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Introduction: The immunosuppressive tumor microenvironment (TME) of solid tumors inhibits most drug delivery system-based
nanomaterials from achieving deep penetration in tumor tissue and interferes with T cell activity in terms of differentiation and
exhaustion, which is becoming a critical therapy hurdle for solid tumors. Therefore, developing a therapeutic strategy with abilities of
rapid establishment of tumor-targeted cells, elimination of immune obstacles, and enhanced active immunization is very important,
while is still a big challenge.

Methods: A new strategy was explored to enhance immune therapy via the conjugation of microRNA155 (miR) to the surface of
therapeutic monocyte with graphene quantum dots (GQDs).

Results: TME was reversed using surface-engineered monocyte immunotherapy via reprogramming pro-tumoral M2 TAMs into
antitumor M1, and thus tumor elimination was dramatically enhanced.

Conclusion: Such a surface-engineered monocyte immunotherapy has been demonstrated to be well tolerated to intravenous
administration and bio-compatible, showing the potential to be extended for the solid tumor treatment.
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Introduction

The solid tumor can establish a microenvironment including cancer cells, stromal cells and blood vessels. However, in contrast
to hematological malignancies that lack the local immune suppression pathways, solid tumors can be strongly infiltrated by
different cell types that support tumor growth, angiogenesis, and metastasis and present an immunosuppressed tumor
microenvironment (TME)."> Regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and M2 tumor-
associated macrophages (TAMs) are the most prominent immune suppressor cells in the TME. They facilitate tumor growth
and proliferation by producing growth factors, local cytokines, and chemokines in solid tumors, and further impede normal
drug-carrying systems from penetrating the interior of tumor tissue.* > Even if the drugs are successfully delivered into a solid
tumor, their effectiveness is limited through tumor exploitation of counter-regulatory mechanisms.*> The existence of an
immunosuppressed TME has become a major therapy hurdle for solid tumors.®® Therefore, developing an efficient therapy
strategy for rapid establishment of tumor-targeted cells, elimination of immune obstacles, and augmentative kinetics of active
immunization is critical for solid tumor treatment.

Among the tumor-associated cell species, immune cells are usually applied in cellular immunotherapy tactic due to their
exclusive properties.'® Especially monocytes, as a subset of leukocytes, can perform as “living drugs” to overcome transport
barrier and penetrate tumor tissue through the vascular endothelium as well as being scarcely interfered with the immuno-
suppressive TME."" Inspired by such a natural trafficking activity, monocyte targeted delivery systems (MTDS) with
monocytes as carriers or transit medium showed great potential for tumor-targeted accumulation.'*'* Thus, monocytes are
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considered as an ideal delivery vector based on the collection effect to the tumor lesions. However, augmentation of active
immunization in TME impossibly achieves solely depending on the infiltration of monocytes which absent therapeutic
function. On the contrary, TAMs in TME partially are derived from circulating monocytes."

TAMs are a prominent inflammatory cell population primarily polarized to “alternately activated” M2-like macrophages in
the TME.'® In contrast to M1, which are highly microbicidal and tumoricidal, M2 subtype TAM plays a crucial role in
regulating all aspects of tumor development, namely the growth, survival and metastasis of tumor cells, angiogenesis, and
immunosuppression.'” Numerous studies suggest that M2 TAMs in solid tumors is positively associated with the poor

1819 thereby reprogramming pro-tumoral M2 TAMs into antitumor M1 macrophages seems

prognosis of many human cancers,
as a key point for reversing the immunosuppressed TME and improving the efficacy of cancer therapy.?*?" In the respective of
macrophage differentiation and activation, microRNA155 (miR155) significantly attenuates the cytokine production in TAMs
via targeting C/EBPB,*? and re-polarized pro-tumoral M2 TAMs into antitumor M1 macrophages in vitro.>** If TAMs-
associated miRNAs regulator can be delivered to the inside of the TME with the participation of monocytes, better therapeutic
outcomes may be achieved. Nevertheless, loading miRNAs directly onto the surface of monocytes seems impossible because
of'its ease of degradation. In order to compensate for the limitations of monocytes and miRNAs, an intermediate gene-delivery
vector is necessary.

