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Abstract

Tumor-associated macrophages are a complex and heterogeneous population of cells within the 

tumor microenvironment. In many tumor types, tumor-associated macrophage contribute toward 

tumor malignancy and are therefore a therapeutic target of interest. This progress report highlights 

three major strategies for regulating tumor-associated macrophage, emphasizing the role of 

biomaterials in these approaches. First, systemic methods for targeting tumor-associated 

macrophage are summarized and limitations to both passive and active targeting approaches 

considered. Second, lessons learned from the significant literature on wound healing and 

macrophage response to implanted biomaterials are discussed with the vision of applying these 

principles to localized, biomaterials-based modulation of tumor-associated macrophage. Finally, 

the developing field of engineered macrophages, including genetic engineering and integration 

with biomaterials or drug delivery systems, is examined. The report includes analysis of major 

challenges in the field along with exciting opportunities for the future of macrophage-based 

therapies in oncology.
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I. Introduction

Macrophages are fundamental cells of the mononuclear phagocytic system and hold diverse 

roles in homeostasis, inflammation, and wound healing. In cancer, tumor-associated 

macrophages (TAMs) drive disease progression and have been correlated with worse patient 

prognoses.[1,2] Compared to other inflammatory cell types in cancer, TAMs have emerged as 

therapeutic targets of interest. In many solid tumors, TAMs comprise a significant portion of 

infiltrating leukocytes and are a major source of secreted growth factors, cytokines, and 

chemoattractants.[3,4] Furthermore, they are fundamentally involved in every stage of cancer 

progression, promoting tumor cell survival and preparing distant sites for metastatic seeding.
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[5] In addition to their significant impact in cancer, macrophages are also crucial players in 

wound healing, orchestrating the transition from inflammation to tissue remodeling.[6] In 

this review, we discuss systemic and localized approaches to target and modulate 

macrophage activity in disease, and cell-based therapies that engineer macrophages for 

cancer. Nanoparticle and polymer biomaterials have been used extensively as systemic drug 

delivery vehicles to TAMs, employing both passive and active targeting strategies. Here, we 

define passive targeting as particle accumulation due to physical properties (e.g. charge, size, 

and shape), and active targeting as particle accumulation mediated by molecular recognition. 

However, particle-based strategies for TAM-targeting are challenged by the macrophages’ 

high intrinsic phagocytosis and non-specific clearance of circulating particles, resulting in 

high off-target uptake and toxicity. To overcome some of the challenges associated with 

systemic strategies, localized tumor treatments have also been used to modulate TAM 

activity. While localized treatments have been used primarily in wound healing application, 

we will derive key principles across macrophage-based therapies. Finally, we discuss the 

burgeoning field of engineered macrophage and the application of biomaterials in enhancing 

macrophage cell therapies. Understanding how biomaterial properties influence local 

immune populations can profoundly improve therapeutic outcomes.

1. Mononuclear phagocytic system (MPS)

At the front-line of immune defense are mononuclear phagocytes, comprising monocytes, 

macrophages, and dendritic cells in the spleen, liver, and lymph nodes. These cells colonize 

every organ in the body and can perform specialized functions dependent on location (Figure 

1A). Monocytes are derived from hematological precursors in the bone marrow and enter 

blood circulation for 1–3 days where they can be recruited into tissues throughout the body 

in response to appropriate signals, such as injury or inflammation, and mature into 

macrophages. There is some controversy about whether blood circulating monocytes 

replenish tissue-resident macrophages, or if tissue-resident macrophages are self-

replenishing populations.[7,8]

Tissue-resident macrophages are derived from precursors in the yolk sac during 

embryogenesis, are seeded throughout the body, and mature into specialized resident 

macrophages with broad roles in waste clearance, metabolism, and immune surveillance. 

These heterogeneous cells, which go by tissue-specific names, perform distinct functions 

and are critical for maintaining tissue homeostasis.[9] For example, red pulp macrophages in 

the spleen recycle iron and clear old erythrocytes, and Kupffer cells in the liver clear 

pathogens and waste from the blood. Osteoclasts (bone macrophages) resorb bone and 

alveolar macrophages in the lungs clear surfactant. Most notably, macrophages perform 

immune surveillance and recognize a wide array of pathogen-associated molecular patterns 

and danger-associated molecular patterns. Upon recognition, macrophages mount an 

immune response, driving the influx of inflammatory leukocytes. Furthermore, macrophages 

exhibit critical roles in resolution, tissue repair, and regeneration.[10]

While macrophage play key roles in maintaining homeostasis, their dysregulation and 

dysfunction have been implicated in disease pathologies throughout the body.[11,12] For 

example, macrophage accumulation in white adipose tissue has been associated 
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inflammation, insulin resistance, and obesity.[13] In atherosclerosis, macrophages promote a 

pro-inflammatory environment that can result in the formation of foam cells and unstable 

plaques.[14] Accumulation of pro-inflammatory macrophages is linked with inflammatory 

bowel disease severity and progression.[15] Clearly, macrophages are a complex, 

heterogeneous population of leukocytes that hold diverse yet fundamental roles in 

homeostasis and disease.

2. Macrophage polarization: the M1/M2 paradigm

Macrophages exhibit different functional programs in response to environmental cues and, 

when triggered, are classified into two main subsets: (1) classically activated, M1-

macrophages, or (2) alternatively activated, M2-macrophages (Figure 1B). Classically-

activated macrophage perform pro-inflammatory functions and are polarized by 

lipopolysaccharide (LPS) and cytokines such as IFN-γ or GM-CSF to exhibit strong effector 

functions against pathogens and cancer cells. In addition to high phagocytic ability, M1-

macrophages produce increased levels of pro-inflammatory cytokines, including IL-12, 

IL-23, and TNF-α, which facilitate leukocyte recruitment and activation during injury. In 

contrast, polarization by IL-4 and IL-13 can result in alternatively activated M2-

macrophages that perform anti-inflammatory functions. M2-macrophages contribute to 

wound healing and repair through debris clearance and release of TGF-β, PDGF, and VEGF. 

Furthermore, they participate in the resolution of inflammation by producing 

immunosuppressive cytokines such as IL-10.[16,17] While the M1/M2 macrophage model is 

broadly used, macrophages are complex and do not form clear-cut activation subsets. The 

simplified M1/M2 paradigm ignores the source and context of stimulation – M1/M2 stimuli 

do not exist alone in tissues. In reality, macrophage polarization is multi-dimensional with 

overlapping functions and markers between subsets, and may therefore be better considered 

as a continuum of functional states.[16,18]

3. Tumor-associated macrophages in cancer

Clinically, high tumor-associated macrophage infiltration is linked with worse patient 

prognoses in various tumors, including breast cancer, lung cancer, and lymphomas.[17] 

TAMs have accordingly emerged as a promising therapeutic target in cancer treatment. 

Despite the phenotypic plasticity and diversity in the tumor microenvironment, TAMs often 

exhibit an “M2-like” phenotype, displaying characteristic markers such as the hemoglobin 

scavenger receptor (CD163) and mannose receptor (CD206). Furthermore, these cells play 

an anti-inflammatory role, inducing immune suppression and promoting tumor progression 

through a range of mechanisms including producing immunosuppressive cytokines, 

suppressing cytotoxic T cell activity while promoting regulatory T cells, and inhibiting B 

cell signaling (Figure 2).[1,2,19,20] TAMs further potentiate tumor progression by promoting 

tumor cell proliferation, angiogenesis, and invasion by releasing growth factors and enzymes 

that digest the extracellular matrix and basement membrane. Furthermore, TAMs induce 

cancer cells to migrate through paracrine signaling (CCL18), as well as prepare distant 

metastatic sites for seeding.[21]
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II. Synthetic biomaterials to target TAMs in cancer by systemic delivery

1. TAM-targeted therapeutic strategies

As drivers of tumor progression, TAMs are promising therapeutic targets. Current 

macrophage-targeted therapies under development aim to (1) inhibit monocyte/macrophage 

recruitment, (2) deplete macrophages, or (3) activate macrophage anti-tumor functions 

(Figure 3).[22–24] There exists some controversy about whether TAMs are derived from 

blood-circulating monocytes or from infiltrating peripheral tissue macrophages.[23] 

However, inhibiting monocyte recruitment and their subsequent maturation into TAMs by 

blocking the CCL2-CCR2 axis has indeed improved survival in tumor-bearing mice.[25,26] A 

drawback of this strategy is that cessation of CCL2 inhibition in these model systems can 

accelerate death via a rebound in monocyte populations and enhanced tumor angiogenesis 

and metastasis.[27]

