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Abstract

Monoclonal antibodies and peptides are conjugated to the surface of nanocarriers (NCs) for
targeting purposes in numerous applications. However, targeting efficacy may vary with their
specificity, affinity, or avidity when linked to NCs. The physicochemical properties of NCs may
also affect targeting. We compared the targeting efficacy of the CD4 binding peptide BP4 and an
anti-CD4 monoclonal antibody (CD4 mADb) and its fragments, when conjugated to lipid-coated
poly(lactic-co-glycolic) acid nanoparticles (LCNPs). Negatively charged LCNPs with cholesteryl
butyrate in the lipid layer (cbLCNPs) dramatically reduced nonspecific binding, leading to higher
targeting specificity, compared to neutral or positively charged LCNPs with DOTAP (dtLCNP).
cbLCNPs surface conjugated with a CD4 antibody (CD4-cbLCNPs) or its fragments (fCD4-
cbLCNPs), but not BP4, showed high binding /n vitroto the human T cell line 174xCEM, and
preferential binding to CD3+ CD14-CD8-cells from pigtail macaque peripheral blood
mononuclear cells. CD4-cbLCNPs showed 10-fold higher binding specificity for CD4+ than
CD8+ T cells, while fCD4-cbhLCNPs demonstrated the highest binding level overall, but only
three-fold higher binding specificity. This study demonstrates the importance of C-potential on NC
targeting and indicates that CD4 mAb and its fragments are the best candidates for delivery of
therapeutic agents to CD4+ T cells.
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INTRODUCTION

Cell-targeted drug delivery has emerged as a solution to major challenges associated with
conventional drug delivery systems. These challenges, including poor therapeutic index and
off-target side effects, are largely due to the inability of the active pharmaceutical ingredients
to act on target cells. Receptor-targeted nanocarriers (NCs) are designed to deliver
therapeutics to cells through surface modification or functionalization with targeting
molecules such as monoclonal antibodies (mAb),13 peptides,* or aptamers® and have been
used in various diagnostic,5 7 therapeutic,8-12 and vaccine applications.13.14 NC-based
therapies in conditions such as HIV,15-18 cancer,19.20 and autoimmune diseases?1-23 have
attracted interest in targeting T lymphocytes. For example, CD4+ T cells are the major target
for HIV infection, and resting memory CD4+ T cells are considered the primary reservoir of
latent HIV-1 provirus that is ineradicable by current anti-HIV therapy.24 NC delivery of
antiretroviral drugs!® and latency-reversing agents (LRAs)?>-28 to these CD4+ T cell may
improve drug efficacy, and minimize toxicity and off-target effects.

Conventional mAb against CD4 have been utilized for targeting nanoparticles to CD4+ T
cells,17:29:30 byt have some limitations such as immunogenicity,3! nonspecific uptake by the
reticuloendothelial system (RES) and a reduced circulation half-life.32 Further, the binding
sites of mAbs could be blocked due to random thiolation and subsequent conjugation
processes to NCs. Smaller antibody fragments, such as half-antibodies,33 single-chain
variable fragments (svFc),343° diabodies, and minibodies®637 have been used to address
some of these issues and could be promising alternatives to the full mAb. Additionally,
several peptides have been reported to bind to CD4 molecules and have been used to target
lipid nanoparticles to CD4+ T cells.1538 These CD4 binding peptides could potentially
reduce immunogenic responses caused by some antibodies and have improved shelf-life,
lower cost and offer scalable manufacturing.3® Among the existing CD4 binding peptides,
40-43 \we chose BP4 (peptide sequence: CARRPKFYRA-PYVKNHPNVWGPWVAYGP,
ST40 CD4 antibody mimetic) as it was previously reported to have the highest binding
affinity and selective targeting to CD4 when conjugated to lipid nanoparticles.38

There are two key issues in choosing the best CD4 binding ligand for a particular adaptation.
First, most CD4 binding ligands have not been tested head-to-head with other CD4 binding
ligands on the same NCs. Second, although the role of ligands in delivering NCs to specific
cells has long been recognized in many applications, relatively few studies have investigated
the effects of physicochemical properties of NCs on the ligand function. It is known that
particle size and shape can affect the interactions of ligands with their targets,**-47 but the
effect of particle C-potential, another key parameter, has not been investigated.

In this study, we selected several CD4 binding ligands including a rhesus recombinant CD4
mADb, the CD4 mAb fragments that are selectively reduced from this full mAb, and the BP4
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binding peptide. These different CD4 binding ligands were each conjugated separately to
lipid-coated PLGA nanoparticles (LCNP) in order to evaluate their targeting abilities (Fig.
1). The LCNP, as an emerging drug delivery system, has advantages of both lipid and
polymeric nanoparticles, such as encapsulation of both hydrophilic and hydrophobic drugs
with high loading efficiency, tunable and sustained drug release, excellent colloidal stability,
and ease of conjugation with a variety of ligands for targeting purposes.*8-54 We found that
BP4 conjugated LCNP led to a high cell binding in general that was not specific to CD4+ T
cells. The CD4 mAb slightly enhanced NC binding and specificity for CD4+ T cells. The
CD4 antibody fragments had a higher conjugation efficiency to LCNPs, higher binding
specificity for CD4 T cells and lower nonspecific binding than their parent full antibody. A
surprising finding was that negatively-charged LCNPs could dramatically reduce nonspecific
binding and enhance CD4 targeting specificity in comparison to neutral or positively
charged LCNPs. To our knowledge, this is the first report investigating different CD4
targeting ligands on a single nanoparticle system, as well as the effect of C-potential on
receptor-mediated nanocarrier targeting. By applying the results of these experiments, we
developed an LCNP platform that can be widely utilized to target CD4+ T cells for a variety
of applications.

