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Most vaccines developed today include only the antigens that best stimulate the immune system rather
than the entire virus or microbe, which makes vaccine production and use safer and easier, though they
lack potency to induce acceptable immunity and long-term protection. The incorporation of additional
immune stimulating components, named adjuvants, is required to generate a strong protective immune
response. Nucleic acids (DNA and RNA) and their synthetic analogs are promising candidates as vaccine
adjuvants activating Toll-like receptors (TLRs). Additionally, in the last few years several nanocarriers have
emerged as platforms for targeted co-delivery of antigens and adjuvants. In this review, we focus on the
recent developments in polymer nanomaterials presenting nucleic acids as vaccine adjuvants. We aim to
compare the effectiveness of the various classes of polymers in immune modulating materials (nanoparticles,
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dendrimers, single-chain particles, nanogels, polymersomes and DNA-based architectures). In particular,
we address the critical role of parameters such as size, shape, complexation and release of TLR ligands,
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1 Introduction

For decades, the continuous development and use of vaccines
helped to save many lives and significantly improved the quality
of life. As a method that can control or even eliminate a disease,
vaccination can be considered as one of the greatest break-
throughs in modern medicine.™* An effective vaccine stimulates
both the innate and the adaptive arms of the immune system.?
Innate immunity occurs within hours of pathogen recognition,
followed by an adaptive immune response over several days,
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cellular uptake, stability, toxicity and potential importance of spatial control in ligand presentation.

leading to immune memory. Contrary to the original live or
attenuated pathogen vaccines, most vaccines developed today
include only the antigens that best stimulate the immune system,
such as proteins or peptides, rather than the entire virus or
microbe.? Although this design makes vaccine production and use
safer and easier, antigens alone are often not sufficient to induce
acceptable immunity and long-term protection. Therefore, the
incorporation of additional immune stimulating signals, named
adjuvants, are required to generate a strong protective immune
response.”

Aluminum-containing adjuvants have been used in vaccines
since the 1930s. Small amounts of aluminum salts are added to
help the body to build stronger immunity against the antigen in
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the vaccine.® Newer adjuvants have been developed to target
specific components of the body’s immune response, yielding a
stronger, more specific and long-lasting protection against
disease. Among these newer adjuvants, there are nucleotide-
polymers DNA, RNA and modifications of both.” As the cellular
receptors for these nucleic acid based-adjuvants reside in the
endosomal compartments, protection against extracellular
degradation is crucial. Synthetic polymer nanomaterials are
rapidly gaining popularity in the field of immune engineering,
due to their good biocompatibility, controllable surface properties
and biodegradability.® Through enabling the delivery of functional
molecules into cells, as well as protection of DNA and proteins from
degradation, nanomaterials can double in function as transport
and delivery vehicles as well as vaccine adjuvants themselves.’

In this review, we focus on the recent developments in polymer
nanomaterials presenting nucleic acids as vaccine adjuvants.
Given the many classes in which polymers can be used as nano-
material (nanoparticles, dendrimers, single-chain particles,
nanogels, polymersomes and DNA-based architectures), we
aim to compare the various classes regarding effectiveness for
immune modulation. A detailed overview of the respective
challenges and advantages is presented, as well as their suit-
ability for translation. While excellent reviews exist on the use of
nanoparticles in general in the context of immune engineering,'®™
we specifically focus on polymer-based systems and nucleic acid
adjuvants with an emphasis on the materials engineering
challenges in terms of properties and stability.

