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Abstract

Excessive or prolonged recruitment of inflammatory monocytes to damaged tissue can
significantly worsen patient outcomes. Monocytes migrate to sites of tissue inflammation in
response to high local concentrations of CCL2, a chemokine that binds to and signals through the
CCR2 receptor. While the role of CCR2 in cellular migration is well studied, it is unclear how
CCR2 inhibition affects macrophage polarization and if multivalency can increase downstream
signaling effects. Using affinity selection with a phage library, we identified a novel scFv (58C)
that binds specifically and with high affinity to the N-terminal domain of CCR2 (Kp =59.8 nM).
The newly identified 58C-scFv bound to native CCR2 expressed on macrophages and MDA-
MB-231 cells, inhibited migration, and induced a pro-inflammatory M1-phenotype in
macrophages. The M1/M2 macrophage phenotype ratio for monomeric 58C-scFv was
significantly increased over the negative control by 1.0x104-fold (iNOS/Arg-1), 5.1x104-fold
(INOS/MgI2), 3.4x105-fold (IL-6/Arg-1), and 1.7x10%-fold (1L-6/Mgl2). Multivalent display of
58C-scFv on liposomes further reduced migration of both cell types by 25 to 40% and enhanced
M1 polarization by 200% over monomeric 58C-scFv. These studies demonstrate that CCR2
inhibition polarizes macrophages towards an inflammatory M1 phenotype and that multivalent
engagement of CCR2 increases the effects of 58C-scFv on polarization and migration. These data
provide important insights into the role of multivalency in modulating binding, downstream
signaling, and cellular fate.
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Introduction

Monocytes migrate to sites of inflammation under the influence of chemokines and
cytokines. The CCR2 chemokine receptor mediates monocyte egress from the bone marrow
under the influence of the chemokine CCL2, which is secreted by cells during inflammatory
conditions including myocardial infarction, cancer, atherosclerosis, asthma, and rheumatoid
arthritis. 13

At sites of inflammation, monocytes differentiate into functionally polarized macrophages in
response to chemokines, cytokines, and other chemical factors. There are two main
macrophage phenotypes: M1 and M2.# M1 macrophage activation generally occurs in the
presence of lipopolysaccharide (LPS),% interferon gamma (IFN-y~),® and granulocyte-
macrophage colony stimulating factor (GM-CSF).” M1 macrophages are considered pro-
inflammatory and essential early responders at inflammatory disease onset. Macrophage
colony-stimulating factor (M-CSF)” and specific interleukins (IL-4, I1L-13, I1L-10)8-10 induce
M2 macrophage activation, which is considered anti-inflammatory. While M2 macrophages
are beneficial in the reparative phase of inflammation and contribute to wound healing after
myocardial infarction, they can be detrimental in tumors as they promote tumor growth
through increased angiogenesis and metastasis and suppression of anti-cancer immune
responses.11-13

In addition to driving monocyte migration, CCL2 signaling also contributes to M2
macrophage polarization.14 1® As the N-terminal domain of the CCR2 receptor captures
CCL2 to trigger downstream effects,16: 17 the CCR2 N-terminal domain represents an ideal
target to disrupt the CCR2/CCL2 axis for therapeutic benefit.18 While several antibodies
targeting the CCL2/CCR2 pathway have shown promise in clinical trials in myocardial
infarction, atherosclerosis, and cancer,1%-23 none are clinically approved despite initial
expectations. Thus, there remains room to capitalize on antibody binding specificity while
finding novel ways to improve efficacy. Here we investigated if multivalent display of
CCR2-targeting single-chain variable fragment (scFv) antibodies on nanosized liposomes (i)
further enhanced binding affinity, and (ii) modulated downstream signaling and cellular
phenotypes including migration and macrophage polarization. Phage display was used to
screen for N-terminal-binding scFv antibodies. The lead candidate 58C-scFv was
subsequently characterized with regard to its binding affinity for CCR2, binding to CCR2-
expressing cells, and effect on cellular migration and macrophage polarization. 58C-scFv
was also displayed at various ligand densities on liposomes to investigate the effects of
multivalency. Our study highlights how nanoparticles functionalized with targeting ligands
can not only be used to enhance binding affinity but also to significantly enhance
downstream signaling and the therapeutic effects of antibodies. Combining nanocarriers and
antibodies has broad implications for significantly enhancing therapeutic capacity that
cannot be achieved when each are administered individually.
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Materials and Methods

Materials

All chemicals and solvents were purchased from Thermo Fisher Scientific (Waltham, MA),
unless otherwise stated.