Macrophage depletion has been used clinically for the treatment of metastatic breast cancer 

and other solid tumors.[28] In animal models, systemic delivery of bisphosphonate-loaded 

liposomes induces apoptosis in macrophages, inhibiting tumor progression and 

angiogenesis. However, recent evidence suggests that this indiscriminate, systemic depletion 

of macrophages may exacerbate tumor progression. For example, accumulation of CD169+ 

macrophage has been associated with improved prognosis in hepatocellular and colorectal 

carcinomas.[29,30] Another macrophage depletion strategy targets the colony stimulating 

factor (CSF)-1—CSF-1R axis. CSF-1 is the major growth and differentiation factor 

produced by many types of cancer cells that induces macrophage maturation, and its cognate 

receptor CSF-1R is abundantly expressed by monocytes and macrophages. Blocking 

CSF-1R activation and signaling reduces TAM densities by depleting TAMs and monocytes, 

and increases CD8+/CD4+ T cell ratios.[31] However, as with CCL2 blockade, cessation of 

treatment results in enhanced CSF-1 signaling and rebound monocyte and macrophage 

populations.[32]

Lastly, TAM re-education activates macrophage anti-tumor functions. Intraperitoneal 

injection of IFN-γ, a macrophage-activating cytokine that induces a M1-like phenotype, was 

demonstrated to activate anti-tumor cytotoxicity in mononuclear phagocytes and reduce 

tumor progression.[33] Similarly, treatment with a CD40 agonist rapidly activates 

macrophages and facilitated depletion of the tumor stroma and restored tumor immune-

surveillance.[34] Kaneda, et. al. reported that macrophage PI 3-kinase γ (PI3kγ) controls the 

switch between macrophage immune suppression and activation; PI3kγ inhibition activates 

NFκB-dependent immune-stimulatory polarization and significantly increases CD8+ T cell 

recruitment and cytotoxicity.[35] Yet, because macrophages are present throughout the entire 

body, indiscriminate macrophage modulation can result in off-target side effects.[22] Here, 

we will discuss several strategies to target TAMs using synthetic biomaterials, with the goal 

of improving drug delivery and reducing on-target off-tumor toxicity. Further discussion on 

liposome, polymer, and organic TAM-targeted immuno-nanomedicines can be found in this 

review.[36]
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2. Passive targeting

The mononuclear phagocytic system (MPS) is responsible for clearance of foreign particles 

in the body and is thus a major hurdle to nanomedicine drug delivery systems. However, for 

macrophage-targeted therapies, their high phagocytic capability can be utilized for targeting 

and drug delivery. In particular, macrophages in the liver and spleen, the primary clearance 

organs, rapidly sequester and degrade 30–99% of injected nanoparticles (NPs) immediately 

after injection.[37–39] Passive targeting, preferential accumulation due to physical properties 

like size and charge, and the rate and extent of macrophage uptake, are significantly affected 

by NP modifications.[40] Worth noting is the passive targeting strategy that relies on the 

“enhanced permeation and retention” (EPR) effect which is believed to enhance NP 

accumulation in tumors due to leaky vasculature. This targeting strategy dominated cancer 

nanomedicine principles for years, yet the benefits of the EPR effect varies considerably 

between patients and tumor types.[38,41] As the importance of TAM-tumor interactions 

gained appreciation, TAMs have been explored as drug targets of interest that can be reached 

through the passive targeting methods described in this section.

2.1 Effect of particle properties on macrophage uptake—Because nanoparticles 

are tunable and readily internalized by phagocytes, they are excellent drug carriers to 

macrophages. Particle size, charge, and shape affect macrophage uptake (Figure 4). Particle 

uptake is optimal between 30 nm – 3 μm; outside of this range, phagocytosis decreases.
[17,42,43] While highly cationic or anionic particles are internalized by macrophages at a 

higher rate compared to particles with neutral or slightly negative zeta potentials, size is a 

stronger determinant of internalization instead of charge.[43] Particle shape influences 

macrophage uptake as well, with spherical particles being preferentially phagocytosed over 

ellipsoidal, rod-like, or cylindrical particles. Microparticles with curvature greater than 45 

degrees are unable to be completely internalized.[44,45] Shape also affects how stiffness 

influences internalization: for rod-shaped particles, decreasing stiffness significantly 

increases internalization, but decreases spherical particle uptake.[46] Controlling these 

physical parameters can improve drug delivery to target populations. However, when 

designing an injectable particulate system, it is also important to consider how particle 

parameters affect other aspects of pharmacokinetics. For example, particles around 100 nm 

demonstrate the longest circulation time, while nanoparticles less < 5 nm are rapidly 

excreted through the kidney. Particles 200–500 nm are filtered by the spleen and particles 2–

5 μm accumulate in the lung capillaries. Depending on tumor vasculature, particles around 

50–100 nm accumulate in the tumor due to the EPR effect.[37] A review of nanoparticulate 

carrier systems and their interactions with macrophage is well covered by other published 

work (biological carriers, viral particles, carbon nanotubes, etc.).[38]

2.2. Liposomes—Liposomes are considered to be among the most successful drug 

delivery systems developed, with several formulations in clinical trials or on the market.[47] 

Liposomes without surface shielding are inherently recognized by MPS cells, and alterations 

to their physicochemical properties can further improve uptake by monocytes and 

macrophages. Overall, small (85 nm), negatively charged liposomes facilitate MPS 

internalization, whereas large, positively charged particles induce activation and toxicity.[40]
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Liposomal formulations of bisphosphonates (e.g. clodronate & alendronate), compounds 

that induce apoptosis upon internalization, are used as agents for macrophage depletion in 

animal models.[47,48] In a murine teratocarcinoma and human rhabdomyosarcoma model, 

liposomal clodronate effectively depleted monocytes and macrophages, suppressing tumor 

growth and angiogenesis by up to 92%.[28] A modified clodronate liposome formulation 

using cationic lipid DOTAP and PEG phospholipid improved clodronate encapsulation. 

Intravenous (IV) injection resulted in significant tumor and pulmonary nodule reduction in a 

metastatic melanoma model.[49] The route of injection affects which macrophage 

populations are depleted. IV injection depletes Kupffer, spleen, and bone marrow 

macrophages; intraperitoneal (IP) injection depletes peritoneal macrophages; and 

subcutaneous administration depletes macrophages in the draining lymph nodes.[47]

2.3. Inorganic Nanoparticles—Gold nanoparticles have been applied in vivo as drug 

carriers, contrast agents, and phototherapy agents. Lin, et. al. relied on macrophage uptake to 

facilitate delivery of cytosine-phosphate-guanine (CpG) to intracellular toll-like receptor 9 

(TLR-9).[50] CpG is a potent stimulant of TLR-9, triggering cell activation, production of 

pro-inflammatory cytokines, and inducing CD8+ T-cell responses. Small gold NPs (15 nm) 

functionalized with CpG induced higher TLR-9 stimulation, as measured by TNF-α, IL-6, 

and G-CSF secretion, than 30 or 80 nm gold particles. Intratumoral injection of NPs 

improved survival and immune cell infiltration (macrophages, dendritic cells, CD8+ T cells) 

in B16-OVA tumors. In another example, gold NPs modified with polyethylene glycol 

(PEG) were engineered with a high-aspect ratio to increase cell exocytosis by macrophages 

compared with low-aspect ratio or spherical counterparts.[51] Over a 7-day period, NPs that 

were initially captured by Kupffer cells in the liver and TAMs in the tumor were then 

exocytosed and transferred to tumor cells. Irradiation of 4T1 tumor-bearing mice 7 days 

after NP injection significantly inhibited tumor volume and induced greater tumor cell 

apoptosis compared to irradiation 1 day after injection. The authors hypothesize that the 7 

day window was necessary to enable NP transfer from macrophage to tumor cells. Together, 

this study shows how NP properties can be modified to direct macrophage activity in the 

tumor environment and enhance therapeutic benefit.

In addition to NP properties influencing uptake, macrophage phenotype plays a significant 

role in internalization as well. In primary human monocyte-derived macrophages and liver 

Kupffer cells, M2-like macrophages preferentially internalized hard nanoparticles, with a 

hierarchy among the subtypes: M2c > M2 > M2a > M2b > M1.[52] In Kupffer cells, 

nanoparticle uptake correlated with increasing M2-marker expression (CD163, CD209). 

