the promise of naturally
mannosylated antigens for vaccine formulation, expression of
glycosylated antigens in yeast or mammalian cells remains
challenging in many cases, posing a roadblock for broad
application of these systems and driving the development of
synthetic mannose alternatives for therapeutic application.
Synthetic alternatives have also been explored®' ™ and are
covered in greater detail in Section 5.3.

https://doi.org/10.1021/acs.macromol.2c00854
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Figure 2. Evaluation of particulate vaccines formulated with hepatitis B surface antigen (HBsAg) and chitosan (ChiP), f-glucan derived from Curdlan
(GP), or a blend of chitosan and f-glucan (ChiGluP). (A) Cell viability relative to untreated cells and (B) cytokine production of murine splenocytes
treated with 200 pg/mL of the indicated formulations. (C) Antibody titers of mice. Mice were vaccinated with 400 ug/dose of the indicated
formulations at days 0, 14, and 28, and total IgG titers were evaluated at days 14, 28, and 42. Isotype-specific titers were evaluated at day 42. Mice were
then sacrificed at day 42, and splenocytes were restimulated with S yg/mL of HbsAg for 48 h; then supernatant was assayed for (D) Th1-biasing
cytokines and (E) Th2-biasing cytokines. Reproduced with permission from ref 61.

The a(1—3) linked 6-deoxygalactose sugar, fucose, can also
function as a unique immunostimulatory component and holds
potential for cancer immunotherapy. Fucose-rich glycans are
associated with various cancers and can serve as an epitope for
antibody-mediated destruction in parallel with activation of cell
surface C-type lectins.”' In work by Liao et al,”* fucose-
containing polysaccharides were isolated from Reishi mush-
rooms and administered as an immunotherapy against a fucose-
expressing Lewis lung carcinoma. The isolates were shown to
elicit antibody-dependent cytotoxicity against the tumor. IgM
antibody binding was probed by using a glycan microarray and
revealed high affinity for terminal fucosylations reminiscent of
known tumor-associated glycans. Ultimately, the group showed
an increase in B cell proliferation and slowed tumor progression
when mice were treated with a fucose-enriched Reishi
polysaccharide fraction to account for the observed responses.”
Though a novel approach to immunotherapy, fucose has not
been shown to induce T cell-mediated adaptive responses and
likely requires combination with conventional T cell directed
immunotherapies (such as checkpoint blockade) to induce
productive antitumor responses in a clinical setting.

3.3. p-Glucans. f-glucans are f1—3 and pl1—6 linked
glucose-based polysaccharides found in fungal cell walls and
recognized by a variety of immune receptors including
complement receptor 3 (CR3), Dectin-1 (CD369), and
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TLR2. In particular, Dectin-1 is a C-type lectin with specificity
for p-glucans which, when bound, can induce a host of
downstream immune responses including NF-kB activation,
phagocytosis, and induction of epigenetic immune memo-
ry.ss_58 Moreover, innate immune activation by Dectin-1 has
been shown to induce Thl differentiation and elicit robust
cellular immune responses.”” On account of their accessibility,
desirable immunogenic profile in the absence of toxicity, and
ability to form nanoparticles in solution, formulations
comprising f-glucans are desirable alternatives to conventional
adjuvants and have shown potential for vaccine formulations.>
In an example highlighting the application of S-glucans for
vaccination, Donadei et al. show that soluble f1—3 linked
glucans conjugated to diptheria toxin induce robust antibody
responses when administered intradermally.”” The key benefit
to this system is that it allows targeting of skin-resident dendritic
cells without forming granulomas, which are seen when depot
adjuvants such as alum are administered intradermally or
subcutaneously (alum must be used intramuscularly as a result
of this effect). Alternatively, insoluble fS-glucan particles can
form antigen depots with greater immunogenic capacity than
alum, as shown recently in work by Soares and co-workers using
Curdlan f-glucan particles (GPs).”" In this study, a variety of
carbohydrate-based GP formulations including Curdlan,
Curdlan with chitosan, and chitosan (see Section 3.4) were

https://doi.org/10.1021/acs.macromol.2c00854
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formulated as nanoparticulate delivery vehicles for hepatitis B
surface antigen (HBsAg). It was found that Curdlan GPs
formulated without chitosan were best internalized. When
employed in a vaccine formulation with HBsAg, the Curdlan
GPs induced significant antibody titers and Thl-associated
cytokines, suggesting that particulate formulation and Dectin-1
binding can facilitate antiviral immune responses and that f-
glucans and chitosan do not synergize for immunotherapy
(Figure 2). These results and others®>~°° highlight the potential
of p-glucans as adjuvants for vaccines and cancer immuno-
therapies. The development of facile syntheses or isolations of
precisely defined f-glucan scaffolds with optimized solubility
and pharmacokinetics remains a roadblock for clinical trans-
lation and an area for future exploration by polymer chemists.

3.4. Chitosan. Chitosan is a positively charged, f1—4
glucosamine-based polysaccharide derived from chitin, a
biopolymer that affords structural rigidity in a variety of plants,
animals, and fungi. Chitosan drives dendritic cell maturation and
induce Type 1 interferon (IFN) responses through a variety of
innate immune receptors.’~°® Perhaps most notably, a seminal
report by Carroll and co-workers” demonstrates that chitosan
can activate the STING (stimulator of interferon genes)
pathway (see Section 4.2) to trigger APC maturation,
costimulatory molecule expression, and Thl-biased adaptive
responses. Specifically, chitosan exposure results in mitochon-
drial stress and reactive oxygen species (ROS) production,
leading to an increase in mitochondrial DNA in the cytosol.
Ultimately, activation of the STING pathway leads to Type 1
IEN production and Th1-biased responses based on this elicited
“danger” signal.””®® In addition to STING activation, chitosan
activates the NLRP3 inflammasome, binds various PRRs
(including TLR2, TLR4, and MMR), and can form antigen
depots to mediate adjuvanticity.””””> While this polyvalent
mode of activation creates challenges for mechanistic studies,
translational works involving chitosan remain an active area of
research. In particular, various experiments have shown that
chitosan enhances the adjuvanticity of intranasal vaccines.”*~"
On account of its positive charge, chitosan more effectively
traverses the mucosal membrane to deliver a given antigen and
stimulate innate immunity than conventional adjuvants. As a
result, it is used both in stand-alone formulations and as a
component of nanoparticles to enhance the efficacy of vaccines
and other therapeutics.

3.5. Glycolipids and Saponins. Glycolipids and saponins
are an additional class of PAMPs composed of carbohydrate—
lipid conjugates that may be effective agents for use in next-
generation vaccine adjuvants.”’® While the adjuvanticity of
glycolipids has been demonstrated to function through multiple
classes of PRRs (as discussed in excellent reviews”), here we
focus on saponin and a-galactosylceramide (a-GalCer) systems
that target new classes of receptors for immunomodulation.
Saponins are naturally occurring, amphiphilic, terpene-contain-
ing oligosaccharides that have been used since the 1970s to
facilitate robust antigen uptake, balanced Th1/Th2 responses,
and potent IgG titers through multiple PRRs.”””"~*" Notably,
saponin extracts are used in approved adjuvant formulations,
ASO01g, ASOlg, and Matrix-M, for respective vaccines against
shingles, malaria, and SARS-CoV-2. 7% Work from den
Brok and co-workers demonstrates one mechanism by which
saponin-based adjuvants function.”> The authors show that
saponin-based adjuvanticity is based on lipid body formation in
dendritic cells which enhanced cross-presentation to CD8" T
cells via the immunoproteasome. This result supports the use of
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saponin-based adjuvants in cancer vaccines where CD8" T cell
responses are highly desirable. In other mechanistic studies by
Marty-Roix et al. and Welsby et al.,, saponin adjuvants were
found to activate the NLRP3 inflaimmasome (see Section 4.3)
via lysosomal rupture in a cathepsin B- and MyD88-dependent
manner.*>*” While the role of NLRP3 inflammasome activation
in supporting adaptive immunity is debated,” ™" release of
proteolytic enzymes and lysosomal contents into the cytosol
supports the use of saponin adjuvants to enhance cross-
presentation to CD8" T cells in adjuvant formulations. Key
limitations in the use of saponin adjuvants are their systemic
toxicity, complex bioavailability, and limited abundance in
nature.”’ These limitations motivate the development of novel,
synthetic glycolipid polymer adjuvants that target the NLRP3
inflammasome.

In contrast to saponins, a-GalCer adjuvants are easily
synthesized glycolipids which are also found in nature as a
structural component of the marine sponge, Agelas mauritianus.
a-GalCer has been shown to target the CD1d receptor on APCs
to facilitate activation of invariant natural killer T cells (iNKT
cells), which are a subset of T cells that bridge innate and
adaptive immunity by providing rapid T-helper cytokine
production (such as IFN-y) without requiring a classical peptide
antigen. While early works using a-GalCer were plagued by low
binding affinity to CD1d, a screen of synthetic a-GalCer
derivatives was recently conducted, and an analogue, 7DW8-5,
with increased affinity was identified for use in vaccine and
immunotherapeutic a?)plications.92 Building upon this work,
Feng and co-workers”” tested the efficacy of 7DW8-5 relative to
a conventional adjuvant, alum, when formulated in a
commercially available influenza HSN1 quadrivalent vaccine.
The authors found that the 7DW8-5-containing vaccine induced
antibody titers that were comparable to the conventional alum-
based adjuvant but conferred improved survival after a lethal
HSN1 challenge.” Importantly, these results are backed by
mechanistic studies demonstrating potent Thl- and Th2-
mediated responses due to the activation of iNKT cells.”*
Facilitating iNKT cell proliferation using a-GalCer and other
CD1d ligands is a new and exciting avenue for vaccines and
immunotherapies, and engineering newer and more sophisti-
cated formulations to target CD1d in synergy with other innate
immune receptors could result in new and better therapeutics
with desired and controlled immune response profiles.

4. SYNTHETIC POLYMERS WITH INNATE
IMMUNOSTIMULATORY ACTIVITY

4.1. Conceptual Overview. The prevailing theory of
pattern recognition supposes that the immune system responds
to pathogen- or danger-associated molecular patterns.” While
synthetic polymers (such as (meth)acrylamides and (meth)-
acrylates) have not been designed with the expressed goals of
activating such systems, recent studies have highlighted that
polymer coils retain physicochemical properties and/or
structural motifs that can allow them to behave as danger
signals and activate PRRs to induce an immune response. As
PRR ligation is better understood at the molecular level and
polymers of increasing complexity can be facilely prepared,
rational design could be employed to prepare polymers that
disrupt oréganelle homeostasis,” interact with biological
receptors,”® and induce innate immunostimulatory activity in
a controlled manner. If achieved, synthetic (i.e., nonbiologically
derived or inspired) polymers that bind endogenous PRRs (or
otherwise activate innate immunity) would be advantageous
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Figure 3. Synthesis and characterization of a STING-activating nanovaccine. (A) Schematic representation and screening method used to determine
OVA-specific T cell-mediated killing of various cyclic amine nanoparticles loaded with OVA. (B) Efficacy of various cyclic amine nanoparticles or
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deficient mice identify a role of STING in PC7A nanovaccine efficacy. (D) Therapeutic vaccination with PC7A nanovaccine is shown to slow the
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over conventional PRR agonists on account of their relative low
cost, high tunability, and facile compatibility with existing
vaccine or immunotherapy formulations, making immunosti-
mulatory polymers desirable for clinical translation. Likewise,
given the broad domain space of polymer synthesis and the
breadth of materials currently in preclinical testing, developing
strategies to predict and test the immunostimulatory capacity of
synthetic polymers for nonimmunostimulatory applications
(such as drug delivery) is desirable for rapid and accurate
early stage screening of therapeutics.

Two PRRs that are amenable to targeting by synthetic
polymeric danger signals and which are highlighted in this
Perspective are the stimulator of interferon gene (STING) and
the NACHT-, LRR-, and PYD-domain containing protein 3
(NLRP3) receptor systems. While other PRRs are targeted by
highly specific ligand—receptor systems, the STING and NLRP3
receptors are unique in that they respond to broader classes of
molecular signals. As such, their activation can be induced by
diverse stimuli and hold high potential for activation by
nonbiological polymers. Understanding design principles for
polymeric agonists of these receptors is critical for the screening
of nontoxic biomaterials and the design of next-generation
polymeric therapeutics.

4.2, Synthetic Polymers That Activate STING. STING is
a PRR that is activated by cytosolic DNA to induce interferon
production.”” Similar to other innate immune sensors, STING is
activated via a two-step pathway. First, cyclic guanosine
monophosphate—adenosine monophosphate (GMP-AMP)
synthase (cGAS) becomes activated upon binding DNA and
catalyzes formation of cyclic GMP-AMP dinucleotide (2'-3’
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cGAMP). In turn, 2’-3’ cGAMP binds STING to induce a
conformational change and condense into a macromolecular
aggregate, allow ligation with TBK-1, and generate an interferon
response.”” '*" Other bacterial-derived cyclic dinucleotides
(CDNs), such as cyclic di-GMP and di-AMP, can similarly bind
STING and serve a role in pathogen recognition and are being
explored as novel adjuvants.”” The development of STING
agonist-based cancer vaccines is an active area of research for
several reasons: STING (1) is expressed in most cell subsets, (2)
is present in immunologically “cold” (immune cell deficient)
tumors, (3) is compatible with checkpoint blockade therapies,
and (4) can facilitate IFN-mediated CD8" T cell responses
which are critical for tumor destruction.'”"'*> Recently,
synthetic non-nucleotide STING receptor agonists that mimic
the structure of CDNs have been prepared and shown to afford
robust antitumor activity, spurring multiple early stage clinical
trials probing safety and efficacy (NCT04144140,
NCT03843359, NCT04609579, and NCT04420884 at the
time of submission).'””'*® Given the unique mode of
activation of STING, whereby a conformational change of the
protein structure induces its condensation, polymers can be
synthesized to target such changes and provide a novel
therapeutic modality for the treatment of disease.

While 2’-3" cGAMP and its analogues have been the focus of
most small molecule STING agonist systems, recent work by the
Gao laboratory has demonstrated that a synthetic block
copolymer, poly[(ethylene glycol)-b-(2-(hexamethylene-
imino)ethyl methacrylate)] (PC7A), can bind STING to induce
downstream TBK-1 signaling and IEN production.”>'**'%” B
use of confocal microscopy, site-directed mutagenesis, and
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Figure 4. (A) Dendrimeric histidine- and tryptophan-containing scaffolds with 34 or 62% ethylene glycol (T34 and T62) were synthesized and shown
to mediate NLRP3 inflammasome activation via a lysosomal rupture- and cathepsin-dependent mechanism. Reproduced with permission from ref 130.
(B) Self-assembling polymer nanoparticles induce ASC speck formation and immunotoxic responses in a composition-dependent fashion, with
increasing core octyl methacrylate content mediating maximal immunogenicity. Reproduced with permission from ref 131.

binding assays, it was shown that PC7A can access the cytosol
and bind a noncompetitive site on both the mouse and human
STING proteins. PC7A can therefore be used in combination
with 2’-3" cGAMP or other small molecule STING agonists for
dual STING-targeted therapy, and the polymer was demon-
strated to have robust efficacy for the treatment of multiple
tumor models (Figure 3). This system is the first to our
knowledge that employs a synthetic polymer to bind an
endogenous ligand in a mechanistic fashion. The polymeric
agonist has desirable properties when compared to synthetic
STING ligands. It is prepared in a single step from low-cost,
commercially available monomers, binds a noncompetitive
STING surface site which allows its use in 2’-3' cGAMP-
resistant STING variants, forms nanoparticulate structures that
facilitate enhanced cellular uptake relative to small molecule
agonists, and can be tuned by variation of molecular weight or
incorporation of dopant monomers. Additional screening of
other cyclic amine-based methacrylates by the Gao group has
shown that innate immune activation induced by PC7A is
unique to the seven-membered ring structure (Figure 3),1%°
highlighting the specificity which will be required for future
nonbiological polymeric agonists.

A further consideration in the targeting of STING for
immunostimulatory applications is that any cargo must be
delivered to the cytosol of target cells for effective therapy. Here,
polymers can enhance stability and delivery of STING ligands,
therebg increasing immunogenicity for their target applica-
tion.'” Indeed, work by Shae and colleagues'®” exploits the use
of pH- and ROS-responsive endosomolytic polymersomes
loaded with 2'-3" ¢cGAMP to target delivery of cargo to the
tumor microenvironment."%’ By injecting the polymersomes
intratumorally or intravenously to mice carrying B16.F10
tumors, CD8" T cell infiltration was enhanced 10-fold relative
to 2’-3' ¢cGAMP alone. In combination with checkpoint
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blockade therapy, 4/10 mice treated intravenously with the
polymersomes (but 0/10 treated with 2'-3' cGAMP alone)
completely cleared the tumors. In an alternative strategy, the
negative charge of CDN STING agonists was leveraged to allow
charged-complexed, polyvalent delivery using the Q11 peptide
nanofiber platform. The Q11 nanofibers were functionalized
with poly(ethylene glycol) (PEG) and a nona-arginine construct
(PEG-Q11R9-CDN) to facilitate endosomolysis and subse-
quent STING activation.''’ Using the PEG-QI1R9-CDN
complexes, they could achieve selective delivery of the STING
agonists to dendritic cells and subsequent activation in mice
using a sublingual route of administration. Such advanced
applications are advantageous for the coadministration of
STING agonists with other PRRs to generate synergistic
activation by a single construct.”''" Similar strategies for the
(co)delivery of STING agonists have been employed by
others,"" "' and more advanced formulations are expected
to emerge as the STING receptor is better understood.

4.3. Synthetic Polymers That Activate NLRP3. In
contrast to STING, whose native ligands are specific to
nucleotide agonists, the NLRP3 protein undergoes conforma-
tional change in response to a broader class of stimuli that
behave as danger signals (DAMPs) after disruptions of
homeostasis.''” While diverse stimuli have been implicated in
NLRP3 activation, including reactive oxygen s ecies,“g_120
extracellular ATP,"”" and lysosomal disruption, **~"** these
stimuli likely converge on cellular potassium efflux as a causative
agent of the NLRP3 conformational change."'”'*> Once
activated, NLRP3 can interact with ASC, NEK7, and pro-
Casp1 to form the NLRP3 inflammasome, a megadalton protein
complex with a host of effector functions."'”"*>'*” Specifically,
NLRP3 inflammasome formation catalyzes cleavage of pro-
Caspl to Caspl. Active Caspl1 then facilitates secretion of IL-1/3
and IL-18 and pyroptosis, a form of inflammatory cell death
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characterized by GSDMD N-terminal cleavage, cell membrane
pore formation, and eventual cell lysis."*”"*® While the NLRP3
inflammasome is implicated in pathologies including gout,
Alzheimer’s disease, and septic shock, it has also gained attention
as a potent PRR for use in novel vaccines and immunothera-
pies.”**>"!7 Specifically, saponin adjuvants activate the NLRP3
inflammasome via lysosomal disruption as described in Section
3.5 to induce potent IL-1/ signaling for initiation of an adaptive
immune response.*”*” While effective, saponin-based systems
are costly, derived from limited natural resources, synthetically
complex, and prone to toxicity.”' Synthetic polymer-based
alternatives that activate the NLRP3 inflammasome are
desirable for use as adjuvants which overcome these limitations
and allow broad applicability of this technology. Moreover,
given the disease states and toxic side effects associated with
inflammasome activation, developing a molecular level under-
standing of the physicochemical relationships between poly-
mer—cell interactions, lysosomal disruption, inflammasome
activation, and toxicity will be critical for the design of safe
biomaterials.

Recently, it was shown that cationic polymers can activate the
NLRP3 inflammasome via endolysosomal disruption.'**'*7~'%?
Polymers are taken up by the cell and insert in the endosomal
membrane catalyzing its rupture upon endolysosomal acid-
ification. The rupture releases the lysosomal contents (including
cathepsins) into the cytosol and mediates NLRP3 inflamma-
some activation.'*”"*" While the precise mechanism by which
polymers disrupt the endolysosome to activate the NLRP3
inflammasome is incompletely understood, we and others have
shown that the properties of polymers can modulate the extent
of lysosomal rupture and provide an avenue through which
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controlled NLRP3 inflammasome activation can be
achieved."*°~"** Moreover, such lysosome-disrupting polymeric
adjuvants can be formulated to deliver immunostimulatory
cargo to the cytosol and activate cytosolic PRRs (such as
STING) to afford multiadjuvant synergies. In a recent
publication by the Esser-Kahn group, the composition of a
dendrimeric scaffold composed of variable ratios of cationic
amino acid and tetra(ethylene glycol) (TEG) domains was
found to modulate the extent of osmotic swelling in the
endolysosome following cellular uptake, thereby controlling the
extent of rupture and the degree of downstream Casp1 and IL-
13 activity (Figure 4A)."*° Likewise, Baljon et al. report that the
ratio of butyl methacrylate to 2-(dimethylamino)ethyl meth-
acrylate in a pH-responsive copolymer could tune the extent of
endolysosomal rupture and inflammasome activation in THP-1
cells,"” and Nandi et al. report that the alkyl content in
poly[(ethylene glycol)-b-[(coumarin methacrylate)-r-(octyl
methacrylate)] similarly influenced the extent of endolysosomal
rupture and inflammasome activation in iBMDM cells (Figure
4B)."*" These results highlight that subtle changes in
physicochemical properties can have drastic impacts on
endolysosomal rupture and provide rapid, high-throughput
methods for the screening of NLRP3 inflammasome activation
via IL-1f activity. Such screening is critical for the design of
novel adjuvants and of polymeric biomaterial and drug delivery
formulations. Future work must be conducted to generate in vivo
correlates of these in vitro results to confirm translation to higher
order systems.