Phage library screening against CCR2 N-terminal domain

Biotinylated N-terminal CCR2 domain was captured on magnetic streptavidin coated beads
and four rounds of affinity selections were performed as previously described.24 The
selection was performed at room temperature using a phage display library that was
constructed from peripheral human blood lymphocytes and that expresses single-chain
fragments of antibodies. The library was kindly provided by Dr. Mark Sullivan.25 To identify
CCR2 N-terminal domain binders, single bacterial colonies were picked after the fourth
round of selection for phage amplification followed by a phage enzyme-linked
immunosorbent assay (ELISA). Clones that yielded a signal above background were
sequenced and further analyzed with regard to binding affinity.

Protein expression and purification

The 58C-scFv cloned into the pET21a vector (Novagen, Burlington, MA) was expressed in
BL-21 (DE3) cells (Lucigen, Middleton, WI). Bacterial cultures were grown overnight at
37°C in 2x YT medium, ampicillin, and 1% glucose. A 1L 2x YT culture was inoculated
with 1% of the overnight culture and grown to an ODggq of ~0.6. Protein expression was
induced with 0.2 mM isopropyl p—D-1-thiogalactopyranoside (IPTG). After an overnight
incubation at 24°C, the cells were harvested 18 h post-induction by centrifugation. The cell
pellet was resuspended in lysis buffer containing 50 mM Tris, 100 mM KCI, and 2 M urea,
pH 8.5. The cell suspension was centrifuged at 9,000 x g for 5 minutes at 4°C and the pellet
collected and washed three times with lysis buffer. After the final wash, the pellet was re-
suspended in solubilization buffer (50 mM Tris, 100 mM KCI, 5 M guanidine, and 10 mM
B-mercaptoethanol, pH 8.5). The solution was incubated at 37°C for 1 h and then
centrifuged at 9,000 x g for 10 min at 4°C. The supernatant was collected and diluted 1:10
into refolding buffer containing 50 mM Tris, 500 mM NaCl, 400 mM sucrose, 3 mM
reduced glutathione, 0.3 mM oxidized glutathione, 0.5% Triton X-100, 10% glycerol, and 10
mM imidazole, pH 8.5. The solution was stirred at 200 rpm at 4°C for 24 h, after which
TALON cobalt beads (Clontech, Mountain View, CA) were equilibrated with refolding
buffer and added to the solution. The beads were incubated with the solution and the protein
was isolated by immobilized metal affinity chromatography (IMAC).

Enzyme-linked immunosorbent assay (ELISA)

Nunc MaxiSorp 96-well plates were coated with NeutrAvidin at 5 pg/mL and incubated
overnight at 4°C. The plate was thoroughly washed with 0.1% PBS-Tween (PBST), and 5
ug/mL biotinylated N-terminal domain CCR2 peptide
(MEDNNMLPQFIHGILSTSHSLFTRSIQELDEGATTPYDYDDGEPC; ABclonal, Woburn,
MA\) added and incubated for 1 h at room temperature. The wells were washed with 0.1%
PBST and then blocked with casein blocking buffer for 1 h at room temperature. The wells

Mol Pharm. Author manuscript; available in PMC 2019 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deci et al.

Cell binding

Page 4

were washed with 0.1% PBST followed by incubation of serially diluted scFv for 1 h at
room temperature before being washed five times with 0.1% PBST. Washes were followed
by the addition of 100 uL of the respective horse-radish peroxidase (HRP)-linked
monoclonal antibody (mAb) for 1 h at room temperature with rocking. An anti-M13 mAb
was used to detect phages (#27-9421-01, GE healthcare, Chicago, IL) and an anti-flag mAb
was used to detect scFv (#A8592, Sigma Aldrich, St. Louis, MO). The wells were washed
with 0.1% PBST followed by the addition of TMB-ELISA substrate. After 10 min
incubation, 2 M H,SO4 was added to stop the reaction. The absorbance was measured at 450
nm with a FilterMax F3 & F5 multi-mode microplate reader (Molecular Devices, Sunnyvale,
CA). A 1:1 binding ratio Hill model was used to fit the binding interaction data.

analysis by flow cytometry

Cells were detached with 5mM EDTA and re-suspended in PBS to a concentration of 50,000
cells per 300 L. Cells were plated in a 48-well plate and incubated for 30 min at 4°C. After
removing the PBS solution, the cells were incubated with various dilutions of DyLight 650
NHS Ester labeled 58C-scFv for 1 h at 4°C. Cells were washed three times with 5% BSA,
detached with EDTA, and analyzed in the APC channel of a MACSQuant Analyzer 10 flow
cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany).

