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The immune system is critical in safeguarding human health against a variety of external and internal threats,
yet its dysregulation can lead to serious diseases such as autoimmune disorders and cancers. However,
recent years have witnessed notable progress in immunotherapeutic interventions, including the
development of novel modalities such as messenger RNA and DNA vaccines, immunotherapies using
immune checkpoint inhibitors, and personalised dendritic cell vaccines. To optimise the delivery of these
promising therapies, there is a growing interest in understanding how to target efficiently immune cells
and immune-rich organs. Among the various delivery systems explored, synthetic polymers have
emerged as versatile platforms, offering tuneable properties to modulate the immune system effectively.
Poly(beta-amino esters) (PBAEs), characterised by their pH-dependent degradability and nanoparticle-
forming capabilities, have gained significant attention as a promising delivery system in immunotherapy,
immune-oncology, and vaccination. This review evaluates recent advances and applications of PBAEs in
immunology. Beginning with an overview of synthetic methodologies, we cover their utilisation for
nucleic acid, small molecule, and protein delivery, addressing therapeutic challenges associated with the

immune system. We explore the diverse monomer chemistries employed in these applications and
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Introduction

The immune system is central to many aspects of human health
and disease. Its primary role is to detect, eliminate and protect
from external pathogens (e.g. bacteria, parasites, fungi and
viruses), environmental threats and endogenous diseases such
as cancer."* However, the immune system is also a key mediator
of disease, including multiple autoimmune disorders (e.g.
Addisons disease, Graves' disease, Hashimoto's thyroiditis, and
rheumatoid arthritis) through an overactive or misplaced
immune response, immune deficiency and cancers in immune
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cells (e.g multiple myeloma, leukaemias and lymphomas) or
their progenitors.>® Many of these can be severely debilitating,
life limiting or cause death. Yet, the immune system can also be
exploited for prophylaxis or therapy, with its role in vaccination
widely utilised and increasing recognition that the immune
system can be harnessed to eliminate classically untreatable
disorders.®*” The multifaceted role the immune system plays
therefore opens the possibility for a spectrum of therapeutic
targets, and a range of modalities to treat them directly or
reprogram the immune system itself to treat or prevent disease.

In the last decade alone, we have seen breakthroughs, clin-
ical trials and in some cases acceptance, of many critical
immunotherapeutic or prophylactic modalities ranging from
conventional small molecules, proteins, nucleic acid therapies
and cell therapies. These include the first licensed messenger
RNA and DNA vaccines, immunotherapies adjuvanted with
immune checkpoint inhibitors, personalised dendritic cell
vaccines and genetically engineered immune cells such as
chimeric antigen receptor — T cells, with many of these revolu-
tionising the outcomes for patients.**>

To minimise negative effects and bolster efficacy of these
new therapeutic modalities, understanding how to deliver them
efficiently to immune cells and immune rich organs has
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become of significant importance.**** To date. Researchers have
investigated many classes of delivery system, ranging from
lipid-based particles, inorganic materials, electrospun fibres
and hydrogels to name a few, which can be administered
through injection, implantation, inhalation and more.">"
Among these delivery approaches, polymeric materials have
also emerged as a highly functional delivery platform, which
can be tuned to target or directly modulate the immune system
for therapy.’*>* Synthetic polymers are ideal for such applica-
tions as their versatile chemistry (molar mass, architecture,
monomer composition, monomer sequence) enables them to
be tailored for specific applications.?***** Furthermore, the
ability to impart biodegradability, and responsiveness to
endogenous stimuli make them advantageous for biomedical
applications. Indeed, there are several reviews which highlight
key aspects of synthetic polymeric materials in immune related
applications, with notable examples including immune
instructive and targeting glycosylated synthetic polymers,
delivery of immunostimulatory compounds through polymer
drug conjugates and adjuvants for vaccines.*

This review focuses on recent advances in poly(beta-amino
ester)s (PBAEs) a class of synthetic polymer, containing
repeating tertiary amines, which have been considered as
promising delivery systems in immunotherapeutic, immune-
oncology and vaccination applications. PBAEs have numerous
advantages as a drug delivery system, including their intrinsic
pH-dependent degradability through chemical hydrolysis and
excellent ability to form nanoparticles with negatively charged
molecules.>*® Initially synthesised via a Michael addition-
based step-growth polymerisation by Chiellini in 1983,* based
on the seminal work on the analogous poly(amidoamines) by
Ferruti in 1970,*' their popularity in the following years has
spurred from their excellent performance as non-viral vectors
for genetic material due to their polycationic nature, first
demonstrated by Langer et al.**** Since these pivotal findings,
hundreds of publications now report PBAEs as delivery systems
not just for nucleic acids, but numerous biologically important
macromolecules and chemotherapeutics, with many focusing
on immune related applications.*®****” Here, we review and
critically analyse the literature of PBAEs developed for, and used
in, immunology applications. We first cover the basic synthetic
methodology for producing PBAEs, followed by a comprehen-
sive review of PBAEs used for nucleic acid (including DNA,
mRNA, oligonucleotides and nucleic acid adjuvants), small
molecule and cell delivery, which have tackled a therapeutic
challenge associated with the immune system. We discuss
aspects related to the monomer chemistries utilised for these
applications and evaluate PBAE use in advanced applications,
including mRNA and DNA vaccines, cancer immunotherapies
and immune cell reprogramming approaches. We believe this is
the first review on this topic hence have covered all the existing
literature we could identify. We selected studies which
employed PBAEs either for a direct application in the immune
system, or fundamental studies to optimise delivery to immune
cells. Finally, we conclude by discussing future considerations
for PBAEs in immunology applications and avenues for further
exploration.
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Synthesis and tunability of PBAEs

The most popular way to synthesise PBAEs is aza-Michael
addition polymerisation between amines and diacrylate esters
(Fig. 1a). This involves a very simple synthetic protocol, and the
reaction does not lead to many side products, so the final
product does not require extensive purification and may be used
directly for biological assays.”® Another advantage of aza-
Michael addition polymerisation is the vast availability of
commercial monomers as different di-, tri- and tetra-acrylates
as well as amines. Therefore, this highly atom-efficient poly-
merisation allows researchers to produce easily a large library of
PBAEs and to optimise for delivery of a desired cargo for
a specified application. Since the first reports, many hundreds
of PBAEs have been synthesised and tested as delivery vectors
for nucleic acids, which have been summarized in numerous
review papers.”®***$-> Beside nucleic acid delivery, many other
macromolecules and small drugs have been successfully deliv-
ered by PBAEs.*>*™*

Aza-Michael addition, the mechanism behind PBAE
synthesis, obeys third order kinetics (second order in amines
and primary in acrylates) and occurs very rapidly even at room
temperature.*>*” However, as polymer synthesis requires nearly
quantitative conversion of monomer reactive groups, polymer-
isation is usually conducted at elevated temperature (40-110 °C)
to shorten the reaction time to around 12-24 h. Importantly, as
aza-Michael addition polymerisation is third order, its rate is
strongly dependent on substrate concentration and so a high
concentration of monomers is required to ensure the desired
conversion to polymer within a reasonable time. Another
advantage of a high monomer concentration is a reduction in
the side product content. All step growth polymerisations,
including aza-Michael addition polymerisation suffer from
a formation of undesired macrocyclic compounds,**° and the
contribution of macrocyclization reaction over polymerisation
is promoted at low monomer concentration.>** Usually, these
macrocycles may be easily detected in size-exclusion chroma-
tography (SEC) traces as very narrow peaks at low molecular
weight, and the cyclics can be removed via dialysis.**** Unfor-
tunately, this requires an additional purification step, therefore,
it is more convenient to prevent macrocycle formation by
applying as high concentration of monomer as possible.
However, the high concentration of the growing polymer may
lead to very high viscosity of the reaction mixture.

Another crucial parameter in planning PBAE synthesis
through aza-Michael addition polymerisation is solvent selec-
tion. Primarily, all monomers and polymeric products should
be fully soluble in the chosen solvent to assure a proper course
of polymerisation. A precipitation of oligomers and short
polymers may suppress formation of high molecular weight
polymers, whereas low solubility of monomers requires a high
solvent volume, thus low monomer concentration slowing
down the reaction and increasing cyclic side product forma-
tion.**** The most popular solvents for aza-Michael addition
polymerisation are CH,Cl,,>***” THF,**> DMF,*® and DMSO.*>*
Alcohols are generally avoided due to hydrogen bond formation
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(a) The most popular routes for PBAE synthesis through aza-Michael polyaddition reaction together with the subsequent end-group

modification via further aza-Michael or thia-Michael reactions. Examples of widely used functional groups used to tailor PBAEs properties for
specific drug delivery applications. The Carother's equation allows estimation of DP of the final polymeric product in step-growth polymerisation.
(b) Synthesis of branched PBAEs and examples of the most exploited multifunctional monomers.

between solvent and amines, which lowers their reactivity
toward acrylates slowing down aza-Michael addition. Consid-
ering the potential toxicity of the residual solvent in the final
polymer, DMSO seems to be the best choice due to its relatively
good safety profile. Additionally, the most common way of
handling PBAEs is a preparation of a concentrated stock solu-
tion in DMSO, which is subsequently diluted in an appropriate
buffer. Another popular approach is aza-Michael addition
polymerisation without solvent, which is possible because most
monomers are liquids.®* Such a methodology allows for the
highest monomer concentration thus the highest reaction rate
and the lowest fraction of cyclic by-products.

It has been shown that the type of terminal groups®* and
the molecular weight of PBAEs**® have an enormous impact on
the delivery efficacy and toxicity, therefore these parameters
need to be carefully fine-tuned for a targeted application. In aza-
Michael addition polymerisations, these may be easily
controlled by a simple manipulation of monomer ratio, and the
degree of polymerisation (DP) of the final product may be esti-
mated using Carother's equation (Fig. 1a).°”*® However, one
should keep in mind that this prediction assumes a quantitative

852 | Chem. Sci., 2026, 17, 850-879

monomer conversion into the polymer without side reactions.
In general, the longest polymer may be obtained using mono-
mers at the exact stoichiometric ratio, and an increasing excess
of one monomer decreases the molecular weight of the product
terminated with the monomer used in excess. The most popular
way for end-group modification with both small molecules and
other polymers (end-capping) is via aza-Michael addition reac-
tion with excess of bis-acrylic monomers leading to polymers
terminated with activated double bonds (Fig. 1a). These groups
are then accessible for further functionalization via subsequent
thia-Michael and azo-Michael additions.**”* It is important to
not leave uncapped acrylic end groups as these have been
shown to limit nucleic acid delivery.*>”*

The numerous commercially available primary amines and
bis-acrylates allow us to explore a wide landscape of chemical
functionalities of PBAEs and to tailor their structure for
a specific application. For instance, one may synthesize a library
of PBAEs characterized by a range of hydrophobicity, hydro-
philicity (Fig. 1a), and an overall hydrophilic-lipophilic balance,
to balance toxicity and efficacy. Usually, the introduction of
strongly hydrophobic groups to polycations stabilizes particles