Beyond this in vitro mechanistic work, synthetic NLRP3
inflammasome activating adjuvant constructs have been
engineered to produce potent adaptive immune responses in
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vivo. Li et al."™ prepared poly(ethylenimine)-coated
mesoporous silica rods complexed with CpG (a TLR9 agonist)
and the APC maturation- and differentiation-supporting
cytokine, GM-CSF. This formulation was found to generate
significant innate immune activation marked by IL-1/ secretion
and induce antitumor immunity against multiple tumor lines in
only a single dose.'*” Providing a more mechanistic approach,
the Takeoka group employed inflaimmasome-activating, argi-
nine-containing liposomes loaded with a model antigen,
ovalbumin (OVA), to probe antigen presentation and T cell
activation.">® Here, it was shown that the ratio of cationic
arginine groups to hydrophobic lipid tail influenced the extent of
cellular uptake, endolysosomal rupture, and NLRP3 inflamma-
some activation. The liposomes which maximally rupture
lysosomes were found to induce upregulation of cell surface
activation markers, CD40 and CD86, and route antigens for
presentation on MHC-I to facilitate a CD8" cytotoxic T cell
response.’>* Other works have highlighted that IL-1/ and IL-18
can synergize with IL-12 to invoke potent antitumor responses,
providing an additional framework by which rationally designed
adjuvant formulations based on inflammasome activation can be
achieved."””"*® These works highlight the potential of
inflammasome activation as a mediator of adaptive immunity,
but future work must be conducted to better elucidate how
polymer physicochemical properties and related inflammasome
activation correlate with the in vivo response.”*”"° Such
structure—bioactivity relationships will allow the rational design
of polymers for vaccines and immunotherapy.

5. POLYMER—-DRUG SYSTEMS FOR ENHANCED
ADJUVANTICITY

5.1. Conceptual Overview. Polymer—drug systems have
gained attention as a method by which enhanced immunosti-
mulatory activity can be achieved. Polymers covalently
conjugated to or noncovalently assembled with immunogenic
groups such as PRR agonists can allow for polyvalent receptor—
ligand interactions, localized delivery of cargo, or delivery of
multiple cargoes to a single locus. In immunology, such
constructs have been employed in the design of novel adjuvants,
which can concurrently deliver antigenic cargo and activate one
or more PRRs for vaccination or cancer immunotherapy.
Furthermore, it has been shown that physicochemical properties
play a dramatic role in the resultant immunological activity of
PRR—adjuvant conjugates or assemblies in vivo. This was
demonstrated in a notable work by Lynn and Laga et al.” where
R848, a TLR7/8 agonist, was conjugated to an N-(2-
hydroxypropyl)methacrylamide scaffold via a thiazolidine-2-
thione reactive moiety and used as a vaccine adjuvant in
nonhuman primates (Figure S). In that work, nanoparticle
formation, agonist density, and charge were all critical in
mediating immunogenicity, providing a framework by which
efficacious PRR agonist—polymer conjugates can be prepared.”
Given these results, we highlight physicochemical properties
that can enhance or otherwise affect immune activity on account
of the polymer backbone and then describe some covalent and
noncovalent strategies that have been employed to generate
highly immunogenic polymer—drug systems. While PRR
agonist—polymer conjugates have been discussed g)reviously
because of their ability to facilitate immune synergies, "' "'**'*°
we focus herein on the role of polymer properties and synthetic
design in the innate activity of polymer—PRR agonist systems.
Moreover, while not discussed herein, we note the critical
importance of linker chemistry and degradation kinetics in the
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design of polymer—drug conjugate systems and direct the reader
to excellent reviews on this topic.'*""'**

5.2. Physicochemical Parameters of Polymer—Drug
Systems. The physicochemical properties of immunogenic
cargo play a key role in their resulting immunostimulatory
activity and bioavailability.'** Particle size can control routing of
molecular cargo to the immune system; larger particles (>500
nm) form antigen depots at the injection site for processing by
tissue-resident APCs, while smaller particles (<100 nm) quickly
and directly drain to the lymph node and afford efficient
presentation by lymph node-resident APCs."**'* Unformu-
lated soluble cargo (<10 nm), meanwhile, rapidly enters the
bloodstream where it can induce off-target systemic side effects
before being removed by the liver and/or kidneys.* While the
favorable pharmacokinetics of particulate systems are beneficial
relative to those of soluble systems for the controlled delivery of
adjuvants, both injection site- and lymph node-targeting
strategies have found use in FDA-approved vaccines. This
highlights the divergent strategies which can be employed in
different contexts to develop a productive immune re-
sponse.””'*® Despite the advantages of particulate systems,
controlling size and precise physicochemical properties of such
systems remains challenging and is further limited by poor
encapsulation efficiency of chemically incompatible cargo (such
as hydrophobic adjuvants). Next-generation polymeric vaccine
systems will afford better control over the size of formulated
materials and compatibility of materials incorporated therein to
enhance stability and efficacy of the end-product.

Even among similarly sized nanoparticles, shape, charge, and
texture can further modulate immune responses. The Mitragotri
group and others have shown that particle shape plays a distinct
role in phagocytosis and processing of antigen, with smaller,
spherical particles (mimicking that of many natural pathogens)
exhibiting maximum phagocytosis by APCs. In contrast, higher
aspect ratio materials induce poor cellular uptake and cellular
damage consistent with NLRP3 inflammasome activation and/
or necrotic cell death."*’~"*° Charge can similarly modulate
activity of polymer-containing immunogenic systems. Cationic
polymers such as poly(ethylenimine) (PEI), poly(2-aminoethyl
methacrylate) (AEMA), poly(N,N’-dimethylaminoethyl meth-
acrylate) (DMAEMA), and polyarginine have been employed to
complex negatively charged PRR agonists such as CpG (TLR9
agonist) or poly(I:C) (TLR3 agonist) and enhance uptake and
cytosolic delivery."'>"'>"*>!5" Such cationic polymers can
effectively facilitate cytosolic delivery to enhance cross-
presentation of antigen on MHC-I or to deliver mRNA and
DNA for vaccination or gene therapy.'”>~"** While promising,
cationic polymers often suffer from immunotoxic side effects on
account of their ability to disrupt cellular or endolysosomal
membranes, and further understanding of the relationship
between physicochemical properties, immunogenicity, and
toxicity of these materials in biological settings remains an
active area of research.>”'>>7">% Lastly, the Kurt-Jones group
has shown that particle texture can alter immune responses, with
rough polystyrene nanoparticles inducing greater immunosti-
mulatory activity and neutrophil infiltration than smooth
particles.”>” Collectively, these results highlight the many
parameters which can be modulated in the design of an optimal
immunotherapeutic agent.

5.3. Covalent Strategies to Develop Systems with
Enhanced Adjuvanticity. Covalently linked combinations of
synthetic polymers and additional immunostimulatory compo-
nents are attractive for the design of adjuvants with precise
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Figure 7. (A) Synthesis of p(Man-s-TLR7) glycoadjuvant containing a self-immolative disulfide linker to afford intracellular codelivery of antigen,
mannose, and TLR7 agonist. (B) Vaccination with p(Man-s-TLR7) reduces systemic IL-6 and IL-12p70 production relative to soluble TLR agonist.
(C) Antigen-specific CD8 T cell production as well as (D) antigen-specific CD8" and CD4" T cell activation after restimulation with the model
antigen, OVA, were enhanced in the splenocytes of mice treated with p(Man-s-TLR7). Reproduced with permission from ref 51. Copyright 2019

Springer Nature.

molecular composition and behavior in solution. Several of the
most attractive strategies for the design of covalent systems
include linear polymers with PRR agonist grafts, dendrimers,
functionalized solid nanoparticles (such as gold, silica, or
poly(lactic-co-glycolic acid)), cross-linked hgdrogels, and
mechanically interlocked polymers (Figure 6A).” The Hubbell
group has demonstrated one application of polymer—drug
conjugates to enhance the efficacy of vaccines.”" In this work, a
TLR7 agonist-containing methacrylamide monomer based on
the imidazoquinolinone class (pTLR7) and a mannose-
containing methacrylamide monomer (pMan) were polymer-
ized by using RAFT to obtain p(Man-s-TLR7). This polymer
was conjugated to a model antigen, ovalbumin (OVA), by using
a self-immolative disulfide-based linker to form an antigen-
docked synthetic scaffold for immune activation (Figure 7).”" In
vitro, this platform show improved uptake and presentation of
antigen using BMDC and T cell coculture experiments, and
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competition experiments using anti-CD206 and anti-CD209
antibodies (which block MMR and DC-SIGN, respectively)
reveal that synthetic mannosylation was responsible for this
response. After demonstrating the efficacy of this model by using
OVA, p(Man-s-TLR7) was conjugated to the malaria circum-
sporozoite protein (CSP) and used in a murine vaccination
study. Here, p(Man-s-TLR?7) conjugated to CSP was shown to
induce improved antigen specific T and B cell responses relative
to unlinked controls. The Hubbell group has demonstrated in
other works that this synthetic glycosylation strategy can be
similarly employed by using GalNac and GlcNac as glycans to
route antigens to the liver and induce tolerance in a model of
diabetes.’” Glycans prepared by using the polymerizable
monomer approach serve as an exciting area of exploration,
and we await application for treatment of diverse disease states.

Beyond linear polymer scaffolds, dendrimers, functionalized
nanoparticles, and cross-linked hydrogels can allow for higher
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density display of antigen or ligand as well-defined (and
potentially stimulus-responsive) nanocarriers. Specifically, den-
drimers can improve solubility and biocompatibility while
displaying adjuvants at their surface on account of their globular
structure. *°~'** Wang and colleagues recently reported a light-
responsive adjuvant therapy based on a TLR7-activating 2-
aminoimidazole derivative and a poly(lysine) dendron. When
complexed with an anticancer agent and antigen, dendrimeric
light- and hypoxia-responsive nanoassemblies are formed which
were found to display robust anticancer therapy against multiple
tumor models.'®* Cationic PAMAM-based systems have also
been extensively employed for gene therapies and cancer
therapeutics, but their toxic side effects have limited use in other
applications such as vaccination or drug delivery.”>®"®
Similarly, polymeric or inorganic nanoparticles can be function-
alized with PRR agonists to afford polyvalent display and reduce
systemic side effects relative to soluble ligands. Such materials
been extensively reviewed elsewhere with the chief limitation of
this approach being that many solid materials are poorly
biocompatible and biodegradable.””*> Chemically cross-linked
hydrogels, meanwhile, show great potential for generating
immunogenic adjuvant systems with tailored physicochemical
properties, biocompatibility, and release of synthetic or
biologically derived cargoes.'®°~'”*> Demonstrating the potential
of this synthetic approach, the Irvine lab has developed protein
nanogel “backpacks”, which can be tethered to CAR T cells
(engineered T cells with a scFv acting as a TCR) to support
proliferation after adoptive cell transfer therapy.'®” The
backpacks contain recombinant IL-15, which supports T cells
proliferation, and CD45, which serves as an anchor to the T cell
surface, and are cross-linked at lysine residues by using a
disulfide-containing NHS-ester linker.'"” The backpacks were
found to enhance T cell proliferation 16-fold relative to CAR T
cells delivered with soluble IL-1S5, and this technology is now in
Phase I clinical trials for the treatment of solid tumors
(NCT03815682). While reversible bonds have found use in
both chemistry and biology during the past decade, better
strategies for the stimulus-responsive release of cross-linked
biologicals under specific conditions will allow targeting of
various immune cell subsets.

Finally, mechanically interlocked materials (such as poly-
rotaxanes and slide ring gels) can enhance avidity by allowing
threaded ligands to freely move along a linear polymer axis.'”
While basic proofs of concept have been demonstrated by using
this approach,'”*™'7® advances in the controlled synthesis of
interlocked materials'”® now allow the advantages of such
materials to be realized for drug delivery and immunostimula-
tory polymer applications.

5.4. Noncovalent Strategies to Develop Systems with
Enhanced Adjuvanticity. Spontaneous self-assembly or
controlled nanoformulation of components using noncovalent
strategies is an alternative strategy to achieve immunogenic
materials. The advantages of such noncovalent strategies are that
they are easily prepared from low-cost starting materials, break
down on biologically relevant time scales into biocompatible
byproducts, and can be imparted with stimuli responsive or
other desirable properties.®”'””"”® Formulations including
imiquimod (a small molecule TLR7/8 agonist) serve as an
example of the promise of formulated nanomaterials; while
systemic toxicity after injection has prevented clinical translation
of imiquimod as vaccine adjuvant, a lipid-modified derivative,
3M-052, adsorbed onto alum has shown remarkable safety and
efficacy in preclinical studies and is now undergoing early stage
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clinical trials for prophylactic influenza vaccination when
codelivered with antigen (NCT04177355)."”°7"*" With these
results in mind, we highlight the design of self-assembled
materials as well as disordered nanoaggregates (Figure 6B) that
hold potential for immunological applications.

Self-assembled delivery systems such as liposomes, lipid
nanoparticles, micelles, and polymersomes have gained
significant attention in the past decade. These systems are
desirable because of their spontaneous self-assembly, synthetic
reproducibility, high biocompatibility, quality of stabilizing
reactive cargo, and ability to release material on biologically
relevant time scales. On account of their amphiphilic properties,
they also can encapsulate both hydrophilic and hydrophobic
cargoes, making them highly versatile for the delivery of
chemically diverse materials. While liposomes and lipid micelles
have been extensively reviewed for drug delivery,””'** perhaps
the most notable recent application of self-assembled lipid-based
nanocarriers for immunological applications has been in the
delivery of mRNA. Here, lipid nanoparticles have been FDA-
approved for vaccination against SARS-Cov-2 in 2021."%% In
these systems, the ionizable lipid nanocarrier stabilizes mRNA
from degradation and, upon endocytosis, assists in endosomal
escape to deliver mRNA to the cytosol.'*>'** mRNA plays a
dual role in encoding for the production of antigen while also
behaving as an adjuvant, acting on multiple PRRs including
TLR3, TLR7, and RIG-I to stimulate a Thl-biased immune
response.’*”'®> The lipid composition plays an important but
poorly understood role in the resultant immune response and
remains an active area of research.'®” Alternative to lipid-based
systems, polymersomes and polymeric micelles can be prepared
that allow greater synthetic control over the molecular
architecture and can confer stimuli-responsive behavior to the
delivery system. Demonstrating these advantages, Dowling and
Scott et al.'®® synthesized a series of poly(ethylene glycol-b-
propylene sulfide) polymersome-based vaccines loaded with a
small-molecule TLR8 adjuvant and antigen. They compare the
effects of different polymersome size and antigen loads on
immunogenicity of the polymersome-based vaccines relative to
live attenuated Bacillus Calmette—Guérin (BCG) vaccine.'®°
Maximum innate and adaptive immune responses are achieved
with the polymersomes when size and antigen load are matched
to the properties of the live attenuated virus, providing further
design principles for next-generation therapies.

In contrast to self-assembled systems, chemically irregular
noncovalent formulations can be achieved by nanoprecipitation
or in situ hydrogel formation. Nanoprecipitation involves rapid
transfer of cargo from a good solvent (often methanol or
dimethyl sulfoxide) to a bad solvent (such as aqueous phosphate
buffer) via dialysis or microfluidic mixing. As an example of this
strategy, the Esser-Kahn lab has synthesized a poly(orthoester)
scaffold which assembles by nanoprecipitation with a hetero-
dimeric TLR2/6 and TLR7 agonist and antigen.187 When the
resultant ~50 nm constructs are administered as a cancer
immunotherapy to mice bearing an aggressive B16.F10
melanoma, complete remission of the tumor is achieved.'®’
This formulation furthermore reduced systemic side effects
relative to soluble TLR2/6 and TLR7 agonists, likely by
prolon in% bioavailability relative to the soluble formula-
tion."®”'*® Nanoprecipitation is a powerful approach to
encapsulate large quantities of immunogenic materials and
deliver them to specific cell subsets; however, it is limited by
solvent compatibility of the cargo needed for successful
nanoaggregate formation. Alternatively, the solvent compati-
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bility requirement can be eliminated entirely by encapsulating
cargo in hydrogels. In a recent example applied to vaccine
delivery, the Appel lab has synthesized a polymer—nanoparticle
hydrogel formulation composed of dodecyl-modified hydrox-
ypropyl methylcellulose (C12-HPMC) loaded with PEG—PLA
nanoparticles.'® This system is desirable because it can be
formulated with both hydrophilic and hydrophobic cargo and
injected through a syringe on account of its shear thinning
behavior. The hydrogels, when formulated with a hydrophilic
model protein antigen and a hydrophobic TLR3 agonist,
displayed a depot effect at the injection site for more than 1
week and enhanced antibody responses 90 days after injection
relative to a soluble formulation in the absence of a booster dose.
Such delayed release formulations could enhance vaccine
compliance and accessibility, but tuning the formulation to
control release kinetics over relevant time scales remains
challenging and an area of exploration.

6. POLYMER—DRUG SYSTEMS FOR CONTROLLED
DELIVERY OF CARGO

6.1. Conceptual Overview. While polymers can enhance
the adjuvanticity of immunostimulatory formulations as
described in Section S, they must also release cargo to ?eciﬁc
cell subsets in the absence of immunotoxic side effects.” *° To
achieve this requirement, polymer—drug formulations can be
imparted with stimuli responsive characteristics by using
reversible chemistries or biodegradable linkages to allow release
of molecular cargo under specific cellular or subcellular
conditions, such as the reductive tumor microenvironment or
acidic endolysosome. Alternatively, targeting ligands (often
peptides that bind specific receptors) can allow delivery to
specific cell subsets. Here, we discuss chemistry used in the
design of several classes of responsive materials for immuno-
logical applications: pH-responsive materials for endolysosomal
disruption, reactive oxygen species (ROS)-responsive materials
for tumoral delivery, biodegradable polymers and peptides for
slow release of cargo, and thermally responsive materials for
delivery to metabolically active tissues. Furthermore, we discuss
the incorporation of targeting peptides into the polymer
backbone for the delivery of molecular cargo to specific cell
subsets and/or organelles.

6.2. pH-Responsive Materials for Cytosolic Delivery.
Various chemistries can be employed to prepare polymers that
decompose or undergo physicochemical change in response to
endolysosomal acidification to deliver cargo into the cytosol.
Endolysosomes are cellular compartments in APCs that contain
proteolytic enzymes and maintain a pH of 4—6. Upon APC
activation, a decrease in endolysosomal pH can accelerate
proteolytic processing and invoke antigen presentation on
MHC-I and/or MHC-IIL. Such processing, in parallel with PRR
signaling, is critical for the initiation of an adaptive immune
response, making the endolysosomes of APCs attractive targets
for the delivery of immunostimulatory cargo. To do so, pH-
responsive chemistry can be employed. Some examples of
responsive groups include (1) acetal- or hydrazone-based linkers
that break and alter polymer morphology upon cleavage,'**'”!
(2) amine-, carboxylate-, or imidazole-containing polymers that
undergo an acid/base transition at biologically relevant pK,
values, 01 1013215315792 45 q (3) reversible charge complexes
that decompose under particular conditions.'”* ™" For vaccine
and cancer immunotherapy development, pH-responsive
materials can be combined with immunostimulatory ligands to
create nanostructures that can target endosomal or cytosolic

S
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immune receptors. Highlighting a creative application of this
strategy, Gong et al. reported a pH-responsive copolymer that
undergoes conformational change from 100 nm spherical
structures to 5—8 um nanosheets and delivers cargo upon
endolysosomal acidification.'** These polymeric assemblies
mechanically rupture the lysosome to activate the NLRP3
inflammasome and deliver antigen to the cytosol to facilitate
antigen presentation on MHC-I. This “nanotransformer”
vaccine was found to induce potent CD8" T cell responses
and facilitate complete B16.F10 tumor regression in combina-
tion with checkpoint blockade therapy in mice."** These results
highlight the interplay between polymer engineering and
immune recognition and inspires design principles for future
polymer adjuvant applications.

6.3. Using ROS as a Trigger for Tumoral Delivery.
Reactive oxygen species (ROS) are a byproduct of metabolically
active cells and are thus produced at high levels by rapidly
proliferating cancer cells in the tumor environment."”® Given
the chemical reactivity of oxygen radicals with functional groups
(for example, in the reduction of disulfide/diselenide,
arylboronic ester, or aminoacrylate bonds), ROS production
can serve as a selective trigger for the degradation of polymers
and/or the site-specific delivery of cargo to the tumor
microenvironment. Synthesis of ROS-responsive polymers has
been expertly reviewed.'”” For cancer immunotherapy, such
selective triggers can be used to deliver otherwise toxic doses of
immunogenic material to the tumor site and facilitate otherwise
inaccessible levels of cytotoxic T cell infiltration. Liang et al.
recently published''” an immunotherapeutic system composed
of an anticancer agent, SN38, functionalized with a reducible
disulfide linker and a methacrylate handle. The resultant SN38
monomer construct was incorporated within a cationic triblock
copolymer scaffold (poly(ethylene glycol-b-SN38 methacrylate-
b-diethylaminoethyl methacrylate)) and subsequently self-
assembled with DMXAA, a small molecule STING agonist
specific to mice, to form 30 nm particles (pSN38-STING). In
the reductive tumor microenvironment, the disulfide bonds are
cleaved, and the pSN38-STING scaffold disassembles to trigger
release of both DMXAA and SN38. The pSN38-STING
particles were used as a therapeutic in a B16.F10 tumor
model, where it was shown that they induced complete
regression of an aggressive melanoma when administered with
checkpoint blockade.''> As demonstrated in this work and
others, ROS-responsive nanoformulations are often combined
with anti-PD-1 or anti-CTLA4 checkpoint blockade or cytokine-
based therapies to further enhance T cell activity.''>"'®”
Moreover, delivery systems with combined ROS- and pH-
responsive properties can direct delivery of immunogenic cargo
to antigen-presenting cells in the tumor microenviron-
ment.'”*7*% Such multi-stimuli-responsive systems offer the
promise to be instrumental in developing advanced therapeutics
that afford clinical efficacy without toxicity.