Transwell migration assay

Cells were serum starved for 24 h before being detached with 5 mM EDTA in PBS and re-
suspended in transwell medium (DMEM without phenol red, 25 mM HEPES, and 0.1%
BSA) at a concentration of 70 x 104 cells per 100 uL. Cells were incubated with various
concentrations of scFv for 30 min at 4°C and then added to the apical chamber of either a 5
pum (RAW 264.7) or 8 um (MDA-MB-231) pore transwell plate (Milipore Sigma,
Burlington, MA). The basolateral compartment contained 25 nM of CCL2 in serum-free
medium to induce chemotaxis. Cells were incubated at 37°C with 5% CO,, for either 4 h
(RAW 264.7) or 21 h (MDA-MB-231). After incubation, the cells in the apical chamber
were removed and the wells were placed in a new feeder tray containing pre-warmed cell
detachment solution. Wells were incubated with cell detachment buffer for 30 min at 37°C
with occasional rocking to detach migrated cells. Then, lysis buffer and dye solution were
added to the detachment solution containing the migrated cells. The solution was incubated
for 15 min and fluorescence measured on a SpectraMax microplate reader (Molecular
Devices) with an excitation/emission of 480/520.

Macrophage polarization

RAW 264.7 mouse macrophages were incubated with either LPS (100 ng/mL), IL-4 (20
ng/mL; PeproTech, Rocky Hill, NJ), or 58C-scFv (1 uM) for 24 h. For the multivalency
studies, RAW 264.7 mouse macrophages were first incubated with IL-4 (20 ng/mL) for 24 h
to stimulate an M2 phenotype. Following the 24 h incubation, fresh media with 58C-scFv
(89 nM) was added to the cells and incubated for an additional 24 h. Total RNA was isolated
with QlAzol lysis reagent (Qiagen, Germany) and total cDNA was generated using the New
England Biolabs first stand synthesis kit (Ipswich, MA). RNA expression was detected by
reverse transcription (RT)-PCR performed with the SYBR Green PCR kit (Qiagen). For each
sample, the AACt value was calculated. Experiments were performed in triplicate. The
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primers were: p-actin (forward: 5’-ccctgtatgcctctggtc-3’, reverse: 5°-gtctttacggatgtcaacg-3’),
iNOS (forward: 5’-tttgcttccatgctaatgcgaaag-3’, reverse: 5’-gctctgttgaggtctaaaggceteeg-3°),
IL-6 (forward: 5’- tgggaaatcgtggaaatgag-3’, reverse: 5’-ctgaaggactctggctttgtc-3’), ARG-1
(forward: 5’-cagaagaatggaagagtcag-3’, reverse: 5’-cagatatgcagggagtcacc-3’), MGL2
(forward: 5’-agcgggaagagaaaaaccag-3’, reverse: 5’-agatgaccaccagtagcaggag-3’).

Liposome preparation

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL). Lipids dissolved in
chloroform were mixed, dried down to a thin film, and placed under high vacuum for 2 h.
Lipid mixtures included DSPC:DGS-NTA(Ni):Chol (50:30:20), DSPC:DGS-NTA(Ni):Chol
(70:10:20), and DSPC:DGS-NTA(Ni):Chol (75:5:20). The films were re-hydrated with 1 mL
PBS at 60°C and vortexed. The liposomes were sonicated at 60°C for 10 min. The liposomes
were extruded through a 100 nm polycarbonate membranes (Avanti Polar Lipids) at 60°C.
Liposomes were incubated with a 660:1 molar ratio of DGS-NTA(NI) lipid to His-tagged
58C-scFv to ensure maximum binding at 4°C overnight. A sepharose CL-6B size exclusion
column was used to remove free, unbound 58C-scFv. Fluorescently labeled 58C-scFv was
used to determine the amount of scFv bound to liposomes. The low valency formulation had
approximately 14 58C-scFvs per liposome, the medium valency formulation had
approximately 28 58C-scFvs per liposome, and the high valency formulation had
approximately 84 58C-scFvs per liposome (Supplemental Table 1).

Data analysis and statistics

Results

Comparisons between groups were analyzed using one-way ANOVA with post-hoc Dunnett
(*p<0.05, **p<0.01, ***p<0.001). All statistical analyses were performed in Prism 7
(GraphPad Software, La Jolla, CA). All experiments were performed in triplicate. The error
bars represent standard deviations (SD).

Expression and characterization of 58C-scFv against the N-terminal domain of CCR2

A phage library expressing human scFvs with 2 x 109 diversity was panned against the
flexible N-terminal domain of CCR2 (Figure 1A). Binders with an absorbance above
background were selected for further characterization. When sequenced, the top five binders
all had unique complementarity determining regions (CDRs) (Figure 1B). Phage clone 58C
had the highest affinity by phage ELISA and was therefore chosen for subsequent studies
(Figure 2A&B). The 58C-scFv protein bound to the CCR2 N-terminus with high affinity
(Kp=59.8 nM; Figure 2C) and was recombinantly expressed with a yield of 1 mg/L and a
molecular weight of approximately 33 kDa (Figure 2D).