Graphene quantum dots (GQDs) have already been adopted as an intermediate gene-delivery vectors in our previous
research.”>%° As a species of graphene, GQDs possesses excellent gene loading capability and stable interactions with various
molecules through m—7 stacking. Moreover, its smaller size allows facile cellular uptake,>” improves biocompatibility,”® and
minimizes cytotoxicity.”® Considering all the advantages, GQDs is expected to be appropriate intermediate gene-delivery vector
for the protection, transfection and release of miR155.

In this study, we demonstrate a new strategy based on GQDs-mediated surface engineered monocyte therapy system
consisting of monocytes and miR155 for the solid tumor treatment. In the unique architecture of engineered monocyte,
disulfide linkage was formed between GQDs and miR155 (GQDs-S-S-miR155) and then grafted on the monocyte surface
via a well-designed metalloprotease responsive peptide, as the natural trafficking of monocytes reached to the interior of

tumor and further effected on TAMs. The successful construction of engineered monocyte therapy system achieves
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multifunction including tumor targeting, immune obstacles elimination, and active immunization enhancement, which
will provide a brand-new universal strategy for cellular immunotherapy on solid tumor treatment.

Materials and Methods

Cell Culture and Animals

Primary monocytes were isolated from peripheral blood of BALB/c mice and differentiated using standard protocols. 4T1
mammary breast cancer cells and RAW264.7 cells were obtained from cell bank of American Type Culture Collection (ATCC,
Shanghai agency). Primary monocytes, 4T1 and RAW264.7 cells were grown in complete DMEM containing 10% fetal calf
serum (FCS) (Gibco), 2x10° M glutamine (Hyclone), 100 U mL™" penicillin and 100 pg mL™" streptomycin (Hyclone).
Female BALB/c mice (4-5-week-old, 18-24g) were purchased from Chongging Tengxin Biotechnology Co., Ltd.
(Chongqing). All the animal procedures were carried out under the guideline approved by the Institutional Animal Care
and Use Committee (IACUC) of Chonggqing University of Technology, Chongqing, China (N0.202321).

Preparation and Characterization of GQDs-S-S-miR 155

Sulfosuccinimidyl 6-(3'-[2-pyridyldithio]-propionamido) hexanoate (2.5 mg, sulfo-LC-SPDP, Sigma) was added to a solution of
amino-functionalized GQDs (GQDs-NH, purchased from Nanjing XFNANO Materials Tech Co., Ltd.) in 5X PBS (pH = 7.44).
The mixture was reacted at room temperature with stirring gently for 1 h, after which the conjugate was centrifuged twice through
centrifugal filters with a molecular weight cutoff of 100 kDa (Millipore) for 5 min to remove excess sulfo-LC-SPDP crosslinkers.
The thiolated miR (8 pL) was added to the solution of sulthydrylated GQDs with avoiding light and stored overnight at 4°C. SH-
miR155 (Genepharma, Shanghai, China) was double stranded with sense sequence 5'-SH-UUAAUGCUAAUUGUGA
UAGGGGU-3" and antisense sequence 5-CCCUAUCACAA UUAGCAUUAAUU-3" (FAM fluorescent labeling).
Conjugated GQDs-S-S-miR155 (GQDs-miR155) was then ready for in vitro experiments. The morphology of GQDs-miR155
was photographed by a transmission electron microscope (TEM, Tecnai, USA). A UV spectrophotometer (ShIMADZU, Japan),
as well as a fluorescence spectrophotometer F-7000 (HITACHI, Japan), were used for qualitative analysis of disulfide bonds.

