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Introduction

Administration sequence- and formation-
dependent vaccination using acid-degradable
polymeric nanoparticles with high antigen
encapsulation capabilityT

Yeon Su Choi,+? Jiin Felgner,$® Sharon Jan,? Jenny E. Hernandez-Davies,®
D. Huw Davies*” and Young Jik Kwon () *@<de

Vaccines aim to efficiently and specifically activate the immune system via a cascade of antigen uptake,
processing, and presentation by antigen-presenting cells (APCs) to CD4 and CD8 T cells, which in turn
drive humoral and cellular immune responses. The specific formulation of vaccine carriers can not only
shield the antigens from premature sequestering before reaching APCs but also favorably promote
intracellular antigen presentation and processing. This study compares two different acid-degradable
polymeric nanoparticles that are capable of encapsulating a moderately immunogenic antigen, GFP, at
nearly full efficacy via electrostatic interactions or molecular affinity between His tag and Ni—-NTA-
conjugated monomners. This resulted in GFP-encapsulating NPs composed of ketal monomers and
crosslinkers (KMX/GFP NPs) and NTA-conjugated ketal monomers and crosslinkers (NKMX/GFP NPs),
respectively. Encapsulated GFP was found to be released more rapidly from NKMX/GFP NPs (electrostatic
encapsulation) than from KMX/GFP NPs (affinity-driven encapsulation). In vivo vaccination studies
demonstrated that while repeated injections of either NP formulation resulted in poorer generation of
anti-GFP antibodies than injections of the GFP antigen itself, sequential injections of NPs and GFP as prime
and booster vaccines, respectively, restored the humoral response. We proposed that NPs primarily assist
APCs in antigen presentation by T cells, and B cells need to be further stimulated by free protein antigens
to produce antibodies. The findings of this study suggest that the immune response can be modulated by
varying the chemistry of vaccine carriers and the sequences of vaccination with free antigens and antigen-
encapsulating NPs.

recent COVID-19 pandemic.'” Immune activation starts with
introducing an antigen into antigen-presenting cells (APCs) that

Since its discovery, vaccination has played a pivotal role in
improving human health. The demand for vaccines that can
efficiently activate the immune system for a desired response
against a pathogenic target has become greater than ever with
the potential emergence of serious health threats, such as the
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can trigger the cascade of adaptive immunity, including humoral
and cellular responses against the antigen.®'® Though many
forms of antigenic proteins are poorly immunogenic upon
administration, the design of efficient, safe, and versatile delivery
carriers can overcome this limitation.""™ CD4 and CD8 T cells
are prime targets of vaccination for their central roles in initiating
the cascade of immune response.’®™® Ideal vaccine carriers
adeptly encapsulate antigens, effectively deliver and release them
within APCs, and facilitate the presentation of the antigenic
peptides to targeted CD4 or CD8 T cells.

The molecular tunability of polymeric nanoparticles (NPs)
for physical (e.g, size) and chemical (e.g:, degradability) properties
makes them promising antigens and adjuvant carriers for versatile
and efficient vaccination.'>*® Their multifaceted function of effi-
cient and facile encapsulation of antigens and intracellular release
within APCs have been successfully employed for successful
vaccination.**” After uptake into APCs, exogenous protein
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antigens are degraded into peptides in endosomal compartments,
which are in turn transported back to the cell surface by class II
MHC molecules for recognition by antigen receptors of CD4 T
cells. In contrast, the transport of peptides by class I MHC
molecules for recognition by CD8 T cells requires entry or origina-
tion of the antigen in the cytoplasm. Thus, a potentially useful
property of polymeric NPs is assisting the antigen to escape from
the endosomal pathway to the cytoplasm to promote both CD4
and CD8 activation. However, accomplishing loading of both
class I and IT MHC pathways remains a major technical challenge
for polymeric NP vaccines.?*?°

Conventional vaccines are repeatedly administered in the same
formulations. Considering the diverse and distinct antigen proces-
sing and presentation pathways in generating humoral versus
cellular immunity, vaccination with varying formulations in dif-
ferent orders could provide versatility and targeted immune
activation. This proof-of-concept study demonstrates the efficacy
of acid-degradable polymeric NPs capable of efficiently encapsulat-
ing a broad range of recombinant protein antigens in their
capacity of delivering the antigen payloads to APCs for antigen
presentation to T cells toward immune modulations for targeted
vaccination outcomes.

