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Dysregulated myeloid cell activity underlies a variety of pathologies, including immunosuppression in
malignant cancers. Current treatments to alter myeloid cell behavior also alter other immune cell sub-
populations and nonimmune cell types with deleterious side effects. Therefore, improved selectivity of
myeloid treatment is an urgent need. To meet this need, we demonstrate a novel, targeted nanoparticle
system that achieves superior myeloid selectivity both in vitro and in vivo. This system comprises: (1) gra-
nulocyte-colony stimulating factor (G-CSF) as a targeting ligand to promote accumulation in myeloid
cells, including immunosuppressive myeloid-derived suppressor cells (MDSCs); (2) albumin nanoparticles
100-120 nm in diameter that maintain morphology and drug payload in simulated physiological con-
ditions; and (3) a fluorophore that enables nanoparticle tracking and models a therapeutic molecule.
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Here, we show that this strategy achieves high myeloid uptake in mixed primary immune cells and that
nanoparticles successfully infiltrate the 4T1 triple-negative breast tumor murine microenvironment, where
they preferentially accumulate in myeloid cells in a mouse model. Further development will realize diag-
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Introduction

The nature of the myeloid cell response to inflammation, in
cancer and other diseases, is a significant determinant of
disease outcome and patient health. Myeloid cells are a hetero-
geneous lineage that include macrophages, dendritic cells,
and neutrophils, which mediate inflammatory reactions.
Among these are also myeloid-derived suppressor cells
(MDSCs)," a group of immature myeloid cells that strongly
suppress the function of CD8+ T-cells and natural killer (NK)
T-cells involved in tumor progression and wound healing.*™®
During an acute inflammatory response, as in the case of
pathogen invasion, immature myeloid cells quickly expand
and differentiate into monocytes and activated neutrophils,
whose activity is determined by the immunological milieu in
which they are activated.”® However, during persistent inflam-
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nostic myeloid cell tracking applications and therapeutic delivery of myeloid-reprogramming drugs.

mation, as seen in chronic conditions such as many cancers,
normal hematopoiesis may be disrupted, resulting in both
bone-marrow-based and local myelopoiesis, where accumu-
lated immature myeloid cells are exposed to varied differen-
tiation signals and may instead be converted into MDSCs or
other noncanonical myeloid cell sub-types, such as tolerogenic
dendritic cells or “M2” macrophages.>® "> These noncanonical
myeloid cells exert myriad immunosuppressive functions, which
may normally help regulate inflammation at a wound site, but,
in the context of cancer, are co-opted to retard the ability of cano-
nical dendritic cells, CD8+ T-cells, and NK T-cells to combat
tumor growth and contribute to poor prognosis.”'>"* Thus, it is
clear that detection of myeloid cell presence, phenotype, and
activity at a tumor site is highly important for diagnostic, prog-
nostic, and treatment decision purposes, while inhibition of
myeloid-mediated immunosuppressive functions will be a com-
pelling therapeutic strategy with the potential to reduce cancer
progression and patient mortality.

In recent years, a number of studies attempting to detect,
characterize, modulate, and quantify myeloid cells>'**® have
found that the levels and phenotype of myeloid cells in
circulation and in the tumor microenvironment at the time of
diagnosis are a significant prognostic indicator for disease
progression in breast, colorectal, and other cancers.'®'”"?
Presence of MDSCs in the tumor microenvironment also
reduces treatment efficacy.® Improved detection of myeloid cell
levels, phenotype, localization, and activity may have signifi-
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cant impact on treatment design and patient stratification,
which demands improved means of measuring, localizing and
eventually reprogramming of myeloid cells in patients.

For detection and quantification of myeloid cells, ex vivo
analysis of blood by flow cytometry has conventionally been
used®® to characterize surface receptors of myeloid cells such
as Ly-6C and CD11b in mice. This strategy enables discrimi-
nation of certain types of myeloid cells from other, non-immu-
nosuppressive myeloid cell subpopulations, such as mature
neutrophils or macrophages.**>" However, such detection is
limited to peripheral blood or terminal samples and as such is
incapable of dynamically tracking myeloid cell migration to
tumor loci or modulating their function.

In the present study, we developed targeted fluorescent
albumin nanoparticles that label myeloid cells throughout the
body to monitor their recruitment into the tumor microenvi-
ronment. We employ recombinant granulocyte colony-stimu-
lating factor (G-CSF), a glycoprotein that regulates the
migration, proliferation, and functional maintenance of all
myeloid cells,*® as a surface ligand to target these nano-
particles to myeloid cells. This novel and simple approach
enables a preferential accumulation of the nanoparticles in
myeloid lineage cells and not in other types of cells within the
complex tumor microenvironment. Measuring the localization,
population size, and/or movement of the myeloid cells in the
tumor microenvironment via this approach could provide
insight into the prognostic outlook of cancer patients while
providing a platform to deliver pharmacological agents to
these cells for modification of their behavior and to change
disease progression.'®!**?