MATERIALS AND METHODS

Materials

PLGA (75:25 L:G; ester-terminated, inherent viscosity range: 0.55-0.75 dL/g in CHCI3) was
purchased from Lactel. All lipids for the nanoparticle synthesize were purchased from
Avanti Polar Lipids, including 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
Dioleoyl-sn-glycero-3-phosphocholine (DOTAP), 1,2-distearoyl-sr-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG-MAL).
Cholesteryl butyrate was purchased from Santa Cruz Biotechnology. Rhesus recombinant
anti-CD4 antibody and rhesus recombinant IgG1 isotype control antibody were purchased
from NIH Nonhuman Primate Reagent Resource. FITC mouse anti-human CD8, PE mouse
anti-human CD14, PerCP mouse anti-human CD3 antibodies, FITC mouse anti-human CD4,
and FITC mouse 1gG1, PE mouse IgG2a, PerCP mouse IgG1 x control antibodies were
purchased from BD Biosciences. RPMI 1640 containing 2 mAM L-glutamine and 25 mM
HEPES, DPBS, heat-inactivated fetal bovine serum (FBS), Penicillin-Streptomycin (10,000
U/mL), 1,1” -Dioctadecyl-3,3,3", 3" -Tetramethylin-dodicarbocyanine, 4-
Chlorobenzenesulfonate Salt (DiD), LIVE/DEAD® Fixable Violet Dead Cell Stain Kit,
Dylight 633 NHS Ester were purchased from ThermoFisher. All other chemicals were
purchased from Sigma-Aldrich and Fisher Scientific unless otherwise specified.

Peptide synthesis and characterization

The BP4 peptide was synthesized at a 0.1 mmol scale with a CEM Liberty Blue automated
microwave peptide synthesizer using standard Fmoc chemistry. Rink Amide MBHA resins
(Novabiochem) were used to generate C-terminal peptides. Standard Fmoc amino acids
(Chempep), N,N’-Diisopropylcarbodiimide (DIC), and ethyl(hydroxyimine)cyanoacetate
were used all at five equiv. for coupling and 20% (v/v) piperidine in DMF was used for
deprotection. The cleavage of peptides from the resin was done by an Accent peptide
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cleavage system (CEM) in the cleavage cocktail [trifluoroacetic acid (TFA)/
triisopropylsilane/2,2” -(Ethylenedioxy) diethanethoil/water (9.25:0.25:0.25:0.25 by
volume)] for 30 min. The peptides were collected by the addition of cold diethyl ether and
centrifugation, following purification by semi-preparative high performance liquid
chromatography (HPLC) using a Prominence LC20AD HPLC (Shimadzu) with a
Phenomenex Gemini C18 column (250 x 10 mm) eluting with water-acetonitrile (with 0.1%
TFA) gradients. Purified BP4 peptide was analyzed by analytical HPLC with a Phenomenex
Kinetex C18 column (250 x 4.6 mm), and matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometer (MS) (Bruker AutoFlex I1).

Antibody thiolation, reduction, and characterization

To prepare full antibody with free sulfhydryl groups, rhesus recombinant anti-CD4 antibody
or rhesus recombinant IgG1 isotype control antibody was incubated with 10 molar excess of
Traut’s reagent in phosphate-buffered saline (PBS) with 5 m M ethylenediaminetetraacetic
acid (EDTA) for 1 h. Free Traut’s reagent was removed using a Zeba spin-desalting column
(7TK MWCO, Life Technologies). The final concentration of mAb was measured using a
Nanodrop 2000c spectrophotometer (Thermo Scientific). To prepare antibody fragments, the
CD4 mAb or Isotype IgG control mAb was incubated with 3x molar excess of tris(2-
carboxyethyl)phosphine (TCEP) in PBS with 5 mMEDTA for 1 h, followed by removal of
TCEP by the Zeba spin-desalting column. The full mAb, thiolated mAb and cleaved mAb
were run on a NuPAGE 4-12% Bis-Tris 10-well mini gel in MOPS SDS running buffer
using XCell SureLock Mini-Cell Electrophoresis System (Invitrogen). The samples were run
for 50 min at 200 V constant, and the resulting gel was stained in SimplyBlue following the
manufacturer’s recommended procedures. The sulfhydryl groups on thiolated CD4 mAb or
reduced CD4 mAbs were measured using a Fluorometric Thiol Assay Kit (Sigma)