6.4. Thermally Responsive Materials for Controlled
Release. Thermally responsive, synthetic materials provide a
facile approach to drug encapsulation and release to
metabolically active sites (such as the site of an infection or
the tumor microenvironment). Polymers can exhibit either a
lower or upper critical solution temperature (LCST or UCST),
at which point the solubility of material in its aqueous
environment is reversed.””>*** In LCST polymers, warming
past the critical temperature induces a hydrophilic to hydro-
phobic transition. In this context, N-isopropylacrylamide
(NIPAAm) has been studied extensively due to its LCST in
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aqueous solution (32 °C) near body temperature (37 °C). Early
work by the Discher group demonstrates the application of
NIPAAm-based vesicles for payload delivery upon application of
a temperature stimulus.””> By designing amphiphilic diblock
copolymers composed of NIPAAm and ethylene glycol, these
vesicles could self-assemble and maintain their morphology
upon injection. Applying a local cold pack resulted in disruption
of structure to deliver cargo at a target site of interest. This
technique is envisioned as a tool for chemotherapeutic delivery
of toxic agents selectively to tumors. In an alternative strategy,
Nishimura and co-workers probed the temperature-induced
release of macromolecular payloads from maltopentose-b-
poly(propylene oxide) vesicles.”” Using small-angle X-ray
scattering and confocal microscopy, it was demonstrated that
the formed vesicles dissociated in a multistep fashion upon
cooling to 0 °C. It should be noted, however, that only ~1-2%
loading efficiency was demonstrated for their macromolecular
payloads. Low loading efficiencies and poor control over the
kinetics of payload release have hindered application of these
techniques, and better synthetic strategies are needed for
clinically relevant translation.

6.5. Biodegradable Polymers and Peptides for
Controlled Release. For effective clinical translation of
polymer-based drug delivery and adjuvant systems, the
polymeric carrier must degrade on a clinically relevant time
scale or otherwise avoid immunotoxic side reactivity and foreign
body responses. To achieve this goal, a common approach is to
employ biodegradable polymers such as poly(lactic-co-glycolic
acid) (PLGA), poly(hydroxybutyrate), poly(f-amino esters), or
naturally occurring carbohydrates, which are hydrolyzed under
biological conditions to naturally occurring small mole-
cules.”" 7?7729 Such biodegradable systems are dually advanta-
geous because, in addition to their lower immunotoxicity, they
can be designed to release their payloads over kinetically
controlled time scales. To this end, PLGA nano- and
microparticles have been extensively studied as slow-release
vaccine delivery systems.””” Such particles can be synthesized
with controlled size properties by using emulsion polymer-
ization to facilitate lymphatic delivery'** and simultaneously co-
encapsulate small-molecule PRR agonists and subunit antigens;
more information regarding PLGA-based drug delivery can be
found in excellent reviews.”””*'? In addition to synthetic
biodegradable polymers, peptide-based drug delivery can be
advantageous on account of their biocompatibility, high degree
of synthetic tunability, and ability to incorporate non-native
functionalities."'”*''~*'? Peptides can be designed to prolong
bioavailability or rapidly degrade on account of their
susceptibility to react with endogenous proteases,”'* and they
can further be employed to deliver cargo to specific (sub)cellular
compartments as described in Section 6.6. The toxicity or
immunogenicity of peptide linkers can be modulated by
modifying amino acid composition, and screening can be
accelerated by recursive bio-based screening methods such as
phage display.”' ' For example, Kang and colleagues used
phage display to identify a nontoxic peptide that improves
trafficking of macromolecules across the intestinal mucosal
barrier for oral drug delivery.”’® One key limitation in the
synthesis of peptide-based systems is scalability relative to
polymer synthesis or bacterial protein expression, as solid-phase
peptide synthesis is costly, requires large quantities of toxic
solvent, and is limited in the cases of difficult amino acid
sequences or self-assembled sequences.
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6.6. Targeting Peptides or Ligands for Delivery to
(Sub)cellular Compartments. Polymeric and nanoparticulate
delivery systems can be localized to specific (sub)cellular
compartments by using targeting ligands, most often peptides
containing one or more of many well-defined localization
sequences.””'"7*"? To design such targeting peptides, well-
defined chemistries that allow for materials with tailored
physicochemical properties (including molecular weight,
dispersity, and nanostructure), controlled peptide incorpora-
tion, and the ability to deliver additional immunogenic moieties
within a synthetic polymer scaffold must be developed. The
Gianneschi group has developed pioneering chemistries to
achieve these goals. In an earlier work, ring-opening metathesis
polymerization of peptide-functionalized norbornene-based
monomers was used to synthesize high-density peptide brush
polymers.”*”**" By use of cell-penetrating peptides as a model
system, it is shown that the synthesized peptide—polymer
conjugates can resist proteolysis relative to unconjugated
peptides and effectively deliver cargo to the cytosol in the
absence of toxicity. More recently, the same group synthesized
high-density peptide brush polymers using PET-RAFT
polymerization with acrylamide-modified peptides in water or
DMSO.”'**"* By extending the high-density peptide brush
polymers with a second, hydrophobic block, micellar nano-
particles that display the peptide brushes on their surface could
be generated. This strategy is advantageous because it lacks
postpolymerization modification or harsh conditions which can
introduce toxic contaminants or heterogeneity into the system.
Alternatively, polymers bearing amines, thiols, or alkynes can be
modified by using click chemistry to engraft targetin§ ligands
which may not survive radical polymerization.” These
approaches provide methods by which polymer—drug systems
can be used to deliver cargoes to (sub)cellular compartments,
preventing systemic toxicity while enhancing efficacy.

7. CONCLUSIONS AND FUTURE DIRECTIONS

In this Perspective, we outline current strategies for the
preparation of both biological and synthetic immunostimulatory
polymers that target a broad range of receptors including C-type
lectins, Dectin-1, STING, NLRP3, and TLRs. We then explore
strategies, such as covalent or noncovalent combinations of
polymers and PRR agonists and responsive or targeted delivery,
to enhance the immunogenicity of vaccine and immunother-
apeutic formulations. Recent advances in living polymerization,
polymer—drug systems, and understanding of immunology have
allowed encouraging increases in the rate of development for
new therapeutic strategies. While drug delivery systems and
responsive materials have been heavily explored in the past
decade, biologically derived and synthetic polymers with innate
immunostimulatory capacity have been unlocked by these
advances and now comprise a novel field ripe for exploration. We
now discuss areas that we find promising for the identification of
new immunostimulatory polymers and strategies for rapid, low-
cost, and effective biocompatibility screening.

7.1. Novel Receptors. While development of polymers that
target common innate immune receptors, such as TLRs, has
been well studied, there remains an opportunity to target novel
receptors that confer different and desirable immunologic
responses. Recent advances in carbohydrate chemistry offer
exciting opportunities to access novel polymers that target
previously inaccessible lectins. For example, the Bertozzi group
recently reported a strategy where N-carboxyanhydride
polymerization is employed to target Dectin-1 or Siglec
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receptors.”””*** An advantage of such synthetic strategies is that
additional functionality can be built into the polymeric agonists
to develop materials that can target multiple receptors or deliver
various components. In addition to the promise of biologically
active carbohydrate-based polymers, recent advances in
immunology have identified new receptors that can be targeted
for immunotherapy. Notably, the DNGR-1 receptor (also called
CLEC9A or CD370) was recently found to bind F-actin—
myosin and confer cross-presentation of phagocytosed antigens
on MHC-I to direct CD8" T cell responses.””* Given the
polymeric fiber-like structure of F-actin—myosin and desirability
of CD8" T cell-directed responses in cancer immunotherapy,
synthetic DNGR-1 agonists are an attractive area for future
study. Developing strategies to synthesize polymeric agonists of
these receptors and target appropriate cell subsets with
specificity will result in novel applications of biomaterials.

7.2. High-Throughput Synthesis. Beyond targeting novel
receptors, developing polymers with better binding affinity and
avidity or that can disrupt organelle homeostasis to activate
innate immunity is an attractive strategy for the design of next-
generation therapeutics. A §rowing body of work from the Esser-
Kahn lab and others'*°~"** indicates that small differences to
polymer physicochemical properties can have large impacts on
immunostimulatory activity of synthetic polymers targeting the
NLRP3 inflammasome. As such, better methods for synthesis,
characterization, and screening of the immunostimulatory
activity of polymers targeting both the NLRP3 inflammasome
and other immune receptors will allow structure—bioactivity
relationships to be developed over a larger domain space.
Advances in high-throughput polymer synthesis make such
screens possible.””>~**” In a strategy pioneered by the Gormley
group, polymer—drug conjugates were synthesized in an oxygen
tolerant, one-pot approach using PET-RAFT in DMSO.
Pendant cyclopropenone-protected cyclooctynes were then
functionalized with azide-modified peptides or ligands under
ambient conditions and purified via size exclusion chromatog-
raphy to generate libraries of ligand—polymer conjugates for
screening in 96- or 384-well format.”*” This approach is low cost
as well as scalable and provides a high degree of synthetic control
in terms of monomer selection, polymer chemistry, and
postpolymerization modification. These characteristics make
such approaches ideally suited for translation. An example of the
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promise of high-throughput polymer synthesis in drug candidate
screening was recently reported by the Appel lab, where a screen
of 90 polymer-functionalized insulins was used to develop an
ultrafast-acting insulin formulation with greater stability and
efficacy in a porcine model of diabetes.””® Here, polymer
composition was shown to alter the biodistribution, pharmaco-
kinetics, and activity, highlighting the impact that polymer
design can have on downstream applications.

7.3. Computation-Guided Discovery. In tandem with
high-throughput screening, machine learning and computa-
tional prediction will further direct and accelerate the discovery
of novel polymers with desirable immunological properties.
Machine learning will allow emergent trends in functional
polymers to emerge, as was recently discussed by Gormley and
Webb,”*” while further computational strategies can be
employed to model polymeric interactions with biological target
receptors such as PRRs or cancer proteins. The discovery of a
STING-activating polymer’®'°>'"” by the Gao laboratory
highlights the potential of synthetic immunostimulatory
polymers (Figure 2), yet to unlock the full potential of this
approach, polymers that can better recapitulate the enormous
structural complexity of biological systems must be developed.
To achieve this goal, strategies applied from the prediction of
protein structure and ligand—receptor binding can be
applied.”°”*** Demonstrating mechanisms necessary to
achieve this goal, work by the Baker group has identified that
computational prediction can be employed to synthesize
biopolymers that assemble in precise three-dimensional top-
ologies,233_236 and such strategies were used to generate a
peptide vaccine that mimics the structure of natural virus to
afford potent B and T cell responses in a respiratory syncytial
virus (RSV) model.>* Iterative strategies combining machine
learning and high-throughput screening (i.e., machine-learning-
guided directed evolution)”*”*** can be used to direct discovery
of polymers that can bind innate immune receptors or achieve
well-controlled adaptive immune responses. Achieving analo-
gous structural complexity in synthetic polymer scaffolds and
directing assembly to form structures that can bind with immune
receptors is an exciting frontier which is on the forefront of
possibility in the next decade.

7.4. Biocompatibility Screening: A Double-Edged
Sword. As noted throughout this Perspective, the relationship
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between biomaterial efficacy and toxicity is inextricably linked.
Many of the properties such as protein—polymer interactions,
membrane disruption, or reversible chemistries that can make
polymeric materials effective as adjuvants can also induce cell
necrosis, complement activation, and toxic tissue accumulation
in different contexts.'”® Moreover, the repetitive structure of
polymers, especially PEG-based drug delivery systems, have
been shown to induce antipolymer antibodies, resulting in rapid
clearance of biologically active cargo and undesired hyper-
sensitivity reactions.””” Given this double-edged sword of
efficacy and toxicity, developing rapid, translatable, and
consistent methods to screen the immunological activity of
polymeric materials at the preclinical development stage is
critical to avoid costly translational research of toxic
biomaterials. Currently, a lack of streamlined characterization
tools has led to a scattershot of poorly defined in vitro and in vivo
assays and has hindered progress in this domain. As such, in the
screening of new materials for immunomodulatory and
biomedical applications, we propose a series of simple and
inexpensive in vitro experiments that can rapidly provide
immunological information about novel immunomodulatory
polymers. Such experiments were developed in the Esser-Kahn
group for screening polymeric drug delivery systems and have
proven broadly effective in rapidly predicting the in vivo safety
and efficacy of broad classes of water-soluble or -dispersible
polymeric materials (Figure 8).”*°7**

To test the immunological activity of polymeric materials, it
must first be confirmed that the materials are free of endotoxin
contamination derived from the synthesis or purification
process. While the gel clot Limulus amoebocyte lysate (LAL)
assay is the most common test for endotoxin contamination, this
test relies on clotting of the coagulogen protein upon binding of
endotoxins. As polymers often induce nonspecific clotting upon
interaction with coagulogen, alternative tests are pre-
ferred.”*>*** We have found that incubating polymers with the
HEK TLR4 reporter cell line can provide a rapid and accurate
readout of endotoxin contamination. In the case of endotoxin
contamination, depyrogenation (i.e., removing endotoxin) can
be achieved by heating, acid treatment, or extraction of
endotoxic contaminants to achieve “clean” materials for
preliminary tes,ting.244 After endotoxin removal, in vitro
immunostimulatory capacity can be assayed to determine the
use case for polymers of interest. While several assays for
immunological compatibility are employed in the literature, we
and others have found cellular toxicity, NF-«kB and IFN signal
transduction pathway activation, and IL-1/ secretion serve as
useful predictors for polymeric materials.”*”**"**>**> NF-«xB
and IFN gene expression are critical markers of early innate
immune activation and, by using genetically encoded reporter
cell lines, can serve as a low-cost alternative to multiplexed
cytokine panels.”***** IL-1 secretion and toxicity provide
further information about immunotoxic cell death and can be
rapidly assayed in vitro by quantifying secreted analytes with
colorimetric assays such as ELISA. These tests can be conducted
in both secondary and primary cells, although lack of reporter
genes in primary cells require more laborious cytokine analysis
(such as cytokine bead arrays™*®) to provide immunostimulatory
information. Applying this early stage immunological compat-
ibility testing in parallel with high-throughput synthesis and
computation guided discovery will accelerate the screening and
development of new polymers for immunomodulatory
applications.

6928

B AUTHOR INFORMATION

Corresponding Author
Aaron P. Esser-Kahn — Pritzker School of Molecular
Engineering, University of Chicago, Chicago, Illinois 60637,
United States; © orcid.org/0000-0003-1273-0951;
Email: aesserkahn@uchicago.edu

Authors

Adam M. Weiss — Pritzker School of Molecular Engineering,
University of Chicago, Chicago, Illinois 60637, United States;
Department of Chemistry, University of Chicago, Chicago,
Illinois 60637, United States; © orcid.org/0000-0002-4972-
1402

Samir Hossainy — Pritzker School of Molecular Engineering,
University of Chicago, Chicago, Illinois 60637, United States

Stuart J. Rowan — Pritzker School of Molecular Engineering,
University of Chicago, Chicago, Illinois 60637, United States;
Department of Chemistry, University of Chicago, Chicago,
Illinois 60637, United States; © orcid.org/0000-0001-8176-
0594

Jeffrey A. Hubbell — Pritzker School of Molecular Engineering,
University of Chicago, Chicago, Illinois 60637, United States;

orcid.org/0000-0003-0276-5456

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.macromol.2c00854

Author Contributions

AMMW. and AP.E-K. conceived the manuscript. AM.W. and
S.H. wrote the manuscript. S.J.R,, J.AH., and A.P.E-K. provided
edits and oversaw the writing process. All authors reviewed and
approved the manuscript prior to submission.

Notes

The authors declare no competing financial interest.

Biographies

Adam Weiss grew up in Youngstown, OH, and first conducted research
at the Center for Layered Polymeric Systems (CLiPS) at Youngstown
State University as a high school student. He then attended Ohio State
University, where he received his B.S. with honors research distinction
in chemistry and neuroscience. He is now a 4th year student in the
Chemistry PhD program at the University of Chicago, where he is
coadvised by Aaron Esser-Kahn and Stuart Rowan and supported in
part by an NIH T32 Chemistry—Biology Interface training grant. Adam
is interested in using polymers and other engineered macromolecules as
tools to activate the innate immune system for vaccination and
immunotherapy, with a particular focus on the NLRP3 inflammasome.

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aaron+P.+Esser-Kahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1273-0951
mailto:aesserkahn@uchicago.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+M.+Weiss"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4972-1402
https://orcid.org/0000-0002-4972-1402
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samir+Hossainy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stuart+J.+Rowan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8176-0594
https://orcid.org/0000-0001-8176-0594
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+A.+Hubbell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0276-5456
https://orcid.org/0000-0003-0276-5456
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00854?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Samir Hossainy grew up in the San Francisco Bay Area and received his
BS/MS in bioengineering and materials science from the University of
California, Berkeley. His interests have always lied at the intersection of
synthetic materials design and their biomedical applications, which led
him to pursue a PhD coadvised by Stuart Rowan and Jeffrey Hubbell at
the University of Chicago. Now, as a third year student, Samir is
currently developing polymeric nanocarriers for improving vaccine

payload delivery.

Stuart Rowan is the Barry L. MacLean Professor of Molecular
Engineering and Professor of Chemistry at the University of Chicago.
He is the Director of the University of Chicago’s Materials Research
Science and Engineering Center (MRSEC) and has a staff appointment
at Argonne National Laboratories. Stuart received his B.Sc. in 1991 and
PhD in 1995 from the University of Glasgow. He moved to the
Chemistry Department at the University of Cambridge as a
postdoctoral researcher with Jeremy K. M. Sanders in late 1994. He
continued his postdoctoral studies with Sir J. Fraser Stoddart at the
University of California, Los Angeles, in 1998. In 1999, he was started
his independent career in the Department of Macromolecular Science
and Engineering at Case Western Reserve University in Cleveland, OH,
before moving to the University of Chicago in 2016. He is an ACS
Fellow, an ACS POLY Fellow, and a Fellow of the Royal Society of
Chemistry and is currently the Editor-in-Chief of ACS Macro Letters.
His group works on supramolecular polymers, dynamic covalent
polymers, self-healing materials, responsive adhesives, sustainable
plastics, nanocellulose, polymers for battery applications, biomaterials,
and developing methods for the construction of complex polymeric

architectures.

6929

Jeffrey Hubbell is the Eugene Bell Professor of Tissue Engineering at
the University of Chicago. He received his B.Sc. in chemical
engineering from Kansas State University in 1982 and his PhD in
chemical engineering from Rice University under the training of Larry
Mclntire in 1986. Jeft held faculty positions at the University of Texas in
Austin, the California Institute of Technology, the Swiss Federal
Institute of Technology Zurich, and the Swiss Federal Institute of
Technology Lausanne, where he was the founding director of the
Institute of Bioengineering. He moved to the University of Chicago in
2014. Jeff is currently interested in engineering therapeutics for
regenerative medicine, autoimmune disease, allergy, and cancer. Jeffis a
member of the National Academy of Engineering and the National
Academy of Medicine.

E}Iﬂﬂwwﬂm. ‘

Aaron Esser-Kahn received his B.S. in chemistry from Caltech in 2004
and his PhD in chemical biology from the University of California,
Berkeley, under the training of Matthew Francis in 2009. He then
completed postdoctoral training in polymer chemistry under Jeffery
Moore at the University of Illinois and started his research program in
organic chemistry at University of California, Irvine, in 2011. In 2017,
Aaron moved to the University of Chicago, where he is now an
Associate Professor of Molecular Engineering. Aaron’s current research

interests include engineering improved immune responses to
vaccination, identification of novel immune modulating compounds,
and development of adaptive and piezo-responsive materials.

B ACKNOWLEDGMENTS

AMMW. acknowledges partial support of an NIH Chemistry—
Biology Interface training grant (T32 GM008720). A.M.W. and
AP.E.-K. acknowledge support from NIH (U01AI124286) and
DTRA (1-18-1-0052). S.H. and S.J.R. acknowledge support
from the NSF PIRE program (NSF #1743475). J.A.-H.
acknowledges support from NIH (CA253248 and CA219304)
and the AbbVie-UChicago Program in Immuno-oncology. The

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

authors thank Dr. Jainu Ajit, Aaron Alpar, and Matthew
Rosenberger for helpful discussions.

B REFERENCES

(1) Irvine, D. J.; Hanson, M. C.; Rakhra, K.; Tokatlian, T. Synthetic
Nanoparticles for Vaccines and Immunotherapy. Chem. Rev. 2015, 115
(19), 11109-11146.

(2) Ulbrich, K.; Hola, K.; Subr, V.; Bakandritsos, A.; Tucek, J.; Zboril,
R. Targeted Drug Delivery with Polymers and Magnetic Nanoparticles:
Covalent and Noncovalent Approaches, Release Control, and Clinical
Studies. Chem. Rev. 2016, 116 (9), 5338—5431.

(3) Pola, R; Braunov4, A,; Laga, R.; Pechar, M.; Ulbrich, K. Click
Chemistry as a Powerful and Chemoselective Tool for the Attachment
of Targeting Ligands to Polymer Drug Carriers. Polym. Chem. 2014, 5
(4), 1340—1350.

(4) Sadtler, K.; Collins, J.; Byrne, J. D.; Langer, R. Parallel Evolution of
Polymer Chemistry and Immunology: Integrating Mechanistic Biology
with Materials Design. Adv. Drug Deliv Rev. 2020, 156, 65—79.

(5) Pifferi, C.; Fuentes, R,; Fernandez-Tejada, A. Natural and
Synthetic Carbohydrate-Based Vaccine Adjuvants and Their Mecha-
nisms of Action. Nat. Rev. Chem. 2021, 5 (3), 197—216.

(6) Tom, J. K.; Albin, T. J.; Manna, S.; Moser, B. A.; Steinhardt, R. C.;
Esser-Kahn, A. P. Applications of Immunomodulatory Immune
Synergies to Adjuvant Discovery and Vaccine Development. Trends
Biotechnol 2019, 37 (4), 373—388.

(7) Lynn, G. M.; Laga, R.; Darrah, P. A; Ishizuka, A. S.; Balaci, A. J.;
Dulcey, A. E,; Pechar, M,; Pola, R.; Gerner, M. Y.; Yamamoto, A.;
Buechler, C. R.; Quinn, K. M,; Smelkinson, M. G.; Vanek, O.; Cawood,
R; Hills, T.; Vasalatiy, O.; Kastenmuller, K.; Francica, J. R;; Stutts, L.;
Tom, J. K; Ryu, K. A; Esser-Kahn, A. P.; Etrych, T.; Fisher, K. D,;
Seymour, L. W,; Seder, R. A. In Vivo Characterization of the
Physicochemical Properties of Polymer-Linked TLR Agonists That
Enhance Vaccine Immunogenicity. Nat. Biotechnol. 2015, 33 (11),
1201-1210.