Results and discussion
Nanoparticle formation, loading, and characterization

In this study, nanoparticles (NPs) comprising bovine serum
albumin were prepared to deliver fluorophores to myeloid
cells. The most abundant protein in mammalian blood,
albumin, can be used to form NPs with an excellent in vivo
safety profile.”® The US Food and Drug Administration (FDA)
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has recently approved several drug formulations and clinical
diagnostic agents based on albumin NPs.>* This generally
facilitates and accelerates the approval and implementation
into the clinic of any albumin-based NPs employed for bio-
imaging or drug delivery.>* In this study, NPs were prepared by
desolvation of albumin from aqueous solution into an ethano-
lic phase and subsequent thermal gelation of the NPs followed
by the replacement of aqueous medium with phosphate
buffered saline (PBS) (1%, pH 7.4). The unloaded NPs had a
hydrodynamic diameter of 80 + 3 nm, determined from the
intensity distribution by dynamic light scattering (DLS), and a
negative {-potential of —15.1 + 0.6 kV, measured in 0.9% NaCl
water solution. Measuring particle size by Scanning Electron
Microscopy (SEM) showed that individual dried NP sizes are
smaller than those measured by DLS in solution, 40 + 8 nm in
diameter by SEM (Fig. 1A). We first formed albumin NPs by
utilizing albumin-fluorescein isothiocyanate conjugates for
fluorescence purposes; these NPs were used successfully
in vitro. However, fluorescein has a strong emission between
500-600 nm, the same wavelength range in which we detected
considerable tissue autofluorescence in separate in vivo experi-
ments. This hindered our ability to effectively detect myeloid
cells with our NPs in vivo. To remedy this, we used indocyanine
green (ICG), a tricarbocyanine dye that is safe for intravenous
administration®® and approved by the FDA for near-infrared
(NIR) optical imaging in humans.”*° ICG has an emission
maximum at ~800 nm, which allows bio-imaging with
minimal autofluorescence interference. ICG exhibits negligible
fluorescence in aqueous solution and enhanced fluorescence
upon interaction with larger molecules such as proteins,
making it an ideal candidate for incorporation into albumin
NPs. Furthermore, because of its amphiphilic character,
ICG loaded in the NPs can effectively simulate the molecular
loading of a variety of myeloid-cell-modulating small
molecules, such as celecoxib or sildenafil,** many of which
present a combination of hydrophilic and lipophilic
properties.

As above, ICG was introduced into the aqueous solution of
albumin prior to desolvation, and the process resulted in suc-
cessful incorporation of ICG into the NPs. After thermal dena-

Fig. 1 NP size and loading. (A and B) SEM images of (A) pristine BSA NPs and (B) ICG-loaded NPs (the insets show representative size distribution by
DLS); (C) ICG-loaded NPs after multiple washes with PBS by centrifugal filtration using 100 kDa MWCO centrifugal filters: 1. ICG is completely
retained in NPs, which are accumulated in the pellet having an intense green color; 2. completely clear filtrate.
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turation of NPs and displacement of the medium by PBS, there
was no observable leakage of ICG and centrifugal filtration
resulted in a completely optically clear supernatant, while the
NP-containing pellet had a deep green color (Fig. 1C). The
resultant particles had a mean hydrodynamic diameter of 110
+ 4 nm (by intensity distribution, DLS), polydispersity index of
0.24 + 0.04, {-potential of —15.4 + 0.3 mV (measured in 0.9%
NaCl aqueous solution), and they contained 3.3 + 0.6 wt%
ICG. The entrapment efficiency of ICG in the NPs was calcu-
lated to be 16.5%. It is important to note that we used an
excess of ICG without attempting to maximize its entrapment
efficiency. SEM images indicate that dry particles are 67 +
16 nm in diameter (Fig. 1B).

NP stability and ICG release

NP stability was evaluated at 4 °C for a month. At this tempera-
ture, ICG remained tightly bound to albumin NPs dispersed in
PBS, as seen in Fig. 2A. The size of these particles was also
tracked throughout this period and deviated less than 11% in
mean hydrodynamic diameter by intensity as measured by
DLS. Strong noncovalent binding stemming from hydrophobic
interactions between albumin and ICG* likely accounts for
this excellent particle stability and negligible fluorophore
leakage.

We also measured the release of ICG at 37 °C in 20% fetal
bovine serum (FBS) in PBS solution to mimic physiological
conditions. The release of ICG is facilitated by elevated temp-
erature and the presence of proteins from FBS in the release
medium (Fig. 2B). Nevertheless, the particles retain more than
80% of their ICG load within 5 hours of exposure to biological
medium without the significant initial burst release endemic
to many other NP formulations.>* As shown below, this time
frame is sufficient for specific accumulation of the NIR dye in
the target cells in vivo for theranostic purposes.*’

Ligand conjugation for targeting myeloid cells

Subsequently, G-CSF was covalently linked to the surface of
the resultant ICG-loaded NPs using carbodiimide chemistry.
G-CSF regulates the activity of myeloid cells and has also been
shown to play a crucial role in their generation.***> Recently,
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Fig. 2 Stability of NPs. (A) ICG content in NPs in storage at 4 °C in PBS
(B) cumulative release from NPs at 37 °C in 20% v/v FBS in PBS solution.
NPs do not exhibit an initial “burst release” of payload characteristic of
many other nanoparticle formulations.
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depletion of G-CSF by neutralizing or scavenging immuno-
therapy was proposed as a possible therapeutic route to
decrease the MDSC population.**?® However, the potential
side effects of such treatment may include severe neutropenia,
vulnerability to infections, and decreased overall anti-cancer
immunity.” In this study, we used an alternative strategy: we
employed G-CSF as a ligand to promote the uptake of ICG-
loaded NPs in myeloid cells, exploiting the abundance of
G-CSF receptors on the myeloid cell surface and the preser-
vation of ligand-receptor specificity upon N-terminal ligation
of G-CSE.>*” Such a strategy is compatible with anti-G-CSF
treatment or other immunotherapies. Fig. 3A schematically
presents the process of G-CSF-conjugated particle formation.
Carbodiimide linkage of G-CSF led to a slight increase
(22 + 3%) in the mean hydrodynamic diameter of the resul-
tant NPs, resulting in 141 + 4 nm diameter with a polydisper-
sity index of 0.17 + 0.05 (Fig. 3B). The conjugated NPs exhib-
ited excellent storage stability in PBS at 4 °C for 5 weeks with
fluctuations in the mean hydrodynamic diameter of less
than 9%. They were used for biological experiments within
this period of time.

