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CHAPTER 1. PEPTIDE-DECORATED LIPID NANOPARTICLES WITH

ENCAPSULATED PDNA ENABLE SELECTIVE TRANSFECTION OF CELLS

1.1. ABSTRACT

Despite notable progress in lipid nanoparticle (LNP)-mediated gene delivery, achieving
selective transfection of specific cell types, such as cancer cells, remains a significant hurdle,
hindering the advancement of innovative gene therapies. In this study, we engineered an LNP
formulation encapsulating plasmid DNA (pDNA) encoding the monomeric Green Lantern (mGL)
fluorescent reporter protein. The DT7 peptide ligand targeting human transferrin receptor 1
(hTfR1) was also conjugated to the LNP surface for targeted delivery to hTfR1-expressing cells.
Optimization of LNP composition yielded favorable particle diameter, {-potential, yield, and
pDNA encapsulation efficiency. Evaluation of transfection selectivity using a panel of two
engineered cell lines, CHO-TRVb-hTfR1 expressing hTfR1 and CHO-TRVb-neo lacking this
receptor, was accomplished through flow cytometry, measuring the expression of the fluorescent
mGL protein. Our experiments revealed a dose-dependent mGL expression in the evaluated range
of LNP concentrations, with up to 20% transfection efficiency in CHO-TRVb-hTfR1 cells and
markedly lower efficiency (up to 4%) in CHO-TRVDb-neo cells, indicating a five-fold enhanced
selectivity for hTfR1-expressing cells. These findings suggest the potential of this LNP platform,
or similar ones modified with DT7, for in vivo applications, particularly in the selective targeting
of malignant cells overexpressing hTfR1. Further work aims to enhance LNP selectivity, including
the development of dual-targeting LNPs and exploring additional ligands for improved therapeutic

precision.



1.2. HYPOTHESIS AND SPECIFIC AIMS

Utilizing nucleic acids as therapeutic agents is advertised as a pivotal avenue in molecular
medicine’s future. Non-viral gene therapy modalities, including lipid nanoparticles (LNPs) and
other nucleic acid carriers, are proposed to address severe ailments necessitating systemic
administration for genetic disease, viral infection, or cancer cell targeting.! However, the
development of efficient gene delivery vectors remains a critical bottleneck, constraining the
efficacy of gene-based therapeutics in clinical trials.

Two notable instances of successful LNPs delivering nucleic acids are the vaccines against
SARS-CoV-2, namely BNT162b2? (Pfizer-BioNTech) and mRNA-1273 (Moderna). In contrast
to conventional vaccines, these mRNA-based LNP vaccines exhibited exceptional efficacy,
exceeding 94 %, highlighting their potential in addressing current and future SARS-CoV-2
variants.* ® Besides mMRNA, DNA-based LNPs have emerged as promising candidates for nucleic
acid delivery therapies, with at least ten clinical trials currently in Phase I-111.> 7 Some of the
advantages of DNA-based LNP technology can be attributed to DNA offers cost-effectiveness,
ease of production, and greater stability compared to mRNA, factors particularly relevant for
remote regions and developing countries.® °

Although unspecific delivery of genetic material into various cells may not be a significant
concern in certain applications, such as SARS-CoV-2 vaccines, achieving selective targeting
remains a persistent challenge for enhancing the efficacy of gene therapies in diverse medical
scenarios.’® With appropriate design and formulation, LNPs present the advantage of being
engineered to target the desired tissue selectively. Selective targeting can be achieved through two

methods: passive targeting, which involves altering the lipid formulation,'! 12 and active targeting,



which entails modifying the LNP surface with a ligand that binds specifically to a receptor on the
target cell.*®

The human transferrin receptor (hTfR1), also known as CD71, is highly expressed on
tumor cells due to their rapid proliferation and elevated iron demand,* *> making it a universal
cancer biomarker and a promising target for active targeting approaches.** ' While the natural
ligand for hTfR1, human transferrin protein (Tf), has been widely used in targeting therapeutic
agents to tumors, its effectiveness may be limited by the presence of high concentrations of
endogenous Tf in human serum.!’ However, the retro-inverso peptide DT7, engineered from the
T7 peptide, exhibits enhanced stability and affinity to hTfR1 without competitive interference from
endogenous Tf, making it a promising candidate for targeted drug delivery applications.8

Hypothesis: In this research project, we hypothesize that lipid nanoparticles (LNPSs)
encapsulating plasmid-DNA (pDNA) and incorporating the peptide ligand DT7 can be
synthesized and selectively transfect cells expressing human transferrin receptor 1 (hTfR1)
efficiently to overcome the lack of specificity in current approaches.

To address the hypothesis raised above, we propose the following specific aims:

Specific Aim 1

To synthesize lipid nanoparticles (LNPs) encapsulating plasmid-DNA (pDNA) encoding
the reporter mGL protein using the pipetting mixing method and post-assembly derivatize them
with the DT7 peptide, employing thiol-maleimide click chemistry to enable selective targeting of
cells expressing human transferrin receptor 1 (hTfR1).

Specific Aim 2

To assess the in vitro transfection efficiency and selectivity of the LNP-DT7 formulations

using two different cell lines engineered to express and not express the hTfR1.



1.3. INTRODUCTION

1.3.1. A POTENTIAL TREATMENT AGAINST MELANOMA AND THE ORIGIN OF
OUR LIPID NANOPARTICLE JOURNEY

In the United States, it is projected that there will be approximately 100,640 new cases of
melanoma diagnosed and 8,290 related fatalities in the year 2024.1° Advanced melanoma poses
significant treatment challenges; however, immunotherapy has emerged as a promising therapeutic
avenue in recent times.?’ Specifically, there exist three primary categories of immunotherapy for
advanced-stage melanoma: cytokine therapy, oncolytic virus therapy, and checkpoint inhibitor
therapy. One such example is Pembrolizumab (Keytruda), a monoclonal antibody that targets the
PD-1 receptor on cytotoxic T cells, enhancing their ability to eliminate melanoma cells.?° Although
Pembrolizumab and combination therapies have shown efficacy in extending survival, the majority
of individuals with advanced melanoma continue to face a relentless and incurable progression of
the disease. Consequently, there exists an imperative for the development of innovative therapeutic
strategies to address the unmet needs of individuals with advanced melanoma.

Autologous therapeutic vaccines are another form of immunotherapy that primarily relies
on tumor-specific antigens (TSAs). However, TSAs typically exhibit low immunogenicity.
Various adjuvant-based strategies have been investigated to augment the immunogenicity of
TSAs.228 For instance, in a phase-1 clinical trial involving an autologous melanoma vaccine, anti-
aGal antibodies were utilized as an endogenous adjuvant. Stage-111 melanoma patients received
intratumoral injections of aGal-bearing glycolipids.?® Regrettably, this approach failed to yield
significant tumor regression or cure. Nevertheless, it is noteworthy that none of the patients
developed autoimmune conditions, and enzyme-linked immunosorbent assay (ELISA) analyses

revealed no autoantibodies against normal tissue antigens, using skeletal muscle or human colon



homogenates as immobilized antigens.?® Despite the partial success observed with the autologous

melanoma vaccine strategy, a more comprehensive and robust immune response is imperative.

HO _OH Galal,3Galp1,4GlcNAc
o, OH om

HO-\ . _OH
HONEQ oo . = OO
Ho H :
Figure 1.Chemical structure and schematic representation of the aGal epitope

The aGal epitope (Figure 1) is synthesized by the enzyme ol,3-galactosyltransferase
(a1,3GalT, or GGTAL), which is entirely absent in humans. Therefore, the aGal epitope is also
absent in human glycoproteins, and it is highly immunogenic and antigenic. Anti-aGal Abs, which
accounts for up to 1% of IgG in normal human serum (NHS), is responsible for the hyperacute
rejection of xenografts by human recipients. For example, when a pig kidney expressing
approximately 107 aGal epitopes per cell on its surface glycoproteins is transplanted into a human
recipient, rejection typically occurs within minutes to hours.3% 3! This rejection process is primarily
mediated by the opsonization of pig cells by anti-aGal antibodies, leading to complement-
dependent cytotoxicity (CDC). Additionally, antibody-dependent cell-mediated cytotoxicity
(ADCC) and antibody-dependent cell-mediated phagocytosis (ADCP) contribute to the
mechanism of hyperacute rejection.

Kiessling® * and Fukase®* pioneered the development of bifunctional anti-aGal antibody-
recruiting molecules comprising a cancer-binding component and an aGal component. These
molecules were designed to bind to various types of cultured cancer cells, thereby decorating them
with antigenic aGal moieties. In the presence of NHS (normal human serum), containing anti-aGal

antibodies and rabbit complement, a substantial proportion of the cancer cells underwent

complement-dependent cytotoxicity (CDC).32-%



The rapid and potent lysis/rejection observed in xenotransplantation due to anti-aGal
antibody-mediated processes underscores the remarkable capabilities of the immune system. Our
research team is focused on introducing a novel gene therapy for melanoma, which leverages the
interactions between aGal and anti-aGal antibodies. This innovative approach integrates the
principles of autologous anti-melanoma vaccines with the destructive potential of anti-aGal
antibodies. Our idea is that melanoma cells could become immunological magnets through the

forced expression of a highly antigenic cell surface glycotope: the aGal.
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Figure 2. Schematic representation of our ideal approach for a melanoma treatment

Figure 2 provides a schematic representation of our most ambitious approach. Initially, we
propose the in vivo selective transfection of melanoma cells with the murine a1,3GalT gene (ggtal)
by actively targeting the human transferrin receptor (hTfR1/CD71). In this process, when
expressed in al,3GalT-knockout (KO) mice, melanoma cells will exhibit the aGal epitope.
Consequently, these melanoma cells become susceptible to destruction by the innate immune
system's anti-aGal antibody-mediated responses, including complement-dependent cytotoxicity
(CDC), antibody-dependent cell-mediated cytotoxicity (ADCC), or antibody-dependent cell-
mediated phagocytosis (ADCP). Following phagocytosis by antigen-presenting cells (APCs),

melanoma cells undergo processing, and their tumor-specific antigen (TSA) peptides are presented



via major histocompatibility complex (MHC) class | and Il complexes. This presentation
subsequently triggers the activation of CD8+ cytotoxic T cells and CD4+ helper T cells, initiating
a cascade of immune responses. Ultimately, this immune activation stimulates B cells, fostering
the development of specific anti-tumor immunity. Notably, transfection of all melanoma cells is
not a prerequisite, as the anti-tumor immunity generated can effectively target melanoma cells
regardless of aGal expression.

1.3.1.1. PRELIMINARY EXPERIMENTS

Prior to delving into more intricate tasks, our lab conducted a set of preliminary
experiments in partnership with Dr. Almeida’s Lab.

Transfection of B16 melanoma cells with murine ggtal in vitro results in aGal
expression. (Miguel A. Beltran from Dr. Almeida’s Lab accomplished this work). The
B16F10Luc2 (B16) is the only commercially available mouse cancer cell line suitable because it
lacks aGal, resembling human cancer cells. A gene fragment containing ggtal labeled with an in-
frame C-terminal human influenza hemagglutinin (HA)-tag was synthesized and inserted into a
mammalian expression vector. Whole plasmid sequencing was used to validate the plasmid
construct. The plasmid was transfected into B16 cells using Lipofectamine™ 3000, and expression
of al1,3GalT was verified by immunoblot using an anti-HA Ab (Figure 3A). Note that only the
ggtal-transfected cells express al,3GalT (ggtal+, right lane), and that two Ggtal bands are
observed. This agrees with two Ggtal isoforms, which differ in length, i.e., 406 and 394 aa

(https://www.uniprot.org/uniprotkb/Q9DBU1/entry:https://www.uniprot.org/uniprotkb/Q3TXW0

/entry ). To validate the expression and function of the enzyme, aGal expression was visualized
with a fluorescent G. simplicifolia isolectin 4 (1B4) that specifically binds to aGal residues (red)

(Figure 3B). Note that only the B16ggta1+ cells show fluorescence (right), while the wild-type B16


https://www.uniprot.org/uniprotkb/Q9DBU1/entry;https:/www.uniprot.org/uniprotkb/Q3TXW0/entry
https://www.uniprot.org/uniprotkb/Q9DBU1/entry;https:/www.uniprot.org/uniprotkb/Q3TXW0/entry

(B16wt) (left) do not. These data prove that B16 cells transfected with our ggtal-vector express

active 01,3GalT and that the enzyme is indeed catalyzing a-galactosylation.
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Figure 3. Result of the transfection of B16 cells with murine ggtal DNA with an HA-tag at the C-terminus using a
mammalian expression vector. The expression of a1,3GalT with HA-tag was analyzed using Western Blot and protein
was found at the expected 51 kDa (A); and aGal expression was detected using fluorescence microscopy (B).
Untransfected (wt) and ggtal-transfected B16 cells were coincubated with Griffonia simplicifolia Lectin | (GSL 1)
Isolectin B4, Dylight 594 (Vector Labs) and visualized via fluorescence (B) using a Cytation 7 Cell Imaging Multi-
Mode Reader (Biotek, Agilent).

LNPs equipped with DT7 transfect CHO cells that express TfR1. (This work was
accomplished in collaboration with Miguel A. Beltran). The DT7 peptide binds to hTfR1 and is
internalized by the hTfR1 receptor via active transport. We have assembled LNPs with
encapsulated mRNA coding for the fluorescent protein mCherry, with [LNP DT7 (+)] or without
[LNP DT7 (-)] DT7 peptide on its surface. The LNPs were synthesized by microfluidic mixing,
and their size (~ 100 nm), {-potential (near zero), and encapsulation efficiencies [60% for LNP
DT7 (+), and 76% for LNP DT7 (-)] were validated before transfection of TfR1 expressing CHO

cells. Figure 4 shows that the DT7 ligand is necessary for transfection via TfR1 internalization

(Figure 4, bottom) and that LNPs without the DT7 peptide only show a weak background
transfection (Figure 4, middle). Note that the LNP synthesis and the transfection protocol have

not yet been optimized.
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Figure 4. Transfection of hTfR1-expressing CHO cells with mCherry mRNA using two different LNPs. A:
untransfected negative control; B: LNP without DT7. C: LNP with DT7. The mCherry fluorescence was
visualized using a Cytation 7 Cell Imaging Multi-Mode reader (Biotek, Agilent). Live cell microscopy images
were collected at 20X, bright field, and fluorescence images for mCherry (593/618 nm).

