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Macrophages are critical regulators of the tumor microenvironment and often

present an immuno-suppressive phenotype, supporting tumor growth and

immune evasion. Promoting a robust pro-inflammatory macrophage

phenotype has emerged as a therapeutic modality that supports tumor

clearance, including through synergy with immune checkpoint therapies.

Polyglucose nanoparticles (macrins), which possess high macrophage affinity,

are useful vehicles for delivering drugs to macrophages, potentially altering their

phenotype. Here, we examine the potential of functionalized macrins,

synthesized by crosslinking carboxymethyl dextran with L-lysine, as effective

carriers of immuno-stimulatory drugs to tumor-associatedmacrophages (TAMs).

Azide groups incorporated during particle synthesis provided a handle for click-

coupling of propargyl-modified b-cyclodextrin tomacrins under mild conditions.

Fluorescence-based competitive binding assays revealed the ability of b-
cyclodextrin to non-covalently bind to hydrophobic immuno-stimulatory drug

candidates (Keq ~ 103 M-1), enabling drug loading within nanoparticles.

Furthermore, transcriptional profiles of macrophages indicated robust pro-

inflammatory reprogramming (elevated Nos2 and Il12; suppressed Arg1 and

Mrc1 expression levels) for a subset of these immuno-stimulatory agents

(UNC2025 and R848). Loading of R848 into the modified macrins improved

the drug’s effect on primary murine macrophages by three-fold in vitro. Intravital

microscopy in IL-12-eYFP reporter mice (24 h post-injection) revealed a two-

fold enhancement in mean YFP fluorescence intensity in macrophages targeted

with R848-loaded macrins, relative to vehicle controls, validating the desired

pro-inflammatory reprogramming of TAMs in vivo by cell-targeted drug delivery.

Finally, in an intradermal MC38 tumor model, cyclodextrin-modified macrin NPs

loaded with immunostimulatory drugs significantly reduced tumor growth.
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Therefore, efficient and effective repolarization of tumor-associated

macrophages to an M1-like phenotype—via drug-loaded macrins—inhibits

tumor growth and may be useful as an adjuvant to existing immune

checkpoint therapies.
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Introduction

Immune checkpoint therapy has revolutionized the standard of

care for treating cancer (1, 2). However, a key limitation of

checkpoint-blockade regimens is that only a minority of patients

respond to the therapy, as the treatment efficacy is limited by the

baseline CD8+ T cell clone size (3) and negative feedback from

innate immune cells (4). Myeloid cells—in particular, macrophages

and neutrophi l s— in the immuno-suppress ive tumor

microenvironment support continued growth and immune

evasion by tumors (5, 6); furthermore, they have been implicated

in the suboptimal response of patients to cancer immunotherapy

(7–9). Most tumor-associated macrophages (TAMs) adopt an

immuno-suppressive “M2-like” phenotype due to hypoxia,

metabolic changes, and epigenetic regulation (10, 11).

Fascinatingly, atavistic regression in tumor cells (i.e., onco-fetal

reprogramming) (12) and altered levels of extracellular metabolites

in the hypoxic microenvironment have been implicated in the

upregulation of M2-associated genes in TAMs, such as arginase 1

(ARG1) (13), mannose receptor (MRC1) (14), and folate receptor

beta (FOLR2) (15). As these M2-like TAMs enhance tumor cell

survival and motility, and because they support tumor growth by

stimulating angiogenesis (16), inhibiting their pro-tumor

functionality via TAM-targeted therapy is a major clinical need.

Cysteine protease activity is elevated in the highly acidic

lysosomes of TAMs (17), negatively affecting their ability to

cross-present antigens to CD8+ T cells (18). TAMs express

inhibitory immune checkpoints (including PD-L1) and release

anti-inflammatory molecules (such as IL-10) that diminish the

anti-tumor functionality of cytotoxic CD8+ T cells, inhibit CD8+

T cell recruitment, and increase the number of Treg cells (11, 19).

They can capture anti-PD-1 antibodies from T cell surfaces via Fcg
receptors, reducing the ability of such antibodies to target the

immune checkpoint in T cells (4). Furthermore, TAMs directly

contribute to the apoptosis of cytotoxic T cells, attenuating the anti-

tumor response of the adaptive immune system. For example, in

liver metastases, FasL+CD11b+F4/80+ monocyte-derived

macrophages interact with activated antigen-specific Fas+CD8+ T

cells, causing the latter to undergo apoptosis (20). Finally, TAMs

form long-lasting antigen-specific synapses with and promote

exhaustion in cytotoxic T cells (21, 22). Thus, TAMs inhibit anti-
02
tumor immunity mediated by T cells and reduce the efficacy of

lymphocyte-targeted cancer immunotherapy.

Reprogramming TAMs into an M1-like state may be conducive

to improving anti-tumor immunity. Moreover, the response of

poorly immunogenic tumors to PD-1 blockade is improved by

the activation of innate immune cells (23). We and others have

previously demonstrated that strategies targeting macrophage

polarization are potentially synergistic with immune checkpoint

therapy (24, 25). Furthermore, in immunologically “cold” tumors,

such as glioblastoma, myeloid cell-targeting nanoparticles

delivering immuno-stimulatory molecules reprogram the cells and

induce tumor regression (26). Hence, these results are consistent

with the finding that alteration of TAM polarization by CSF1R

inhibition blocks the progression of glioma (27), tenosynovial giant-

cell tumor (28), and lung carcinoma (29). An advantage of

nanoparticle-based targeting of macrophages over direct drug-

based manipulation is that the former strategy reduces off-target

drug effects (24, 30–32).

Nanoparticle composition and surface functionalization affects

their ability to target macrophages (33, 34). For example,

mannosylated nanoparticles are preferentially internalized by M2-

like macrophages, which has been used for therapeutic targeting of

MRC1+ monocyte-derived macrophages in lung fibrosis (35) and

cancer (31). Nanoparticles with similar glucose-based composition

(e.g., dextran and cyclodextrin) are likewise preferentially taken up

by TAMs, enabling a facile method for imaging (36) and

transcriptional reprogramming (24). Specifically, macrins are

polyglucose nanoparticles, constructed by crosslinking

carboxymethyl dextran with lysine, which have been developed to

target macrophages in vivo (36–38) and since evaluated in clinical

trials as macrophage imaging agents (NCT04843891). However, the

capacity of macrins for drug loading and retention is inherently

limited, as they are a highly water-swollen polymer networks from

which small molecule drugs are rapidly released by diffusion. To

overcome this challenge, guest–host chemistry (39–41) provides a

facile strategy of sequestering and delivering immuno-stimulatory

drugs to the tumor microenvironment via nanoparticles (24, 42).

The strategy involves a supramolecular carrier (i.e., host) with a

hydrophobic binding pocket, which readily binds to hydrophobic

small molecules (i.e., guests) such as drugs (24, 43, 44) or drugs

conjugated to appropriate hydrophobic moieties (42, 45).
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Here, we introduced b-cyclodextrin (CD) as a host moiety into

the dextran network of macrins via click chemistry to construct a

macrophage-targeting nanocarrier (referred to as CDMac)

(Figure 1A). CDMac particles were succinylated to increase their

negative charge, aimed at improving in vivo residence time.

Immuno-stimulatory agents were examined to identify those

which could both induce robust macrophage re-education

towards an M1-like state and efficiently bind to the nanocarrier
Frontiers in Immunology 03
through guest–host interactions. If the CDMac nanocarrier itself is

preferentially internalized by TAMs, the immuno-stimulatory

drugs are likewise delivered via an endosomal route. The goal of

this work was to explore host-modified macrins as a tool for

therapeutic TAM modulation in anti-cancer therapy. This work

has since resulted in vastly improved second-generation

nanoparticles with much higher payload capacity, drug

synergism, and therapeutic efficacy which are discussed.
B C

D E

A

FIGURE 1

Synthesis of host-modified macrin. (A) Lysine crosslinking of carboxymethyl dextran (CM-Dextran) yields macrins (Mac). These nanoparticles were
further modified by succinylation (B) to yield a negative charge (Mac(-)) and by click-coupling of propargyl-b-cyclodextrin (CDMac, (C) consuming
available azide groups). (D, E) Macrin diameter remained relatively constant during succinylation but significantly increased during host modification.
Mean ± s.d., n≥3; ****P<0.0001, ANOVA, Tukey HSD. Schematics in (A) have been adapted in part from reference (38). (Keliher et al.; Creative
Commons Attribution 4.0 International License).
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Results

Design of polyglucose nanoparticles with
host modification

Carboxymethyl dextran was crosslinked overnight with lysine

using EDC/NHS catalysis to synthesize macrin nanoparticles,

according to a previously described method (36–38). The method

yielded macrin nanoparticles with a diameter of 6.30 ± 0.25 nm;

though, variation in the particle size was found to be readily

controllable through synthesis conditions, with a strong

dependence on the EDC molar feed ratio, lysine concentration,

and polyglucose concentration (Supplementary Figure S1).

Succinylation of residual amines improved the negative charge of

the nanoparticles to –22.4 ± 0.92 mV (Figure 1B). To enable host

functionalization, b-cyclodextrin was modified with propargyl

groups via a 1,6-hexanediamine linker (Supplementary Figure S2).