Results and discussion

Efficient encapsulation of GFP in relatively monodispersed
KMX/GFP and NKMX/GFP NPs

Efficient vaccination requires a formulation with an efficient and
versatile antigen encapsulation. His-tagged GFP was encapsulated
in KMX/GFP and NKMX/GFP NPs, synthesized from an acid-
cleavable amino ketal methacrylamide monomer (KM), Ni-NTA
ketal methacrylamide monomer (NKM), and ketal bismethacryl-
amide crosslinker (KXL), via attractive electrostatic interactions
alone or in combination with the molecular affinity between
His-tag and Ni-NTA, respectively (Fig. 1 and Fig. S1, ESI{). GFP
is known to be anionic at neutral pH with a pK, of 6.0° and can
be efficiently retained in a cationic molecular environment such
as inside KMX NPs. Not all protein antigens are necessarily
anionic, but many recombinant proteins are often His-tagged
for separation and purification. Therefore, affinity-based pro-
tein encapsulation by Ni-NTA provides the opportunity to
deliver a broad range of recombinant protein antigens. KM
and NKM were pre-incubated with His-tagged GFP along with
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Fig. 1 Synthesis of KMX/GFP and NKMX/GFP NPs.
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Fig. 2 Characterization of KMX/GFP and NKMX/GFP NPs: (A) size and
morphology determined by DLS particle analysis and observed by TEM,
and (B) zeta potential and GFP encapsulation efficiency (n = 5).

KXL prior to photopolymerization from the surface of eosin Y-
conjugated PEI, as illustrated in Fig. 1. This surface-initiated
photopolymerization enables the synthetic flexibility of con-
trolled, relatively monodispersed size, differential protein load-
ing, and differential structure construction, and freedom from
GFP-free smaller particles, as previously validated.*" Finally, the
monomers and crosslinkers contain an acid-cleavable ketal
linkage used for intracellular delivery of drugs, nucleic acids,
and proteins in various applications.

The sizes of KMX/GFP and NKMX/GFP NPs were approxi-
mately 170 and 230 nm in diameter with relatively narrow size
distributions indicated by polydispersity indices of 0.26 and
0.22, respectively (Fig. 2A). The size of NKMX/GFP NPs was
slightly larger than that of KMX/GFP, attributed to the relatively
bulky Ni-NTA end of NKM in comparison to KM with the
amino end of KM (Fig. 1). This observation also implies that
the charge of KM is sufficient for electrostatic interaction with a
counter-charged protein. TEM images showed that both NPs
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Fig. 3 Acid-triggered release of GFP from KMX/GFP and NKMX/GFP NPs
in Dl water at 37 °C in a shaking incubator: (A) accumulated release for 48 h
and (B) hourly release for the initial 10 h (mean + SD; n = 3).

were spherical with no aggregation (Fig. 2A). As speculated, the
incorporation of NKM into NPs decreased the surface charge
(Fig. 2B) from 17.3 mV (KMX/GFP NPs) to 12.8 mV (NKMX/GFP
NPs) (Fig. 2B). Regardless of the different molecular ratios of
KM to NKM in both NPs, the majority of His-tagged GFP was
encapsulated with efficiencies of approximately 93% and 96%
in KMX/GFP and NKMX/GFP NPs, respectively. These results
indicated that the incorporation of NKM into the NPs moder-
ately improved GFP encapsulation with an increased size and
lowered surface charge.

GFP release from KMX/GFP and NKMX/GFP NPs at endosomal
pH

Antigens delivered to an antigen-presenting cell (APC) are
processed via endogenous or exogenous pathways, depending
on their intracellular localization.** Therefore, the rapid release
of antigens from NPs determines not only the overall antigen
presentation efficacy but also whether it is presented by MHC I
or MHC II on the surface. At a physiological pH of 7.0, only a
small fraction (10-15%) of encapsulated GFP was released from
the NPs after 48 h, while a mildly acidic endosomal pH triggered
a much greater release of GFP (Fig. 3A). In contrast to the
similar release at pH 7.0, a substantially higher amount of GFP
was released from NKMX/GFP NPs (~ 69%) than KMX/GFP NPs
(~36%) after 48 h. Notably, while the time required to reach a
plateau of accumulated GFP release was almost identical for
both NPs, there was an initial lag in GFP release from the KMX/
GFP NPs (Fig. 3A). The almost 2-fold difference in the overall
GFP release between NPs and the greater initial GFP release
from NKMX/GFP NPs can be attributed to a stronger attractive
electrostatic interaction between the protonated amino end of
KM at acidic pH and GFP. Likewise, it was confirmed that
approximately twice as much GFP was still retained in KMX/
GFP NPs than in NKMX/GFP NPs when unreleased GFP was
measured (data not shown). His-tagged GFP in NKMX/GFP NPs
was released immediately upon hydrolysis of the ketal linkage,

This journal is © The Royal Society of Chemistry 2024
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while the strengthened cationic environment KMX/GFP NPs
retained GFP from rapid release. This outcome was further
supported by the GFP detected per hour over the first 10 h
(Fig. 3B). This result demonstrated that GFP was released from
NKMX/GFP NPs in a burst-like manner while KMX/GFP NPs
released GFP in a sustained manner. The results in Fig. 3
suggest a rapid release of GFP from NKMX/GFP NPs in mildly
acidic endosomes, possibly leading to fast degradation in
comparison to KMX/GFP NPs.