Preparation and Characterization of Surface Engineered-Monocyte

The construction of surface engineered-monocyte was achieved by a short peptide: C18-GVFHQTVSR (abbreviated
C18p, ChinaPeptide Co., Ltd, Shanghai, China). The conjugation between the GQDs-NH, and C18p was achieved by
coupling with 1-(3-(dimethylamino) propyl)-3-ethylcarbodiimide and N-hydroxysuccinimide (EDC/NHS, Sigma). To
remove residual EDC and NHS, the solution was dialyzed (MWCO, 2000) for 48 h (dialysate was replaced every 12 h).
Then, 2.5 mg of sulfo-LC-SPDP was added to the product of the conjugation of GQDs-NH, and C18p (pH = 7.4) and the
mixture was allowed to react at room temperature for 1 h. After removing excess sulfo-LC-SPDP, 20 uL of miR155 was
added in the dark, and the mixture was stored in a 4°C refrigerator overnight. The prepared C18p -GQD-miR was co-
incubated with the monocytes (Dio labeled) for 12 h to afford the immunocyte surface-engineered therapy system. A 90
Plus PALS laser particle sizer (Brookhaven, USA) was used for recording the C18p-GQDs-miR155 particle size and
a laser scanning confocal microscope (LSCM, Nikon, Japan) was used for image information acquirement. The
characteristic bands of C18p-GQD-miR were detected by FT-IR spectroscopy (Bruker, USA).

More detailed methods are provided in the Supporting Information.

Results
Preparation of GQDs-S-S-miR 155 and miR155 Release

The cross-linking process between GQDs and miR 155 is shown in Figure 1a. According to our previously reported protocol,?
disulfide-containing linkage can be formed between GQDs and miR via utilizing Sulfo-SPDP-LC. A typical high-resolution
transmission electron microscopy (HRTEM) image shows GQDs-NH, is approximately 10 nm in size (Figures 1b and S1) and
GQDs-S-S-miR155 increase to around 30 nm (Figure S2). UV-vis spectrum reveals the existence of disulfide-containing
linkage in GQDs-miR155 (Figure 1c). To further verify the successful formation of disulfide-containing linkage between

GQDs and miR 155, the extracellular cleavage of disulfide linkage by DTT was conducted. It can be seen from the fluorescence
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spectrometry results in Figure 1d that the DTT-treated GQD-miR 155 solution exhibited significantly fluorescence decay (red
curve). The above results indicated that a cleavable disulfide bond*® was indeed formed between GQDs and miR155.

Intracellular delivery of gene molecules by GQDs are devised to release biological cargos from nano carrier via
biologically triggered disulfide bond cleavage.®' Disulfide-containing conjugates (GQDs-S-S-miR) can not only respond
to the redox microenvironment in the presence of high concentrations of glutathione/reactive oxygen species at tumor
sites,’ but also be cleaved by thiol-reducing enzymes (y-interferon-inducible lysosomal thiol reductase, GILT)* aided
by the acidic conditions in lysosomes upon endocytosis.*® The presence of a cleavable disulfide linkage in the GQDs-
S-S-miR conjugates, representing such a simple functionality installed on GQDs can facilitate the subsequent miR155
transfection and release in cells. Subsequently, the gene delivery efficiency of GQDs for miR155 transfection using
RAW264.7 cells was tested.

Gene-Delivery Efficiency of GQDs in vitro

A total of 10 independent groups were transfected. Confocal microscopy images revealed fluorescence colocalization of
miR155 (green) in the cell nucleus, giving rise to green fluorescent spots within the nucleus (Figure 1e). The transfection
efficiency of the GQDs-miR155 can reach = 70% within 6 h calculated from flow cytometry analysis (Figures 1f and S3).
From the perspective of RNA delivery and transfection, GQDs, as one kind of a biocompatible nanomaterial, has been
developed as safe substitute to viral vector.>* In addition, as a nonviral vector, GQDs with 70% transfection efficiency is
a guarantee for the effective uptake of miR by TAMs in tumors. Herein, we evaluated the effect of cellular uptake of miR
on TAMs phenotype as following.