(8) Mosquera, J.; Garcia, L; Liz-Marzén, L. M. Cellular Uptake of
Nanoparticles versus Small Molecules: A Matter of Size. Acc. Chem. Res.
2018, 51 (9), 2305—2313.

(9) Zumbro, E.; Witten, ].; Alexander-Katz, A. Computational Insights
into Avidity of Polymeric Multivalent Binders. Biophys! J. 2019, 117 (5),
892—-902.

(10) Takakura, Y.; Hashida, M. Macromolecular Carrier Systems for
Targeted Drug Delivery: Pharmacokinetic Considerations on Bio-
distribution. Pharm. Res. 1996, 13 (6), 820—831.

(11) Avery, O. T.; Goebel, W. F. Chemo-Immunological Studies on
Conjugated Carbohydrate-Proteins: II. Immunological Specificity of
Synthetic Sugar-Protein Antigens. J. Exp Med. 1929, 50 (4), 533—550.

(12) Avery, O. T.; Goebel, W. F. Chemo-Immunological Studies on
Conjugated Carbohydrate-Proteins: V. The Immunological Specifity of
an Antigen Prepared by Combining the Capsular Polysaccharide of
Type I1I Pneumococcus with Foreign Protein. J. Exp Med. 1931, 54 (3),
437—447.

(13) Homsy, C. A.; Ansevin, K. D.; O’'Bannon, W.; Thompson, S. A.;
Hodge, R.; Estrella, M. E. Rapid In Vitro Screening of Polymers for
Biocompatibility. J. Macromol. Sci. A 1970, 4 (3), 615—634.

(14) Singh, P.; Guillory, J. K.; Sokoloski, T. D.; Benet, L. Z.; Bhatia, V.
N. Effect of Inert Tablet Ingredients on Drug Absorption: I. Effect of
Polyethylene Glycol 4000 on the Intestinal Absorption of Four
Barbiturates. J. Pharm. Sci. 1966, 55 (1), 63—68.

(15) Behr, J. P.; Demeneix, B.; Loeffler, J. P.; Perez-Mutul, J. Efficient
Gene Transfer into Mammalian Primary Endocrine Cells with
Lipopolyamine-Coated DNA. Proc. Natl. Acad. Sci. U. S. A. 1989, 86
(18), 6982—6986.

(16) Langer, R. Polymer-Controlled Drug-Delivery Systems. Acc.
Chem. Res. 1993, 26 (10), 537—542.

(17) Panyam, J.; Labhasetwar, V. Biodegradable Nanoparticles for
Drug and Gene Delivery to Cells and Tissue. Adv. Drug Deliv Rev. 2003,
55 (3), 329-347.

6930

(18) Ahmed, F.; Discher, D. E. Self-Porating Polymersomes of PEG-
PLA and PEG-PCL: Hydrolysis-Triggered Controlled Release Vesicles.
J. Controlled Release 2004, 96 (1), 37—53.

(19) Vinogradov, S. V.; Bronich, T. K.; Kabanov, A. V. Nanosized
Cationic Hydrogels for Drug Delivery: Preparation, Properties and
Interactions with Cells. Adv. Drug Deliv Rev. 2002, 54 (1), 135—147.

(20) Stuart, M. A,; Huck, W. T.; Genzer, J.; Muller, M.; Ober, C.;
Stamm, M.; Sukhorukov, G. B.; Szleifer, 1.; Tsukruk, V. V.; Urban, M.;
Winnik, F.; Zauscher, S.; Luzinov, I; Minko, S. Emerging Applications
of Stimuli-Responsive Polymer Materials. Nat. Mater. 2010, 9 (2),
101—-113.

(21) Corrigan, N.; Jung, K.; Moad, G.; Hawker, C. J.; Matyjaszewski,
K; Boyer, C. Reversible-Deactivation Radical Polymerization (Con-
trolled/Living Radical Polymerization): From Discovery to Materials
Design and Applications. Prog. Polym. Sci. 2020, 111, 101311.

(22) Wibowo, D.; Jorritsma, S. H. T.; Gonzaga, Z. J.; Evert, B.; Chen,
S.; Rehm, B. H. A. Polymeric Nanoparticle Vaccines to Combat
Emerging and Pandemic Threats. Biomaterials 2021, 268, 120597.

(23) Samal, S. K; Dash, M; Van Vlierberghe, S.; Kaplan, D. L,;
Chiellini, E.; van Blitterswijk, C.; Moroni, L.; Dubruel, P. Cationic
Polymers and Their Therapeutic Potential. Chem. Soc. Rev. 2012, 41
(21), 7147-7194.

(24) Seidi, F.; Jenjob, R; Crespy, D. Designing Smart Polymer
Conjugates for Controlled Release of Payloads. Chem. Rev. 2018, 118
(7), 3965—4036.

(25) Blanco, E.; Shen, H.; Ferrari, M. Principles of Nanoparticle
Design for Overcoming Biological Barriers to Drug Delivery. Nat.
Biotechnol. 2015, 33 (9), 941-951.

(26) Murphy, K. Janeway’s Immunobiology, 8th ed.; Garland Science:
New York, 2012.

(27) Pulendran, B; Ahmed, R. Immunological Mechanisms of
Vaccination. Nat. Immunol 2011, 12 (6), 509—517.

(28) Coffman, R. L.; Sher, A.; Seder, R. A. Vaccine Adjuvants: Putting
Innate Immunity to Work. Immunity 2010, 33 (4), 492—503.

(29) Iwasaki, A.; Medzhitov, R. Control of Adaptive Immunity by the
Innate Immune System. Nat. Immunol 20185, 16 (4), 343—353.

(30) Demaria, O.; Cornen, S.; Daeron, M.; Morel, Y.; Medzhitov, R.;
Vivier, E. Harnessing Innate Immunity in Cancer Therapy. Nature
2019, 574 (7776), 45—56.

(31) Stavnezer, J.; Guikema, J. E. J.; Schrader, C. E. Mechanism and
Regulation of Class Switch Recombination. Annu. Rev. Immunol. 2008,
26 (1), 261-292.

(32) Petrovsky, N. Comparative Safety of Vaccine Adjuvants: A
Summary of Current Evidence and Future Needs. Drug Saf 2015, 38
(11), 1059—1074.

(33) Pulendran, B.; Prabhu, S. A.; O’'Hagan, D. T. Emerging Concepts
in the Science of Vaccine Adjuvants. Nat. Rev. Drug Discov 2021, 20 (6),
454—475.

(34) O'Hagan, D. T; Ott, G. S.; De Gregorio, E.; Seubert, A. The
Mechanism of Action of MFS9 - an Innately Attractive Adjuvant
Formulation. Vaccine 2012, 30 (29), 4341—4348.

(35) Flach, T.L.; Ng, G.; Hari, A.; Desrosiers, M. D.; Zhang, P.; Ward,
S. M.; Seamone, M. E.; Vilaysane, A.; Mucsi, A. D.; Fong, Y.; Prenner,
E.; Ling, C. C; Tschopp, J.; Muruve, D. A,; Amrein, M. W.; Shi, Y. Alum
Interaction with Dendritic Cell Membrane Lipids Is Essential for Its
Adjuvanticity. Nat. Med. 2011, 17 (4), 479—487.

(36) Cunningham, A. L.; Lal, H.; Kovac, M.; Chlibek, R.; Hwang, S. J.;
Diez-Domingo, J.; Godeaux, O.; Levin, M. J.; McElhaney, J. E.; Puig-
Barbera, J.; Vanden Abeele, C.; Vesikari, T.; Watanabe, D.; Zahaf, T.;
Ahonen, A.; Athan, E.; Barba-Gomez, J. F.; Campora, L.; de Looze, F,;
Downey, H. J.; Ghesquiere, W.; Gorfinkel, I.; Korhonen, T.; Leung, E.;
McNeil, S. A.; Oostvogels, L.; Rombo, L.; Smetana, J.; Weckx, L.; Yeo,
W.; Heineman, T. C.; Group, Z. O. E. S.. Efficacy of the Herpes Zoster
Subunit Vaccine in Adults 70 Years of Age or Older. N Engl J. Med.
2016, 375 (11), 1019—1032.

(37) Didierlaurent, A. M.; Laupeze, B.; Di Pasquale, A.; Hergli, N.;
Collignon, C.; Garcon, N. Adjuvant System ASOl: Helping to
Overcome the Challenges of Modern Vaccines. Expert Rev. Vaccines
2017, 16 (1), 55—63.

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


https://doi.org/10.1021/acs.chemrev.5b00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3PY01376F
https://doi.org/10.1039/C3PY01376F
https://doi.org/10.1039/C3PY01376F
https://doi.org/10.1016/j.addr.2020.06.021
https://doi.org/10.1016/j.addr.2020.06.021
https://doi.org/10.1016/j.addr.2020.06.021
https://doi.org/10.1038/s41570-020-00244-3
https://doi.org/10.1038/s41570-020-00244-3
https://doi.org/10.1038/s41570-020-00244-3
https://doi.org/10.1016/j.tibtech.2018.10.004
https://doi.org/10.1016/j.tibtech.2018.10.004
https://doi.org/10.1038/nbt.3371
https://doi.org/10.1038/nbt.3371
https://doi.org/10.1038/nbt.3371
https://doi.org/10.1021/acs.accounts.8b00292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpj.2019.07.026
https://doi.org/10.1016/j.bpj.2019.07.026
https://doi.org/10.1023/A:1016084508097
https://doi.org/10.1023/A:1016084508097
https://doi.org/10.1023/A:1016084508097
https://doi.org/10.1084/jem.50.4.533
https://doi.org/10.1084/jem.50.4.533
https://doi.org/10.1084/jem.50.4.533
https://doi.org/10.1084/jem.54.3.437
https://doi.org/10.1084/jem.54.3.437
https://doi.org/10.1084/jem.54.3.437
https://doi.org/10.1084/jem.54.3.437
https://doi.org/10.1080/00222337008074366
https://doi.org/10.1080/00222337008074366
https://doi.org/10.1002/jps.2600550114
https://doi.org/10.1002/jps.2600550114
https://doi.org/10.1002/jps.2600550114
https://doi.org/10.1073/pnas.86.18.6982
https://doi.org/10.1073/pnas.86.18.6982
https://doi.org/10.1073/pnas.86.18.6982
https://doi.org/10.1021/ar00034a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0169-409X(02)00228-4
https://doi.org/10.1016/S0169-409X(02)00228-4
https://doi.org/10.1016/j.jconrel.2003.12.021
https://doi.org/10.1016/j.jconrel.2003.12.021
https://doi.org/10.1016/S0169-409X(01)00245-9
https://doi.org/10.1016/S0169-409X(01)00245-9
https://doi.org/10.1016/S0169-409X(01)00245-9
https://doi.org/10.1038/nmat2614
https://doi.org/10.1038/nmat2614
https://doi.org/10.1016/j.progpolymsci.2020.101311
https://doi.org/10.1016/j.progpolymsci.2020.101311
https://doi.org/10.1016/j.progpolymsci.2020.101311
https://doi.org/10.1016/j.biomaterials.2020.120597
https://doi.org/10.1016/j.biomaterials.2020.120597
https://doi.org/10.1039/c2cs35094g
https://doi.org/10.1039/c2cs35094g
https://doi.org/10.1021/acs.chemrev.8b00006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1038/ni.2039
https://doi.org/10.1038/ni.2039
https://doi.org/10.1016/j.immuni.2010.10.002
https://doi.org/10.1016/j.immuni.2010.10.002
https://doi.org/10.1038/ni.3123
https://doi.org/10.1038/ni.3123
https://doi.org/10.1038/s41586-019-1593-5
https://doi.org/10.1146/annurev.immunol.26.021607.090248
https://doi.org/10.1146/annurev.immunol.26.021607.090248
https://doi.org/10.1007/s40264-015-0350-4
https://doi.org/10.1007/s40264-015-0350-4
https://doi.org/10.1038/s41573-021-00163-y
https://doi.org/10.1038/s41573-021-00163-y
https://doi.org/10.1016/j.vaccine.2011.09.061
https://doi.org/10.1016/j.vaccine.2011.09.061
https://doi.org/10.1016/j.vaccine.2011.09.061
https://doi.org/10.1038/nm.2306
https://doi.org/10.1038/nm.2306
https://doi.org/10.1038/nm.2306
https://doi.org/10.1056/NEJMoa1603800
https://doi.org/10.1056/NEJMoa1603800
https://doi.org/10.1080/14760584.2016.1213632
https://doi.org/10.1080/14760584.2016.1213632
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

(38) Paavonen, J.; Jenkins, D.; Bosch, F. X.; Naud, P.; Salmerén, J.;
Wheeler, C. M.; Chow, S.-N.; Apter, D. L.; Kitchener, H. C;
Castellsague, X.,; de Carvalho, N. S.; Skinner, S. R.; Harper, D. M,;
Hedrick, J. A.; Jaisamrarn, U.; Limson, G. A.; Dionne, M.; Quint, W.;
Spiessens, B.; Peeters, P.; Struyf, F.; Wieting, S. L.; Lehtinen, M. O;
Dubin, G. Efficacy of a Prophylactic Adjuvanted Bivalent L1 Virus-like-
Particle Vaccine against Infection with Human Papillomavirus Types
16 and 18 in Young Women: An Interim Analysis of a Phase III Double-
Blind, Randomised Controlled Trial. Lancet 2007, 369 (9580), 2161—
2170.

(39) Jackson, S.; Lentino, J.; Kopp, J.; Murray, L.; Ellison, W.; Rhee,
M.; Shockey, G.; Akella, L.; Erby, K.; Heyward, W. L.; Janssen, R. S;
Group, H. B. V. S,; et al. Immunogenicity of a Two-Dose Investigational
Hepatitis B Vaccine, HBsAg-1018, Using a Toll-like Receptor 9 Agonist
Adjuvant Compared with a Licensed Hepatitis B Vaccine in Adults.
Vaccine 2018, 36 (5), 668—674.

(40) Datta, L. P.; Manchineella, S.; Govindaraju, T. Biomolecules-
Derived Biomaterials. Biomaterials 2020, 230, 119633.

(41) Astronomo, R. D.; Burton, D. R. Carbohydrate Vaccines:
Developing Sweet Solutions to Sticky Situations? Nat. Rev. Drug Discov
2010, 9 (4), 308—324.

(42) Khatun, F; Toth, I; Stephenson, R. J. Immunology of
Carbohydrate-Based Vaccines. Adv. Drug Deliv Rev. 2020, 165—166,
117—-126.

(43) Mahla, R;; Reddy, C.; Prasad, D.; Kumar, H. Sweeten PAMPs:
Role of Sugar Complexed PAMPs in Innate Immunity and Vaccine
Biology. Front Immunol 2013, 4, 248.

(44) Lee, R. T; Hsu, T.-L,; Huang, S. K.; Hsieh, S.-L.; Wong, C.-H.;
Lee, Y. C. Survey of Immune-Related, Mannose/Fucose-Binding C-
Type Lectin Receptors Reveals Widely Divergent Sugar-Binding
Specificities. Glycobiology 2011, 21 (4), S12—520.

(45) Crocker, P.R;; Paulson, J. C.; Varki, A. Siglecs and Their Roles in
the Immune System. Nat. Rev. Immunol 2007, 7 (4), 255—266.

(46) Rabinovich, G. A, Toscano, M. A. Turning “sweet” on
Immunity: Galectin—Glycan Interactions in Immune Tolerance and
Inflammation. Nat. Rev. Immunol 2009, 9 (5), 338—352.

(47) Casella, C. R.; Mitchell, T. C. Putting Endotoxin to Work for Us:
Monophosphoryl Lipid A as a Safe and Effective Vaccine Adjuvant. Cell.
Mol. Life Sci. 2008, 65 (20), 3231.

(48) Brown, G. D.; Willment, J. A.; Whitehead, L. C-Type Lectins in
Immunity and Homeostasis. Nat. Rev. Immunol 2018, 18 (6), 374—389.

(49) Spiro, R. G. Protein Glycosylation: Nature, Distribution,
Enzymatic Formation, and Disease Implications of Glycopeptide
Bonds. Glycobiology 2002, 12 (4), 43—356.

(50) Tan, M. C. A. A,; Mommaas, A. M.; Drijthout, J. W.; Jordens, R ;
Onderwater, J. J. M.; Verwoerd, D.; Mulder, A. A.; van der Heiden, A.
N.; Scheidegger, D.; Oomen, L. C.J. M.; Ottenhoff, T. H. M.; Tulp, A,;
Neefjes, J. J.; Koning, F. Mannose Receptor-Mediated Uptake of
Antigens Strongly Enhances HLA Class II-Restricted Antigen
Presentation by Cultured Dendritic Cells. Eur. J. Immunol. 1997, 27
(9), 2426—2435.

(51) Wilson, D. S.; Hirosue, S.; Raczy, M. M.; Bonilla-Ramirez, L.;
Jeanbart, L.; Wang, R.; Kwissa, M.; Franetich, ]J. F.; Broggi, M. A. S,;
Diaceri, G.; Quaglia-Thermes, X.; Mazier, D.; Swartz, M. A.; Hubbell, J.
A. Antigens Reversibly Conjugated to a Polymeric Glyco-Adjuvant
Induce Protective Humoral and Cellular Immunity. Nat. Mater. 2019,
18 (2), 175—185.

(52) Wilson, D. S.; Damo, M.; Hirosue, S.; Raczy, M. M.; Brunggel, K.;
Diaceri, G.; Quaglia-Thermes, X.; Hubbell, J. A. Synthetically
Glycosylated Antigens Induce Antigen-Specific Tolerance and Prevent
the Onset of Diabetes. Nat. Biomed. Eng. 2019, 3 (10), 817—829.

(53) Xu, Y.; Ma, S.; Zhao, J.; Chen, H.; Si, X.; Huang, Z.; Yu, Z.; Song,
W.; Tang, Z.; Chen, X. Mannan-Decorated Pathogen-like Polymeric
Nanoparticles as Nanovaccine Carriers for Eliciting Superior
Anticancer Immunity. Biomaterials 2022, 284, 121489.

(54) Liao, S.-F.; Liang, C.-H.; Ho, M.-Y.; Hsu, T.-L.; Tsai, T.-L; Hsieh,
Y. S.-Y.; Tsai, C.-M.; Li, S.-T.; Cheng, Y.-Y.; Tsao, S.-M.; Lin, T.-Y; Lin,
Z.-Y.; Yang, W.-B,; Ren, C.-T ; Lin, K.-I; Khoo, K.-H.; Lin, C.-H.; Hsu,
H.-Y,; Wu, C.-Y,; Wong, C.-H. Immunization of Fucose-Containing

6931

Polysaccharides from Reishi Mushroom Induces Antibodies to Tumor-
Associated Globo H-Series Epitopes. Proc. Natl. Acad. Sci. U. S. A. 2013,
110 (34), 13809—13814.

(55) Jin, Y.; Li, P.; Wang, F. #-Glucans as Potential Immunoadjuvants:
A Review on the Adjuvanticity, Structure-Activity Relationship and
Receptor Recognition Properties. Vaccine 2018, 36 (35), 5235—5244.

(56) Goodridge, H. S.; Wolf, A. J; Underhill, D. M. -Glucan
Recognition by the Innate Immune System. Immunol Rev. 2009, 230
(1), 38=50.

(57) Goodridge, H. S.; Reyes, C. N.; Becker, C. A.; Katsumoto, T. R;
Ma, J.; Wolf, A. J.; Bose, N.; Chan, A. S. H.; Magee, A. S.; Danielson, M.
E.; Weiss, A.; Vasilakos, J. P.; Underhill, D. M. Activation of the Innate
Immune Receptor Dectin-1 upon Formation of a ‘Phagocytic Synapse.
Nature 2011, 472 (7344), 471—475.

(58) Netea, M. G.; Dominguez-Andres, J.; Barreiro, L. B.; Chavakis,
T.; Divangahi, M.; Fuchs, E.; Joosten, L. A. B.; van der Meer, J. W. M.;
Mhlanga, M. M.; Mulder, W. J. M,; Riksen, N. P.; Schlitzer, A.; Schultze,
J.L.; Stabell Benn, C.; Sun, J. C.; Xavier, R. J.; Latz, E. Defining Trained
Immunity and Its Role in Health and Disease. Nat. Rev. Immunol 2020,
20 (6), 375—388.

(59) Carter, R. W.; Thompson, C.; Reid, D. M.; Wong, S. Y. C;
Tough, D. F. Preferential Induction of CD4 * T Cell Responses through
In Vivo Targeting of Antigen to Dendritic Cell-Associated C-Type
Lectin-1. J. Immunol 2006, 177 (4), 2276—2284.

(60) Donadei, A.; Gallorini, S.; Berti, F.; O'Hagan, D. T.; Adamo, R ;
Baudner, B. C. Rational Design of Adjuvant for Skin Delivery:
Conjugation of Synthetic f-Glucan Dectin-1 Agonist to Protein
Antigen. Mol. Pharmaceutics 2015, 12 (5), 1662—1672.

(61) Soares, E.; Groothuismink, Z. M. A.; Boonstra, A.; Borges, O.
Glucan Particles Are a Powerful Adjuvant for the HBsAg, Favoring
Antiviral Immunity. Mol. Pharmaceutics 2019, 16 (5), 1971—1981.

(62) Dillon, S.; Agrawal, S.; Banerjee, K.; Letterio, J.; Denning, T. L.;
Oswald-Richter, K.; Kasprowicz, D. J.; Kellar, K.; Pare, J.; van Dyke, T.;
Ziegler, S.; Unutmaz, D.; Pulendran, B. Yeast Zymosan, a Stimulus for
TLR2 and Dectin-1, Induces Regulatory Antigen-Presenting Cells and
Immunological Tolerance. J. Clin Invest 2006, 116 (4), 916—928.

(63) Hong, F.; Hansen, R. D.; Yan, J,; Allendorf, D. J.; Baran, J. T;
Ostroff, G. R;; Ross, G. D. Beta-Glucan Functions as an Adjuvant for
Monoclonal Antibody Immunotherapy by Recruiting Tumoricidal
Granulocytes as Killer Cells. Cancer Res. 2003, 63 (24), 9023—9031.