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05951h

View Article Online

Chemical Science

Review

¥'2dD 01 A19A1[9P

aseIajIoN|

ot 103 3d20u02-§0-§0014 (r'z0a) s1122 dn1pUaa UIpooUa VN W I19310doy - ED\/\/D.: § golT
sDAV 8cad-nue pue (ZdII-SIq SN
BIOYNIE Uk SB UONBATIOR S[[99- ue d3-3 ‘IS-3 H
10T [eryn neAn [92-L  pue 00Td3-31q9a ‘1S-819>1) G O\/\/O %/\/\/% o1
[[99-1 - Jowmnuy S, OHIN suadnuy ¥ HN NH
[[99-L £ ~
poqnue 3unadie) z\/_
00T ojul sauad yvo Junadie) S[[99-L H 6
: : Zurpoous N N Ho
-eruIanaf jo Juronponug +AVO SUIposus VNA F\ ~ ﬂm SN
Kemyyed 3ureudis ~
66 (DNILS) 21705030 213 Jo - s10UIN) EWOUE[DW 9TH sapnoafonur ﬁmohw noMu ) zr\\/_z/\/\n HO W/\/\Jm »
uone[NUWNS — S[[99 I9dUED PROS[PRULP DIPAD /.% é
adfyouayd sadeydoioew
¢ SINV.L 10308
MNI-TIA 03 sadeydoidew BUWOISE[OI[3 ~
¥ uonduosuen Jurzirejod z\/_ /
MI[-¢IN Jo Surwuurerdordal ‘ewroue[owW T aur ou:o. : w F\z/\/\n xQ/\/\% g v
— S[[992 I90URD ‘190UBD UBLIBAQ TS VNA ﬂm
ﬁ<>0u HO  asouuepy
e ado3rda osgroads juasaxd sadeydooewr SUIDOSUS d HO, OH
86 pu® L6 03 s[[oo Surwwrerdoidax ‘L P9TMVE VAO SHp vNa HO A~ \/\n xo/\/\J,h 5 "9
~ UOIIBUIDORA o e N %.
sadonda T-A0D-SIVS
96 0 mmw\wommﬂ wMMNMMMNMH (7"2DQ) s1199 snpuaq Jo pisdesoa[onu ay) pue " »S
: axids ay3 Surpoous yNad - S HEE ey mﬁ\/\/%
- UOTRUIDIRA 1A Ot SUIPOIUs VNA /A\/ow‘/\ ¥
ST[99 I Aq pasTudooar
3q 03 (Zd4L ‘VAO)
S6 adojrds osgroads juasaxd S[[90 onupuag e SUIDOSUS N&mwm . Y H P,
01 s[[o0 SurwrwrerSoxdax PUE VAO ou1p VNA :z/\,mo\/Yz% HO NN mﬁ\/\%
— UONBUIDIBA
adfyouayd Lavo
- Seyd )
6 ST-TIN 03 SaseyCoE sadeydoioeN og1oads-zgqig 3urpooua " W€
MNI[-¢N Jo Surwrwrerdoidax : spndad 7o Nxz/\mm \/Yz :o\/\/\% _m/\/\% q
~ owny ureig VNd + apndad z81-dd o Y
S[[99 MN pue I jo fowm ZT-Un[nafIajur pue |
-ul I H H
€6 jye1dousx pue S[[d N N N T
onenwns - [erown -p Surpo. d SN NN E »
uopgnmuwns - [elownnuy SUOUEoW OT-0Td T199T-¥ 3urpooud yNQ - Vm zo\/\/mM
TIVIL
26 932103s A[[€20] 03 S[3 §[190 19585 ZodoH urajoxd .
I2A1] Jo Surwwrerdordax TIVILS Surpooua VYNQD H H E »
HO
— 190UBD I9ATT g % \/\%
‘799 398183 onnaderay, S[[e0 3031R], ad£y o31en 23 ed/cd ‘ON

- |
¥ u ! 2
A o, .0 N 0., .0 A
(o] (o] (o] (o)

€

uonedndde yueasial Abojounwiwi Ul S3ygd JO sajdwexa payda)as T alqel

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
"INd TS:02'T 9202/62/9 UO papeo|umoq ‘G20z Jequisddd QT UO paus!idnd 901l ssady uedo

Chem. Sci., 2026, 17, 850-879 | 853

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05951h

View Article Online

Review

Chemical Science

s103da031 G-VAN Pue €4IL

"spnIedoueu prqdy pidij-avdd , "PorenISUOWSP Udaq SeY ADedyJod oala uf ,,

10 HO
Seud AT u H ) 0.
ort JO UONBANOE — [RIOWNIIIUY SICBUCOEN (0:Ddtod \O/%\IOW‘/\sz Hﬁz\/\zMh A~ O O A £
|
spidi] yam sopnredoueu (woroafur
PICll ﬁ.t. [l Ie[nosnurenur) saosnuu u12301d0dA}3 sniia
601 R 5)5E[qOATU SULINW sa1qe1 Surpoous es °HN N g9t
SOIqeI SUTPOIUD YNYES SISTIq § q P VNA SN Iy HO
: : 2TDTD U0 SuruaaIng H \ Lo oA %
Aiaanop wnIEyIopu 3un 910 ’HN n Q\/& /OVAQ
801-90T 3uny 105 3doou02-30-§001d fotop & Burpoous yNgw Sunioday N u% © goST
NIz/\/z\/\ZNI
£ JI[eS3t dvdd jo
SoT asuodsax ocwﬂmmﬁmw«mﬂ_w&m S[[@9 onLIpUd @UMM\MM ) 192 A1oje[nwunsounuuy ~ + f\zf g BT
-uadnue jo GQM.\EU.Q H,obmﬁ.:vwc% Uummovm + (d42) utor01d D n :o\/\Jm \ ’
: S 4 10310d01 € Surpodus yNJIW SN § §
HO'
-od
boT 6d1L soSeydoroe iy (VNao-5dD) o1
JO UONBANOR — JoWMNUY apnospnuodio ody 0 —eeeeee HN NH
J[os1 avdd jo
cot Aemyed gy-AN  s[[o0 aSeydoioew ‘leng  309j9 AI0jR[NWNISOUNTUWIIT -
PUE ¥TL JO UOHBANOY -MVY PUB £ FOTMVA FYNES O\/\/O g
21B1)SqNS-IADIP [01IUOD HN NH
‘194 303183 onnaderayy, ST[99 3931e, 2dfy o3xep iz} €d/cd 251 ‘ON
€

?r_

A o, .0

AN O
(o] (o]

d
|
z/\/__\o,r \oJ_\/W\E
y
o) o)

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd TS:02:T 9202/62/9 U0 papeo|umoq "SZ0g Bqused OT Uo paus!ignd 801y sseody usdo

(‘Pu0cD) T o1qeL

© 2026 The Author(s). Published by the Royal Society of Chemistry

854 | Chem. Sci, 2026, 17, 850-879


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05951h

Open Access Article. Published on 10 December 2025. Downloaded on 6/29/2026 1:20:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

but also increases their toxicity.””*7® Furthermore, functional
monomers containing different bases like tertiary amines,
imidazole, or morpholine may be used to fine-tune pK, of
PBAEs, thus their behaviour at low pH.”® For example, it has
been shown that carrier pK, values play a key role in nucleic acid
delivery, potentially due to the proton-sponge effect after transit
of the polymer/nucleic acid complexes to endosomal compart-
ments, and the influx of protons during the endosomal matu-
ration process which may enhance escape of the complexes into
the cytosol.””’® Another broadly applied functionality in the
PBAE family of materials is the disulfide bond, which can be
installed in the polymer main-chain, and which is reported to
be cleaved intracellularly by high cytosolic concentrations of
glutathione.”®" In turn this results in the breakdown of the
PBAE into smaller fragments, which bind nucleic acids less
effectively,  resulting in  enhanced cargo release
intracellularly.®>* To further explore the chemical structures of
PBAEs, the degree of branching may be tailored by tuning the
ratio between bis-functional monomers and multi-functional
ones (Fig. 1b),**®* which may lead also to hydrogel
formation.****

Intrinsic immunogenicity of PBAEs

The majority of this review covers PBAEs as delivery systems for
therapeutic cargos (e.g. nucleic acids and proteins) which can be
used for immunology related applications.'*>'** However, the
intrinsic immunogenic properties of PBAEs should also not be
ignored. Polycations are now known to interact strongly with cell
membranes stimulating a downstream pro-inflammatory
cascade, which could therefore have unique adjuvant proper-
ties, especially when combined with a therapeutic modality.******

To this end, Jewell and co-workers have reported three elegant
studies examining the intrinsic immunogenic properties of
PBAEs, evaluating the mechanism and relationships with PBAE
structure.'®>"**'"” Their first study aimed to identify the role of
polymer degradation in the intrinsic immunogenic properties of
PBAEs."® This is critically important because PBAE delivery
systems are likely to undergo degradation into smaller fragments
which may attenuate the biological response of the original
PBAE. They found that PBAE particles, produced from a PBAE
based on 1,4-butanediol diacrylate and 4,4'-tri-
methylenedipiperidine (Table 1, entry 12), formed through elec-
trostatic interaction with a SIINFEKL peptide antigen to mimic
common vaccine approaches, strongly activated dendritic cells,
promoted antigen presentation, and enhanced T cell prolifera-
tion. Interestingly, the immunostimulatory effects varied with
polymer molecular weight, showing maximal stimulation at early
degradation stages corresponding to high molecular weight,
which diminished as degradation progressed. In contrast, free
polymer exhibited no immunological activity. In mice, their PBAE
particles increased the numbers and activation state of cells in
lymph nodes. Mechanistic investigations revealed that this
evolving immunogenicity correlated with changes in particle
physicochemical properties and concentration during polymer
degradation. This study highlights that the immunological
profile of degradable synthetic polymers is highly dependent on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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molar mass/degradation, an important feature given the step
growth polymerisation of PBAEs.

The effect of molecular size on immunogenic properties of
PBAEs was further investigated in a follow up study where a small
range of PBAEs with varying starting molar masses but compa-
rable and rapid degradation rates was synthesised."” Treatment
of primary DCs with free PBAEs, whether intact or degraded into
low molar mass fragments, did not induce activation. Conversely,
particles formed from PBAEs at various stages of degradation
elicited distinct expression patterns of classical DC activation
markers (e.g., CD40, CD80, CD86, MHCII) and antigen presen-
tation. Throughout degradation, the levels of activation varied
alongside changes in physicochemical properties (e.g., MW,
concentration, size, charge). Notably, regardless of the initial
molar mass, immunogenicity peaked when the MW of degrading
PBAEs decreased to 1500-3000 Da (Fig. 2).

The mechanism behind these findings was then investi-
gated, using PBAEs either in soluble form or complexed with an
siRNA (DsiRNA) which does not bind to any part of the human
or mouse transcriptome.'® It was found that PBAE complexes
were able to stimulate expression of CD40, CD80, and CD86,
however expression of proinflammatory cytokines IL-6 and IL-
10 was not shown. Furthermore, investigations in TLR
reporter cell lines, for TLR3, TLR7 and TLR9 indicated no acti-
vation of these pathways above the negative control using PBAE
polymers or complexes with DsiRNA. Examination of the IRF
and NF-kB pathways in RAW 264.7 macrophages revealed IRF
activation using PBAE polyplex nanoparticles, which although
are commonly downstream of TLR activation, seems to be
independent of these. Although not directly identified in this
study, it is clear that PBAEs can activate moderate immune
responses in macrophage cells, but not in dendritic cells as
shown in their previous work. Further studies could involve
transcriptomic analysis to identify putative mechanisms.