Synthesis of LCNPs and conjugation of CD4 binding ligands to LCNPs

LCNPs were synthesized using a modified single emulsion evaporation method. Briefly, the
lipid mixture (DOPC, DOTAP, and DSPE-PEG-MAL, or DOPC, cholesteryl butyrate, and
DSPE-PEG-MAL at 4:4:1 molar ratio) in chloroform were dried under nitrogen, and left
under high vacuum prior to usage. Lipid suspension were prepared by adding Milli-Q water
into dried lipids following votexing and bath sonication until lipids were dispersed well.
PLGA was dissolved in ethyl acetate at 10 mg/mL and was added drop-wise to the lipid
suspension at the mass ratio of 5:1 (PLGA: lipids) while votexing. The mixture was then
homogenized using a probe sonicator (500 W, Ultrasonic Processor GEX500) with a 3 mm
diameter microtip probe at 38% amplitude for three rounds at 30 s per round. The sonicated
emulsion was transferred to Milli-Q water and all residual organic solvent was evaporated by
rotary evaporation (Rotavapor R-210, BUCHI). Nanoparticles were then washed by
centrifugation at 14,000 rpm for 10 min at 4°C and resuspended in water using alternating
vortexing. LCNPs were stored in water at 4°C until use.

BP4 was incubated with LCNPs at different feed ratios (6.2 wt %—0.25 wt %, BP4 to LCNP)
for 2 hin PBS with 5 mAM EDTA. Thiolated full mAb or reduced mAb fragments were
incubated with LCNPs at a feed ratio of 10.2 wt % (mAb to LCNP), which approximately
equals to 2000 mAb molecules per LCNP, for 2 h in PBS with 5 mAMEDTA. All ligands
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conjugated LCNPs were then centrifuged at 10,000 rpm for 5 min to remove unbound BP4,
full mAbs or fragmented mAbs. Unthiolated full mAbs were also incubated with two
LCNPs at the same ratios, followed by centrifugation, to investigate the amount of mAb that
nonspecifically absorpted onto LCNPs and the ability of centrifugation to remove free
mADs.

Ligands conjugation efficiency

The surface loading of BP4, full mAbs, and fragmented mAbs conjugation to LCNPs were
measured after ligand conjugation and lyophilization of LCNPs. The ligand loading (LL) at
the surface of LCNPs is calculated using Eqg. (1):

Ligand Loading (wt %) = Mass of ligands (mg)

~ Mass of ligands conjugated LCNPs (mg) x 100 (1)

The mass of LCNPs were measured after lyophilization of LCNPs. BP4-LCNPs were
dissolved in DMSO, followed by at least two-fold dilution in Milli-Q water, and BP4
contents were measured by Pierce Quantitative Fluorometric Peptide Assay (Thermo
Scientific). The concentration of full mAb or fragmented mAb on the surface of LCNPs
were measured after hydrolyzing CD4-LCNPs or fCD4-LCNPs in 1 M NaOH buffer and 20-
fold dilution in Milli-Q water, following measurement with a Micro BCA Protein Asaay Kit
(Thermo Scientific).

The number of ligands molecules per LCNP is calculated using Eqg. (2):

Ny

Ligand molecules per LCNP = my \p X LL X MW (D) 2

The mass per LCNP (m_cnp) is calculated from the diameter of the LCNP (200 nm) and
PLGA density (1.2 g/mL). LL is calculated as described above, A is the Avogadro constant
(6.02 x 1023 mol~1), and MW (L) is the molecular weight (MW) of BP4 (3371 Da) or mAb
(~150,000 Da). The molecule number of fragmented CD4 mAbs on the surface of LCNPs
was regarded as the number of their original full mAbs. The number of ligands per LCNPs
can be further translated to the surface density of ligands using Eqg. (3):

Ligand molecules per LCNP 3)
Surface area of LCNP

Surface density =

The surface area is calculated using diameters of LCNPs (200 nm).

The conjugation efficiency of ligands to LCNPs is calculated using Eq. (4):
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Ligand loading (wt %) @)
Feed mass ratio (wt %)
Actual ligand molecules per LCNP % 100

Feed ligand molecules per LCNP

Conjugation efficiency (%) =

x 100 =

Characterization and colloidal stability of LCNP formulations

All LCNP formulations were resuspended in Milli-Q water and measured of their sizes by
Nanoparticle Tracking Analysis (NTA) using a NanoSight NS300 instrument (Malvern
Instruments). Their C-potentials were measured by a Zetsizer Nano ZS90 (Malvern
Instruments) in 10-fold diluted PBS. The colloidal stability of all LCNP formulations was
measured in a biological environment. LCNPs were resuspended in RPMI 1640 cell culture
medium supplemented with heat-inactivated FBS (10%, v/v), penicillin (100 U/ mL), and
streptomycin (100 mg/mL) at 1 mg/mL and stored in a shaker at 37°C. Their sizes were
measured by NTA at day 0 and 14.