Included azide groups in the macrin core structure provided a

functional handle for click coupling of propargyl-cyclodextrin to
Frontiers in Immunology 04
yield cyclodextrin (host)-modified macrins (CDMac). Success of the

host conjugation was confirmed by quantification of the free azide

content, which was nearly completely eliminated subsequent to the

click conjugation (Figure 1C). Dynamic light scattering revealed

that succinylation did not significantly change the size of macrins;

however, host conjugation significantly increased the size of the

nanoparticles (10.1 ± 1.04 nm, Figures 1D, E) likely attributable to

the relatively large quantity and size of the appended groups

(>1300 Da).
In vitro activity of immuno-stimulatory
drugs and their delivery by
host nanoparticles

For drug selection, we simultaneously evaluated the suitability

of potential immuno-stimulatory drugs for M1-like re-education

and for guest–host binding with b-cyclodextrin. For the former,

murine bone marrow-derived macrophages (BMDMs) were
B

C D E

A

FIGURE 2

Drug screening and nanoparticle-assisted delivery. (A) The capacity for drugs to provoke M2➔M1 re-education was assessed in IL-4 treated BMDMs,
using IL-12 expression level as a metric for the M1-like phenotype. Drug concentrations were increased by order of magnitude, with lowest
concentrations of 1 µM (indoximod), 100 nM (PLX3397), 10 nM (imatinib, UNC2025), and 1 nM (R848). Mean ± s.d., n=2 per condition. (B) The affinity
of guest–host complexes was assessed using a colorimetric competitive binding assay to determine the thermodynamic dissociation rate constant,
KD. Binding for imatinib was not measurable. (C) The uptake of CDMac-VT680 was examined by fluorescence microscopy in M2-like (IL-4 treated)
BMDMs. Staining: DAPI (nuclei, blue); WGA-AF488 (cell membrane, green); CDMac-VT680 (nanoparticle, red). Scale bar: 25 mm. (D) CDMac-assisted
delivery of R848 was examined in both M1-like and M2-like BMDMs. Mean ± s.d., n=2 per condition. (E) Mean IL-12 expression level with CDMac-
assisted delivery, normalized to soluble R848.
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polarized to an M2-like phenotype using IL-4 and subsequently

challenged with a set of immuno-stimulatory drugs with the goal of

re-educating them to an M1-like phenotype. Owing to literature

reports of the drug effects, we examined pexidartinib (i.e., PXL3397;

CSF1R inhibitor) (46, 47), imatinib (inhibitor of multiple tyrosine

kinases) (48), indoximod (IDO1 inhibitor) (49), UNC2025 (MerTK

inhibitor) (50–52), and R848 (i.e., resiquimod; TLR7/8 agonist) (32,

36, 42, 53–57). The expression level of IL-12 was used as a metric for

the simple examination of dose-dependent drug effects, as it is a

critical mediator of communication between myeloid and lymphoid

compartments in the tumor microenvironment and a reliable

biomarker of the M1-like state (58). Two drugs showed a high

capacity for inducing dose-dependent IL-12 expression: UNC2025

and R848 (Figure 2A). Interestingly, the effect of the drugs on the

expression levels of M1-associated (Nos2 and Il12) and M2-

associated (Mrc1 and Arg1) genes was highly dependent on the

presence of IFN-g (Supplementary Figure S3). Notably, only R848

had a high potency and the capacity to elevate IL-12 expression

levels even in the absence of IFN-g, indicating its ability to produce

M1-like reprogramming in macrophages. In cross-examining the

ability of the drugs to bind to b-cyclodextrin for their delivery, both

UNC2025 and R848 had millimolar binding affinity for b-
cyclodextrin (Figure 2B), indicating their potential for being

loaded in the host-modified macrins for cell-targeted delivery.

CDMac nanoparticles were rapidly internalized by BMDMs in

vitro (Figure 2C; expanded images available in Supplementary

Figure S4), which improved the ability of R848 into induce IL-12

expression in M2-like cells by as much as three-fold (Figures 2D, E).

While these changes in IL-12 expression with and without the

CDMac nanocarrier were not statistically significant (two-way

ANOVA), in v i t ro s tudies fa i l to account for drug

pharmacokinetics (e.g., blood half-life, biodistribution) that

govern drug efficacy in vivo. Our results confirm previous reports

that TLR7/8 agonists effectively promote M2-to-M1 re-education

(24, 26, 32, 53, 59) and illustrate that nanoparticle-assisted delivery

can moderately improve the cellular bioavailability of these drugs

even under in vitro conditions where cells are continually exposed

to extracellular drugs. Furthermore, previous studies have

demonstrated that R848 and related derivatives are non-cytotoxic,

including towards macrophage cell lines, primary macrophages,

and tumor cells (24, 26, 42, 60). Hence, these results indicate the

clinical potential of our nano-engineering strategy.
Nanoparticle biodistribution and effect
on TAMs

We examined the systemic persistence and biodistribution of

CDMac through near-IR fluorescent labeling of the particle (CDMac-

VT680). Concentrations in the systemic circulation were assessed by

quantification of the fluorescence intensity in microvasculature of the

ear in C57BL/6 mice following intravenous injection (Figure 3A).

Data were best fit to a bi-exponential decay having a long half-life of

nearly 2 h (Figure 3B), indicative of a prolonged systemic circulation

time. We also evaluated the organ-level biodistribution of CDMac in

mice bearing a single established MC38 tumor at 24 h after injection,
Frontiers in Immunology 05
by which time systemic circulation had fully cleared. Apart from the

liver, the nanoparticles preferentially accumulated in the tumor tissue

(Figures 3C, D).

These results are not unexpected, as Kupffer cells and sinusoidal

endothelial cells in the liver are known to contribute heavily to

nanoparticle clearance from the systemic circulation (61–63), and

removal of Kupffer cells is known to improve nanoparticle delivery

to tumors (64). Likewise, we determined that CDMac (zeta potential

of approximately –20 mV and diameter of ~10 nm) had a long

systemic persistence (long half-time of approximately 2 h). Our

finding is consistent with the previously established heuristic that

relatively large nanoparticles (diameter >5–10 nm) are not readily

eliminated by the kidneys (65–67). Indeed, further tuning of

biodistribution may be easily accessible, as adjusting catalyst or

crosslinker concentrations allowed facile alteration of macrin size

and charge (Figures 1B–E and Supplementary Figure S1), which are

known to influence systemic half-life, macrophage uptake, tissue

penetration, and ultimate biodistribution (66). However, further

exploration of these attributes was not pursued here.

Finally, the cellular biodistribution and effects of the

nanotherapeutic on TAMs was directly examined in vivo using a

dorsal window chamber setup for intravital imaging. We implanted

MC38-H2B-mApple tumor cells in IL12-eYFP reporter mice, which

were treated with Pacific Blue-dextran as a macrophage-imaging

agent to allow for the simultaneous visualization of tumor cells

(mApple), TAMs (Pacific Blue) and TAM phenotype (co-

expression of IL-12 and eYFP), respectively. At 24 h after

treatment by CDMac or CDMac loaded with R848 (CDMac-

R848), TAMs readily internalized CDMac, and IL-12-YFP

expression level significantly increased after CDMac-R848

administration (Figures 3E, F). Interestingly, the variability of

IL12-eYFP expression level was high in the CDMac-R848

treatment group (Figure 3F). These results were further validated

by flow cytometry (Supplementary Figure S5). In the tumor

microenvironment, TAMs were the predominant immune cell

types (nearly 70% of the CD45+ population) and the only

population of cells observed to uptake CDMac-VT680 to a

notable degree. In close agreement with image-based

quantification, the mean fluorescence intensity of IL12-eYFP

increased by nearly two-fold in TAMs; CD45+F4/80–CD11c+

dendritic cells were also minor contributors to IL-12 production,

with a limited number of apparent IL-12high cells.
Efficacy of drug-loaded nanoparticle
treatment in vivo

Motivated by observations of successful TAM re-education,

therapeutic efficacy of CDMac-R848 was examined in C57BL/6

mice bearing a single established MC38 tumor. Owing to the

unknown potential for re-educated M1-like TAMs to revert to a

M2-lke phenotype, a repeated administration regimen was used

(Figure 4A). While individual tumor response to free drug

treatment was highly variable (Figures 4B, C), CDMac-R848

treatment homogenized treatment response and led to a

qualitatively more consistent reduction in tumor volumes over
frontiersin.org
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time. Relative to vehicle controls, mean tumor growth was

significantly reduced by CDMac-R848 but not by the free drug,

including at the study endpoint on day nine post-treatment

(Figure 4B, Supplementary Figure S6).
Discussion

TAMs are highly abundant in many solid tumors (68) and

constituted 70% of the total tumor immune cell population in our

study. Macrophage polarity in the tumor microenvironment spans a

wide gamut, contributing to a high level of transcriptomic diversity
Frontiers in Immunology 06
(9). Matrix stiffening (69), efferocytosis of apoptotic cells (70, 71), and