GQDs-S-S-miR 155 Reprogrammed TAMs into Antitumor M| Macrophages in vitro
TAMs closely resemble “alternative” (M2) macrophages, which produce high amounts of interleukin (IL)-10 but not IL-
12, express scavenger receptors, and exhibit anti-inflammatory. In contrast, M1 macrophages produce large amounts of
pro-inflammatory cytokines, express high levels of major histocompatibility complex molecules, and are potent killers of
pathogens and tumor cells.*® Thus, reprograming TAMs toward the anti-tumor M1-like phenotype is a promising strategy
for reversing the TME. To determine whether miR155 transfection could reprogram TAMs into M1 macrophage,
RAW264.7 were pre-polarized to the M2-type with interleukin-4 (IL-4) (Figure 1g) and monitored the in situ phenotype
change using flow cytometry (Figure S4). We observed that M2 protein marker CD206 was fully activated in 48 h,
suggesting that the tumor-related M2 macrophage model was successfully established. To determine whether GQDs-
miR155 transfection could reprogram M2 TAMs into M1, the mean fluorescence intensity (MFI) of CD86" and CD206"
macrophages within 72 h using flow cytometric analysis was calculated (Figures 1h, S5 and S6). CD86 is an activation
marker of macrophages, providing stimulatory signals for T cell activation.*® Obviously, the up regulation CD86 may
induce the immune activation of TAMs. As expected, GQDs-miR 155 significantly elevated CD86 and inhibited CD206
on TAMs as a function of time, suggesting the reprogram of M2 TAMs into anti-tumor M1 macrophages.

Moreover, we measured the serum level of macrophage-produced cytokines including IL-10, TGF-B1, IL-12 and
TNF-a in a 72 h period to further verify the successful re-polarization. As shown in Figure 1i, the levels of the pro-
inflammatory cytokine tumor necrosis factor alpha (TNF-a), Interleukin-12 (IL-12) in the GQDs-miR 155 treated group
significantly increased as a function of time, whereas the levels of the anti-inflammatory cytokines interleukin-10 (IL-10)
and TGF-B1 both decreased. It is worth noting that the independent GQDs treated group presented an up-regulated anti-
inflammatory cytokines, suggesting the down regulation of miR155 could be a key mechanism promoting TAM
polarization to immunosuppressive M2 phenotype.’” Previous studies have already demonstrated that miR-155-
regulated inflammatory cytokine production in TAMs or proliferation, survival and cell activation in hematopoietic
cells via targeting C/EBP-B, a critical negative regulator of macrophage programming and activation.>® Overexpression
of miR155 can indirectly upregulate PI3K/Akt pathway by the decrease in SHIP1 concentration, inducing M1 phenotype
polarization and stimulating the release of pro-inflammatory cytokines.>® Furthermore, IL-12 is required for the
differentiation and activation of tumor-specific cytotoxic T cells (CTLs).** Hence, the up-regulation of IL-12 and
TNF-a confirmed the immune activated potential of TAMs after GQDs-miR 155 treatment, which is essential for active
immunization enhancement.
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The Architecture of Surface-Engineered Monocyte Therapy System

Targeted delivery of miR155 in vivo only depending on GQDs may lead to nonspecific delivery and accumulation in
non-lesion organs, such as the spleen or the liver, because most nanoparticles-based delivery system have a insufficient
long blood half-life and cannot realize deep penetration in tumor tissue.*' Herein, we constructed a surface engineered
therapy system based on monocytes. The detail linking process of C18p-GQDs-miR155 is shown in Figure 2. The
designed C18p consists of two parts: a short peptide (GVFHQTVSRK) with a hydrophobic terminal that could be
directly digested by matrix metalloproteinases (MMP) in the tumor environment,'® and a straight-chain alkene consisting
of 18 carbon atoms that could extend the hydrophobic terminal of the short peptide.

TEM image in Figure 3a shows that the C18p-GQDs-miR 155 combination was nanometer-sized (~200 nm) spherical
particle, significantly larger than individual GQDs-NH, or GQDs-miR155. The successful cross-linking of C18p and
GQDs-miR 155 was confirmed by the FT-IR spectra (Figure 3b). DTT cleavage experiment results further showed the
miR155 concentration in the collected filtrate was 7-fold higher than the untreated group (Figure 3c), indicating that
C18p-GQDs-miR 155 was successfully synthesized and a cleavable disulfide linkage was formed in this combination. In
order to prove the special disulfide-containing linkage formation in C18p-GQDs-miR 155 can effectively protect miR in
the RNase exposed environment and facilitate subsequent in vivo delivery, we tested and determined the remaining
miR155 concentration in different combinations. From Figure 3d, the combination of GQDs-miR155 containing
ingredient obviously retains more miR content in comparison with the solitary miR group or C18p, GQDs and miR-
mixed group. We speculated that special spatial structure via the stacking of GQD layers could effectively protect partial
miR from enzymatic degradation when the RNA was crosslinked with the GQDs via disulfide linkages, which provided
an experimental basis for the safe delivery of miRNAs in vivo. In other word, GQDs facilitate miR uptake and cytosolic
releasing as well as avoid miR from degradation during delivery.