2 TLR-targeting nucleic acid adjuvants
in vaccines
2.1 The immune response in vaccines

The immune system is a complex network that has to be
manipulated accurately to obtain the desired immunity upon
vaccination. Dendritic cells (DCs) are the first players in the
vaccination process, as they are the main antigen-presenting
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cells (APCs), responsible for taking up and presenting antigens
within their surface major histocompatibility complexes (MHC)
to T cells. Additionally, DCs are the most potent stimulators
of the T cell response. They are present in vivo in lymphoid
organs and, as a subpopulation, in most tissues to monitor the
presence of “danger signals” in the body. DCs express Pattern-
Recognition Receptors (PRRs) that detect and bind Pathogen-
Associated Molecular Patterns (PAMPs), triggering intracellular
signaling pathways associated with DC activation, maturation
and migration to the lymph nodes. Mature DCs activate naive T
cells in the lymph nodes through three signals: (A) antigen-
specific interaction, in which the antigen-loaded MHCs on DCs
bind to T cell receptors (TCR); (B) costimulatory signals, by binding
of DC receptors CD80-CD86 to CD28 on T cells; (C) response-
specific cytokines (e.g., IL-6, IL-10, IL-12p70, TNF-x).'%"

Cytosolic antigens are degraded in the proteasome and loaded
on MHC class I that is recognized by CD8+ T cells (cytotoxic T
lymphocytes, CTLs), as ubiquitous mechanism of surveillance.
Additionally, in APCs extracellular antigens are taken up,
degraded in the endolysosomal compartment and loaded on
MHC class II that is recognized by CD4+ T cells, activating
specific immune responses and antibody production by B cells.
Secreting different cytokines in the extracellular environment,
DCs can polarize the differentiation of CD4+ T cells into
different T helper (Ty) cell subtypes, like Ty 1 (involved in
cell-mediated immunity) or Ty 2 (for antibody production), or
they can promote the maturation of effector T cells (CTLs). CTLs
recognize foreign antigens presented on MHC class I and induce
apoptosis of these cells.'®

Vaccines can be divided into two categories: ‘“prophylactic
vaccines” that produce long-term B cell response against patho-
gens and “therapeutic vaccines”, mostly for cancer treatment.
Cancer therapeutic vaccines require the induction of CD8+ CTL
and pro-inflammatory Ty; 1 response, which is induced by secretion
of IFN-y, IL-12 and TNF-o. by activated DCs.'® For cancer therapeutic
vaccines, tumor-associated antigens (TAAs), such as oncoviral anti-
gens or neoantigens that are not found in healthy cells, are used to
elicit antitumor immunity.”® Cancer cells downregulate antigen-
presenting activity so, in new antitumor vaccines, TAAs are delivered
to DCs to promote high CTL response against these. By an alter-
native pathway called “cross-presentation”, DCs uptake extracellular
antigens, process and load them on MHC class I to promote CTL
response (cross-priming of T cells).”* Whereas the presence of the
antigen in the endosomal compartment is useful for MHC class II
loading, MHC class I presentation requires it in the cytosol. Follow-
ing their cellular uptake by endocytosis, antigens should be released
in the endosome before lysosome degradation and transferred into
the cytoplasm to induce cross-presentation, which is necessary to
induce antigen-specific CTLs against tumor antigens but also
intracellular pathogens. However, differently from full pathogens,
recombinant viral proteins or synthetic peptides that are currently
used as antigens in vaccines are not able to trigger sufficiently the
immune system. To overcome the weak immunogenicity of these
antigens, an effective vaccine should contain both a specific
antigen and an “adjuvant” to induce a strong immune response
and immunological memory."®

This journal is © The Royal Society of Chemistry 2019
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2.2 Old and new adjuvants: why targeting TLRs?