Cytotoxicity

The cytotoxicity of G-CSF-conjugated as well as unconjugated
NPs was tested against the RAW 264.7 macrophage cell line by
3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium  bromide
(MTT), live/dead cell, and proliferation assays. No statistical
difference in cytotoxic effects of conjugated and unconjugated
NPs on macrophages were detected within the 0.05-100 ng
ml™' concentration range. No change in proliferation capa-
bility and rate of macrophages treated with PBS and NPs (con-
jugated and control) was observed (Fig. S17).

Myeloid cell uptake

The effect of the G-CSF decoration of NPs was tested in a pre-
liminary experiment conducted in the RAW 264.7 cell line, a
macrophage cell line derived from multiple myeloma that
consistently expresses the G-CSF receptor (CSF3R).*®
Dispersions of 0.05 ng mL™" or 0.005 ng mL™" decorated or
control (undecorated) NPs containing albumin-fluorescein iso-
thiocyanate conjugate were added to the RAW 264.7 cells
diluted to 500000 cells per well. Flow cytometry characteriz-
ation of cells revealed that G-CSF decoration of the NPs greatly
enhanced their uptake into RAW 264.7 cells at each dose
tested (Fig. 4A). A micrograph shows RAW 264.7 cell internaliz-
ation of fluorescein isothiocyanate (FITC)-containing G-CSF
decorated NPs (Fig. 4B).

Competitive uptake

A competitive uptake control study demonstrated that G-CSF
added to RAW 264.7 cells competed with uptake of ICG-loaded
NPs decorated with G-CSF (1.6-fold decrease in NP-G-CSF
uptake by RAW 264.7 cells in comparison with control NPs,
significance by T-test, P = 0.0014), suggesting binding is due to
the G-CSF conjugated to NPs (Fig. 4C).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Ligand conjugation to albumin NPs. (A) Schematic of NP formation process employed in this study: 1. globular protein BSA and water-
soluble ICG are dissolved in water; 2. resultant aqueous solution is mixed with an excess of ethanol (EtOH); 3. NPs are formed by albumin desolva-
tion and preserved by thermal denaturation of albumin chains. ICG is incorporated into the particles; 4. G-CSF is attached to the particle surface via
carbodiimide linkage at pH = 5.5 with subsequent replacement of medium to PBS. Stable NPs are formed. (B) Representative distributions of hydro-
dynamic diameter of ICG-loaded NPs before (solid line) and after (dotted line) G-CSF linkage.
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Fig. 4 G-CSF-targeted and undecorated albumin NP uptake by RAW 264.7 cells. A: Inclusion of the G-CSF targeting moiety greatly increased FITC-
containing NP uptake by RAW 264.7 multiple myeloma cells, which express the G-CSF receptor. Undecorated control NPs showed limited uptake.
Dose amounts are NP mass. B: Internalization of FITC-containing G-CSF decorated NPs into RAW 264.7 cells. Arrows designate NPs. Filters: purple
DAPI — nucleus; red TRITC — cell membrane; green FITC — NPs. C: Competitive uptake study shows that G-CSF added to RAW 264.7 cells decreases
the uptake of ICG-loaded NPs decorated with G-CSF. MFI — median fluorescence intensity.

Uptake in mixed primary murine splenocytes cancer-bearing mice. MDSCs are normally a rare cell popu-

lation at <5% of circulating peripheral blood mononuclear
We then examined NP uptake specificity in vitro in mixed cells (PBMCs). The 4T1 murine breast cancer model reliably
primary murine splenocytes containing T-cells, B-cells, NK increases MDSC populations in the blood, spleen, and tumor
cells, macrophages, neutrophils, dendritic cells, and MDSCs microenvironment within 10 days of implantation. Thus, 4T1
isolated from both tumor-free and 4T1 triple negative breast tumor-bearing mouse splenocytes contain many more MDSCs