Our LNPs transfect hTfR1-expressing cells selectively. (This work was accomplished
in collaboration with Miguel A. Beltran). To test whether our LNPs can selectively transfect cells
with hTfR1 receptors over cells that lack them, we tested the transfection of CHO TfR1 (+) and
CHO TfR (-) cells (kindly provided by M. Penichet) using a pDNA coding for the fluorescent
protein mGreenLantern (Figure 5). These LNPs were synthesized using the pipetting mixing

method. The LNPs were fully characterized prior to use (diameter ~100 nm, {-potential -7 mV,



encapsulation efficiency 60%). The transfection of CHO TfR1 (+) cells was significantly more
efficient than the transfection of CHO TfR1 (-) cells. This can be attributed to the targeted delivery

via DT7/hTfR1 binding. This shows that the selective targeting of hTfR1-expressing cells with

DT7-modified LNPs is possible.

CHO.74z4

O

LNP DT7 (+)
mGreenLantern poor transfection
DNA (+)

100 oam

CHO..7¢r1

10

LNP DT7 (+) significantly )
mGreenLantern better transfection
DNA (+) 100 om

Figure 5. Transfection experiments of CHO TfR1 (+) cells (A, B) and CHO TfR1 (-) cells (C, D) with LNP DT7
(+) and mGreenLantern (mGL) coding DNA as a gene reporter using a mammalian expression plasmid vector. The
cells were fixed using 4% PFA at 60 hpt and incubated with DAPI. A and C: Detection of the fluorescence of
mGL; B and D: merged images of mGL and DAPI detection. CHO cells were visualized via fluorescence using a
Cytation 7 Imaging Multi-Mode Reader (Biotek, Agilent).

Anti-aGal Ab-mediated CDC in vitro. (This work was accomplished in collaboration
with Colin D. Knight and Miguel A. Beltran from Dr. Almeida’s Lab). We assessed the CDC of
NHS in the presence of complement (C”) on wild-type B16 (B16w) and aGal-expressing B16
(B16ggta1+) cells that had been transfected with a mammalian expression vector containing the
murine ggtal (Figure 6). Our data show that B16ggta1+ are more effectively killed by pooled NHS

(NHSP) than B16wt, which lack aGal. This supports anti-aGal Ab-mediated CDC in B16 cells.
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Figure 6. Cytotoxicity effect of pooled NHS on aGal-negative (top) and aGal-positive (bottom). The cytotoxicity
assay was performed using the aCella TOX kit (CLATOX100, Cell Technology). The kit quantitatively measures
the release of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from mammalian cells. GAPDH catalyzes the
oxidative phosphorylation of glyceraldehyde-3-phosphate (GAP) to 1,3-bisphosphoglycerate kinase (PGK) to
produce ATP, which is then detected via luciferase/luciferin bioluminescence using a Cytation 7 Cell Imaging
Multi-Mode Reader (Biotek, Agilent) Statistical analysis: Mixed-effects model with Geisser-Greenhouse correction
and Turkey’s multiple comparison test. **, p<0.001.

This ambitious concept serves as the foundation for our ongoing research project, which
concentrates on enhancing the initial step of the process: the precise and effective delivery of

genetic material into target cells.

1.3.2. GENE DELIVERY METHODS

In contemporary biomedical research, gene therapy has garnered increased attention due
to its capacity to potentially address a spectrum of diseases, ranging from genetic disorders to
various manifestations of cancer.! An essential stage in gene therapy involves proficiently
delivering genes to specific tissues or cells, a task executed by specialized carriers known as gene
delivery vectors. Gene therapies are commonly classified into viral and nonviral formulations
based on their delivery vectors. Viral formulations utilize viruses to deliver genetic material into
cells.®® Notably, on December 8", 2023, the U.S. FDA approved the first cell-based gene-editing

therapy targeting sickle cell disease. This innovative approach involves the extraction,
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modification, and reintroduction of the patient’s blood stem cells.*>” Despite this advancement,
numerous forthcoming gene therapies are anticipated to necessitate precise gene delivery to
particular tissues or cells in vivo.®

Clinical trials have explored different viral vectors, including lentiviruses, retroviruses, and
adeno-associated viruses (AAV).%38 AAV-mediated delivery is efficient for genetic diseases
requiring long-term gene expression or genome integration. However, it is less suitable for
conditions caused by point mutations.*® Although viral transduction commonly results in enduring
genome integration,*® poses risks of off-target effects, including hepatoxicity, undesired immune
reactions, and, in rare instances, death.*® Furthermore, AAVs exhibit restricted transgene carrying
capacity (~4.8 kb), limiting their compatibility with larger CRISPR-based editors and other genetic
payloads.* Other challenges associated with viral vectors are the low productivity of AAV from
host cells, the challenging scalability of the AAV-producing bioprocess, and the emergence of
high levels of impurities during production.*?: 42

In recent years, there has been a growing recognition of nonviral formulations in the field
of gene delivery, predominantly employing engineered lipid nanoparticles (LNPs). This shift aims
to mitigate viral formulations’ immunogenicity and off-target risks.*® The appeal of nonviral
therapies lies in their impressive ability to engineer stable nanostructures and the adaptability to
modify their surfaces chemically.** This versatility enables the efficient encapsulation of nucleic
acids, facilitating cellular delivery and endosomal release. Moreover, tailored nonviral
formulations can prolong blood circulation, attenuate immune response, and reduce renal
clearance.®® The covalent attachment of active targeting ligands to LNPs can be achieved through

various commercially available functionalized lipids.*®
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While LNP formulations encapsulating SiRNA or mRNA have demonstrated effectiveness
in cellular uptake and endosomal escape, exploring LNPs with plasmid DNA (pDNA)
encapsulation remains underexplored. Notably, pDNA delivery provides the advantage of
sustained transgene expression.*> 46 Compared to RNA, pDNA exhibits greater resistance to
enzymatic degradation,*” and its production is more cost-effective.® These attributes are

particularly pertinent for regions with limited resources and developing nations.®

1.3.3. ACHIEVING SELECTIVITY

Traditional LNPs, however, face a significant limitation due to their physicochemical
resemblance to low-density lipoproteins (LDL) and their propensity to adsorb apolipoprotein E
(Apo-E) in blood plasma.*® This characteristic leads to their preferential accumulation in the liver
and hepatocytic uptake via the low-density lipoprotein receptor (LDL-R). While traditional LNP
technologies effectively target hepatocytes, their specific characteristics limit their application to
non-liver tissues. The development of LNPs capable of delivering nucleic acids to tissues beyond
the liver poses a considerable challenge. Overcoming this barrier is imperative for fully realizing
the potential of nucleic acid delivery technologies.°

Remarkable advancements have been made in controlling essential parameters such as size,
{-potential, nucleic acid encapsulation, and polydispersity index (PDI) in LNP-mediated gene
therapy. 46 Nevertheless, a significant challenge remains in achieving selective targeting of
specific tissues or cell types. Both active and passive targeting approaches have been proposed for
LNPs. However, quantitative data are scarce on selectivity.

Passive targeting mechanisms in LNPs are primarily governed by size and charge,

modifiable through alterations in lipid molar compositions. For instance, incorporating negatively
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charged LNPs with increased DMG-PEG2000, a synthetic neutral lipid with a polyethylene glycol
(PEG) chain, has enhanced cellular uptake by CD8+ dendritic cells in lymph nodes.*® In specific
cases, passive targeting is achieved by introducing an additional lipid, termed selective organ
targeting (SORT) lipids.* 1 These SORT lipids are incorporated into the LNP formulation by
dissolving them in the organic solvent at varying molar ratios before mixing with the nucleic acid
component. The resulting LNP targets organs such as the liver, spleen, and lungs.> * The
composition of lipids and the type of ionizable lipid utilized in the formulation significantly
influence pDNA-LNP transfection.*® 5

In the pursuit of active targeting, various ligands have been utilized to modify LNPs.
Several research groups have employed whole antibodies (Abs) or fragment antigen-binding
regions (Fabs), incorporating functionalized DSPE-PEG during LNP formulation and chemically
grafting the antibodies onto the particles after synthesis.>*>* Carbohydrates have also played a
crucial role in active targeting strategies. For instance, DSPE-PEG2000-mannose was integrated
into a formulation to facilitate the selective delivery of LNPs to liver sinusoidal endothelial cells.*
Small molecules, aptamers, peptides, and proteins have also been employed to modify the surface
of actively targeting LNPs.*

The human transferrin receptor (hTfR1), CD71, is a crucial transmembrane glycoprotein
facilitating iron transport. hTfR1 is highly expressed on tumor cells due to their rapid proliferation
and elevated iron demand.!* ' This receptor has been recognized as a universal cancer
biomarker.® It has become a promising target for active targeting approaches in cancer research
and other conditions.'* 1® The natural ligand for the hTfR1 is the human transferrin protein (Tf); it
plays a vital role in the iron transport process and exhibits a strong affinity for hTfR1.2* % Tf has

been widely utilized as a targeting ligand for delivering therapeutic agents to tumors.>” However,
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its application might be limited by the presence of high concentrations of endogenous Tf in human
serum.>® Consequently, the naturally occurring Tf can competitively impede Tf-modified drug
delivery systems, potentially reducing targeting efficiency in vivo,'” limiting the use of Tf as a
hTfR1-targeting ligand in drug delivery systems.

The T7 peptide (HAIYPRH), a heptapeptide synthesized after phage display technology,>®
has exhibited significant binding affinity with the hTfR1.%9%2 However, the proteolytic
susceptibility of all-L-configured peptides diminishes their bioavailability and effectiveness.®® As
a solution to this limitation, the retro-inverso peptide DT7 (hrpyiah, all-D-configured amino acids)
has been engineered, displaying enhanced stability and affinity to the hTfR1 (Kp = 22 + 1 nM),
even surpassing that of its L-form T7 peptide (Ko = 120 + 5 nM).!® Moreover, it has been
established that there is no competitive interference between DT7 and endogenous Tf, further

emphasizing its potential in targeted drug delivery applications.*®

1.3.4. PHYSICOCHEMICAL CHARACTERISTICS AND SYNTHESIS OF LNPS

Various fundamental properties play a pivotal role in influencing the performance of LNPs,
dictating their efficacy and behavior across diverse applications. Key factors affecting LNP
performance encompass:

(a) Particle size: The dimensions of LNPs critically impact both their in vitro and in vivo
functionality. Typically, LNPs exhibit average diameters ranging from 100 to 400 nm, with
diameters falling within the 10 to 200 nm range considered optimal for systemic drug delivery via
intravenous injection.®* ¢ Particles smaller than 200 nm are preferable, facilitating passage

through liver sinusoidal endothelial fenestrae and permitting sterilization by filtration.%6-68
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(b) Surface charge: The surface charge of LNPs, experimentally assessed through (-
potential measurements, significantly governs their interactions with cellular membranes. A (-
potential exceeding +30 mV or falling below -30 mV ensures robust electrostatic stability,
preventing LNP aggregation.®® 7 While cationic LNPs may directly disrupt cellular membranes,
inducing cytotoxicity, anionic cell membranes generally repel anionic LNPs. This charge plays a
vital role in membrane interactions and endosomal escape, with neutral LNPs (-10 mV < (-
potential < 10 mV) often preferred to mitigate cytotoxicity concerns associated with anionic or
cationic LNPs.%® The incorporation of cationic ionizable lipids into the LNP formulation is
essential as the surface charge of the LNPs is determined by the environmental pH; like this,
undesirable electrostatic interactions between the LNP and the cell membrane can be avoided.”

(c) The polydispersity index (PDI): A PDI < 0.2 indicates a uniform LNP size distribution,
contributing to formulation homogeneity and reproducibility.”* Achieving a desirable PDI for
LNPs with nucleic acid encapsulation involves careful consideration of lipid composition, the
protocol for mixing the organic lipid phase with the aqueous nucleic acid phase, the flow rate ratio
(FRR), and total flow rate (TFR)."

(d) Surface modification (e.g., PEGylation): Integration of polyethylene glycol (PEG) into
LNPs imparts an external polymeric layer to the LNP surface, effectively preventing the adoption
of serum protein (like Apo-E and albumins) and components of the phagocytic system.”® LNP
PEGylation extends the in vivo circulation time and enhance stability by preventing particle
aggregation, even when the charge of the LNP is neutral.”® However, excessive PEG can hinder
cellular internalization and intracellular release of nucleic acids, emphasizing the need for optimal
formulation.” In addition, concerns have been raised regarding inflammatory responses and

potential obstacles to particle uptake associated with PEGylated lipids, commonly called the “PEG
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dilemma.””® The immunogenicity of PEGylated lipids may trigger PEG-related hypersensitivities,
leading to the generation of anti-PEG IgM and 1gG antibodies.” Paradoxically, this immune
response, counter to the intended purpose of PEGylated lipids, accelerates the blood clearance of
LNPs.”® Understanding and fine-tuning these properties is imperative to tailor LNPs for specific
biomedical applications, enhancing their efficacy in therapeutic or diagnostic scenarios.

The ethanol dilution method stands as a well-established technique for LNP assembly,
involving the prompt combination of an ethanol lipid solution with an aqueous buffer containing
the nucleic acid component.®> " This process, facilitated through various mixing methods such as
pipette mixing, vortex mixing, and microfluidic mixing, offers versatility for different scales of
LNP production.*> 2 Pipette mixing, characterized by manual up-and-down pipetting, is
particularly favored for small-scale LNP batches, proving simplicity in optimization, in vitro

studies, and low-dose in vivo experiments.*?
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1.4. MATERIALS AND METHODS

1.4.1. REAGENTS AND CELL LINES

Table 1 shows a list of the chemicals used in this study.

Table 1. List of chemical abbreviations, their composition, and sources.