We next assessed if 58C-scFv also bound to cellular CCR2 using RAW 264.7 mouse
macrophages and MDA-MB-231 human breast cancer cells, 26 both of which express CCR2
(Supplemental Figure 1A&B). 58C-scFv was fluorescently labeled and bound with
concentration dependence to murine macrophages (Figure 2E). Although a CCR2 peptide
corresponding to the murine N-terminal domain was used for affinity selection, the human
and mouse CCR2 N-terminal domains have 80% sequence similarity. Therefore, we were
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interested if the 58C-scFv cross-reacted and bound human CCR2. Indeed, 58C-scFv bound
with concentration dependence to human MDA-MB-231 breast cancer cells (Figure 2F).
Human embryonic kidney (HEK) cells that are CCR2-negative served as a control.2” 58C-
scFv demonstrated significantly higher binding to CCR2 expressing cells than CCR2-
negative HEK cells (Figure 2G).

The effect of 58C-scFv on macrophage and breast cancer cell migration

We next assessed the effect of CCR2-targeting 58C-scFv on macrophage and breast cancer
cell migration. Monocytes, macrophages, and breast cancer cells express CCR2 and migrate
along the CCR2/CCL2 chemotaxis gradient.26: 28 RAW 267.4 and MDA-MB-231 cells were
incubated with increasing concentrations of 58C-scFv, with CCL2 serving as the
chemoattractant. 58C-scFv inhibited migration of breast cancer and macrophage cells by
approximately 75% at the highest concentration tested (Figure 3), suggesting that this scFv
is specific for the CCL2/CCR2 pathway and acts as a CCR2 antagonist. 58C-scFv
demonstrated ~ 40-60% higher inhibition of macrophage migration than a commercially
available CCR2-targeted antibody (Supplemental Figure 2).

Because CCR?2 receptors cluster at the leading edge of cells when stimulated by CCL229 we
hypothesized that a multivalent targeting approach would prevent cellular migration better
than monomeric 58C-scFv (Figure 4A). We therefore generated liposomes with varying
molar ratios of DGS-NTA lipids to control the ligand density of 58C-scFv. The
hydrodynamic diameter of the liposomes was between 146 nm and 155 nm as determined by
DLS (Supplemental Table 2) and TEM (Figure 4B). 58C-scFv was incubated with liposomes
containing 0.05 uM, 0.1 uM, or 0.3 uM of DGS-NTA(NI) lipid, and the C-terminal hexa-
histidine tag of the 58C-scFv was used for binding to the NTA(Ni) lipid. An excess of DGS-
NTA (Ni) lipid was used to ensure maximum binding of 58C-scFv. The low valency
formulation had approximately 14 58C-scFv per liposome, the medium valency formulation
had approximately 28 58C-scFv per liposome, and the high valency formulation had
approximately 84 58-scFv per liposome. Total protein was kept constant across conditions to
assess how ligand density affected cellular migration. For the valency study, we normalized
to the monomeric 58C-scFv, which already demonstrated a 1.75-fold and 1.87-fold
enhancement over negative control for MDA-MB-231 and RAW 264.7 cells at a dose of
88.9 nM, respectively. Liposomes without 58C-scFv were not significantly different from
the negative control (Supplemental Figure 3A&B). Multivalent display of 58C-scFv at low,
medium, and high valency further inhibited migration in RAW 264.7 and MDA-MB-231
cells (Figure 4C&D). At the highest valency, there was a significant 25% reduction in RAW
264.7 migration compared to free 58C-scFv. For MDA-MB-231 cells, multivalent display of
58C-scFv resulted in a significant 40% reduction in migration compared to free monomeric
58C-scFv.