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 2752-2763 | 2755
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Fig. 5 NP selectivity in mixed splenocytes. Primary immune cells were isolated from the spleens of 4T1 breast cancer-bearing immunocompetent
Balb/c mice. 4T1 was implanted in the mammary fat pad via subcutaneous injection and allowed to grow for 10 days before primary cell isolation. In
each study, splenocytes were plated at 100 000-250 000 cells per well and treated with varying doses of G-CSF-decorated and undecorated
albumin NPs bearing ICG to track internalization. After 30 minutes of incubation, cells were washed and prepared for flow cytometry, which
measured NP internalization via emission >800 nm as well as several cell surface markers indicative of immune cell subpopulations. A: Incubation of
1 pg FITC-labeled NPs showed that G-CSF decorated and undecorated NP controls both accumulate in MDSCs at much higher levels than in CD3+
T-cells, in which limited nonspecific uptake is seen. Inclusion of the G-CSF targeting moiety significantly increased MDSC uptake. MDSCs were
defined as CD11b+/Ly6C+ or CD11lb+/Ly6G+ and macrophages were defined as CD14+. Statistical significance by one-way ANOVA with the
Bonferroni post-hoc analysis, *P < 0.033, **P < 0.002, ***P < 0.001. B and C: G-CSF decoration again increased NP uptake in MDSCs in a significant
and dose-dependent manner, also demonstrating some uptake in CD14+ macrophages. NPs used here were labeled with indocyanine green (ICG),

which improved uptake detection. Statistical significance by t-test, *P < 0.05, **P < 0.01, ***P < 0.001.

than tumor-free mice.> Mixed splenocytes were exposed for
30 minutes to various concentrations of NPs in media.
Across all experiments and conditions, G-CSF decoration of
the NPs greatly increased myeloid cell uptake, including
uptake into MDSCs (Fig. 5). Limited nonspecific uptake into
less than 10% of total CD3+ T-cells was also observed,
although G-CSF decoration did not significantly increase NP
uptake into CD3+ cells, suggesting that nonspecific uptake of
albumin NPs occurs in a limited proportion of cells. Uptake
of these NPs into MDSCs was significantly higher (P =
0.0044), and G-CSF decoration increased the uptake (Fig. 5A).
It can be seen in Fig. 5B that decorated NPs achieved above
50% accumulation in MDSCs and above 30% accumulation
in CD14+ non-MDSC macrophages (Fig. 5C), showing differ-
ential accumulation and the potential to preferentially label
or alter myeloid cells. NP uptake was defined as cells emit-
ting fluorescence at >800 nm as a result of ICG internaliz-
ation after removal of NP-containing medium and 3x washes
in PBS.

2756 | Nanoscale, 2020, 12, 2752-2763

NP uptake in vivo

Finally, we tested the effect of G-CSF decoration of NPs on cell
specificity in vivo in 4T1 tumor-bearing mice. A 10 pg bolus
dose of ICG-loaded NPs suspended in 100 pL sterile PBS was
injected via tail vein in anesthetized mice and the NP distri-
bution was then imaged wusing the Lago X (Spectral
Instruments Imaging) in vivo imaging system. Images were
taken at 0, 30, and 180 minutes after NP administration. At
180 minutes, mice were sacrificed to harvest spleen, liver, and
tumor. Harvested tissues were processed into single-cell sus-
pensions, which were then fixed and prepared for flow cytome-
try in triplicate. Results showed that G-CSF-decorated NPs
accumulated in MDSCs at significantly higher rates compared
to undecorated (blank) NPs in the spleen and tumor micro-
environment (TME) (P < 0.001 Fig. 6A and B). On the other
hand, 4T1 tumor-bearing mouse livers took up all NPs at sig-
nificantly lower rates than did tumor-free mouse livers, which
displayed increased uptake of nanoparticles regardless of

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 NP uptake in vivo. 10 ug of G-CSF-decorated and undecorated albumin NPs were each injected into separate groups of mice. One group of
mice was tumor-naive and the other group had been inoculated with 4T1 cells in the mammary glands 10 days before the experiment, during which
they grew to ~500 mm?>. All NPs were labeled with indocyanine-green (ICG), which permitted visualization of NP distribution via in vivo fluorescence
imaging and measurement of NP uptake by cell type via flow cytometery post-sacrifice. All samples were taken 3 hours after NP injection. A:
Characterization of the spleen showed that NPs were taken up by Ly6C+ monocytes, Ly6G+ granulocytes, and dual-positive Ly6C+/Ly6G+ imma-
ture MDSCs, wherein G-CSF decoration significantly enhanced NP uptake. These trends were not observed for undecorated control NPs in tumor-
bearing mice or for either undecorated or G-CSF-decorated NPs in tumor-free mice. B: The same trend was seen in the 4T1 tumor microenvi-
ronment, where G-CSF decoration significantly enhanced uptake into each myeloid cell subpopulation. C: In the liver, G-CSF decoration did little to
increase NP uptake when compared with undecorated controls. Interestingly, more NPs were taken up by cells in the liver in tumor-free mice than
in 4T1-tumor-bearing mice, suggesting that either fewer NPs were available for internalization or tumor growth alters the composition or activation
states of myeloid cells within the liver in a manner that alters their propensity to internalize NPs, decorated or not. Statistical significance by two-
way ANOVA with the Bonferroni post-hoc analysis, *P < 0.033, **P < 0.002, ***P < 0.001.

surface decoration; this finding is likely indicative of homeo- also indicate that albumin NPs can effectively circulate
static mononuclear phagocyte system activity that is altered through the bloodstream into myeloid cells within the tumor

in tumor-bearing hosts*® (Fig. 6C). These data demonstrate
that G-CSF decoration of albumin NPs is an effective strategy
to achieve preferential myeloid and MDSC accumulation
in vivo where specificity effects are enhanced in the tumor-
bearing mice vs. tumor-free mice. Furthermore, these data