altered levels of metabolites (10) during tumor progression shift the

phenotypic balance of TAMs toward a pro-tumor M2-like

phenotype. Myeloid cells, particularly macrophages, orchestrate

innate immune pathways, are prone to nanoparticle uptake, and

possess phenotypic plasticity, making them an attractive target for

nanoparticle-mediated drug delivery (24, 30–32). Immuno-

stimulation of TAMs via pH-gated nanoparticles (17), drug-

carrying nanoparticles (26), or hydrogels (72, 73) promotes

phagocytosis of tumor cells by macrophages and supports an anti-

tumor T cell response (74). Our results suggest that cyclodextrin-

modified macrins enabled targeted drug delivery to TAMs,
B

C D

E F

A

FIGURE 3

In vivo biodistribution and TAM re-polarization. (A) Representative fluorescence images of microvasculature in the ear following injection of CDMac-
VT680. (B) Corresponding quantification of CDMac blood half-life in naïve C57BL/6 mice. Individual data points are presented for n = 3 mice. Data was
well fit by a bi-exponential decay, for which the fit curve (black line) and 95% confidence interval (shaded, red) are included. (C) Fluorescence
reflectance imaging of CDMac-VT680 accumulation in the tumor and organs at 24 h following administration. (D) Quantification of the mean
fluorescence intensity (MFI), normalized to tissue mass. Mean ± SEM, n=3 mice. (E) Representative confocal fluorescence microscopy images of TAMs
within tumors 24 h following administration of CDMac (left) or CDMac-R848 (right), each in a single mouse. Scale bar: 20 mm. (F) Corresponding
quantification of YFP fluorescence. Mean ± s.d., n>100 cells per group across five fields of view per condition; ****P<0.0001, Welch’s t-test.
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reprogramming them into a M1-like phenotype. Macrins are known

to preferentially target macrophages (36), and TAMs were the most

abundant immune cells in the tumor (according to our flow

cytometry results). In combination, these two aspects explain the

propensity of CDMac to preferentially accumulate in the tumor.

Interestingly, targeting cell-surface receptors on macrophages

provides an avenue to reprogram macrophage phenotype. For

example, a monoclonal antibody targeted to the scavenger

receptor MARCO was shown to reprogram TAMs into M1-like

macrophages, inducing anti-tumor activity (in models of breast

cancer, colon carcinoma, and melanoma) and enhancing the

efficacy of immune checkpoint therapy (75). Furthermore,

engaging MRC1 via synthetic mimics of amphipathic host-

defense peptides induces endocytosis, phagosome/lysosome

formation, and autophagy, reprogramming M2-like TAMs to

anti-tumor M1-like state (76). An alternative strategy is enabled

by the propensity of macrophages to internalize nanoparticles via

endosomes, which contain toll-like receptors (TLRs) such as TLR7/

8 (77). Activation of such intracellular TLRs can polarize TAMs

into an M1-like state and lead to the production of pro-

inflammatory cytokines such as IL-12, via NF-kB signaling (24,

53, 54, 56, 78). In our study, the toll-like receptor agonist R848

demonstrated a potent ability to induce M1-like reprogramming in

M2-like macrophages. Enhancement of this effect by nanoparticle-

assisted delivery may be aided by the fact that R848 is an TLR7/8

agonist, effectively targeted to these receptors in the endosome

upon internalization.

Upregulating NF-kB signaling promotes M1-like polarization

in TAMs in ovarian cancer (79) and glioblastoma (74), thwarting

tumor progression. Upregulation of NF-kB signaling is critical for

myeloid expression of IL-12 (80), a key link between the innate

immune activation and adaptive immune response (81). IL-12 is

also known to potently induce anti-tumor immunity (58, 82).

Specifically, IL-12 produced by M1-like macrophages and
Frontiers in Immunology 07
dendritic cells (DCs) contribute to natural killer (NK) cell

activation (early stage) and conversion of naïve CD4+ T cells into

TH1 cells (late stage) (81). Interestingly, M2-like TAMs indirectly

diminish the cytotoxic function of CD8+ T cells, in part, by releasing

IL-10 that suppresses IL-12 expression in intra-tumoral dendritic

cells (19). Hence, increasing IL-12 production by M1-repolarized

TAMs may partly restore the anti-tumor activity of CD8+ T cells.

Our results revealed that the macrophage-directed delivery of drugs,

such as R848, via CDMac nanoparticles significantly increased IL-

12 expression level in TAMs, potentially explaining the in vivo anti-

tumor functionality of drug-loaded nanoparticles. Interestingly, the

role of IL-12 somewhat mirrors the activity of IFN-g in the crosstalk

between myeloid cells and lymphocytes. IFN-g produced by

activated NK cells, TH1 cells, and CD8+ T cells is sensed by

monocytes and dendritic cells (DCs), adding to the population of

M1-like macrophages and activated DCs that produce IL-12 (58). In

our study, exogenous IFN-g improved the M1-reprogramming

capability of drugs such as R848 and UNC2025.

We would like to note two cautionary points. First, the tumor

microenvironment varies in different organs, and TAMs may not

always neatly conform to an M2-like state (9, 83–86). For example,

FOLR2+ macrophages in human breast tumors interact with CD8+

T cells and promote anti-tumor immunity (86); in contrast, in

hepatocellular carcinoma, FOLR2+ macrophages participate in

immunosuppressive interactions with Treg cells (15). Second,

upregulating M1-associated signature does necessarily improve

the efficacy of immune checkpoint therapies. For example,

pharmacological inhibition of ARG1 in TAMs does not synergize

with anti-PD-1 therapy, as anti-PD-1 therapy itself decreases the

abundance of ARG1+ TAMs while increasing that of ARG1– TAMs

(13). Thus, the mechanistic basis of macrophage targeting needs to

be clear and context-specific.

Our study, which was conducted in 2017, was not without

limitations but ultimately led to drastic improvements in the overall
B

C

A

FIGURE 4

Therapeutic efficacy. (A) Schematic overview of treatment regimen. Treatments (CDMac, soluble R848, or CDMac-R848) were administered every
other day in mice (n=5 per group) bearing a single established MC38 tumor. (B) Waterfall plot of the change in tumor area at day 9, relative to
animal baseline. *P<0.05; Kruskal–Wallis, Dunn’s. (C) Individual tumor growth curves in response to treatment.
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approach and material design. First, the macrin nanoparticles had a

limited number of available host moieties, as most of the

nanoparticle was comprised of linear dextran chains with no

hosting capability. Second, although we demonstrated that drug-

loaded macrins induce M1-like programming in macrophages, we

did not directly evaluate tumor cell killing by macrophages or by

lymphocytes activated by IL-12. Third, a comprehensive analysis of

myeloid cell targeting in the tumor microenvironment was not

conducted here and may be a useful topic of further research. There

remains room for further understanding the mechanistic basis of

macrophage-activating therapeutics, including in the context of

mono- or adjuvant therapies. Particularly, antigen-specific anti-

tumor immune response potentially triggered by re-polarized

TAMs was not directly studied in this work and has recently

emerged as an interesting therapeutic modality (17, 32).

In work that arose as a direct result of this study, we improved

the hosting capacity of the platform by designing cyclodextrin

nanoparticles (CDNPs) which do not contain any dextran

molecules; this adaptation was allowed by the direct crosslinking

of succinylated b-cyclodextrin by lysine. Furthermore, we did

demonstrate that M1-like reprogramming of TAMs is a viable

strategy for cancer immunotherapy, including by synergy with

anti-PD1 therapy and with dependence on involvement of the

adaptive immune compartment (24) or independent of T cells in

the context of glioma (26). Hence, the lessons we learned from the

current study directly resulted in several impactful published

articles involving the CDNP platform, which have included the

delivery of alternative therapeutics for cancer and other diseases

(43, 44, 87), the direct modification of drugs by host groups to

enable improved drug binding (42), and multi-drug delivery for the

formation of even more highly activated myeloid cells (74, 88).

Therefore, macrophage engineering using drug-loaded

nanoparticles has an underexplored potential to reprogram the

immuno-suppressive tumor microenvironment and potentiate

favorable response toward immune checkpoint therapy, removing

a critical roadblock for clinical translation. Emerging avenues—

such as the introduction of phagocytosis-triggering CARs (89–91),

metabolic reprogramming (92), targeting lysosomal function (17,

18), induction of trained immunity (93), and synergistic targeting of

complementary immuno-stimulatory pathways in TAMs (74, 88)—

are worth exploring to realize the potential of in vivo macrophage

engineering to treat solid tumors and metastases.
Conclusions

Here, we developed a nanotherapeutic platform that is suitable

for the delivery of a variety of small molecule immuno-stimulatory

drugs into TAMs, taking advantage of the exceptional macrophage

avidity of macrins and extending their utility through the addition of

b-cyclodextrin moieties to enable the guest–host inclusion of

hydrophobic drugs. The resulting macrophage-targeted drug

vehicle (CDMac) non-covalently sequestered a potent immuno-

stimulatory drug candidate (R848) that demonstrated a
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pronounced ability to induce M1-like programming. Intravital

microscopy in IL12-eYFP reporter mice revealed a two-fold

enhancement in mean YFP fluorescence intensity in macrophages

targeted with R848-loaded CDMac, relative to vehicle controls alone,

indicating M1-like reprogramming of TAMs in vivo. While free drug

controls were not included in these imaging studies, nanoparticle-

assisted delivery significantly enhanced drug effects relative to the free

drug in vitro and better controlled tumor growth in mice. Our study

indicates that in vivo macrophage re-polarization via drug-loaded

nanoparticles is a viable strategy to target the immuno-suppressive

tumor microenvironment, potentially improving the efficacy of co-

administered lymphocyte-targeted immunotherapeutics.
Materials and methods

Materials

Unless otherwise indicated, solvents and general reagents were

procured from Sigma-Aldrich and used without additional

purification. Pharmacological drugs were purchased from

Selleckchem (imatinib mesylate, PLX3397, indoximod, and R848)

and MedchemExpress (UNC2025). Carboxymethyl dextran (10

kDa, 5% carboxylated) was purchased from TdB. Amino-dextran

(500kDa, Thermo Fisher) was fluorescently labeled by Pacific Blue

(label concentration: 40.1 ± 2.6 nM mg-1) as previously described

for intravital imaging (94). For all experiments, water was purified

using a MilliQ filtration system (Waters).
Nanoparticle synthesis

Macrins (Mac) were prepared as previously described (38).

