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Abstract

Monoclonal antibodies (mAb) have had a transformative impact on treating cancers and immune-
disorders. However, their use is limited by high development time and monetary cost,
manufacturing complexities, suboptimal pharmacokinetics, and availability of disease-specific
targets. To address some of these challenges, we developed an entirely synthetic, multivalent,
Janus nanotherapeutic platform, called Synthetic Nanoparticle-Antibodies (SNAbs). SNAbs, with
phage-display identified cell-targeting ligands on one “face”, and Fc-mimicking ligands on the
opposite “face”, were synthesized using a custom, multi-step, solid-phase chemistry method.
SNADs efficiently targeted and depleted myeloid-derived immune-suppressor cells (MDSCs) from
mouse-tumor and rat-trauma models, ex-vivo. Systemic injection of MDSC-targeting SNAbs
efficiently depleted circulating MDSCs in a mouse triple-negative breast cancer model, enabling
enhanced T cell and Natural Killer cell infiltration into tumors. Our results demonstrate that
SNADs are a versatile and effective functional alternative to mAbs, with advantages of a plug-and-
play, cell-free manufacturing process, and high-throughput screening (HTS)-enabled library of
potential targeting ligands.
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Immunotherapies based on monoclonal antibodies (mADb) are effective in improving the
survival rate of patients with hematological malignancies and immune-disorders.1:2 Despite
such success, there are significant challenges that hinder the development and broader use of
mAbs. These include a complex and expensive development and manufacturing process,
limited solid tissue (e.g., tumor) penetration and retention, and a narrow range of available
targets. Current development methods for producing mAbs either select high-affinity
candidates from a repertoire of clones in transgenic animals,® or employ human antibody
(scFv) phage display with antigens or cells.* Following selection, their production requires
sophisticated eukaryotic machinery in cells. This process is time-consuming, labor-intensive,
and expensive.2 Moreover, the efficacy of mAbs can be hampered by their limited
penetration and retention in solid tissues, such as tumors.3> Existing alternatives to mAbs,
including diabodies, minibodies and peptibodies, have more homogenous intratumoral
distribution but suffer from faster clearance from the body.® In addition, for cancer and
immune disorders, the lack of unique surface antigens on important target cell types, such as
myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs), impedes the
development of specific mAbs.”:8

To address some of these shortcomings, we developed a fully synthetic, multivalent
nanoparticle-antibody (SNAbs) technology with advantages of a cell-free, animal-free,
purely chemical synthesis method; tailorable properties (e.g., size, shape, valency, and
surface chemistry) that can be potentially modulated to enhance tissue penetration and
retention; and a flexible, plug-and-play platform amenable to targeting a wide variety of cell
types. SNADbs consist of multivalent, bifunctional, Janus gold (Au) nanoparticles modified
with cell-targeting ligands on one “face” and antibody-Fc-mimicking ligands on the other
“face” (Fig. 1a). Janus particles are particles that have anisotropic surface chemistry and
have previously been reported for ex vivo activation of T-cell receptors®19, drug
deliveryl1:12  cell tracking®3 and bio-imaging.14-18 Leveraging the bifunctionality of the
Janus structure, SNADbs have the capability, like mAbs, to pair specific target cells with
effector cells (e.g., macrophages or Natural Killer (NK) cells), thereby triggering target cell
killing (Fig. 1b).

To generate SNADbs, first, Janus Au nanoparticles were synthesized using solid-phase
chemistry (Fig. 2a).1° Briefly, streptavidin (SA)-coated Au nanoparticles (SA-AuNP-SAs,
30 nm spheres, with an average hydrodynamic diameter of 70 nm) were bound onto
aminomethyl resin (200-300 um) via a reducible crosslinker, sulfo-NHS-S-S-Biotin
(Supplementary Fig. 1a). After washing off the unbound SA-AUNP-SAs, the crosslinkers’
disulfide bonds were cleaved with tris(2-carboxyethyl)phosphine (TCEP), resulting in the
release of Janus nanoparticles (SA-AUNP-SH) with asymmetric surface chemistry
(Supplementary Fig. 1b, c). One face of the Janus nanoparticles contained free-streptavidin
(SA) for binding to biotin, and the other face provided biotin-NH-(CH>),-SH, for reaction