Intracellular trafficking of GFP released from KMX/GFP and
NKMX/GFP NPs

Upon administration, vaccines are taken up by APCs, including
macrophages and dendritic cells (DCs). While macrophages
and DCs are known to be effective in degrading and salvaging
antigens, the delivery of antigenic proteins to them, especially
in route to MHC I pathway, is challenging.?*** The intracellular
distributions of GFP released from NPs in the nucleus, lyso-
some, and/or other places (e.g., cytoplasm) were tracked using a
superresolution fluorescence microscope, which is capable of
imaging the nanoparticles with a resolution of ~20 nm.**> The
capability of acquiring the highest resolution images is traded
off with the inability of confocal imaging, which results in
overlaid but pinpointed fluorescence location of GFP in the
nuclei even at the highest intensity settings. The analysis
showed that GFP quickly accumulated in the lysosome and
cytoplasm, with very little accumulation found in the nucleus
(Fig. 4 and 5). The relative accumulation of GFP in the lysosome
decreased with time, while its release into the cytoplasm
increased when delivered by KMX/GFP NPs. In contrast, GFP
found in the lysosome increased with the incubation time, and
its release into the cytoplasm decreased when NKMX/GFP NPs
were incubated with RAW 264.7 cells, DC2.4 cells, and BMDCs
(Fig. 4 and 5). One possible explanation for this observation is
stronger proton buffering and GFP retention by KMX NPs in the
lysosome, resulting in a faster cytosolic release of intact pro-
teins (GFP). When delivered by NKMX/GFP NPs, GFP is quickly
released into the reducing environment in the lysosome with
slower release into the cytoplasm due to limited proton buffer-
ing. Previous studies have also demonstrated that successful
delivery of a therapeutic payload (e.g., proteins and nucleic
acids) requires cytosolic release, avoiding premature degrada-
tion and inactivation.>®*” The relatively slower cellular uptake
of NKMX/GFP NPs than KMX/GFP NPs, as indicated by mean
fluorescence intensity (MFI), likely contributed to the slower
cytosolic release (Fig. 4 and 5). Antigen delivery in carriers such
as NPs could be beneficial for extended bioavailability, avoid-
ance of immediate immune response, and targeted uptake by
phagocytic cells, which together can improve both vaccination
efficacy and safety.***° However, they would require utilizing an
energy-dependent route (e.g., macropinocytosis) or via a struc-
turally challenging uptake process (e.g., different membrane
potential).">** In contrast to NPs that contain multiple GFP
proteins inside, free GFP proteins parsley distributed in a cell
were not highly visible (Fig. S2, ESI{). When incubated with
RAW 264.7 cells, DC 2.4 cells, and BMDCs, KMX/GFP and
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Fig. 4 Intracellular distribution and accumulation of GFP delivered by KMX/GFP and NKMX/GFP NPs in RAW 264.7 and DC 2.4 cells for 2, 4, and 6 h. The
fluorescence of GFP in the cells was imaged by superresolution fluorescence microscopy (image n = 8-10), and the colocalized fluorescence of GFP and
intracellular organelles was further quantified. In addition, the cellular uptake of KMX/GFP and NKMX/GFP NPs was quantified as mean fluorescence

intensity (MFI).

NKXM/GFP NPs were found to be minimally toxic with relative
viability of RAW 264.7 cells at ~91 and ~71%, DC 2.4 cells at
~89 and ~62%, and BMDCs at ~94 and 86%, respectively, at a
highest concentration of 200 pg mL™ ' NPs (Fig. S3, ESIf).
Despite the lower zeta potential than KMX/GFP NPs (Fig. 2B),
Ni-NTA groups in NKMX/GFP NPs contributed to cytotoxicity.*?
At a concentration of 100 pg mL ™", KMX/GFP and NKMX/GFP
NPs showed tolerable cytotoxicity of 20% or lower, allowing
vaccination at a dose of up to 0.3 ug mL ™" antigens. Incubation
of BMDCs with KMX/GFP and NKMX/GFP NPs induced matura-
tion, as indicated by the upregulated expression of MHC II,
CCR7, CD80, and CDS86 (Fig. 5). This was attributed to the
elevated antigen processing and presentation activities when NP
vaccines were taken up by BMDCs.** In contrast, RAW 264.7
macrophages showed only a marginally upregulated CCR7, and
DC 2.4 cells remained unchanged for the expression of surface
markers (Fig. S4 and S5, ESIt). This observation implies efficient
in vivo DC activation upon vaccination with KMX/GFP and
NKMX/GFP NPs.