Following the morphology and structural analysis of C18p-GQDs-miR155, we investigated the optimal experimental
concentration toward 4T1 and RAW264.7 to determine that C18p-GQDs-miR 155 inside living cells had no ill effect on
cell viability. The results obtained through Cell Counting Kit-8 (CCKS8) showed that the C18p-GQDs-miR155 started to
reduce cell viability at a concentration of 60 ug mL™" for both 4T1 (Figure 3¢) and RAW264.7 (Figure 3f). Herein, we
adopted 40 pg mL™' as the maximum working concentration for the following studies.

The hydrophobic terminal of C18p was confined to the hydrophobic region after passing through the cell membrane,
and GQDs-miR155 were grafted onto the surface of the monocyte. As shown in Figure 3g, after incubating the C18p
(rthodamine B — labeled)-GQDs-miR155 system with the primary monocytes (Dio-labeled membrane) for 12 h ~ 36 h,
fluorescence superposition was observed on the cell membrane. This result not only confirmed the successful attachment
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of C18p-GQDs-miR155 onto the surface of monocyte, but also suggested no significant endocytosis by monocyte. In
other words, surface-engineered monocyte therapy system (M-C18p-G-miR155) was successfully constructed.

Innate Trafficking Behavior of Surface-Engineered Monocyte Therapy System

It is not clear that whether C18p-GQDs-miR155-engineered monocyte could maintain the natural trafficking behavior of
tumor recruitment as normal monocyte did, thus we tested it using in vitro transwell chamber assays. The migration
results from Figure 3h and i showed that the number of migrated cells per field in the MCP-1 (200 ng/mL) treated cells
were significantly higher than those in the control group, indicating that MCP-1 can promote the migration of both
monocytes and engineered monocytes and high concentrations of MCP-1 (400 ng/mL) even favors migration of
engineered monocytes.

As one of the most prominent tumor-homing leukocytes,'' monocytes are constantly recruited to the tumor through
the mediation of monocyte chemoattractant protein-1 (MCP-1) and specifically target tumor tissue through binding to the
vascular cell adhesion molecule-1 (VCAM-1) of various cancer cells.*** Moreover, surface-engineered monocytes still
maintain the natural trafficking behavior of tumor recruitment, which is essential for rapid establishment of tumor-
targeted cells and elimination of immune barrier.
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In vivo Anticancer Effect of Surface-Engineered Monocyte

Solid tumors are known to secrete immuno-factors, including chemokine, cytokine, and growth factors, preventing
effector T cells from infiltrating into the tumor bed.**** Active immunization restricts in established tumors, factors
release in the TME (such as IL-10, IL-4, and IL-13)**® polarize M1 macrophages to M2 macrophages,*’ therefore
exhibits immunosuppressive activity. Reprogrammed TAMs have been reported to inhibit tumor progression and
metastasis through direct cytotoxic effect.’®>' Therefore, we need to evaluate cytotoxic effect of re-educated TAMs
against tumor cell in vivo. Here, we adopted the 4T1 subcutaneous tumor as a model and surface-engineered monocyte as
an anticancer therapy system to evaluate the strategy of M2 macrophage precision regulation.