Nano Lett. Author manuscript; available in PMC 2022 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 4

with maleimide group, which allowed spatially separated conjugation and presentation of
two different ligands. Scanning transmission electron microscopy (STEM) bight-field (BF)
imaging, high-angle annular dark-field (HAADF) imaging, and X-ray Energy Dispersive
Spectroscopy (EDS) mapping of the SA-AuNP-SHs and SA-AuNP-SAs with biotinylated
quantum dots (QDs) (Fig. 2b, Supplementary Fig. 2a,b), or maleimide-Au nanoprobes
(Supplementary Fig. 2c) confirmed the asymmetric distribution of available biotin binding
sites or free SH groups on the Janus nanoparticles, respectively. Upon incubation with
Alexa-Fluor C2-maleimide and subsequent washing, the SA-AuNP-SH particles showed
increased fluorescence compared to nonJanus SA-AuNP-SA (Fig. 2c), which further
validated the successful thiol-substitution of biotin-binding sites and accessibility of free
thiol groups for maleimide-terminated ligands reaction. Fluorescence quantification of sulfo-
maleimide Cy5- or biotin Cy5-labeled SA-AuNP-SHs confirmed the presence of 13 active
biotin-binding sites for biotinylated ligand conjugation and 16 active SH groups for
maleimide-SH reaction on each Janus nanoparticles (Supplementary Table 2).

To generate SNAbs and show mADb-like functionality, we selected MDSCs as target cells.
MDSCs are heterogeneous, immunosuppressive cells of myeloid origin that are upregulated
in cancer, chronic inflammation, tuberculosis and immune-dysregulation arising from
trauma, burn, or sepsis.29-26 MDSCs decrease proliferation and survival of effector T cells,
recruit Tregs, and suppress cytotoxic T cell (CTL) functions.2”+28 Depleting MDSCs could
restore immune-homeostasis and provide a potential immunotherapeutic strategy for cancers
and immune-disorders.28:22 MDSCs have been treated using small molecule chemotherapies
(e.g., doxorubicin39, 5-fluorouracil3l) and inhibitors (e.g., cyclooxygenase-2 inhibitor,32
Silibinin33), and broadly-targeted mAbs (e.g., anti-mouse Gr-1), all of which either have
high systemic toxicity and undesired off-target response, or only work in mouse models.
29,34-37 Therefore, we decided to develop MDSC-targeting SNAbs as a potential
therapeutic-platform to deplete MDSCs.

To target MDSCs, we first selected the G3 peptide (WGWSLSHGYQVK), a 12-mer peptide
previously identified through phage-display against murine MDSCs with specific binding
affinity to S100A8/A9 proteins.38 During our studies, we also discovered a related sequence
G3* (KSLWVQWSGGHY), with similar binding capacity to MDSCs. S100A8/A9 is pro-
inflammatory proteins that participate in local intracellular communications and regulates
MDSC recruitment in the tumors.3® MDS

Cs have high levels of surface-receptors that bind soluble S100A8/A9 proteins, and also
express 10-fold higher cell-surface SI00A8/A9 proteins compared to other cell types in
tumor and inflammation,22:40-42

We found that free G3 peptides bind strongly to both polymorphonuclear (PMN) and
monocytic MDSCs (M-MDSCs) isolated from tumor-bearing mice compared to an irrelevant
control peptide, while the free G3* bound more strongly to PMN-MDSCs than M-MDSCs
(Supplementary Fig. 3). Free G3 and G3* also showed some binding to mouse macrophages
(Supplementary Fig. 3), dendritic cells (DCs), and NK cells, but not to B cells and T cells
(Supplementary Fig. 4). To verify the binding of peptides to their protein targets /in silico, we
performed molecular dynamic (MD) simulations to study the binding of G3 and G3* to
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human S100A8/A9 heterotetramers (Fig. 2d—g). G3 peptides interacted with two
predominant areas on human S100A8/A9 tetramers through hydrophaobic interactions and
hydrogen bonds, while G3* peptides associated with many different regions of ST00A8/A9
in multiple conformations through hydrophobic interactions, hydrogen bonds and
electrostatic interactions (Supplementary Fig. 5-6). These results indicate that both G3 and
G3* can be used to target human S100A8/A9 over-expressing cells, such as MDSCs.

To make MDSC-targeting SNAbs, we proceeded to functionalize the streptavidin “face” of
the Janus SA-AuNP-SH with C-terminal-biotinylated G3 or G3* peptides (Fig. 3a). On the
opposite thiol (SH) “face”, we conjugated the cp33 peptide, a human IgG1 Fc-mimicking
ligand for binding to Fc gamma receptors (FcyRs) on immune effector cells, through the
succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) group on the C-
terminal of cp33 (Fig. 3a).4344 We confirmed that the Fc-mimicking ligand, cp33, could
bind specifically and more strongly to the FcyR-expressing effector cells, i.e.,CD11b
*F4/80" macrophages, than control peptides in a mixture of mouse splenocytes
(Supplementary Fig. 3c).