The effect of 58C-scFv on macrophage polarization

Cancer cell secretion of CCL2, a CCR2 agonist, into the tumor microenvironment can
polarize macrophages to an M2 phenotype.14 1> The CCR2-targeting 58C-scFv was
incubated with RAW 264.7 macrophages to test our hypothesis that CCR2 antagonism
would polarize macrophages toward an M1 phenotype. Macrophages were polarized to M1
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(iINOS and I1L-6 expressing)3%-33 by the addition of LPS, or to M2 (Arg-1 and Mgl-2
expressing)33-36 by the addition of IL-4. As expected, LPS induced M1 gene expression and
downregulated Mgl2 gene expression compared to the untreated control (Figure 5A). The
58C-scFv induced a quantitatively similar expression pattern to that of LPS, suggesting that
58C-scFv polarized macrophages to the M1 phenotype (Figure 5B). IL-4 increased both
Arg-1 and Mgl2 gene expression compared to the untreated control (Figure 5C). Even in the
presence of I1L-4, the 58C-scFv still downregulated the M2 gene expression and upregulated
M1 gene expression compared to the IL-4 only control (Figure 5D). For cancer therapy, it is
beneficial to have macrophages with M1 rather than M2 phenotypes because M2
macrophages have a tumor-promoting phenotype. To this end, we used four genes (two M1
and two M2 genes) to assay for the relative phenotype of macrophages upon different
conditions (Figure 5E). The ratios of M1 and M2 genes corroborated the phenotype of
macrophages suggested from our single gene analysis (Figure 5F). For LPS, three of the four
M1/M2 ratios were significantly above control, suggesting the macrophages had an M1
phenotype. For IL-4, all four M1/M2 ratios were significantly below control, suggesting the
macrophages had an M2 phenotype. The 58C-scFv had similar fold-changes as the LPS
group with three of the four ratios being statistically significant. The M1/M2 ratio for
monomeric 58C-scFv was significantly increased over the negative control by 1.0x104-fold
(INOS/Arg-1), 5.1x10*-fold (iNOS/Mgl2), 3.4x105-fold (IL-6/Arg-1), and 1.7x10%-fold
(IL-6/Mgl2) (Figure 5F). When 58C-scFv was co-incubated with the M2 promoting agent,
IL-4, two of the ratios were significantly increased over control, with a clear trend for the
third ratio (iINOS/Mgl2) having an M1 phenotype. Co-incubation of the IL-4 and 58C-scFv
demonstrated 58C-scFv is able to polarize macrophages back to an M1 phenotype. 58C-scFv
significantly increased the M1/M2 ratios in macrophages by 3- to 9-fold compared to two
commercially available CCR2-targeted antibodies (Supplemental Figure 4).

Impact of 58C-scFv multivalency on macrophage polarization

We next investigated the effect of multivalency on macrophage polarization. Macrophages
were first polarized to an M2 phenotype with IL-4 followed by incubation with different
ligand densities of 58C-scFv (Figure 6A). Monomeric 58C-scFv and all liposome-bound
58C-scFv shifted the macrophage phenotype from M2 to M1, as measured by the M1/M2
gene ratio (Figure 6B-E). Four different ratios (iNOS/Arg-1, iNOS/Mgl2, IL-6/Arg-1, and
IL-6/Mgl2) were compared across conditions. The M1/M2 ratios for the liposomes without
58C-scFv were not statistically different from the negative control (Supplemental Figure 5A-
D).

Moreover, the three different ligand densities of 58C-scFv outperformed the monomeric
58C-scFv with a trend for increasing M1/M2 ratio from the lowest to the highest valency.
Compared to monomeric 58C-scFv, the highest valency produced 2.2-fold, 2.1-fold, 1.6-
fold, and 1.3-fold higher M1/M2 ratios for IL-6/Mgl2, IL-6/Arg-1, iINOS/Mgl2, and iNOS/
Arg-1, respectively. Further, the IL-6/Mgl2, IL-6/Arg-1, and iNOS/MgI2 ratios were
significantly higher than the monomeric 58C-scFv at the highest valency (Figure 6). The
medium valency was also significantly higher for the IL-6/ARG-1 ratio. The monomeric
58C-scFv strongly polarized macrophages to an M1 phenotype, but to a lesser degree than
multivalent 58C-scFv.
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Discussion

Inflammatory monocytes contribute to the progression of many pathophysiological
conditions including wound healing, myocardial infarction, rheumatoid arthritis, and cancer.
Monocyte and macrophage mobilization to the inflamed site is in part mediated by the
CCL2/CCR2 chemotaxis gradient. Inhibiting the excessive migration of inflammatory
monocytes to the disease site has been shown to improve wound healing, reduce infarct size
after myocardial infarction, and inhibit tumor growth and progression in many types of
cancer. However, despite promising (pre-)clinical data, there are no approved antibody-based
therapeutics against CCR2. The lack of clinical success can partially be attributed to
insufficient inhibition of CCR2-mediated migration.3” Furthermore, there have been no
targeted or multivalent nanocarriers approved by the FDA because of poor understanding for
nanocarrier-target interactions.38: 39

We hypothesized that multivalent display of antibodies would not only result in increased
binding affinity (~8-fold by cell-binding assay; Supplemental Figure 6), but could also have
a positive effect on downstream signaling events and other receptor-mediated effects.
Multivalent display has been demonstrated by a host of carriers including lipid
nanoparticles,*? polymers,*! and proteins.#2 Although it is widely accepted that multivalent
ligand display has many benefits for nanomedicine such as increased binding affinity,
enhanced endocytosis, and ‘superselective’ targeting,38 43-48 the effects of ligand
multivalency on the functional activity of receptors and downstream signaling events are
underappreciated and underexplored.