Preparation of cell line and PBMCs for cytotoxicity analysis

A human T cell line, 174xCEM, was obtained from the NIH AIDS Reagent Program. Cells
were maintained in RPMI 1640 supplemented with heat-inactivated FBS (10%, v/v),
penicillin (100 U/mL), streptomycin (100 mg/mL), L-glutamine (2 mM) and HEPES (25
mM), and were incubated at 37°C in a humidified 5% CO> air environment. Cells were
seeded at 1 x 106 cells/mL in a 96-well plate and incubated with all LCNP formulations at 1,
0.2, or 0.04 mg/mL. After 24 h incubation, cell ability was assessed using Cell Titer-Blue
Cell Viability Assay (Promega) following the manufacturer’s recommended procedures.
Briefly, cells were incubated for 4 h with Cell Titer-Blue reagent (20 pL/well), and
fluorescent signals were recorded at 560/590 nm ex/em using a fluorescent plate reader.

Pigtailed macaque (Macaca nemestrina) blood was purchased from Washington National
Primate Research Center (WaNPRC). Peripheral blood mononuclear cells (PBMCs) were
isolated using lymphocyte separation medium (LSM, Mediatech, Inc.). In brief, 10 mL
blood was carefully layered over 5 mL LSM in a 15 mL conical tube and centrifuged for 25
min at 800g. The mononuclear cell-rich band was removed, and resuspended in PBS and the
cells pelleted by centrifugation for 10 min at 250g. Isolated PBMCs were maintained in the
same RPMI 1640 cell culture medium as described above until usage. We used PBMCs from
three pigtail macaques to measure cytotoxicity profiles of all LCNP formulations. PBMCs
were seeded at the concentration of 1 x 108 cells/mL in a 24-well plate and incubated with
different LCNP formulations at 0.5 mg/mL. After 24 h incubation, cells were washed by
PBS, and incubated with a Fixable Violet Live/Dead Cell Stain Kit (Invitrogen) at room
temperature for 30 min, followed by another round wash with PBS and fixation in 2%
paraformaldehyde (PFA). The percentage of live cells was then measured by flow cytometry
(LSR 11, BD Biosciences) and analyzed using FlowJo 10.8.

In vitro cell binding assay

First, the cross-reactivity of anti-macaque CD4 mAb on human CD4 was verified by
staining 174xCEM with fluorescently-labeled mAbs. Rhesus recombinant anti-CD4 mAb or
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rhesus recombinant isotype 1IgG mAb was labeled by incubating with a DyLight 633 NHS
Ester Amine-Reactive Dye (Thermo Scientific) for 1 h at room temperature following
desalting using a Zeba spin-desalting column. FITC mouse anti-human CD4 and FITC
mouse 1gG1 were used as the positive or negative control, respectively. These fluorescently-
labeled mAbs were separately incubated with 174xCEM cells for 30 min at 4°C. Cells were
then washed with PBS, stained with the Live/Dead Kit, and fixed by 2% PFA. The
fluorescent signals from cells were measured by flow cytometry.

DiD loaded LCNP formulations were synthesized as described above and used here for cell
binding studies. 174xCEM cells were distributed into polystyrene tubes for each group/
triplicate at the concentration of 1 x 108 cells/mL, and treated with 40 pg/mL bare LCNPs,
BP4-LCNPs, CD4-LCNPs, 1so-LCNPs, fCD4-LCNPs, or Iso-LCNPs (dtLCNP or cbLCNP)
for 30 min at 4°C in the RPMI 1640 cell culture medium. After that, cells were washed and
treated with Live/Dead staining following flow cytometry analysis.

Ex vivo targeting assay from PBMCs of pigtail macaques

PBMCs were isolated from pigtail macaque blood as described above. Cells were washed
and resuspended in PBS, and divided into individual polystyrene tubes for each group/
replicate at the concentration of 1 x 106 cells/mL. DiD loaded dtLCNP or cboLCNP
formulations that conjugated with CD4 targeting ligands or their controls were added into
each tube at the concentration of 40 pg/mL, and cells were incubated at 4°C with gentle
votexing every 10 min. FITC mouse anti-human CD8, PE mouse anti-human CD14, PerCP
mouse anti-human CD3 antibodies were also added into cells for staining different cell
populations. The FITC mouse 1gG1, PE mouse IgG2a, PerCP mouse IgG1 x control
antibodies were used as the isotype control for gating CD3, CD8, or CD14 positive cells.
After 30 min incubation, PBMCs were washed and treated with Live/Dead staining
following flow cytometry analysis. CD4+ cells were gated by CD3+ CD14-CD8-
populations.

Statistical analysis

Data were expressed mean + SD unless otherwise indicated, with statistical significance
defined as p < 0.05. Statistics were calculated using Prism 7.0 (GraphPad Software, Inc.).
Statistical analysis was performed using unpaired two-sided student’s ¢ fest for most of
experiments in this study, or paired two-sided student’s ¢ test for the ex vivo cell targeting
assay when using PBMCs of three pigtail macaques.

RESULTS

Preparation of CD4 binding ligands

We evaluated the targeting efficiency of the CD4 mAb and its fragment, as well as the BP4
peptide, conjugated to LCNPs. For the BP4 peptide, we added a cysteine at the N-terminus
to provide a thiol for conjugation to the LCNP. We synthesized the peptide using a
microwave synthesizer followed by HPLC purification, which yielded over 100 mg of the
BP4 peptide that was >98% pure (Fig. 2A). The peptide MW was confirmed to be 3371 Da
by mass spectrometry (MS) (Fig. 2B). For the CD4 mAb, we modified the mAb with Traut’s
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Reagent to incorporate a small cyclic spacer terminated by a free sulfhydryl group that is
used for cross-linking to primary amines (e.g., lysine side chains).>® We measured an
average of one sulfhydryl group per antibody molecule using a fluorometric thiol
quantitation assay (Fig. 2C).