Abbreviation

Chemical Name/Composition

Source/Manufacturer

DLin-MC3-DMA

4-(Dimethylamino)-butanoic acid, (10Z,132)-1-
(92,127)-9,12-octadecadien-1-yl-10,13-

nonadecadien-1-yl ester

Cayman Chemicals

DMG-PEG2000

a-[(2R)-2,3-bis[(1-oxotetradecyl)oxy]propyl]-w-

methoxy-poly(oxy-1,2-ethanediyl)

Cayman Chemicals

Cho Cholesterol Avanti Polar Lipids
(CRODA)
DSPC 1,2-distearoyl-sn-glycero-3-phosphatidylcholine Avanti Polar Lipids

(CRODA)

DSPE-PEG2000-Mal

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[maleimide(polyethylene glycol)-2000]

Laysan Bio Inc

EtOH Ethanol 200-proof Thermo Fisher Scientific
TCEP Bond-Breaker TCEP Solution, Neutral pH Thermo Fisher Scientific
Water Molecular Grade Water, Cytiva Hyclone Thermo Fisher Scientific
PBS Gibco PBS, pH 7.4 Thermo Fisher Scientific

Acetate Buffer

Sodium Acetate (3 M), pH 5.5, RNase-free

Thermo Fisher Scientific

PicoGreen (PG)

Quant-iT PicoGreen dsDNA assay kit

Thermo Fisher Scientific

TE Tris (10 mM, pH 7.5) and EDTA (1 mM) RNase- Thermo Fisher Scientific
free
Triton Triton X-100 Thermo Fisher Scientific
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Lipid stock solutions were made by dissolving each lipid in 200-proof ethanol, then stored
at -20 °C. Before using them, the stock solutions were warmed to room temperature.

An additional D-cysteine amino acid was added to the C-terminus of the DT7 peptide
(hrpyiah) to allow the conjugation of the thiol-derivatized peptide to the surface of the maleimide-
derivatized LNP. The synthesis, purification, and characterization were custom-made by
GenScript. From now on, DT7 will refer to the cysteine-derivatized peptide (hrpyiahc).

The plasmid pcDNA3.1-mGreenLantern (MGL-pDNA) was a gift from Gregory Petsko

(Addgene plasmid #161912; http:/n2t.net/addgene:161912; RRID: Addgene 161912).7

Escherichia coli (E. coli) DH5alpha (Top10) bacterial cells (Thermo Fisher Scientific) underwent
transformation and cultivation on Luria-Bertani (LB) agar medium supplemented with 50 pg/mL
kanamycin. Subsequently, selected colonies were inoculated in 5 mL LB medium with kanamycin
and incubated under shaking at 37°C for 12 h. Following incubation, a miniprep (Promega) was
conducted, and EcoRI and Apal double digestion was performed to verify the presence of a 739-
base pair DNA fragment corresponding to the mGreenLantern gene. Finally, the GeneJET plasmid
Maxiprep kit (Thermo Fisher Scientific) was utilized to obtain ample quantities of pDNA for the
LNP preparations.

Derived from the original CHO-TRVDb cells, a TfR-deficient Chinese hamster ovary cells,”
CHO-TRVb-hTfR18 cells expressing hTfR1 (excluding hTfR2), and CHO-TRVb-neo® cells
transfected with an empty neomycin vector were generously provided by Dr. Phillip Koeffler
(Cedars Sinai Medical Center, Los Angeles, CA). The cell lines were cultured in an F-12 (HAM)
medium (Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (FBS) (Corning)

and 1 mg/mL G418 (neomycin, Corning) as a selecting marker. Gibco StemPro Accutase Cell
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Dissociation Reagent (Thermo Fisher Scientific) was used for cell detachment before passages and

flow cytometry analysis.

1.4.2. SYNTHESIS OF LNPS

The synthesis of maleimide-derivatized LNPs encapsulating mGL-pDNA, which encodes
the monomeric Green Lantern (mGL) fluorescent protein,” was conducted using the pipetting
mixing method. Initially, various lipid formulations were prepared, including the ionizable lipid
DLin-MC3-DMA, cholesterol, helper lipid DSPC, PEGylated-lipid DMG-PEG2000, and
maleimide-derivatized lipid DSPE-PEG2000-Mal, in different molar ratios to achieve the final
lipid concentration of 6.2 mg/mL in absolute ethanol 200-proof. Simultaneously, the aqueous
solution was made by diluting mGL-pDNA in nuclease-free water and adjusting the pH to 4 using
a 25 mM sodium acetate buffer. The pDNA concentration was determined using NanoDrop
(Thermo Fisher Scientific), and adjustments were made to achieve the desired ionizable cationic
lipid (positive charges) to phosphates from pDNA (negative charges) (N/P mol/mol ratio) for the
corresponding batch. Subsequently, the aqueous and alcoholic phases were rapidly mixed at a 3:1
(v/v) ratio by vigorous pipetting for approximately 30 s. Following synthesis, the LNP solution
was further dissolved in 1X PBS pH 7.4 to reach an ethanol concentration of 2 vol%. Purification
and concentration were performed through Amicon filtration (30 kDa MWCO, MilliporeSigma
Amicon Ultra-0.5 Centrifugal Filter Units). The final volume of each LNP preparation was
adjusted with fresh 1X PBS pH 7.4 to reach a total lipid concentration of 3 mg/mL. The samples
were preserved at 4°C until utilization for a maximum duration of one week.

For DT7 peptide modification, maleimide-derivatized LNPs were combined post-synthesis

with 10 equiv of DT7 and 10 equiv of the reducing agent neutral-TCEP in 1X PBS for 2 h at rt.
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Post-reaction, excess DT7, and TCEP were eliminated through washing with fresh 1X PBS pH 7.4
in an Amicon filter (30 kDa MWCO, MilliporeSigma Amicon Ultra-0.5 Centrifugal Filter Units).
The final volume of each LNP preparation was adjusted with fresh 1X PBS pH 7.4 to reach a total
lipid concentration of 3 mg/mL. The samples were preserved at 4°C until utilization for a
maximum duration of one week. Simultaneously, an additional set of maleimide-functionalized
LNPs underwent treatment with beta-mercaptoethanol (2ME) using identical conditions to those
used for the DT7 modification. The new group of particles, designated as LNP-2ME, was utilized

as negative controls (nontargeting particles) in subsequent transfection assays.

1.4.3. LNP CHARACTERIZATION

Hydrodynamic size, PDI, and (-potential. The three measurements were carried out
utilizing dynamic light scattering (DLS) in a Zetasizer Ultra Red Label instrument from Malvern
Instruments. The measurements aimed to characterize the average hydrodynamic intensity-
weighted size of LNPs, expressed as the average LNP diameter in nanometers based on light
scattering by intensity. ZEN0040 disposable cuvettes (Malvern Panalytical) were utilized for DLS
measurements in pure water at a dilution of 1:1000 v/v (LNP solution/pure water). To determine
C-potential, LNPs were appropriately diluted 1:100 v/v in nuclease-free water and subjected to
analysis using a DTS1070 disposable folded capillary cell (Malvern Panalytical, Malvern, UK).

Encapsulation Efficiency (EE). The EE measures the percentage of the total pDNA
encapsulated into the LNPs; it was assessed using the PicoGreen (PG) reagent. Initial preparations
involved two buffers; the TE-buffer and the Triton/TE-buffer (0.2% v/v Triton X-100 in TE
buffer). Triton is added to lysate the LNPs, releasing the encapsulated pDNA and making it

detectable to the PG reagent. Both buffers were triplicated to a black microplate (Nunc 96-Well
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Solid Polystyrene Microplate). Depending on the formulation, the concentration of pDNA in the
LNP samples was adjusted with TE to approximately 60 ng/mL and added to each TE and
TE/Triton well. The EE assay incorporated two standard curves, one with mGL-pDNA in TE-
buffer and the other with mGL-pDNA in Triton/TE. Each standard curve enabled the calculation
of pDNA concentration in its respective buffer. The two standard curves approach is crucial for
accurately determining the EE and pDNA concentration, as a single standard curve approach using
only Triton/TE-buffer may lead to an overestimation of encapsulation by 5-10%, owing to the
higher background fluorescence of PG due to the interference with Triton. Microplates were
incubated at 40 °C for 15 min under continuous stirring at 200 rpm to facilitate the extraction of
the encapsulated pDNA with the Triton. The PG reagent, originally in DMSO, was diluted 200-
fold using a TE-buffer and added to each well. Adjustments were made to ensure a final volume
of 200 pL per well.

Subsequent incubation at 25 °C for 5 min under continuous shaking was followed by
endpoint fluorescence intensity measurement in a BioTek Cytation 7 Cell Imaging Multi-Mode
Reader (Agilent) at 485/528 nm (excitation/emission), bandwidth of 20 nm. The EE percentage of

mGL-pDNA in the LNPs was calculated using the following equation:
Co
EE% = (1 - —) * 100%
Ct

Co represents the concentration of unencapsulated mGL-pDNA when the TE-buffer was used
exclusively, and C; denotes the total mGL-pDNA concentration after LNP lysis with Triton/TE-
buffer. EE was reported as an average after measuring three replicates of each sample. The reported
mean EE percentages were obtained from separate experiments, validating the reproducibility of

the LNP formulations.
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Cryo-Electron Microscopy (CryoEM). The vitrification of the LNP samples was
accomplished by dispensing 6 uL of sample solution onto a glow-discharged 300 mesh grid
(continuous carbon film gold grid); pure water was used as the dispersant. Subsequently, grids
were subjected to blotting with filter paper for 7 s at 25°C, keeping the relative humidity at 100%.
This was followed by fast immersion into a liquid ethane/propane mixture cooled by liquid
nitrogen to achieve rapid freezing. Once vitrified, the frozen grids were kept below -170°C using
liquid nitrogen until further analysis. Imaging was taken on a JEOL 3200FS using the Minimum
Dose System (MSD) at 30 e/A? electron dose, 300 kV as accelerating voltage, and 80 kX

magnification.

1.4.4. IN VITRO TRANSFECTION ASSAY AND CELL IMAGES

(This work was done in collaboration with Juan Carlos Silva-Espinoza from Dr. Rosa
Maldonado’s Lab). Both cell lines, CHO-TRVb-neo and CHO-TRVb-hTfR1, were seeded at a
density of 10,000 cells per well in 96-well black/clear bottom plates using F-12 (HAM) medium
supplemented with 10% FBS and 1 mg/mL G418. Cells were incubated at 37 °C and 5% CO for
12 h. Following incubation, the cells were washed twice with F-12 (HAM) basal medium before
adding LNPs. mGL-pDNA-loaded LNPs, modified with the ligand DT7, were diluted in F-12
(HAM) basal medium at concentrations of 100, 200, 400, 600, 800, and 1000 ng of encapsulated
MGL-pDNA in a final volume of 100 pL. Simultaneously, a cell group transfected with the gold
standard reagent for in vitro transfections, Lipofectamine 2000 using 100 ng of mGL-pDNA, was
used as a positive control, and an untreated cell group was included as a negative control.
Transfections were performed in triplicate for each LNP dose, including the untreated and positive

control groups. 4-hour post-transfection, the medium containing LNPs was removed, and the wells
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were thoroughly washed with F-12 (HAM) basal medium. Finally, 100 puL of complete medium
was added, and the cells were allowed to grow at 37 °C and 5% CO; for 48 h. After this incubation,
the cell nuclei were stained with 100 pL Hoechst 33342 in PBS at a concentration of 0.5 pg/mL
at 37 °C for 20 min. Microplates were imaged using a Cytation 7 (BioTek, Agilent, Santa Clara,

CA), employing the DAPI and GFP filters.

1.45. FLOW CYTOMETRY

(This work was done in collaboration with Juan Carlos Silva-Espinoza from Dr. Rosa
Maldonado’s Lab). After image acquisition, cells were carefully rinsed with PBS, and 100 pL of
Accutase was added to each well. The plate underwent a 5-minute incubation at 37 °C to facilitate
cell detachment. Cells were then gently pipetted up and down and transferred to tubes containing
1 mL of complete F-12 (HAM) medium. Following a 2 min centrifugation at 2000 rpm, the cells
were fixed with FACS-Fix buffer (1X PBS, 1% BSA, 2% paraformaldehyde) and incubated for
another 30 min. Lastly, the cells were washed with FACS buffer (1X PBS, 1% BSA). A Gallios
Flow Cytometer (Beckman Coulter) was employed to determine the percentage of transfected
cells, counting 2000 events and using channels FL9 for Hoechst 33342 and FL1 for mGL
expression (Figure S1). FlowJo™ software 10.8.1 was used on a Mac® workstation to analyze the

Flow Cytometry Standard (FCS) files.

1.4.6. STATISTICAL ANALYSIS
Graphical representation and statistical analyses were conducted using GraphPad Prism

9.5.1 (GraphPad Software, Inc., La Jolla, CA). A two-way ANOVA Bonferroni’s multiple
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comparisons was used to compare the means of two independent samples against each other.

Significance was established at p < 0.05.
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1.5. RESULTS AND DISCUSSION

Specific Aim 1. To synthesize lipid nanoparticles (LNPs) encapsulating plasmid-DNA
(pDNA) encoding the reporter mGL protein using the pipetting mixing method and post-assembly
derivatize them with the DT7 peptide, employing thiol-maleimide click chemistry to enable

selective targeting of cells expressing human transferrin receptor 1 (hTfR1).