(64) Huang, H.; Ostroff, G. R; Lee, C. K;; Specht, C. A.; Levitz, S. M.
Robust Stimulation of Humoral and Cellular Immune Responses
Following Vaccination with Antigen-Loaded Beta-Glucan Particles.
mBio 2010, 1 (3). .

(65) Jin, J. W.; Tang, S. Q; Rong, M. Z,; Zhang, M. Q. Synergistic
Effect of Dual Targeting Vaccine Adjuvant with Aminated Beta-Glucan
and CpG-Oligodeoxynucleotides for Both Humoral and Cellular
Immune Responses. Acta Biomater 2018, 78, 211—223.

(66) AbdelAllah, N. H.; Gaber, Y.; AbdelGhani, S.; Rashed, M. E.;
Azmy, A. F. Chitosan and Alginate Salt as Biomaterials Are Potential
Natural Adjuvants for Killed Cholera Vaccine. J. Biomed. Mater. Res.
2021, 109, 2462—2470.

(67) Riteau, N.; Sher, A. Chitosan: An Adjuvant with an
Unanticipated STING. Immunity 2016, 44 (3), 522—524.

(68) Carroll, E. C; Jin, L.; Mori, A.; Mufioz-Wolf, N.; Oleszycka, E.;
Moran, H. B. T.; Mansouri, S.; McEntee, C. P.; Lambe, E.; Agger, E. M.;
Andersen, P.; Cunningham, C.; Hertzog, P.; Fitzgerald, K. A.; Bowie, A.
G.; Lavelle, E. C. The Vaccine Adjuvant Chitosan Promotes Cellular
Immunity via DNA Sensor CGAS-STING-Dependent Induction of
Type I Interferons. Immunity 2016, 44 (3), 597—608.

(69) Bueter, C. L.; Lee, C. K.; Rathinam, V. A.; Healy, G. J.; Taron, C.
H.,; Specht, C. A,; Levitz, S. M. Chitosan but Not Chitin Activates the
Inflammasome by a Mechanism Dependent upon Phagocytosis. J. Biol.
Chem. 2011, 286 (41), 35447—35455.

(70) Bueter, C.L.; Lee, C. K.; Wang, J. P.; Ostroff, G. R.; Specht, C. A,;
Levitz, S. M. Spectrum and Mechanisms of Inflammasome Activation
by Chitosan. J. Immunol 2014, 192 (12), 5943—5951.

(71) Fong, D.; Gregoire-Gelinas, P.; Cheng, A. P.; Mezheritsky, T.;
Lavertu, M.; Sato, S.; Hoemann, C. D. Lysosomal Rupture Induced by

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


https://doi.org/10.1016/S0140-6736(07)60946-5
https://doi.org/10.1016/S0140-6736(07)60946-5
https://doi.org/10.1016/S0140-6736(07)60946-5
https://doi.org/10.1016/S0140-6736(07)60946-5
https://doi.org/10.1016/j.vaccine.2017.12.038
https://doi.org/10.1016/j.vaccine.2017.12.038
https://doi.org/10.1016/j.vaccine.2017.12.038
https://doi.org/10.1016/j.biomaterials.2019.119633
https://doi.org/10.1016/j.biomaterials.2019.119633
https://doi.org/10.1038/nrd3012
https://doi.org/10.1038/nrd3012
https://doi.org/10.1016/j.addr.2020.04.006
https://doi.org/10.1016/j.addr.2020.04.006
https://doi.org/10.3389/fimmu.2013.00248
https://doi.org/10.3389/fimmu.2013.00248
https://doi.org/10.3389/fimmu.2013.00248
https://doi.org/10.1093/glycob/cwq193
https://doi.org/10.1093/glycob/cwq193
https://doi.org/10.1093/glycob/cwq193
https://doi.org/10.1038/nri2056
https://doi.org/10.1038/nri2056
https://doi.org/10.1038/nri2536
https://doi.org/10.1038/nri2536
https://doi.org/10.1038/nri2536
https://doi.org/10.1007/s00018-008-8228-6
https://doi.org/10.1007/s00018-008-8228-6
https://doi.org/10.1038/s41577-018-0004-8
https://doi.org/10.1038/s41577-018-0004-8
https://doi.org/10.1093/glycob/12.4.43R
https://doi.org/10.1093/glycob/12.4.43R
https://doi.org/10.1093/glycob/12.4.43R
https://doi.org/10.1002/eji.1830270942
https://doi.org/10.1002/eji.1830270942
https://doi.org/10.1002/eji.1830270942
https://doi.org/10.1038/s41563-018-0256-5
https://doi.org/10.1038/s41563-018-0256-5
https://doi.org/10.1038/s41551-019-0424-1
https://doi.org/10.1038/s41551-019-0424-1
https://doi.org/10.1038/s41551-019-0424-1
https://doi.org/10.1016/j.biomaterials.2022.121489
https://doi.org/10.1016/j.biomaterials.2022.121489
https://doi.org/10.1016/j.biomaterials.2022.121489
https://doi.org/10.1073/pnas.1312457110
https://doi.org/10.1073/pnas.1312457110
https://doi.org/10.1073/pnas.1312457110
https://doi.org/10.1016/j.vaccine.2018.07.038
https://doi.org/10.1016/j.vaccine.2018.07.038
https://doi.org/10.1016/j.vaccine.2018.07.038
https://doi.org/10.1111/j.1600-065X.2009.00793.x
https://doi.org/10.1111/j.1600-065X.2009.00793.x
https://doi.org/10.1038/nature10071
https://doi.org/10.1038/nature10071
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.4049/jimmunol.177.4.2276
https://doi.org/10.4049/jimmunol.177.4.2276
https://doi.org/10.4049/jimmunol.177.4.2276
https://doi.org/10.1021/acs.molpharmaceut.5b00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.5b00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.5b00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.8b01322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.8b01322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1172/JCI27203
https://doi.org/10.1172/JCI27203
https://doi.org/10.1172/JCI27203
https://doi.org/10.1016/j.actbio.2018.08.002
https://doi.org/10.1016/j.actbio.2018.08.002
https://doi.org/10.1016/j.actbio.2018.08.002
https://doi.org/10.1016/j.actbio.2018.08.002
https://doi.org/10.1002/jbm.a.37240
https://doi.org/10.1002/jbm.a.37240
https://doi.org/10.1016/j.immuni.2016.03.002
https://doi.org/10.1016/j.immuni.2016.03.002
https://doi.org/10.1016/j.immuni.2016.02.004
https://doi.org/10.1016/j.immuni.2016.02.004
https://doi.org/10.1016/j.immuni.2016.02.004
https://doi.org/10.1074/jbc.M111.274936
https://doi.org/10.1074/jbc.M111.274936
https://doi.org/10.4049/jimmunol.1301695
https://doi.org/10.4049/jimmunol.1301695
https://doi.org/10.1016/j.biomaterials.2017.03.022
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Structurally Distinct Chitosans Either Promotes a Type 1 IEN
Response or Activates the Inflammasome in Macrophages. Biomaterials
2017, 129, 127—138.

(72) Bueter, C. L.; Specht, C. A.; Levitz, S. M. Innate Sensing of Chitin
and Chitosan. PLoS Pathog 2013, 9 (1), No. e1003080.

(73) Sui, Z.; Chen, Q.; Fang, F.; Zheng, M.; Chen, Z. Cross-Protection
against Influenza Virus Infection by Intranasal Administration of M1-
Based Vaccine with Chitosan as an Adjuvant. Vaccine 2010, 28 (48),
7690—7698.

(74) Amidi, M.; Romeijn, S. G.; Verhoef, J. C.; Junginger, H. E,;
Bungener, L; Huckriede, A,; Crommelin, D. J; Jiskoot, W. N-
Trimethyl Chitosan (TMC) Nanoparticles Loaded with Influenza
Subunit Antigen for Intranasal Vaccination: Biological Properties and
Immunogenicity in a Mouse Model. Vaccine 2007, 25 (1), 144—153.

(75) Fan, Y.; Sahdev, P.; Ochyl, L. J.; Akerberg, J. J.; Moon, J. J.
Cationic Liposome—Hyaluronic Acid Hybrid Nanoparticles for
Intranasal Vaccination with Subunit Antigens. J. Controlled Release
2018, 208, 121—-1209.

(76) Garcia-Vello, P.; Speciale, I; Chiodo, F.; Molinaro, A.; De
Castro, C. Carbohydrate-Based Adjuvants. Drug Discov Today Technol.
2020, 35—36, 57—68.

(77) Dalsgaard, K. Saponin Adjuvants. III. Isolation of a Substance
from Quillaja Saponaria Molina with Adjuvant Activity in Food-and-
Mouth Disease Vaccines. Arch Gesamte Virusforsch 1974, 44 (3), 243—
254.

(78) Morein, B.; Sundquist, B.; Hoglund, S.; Dalsgaard, K.; Osterhaus,
A. Iscom, a Novel Structure for Antigenic Presentation of Membrane
Proteins from Enveloped Viruses. Nature 1984, 308 (5958), 457—460.

(79) Rénnberg, B.; Fekadu, M.; Morein, B. Adjuvant Activity of Non-
Toxic Quillaja Saponaria Molina Components for Use in ISCOM
Matrix. Vaccine 1995, 13 (14), 1375—1382.

(80) Vandepapeliere, P.; Horsmans, Y.; Moris, P.; Van Mechelen, M.;
Janssens, M.; Koutsoukos, M.; Van Belle, P.; Clement, F.; Hanon, E.;
Wettendorff, M.; Garcon, N.; Leroux-Roels, G. Vaccine Adjuvant
Systems Containing Monophosphoryl Lipid A and QS21 Induce
Strong and Persistent Humoral and T Cell Responses against Hepatitis
B Surface Antigen in Healthy Adult Volunteers. Vaccine 2008, 26 (10),
1375—1386.

(81) Heath, P. T.; Galiza, E. P.; Baxter, D. N.; Boffito, M.; Browne, D.;
Burns, F.; Chadwick, D. R;; Clark, R.; Cosgrove, C.; Galloway, J.;
Goodman, A. L.; Heer, A.; Higham, A,; Iyengar, S.; Jamal, A.; Jeanes, C.;
Kalra, P. A.; Kyriakidou, C.; McAuley, D. F.; Meyrick, A.; Minassian, A.
M.; Minton, J.; Moore, P.; Munsoor, L; Nicholls, H.; Osanlou, O.;
Packham, J.; Pretswell, C. H.; San Francisco Ramos, A.; Saralaya, D.;
Sheridan, R. P.; Smith, R.; Soiza, R. L.; Swift, P. A.; Thomson, E. C,;
Turner, J.; Viljoen, M. E.; Albert, G.; Cho, I; Dubovsky, F.; Glenn, G.;
Rivers, J.; Robertson, A.; Smith, K.; Toback, S.; nCo, V. S. G. Safety and
Efficacy of NVX-CoV2373 Covid-19 Vaccine. N Engl J. Med. 2021, 38S,
1172.

(82) Dendouga, N.; Fochesato, M,; Lockman, L.; Mossman, S.;
Giannini, S. L. Cell-Mediated Immune Responses to a Varicella-Zoster
Virus Glycoprotein E Vaccine Using Both a TLR Agonist and QS21 in
Mice. Vaccine 2012, 30 (20), 3126—313S.

(83) Duewell, P.; Kisser, U.; Heckelsmiller, K.; Hoves, S.; Stoitzner,
P.; Koernig, S.; Morelli, A. B.; Clausen, B. E.; Dauer, M,; Eigler, A.; Anz,
D.; Bourquin, C.; Maraskovsky, E.; Endres, S.; Schnurr, M.
ISCOMATRIX Adjuvant Combines Immune Activation with Antigen
Delivery to Dendritic Cells in Vivo Leading to Effective Cross-Priming
of CD8+ T Cells. J. Immunol 2011, 187 (1), 55—63.

(84) Olotu, A; Fegan, G.; Wambua, J.; Nyangweso, G.; Leach, A;
Lievens, M.; Kaslow, D. C.; Njuguna, P.; Marsh, K; Bejon, P. Seven-
Year Efficacy of RTS,S/AS01 Malaria Vaccine among Young African
Children. N Engl J. Med. 2016, 374 (26), 2519—2529.

(85) den Brok, M. H,; Biill, C; Wassink, M.,; de Graaf, A. M,;
Wagenaars, J. A.; Minderman, M.; Thakur, M.; Amigorena, S.; Rijke, E.
O.; Schrier, C. C.; Adema, G. J. Saponin-Based Adjuvants Induce Cross-
Presentation in Dendritic Cells by Intracellular Lipid Body Formation.
Nat. Commun. 2016, 7 (1), 13324.

6932

(86) Welsby, L; Detienne, S.; N’Kuli, F.; Thomas, S.; Wouters, S.;
Bechtold, V.; De Wit, D.; Gineste, R.; Reinheckel, T.; Elouahabi, A,;
Courtoy, P. J.; Didierlaurent, A. M.; Goriely, S. Lysosome-Dependent
Activation of Human Dendritic Cells by the Vaccine Adjuvant QS-21.
Front Immunol 2016, 7, 663.

(87) Marty-Roix, R.; Vladimer, G. L; Pouliot, K.; Weng, D.; Buglione-
Corbett, R.; West, K.; MacMicking, J. D.; Chee, J. D.; Wang, S.; Lu, S,;
Lien, E. Identification of QS-21 as an Inflammasome-Activating
Molecular Component of Saponin Adjuvants. J. Biol. Chem. 2016,
291 (3), 1123—1136.

(88) Deets, K. A.; Vance, R. E. Inflammasomes and Adaptive Immune
Responses. Nat. Immunol 2021, 22, 412—422.

(89) Evavold, C. L.; Kagan, J. C. How Inflammasomes Inform
Adaptive Immunity. J. Mol. Biol. 2018, 430 (2), 217—237.

(90) Hatscher, L.; Lehmann, C. H. K; Purbojo, A.; Onderka, C;
Liang, C.; Hartmann, A.; Cesnjevar, R,; Bruns, H; Gross, O.;
Nimmerjahn, F.; Ivanovic-Burmazovi¢, I; Kunz, M.; Heger, L.;
Dudziak, D. Select Hyperactivating NLRP3 Ligands Enhance the
T(H)1- and T(H)17-Inducing Potential of Human Type 2 Conven-
tional Dendritic Cells. Sci. Signal 2021, DOI: 10.1126/scisigna-
Label757.

(91) Fernandez-Tejada, A.; Tan, D. S; Gin, D. Y. Development of
Improved Vaccine Adjuvants Based on the Saponin Natural Product
QS-21 through Chemical Synthesis. Acc. Chem. Res. 2016, 49 (9),
1741—-1756.

(92) Li, X.; Fujio, M.; Imamura, M.; Wy, D.; Vasan, S.; Wong, C.-H,;
Ho, D. D.; Tsuji, M. Design of a Potent CD1d-Binding NKT Cell
Ligand as a Vaccine Adjuvant. Proc. Natl. Acad. Sci. U. S. A. 2010, 107
(29), 13010.

(93) Feng, H.; Nakajima, N.; Wy, L.; Yamashita, M.; Lopes, T. J. S;
Tsuji, M.; Hasegawa, H.; Watanabe, T.; Kawaoka, Y. A Glycolipid
Adjuvant, 7DW8—S5, Enhances the Protective Inmune Response to the
Current Split Influenza Vaccine in Mice. Front Microbiol 2019, 10,
2157.

(94) Girardi, E.; Zajonc, D. M. Molecular Basis of Lipid Antigen
Presentation by CD1d and Recognition by Natural Killer T Cells.
Immunol Rev. 2012, 250 (1), 167—179.

(95) Harapas, C. R;; Idiiatullina, E.; Al-Azab, M.; Hrovat-Schaale, K ;
Reygaerts, T.; Steiner, A.; Laohamonthonkul, P.; Davidson, S.; Yu, C.-
H.; Booty, L.; Masters, S. L. Organellar Homeostasis and Innate
Immune Sensing. Nat. Rev. Immunol 2022, DOI: 10.1038/s41577-022-
00682-8.

(96) Li, S.; Luo, M.; Wang, Z.; Feng, Q.; Wilhelm, J.; Wang, X.; Li, W.;
Wang, J.; Cholka, A.; Fu, Y. X.; Sumer, B. D.; Yu, H.; Gao, J. Prolonged
Activation of Innate Immune Pathways by a Polyvalent STING
Agonist. Nat. Biomed. Eng. 2021, S, 455.

(97) Ishikawa, H.; Barber, G. N. STING Is an Endoplasmic Reticulum
Adaptor That Facilitates Innate Immune Signalling. Nature 2008, 455
(7213), 674—678.

(98) Kwon, J.; Bakhoum, S. F. The Cytosolic DNA-Sensing CGAS-
STING Pathway in Cancer. Cancer Discov 2020, 10 (1), 26—39.

(99) Barber, G. N. STING: Infection, Inflammation and Cancer. Nat.
Rev. Immunol 20185, 15 (12), 760—770.

(100) Hopfner, K. P.; Hornung, V. Molecular Mechanisms and
Cellular Functions of CGAS-STING Signalling. Nat. Rev. Mol. Cell Biol.
2020, 21 (9), S01-521.

(101) Yum, S.; Li, M.; Frankel, A. E.; Chen, Z. J. Roles of the CGAS-
STING Pathway in Cancer Immunosurveillance and Immunotherapy.
Annu. Rev. Cancer Biol. 2019, 3 (1), 323—344.

(102) Flood, B. A.; Higgs, E. F; Li, S.; Luke, J. J.; Gajewski, T. F.
STING Pathway Agonism as a Cancer Therapeutic. Immunol Rev.
2019, 290 (1), 24—38.

(103) Ramanjuly, J. M; Pesiridis, G. S; Yang, J; Concha, N,;
Singhaus, R.; Zhang, S.Y.; Tran, J. L.; Moore, P.; Lehmann, S.; Eberl, H.
C.; Muelbaier, M.; Schneck, J. L.; Clemens, J.; Adam, M.; Mehlmann, J.;
Romano, J.; Morales, A.; Kang, J.; Leister, L.; Graybill, T. L.; Charnley,
A.K,; Ye, G.; Nevins, N.; Behnia, K.; Wolf, A. I; Kasparcova, V.; Nurse,
K.; Wang, L.; Puhl, A. C,; Li, Y.; Klein, M.; Hopson, C. B; Guss, J;
Bantscheff, M.; Bergamini, G.; Reilly, M. A,; Lian, Y.; Duffy, K. J;

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


https://doi.org/10.1016/j.biomaterials.2017.03.022
https://doi.org/10.1016/j.biomaterials.2017.03.022
https://doi.org/10.1371/journal.ppat.1003080
https://doi.org/10.1371/journal.ppat.1003080
https://doi.org/10.1016/j.vaccine.2010.09.019
https://doi.org/10.1016/j.vaccine.2010.09.019
https://doi.org/10.1016/j.vaccine.2010.09.019
https://doi.org/10.1016/j.vaccine.2006.06.086
https://doi.org/10.1016/j.vaccine.2006.06.086
https://doi.org/10.1016/j.vaccine.2006.06.086
https://doi.org/10.1016/j.vaccine.2006.06.086
https://doi.org/10.1016/j.jconrel.2015.04.010
https://doi.org/10.1016/j.jconrel.2015.04.010
https://doi.org/10.1016/j.ddtec.2020.09.005
https://doi.org/10.1007/BF01240612
https://doi.org/10.1007/BF01240612
https://doi.org/10.1007/BF01240612
https://doi.org/10.1038/308457a0
https://doi.org/10.1038/308457a0
https://doi.org/10.1016/0264-410X(95)00105-A
https://doi.org/10.1016/0264-410X(95)00105-A
https://doi.org/10.1016/0264-410X(95)00105-A
https://doi.org/10.1016/j.vaccine.2007.12.038
https://doi.org/10.1016/j.vaccine.2007.12.038
https://doi.org/10.1016/j.vaccine.2007.12.038
https://doi.org/10.1016/j.vaccine.2007.12.038
https://doi.org/10.1056/NEJMoa2107659
https://doi.org/10.1056/NEJMoa2107659
https://doi.org/10.1016/j.vaccine.2012.01.088
https://doi.org/10.1016/j.vaccine.2012.01.088
https://doi.org/10.1016/j.vaccine.2012.01.088
https://doi.org/10.4049/jimmunol.1004114
https://doi.org/10.4049/jimmunol.1004114
https://doi.org/10.4049/jimmunol.1004114
https://doi.org/10.1056/NEJMoa1515257
https://doi.org/10.1056/NEJMoa1515257
https://doi.org/10.1056/NEJMoa1515257
https://doi.org/10.1038/ncomms13324
https://doi.org/10.1038/ncomms13324
https://doi.org/10.3389/fimmu.2016.00663
https://doi.org/10.3389/fimmu.2016.00663
https://doi.org/10.1074/jbc.M115.683011
https://doi.org/10.1074/jbc.M115.683011
https://doi.org/10.1038/s41590-021-00869-6
https://doi.org/10.1038/s41590-021-00869-6
https://doi.org/10.1016/j.jmb.2017.09.019
https://doi.org/10.1016/j.jmb.2017.09.019
https://doi.org/10.1126/scisignal.abe1757
https://doi.org/10.1126/scisignal.abe1757
https://doi.org/10.1126/scisignal.abe1757
https://doi.org/10.1126/scisignal.abe1757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/scisignal.abe1757?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1006662107
https://doi.org/10.1073/pnas.1006662107
https://doi.org/10.3389/fmicb.2019.02157
https://doi.org/10.3389/fmicb.2019.02157
https://doi.org/10.3389/fmicb.2019.02157
https://doi.org/10.1111/j.1600-065X.2012.01166.x
https://doi.org/10.1111/j.1600-065X.2012.01166.x
https://doi.org/10.1038/s41577-022-00682-8
https://doi.org/10.1038/s41577-022-00682-8
https://doi.org/10.1038/s41577-022-00682-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41577-022-00682-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41551-020-00675-9
https://doi.org/10.1038/s41551-020-00675-9
https://doi.org/10.1038/s41551-020-00675-9
https://doi.org/10.1038/nature07317
https://doi.org/10.1038/nature07317
https://doi.org/10.1158/2159-8290.CD-19-0761
https://doi.org/10.1158/2159-8290.CD-19-0761
https://doi.org/10.1038/nri3921
https://doi.org/10.1038/s41580-020-0244-x
https://doi.org/10.1038/s41580-020-0244-x
https://doi.org/10.1146/annurev-cancerbio-030518-055636
https://doi.org/10.1146/annurev-cancerbio-030518-055636
https://doi.org/10.1111/imr.12765
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Adams, J; Foley, K. P.; Gough, P. J.; Marquis, R. W.; Smothers, J.;
Hoos, A.; Bertin, J. Design of Amidobenzimidazole STING Receptor
Agonists with Systemic Activity. Nature 2018, 564 (7736), 439—443.