Furthermore, nanoparticle internalization decreased inflammatory cytokine secretion. These 

trends were corroborated by Binnemars-Postma et. al., who investigated the effect of protein 

coronas on silica nanoparticle uptake by M1 or M2 macrophages.[53]

2.4. Polymer, polymeric nanoparticles, and polymer depots—Polymer-based 

drug delivery systems benefit from tunable and controllable architecture, providing control 

over release kinetics and delivery profiles, and conferring responsiveness to environmental 

stimuli. In some cases, polymer alone is sufficient to target TAMs or to direct changes in the 

tumor environment. Zhang, et. al. demonstrated that hydroxyl-functionalized, generation-4 
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poly(amidoamine) PAMAM dendrimers passively target TAMs in a 9L gliosarcoma model.
[54] In another strategy, Huang, et. al. used cationic polymers polyethyleneimine (PEI) and 

cationic dextran to stimulate TAM anti-tumor activity, likely through TLR-4 signaling.[55] 

Intratumoral injection of these polycations increased macrophage pro-inflammatory gene 

expression (NOS2, MHCII) and cytokine secretion (IL-12), and promoted T and nature 

killer cell infiltration, decreasing tumor size and improving survival in an S180 sarcoma 

model.

Polymeric nanoparticles have also been used for drug delivery to macrophages. For cancer 

therapies, these “smart polymers” can be designed to respond to the tumor 

microenvironment, such as acidic pH or proteases, increasing specific drug delivery to 

TAMs or cancer cells. In one recent example, Wang, et. al. developed microenvironment-

responsive nanoparticles with an IL-12 payload, a cytokine that can induce anti-tumor 

effects, to re-educate TAMs toward a pro-inflammatory phenotype.[56] Poly(β-amino ester) 

nanoparticles, capable of dissociating in weakly acidic conditions (pH 6–7), preferentially 

accumulated in B16-F10 tumors with prolonged IL-12 release over 48 hours. In NP-treated 

mice, tumor growth was significantly inhibited and macrophage infiltration was higher. 

Isolated TAMs from treated tumors had substantially higher iNOS, CCR7, and M1-marker 

expression, compared to controls. Similarly, “ultra-pH-sensitive cluster nanobombs” 

(SCNs), composed of poly(ethylene glycol)-b-poly(2-azepane ethyl methacrylate)-modified 

PAMAM dendrimers (PEG-b-PAEMA-PAMAM), released cargo specifically in the low 

tumor pH environment.[57] At the low tumor pH, the SCNs disintegrated and rapidly 

released their cargo: (1) platinum (Pt) prodrug small particles (~10 nm) and (2) BLZ-945, a 

CSF-1R small molecule inhibitor. Compared to larger particles, the Pt prodrugs particles 

demonstrated improved tumor penetration and distribution, and upon internalization, 

released cisplatin. The synergistic effects of this therapy reduced TAM infiltration, increased 

CD8+ T cell/Treg cell ratio, and improved median survival in a metastatic B16 melanoma 

model. However, this therapy was not sufficient to completely ablate tumors, and mice still 

presented with lung metastases. In a strategy utilizing responsive polymers, Wang et. al. 

designed a two-layer nanoparticle for tumor-triggered drug release and TAM depletion, 

ultimately altering the tumor immune environment.[58] The PEG-PLGA polymer complexes 

(P3AB) had an outer “shell” that enabled matrix metalloprotease (MMP) triggered drug 

release, and an inner “core” for TAM-depletion. In the tumor environment, elevated MMP 

concentrations released the inner core conjugate, an alendronate-glucomannan (BSP) 

polymer. BSP targeted macrophages, increasing TAM uptake of alendronate and efficiently 

inducing apoptosis. In a liver tumor model, P3AB elevated IFN-γ and reduced IL-10 levels, 

indicative of a more pro-inflammatory immune environment, and prolonged survival.

Due to their intrinsic phagocytic capability, macrophages can be used as “cellular drug 

reservoirs.” Miller et. al. delivered poly(D,L-lactic-co-glycolic acid)-b-poly(ethylene glycol) 

(PLGA-b-PEG) NPs loaded with a platinum (Pt) pro-drug to HT1080 tumors.[59] Although 

TAMs comprised only 4% of the total tumor mass, 30% of total injected NPs accumulated in 

TAMs. Yet, although TAMs initially had the highest accumulation, surrounding tumor cells 

exhibited more than twice the amount of Pt-payload compared with TAMs. Analysis of 

supernatant revealed that TAMs served as drug depots for NPs and released their cytotoxic 

Pt-payload to surrounding tumor cells. The benefit of TAMs was further confirmed 
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following macrophage depletion via clodronate liposomes, which substantially reduced the 

efficacy of NPs to inhibit tumor growth.

2.5. Limitations in passive targeting—Increased tumor and TAM accumulation can 

be achieved by modulating particle properties such as size, shape, charge, and surface 

modifications. However, the extent of passive targeting to tumors is highly dependent on 

tumor vascularization and interstitial fluid pressure. In humans, the EPR effect is poorly 

reproduced and highly variable between tumors and patients. Furthermore, passive targeting 

is limited by an inability to differentiate between diseased and healthy tissues with 

fenestrated endothelium.[60,61] This distinction is critical for effective TAM-targeted 

therapies due to high MPS uptake in the liver and spleen, which can lead to therapeutic 

toxicity. Overall, the contribution of enhanced accumulation by passive targeting is limited 

to organs at the MPS level.[62]

3. Active targeting

Active targeting, accumulation due to molecular recognition or interaction, relies on ligand-

receptor affinity that is usually combined with the ability to trigger endocytosis.[63] In 

targeted therapies, the main goal is to direct the payload to the appropriate tissue and cell, 

with decreased accumulation in healthy tissues. TAM-targeted therapies introduce an 

additional challenge, aiming to target a specific subset of macrophages. In particular, 

because macrophage surface receptor expression varies across phenotypes, anti-cancer TAM 

targeting requires preferential drug delivery to M2-like TAMs over tissue resident 

macrophages or M1-like TAMs. However, this is challenged by the significant overlap in 

receptor expression among macrophages, which are distributed throughout the body, as well 

as the unclear distinction between macrophage phenotypes and functions. This section 

summarizes active targeting strategies for TAM delivery or modulation (Figure 5).

3.1. Monoclonal Antibodies—Therapeutic antibodies are the fastest growing class of 

biologic drugs, with a 115% increase in new clinical trials between 2007–2016.[64] In TAM-

targeted therapies, antibodies are used to (1) block macrophage signaling, (2) activate 

macrophage signaling, or (3) as a targeting ligand to increase specific drug delivery.

As discussed, the CSF-1/CSF-1R axis is critical for macrophage maturation and survival; 

disruption of this axis can modulate macrophage populations and improve outcomes in 

preclinical cancer models. Ries et. al. generated a humanized anti-CSF-1R antibody, 

RG7155, that blocks both ligand-dependent and ligand-independent receptor activation.[31] 

Treatment depleted CSF-1R+ TAMs, which was accompanied by increased CD8+ T cell 

infiltration. Small-molecule CSF-1R inhibitors (PLX3397, BLZ945) can also prolong 

survival and induce tumor regression, likely through removal of the TAM-mediated immune 

suppression.[65,66] However, this CSF-1-targeted strategy impacts all macrophages 

throughout the body, as well as other CSF-1R expressing leukocytes, resulting in systemic 

toxicities such as elevated liver enzymes, hepatotoxicity, or peripheral edema.[67] 

Interestingly, observed toxicity differs between small molecule versus antibody inhibitors. 