1.5.1. SYNTHESIS OF LNPS

LNPs were formulated using DLin-MC3-DMA as the essential ionizable cationic lipid.
Cationic lipids play a vital role in LNPs designed for nucleic acid encapsulation, including mRNA,
siRNA, or pDNA, by counteracting their negative charges.®! In earlier LNP designs, cationic lipids
displaying a permanent positive charge, such as DOTAP (1,2-dioleoyl-3-trimethylammonium
propane), DOTMA (N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride) and
DDAB (Didecyldimethylammonium bromide), were commonly utilized. However, the enduring
positive charge of these lipids presented challenges in vivo due to their cytotoxicity and non-
specific targeting.5® 8 On the other hand, ionizable cationic lipids, such as DLin-MC3-DMA,
exhibit pH-dependent properties.®® At acidic pH (~ pH 4.0), the majority of DLin-MC3-DMA
molecules are protonated, facilitating electrostatic complexation with the negative-charged nucleic
acids. However, at physiological pH 7.4, only a tiny fraction of their amines remain protonated.®
The ionizable lipid DLin-MC3-DMA has notably been utilized in the pioneering FDA-approved
SIRNA-LNP therapy, Onpattro, designated for managing the polyneuropathy associated with
hereditary transthyretin-mediated (hnATTR) amyloidosis in adult patients.3* 8 Onpattro stands as
the premier RNA interference (RNAI) therapeutic sanctioned by the FDA to address this specific

medical condition.84 8
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Cholesterol was integrated into the formulation to bolster LNP stability and facilitate
endosomal escape, complementing the function of the ionizable lipid.2® Additionally, DSPC acted
as a neutral helper lipid, aiding LNP assembly.®” DMG-PEG2000, a well-established pegylated
lipid, was incorporated to decorate the surface of the LNPs, enhancing stability and preventing
aggregation via steric hindrance mechanisms.®® Lastly, the maleimide-derivatized lipid DSPE-
PEG2000-Mal was introduced in the formulation at 0.5 mol% to enable the subsequent conjugation
of the DT7 ligand to the LNP surface. Consequently, the DT7-modified LNPs exhibit selective
targeting towards cells expressing hTfR1.

We decided to start the LNP synthesis with a specific molar ratio of DLin-MC3-DMA/
Cholesterol/ DSPC/ DMG-PEG2000/ DSPE-PEG2000-Mal, established as 50/ 38.5/ 10/ 1/ 0.5,
respectively. While this formulation has been utilized for various applications, it has primarily
incorporated mRNA as the nucleic acid component. However, as we are utilizing pDNA, we have
opted to synthesize a range of formulations with DMG-PEG2000 mol% varying from 1 to 5 mol%.
This approach enables us to attain the optimal physicochemical properties of LNPs. Throughout
these formulations, the N/P ratio, representing the ratio of ionizable cationic lipid to negative
charges in the pDNA, was maintained at 6, while the proportions of DLin-MC3-DMA, DSPE-
PEG2000-Mal, and DSPC remained constant. The consecutive increments in the DMG-PEG2000
mol% were counterbalanced by the proportionate reduction in the cholesterol content. Once we
determined the optimal lipid formulation based on the DMG-PEG2000 mol%, we decided to test
various N/P ratios, keeping the lipid formulation constant and aiming to enhance the properties of
LNPs further.

The mGL-pDNA carrying the gene sequence for the fluorescent reporter protein

monomeric GreenLantern was dissolved in a nuclease-free acetate buffer of 25 mM and pH 4.
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Previously dissolved in absolute ethanol, the lipids were combined with the aqueous mGL-pDNA
solution in a microcentrifuge tube utilizing the pipetting mixing technique (Figure 7a). The mGL
was preferred as the fluorescent protein due to its heightened brightness within cells, displaying
up to sixfold greater intensity than the more commonly used enhanced green fluorescent protein
(EGFP).”® Following pH switch with PBS, ethanol removal, and LNP concentration via an Amicon
filter, the maleimide functionalized LNPs (LNP-Mal) were produced and subjected to
characterization, including determination of their average hydrodynamic diameter, PDI, (-
potential, DNA encapsulation efficiency, and total DNA recovery yields. Once LNP-Mal were
prepared, they were conjugated with the DT7 peptide to yield the desired DT7-derivatized LNPs
(LNP-DT7) (Figure 7b), poised to assess their targeting capabilities further.
a)
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Figure 7. Schematic representation of a) the preparation of LNPs with maleimide functionalization (LNP-Mal) by
the pipetting mixing method (Figure 1a created with BioRender); and b) post-assembly modification with the DT7
peptide to yield the LNP-DT7 particles.

15.2. CHARACTERIZATION OF LNPS

Both the LNP-Mal and LNP-DT7 groups underwent comprehensive characterization using
DLS, (-potential analysis, and our adapted PicoGreen pDNA EE assay. Maintaining a fixed N/P
ratio of 6, five distinct formulations were explored to determine the optimal amount of pegylated
lipid DMG-PEG2000 for particle formation and mGL-pDNA encapsulation (Figure 8a-c).
Starting at the lower concentration of 1 mol% of DMG-PEG2000, LNP-Mal with a hydrodynamic
size of approximately 115 nm and a PDI of 0.08 were obtained. However, following DT7
conjugation, visible particle aggregation occurred, suggesting that only a concentration of 1 mol%
of DMG-PEG2000 compromised the stability compromised the stability of LNP-DT7 (Figure 8a).
This issue was addressed by progressively increasing the DMG-PEG2000 concentration in the
overall lipid formulation. A consistent reduction in size was noted across all LNPs as the
concentration of DMG-PEG2000 increased from 2 to 5 mol% (Figure 8a). This relationship
between particle size and PEG percentage has been previously documented.®® Furthermore, LNP-
DT7 particles displayed a steady rise of approximately 59 nm in hydrodynamic size across all
formulations compared to their precursors (LNP-Mal) while maintaining PDIs below 0.2 in all

instances (Figure 8a).
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As anticipated, both LNP-Mal and LNP-DT7 groups maintained a neutral charge
independently of the presence of DT7, with {-potential values falling from -10 to 10 mV®® (Figure
8b). These measurements were conducted at pH 7.4, where the ionizable lipid DLin-MC3-DMA
(pKa = 6.44) 8 was predominantly deprotonated, resulting in a neutral {-potential for the LNPs.
An interesting observation was that (-potentials shifted from positive to negative values after the
DT7 was conjugated (Figure 8b), a phenomenon that has been previously reported in liposomes
decorated with DT7.18

The correlation between pDNA EE and the DMG-PEG2000 content was assessed at
concentrations of DMG-PEG2000 from 2 and 5 mol%. Figure 8c shows that LNPs containing 2,
2.5, or 3 mol% DMG-PEG2000 had similar EEs of about 90%, while 5 mol% DMG-PEG2000
LNPs displayed a significantly lower EE. This observation suggests that the higher concentration
of DMG-PEG2000 may impact the assembly mechanism of the LNPs. However, the pDNA
recovery yield continued to be consistent across all preparations, ranging from 82% to 96%
(Figure 8c). Our findings suggest that LNPs containing DMG-PEG2000 at concentrations of 2,
2.5, and 3 mol% displayed closely similar physicochemical characteristics, with the LNP
formulation containing 3 mol% exhibiting marginally better overall properties. A set of
preliminary transfection experiments (not shown here) was conducted to reveal that 3 mol% DMG-
PEG2000 LNPs yielded the most promising outcomes. Furthermore, the choice to advance with
the higher concentration of DMG-PEG2000 at 3 mol% was influenced by its potential to mitigate
protein corona formation and diminish the probability of nonspecific uptake in a future in vivo
scenario. This decision aligns with previous research emphasizing the role of PEGylation in

enhancing nanoparticle stability and reducing off-target effects in biological systems.”
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Once we established the DMG-PEG2000 concentration at 3 mol% in the LNP
formulations, we explored the optimal quantity of ionizable lipid (DLin-MC3-DMA) for particle
optimization, a parameter better described by the N/P ratio. Four conditions (N/P =4, 6, 8, and 10)
were investigated (Figure 8d,e,f). Transitioning from an N/P ratio of 4 to 6 led to a significant
reduction in LNP size and a notable improvement in PDI (Figure 8d).

Given that most amine groups from the DLin-MC3-DMA display a positive charge at pH
4,9 the robust electrostatic binding between the negatively charged pDNA and the positively
charged ionizable lipids at an elevated N/P ratio facilitated the creation of compacted LNPs with
reduced diameters. This observation implies that at an N/P ratio of 4, there might be insufficient
positively charged lipids to bind with all the negatively charged pDNA, resulting in some pDNA
molecules remaining unbound in the solution. To validate this hypothesis, the pPDNA EE% was
measured, which improved from approximately 60% at N/P = 4 to approximately 90% at N/P = 6
(Figure 8f).

The size remained relatively consistent with the N/P ratio increase from 6 to 8 and 10, but
the PDI rose to undesirable levels, especially post-DT7 conjugation (Figure 8d). Moreover, higher
N/P ratios, such as 8 and 10, are thought to reduce the pDNA endosomal escape capacities, thereby
diminishing the transfection efficiency.®

In terms of {-potential, all particles displayed neutrality, with values falling within the
range of -10 to +10 mV. A consistent transition from positive to negative -potential values was
noted when contrasting the LNP-Mal group with the LNP-DT7 group (Figure 8e).

LNP-Mal particles typically exhibited more advantageous physicochemical characteristics
than their related LNP-DT7 particles. The latter exhibited an increase in PDI and size, coupled

with a decline in overall yield and EE%. This trend can be ascribed to the additional manipulation
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and purification steps the LNP-DT7 particles underwent during their synthesis. LNP-DT7
featuring 3 mol% of DMG-PEG2000 and an N/P = 6 were selected for further experiments. LNPs
synthesized under these conditions demonstrated suitable particle sizes for in vivo gene delivery
(approximately 150 nm), a desirable low PDI post-conjugation (approximately 0.145), high

encapsulation efficiency (> 80%), and a yield exceeding 90%.
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Figure 8. Characterization of LNP-Mal and LNP-DT?7 at different DMG-PEG2000 concentrations and N/P ratios. a,
b, and c) Size (intensity-weighted), {-potential, and EE% at different DMG-PEG2000 concentrations, respectively. d,
e, and f) Size (intensity-weighted), {-potential, and EE% at different N/P ratios, respectively. Data indicate mean *

SD of three replicates.

The spherical morphology of the selected LNP-Mal and LNP-DT7 particles was confirmed
by cryo-electron microscopy (CryoEM) imaging (Figure 9). Notably, the core diameter of both

LNPs, as assessed via CryoEM analysis, was found to be less than 100 nm; conversely, DLS
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measurements suggested sizes of about 94 nm and 150 nm for the LNP-Mal and LNP-DT7,
respectively. These discrepancies can be attributed to the distinct principles guiding the two
measurement approaches.®? CryoEM solely assesses the LNP lipidic core, thus rendering the
attached DT7 and PEG branches indistinguishable at the utilized magnification. Consequently, this
results in an underestimation of the total LNP diameter. On the other hand, DLS computes the
intensity-weighted size using the equivalent sphere model, where each particle is represented as a
sphere. The intensity-weighted hydrodynamic size of LNPs is significantly affected by several
factors, including LNP concentration, temperature, sedimentation, buffer viscosity, pH, presence
of aggregates, and surface characteristics (e.g., PEGylation and DT7 conjugation).®® Given that
scattering intensity is proportional to the square of the particle molecular weight, any
polydispersity or breadth in particle size distributions tends to skew the size average toward larger
particle sizes. Additionally, since scattering intensity is proportional to the square of the particle
molecular weight, any variability or polydispersity in particle size distribution tends to bias the

LNP average diameters toward larger particle sizes.®* %
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Figure 9. CryoEM image of a) LNP-Mal and b) LNP-DT7. Both particles were formulated with 3 mol% of DMG-
PEG2000 and an N/P ratio = 6.
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Specific Aim 2. To assess the in vitro transfection efficiency and selectivity of the LNP-

DT7 formulations using two different cell lines engineered to express and not express the hTfR1.

1.5.3. IN VITRO TRANSFECTION ASSAY

Two exceptional cell lines, CHO-TRVb-neo and CHO-TRVb-hTfR1,” 8 were utilized to
conduct the selective transfection experiment using the LNP-DT7. The CHO-TRVb-hTfR1 cell
line has been genetically modified to express hTfR1 exclusively. In contrast, CHO-TRVb-neo cells
were transfected with an empty vector and showed no detectable transferrin receptor on their
surface. This two-cell panel provides a robust negative control (CHO-TRVb-neo) and positive
control (CHO-TRVb-hTfR1) in terms of hTfR1 expression, circumventing challenges to establish
an appropriate negative control for transfection experiments since most commercially available
human cell lines express some level of hTfR1. Furthermore, this two-cell panel enables the
assessment of unbiased quantitative information during transfection selectivity experiments, as
cellular uptake depends solely on the presence or absence of the DT7/hTfR1 interaction.

For the in vitro transfection assays, CHO-TRVb-neo and CHO-TRVb-hTfR1 cells were
plated at a density of 1x10* cells per well. After cells adhered, they were exposed to six different
LNP-DT7 concentrations, resulting in progressive encapsulated pDNA amounts ranging from 100
to 1000 ng per well, specifically at 100, 200, 400, 600, 800, and 1000 ng/well. This strategy
allowed for the investigation of dose/response correlation. Cells were treated with LNP-DT7
particles in a basal serum-free F-12 (HAM) medium for a duration of 4 hours to reduce the
undesirable nonspecific uptake mediated by the ApoE/LDL-R pathway.

Concurrently, a positive control transfection experiment was conducted employing

Lipofectamine 2000 and the same mGL-pDNA at 100 ng/well concentration in Opti-MEM
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medium as per the manufacturer’s instructions. After the 4-hour exposure period, all wells
underwent thorough washing with basal medium and were allowed to recover in F-12 (HAM)
supplemented with 10% FBS and 1 mg/mL G418 as a selecting marker.

Forty-eight hours post-transfection, the mGL protein expression was qualitatively
evaluated by fluorescence microscopy in a Cytation 7 Cell Imaging. Live cell nuclei were stained
with Hoechst 33342.% Subsequently, microscopy images were captured using the DAPI filter cube
for nuclear identification (Hoechst 33342 ex/em: 361/497 nm), the GFP filter cube for mGL
expression (ex/em: 503/514 nm), and brightfield. Figure 10 illustrates representative images of
both cell lines, with CHO-TRVb-neo shown in the top row and CHO-TRVb-hTfR1 in the bottom
row, after exposure to 600 ng/well of mGL-pDNA employing LNP-DT7 as the transfection
vehicle. A notable difference in mGL protein expression is observed between the two cell lines,
with CHO-TRVDb-hTfR1 cells exhibiting higher protein expression than CHO-TRVb-neo cells.