Delivery of nucleic acids

Nucleic acids exhibit many purposes for the propagation and
function of life, most commonly for information storage via
DNA in the genome, or as relays to produce functional proteins
(though mRNA and tRNAs) from stored genetic information."*®
Nucleic acids have been a critical target for medicine for
decades, using small molecule drugs which can disrupt the
structure or chemistry of DNA."®" These concepts have been
the cornerstone for treatment of cancers and other diseases,
including immune related malignancies. More recently, nucleic
acids themselves have been recognised as a therapeutic
modality. Examples include mRNA and plasmid DNA to instruct
expression of a desired proteins or miRNA, siRNA and antisense
oligonucleotides that can be employed to suppress expression
of disease related proteins.”**** These nucleic acid technolo-
gies have created the possibility for selective therapies which
can reduce the off-target effects which can be observed with
conventional small molecule therapeutics and which contribute
to their side effects and poor tolerability.*>**>*

Within the context of the immune system, nucleic acids have
been utilised in a few key prophylactic or therapeutic indications.
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augmenting the immune response against targeted cells.

Due to their ability to express any desired protein, antigens
encoded by DNA and mRNA have been widely explored as tune-
able vaccines against infectious disease or immunotherapies
against cancer, whilst oligonucleotide therapies can be utilised as
immune checkpoint blockade. The vulnerability of naked nucleic
acids to degradation by endogenous nucleases and poor associa-
tion with cell membranes necessitates the use of a delivery vehicle
to transport these fragile molecules to their intracellular targets.'
The most popular of these have been lipid nanoparticles (LNPs)
which are 50-200 nm self-assembled complexes composed of
various lipid components.””* These operate by condensing
nucleic acids into core-shell nanoparticles, protecting them, and
enhancing translocation across the cell membrane. Despite LNPs
being the most clinically advanced delivery approach, given their
application in Onpattro (an LNP-siRNA therapy for hereditary
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transthyretin-mediated amyloidosis) and the mRNA COVID-19
vaccines, SpikeVax and Comirnaty, there is a need for alterna-
tive delivery approaches.”” Furthermore, LNPs current have
a tight intellectual property space and may not possess the
chemical diversity for all delivery challenges.

As mentioned above, PBAEs are highly versatile biodegradable
polymer scaffolds, that can be controlled in terms of polymer
backbone chemistry, pendant chain and end-groups, and which
have been used in a variety of applications.”*** The ionisable
amine in the polymer backbone can be protonated at physiological
PH or lower into polycations, enabling PBAEs to form electrostatic
complexes with negative charged nucleic acids, sometimes called
polyplex nanoparticles, as an alternative gene delivery approach to
LNPs (Fig. 3).*>** This was first achieved in 2000, when Lynn and
Langer published their two pioneering studies combining a broad

© 2026 The Author(s). Published by the Royal Society of Chemistry
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range of diacrylate and amine monomers to produce high
throughput combinatorial libraries and enabling them to screen
the effectiveness of PBAEs for in vitro DNA delivery efficacy.*
Following the foundation of PBAEs in the gene delivery field,
hundreds of reports focusing on PBAEs as effective delivery systems
for different nucleic acid cargos have now been published.®*'** As
discussed previously, this adoption into the gene delivery scene is
largely due to the ability to tune the materials chemistry and encode
specified release nucleic acid release mechanisms which cannot
easily be achieved for other polymer or lipid delivery approaches.
The progression of nucleic acid therapeutics towards immune
applications, such as immunotherapies and vaccines, has therefore
led to the investigation of many PBAEs in immune cell applica-
tions. In this section we discuss the state-of-the-art literature of
PBAE design for nucleic acid immunology related applications.

DNA

DNA therapies most commonly consist of circular plasmid DNA
to induce expression of a specified protein. Depending on the

© 2026 The Author(s). Published by the Royal Society of Chemistry

DNA sequence, expression of the desired protein can be ach-
ieved either transiently for applications including protein
replacement therapies, vaccines for infectious disease, or
instead permanently to replace faulty genes in hereditary
disorders and to train various immune cells (e.g. dendritic cell
or T-cells) to eliminate cancers. Due to the necessity to deliver
DNA to the nucleus, either episomally or for integration the
genome, the most prevalent delivery approach has been
through adeno-associated viral (AAV) vectors.*"**> However,
packing limitations on the nucleic acid size in AAVs, difficulties
surrounding large scale biological manufacture, and concerns
around vector mediated reactogenicity has therefore shifted
attention to non-viral delivery approaches, including
PBAEs.'**%* In this sub-section we discuss advancements in
PBAE design for DNA delivery to immune cells or for applica-
tions in immunology.

One of the key advantages of PBAEs is their tuneable
chemistry, both in the pendant chain and end-groups. This
enables researchers to be able to decorate the resulting DNA
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polyplex nanoparticles with the desired surface chemistries,
which could enhance trafficking and localisation on to immune
cells to improve delivery specificity. Pfeifer and co-workers®”
used this approach to great effect by employing a two-step
approach to introduce mannose residues at the PBAE end
groups (Table 1, entry 6). They first generated a small library of
acrylate terminated PBAEs using different alkyl aminoalcohols
and aliphatic diacrylates. The acrylate end groups were then
first transformed into amine functionality then further with
allyl-a-p-mannopyranoside to enhance potential uptake in
antigen presenting cells (APCs) and macrophages, which over-
express mannose binding receptors. In vitro gene delivery assays
using DNA polyplexes derived from the mannose PBAEs
revealed a significant improvement in uptake and transfection
efficiency within RAW264.7 macrophage cells compared to non-
mannosylated controls. Furthermore, in vivo immunisation
studies utilising ovalbumin encoding pDNA vaccine, adminis-
tered intraperitoneally or subcutaneously, demonstrated that
mannosylated PBAEs elicited a robust, efficient, and safe
humoral immune response without the need for adjuvants
when compared to control antigens delivered through genetic
or protein means. Encouragingly there were no signs of adverse
reactions or mortality. For both mannosylated and non-
mannosylated polyplexes the total IgG titers were notably
higher than those from the OVA pDNA positive control 14 days
post inoculation. By day 21, (7 days after the second dose), only
the mannosylated polyplexes showed significantly elevated
antibody titers compared to the pDNA control, highlighting the
improvement in APCs targeting through PBAE design.

In a follow up study, the same group®® then systematically
evaluated how PBAE molecular weight and relative mannose
content influenced polyplex properties and DNA transfection
efficiency, using the same strategy to generate mannose end-
group modified PBAEs. Within the library, polymers with the
lowest molecular weight and highest relative mannose content
exhibited gene delivery transfection efficiencies comparable to,
or surpassing those of, commercial controls (JET-PEI, Xfect and
FuGENE HD) in RAW264.7 macrophages when treated with
luciferase encoding plasmid DNA. In their library they identi-
fied that the most effective polymers formed the smallest
polymer-plasmid DNA complexes (approximately 300 nm) with
moderately positive zeta potentials (less than 10 mV). Despite
a lack of further in vivo investigations, this study highlights the
versatility in PBAE design and the opportunity this brings to
elucidate structure function relationships.

Immunotherapies are fast becoming a critical tool to treat
cancer, typically by stimulating a cytotoxic immune response
against tumour associated antigens to selectively destroy
malignant cells. However, for these therapies to be effective, it
requires coordinated signalling for APCs to instruct CD8" T-
cells towards the correct target. The most common
approaches are to extract APCs and manipulate them ex vivo
such that they express the patient-specific antigen, which is
a complex process and required prior knowledge on the antigen
itself. Green and co-workers® reported a novel ‘antigen-
agnostic’ approach using PBAEs to deliver pDNA encoding for 4-
1BBL and interleukin-12, a tumour necrosis factor ligand

858 | Chem. Sci, 2026, 17, 850-879

View Article Online

Review

present on activated T-cells and an APC secreted cytokine
respectively to B16-F10 melanoma cells and xenograft tumours.
In principle, this should reprogram cancer cells and modify the
immunocompetency of the tumour microenvironment in situ.
They initially produced a library of PBAEs, similar to that from
the studies described by Pfeifer and co-workers above, but with
a range of aminated endcaps and assessed their ability to
transfect B16-F10 melanoma cells in vitro (Table 1, entry 2). The
highest performing PBAEs (those with transfection efficiencies
above 80% and metabolic activity above 80%) commonly
included 1,4-butanediol diacrylate copolymerised with 4-ami-
nobutanol and a piperazine (named 4-4-7 and 4-4-27 in original
study) and or primary amine end-group, or 1,5-pentanediol di-
acrylate copolymerised with 3-aminopentanol and a di-
methylamine functional end group (named 5-3-49 in original
study). The top 3 performing PBAEs also showed efficient
reporter gene expression in equivalent xenografts, with 5-3-49
exhibiting 20-fold luminescence over the negative control, and
hence this polymer was taken forward as the lead PBAE candi-
date. When complexed with the immunostimulatory pDNA
constructs, the 5-3-49 PBAE polyplexes elicited a strong
interferon-gamma response, used as a proxy to assess potential
T-cell and NK cell activation. Further in vivo studies using this
reprogramming PBAE polyplex platform led to a significant
reduction in tumor growth rate, in B16-F10 melanoma and
MC38 colorectal cancer xenograft in certain instances, complete
tumor clearance, especially when co-administered with anti-PD-
1 checkpoint blockade therapy. Tumour analyses confirmed
that locally administered APC-reprogramming nanoparticles
stimulated a cell-mediated cytotoxic immune response,
assessed through IFN-gamma expression and upregulation of
genes associated with cytotoxic immune response, highlighting
the translational potential of PBAEs for immunotherapy
applications.