Another macrophage-targeting monoclonal antibody treatment against pattern recognition 

receptor ‘macrophage receptor with collagenous structure’ (MARCO) also induced anti-
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tumor activity in mammary and colon carcinoma and melanoma by re-polarizing TAMs to a 

pro-inflammatory phenotype.[68]

The CD47/signal regulatory protein alpha (SIRPα) axis is another therapeutic target.[69] 

This immune checkpoint is composed of (1) CD47, a molecular “don’t eat me signal” that 

identifies cells as “self,” and is often overexpressed in transformed cells, and (2) SIRPα, an 

inhibitory immune receptor on phagocytes. Anti-CD47 antibody blockade increases 

macrophage phagocytosis of cancer cells. Although anti-CD47 approaches have modest 

effects as a monotherapy, synergistic effects with tumor-opsonizing antibodies (rituximab, 

trastuzumab, cetuximab) or SIRPα antagonists improve anti-tumor response, resulting in 

cancer elimination in a non-Hodgkin or Raji cell lymphoma models.[70,71] At the time of this 

review, anti-CD47 antibody Hu5F9-G4 is undergoing Phase 1/2 clinical trials as a 

monotherapy and in combination with other anti-cancer drugs.[72] Interestingly, a recent 

study reported that macrophages can circumvent CD47 “don’t-eat-me” signaling and 

phagocytose tumor cells after activation with CpG, a TLR-9 agonist.[73] Kulkarni et. al. 

designed a supramolecular assembly in an example of antibody-based targeting of lipid 

nanoparticles, comprising (1) a lipid nanoparticle functionalized with an anti-SIRPα 
antibody to block the SIRPα/CD47 axis, and (2) a lipid-modified CSF-1R inhibitor for high 

drug loading into the nanoparticle.[74] Treatment robustly ablated tumor growth due to 

increased phagocytosis of cancer cells by macrophages, and increased percentage of M1-like 

macrophages (CD11b+CD86+). The bifunctional supramolecule induced a strong anti-tumor 

response compared to sequential treatments of anti-SIRPα and anti-CSF-1R (BLZ-945) 

alone due to improved intratumoral accumulation and circulation, highlighting the critical 

role a drug delivery system can play in tissue accumulation, pharmacokinetics, and 

ultimately, therapeutic efficacy.

Antibodies against macrophages surface proteins such as CD169, CD36, CD86, or CD206, 

have also been used to facilitate targeted delivery of NPs to macrophages.[75–77] Antibodies 

are the most commonly used active targeting ligand because of their broad range of uses, 

such as direct anti-tumor effects, facilitation of cellular targeting, or neutralization of soluble 

ligands or receptors.[78,79] Antibodies can provide the quickest route for clinical proof-of-

concept and benefit from a history of safety and tolerability in humans as well as the 

necessary infrastructure for commercialization. However, while these targeting ligands can 

offer some cellular and M1/M2 specificity, their efficacy is reduced by overlap with other 

cells that express the same receptors and by high non-specific macrophage uptake via Fc 

recognition. For example, CD206 is a pattern recognition receptor that is upregulated on 

M2-like macrophages, but is also expressed by tissue resident macrophages and dendritic 

cells. While therapeutic antibodies have achieved impressive results in cancer treatments, 

their use as targeting ligands to TAMs is limited by several drawbacks. Macrophages express 

an Fc receptor which can result in non-specific antibody interactions depending on 

conjugation chemistry. Also, due to their large size (~150 kDa), antibodies suffer from 

conjugation challenges and poor tissue penetration. Antibodies are currently the most costly 

form of targeting ligands, compared to small molecules or peptides.[80] The development of 

nanobodies addresses some of these limitations. Nanobodies are the smallest antigen binding 

fragment (~15 kDa) and lack the Fc region of conventional antibodies, eliminating non-

specific Fc-binding and improving tumor penetration. Targeted delivery using mannose 
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nanobodies was able to induce efficient internalization by CD45+MHCIIlow TAMs.[81] 

However, nanobodies still require extensive optimization as they are challenged by poor 

solubility and stability, and rapid clearance.[82] As such, significant effort has been exerted 

to discover other ligand alternatives to antibodies for macrophage targeting.

3.2. Peptides—Peptide ligands can offer specific recognition of their cognate receptors, 

and are generally smaller, less immunogenic, and cheaper to manufacture than antibodies. 

Our group has identified M2pep, a unique peptide sequence that binds preferentially to M2 

macrophages over M1/M0 macrophages and other leukocytes.[83] Delivery of a pro-

apoptotic peptide depleted macrophage populations and prolonged survival in CT26 tumor-

bearing mice. Further optimization improved serum stability and affinity, and conferred 

intrinsic fluorescence and pH-sensitivity to enable improved specific binding in the acidic 

tumor environment.[84–87] Conde et. al. conjugated M2pep onto gold nanoparticles to deliver 

small interfering RNA (siRNA) for VEGF knockdown, demonstrating high selectivity for 

TAMs in the lung tissue and lavage fluid, and Qian et. al. applied M2pep for TAM-targeted 

siRNA delivery of anti-CSF-1R resulting in anti-tumor activity in mouse tumor models.
[88,89]

Another peptide, UNO, binds CD206 (mannose) receptor on TAMs with high specificity (> 

95%) across five tumor models of breast carcinoma, melanoma, glioma, and gastric 

carcinoma.[90] Significantly, UNO did not home to non-malignant tissues, even those with 

CD206+ macrophages, or accumulate non-specifically in regions with vascular leakiness. 

This system is advantageous over other CD206 peptides (i.e. RP-182) or mannose analogues 

(e.g. Manocept™), which binds to a variety of other receptors, such as SIRPα or CD209. 

Similarly, the macrophage-binding peptide CRV rapidly extravasated to tumors and bound 

extracellular retinoid X receptor beta (RXRB) on CD11b+F4/80+ macrophages.[91] CRV 

distinguished between macrophages in pathological and healthy tissues, facilitating TAM-

specific accumulation of porous silicon NPs in solid tumors. However, peptide delivery 

systems are limited by reduced binding affinity and increased susceptibility to proteolytic 

degradation compared to their antibody counterparts.[92]

3.3. Carbohydrates—Carbohydrate targeting ligands offer high specificity, binding 

affinity that increases with increasing ligand valency, high water solubility, and low cost. As 

discussed above, the macrophage mannose receptor (MMR/CD206) is of particular interest 

in TAM-targeted therapies. MMR is abundantly expressed on M2-like macrophages and 

efficiently mediates internalization. Zhu et. al. developed a mannose-modified nanoparticle 

platform to target TAMs in a pH-sensitive manner.[93] PLGA nanoparticles were decorated 

with an acid-sensitive PEG-coating that was shed in the acidic tumor microenvironment 

(~pH 6.8), exposing mannose for binding to the mannose receptor on TAMs. The PEG 

coating was sufficient to reduce mannose-mediated uptake in the liver and spleen, likely by 

reducing opsonization of particles. PEGylated nanoparticles showed higher tumor 

accumulation and circulation, as well as clear TAM-colocalization.

Glucomannan Bletilla striata (BSP) is another carbohydrate used to target the mannose 

receptor on macrophages.[94] A BSP-alendronate conjugate demonstrated induced an 84.5% 

reduction in F4/80+ cells and in a S180 sarcoma tumor, treatment decreased VEGF, MMP-9, 
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and the number of blood vessels by 83.9%, 65.3%, and 86.3%, respectively. IFN-γ 
expression, necessary for a Th1 immune response, was markedly increased by 3-fold. 

Together, these results suggest that TAM-depletion reduced angiogenesis and overcame 

immune suppression in the tumor microenvironment. Similar results were demonstrated 

using mannose-decorated manganese dioxide (MnO2) nanoparticles to relieve hypoxia in 

tumors.[95] Combined delivery of hyaluronic acid re-programmed M2-like TAMs into an 

M1-like phenotype. Similarly, β-cyclodextrin nanoparticle-mediated delivery of TLR-7/

TLR-8 agonist R848 and anti-PD-1 checkpoint inhibitor improved immunotherapy response.
[96] Treatment induced macrophage re-education toward an M1-like phenotype and triggered 

T cell infiltration, reducing tumor growth and improving survival in MC38 colorectal and 

B16F10 melanoma models. Muraoka et. al. highlighted the critical role that macrophages 

play in antigen presentation, the capacity to stimulate cytotoxic T cells, and tumor 

eradication.[97] Mice were treated with (1) cholesteryl pullulan nanogels to deliver long 

peptide antigen 9m epitope to stimulate a CD8+ T cell response, and (2) CpG, a TLR-9 

agonist to restore antigen presentation capacity and other pro-inflammatory functions in 

TAMs. Combined with adoptive T cell transfer of CD8+ T cells, treatment eradicated 

tumors. Macrophage depletion with clodronate liposomes limited therapeutic efficacy, 

highlighting the role of macrophage antigen presentation in tumor ablation.