The established 4T1 subcutaneous model mice were injected with phosphate-buffered saline (PBS, pH 7.2-7.4, control
group), monocyte, GQDs-miR 155, and M-C18p-G-miR155 (50 nM, 100 uL) on days 1, 3, 5, 7, and 9 and sacrificed on day 12
(Figure 4a). Based on the previous in vitro research (Figure 3), 40 pg mL™" of C18p-GQDs-miR 155 showed no cytotoxicity on
cells, however, biosafety is always a major concern of nano material-involved gene therapy. In this study, blood urea nitrogen
(BUN)/creatinine (CRE) and serum alanine aminotransferase (ALT)/aspartate aminotransferase (AST) were measured after
finishing the entire cell therapy on the model animal, which are critical biomarkers of renal and liver damage, respectively.**>>
The results showed that serum BUN/CRE (Figure 4b and c) and serum ALT/AST (Figure 4d and e) were not significantly
different among all groups, indicating no significant renal or liver toxicity of monocyte/GQDs-miR 155/M-C18p-G-miR155 in
comparison with control group. The potential toxicity of monocyte/GQDs-miRNA155/M-C18p-G-miR155 complexes was
further investigated in vital organs using H&E staining. From the Figure 4f, after five consecutive treatments, mouse organs
including heart, liver, spleen, lung and kidney did not show histopathological abnormalities, lesions or degenerations in all
four groups, confirming that both the GQDs-miR 155 and M-C18p-G-miR 155 therapy system were biocompatible.

Figure 4g showed the photographs of 4T1 subcutaneous tumors after finishing all the treatments in the different groups.
It can be seen that M-C18p-G-miR 155 strongly inhibited tumor progression and presented a greater potency for eliminating
the tumor. Weight change of 4T1 tumor-bearing mice with different treatment options were not obvious (Figure 4h),
whereas tumor weight (Figure 4i) showed significant differences, consistent with the results in Figure 4g. The calculated
tumor growth rate (Figure 4j) and tumor inhibition rate (Figure 4k) all showed the tumor inhibition effect of M-C18p-
G-miR155. M-C18p-G-miR 155 were recruited into the interior of tumor lesions and digested by matrix metalloproteinase,
such as MMP-9.7® The isolated GQDs-miR 155 which released by matrix metalloproteinase efficiently delivered miR155
into the TAMs by macrophages endocytosis. Macrophages are professional phagocytes that can internalize large particles
such as debris, apoptotic cells, and pathogens to maintain homeostasis in the human body.>”*®

Subsequently, cleavage of the disulfide linker in GQDs-miR155 in the lysosomes caused the miRNA cargos to be
released into the cytosol under the protection of the GQDs. Nanomaterials/miR effectively facilitated miR uptake by
macrophages rather than tumor cells had been confirmed.’*®° Finally, miR155 coordinated the immune function of the
body and inhibited tumors. Moreover, paraffin sections from the collected tumors were stained via Ki67 cell proliferation
kit, which also confirmed the above speculations. From Figure 5a and d, M-C18p-G-miR155 treated group showed the
significant tumor proliferation inhibition.

To further determine the M-C18p-G-miR155-targeting specificity of treatment, we used a terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay to measure the apoptosis of 4T1 cells in the collected tumors
(Figure 5b and c). As shown in Figure 5c, compared to the mice treated with GQDs-miR 155 and individual monocytes,
M-C18p-G-miR155 induced the most significant rate of apoptotic cells. This observation indicated that the M-C18p-
G-miR155 therapy system could facilitate the apoptosis of tumor cells in vivo. The potent anti-tumor effect of M-C18p-
G-miR 155 could be attributed to its ability to elevate miR155 in tumor TAMs. However, whether M-C18p-G-miR155
can reprogram M2 TAMs into M1 in the tumor environment requires further validation.