To generate the CD4 mAb fragments (fCD4), we used partial reduction with TCEP to
selectively cleave the disulfide bonds between the antibody heavy chains or heavy and light
chains. It has been shown that three-fold molar excess of TCEP maximizes the yield of a
half antibody, and retains the binding affinity of the whole antibody.33 At this ratio, we
generated CD4 mAb fragments that were confirmed by SDS-PAGE, where we observed the
full antibody missing one light chain, the half antibody, as well as the single heavy chain and
light chain fragments (Fig. 2D). The two heavy chains of the IgG1 antibody are connected
by two disulfide bonds, and the light chain is connected to the heavy chain by one disulfide
bonds.56 Fluorometric thiol quantitation also showed that generation of CD4 mAb fragments
by TCEP resulted in ~5 free sulfhydryl groups per one mAb molecule (Fig. 2C), which
confirmed the gel electrophoresis results and indicated that each mAb could generate 2—4
fragments.

Synthesis and characterization of CD4-targeting LCNPs

We hypothesized that the targeting function of nanoparticles could be affected by the type of
ligands conjugated to the surface or interference from physicochemical properties of the
nanoparticle (e.g., size, charge). To investigate this hypothesis, we conjugated the three
different CD4 binding ligands to LCNPs that were either neutral or negatively charged. The
neutral LCNP (dtLCNP) contains a PLGA core and a lipid layer composed of the cationic
lipid DOTAP, the neutral lipid DOPC, and the multifunctional lipid DSPE-PEGMAL used
for stabilization and providing the maleimide for conjugation to thiol-containing ligands. In
contrast, the negatively charged LCNP (cbLCNP) replaced the DOTAP in the lipid bilayer
shell with cholesteryl butyrate (chol-but). The chol-but has been reported to coat lipid solid
nanoparticles that lead to negative C-potentials,5’~59 and has potential applications in HIV
latency reversal as a butyric acid prodrug.6%:61 We synthesized both LCNPs through
modification of a commonly used single emulsion-solvent evaporation technique.52

We optimized the surface density and efficiency of BP4 conjugation to LCNPs by varying it
at mass ratios from 0.25 wt % to 6.2 wt % (BP4 to LCNP). The amount of conjugated BP4
was measured by a fluorometric peptide assay. We observed that BP4-LCNPs prepared at
feed ratios above 1.24 wt % were difficult to reconstitute after washing and high-speed
centrifugation. Thus, we chose the feed ratio of 1.24 wt % to ensure maximal BP4 density
on the nanoparticles. The reaction between BP4 and either dtLCNPs or cbLCNPs led to over
98% conjugation efficiency and ~12 ug BP4 was successfully conjugated to 1 mg of LCNPs
(Table I), which translates to ~11,000 BP4 molecules per LCNP.

To efficiently conjugate antibodies to LCNPs, we used a molar feed ratio of 2000 mAb to
one LCNP, which we have previously shown to effectively saturate the conjugation reaction
to the LCNPs (manuscript in preparation). The amount of mAb retained with the LCNPs
after centrifugation was 4.17 + 0.10 wt % for CD4-dtLCNP (842 mAb per LCNP) and 4.36
+ 0.10 wt % for CD4-cbLCNP (881 mAb per LCNP) (Table I). Conjugation of fCD4 mAb
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to LCNPs yielded 6.20 + 0.07 wt %, on dtLCNPs and 6.28 + 0.04 wt % on cbLCNP, which
was about two-fold more efficient than conjugation of the full CD4 mAb. These values are
equivalent to >3000 fCD4 molecules per LCNP as there were 2—4 fCD4 molecules
generated from one full antibody. Taken together, these results indicate that smaller targeting
ligands have higher conjugation efficiency and therefore can be conjugated at a higher
density on LCNPs.

To confirm that the full and fragmented antibody conjugation was due to a specific thiol—
maleimide linkage rather than nonspecific absorption, we mixed untreated mAb with
cbLCNPs or dtLCNPs at the same ratio and concentrations. We found that <0.7 wt % or 0.5
wt % of the mAbs were retained with the cbLCNPs or dtLCNPs, respectively, and over 99%
of the mAb was detected in the supernatant. These results indicate that washing and
centrifugation are sufficient for removal of all free mAbs or their fragments, and there is
only a negligible amount of mAb absorbed nonspecifically onto the LCNPs.

All the targeted LCNP formulations have particle diameters of ~200 nm in PBS, suggesting
that the ligand conjugation or the lipid composition did not significantly affect the
nanoparticle sizes (Fig. 3A). However, the C-potential of dtLCNPs was altered from neutral
to positive when linked to BP4, whereas the full antibody or fragmented antibody
conjugation did not affect the C-potential of the dtLCNPs. As expected, replacing DOTAP
with cholesteryl butyrate resulted in a negative G-potential for these LCNP formulations.
(Fig. 3B). These same formulations showed high colloidal stability (14 days), which we
assessed by measuring the preservation of nanoparticle size in cell culture media (Fig. 3C).