Quantitative assessment of transfected cells was performed using flow cytometry.
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Figure 10. mGL protein expression in CHO-TRVb-neo (top row) and CHO-TRVb-hTfR1 cells (bottom row). At
48 h post-transfection of 600 ng of mMGL-pDNA LNP-DT7, cells were stained with Hoechst 33342 (second column)
and imaged in the Cytation 7 microscope mode, using the filters for DAPI (Hoechst 33342) and GFP (mGL).

1.5.4. TRANSFECTION EFFICIENCY ASSESSED BY FLOW CYTOMETRY

Right after imaging, cells from each well were detached using Accutase, which contains
proteolytic and collagenolytic enzymes. Accutase is known for its gentler nature than trypsin,
making it more preservative with the cell surfaces; this is particularly important during flow
cytometry analysis.®® Once detached, cells were transferred to 1 mL of complete F-12 medium,
fixed using FACS fix solution, and resuspended in FACS PBS before flow cytometry analysis to
quantify the mGL protein expression by flow cytometry. A positive control group of cells, stained
only with Hoechst 33342, was utilized to quantify the number of cells based on the number of
nuclei. Figure 11 compares the percentages of mGL-positive cells at different mGL-pDNA

concentrations in both cell lines, CHO-TRVDb (-neo and -hTfR1).
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The graph consistently shows low mGL expression, averaging approximately 4%, in all
experiments where CHO-TRVb-neo cells were treated with LNP-DT7. In contrast, when
Lipofectamine 2000 was used as the transfection reagent at a pDNA concentration of 100 ng/well,
the percentage of transfected cells reached approximately 24%. These results confirmed that LNP-

DT7 particles have a limited affinity towards CHO-TRVb-neo cells, which do not express hTfR1.
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Figure 11. Percentage of mGL-positive cells at different concentrations of pDNA. CHO-TRVb-neo and CHO-
TRVb-hTfRL1 cells transfected with 0, 100, 200, 400, 600, 800, and 1000 ng of mMGL-pDNA encapsulated in LNP-
DT7. As a positive control, transfection of 100 ng mGL-pDNA with Lipofectamine 2000 was performed in both
cell lines. The percentage of mGL transfected cells was evaluated by flow cytometry. Data were represented as
mean £ SD of biological replicates (n = 3). Statistical analysis was performed by Bonferroni’s multiple comparisons
test: *** p <0.001; **** p <0.0001.

In contrast, the percentage of mGL-positive CHO-TRVb-hTfR1 cells increased dose-
dependent. At a mGL-pDNA dose of 1000 ng/well, the transfection efficiency reached

approximately 20%. Remarkably, achieving a 20% transfection efficiency at 1000 ng/well dose

38



using pDNA encapsulated in an LNP is a remarkable outcome. This result exceeds the reported
outcomes in existing literature, where similar percentages were only achieved using higher pDNA
doses, such as 5000 ng, and only via the ApoE/LDL-R pathway.®" %

In general, selective transfection between cell types remains relatively unexplored, with
most literature focusing on selective cellular uptake. However, cellular uptake alone does not
guarantee successful endosomal escape and further expression of the edited or new gene product,
which are crucial hurdles that a nucleic acid-LNP must overcome. Although this research did not
directly investigate cellular uptake, our high transfection efficiency suggests that cellular uptake
of LNP-DT7 by CHO-TRVb-hTfR1 cells must have been at least 20% or higher. Interestingly,
when Lipofectamine 2000 was used as the transfection method, the transfection efficiency was
lower in CHO-TRVb-hTfRL1 cells compared to CHO-TRVb-neo cells.

This observation implies that CHO-TRVb-neo cells are more easily transfected than CHO-
TRVb-hTfR1 cells when employing Lipofectamine 2000, widely recognized as the benchmark for
non-selective in vitro transfections. However, our findings have revealed the opposite pattern when
utilizing LNPs modified with the DT7 peptide (LNP-DT7). The enhanced selectivity of LNP-DT7
particles toward hTfR1-expressing cells can be attributed to the strong interaction between pair
DT7/hTfR1. This selectivity can be evaluated at a particular pDNA concentration by determining
the ratio of mGL-positive CHO-TRVb-hTfR1 to mGL-positive CHO-TRVb-neo cells. Our
experiments confirmed a selective transfection ranging from four to fivefold, exceeding analogous
evaluations documented in the literature, which predominantly rely on cellular uptake.®® 1%

Drawing from the distinctive engineered cell lines employed in this investigation, the
observed transfection selectivity stemmed exclusively from the DT7/hTfR1 interaction. Among

the transfected cell population, CHO-TRVb-hTfR1 cells constituted 83%, with CHO-TRVb-neo
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cells comprising the remaining 17%. When considering the transfection of CHO-TRVb-neo cells,
our results suggest that 17% of the transfection occurred in a nonspecific manner. These findings
imply that our existing LNP formulations could be enhanced through additional refinement, such
as simultaneous targeting of two distinct receptors, and/or increased PEG shielding to minimize
nonspecific uptake.

To validate further the transfection reliance on the interaction between the DT7 ligand and
the hTfR1 receptor, CHO-TRVDb-hTfR1 cells were individually exposed to varying concentrations
of pDNA using LNP-2ME and LNP-DT7. As anticipated, LNP-DT7 demonstrated notably

elevated transfection efficiencies compared to LNP-2ME, as illustrated in (Figure 12).
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Figure 12. Percentage of mGL-positive CHO-TRVb-hTfR1 cells at different concentrations of pDNA
encapsulated in LNP-2ME and LNP-DT7. CHO-TRVb-hTfR1 cells were transfected with 0, 100, 200, 400,
600, 800, and 1000 ng of mGL-pDNA encapsulated in LNP-2ME (nontargeting LNPs) and LNP-DT7 (active
targeting LNPs). As a positive control, transfection of 100 ng mGL-pDNA with Lipofectamine 2000 (Lf-
2000) was performed. The percentage of mGL transfected cells was evaluated by flow cytometry by counting
10,000 events.
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1.6. CONCLUSIONS

In this investigation, we successfully synthesized LNPs incorporating a cell-targeting
ligand and encapsulated pDNA encoding a fluorescent reporter mGL protein using the pipette
mixing method. The formulation involved five lipids (DLin-MC3-DMA, cholesterol, DSPC,
DMG-PEG2000, and DSPC-PEG2000-Mal) along with the pDNA. After the conjugation of the
DT7 peptide, an hTfR1 receptor ligand onto the LNP surface was performed. By adjusting the
DMG-PEG2000 mol% and N/P ratios, we optimized critical LNP parameters such as
hydrodynamic size, {-potential, and pDNA encapsulation efficiency to achieve effective cell
transfection. Optimization experiments identified LNPs with a formulation of DLin-MC3-DMA:
Cho: DSPC: DMG-PEG200: DSPE-PEG2000-Mal (50: 10: 36.5: 3: 0.5) at an N/P ratio of 6 as
optimal for pDNA encapsulation with desirable physicochemical properties.

Selective transfection experiments using CHO-TRVb-hTfR1 and CHO-TRVb-neo cell
lines, representing positive and negative controls for hnTfR1 expression, respectively, demonstrated
significant and dose-dependent transfection efficiency (up to 20%) in CHO-TRVb-hTfR1 cells
compared to lower efficiency (up to 4%) in CHO-TRVb-neo cells. These results directly translate
to a five-fold selective transfection for hTfR1-expressing cells. Qualitative analysis via
fluorescence microscopy further confirmed these findings, illustrating clear differences in the
reporter protein expression between CHO-TRVb-hTfR1 and CHO-TRVb-neo cell lines.
Furthermore, our calculations indicate that 17% of the transfection in our model took place through
nonspecific interactions. These findings underscore the need for continued enhancements in both
LNP formulation and synthetic procedures to optimize their suitability for in vivo applications.

Our experiments highlight the superior performance of the active targeting LNP-DT7 in

CHO-TRVDb-hTfRL1 cells, which can be attributed to the strong interaction between the ligands
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DT7 and the hTfR1, which in our model is only expressed on the surface of the CHO-TRVb-hTfR1
cells. To the best of our understanding, this investigation represents the first study documenting
such unbiased selective transfection.

In summary, the formulated LNP-DT?7 particles exhibit potential for precise gene delivery,
notably within hTfR1-expressing cells. This investigation establishes a robust groundwork for
forthcoming in vivo studies and emphasizes the translational prospects of active-targeting LNP

strategies in selective gene therapy applications.
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1.7. IMPACT STATEMENT AND FUTURE DIRECTIONS

The research outlined in Chapter 1 has significantly advanced our research group's
capabilities, laying the groundwork for the synthesis and engineering of functional lipid
nanoparticles in our laboratory. This achievement provides us with a robust platform and
established protocols for assembling LNPs that could find applications beyond cancer treatment,
such as genetic disorders, Alzheimer's disease, and other areas of biomedical relevance.

While acknowledging the progress made, further refinement is necessary, particularly to
enhance the selectivity of our current LNP-DT7 formulation. Our forthcoming endeavors will
focus on synthesizing LNPs decorated with multiple ligands capable of targeting overexpressed
receptors on specific cell types, such as cancer cells. Presently, our research concentrates on
synthesizing a dual-targeting LNP, combining the DT7 peptide targeting hTfR1 and the folate
moiety targeting the Folate Receptor alpha (FRa), both commonly overexpressed in cancer cells.
This approach aims to heighten the selectivity of our particles toward the desired cellular targets.

Moreover, our future investigations will explore the integration of antibodies and other
small molecules as potential ligands for further enhancing LNP selectivity and efficacy. Through
these concerted efforts, we anticipate significant advancements in the design and application of

targeted lipid nanoparticles, offering promising prospects for improved therapeutics.
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CHAPTER 2. IMPROVED SYNTHESIS OF LEISHMANIA PARASITE-DERIVED

GLYCANS (G27s+ AND G28sH) AND ITS CONJUGATION TO LIPIDS

2.1. ABSTRACT

The most abundant antibodies naturally occurring in human serum, known as Anti-aGal
antibodies, are crucial for protecting against certain pathogens that express aGal epitopes on their
cell surfaces. In our investigation of cutaneous leishmaniasis patients from Argentina and Bolivia
infected with Leishmania braziliensis, we discovered a distinct type of anti-aGal antibody (L-Anti-
aGal) with a unique specificity profile compared to the Anti-aGal antibodies found in natural
human serum (NHS). Depending on the specific Leishmania species causing the infection, L-Anti-
aGal antibodies exhibit strong and specific reactions with synthetic neoglycoprotein antigens
containing the disaccharide Galpal,3Galfp and the trisaccharide Galpal,6Galpal,3GalfP, derived
from the cell surface glycoinositol phospholipids (GIPL-2 and GIPL-3) of the Leishmania
parasite. To facilitate their use in research, we optimized the synthesis of these glycans previously
established in our lab. Optimization involved implementing one-pot reactions using iron (111)
chloride as a catalyst, employing a photoinitiator catalyst to enhance thiol-ene photo addition, and
the accurate calculation of the deacylation reagent during the final deprotection step. Furthermore,
we conjugated these glycans to a novel platform based on PEGylated phospholipids for further

implementation in chemiluminescent enzyme-linked immunosorbent assays (CELISA).
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2.2. HYPOTHESIS AND SPECIFIC AIMS

In the past decade, our group has been engaged in synthetic bioorganic chemistry with a
focus on carbohydrate chemistry, particularly oligosaccharide and glycoconjugate synthesis. In an
overall process that we call “reversed immunoglycomics,” our lab synthesizes terminal portions
of parasite-derived glycans or suspected structures based on partial structural information,101-108
These sugars are then conjugated to proteins to form glycoarrays of neoglycoproteins used as
antigens in chemiluminescent Enzyme-Linked Immunosorbent Assay (CELISA) to identify

diagnostic biomarkers.
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Figure 13. Structures of a) G27sn and b) G28sn used for conjugation.

So far, we have achieved the complete synthesis of some essential parasite-derived glycans
modified with thiol handles for conjugation.'%-1*> Among them, the disaccharide Galpal,3Galfp
(G27sn) (Figure 13) and the trisaccharide Galpal,6Galpal,3Galff (G28sH) (Figure 13) are
particularly important because their neoglycoprotein conjugates NGP27b and NGP28b have
shown significant activity against sera of patients with Leishmania major and Leishmania

braziliensis infection, respectively.!®
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Scheme 1. Synthesis of 3-Thiopropyl Glycosides G27y, G30gy, and G28g,
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Scheme 1. Excerpt from Montoya et al. JACS Au showing the synthetic scheme for G27sH and G28sH

Even though our group has already published the complete syntheses of G27sH and G28sH
(Scheme 1)!5116 the current methodology is still not ideal. It is a tedious multistep synthetic route
where most of the reactions are not high-yielding, and a lot of chromatography is still needed. The
issues above affect the overall time needed to accomplish the syntheses, which is not very
economical because many solvents and expensive reagents are required. Furthermore,
neoglycoproteins NGP27b and NGP28b exhibited compromised stability, resulting in significant
variations in CL-ELISA outcomes over time for the same batch.

Hypothesis: In this research project, we hypothesize that the use of different catalysts,

radical initiators, and deprotection procedures will significantly improve our previously
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established syntheses for G27sn and G28sn with respect to efficiency, reagent consumption,
reagent toxicity, and production time. Moreover, conjugating the glycans to maleimide-
derivatized phospholipids will yield neoglycolipids (NGLs) characterized by enhanced
stability and controllability during synthesis compared to the currently employed
neoglycoproteins (NGPs).

To address the hypothesis raised above, we propose the following specific aims:

Specific Aim 1

To synthesize the precursor O-allyl-B-D-galactofuranoside using anhydrous iron (111)
chloride as a catalyst in a one-step Fischer-Lubineau glycosylation from allyl alcohol and D-
galactose.

Specific Aim 2

To accomplish the thiol-ene photoaddition using the photocatalyst DPAP in DCM as
solvent.

Specific Aim 3

To optimize the deprotection of the benzoate groups using catalytic amounts of sodium
methoxide and a minimum quantity of Amberlyst-15H.