To test our hypothesis, we first used phage display screening to identify novel scFvs
targeting the N-terminal domain of CCR2. Of the top binders, the 58C-scFv bound with high
affinity to the N-terminal domain peptide (Kp=59.8 nM). Further, 58C-scFv also bound to
CCR2-positive murine macrophages and CCR2-positive human breast cancer cells. This
cross-species reactivity is useful for future experimental and clinical applications. In a
migration assay, monomeric 58C-scFv significantly inhibited migration of RAW264.7
macrophages and metastatic breast cancer cells, indicating that 58C-scFv acts as a CCR2-
antagonist.

Mechanistically, CCL2-mediated cellular migration involves CCR2 clustering, so we
hypothesized that multivalent display of 58C-scFv would more favorably prevent migration.
Our data showed that multivalent display of 58C-scFv on liposomes had a stronger
inhibitory effect on macrophage migration than monomeric scFv at all ligand densities
tested. The multivalent 58C-scFv outperformed the monomeric form and reduced
macrophage and breast cell migration by ~40% compared to controls. The data suggest that
multivalent display of a CCR2-antagonist is beneficial for inhibiting cellular migration
compared to a monomeric CCR2 antagonist. Additionally, increasing the ligand density
improved CCR2 antagonism. These findings have translational potential for /n vivo targeting
in diseases where the migration of immune cells to inflamed tissues is detrimental to patient
outcomes. In future studies, we plan to investigate the benefit of multivalent display of a
CCR2-antagonist /n vivo.

Mol Pharm. Author manuscript; available in PMC 2019 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deci et al.

Page 9

Since CCL2 not only acts as a chemoattractant, but also promotes M2 polarization in the
tumor microenvironment, we examined if 58C-scFv binding to the CCR2 N-terminal
domain affects macrophage polarization.14 1® Excitingly, 58C-scFv not only inhibited
monocyte migration but also induced M1 macrophage polarization. Further, 58C-scFv was
also able to polarize macrophages to an M1 phenotype even in the presence of IL-4. These
observations are in line with CCR2 antagonism.

We also assessed the effect of multivalency and ligand density in respect to macrophage
polarization using the same liposome strategy. Like many receptors, clustering is a vital step
in CCR2 activation and signaling and can be induced through multivalent display of
antibodies.29: 38: 49 We first polarized macrophages with IL-4 to an M2 phenotype. Aside
from polarizing M1 to M2 macrophages via STATG6 activation, IL-4 also increases the
expression of CCL2 in macrophages,® which in turn regulates the extent of macrophage
polarization. Inhibiting binding of CCL2 to CCR2 has been shown to increase the expression
of M1-associated genes.>! Multivalent display of 58C-scFv was able to recover
macrophages from an M2 phenotype and polarize them to an M1 phenotype. While
monomeric 58C-scFv was able to induce a phenotype switch in macrophages from M2 to
M1, multivalent 58C-scFv was superior to the free 58C-scFv at all ligand densities.
Liposomes with the highest density of 58C-scFv more strongly induced M1 polarization
than liposomes with medium and lower 58C-scFv ligand density. Liposomes without 58C-
scFv demonstrated no effect on macrophage polarization.

The ability of the multivalent 58C-scFv to elicit greater M1 macrophage polarization and
reduce cell migration compared to traditional monomeric protein is relevant for the clinical
application of therapeutic proteins (Figure 7). With a multivalent display strategy, proteins
traditionally administered in monomeric form could be administered at lower doses and with
increased efficacy. This also equates to decreased production time and costs. Multivalency
can also enhance selectivity, especially at low receptor expression,>2 which limits off-target
toxicity. Attachment of 58C-scFv to NTA-lipids was used as a proof-of-concept method to
study the impact of multivalency on downstream signaling. However, for /n vivo conditions
the binding affinity between the His-tag and the NTA-lipid is likely not sufficiently strong.>3
Thus, conjugation methods based on maleimide-chemistry would be a more suitable
attachment technique for Jin vivo stability.>

The observed effects of 58C-scFv to inhibit migration as well as polarize macrophages to an
M1 phenotype are highly relevant for tumor therapy. Macrophage plasticity allows for
drastic changes in phenotypes by sensing their environment and external cues.30 50. 55
Stimuli in the tumor microenvironment differentiate macrophages to an M2-like phenotype,
also known as tumor-associated macrophages (TAMs). TAMs promote tumor growth by
suppressing the immune system, forming new blood vessels, increasing cancer cell growth,
and enhancing migration and metastasis.11-13: 56. 57 Gijven their multi-faceted and malignant
effects, there have been many recent efforts to abolish TAMs from the tumor
microenvironment.58 However, without complete blockade of macrophage infiltration, there
efforts remain frustratingly ineffective. Thus, a strategy that both inhibit migration as well as
polarizing TAMs to the tumor-suppressor phenotype (M1) is highly desirable. Future studies
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investigating multivalent display of CCR2-antogonists in the tumor microenvironment are
warranted.