Using fluorophore-labeled G3 and Cp33 peptides, we confirmed the successful surface
functionalization of ligands on Janus AuNPs. As expected, the fluorescence intensity
following G3-conjugation to nonJanus SA-AuNP-SA was almost twice of that of G3-
conjugated SA-AUNP-SH (Fig. 3b). Also, fluorescent cp33-SMCC peptides were effectively
conjugated to SA-AUNP-SH or G3-AuNP-SH, but not to SA-AuNP-SA (Fig. 3c). The
hydrodynamic size of the nanoparticles increased from ~70nm to ~100nm after modification
(Fig. 3d, Supplementary Table 3). The fully functionalized Janus G3-AuNPcp-33 and G3*-
AUNP-cp33 are termed G3-SNAbs and G3*-SNADbs, respectively, throughout our discussion,
and they are collectively called MDSC-SNADbs. In contrast, non-Janus streptavidin-coated
gold nanoparticles are named with the peptide ligands on them from hereon (Table 1). For
example, AuNP-cp33 is non-Janus streptavidin-coated gold nanoparticles conjugated with
cp33 peptides uniformly on the nanoparticles

Photoacustic (PA) imaging was used to quantify Au nanoparticle binding to cells. More
traditional methods, like FACS, could not detect the AuNPs due to small particle size and
lack of fluorescence without particle modification. However, gold nanoparticles are a well-
established contrast agent in PA imaging due to strong optical absorption and surface
plasmon resonance. Because PA signal is directly proportional to nanoparticle concentration
and absorption coefficient, gold nanoparticles have been used for PA cell tracking
applications.*>7 For these reasons, PA imaging is a valid approach for /n vitro assessment
of nanoparticle-cell binding. We used PA signal to evaluate the binding of G3-SNAbs to
target cells. The PA images of cell samples treated with G3-SNADbs or control SA-AuNP-SA
(for short, AuNP) showed specific binding of the G3-SNAbs to mouse tumor-associated
MDSCs and to RAW 264.7 macrophages (Fig. 3e—g), indicating that G3-SNAbs can
recognize both target cells (MDSCs) and effector cells (macrophages). NonJanus AuNP-
cp33 also bound to both cell types because of their expression of FcyRs.

Ex-vivo experiments were performed to test the mAb-like cell killing capability of the
MDSC-SNADbs. Incubation of MDSCs, isolated from the spleens of 4T1 tumor-bearing mice,
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with G3-SNADbs or control nanoparticles in the absence of effector cells did not trigger
apoptosis or necrosis of the cells (Supplementary Fig. 7). To test SNAb-mediated MDSC-
specific killing, we conducted splenocyte suspension assays (Supplementary Fig. 8a), in
which a mixture of splenocytes (containing MDSCs, macrophages, DCs, NK, T and B cells,
etc.) isolated from the spleens of tumor-bearing mice were treated with G3-SNAbs or G3*-
SNADs, and several controls, including nonJanus AuNP-G3/cp33 (both peptides biotinylated
and randomly conjugated to AuNP), nonJanus AuNP-cp33 (cp33-modified AuUNP), AuNP,
and PBS. The percentage and viability of the major cell populations in the culture were
measured using flow cytometry after 24 hours. This assay reflects the in vivo
microenvironment with a mixture of various types of immune cells and varied effector cell-
to-target cell ratios dictated by disease progression. SNAbs significantly reduced total
MDSCs in the whole splenocyte populations by 10.2% in the G3-SNAb group and by 16.2%
in the G3*-SNADb group (Fig. 4a) compared to the PBS-treated group. This SNAb-specific
reduction is remarkable, considering that the macrophage to MDSC ratio (1:4.5) in the
splenocyte assay was very low. The viability of total MDSCs, PMN-MDSCs and M-MDSCs
were also drastically reduced by SNAb treatment (Fig. 4b—d). The same effect was achieved
by Janus G3-AuNP-Fc nanoparticles (replacing cp33 with Fc fragments of human 1gG1
antibody on the Janus AuNPs) (Supplementary Fig. 8c—d). Interestingly, despite binding to
both target and effector cells (Fig. 3e—g), the nonJanus particles (including nonJanus AuNP-
G3/cp33 and AuNP-cp33) did not reduce MDSC percentage or viability (Supplementary
Fig. 8c—d), suggesting that the polarized presentation of both G3/G3* and cp33 peptides in a
Janus structure is essential to induce efficient killing of MDSCs. The orientation and
localization of the targeting and Fc-mimicking ligands on the Janus nanoparticles may bind
to and activate receptors more effectively on effector cells.18:48-50