However, carbohydrates can be recognized by multiple lectins, whereas their antibody 

counterparts offer high specificity to their cognate receptors. For example, mannose moieties 

can be recognized by other mannose binding receptors, such as DC-SIGN, L-SIGN, 

Endo180, or mannose binding lectins.[98] In a direct comparison of antibody and 

carbohydrate targeting ligands for dendritic cell-specific C-type lectin receptor (DC-SIGN), 

antibodies were more efficient in driving binding and uptake of NPs. Although 

carbohydrate-decorated NPs benefitted from higher ligand valency, this advantage did not 

outcompete the higher affinity binding of the anti-DC-SIGN antibody.[99]

3.4. Oligonucleotides—Aptamers are short RNA or DNA oligonucleotides that form 

unique secondary structures, offering high affinity binding and high selectivity between 

targets. As synthetic ligands, aptamers benefit from relatively low production costs and a 

broad range of conjugation chemistries. Compared to antibodies, aptamers can offer 

comparative binding affinities with a much smaller size, improving tissue penetration and 

allowing them to bind harder-to-reach targets.[100,101]

Aptamers have been used to re-educate TAMs and create a pro-inflammatory tumor immune 

environment. Roth et. al. generated an RNA aptamer blocking IL-4Rα (CD124) signaling, 

which has been implicated in pro-tumor TAM polarization.[102] The IL-4Rα aptamer 

preferentially targeted myeloid-derived suppressor cells (MDSC) and TAMs, reducing 

downstream STAT6 signaling and inducing apoptosis. In 4T1 tumor-bearing mice, IL-4Rα 
aptamer treatment significantly inhibited tumor progression and altered the tumor immune 

environment: MDSC, TAM, and regulatory T cell populations were reduced, while activated, 

effector T cell populations (CD8+ and CD69+) were increased. However, aptamer treatment 

alone was insufficient to eradicate the tumor and only temporarily arrested tumor growth.
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While the aptamer field is still being explored, it is important to recognize the following in 
vivo limitations for aptamers: susceptibility to nuclease degradation and rapid renal 

excretion. Aptamers used in vivo therefore require chemical modifications to improve serum 

stability and circulation time.[103]

3.5. Limitations in active targeting—Although active targeting can improve 

macrophage uptake, therapeutic efficacy is challenged by limited retention, broad 

macrophage distribution, and macrophage plasticity. First, carrier biodistribution is 

controlled by the properties of the carrier itself, such as size, shape, and charge, and is 

ultimately determined by circulation and extravasation, resulting in passive accumulation. 

As carriers accumulate in the tissue, targeting ligands facilitate cellular localization and 

internalization. Of note, the conjugation of targeting ligands can create a ‘binding site 

barrier’ because high affinity antibody interactions occur at the tumor periphery, impeding 

efficient tumor penetration and creating non-uniform spatial distributions.[104] Overall, an 

extremely low percentage of nanoparticles end up in target cells.[105] For example, in the 

tumor, only 0.07% of injected NPs are delivered to the solid tumor, of which only 2% are 

delivered to cancer cells. The majority of intratumoral NPs are internalized by perivascular 

macrophages, which dominate uptake even in the presence of targeting ligands: TAMs took 

in up to 90% of cancer-targeted nanoparticles. This is in part due to higher macrophage 

concentration near tumor blood vessels: 70% of tumor blood vessels had 1–3 macrophages 

in the periphery, over half of which were within 10 μm from the vessel. Together, 

macrophages’ high intrinsic phagocytic behavior and spatial location by vasculature favor 

increased macrophage uptake.[106] While increased macrophage uptake can be advantageous 

for TAM-therapies, this illustrates the challenge of designing targeted drug delivery systems.

Second, macrophages are distributed throughout the body, posing a challenge for TAM-

targeted carriers. Spleen and liver macrophages readily uptake nanoparticles, which can 

prevent sufficient drug accumulation in target tissues and lead to high toxicity. Even lung 

macrophages play a role in clearance of IV-injected NPs: Wilbroe et. al. showed that adverse 

cardiopulmonary reactions were due to robust clearance by resident pulmonary intravascular 

macrophages, resulting in massive release of thromboxane and prostaglandins.[107] Lastly, 

TAMs are extremely heterogeneous and can adapt their phenotype and function in response 

to environmental stimuli. Macrophage extracellular surface expression can fluctuate, and it 

also overlaps between tissues, macrophage subpopulations, and other immune cells. For 

example, CD206 is highly expressed on M2a and M2c TAMs, but is also expressed on 

immature dendritic cells. Monocyte-derived dendritic cells in particular share significant 

marker overlap with TAMs and express MHCII, F4/80, CD14, and IL-10. To add to the 

challenge of targeting macrophages within specific tissues, it is also necessary to target 

specific macrophage subpopulations. For example, Ohnishi et. al. demonstrated that CD169+ 

TAMs are linked with favorable prognosis.[30,75] Currently, there is an inadequate 

understanding of the relationship between macrophage phenotype and function, resulting in 

an inability to preferentially deliver therapeutics to tumor-supporting TAMs in vivo. As 

such, it is critical that we improve our understanding of macrophage function, diversity, and 

interactions with tumors in order to develop better therapies.
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III. Localized TAM modulation by biomaterials: lessons from wound 

healing

Activated macrophages are essential cells in the natural wound healing process, and have 

therefore been extensively studied in the context of host response to implanted biomaterials. 

The principles governing the impact of biomaterials on macrophages in a wound 

environment might therefore be applied in the future toward TAM modulation in the chronic 

wound-like environment of solid tumors.[108] Drug-loaded implants are both clinically 

approved (Gliadel wafer) and in development for localized tumor therapy. Future designs of 

localized anti-cancer delivery platforms might offer dual chemotherapy and immunotherapy 

activity by considering the effects of biomaterial properties on macrophage polarization. In 

this section, we briefly summarize the role of macrophages in wound healing, the effect of 

biomaterial properties on macrophage activation, and finally biomaterials used for local 

TAM modulation.

1. Macrophages in wound healing

Macrophages are essential for complete wound healing, orchestrating cellular responses 

during the overlapping stages of healing: inflammation, proliferation, and remodeling 

(Figure 6). Macrophages mature with the wound, adapting their functions as the wound 

environment changes and heals.[10,109] In the early stages of hemostasis, infiltrating 

macrophages adopt an M1-like phenotype, driving inflammation to recruit and activate 

leukocytes, and clearing debris and apoptotic cells. At this stage, the wound has high levels 

of IL-1, IL-6, IL-12, TNF-α, and CCL-2. Once the wound is stabilized, macrophages 

transition toward an M2-like phenotype to promote tissue healing, proliferation, and 

remodeling. Macrophages encourage angiogenesis and ECM remodeling by secreting 

growth factors (PDGF, VEGF, FGF) and proteases (serine proteases, MMP-2, MMP-9) and 

also exert immunosuppressive activities by secreting IL-10 and TGF-β and up-regulating 

PD-L1 and PD-L2. This M2-like activity mirrors that of TAMs.

2. Macrophage response to engineered biomaterials

Biomaterials afford tunable systems to modulate macrophage activity. Modifications of 

architecture (size, geometry, porosity), surface conjugations, or mechanical factors in 

biomaterials can significantly impact macrophage activation. The macrophage response to 

implanted biomaterials can be the difference between a successful or failed device. As 

discussed above, macrophages are master phagocytes, quickly recognizing and internalizing 

foreign substances. Small particles are readily ingested, whereas larger particles (> 10 μm) 

can frustrate macrophages, inducing inflammatory M1-like phenotype and secretion of pro-

inflammatory cytokines, proteases, and reactive oxygen species. Larger implants (> 100 μm) 

induce the foreign body reaction (FBR) and the formation of foreign body giant cell 

(FBGC), a fusion of multiple macrophages around the implant. FBGCs and fibroblasts 

deposit a thick, collagen capsule around the implant, which jeopardizes the function of the 

biomaterial and can necessitate its removal.[110,111]

Geometry and aspect ratio also affect macrophage activation and phagocytosis. Implants 

with smoother curvature and longer aspect ratios are viewed as “deactivating” because 
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macrophages are unable to phagocytose them.[110] Implant stiffness also influences 

macrophage activation: PEG-RGD hydrogels with reduced stiffness decreased macrophage 

activation, as evaluated by cytokine secretion and gene profiling, and resulted in a less 

severe FBR reaction.[112] Even implant surface architecture and internal porosity elicits 

different macrophage responses. Rougher surfaces with deeper grooves increase 

inflammatory macrophage activation compared to smoother surfaces, and higher porosity 

increases macrophage infiltration.[110] In addition to the physical characteristics of implants, 

biochemical modifications can be added to influence macrophages and the FBR. Surface 

modifications with methyl promoted the highest inflammatory macrophage infiltration 

compared to surfaces modified with hydroxyl groups. Interestingly, hydroxyl modifications 

induced a significantly lower FBR response. Comprehensive discussions about implant 

interactions with macrophage are reviewed elsewhere.[110,113]

2.1. Implantable scaffolds—The chemistry, mechanics, and physical properties of 

implanted scaffolds all affect the local macrophage response to the foreign material (Figure 

7). In the future, implanted biomaterials might also provide another tactic for TAM 

modulation. This section summarizes what has been reported regarding the effect of scaffold 

properties of local macrophages, and may provide guidance on properties to either target or 

avoid in cancer applications.