Specific Aim 4

To conjugate the thiol-derivatized glycan to the PEGylated and maleimide-derivatized

phospholipids to generate the corresponding neoglycolipids (NGLS).
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2.3. INTRODUCTION
2.3.1. GLYCOSCIENCES

In recent years, there has been broad acknowledgment of the critical role that glycans (or
oligosaccharides) and glycoconjugates (glycolipids and glycoproteins) play in biological
recognition processes.'’12° The complex structure, diverse functionality, and dynamic nature of
natural glycans enable them to participate in intermolecular interactions as biological information
encoders.*?! The process of carbohydrate recognition constitutes an essential aspect of biological
development'?? and the immune response against pathogens by identifying exogenous
carbohydrates.'? 124 Conversely, numerous viral pathogens and bacteria (such as Haemophilus
influenzae and Escherichia coli) initially adhere to the host-host tissues by specifically binding to
glycans on the host cell surfaces.'?® Consequently, there exists a keen interest in the development
of therapeutic drugs capable of modulating, interfering with, or taking advantage of carbohydrate-
based pathogen-host interactions. Zanamivir and Oseltamivir, neuraminidase inhibitors utilized in
the treatment of influenza infections, are two of many examples of therapeutic agents that disrupt
carbohydrate-specific interactions.'?® Vaccines employing bacterial polysaccharides conjugated to
carrier proteins have demonstrated notable efficacy against H. influenzae.*?’

Given the involvement of glycans in numerous biological functions, research on
carbohydrates has garnered unprecedented attention. However, it still represents only a fraction of
the research devoted to nucleic acids and proteins. A major challenge stems from the difficulty in
obtaining sufficient quantities of pure and structurally well-defined glycans and glycoconjugates,
which often occur in nature in microheterogeneous forms and at low concentrations.? 12
Consequently, the chemical synthesis of oligosaccharides represents a viable approach to address

this challenge. Despite notable progress in the synthesis of complex oligosaccharides,!20 130-132
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their assembly remains intricate due to the absence of standardized methods for routine
preparation.

While retrosynthetic analysis is more straightforward for oligosaccharides compared to
other natural products, several challenges persist in their chemical synthesis, including (a)
achieving stereoselectivity during the glycosidic bond formation (glycosylation reactions); (b)
glycosylation of glycans with a high density of functional groups; (c) differentiation of multiple
functional groups with orthogonal protection to regulate the regioselectivity of glycosylation, (d)
extensive protection and deprotection steps that diminish the overall synthesis efficiency,
rendering oligosaccharide synthesis a laborious and time-consuming process.

These technical hurdles, compounded by the need to address at least ten human-type
monosaccharides and the extensive structural diversity of the targets, underscore the absence of a
universal method for glycans assembly.'3" 133 Nonetheless, given the paramount importance of
glycans and their conjugates in glycomic research, advancements in carbohydrate chemistry
persist, driving the development of novel and improved synthetic methodologies.

While nature boasts several hundred distinct monosaccharides, only a minority of these are
prevalent in extensively studied glycans.!3* Table 2 illustrates the symbol nomenclature for the
most prevalent glycans found in Leishmania species surface glycoconjugates, accompanied by

their standard abbreviations.13®

49



Table 2. Monosaccharide symbol nomenclature for glycans.

Shape White Blue Green Yellow Purple
(Generic)
Filled Circle Hexose Glc Man Gal
O @ @ o
Filled HexNAc GIcNACc GalNAc
Square ] [ []
Crossed Hexosamine GlcN
Square N N
Filled Deoxynonulosanate Neu5Ac
Diamond ¢ <

2.3.2. LEISHMANIASIS OVERVIEW

Leishmania parasites can cause three clinical manifestations, depending on the infecting
species. The first is localized cutaneous leishmaniasis (CL),*3 characterized by single or multiple
skin ulcers along satellite lesions or nodular lymphangitis. The second manifestation is
mucocutaneous leishmaniasis (MCL), involving mucosal tissue. The third and most severe form
is visceral leishmaniasis (VL), which affects internal organs like bone marrow, spleen, and liver
and can be fatal if left untreated.’®” Leishmaniasis affects not only humans but also dogs and
various other mammals;*3 its transmission typically occurs through bites from infected female

sandflies (Phlebotomus lutzomyia).t%
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https://pubchem.ncbi.nlm.nih.gov/compound/Gal
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https://pubchem.ncbi.nlm.nih.gov/compound/GalNAc
https://pubchem.ncbi.nlm.nih.gov/compound/Hexosamine
https://pubchem.ncbi.nlm.nih.gov/compound/GlcN
https://pubchem.ncbi.nlm.nih.gov/compound/Deoxynonulosonate
https://pubchem.ncbi.nlm.nih.gov/compound/Neu5Ac

Cutaneous leishmaniasis is the most widespread form of leishmaniasis globally among its
three clinical variants. Although 90% of CL cases are concentrated in seven countries -Algeria,
Afghanistan, Iran, Brazil, Saudi Arabia, Peru, and Syria- CL is endemic in over 98 countries,
posing a risk to approximately 350 million individuals. Its prevalence totals around 12 million
cases, with an annual incidence ranging from 700,000 to 1 million cases.}*® However, these
incidence figures are likely underestimated due to underrecognition and the absence of mandatory
reporting in many countries.*** While CL is typically non-fatal, it results in significant disfiguring
skin ulcers, often complicated by secondary infections that may require months to years to heal.
The resulting scarring frequently leads to social ostracism and psychological distress.'#?

Pentavalent antimonials'*® serve as the primary treatment for all leishmaniasis clinical
presentations, emphasizing the importance of early diagnosis and intervention to achieve complete
parasite eradication and prevent progression to severe forms of the disease.** Accurate diagnosis
of CL poses challenges due to its resemblance to other skin conditions like syphilis, Hansen's
disease, or skin cancer.}*® Biopsy specimen culturing is a standard diagnostic method,
complemented by polymerase chain reaction (PCR) targeting parasite DNA, albeit with lower
frequency due to variable parasite tissue distribution compromising sensitivity.}*> An alternative
serological diagnostic approach involves ELISA targeting antibodies against the parasite, the
effectiveness of which depends on the antigen selection and the applied technique. Numerous
antigens have demonstrated efficacy for diagnostic purposes over time.146-149

A promising approach for diagnosing CL via serology involves utilizing specific
carbohydrate antigens sourced from the parasite's cell surface. Like other protozoa, Leishmania
parasites express species-specific glycoinositolphospholipids (GIPLs) and lipophosphoglycans

(LPGs), with certain species like L. (L.) major, L. (V.) panamensis, and L. (L.) mexicana exhibiting
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galactose-rich type-2 GIPLs. %1% The expression of LPGs is mainly confined to the promastigote
stage, the insect-dwelling form of the parasite, where it constitutes a substantial portion of the
densely arranged surface glycocalyx.t® Conversely, LPGs are present at minimal or undetectable
levels in the amastigote stage, which infects mammalian macrophages.*®! In contrast, GIPLs are
plentiful in both key developmental stages of the parasite and are primarily expressed on the cell
surface. These GIPLs frequently play a crucial role in determining parasite survival and infectivity.
They feature at their glycans’s non-reducing end a-galactopyranose (a-Galp) or B-galactofuranose
(B-Galf) units, > structures absent in humans but with strong antigenic and immunogenic
properties.'521%° Consequently, patients infected with L. (L.) major, L. (L.) mexicana, or L. (V.)
braziliensis often display elevated levels of anti-o-Gal and anti-B-Galf antibodies, which
specifically target type-2 GIPLs or structurally similar motifs.

Most of the GIPLs and LPGs glycan structures of these parasites are unknown, but some
of them have been studied and published (Figure 14).1%¢ 180 For example, it is known that L. major
and L. mexicana express unusual Galpal,3Galff (GIPL-2) and Galpal,6Galpal,3Galfp (GIPL-3)
moieties attached to the Manpal,3Manpal,4GlcNa trisaccharide. All GIPLs across all species
share this component. They also express LPGs, which contain the same terminal

Galpal,6Galpal,3Galfp trisaccharide as found in GIPL-3.1% Furthermore, L. major GIPL-1 has

a terminal Galff1,3Manpa., which lacks the Galpa. moiety.
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Figure 14. Schematic representation of Leishmania surface glycoconjugates (GPLS)

2.3.3. G27snH AND G28sH IN cELISA

Figure 15 a) and b) shows an excerpt of the cross-titrations when NGP27b
(neoglycoprotein where G27s4 was attached on BSA) and NGP28b (neoglycoprotein where
G28s1 was attached on BSA) were tested against patient sera with L. major, L. tropica and L.
braziliensis in cELISA. Serum from healthy individuals was used as a control in all the
experiments. Figure 15 a) shows how both NGP27b and NGP28b developed a high response
when tested with sera from L. major infections, but they did not respond so well when sera from
L. tropica infections or healthy individuals were used instead. In Figure 15 b) both NGPs were
exposed to serum from patients with L. braziliensis infection and healthy individuals; in this
experiment, NGP28b clearly showed a higher response than NGP27b. This last experiment
showed that patients with L. braziliensis infection have a particular group of antibodies that adhere
very strongly to the antigenic G28 moiety.

More detailed cELISA results using individual sera of patients with L. major infection, L.

tropica infection, and heterologous disease, Receiver-operating Characteristic analysis, as well as
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sensitivity and specificity calculations are described in Alba Montoya’s dissertation>* and our

recent publication in JACS Au.'%
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Figure 15. a) Cross-titration showing the response of NGP27b and NGP28b against L. major serum pool, L. tropica
serum pool, and healthy serum pool b) Cross-titration showing the response of NGP27b and NGP28b against L.

baziliensis serum pool and healthy serum pool.

2.4. MATERIALS AND METHODS

Excerpt from “Reversed Immunoglycomics Identifiesa-Galactosyl-BearingGlycotopes Specific for

Leishmania major infection” 1°
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All chemicals were purchased as reagent grade from Thermo Fisher Scientific, Sigma-
Aldrich, or Acros Organic and used without further purification. The ACS-grade solvents used for
reactions were obtained from Thermo Fisher Scientific and distilled from the appropriate drying
agents. Molecular sieves (3 A and 4 A) were purchased from Alfa Aesar and Thermo Fisher
Scientific, respectively, and activated under high vacuum and heat before use. Reactions were
performed under an argon atmosphere, strictly anhydrous conditions, and monitored by TLC on
silica gel 60 F254 plates from EMD Millipore or Dynamic Adsorbents, Inc. Spots were detected
under UV light (254 nm) and/or by charring with 4% sulfuric acid in ethanol. The purification of
the compounds was performed by flash column chromatography on silica gel (40-60 um) from
Thermo Fisher Scientific, and the ratio between silica and crude product ranged from 50:1 to 120:1
(dry wiw). FPLC purifications were performed with an AKTA Purifier 100 FPLC system from
Cytiva (former GE Healthcare) using a Resource RPC column with a stationary phase of 15 um
polystyrene/divinylbenzene beads, solvent A: 2% CH3CN/H-0O; solvent B: 85% CH3CN/H20.

'H and *C-NMR spectra were recorded on a Bruker Avance Il HD 400 MHz NMR
spectrometer at 400 and 101 MHz or on a JEOL 600 MHz NMR spectrometer at 600 and 150
MHz, respectively. Chemical shifts (in ppm) were determined relative to tetramethylsilane (5 0.00
ppm) as an internal standard in CDClz and CD30D, or relative to the CDCl3 signal (677.0 ppm) in
13C-NMR spectra. In case of spectra measured in D20, a solution of tetramethylsilane in CDCls in
a sealed capillary was used as an external standard for calibration. Coupling constant(s) [Hz] were
measured from one-dimensional 1H-NMR spectra. Full or partial assignments were made by 1D
spectra as well as standard COSY, HSQC, and TOCSY experiments. In disaccharides and
trisaccharides, protons of galactopyranose are labeled with an italicized “p”, and protons of

galactofuranose with an italicized “f”. Protons in the allyl group are labeled as “a” for the sps-
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hybridized CH2, “b” for the sp2-hybridized CH, and “c” for the terminal sp2-hybridized CHz. MS
analyses of the carbohydrate derivatives were performed on a high-resolution JEOL AccuTOF
mass spectrometer using an electrospray ionization (ESI) source. The thiol-ene reactions were
performed in a Rayonet RPR200 photochemical reactor (Southern New England Ultraviolet
Company, Branford, CT) equipped with 16 UV lamps (350 nm). Bovine serum albumin (BSA)
and BSA derivatives (neoglycoproteins (NGPs) and 2-mercaptoethanol-BSA) were measured by
matrix-assisted laser/desorption/ionization mass spectrometer (MALDI)-TOF-MS (MALDI-8020,
Shimadzu) using 10 mg/mL sinapinic acid, 0.1% trifluoroacetic acid, in 50% acetonitrile as a
matrix. Polystyrene Nunc MaxiSorp 96-well ELISA plates and chemiluminescent ELISA reagents
were purchased from Thermo Fisher Scientific or Jackson ImmunoResearch, and
chemiluminescence was recorded on a Luminoskan Ascent, Thermo Fisher Scientific. Optical

rotations were measured on an ATAGO AP-300 Automatic Polarimeter.

2.5. RESULTS AND DISCUSSION

Specific Aim 1. To synthesize the precursor O-allyl-B-D-galactofuranoside using
anhydrous iron (I11) chloride as a catalyst in a one-step Fischer-Lubineau glycosylation from allyl
alcohol and D-galactose.
2.5.1. PREVIOUS SYNTHESIS OF O-ALLYL-B-D-GALACTOFURANOSIDE (5)

The previous synthetic procedure of the two target oligosaccharides, G27sH and G28sH,
described in the dissertation of Dr. Alba Montoya,** started synthesizing the monosaccharide

precursor O-allyl-B-D-galactofuranoside (5), illustrated in (Scheme 2).