Apart from MDSCs, treatment with G3- and G3*-SNAbs resulted in higher percentages of
F4/80* cells, CD11c™ DC cells, CD3* T cells (CD3*CD4*, CD3*CD8*), and B220" B cells
(Fig. 4e-h), likely due to the reduction of MDSCs. The only exception was CD49b* NK
cells whose percentage decreased slightly following SNAb treatment (Supplementary Fig.
8b). Narumi et al. showed that S100A8/A9 could induce NK cell expansion and activation
(e.g., IFN-y production) by binding to receptors on NK cells. Therefore, the reduction of
S100A8/A9-expressing MDSCs may result in decreased stimulatory signaling to NK cells
and thus a decrease in the NK cell percentage.>! Altogether, we found that G3 and G3*
SNAbs were efficient and fairly-specific for MDSCs when evaluated in antibody-like
depletion assays.

Besides cancer, the prevalence of MDSCs has also been reported in trauma and has been
associated with poor healing outcomes, sepsis, and increased risk of multi-organ failure due
to altered immune homeostasis and increased susceptibility to bacterial and viral infections.
52,5354 \We used PA imaging to show that the peptide-modified nanoparticles (AuNP-G3,
AUNP-G3*, and AuNP-cp33) could also bind to circulating MDSCs and macrophages
isolated from a rat infection-trauma model (Supplementary Fig. 9). In an effector-target co-
culture assay (trauma-associated MDSCs:CD11b* effector cells = 1:10 ratio), 24 hours of
G3-SNAD treatment significantly reduced the percentage of MDSCs compared to control
treatments, showing the cross-reactivity of the G3-SNADbs in rat (Fig. 4i). These data suggest
that MDSC-SNADbs can work in multiple species and different disease scenarios.
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Next, to study the biodistribution of SNAbs, we selected a mouse model of 4T1 breast
cancer. This model recapitulates some properties of human metastatic triple-negative breast
cancer, an aggressive cancer that lacks effective treatment and in which MDSCs accumulate
in blood, lymphoid organs, and tumors, and promote metastasis.*%-42 Six hours after
systemic administration of G3-SNADbs via tail vein injection, a high concentration was
detected in the blood, which then decreased over time with a half-life of 26 hours (Fig. 5a).
Over 30% of the SNAbs were accumulated in the liver after 6 hours (Fig. 5b). At all time-
points (i.e., 6, 24, 48 hrs), the spleen had the highest SNAb concentration among all organ
types tested (Fig. 5a, Supplementary Fig. 10). SNAbs did not accumulate in the lung or
kidney, but ~3.4% of the injected SNAbs accumulated in the tumor after 48 hours (Fig. 5b,
Supplementary Fig. 10f). This is in line with prior literature that nanoparticles of 30-100 nm
in size preferentially penetrate and retain in the liver, the spleen, and vascularized tumors
and their draining lymph nodes over 48 hours in mice.55:56

Finally, to test the therapeutic effects of SNAbs in pre-established tumor-bearing mice /n
vivo, we administered G3-SNAbs, along with control nanoparticles (irrelevant peptide-
modified SNAbs (IrrelPep-SNADs), biotin-and-N-ethylmaleimide-modified Janus
nanoparticles (Janus control NPs with biotin on one face and a malemide methyl group on
the other side — biotin-AuNP-NEM), and streptavidin-coated SA-AuNP-SA (referred to as
AuNPs), at 0.75x1019 nanoparticles per mouse, systemically, via tail vein injection, 10 days
after orthotropic inoculation of 4T1 tumor cells (Fig. 5¢). We also tested if three injections
of G3-SNADbs (day 6, 8, and 10) could enhance the anti-tumor effect over a single injection
(day 10). The rationale behind systemic MDSC depletion in metastatic aggressive cancers is
to ensure that the MDSC-mediated immunosuppressive “brake” on endogenous anti-tumor
immunity is released, at least partially, and more effector cells, e.g. T cells infiltrate into
tumors to attack the malignant cells.