Comparison of cell binding in a 174XxCEM human T cell line

We chose the 174xCEM human T cell line for our /n vitro cell binding studies because these
cells have been reported to express high densities of CD4,53 and have also been used to test
CDA4 targeted nanoparticles by other groups.38 We verified the cross-reactivity of a rhesus
recombinant anti-CD4 antibody (labeled with DyLight 633) with these human CD4+ T cells
(Fig. 4A). We measured metabolic activity of 174xCEM after exposing the cells to the
LCNP formulations for 24 h and found that all LCNP formulations were not cytotoxic at
LCNP concentrations up to 1 mg/mL (Fig. 4B).

To evaluate the CD4-dependent binding of targeted and untargeted LCNP formulations to
CD4-expressing cells, we exposed cells to a 0.05 wt % DiD loaded LCNP formulation and
measured cellular fluorescence by flow cytometry. We found that free DiD released from
LCNPs is negligible since over 95% of DiD remained associated with the LCNPs after 24 h
incubation at 37°C.

Our non-targeted controls included bare dtL CNPs without any ligands, isotype 1gG-
conjugated dtLCNPs (Iso-dtLCNPs), and fragmented isotype 1gG conjugated dtLCNPs
(flso-dtLCNPs). BP4-dtLCNPs, CD4-dtLCNPs, and Iso-dtLCNPs all bound to over 90% of
live cells, and bare dtLCNPs bound to 45.2 + 2.2% of cells, indicating high levels of
nonspecific binding between cells and dtLCNPs. Interestingly, flso-dtLCNPs only bound to
19.8 £+ 1.3% of cells while fCD4-dtLCNPs showed 62.1 + 1.2% cell binding (Fig. 5A, B).
While nonspecific binding was evident for the full mAb and peptide conjugated dtLCNP
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formulations, it was slightly reduced in the formulation conjugated with the fragmented
antibodies.

Since most dtLCNP formulations revealed high levels of nonspecific binding, we evaluated
whether replacing DOTAP with cholesteryl butyrate in the lipid composition of LCNPs
(cbLCNP) could reduce nonspecific binding and improve targeting specificity. Surprisingly,
all control groups, including bare cbLCNP, Iso-cbLCNP, and flso-cbLCNP showed <10% of
cells associated with LCNPs. In contrast, CD4-cbLCNPs and fCD4-cbLCNPs bound to 71.2
+ 0.8% or 43.6 + 0.9% cells, respectively (Fig. 5A, C). cbLCNPs surface conjugated with
the full antibody or its fragment, but not BP4 peptide, resulted in low nonspecific cell
binding and high receptor-mediated binding to 174xCEM cells in vitro.

CD4-targeted LCNPs preferentially bind CD4+ T cells from pigtail macaque PBMCs

We used primary cells obtained from pigtail macaque PBMCs to further evaluate the
targeting function of our LCNPs. We treated PBMCs with our DiD-loaded targeted LCNP
formulations and measured LCNP binding to CD14-CD3+ CD8-cells (mostly CD4+ T cells)
compared to CD14-CD3+ CD8+ cells (CD8+ T cells). All the formulations and their
respective controls were tested for cytotoxicity to PBMCs and showed high cell viability at
the two different concentrations (Fig. 4C).

From the targeting studies using PBMCs with dtLCNPs (Fig. 6A—C), we observed similar
but relatively high DiD fluorescent signals from both CD4+ and CD8+ T cells from
treatment with bare dtLCNPs and Iso-dtLCNPs. These results further confirm the high level
of nonspecific binding of dtLCNPs to cells. Accounting for the non-specific binding, we
found that CD4-dtLCNPs bound to more CD4+ cells (~40% LCNP-positive cells) than
CD8+ cells (~20% LCNP-positive cells), which was also indicated by a 1.7-fold higher MFI
in CD4+ cells over CD8+ cells. fCD4-dtLCNPs preferentially bound to CD4+ cells,
demonstrated by a 2.5-fold higher MFI over CD8+ cells. The flso-dtLCNP negative control
did not bind well to either CD8+ or CD4+ cells, suggesting a much lower nonspecific
association between cells and LCNPs compared with bare dtLCNPs and Iso-dtLCNPs. BP4-
dtLCNPs showed high cell association to both CD8+ and CD4+ cells, indicating that BP4-
dtLCNPs bound nonspecifically to cells and is not a useful ligand for targeting CD4+ cells
from pigtail macaques.

Since we observed that nonspecific binding was significantly reduced using coLCNP
formulations in 174xCEM cell studies, we further tested the targeting of cbLCNPs in pigtail
macaque PBMCs (Fig. 6D-F). All control groups showed low levels of cell binding
indicated by percentage of LCNP+ cells (<15%) and by MFI from both CD8+ and CD4+
cells (<50 a.u.). BP4-cbhLCNPs still showed higher cell association compared to control
groups, but there was no significant difference in MFI between CD8+ and CD4+ cells,
indicating that these cell associations were most likely nonspecific and not CD4 receptor-
mediated. The targeting function of anti-CD4 mAb was better revealed when linked to
cbLCNPs compared to dtLCNPs, as it led to 10-fold higher MFI of DiD signal in CD4+
cells over CD8+ cells. fCD4-cbLCNPs showed threefold higher MFI binding to CD4+ cell
compared to CD4-cbLCNPs. However, there was also a relatively high level of CD8+ cell
association with fCD4-LCNPs and only a three-fold difference in MFI between CD4+ over
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CD8+ cells. These results indicate that targeted coLCNP formulations using CD4 mAb or its
fragmented mAb performed better CD4 targeting than dtLCNP formulations.

