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During the past two decades, there have been significant advances in nucleic acid carriers modified by histidines or
histidine-rich domains. There are several properties of histidines, primarily emanating from their buffering of acidic
endosomes, which augment transfection. These roles from protonated histidines include osmotic swelling with lysis of
endosomes, unpacking of the carrier complex, and release of the nucleic acids to enable the carrier to interact with the
endosomal membrane. Histidines or histidine-rich peptides have been incorporated into polymers, conjugated to lipids,
phages, and mesoporous silica particles, as well as formed shields around nanoparticles. These carriers have
demonstrated significant potential to import into the cytosol different forms of nucleic acids including plasmids, siRNA, and
mRNA.
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| 1. Introduction

Histidines incorporated into carriers of nucleic acids may enhance the extracellular stability of the nanoparticle, yet aid in
the intracellular disruption of the nanopatrticle, enabling the release of the nucleic acid. Moreover, protonation of histidines
in the endosomes may result in endosomal swelling with subsequent lysis. These properties of histidine are based on its
five-member imidazole ring in which the two nitrogen atoms may form hydrogen bonds or act as a base in acidic
environments. A wide variety of carriers have integrated histidines or histidine-rich domains, which include peptides,
polyethylenimine, polysaccharides, platform delivery systems, viral phages, mesoporous silica particles, and liposomes. In
the review [, we have divided histidine-rich carriers of nucleic acids into several categories (see below). These histidine-
rich carriers or their polyplex cores may be further modified by PEGylation, cross-linkers including oxidized cysteines, or
targeting ligands to enhance transfection.

| 2. Histidine-Lysine Carriers of Nucleic Acids

With the single repeating subunit-containing both DNA-condensing and pH buffering properties, polyethylenimine and
polyamidoamine are efficient nucleic acid delivery agents. Except for altering the degree of branching, the binding and
buffering properties of the two polymers cannot be readily varied. Consequently, there may be an inherent inflexibility of
these polymers, which have a single repeating subunit with two or more functional features. In contrast, the ratios of
histidines/imidazoles and lysines can be readily modified, affecting the ability of these histidine-lysine carriers to transport
different forms of nucleic acids. Whereas cationic lysines bind to the negatively charged phosphates of nucleic acids,
histidines and imidazoles have a number of roles as delineated in the introduction. Several studies have demonstrated the
efficacy of nucleic acid carriers consisting primarily of histidines and lysines [RBI4EIE, The seminal study of Midoux and
Mosigny launched the field in which they incorporated the histidine moiety into a polylysine transfection carrier (Figure 1a)
to enhance gene expression in cell culture 2. Moreover, our lab demonstrated that specific sequences of histidines and
lysines were important in the transport of nucleic acids 4l (Figure 1b).
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Figure 1. Chemical structures of selective histidine-rich polymers. (a) Histidylated polylysine, (b) four-branched histidine-
lysine peptide with a 3-lysine core, (c) protonated and buffering subunits (Gtt-H, Stp-H, and Sph-H) incorporated into
linear and branched polymers, (d) urocanic-modified chitosan, (e) cyclodextrin-containing polycation modified by two
imidazole groups, (f) the imidazole ring of polyhistidine modified by methylation. The number of unmodified (X) and
modified (Y, Z, X’) monomeric units in the polymer (a,d—f) are indicated.

| 3. Beyond H-K Peptides and Polymers

In addition to lysines, other amino acids and modifications have been incorporated into histidine-rich peptides and
polymers to improve these carriers of nucleic acids. Amino acids such as leucine, alanine, ornithine, and arginine, as well
as non-amino modifications including diethylamines or aminoethyl modified histidines, have been used [EIL011][12]
For example, Lachelt et al. examined several linear and branched cationic oligoethanamino amide as carriers of plasmids
(Figure 1c) 19, Instead of lysines that bind to nucleic acids, the cationic segments of these oligoethanamino amide
polymers were made up of diaminoethanes, the same repeating motif that is in PEI.