Chimeric Antigen Receptors T-cells (CAR-T) have now gained
clinical authorisation by the FDA for treatment of a range of
blood cancers, including acute lymphoblastic leukaemia,
multiple myeloma and several lymphomas. These therapies
operate by reprogramming collected T-cells outside of the body
to recognise a tumour associated antigen and then using those
T-cells to eliminate malignant cells once reinfused. The
complex process of collecting, purifying, and manipulating T-
cells ex vivo remains a significant manufacturing challenge
limiting the scalability of these therapies. Stephan and co-
workers'® have reported the use of PBAE delivered DNA cargos
to reprogram T-cells in vivo which could significantly improve
the clinical application of this emerging therapeutic modality
(Table 1, entry 9). To achieve this, they devised a novel strategy
by conjugating a microtubule associated sequence (MTAS) and
nuclear localisation signal peptide (NLS) on to the PBAE to
facilitate efficient delivery to the nucleus once internalised by T-
cells. Enhanced uptake within these cellular targets was
ensured by coating the PBAE/DNA polyplexes with anionic
poly(glutamic acid) coated with a CD3 T-cell targeting antibody,
anti-CD3e f(ab')2. Using these nanoparticles, the authors
observed rapid uptake and translocation to the cytosol, while
MTAS and NLS signalling enhanced transfection of these cells

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05951h

Open Access Article. Published on 10 December 2025. Downloaded on 6/29/2026 1:20:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Review Chemical Science
R recognition
X, i - ' L - o
by s r v / ~~
A N o et md :
: 25— NLS peptide - "? s A : . &
S S ‘n-; ,4 }‘ & L 4
o ke CAR-macrophage Tumor cell
RP-182 peptide Phagocytosis
Tumor cell
248, ¢
AT antigen presentation
CD8+ T cell Py
i o |
\pu]\hms < .
z
: &
1 S
&,
(o2

y  Immune memory
CD4+ Teell
SseeesF e :

Mi

“, recruitment

CD4+ Teell .- ‘
NLS peptide - e - Memory T cell
Cys-Arg-DArg-Arg-Lys-NW2 ' TTneeses

o ; - y
PBAE(C32-122) \ Q@) o8+ Teell (@M1 (@) NK cell CD4+ T cell

° °
WOy "r\/ \/T’ < NN
5 @ M2 * DC cell @ Tumor cell

B -4
- Treatment | MRI | Survival
-7d od 7d 144 21d 1004
1 1 1 1 1 (s
>
Human tumor
c cells inoculation
Plasmid DNA (1 (2)- Transposase——— ,\Mpm
D Control P /PB/N/R E 120 F Control P /PBNR
~ 100
9
= 80
z 604 -
2 —— Control Le
£ 401 —— P/PBNR |2*
£ 20
0
0 20 40 60 80 100
Time(d)
G . ! Control  JPBNR
209 —— Control
o P!
18 - P /PBNR
=
216 1
) i , A
4 {
Z 4 |
z
212
10+
0 3 6 9 1215182124273
Days after bearing tumor

Fig. 4 (A) Design and therapeutic mechanisms of macrophage-programming nanoparticles. Additionally, the chemical structures of the PBAE
polymer and polyglutamic acid are shown, as well as the amino acid sequence of the nuclear localization (NLS) peptide. (B) Antitumor efficacy of
the formulation (named as P,,/PB/N/R); a nanoparticle formulation comprised of P (polyglutamic acid, PGA) + PB (PBAE polymer) + N (nuclear
localization sequence (NLS) conjugated polymer) + R (RP-182 peptide coating) encapsulating a CAR plasmid. In the patient-derived xenograft
mouse model (PDX) and schematic illustration of the experimental design. (C) Schematic diagram of the human ErbB2-specific CAR structure. (D)
In Vivo Imaging System (IVIS) spectrum images of the mice after the formulation P,,/PB/N/R treatment on different days. (E) Survival curve of the
PDX model mice treated with the P,/PB/N/R. (F) In vivo T2-weighted MR images of tumor-bearing mice after each treatment. Both red circle and
arrow in figure point to the tumor site. The photos were processed with ImageJ software. (G) Weight changes in the PDX model mice treated with
the formulation. Data are presented as the mean 4 SEM (n = 3). (H) Representative immunofluorescence images of tumors showing CD8* T cell
and CD80* macrophage infiltration in the control and treated groups. Scale bars, 50 um. Reprinted with permission from. Gao, L. et al. (2023)°*
‘Convection-enhanced delivery of nanoencapsulated gene locoregionally yielding ErbB2/Her2-specific CAR-macrophages for brainstem glioma
immunotherapy’, Journal of Nanobiotechnology.

© 2026 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2026, 17, 850-879 | 859


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05951h

Open Access Article. Published on 10 December 2025. Downloaded on 6/29/2026 1:20:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

by 8-fold. To assess potential for tumour eradication, the
authors delivered PBAE/DNA complexes to reprogram T-cells to
target leukaemia cells. Following injection, tumours were
eradicated in 7 out of 10 mice, leading to a 58 days improvement
in average survival rates.

CAR modification of T-cells has been shown as an effective
immunotherapy for malignant diseases, however, alternative
CAR cells such as CAR macrophages (CAR-M) have garnered
recent attention for their enhanced ability to reach and survive
in solid tumour microenvironments compared to CAR-T cells.
This is due to the higher prevalence of macrophages within
these environments and unique effector functions. CAR-M's
therefore can reverse the functions of immunosuppressive
macrophages within a tumour and also enhance their phago-
cytic behaviour towards malignant cells. Jiang and co-workers®*
evaluated the ability for PBAE-pDNA complexes to reprogram
macrophages in situ, into CAR-M's as a potential treatment for
brainstem gliomas, which are primarily paediatric malignan-
cies with extremely poor prognosis (Fig. 4). The authors devel-
oped a PBAE based on a 1,4-butanediol diacrylate and 5-
aminopentanol backbone, with a nuclear localisation signal
peptide conjugated on the pendant chains (named as Py,/PB/N/
R; a nanoparticle formulation comprised of P (polyglutamic
acid, PGA) + PB (PBAE polymer) + N (nuclear localization
sequence (NLS) conjugated polymer) + R (RP-182 peptide
coating)). Similar to Stephan and co-workers,' the authors of
this study®* also introduced a poly(glutamic acid) coating to
express a synthetic analogue of a host defence peptide (RP-182)
to induce macrophage targeting and phenotype switching.
These components were then co-formulated with pDNA
encoding for an ErbB2 (HER2) specific CAR. The authors
observed that transfection efficiency of their pDNA PBAE
complexes was significantly enhanced by the NLS and RP-182
peptide, with high selectivity for macrophages observed when
a CD68 promoter was used in the plasmid construct (Fig. 4).
They identified that CAR-M inducing complexes were able to
induce a proinflammatory M1 macrophage phenotype, which
had antitumour properties on GL261-H glioma cells. These
positive results were then replicated in vivo, with targeted CAR
complexes administered intratumorally, causing full tumour
regression in 67% of mice and no significant side effects.
Positive outcomes were also seen in a murine orthotopic model
for brain stem gliomas, produced from patient-derived brain-
stem glioma cells using with ErbB2 CAR PBAE complexes
administered using convection enhanced delivery. Here, 75% of
mice in the treatment group survived at 100 days, compared to
the control group which did not survive beyond 40 days.

Another use for PBAEs in cancer immunotherapy applica-
tions was reported by Langer and co-workers,**® who developed
PBAE blends with poly(lactic-co-glycolic acid) (PLGA) to enhance
the plasmid DNA payload capacity compared to viral vectors.
The authors developed a range of 1-10 pm microparticles con-
taining different PBAE content, which they observed that high
PBAE contents limited pDNA release whilst 15-25% PBAE was
optimum. The microparticles were found to be phagocytosed
well by primary human dendritic cells, and the inclusion of the
PBAE within the microparticle matrix was found to be essential
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for gene expression in macrophages, with 25% PBAE micro-
particles exhibiting 3-fold higher expression than PLGA only
particles. Interestingly it was found that the PBAE microparti-
cles also stimulated DCs into a more mature phenotype with
surface expression of costimulatory molecules such as F4/80
suggesting that the microparticles may also have an adjuvant
effect. To assess the immunogenicity of PBAE-containing
microparticle formulations, B6 mice were vaccinated with
various formulations containing an SIY peptide antigen
encoding DNA and monitored for tumour growth. EL-4 tumours
which overexpress SIY showed reduced growth rates and even
complete regression in some mice injected with microparticles
containing 15% or 25% PBAE, indicating the efficacy of these
formulations in inducing anti-tumour immunity.

The above examples have shown the versatility of PBAE
chemistry to enable immune cell targeting, and immuno-
therapy applications. Another key application for DNA in an
immunology context is as nucleic acid vaccines, which can
encode for a pathogen related antigen and thus initiate an
immune response to stimulate protection against the antigen.
Although mRNA vaccines have now perhaps overshadowed their
DNA counterparts following the COVID-19 pandemic, DNA
vaccines can offer significantly greater stability which may be
useful outside of cold chain conditions.

The stability of a PBAE based vaccine formulation was shown
by Xu and co-workers who developed a lyophilisable nano-
particle formulation containing a COVID-19 DNA vaccine.'”’
The authors previously showed a PEG-PLGA hybrid PBAE
system which offered sustained release of reporter gene plasmid
over 9 days."*® However, in this study they took inspiration from
well-established cationic lipids such as C12-200 and DLin-MC3-
DMA used in nucleic acid LNP delivery system and developed
lipidated PBAEs for their vaccine platform.® For this, they
produced highly hydroxylated PBAEs from a backbone of 1,4-
butanediol diacrylate and 4-amino butanol which were lipi-
dated using alkyl carboxylic acids (e.g. decanoic acid, oleic acid)
through enzyme assisted esterification. These highly hydro-
phobic PBAEs were then co-formulated with PEG-PLGA to as an
amphiphilic non-ionic surfactant. C12 containing PBAEs were
found to yield the highest transfection efficiency. Remarkably,
most formulations were found to yield peak expression after 3
days post treatment, which was attributed to controlled release
of the nucleic acid cargo, however no positive control was used
to verify these findings. The top performing C12 PBAE also
exhibited excellent stability against cryopreservation and lyo-
philisation when co-formulated with sucrose, with PBAE parti-
cles exhibiting comparable transfection efficiency to fresh
particles after storage in these conditions for 12 months.
Finally, the C12 PBAE was used as a delivery system for a COVID-
19 pDNA vaccine, which encoded for the full-length spike
protein from the wild-type SARS-CoV-2 virion. Their results
showed that the lipidated PBAEs exhibited high, and dose
dependent, neutralising antibody titres following storage for 12
months via lyophilisation, when vaccinated in a prime boost
manner.

We also recently reported the development of a PEGylated
PBAE system, based on 1,4-butanediol diacrylate and 5-amino
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pentanol, which efficiently delivered a plasmid DNA vaccine
(Table 1, entry 5).°° We investigated the role that PEG density
played on the transfection efficiency of pDNA, hence produced
a series of formulations containing non-PEGylated, fully PEGy-
lated and semi-PEGylated PBAE polyplexes. Our findings indi-
cated that the PBAE complexes were able to condense pDNA and
to transfect dendritic cells efficiently with no tolerability issues.
Notably we observed that the semi-PEGylated complexes,
produced through mixing PEGylated and non-PEGylated PBAEs,
outperformed the other formulations and the lipofectamine
positive control. Interestingly the mixed formulation also yiel-
ded the highest expression of a bivalent, spike and nucleo-
capsid encoding, COVID-19 pDNA vaccine.