In these /n vivo experiments, we observed a small but statistically significant reductions in
the percentages of total MDSCs with G3-SNAD injection, in both single- and three-injection
groups. In the blood, the average decrease of circulating MDSCs was by 7.0% and 6.7%,
and in the spleen by 54.6% and 66.1% respectively, compared to the untreated (tumor-
bearing, but no treatment) group (Fig. 5d—€). Control AuNPs (SA-AuNP-SA) and IrrelPep-
SNADbs did not have any effect on MDSCs in the blood, while the Janus control NPs (biotin-
AuUNP-NEM) did bring down the MDSC percentage by 4.3% on average compared to the
untreated group. In the spleen, AuNPs and Janus control NPs did not have any significant
effect on MDSCs, while IrrelPep-SNAb showed non-specific reduction of MDSCs.

Specifically, among the MDSC subgroups, the PMN-MDSC percentages decreased in blood
with G3-SNADb treatment, while the M-MDSC percentage increased in the G3-SNADb single
injection group, but remained the same in the three-injection group (Supplementary Fig.
11a-d and Fig. 12, 15). In the spleen, the G3-SNAb-treated groups showed reduced PMN-
MDSCs while M-MDSCs remained the same, compared to the untreated group
(Supplementary Fig. 11c—d and Fig. 12, 15). These results suggest that PMN-MDSCs are
significantly more depleted by SNAb treatment in both blood and spleen compared to M-
MDSCs, which results in the M-MDSC percentages remaining the same or slightly
increased in the SNAb-treated animals.
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In the tumor, reduction of the total MDSCs and PMN-MDSCs by G3-SNAbs were not
statistically significantly from the controls, but the percentages of M-MDSCs had much less
variance among mice in the G3-SNAD single-injection and three-injection groups and were
comparably lower than those of the control groups (untreated, AuNPs, Janus control NP and
IrrelPep-SNADb groups) (Supplementary Fig. 11e—g).

Most importantly, the reduction in MDSCs after G3-SNADb single- and multi-injection
treatments resulted in a strong increase in CD3*CD8* T cell infiltration into the primary
tumor by 89.6% and 107.2% respectively, compared to the untreated group. In contrast, the
control particle treatments (IrrelPep-SNAbs, Janus control NPs, and AuNPs) did not elicit
significant T cell infiltration (Fig. 5f, Supplementary Fig. 13 and 16), even though some of
these groups appear to show non-specific effect on MDSCs, as discussed above. This is a
critical result, since effector T cell infiltration is the targeted therapeutic effect for MDSC
depletion.

These observations demonstrated the potential of G3-SNADbs to restore immune surveillance
in solid tumors. Single treatment of G3-SNAb also remarkably increased the percentage of
NK cells in tumors compared to the untreated group (Fig. 59, Supplementary Fig. 14 and
16), which potentiates stronger innate immune attack against the tumor. Additionally,
although not statistically significant, a trend of fewer immunosuppressive Tregs were
observed in the G3-SNAD single-injection group compared to the untreated group
(Supplementary Fig. 11h and 13). Interestingly, G3-SNAD three-injection treatment didn’t
increase the NK cell percentage nor reduce Tregs in the tumors as much as the single-
injection treatment of G3-SNADb.

In summary, we have designed, fabricated, and characterized fully-synthetic Janus
nanoparticle antibodies (SNADbs) that can target and kill specific cells, like mAbs. The G3
and cp33 ligands were identified through peptide-phage display techniques, one of the many
high-throughput molecular evolution tools. The targeting and activation ligands of SNAbs
can also be identified and developed through other high-throughput screening tools, like
aptamer screening. These techniques can identify ligands with comparable affinity as
conventional mAbs to relevant antigens through iterative screening of a library of peptide (or
aptamer.etc) sequences against a selected protein, cell, or tissue of interest without the need
to know cell-specific surface markers.>” The identified peptides (or aptamer.etc) have the
advantages of small physical size, flexible structure, and low immunogenicity compared to
mAbs and can be easily chemically synthesized at lower cost. They can be readily used to
functionalize onto the surface of Janus nanoparticles to generate a multitude of SNAbs
targeting a wide range of cell types.57>8 Unlike mAbs or peptibodies, SNAbs use
nanoparticles as scaffolds which have a high surface-area-to-volume ratio for the
presentation of a high density of ligands, leading to high binding efficiency and increased
targeting specificity.5960 As shown by the PA images and ex vivo killing experiments,
MDSC-SNADbs possess strong binding capability on both target cells (MDSCs) and effector
cells.