6580 | J Mater. Chem. B, 2024,12, 6577-6586

Immune response determined by the order of vaccination in
varying formulations

In vivo studies allow the assessment of humoral immunity
initiated by antigen presentation to T cells. C57BL/6 mice, a
common animal model in immunology, were vaccinated with
5 pg of GFP, KMX/GFP NPs, or NKMX/GFP NPs in PBS, in
various combinations of GFP and NPs for prime (Day 0) and
booster (Day 14) injections, with or without IVAX-1 adjuvant
(CpG/MPLA/AddaVAX) (Fig. 6 and Fig. S6, ESIt). The animals
were bled on Day 10 (after the prime but before the booster
injection), Day 28 (2 weeks after the booster injection), and Day
50 (~ a month after complete vaccination), followed by evalua-
tion of the generation of antibodies against GFP by ELISA.
Robust anti-GFP IgG responses were induced by vaccination
with GFP-GFP, KMX/GFP NPs-GFP, and NKMX/GFP NPs-GFP
(prime-booster) and the efficiently activated humoral immu-
nity lasted about a month with no changes. No difference in the
IgG2a/IgG1 ratio, observed between KMX/GFP NPs and NKMX/
GFP NPs (Fig. S7, ESIT), confirmed their roles in the Thi- or

This journal is © The Royal Society of Chemistry 2024
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Intracellular distribution and accumulation of GFP delivered by KMX/GFP and NKMX/GFP NPs in BMDCs for 2, 4, and 6 h, and the changes of cell

surface markers on BMDCs after incubation with KMX/GFP and NKMX/GFP NPs. The fluorescence of GFP in the cells was imaged by superresolution
fluorescence microscopy (image n = 7-9), and the colocalized fluorescence of GFP and intracellular organelles was further quantified. In addition, the
cellular uptake of KMX/GFP and NKMX/GFP NPs was quantified as mean fluorescence intensity (MFI). Cell surface markers on BMDCs after incubation
with free GFP, KMX/GFP NPs, and NKMX/GFP NPs for 6 h were analyzed by flow cytometry.

Th2-biased polarization of humoral immunity. In contrast,
administration of KMX/GFP NPs and NKMX/GFP NPs for both
prime and boost injections did not yield measurable antibo-
dies, consistent with the notion that the antigen is sequestered
inside the NPs until it is endocytosed and intracellularly
degraded in an APC. Processed peptides are presented in the
context of MHC molecules on T cells at the APC surface. This
finding emphasized the importance of administering soluble
antigens (GFP), during the prime and/or boost injection to
induce antibodies. It was demonstrated that the administration
of NPs for prime followed by soluble GFP for boost induced
higher IgG signals than groups in which soluble GFP was given
first. This may indicate a role for NPs in modulating antibody
response via prime injection. Overall, the production of anti-
GFP antibodies by NPs was not as effective as that of free GFP.
This might be attributed to the higher number of free proteins
than NPs for the same amount of GFP, which is also attributed
to the relatively low statistical differences among the treatment
groups and warrants a subsequent study at a higher dose than
that used in the current study. Regardless of the formulation,
IVAX-1 was indispensable for efficient antibody generation

This journal is © The Royal Society of Chemistry 2024

against relatively weak antigens, such as GFP. Further studies
are required to more precisely define the potential of these NPs
to enhance or downregulate both T cell and antibody responses.
In particular, conventional vaccination strategies repeatedly
administer the same formulations in prime and boost(s). How-
ever, the results shown in Fig. 6 indicate the possibility of
modulating the immune response by varying the immunization
sequence with varying formulations.

Hypothesis of humoral immune responses to antigen
formulations in varying administration orders

Antigen presentation by APC to T cells plays a pivotal role in
orchestrating adaptive immunity, including humoral and cellu-
lar responses, which is the prime target for achieving efficient
vaccination. The results of this study indicate that the magnitude
and type of immune response can be modulated by antigen
formulations (soluble vs. encapsulated) and the sequence of
their administration (summarized in Fig. 7). Free proteins
circulate upon injection before being internalized by an APC
mainly via micropinocytosis,*> degraded in the lysosome into
peptides, and loaded onto MHC II for antigen presentation®®

J. Mater. Chem. B, 2024,12, 6577-6586 | 6581
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Fig. 6 Humoral response to GFP, KMX/GFP NPs, and NKMX/GFP NPs in
varying combinations of prime and booster injections. C57BL/6 mice were
vaccinated twice on Day 14, and their blood samples were collected on
Days 10, 28, and 50 for the analysis of anti-GFP antibodies by ELISA (n = 5).