DISCUSSION

The results reported here show that targeting of functionalized LCNPs is dependent on
ligands, but also affected by the LCNP lipid composition or its C-potential. The neutral or
positively charged LCNPs had a high level of nonspecific binding to cells that hindered
receptor-mediated targeting. The negatively charged LCNPs, however, showed negligible
nonspecific binding and we were able to further determine the CD4 binding specificity
between different CD4 binding ligands when conjugated to LCNPs.

Control dtLCNPs that have DOTAP in the lipid composition, including bare dtLCNPs and
Iso-dtLCNPs, showed high binding to the 174xCEM cell line, which might be a result of
nonspecific binding interactions (e.g., the fusion of LCNPs with cellular membranes). We
further confirmed such nonspecific binding in PBMCs isolated from pigtail macaques,
where the two control dtLCNPs showed equally high binding to both CD4+ and CD8+ T
cells. The BP4 binding peptide has a net charge of +5 at pH 7 with an isoelectric point at pH
10.6 (calculated based on its sequence), indicating that the peptide is positively charged in
relevant physiological environments. As a consequence, the conjugation of positively
charged BP4 caused the dtLCNP C-potential to change from neutral to positive. BP4-
dtLCNPs showed higher binding to 174xCEM cells than bare dtLCNPs, but they did not
reveal any preferential binding to CD4+ T cells from pigtail macaque PBMCs. This
suggested that BP4-dtLCNPs could lead to higher nonspecific binding to cells in comparison
to other LCNP formulations. Because cellular membranes are negatively charged, these
positively-charged BP4-dtLCNPs might fuse with cells through lipid interactions,54 but
could also have electrostatic interactions with the cell membrane. The dtLCNP conjugated
with fragmented isotype 1gG was an exception, as we observed a significantly reduced
nonspecific binding of flso-dtLCNPs to cells along with lower binding to both CD4+ and
CD8+ cells from PBMCs. This might be due to the fact that the fragmented mAb had higher
conjugation efficiency and loading on LCNPs, which would lead to greater surface area
coverage of the lipid-shell layer and could impede interactions between the lipids and cell
membrane. The fragmented antibody achieved a higher surface density up to 10,000
mAbs/um? (~1250 mAb per LCNP of ~200 nm diameter when accounting for the number of
full mAb that generated these fragments, total number of fragments would be two- to four-
fold more) compared to 6736 mAbs/um? for the full antibody conjugation (~842 mAbs per
LCNP). Assuming the surface area projection of an antibody is 95 nm?2 (antibody radius
~5.5 nm),5° approximately 64% of the spherical surface area is occupied by the full antibody
and 95% is estimated to be occupied by fragmented antibodies. This calculation supports the
hypothesis that the fragmented antibody could cover most of the surface of the LCNPs, thus
hindering the nonspecific binding between the dtLCNPs and cells. In fact, we observed a
high CD4 targeting specificity of fCD4-LCNPs both /n vitroand ex vivo, while the CD4-
LCNPs showed less preferential binding to CD4+ cells due to the obvious nonspecific
binding.
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When we replaced the lipid DOTAP with cholesteryl butyrate in the LCNP, nonspecific
binding was surprisingly low in all control groups indicated by the low binding to 174xCEM
cells and similar binding between CD4+ and CD8+ in PBMCs. This might be explained by
the negative C-potential of all cboLCNP formulations, which would lead to electrostatic
repulsion to negatively-charged cell membranes. With the reduced nonspecific binding, we
were able to better distinguish targeting functions of different CD4 binding ligands. BP4
peptides still caused nonspecific binding when conjugated with cbLCNPs, indicating that
these peptides might not be the best candidate for CD4 targeting. However, this may be
outweighed by the benefits of utilizing a CD4 binding peptide rather than an antibody and
therefore it may be worthwhile to continue investigating other peptides with better binding
affinity and lower nonspecific binding for NC targeting. coLCNPs surface conjugated with
the full CD4 antibody or its fragment showed high binding /n vitroto 174xCEM cells, as
well as preferential binding to CD3+ CD14-CD8-cells from PBMCs. CD4-cbLCNPs
showed 10-fold higher binding specificity for CD4+ T cells compared to CD8+ T cells,
whereas fCD4-cbLCNP had a threefold higher binding specificity for CD4+ T cells. In spite
of this, fCD4-cbLCNP still had the highest binding among all cbLCNP formulations to
174xCEM cells, as well as CD4+ T cells from PBMCs, which was probably due to the
higher surface density of fragmented antibodies as explained above. A comparison of the
CD4 mAD and its fragments on two LCNP formulations, cbLCNPs and dtLCNPs, showed
significantly improved binding specificity of CD4-cbLCNP, but fCD4-cbLCNP remained
similar to the dtLCNP formulation. This may be because the interaction of the LCNP lipid
layer and cell membrane was already mostly inhibited for fCD4-dtLCNPs as shown with its
low nonspecific binding.