The word “adjuvant” covers a broad range of systems and
components, with the common function of enhancing the
magnitude of the immune response against co-delivered anti-
gens. One type of adjuvants are antigen delivery systems or
depots that protect from degradation increasing antigen stability,
provide slow release, enhance uptake (e.g., emulsions, ISCOMs,
aluminum salts, liposomes, microspheres and nanoparticles),
whereas the second type consists of immunostimulatory agents
(e.g., PAMPs).>? Aluminum salts and oil-in-water emulsions such
as MF59 (squalene, polysorbate 80, sorbitan trioleate) and AS03
(o-tocopherol, squalene, polysorbate 80), the most common
adjuvants present in vaccines approved for human use, induce
antibodies production and Ty 2 response but they do not induce
antigen-specific CTLs and Ty 1 response.>® On the other hand,
immunostimulatory agents as adjuvants induce Ty 1 response,
which is required in vaccines against intracellular pathogens and
cancetr, to specifically activate DCs and fine-tune T cell activation.
These molecular adjuvants not only induce maturation and
antigen presentation on DCs but can also modulate the quality
of the immune response, promoting a specific type of immunity
essential for a specific antigen.® The limited amount of adjuvants
available for clinical use but especially the ineffectiveness of alum in
inducing cellular responses boosted the research of new immuno-
stimulatory agents. Additionally, it has been shown that aluminum
salts compromise long-term antigen stability, possibly due to
the different pH on the microenvironment of the aluminum
surface.**?*

The combination of a specific antigen delivery system with
an immunostimulatory molecule can merge the favorable properties
of the two adjuvant systems and, in this way, DCs can be
programmed towards a tailored response against a pathogen
upon the rational choice of a specific “danger signal”. Pathogen-
derived molecules bind to PRRs present on DCs, which include
receptors of different families, like membrane-associated Toll-like
receptors (TLRs), cytosolic nucleotide oligomerization domain
(NOD)}like receptors (NLRs) and retinoic acid-inducible gene
(RIG)I-like receptors (RLRs). Their ligand-induced activation and
downstream signaling cascade induce upregulation of costimula-
tory receptors and secretion of pathway-specific cytokines.*®
Among PRRs, TLRs on DCs are the best characterized and they
have been the target of choice in the last years for synthetic ligands
used as vaccine adjuvants. TLRs were preferentially chosen as
targets over other PRR classes due to their accessibility by external
ligands. While cytosolic delivery requires specific formulations,
ligands can easily reach TLRs exposed on the cell membrane
or after internalization in the endosome. TLRs have been
extensively studied in the past years, as reported in recent
outstanding reviews.>”*®

2.3 TLRs: structure and function

TLRs are a family of PRRs involved in the first step of the innate
immune response, recognizing pathogenic cell components
and non-self nucleic acids, such as peptidoglycan, lipoproteins,
and bacterial DNA. They are localized on the cell surface

This journal is © The Royal Society of Chemistry 2019
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(TLR1, TLR2, TLR4, TLR5, TLR6) and on the endosomal
membrane (TLR3, TLR7, TLR8 and TLR9) to detect infections
and danger signals.”® TLRs are type I transmembrane receptors,
with a ligand-binding domain facing the extracellular or endosomal
environment. This ectodomain is a horseshoe-shaped solenoid
domain, with leucine-rich repeats (LRRs) regions and continuous
beta-sheets on the concave inner surface. A transmembrane domain
connects this to a cytoplasmic Toll/IL-1 receptor (TIR) domain,
involved in the initiation of the intracellular signaling cascade.*
The distinctive cellular location and TLR-type-specific binding site
(feature given by the unique LRR side chain arrangements) allow
the different classes of TLRs to bind to ligands of different origin
and characteristics.”” TLR ligands have been already used in vaccine
formulations as adjuvants and, in particular, the first vaccines
approved for human use containing a TLR agonist were Cervarix
(GlaxoSmithKline) against human papillomavirus (HPV) and
FENDrix (GlaxoSmithKline) against hepatitis B virus. They both
contain the TLR4 agonist monophosphoryl lipid A (MPL), a
lipopolysaccharide (LPS) derivative. AS04 (aluminum hydroxide
and 3’-O-deacylated MPL) and AS01 (MPL and saponin QS-21
formulated in liposomes) are adjuvants currently approved for
human use in vaccines in Europe and USA.'®

2.4 Nucleic acid-sensing TLRs and signaling

It has been shown that old adjuvants such as alum are triggering
the immune response also by the induction of tissue damage,
through which the release of endogenous danger signals, namely
Damage-Associated Molecular Patterns (DAMPs), is enhanced.*?
Since many DAMPs are host nucleic acid-derived molecules,
targeting nucleic acids sensing TLRs emerged as a promising
strategy for the development of immunostimulatory agents.