that are required for B cell-mediated antibody production. We
proposed that the KMX/GFP and NKMX/GFP NPs used in this
study protect their cargo upon administration, rapidly degrade
in the mildly acidic lysosome of an APC after endocytosis, and
rapidly release their payload not only to the lysosome but also to
the cytoplasm (Fig. 4 and 5). Free antigens are also available to
bind to the corresponding antigen receptors on B cells, which
differentiate into antibody-secreting plasma cells with cognate
help from CD4 T cells. When GFP was delivered as a free protein,
its antigenic peptides were simultaneously presented to CD4 T
cells and to B cells. When administered again as a booster, it is
processed for the same purpose and simultaneously binds to the
B cells that are already primed from the prior vaccination,
generating a strong humoral response, including secreting anti-
bodies (the first scenario in Fig. 7). We propose that GFP
delivered by acid-degradable NPs is processed in an APC, and
processed GFP peptides are presented to CD4 cells, which are
required for B cell differentiation. Repeated vaccination with
GFP-encapsulating NPs does not provide free GFP to stimulate
activated B cells (the second scenario in Fig. 7). When GFP is
delivered to NPs as a booster, B cells that are activated upon
prime injection of GFP are not activated to become antibody-
producing plasma cells (the third scenario in Fig. 7). It has been
proposed that GFP released from NPs in an APC is processed and
presented as peptides to CD4 T cells. Booster injection of free
GFP enables the activation of B cells to differentiate into plasma
cells (the fourth scenario in Fig. 7). The results of this study allow
us to develop vaccine strategies for the activation of humoral
immunity. The findings presented in this study indicate that the
administration of various antigen formulations for prime and

6582 | J Mater. Chem. B, 2024, 12, 6577-6586
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Booster (29 injection)

Prime (15t injection)

GFP GFP

Fig. 7 Schematic showing hypothesized modulation of the humoral
immune response by alternating administration of free antigens and
antigen-encapsulating NPs.

booster injections could improve strategies for achieving efficient
and targeted vaccination. Studies are underway to test whether this
platform, when used to deliver immunodominant antigens from
specific pathogens, can influence immunogenicity, particularly for
broadening antibody profiles and improving efficacy against chal-
lenge. One of the areas to be investigated in a subsequent study is to
determine whether KMX/GFP and NKMX/GFP NPs affect Thi1- vs.
Th2-biased polarization of humoral immunity, which may provide a
new insight into the molecular modulation of the immune system
to generate the desired modes of immune response.

Conclusions

Successful vaccination is measured by the magnitude and type
of immune response to the target antigen. In this study, a model
antigen (GFP) was encapsulated in acid-degradable polymeric
NPs via electrostatic interactions and molecular affinity. The
resulting vaccine carriers were shown in vitro to release the
antigen payload once internalized by an APC in response to
the mildly acidic lysosome. Interestingly, the magnitude and
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quality of the immune response in mice were greatly affected by
antigen formulation and vaccination sequence. While repeated
vaccination with antigenic proteins was most efficient in eliciting
an immune response, only limited humoral immunity was
observed when antigen-encapsulating NPs were used for both
prime and booster injections. Alternating free antigens and
antigen-encapsulating NPs for prime and booster injections gen-
erated qualitatively different antibody productions, which is indi-
cative of the modulation of the immune response by this
approach. The findings of this study suggest that the efficacy of
a vaccine may be affected by the immunological nature of the
antigen and its delivery carriers. For example, the GFP used in this
study is weakly immunogenic, and the magnitude of the immune
response observed in this study is likely affected by the immuno-
genic nature of different antigens. The current proof-of-concept
study needs to be further extended to investigate the roles of more
common antigens, such as ovalbumin, hemagglutinin, and viral
surface antigens (e.g;, gp120 on HIV and SARS-CoV-2 spike pro-
teins). Likewise, the polymeric NPs used in this study intracellu-
larly release GFP in APC. Vaccination with antigen-encapsulating
NPs with different intracellular behaviors, such as stimuli-
responsive degradability and localization, may show different traits
of stimulating and modulating the immune response. Overall, this
study suggests that versatile strategies, including formulations and
sequences, need to be considered in order to accomplish efficient
and targeted vaccination.