(104) Chin, E. N.; Yu, C.; Vartabedian, V. F.; Jia, Y.; Kumar, M,;
Gamo, A. M; Vernier, W.; Alj, S. H.; Kissai, M.; Lazar, D. C.; Nguyen,
N.; Pereira, L. E.; Benish, B.; Woods, A. K;; Joseph, S. B.; Chu, A;
Johnson, K. A; Sander, P. N.; Martinez-Pena, F.; Hampton, E. N;
Young, T. S.; Wolan, D. W,; Chatterjee, A. K.; Schultz, P. G.; Petrassi,
H. M,; Tejjaro, J. R.; Lairson, L. L. Antitumor Activity of a Systemic
STING-Activating Non-Nucleotide CGAMP Mimetic. Science 2020,
369 (6506), 993—999.

(105) Pan, B. S.; Perera, S. A.; Piesvaux, J. A.; Presland, J. P,
Schroeder, G. K,; Cumming, J. N.; Trotter, B. W.,; Altman, M. D;
Buevich, A. V.; Cash, B.; Cemerski, S.; Chang, W.; Chen, Y.; Dandliker,
P.]J.; Feng, G.; Haidle, A.; Henderson, T'; Jewell, J.; Kariv, I.; Knemeyer,
1; Kopinja, J.; Lacey, B. M.; Laskey, J.; Lesburg, C. A.; Liang, R.; Long,
B.J.; Lu, M; Ma, Y.; Minnihan, E. C.; O’Donnell, G; Otte, R.; Price, L.;
Rakhilina, L.; Sauvagnat, B.; Sharma, S.; Tyagarajan, S.; Woo, H.; Wyss,
D. F; Xu, S.; Bennett, D. J.; Addona, G. H. An Orally Available Non-
Nucleotide STING Agonist with Antitumor Activity. Science 2020, 369
(6506), No. eaba6098.

(106) Luo, M.; Wang, H.; Wang, Z.; Cai, H.; Lu, Z,; Li, Y.; Du, M,;
Huang, G.; Wang, C.; Chen, X.; Porembka, M. R.; Lea, J.; Frankel, A. E.;
Fu, Y. X;; Chen, Z. J; Gao, J. A STING-Activating Nanovaccine for
Cancer Immunotherapy. Nat. Nanotechnol. 2017, 12 (7), 648—654.

(107) Wilhelm, J.; Quifiones-Pérez, M.; Wang, J.; Wang, X.; Basava, V.
S.; Gao, J. Antigen Folding Improves Loading Efficiency and Antitumor
Efficacy of PC7A Nanoparticle Vaccine. J. Controlled Release 2021, 329,
353-360.

(108) Lv, J.; Fan, Q;; Wang, H,; Cheng, Y. Polymers for Cytosolic
Protein Delivery. Biomaterials 2019, 218, 119358.

(109) Shae, D.; Becker, K. W.; Christov, P.; Yun, D. S.; Lytton-Jean, A.
K. R; Sevimli, S.; Ascano, M.; Kelley, M.; Johnson, D. B.; Balko, J. M;
Wilson, J. T. Endosomolytic Polymersomes Increase the Activity of
Cyclic Dinucleotide STING Agonists to Enhance Cancer Immuno-
therapy. Nat. Nanotechnol. 2019, 14 (3), 269—278.

(110) Kelly, S. H.; Cossette, B. J.; Varadhan, A. K.;; Wu, Y.; Collier, J.
H. Titrating Polyarginine into Nanofibers Enhances Cyclic-Dinucleo-
tide Adjuvanticity in Vitro and after Sublingual Immunization. ACS
Biomat Sci. Eng. 2021, 7 (5), 1876—1888.

(111) Nihesh, N.; Manna, S.; Studnitzer, B.; Shen, J.; Esser-Kahn, A. P.
A Synthetic Pathogen Mimetic Molecule Induces a Highly Amplified
Synergistic Immune Response via Activation of Multiple Signaling
Pathways. Chem. Sci. 2021, 12 (19), 6646—6651.

(112) Liang, J.; Wang, H.; Ding, W.; Huang, J.; Zhou, X.; Wang, H,;
Dong, X; Li, G.; Chen, E.; Zhou, F.; Fan, H,; Xia, ].; Shen, B.; Cai, D,;
Lan, P.; Jiang, H.; Ling, J.; Cheng, Z.; Liu, X.; Sun, J. Nanoparticle-
Enhanced Chemo-Immunotherapy to Trigger Robust Antitumor
Immunity. Sci. Adv. 2020, 6 (35), No. eabc3646.

(113) Lin, L. C,; Huang, C. Y,; Yao, B. Y;; Lin, J. C.; Agrawal, A;
Algaissi, A.; Peng, B. H,; Liu, Y. H,; Huang, P. H.; Juang, R. H.; Chang,
Y. C; Tseng, C. T.; Chen, H. W,; Hu, C. J. Viromimetic STING
Agonist-Loaded Hollow Polymeric Nanoparticles for Safe and Effective
Vaccination against Middle East Respiratory Syndrome Coronavirus.
Adv. Funct. Mater. 2019, 29 (28), 1807616.

(114) Atukorale, P. U.; Raghunathan, S. P.; Raguveer, V.; Moon, T J.;
Zheng, C.; Bielecki, P. A.; Wiese, M. L.; Goldberg, A. L.; Covarrubias,
G.; Hoimes, C. J.; Karathanasis, E. Nanoparticle Encapsulation of
Synergistic Immune Agonists Enables Systemic Codelivery to Tumor
Sites and IFNbeta-Driven Antitumor Immunity. Cancer Res. 2019, 79
(20), 5394—5406.

(115) Wilson, D. R; Sen, R.; Sunshine, J. C.; Pardoll, D. M.; Green, J.
J; Kim, Y. ]J. Biodegradable STING Agonist Nanoparticles for
Enhanced Cancer Immunotherapy. Nanomedicine 2018, 14 (2), 237—
246.

(116) Nguyen, D. C.; Shae, D.; Pagendarm, H. M.; Becker, K. W,;
Wehbe, M.; Kilchrist, K. V.; Pastora, L. E.; Palmer, C. R.; Seber, P,;
Christov, P. P.; Duvall, C. L.; Wilson, J. T. Amphiphilic Polyelectrolyte

6933

Graft Copolymers Enhance the Activity of Cyclic Dinucleotide STING
Agonists. Adv. Healthc Mater. 2021, 10 (2), No. €2001056.

(117) Swanson, K. V,; Deng, M.; Ting, J. P. The NLRP3
Inflammasome: Molecular Activation and Regulation to Therapeutics.
Nat. Rev. Immunol 2019, 19 (8), 477—489.

(118) Zhou, R.; Tardivel, A,; Thorens, B.; Choi, L; Tschopp, J.
Thioredoxin-Interacting Protein Links Oxidative Stress to Inflamma-
some Activation. Nat. Immunol 2010, 11 (2), 136—140.

(119) Shimada, K.; Crother, T. R.; Karlin, J.; Dagvadorj, J.; Chiba, N;
Chen, S.; Ramanujan, V. K,; Wolf, A. J.; Vergnes, L.; Ojcius, D. M,;
Rentsendorj, A.; Vargas, M.; Guerrero, C.; Wang, Y.; Fitzgerald, K. A,;
Underhill, D. M.; Town, T.; Arditi, M. Oxidized Mitochondrial DNA
Activates the NLRP3 Inflammasome during Apoptosis. Immunity 2012,
36 (3), 401—414.

(120) Zhou, R; Yazdi, A. S.; Menu, P.; Tschopp, J. A Role for
Mitochondria in NLRP3 Inflammasome Activation. Nature 2011, 469
(7329), 221-225.

(121) Mariathasan, S.; Weiss, D. S.; Newton, K; McBride, J.;
O’Rourke, K.; Roose-Girma, M.; Lee, W. P.; Weinrauch, Y.; Monack, D.
M,; Dixit, V. M. Cryopyrin Activates the Inflammasome in Response to
Toxins and ATP. Nature 2006, 440 (7081), 228—232.

(122) Martinon, F.; Petrilli, V.; Mayor, A.; Tardivel, A.; Tschopp, J.
Gout-Associated Uric Acid Crystals Activate the NALP3 Inflamma-
some. Nature 2006, 440 (7081), 237—241.

(123) Dostert, C.; Petrilli, V.; Van Bruggen, R.; Steele, C.; Mossman,
B. T.; Tschopp, J. Innate Immune Activation through Nalp3
Inflammasome Sensing of Asbestos and Silica. Science 2008, 320
(5876), 674—677.

(124) Sharp, F. A;; Ruane, D.; Claass, B.; Creagh, E.; Harris, J;
Malyala, P.; Singh, M.; O’Hagan, D. T.; Petrilli, V.; Tschopp, J.; O’Neill,
L. A; Lavelle, E. C. Uptake of Particulate Vaccine Adjuvants by
Dendritic Cells Activates the NALP3 Inflammasome. Proc. Natl. Acad.
Sci. U. S. A. 2009, 106 (3), 870—875.

(125) Munoz-Planillo, R.; Kuffa, P.; Martinez-Colon, G.; Smith, B. L.;
Rajendiran, T. M.; Nunez, G. K+ Efflux Is the Common Trigger of
NLRP3 Inflammasome Activation by Bacterial Toxins and Particulate
Matter. Immunity 2013, 38 (6), 1142—1153.

(126) He, Y; Zeng, M. Y.; Yang, D.; Motro, B.; Nunez, G. NEK7 Is an
Essential Mediator of NLRP3 Activation Downstream of Potassium
Efflux. Nature 2016, 530 (7590), 354—357.

(127) Agostini, L.; Martinon, F.; Burns, K; McDermott, M. F,;
Hawkins, P. N.; Tschopp, J. NALP3 Forms an IL-1p-Processing
Inflammasome with Increased Activity in Muckle-Wells Autoinflam-
matory Disorder. Immunity 2004, 20 (3), 319—325.

(128) Liu, X.; Zhang, Z.; Ruan, J.; Pan, Y.; Magupalli, V. G.; Wu, H,;
Lieberman, J. Inflammasome-Activated Gasdermin D Causes Pyrop-
tosis by Forming Membrane Pores. Nature 2016, S35 (7610), 153—
158.

(129) Lima, H.; Jacobson, L. S.; Goldberg, M. F.; Chandran, K; Diaz-
Griffero, F.; Lisanti, M. P.; Brojatsch, J. Role of Lysosome Rupture in
Controlling Nlrp3 Signaling and Necrotic Cell Death. Cell Cycle 2013,
12 (12), 1868—1878.

(130) Manna, S.; Howitz, W. J.; Oldenhuis, N. J.; Eldredge, A. C;
Shen, J.; Nihesh, F. N.; Lodoen, M. B.; Guan, Z.; Esser-Kahn, A. P.
Immunomodulation of the NLRP3 Inflammasome through Structure-
Based Activator Design and Functional Regulation via Lysosomal
Rupture. ACS Cent Sci. 2018, 4 (8), 982—995.

(131) Nandi, D.; Shivrayan, M.; Gao, J.; Krishna, J.; Das, R;; Liu, B.;
Thayumanavan, S.; Kulkarni, A. Core Hydrophobicity of Supra-
molecular Nanoparticles Induces NLRP3 Inflaimmasome Activation.
ACS Appl. Mater. Interfaces 2021, 13 (38), 45300—45314.

(132) Baljon, J. J.; Dandy, A.; Wang-Bishop, L.; Wehbe, M.; Jacobson,
M. E.; Wilson, J. T. The Efficiency of Cytosolic Drug Delivery Using
PH-Responsive Endosomolytic Polymers Does Not Correlate with
Activation of the NLRP3 Inflammasome. Biomater Sci. 2019, 7 (5),
1888—1897.

(133) Li, T.; Zehner, M.; He, J.; Prochnicki, T.; Horvath, G.; Latz, E.;
Burgdorf, S.; Takeoka, S. NLRP3 Inflammasome-Activating Arginine-

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


https://doi.org/10.1038/s41586-018-0705-y
https://doi.org/10.1038/s41586-018-0705-y
https://doi.org/10.1126/science.abb4255
https://doi.org/10.1126/science.abb4255
https://doi.org/10.1126/science.aba6098
https://doi.org/10.1126/science.aba6098
https://doi.org/10.1038/nnano.2017.52
https://doi.org/10.1038/nnano.2017.52
https://doi.org/10.1016/j.jconrel.2020.11.056
https://doi.org/10.1016/j.jconrel.2020.11.056
https://doi.org/10.1016/j.biomaterials.2019.119358
https://doi.org/10.1016/j.biomaterials.2019.119358
https://doi.org/10.1038/s41565-018-0342-5
https://doi.org/10.1038/s41565-018-0342-5
https://doi.org/10.1038/s41565-018-0342-5
https://doi.org/10.1021/acsbiomaterials.0c01429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c01429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC00964H
https://doi.org/10.1039/D1SC00964H
https://doi.org/10.1039/D1SC00964H
https://doi.org/10.1126/sciadv.abc3646
https://doi.org/10.1126/sciadv.abc3646
https://doi.org/10.1126/sciadv.abc3646
https://doi.org/10.1002/adfm.201807616
https://doi.org/10.1002/adfm.201807616
https://doi.org/10.1002/adfm.201807616
https://doi.org/10.1158/0008-5472.CAN-19-0381
https://doi.org/10.1158/0008-5472.CAN-19-0381
https://doi.org/10.1158/0008-5472.CAN-19-0381
https://doi.org/10.1016/j.nano.2017.10.013
https://doi.org/10.1016/j.nano.2017.10.013
https://doi.org/10.1002/adhm.202001056
https://doi.org/10.1002/adhm.202001056
https://doi.org/10.1002/adhm.202001056
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/ni.1831
https://doi.org/10.1038/ni.1831
https://doi.org/10.1016/j.immuni.2012.01.009
https://doi.org/10.1016/j.immuni.2012.01.009
https://doi.org/10.1038/nature09663
https://doi.org/10.1038/nature09663
https://doi.org/10.1038/nature04515
https://doi.org/10.1038/nature04515
https://doi.org/10.1038/nature04516
https://doi.org/10.1038/nature04516
https://doi.org/10.1126/science.1156995
https://doi.org/10.1126/science.1156995
https://doi.org/10.1073/pnas.0804897106
https://doi.org/10.1073/pnas.0804897106
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1038/nature16959
https://doi.org/10.1038/nature16959
https://doi.org/10.1038/nature16959
https://doi.org/10.1016/S1074-7613(04)00046-9
https://doi.org/10.1016/S1074-7613(04)00046-9
https://doi.org/10.1016/S1074-7613(04)00046-9
https://doi.org/10.1038/nature18629
https://doi.org/10.1038/nature18629
https://doi.org/10.4161/cc.24903
https://doi.org/10.4161/cc.24903
https://doi.org/10.1021/acscentsci.8b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c14082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c14082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8BM01643G
https://doi.org/10.1039/C8BM01643G
https://doi.org/10.1039/C8BM01643G
https://doi.org/10.2147/IJN.S202379
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

Based Liposomes Promote Antigen Presentations in Dendritic Cells.
Int. J. Nanomedicine 2019, 14, 3503—3516.

(134) Gong, N.; Zhang, Y.; Teng, X.; Wang, Y.,; Huo, S.; Qing, G.; Nj,
Q.; Li, X.; Wang, ].; Ye, X.; Zhang, T.; Chen, S.; Wang, Y.; Yu, J.; Wang,
P. C; Gan, Y,; Zhang, J.; Mitchell, M. J,; Li, J.; Liang, X. J. Proton-
Driven Transformable Nanovaccine for Cancer Immunotherapy. Nat.
Nanotechnol. 2020, 15 (12), 1053—1064.

(135) Li, A. W.; Sobral, M. C.; Badrinath, S.; Choi, Y.; Graveline, A.;
Stafford, A. G.; Weaver, J. C.; Dellacherie, M. O.; Shih, T. Y.; Ali, O. A;;
Kim, J.; Wucherpfennig, K. W.; Mooney, D. ]J. A Facile Approach to
Enhance Antigen Response for Personalized Cancer Vaccination. Nat.
Mater. 2018, 17 (6), 528—534.

(136) Yim, H; Park, W,; Kim, D.; Fahmy, T. M.; Na, K. A Self-
Assembled Polymeric Micellar Inmunomodulator for Cancer Treat-
ment Based on Cationic Amphiphilic Polymers. Biomaterials 2014, 35
(37), 9912—9919.

(137) Lusty, E.; Poznanski, S. M.; Kwofie, K.; Mandur, T. S.; Lee, D.
A,; Richards, C. D.; Ashkar, A. A. IL-18/IL-15/IL-12 Synergy Induces
Elevated and Prolonged IFN-Gamma Production by Ex Vivo Expanded
NK Cells Which Is Not Due to Enhanced STAT4 Activation. Mol.
Immunol 2017, 88, 138—147.

(138) Ghiringhelli, F.; Apetoh, L.; Tesniere, A.; Aymeric, L.; Ma, Y.;
Ortiz, C.; Vermaelen, K; Panaretakis, T.; Mignot, G.; Ullrich, E.;
Perfettini, J. L.; Schlemmer, F.; Tasdemir, E.; Uhl, M.; Genin, P.; Civas,
A.; Ryffel, B.; Kanellopoulos, J.; Tschopp, J.; Andre, F.; Lidereau, R ;
McLaughlin, N. M.; Haynes, N. M,; Smyth, M. J; Kroemer, G,;
Zitvogel, L. Activation of the NLRP3 Inflammasome in Dendritic Cells
Induces IL-1beta-Dependent Adaptive Immunity against Tumors. Nat.
Med. 2009, 15 (10), 1170—1178.

(139) Ignacio, B. J.; Albin, T. J.; Esser-Kahn, A. P.; Verdoes, M. Toll-
like Receptor Agonist Conjugation: A Chemical Perspective. Bioconjug
Chem. 2018, 29 (3), 587—603.

(140) Pandey, S.; Gruenbaum, A.; Kanashova, T.; Mertins, P.; Cluzel,
P.; Chevrier, N. Pairwise Stimulations of Pathogen-Sensing Pathways
Predict Inmune Responses to Multi-Adjuvant Combinations. Cell Syst
2020, 11 (5), 495—508.

(141) Ekladious, I; Colson, Y. L.; Grinstaff, M. L. Polymer—drug
conjugate therapeutics: advances, insights and prospects. Nat. Rev. Drug
Discov 2019, 18, 273—-294.

(142) Ding, C.; Li, Z. A review of drug release mechanisms from
nanocarrier systems. Mater. Sci. Eng, C 2017, 76, 1440—1453.

(143) Bachmann, M. F.; Jennings, G. T. Vaccine Delivery: A Matter of
Size, Geometry, Kinetics and Molecular Patterns. Nat. Rev. Immunol
2010, 10 (11), 787—796.

(144) Foged, C.; Brodin, B.; Frokjaer, S.; Sundblad, A. Particle Size
and Surface Charge Affect Particle Uptake by Human Dendritic Cells in
an in Vitro Model. Int. J. Pharm. 2005, 298 (2), 315—322.

(145) Reddy, S. T.; van der Vlies, A. J.; Simeoni, E.; Angeli, V;
Randolph, G. J.; O'Neil, C. P; Lee, L. K.; Swartz, M. A.; Hubbell, J. A.
Exploiting Lymphatic Transport and Complement Activation in
Nanoparticle Vaccines. Nat. Biotechnol. 2007, 25 (10), 1159—1164.

(146) Cubas, R;; Zhang, S.; Kwon, S.; Sevick-Muraca, E. M.; Li, M.;
Chen, C.; Yao, Q. Virus-like Particle (VLP) Lymphatic Trafficking and
Immune Response Generation after Immunization by Different Routes.
J. Immunother 2009, 32 (2), 118—128.

(147) Champion, J. A.; Mitragotri, S. Role of Target Geometry in
Phagocytosis. Proc. Natl. Acad. Sci. U. S. A. 2006, 103 (13), 4930—4934.

(148) Champion, J. A.; Mitragotri, S. Shape Induced Inhibition of
Phagocytosis of Polymer Particles. Pharm. Res. 2009, 26 (1), 244—249.

(149) Kumar, S; Anselmo, A. C.; Banerjee, A,; Zakrewsky, M,;
Mitragotri, S. Shape and Size-Dependent Immune Response to
Antigen-Carrying Nanoparticles. J. Controlled Release 2015, 220,
141—148.

(150) Niikura, K.; Matsunaga, T.; Suzuki, T.; Kobayashi, S.;
Yamaguchi, H.; Orba, Y.; Kawaguchi, A.; Hasegawa, H.; Kajino, K ;
Ninomiya, T.; Ijiro, K.; Sawa, H. Gold Nanoparticles as a Vaccine
Platform: Influence of Size and Shape on Immunological Responses in
Vitro and in Vivo. ACS Nano 2013, 7 (5), 3926—3938.

6934

(151) Shen, C; Li, J; Zhang, Y.; Li, Y;; Shen, G.; Zhu, J,; Tao, J.
Polyethylenimine-Based Micro/Nanoparticles as Vaccine Adjuvants.
Int. J. Nanomedicine 2017, 12, 5443—5460.

(152) Anderson, D. G.; Akinc, A.; Hossain, N.; Langer, R. Structure/
Property Studies of Polymeric Gene Delivery Using a Library of
Poly(Beta-Amino Esters). Mol. Ther 2005, 11 (3), 426—434.

(153) Ulkoski, D.; Munson, M. J.; Jacobson, M. E.; Palmer, C. R;;
Carson, C. S.; Sabirsh, A.; Wilson, J. T.; Krishnamurthy, V. R. High-
Throughput Automation of Endosomolytic Polymers for MRNA
Delivery. ACS Appl. Bio Mater. 2021, 4 (2), 1640—1654.