Nucleic acid-sensing TLRs are TLR3, TLR7/8 and TLRY,
activated by dsRNA, ssRNA and unmethylated CpG-containing
DNA respectively. They are all localized on the endosomal
membrane of immune cells to detect uptaken pathogenic DNA
and RNA from the extracellular environment and avoid unwanted
recognition of self nucleic acids (Fig. 1). Several nucleic acid
sensors are also present in the cytosol (e.g., nucleotide-binding
oligomerization domain protein 2 (NOD2), the RIG-I-like receptors
(RLRs) and melanoma differentiation-associated protein 5 (MDA5)),
which induce the production of proinflammatory cytokines and
type I interferons (IFNs).*® Cytosolic nucleic acid receptors are not
analyzed in this review, but their activation should be considered in
the analysis of possible off-target effects, especially in the case of
delivery systems with endosomal escape mechanisms that could
bring nucleic acid adjuvants to the cytosol. Indeed, it has been
proved that combinatorial activation of cytosolic and endosomal
nucleic acid sensors increase the amount of the final immune
response, but it can lead to high toxicity and systemic side effects,
since many cytosolic nucleic acid receptors are also found in non-
immune cells (e.g;, fibroblasts, endothelial cells, etc.).>*

Nucleic acid-sensing TLR3 and TLR9 are present as monomers
in the inactive form and the ligand binding induces dimerization
of these receptors. Ligand-induced dimerization brings in close
proximity cytoplasmic Toll/IL-1R domains of two receptors,
creating binding sites necessary to recruit adaptor proteins.

J. Mater. Chem. B, 2019, 7, 6321-6346 | 6323
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Fig. 1 Dendritic cell uptake of nucleic acid-delivering polymer nanomaterials and intracellular Toll-like receptors signaling inducing T cell activation.
Abbreviations: AP1 = transcription factor activator protein 1; DC = dendritic cell; IFNs = interferons; IRFs = interferon-regulatory factors; MHC = major
histocompatibiliy complex; MYD88 = myeloid differentiation primary-response protein 88; NF-kB = nuclear factor-xB; NPs = nanoparticles; pDCs =
plasmacytoid dendritic cells; TCR = T cell receptor; TLR = Toll-like receptor; TRIF = TIR-domain-containing adapter-inducing interferon-p.

The main adaptor proteins for the activation of diverse down-
stream signaling cascade are MyD88 (myeloid differentiation
primary-response protein 88) and TRIF (TIR domain-containing
adaptor protein inducing IFN-B).*" Differently, TLR7 and TLRS
are already present as dimers in the inactive form and the ligand
binding induce conformational changes that are necessary to
bring the cytoplasmic TIR domains in proximity for the activation
of the downstream signaling. The two major signaling pathways
induced following TLR activation are the MyD88-dependent and
the MyD88-independent (TRIF-dependent) pathways: they can be
distinguished by the different adaptor proteins recruited on
the cytosolic domain, which induce separate signaling cascades
ending with the activation and migration to the nucleus of
transcription factors. The MyD88-dependent pathway activates
the mitogen-activated protein kinase (MAPK) cascade leading
to the activation of the transcription factor AP1 and induces
the activation (and consequent nuclear translocation) of the
transcription factor Nuclear Factor-kB (NF-kB) inducing the
production of pro-inflammatory cytokines, such as TNF-a, IL-1,
IL-6 and IL-12.***"** NF-kB dimers are maintained in the cyto-
plasm in an inactive form by IxB proteins. TLR signaling cascade