Messenger RNA

Endogenous mRNA transfers genetic information between the
permanent storage in the genome, and proteins which control
cellular and intercellular functions. The transient and therefore
non-permanent nature of mRNA has enabled the emergence of
new therapeutics such as protein replacement therapies and
vaccines, where exogenous mRNA constructs can be adminis-
tered to produce, in principle, any desired protein. This tech-
nology therefore poses many advantages both in terms of
manufacture and applicability."****° As the formulation process
for mRNA is, to some extent, sequence agnostic, manufacture of
any construct will be identical hence enabling a platform
technology. This is an advantage over direct protein therapies,
which require unique manufacturing routes for each new
protein drug. Accordingly, the development of mRNA systems
should take less time from discovery to accessibility in the
clinic. mRNA technology has most recently been used to world-
changing effect as vaccines for protection against severe COVID-
19 disease, by administering mRNA constructs which encode
for the SARS-CoV-2 spike protein."**** The successful large-
scale manufacture and global clinical authorisation of Mod-
erna's Spikevax™ and Pfizer-BioNTech's Comirnaty™ vaccines
has initiated a major surge in new mRNA technologies,"*'*
with over 900 new mRNA therapies under clinical development
ranging from vaccines to protein replacement therapies.'**4¢
However, as with other nucleic acid medicines, the suscepti-
bility of mRNA to endogenous nucleases and poor transport
into the cytosol for efficient translation into their encoded
proteins relies on the use of a delivery vector, typically LNPs.
Given the successes of this technology, PBAE's have been
explored for delivery of messenger RNA, typically including
fundamental studies to identify structure-function relation-
ships to enhance mRNA delivery with PBAEs and development
of non-injectable MRNA medicines.”*”"*”**® This section
summarises the recent literature on PBAE delivery systems for
mRNA therapeutics vaccines for immunology applications.
APCs are a critical part of the adaptive immune system, able
to display antigens on their surface and cross-present to other
immune cells to eliminate pathogens or produce an antibody
response (Fig. 5).1***° Delivery of mRNA antigens to APCs could
therefore significantly enhance mRNA vaccine and immuno-

therapy response.”™ Borrés and co-workers report the
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development of oligopeptide end-modified PBAEs (OM-PBAEs)
as APC targeting delivery systems for mRNA."” Utilising their
established PBAE of 5-aminopentanol copolymerised with 1,4-
butanediol diacrylate, they transformed the acrylate end-groups
with a further aza-Michael addition of a series of oligopeptides
containing cysteine, histidine and lysine. When formulated
with mRNA these OM-PBAEs they were able to produce small
polyplex nanoparticles, approximately 140 nm in diameter,
which significantly enhanced transfection efficiency of eGFP
encoding mRNA in HeLa, ARPE-19, RAW264.7 and JAWSII cell
lines. After intravenous administration, the authors reported
excellent accumulation in the spleen with OM-PBAEs, and high
uptake (through Cy5 labelled PBAEs) in splenic macrophages,
dendritic cells, and neutrophils. Despite this, relatively modest
transfection efficiency was observed in these isolated cells. One
potential limitation of their study is that polyplex formulations
often contain a high proportion of non-complexed polymer, due
the requirement of high N/P ratios to form low particle sizes
hence the uptake studies may not be accurately correlating the
nanoparticle uptake and transfection.

To enhance further APC targeting, the authors reported
a follow up study in which they developed OM-PBAEs contain-
ing mannose pendant chains with the objective to improve
uptake through mannose receptor mediated endocytosis.'>
Through careful formulation with mRNA, these polymers yiel-
ded nanoparticles adorned with surface-exposed «-mannose
molecules, measuring approximately 180 nm in size, and pos-
sessing a positive surface charge. Importantly, these nano-
particles maintained their characteristics even after freeze-
drying and subsequent rehydration. The uptake of mannose
expressing mRNA carrying PBAEs in JAWSII cells was found to
be significantly reduced when free mannose was co-incubated,
indicating competition and mannose receptor dependent
uptake. Despite the improvement in uptake with increasing
mannose content, it was found that this did not markedly
increase transfection efficiencies. In fact, significantly reduced
mRNA expression was observed, highlighting that structural
adaptations to increase nanoparticle uptake alone may influ-
ence other aspects of delivery. Nonetheless the synthetic
approach introduced here could be adapted to produce libraries
of glycosylated PBAEs, although further work is needed to
ensure high transfection efficiencies are observed.

As described above, therapies based on modulation of
immune cells have now reached clinical approval utilising DNA
based reprogramming of T-cells, either through CAR-T or T-cell
receptor modifications. However, there is now a shift to
manipulate these cells transiently using mRNA gene expression.
Accordingly, Stephan and co-workers*® utilised their poly(-
glutamic acid) (PGA) antibody coating approach described in
the DNA section, to decorate mRNA loaded PBAE complexes
with a variety of antibodies (anti-CD3, anti-CD4, anti-CD8, anti-
CD28 and control antibody C1.18.4). The polyanionic PGA
coating also serves to reduce non-specific electrostatic interac-
tions between positively charged polyplexes and the electro-
static membrane of non-target cells. To exemplify this PBAE
platform, the authors found that the antibody-coated PBAE
polyplexes exhibited a tenfold increase in ex vivo T-cell
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culminating in a robust and comprehensive immune response.

transfection, compared to non-targeted PBAE NPs. Expanding
on this success, the versatile platform was utilized for the
delivery of two different mRNAs. In one instance, these NPs
delivered megaTAL nuclease mRNA to disable endogenous T-
cell receptors potentially implicated in graft-versus-host
disease. In a separate application, NPs loaded with mRNA
encoding the Foxo13A transcription factor were employed to
guide CD62L" T-cells away from terminal differentiation and
senescence, promoting a central memory phenotype. Collec-
tively, these outcomes demonstrate the adaptability of the
mRNA platform, which can use the same PBAE for different
therapeutic applications varying only the sequence of the mRNA
and with no change in the formulation process.

The same group also conducted a follow up study utilising
the PGA coated PBAE complex approach containing, but instead
harbouring a di-mannose ligand on the surface to target the
mannose receptor, overexpressed on macrophages (Table 1,
entry 7).* They then used this system to deliver two mRNA
constructs; one encoding IRF5, a member of the interferon
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regulatory factor family that stimulates polarisation of macro-
phages towards the M1 phenotype and an mRNA encoding for
IKKb a kinase which phosphorylates and activates IRF5 (Fig. 6).
As discussed in the DNA section above, M1 phenotype macro-
phages have the potential to phagocytose pathogens and have
anti-tumour properties, unlike M2 macrophages which
decrease inflammatory response and therefore are pro-
tumoural. The authors hypothesised that repolarising M2
macrophages using their mRNA delivery system could act as
a tumour regression therapy. It was found that, following
treatment of M2 macrophages with the repolarising mRNA
complexes, these macrophage cells displayed heavily down-
regulated signature M2 macrophages, whilst M1 differentiation
genes were upregulated. In a model which mimics unresectable
ovarian tumours, 40% of mice which received the repolarising
PBAE complexes locally to tumours exhibited complete elimi-
nation of disease (142 days median survival compared to 60
days in control). Interestingly the authors also found that the
IRF5/IKKb PBAE complexes increased T cell infiltration 10.6-
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with a layer of PGA-Di-mannose, which targets the particles to mannose receptors (CD206) expressed by M2-like macrophages. Also depicted is
the synthetic mRNA encapsulated in the NP, which is engineered to encode the reprogramming transcription factors. (B) Transmission electron
microscopy of a population of NPs (scale bar 200 nm) and a single NP (inset, scale bar 50 nm). (C) Size distributions measured using a NanoSight
NS300 instrument. (D and E) T cells contribute to anti-tumor effects achieved with macrophage-programming nanoparticles. Nanoparticle-
mediated macrophage programming increases T cell recruitment into tumor lesions. Shown are representative confocal images of peritoneal
metastases of ID8 ovarian cancer cells in the mesentery. Tissues were collected after 6 biweekly i.p. injections of PBS or IRF5/IKKB NPs (50 ng
mRNA/dose) and were stained for the indicated lymphocyte- and myeloid-markers. Tu = Tumor, Mes = Mesentery. Scale bar: 100 um. Reprinted
with permission from. Zhang, F. et al. (2019)* ‘Genetic programming of macrophages to perform anti-tumor functions using targeted mRNA
nanocarriers’, Nature communications.

fold for CD8" and 3.5-fold for CD4" T cells which likely led to accumulation in macrophage rich organs (spleen, liver,
contributed to some of the anti-tumour potency seen, which lungs) and displayed efficient tumour regression in a murine
was further confirmed through CD8" T cell suppression with model for pulmonary melanoma metastatic cancer. These
a monoclonal antibody. For further clinical applicability of this successful outcomes were also replicated in a murine glioma
system, the authors also demonstrated that i.v administration model, a cancer where M2 like macrophages represent
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a considerable proportion of neoplastic cells. Nine doses of i.v
administered IRF/IKKb PBAE complexes only displayed modest
tumour progression, however when adjuvanted with radio-
therapy as the standard of care for gliomas, the PBAE complexes
group more than doubled the survival of treated mice compared
to the control group (52 days compared to 25 days). This pio-
neering study shows the potential for PBAE engineering to
enhance delivery of complex immunotherapies which can be
applied to many hard-to-treat malignant diseases.

A critical aspect for the design of a delivery system, including
for immune cells, is the tolerability of the vector. The polycationic
nature of PBAEs however can disrupt negatively charged cell
membranes inducing an undesired response. In the case of
vaccines and immunotherapies, this inflammatory response may
be beneficial, however for therapeutic strategies minimising
toxicity is usually considered essential. Irvine and co-workers'®
developed PBAE nanoparticles coated in a phospholipid bilayer
to minimise interaction with the cell membrane, and mRNA was
then adsorbed to the corona of these hybrid nanoparticles. For
their PBAE polymers they built on previous work by Lynn and co-
workers** and used a 1,4-butanediol diacrylate copolymerised
with a bis piperidine monomer, designed to promote endo-
lysosomal escape. Particles were produced either through direct
formulation in ethanol, followed by dialysis or a double emulsion
technique utilising dichloromethane, with both approaches
yielding similar nanoparticle sizes. In further in vitro studies the
authors demonstrated the ability for these hybrid formulations to
induce endosomal escape in DC2.4 dendritic cells. Using
Annexin V staining, all lipid-enveloped PBAE nanoparticles
showed lower toxicities than non-lipid coated formulations, at
50-100 pg mL ™" nanoparticle concentrations after 1 h and 12 h of
treatment. When formulated with eGFP encoding mRNA, lipid
enveloped formulations showed 30% of dendritic cells express-
ing eGFP, comparable to many commercial non-viral vectors in
this cell line. Finally, the lipid coated PBAE formulations di-
splayed substantially improved delivery and gene expression,
compared to non-formulated mRNA when administered intra-
nasally. However, no comparison between lipid enveloped and
non-lipid enveloped mRNA was made. These results highlight the
versatility of PBAE systems, and their ability to incorporate other
‘off the shelf’ excipients to boost performance.

The hybrid PBAE-lipid nanoparticle approach has also been
investigated for wider delivery applications, including to the
lungs, where many immune cells reside, such as alveolar
macrophages which form part of our innate immune system. For
instance, Anderson and co-workers'**'*® have reported several
studies in this area. Here, we highlight one of their key studies
focusing on optimisation of PBAE chemistry for delivery to
pulmonary immune cells and lung epithelium. The authors
produced a library of PBAEs based on a bisphenol A glycerate
diacrylate and 4-(2-amino methyl) morpholine polymer backbone
containing different lengths of alkylamine comonomer and
various endcaps (Table 1, entry 15). Formulations were then co-
formulated with mRNA, a range of PEG lipids, phospholipid
and cholesterol to produce PBAE lipid hybrids. Given the large
formulation space available with these components, a multifac-
torial experimental design screen was conducted showing the
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highest transfection efficiency in HeLa cells arising from a C10
alkyl amine co-monomer, and diamino propane end group con-
taining a 7 wt% content of C14-PEG2000 PEGylated lipid. A
further partial factorial screen was conducted to identify formu-
lations with higher lung specificity, which showed that hybrid
particles containing C18-PEG2000 exhibited high lung specificity.
Subsequent investigation demonstrated that when administered
intravenously, the lung targeted formulations yielded mRNA
expression in 70% of pulmonary epithelial cells. Analysis of the
immune cell reaction showed the highest proportion of trans-
fection within dendritic cells, B cell and alveolar monocytes.