CONCLUSION

In this study, we used a hybrid nanoparticle system to investigate the targeting of several
CD4 binding ligands conjugate to NCs. LCNPs can be conjugated with different kinds of
ligands with high conjugation efficiencies, and their C-potential can be easily tuned to allow
investigation of both ligands and C-potential at the same time. We demonstrated that unlike
neutral or positively charged LCNPs, a negative C-potential produced dramatically lower
nonspecific binding and preferential binding to CD4+ T cells when conjugated with CD4
mADbs or its fragments. The BP4 peptide did not show any targeting effect and had high
nonspecific binding when conjugated to one of LCNP formulations. Fragmented CD4 mAbs
showed higher loading and better coverage on LCNP surfaces than the full mAbs, leading to
a higher level of receptor-mediated cell binding. CD4-targeted LCNPs have great promise
for delivery of anti-HIV cure agents, vaccines and gene-modifying oligonucleotide drugs
that can be applied in a variety of biomedical areas.
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Schematic illustration of LCNP formulations conjugated with different CD4 targeting

ligands.
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FIGURE 2.

(A) Chromatograms for purified BP4 measured by HPLC. (B) Mass spectra for purified
BP4. (C) Amount of free sulfhydryl groups on thiolated CD4 mAb or from the reduced CD4
mADb that generated fragments. Data represents mean + SD, 7= 3. (D) SDS-PAGE results of
anti-CD4 or isotype 1gG antibody following thiolation or reduction. Full antibodies missing
one single light chain (*), half antibodies (#) as well as the single heavy chain (°) and light
chain (x) fragments were observed following TCEP reduction of CD4 mAB.
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FIGURE 3.
(A) Size of CD4 targeted dtLCNPs or cbLCNPs measured by NanoSight. (B) C-potentials of

CD4 targeted dtLCNPs or cbLCNPs measured by ZetaSizer. (C) Size of CD4 targeted
dtLCNPs or cbLCNPs after incubation in RPMI 1640 cell culture medium for 14 days at
37°C. Data represents mean + SD from at least three samples.
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FIGURE 4.
(A) Flow cytometry dot plot analysis of CD4 staining on a 174XCEM human T cell line.

Left: 174xCEM cells treated with FITC antihuman CD4 antibody (green) or FITC isotype
1gG antibody (black). Right: 174xCEM cells treated with DyLight633 labeled rhesus
recombinant anti-CD4 antibody (red) or DyLight633 labeled rhesus recombinant isotype
1gG antibody (black). (B) dtLCNP or cbLCNP conjugated with different CD4 binding
ligands showed no cytotoxicity to 174xCEM cells after treating cells with up to 1 mg/mL
LCNPs for 24 h, measured by Cell Titer-Blue. Untreated cells were used as 100% viability
control. (C) Flow cytometry analysis of live/dead staining showed that all LCNP
formulations had no cytotoxicity to pigtail macaque PBMCs after incubaiton with 0.5
mg/mL LCNPs for 24 h. Data represents mean + SD, 7= 3.
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FIGURE 5.

Anti-CD4 antibody conjugated LCNPs (fCD4-LCNPs) showed the highest level of binding
to 174xCEM human T cell line. Replacement of DOTAP with Chol-but in the lipid
composition of LCNPs led to significant decrease of nonspecific binding to cells. (A)
Representative flow cytometry dot plots of 174xCEM bound with DiD loaded dtLCNPs or
cbLCNPs conjugated with different CD4 targeting ligands. (B, C) The percentages of
174xCEM cells that associated with DiD/dtLCNPs (B) or DiD/cbLCNPs (C). Data
represents mean + SD, n=3.
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FIGURE 6.

Both CD4-LCNPs and fCD4-LCNPs showed preferential binding to CD3+ CD14-CD8-cells
from macaque PBMCs. Replacement of DOTAP with chol-but in the LCNP lipid
composition led to significant reduction of nonspecific binding, and improved targeting
functions of CD4-LCNPs. (A, D) Representative flow cytometry dot plots of PBMC
populations (CD3+ CD14-CD8- vs. CD3+ CD14-CD8+) associated with DiD/ dtLCNPs (A)
or DiD/cbLCNPs (D) conjugated with different CD4 targeting ligands or their controls. (B,
E) Mean fluorescent intensity (MFI) of DiD signals from CD3+ CD14-CD8- or CD3+
CD14-CD8+ cells after incubation of PBMCs with various CD4 targeted DiD/dtLCNPs (B)
or DiD/cbLCNPs (E). (C, F) MFI ratio of DiD signals from CD3+ CD14-CD8- cells to
CD3+ CD14-CD8+ cells after incubation of PBMCs with LCNPs accordingly. Data
represents mean + SD from PBMCs of three pigtail macaques. *p < 0.05, **p < 0.005. ***p
< 0.0005.
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