6324 | J Mater. Chem. B, 2019, 7, 6321-6346

activates the IkB kinase (IKK) complex that phosphorylates IkB,
inducing its ubiquitylation and subsequent degradation. The
proteolysis of IkB releases NF-kB, which is thus activated and
free to migrate into the nucleus, where it induces the transcription
of several pro-inflammatory genes.** The MyD88-independent
pathway involves the adaptor protein TRIF and leads to the
production of type I interferons through the transcription factors
Interferon Regulatory Factors (IRFs). In particular, TRIF indirectly
induces the activation of the transcription factors IRF3 and IRF7
and also NF-xB.*' TLR7, TLR8 and TLR9 induce MyD88-dependent
pathway and pro-inflammatory cytokines production, whereas
TLR3 recruits both adaptor proteins MyD88 and TRIF, inducing
the activation of the transcription factors NF-xB, AP-1 and IRF,
with the subsequent production of pro-inflammatory cytokines,
such as IL-12 and IL-6, and also IFNs (IFN-o. and IFN-B) (Fig. 1).*

Despite structural similarity and recognition of comparable
molecular patterns, TLR7 and TLR8 are expressed on different
human DC subsets and their activation induces a dissimilar
cytokine array in different locations. TLR7 is expressed on
human plasmacytoid dendritic cells (pDCs), which are mainly
type I IFN producers, whereas TLR8 is expressed on human

This journal is © The Royal Society of Chemistry 2019
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myeloid DCs (mDCs, also called conventional DCs (cDCs))
where it stimulates the production of IFNs and pro-inflammatory
cytokines with Ty 1-polarizing effects (Fig. 1).*> Therefore, the
ligand- and location-specific cytokine secretion defines the pattern
of polarization of CD4+ T cells, inducing Ty 1 or Ty 2 immune
responses. For example, the pro-inflammatory cytokine IL-12p70 is
involved in Ty 1 and cell-mediated responses, which are useful
against intracellular pathogens and cancer, whereas IL-10 is
involved in the Ty 2 phenotype and antibodies production against
extracellular pathogens.'® Type I interferons are a family of cytokines
with antiviral activity, which are able to induce Ty 1-type
responses.’® Also, their activity has been related to the stimulation
of antigen cross-presentation to CD8+ T cells.*’”*® Besides the
production of cytokines, the maturation of DCs can be detected by
the increase in expression of costimulatory cell-surface receptor
markers such as CD40, CD80 and CD86, necessary for T cell
proliferation.>® Both cytokine production as well as surface-
marker analysis can, therefore, be used as an analytical read-out
of the effectiveness of a polymeric adjuvant formulation.

2.5 Nucleic acids as adjuvants: three classes

Among TLR ligands, nucleic acids (DNA and RNA) and their
synthetic analogs are promising candidates as vaccine adjuvants.
They show several favorable drug-like characteristics, such as
solubility, easy chemical synthesis and modification and many
well-developed analytical methods for characterization. Most of
their metabolites are natural components of DNA or RNA, preventing
accumulation in the body of toxic compounds, as it is commonly
observed as side effect for other small molecule drugs.*’

View Article Online
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Additionally, the discovery of several receptors for nucleic acids
opens the possibility of targeting specific pathways for tailored
vaccine design.*! Moreover, nucleic acids are able to induce Ty 1 and
CTL responses, useful for anticancer and antiviral vaccination.”® In
this review, we will focus on three main categories of nucleic acids
with adjuvant potential: TLR3-binding analogs of dsRNA, synthetic
small molecules agonists of TLR7/8 and CpG-motif-containing DNA
sequences binding TLRY (Fig. 2).