Surface-Engineered Monocyte Reprogrammed M2 TAMs into Antitumor M|

Macrophages in vivo
To determine whether M-C18p-G-miR155 could reprogram TAMs into M1 macrophage in vivo, we monitored the in-situ
change in the macrophage phenotype using immunofluorescent staining, as shown in Figure 6a and b. Consistent with the
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Figure 4 In vivo anticancer therapy efficacy analysis. (a) Scheme depicting the BALB/c mice bearing 4T | subcutaneous tumor receiving the treatment of control/monocyte/
GQDs-miRNA55/M-C18p-G-miR155 at day I, 3, 5, 7, and 9. Histological/biochemical analysis was performed on day 12. Biosafety of monocyte/GQDs-miR155/M-C18p-
G-miR 155 in vivo. Serum levels of (b) BUN and (c) CRE (renal function) at 24 h after finishing the last treatment. Serum levels of (d) ALT and (e) AST (liver function) at 24
h after finishing the last treatment. Data are presented as mean * SE. The differences of all the groups were determined using one-way ANOVA. (f) H&E staining of mouse
organs (hearts, livers, spleens, lungs, and kidneys) after finishing the entire treatments. (g) Photographs of 4T | subcutaneous tumors after finishing the entire treatments. (h)
Weight change of 4T| tumor-bearing mice injected with different treatments. (i) 4T| subcutaneous tumor weight of each mouse in groups with the treatment of control,
monocyte, GQDs-miRNAI55 and M-C18p-G-miR155, respectively. The calculated tumor growth rate (j) and tumor inhibition rate (k) of each mouse in groups with
different treatments. Images are representative of n = 8 independent experiments. Significant differences: **p < 0.01, ***p < 0.001.

results of in vitro experiments in Figure 1j, the M1 protein marker CD86 (green fluorescence) was activated, whereas the
M2 protein marker CD206 (red fluorescence) was strongly inhibited. In addition, the number of CD86" macrophages
were significantly higher than that of CD206" macrophages (Figure 6¢ and d), indicating the ability of M-C18p-
G-miR155 reprogramming M2 TAMs into M1 macrophages in vivo. Previously reported results indicated that M1
TAMs secrete proinflammatory cytokines, such as TNF-a, IL-12, and reactive oxygen species (ROS) to induce tumor cell
apoptosis and enhance tumor immunotherapy,®’ which has also been demonstrated by us via in vitro macrophage
cytokine production before and after regulation by miR155 in the Figure 1k. In addition to direct cytotoxic effect against
tumor through releasing a variety of cytotoxic soluble factors, activated TAMs have been reported that could
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Figure 5 Immunohistochemistry analysis of tumor after treatment. Ki67 (a) and TUNEL (b) staining of tumor sections, respectively. (c) Detection of apoptotic cells in
tumor sections. (d) Detection of proliferative cells in tumor sections. Data are shown as means * SD (n = 3). Significant differences: *p < 0.01, **p < 0.001.

consequently activate and recruit multiple effector cells (eg, CD4/CD8" T cells and NK cells) for tumor inhibition.®*¢*
Therefore, the increased CD86 " cells and higher CD86/CD206" ratio (Figure 6e) significantly affected tumor progres-
sion. In Figure 1k, we have discussed that GQDs-miR155 significantly inhibited production of anti-inflammatory
cytokines TGF-f, IL-10, and promoted IL-12 secretion. IL-12, as one of the cytotoxic soluble factors and typical marker
of activated TAMs, can facilitate CD8" and CD4" T cell activation.®® Moreover, activated TAMs can also present tumor
antigen to CD4 and CDS8 T cells, triggering anti-tumor adaptive immune responses. Herein, M-C18p-G-miR 155 could
not only facilitate TAM-targeted miR delivery, but also played a vital role in reversing immunosuppressive tumor
microenvironment through reprogramming M2 TAMs into M1 subtype indicated by infiltration deduction of TAMs,
finally promoted CD4" T cells and CD8" T cells activation and proliferation.

Discussion

Cell therapies are in common clinical practice for certain indications, such as islet cell transplants, and are also being
aggressively developed in other areas of medicine, such as T-cell therapy of tumor.°® Take T-cell therapy for tumor
treatment as an example, chimeric antigen receptor (CAR) T cells are genetically engineered T cells to express a receptor
for the recognition of the particular surface marker that has given rise to advances in the treatment of blood disorders.
However, their efficacy in solid tumor treatment has not yet been supported. Antigen heterogeneity of solid tumors,®’
a stumbling block of penetrating tumor tissue through the vascular endothelium® and the immunosuppressive TME* all
restrict the influence of T cell-based cellular therapies.