Nanoparticles were formed by the simultaneous reaction of

carboxymethyl dextran with azido-acetic N-hydroxysuccinimidyl

ester (to introduce azide groups for later click-coupling) and L-

lysine (as a crosslinker), catalyzed by N-(3-dimethylaminopropyl)-

N’-ethlycarbodiimide hydrochloride (EDC; Thermo Fisher, 22980)

and N-hydroxysuccinimide (NHS). Resulting macrins were

recovered by precipitation from ice cold ethanol and further

purified by size-exclusion chromatography. Macrins were further

modified to produce a negative charge through succinylation (Mac

(-)). Macrin stocks (25 mg/mL) were prepared in MES buffer (50

mM, pH 6.0), to which triethyl amine (1 µL per mg macrin) and

excess succinic anhydride (100 mg per 1 mg macrin, dissolved in

DMSO at 0.5 g/mL) were added. The reaction was vigorously mixed

overnight prior to purification by elution through a PD-10 column

(GE Healthcare, 17-0851-01) and subsequent concentration by

centrifugal filtration (10 kDa MWCO, Sigma, UFC501096).

To allow for click-coupling of the host group, CD was modified

by alkynes through a 1,6-diaminohexane linker (Supplementary

Figure S1). Briefly, aminated CD (6-(6-aminohexyl)amino-6-

deoxy-b-cyclodextrin) was prepared via the tosylate intermediate

(6-o-monotosyl-6-deoxy-b-cyclodextrin), according to published
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protocols (95). Subsequently, aminated CD (500 mg, 1.0 eq.) was

reacted with propargyl-N-hydroxysuccinimidyl ester (114 mg, 1.25

eq.) by dissolution in anhydrous DMF (4 mL) followed by the

dropwise addition of triethylamine (0.21 mL, 2.5 eq, diluted in 4 mL

DMF) under dry argon. After overnight reaction at 30°C, a second

bolus of propargyl-N-hydroxysuccinimidyl ester (50 mg, dissolved

in 1 mL DMF) was added with subsequent reaction for 24 h to

ensure reaction completion. The reaction solution was concentrated

to 2 mL under reduced pressure and precipitated twice from a ten-

fold excess of ice-cold acetone to yield a white powder that was

washed twice each by ice cold acetone and diethyl ether. The

product was dried under vacuum overnight prior to 1H-NMR in

DMSO-d6. For click-coupling of macrins with the propargyl-

modified CD, succinylated macrins (2 mL, 10 mg/mL) were

combined with cupric sulfate (1 mL, 100 mM in water), sodium

ascorbate (1 mL, 100 mM in water), and propargyl-CD (1.2 mol

excess, relative to azide). After vigorously stirring overnight at 40°C,

the modified macrins (CDMac) were recovered by elution

through a PD-10 column and subsequent concentration by

centrifugal filtration.

For imaging studies, nanoparticles were fluorescently labeled by

dissolution at 20 mg/mL in carbonate buffer (0.1 M, pH 8.5) prior to

addition of VivoTag 680 XL (PerkinElmer, 1.0 mg/mL in anhydrous

DMSO) at a final concentration of 50 mM. The reaction was allowed

to proceed for 3 h at room temperature to yield CDMac-VT680. For

final purification, all crude nanoparticle preparations were re-

dissolved in water, concentrated by centrifugal filtration, washed

repeatedly by water, and lyophilized. The final products (Mac, Mac

(-), CDMac, and CDMac-VT680) were re-dissolved at a

concentration of 10 mg/mL and stored at –20°C until further use.
Nanoparticle characterization

Particle size was determined using dynamic light scattering

(DLS; Malvern, Zetasizer APS; n=3 per group) at a typical

concentration of 4.0 mg/mL in 100 mM PBS. Zeta potential was

determined at 10 mg/mL in 10 mM PBS (Malvern, Zetasizer ZS; n=4

per group). For quantification of azide content, nanoparticle

samples (20 µL, 10 mg/mL, n=4 per group) were combined with

cupric sulfate (10 µL, 100 mM in water), sodium ascorbate (10 µL,

100 mM in water), and 5-propargyl-fluorescein (10 µL, 10 mM in

DMSO). After shaking at 40°C for 2 h, nanoparticles were recovered

by elution through a PD-10 column and subsequent concentration

by centrifugal filtration. Absorption at 490 nm (Nanodrop) was

used to determine the fluorophore concentration conjugated on the

nanoparticle, based on the Beer–Lambert equation (A = gbc; where
A is the absorbance, g is the molar absorptivity [80,000 M−1 cm−1

for 5-propargyl-fluorescein], b is the path length, and c is the

concentration). For CDMac-VT680, absorption at 668 nm

(Nanodrop) was used to determine the label concentration (18.9

± 0.36 nol/mg) using the Beer–Lambert equation, (A = ebc, where A
is the absorbance, e is the molar absorptivity 210,000 M-1cm-1, and c

is the concentration).
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Guest–host affinity measurement

Analysis of drug affinity for CD was performed by a standard

colorimetric competitive binding assay (96), which was internally

optimized to improve assay sensitivity by using a 200 µM

concentration of phenolphthalein and a 5 mM concentration of CD.

For all experiments, stocks of phenolphthalein were freshly prepared in

carbonate buffer (125mM, pH 10.5). The decrease in absorbance at 550

nm due to guest–host complexation of phenolphthalein with CD and

absorbance recovery due to competitive drug binding were measured

(Tecan, Spark), accounting for sample dilution by drug addition. The

thermodynamic dissociation rate constant, KD, was determined by the

addition of increasing concentrations of drugs and fit to a one-site

competitive inhibition model.
Cell culture

The MC38 mouse colon adenocarcinoma cell line was provided

by M. Smyth (QIMR Berghofer Medical Research Institute) and

subsequently modified by stable transfection of the H2B-Apple

reporter to yield an MC38-H2B-mApple cell line employed in

intravital microscopy studies, as previously described (4). MC38

and MC38-H2B-Apple reporter cells were cultured in Iscove’s

DMEM supplemented with 10% fetal bovine serum, 1%

penicillin/streptomycin, and 1% L-glutamine. Bone marrow cells

were isolated from the surgically resected femur and tibia of naive

C57BL/6 mice as previously described (97). Once plated at a density

of 2.5 × 106 cells/mL in 48-well (Corning, 3527, for PCR analysis) or

1 × 106 cells/mL in optical-bottom 384-well plates (Thermo Fisher,

142761, for image analysis), bone marrow-derived macrophages

(BMDMs) were derived in Iscove’s Modified Dulbecco’s Medium

supplemented with 10% heat-inactivated fetal calf serum, 100 IU

penicillin, 100 mg/mL streptomycin and 10 ng/mL M-CSF

(PeproTech, 315-02) with media replenished every two days. All

cells were maintained in the indicated medium at 37°C and 5% CO2

with regular mycoplasma screening for cell lines.
In vitro phenotyping

For transcriptional analysis of BMDMs, media was replenished

with M-CSF-free media on day 7 including supplementation by

pharmacologic drugs at the prescribed concentrations. Standard

reference phenotypes were included as controls: M2-like (10 ng/mL

IL-4) and M1-like (100 ng/mL LPS, 50 ng/mL IFN-g) phenotypes.
At 24 h post-treatment, RNA was isolated (QIAGEN, 74106),

reverse transcribed (Thermo Fisher, 4368814), and subject to

qPCR using Taqman Fast Advanced Master Mix and probes for

Hprt (Mm01545399_m1), Il12b (Mm01288989_m1), Nos2

(Mm00440502_m1) , Cd80 (Mm00711660_m1) , Arg1

(Mm00475988_m1), and Mrc1 (Mm01329362_m1). Data is

expressed as a fold change in gene expression level using the

DDCt method (98), relative to the Hprt and M2-like controls.
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Pharmacokinetic and
biodistribution analysis

For imaging of nanoparticle uptake in vitro, M2-like BMDMs

were treated with CDMac-VT680 (100 mg/mL) for 4 h. Cells were

subsequently washed by PBS, fixed with paraformaldehyde (4%,

30 min, 37°C), and stained (cell membrane: 5.0 mg/mL Alexa Fluor

488 wheat germ agglutinin, Thermo Fisher; nuclei: DAPI,

Invitrogen) for 15 min at room temperature. Plates were washed

and subsequently imaged on a custom high-content screening

microscope (Olympus).