2.5.1 TLR3-binding analogs of dsRNA. The TLR3 natural
ligand is double-stranded (ds) RNA, which is not present in
cells but that can be found as genomic form of some viruses
(e.g., Rotavirus) and it constitutes a common product of viral
replication.*> One single molecule of dsRNA binds to the
ectodomains of two TLR3 receptors, which dimerize upon
binding, creating an A-form structure in which the dsRNA is
parallel to the endosomal membrane. The minimal length for
the dsRNA to activate the receptors is around 40-50 bp; with
longer sequences, a multivalent complex is formed, in which
more TLR3 bind to a single dsRNA molecule.*® Synthetic
analogs of dsRNA have been developed and tested as vaccine
adjuvants: they include polyriboinosinic polyribocytidylic acid
(poly(I:C)) and two poly(I:C) derivatives, namely poly-IC;,U
(“Ampligen”) and poly-ICLC (‘“Hiltonol”) (Fig. 2A).>

Poly(I:C) was the first synthetic dsRNA analog developed and
tested.”® Chemically, it is composed of one strand of riboino-
sinic acid polymer and of another strand of ribocytidylic acid
polymer. Two forms are available, low molecular weight (LMW,
length 0.2-1 kb) and high molecular weight (HMW, length
1.5-1 kb) poly(I:C), and both are able to bind TLR3, even if
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Fig. 2 Nucleic acid adjuvants: chemical structures of TLR3, TLR7/8 and TLR9 ligands.
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stronger activation was observed for HMW poly(1:C), probably
due to the induction of a bigger multivalent complex by the
latter.*! Poly(1:C) stimulates one of the strongest Ty 1 responses
among adjuvants, ideal for antitumor vaccination and against
pathogens that require a T cell component, such as HIV.***> In
particular, it induces high production of interferons and Ty
1-specific pro-inflammatory cytokines, together with high
expression of costimulatory factors on DC surface, leading to
strong activation of DCs and consequently induction of CTLs,
memory cells and antibody production.*®*®

However, clinical trials revealed the high toxicity of poly(1:C).*
Indeed, poly(I:C) activates not only TLR3 but also cytosolic
nucleic acid sensors such as MDAS5, which is ubiquitously
expressed also in non-immune cells.’>>" By this mechanism,
TLR3 ligands increase the expression of MHC class I also in
non-immune cells, raising the rate of self-antigen presentation,
which can cause tolerance impairment and autoimmunity,
especially in the presence of additional inflammatory stimuli
due to the induced strong immune response.”” In addition to
toxicity, the low in vivo stability of poly(I:C), due to nuclease
degradation, slowed down its extensive use as vaccine adjuvant.*®
Thus, modified variants of poly(I:C) were developed to reduce its
toxicity (poly-IC12U) and increasing its in vivo stability (poly-
ICLC), without affecting its potency. Poly-IC;,U (trade name
Ampligen, generic name rintatolimod) is a modified version of
poly(I:C), containing mismatched uracil residues.>® Despite the
mismatches reduce its in vivo half-life, this contributes to lower
its toxicity compared to poly(I:C), as it has been seen in clinical
studies in humans.>***> Moreover, differently from poly(I:C), poly-
IC1,U does not bind MDA-5.>® Other dsRNA analogs selective for
TLR3 (e.g., IPH 3102 and RGC100) are under development and
their clinical efficacy and safety are going to be tested in the
following years.”®> Poly-ICLC (trade name Hiltonol), the other
poly(I:C) derivative, is a complex of poly(I:C) condensed with
poly-i-lysine and carboxymethylcellulose.>® This modification
increases up to 10-fold the resistance to serum nucleases
compared to free poly(I:C).>* As the other components, it
promotes a strong immune response with Ty 1 profile, high
antibody and interferon production.*®

Clinical trials including poly(I:C) derivatives used specifically
as vaccine adjuvants are limited, since most of the studies
exploited them only as antiviral therapeutics. A study comparing
the efficacy of poly(I:C) and its derivatives as adjuvants in rhesus
macaques using the antigen keyhole limpet hemocyanin as a
model, evidenced a 3-fold higher activity of poly-ICLC compared
to poly-IC;,U, results consistent with the lower stability of poly-
IC,,U.*® Studies with tumor antigens showed that poly-ICLC
and poly(I:C) induce stronger Ty 1 immune response compared
to other TLR ligands, such as CpG and LPS.***%>”