2.1.1. Pore size: Implant architecture impacts macrophage activation and the FBR. For 

implantable scaffolds, appropriate pore size is essential for cellular infiltration, ECM 

deposition, and angiogenesis necessary for tissue integration. The Ratner group synthesized 

poly(2-hydroxyethyl methacrylate-co-methacrylic acid) (pHEMA-co-MAA) hydrogel 

scaffolds to promote cellular integration with myocardial tissues while decreasing fibrotic 

encapsulation and demonstrated that a pore size of 40 μm decreased the FBR, induced M2-

like macrophage polarization, and improved blood vessel density.[114] In comparison, larger 

pores (90–160 μm) induced a stronger fibrotic response and decreased vascularization. 

While both M1-like (NOS2+) and M2-like (CD206+) macrophages were present, porous 

scaffolds increased the number of CD206+ macrophages, suggesting a transition toward a 

wound healing phenotype. Further investigation into macrophage phenotype in the scaffolds 

revealed that macrophages immediately within the 34 μm pores exhibited a 63% increase in 

M1-like (NOS2, IL-1R1) markers.[115] However, macrophages immediately outside the 

scaffold in foreign body capsule were enriched for M2-like (CD206, SR-BI/II) markers. In 

contrast, Sugiura et. al., who compared 5 and 30 μm pores in Poly(1-lactic-co-ε-

caprolactone) copolymer (PLCP) scaffolds reinforced with poly(1-lactic acid) (PLA) 

nanofibers, found that large pore (30 μm) scaffolds did not improve vascular regeneration, 

neotissue formation, or cellular infiltration, and found no significant difference between 

infiltration of M1-like (F4/80+iNOS+) or M2-like macrophages (F4/80+CD206+).[116] While 

the authors admit that the scaffold pore size was heterogeneous in the large graft, this study 

illustrates how sensitive macrophages are to their external environment.

2.1.2. Fiber diameter and modifications: Similarly, studies have demonstrated that fiber 

diameter and alignment in electrospun scaffolds affect macrophage activation. Poly-L-lactic 

acid (PLLA) scaffolds were synthesized with varied fiber alignment (aligned or random) or 
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diameter (~1.5 μm or ~0.5 μm).[117] Aligned fibers increased macrophage adherence 

compared to random fibers, regardless of fiber diameter; yet, the authors suggested that 

adherence did not always correlate with macrophage activation. Furthermore, nanofibrous 

scaffolds reduced inflammatory cytokine (TNF-α, IFN-γ) levels and increased pro-wound 

healing cytokine (VEGF) levels, regardless of fiber alignment. Overall, fiber diameter had a 

more significant impact on the inflammatory response: smaller fibers induced M1-like 

phenotype, while larger fibers induced an M2-like phenotype. Abebayehu et. al. 

incorporated galectin-1, an immunosuppressive protein, into small and large fiber 

polydioxanone scaffolds.[118] This modification was sufficient to shift macrophage 

commitment to an M2-like phenotype on the small diameter fibers. Likewise, 

functionalization with chondroitin sulfate (CS), a glycosaminoglycan, decreased 

macrophage inflammation by impeding CD44 binding, preventing the LPS/CD44/NF-κB 

inflammatory cascade.[119] CS conjugation to a collagen scaffold decreased pro-

inflammatory gene (TNF-α, iNOS) expression, while increasing anti-inflammatory gene 

(TGF-β, Arg, MRC1, IL-10) markers. Following LPS challenge and in vivo implantation, 

the CS scaffold significantly reduced macrophage expression of pro-inflammatory genes 

(iNOS, TNF-α, IL-1β, IL-12β, MMP-1), and downregulated CD44 expression.

2.2. Injectable hydrogels—Hydrogels have garnered interest for their capacity to 

deliver cellular, drug, or protein therapeutics. Similar to scaffolds, their architecture and 

physicochemical properties are highly tunable.[120] For wound healing applications, 

hydrogels have emerged as interesting delivery systems to stimulate macrophage pro-healing 

activity. Feng et. al. fabricated a carbohydrate-based hydrogel composed of Konjac 

glucomannan (KGM) and heparin, which stimulated macrophage secretion of pro-

angiogenic growth factors and sequestered them locally, promoting new blood vessel 

formation.[121] KGM is a carbohydrate in the mannose family and has high affinity for 

CD206, allowing for rapid macrophage recognition. The crosslinked hydrogels formed pores 

with an average size of 50 μm, which coincides with reported literature about optimal pore 

size to induce pro-healing macrophages. THP-1 cells cultured on KGM/heparin gels highly 

expressed CD206 and secreted high levels of bFGF, EGF, angiogenin, and VEGF-A, growth 

factors that support blood vessel formation. Furthermore, cells on the gel surface expressed 

lower levels of pro-inflammatory cytokines IL-1β and TNF-α. Subcutaneous injection into 

mice revealed increased blood vessel density (184 per mm2), hemoglobin, and CD31 and α-

smooth muscle actin positive cells, indicative of new blood vessel formation, compared to 

KGM controls.

Hydrogels have also been used in a different type of wound healing. Cystic cavities are 

devastating to spinal cord injury recovery, inhibiting axonal regeneration and leading to cell 

death. Hong et. al. developed an imidazole-poly(organophosphazenes) (I-5) hydrogel that 

successfully eliminated these cavities, as well as potentiated ECM remodeling by 

stimulating local macrophages to produce MMP-9 enzymes, recruit perivascular fibroblasts, 

and promote fibronectin matrix assembly.[122] Specifically, the imidazole group on the 

hydrogel interacted with the histamine receptor on macrophages, enhancing macrophage-

hydrogel interactions and maintaining prolonged macrophage presence. I-5 also increased 

ECM density of CD11b+CD206+ macrophages with significantly increased MMP-9 
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expression, which the authors hypothesized contributed to fibrotic ECM remodeling. 

Overall, I-5 hydrogel enhanced coordination between the fore- and hind paws, improved 

myelin basic protein immunoreactive signal intensity, and contributed to improved 

locomotor function.

3. Application of wound healing principles to cancer

Although wound healing and cancer seem to be on opposite ends of the spectrum in respect 

to desired macrophage phenotype, we can derive key biomaterials principles from 

macrophages in wound healing and apply them to improve cancer therapies. For example, 

scaffolds in wound healing established 30–40 μm as the optimal pore size to stimulate M2-

like macrophage phenotype, while larger pores 90–160 μm promote an M1-like macrophage 

phenotype.[114,115] In electrospun scaffolds, smaller diameter fibers promote inflammatory 

activity. Therefore, scaffold-based cancer therapeutics could incorporate larger pores or 

smaller fiber diameters to activate inflammatory macrophage phenotype in the tumor 

environment. Substrate rigidity also alters cell transcriptome, phenotype, and behavior: 

increased rigidity increases macrophage phagocytosis and decreases the inflammatory 

response.[123] In cancer, this effect is illustrated as macrophages leave the soft, matrix-

deficient bone marrow and enter the matrix-rich tumor environment. Alvey et. al. correlated 

substrate micro-stiffness (kPa) with an increased Sirpa:cd47 ratio.[124] Understanding this 

relationship between substrate stiffness and macrophage expression can help design future 

therapies: softer implantable scaffolds could perhaps downregulate the inhibitory effects of 

the CD47:SIRPα axis.