Aside from affecting tumor growth, the progression of numerous diseases, including but not
limited to ischemic heart diseases, atherosclerosis, and asthma, is highly dependent on the
timely switch from the M1 to M2 phenotype or vice versa.>® This study introduces a novel
CCR2-targeting 58C-scFv that effectively inhibits the migration of CCR2-positive cells and
polarizes macrophages to an M1 phenotype. To our knowledge this is the first study to report
that inhibiting CCR2 also induces macrophage polarization towards a M1 phenotype.
Additionally, we highlight the substantial benefits of a multivalent approach when
intervening in signaling pathways. Specifically, the data demonstrate how multivalent
display of antibodies using nanoparticles is a highly effective way to enhance the inhibitory
effects on receptor-mediated cell migration. Ultimately, the approach taken here could be
applied to a wide range of receptors, targeting ligands, and nanocarriers. Our multivalent
strategy provides a novel means to significantly enhance the therapeutic potential of
antibodies while at the same time capitalizing on the unique carrier and drug loading
properties of nanoparticles.
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FWRL1 CDRL1 FWRL2
LOAVLTQP-SSLSASPGASASLTCILRSDFSVVTQRVYWYQOKPGS

LOSVLTQP-PSVSGAPGOKVTISCSG-SSSNIGNNYVSWYQOQLPGT
LOSVLTQP-PSASGTPGORVTISCSG-SSSNIGSNYVYWYQQLPGT
LEVOLVES-GAEVKKPGASVKVSCKA-SGYTETSYYMHWVROAPGO
LEIVLTQSPGTLSLSPGERATLSCRA--SQSVSSSYLAWYQQOKPGO
CDRL2 'WRL3 CDRL3 FWRL4
PPRYLLRYNSDSDKRLGSGVPS----RFSGSKDVSANAASLLISGLQSDDEADYYCVIWHNS=-AVVFGGGTKLT
APKL-LIYGNN--KR-PSGIPD----RFSGSK--SGTSATLGITGLQTGDEADYYCATWDDSLSAVVFGGGTKLT
APKL-LIYRNN--QR-PSGVPD----RFSGSK--SGTSASLAISGLQSEDEADYYCAAWDDSLNGVVFGGGTELT
GLEWMGI INPS--GG-STSYAQKFQGRVTMTRDTSTSTVYMELS SLRSEDTAVYYCARDGN -=WEDPWGQGTLVT
APRL-LIYGAS--SR-ATGIPD----RFSGSG--SGTDFILTISRLEPEDFAVYYCQOQYGS-=-SLTFGGGIKVE
LINKER FWRH1 CDRH1 FWRH2 CDRH2
VL-GEGKSSGSGSESKASEVQLLES-GAEVKKPGESLKISCKGSGY SFTSYWIGWVROMPGKGLEWMGIIYPGDS
VL-GEGKSSGSGSESKASQVILKES-GAEVKKPGASVKVSCKASGYTFTNEYIHWVRRAPGOGLEWMGIINPSDG
VL-GEGKSSGSGSESKASQVTLKES-GAEVKKPGASVKVSCKASGYTFTNEYITHWVRRAPGOGLEWMGIINPSDG
VSSGEGKSSGSGSESKASEIVMTQSPGTLSLSPGERATLSCRASQ-SVSSSYLAWYQQKPGOAPRLL-IYGASSR
IK--EGKSSGSGSESKASEVQLLES-GAEVKKPGASVKVSCKTSGYTFTTY DI¥WMRLATGORLEWMGWVNPDNG
FWRH3 CDRH3 FWRH4
DTRYSPSEQGQVTISADKSISTAYLOWSSLKASDTAMYYCARRPQYYDILTGWHAGWFDPWGQGTLVTVSS
RTTYAQKFQGRVTMIRDTSTSTLYMELTSLRSEDTAVY YCGRGGHY SNYF-———-GQPSTWGQGTLVTVSS
RTTYAQKFQOGRVTMTRDISTSTLYMELTSLRSEDTAVY YCGRGGHY SNYF————— GQPSTWGQGTLVTVSS
ATGIPDRESG---==— SGSGTDETLTISRLEPEDFAVYYCQ-===QYG=S---—--SBPLTFGGGTKLDI-K
KTDYAQKFQGRVTISRDSSINTVFMELSNLRLEDTAIYFCARALTRWQ-Q————— SPLGYWGQGTLVTVSS
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(A) Schematic of phage display screening against the CCR2 N-terminal peptide domain. (B)
The top five clones showing the highest affinity to the CCR2 N-terminus were sequenced.
The framework regions (light and heavy chains; FWRL and FWRH) and complementarity
determining regions (light and heavy chains; CDRL and CDRH) are aligned and compared.
Color indicates exact match (teal), partial matches (white), similar amino-acid properties
(purple), or dissimilar amino acids (light blue).
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(A) Phage ELISA of clones generated throug