There are also several examples of histidine/imidazoles or histidine-rich peptides, which have been added to parent
carriers such as PEI, PAMAM, TAT, chitosan (Figure 1d) and cyclodextrin (Figure 1e), to enhance the delivery of nucleic
acids L3467 Histidine/imidazole-containing peptides have been added to the parent non-biodegradable and
biodegradable carriers for several reasons. For non-biodegradable carriers such as PEI, an unheralded role of histidines
is its ability to reduce the toxicity of polymers and polyplexes [L3Il14I18] By conjugating imidazoles to branched PEI,
reduced toxicity of the modified PEI was observed in vivo and was mediated by a decrease of cytokines, chemokines, and
reduced liver injury 131,

| 4. Modification of Polyhistidines

When the pH is above 6.0, the solubility of polyhistidine is greatly reduced and the stability of such polyplexes remains a
challenge. Thus far, several strategies have been discussed that have incorporated lysines or other cationic agents with
histidines/imidazoles in carriers to bind DNA and increase the solubility of the carrier and the polyplex. Alternatively, there
have been approaches to enhance the solubility and stability of polyhistidine polyplexes, particularly when these are
formed at neutral pH. These modifications of polyhistidine include PEGylation, glycosylation, amination, methylation
(Figure 1f), and most recently, by carboxymethyl groups 28!,

| 5. Lipopeptides

Lipopeptide or lipid-peptide hybrid carriers form micelles alone and in complex with nucleic acids. Since the earliest report
of lipid-peptide hybrids, these hybrids have evolved into an important area for histidine-rich polymeric carriers. For
instance, Porosk et al determined that some histidine patterns that were N-terminal to the KALA group were effective
carriers in vitro and in vivo. After a single intravenous injection, one histidine-containing analog silenced factor VIl in the
liver of mice by about 60% compared to untreated controls 29, Alternatively, Li and colleagues co-delivered in histidine-
rich micelles a siRNA targeting PD-1 and a small molecule inhibitor (methyl-tryptophan) to reduce tumor size 29,



| 6. Lipopolyplexes/Lipoplexes

Histidine-rich peptides combined with cationic liposomes (lipopolyplexes or lipoplexes) are closely related to histidine-rich
peptide-lipid hybrids. Several studies have demonstrated the efficacy of using these histidine-rich carriers. Of particular
interest is their promise as carriers of mMRNA vaccines targeting cancer. In these reports, decorating the liposome surface
with a “tri-antenna of a-D-mannopyranoside” (Tri-man) improved the specificity of the mRNA vaccine toward dendritic cells
compared to those decorated with mannose and markedly improved the antitumor response. This platform has significant
promise as a delivery system for therapeutic cancer vaccines in humans 24,

7. Pre-Formed Nanoparticles and Virus-Like Particles Modified with
Imidazoles

In addition to liposomes, non-liposomal preformed vectors have been modified with imidazoles/histidines or histidine-rich
peptides as carriers of nucleic acids. These preformed nanoparticles include mesoporous silica particles (MSN) and viral-
like particles. In one report, imidazoles were conjugated via a Schiff base linkage to mesoporous silica nanopatrticles to
enhance the delivery of survivin shRNA-expressing plasmids and doxorubicin to tumors. The imidazole MSN
nanoparticles co-delivering the survivin-shRNA and doxorubicin completely inhibited the growth of the tumors (22,
Alternatively, an imidazole-zinc framework of a few nanometers of thickness, which covered the surface of the
mesoporous silica hanoparticles, enabled the efficient loading of siRNA 23],

| 8. Conclusion

Over the past 20 years, there have been significant advances in nucleic acid carriers modified by histidines or histidine-
rich domains. There are several properties of histidines, primarily emanating from their buffering of acidic endosomes,
which increase transfection. Thus far, histidines or histidine-rich peptides have been incorporated into polymers,
conjugated to lipids, phages, and mesoporous silica nanoparticles, as well as formed shields around nanoparticles.
Although the addition of histidines to diverse nanoparticles has markedly improved their transfection, understanding the
interactions of histidine-rich domains with nucleic acids and biological membranes will likely be necessary to realize the
full potential of histidine-modified nanoparticles.
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