Besides targeting capability, we also showed that MDSC-SNAbs were able to induce
specific killing of MDSCs ex vivo in two disease-relevant animal models, /.e., the murine
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4T1 breast cancer model and the rat infected-trauma model. These results demonstrated that
the synthetic Janus nanoparticles modified with both targeting and Fc-mimicking ligands
can trigger effective antibody-like innate immune responses in the presence of effector cells.
The Fc-mimicking ligand, cp33, could be replaced by Fc fragments to achieve a similar
effect, showing the flexibility in ligand types for SNAbs. NonJanus AuNP-cp33
nanoparticles also bound as well as SNAbs to both target cells and effector cells, but failed
to induce specific killing of MDSCs, suggesting that the mechanism of action of SNAbs is
more than simply pairing target and effector cells by binding. Taking the in silico
simulations results into account, MDSC-SNAbs may have wide applicability in multiple
species, including human, and in various diseases, such as cancers and immune disorders.

The dose of SNAbs used in our in vivo studies was ~10* times lower than that of anti-Gr-1
mADb doses reported in literature.61.62 This is a remarkable dose-sparing response, which
could be attributed to a combination of biodistribution (accumulate in the spleen, the
location of MDSC expansion after tumor onset28:63), tissue retention, the Janus nature of the
SNAD, and the multivalency of SNAb. 1gG-coated immune complexes must cluster multiple
Fc receptors on the same effector cell to induce antibody-dependent immune responses.54
Studies have also shown that increase in 1gG-Fc valency augments Fc receptor signaling,
such as calcium fluxes and Syk phosphorylation,®® and the 1gG density on beads positively
correlates with the early signaling in phagocytosis.®® The multivalent presentation of the Fc-
mimicking peptide cp33 may enhance the therapeutic response of SNADbs /n7 vivo compared
to mAbs, which will be investigated in future studies.

In addition to the direct depletion of MDSCs, MDSC-SNAbs were the only groups that
elicited significantly enhanced cytotoxic T cell and NK cell infiltration in tumors, which is a
promising and essential sign of a successful tumor immunotherapy because such infiltrations
could promote a tumor immune microenvironment that potentiates stronger anti-tumor
immunity. As 4T1 breast cancer model is an aggressive model featuring fast progression to
death, other tumor models, such as lymphoma models, should be considered when
evaluating the long-term survival benefit offered by MDSC depletion using SNAbs. Future
investigations should also study the anti-tumor effects of SNAb-based depletion of MDSCs,
especially as an adjuvant therapy to checkpoint inhibitors, CAR-T cells, chemo/
radiotherapies, and tumor vaccines. In addition to tumors, MDSCs are also a potential target
in many other diseases, such as trauma, sepsis, and tuberculosis, since the increase of
MDSCs suppresses adaptive immune responses and leads to poor outcomes.23:24:26.67.68
Therefore, MDSC-SNADbs could be a promising immunotherapy in multiple other diseases.

As a synthetic, functional alternative to mAbs, the potential of SNAbs is not limited to
MDSC depletion. As a platform nanotechnology, its flexibility lies in the tailorability of
physical and chemical properties, e.g., particle material, size, and shape; ligand valency;
ligand types (aptamer, peptides, protein domain, complementary RNA or DNA sequence).
Such design flexibility could allow for improved biodistribution and targeting efficiency, and
the plug-and-play facile conjugation of ligands would allow rapid development of a wide
variety of specific cell-depleting nanotherapeutics.58 In conclusion, our results demonstrated
the synthesis and characterization of a novel class of nanotherapeutics, SNADbs, that
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functions as multivalent mAbs, and offer a promising platform tool for treating
malignancies, infectious diseases, and other immune disorders.
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Figure 1.
Schematic illustration of SNAbs and their hypothetical mechanism of action. (a) SNAbs are

Janus nanoparticles bearing two distinct chemically modified faces. One of the two faces
presents targeting ligands to perform the function of Fab domains in mAbs, and the other
displays Fc-mimicking ligands to crosslink Fc receptors on the effector cells as Fc fragments
in mADbs. (b) Once administered into patients or animals with diseases, the SNADs circulate
and recognize target cells in blood or organs of interest by binding onto their surface