58C-scFv [APC]

58C-scFv binding to CCR2.
h affinity selection using a scFv library. (B)

Binding affinity of the top 5 phage clones as analyzed by ELISA (C) Binding of the
recombinantly expressed 58C-scFv to the N-terminal domain of CCR2 as analyzed by
ELISA (Kp =59.8 £ 13.9 nM) (D) SDS-PAGE of purified 58C-scFv (MW approx. 33 kDa)
on a 12% gel: ladder (lane 1), 58C-scFv sample (lane 2). (E) 58C-scFv binding to RAW
264.7 (F) and MDA-MB-231 cells was concentration-dependent. (G) Mean fluorescent
intensity (MFI) following incubation of HEK, MDA-MB-231, and Raw264.7 cells with the
DyL.ight-650 labeled 58C-scFv. The MFI was determined at 2.5 pM for MDA-MB-231 and
HEK, and RAW 264.7 cells. Data are represented as mean * sd, *p<0.05, **p<0.01,

***p<0.001 with one-way ANOVA followed

by Dunnett’s post-test.
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incubated with increasing concentrations of 58C-scFv. Data are presented as mean + sd
(n=3), *p<0.05, **p<0.01, ***p<0.001 with one-way ANOVA followed by Dunnett’s post-

test.
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Figure 4. Effect of free, monomeric 58C-scFv and multivalent 58C-scFv on cellular migration.
(A) Schematic illustrating the effect of 58C-scFv and liposomal multivalent display of 58C-

scFv on cellular migration. (B) TEM image of liposomes surface-decorated with 58C-scFv
(high degree of valency), scale bar: 200 nm. Transwell migration assay performed with (C)
RAW 264.7 murine macrophages (D) and MDA-MB-231 breast cancer cells. Experiments
were performed in triplicate at 88.9 nM. Data are represented as mean + sd, *p<0.05,
**p<0.01, ***p<0.001 with one-way ANOVA followed by Dunnett’s post-test.
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Figure 5. Effect of free, monomeric 58C-scFv on macrophage polarization.
iNOS and IL-6 were used as M1 markers and Arg-1 an Mgl2 were used as M2 markers. Raw

264.7 macrophages treated with (A) LPS, (B), 58C-scFv, (C), IL-4, and (D) 58C-scFv + 114,
In A-C the genes values were normalized to the untreated control, where D was normalized
to the IL-4 only control. (E) Schematics of macrophage polarization. (F) Ratios of M1/M2
marker genes across different conditions normalized to untreated control. Data are
represented as mean + sd, *p<0.05, **p<0.01, ***p<0.001 with one-way ANOVA followed
by Dunnett’s post-test.
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Figure 6. Effect of free, monomeric 58C-scFv and multivalent 58C-scFv on macrophage
polarization.

(A) Multivalent 58C-scFv induces a stronger M1 phenotype than monomeric, free 58C-scFv.
(B,C,D,E) The ratios of the M1 markers (IL-6 and iNOS) and M2 markers (Arg-1 and
Mgl2) were used to compare the different conditions (M1/M2 ratio). From left to right: 58C-
scFv monomers (black); 58C-scFv displayed on liposomes with increasing ligand density:
low ligand density (red), medium ligand density (green), and high ligand density (blue). The
dose was normalized to the 58C-scFv concentration. The M1/M2 ratio was normalized to the
free, monomeric 58C-scFv. Liposome only control was not statistically significant from the
untreated control (Supplemental Figure 5). Data are represented as mean + sd, *p<0.05,
**p<0.01, ***p<0.001 with one-way ANOVA followed by Dunnett’s post-test.
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Figure 7. Schematic of multivalent targeting against CCR2 receptor s and the observed effects on
cellular migration and macrophage polarization.
Multivalent display of 58C-scFv enhanced inhibition of cellular migration and increased M1

polarization of macrophages compared to monomeric, free 58C-scFv.
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