As discussed above, cancer immunotherapy applications
using PBAEs to deliver genetic material to APCs and T-cells have
been widely studied.'*>'**'>* However, many of these reports
have utilised ligands to enhance association with immune cells.
Green and co-workers**® reported the direct optimisation of
lipid containing bioreducible PBAEs to enhance delivery of
a prostate cancer antigen to dendritic cells, using the intrinsic
properties of the PBAE itself. First a small combinatorial library
of PBAEs containing C12-C18 amino co-monomers copoly-
merised with 4-amino butanol, a disulfide containing diacrylate
(for cytosol degradation through glutathione), and a variety of
end capping amines were produced. All formulations efficiently
entrapped mRNA producing PBAE polyplex nanoparticles below
150 nm in diameter and positive (ca. +20 mV) zeta potentials.
Notably, the most lipophilic PBAE produced the highest trans-
fection efficiency, with over 75% of DC2.4 cells expressing the
eGFP reporter gene. A key innovation in this study was also the
inclusion of other nucleic adjuvants co-formulated within the
PBAE complexes to boost the immune response and ideally
trigger greater presentation of the antigen to cytotoxic T
lymphocytes. The co-formulation approach also ensures that
the mRNA cargo and immunostimulatory adjuvant reach the
same cells. In this study the authors co-formulated agonists for
Toll-like receptors (TLR), including polyl:C, a dsRNA TLR3
agonist and CpG oligodinucleotides (ODNs), a dsDNA TLR9
agonist. The mechanism behind these adjuvants is discussed
below in the oligonucleotides section. Notably inclusion of CpG
ODNs did not influence transfection efficiency, while formula-
tions incorporating polyl:C displayed a 50% reduction in mRNA
expressing cells. As in DC2.4 cells, the most lipophilic formu-
lations also exhibited the highest expression of luciferase
encoding mRNA in more relevant murine bone marrow derived
dendritic cells. Similarly, in further animal studies, the authors
showed that upon systemic administration, lipophillic PBAEs
accumulated in the spleen, with high transfection efficiency of
splenic DCs and high expression of DC activation markers,
CD40 and CD86 when co-formulated with polyl:C and CpG
ODNs. Finally, the hit formulation also displayed significantly
reduced tumour burden when used as a delivery system for
mRNA encoding for ovalbumin and F10 antigens to initiate an
immune response.

Another example of adjuvantation of mRNA encoded anti-
gens was reported by Gu and co-workers®® who utilised
branched PBAEs based on a bisphenol A ethoxylated diacrylate
and 4-aminobutanol backbone branched wusing tri-
methylolpropane triacrylate, co-formulated with iron oxide
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nanoparticles. Interestingly addition of the iron oxide nano-
particles did not influence transfection efficiency in BMDCs but
an 8-10% reduction was noted in DC2.4's. Further studies using
ovalbumin antigen encoding mRNA showed formulations with
and without iron oxide nanoparticles caused upregulation of
CD86 and MHCII maturation markers in BMDCs. However, the
iron oxide containing PBAE complexes exhibited significantly
higher pro-inflammatory cytokine expression (IL-6 and TNFa),
highlighting the importance of the adjuvant excipients. When
evaluated in an in vivo tumour model expressing OVA antigen,
mice treated with the PBAE OVA vaccine showed almost
complete tumour growth inhibition (200 mm? tumour volume
for vaccine compared to 1200 mm?® PBS control), compared to
the non-adjuvanted formulation. Finally, the authors also
demonstrated that the iron oxide formulation showed improved
efficacy in larger tumours when co-injected with anti-PD1
immune checkpoint inhibitors. This study highlights the
versatility of PBAEs to incorporate a range of excipient cargos to
boost immune response for desired applications.

Whilst the lung, spleen and lungs are considered immune
rich organs, the gut is also highly active with immune rich
compartments such as Peyer's patches. The gut-immune system
is also responsible for several inflammatory disorders and
a convenient yet effective route for vaccination against infec-
tious diseases (e.g. cholera, polio, rotavirus and typhoid) due to
the immune rich mucosa, offering systemic and mucosal
immunity. However, the low pH and destructive biological
environment have been a substantial challenge for oral delivery
of more complex biologics including mRNA vaccines. Traverso
and co-workers'® reported on the development of PBAE
formulations to deliver mRNA antigens via the oral route. First,
they conducted a screen on a branched PBAE library, and
identified a hit polymer (Table 1, entry 14) exhibiting high
transfection in Caco-2 cells, which were further evaluated in
BMDCs. However, a distinct limitation with this study is the
minimal discussion around the structures of these polymers in
this paper and previous studies,' hence it is difficult to draw
conclusions in terms of structure function relationships. Their
preferred candidate PBAE 844 (as named in the original study),
showed a 30% increase in CD22" B-cells and 100% increase in
CD69" B cells indicating their activation compared to a PBS
control when administered through surgical administration to
the small intestine. Furthermore, a modest increase in activated
T-cells was also observed. However, when administered through
oral gavage, both B-cell and T-cell activation was negligible and
no antigen expression was observed, further highlighting the
challenges associated with oral administration, but also the
opportunity for oral mRNA vaccines in future.

Most non-viral delivery systems for mRNA typically use
liquid formulations to be administered by simple injections.
However, many applications including tissue engineering or
administration during surgical intervention could require
implantation of delivery devices. Bryers and co-workers'*® re-
ported an elegant study reporting the development of mRNA
complex loaded poly(hydroxy ethyl methacrylate) (pHEMA)
porous scaffolds. Their scaffolds were engineered by utilising
poly(methyl methacrylate) (PMMA) microspheres to template
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pores into the pHEMA matrix, which were removed later
through dissolution in acetone. While the authors did initially
evaluate a range of non-viral vectors for their transfection effi-
ciencies in 2D cultures, the PBAE was not taken forward due to
its lower activity in DC2.4's and BMDCs compared to commer-
cially available lipid-based vector, StemFect™. Whilst
StemFect™ loaded hydrogels exhibited sustained expression of
eGFP encoding mRNA, given the scope of this review, under-
standing the performance of PBAE vectors using this platform
would be of interest to the community.

Self-amplifying mRNA

mRNA vaccines and therapeutics have revolutionised our
approach to drug and vaccine development, however the short-
lived expression of exogenously delivered mRNA represents
a significant challenge for therapeutics which require repeat
dosing, whilst the high dose requirements also create a high-
cost burden for these new medicines. Innovations in mRNA
construct design, such as self-amplifying mRNA (saRNA) have
been shown to alleviate some of these early challenges.'>**
Self-amplifying mRNAs operate by incorporating non-structural
proteins which comprise the replication complex derived from
alphaviruses into the coding sequence of the mRNA
constructs.®'® These are expressed alongside the desired
protein/antigen, which recognise the residual saRNA and
amplify the sequence, producing further replicases.*® This cycle
repeats itself exponentially, enhancing the expression lifetime
of saRNA to over 60 days compared to the 2-7 days lifetime of
traditional mRNA.***'®* These advantages also enable substan-
tially lower doses, with studies indicating that saRNA vaccines
can yield similar levels of protective immunity to mRNA
vaccines at greater than 100-fold lower doses also reducing the
cost burden of this technology."*'** Despite initially poor
results for saRNA in several clinical trials, Japan became the
first country to approve an saRNA vaccine (ARCT-154) for
protection against severe COVID-19 disease, developed by
Arcturus Therapeutics. However, saRNA constructs can be 5-10-
fold greater in length compared to conventional mRNA, reach-
ing up to 12000 nt, which increases their vulnerability to
endonuclease degradation, and accordingly can require modi-
fication of the formulation parameters.'**'*® Furthermore, the
limited ability to date to incorporate modified bases also
potentiates their formulation requirements. Whilst there are
now many examples in the literature using lipid nanoparticles
and other polymeric non-viral vectors for saRNA, there remain
relatively few examples of PBAEs used for saRNA.'*'¢”

Green and co-workers'® used self-amplifying mRNA to
significant effect by highlighting their immense potential as low
dose vaccines, delivered using PBAEs. First, a semi-high
throughput approach was conducted to produce 196 unique
polymers with varying backbone monomers, pendant amines,
and end caps, which were further tests for transfection effi-
ciency of self-amplifying mRNA in vitro (Fig. 7). As with previous
studies, they identified that inclusion of higher mole fractions
of lipophilic monomers and end caps containing ionisable
amines significantly enhanced expression efficiency even as low
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SAM. Reprinted with permission from. Wilson, D. R. et al. (2023)*°° ‘Biodegradable Polyester Nanoparticle Vaccines Deliver Self-Amplifying mRNA

in Mice at Low Doses', Adv Ther (Weinh).

as 1 ng per well, 100-200-fold lower than the conventional dose
of mRNA. Interestingly, the authors showed that co-formulation
with DMG PEG2000, a common PEGylated lipid, was essential
for mRNA expression when administered intramuscularly,

866 | Chem. Sci, 2026, 17, 850-879

attributed to improved extracellular transport. Their optimised
PBAEs for were also potent delivery systems for rabies virus
glycoprotein saRNA vaccine constructs. Mice vaccinated with
100 ng saRNA exhibited high neutralising antibody titers after
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challenge with live rabies virus, significantly above 0.5 IU mL "
which is considered as the level required for protective
immunity.

We also recently reported the use of PBAE complexes for
delivery of saRNA.'” As discussed above one of the critical
challenges for polycation use as non-viral vectors is to minimise
disruption of the cell membrane through charge mediated
interaction. We therefore investigated this by incorporating
a polyanion, polyglutamic acid, into saRNA PBAE complexes in
two different ways, coating preformed complexes or mixing all
three components in one step.'®” PBAE-based polymers were
prepared from 1,6-hexanedioldiacrylate and 4-aminobutanol.
Our results demonstrate that incorporating y-PGA into poly-
plexes enhanced transfection efficacy in HEK293T and A431
cells, while maintaining polyplex size. The addition of PGA also,
as expected, resulted in a significant decrease in zeta potential,
reducing the toxicity of the ternary complexes in moDC,
NIH3T3, and A431 cells. Furthermore, the presence of y-PGA
contributed to colloidal stability, reducing the aggregation of
ternary complexes, as evidenced by insignificant changes in the
polydispersity index (PDI) after freeze-thaw cycles.