Nano Lett. Author manuscript; available in PMC 2022 January 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 16

proteins and engaging with effector cells (e.g. macrophages, NK cells) to induce antibody-
like cellular cytotoxicity or phagocytosis.
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Figure2.
Fabrication and characterization of the Janus Au nanoparticles and molecular dynamic

modeling of the interaction between G3/G3* and S100A8/A9. (a) Aminomethyl resins were
functionalized with sulfo-NHS-S-S-biotin crosslinker (step 1) and then bound with
streptavidin-coated, 30nm Au nanoparticles (step 2). The cleavage of the disulfide bonds in
the crosslinker by TCEP releases the Janus Au nanoparticles (step 3), which has a
streptavidin face with open biotin-binding pockets and a thiol face with available free thiols.
(b) STEM-BF, STEM-HAADF, and EDS mapping images of 10-12 nm biotinylated
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quantum dot (QD)-conjugated nonJanus (SA-AUNP-SA, left column) and Janus (SA-AuNP-
SH, right column) gold nanoparticles demonstrates the asymmetric distribution of open
biotin-binding sites on the Janus nanoparticles fabricated using the method described in a.
Colors: red-gold (nanoparticles), blue-oxygen (streptavidin), cyan blue- Cd (biotinylated
QDs). (c) Available thiol groups on either Janus nanoparticles or unmodified nanoparticles
(to compare here, labeled as SA-AuNP-SA in the graph, named as AuNP in other parts of
the paper) shown by conjugation of Alexa Fluor 647-maleimide dye, where signal is
normalized to the concentration of nanoparticles. Data are presented as mean + s.d. N=2
independent samples with n=3 technical replicates. (d-g), Molecular dynamics simulation of
G3 or G3* binding onto human S100A8/A9 heterotetramer. Ten short (100 ns each)
molecular dynamics simulations with human S100A8/A9 heterotetramer demonstrate the
capability of both G3-biotin and G3*-biotin to interact with the SLT00A8/A9 proteins. (d-e),
The superposition of the final frames of the five 100-ns G3 simulations (d) and G3*
simulations (e). f-g, The contact probability (defined as coming within 3.5 A) determined
from all five 100 ns G3 simulations (f) and G3* simulations (g). The sequence along the x
axis is that of each peptide.
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Abbreviations:

G3: MDSC targeting ligands; cp33: Fc-mimicking ligands;
G3-SNADb: Janus G3-AuNP-cp33; AuNP: non-Janus streptavidin-coated gold nanoparticles
NonJanus AuNP-cp33: AuNP conjugated with cp33

Figure 3.
Ligand modification on Janus Au nanoparticles and evaluation of the binding of SNAbs onto

mouse MDSCs and macrophages by photoacoustic (PA) imaging. (a) Following fabrication
of Janus nanoparticles, the Fc-mimicking ligands, cp33, was conjugated onto the thiol face
of the Janus nanoparticles via thiol-maleimide reaction, and the targeting ligands, G3, was
modified onto the streptavidin face via biotin-streptavidin interaction. (b,c) Alexa Fluor 680-
NHS-estertagged MDSC-targeting peptide (G3) and Alexa Fluor 680-NHS-ester-tagged Fc-
mimicking peptide (cp33) were reacted with SA-AuNP-SH or SA-AuNP-SA. The
conjugation level of each peptide was assessed by measuring fluorescence of the samples
and normalizing against nanoparticle concentrations. Background fluorescence of the
untagged-peptide-modified nanoparticles was subtracted from the measured values of the
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samples. Data are presented as mean + s.d. N=2 (left) or 3 (right) independent samples with
n=3 or n=6 technical replicates. (d) Hydrodynamic sizes of nonJanus SA-AuNP-SA, Janus
nanoparticles SA-AuNP-SH and SNADbs after modification with ligands were measured by
dynamic light scattering on a Malvern Zetasizer. (e) The photoacoustic (PA) and ultrasound
(US) images of nanoparticle-treated samples of mouse MDSCs. Top: PA images of the cell
inclusions of SNAb, NonJanus AuNP-cp33, NonJanus AuNP-cp33 and AuNP at a
wavelength of 532 nm. Bottom: US images of the cell inclusions of SNAb and AuNP. (f,g)
The relative amount of nanoparticles bound to mouse MDSCs (f) or RAW 264.7
macrophages (g) based on the average PA signals of each cell inclusion (0.5 million cells/
40uL). PA signals shown in the graphs were normalized against the laser energy and
backscattered ultrasound signals. Data are presented as mean + s.d. of at least six cross-
section images of two or more technical replicates of corresponding independent samples.
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Figure4.
MDSC-SNADbs induce antibody-like killing of mouse and rat MDSCs in the presence of