Engineered implantable scaffolds could be used to modulate local immune cells and improve 

cancer treatments. Guerra et. al. used hydrogels to deliver M1-like macrophages directly to 

the tumor to utilize their anti-tumor activity and overcome acute inflammation associated 

with systemic injection of M1-like macrophages.[125] Poly(ethylene glycol) diacrylate 

(PEGdA) was crosslinked with thiolated gelatin poly(ethylene glycol) (Gel-PEG-Cys) and 

subsequently loaded with THP-1 monocytes, polarized to M1-like macrophages with LPS 

and IFN-γ. The macrophage-loaded hydrogel was injected adjacent to solid MHCC97L 

HCC tumors and reduced tumor volume by 6.9-fold. The authors hypothesized that the M1-

macrophages created a pro-inflammatory tumor microenvironment with elevated TNF-α and 

nitrite levels, inducing caspase-3 dependent apoptosis in cancer cells. However, the authors 

did not characterize macrophage phenotype within the tumor, or whether macrophages 

within the tumor were derived from the hydrogel.

Another biomaterials-based strategy utilized scaffolds to influence immune cell distribution, 

reducing TAM populations in the primary tumors and attenuating their tumor supporting 

activities. Rao et. al. implanted microporous poly(ε-caprolactone) (PCL) scaffolds, which 

recruited immune cells and reduced tumor burden at metastatic sites.[126] At the site of the 

scaffolds, increases in inflammatory (Ly6C+F4/80−) and non-inflammatory monocytes 

(CD11b+Gr-1hiLy6C−) were detected; both cell populations have been implicated in 

preparing pre-metastatic niches. Macrophage (CD11b+F4/80+), DCs (CD11c+F4/80−), and 

CD8+ cytotoxic T cell populations were lower at the implant site. Furthermore, mice with 

PCL implants had reduced tumor burden in the liver (64%) and brain (75%). The authors 
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hypothesized that the scaffold redistributed monocyte (CD11b+Gr-1hiLy6C−) populations 

from the tumor and spleen, key niches for metastatic seeding, to the scaffold. This 

hypothesis was supported by Gr-1 antibody depletion of CD11b+Gr-1hiLy6C− cells, which 

also improved survival for mock surgery (control) mice. This study demonstrates how 

biomaterials can be used to influence immune cell distribution. Accumulation of monocytes 

in the scaffolds reduced the percent of tumor-associated macrophages at the tumor site, 

which contributed to improved survival in a MDA-MB-231 tumor model. In another 

example, Aguado et. al. implanted microporous poly(lactide-co-glycolide) (PLG) scaffolds 

and confirmed an increase in CD11b+Gr-1hiLy6C− cells in the scaffolds of tumor bearing 

mice.[127] Macrophage (CD11b+F4/80+Ly6C−), monocyte (F4/80−Ly6C+), and CD11c+ DC 

distribution, as well as relative leukocyte recruitment, was consistent across scaffold 

implanted and mock treated mice. However, recruited macrophages in scaffold treated mice 

expressed a distinct functional phenotype compared to mock treated mice, suggesting that 

the scaffold influenced macrophage phenotype. Recruited macrophages (F4/80+Vcam1+) in 

the scaffold treated mice displayed an increase in CCR2, CCR7, and arginase (Arg), and 

decrease in Vcam1 expression relative to mock treated mice. The decreased Vcam1 

expression suggested that TAMs were less adhesive, leading to reduced retention in the 

tumor environment. Furthermore, when conditioned media from CD45+ cells from scaffold-

bearing mice was applied to tumor cell cultures, the authors observed decreased tumor cell 

mobility, CCL2, and increased decorin, a proteoglycan linked to reduction of metastatic 

spreading. These studies have influenced the development of a hydrogel-scaffold pre-

metastatic niche model to investigate activation of disseminated tumor cells, as well as 

recruitment and modulation of local immune populations.[128] Overall, the 

immunomodulatory potential of scaffolds can help us understand the cancer environment, 

development, and dissemination, and ultimately improve cancer therapeutics.

IV. Engineered macrophages and biomaterials

Because the tumor microenvironment recruits circulatory monocytes and MDSCs via 

secreted cytokines, researchers have engineered therapeutic macrophages for tumor homing 

and immunotherapy (Figure 8). These exogenously-delivered macrophages have been 

engineered as a cancer therapy, either as a genetically engineered macrophage (GEM) to 

overcome immune suppression, or to express a chimeric antigen receptor (CAR) for 

phagocytosis of tumor cells. Furthermore, they have been used as drug delivery vehicles. 

Macrophages are clever drug carriers because they are preferentially recruited to the tumor 

niche and have demonstrated improved tumor penetration, challenges faced by many drug 

delivery systems. Additionally, these cells are privileged to cross the nearly-impermeable 

blood brain barrier. Overall, this critical cell can be engineered and equipped with 

biomaterials to improve therapeutic efficacy.

1. Genetically engineered macrophages

In 1974, Fidler published a pioneering study showing that ex vivo-stimulated macrophages 

reduced pulmonary metastasis in a B16 melanoma model.[129] Disappointingly, in clinical 

trials, ex vivo-stimulated macrophages failed to show a survival benefit in solid tumor 

treatment. It was hypothesized that this was due to macrophage diversion to a pro-tumoral 
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phenotype and lack of persistent pro-inflammatory cytokine secretion.[130] To address this, 

we have recently developed genetically engineered macrophages (GEMs), endowed with 

resistance to tumor immunosuppressive signals, with the goal of transforming the tumor 

microenvironment by promoting persistence and activation of natural killer and T cells.[131] 

In the same vein as adoptive cellular therapies, GEMs would be generated from blood 

monocytes. Using a novel, highly effective lentivirus for macrophage transduction, the 

GEMs can be influenced to express proteins that overcome immune evasion, including 

disruption of IL-10 and PD-L1 gene expression through genome editing, and support of anti-

tumor immune cell activity through sTβRII and IL-21 expression. Soluble TβRII secretion 

interferes with and disrupts TGF-β signaling, and IL-21 activates cytotoxic lymphocytes, 

and shifts macrophage polarization to an inflammatory phenotype. GEMs were injected into 

intracranial U87 tumors and no detrimental effects on survival were observed, despite GEM 

persistence for the duration of the study (30–45 days). Although no added therapeutic 

benefit was observed following GEM injection, these studies were performed using GEMs 

expressing bioluminescent proteins as opposed to an immunomodulatory protein, as NOD-

SCID gamma mice lack functional B and T cells, and a therapeutic benefit almost certainly 

depends on an intact endogenous immune system. Future studies in immune-competent mice 

are needed to understand the safety and potential clinical benefit of GEMs. Overall, GEMs 

benefits from several key advantages over adoptive T cell transfer. Direct intratumoral 

injection increases safety compared to systemic intravenous injection and maximizes 

engineered cell-tumor interactions. Also, GEMs do not divide, so insertional mutagenesis 

will not affect future immune cell generations in vivo. Lastly, GEMs are generated from the 

currently-discarded monocyte population that is isolated during T cell preparations, reducing 

the burden on necessary infrastructure for developing a clinical product. Importantly, a 

manufacturing process for monocyte-derived macrophages has been developed and tested in 

patients, suggesting feasibility of scale up and clinical administration of engineered 

macrophages to patients.

In a direct parallel to CAR T cells, several attempts at engineering CAR macrophages have 

been made. Most notably, chimeric antigen receptor macrophages (CARMA) have been 

demonstrated as an efficient immunotherapy for solid tumors.[132] CARMA contains (1) an 

extracellular single-chain antibody variable fragment (scFv) against CD19 or HER-2, (2) a 

CD8 hinge and transmembrane domain, and (3) an intracellular cytoplasmic domain (CD3ζ, 

FcsRIγ, Dectin-1). The CAR was successfully expressed in both THP-1 monocytes and 

primary macrophages. CARMAs showed high specificity for their cognate targets and 

successfully engulfed and degraded tumor cells. Furthermore, phagosome repair was 

observed, indicating macrophage survival of this process, and potential serial tumor cell 

killing. Combination therapy with CD47/SIRPα blockade enhanced CARMA phagocytosis. 