Monocyte-based cell therapies may overcome the above limitations, given the constant trafficking of mononuclear
phagocytes into tumors.®” In previous study, Allavena et al proved that monocytes replenished with drug-loaded
nanoparticles and intravenously injected into tumor-bearing mice were able to reach the tumor site with superior
efficiency than free nanoparticles.”” Hence, using monocytes to bring small molecules, especially gene drugs to the
tumor site and consequently activate an immune response is becoming a new strategy for solid tumor treatment.

2136 s International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Xia et al

GQDs-miRNA155 GQDs-miRNA155

M-C18p-G-miRNA155 < 2 M-C18p-G-miRNA155

*k%k

100 4

8000 ,—

7000

8000

7000 % .

1000 50002

1000
0 . o.‘,_._-—.—.

80
6000

20

Number of CD206+ macrophages

Number of CD86+ macrophages
CD86+/CD206+ macrophage ratio

N xe b o o e Gl Gl o
o 'QS\‘,\‘-‘ @ R o “\0‘\00!‘ @ RS \@\P:\ oo™
W W
R o
S o & o
AF A

Figure 6 Biochemical analysis of tumor after treatment. Immunostaining of (a) CD86" (AF488) and (b) CD206" (Cy3) macrophages in tumor sections after treatment. (c)
CD86" cells in tumor sections, (d) CD206" cells in tumor sections and (e) the calculated CD86"/CD206" ratio. Data are shown as means = SD (n 2 3). Significant
differences: ***p < 0.001.

Under the influence of the tumor TME, TAMs play an essential role in tumor occurrence, metastasis, and invasion.
The presence of a large number of infiltrating macrophages in tumor tissues differentiating into the M2 type is associated
with poor prognosis, therefore, several strategies have been proposed for reducing the M2 TAMs. Reprogramming of M2
TAMs into M1 TAMs in our study is one of the strategies. Sufficient evidences have reported the ability of miR155 in
polarizing macrophages to the M1 phenotype®>** and elevated miR155 in TAM might be a potential strategy to
repolarize TAM and overcome immunosuppression in TME, which would consequently inhibit tumor progression.
However, we must overcome several biological barriers in order to achieve successful TAM-targeted miR therapy,
including 1) to specifically target TAM in the TME; 2) to facilitate miR uptake and cytosolic releasing; 3) to avoid miR
degradation or capture by other cells during delivery. Based on the above considerations, we successfully designed the
monocyte surface nanoengineered miR 155 therapy system. In this study, we confirmed the GQD layers could effectively
protect partial miR155 from enzymatic degradation when the RNA was crosslinked with the GQDs via disulfide linkages
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(Figure 3d), which provided an experimental basis for the safe delivery of miRNAs in vivo. Additionally, GQDs are only
engulfed by macrophages other than endothelial cells or smooth muscle cells,>> which is beneficial to specifically target
TAM in the TME. Although GQDs-mediated cell transfection can effectively regulate TAMs, their accumulation in
tissues or organs is inevitable due to the non-degradability. Cellular immunotherapy is the future trend of precise
treatment for solid tumors, therefore, using non-toxic, degradable and functional biomaterials to completely replace
GQDs will be our research objective.

Finally, inspired by CAR-T therapy, chimeric antigen receptor monocytes (CAR-M) armed with receptors recognizing
carcinoembryonic antigen are expected to be developed for the treatment of solid tumors in the future.

Conclusion

As an advanced solid tumor treatment concept in its infancy, a strategy to enhance therapeutic cell therapy using engineering
means to integrate nanomaterials and genetic molecules is emerging. Unlike traditional nanoparticles that target accumulation
at the tumor site based on passive targeting, or active targeting via special cell membrane camouflage, the surface engineered
monocyte has an advantage of natural trafficking activity toward tumor targeting. Additionally, such a cell therapy system can
protect gene molecules from degradation as well as facilitate them uptake by TAMs through GQDs intermediation.
Particularly, different from the chimeric antigen receptor (CAR)-T therapy in solid tumors, the surface-engineered monocyte
therapy system takes little account of which based on the impediments posed by TME in association with tumor heterogeneity.
Moreover, similar with CAR-T cell, this strategy will offer new opportunities to modify endogenous immunocytes and
reinfuse, which may have a potential to be translated into clinically utilizing monocyte harvested from humans in the future.
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