The blood half-life of CDMac-VT680 (1 mg, 100 mL saline,

administered by tail vein injection) was determined by confocal

fluorescence microscopy of vessels in the ear of C57BL/6 mice

(n=3). Time-lapse images were acquired continually during

injection and over the first 4 h, with follow-up image acquisition

at 24 h. Per mouse, multiple regions of interest were identified

within the labeled vasculature and the mean fluorescence intensity

determined as a function of time. Images were uniformly

background subtracted prior to quantification, and data were

normalized to their peak intensity and fit to a bi-exponential

decay. At 24 h following injection, CDMac-VT680 biodistribution

was examined in the C57BL/6 mice bearing established MC38

tumors. Surgically resected tissues were washed in PBS, massed,

and imaging performed using a small animal imaging system

(OV110, Olympus). Acquisition included brightfield imaging to

identify regions of interest and fluorescence reflectance imaging

(lex/em = 620–650/680–710 nm). The integrated fluorescence

density was determined for each tissue sample, normalized to

tissue mass, and background of tissues from a vehicle-treated

control mouse subtracted to account for tissue autofluorescence.
Intravital microscopy

To examine the cellular biodistribution and induction of IL-12

in vivo, intravital imaging was performed using dorsal skinfold

window chambers installed on p40-IRES-eYFP IL-12 reporter mice

inoculated with MC38–H2B-mApple tumors using methods similar

to those previously described (4, 99). Mice received CDMac-VT680

(1 mg, 100 mL saline) or CDMac-VT680 + R848 (1 mg CDMac-

VT680 + 2.0 mg/kg R848, 100 mL saline) each prepared in 50 mL
sterile saline by tail vein injection 24 h prior to imaging.

Macrophages were likewise labeled by Pacific Blue–dextran.

Images were pseudo-colored and processed in FIJI (100) by

adjusting brightness/contrast, creating z-projections of image

stacks, and performing a rolling ball background subtraction. For

quantification of IL-12 expression level, the sum of YFP, Pacific

Blue, and VT680 channels were segmented by automated

thresholding using the Rényi Entropy method to generate a mask

and corresponding ROIs for individual macrophages. The mean

fluorescence intensity was determined for YFP within each ROI. For

all confocal imaging, acquisition was performed using a

FV1000MPE (Olympus). Pacific Blue, GFP/YFP, mApple, and

VT680 were sequentially excited using 405-, 473-, 559-, and 635-

nm diode lasers and BA430-455, BA490-540, BA575-620, and
Frontiers in Immunology 10
BA655-755 emission filters with SDM473, SDM560, and SDM640

beam splitters.
Flow cytometry

To further examine the cellular biodistribution and induction of

IL-12 in the tumor microenvironment, CDMac-VT680 (1 mg, 100

mL saline) was administered by tail vein injection in IL-12-eYFP

reporter mice bearing established MC38 tumors 48 h prior to

examination. Tissues were minced, incubated in RPMI containing

0.2 mg/mL collagenase I (Worthington Biochemical) for 30 min at

37°C and then passed through a 40 mm filter. Red blood cells were

lysed using ACK lysis buffer (Thermo Fisher), Fc receptors blocked

by anti-CD16/32 (BioLegend, clone 93), and cells stained in

phosphate buffered saline containing 0.5% BSA and 2 mM EDTA

with fluorochrome labeled antibodies against CD45 (eBioscience,

30-F11), CD11c (BioLegend, N418), Ly6G (BioLegend, 1A8), F4/80

(BioLegend, BM8), and 7-AAD. Samples were run on a LSR II flow

cytometer (BD) and analyzed in FlowJo v.8.8.7 (Tree Star, Inc.) to

identify macrophages (CD45+Ly6G–F4/80+), dendritic cells

(CD45+F4/80–CD11c+), and other immune cells (CD45+F4/

80–CD11c–).
Animal models

Animal research was conducted in compliance with the

Institutional Animal Care and Use Committees at Massachusetts

General Hospital (MGH). Unless otherwise stated, experiments

were performed using C57BL/6 mice (female, 6–8 weeks of age at

experiment initiation; Jackson, 000664). Intravital examination of

CDMac-VT680 and IL-12 expression was concurrently performed

using p40-IRES-eYFP-IL-12 reporter mice (Jackson, 015864).

Tumor growth studies were initiated by intradermal injection (2

× 106 MC38 cells, 50 mL PBS). Treatment groups were assigned such

that body weight and tumor size were normalized across groups at

baseline once tumors reached an established size of 25 mm2 (100

mm3). Mice were treated every other day tail vein injection of R848

(2.0 mg/kg), CDMac (1 mg), or equivalent dosing of CDMac-R848,

each in 100 mL saline. Tumor growth was monitored by caliper

measurement (A = length × width) and values are reported

following normalization to baseline.
Data analysis

Image analysis was performed in FIJI (100). Statistical analyses

were performed using GraphPad Prism 9.5.0. Unless indicated, data

are presented as mean ± standard deviation (SD). Statistical

significance was determined by ANOVA with post hoc Tukey’s

honestly significant difference (HSD) test. For tumor growth,

temporal analysis was made by Friedman’s test and comparison

at set time points was performed by Kruskal–Wallis test with post

hoc Dunn’s test. Significance cut-off was set at P < 0.05.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1331480
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sarkar et al. 10.3389/fimmu.2024.1331480
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The animal study was approved by Institutional Animal Care

and Use Committees at Massachusetts General Hospital. The study

was conducted in accordance with the local legislation and

institutional requirements.
Author contributions

BS: Visualization, Writing – original draft, Writing – review &

editing. SA: Data curation, Formal analysis, Investigation,

Methodology, Visualization, Writing – review & editing. MC:

Data curation, Formal analysis, Investigation, Methodology,

Writing – review & editing, Visualization. CG: Data curation,

Formal analysis, Investigation, Methodology, Visualization,

Writing – review & editing. RW: Conceptualization, Funding

acquisition, Project administration, Resources, Supervision,

Writing – original draft, Writing – review & editing. CR:

Conceptualization, Data curation, Funding acquisition,

Investigation, Methodology, Supervision, Writing – original draft,

Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported, in part, by grants from the NIH, including
Frontiers in Immunology 11
T32CA079443 (RW), R01CA206890 (RW), U01CA206997 (RW),

R01HL131495 (RW), and R35GM147184 (CR). BS is supported by

a fellowship from the Cotswold Foundation (grant no. CF-230482).
Acknowledgments

We thank Greg Wojtkiewicz, Mark Prytyskach, and Dr. Rainer

Kohler for technical assistance with the experiments as well as Hye-

Yeong Kim and Edmund Keliher for helpful discussion regarding

material synthesis.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1331480/

full#supplementary-material
References
1. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science. (2018) 359:1350–5. doi: 10.1126/science.aar4060

2. Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immunotherapy: From T
cell basic science to clinical practice. Nat Rev Immunol. (2020) 20:651–68. doi: 10.1038/
s41577-020-0306-5

3. Watson RA, Tong O, Cooper R, Taylor CA, Sharma PK, de Los Aires AV, et al.
Immune checkpoint blockade sensitivity and progression-free survival associates with
baseline cd8(+) T cell clone size and cytotoxicity. Sci Immunol. (2021) 6:eabj8825.
doi: 10.1126/sciimmunol.abj8825

4. Arlauckas SP, Garris CS, Kohler RH, Kitaoka M, Cuccarese MF, Yang KS, et al. In
vivo imaging reveals a tumor-associated macrophage-mediated resistance pathway in
anti-pd-1 therapy. Sci Transl Med. (2017) 9:eaal3604. doi: 10.1126/scitranslmed.aal3604

5. Junttila MR, de Sauvage FJ. Influence of tumour micro-environment heterogeneity
on therapeutic response. Nature. (2013) 501:346–54. doi: 10.1038/nature12626

6. Gungabeesoon J, Gort-Freitas NA, Kiss M, Bolli E, Messemaker M, Siwicki M,
et al. A neutrophil response linked to tumor control in immunotherapy. Cell. (2023)
186:1448–64.e20. doi: 10.1016/j.cell.2023.02.032

7. Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches in cancer.
Nat Rev Drug Discovery. (2018) 17:887–904. doi: 10.1038/nrd.2018.169

8. Pittet MJ, Michielin O, Migliorini D. Clinical relevance of tumour-associated
macrophages. Nat Rev Clin Oncol. (2022) 19:402–21. doi: 10.1038/s41571-022-00620-6
9. Bill R, Wirapati P, Messemaker M, Roh W, Zitti B, Duval F, et al. Cxcl9:Spp1
macrophage polarity identifies a network of cellular programs that control human
cancers. Science. (2023) 381:515–24. doi: 10.1126/science.ade2292

10. Noe JT, Rendon BE, Geller AE, Conroy LR, Morrissey SM, Young LEA, et al.
Lactate supports a metabolic-epigenetic link in macrophage polarization. Sci Adv.
(2021) 7:eabi8602. doi: 10.1126/sciadv.abi8602

11. DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity and
immunotherapy. Nat Rev Immunol. (2019) 19:369–82. doi: 10.1038/s41577-019-0127-6

12. Lineweaver CH, Bussey KJ, Blackburn AC, Davies PCW. Cancer progression as a
sequence of atavistic reversions. Bioessays. (2021) 43:e2000305. doi: 10.1002/bies.202000305