Experimental

Materials

Branched polyethylenimine (bPEIL 25 kDa) and Hoechst 33342 dye
were purchased from Sigma-Aldrich (St. Louis, MO). Eosin-5-
isothiocyanate and LysoTracker™ Red DND-99 dye were pur-
chased from Thermo Fisher Scientific (Waltham, MA). RAW
264.7 murine macrophage cells and DC 2.4 murine dendritic cells
(ATCC, Rockville, MD) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) and RPMI 1640 (MediaTech, Manassas,
VA), respectively, with 10% fetal bovine serum (FBS) (Atlanta
Biologicals, Flowery Branch, GA) and 1% antibiotics (100 units
per mL penicillin; 100 pg per mL streptomycin) (Gibco, Grand
Island, NY) at 37 °C, 5% CO,, and 95% humidity. AddavAX™
(squalene oil-in-water emulsion) was purchased from InvivoGen
(San Diego, CA). TLR9 agonist, CpG 1018-ODN, and TLR4 agonist,
monophosphoryl lipid A (MPLA), were purchased from Integrated
DNA Technologies (Coralville, Towa) and Avanti Polar Lipids
(Alabaster, AL), respectively. GFP with a 6-His tag was expressed
in Escherichia coli BL21 and purified using His-Pur Ni-NTA resin
chromatography and Triton-X114 endotoxin removal. Purified
proteins were evaluated by SDS-PAGE and bicinchoninic acid
(BCA) protein assays (Pierce Biotechnology, Rockford, IL).

Preparation and characterization of KMX/GFP and NKMX/GFP
nanoparticles (NPs)

Acid-degradable NPs were synthesized via surface-initiated photo-
polymerization of acid-degradable amino-ketal methacrylamide
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(KM) and Ni-NTA-ketal methacrylamide (NKM) monomers
(Fig. S1, ESIt), and ketal bismethacrylamide crosslinker (KXL),
for electrostatic or affinitive encapsulation of GFP as an antigen
(Fig. 1). as described in the ESIT in detail. For the synthesis of
KMX/GFP NPs, 20 pL of 100 mg mL ™' KM (2 mg), 10 pL of
100 mg mL ™" KXL (1 mg), 10 pL of 1 mg mL~" GFP (10 pg), and
50 pL of 200 mg mL ™" ascorbic acid (10 mg), all in deionized
(DI) water, were mixed dropwise with 910 uL of 86.4 ug mL ™"
PEI-eosin conjugate, a total mixing volume of 1 mL, with
vigorous stirring for 10 min. For the synthesis of NKMX/GFP
NPs, 20 pL of 100 mg mL™ " Ni-NTA-KM (2 mg), 10 pL of
100 mg mL ™" KXL (1 mg), 10 pL of 1 mg mL ™" GFP (10 pg), and
50 uL of 200 mg mL ™" ascorbic acid (10 mg) were also mixed with
910 L of 86.4 g mL ™' PEI-eosin conjugate in the same way. Then,
the mixture was photopolymerized under a halogen lamp at
700 klux for 10 min with vigorous stirring, followed by additional
stirring for 10 min without light. Unreacted monomers, cross-
linkers, and other reagents were removed by centrifugal filtration
(MWCO 100 kDa, Millipore, Bedford, MA) three times at 3000 g and
4 °C for 10 min. The resulting KMX/GFP and NKMX/GFP NPs were
finally re-suspended in 1 mL of DI water and stored at 4 °C before
being used for further studies.

The size and zeta potential of KMX/GFP and NKMX/GFP NPs
were measured using a dynamic light scattering (DLS) particle
analyzer (Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK),
with a refractive index of 1.59 and an absorption of 0.01 at 25 °C.
For 1 mL of KMX/GFP and NKMX/GFP NPs at a concentration of
10 pg His-tagged GFP/mL, each size measurement was conducted
with a series of 15 runs using disposable cuvettes (ZEN0040,
Malvern Panalytical) and each zeta-potential analysis was con-
ducted with a series of 100 runs using DTS1070 folded capillary
cells (Malvern Panalytical). The morphologies of KMX/GFP and
NKMX/GFP NPs were observed using transmission electron micro-
scopy (TEM). Briefly, 10 uL of KMX/GFP or NKMX/GFP NPs at the
concentration used for DLS and zeta-potential analysis were
dropped on a carbon-coated copper grid (Thermo Fisher Scien-
tific), air-dried for 30 min at room temperature, and observed
under a JEOL 2100F transmission electron microscope (JEOL,
Peabody, MA) at 200 kv. The encapsulation efficiency of His-
tagged GFP in KMX/GFP and NKMX/GFP NPs was determined by
measuring the excitation/emission (390 nm/510 nm) of the
released GFP following hydrolysis using a fluorescence spectro-
meter (Synergy H1, BioTek, VT). KMX/GFP and NKMX/GFP NPs
were hydrolyzed in a 100 mM acetate buffer at pH 5.0 with
vigorous stirring at room temperature for 24 h. The released
GFP was determined by comparing the hydrolyzed samples with
a calibration curve of free His-tagged GFP in DIW at a concen-
tration range of 0-20 ug mL ™.