Therapeutic oligonucleotides

Oligonucleotides are short nucleic acid sequences which have
been primarily investigated as regulators of gene expression.
These operate by selectively binding to complementary mRNA
sequences, a process known as RNA interference (RNAi), to limit
the expression of disease related proteins and classically
‘undruggable’ targets. Oligonucleotides exist in different
classes, such as small interfering RNAs (siRNA), microRNAs
(miRNA) and antisense oligonucleotides (ASO) each displaying
unique mechanisms for RNA interference.'**'*®* Furthermore,
other oligonucleotides such as short guide RNAs are critical for
the function of CRISPR-Cas gene editing technologies. In an
immunology context, endogenous microRNAs modulate
inflammation and immunity in response to pathogens, due to
their role in cell-cell communication,'”® hence have garnered
interest as a route to modulate the immune system. Further-
more, the solid phase synthesis methodologies for these oligo-
meric nucleic acids means that base, backbone, and sugar
modifications can be made with ease to tune stability and
affinity.”*

Similar to other nucleic acid cargo's, oligonucleotides also
require a delivery vector (e.g. polycations, lipid nanoparticles
etc.) or modifications (such as GalNac conjugation) to improve
uptake by target cells.””>7* Although there are many examples
of PBAE based oligonucleotide delivery as potential cancer
therapeutics, their use in immunology contexts have been
scarce. During our search of the literature, we did not find any
examples of PBAE delivery systems for siRNA, miRNA and ASO
therapies for immunology applications. Yet other non-viral
delivery systems (e.g. LNPs, PLGA, chitosan and PEI) have
been explored for haematological cancers, as immune check-
point silencers and for reprogramming the phenotype of
macrophages, dendritic cells, and T-cells."”*'>'7¢ Given the
high tuneability of PBAEs seen for other immune related
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applications, and in particular, developments of organ targeted
and cell specific chemistries, we believe there is significant
scope for their use in these applications. In principle, these new
frontiers for PBAEs should be relatively achievable as there is
now a strong body of work showing PBAE delivery systems
which can co-deliver oligonucleotide adjuvants with protein,
DNA, or mRNA antigens. However, as our review is structured by
cargo class, examples of oligonucleotide adjuvants can be found
with those studies or in the section below when administered
independently.

Delivery of nucleic acid adjuvants

Although the first concepts of immunisation against infectious
disease can be traced back to 900 AD China, the focus over the
last 200 years in vaccine development has shifted to improving
vaccine safety without compromising on durability of protec-
tion. The most common approach to achieve this has been to
incorporate adjuvants, materials which can stimulate responses
to infection processes, allowing the use of safer, purified anti-
gens. An emerging class of adjuvants are non-coding nucleic
acids, which mimic the natural infection process of DNA and
mRNA viruses by stimulating pathogen recognition receptors
(PRRs), typically Toll-like receptors (e.g. TLR3, 7, 8 and 9) and
cytosolic sensors (e.g. MDA-5), to initiate expression of pro-
inflammatory cytokines to boost the immunocompetency at
the injection site. Adjuvants are also critical to the function of
immunotherapies, particularly for enhancing the cytotoxic
response of CD8" T-cells in immuno-oncology applications.
Given the superior performance of PBAEs in delivering coding
nucleic acids, there have also been several reports of PBAEs as
delivery system for nucleic acid adjuvants. In this section, we
include examples where nucleic acid adjuvants have been
administered independent of a protein, or nucleic acid antigen,
which can be found in their associated sections.

Jewell and colleagues'* investigated the potential of PBAEs
for delivering toll-like receptor agonists (TLRas), specifically CG
rich oligodinucleotides (CpG-ODNs), to enhance immune
responses for potential use in immuno-oncology applications
(Table 1, entry 13). Given the cationic nature of PBAEs, these
were able to self-assemble with CpG-ODNs to form polyplexes.
Surprisingly, it was found that polyplexes with lower PBAE : CpG
ratios, despite weaker CpG condensation, induced more effec-
tive activation of dendritic cells and tumor-specific T cells
compared to higher ratios, leading to improved survival with
mean values of 14 + 5 days in a mouse melanoma model. This
highlights the crucial role of physicochemical properties,
particularly the interplay between charge, uptake, and affinity,
in modulating the efficacy of the generated immune response.
The research highlights also the importance of Toll-like recep-
tors (TLRs) as targets for enhancing immunotherapy potency
and emphasizes the need to balance nanoparticle characteris-
tics for optimal design, offering valuable insights for developing
new adjuvant carriers for vaccines and immunotherapies.

Another TLR agonist which has been widely investigated as
a potential adjuvant for vaccines is polyl:C, a non-coding dsRNA
nucleic acid polymer of inosine and cytosine. polyl:C is also able
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to activate cytosolic RNA sensors (e.g. RIG-I and MDA-5) to push
target DCs into an antiviral state and initiate expression of type I
interferon. However as with other nucleic acids and adjuvants,
transportation of polyl:C to DCs is critical for its efficacy. It
should also be mentioned that polyI:C is currently under clinical
trials, known as ampligen, for myalgic encephalomyelitis using
poly-i-lysine as a delivery system. Appel and co-workers™ re-
ported optimisation of PBAEs for delivery of polyl:C (Table 1,
entry 17). In this study, the authors systematically characterized
and screened a library of pIC/PBAE NPs for increased potency
and reduced toxicity and evaluate the in vivo efficacy of pIC/PBAE
NPs in a model subunit vaccine. They identified PEG-coated pIC/
PBAE NP (2B) formulation that enhanced type I IFN production
by 13-fold compared to pIC alone in vivo which significantly
improves the magnitude, duration, and affinity maturation of
antigen-specific antibodies following vaccination.

Delivery of chemotherapeutic molecules

PBAEs have been widely studied as agents to complex nucleic
acids for delivery owing to their cationic charge. However, this
feature, and also their versatility in end-group and pendant
chain chemistries, also favours PBAEs for small molecule
delivery. Whilst this has been explored for conventional cancer
therapeutics and antimicrobial agents, we identified only one
example of small molecule delivery in an immunotherapy
context despite the existence of many immunomodulatory
chemotherapeutics such as imidazoquinolines. Green and co-
workers® showed a crucial advancement in cancer immuno-
therapy by utilising the capabilities of PBAE-based nano-
medicine for the efficient delivery of cyclic dinucleotides (Table
1, entry 8). Tumour microenvironments can produce an
immunosuppressive environment, and hence creating a pro-
inflammatory environment with small molecule adjuvants
may aid immunotherapy applications. Some small molecule
cyclic dinucleotides (CDNs) have been shown to be potent
Stimulator of Interferon Gene receptor (STING) agonists, and
are presently undergoing phase I trials. However, their effec-
tiveness might be constrained to micromolar concentrations
because STING resides in the cytosol within the endoplasmic
reticulum membrane. Despite the challenge of the small size of
CDNs, their negative charge facilitates effective encapsulation
by cationic PBAEs. For the CDN PBAE nanoparticle formulation,
1,4-butanediol diacrylate and 4-amino-1-butanol monomers
were used to prepare the polymer core followed by end-capping
with  1-(3-aminopropyl)-4-methylpiperazine. = These
particles, characterized by a modestly positive surface charge
and a diameter of approximately 100 nm, exhibited efficient
cellular uptake by THP1 human monocyte cell lines and human
donor monocyte samples, suggesting their potential for tar-
geted delivery to immune cells within the complex tumour
In addition, through this
approach, a large increase in potency (around 100-fold) was
observed when treating established B16 melanoma tumours in
vivo, particularly when combined with a PD-1 blocking anti-
body, compared to free CDNs without nanoparticles. Over-
coming the inherent challenges posed by the small size of CDN

nano-

microenvironment. innovative
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molecules, this study displays a promising strategy for
enhancing the efficacy of cancer immunotherapy through
precise and efficient nanoparticle-mediated delivery of immu-
nomodulatory agents. Overall, while PBAE-based nanoparticles
hold great potential for small molecule drug delivery, further
research and optimisation are needed for immune-based
treatments to understand fully their benefits in clinical settings.

PBAE functionalization and immune-targeted strategies

PBAEs can be modified by a range of chemistries in the back-
bone, in the pendant chains, or at end-groups, and can also be
co-formulated to achieve selective delivery to specific immune
cell subsets.

Green and co-workers'' demonstrated a co-formulation
approach, combining PBAEs with PLGA microparticles to
display MHC proteins and co-stimulatory molecules (CD28),
generating artificial antigen-presenting cells (aAPCs) (Fig. 8).
For these microparticles a PBAE polymer comprising 4,4'-tri-
methylenedipiperidine and 1,4-butanediol diacrylate (Table 1,
entry 10) was co-formulated with PLGA, which was further
functionalised with a range of antigens MHC's (KblIg-SI, DbIg-
gp100 and KbIg-TRp2) and anti-CD28 to facilitate T-cell
binding. They observed that conjugation of these proteins on
PBAE containing microparticles was up to 89 times more
effective than PLGA only microparticles. The resulting PLGA/
PBAE aAPCs demonstrated improved T cell activation and
expansion both ex vivo and in vivo in B16-F10 melanoma mouse
model without the need for adoptive transfer, showing efficacy
in reducing tumour growth and extending survival in a mela-
noma mouse model when combined with checkpoint therapy.
The authors discuss that the intrinsic immunostimulatory
effects of the PBAE may also have also contributed to its
performance in this application, highlighting the potential
broad use of PBAEs in immunology.

Recently, Wang and co-workers engineered a PBAE-based
direct polymer functionalization strategy by synthesizing
lentinan-functionalized PBAE-G nanodiamond (LNT-PBAE-G-
ND) polymers.””” In this study, they developed PBAE-
guanidine-phenylboronic acid (PBAE-G) polymers and termed
the system as Lentinan-Functionalised PBAE-G-nanodiamond
(LNT-PBAE-G-ND). They delivered mRNA (OVA) and evaluated
the impact of this delivery system on macrophage activation
and maturation. In vitro experiments revealed that LNT-PBAE-G-
ND®@OVA successfully be transfected into various cell lines and
enhanced the immune response (analysing IL-1B, IL-6, IL-12,
and TNF-a) relative to the nontreated group (P < 0.05), reach-
ing levels comparable to those in the LPS positive control group
(P> 0.05). Furthermore, the in vivo investigations demonstrated
that intramuscular administration of LNT-PBAE-G-ND@OVA
efficiently delivered the vaccine, eliciting robust humoral and
cellular immune responses (IgG1 and IgG2 levels were P < 0.01)
without evident toxicity which was confirmed via histopa-
thology and biochemistry analysis. As a result of these findings,
they suggested that LNT-PBAE-G-ND@OVA can induce macro-
phage activation wherein the cGAS-STING signaling pathway
plays a crucial role.
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Fig. 8 (A) Chemical structure of PBAE synthesized via Michael addition of 1,4-butanediol diacrylate and 4,4-trimethylenedipiperidine and
endcapped with 1-(3-aminopropyl)-4-methylpiperazine. SEM micrographs of (B) PLGA and (C) PLGA/PBAE microparticles. (D) PLGA/PBAE aAPC
(red) show higher levels of binding to cognate CD8" T cells (green) compared to PLGA aAPC. DiD-labelled MHC Dblg-gp100 (cognate) or MHC
Kblg-SIY (noncognate) aAPC were incubated with CFSE-labelled PMEL CD8™ T cells for 1 hour at 37 °C. Representative confocal images illustrate
(D-A) PLGA and (D-B) PLGA/PBAE aAPC exhibit low levels of binding to non-cognate CD8™ T cells. (D-C) PLGA aAPC show relatively low levels of
binding to cognate CD8" T cells. Blue arrows indicate binding events. (D-D) PLGA/PBAE aAPC bind more frequently and in higher numbers to
cognate-CD8" T cells. Scale bars = 20 um. (E) After incubation of CD8" T cells with particles, cells were washed and analyzed using flow
cytometry. DiD fluorescence intensity was normalized to control samples with blank particles. PLGA/PBAE aAPC demonstrate enhanced binding
to cognate CD8* T cells, as evidenced by a more than 50-fold increase in DiD fluorescence intensity over CD8" T cells incubated with PLGA
aAPC. Error bars represent the SEM of 4 replicates, (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). (F) Schematic of in vivo
antigen-specific CD8" T cell expansion and killing assay timeline. Representative (G) CTV dilution in PMEL cells in the blood on day 3 and (H) FACS
plots showing the percentage of Thyl.1* CD8" cells in the spleen on day 7. Reprinted with permission from. Rhodes, K. R. et al. (2022)°*
‘Biodegradable Cationic Polymer Blends for Fabrication of Enhanced Artificial Antigen Presenting Cells to Treat Melanoma’, ACS Appl Mater
Interfaces.