This journal is © The Royal Society of Chemistry 2020

microenvironment, as shown by NP accumulation in ~70% of
monocytes and ~35% of MDSCs isolated from the 4T1 tumor
microenvironment, so that effective delivery is achieved even
if some portion of NPs is taken up by the mononuclear pha-
gocyte system.
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Discussion

Improving the selectivity of myeloid tracking and reprogram-
ming is a key to effective treatment of immunologically active
cancers and other conditions. In this study, we show that dec-
oration of small molecule-bearing albumin NPs with recombi-
nant G-CSF is not only reproducibly formulable and stable in a
variety of conditions, but also increases preferential uptake
into myeloid cells both in vitro in a cell line and in mixed
immune cells from tumor-naive as well as 4T1 metastatic
triple-negative breast cancer-bearing mice (in which MDSCs
and other immunosuppressive myeloid cells play a deleterious
role by promoting disease progression and treatment resis-
tance)."" This trend was also observed in vivo, where G-CSF-
decorated NPs effectively accumulated in myeloid cells in the
liver, spleen, and tumor microenvironment within just 3 hours
at much greater rates than control undecorated NPs, which dis-
played nonspecific uptake regardless of tumor condition. This
study was performed as a proof-of-concept in one mouse per
condition: 4T1-tumor bearing and non-tumor bearing mice to
test vehicle control of ICG in PBS, unlabeled NP, and G-CSF-
conjugated NP. By achieving accumulation in more than 50%
of all monocytes and more than 20% of MDSCs in the 4T1
tumor microenvironment, G-CSF-decorated NPs provide sub-
stantial insight into the levels of local myeloid cell presence
via accumulation in a significant proportion thereof in a single
dose. All NPs tested in vivo were labeled with ICG, providing an
optimized strategy to assess cell subpopulation uptake and
overall distribution throughout the body via the Lago X
imaging system (Fig. 7). While ICG alone (vehicle control) dis-
seminated widely throughout the body, NPs loaded with ICG
localized more to spleen, liver, and peri-tumoral regions.
Intriguingly, at 180 minutes post-injection, NPs displayed a
more concentrated anatomical profile in 4T1-bearing mice,
indicative of localization in the tumor or liver, whereas non-
tumor-bearing mice showed greater disseminated spread of
NPs, regardless of surface decoration. These results may be
indicative of altered mononuclear phagocyte system clearance
in tumor-bearing hosts, and these issues invite close obser-
vation and assessment in future studies investigating quanti-
tative NP biodistribution and pharmacokinetics.

4T1-bearing control 4T1-bearing
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These data provide proof-of-concept for a new nanoparticle-
based diagnostic imaging method, in which the ICG-labeled,
G-CSF-targeted albumin NPs could be used to approximate
myeloid cell infiltration into the tumor microenvironment
as a marker of diagnosis, prognosis, or treatment res-
ponse.'® 19424344719 purthermore, by showing effective com-
plexation of indocyanine green, an amphiphilic dye, with the
albumin nanoparticle, we paved the way to test loading of drug
molecules with the potential to alter myeloid cell behavior as
part of a novel therapeutic strategy with the potential to over-
come limitations inherent to previous systemic approaches.’® >

Future perspectives

Key limitations of this study include: (a) the limited character-
istics of the immune cells and cancer types profiled, where
deeper flow cytometry characterization or other tumor models
may provide greater insight into the potential of these NPs for
diseases other than breast cancer; (b) testing only ICG com-
plexation to NPs, the protocols for which may require alteration
to load other small molecules; and (c) the potential for G-CSF
receptor binding to drive undesired myeloid cell biology. Future
studies will explore each of these aspects and determine the
effective dose-exposure relationship between injected NPs and
NPs accumulating in myeloid cells in the TME.

Further development of the system reported here may
enable cell lineage-specific delivery of ICG as an effective
photothermal and photosensitizing agent for combined
photothermal/photodynamic therapy of cancer; ICG is known
as a robust photothermal and photoacoustic imaging
agent.>*****7> When ICG is delivered to a certain population
of cells and concentrated within them, it is capable of convert-
ing NIR light into localized heat and toxic chemical species
(such as reactive oxygen species and singlet oxygen) resulting
in cell destruction.>®>*=>> This approach could be adopted to
reduce or reprogram the population of myeloid cells in the
tumor microenvironment for highly immunosuppressed
patients. This NP system could also be used for photoacoustic
imaging of immune cell distributions in patients, for the deliv-
ery of immune-modulatory small molecules and subsequent
alteration of the innate immune system, or even as a potent

control 4T1-bearing control

ICG blank NP G-CSF NP blank NP G-CSF NP ICG

blank NP G-CSF NP blank NP G-CSF NP ICG

blank NP G-CSF NP  blank NP G-CSF NP

Fig. 7 Tumor microenvironment study. To test the effect of G-CSF decoration of NPs on biodistribution and tumor MDSC accumulation, we
injected 10 pg each of ICG alone, blank NP, and G-CSF-NPs in 100 pL PBS into either 4T1 breast carcinoma-bearing or tumor-free mice and imaged
the shaved mice using a >800 nm filter using the Lago X fluorescent imaging system at 0 (TO, left), 15 (T15, center), and 180 (T180, right) minutes
after administration. Tumor, spleen, and liver NP accumulation by cell type were assayed by flow cytometry (Fig. 6).
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theranostic agent to measure and reprogram myeloid cells.
Eventual application of this system to the clinic, which may be
accelerated given that all NP components have been FDA-
approved, could yield vital treatment monitoring information
for immuno-oncological applications and, with small molecule
drug payloads, could provide an immunomodulatory platform
for myeloid cell reprogramming in a variety of pathologies.