(154) Kauffman, K. J.; Webber, M. J.; Anderson, D. G. Materials for
Non-Viral Intracellular Delivery of Messenger RNA Therapeutics. J.
Controlled Release 2016, 240, 227—234.

(155) Regelin, A. E.; Fernholz, E.; Krug, H. F.; Massing, U. High
Throughput Screening Method for Identification of New Lipofection
Reagents. J. Biomol Screen 2001, 6 (4), 245—254.

(156) Zhu, C.; Jung, S.; Si, G.; Cheng, R.; Meng, F.; Zhu, X.; Park, T.
G.; Zhong, Z. Cationic Methacrylate Copolymers Containing Primary
and Tertiary Amino Side Groups: Controlled Synthesis via RAFT
Polymerization, DNA Condensation, and in Vitro Gene Transfection. J.
Polym. Sci., Polym. Chem. 2010, 48 (13), 2869—2877.

(157) Nelson, C. E; Kintzing, J. R.; Hanna, A.; Shannon, J. M.; Gupta,
M. K,; Duvall, C. L. Balancing Cationic and Hydrophobic Content of
PEGylated SiRNA Polyplexes Enhances Endosome Escape, Stability,
Blood Circulation Time, and Bioactivity in Vivo. ACS Nano 2013, 7
(10), 8870—8880.

(158) Bodewein, L.; Schmelter, F.; Di Fiore, S.; Hollert, H.; Fischer,
R,; Fenske, M. Differences in Toxicity of Anionic and Cationic
PAMAM and PPI Dendrimers in Zebrafish Embryos and Cancer Cell
Lines. Toxicol. Appl. Pharmacol. 2016, 305, 83—92.

(159) Vaine, C. A; Patel, M. K; Zhu, J; Lee, E; Finberg, R. W,;
Hayward, R. C.; Kurt-Jones, E. A. Tuning Innate Immune Activation by
Surface Texturing of Polymer Microparticles: The Role of Shape in
Inflaimmasome Activation. J. Immunol 2013, 190 (7), 3525—3532.

(160) Oldenhuis, N. J.; Eldredge, A. C.; Burts, A. O,; Ryu, K. A;
Chung, J; Johnson, M. E; Guan, Z. Biodegradable Dendronized
Polymers for Efficient MRNA Delivery. ChemistrySelect 2016, 1 (15),
4413—4417.

(161) Kostka, L.; Kotrchova, L.; Subr, V.; Libanska, A.; Ferreira, C. A.;
Malatova, L; Lee, H. J.; Barnhart, T. E.; Engle, J. W.; Cai, W; Sirova, M. ;
Etrych, T. HPMA-Based Star Polymer Biomaterials with Tuneable
Structure and Biodegradability Tailored for Advanced Drug Delivery to
Solid Tumours. Biomaterials 2020, 235, 119728.

(162) Yuan, H.; Luo, K; Lai, Y.; Pu, Y.; He, B.; Wang, G.; Wy, Y.; Gu,
Z. A Novel Poly(l-Glutamic Acid) Dendrimer Based Drug Delivery
System with Both PH-Sensitive and Targeting Functions. Mol.
Pharmaceutics 2010, 7 (4), 953—962.

(163) Dias, A. P.; da Silva Santos, S.; da Silva, J. V.; Parise-Filho, R.;
Igne Ferreira, E.; Seoud, O. E.; Giarolla, J. Dendrimers in the Context of
Nanomedicine. Int. J. Pharm. 2020, 573, 118814.

(164) Wang, Y.; Gong, N.; Ma, C,; Zhang, Y.; Tan, H,; Qing, G,;
Zhang, J.; Wang, Y.; Wang, J.; Chen, S.; Li, X; Ni, Q;; Yuan, Y.; Gan, Y,;
Chen, J.; Li, F.; Zhang, J.; Ou, C,; Zhao, Y,; Liu, X; Liang, X.-J. An
Amphiphilic Dendrimer as a Light-Activable Immunological Adjuvant
for in Situ Cancer Vaccination. Nat. Commun. 2021, 12 (1), 4964.

(165) Markowicz-Piasecka, M.; Luczak, E.; Chalubinski, M.; Broncel,
M.; Mikiciuk-Olasik, E.; Sikora, J. Studies towards Biocompatibility of
PAMAM Dendrimers—Overall Hemostasis Potential and Integrity of
the Human Aortic Endothelial Barrier. Int. J. Pharm. 2014, 473 (1-2),
158—-169.

(166) Deng, L.; Mohan, T.; Chang, T. Z.; Gonzalez, G. X.; Wang, Y.;
Kwon, Y. M.; Kang, S. M.; Compans, R. W.; Champion, J. A.; Wang, B.
Z. Double-Layered Protein Nanoparticles Induce Broad Protection
against Divergent Influenza A Viruses. Nat. Commun. 2018, 9 (1), 359.

(167) Tang, L.; Zheng, Y.; Melo, M. B.; Mabardi, L.; Castano, A. P.;
Xie, Y. Q;; Li, N.; Kudchodkar, S. B.; Wong, H. C.; Jeng, E. K.; Maus, M.
V.; Irvine, D. J. Enhancing T Cell Therapy through TCR-Signaling-
Responsive Nanoparticle Drug Delivery. Nat. Biotechnol. 2018, 36 (8),
707-716.

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


https://doi.org/10.2147/IJN.S202379
https://doi.org/10.1038/s41565-020-00782-3
https://doi.org/10.1038/s41565-020-00782-3
https://doi.org/10.1038/s41563-018-0028-2
https://doi.org/10.1038/s41563-018-0028-2
https://doi.org/10.1016/j.biomaterials.2014.08.029
https://doi.org/10.1016/j.biomaterials.2014.08.029
https://doi.org/10.1016/j.biomaterials.2014.08.029
https://doi.org/10.1016/j.molimm.2017.06.025
https://doi.org/10.1016/j.molimm.2017.06.025
https://doi.org/10.1016/j.molimm.2017.06.025
https://doi.org/10.1038/nm.2028
https://doi.org/10.1038/nm.2028
https://doi.org/10.1021/acs.bioconjchem.7b00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.7b00808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cels.2020.10.001
https://doi.org/10.1016/j.cels.2020.10.001
https://doi.org/10.1038/s41573-018-0005-0
https://doi.org/10.1038/s41573-018-0005-0
https://doi.org/10.1016/j.msec.2017.03.130
https://doi.org/10.1016/j.msec.2017.03.130
https://doi.org/10.1038/nri2868
https://doi.org/10.1038/nri2868
https://doi.org/10.1016/j.ijpharm.2005.03.035
https://doi.org/10.1016/j.ijpharm.2005.03.035
https://doi.org/10.1016/j.ijpharm.2005.03.035
https://doi.org/10.1038/nbt1332
https://doi.org/10.1038/nbt1332
https://doi.org/10.1097/CJI.0b013e31818f13c4
https://doi.org/10.1097/CJI.0b013e31818f13c4
https://doi.org/10.1073/pnas.0600997103
https://doi.org/10.1073/pnas.0600997103
https://doi.org/10.1007/s11095-008-9626-z
https://doi.org/10.1007/s11095-008-9626-z
https://doi.org/10.1016/j.jconrel.2015.09.069
https://doi.org/10.1016/j.jconrel.2015.09.069
https://doi.org/10.1021/nn3057005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3057005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3057005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2147/IJN.S137980
https://doi.org/10.1016/j.ymthe.2004.11.015
https://doi.org/10.1016/j.ymthe.2004.11.015
https://doi.org/10.1016/j.ymthe.2004.11.015
https://doi.org/10.1021/acsabm.0c01463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.0c01463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.0c01463?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2015.12.032
https://doi.org/10.1016/j.jconrel.2015.12.032
https://doi.org/10.1177/108705710100600406
https://doi.org/10.1177/108705710100600406
https://doi.org/10.1177/108705710100600406
https://doi.org/10.1002/pola.24064
https://doi.org/10.1002/pola.24064
https://doi.org/10.1002/pola.24064
https://doi.org/10.1021/nn403325f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn403325f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn403325f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.taap.2016.06.008
https://doi.org/10.1016/j.taap.2016.06.008
https://doi.org/10.1016/j.taap.2016.06.008
https://doi.org/10.4049/jimmunol.1200492
https://doi.org/10.4049/jimmunol.1200492
https://doi.org/10.4049/jimmunol.1200492
https://doi.org/10.1002/slct.201600939
https://doi.org/10.1002/slct.201600939
https://doi.org/10.1016/j.biomaterials.2019.119728
https://doi.org/10.1016/j.biomaterials.2019.119728
https://doi.org/10.1016/j.biomaterials.2019.119728
https://doi.org/10.1021/mp1000923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp1000923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijpharm.2019.118814
https://doi.org/10.1016/j.ijpharm.2019.118814
https://doi.org/10.1038/s41467-021-25197-z
https://doi.org/10.1038/s41467-021-25197-z
https://doi.org/10.1038/s41467-021-25197-z
https://doi.org/10.1016/j.ijpharm.2014.07.002
https://doi.org/10.1016/j.ijpharm.2014.07.002
https://doi.org/10.1016/j.ijpharm.2014.07.002
https://doi.org/10.1038/s41467-017-02725-4
https://doi.org/10.1038/s41467-017-02725-4
https://doi.org/10.1038/nbt.4181
https://doi.org/10.1038/nbt.4181
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

(168) Verheul, R.J.; Slutter, B.; Bal, S. M.; Bouwstra, J. A.; Jiskoot, W.;
Hennink, W. E. Covalently Stabilized Trimethyl Chitosan-Hyaluronic
Acid Nanoparticles for Nasal and Intradermal Vaccination. J. Controlled
Release 2011, 156 (1), 46—52.

(169) Heffernan, M. J.; Murthy, N. Disulfide-Crosslinked Polyion
Micelles for Delivery of Protein Therapeutics. Ann. Biomed. Eng. 2009,
37 (10), 1993—2002.

(170) Schneerson, R.; Barrera, O.; Sutton, A.; Robbins, J. B.
Preparation, Characterization, and Immunogenicity of Haemophilus
Influenzae Type b Polysaccharide-Protein Conjugates. J. Exp Med.
1980, 152 (2), 361—376.

(171) Fang, L,; Zhao, Z.; Wang, J.; Zhang, P.; Ding, Y.; Jiang, Y,;
Wang, D; Li, Y. Engineering Autologous Tumor Cell Vaccine to
Locally Mobilize Antitumor Immunity in Tumor Surgical Bed. Sci. Adv.
2020, 6 (25), No. eaba4024.

(172) Fan, Y.; Kuai, R; Xu, Y.; Ochyl, L. J.; Irvine, D. J.; Moon, J. J.
Immunogenic Cell Death Amplified by Co-Localized Adjuvant
Delivery for Cancer Immunotherapy. Nano Lett. 2017, 17 (12),
7387-7393.

(173) Hart, L. F,; Hertzog, J. E.; Rauscher, P. M,; Rawe, B. W,;
Tranquilli, M. M.; Rowan, S. J. Material Properties and Applications of
Mechanically Interlocked Polymers. Nat. Rev. Mater. 2021, 6 (6), S08—
530.

(174) Ooya, T,; Eguchi, M.; Yui, N. Supramolecular Design for
Multivalent Interaction: Maltose Mobility along Polyrotaxane
Enhanced Binding with Concanavalin A. J. Am. Chem. Soc. 2003, 125
(43), 13016—13017.

(175) Seo, J. H.; Kakinoki, S.; Inoue, Y.; Yamaoka, T.; Ishihara, K.;
Yui, N. Inducing Rapid Cellular Response on RGD-Binding Threaded
Macromolecular Surfaces. J. Am. Chem. Soc. 2013, 135 (15), 5513—
5516.

(176) Yu, S.; Zhang, Y.; Wang, X.; Zhen, X; Zhang, Z.; Wu, W,; Jiang,
X. Synthesis of Paclitaxel-Conjugated Beta-Cyclodextrin Polyrotaxane
and Its Antitumor Activity. Angew. Chem. Int. Ed 2013, 52 (28), 7272—
7277.

(177) Tlyinskii, P. O.; Roy, C.J.; O’Neil, C. P.; Browning, E. A.; Pittet,
L. A; Altreuter, D. H.; Alexis, F.; Tonti, E,; Shi, J.; Basto, P. A;
Tannacone, M.; Radovic-Moreno, A. F.; Langer, R. S.; Farokhzad, O. C,;
von Andrian, U. H,; Johnston, L. P.; Kishimoto, T. K. Adjuvant-
Carrying Synthetic Vaccine Particles Augment the Immune Response
to Encapsulated Antigen and Exhibit Strong Local Immune Activation
without Inducing Systemic Cytokine Release. Vaccine 2014, 32 (24),
2882—-289S.

(178) Toy, R; Roy, K. Engineering Nanoparticles to Overcome
Barriers to Immunotherapy. Bioeng Transl Med. 2016, 1 (1), 47—62.

(179) Smirnov, D.; Schmidy, J. J.; Capecchi, J. T.; Wightman, P. D.
Vaccine Adjuvant Activity of 3M-052: An Imidazoquinoline Designed
for Local Activity without Systemic Cytokine Induction. Vaccine 2011,
29 (33), 5434—5442.

(180) Kasturi, S. P.; Rasheed, M. A. U.; Havenar-Daughton, C.; Pham,
M.; Legere, T.; Sher, Z. J.; Kovalenkov, Y.; Gumber, S.; Huang, J. Y,;
Gottardo, R.; Fulp, W.; Sato, A.; Sawant, S.; Stanfield-Oakley, S.; Yates,
N.; LaBranche, C.; Alam, S. M.; Tomaras, G.; Ferrari, G.; Montefiori,
D.; Wrammert, J.; Villinger, F.; Tomai, M.; Vasilakos, J.; Fox, C. B,;
Reed, S. G.; Haynes, B. F.; Crotty, S.; Ahmed, R.; Pulendran, B. 3M-
052, a Synthetic TLR-7/8 Agonist, Induces Durable HIV-1 Envelope-
Specific Plasma Cells and Humoral Immunity in Nonhuman Primates.
Sci. Immunol 2020, 5 (48), No. eabb1025.

(181) Pino, M.; Abid, T.; Pereira Ribeiro, S.; Edara, V. V.; Floyd, K.;
Smith, J. C,; Latif, M. B.; Pacheco-Sanchez, G.; Dutta, D.; Wang, S.;
Gumber, S.; Kirejczyk, S.; Cohen, J.; Stammen, R. L; Jean, S. M,;
Wood, J. S.; Connor-Stroud, F.; Pollet, J.; Chen, W.-H.; Weij, J.; Zhan,
B.; Lee, J.; Liu, Z.; Strych, U.; Shenvi, N.; Easley, K.; Weiskopf, D.;
Sette, A.; Pollara, J.; Mielke, D.; Gao, H.; Eisel, N.; LeBranche, C. C,;
Shen, X,; Ferrari, G.; Tomaras, G. D.; Montefiori, D. C.; Sekaly, R. P.;
Vanderford, T. H.; Tomai, M. A.; Fox, C. B.; Suthar, M. S.; Kozlowski,
P. A;; Hotez, P. J.; Paiardini, M.; Bottazzi, M. E.; Kasturi, S. P. A Yeast
Expressed RBD-Based SARS-CoV-2 Vaccine Formulated with 3M-

6935

052-Alum Adjuvant Promotes Protective Efficacy in Non-Human
Primates. Sci. Immunol 2021, 6 (61), No. eabh3634.

(182) Kraft, J. C.; Freeling, J. P.; Wang, Z.; Ho, R. J. Y. Emerging
Research and Clinical Development Trends of Liposome and Lipid
Nanoparticle Drug Delivery Systems. J. Pharm. Sci. 2014, 103 (1), 29—
S2.

(183) Hou, X.; Zaks, T ; Langer, R.; Dong, Y. Lipid Nanoparticles for
MRNA Delivery. Nat. Rev. Mater. 2021, 6 (12), 1078—1094.

(184) Wittrup, A; Ai, A.; Liu, X.; Hamar, P.; Trifonova, R.; Charisse,
K.; Manoharan, M.; Kirchhausen, T.; Lieberman, J. Visualizing Lipid-
Formulated SiRNA Release from Endosomes and Target Gene
Knockdown. Nat. Biotechnol. 2015, 33 (8), 870—876.

(185) Pardi, N.; Hogan, M. J.; Porter, F. W.; Weissman, D. MRNA
Vaccines — a New Era in Vaccinology. Nat. Rev. Drug Discov 2018, 17
(4), 261-279.

(186) Dowling, D. J; Scott, E. A.; Scheid, A.; Bergelson, L; Joshi, S.;
Pietrasanta, C.; Brightman, S.; Sanchez-Schmitz, G.; Van Haren, S. D;
Ninkovi¢, J.; Kats, D.; Guiducci, C.; de Titta, A.,; Bonner, D. K;
Hirosue, S.; Swartz, M. A.; Hubbell, J. A.; Levy, O. Toll-like Receptor 8
Agonist Nanoparticles Mimic Immunomodulating Effects of the Live
BCG Vaccine and Enhance Neonatal Innate and Adaptive Immune
Responses. Journal of Allergy and Clinical Immunology 2017, 140 (S),
1339-1350.

(187) Manna, S.; Maiti, S.; Shen, J.; Du, W.; Esser-Kahn, A. P.
Pathogen-like Nanoassemblies of Covalently Linked TLR Agonists
Enhance CD8 and NK Cell-Mediated Antitumor Immunity. ACS Cent
Sci. 2020, 6 (11), 2071—2078.

(188) Zhao, B. G.; Vasilakos, J. P.; Tross, D.; Smirnov, D.; Klinman, D.
M. Combination Therapy Targeting Toll like Receptors 7, 8 and 9
Eliminates Large Established Tumors. J. Immunother Cancer 2014, 2
(1), 12.

(189) Roth, G. A,; Gale, E. C.; Alcantara-Hernéndez, M.; Luo, W.;
Axpe, E.; Verma, R ; Yin, Q.; Yu, A. C.; Lopez Hernandez, H.; Maikawa,
C.L.; Smith, A. A. A; Davis, M. M,; Pulendran, B.; Idoyaga, J.; Appel, E.
A. Injectable Hydrogels for Sustained Codelivery of Subunit Vaccines
Enhance Humoral Immunity. ACS Cent Sci. 2020, 6 (10), 1800—1812.

(190) Naahidi, S.; Jafari, M.; Edalat, F.; Raymond, K;
Khademhosseini, A.; Chen, P. Biocompatibility of engineered nano-
particles for drug delivery. J. Controlled Release 2013, 166 (2), 182—194.

(191) Wang, B.; Van Herck, S.; Chen, Y.; Bai, X.; Zhong, Z.; Deswarte,
K.; Lambrecht, B. N.; Sanders, N. N.; Lienenklaus, S.; Scheeren, H. W.;
David, S. A,; Kiessling, F.; Lammers, T.; De Geest, B. G.; Shi, Y. Potent
and Prolonged Innate Immune Activation by Enzyme-Responsive
Imidazoquinoline TLR7/8 Agonist Prodrug Vesicles. J. Am. Chem. Soc.
2020, 142 (28), 12133—12139.

(192) Liu, Q.; Chen, X,; Jia, J.; Zhang, W.; Yang, T.; Wang, L.; Ma, G.
PH-Responsive Poly(D,L-Lactic-Co-Glycolic Acid) Nanoparticles with
Rapid Antigen Release Behavior Promote Immune Response. ACS
Nano 2015, 9 (5), 4925—4938.

(193) Kocak, G.; Tuncer, C.; Biitiin, V. PH-Responsive Polymers.
Polym. Chem. 2017, 8 (1), 144—176.

(194) Gao, W.; Chan, J. M,; Farokhzad, O. C. PH-Responsive
Nanoparticles for Drug Delivery. Mol. Pharmaceutics 2010, 7 (6),
1913—1920.

(195) Bazban-Shotorbani, S.; Hasani-Sadrabadi, M. M.; Karkhaneh,
A.; Serpooshan, V.; Jacob, K. I; Moshaverinia, A.; Mahmoudi, M.
Revisiting Structure-Property Relationship of PH-Responsive Polymers
for Drug Delivery Applications. J. Controlled Release 2017, 253, 46—63.

(196) Szatrowski, T. P.; Nathan, C. F. Production of Large Amounts
of Hydrogen Peroxide by Human Tumor Cells. Cancer Res. 1991, S1
(3), 794—798.

(197) Song, C. C.; Dy, F. S.; Li, Z. C. Oxidation-Responsive Polymers
for Biomedical Applications. J. Mater. Chem. B 2014, 2 (22), 3413—
3426.

(198) Cheng, R.; Meng, F.; Deng, C.; Klok, H. A.; Zhong, Z. Dual and
Multi-Stimuli Responsive Polymeric Nanoparticles for Programmed
Site-Specific Drug Delivery. Biomaterials 2013, 34 (14), 3647—3657.

(199) Jager, E.; Humajova, J.; Dolen, Y.; Kucka, J.; Jager, A.; Konefal,
R.; Pankrag, J.; Pavlova, E.; Heizer, T.; Sefc, L.; Hruby, M.; Figdor, C.