13. Arlauckas SP, Garren SB, Garris CS, Kohler RH, Oh J, Pittet MJ, et al. Arg1
expression defines immunosuppressive subsets of tumor-associated macrophages.
Theranostics. (2018) 8:5842–54. doi: 10.7150/thno.26888

14. Carmona-Fontaine C, Deforet M, Akkari L, Thompson CB, Joyce JA, Xavier JB.
Metabolic origins of spatial organization in the tumor microenvironment. Proc Natl
Acad Sci U.S.A. (2017) 114:2934–9. doi: 10.1073/pnas.1700600114

15. Sharma A, Seow JJW, Dutertre CA, Pai R, Bleriot C, Mishra A, et al. Onco-fetal
reprogramming of endothelial cells drives immunosuppressive macrophages in
hepatocellular carcinoma. Cell. (2020) 183:377–94.e21. doi: 10.1016/j.cell.2020.08.040

16. Noy R, Pollard JW. Tumor-associated macrophages: From mechanisms to
therapy. Immunity. (2014) 41:49–61. doi: 10.1016/j.immuni.2014.06.010
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1331480/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1331480/full#supplementary-material
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1126/sciimmunol.abj8825
https://doi.org/10.1126/scitranslmed.aal3604
https://doi.org/10.1038/nature12626
https://doi.org/10.1016/j.cell.2023.02.032
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1038/s41571-022-00620-6
https://doi.org/10.1126/science.ade2292
https://doi.org/10.1126/sciadv.abi8602
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1002/bies.202000305
https://doi.org/10.7150/thno.26888
https://doi.org/10.1073/pnas.1700600114
https://doi.org/10.1016/j.cell.2020.08.040
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.3389/fimmu.2024.1331480
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sarkar et al. 10.3389/fimmu.2024.1331480
17. Tang M, Chen B, Xia H, Pan M, Zhao R, Zhou J, et al. Ph-gated nanoparticles
selectively regulate lysosomal function of tumour-associated macrophages for cancer
immunotherapy. Nat Commun. (2023) 14:5888. doi: 10.1038/s41467-023-41592-0

18. Cui C, Chakraborty K, Tang XA, Schoenfelt KQ, Hoffman A, Blank A, et al. A
lysosome-targeted DNA nanodevice selectively targets macrophages to attenuate
tumours. Nat Nanotechnol. (2021) 16:1394–402. doi: 10.1038/s41565-021-00988-z

19. Ruffell B, Chang-Strachan D, Chan V, Rosenbusch A, Ho CM, Pryer N, et al.
Macrophage il-10 blocks cd8+ T cell-dependent responses to chemotherapy by
suppressing il-12 expression in intratumoral dendritic cells. Cancer Cell. (2014)
26:623–37. doi: 10.1016/j.ccell.2014.09.006

20. Yu J, GreenMD, Li S, Sun Y, Journey SN, Choi JE, et al. Liver metastasis restrains
immunotherapy efficacy via macrophage-mediated T cell elimination. Nat Med. (2021)
27:152–64. doi: 10.1038/s41591-020-1131-x

21. Nixon BG, Kuo F, Ji L, Liu M, Capistrano K, Do M, et al. Tumor-associated
macrophages expressing the transcription factor irf8 promote T cell exhaustion in
cancer. Immunity. (2022) 55:2044–58.e5. doi: 10.1016/j.immuni.2022.10.002

22. Kersten K, Hu KH, Combes AJ, Samad B, Harwin T, Ray A, et al. Spatiotemporal
co-dependency between macrophages and exhausted cd8(+) T cells in cancer. Cancer
Cell. (2022) 40:624–38.e9. doi: 10.1016/j.ccell.2022.05.004

23. Fu J, Kanne DB, Leong M, Glickman LH, McWhirter SM, Lemmens E, et al.
Sting agonist formulated cancer vaccines can cure established tumors resistant to pd-1
blockade. Sci Transl Med. (2015) 7:283ra52. doi: 10.1126/scitranslmed.aaa4306

24. Rodell CB, Arlauckas SP, Cuccarese MF, Garris CS, Li R, Ahmed MS, et al. Tlr7/
8-agonist-loaded nanoparticles promote the polarization of tumour-associated
macrophages to enhance cancer immunotherapy. Nat BioMed Eng. (2018) 2:578–88.
doi: 10.1038/s41551-018-0236-8

25. Xiang X, Wang J, Lu D, Xu X. Targeting tumor-associated macrophages to
synergize tumor immunotherapy. Signal Transduct Target Ther. (2021) 6:75.
doi: 10.1038/s41392-021-00484-9

26. Turco V, Pfleiderer K, Hunger J, Horvat NK, Karimian-Jazi K, Schregel K, et al. T
cell-independent eradication of experimental glioma by intravenous tlr7/8-agonist-
loaded nanoparticles. Nat Commun. (2023) 14:771. doi: 10.1038/s41467-023-36321-6

27. Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L, Quail DF,
et al. Csf-1r inhibition alters macrophage polarization and blocks glioma progression.
Nat Med. (2013) 19:1264–72. doi: 10.1038/nm.3337

28. Tap WD, Wainberg ZA, Anthony SP, Ibrahim PN, Zhang C, Healey JH, et al.
Structure-guided blockade of csf1r kinase in tenosynovial giant-cell tumor. N Engl J
Med. (2015) 373:428–37. doi: 10.1056/NEJMoa1411366

29. Cuccarese MF, Dubach JM, Pfirschke C, Engblom C, Garris C, Miller MA, et al.
Heterogeneity of macrophage infiltration and therapeutic response in lung carcinoma
revealed by 3d organ imaging. Nat Commun. (2017) 8:14293. doi: 10.1038/
ncomms14293

30. Zanganeh S, Hutter G, Spitler R, Lenkov O, Mahmoudi M, Shaw A, et al. Iron
oxide nanoparticles inhibit tumour growth by inducing pro-inflammatory macrophage
polarization in tumour tissues. Nat Nanotechnol. (2016) 11:986–94. doi: 10.1038/
nnano.2016.168

31. Wei Z, Zhang X, Yong T, Bie N, Zhan G, Li X, et al. Boosting anti-pd-1 therapy
with metformin-loaded macrophage-derived microparticles. Nat Commun. (2021)
12:440. doi: 10.1038/s41467-020-20723-x

32. Zhang X, Wei Z, Yong T, Li S, Bie N, Li J, et al. Cell microparticles loaded with
tumor antigen and resiquimod reprogram tumor-associated macrophages and promote
stem-like cd8(+) T cells to boost anti-pd-1 therapy. Nat Commun. (2023) 14:5653.
doi: 10.1038/s41467-023-41438-9

33. Sylvestre M, Crane CA, Pun SH. Progress on modulating tumor-associated
macrophages with biomaterials. Adv Mater. (2020) 32:e1902007. doi: 10.1002/
adma.201902007

34. Soni SS, Rodell CB. Polymeric materials for immune engineering: Molecular
interaction to biomaterial design. Acta Biomater. (2021) 133:139–52. doi: 10.1016/
j.actbio.2021.01.016

35. Singh A, Chakraborty S, Wong SW, Hefner NA, Stuart A, Qadir AS, et al.
Nanoparticle targeting of de novo profibrotic macrophages mitigates lung fibrosis. Proc
Natl Acad Sci U.S.A. (2022) 119:e2121098119. doi: 10.1073/pnas.2121098119

36. Kim HY, Li R, Ng TSC, Courties G, Rodell CB, Prytyskach M, et al. Quantitative
imaging of tumor-associated macrophages and their response to therapy using (64)Cu-
labeled macrin. ACS Nano. (2018) 12:12015–29. doi: 10.1021/acsnano.8b04338

37. Keliher EJ, Yoo J, Nahrendorf M, Lewis JS, Marinelli B, Newton A, et al. 89zr-
labeled dextran nanoparticles allow in vivo macrophage imaging. Bioconjug Chem.
(2011) 22:2383–9. doi: 10.1021/bc200405d

38. Keliher EJ, Ye YX, Wojtkiewicz GR, Aguirre AD, Tricot B, Senders ML, et al.
Polyglucose nanoparticles with renal elimination and macrophage avidity facilitate pet
imaging in ischaemic heart disease. Nat Commun. (2017) 8:14064. doi: 10.1038/
ncomms14064

39. Rodell CB, Kaminski AL, Burdick JA. Rational design of network properties in
guest-host assembled and shear-thinning hyaluronic acid hydrogels .
Biomacromolecules. (2013) 14:4125–34. doi: 10.1021/bm401280z

40. Ma X, Zhao Y. Biomedical applications of supramolecular systems based on
host-guest interactions. Chem Rev. (2015) 115:7794–839. doi: 10.1021/cr500392w
Frontiers in Immunology 12
41. Rodell CB, Mealy JE, Burdick JA. Supramolecular guest-host interactions for the
preparation of biomedical materials. Bioconjug Chem. (2015) 26:2279–89. doi: 10.1021/
acs.bioconjchem.5b00483

42. Rodell CB, Ahmed MS, Garris CS, Pittet MJ, Weissleder R. Development of
adamantane-conjugated tlr7/8 agonists for supramolecular delivery and cancer
immunotherapy. Theranostics. (2019) 9:8426–36. doi: 10.7150/thno.35434