Experimental
Materials

BSA (average M,, 66.0 kDa, >96%) was purchased from Sigma-
Aldrich, BSA-fluorescein isothiocyanate (FITC) conjugate with
molar ratio of FITC/BSA > 7 and BSA average M,, 66.0 kDa was
obtained from Sigma-Aldrich, ICG was from Sigma, recombi-
nant murine G-CSF (19.0 kDa) was obtained from PeproTech,
PBS (1%, pH 7.4), sodium hydroxide 1 N, ethanol, and biologi-
cal grade water were purchased from Fisher Scientific.

BSA nanoparticle formation and ICG loading

NPs were formed by dissolving BSA 5 wt% in water adjusted to
pH = 9 by NaOH, with subsequent desolvation of albumin by
gradual addition of ethanol 1:4 v/v. To stabilize the NPs and
prevent albumin dissociation, the resultant mixture was sub-
jected to 3 rounds of mild heating (70 °C for 10 minutes) to
denature free albumin chains within the NPs. To load the NPs
with ICG, an excess of ICG (1 wt%) was dissolved in water at
pH = 9 with 4 wt% BSA as above. The desolvation and par-
ticle denaturation steps above were unchanged. The NPs with
incorporated ICG were then washed with an excess of PBS to
remove unincorporated dye and to displace the medium with a
biologically compatible one. Washing was performed by cen-
trifugal filtration at 10 000 rpm for 5 min in an Eppendorf
5415 C Centrifuge using a 100 kbDa MWCO EMD Millipore
Amicon™ Ultra-0.5 centrifugal filter units. Washing was
repeated thrice, resulting in a completely clear filtrate, and the
nanoparticle-containing pellet was deep green. NPs were
stored at 4 °C, protected from light.

For the formation of BSA-FITC NPs in our preliminary
experiments (Fig. 4A and B), BSA-FITC conjugate was dissolved
at 5 wt% in PBS. This was followed by a gradual desolvation/
heat denaturation process when overall 170 wt% of anhydrous
ethanol was added to the solution followed by several short
(overall 15 min) NP denaturation cycles at 70° C. NPs were
then washed with excess PBS by centrifugal filtration as
described above, stored at 4 °C, and protected from light.

Nanoparticle characterization

NP size was assessed in PBS dispersion by dynamic light scat-
tering (DLS). The size distribution was measured at room
temperature using a Nano-ZS90 Zetasizer (Malvern, UK)
equipped with a 632.8 nm laser source. The same instrument
was used to evaluate NP {-potential, however for these measure-
ments the media was replaced with 0.9% water solution of NaCl
to avoid affecting electrophoretic mobility by the high concen-
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tration of electrolytes in the media. Each measurement was per-
formed in triplicate in three independent samples.

The size and morphology of the resultant dry NPs was cor-
roborated by high-resolution SEM. For these measurements,
the PBS in the medium was replaced with deionized water by
three washes using centrifugal filtration as above, and the
resultant dispersion was diluted 1:50 with deionized water. It
was then deposited onto 15 mm aluminum SEM stubs and
allowed to air-dry overnight. All samples were gold-palladium
sputter-coated with a Denton Desk II sputter-coater (Denton
Vacuum, Moorestown, NJ). SEM imaging was carried out by a
high-resolution Zeiss Sigma field emission scanning electron
microscope (FESEM) (Zeiss Microscopy, Thornwood, NY) oper-
ated at an accelerating voltage of 2-3 kV using InLens
Secondary Electron (SE) detection, and 5-7 kV using
Backscattered Electron Detection (BSD). Images were captured
in TIFF using storage resolution 2048 x 1536 pixels and a line
averaging noise reduction algorithm. To determine NP size
from SEM images, we processed three SEM images using
Image] software by selecting areas with even illumination.®® N
=153 optimally illuminated unloaded and N = 198 ICG-loaded
NPs were measured for size estimation.

ICG concentration was determined by UV-vis spectroscopy
using an absorbance microplate reader (Azure Biosystems,
Dublin, USA) with a 750 nm filter. Specifically, the ICG-loaded
NP dispersion after washing, or the filtrate collected from cen-
trifugal filtration, was diluted with known excess volumes of
50% v/v aqueous dimethyl sulfoxide (DMSO) solution and
sonicated for 15 min to extract the ICG from denatured
albumin. Absorbance was then measured, and the concen-
tration was calculated using a standard calibration curve for
ICG. To assess particle stability, the concentration of ICG was
monitored by aliquoting the dispersion, performing centrifu-
gal filtration as above, and measuring the ICG concentration
in the pellet. Similarly, for release experiments, the ICG
content inside the dialysis tubes was determined from inde-
pendent samples exposed to release for different time inter-
vals. This minimized the potential error of free ICG degra-
dation in aqueous solution over time. NP fluorescence was
monitored using a TECAN infinite M1000 plate reader
(Mannedorf, Switzerland) and fluorescence microscope
(DMRXE, Leica, Germany). NP concentration was calculated in
weight of particles per volume. These numbers were based on
the albumin weight and estimation of albumin molecule
number in each particle calculated by the particle size.