effector cells, such as macrophages. (a-h) In a mouse splenocyte-suspension assay, the single
cell suspension from the spleens of 4T1-tumor-bearing mice were treated with equal
concentration of various nanoparticle formulations for 24 hours. The cells were then stained
with fluorescent antibodies and fixable viability dye and analyzed by flow cytometry for the
total percentage (a) of live and dead MDSC (PMN-MDSC and monocytic MDSCs), the
percentage of dead MDSCs (b), dead PMN-MDSCs (CD11b+Ly6G+Ly6C!W) (c) or dead
M-MDSCs (CD11b+Ly6G-Ly6C9") (d) out of corresponding cell populations, and the
percentages of CD11b+F4/80+macrophages (e), CD3-B220+B cells (f), CD11b+CD11c
+DCs (g), and CD3+T cells (h) out of total cells. (i) Rat MDSC and CD11b+ monocytes
sorted from peripheral blood mononuclear cell (PBMC) of rats with femoral segmental
defects were cultured ex vivo at 1:10 ratio and treated with MDSC-SNADbs or control
treatments for 24 hours. The percentages of MDSCs (CD11b+His48+) in the co-culture after
treatment were measured by flow cytometry. Data are presented in box plots (n=6) or
presented by individual values with mean and standard deviation (n=6). Significance was
determined using one-way ANOVA with Tukey post-hoc test (**** p<0.0001, ***
p<0.0002, ** p<0.0021, * p<0.0332). AuNPs are nonJanus streptavidin coated Au
nanoparticles. NonJanus AuNP-G3/cp33 nanoparticles are AuNPs coated with randomly
distributed G3 and cp33. G3-SNAbs and G3*-SNAbs are Janus G3-AuNP-cp33 or G3*-
AUNP-cp33 nanoparticles targeting MDSCs.
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Figure5.

Biodistribution and therapeutic effects of MDSC-SNAbs in a 4T1 mouse breast cancer
model. (a,b) Biodistribution of SNAbs after intravenous injection in tumor-bearing mice.
G3-SNAbs were administered through tail vein injection on day 9 post tumor inoculation.
Lung, liver, spleen, kidney, tumor and blood were harvested after 6, 24, or 48 hours for ICP-
MS analysis. Changes in the biodistribution over time, presented as concentration of Au per
ug of tissue (a) and calculated percentage of SNADbs in each organ out of total injected
amount of nanoparticles (b), were plotted with mean + s.d. of 3 biological samples (n = 3).
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(c-g) Therapeutic effects of MDSCs in the 4T1 murine model. (¢) The schedule of tumor
inoculation and systemic injection (i.v. via the tail vein) of G3-SNAbs (Janus G3-AuNP-
cp33), IrrelPep-SNAb (Janus sSCAHNP-AUNP-cp33), Janus control NP (Janus biotin-AuNP-
NEM), AuNP and PBS (n=7, 7.5x1019/204L per injection). The percentage of total MDSCs
(PMN-MDSCs and M-MDSCs) out of total cells in the blood (d) and spleens (e), the
percentage of CD3+CD8+ cytotoxic T cells (f) and CD3-CD49b+NK cells (g) infiltrated in
the tumors after treatment on day 11 are presented in box plots with box showing median, 25
and 75 percentile and whiskers showing min and max. After removing outliers, n=6 for
untreated groups, n=6 in (d) and n=7 in (e) and (f-g) for AuNP group, N=7 for Janus control
NP, n=4 in (e) and (g), n=5 in (d) and n=6 in (f) for IrrelPep-SNAD group, and n=7 for G3-
SNAD single injection group, n=4 in (d),(e),(g) and n=5 in (f) and for G3-SNADb 3-injection
groups. Significance was determined using one-way ANOVA with Tukey post-hoc test (****
p<0.0001, *** p<0.0002, ** p<0.0021, * p<0.0332).

Nano Lett. Author manuscript; available in PMC 2022 January 13.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Liuetal.

Table 1.
Summary of the nanoparticles used in this paper.
Nanoparticle Type | Janus(J) or NonJanus(N) | Ligand 1 Ligand 2 Other names
SA-AuNP-SH J N/A N/A Janus nanoparticles
G3-SNAb J G3-biotin Cp33-SMCC | MDSC-SNADb, Janus G3-AuNP-cp33
G3*-SNAb J G3*-biotin Cp33-SMCC | MDSC-SNADb, Janus G3*-AuNP-cp33
IrrelPep-SNAb J SCAHNP-biotin | Cp33-SMCC | scAHNP-AuNP-cp33
G3-AuNP-Fc J Fc-biotin G3-SMCC N/A
Biotin-AuNP-NEM J Biotin NEM Janus control NP
SA-AuNP-SA N N/A N/A nonJanus nanoparticles, AuNP
AuNP-cp33 N Cp33-biotin N/A N/A
AuNP-G3/cp33 N G3-biotin Cp33-biotin N/A

Nano Lett. Author manuscript; available in PMC 2022 January 13.

Page 24



	Abstract
	Graphical Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