2.5.2 Synthetic small molecules agonists of TLR7 and
TLR8. TLR7 and TLR8 exhibit high similarity in sequence and
structure and both recognize and bind guanosine- and uridine-
rich single-stranded RNA sequences (GU-rich ss-RNA), such as
RNA40 from the U5 region of HIV-1 RNA.*' Differently from
other TLRs, TLR7 and TLRS8 exhibit a dimer structure in both
unbound and ligand-bound form, but similarly ligand-binding
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induces conformational changes in the dimer that brings intra-
cellular TIR domains in close proximity, triggering the activation
of the signaling cascade. One ssRNA molecule binds to each
monomer of the dimer, creating a complex with a 2:2 stoichio-
metry. However, from crystal structure analysis, it has been
discovered that each TLR8 monomer does not bind the full-length
sSRNA but rather RNA degradation products, uridine mononucleo-
side and dinucleotide (GU), in two different sites. TLR7 exhibits a
similar activation mechanism, with guanosine, instead of uridine,
binding the receptor in the first site.*

For this reason, base analogs, such as purine and pyrimidine
derivatives, and synthetic small molecules (e.g., imidazoquino-
lines) can activate these receptors and are preferentially used as
agonists of TLR7 and TLR8 due to the rapid degradation of
natural ssRNA.>® In particular, imidazoquinolines is a class of
small molecules represented by imiquimod (R-837), resiquimod
(R-848) and derivatives with TLR7- or TLR8-specific or 7/8
bispecific activity. TLR7 can be selectively activated by nucleo-
side analogs: (1) Loxoribine, a guanosine ribonucleoside analog,
specific for human and mouse TLR7; (2) Bropirimine, an aryl
pyrimidinone analog; (3) Isatoribine (ANA 245), a guanosine
nucleoside analog, initially developed against HCV infection;
(4) AZD8848/DSP-3025, initially tested for asthma and hay fever
(Fig. 2C).>

Through the synthesis and screening of N1-modified imidazo-
quinolines, it was discovered that TLR8 selectivity can be obtained
with ethyl, propyl- or butylamino group as N1-substitutions,
whereas prolonging the aminoalkyl chain length to pentyl-
and p-methylbenzyl-increased affinity for TLR7.>® Additionally,
structure-activity relationship (SAR) studies showed that imida-
zoquinoline potency increases by introducing a C2-alkyl chain:
indeed, C2 substituents fit into a hydrophobic pocket present in
TLR7/8, as evidenced by X-ray crystal structure analysis (Fig. 2C).>>*

The most used TLR7-selective agonist, which activate pDCs,
is Imiquimod (R837: 1-(2-methylpropyl)-1H-imidazo[4,5-c]quinolin-
4-amine).>®  Gardiquimod (1-(4-amino-2-ethylaminomethyl-
imidozo[4,5-c]quinolon-1-yl)-2-methylpropan-2-ol) is similar to
imiquimod and selective for TLR7 when used at a concentration
lower than 1 pg ml~".*' CL075 (3M-002) is a TLRS8 selective
agonist at a concentration lower than 0.1 pg ml ' and it is
characterized by the absence of the N1-isobutyl group, typical
feature of TLR7 agonists.”®" Among base analogs, VTX-2337
(trade name Motolimod) is a small molecule selective for TLRS,
able to stimulate mDCs. Contrarily, resiquimod (R848: 4-amino-
2(ethoxymethyl}-o,a-dimethyl-1 H-imidazol[4,5-c]quinoline-1-ethanol),
a bispecific TLR7/8 agonist, and its derivative CL097 are able to
activate both TLR7 and TLR8 (Fig. 2C).>*%>%

Clinical trials using these molecules were initially investigating
their antitumor and antiviral activities.>® Late