G-CSF conjugation

The NPs were covalently linked to G-CSF using carbodiimide
chemistry based on amide bond formation between BSA
chains and G-CSF protein under mild aqueous conditions with
a zero-length crosslinker that leaves no residues in the resul-
tant protein.®' Briefly, a 20 ug per 100 uL solution of G-CSF
was activated with 5 mM of EDC (1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride)/sulfo-NHS (sulfo-N-
hydroxysuccinimide) at pH = 5.5 and the NP dispersion
medium was adjusted to pH 5.5 by NaOH addition. Both solu-
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tions were then united and kept at 4 °C for 4 hours protected
from light. The approximate molar mixed ratio between G-CSF
and NPs was 10:1. NPs were then dialyzed against PBS for
18 h at 4 °C using Pur-A-Lyzer™ dialysis tubes (MWCO
6-8 kDa, Sigma-Aldrich) protected from light.

Cytotoxicity tests

MTT assay. RAW 264.7 cells (3000 cells per well) were seeded
in 96-well plates for 24 h. The cells were then incubated with
100 pl of G-CSF-conjugated and unconjugated NPs at a concen-
tration range of 0.05-100 ng ml™" in cell culture medium
without phenol red for 24 h at 37 °C. Appropriate controls (cell
culture medium and 0.1%Triton X-100 (v/v)) were also used.
Cells were then rinsed twice with PBS, and incubated with
100 pl of 0.5 mg ml~" of MTT reagent dispersed in cell culture
medium without phenol red for 3.5 h at 37 °C. The assay was
completed by aspirating the MTT reagent and adding 100 pl of
DMSO. Shaking the plate for 15 min at room temperature on
the orbital shaker helped dissolve formazan crystals. The
optical density in each well was determined at 550 nm (MTT
assay).

Live/dead cell analysis by flow cytometry. RAW 264.7 cells
were seeded (300000 cells per ml) in 6-well plates overnight
and then treated with different concentrations of G-CSF conju-
gated and unconjugated NPs in cell culture medium for 24 h.
Afterward, culture medium was aspirated, and cells were
rinsed twice with PBS, and detached with trypsin/EDTA solu-
tion. The cell pellet was resuspended in PBS and stained on
ice with Zombie yellow dye at 1:500 dilution for 20 minutes.
After staining, cells were washed twice with 1 mL of flow wash
buffer (1% BSA + PBS + 0.1% sodium azide), and fixed with
500 pL of 1% paraformaldehyde in PBS for 30 minutes on ice.
After that, 1 ml of flow wash buffer was added to each tube
and cells were centrifuged at 1000 rpm using a Sorvall ST 8R
centrifuge with TX-150 rotor (Thermo Fisher Scientific) for
5 minutes at 4 °C. Before analysis, cell pellets were resus-
pended in 300 pL of flow wash buffer and filtrated using
Flowmi tip strainers (70 pm). The samples were analyzed with
a Cytek Aurora™ (Cytek Biosciences) cytometer.

Proliferation assay. RAW 264.7 cells at 80% confluency were
detached by trypsin/EDTA solution, rinsed twice with PBS, and
stained with CellTrace violet (Thermo Fisher) at 1: 500 dilution
per 1 x 10° cells for 30 min at room temperature. After that,
cells were washed twice with cell culture medium without
phenol red and seeded in 6-well plates. Stained cells were
treated with G-CSF conjugated and unconjugated NPs in cell
culture medium for 48 h, with 10 pg ml™" cycloheximide for
4 h, and with PBS. Cells proliferated for 72 h in total and then
were detached, rinsed with PBS and stained with Zombie NIR
(1:500 dilution) for 30 min on ice. After staining, cells were
washed twice with 1 ml of flow wash buffer, and fixed with
500 pl of 1% paraformaldehyde in PBS for 30 minutes on ice.
Afterward, 1 ml of flow wash buffer was added to each tube
and cells were centrifuged at 1000 rpm using Sorvall ST 8R
centrifuge with TX-150 rotor (Thermo Fisher Scientific) for
5 minutes at 4 °C. Before analysis, cell pellets were resus-
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pended in 300 pl of flow wash buffer and filtrated using a
Flowmi tip strainer (70 pm). The samples were analyzed with
the Cytek Aurora™.

Competitive uptake control study

RAW 264.7 cells at 80% confluency were spun down, seeded at
500000 cells per well to a round-bottom 96-well plate, and
then treated with 0.05 ng mL™" G-CSF conjugated and uncon-
jugated NPs in presence or absence of G-CSF (0.5 ng ml™").
Cells were pre-incubated with G-CSF for 30 min at 37 °C and
then incubated with NPs for 90 minutes, spun down at 1000
rpm using a Sorvall ST 8R centrifuge with TX-150 rotor
(Thermo Fisher Scientific) for 5 minutes to aspirate super-
natant containing non-internalized NPs, washed once in PBS
to remove remaining non-internalized NPs, placed on ice, and
stained with propidium iodide. Samples were filtrated using
Flowmi tip strainer (70 pm) and analyzed with a BD FACS ARIA
ITu™ (BD Biosciences).