pH-Triggered GFP release from KMX/GFP and NKMX/GFP NPs

The release of His-tagged GFP from KMX/GFP and NKMX/GFP
NPs in a pH-dependent manner was evaluated by measuring the
fluorescence of free GFP at the endosomal/phagolysosomal and
physiological pH of 5.0 and 7.4, respectively. Briefly, a Spectra-
Por® Float-A-Lyzer® G2 dialysis device (MWCO 100 kDa)
(Sigma-Aldrich) containing KMX/GFP and NKMX/GFP NPs at a
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concentration of 5 pg mL~' GFP in 100 mM acetate buffer
(pH 5.0) was incubated on a shaker incubator at 37 °C. At
different time points, 4 mL of dialyzed samples were collected
while replenishing the buffers in the same volume and analyzed
for fluorescence using a Synergy H1 Microplate Fluorescence
Reader (Synergy H1, BioTek, VT) at excitation/emission wave-
lengths of 385 nm/524 nm (pH 5.0) or 390 nm/510 nm (pH 7.4),
without further dilution or reconstitution. The amount of GFP
released was calculated by comparing the fluorescence of GFP at
known concentrations, as described above.

Cytotoxicity and intracellular distribution of KMX/GFP and
NKMX/GFP NPs

The dose-dependent toxicity of KMX/GFP and NKMX/GFP NPs
in vitro was assessed at concentrations of up to 200 ug mL " by the
conventional MTT assay using RAW 264.7 cells, DC 2.4 cells, and
BMDCs" seeded at a density of 10000 cells per well in a 96-well
plate with 0.1 mL of medium, 24 h prior to the experiment. After
the cells were incubated with KMX/GFP and NKMX/GFP NPs for
24 h, 10 pL of 5 mg mL ™' MTT in PBS was added to each well,
followed by further incubation for 2 h. The MTT-containing
medium was aspirated, 0.2 mL of DMSO was added to dissolve
the formazan crystals produced by the live cells, and the absor-
bance of the formazan was measured at 570 nm using a Spec-
traMax Plus microplate reader (Molecular Devices, Sunnyvale, CA).
The relative viability of the cells was determined by comparing the
absorbance of treated and untreated cells.

The intracellular distribution of His-tagged GFP delivered by
KMX/GFP and NKMX/GFP NPs was evaluated using a Nano-
reso™ Super Resolution Fluorescence Microscope (Sysmex
Corporation, Kobe, Japan). Briefly, 20000 RAW 264.7 and DC
2.4 cells were seeded in an 8-well chamber dish (Thermo Fisher
Scientific, Waltham, MA) and incubated for 24 h. After incuba-
tion with KMX/GFP and NKMX/GFP NPs at a GFP concentration
of 1 ug mL ™" for 2, 4, and 6 h, the cells were stained with
LysoTracker™ Red DND-99 at a concentration of 100 nM for
20 min in order to locate acidic intracellular organelles, and
their nuclei were stained with Hoechst 33342 at a concentration
of 1 ug mL ™" for 10 min. The cells were rinsed twice with DPBS,
and the GFP fluorescence of the cells was captured at 10 000 frames
per image. The location of intracellular GFP and other fluorophores
was precisely determined by analyzing the obtained images using
ThunderSTORM for image filtering with a wavelet filter (B-Spline)
and result visualization using the normalized Gaussian method
and colocalized fluorescence, located in the same location, and was
then quantified (% volume colocalized) using Image J software
(National Institutes of Health, Bethesda, MD; https://imagej.nih.
gov/ij/.) in the analysis mode.

Analysis of cell surface molecules after incubation with
KMX/GFP and NKMX/GFP NPs

The cell surface molecules after incubation with KMX/GFP and
NKMX/GFP NPs were measured by flow cytometry. Briefly, RAW
264.7, DC2.4, and immature BMDCs were seeded at a density of
200000 per well in a 12-well plate 24 h prior to the experiment.
After 6 h of incubation with GFP, KMXGFP, or NKMX/GFP NPs
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at a concentration of 1 ug mL™" GFP or equivalent, the cells
were trypsinized and stained with PE-Cy7 anti-mouse antibo-
dies against MHCI, MHCII, CCR7, CD80, CD86 or CD1lc
(BioLegend, San Diego, CA) on ice for 20 min. The cells were
then rinsed with 1x PBS three times and analyzed by flow
cytometry using the unlabelled samples as controls.