56



EtS
OH oy ~sH OH

SEt

H——OH = BzCI/P
o HCI HO——H I, AIOH OAll z y
HO - OH 4 smin HO——H rt12h HO o 0°C 15min
50% H——OH HO rt.12h
1 CH,0OH 63% (two steps)
2 3
oH OAIll
OAII
-0 MeONa/MeOH -0
BzO OBz 100% OH
BzO HO
4 5

Scheme 2. Synthesis of galactofuranoside 5, a precursor for synthesizing G27s+ and G28sH. Alba Montoya’s

dissertation provides a complete description.

In this procedure, galactose (1) was first thioglycosylated in concentrated hydrochloric acid
using ethanethiol as the acceptor. The exact timing was crucial when running the reaction; if the
mixture is left for more than five minutes, many dark byproducts are formed, and consequently,
the yield will be lower than 50 %. Working with the caustic fuming hydrochloric acid and pungent
ethanethiol was the most significant inconvenience. When doing the work up, all the acid should
be neutralized with a sodium bicarbonate solution, and the ethanethiol must be quenched with an
oxidizing agent; for this purpose, we usually employ a bleach solution. All the materials (spatulas,
Buchner funnel, round bottom flasks, beakers, syringes, needles, gloves) should also be bleached.

The second step was crucial because it ensured the final configuration was the desired
galactofuranoside.6? 163 In this reaction, four isomers are formed: two furanose isomers and two
pyranose ones. Based on our experience, running a silica column was not a good idea at this point
because the four isomers were very polar and similar in Rf values, making the chromatography

very difficult. That is why we performed a one-pot benzoylation with benzoyl chloride in pyridine.
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After a workup with sodium thiosulfate to quench the excess iodine and sodium
bicarbonate to neutralize the solution, the desired benzoylated furanoside (4) was isolated using
silica column chromatography with a 63% yield over two steps.

The final step to yield (5) was removing the benzoyl groups. This procedure was performed

following the Zemplen diacylation reaction,

which involves treating the benzoylated starting
material with sodium methoxide in methanol. The sodium methoxide solution must be prepared
freshly by adding metallic sodium to anhydrous methanol.

To summarize, the previous route to synthesize compound (5) was a four-step synthesis
with an overall yield of 32 %. It involved nine highly toxic reagents: ethanethiol, concentrated
hydrochloric acid, iodine, allyl alcohol, benzoyl chloride, pyridine, elemental sodium, methanol,

and sodium thiosulfate. It also had a deficient “atom economy,” meaning a tiny fraction was

incorporated into the final product from all the reagents used.

2.5.2. NEW SYNTHESIS OF O-ALLYL-B-D-GALACTOFURANOSIDE (5)

To improve the old synthesis, we needed to find a method to synthesize the
galactofuranoside more efficiently. One drawback was that, unlike their thermodynamically
favorable pyranoside counterparts, hexofuranosides were not commercially available.

Equilibration and anomeric control of hexopyranoside and hexofuranoside syntheses must
be considered in addition to the competing donor/acceptor reactions for its construction. To this
extent, pioneering work by H.E. Fischer from 1893 to 189565167 demonstrated that furanosides
could be obtained from corresponding unprotected pyranoses using simple alcohols and Brgnsted-
Lowry acids. Further studies by J.C. Fischer and A. Lubineau®® demonstrated that subjecting

unprotected monosaccharides to thermal heating in the presence of the anhydrous Lewis acid FeCls
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and methanol resulted in the formation of primarily methyl furanoside as the main product, with a
mixture of a- and f-anomers. The reaction took approximately 28 hours, and in addition, the
purification proved to be challenging and cumbersome.

Iron salts have garnered significant interest as cost-effective and environmentally
sustainable agents in various selective processes within organic synthesis.*®® Over the past decade,

FeCls has shown to be an effective catalyst in forming carbon-carbon'’® or carbon-nitrogen

171 172

bonds,*’* in intramolecular Friedel-Craft reactions,”’“ and a reduction of ketones or allylic
alcohols.!™

In this research, we chose to revisit the Fischer-Lubineau D-Galf synthesis, but instead of
using methanol as the solvent, we decided to use allyl alcohol. In this reaction, the allyl alcohol
worked as the solvent and reactant simultaneously. Different amounts of FeCls were tested, but

they showed better results when added in a stoichiometry ratio. (Scheme 3)

OH OH
OH oL OAll
0 FeCl, (1eq)/AlIOH
—
HO OH  65°C,20 h HO OH
OH HO
1 5

Scheme 3. Optimized Fischer-Lubineau D-Galf synthesis.

To summarize, the new route to synthesize compound (5) was a one-step synthesis with an
overall yield of 45%. It involved three reagents that were not highly toxic or hazardous. In addition,

it showed a better atom economy than the previous procedure.

Specific Aim 2. To accomplish the thiol-ene photoaddition using the photocatalyst DPAP

in DCM as solvent.
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2.5.3. PREVIOUS SYNTHETIC PROCEDURE FOR THE THIOL-ENE REACTION
Close to the end of the previous synthetic route of both G27s4 and G28sH, we performed
a thiol-ene photoaddition (Scheme 4); this was a crucial step not only for the preparation of these
two glycans but also for all the glycans that we synthesized in our lab because it ensured the further
installation of the thiol functional group which was necessary when doing the final conjugation

through thiol-maleimide coupling.
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Scheme 4. Thiol-ene photoadditions following the old procedure.

Thiol-ene reactions have all the desirable features of a click reaction, being highly efficient,
simple to execute with no side products, and proceeding rapidly to high yield.”* When reactive
olefinic substrates, that is, terminal olefins, are employed in thiol-ene chemistry, the reaction can
be performed under mild conditions by only combining thiols and alkenes without the need for a
radical initiator; that is, the reaction takes place through self-initiation, and light is used as the

green catalyst.!’
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In contrast to reactive alkenes, the thiol-ene reactions of less-reactive olefins can be
initiated by adding radical initiators.'”® There are many possibilities for initiating thiol-ene
addition, for example, the decay of an initiator molecule into radicals (Scheme 5). An initiator is
a compound that fragments into radicals on heating to a specific temperature, termed “thermal
initiation,” or irradiation with UV or visible light, termed “photoinitiation.” The two most common
classes of thermal initiators are peroxides, such as di-tert-butylperoxide and benzoylperoxide, and
azo compounds, such as 1,1-azobis(1-cyclohexanecarbonitrile) and 2,2-azobisisobutyronitrile
(AIBN). In the case of photoinitiators, acetophenone derivatives, such as 2,2-dimethoxy-2-
phenylacetophenone (DPAP), produce radicals through a rapid photochemical cleavage

reaction.t”’

CH, CH,

CH; H3C CN
NC Ny heat CH, CH3
X N N N )<CH3 N, > 2 )\
H3;C < -N, A
CH N CN Hs;C CN

3

o

Scheme 5. Decomposition of AIBN and DPAP initiators.

In a brief description, we did this reaction by mixing the olefinic sugar with 6.8 equivalents
of the thioacetic acid in THF as the solvent. AIBN was used as the radical initiator in a 1:1 ratio to
the olefinic sugar. The reaction was conducted under an inert atmosphere at rt for six hours and
sometimes longer in the Rayonet UV reactor at 350 nm. (Scheme 4)

This procedure had some disadvantages: First, much thioacetic acid was used; it has a pKa
of 3.40, making it a stronger acid than acetic acid (pKa = 4.75). Glycosidic bonds are incompatible

with acid media; hydrolysis can quickly occur when small amounts of water are present. That is
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why the THF needed to be anhydrous and under an argon atmosphere at all times for this reaction.
THF was not a suitable solvent because it is hydrophilic and hygroscopic, especially after six hours
of reaction. Another disadvantage is the use of AIBN; it is well known that AIBN is a
thermoinitiator, which means the reaction would only occur under heating, but we run it under UV
light at 25 °C. That is why AIBN was not used in a catalytic amount; we found the best results
when used in a stoichiometric ratio. Finally, the yields were usually about 80 %, which is an

attractive value in carbohydrate chemistry, but it falls behind the expected one for a click reaction.

2.5.4. NEW SYNTHETIC PROCEDURE FOR THE THIOL-ENE REACTION
In the new synthetic procedure, we decided to use a better photoinitiator; in this matter, the
acetophenone derivative DPAP showed better results. As the solvent, we selected DCM because

it is not hygroscopic, and hydrolysis would not be a problem. (Scheme 6)
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Scheme 6. Optimized thiol-ene photoaddition.

The new route to synthesize compounds 7 and 9 was a more refined procedure with yields
above 90 % after purification. The DPAP was used in catalytic amounts, and the reaction was
completed after only 30 minutes of irradiation.

Specific Aim 3. To optimize the deprotection of the benzoate groups using catalytic

amounts of sodium methoxide and a minimum quantity of Amberlyst-15H.

2.5.5. PREVIOUS DEACYLATION PROCEDURE

Acyl groups are widely used as protecting groups in organic synthesis strategies, especially
in carbohydrate chemistry.!’® 17 Wwith the addition of acylation reagents under mild conditions,
the hydroxyl groups of substrates readily form esters as intermediate products, and the esters are
easily removed under a vast repertoire of different conditions when required.*”

Among all the available procedures to remove the acyl-protecting groups, we have decided
to use the Zemplen diacylation. Zemplen and Kuntz first reported this reaction in 1924.1%4 |t
describes the efficient removal of the O-acetyl-protecting groups of carbohydrates by treating the
O-acetylated substrates in MeOH with a catalytic amount of sodium methoxide at rt. Today, it is

a standard tool in laboratories and industry settings. Its inherent disadvantage is the retention of
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sodium ions in solution. As the sodium ions can be removed using H*-exchanged resin, industrial
diacylation techniques commonly involve ion-exchanged columns that can be regenerated with
acid after ion exchange.'®

In our lab, we precisely plan the synthesis so that only acyl groups are present in the final
deprotection. As shown in (Scheme 7), the Zemplen diacylation allowed us to remove in only one

step the remaining acyl groups (typically acetyl and benzoyl) on the glycan skeleton and the acetyl

from the thioacetyl moiety at the same time.
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Scheme 7. Zemplen deacylation following the previous procedure.

Our previous procedure involved treating acyl-protected glycans (7) and (9) with 0.25 M
NaOMe in anhydrous methanol and stirring for about three hours under argon-positive pressure.
The removal of benzoyl and acetyl groups was monitored by mass spectrometry. The solution was

then neutralized with the H™-ion exchange resin Amberlyst-15H, filtered through Celite,
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concentrated, dissolved in water, and lyophilized. Initially, the unprotected mercaptopropyl
glycans G27sH and G28sn were produced, but they got oxidized by handling on air within hours
to the disulfides (G27s)2 and (G28s)2, respectively. The final compounds were purified by
reversed-phase FPLC on polystyrene/divinylbenzene beads using 2 % CH3CN/H20 (solvent A)
and 85 % CHsCN/H20 (solvent B) in a gradient from 0 to 90 % of solvent B.

At first sight, the previous procedure appeared suitable, but it had some disadvantages.
First, a considerable amount of sodium methoxide was used; for the synthesis of G28sH, more than
20 equivalents were employed, and for G27sH, more than 33 equivalents were used.'®* Since the
guantities of sodium methoxide solution were not standardized, they were always under the
operator’s estimation, giving this final deprotection a low reproducibility from batch to batch. In
addition, more sodium methoxide means more H*-exchanging resin would be needed to reach the
neutral pH. For this purpose, we used Amberlyst-15H, a strongly acidic ion exchange resin. Instead
of packing a column with the Amberlyst-15H, the beads were added slowly and little by little to
the sodium-enriched reaction mixture until all methoxide was neutralized as judged by pH
indicator paper with an additional drop of water. By doing it like that, we saved some material and
could control the reaction pH at any time. Based on our experience, adding a lot of Amberlyst-
15H brought some extra inconveniences; if more than needed is accidentally added, the pH will
drop below 7, and hydrolysis of the glycosidic bond could occur, on the other hand, after some
time under magnetic stirring, some of the beads got crushed forming a suspension of residues that
can even pass through Celite during filtration. Finally, the yield reported as quantitative was not
an actual isolated yield after purification; at this point, the final compound was full of insoluble
impurities and usually showed a grey-brown coloration that was not consistent with totally

unprotected glycans. The actual yield after purification was often as low as 10 %.
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2.5.6. NEW DEACYLATION PROCEDURE

In this situation, the solution to the problem did not involve a very sophisticated technique,
and just by paying attention to small details, we could solve it successfully. A closer reading of
the Zemplen deacetylation procedure revealed that the sodium methoxide should be added in
catalytic amounts, which could potentially solve all our problems because there would be no need
to add an excess of Amberlyst-15H, which can avoid undesired hydrolysis or solid impurities in
the mixture.

It has been demonstrated by Bo Ren ef al. that 0.1 equivalents of sodium methoxide to the
acylated glycan give excellent results and that it works regardless of whether the protecting groups
are benzoyl or acetyl groups.!®® In the case of the deacylation of acetylated thio-containing
glycosides, more than a stoichiometric amount of the base is necessary for each thioacetate group
because the sulthydryl group formed will neutralize the base. Therefore, 1.1 equivalents of sodium
methoxide were used in the deacetylation of thioester-containing glycosides, producing free thiols

in quantitative yields in two hours.'®" (Scheme 8)
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Scheme 8. Optimized Zemplen deacylation.