© 2026 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2026, 17, 850-879 | 869


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05951h

Open Access Article. Published on 10 December 2025. Downloaded on 6/29/2026 1:20:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

To exemplify the versatility of PBAE functionalization strat-
egies, Artzi and colleagues® have highlighted the immuno-
modulatory potential of PBAEs by using them to systemically
deliver covalently conjugated STING agonists, specifically cyclic
dinucleotides (CDNs), via PBAE nanoparticles. These CDN-
conjugated nanoparticles exhibited improved pharmacoki-
netics, with plasma detection up to 1 hour post-injection (vs.
<15 minutes for free CDN) and triggered ~50-fold higher IRF3
activation. In multiple syngeneic tumour models, a single low
dose (0.5-1.25 png) of CDN-conjugated nanoparticles, in
combination with checkpoint blockade, resulted in 60-100%
tumour rejection and robust immune memory upon rechal-
lenge. Notably, while the spleen was not required for initial
tumour clearance, it was essential for memory formation, as
splenectomised mice failed to reject tumours upon rechallenge.
These findings emphasise how PBAE structure and linker
chemistry can be rationally designed to support not only
immune activation but also durable immunological memory,
positioning PBAEs as dynamic immunotherapeutic agents
rather than passive carriers.

In another study for the targeted PBAE complexes pioneered
by Stephan and co-workers,"* the authors showed the utility of
this delivery system to produce transient engineered T cells in
situ using direct administration compared to traditional ex vivo
manipulation. Similar to the above studies, PGA coated PBAE
complexes were produced, this time conjugating an anti-CD8
antibody to target these cells. Importantly they observed that
the T-cell targeted delivery system was able to efficiently deliver
and express mRNA encoding for a leukemia-specific 1928z CAR
(75% of cells) and a high affinity hepatitis B virus-specific T-cell
receptor (89% of cells) for chronic hepatitis B infection. In vivo
studies in a leukaemia murine model showed that a multidose
therapy using the 1928z CAR mRNA loaded PBAE complexes,
administered systemically, was able to eradicate disease in 6 out
of 10 mice, with the others showing some form of tumour
regression. Flow cytometry analysis showed that 10% of all
circulating CD8" T-cells were CAR" 24 h after administration,
reducing to 0.8% on day 7, showcasing the transient nature of
this manipulation. Interestingly the authors found that their
targeted PBAE complexes displayed substantially poorer
response when using a prostate tumour specific CAR mRNA
construct, with increased infiltration of T-cells to the tumour
but limited disease regression. This was attributed to further
mutations and selection pressure that the CARs create, with
further analysis of the tumours showing a reduction in target
antigen expression and has been reported clinical as a challenge
when inducing single antigen targeting T-cells for heterogenous
cancers. Finally, this targeted delivery system was also shown to
be effective for hepatitis B virus, with TCR expressing T-cells
produced in vivo from a HBcore18-27 mRNA construct, able to
regress hepatic disease 13-fold compared to the control.
Together, these studies highlight the modularity and adapt-
ability of PBAEs, whether achieved through direct functionali-
zation, conjugation, or co-formulation approaches. These
examples, including PBAE-conjugated systems, are summarized
in Table 2, which outlines the type of functionalization, target
immune cell, cargo, application, and reported outcomes.
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Discussion and critical insights

The clinical importance of PBAEs lies in their versatile proper-
ties and potential applications in various biomedical fields,
particularly in immunotherapy, immune-oncology, and vacci-
nation. PBAEs have attracted significant interest due to their
ability to serve as effective delivery systems for a wide range of
therapeutics, including nucleic acids, small molecules, and
cells, targeting immune-related disorders and diseases. In this
discussion, we will explore the clinical importance of PBAEs by
highlighting their key attributes and potential clinical
applications.

PBAESs offer unique advantages as delivery vectors, including
pH-dependent degradation and the ability to form nano-
particles with negatively charged molecules. These properties
enable efficient encapsulation and targeted delivery of thera-
peutics to immune cells and tissues, enhancing their bioavail-
ability and efficacy. This enhanced delivery capability is
particularly advantageous in the context of immunotherapy,
where precise targeting of immune cells is crucial for modu-
lating immune responses and treating immune-related disor-
ders. In addition, PBAEs can be tailored to incorporate specific
functionalities that facilitate immunomodulation and targeted
delivery to immune cells. By engineering PBAEs with immune-
targeting ligands or immunostimulatory moieties, researchers
can design delivery systems capable of precisely modulating
immune cell function and enhancing therapeutic outcomes.
This ability to target selectively immune cells holds immense
potential for developing targeted immunotherapies and
vaccines for various immune-related diseases, including cancer,
autoimmune disorders, and infectious diseases.

Furthermore, PBAEs have emerged as promising platforms
for vaccine delivery, offering a versatile and customizable
approach to enhance vaccine efficacy and immunogenicity. By
encapsulating antigens or nucleic acid vaccines within PBAE
nanoparticles, it is possible to improve antigen stability,
promote antigen uptake by antigen-presenting cells, and
enhance the induction of robust immune responses. This has
significant implications for the development of next-generation
vaccines against infectious diseases and cancer, where tradi-
tional vaccine approaches may be limited by antigenicity or
immunogenicity issues.

Finally, the clinical translation of PBAE-based delivery
systems holds promise for addressing unmet medical needs
and improving patient outcomes in immunotherapy and
vaccination. Several preclinical studies have demonstrated the
therapeutic potential of PBAE-based formulations in various
disease models, highlighting their efficacy in enhancing
immune responses, suppressing tumour growth, and miti-
gating autoimmune pathology. As these promising preclinical
results continue to advance towards clinical evaluation, PBAEs
have the potential to revolutionize the treatment landscape for
immune-related disorders and diseases, offering safe, effective,
and targeted therapeutic interventions. In conclusion, PBAEs
represent a versatile platform for the delivery of therapeutics in
immunotherapy, immune-oncology, and vaccination. Their
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unique properties enable efficient encapsulation and targeted
delivery of therapeutics to immune cells and tissues, offering
opportunities for precise immunomodulation and enhanced
therapeutic outcomes. With ongoing advancements in PBAE
synthesis, formulation, and clinical translation, PBAEs may yet
be used to address unmet medical needs and improving patient
outcomes in immune-related applications.

Comparison with clinically validated
delivery platforms

Over the last decade, significant advances have been made not
only in new medicinal technologies, but also in the regulatory
and manufacturing framework of novel vaccines and immu-
notherapies. We have now seen the first clinical use of mRNA
and DNA vaccines, genetically engineered cell therapies for
cancer, and approval of oligonucleotides and gene editing
technologies for several inherited disorders. These represent
a step change away from conventional chemotherapeutics to
treat disease. Although there have been marked advancements
in these therapeutic modalities, there has been little clinical
advance for PBAEs since their first use in the biomedical field by
Langer and co-workers in 2000 for both immunological and
non-immunological applications.”® During this same period,
LNP technology has been approved for three nucleic acid
medicines (Onpattro, SpikeVax, Comirnaty) whilst multiple
other lipids containing formulations are in clinical use for
formulation of vaccines and chemotherapeutics.

Although the scientific literature is extremely rich, with
hundreds of papers displaying the promise of PBAEs, with
excellent potency and tolerability in cell culture and small
animal studies, to our knowledge this is yet to translate to
a single clinical trial. There is of course background IP (Intel-
lectual property) associated with PBAEs, summarised in Table 3,
ranging from PBAE chemistry, use cases for pulmonary
administration and co-formulation with other excipients.
Further examples also include IP focusing on nucleic acid
technologies and ligand functionalised nanoparticles to repro-
gram immune cells. It is of course plausible that established
platforms such as LNPs demonstrate significantly lower risk for
pharmaceutical companies. The inherent molar mass dispersity
of PBAEs also may pose unpredictable pharmacokinetics and
pharmacodynamics, hence the preference for assembled
discrete lipids given the large body of evidence regarding LNPs
safety profiles, despite the substantially easier synthetic route
for PBAEs. Yet, as nucleic acid therapeutic and vaccines
continue their expansion into the biomedical technology field,
where PBAEs excel the most, the commercial factors relating to
licensing fees for high performing ionisable lipids may shift
attention towards alternative delivery systems, such as PBAEs,
particularly for spin-outs and small to medium size enterprises.

From a translational standpoint, PBAEs offer opportunities
that may complement established platforms like LNPs.
Compared with LNPs, PBAEs provide greater tunability in
polymer chemistry and nanoparticle design, enabling immune-
targeted delivery and modulation of immune cells. However,
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PBAEs currently face challenges in formulation stability,
reproducibility, scalable manufacturing, and limited clinical
data, whereas LNPs benefit from extensive clinical validation,
well-characterized safety, and proven scalability. By addressing
these hurdles, PBAEs could serve as a versatile alternative or
adjunct to LNPs, expanding the toolkit for next-generation
immunotherapies and vaccines.

Outlook: engineering the next
generation of immunoactive PBAEs

PBAEs have undoubtedly revolutionised our ability to deliver
important biological active molecules, including proteins, small
molecules but most commonly, nucleic acids in vitro and in pre-
clinical models. Their facile synthetic and purification proce-
dures have put this technology in the hands of many non-
chemists and opened the possibility of high throughput
multifactorial libraries to produce hundreds of unique poly-
mers in a material and time economic manner. As a conse-
quence, PBAEs have been widely used in immunology related
applications, which have been summarised and critically eval-
uated in this review. Given their potency in protecting and
delivering nucleic acids, it is likely that future clinical trans-
lation will come from mRNA or DNA vaccines and therapeutics
or therapeutic oligonucleotides as discussed above. Further-
more, the large datasets emerging from the many high
throughput screens will certainly be exploited for machine
learning based predictive tools and in-depth correlative analysis
to predict the performance of novel unseen PBAEs. A key focus
is likely to be on structures which can intrinsically target
immune cells, with early work in these areas now emerging. It is
also becoming clear that the adjuvant properties of other
delivery systems such as LNPs are critical to the function of the
existing nucleic acid vaccines and immunotherapies, hence
understanding how PBAEs can activate or suppress certain
immune mechanisms will also be important for their trans-
lation. The chemistry itself of PBAEs has not been a limitation
in terms of design space, however the step-growth polymerisa-
tion itself, although simple, yields a broad molar mass distri-
bution which may be challenging for predicting the ADMET
properties of these systems. Therefore, future research could
also entail new synthetic methodologies for PBAEs, some of
which already exist, including radical based ring-opening
polymerisations.'” Overall, the merger of immunology and
polymer science presents exciting opportunities for the devel-
opment of the next-generation immunotherapies and vaccines.
Continued interdisciplinary research efforts both in technology
development, but also in regulation and manufacturing will be
essential in unlocking the full potential of PBAEs in immu-
nology applications, ultimately translating into improved clin-
ical outcomes for patients.
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