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


https://doi.org/10.1016/j.jconrel.2011.07.014
https://doi.org/10.1016/j.jconrel.2011.07.014
https://doi.org/10.1007/s10439-009-9734-x
https://doi.org/10.1007/s10439-009-9734-x
https://doi.org/10.1084/jem.152.2.361
https://doi.org/10.1084/jem.152.2.361
https://doi.org/10.1126/sciadv.aba4024
https://doi.org/10.1126/sciadv.aba4024
https://doi.org/10.1021/acs.nanolett.7b03218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b03218?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41578-021-00278-z
https://doi.org/10.1038/s41578-021-00278-z
https://doi.org/10.1021/ja034583z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja034583z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja034583z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400817q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400817q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201301397
https://doi.org/10.1002/anie.201301397
https://doi.org/10.1016/j.vaccine.2014.02.027
https://doi.org/10.1016/j.vaccine.2014.02.027
https://doi.org/10.1016/j.vaccine.2014.02.027
https://doi.org/10.1016/j.vaccine.2014.02.027
https://doi.org/10.1002/btm2.10005
https://doi.org/10.1002/btm2.10005
https://doi.org/10.1016/j.vaccine.2011.05.061
https://doi.org/10.1016/j.vaccine.2011.05.061
https://doi.org/10.1126/sciimmunol.abb1025
https://doi.org/10.1126/sciimmunol.abb1025
https://doi.org/10.1126/sciimmunol.abb1025
https://doi.org/10.1126/sciimmunol.abh3634
https://doi.org/10.1126/sciimmunol.abh3634
https://doi.org/10.1126/sciimmunol.abh3634
https://doi.org/10.1126/sciimmunol.abh3634
https://doi.org/10.1002/jps.23773
https://doi.org/10.1002/jps.23773
https://doi.org/10.1002/jps.23773
https://doi.org/10.1038/s41578-021-00358-0
https://doi.org/10.1038/s41578-021-00358-0
https://doi.org/10.1038/nbt.3298
https://doi.org/10.1038/nbt.3298
https://doi.org/10.1038/nbt.3298
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1016/j.jaci.2016.12.985
https://doi.org/10.1016/j.jaci.2016.12.985
https://doi.org/10.1016/j.jaci.2016.12.985
https://doi.org/10.1016/j.jaci.2016.12.985
https://doi.org/10.1021/acscentsci.0c01001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1186/2051-1426-2-12
https://doi.org/10.1186/2051-1426-2-12
https://doi.org/10.1021/acscentsci.0c00732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c00732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2012.12.013
https://doi.org/10.1016/j.jconrel.2012.12.013
https://doi.org/10.1021/jacs.0c01928?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01928?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01928?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn5066793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn5066793?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6PY01872F
https://doi.org/10.1021/mp100253e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mp100253e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2017.02.021
https://doi.org/10.1016/j.jconrel.2017.02.021
https://doi.org/10.1039/C3TB21725F
https://doi.org/10.1039/C3TB21725F
https://doi.org/10.1016/j.biomaterials.2013.01.084
https://doi.org/10.1016/j.biomaterials.2013.01.084
https://doi.org/10.1016/j.biomaterials.2013.01.084
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

G.; Verdoes, M. Enhanced Antitumor Efficacy through an “AND Gate”
Reactive Oxygen-Species-Dependent PH-Responsive Nanomedicine
Approach. Adv. Healthc Mater. 2021.

(200) Zhang, N.; Wang, D.; Jing, X; Yang, T'; Yang, H.; Meng, L. PH/
ROS Dual-Responsive Polymer—Drug-Based Nanocarriers: Click-
Reaction Preparation and Fluorescence Imaging-Guided Chemo-
therapy and Photodynamic Therapy. ACS Appl. Bio Mater. 2021, 4
(8), 6294—6303.

(201) Li, Y.; Chen, M,; Yao, B.; Lu, X; Song, B; Vasilatos, S. N;
Zhang, X; Ren, X,; Yao, C; Bian, W,; Sun, L. Dual PH/ROS-
Responsive Nanoplatform with Deep Tumor Penetration and Self-
Amplified Drug Release for Enhancing Tumor Chemotherapeutic
Efficacy. Small 2020.

(202) Dai, L; Li, X.; Duan, X,; Li, M.; Niu, P.; Xu, H.; Cai, K,; Yang, H.
A PH/ROS Cascade-Responsive Charge-Reversal Nanosystem with
Self-Amplified Drug Release for Synergistic Oxidation-Chemotherapy.
Adv. Sci. (Weinh) 2019, 6 (4), 1801807.

(203) Kotsuchibashi, Y.; Ebara, M.; Aoyagi, T.; Narain, R. Recent
Advances in Dual Temperature Responsive Block Copolymers and
Their Potential as Biomedical Applications. Polymers 2016, 8 (11), 380.

(204) Kotsuchibashi, Y. Recent Advances in Multi-Temperature-
Responsive Polymeric Materials. Polym. J. 2020, 52 (7), 681—689.

(205) Qin, S.; Geng, Y.; Discher, D. E.; Yang, S. Temperature-
Controlled Assembly and Release from Polymer Vesicles of Poly-
(Ethylene Oxide)-Block- Poly(N-Isopropylacrylamide). Adv. Mater.
2006, 18 (21), 2905—2909.

(206) Nishimura, T.; Sasaki, Y.; Akiyoshi, K. Thermoresponsive
Glycopolymer Vesicles: In Situ Observation of Morphological Changes
and Triggered Cargo Release. Polym. J. 2021, 53, 1251—1258.

(207) Nair, L. S.; Laurencin, C. T. Biodegradable Polymers as
Biomaterials. Prog. Polym. Sci. 2007, 32 (8-9), 762—798.

(208) George, A.; Shah, P. A.; Shrivastav, P. S. Natural biodegradable
polymer based nano-formulations for drug delivery: A review. Int. J.
Pharm. 2019, 561, 244—264.

(209) Jain, S.; O’'Hagan, D. T.; Singh, M. The long-term potential of
biodegradable poly(lactide-co- glycolide) Microparticles as the next-
generation vaccine adjuvant. Expert Rev. Vaccines 2011, 10 (12), 1731—
1742.

(210) Makadia, H. K; Siegel, S. J. Poly Lactic-co-Glycolic Acid
(PLGA) as Biodegradable Controlled Drug Delivery Carrier. Polymers
2011, 3 (3), 13771397

(211) Varanko, A.; Saha, S.; Chilkoti, A. Recent trends in protein and
peptide-based biomaterials for advanced drug delivery. Adv. Drug Deliv
Rev. 2020, 156, 133—187.

(212) Sun, H.; Choi, W.; Zang, N.; Battistella, C.; Thompson, M. P.;
Cao, W.; Zhou, X,; Forman, C.; Gianneschi, N. C. Bioactive Peptide
Brush Polymers via Photoinduced Reversible-Deactivation Radical
Polymerization. Angew. Chem. Int. Ed 2019, 58 (48), 17359—17364.

(213) Gianneschi, N. C.; Sun, H.; Cao, W,; Zang, N.; Clemons, T.;
Scheutz, G.; Hu, Z.; Thompson, M.; Liang, Y.; Vratsanos, M.; Zhou, X;
Choi, W.; Sumerlin, B.; Stupp, S. Proapoptotic Peptide Brush Polymer
Nanoparticles via Photoinitiated Polymerization-Induced Self-Assem-
bly. Angew. Chem. Int. Ed 2020, 59, 19136—19142.

(214) Werner, H. M.; Cabalteja, C. C.; Horne, W. S. Peptide
Backbone Composition and Protease Susceptibility: Impact of
Modification Type, Position, and Tandem Substitution. ChemBioChem
2016, 17 (8), 712—718.

(215) Lonn, P.; Kacsinta, A. D.; Cui, X.-S.; Hamil, A. S.; Kaulich, M.;
Gogoi, K;; Dowdy, S. F. Enhancing endosomal escape for intracellular
delivery of macromolecular biologic therapeutics. Sci. Rep 2016, 6 (1),
32301.

(216) Kang, S. K.; Woo, J. H.; Kim, M. K.; Woo, S. S.; Choi, J. H.; Lee,
H. G.; Lee, N. K; Choi, Y. J. Identification ofa peptide sequence that
improves transport of macromolecules across the intestinal mucosal
barrier targeting goblet cells. J. Biotechnol. 2008, 135 (2), 210—216.

(217) Field, L. D.; Delehanty, J. B.; Chen, Y.; Medintz, L. L. Peptides
for Specifically Targeting Nanoparticles to Cellular Organelles: Quo
Vadis? Acc. Chem. Res. 2015, 48 (5), 1380—1390.

6936

(218) Cerrato, C. P.; Kunnapuu, K; Langel, U. Cell-Penetrating
Peptides with Intracellular Organelle Targeting. Expert Opin Drug Deliv
2017, 14 (2), 245-255.

(219) Wang, Y.; Cheetham, A. G.; Angacian, G.; Su, H.; Xie, L.; Cui,
H. Peptide-Drug Conjugates as Effective Prodrug Strategies for
Targeted Delivery. Adv. Drug Deliv Rev. 2017, 110—111, 112—126.

(220) Blum, A. P.; Kammeyer, J. K.; Yin, J.; Crystal, D. T.; Rush, A. M.;
Gilson, M. K; Gianneschi, N. C. Peptides Displayed as High Density
Brush Polymers Resist Proteolysis and Retain Bioactivity. J. Am. Chem.
Soc. 2014, 136 (43), 15422—15437.

(221) Blum, A. P.; Kammeyer, J. K; Gianneschi, N. C. Activating
Peptides for Cellular Uptake via Polymerization into High Density
Brushes. Chem. Sci. 2016, 7 (2), 989—994.

(222) Zhou, M. N,; Delaveris, C. S.; Kramer, J. R;; Kenkel, J. A,
Engleman, E. G.; Bertozzi, C. R. N-Carboxyanhydride Polymerization
of Glycopolypeptides That Activate Antigen-Presenting Cells through
Dectin-1 and Dectin-2. Angew. Chem. Int. Ed 2018, 57 (12), 3137—
3142.

(223) Delaveris, C. S.; Chiu, S. H.; Riley, N. M.; Bertozzi, C. R.
Modulation of Immune Cell Reactivity with cis-Binding Siglec
Agonists. Proc. Natl. Acad. Sci. U. S. A. 2021, 118 (3), No. 2012408118.

(224) Canton, J; Blees, H.; Henry, C. M.; Buck, M. D.; Schulz, O,;
Rogers, N. C; Childs, E.; Zelenay, S.; Rhys, H; Domart, M. C,;
Collinson, L.; Alloatti, A.; Ellison, C. J.; Amigorena, S.;
Papayannopoulos, V.; Thomas, D. C.; Randow, F.; Reis, E. S. C. The
Receptor DNGR-1 Signals for Phagosomal Rupture to Promote Cross-
Presentation of Dead-Cell-Associated Antigens. Nat. Immunol 2021,
22, 140—153.

(225) Gormley, A. J; Yeow, J; Ng, G.; Conway, O.; Boyer, C;
Chapman, R. An Oxygen-Tolerant PET-RAFT Polymerization for
Screening Structure-Activity Relationships. Angew. Chem. Int. Ed 2018,
57 (6), 1557—1562.

(226) Tamasi, M.; Kosuri, S.; DiStefano, J.; Chapman, R.; Gormley, A.
J. Automation of Controlled/Living Radical Polymerization. Adv. Intell
Sys 2020, 2 (2), 1900126,

(227) Li, Z.; Kosuri, S.; Foster, H.; Cohen, J.; Jumeaux, C.; Stevens, M.
M.,; Chapman, R.; Gormley, A. J. A Dual Wavelength Polymerization
and Bioconjugation Strategy for High Throughput Synthesis of
Multivalent Ligands. J. Am. Chem. Soc. 2019, 141 (50), 19823—19830.

(228) Mann, J. L.; Maikawa, C. L.; Smith, A. A. A.; Grosskopf, A. K;
Baker, S. W.; Roth, G. A,; Meis, C. M.; Gale, E. C,; Liong, C. S.; Correa,
S.; Chan, D,; Stapleton, L. M.; Yu, A. C.; Muir, B.; Howard, S.; Postma,
A.; Appel, E. A. An Ultrafast Insulin Formulation Enabled by High-
Throughput Screening of Engineered Polymeric Excipients. Sci. Transl
Med. 2020, 12 (550), No. eaba6676.

(229) Gormley, A. J.; Webb, M. A. Machine Learning in
Combinatorial Polymer Chemistry. Nat. Rev. Mater. 2021, 6 (8),
642—644.

(230) Werner, M. Decoding Interaction Patterns from the Chemical
Sequence of Polymers Using Neural Networks. ACS Macro Lett. 2021,
10, 1333—1338.

(231) Mendoza, J. L.; Escalante, N. K.; Jude, K. M.; Sotolongo Bellon,
J.; Su, L.; Horton, T. M.; Tsutsumi, N.; Berardinelli, S. J.; Haltiwanger,
R. S.; Piehler, J.; Engleman, E. G.; Garcia, K. C. Structure of the
IFNgamma Receptor Complex Guides Design of Biased Agonists.
Nature 2019, 567 (7746), 56—60.

(232) Panteleev, J.; Gao, H.; Jia, L. Recent Applications of Machine
Learning in Medicinal Chemistry. Bioorg. Med. Chem. Lett. 2018, 28
(17), 2807-2815.

(233) Kuhlman, B.; Dantas, G.; Ireton, G. C.; Varani, G.; Stoddard, B.
L.; Baker, D. Design of a Novel Globular Protein Fold with Atomic-
Level Accuracy. Science 2003, 302 (5649), 1364—1368.

(234) King, N. P.; Sheffler, W.; Sawaya, M. R.; Vollmar, B. S.; Sumida,
J. P.; Andre, L; Gonen, T.; Yeates, T. O.; Baker, D. Computational
Design of Self-Assembling Protein Nanomaterials with Atomic Level
Accuracy. Science 2012, 336 (6085), 1171—1174.

(235) King, N. P; Bale, J. B.; Sheffler, W.; McNamara, D. E.; Gonen,
S.; Gonen, T.; Yeates, T. O.; Baker, D. Accurate Design of Co-

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


https://doi.org/10.1002/adhm.202100304
https://doi.org/10.1002/adhm.202100304
https://doi.org/10.1002/adhm.202100304
https://doi.org/10.1021/acsabm.1c00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/smll.202002188
https://doi.org/10.1002/smll.202002188
https://doi.org/10.1002/smll.202002188
https://doi.org/10.1002/smll.202002188
https://doi.org/10.1002/advs.201801807
https://doi.org/10.1002/advs.201801807
https://doi.org/10.3390/polym8110380
https://doi.org/10.3390/polym8110380
https://doi.org/10.3390/polym8110380
https://doi.org/10.1038/s41428-020-0330-0
https://doi.org/10.1038/s41428-020-0330-0
https://doi.org/10.1002/adma.200601019
https://doi.org/10.1002/adma.200601019
https://doi.org/10.1002/adma.200601019
https://doi.org/10.1038/s41428-021-00488-w
https://doi.org/10.1038/s41428-021-00488-w
https://doi.org/10.1038/s41428-021-00488-w
https://doi.org/10.1016/j.progpolymsci.2007.05.017
https://doi.org/10.1016/j.progpolymsci.2007.05.017
https://doi.org/10.1016/j.ijpharm.2019.03.011
https://doi.org/10.1016/j.ijpharm.2019.03.011
https://doi.org/10.1586/erv.11.126
https://doi.org/10.1586/erv.11.126
https://doi.org/10.1586/erv.11.126
https://doi.org/10.3390/polym3031377
https://doi.org/10.3390/polym3031377
https://doi.org/10.1016/j.addr.2020.08.008
https://doi.org/10.1016/j.addr.2020.08.008
https://doi.org/10.1002/anie.201908634
https://doi.org/10.1002/anie.201908634
https://doi.org/10.1002/anie.201908634
https://doi.org/10.1002/anie.202006385
https://doi.org/10.1002/anie.202006385
https://doi.org/10.1002/anie.202006385
https://doi.org/10.1002/cbic.201500312
https://doi.org/10.1002/cbic.201500312
https://doi.org/10.1002/cbic.201500312
https://doi.org/10.1038/srep32301
https://doi.org/10.1038/srep32301
https://doi.org/10.1016/j.jbiotec.2008.01.021
https://doi.org/10.1016/j.jbiotec.2008.01.021
https://doi.org/10.1016/j.jbiotec.2008.01.021
https://doi.org/10.1021/ar500449v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500449v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500449v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/17425247.2016.1213237
https://doi.org/10.1080/17425247.2016.1213237
https://doi.org/10.1016/j.addr.2016.06.015
https://doi.org/10.1016/j.addr.2016.06.015
https://doi.org/10.1021/ja5088216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5088216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5SC03417E
https://doi.org/10.1039/C5SC03417E
https://doi.org/10.1039/C5SC03417E
https://doi.org/10.1002/anie.201713075
https://doi.org/10.1002/anie.201713075
https://doi.org/10.1002/anie.201713075
https://doi.org/10.1073/pnas.2012408118
https://doi.org/10.1073/pnas.2012408118
https://doi.org/10.1038/s41590-020-00824-x
https://doi.org/10.1038/s41590-020-00824-x
https://doi.org/10.1038/s41590-020-00824-x
https://doi.org/10.1002/anie.201711044
https://doi.org/10.1002/anie.201711044
https://doi.org/10.1002/aisy.201900126
https://doi.org/10.1021/jacs.9b09899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/scitranslmed.aba6676
https://doi.org/10.1126/scitranslmed.aba6676
https://doi.org/10.1038/s41578-021-00282-3
https://doi.org/10.1038/s41578-021-00282-3
https://doi.org/10.1021/acsmacrolett.1c00325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.1c00325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-019-0988-7
https://doi.org/10.1038/s41586-019-0988-7
https://doi.org/10.1016/j.bmcl.2018.06.046
https://doi.org/10.1016/j.bmcl.2018.06.046
https://doi.org/10.1126/science.1089427
https://doi.org/10.1126/science.1089427
https://doi.org/10.1126/science.1219364
https://doi.org/10.1126/science.1219364
https://doi.org/10.1126/science.1219364
https://doi.org/10.1038/nature13404
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules pubs.acs.org/Macromolecules

Assembling Multi-Component Protein Nanomaterials. Nature 2014,
510 (7503), 103—108.

(236) Correia, B. E.; Bates, J. T.; Loomis, R. J.; Baneyx, G.; Carrico, C.;
Jardine, J. G.; Rupert, P.; Correnti, C.; Kalyuzhniy, O.; Vittal, V,;
Connell, M. J; Stevens, E.; Schroeter, A.; Chen, M.; Macpherson, S.;
Serra, A. M.; Adachi, Y.; Holmes, M. A,; Li, Y.; Klevit, R. E.; Graham, B.
S.; Wyatt, R. T.; Baker, D.; Strong, R. K.; Crowe, J. E., Jr.; Johnson, P.R;;
Schief, W. R. Proof of Principle for Epitope-Focused Vaccine Design.
Nature 2014, 507 (7491), 201—206.

(237) Yang, K. K;; Wy, Z; Arnold, F. H. Machine-Learning-Guided
Directed Evolution for Protein Engineering. Nat. Methods 2019, 16 (8),
687—694.

(238) Webb, M. A,; Jackson, N. E.; Gil, P. S.; de Pablo, J. J. Targeted
Sequence Design within the Coarse-Grained Polymer Genome. Sci.
Adv. 2020, 6 (43), No. eabc6216.

(239) Kozma, G. T.; Shimizu, T.; Ishida, T.; Szebeni, J. Anti-PEG
antibodies: Properties, formation, testing and role in adverse immune
reactions to PEGylated nano-biopharmaceuticals. Adv. Drug Deliv Rev.
2020, 154-155, 163—175.

(240) Moser, B. A; Steinhardt, R. C.; Esser-Kahn, A. P. Surface
Coating of Nanoparticles Reduces Background Inflammatory Activity
While Increasing Particle Uptake and Delivery. ACS Biomater Sci. Eng.
2017, 3 (2), 206—213.

(241) Maiti, S.;; Manna, S.; Shen, J.; Esser-Kahn, A. P.; Du, W.
Mitigation of Hydrophobicity-Induced Immunotoxicity by Sugar
Poly(Orthoesters). . Am. Chem. Soc. 2019, 141 (11), 4510—4514.

(242) Ryy, K. A; Slowinska, K.; Moore, T.; Esser-Kahn, A. Immune
Response Modulation of Conjugated Agonists with Changing Linker
Length. ACS Chem. Biol. 2016, 11 (12), 3347—3352.

(243) Weiss, A. M.; Macke, N.; Zhang, Y.; Calvino, C.; Esser-Kahn, A.
P.; Rowan, S. J. In Vitro and in Vivo Analyses of the Effects of Source,
Length, and Charge on the Cytotoxicity and Immunocompatibility of
Cellulose Nanocrystals. ACS Biomater Sci. Eng. 2021, 7 (4), 1450—
1461.

(244) Li, Y.; Boraschi, D. Endotoxin Contamination: A Key Element
in the Interpretation of Nanosafety Studies. Nanomedicine 2016, 11 (3),
269—-287.

(245) O’Shea, T. M.; Aimetti, A. A.; Kim, E.; Yesilyurt, V.; Langer, R.
Synthesis and Characterization of a Library of In-Situ Curing,
Nonswelling Ethoxylated Polyol Thiol-Ene Hydrogels for Tailorable
Macromolecule Delivery. Adv. Mater. 2015, 27 (1), 65—72.

(246) Hayden, M. S.; Ghosh, S. NF-KB in Immunobiology. Cell Res.
2011, 21 (2), 223—244.

(247) Ivashkiv, L. B. IFENy: Signalling, Epigenetics and Roles in
Immunity, Metabolism, Disease and Cancer Immunotherapy. Nat. Rev.
Immunol 2018, 18 (9), 545—558.

(248) Castillo, L.; MacCallum, D. M. Cytokine Measurement Using
Cytometric Bead Arrays. In Host-Fungus Interactions: Methods and
Protocols; Brand, A. C., MacCallum, D. M., Eds.; Humana Press:
Totowa, NJ, 2012; pp 425—434.

6937

https://doi.org/10.1021/acs.macromol.2c00854
Macromolecules 2022, 55, 6913—6937


https://doi.org/10.1038/nature13404
https://doi.org/10.1038/nature12966
https://doi.org/10.1038/s41592-019-0496-6
https://doi.org/10.1038/s41592-019-0496-6
https://doi.org/10.1126/sciadv.abc6216
https://doi.org/10.1126/sciadv.abc6216
https://doi.org/10.1016/j.addr.2020.07.024
https://doi.org/10.1016/j.addr.2020.07.024
https://doi.org/10.1016/j.addr.2020.07.024
https://doi.org/10.1021/acsbiomaterials.6b00473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.6b00473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.6b00473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.6b00895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.6b00895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.6b00895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c01618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2217/nnm.15.196
https://doi.org/10.2217/nnm.15.196
https://doi.org/10.1002/adma.201403724
https://doi.org/10.1002/adma.201403724
https://doi.org/10.1002/adma.201403724
https://doi.org/10.1038/cr.2011.13
https://doi.org/10.1038/s41577-018-0029-z
https://doi.org/10.1038/s41577-018-0029-z
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