To summarize, we came up with a general formula to calculate the optimal amount of
sodium methoxide:
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Eq (NaOMe) =0.02x A+ S
Where:
- Eq (NaOMe) represents the molar equivalents of NaOMe to accomplish the Zemplen
deacylation to the protected glycan.
- Arepresents the number of acyl-protecting groups in the glycan structure; whether they are
acetyl or benzoyls does not matter.
- Srepresents the number of thio-acyl units in the protected glycan.
For example, when running the deprotection of the thioester-containing disaccharide (7)
(A =3; S=1) to afford G27sH, the optimized equivalents of NaOMe that should be used are 1.06
eq. Adding the exact amount of NaOMe can be difficult; in those cases, adding a slight excess
does not affect the overall yield.
Figures 16, 17, and 18 show the *H-NMR, 3C-NMR, and ESI-TOF HR mass spectra of
compound (G28s)2, respectively. This whole characterization was only possible after the improved
synthetic procedure was implemented in our lab. A more complete characterization can be found

in Montoya et al. (2021).%°

67



HO OH

HO
HO
T
2

in more detail.

v
55

The inserts show the region from 1.6 ppm to 4.95 ppm

SRNN— B Iy N

1.911.001.110.96 1.000.98 0.992.004.153.323.11 1117207
= i B 888 - d L | e

(S
D RACR EATRE R DR EPT SRR

5.0 45 40 s
Chemical Shift (ppm)

cerrrrerrere

30

L
1o

e

25

Figure 16. *H-NMR, 600 MHz, D0, compound (G28s)2
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Figure 18. ESI-TOF HR mass spectrum of compound (G28s)2

Specific Aim 4. To conjugate the thiol-derivatized glycan to the PEGylated and maleimide-

derivatized phospholipids to generate the corresponding neoglycolipids (NGLS).

2.5.7.NGP INSTABILITY OVERVIEW

After synthesizing a new batch of oligosaccharide and derivatizing it with a thiol moiety,
it is covalently conjugated to bovine serum albumin (BSA) using thiol-maleimide click chemistry,
resulting in the formation of the corresponding neoglycoproteins (NGPs). These NGPs are
subsequently assessed using chemiluminescent ELISA (CELISA) with patient sera, enabling the
identification of NGPs exhibiting high antibody reactivity.!*™> 8 However, a decrease in the
chemiluminescent response is occasionally noted over time for the identical batch of BSA-based
NGPs during cELISA analysis. This observation suggests potential instability of the NGPs,
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wherein disulfide bonds responsible for maintaining the protein’s native conformation may
become disrupted and reorganized upon exposure to TCEP or the free thiol-glycan, both of which
act as reducing agents. Such alterations in conformation could lead to protein aggregation or the
adoption of a configuration where the antigenic glycans are not properly displayed, resulting in
reduced assay performance. Moreover, achieving precise control over the number of attached
glycan units to a protein molecule proves challenging, as significant variations have been observed
among batches produced from the same starting materials by the same operator.

Circular dichroism analysis was conducted on two different NGPs to assess the protein
conformation changes over time: a freshly prepared batch of NGP28b (Figure 19a) and an older
sample of NGP29b (Figure 19b). Each experiment included a standard of pure BSA and 2-
mercaptoethanol-modified BSA (BSA-2ME) for comparison. The percentage of alpha-helix
content was determined to evaluate the extent of protein misfolding.'® The analysis revealed that
the alpha-helix content of NGP28b decreased from 70 to 60.2 % compared to unconjugated BSA,
indicating some changes in protein conformation. On the other hand, a more pronounced decrease
was observed in the older sample of NGP29b, where the alpha-helix percentage dropped from
65.7% to 31.4%, suggesting significant protein misfolding over time.
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Figure 19. Circular Dichroism measurements and a-helix percentage of a) NGP28b and b) NGP29b.
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2.5.8. SYNTHESIS OF THE NEOGLYCOLIPIDS (NGLS)

To overcome the instability observed in BSA-based NGPs, we conducted additional
research into the conjugation of our glycans to lipidic anchoring tails, aiming to enhance their
performance in CELISAs. The utilization of NGLs, serving as lipid-linked oligosaccharide probes,
proved successful in exploring oligosaccharide ligands for discovery purposes.183 184

Due to the thiol functional group modification of our glycans, a lipid featuring a maleimide
moiety emerged as the optimal choice for facilitating efficient conjugation via click coupling. We
explored four maleimide-derivatized lipids (Scheme 9), including DSPE-Mal, wherein the glycan
is positioned close to the lipid tail; DSPE-4PEG-Mal, incorporating four units of PEG between
the glycan and the lipid; DSPE-PEG2000-Mal, where a PEG spacer of approximately 45 units
separates the glycan from the lipid, and DSPE-PEG3400-Mal where a PEG spacer of

approximately 77 units separates the glycan from the lipid. (Scheme 9)
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Scheme 9. Structures of the maleimide-derivatized phospholipids and their corresponding NGLs after conjugation
with G28sH.

The synthetic procedure was very similar to all NGLs in Scheme 9. As a representative
example DSPE-PEG2000-G28, a conjugate between the lipid DSPE-PEG2000-Mal and the
trisaccharide G28s1 was synthesized as follows: In a glass vial, DSPE-PEG2000-Mal (5.5 mg)
and previously reduced G28sn (2.16 mg, 2 eq) were dissolved in 500 mL of methanol, and
triethylamine (0.2 eq) was added as the catalyst. The vial was sealed under an argon atmosphere,
protected from light, and stirred at room temperature for 48 hours. When the reaction was
completed, the crude was concentrated under reduced pressure and further dried under a high
vacuum for 8 hours. The remaining solid was resuspended in 1 mL of chloroform and centrifuged
(20 minutes, 4 °C, 14000 g). The supernatant was carefully collected in a clean glass vial, reduced
under low pressure, redissolved in pure water, and freeze-dried to yield DSPE-PEG2000-G28 (6.1

mg, 94 % yield) as an off-white solid. The final product was characterized by ESI-MS to confirm
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the conjugation; Figure 20 shows the ESI-MS HR spectra of the starting material (DSPE-
PEG2000-Mal) and the product after conjugation (DSPE-PEG2000-G28). A shift in molecular
weight from the [M]3* and [M]** group of peaks can be seen, suggesting that the glycan was
successfully conjugated. *H-NMR was run to confirm the disappearance of the maleimide signal
at 6.7 ppm from the starting material (Figure 21). A similar procedure was carried out for the

synthesis of DSPE-G28, DSPE-4PEG-G28, and DSPE-PEG3400-G28.
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Figure 21. 'H-NMR, 400 MHz, CDCls, spectra (top) DSPE-PEG2000-G28, and (bottom) DSPE-PEG2000-Mal

Figure 22 shows the ESI-MS HR of DSPE-G28, and Figure 23 shows the *H-NMR
spectra of DSPE-Mal and DSPE-G28 to confirm the disappearance of the maleimide signal at 6.7

ppm from the starting material.
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Figure 22. ESI-MS HR spectrum of DSPE-G28
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Figure 23. 'H-NMR, 400 MHz, CDCls, spectra (top) DSPE-G28, and (bottom) DSPE-Mal

Figure 24 shows the ESI-MS HR of DSPE-4PEG-G28, and Figure 25 shows the ‘H-
NMR spectra of DSPE-4PEG-Mal and DSPE-4PEG-G28 to confirm the disappearance of the

maleimide signal at 6.7 ppm from the starting material.
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Figure 24. ESI-MS HR spectrum of DSPE-4PEG-G28

78



DSPE-4PEG-G28.1.fid
2

DSPE-4PEG-Mal.1.fid
1

W YV

T T T T T T T T T T T T T T T T T T T T T T T T T
120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 05 0.0

Chemical Shift (ppm)

Figure 25. 'H-NMR, 400 MHz, CDCI3, spectra (top) DSPE-4PEG-G28, and (bottom) DSPE-4PEG-Mal

Figure 26 shows the *H-NMR spectra of DSPE-PEG3400-Mal and DSPE-PEG3400-

G28 to confirm the disappearance of the maleimide signal at 6.7 ppm from the starting material.
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Figure 26. *H-NMR, 400 MHz, CDCI3, spectra (top) DSPE-PEG3400-G28,

and (bottom) DSPE-PEG3400-Mal

Our preliminary findings suggest that DSPE-PEG2000-G28 exhibits superior

performance compared to its homologs, DSPE-G28 and DSPE-4PEG-G28. This observation

implies that longer PEG chains may enhance solubility and improve antigen display, likely

attributed to the antigen being positioned further from the plastic surface, thereby facilitating

glycan-antibody binding. To determine the optimal platform, further experiments are warranted

with even longer PEG spacers, such as DSPE-PEG3400-Mal.
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2.6. CONCLUSIONS

The synthesis of the precursor O-allyl-p-D-galactofuranoside (5) was accomplished using
anhydrous iron (I11) chloride as a catalyst in a one-step Fischer-Lubineau glycosylation from allyl
alcohol and D-galactose as starting materials. Iron salts are easily accessible, inexpensive, and
abundant, and the metal itself is non-toxic; therefore, we came up with an improved procedure that
is more attractive from an economic and environmental point of view than the previous one. The
overall yield improved from 32% over four-step synthesis to 45% in only one step.

The thiol-ene photoaddition was improved by replacing the old radical initiator AIBN with
the more efficient photocatalyst DPAP. Following the new procedure, we significantly reduced
the reaction time from several hours to 30 minutes, and the yield and purity were substantially
higher. This procedure has been applied to other glycans synthesized in our group (G3sH, G29sH,
G32sH, and G33sH) with excellent results and high reproducibility.

Additionally, the most dramatic improvement was accomplished in the final deacylation
step in the synthesis of G27sn and G28sn. This is significant because an inefficient last step in a
multi-step synthesis is particularly devastating for the overall efficiency of the synthesis. The
deprotection of acylated glycans was optimized by carefully controlling the amounts of NaOMe
following a standard Zemplen deacylation procedure. We came up with a simple formula that
allows us to calculate the optimized quantity of NaOMe. Following the new conditions, we were
able to get the unprotected sugars in a quantitative yield.

Finally, a novel series of neoglycolipids (NGL) has been successfully synthesized through
the conjugation of thiol-modified glycans to maleimide-functionalized phospholipids. This
innovative method has demonstrated significant advancements over our prior neoglycoprotein

(NGP) approach, particularly in enhancing their shelf stability and reducing synthesis costs.
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Although promising, further investigation is required to refine and determine the optimal

conditions for maximizing the efficacy of these neoglycolipids in cELISA.
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2.7. ADDITIONAL PROJECT: CONJUGATION OF G28sy TO CRM197 PROTEIN

In order to test a preliminary vaccine against cutaneous leishmaniasis, our group was asked
to develop a conjugation protocol that would allow us to conjugate our thiol-derivatized glycans
to the CRM197 protein, a non-toxic variant of diphtheria toxin.

In contrast to other frequently employed carrier proteins such as diphtheria toxoid (DT) or
tetanus toxoid (TT), CRM197 does not necessitate detoxification with formaldehyde.*®® This
allows for the straightforward acquisition of homogeneous preparations of purified antigens.
CRM197 is a meticulously characterized protein, maintaining consistency across batches.
Moreover, it holds licensure for human application in numerous effective conjugate vaccines
already administered to hundreds of millions of children.'8-18 Qur unconjugated CRM197 was
sourced directly from its manufacturer, Fina Biosolutions.

For this project, we developed a two-step conjugation procedure. Initially, we modified
some of the accessible lysine amino acids on the CRM197 protein by attaching the
heterobifunctional crosslinker Sulfo-GMBS (Figure 27) to install the maleimide moiety on the
protein surface. Subsequently, the freshly reduced glycan, in its free thiol form, was easily linked

to the carrier protein through thiol-maleimide click coupling.
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Figure 27. Chemical structure of the heterobifunctional crosslinker Sulfo-GMBS.

Derivatization of the CMR197 protein with the GMBS crosslinker to yield the
maleimide derivatized CMR197-Mal. 200 pL of commercial CRM197 solution (10 mg/mL)
were added to a microcentrifuge with Sulfo-GMBS (0.4 mg, 1:30 weight ratio) dissolved in fresh

prepared HEPES Buffer 0.1 M (pH 7.2, 300 pL). The reaction was stirred at rt for 30 min, and the
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mixture was purified by Amicon Ultra-0.5 (10 kDa, 14 000x g, 15 min) five times using 1X PBS/
5% sucrose/ 10 mM EDTA pH 6.8 buffer.

Reduction of (G28s):2 to yield G28sH and its conjugation to the maleimide derivatized
CMR197-Mal to yield the neoglycoprotein CMR197-G28. Consecutively, a 0.05 M TCEP
solution was prepared by diluting a neutral TCEP solution with the conjugation buffer (1X PBS/
5% sucrose/ 10 mM EDTA buffer). 0.9 equivalents of the diluted TCEP solution were added to a
1.5 mL micro-centrifuge tube that contained disulfide (G28s)2 (0.6 mg, 3.0 umol), the final volume
was adjusted to 200 L, and the mixture was stirred on a shaker for 30 min to yield the free thiol
glycan G28sn. The conjugation was performed by adding the glycan solution into the maleimide-
derivatized CRM197-Mal (~350 pL) solution in a glycan-to-protein ratio of 1:40, and stirring at
rt for 1 h. After conjugation, the reaction mixture was diluted with 20 mM HEPES/ 10 % sucrose/
0.005% tween 80 pH 8.0 buffer to a volume of 1 mL, filtered using an Amicon Ultra-0.5 10K
centrifugal filter, and was centrifuged for 15 min at 14 000x g, rt. The mixture was washed with
0.4 mL of the same buffer three times to yield the conjugated CRM197-G28. The final NGPs were
stored in a frozen solution in 20 Mm HEPES 10 % sucrose/ 0.005% tween 80 buffer (pH 8.0) for
further use at -80°C.

To determine the glycan-to-protein ratio in the NGP CRM197-G28, a SHIMADZU
MALDI-8020 MS was used. Samples were washed using an Amicon Ultra0.5, 3000 Da filter, and
washed once with 200uL Optima grade water. Samples were spotted with 10 mg/mL sinapinic
acid, 0.05% TFA. Spiked CRM197 and CRM197-G28 resulted in one spectral peak, in addition
to BSA+CRM197-G28. Therefore, the instrument was calibrated with CRM197 and CRM197-
G28 was measured immediately after. CRM197 happened to have a mass of 58765.66 m/z; the

conjugated CRM197-G28 appeared at 63583.13 m/z. The difference between the masses
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represents an average glycan-to-protein ratio of 6.5. This value is consistent with the reported
values for similar approaches in the literature.'® The MALDI-TOF MS measurements were

accomplished by Dr. Cameron C. Ellis from Dr. Almeida’s Lab and are illustrated in Figure 28.
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Figure 28. MALDI-TOF MS of CRM197 (blue) and CRM197-G28 (red).
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