43. Ahmed MS, Rodell CB, Hulsmans M, Kohler RH, Aguirre AD, Nahrendorf M,
et al. A supramolecular nanocarrier for delivery of amiodarone anti-arrhythmic therapy
to the heart. Bioconjug Chem. (2019) 30:733–40. doi: 10.1021/acs.bioconjchem.8b00882

44. Soni SS, D'Elia AM, Alsasa A, Cho S, Tylek T, O'Brien EM, et al. Sustained
release of drug-loaded nanoparticles from injectable hydrogels enables long-term
control of macrophage phenotype. Biomater Sci. (2022) 10:6951–67. doi: 10.1039/
D2BM01113A

45. Dogan A, von Recum H. Engineering selective molecular tethers to enhance
suboptimal drug properties. Acta Biomaterialia. (2020) 115:383–92. doi: 10.1016/
j.actbio.2020.07.045

46. Mok S, Tsoi J, Koya RC, Hu-Lieskovan S, West BL, Bollag G, et al. Inhibition of
colony stimulating factor-1 receptor improves antitumor efficacy of braf inhibition.
BMC Cancer. (2015) 15:356. doi: 10.1186/s12885-015-1377-8

47. Yan D, Kowal J, Akkari L, Schuhmacher AJ, Huse JT, West BL, et al. Inhibition of
colony stimulating factor-1 receptor abrogates microenvironment-mediated therapeutic
resistance in gliomas. Oncogene. (2017) 36:6049–58. doi: 10.1038/onc.2017.261

48. Yao Z, Zhang J, Zhang B, Liang G, Chen X, Yao F, et al. Imatinib prevents lung
cancer metastasis by inhibiting M2-like polarization of macrophages. Pharmacol Res.
(2018) 133:121–31. doi: 10.1016/j.phrs.2018.05.002

49. Brincks EL, Adams J, Wang L, Turner B, Marcinowicz A, Ke J, et al. Indoximod
opposes the immunosuppressive effects mediated by ido and tdo via modulation of ahr
function and activation of mtorc1. Oncotarget. (2020) 11:2438–61. doi: 10.18632/
oncotarget.27646

50. Zhang W, DeRyckere D, Hunter D, Liu J, Stashko MA, Minson KA, et al.
Unc2025, a potent and orally bioavailable mer/flt3 dual inhibitor. J Med Chem. (2014)
57:7031–41. doi: 10.1021/jm500749d

51. Lin J, Xu A, Jin J, Zhang M, Lou J, Qian C, et al. Mertk-mediated efferocytosis
promotes immune tolerance and tumor progression in osteosarcoma through
enhancing M2 polarization and pd-L1 expression. Oncoimmunology. (2022)
11:2024941. doi: 10.1080/2162402X.2021.2024941

52. Zhuang WR, Wang Y, Nie W, Lei Y, Liang C, He J, et al. Bacterial outer
membrane vesicle based versatile nanosystem boosts the efferocytosis blockade
triggered tumor-specific immunity. Nat Commun. (2023) 14:1675. doi: 10.1038/
s41467-023-37369-0

53. Figueiredo P, Lepland A, Scodeller P, Fontana F, Torrieri G, Tiboni M, et al.
Peptide-guided resiquimod-loaded lignin nanoparticles convert tumor-associated
macrophages from M2 to M1 phenotype for enhanced chemotherapy. Acta
Biomater. (2021) 133:231–43. doi: 10.1016/j.actbio.2020.09.038

54. Sallam MA, Wyatt Shields Iv C, Prakash S, Kim J, Pan DC, Mitragotri S. A dual
macrophage polarizer conjugate for synergistic melanoma therapy. J Control Release.
(2021) 335:333–44. doi: 10.1016/j.jconrel.2021.05.033

55. Chen J, Liu X, Zhao S, Chen H, Lu T, Wang J, et al. Carboxymethylated alginate-
resiquimod micelles reverse the immunosuppressive tumor microenvironment and
synergistically enhance the chemotherapy and immunotherapy for gastric cancer. ACS
Appl Mater Interfaces. (2023) 15:35999–6012. doi: 10.1021/acsami.3c06828

56. Michaelis KA, Norgard MA, Zhu X, Levasseur PR, Sivagnanam S, Liudahl SM,
et al. The tlr7/8 agonist R848 remodels tumor and host responses to promote survival in
pancreatic cancer. Nat Commun. (2019) 10:4682. doi: 10.1038/s41467-019-13151-z

57. Bahmani B, Gong H, Luk BT, Haushalter KJ, DeTeresa E, Previti M, et al.
Intratumoral immunotherapy using platelet-cloaked nanoparticles enhances antitumor
immunity in solid tumors. Nat Commun. (2021) 12:1999. doi: 10.1038/s41467-021-
22311-z

58. Garris CS, Arlauckas SP, Kohler RH, Trefny MP, Garren S, Piot C, et al.
Successful anti-pd-1 cancer immunotherapy requires T cell-dendritic cell crosstalk
involving the cytokines ifn-gamma and il-12. Immunity. (2018) 49:1148–61.e7.
doi: 10.1016/j.immuni.2018.09.024

59. Li H, Somiya M, Kuroda S. Enhancing antibody-dependent cellular phagocytosis
by re-education of tumor-associated macrophages with resiquimod-encapsulated
liposomes. Biomaterials. (2021) 268:120601. doi: 10.1016/j.biomaterials.2020.120601

60. Anfray C, Mainini F, Digifico E, Maeda A, Sironi M, Erreni M, et al. Intratumoral
combination therapy with poly(I:C) and resiquimod synergistically triggers tumor-
associated macrophages for effective systemic antitumoral immunity. J Immunother
Cancer. (2021) 9:e002408. doi: 10.1136/jitc-2021-002408

61. Park JK, Utsumi T, Seo YE, Deng Y, Satoh A, Saltzman WM, et al. Cellular
distribution of injected plga-nanoparticles in the liver. Nanomedicine. (2016) 12:1365–
74. doi: 10.1016/j.nano.2016.01.013

62. Tsoi KM, MacParland SA, Ma XZ, Spetzler VN, Echeverri J, Ouyang B, et al.
Mechanism of hard-nanomaterial clearance by the liver. Nat Mater. (2016) 15:1212–21.
doi: 10.1038/nmat4718

63. Poon W, Zhang YN, Ouyang B, Kingston BR, Wu JLY, Wilhelm S, et al.
Elimination pathways of nanoparticles. ACS Nano. (2019) 13:5785–98. doi: 10.1021/
acsnano.9b01383
frontiersin.org

https://doi.org/10.1038/s41467-023-41592-0
https://doi.org/10.1038/s41565-021-00988-z
https://doi.org/10.1016/j.ccell.2014.09.006
https://doi.org/10.1038/s41591-020-1131-x
https://doi.org/10.1016/j.immuni.2022.10.002
https://doi.org/10.1016/j.ccell.2022.05.004
https://doi.org/10.1126/scitranslmed.aaa4306
https://doi.org/10.1038/s41551-018-0236-8
https://doi.org/10.1038/s41392-021-00484-9
https://doi.org/10.1038/s41467-023-36321-6
https://doi.org/10.1038/nm.3337
https://doi.org/10.1056/NEJMoa1411366
https://doi.org/10.1038/ncomms14293
https://doi.org/10.1038/ncomms14293
https://doi.org/10.1038/nnano.2016.168
https://doi.org/10.1038/nnano.2016.168
https://doi.org/10.1038/s41467-020-20723-x
https://doi.org/10.1038/s41467-023-41438-9
https://doi.org/10.1002/adma.201902007
https://doi.org/10.1002/adma.201902007
https://doi.org/10.1016/j.actbio.2021.01.016
https://doi.org/10.1016/j.actbio.2021.01.016
https://doi.org/10.1073/pnas.2121098119
https://doi.org/10.1021/acsnano.8b04338
https://doi.org/10.1021/bc200405d
https://doi.org/10.1038/ncomms14064
https://doi.org/10.1038/ncomms14064
https://doi.org/10.1021/bm401280z
https://doi.org/10.1021/cr500392w
https://doi.org/10.1021/acs.bioconjchem.5b00483
https://doi.org/10.1021/acs.bioconjchem.5b00483
https://doi.org/10.7150/thno.35434
https://doi.org/10.1021/acs.bioconjchem.8b00882
https://doi.org/10.1039/D2BM01113A
https://doi.org/10.1039/D2BM01113A
https://doi.org/10.1016/j.actbio.2020.07.045
https://doi.org/10.1016/j.actbio.2020.07.045
https://doi.org/10.1186/s12885-015-1377-8
https://doi.org/10.1038/onc.2017.261
https://doi.org/10.1016/j.phrs.2018.05.002
https://doi.org/10.18632/oncotarget.27646
https://doi.org/10.18632/oncotarget.27646
https://doi.org/10.1021/jm500749d
https://doi.org/10.1080/2162402X.2021.2024941
https://doi.org/10.1038/s41467-023-37369-0
https://doi.org/10.1038/s41467-023-37369-0
https://doi.org/10.1016/j.actbio.2020.09.038
https://doi.org/10.1016/j.jconrel.2021.05.033
https://doi.org/10.1021/acsami.3c06828
https://doi.org/10.1038/s41467-019-13151-z
https://doi.org/10.1038/s41467-021-22311-z
https://doi.org/10.1038/s41467-021-22311-z
https://doi.org/10.1016/j.immuni.2018.09.024
https://doi.org/10.1016/j.biomaterials.2020.120601
https://doi.org/10.1136/jitc-2021-002408
https://doi.org/10.1016/j.nano.2016.01.013
https://doi.org/10.1038/nmat4718
https://doi.org/10.1021/acsnano.9b01383
https://doi.org/10.1021/acsnano.9b01383
https://doi.org/10.3389/fimmu.2024.1331480
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sarkar et al. 10.3389/fimmu.2024.1331480
64. Tavares AJ, PoonW, Zhang YN, Dai Q, Besla R, Ding D, et al. Effect of removing
kupffer cells on nanoparticle tumor delivery. Proc Natl Acad Sci U.S.A. (2017) 114:
E10871–E80. doi: 10.1073/pnas.1713390114

65. Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Itty Ipe B, et al. Renal clearance
of quantum dots. Nat Biotechnol. (2007) 25:1165–70. doi: 10.1038/nbt1340

66. Hoshyar N, Gray S, Han H, Bao G. The effect of nanoparticle size on in vivo
pharmacokinetics and cellular interaction. Nanomedicine (Lond). (2016) 11:673–92.
doi: 10.2217/nnm.16.5

67. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer R.
Engineering precision nanoparticles for drug delivery. Nat Rev Drug Discovery. (2021)
20:101–24. doi: 10.1038/s41573-020-0090-8

68. Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, et al. The
prognostic landscape of genes and infiltrating immune cells across human cancers. Nat
Med. (2015) 21:938–45. doi: 10.1038/nm.3909

69. Taufalele PV, WangW, Simmons AJ, Southard-Smith AN, Chen B, Greenlee JD,
et al. Matrix stiffness enhances cancer-macrophage interactions and M2-like
macrophage accumulation in the breast tumor microenvironment. Acta Biomater.
(2023) 163:365–77. doi: 10.1016/j.actbio.2022.04.031

70. Graham DK, DeRyckere D, Davies KD, Earp HS. The tam family:
Phosphatidylserine sensing receptor tyrosine kinases gone awry in cancer. Nat Rev
Cancer. (2014) 14:769–85. doi: 10.1038/nrc3847

71. Birge RB, Boeltz S, Kumar S, Carlson J, Wanderley J, Calianese D, et al.
Phosphatidylserine is a global immunosuppressive signal in efferocytosis, infectious
disease, and cancer. Cell Death Differ. (2016) 23:962–78. doi: 10.1038/cdd.2016.11

72. Wang F, Huang Q, Su H, Sun M, Wang Z, Chen Z, et al. Self-assembling
paclitaxel-mediated stimulation of tumor-associated macrophages for postoperative
treatment of glioblastoma. Proc Natl Acad Sci U.S.A. (2023) 120:e2204621120.
doi: 10.1073/pnas.2204621120

73. Chen Q, Wang C, Zhang X, Chen G, Hu Q, Li H, et al. In situ sprayed
bioresponsive immunotherapeutic gel for post-surgical cancer treatment. Nat
Nanotechnol. (2019) 14:89–97. doi: 10.1038/s41565-018-0319-4

74. Lugani S, Halabi EA, Oh J, Kohler RH, Peterson HM, Breakefield XO, et al. Dual
immunostimulatory pathway agonism through a synthetic nanocarrier triggers robust
anti-tumor immunity in murine glioblastoma. Adv Mater. (2023) 35:e2208782.
doi: 10.1002/adma.202208782

75. Georgoudaki AM, Prokopec KE, Boura VF, Hellqvist E, Sohn S, Ostling J, et al.
Reprogramming tumor-associated macrophages by antibody targeting inhibits cancer
progression and metastasis. Cell Rep. (2016) 15:2000–11. doi: 10.1016/j.celrep.2016.04.084

76. Jaynes JM, Sable R, Ronzetti M, Bautista W, Knotts Z, Abisoye-Ogunniyan A,
et al. Mannose receptor (Cd206) activation in tumor-associated macrophages enhances
adaptive and innate antitumor immune responses. Sci Transl Med. (2020) 12:eaax6337.
doi: 10.1126/scitranslmed.aax6337

77. Gay NJ, Symmons MF, Gangloff M, Bryant CE. Assembly and localization of
toll-like receptor signalling complexes. Nat Rev Immunol. (2014) 14:546–58.
doi: 10.1038/nri3713

78. Rodell CB, Koch PD, Weissleder R. Screening for new macrophage therapeutics.
Theranostics. (2019) 9:7714–29. doi: 10.7150/thno.34421

79. Hoover AA, Hufnagel DH, Harris W, Bullock K, Glass EB, Liu E, et al. Increased
canonical nf-kappab signaling specifically in macrophages is sufficient to limit tumor
progression in syngeneic murine models of ovarian cancer. BMC Cancer. (2020) 20:970.
doi: 10.1186/s12885-020-07450-8

80. Koch PD, Pittet MJ, Weissleder R. The chemical biology of il-12 production via
the non-canonical nfkb pathway. RSC Chem Biol. (2020) 1:166–76. doi: 10.1039/
D0CB00022A

81. Bashyam H. Interleukin-12: A master regulator. J Exp Med. (2007) 204:969.
doi: 10.1084/jem.2045fta

82. Tugues S, Burkhard SH, Ohs I, Vrohlings M, Nussbaum K, Vom Berg J, et al.
New insights into il-12-mediated tumor suppression. Cell Death Differ. (2015) 22:237–
46. doi: 10.1038/cdd.2014.134
Frontiers in Immunology 13
83. Cheng S, Li Z, Gao R, Xing B, Gao Y, Yang Y, et al. A pan-cancer single-cell
transcriptional atlas of tumor infiltrating myeloid cells. Cell. (2021) 184:792–809.e23.
doi: 10.1016/j.cell.2021.01.010

84. Mulder K, Patel AA, Kong WT, Piot C, Halitzki E, Dunsmore G, et al. Cross-
tissue single-cell landscape of human monocytes and macrophages in health and
disease. Immunity. (2021) 54:1883–900.e5. doi: 10.1016/j.immuni.2021.07.007

85. Caronni N, La Terza F, Vittoria FM, Barbiera G, Mezzanzanica L, Cuzzola V,
et al. Il-1beta(+) macrophages fuel pathogenic inflammation in pancreatic cancer.
Nature. (2023) 623:415–22. doi: 10.1038/s41586-023-06685-2

86. Nalio Ramos R, Missolo-Koussou Y, Gerber-Ferder Y, Bromley CP, Bugatti M,
Nunez NG, et al. Tissue-resident folr2(+) macrophages associate with cd8(+) T cell
infiltration in human breast cancer. Cell. (2022) 185:1189–207.e25. doi: 10.1016/
j.cell.2022.02.021

87. Koch PD, Rodell CB, Kohler RH, Pittet MJ, Weissleder R. Myeloid cell-targeted
nanocarriers efficiently inhibit cellular inhibitor of apoptosis for cancer immunotherapy.
Cell Chem Biol. (2020) 27:94–104.e5. doi: 10.1016/j.chembiol.2019.12.007

88. Fredrich IR, Halabi EA, Kohler RH, Ge X, Garris CS, Weissleder R. Highly active
myeloid therapy for cancer. ACS Nano. (2023) 17:20666–79. doi: 10.1021/
acsnano.3c08034

89. Morrissey MA, Williamson AP, Steinbach AM, Roberts EW, Kern N, Headley
MB, et al. Chimeric antigen receptors that trigger phagocytosis. Elife. (2018) 7:e36688.
doi: 10.7554/eLife.36688

90. Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M, et al. Human
chimeric antigen receptor macrophages for cancer immunotherapy. Nat Biotechnol.
(2020) 38:947–53. doi: 10.1038/s41587-020-0462-y

91. Lei A, Yu H, Lu S, Lu H, Ding X, Tan T, et al. A second-generation M1-polarized
car macrophage with antitumor efficacy. Nat Immunol. (2023) 25:102–16. doi: 10.1038/
s41590-023-01687-8

92. Liu M, O'Connor RS, Trefely S, Graham K, Snyder NW, Beatty GL. Metabolic
rewiring of macrophages by cpg potentiates clearance of cancer cells and overcomes
tumor-expressed cd47-mediated 'Don't-eat-me' Signal. Nat Immunol. (2019) 20:265–
75. doi: 10.1038/s41590-018-0292-y

93. Ding C, Shrestha R, Zhu X, Geller AE, Wu S, Woeste MR, et al. Inducing trained
immunity in pro-metastatic macrophages to control tumor metastasis. Nat Immunol.
(2023) 24:239–54. doi: 10.1038/s41590-022-01388-8

94. Miller MA, Gadde S, Pfirschke C, Engblom C, Sprachman MM, Kohler RH, et al.
Predicting therapeutic nanomedicine efficacy using a companion magnetic resonance
imaging nanoparticle. Sci Transl Med . (2015) 7:314ra183. doi: 10.1126/
scitranslmed.aac6522

95. Loebel C, Rodell CB, Chen MH, Burdick JA. Shear-thinning and self-healing
hydrogels as injectable therapeutics and for 3d-printing. Nat Protoc. (2017) 12:1521–41.
doi: 10.1038/nprot.2017.053

96. Higuti IH, da Silva PA, Papp J, de Eiróz Okiyama VM, de Andrade EA, de Abreu
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