RAW 264.7 internalization

The RAW 264.7 myeloid cell line (a gracious gift from the
Leeper laboratory at Stanford University, Department of
Cardiovascular Medicine) was cultured in standard Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal bovine serum.
RAW 264.7 cells at 70% confluency were spun down, washed in
PBS, diluted to 500 000 cells per well in a round-bottom 96-well
plate, and then were added to standard DMEM containing 0.05
ng mL~" or 0.005 ng mL™" decorated or control (undecorated)
NPs containing albumin-fluorescein isothiocyanate conjugate.
Cells with NPs were incubated at 37 °C for 90 minutes then
spun down at 1100 rpm for 3 minutes to aspirate supernatant
containing noninternalized NPs, washed once in PBS to remove
remaining noninternalized NPs, and then fixed in 5% formalin,
and stained with propidium iodide. NP uptake was then quanti-
fied via flow cytometry as described below.

Imaging of BSA-FITC G-CSF decorated NPs uptake within RAW
264.7 cells

RAW 264.7 cells were plated at 50 000 cells per well in an 8-well
slide (Ibidi) and left overnight at 37 °C under a humidified
atmosphere containing 5% CO,. Cells were then stained using
0.4 pg mL™' Hoechst 33342 trihydrochloride, trihydrate
(Thermo Fisher Scientific) and 0.5 pM CellTracker Orange
CMRA (Thermo Fisher Scientific) suspended in PBS. After
staining, 5 pg mL™' of FITC-containing G-CSF decorated NPs
suspended in cell culture medium without phenol red were
added to each well and incubated at 37 °C for 90 minutes.
Following incubation, cells were washed with PBS, and, after
washing, the PBS was aspirated and replaced with cell culture
medium without phenol red. Finally, cells were imaged using
a Deltavision by Applied Precision Inc. microscope (GE
Healthcare Life Sciences) with DAPI, TRITC, and FITC filters
and an Olympus 60%/1.42, Plan Apo N, UIS2, 1-U2B933 objec-
tive. Images were obtained with an EDGE/sCMOS_5.5 camera
and Resolve 3D softWoRX-Acquire Version 7.0.0 software. Pixel
size is 0.1077 pm.
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Bulk splenocyte uptake

Bulk splenocytes containing mixed T-cells, B-cells, and
myeloid cells were isolated from wild-type Balb/c mice via sur-
gical harvest of the spleen in both 4T1 triple negative breast
cancer-bearing mice—which is known to induce more MDSCs
—and tumor-free mice. Splenocytes were extracted via macera-
tion of the spleen in PBS followed by filtration through a
70 pm nylon cell filter, washing the well in which the spleen
was macerated with PBS through the cell filter up to 20 mL to
increase yield. Cells were then spun down at 1100 rpm for
3 minutes, followed by removal of the supernatant and incu-
bation in 5 mL of ACK Lysis Buffer at room temperature for
5 minutes. Subsequently, the cells were spun down again and
resuspended in PBS for quantification of cell yield via hemo-
cytometer. Bulk splenocytes were then plated into 96-well
round-bottom plates in standard Roswell Park Memorial
Institute (RMPI) culture medium at 250 000-500 000 cells per
well. Aliquots containing ICG-labeled NPs were prepared at 2x
their final concentration (1 pg, 100 ng, 10 ng) in RPMI and
then diluted 2-fold in each well of a 96 well plate. NPs tested
included non-G-CSF-decorated NPs as well as G-CSF-decorated
NPs. Splenocytes were incubated at 37 °C in RPMI containing
NPs for 30 minutes, after which they were spun down, washed
once in PBS, and resuspended in 10% formalin for fixation
and flow cytometric characterization.

Tumor microenvironment study

4T1 tumor-bearing mice were prepared via subcutaneous
implantation of 10° 4T1 cells in the right mammary flank of
female Balb/c mice and allowed to grow for 10 days, by which
point tumors were palpable and ~0.5-1 ¢cm in diameter. Mice
were then anesthetized via isofluorane inhalation and placed
in the imaging chamber of a Lago X, (Spectral Instruments
Imaging) and administered 10 pg of ICG-labeled NPs sus-
pended in 100 pL of sterile PBS via tail vein. Both G-CSF-deco-
rated NPs and undecorated NPs were tested. Lago X images
were taken at the time of administration and again at
3.5 hours post-injection, at which point mice were sacrificed.
Then tumor, liver, and spleen were harvested. Each tissue was
macerated, with tumor enzymatically digested in collagenase
IV solution, to prepare single-cell suspensions that were then
fixed in 10% formalin prior to flow cytometric analysis.

Live subject statement

All animal procedures were approved by the Stanford
University Institutional Animal Care and Use Committee and
conformed to the NIH guidelines for the use of laboratory
animals.

Flow cytometry

Fixed cells suspended in PBS were spun down at 1100 rpm for
3 minutes and resuspended in blocking buffer (3% bovine
serum albumin, 10% fetal bovine serum in PBS) and incubated
on ice for 30 minutes. Dilutions of fluorophore-conjugated
commercially-available antibodies (Bio-Rad, Lonza, Thermo
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Fisher) were prepared in the same buffer. Fixed cells were
spun down, supernatant removed, and antibodies were then
incubated on ice for another 30 minutes. Cells were then spun
down and washed in PBS three times prior to flow cytometric
analysis on a Luminex Guava easyCyte cytometer. Flow cytome-
try was performed within 4 days of fixing cells. All analysis was
done with FlowJo, where NP-positive cells were counted as
those emitting NIR fluorescence from ICG-NPs as a percentage
of all counted cells, not as an absolute quantification of NPs
per cell.
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