Vaccine adjuvant preparation

To prepare IVAX-1, a customized adjuvant mixture used in this
study, CpG1018-ODN,*®*° was dissolved in sterile water at 1 mM
as a stock. To overcome this limited aqueous solubility, MPLA
was incorporated into DOPG liposomes (an inert co-lipid).
Briefly, MPLA and DOPG (both from Avanti Polar Lipids, Alaba-
ster, AL) were dissolved at a molar ratio of 1:5 in chloroform,
followed by evaporation under nitrogen and removal overnight
under vacuum. The lipid film was then hydrated with 10 mM
NaCl to a concentration of 5 mg mL™" (2.835 mM) MPLA and
sonicated in a Branson M1800 sonicating water bath (Branson
Ultrasonics Corporation, Brookfield, CT) at room temperature
for 15 min until the formulation was translucent with no large
visible particles. The particle size distribution of the liposomes
was determined to be approximately 100 nm using DLS. Adda-
VAX™ (squalene oil-in-water emulsion, Invitrogen Inc., San
Diego, CA) was used at 50% of the dosing volume in adjuvanted
formulations, as recommended by the manufacturer. In this
study, mice received IVAX-1 comprising 1 nmol of CpG1018-
ODN, 3 nmol of MPLA, and 25 pL of AddaVax as adjuvant. IVAX-1
was developed and well characterized at the UCI Vaccine R&D
Center after performing systematic screens of different toll-like
receptor (TLR) agonists and emulsions on the immunogenicity
of recombinant hemagglutinin (HA) vaccines in mice.*’

Vaccination with KMX/GFP and NKMX/GFP NPs

Female C57BL/6 mice (7-10 weeks of age), purchased from
Charles River Laboratories (Wilmington, MA), received vaccines
comprised of either free soluble His-tagged GFP or His-tagged
GFP encapsulated in KMX/GFP or NKMX/GFP NPs, as prepared
above. For immunization, 5 pg of His-tagged GFP or equivalent
in 50 pL was administered in sterile PBS or IVAX-1 adjuvant via
the subcutaneous route (base of tail) under brief anesthesia
with inhaled 1% isoflurane/O, mixture. The mice were weighed
and monitored daily for 14 days post prime or boost for any
changes in the behavior or development of lesions at the site of
injection. At regular time points, plasma was collected into
heparinized microcapillary tubes (Minicollect 0.8 mL Z Serum
Sep Gold, Greiner Bio-One, Monroe, NC) by saphenous vein
bleeding under anesthesia with inhaled 1% isoflurane/O, and
at the experimental endpoint by cardiac puncture under term-
inal anesthesia. All animal experiments were approved by the
UCI Institutional Animal Care and Use Committee (IACUC
protocol #AUP-18-096) and by the Animal Care and Use Review
Office (ACURO) of the U.S. Army Medical Research and Material
Command (USAMRMC). The laboratory animal resources at
UCI are internationally accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care (AAALAC
#000238).

This journal is © The Royal Society of Chemistry 2024


https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
https://doi.org/10.1039/d3tb02834h

Published on 30 May 2024. Downloaded on 7/19/2025 6:28:31 PM.

Journal of Materials Chemistry B

Anti-GFP antibody quantification by ELISA

His-tagged GFP was used to coat Reacti-Bind microtiter plates
(Thermo Fisher Scientific, Waltham, MA) at a concentration of
2 pg mL~" in TBS (20 mM Tris/150 mM NaCl, pH 7.6; 100 uL per
well) overnight at 4 °C. The plates were then washed four times
with T-TBS, and TBS containing 0.05% Tween 20 (Thermo Fisher
Scientific, Waltham, MA) and blocked with 300 pL per well of
casein/TBS blocking buffer (Thermo Fisher Scientific, Waltham,
MA) for 1-2 h. The blocking buffer was then aspirated, and the
plates were air-dried and stored in desiccated foil pouches at 4 °C
until use. For the ELISA assay, sera were diluted to 1/100 in
casein/TBS blocking buffer containing E. coli lysate (GenScript,
Piscataway, NJ) at 1.5 mg mL " final concentration and incubated
for 30 min prior to addition to the plates. The plates were
incubated for 45 min with gentle rocking at room temperature.
After washing with T-TBS four times, 100 pL of goat anti-human
IgG, IgG1 or IgG2c-HRP conjugates (Bethyl Laboratories, Mon-
tgomery, TX) diluted to 1/12 500 in Guardian Stabilizer (Thermo
Fisher Scientific, Waltham, MA) was added to wells and incu-
bated for 45 min at room temperature. After washing with T-TBS
four more times, plates were developed by adding 100 pL/per well
SureBlue Reserve TMB developer (Kirkegaard and Perry Labora-
tories, Gaithersburg, MD) for 2-5 min in the dark. Development
was stopped by the addition of 100 pL per well of 0.2 M H,SOy,,
and absorbance was measured at 450 nm using a FilterMax-F5
plate reader (Molecular Devices, San Jose, CA).

Statistical analysis

All data were analyzed for statistical significance using an
unpaired Student’s ¢test for single comparisons at p < 0.05,
p < 0.01, or p < 0.001.
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