Furthermore, transduction stimulated M1-like phenotype (HLA-DR, CD86, CD80, PDL1) 

and suggested at least temporary and moderate resistance to M2 subversion, indicated by the 

failure of IL-4 stimulation to induce CD206 expression in CARMAs. In both metastatic 

breast and ovarian cancer models, a single dose of CARMAs induced a 2,400-fold reduction 

in tumor burden compared to untreated mice. The CARMA platform is marketed by Carisma 

Therapeutics.
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Similarly, Morrissey et. al. introduced chimeric antigen receptors for phagocytosis (CAR-P) 

into macrophages.[133] As with CARMAs, the CAR-P contained (1) an scFv against CD19 

or CD22, (2) a CD8 transmembrane domain, and (3) an intracellular cytoplasmic domain 

(CD3ζ, Megf10, or FcRγ) to trigger phagocytosis. Macrophages expressing CAR-Ps were 

specific for their antigen of interest and able to engulf variably sized targets, ranging from 

2.5 to 20 μm in diameter. Incubation with CD19+ Raji B cells revealed that CAR-P 

macrophages internalized “bites” of the target cells, similar to trogocytosis, a “nibbling of 

live cells.” Interestingly, CAR-P expression in non-professional phagocytes, such as human 

3T3 fibroblasts, also promoted antigen-dependent trogocytosis. However, CAR-P 

macrophages were unable to engulf whole-cells, even after additional CD19 antibody 

opsonization. Introduction of tandem PI3K signaling, which enables engulfment of large 

targets, onto the CD19 cytoplasmic domain induced minimal whole cell engulfment (6 

cancer cells per 100 macrophages). In a macrophage-Raji co-culture, both CAR-P 

macrophages with the FcRγ or tandem PI3K-FcRγ significantly reduced Raji cell numbers, 

through either trogocytosis or whole cell engulfment.

2. Macrophages as drug delivery vehicles

Monocytes and macrophages have been utilized as targeting and drug delivery vehicles due 

to their ability to penetrate tissues and cross biological barriers, such as the blood brain 

barrier (BBB) or tumor core. Furthermore, monocytes are preferentially recruited to sites of 

inflammation and cancer, increasing the concentration of therapeutic payload. As such, 

several groups have equipped these immune cells with external or internal payload ex vivo, 

and demonstrated targeting, tissue penetration, and drug delivery in vivo.

2.1. Polymeric backpacks—Drug-loaded polymeric backpacks (BPs) have been 

attached to the surface of monocytes or macrophages to take advantage of their preferential 

recruitment and accumulation to diseased areas. Because monocytes and macrophages are 

highly phagocytic, it is critical that attached backpacks circumvent cellular internalization, 

which could result in endosomal degradation or failure to deliver drugs to the target tissue. 

Attached BPs also should not affect monocyte function (i.e. extravasation) or differentiation 

into macrophages. Anselmo et. al. designed polymeric BPs, attached them to the surface of 

monocytes, and investigated cellular migration and differentiation in inflammation models.
[134] The backpacks were fabricated layer-by-layer, consisting of poly(methacrylic acid), 

poly(vinylpyrrolidone), poly(allylamine hydrochloride) (PAH), anionic iron oxide magnetic 

nanoparticles, and poly(acrylic acid) (PAA). The top layer was decorated with biotinylated 

mouse-IgG, enabling cellular surface attachment via abundant Fc receptors expressed by 

monocytes. The final BPs were ~7 μm in diameter and less than 500 nm thick. Following BP 

attachment, monocytes maintained their ability to transmigrate through an endothelial cell 

monolayer and to differentiate into macrophages, as characterized by adherence and 

spreading. However, the authors did not further investigate the effect of BPs on monocyte 

and macrophage immune modulatory gene or protein expression. In both skin and lung 

inflammation in vivo models, monocytes honed to and carried BPs to inflamed tissues: 

compared to freely injected BPs, ‘hitchhiked’ BPs showed a 2- to 6-fold increased 

accumulation in inflamed tissues and a 2-fold reduction in clearance. The authors 

hypothesized that inflammation increased ICAM and VCAM expression, enhancing 
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monocyte recruitment. Future work includes drug-loading and tuning an extended release 

profile.

In a similar approach, Klyachko et. al. fabricated BPs to deliver an anti-oxidant payload 

across the BBB via macrophage carriers to deactivate released free radicals in brain 

inflammation.[135] Using layer-by-layer assembly, BPs were fabricated with PAA, PAH, and 

magnetic nanoparticles (as above), as well as bovine submaxillary mucin and lectin jacalin. 

BPs were loaded with the anti-oxidant catalase and attached to macrophages via CD11b 

antibody. The disc-shaped BPs were 7 μm in diameter and ~600 nm thick. In an LPS-

induced brain inflammation model, BP-loaded macrophages were detected in the brain, 

while freely injected BPs were not, indicating that macrophages facilitated BP delivery 

across the BBB. Although the BP did effect macrophage mobility, as BP-laden macrophages 

migrated slower than free macrophages, the BPs enabled high drug loading and a controlled 

release profile (<50% drug release over 18 hours). About 43% of the BP contained catalase, 

which was sufficient drug loading to neutralize free radicals released by activated microglia, 

the brain resident mononuclear phagocytes. Additionally, the multi-layer assembly approach 

protected catalase from protease degradation. Future work is needed to characterize if 

sufficient BP-laden macrophages cross the BBB to achieve therapeutic efficacy in vivo.

2.2. Macrophage ‘Trojan horses’—In another strategy, monocytes and macrophages 

have been used to deliver internalized payloads, serving as ‘Trojan horses’ for nanoparticle 

transport to solid tumors, including those in the brain. Monocytes loaded with gold (Au) 

NPs penetrated tumors into the necrotic core, where they succumbed to Au NP photo-

induced death upon near infrared irradiation.[136] Similarly, macrophages loaded with 

chemotherapeutic nanoparticles successfully delivered their payloads to tumors.[137,138] 

However, in both studies, therapeutic efficacy was limited with only modest reduction in 

tumor growth.

While there has been an increase in published literature using macrophages as Trojan horse 

drug delivery vehicles, this strategy is limited by several key challenges.[139] First, there is a 

significant risk that the payload is toxic to the carrier. Secondly, drug release is relatively 

slow; while this may be desired to allow for cellular extravasation and targeting, it can also 

reduce therapeutic efficacy. Lastly, intracellular cargos are highly susceptible to lysosomal 

degradation. While the use of extracellular BPs addresses the latter issue, these systems have 

yet to demonstrate sufficient drug loading for in vivo efficacy. Similarly, limited therapeutic 

efficacy has been demonstrated using cellular Trojan horses. Overall, the use of 

macrophages as drug delivery vehicles is limited until internal cargo trafficking and drug 

release is better controlled.

3. Macrophage shells

In addition to being used as active delivery vehicles, macrophage cell membranes (MCM) 

have been used as shells to camouflage nanoparticles. This coating extended blood 

circulation by denoting these nanoparticles as “self,” and improved tumor cell targeting and 

uptake. This biostealth strategy offers several advantages over PEGylation, which still 

results in significant clearance and is limited due to increasing prevalence of anti-PEG 
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antibodies. For example, MCM coated gold nanoparticles were used as a photothermal 

cancer therapy and significantly enhanced therapeutic efficacy. Importantly, the MCM did 

not interfere with near infrared (NIR) optical properties, enabling photothermal conversion. 

Compared to bare NPs, MCM-coated NPs were endocytosed by cancer cells 2-fold higher in 
vitro, circulated nearly twice as long, and exhibited nearly 5-fold higher tumor accumulation 

in vivo. Combined with NIR irradiation, MCM-NP treatment efficiently inhibited tumor 

growth.[140] In a drug delivery strategy, Cao et. al. coated emtansine liposomes with MCM 

and showed improved cancer cell engulfment via the α4β1-VCAM-1 axis. Coated liposomes 

improved specific targeting to metastatic foci, inhibiting lung metastasis formation by 

87.1%, compared to free drug and uncoated liposomes.[141] Beyond cancer applications, 

MCM-NPs have also been used in sepsis management, efficiently sequestering endotoxins 

and inflammatory cytokines, demonstrating the versatility of MCM coating.[142]

V. Future Directions

Tumor-associated macrophages play a critical role in cancer progression, facilitating tumor 

growth, progression, and immunosuppression. High TAM infiltration correlates with poor 

patient prognosis clinically, highlighting the therapeutic potential of targeting these immune 

cells. Indeed, strategies to inhibit TAM recruitment or deplete TAM populations have shown 

some clinical success. Significant progress in elucidating the mechanisms by which TAMs 

support tumor growth has enabled the development of new therapies to modulate 

macrophage activity and tumor growth. However, additional work is needed to improve 

specific targeting of TAMs and to reduce non-specific macrophage interactions. Interactions 

with healthy macrophages results in high off target effects, which is a major hurdle for TAM 

therapies. This is in part due to poor understanding of macrophage phenotype; additional 

investigation of macrophage subsets and activities will hopefully clarify macrophage-tumor 

interactions and aid in developing more specific targeting strategies. Furthermore, we expect 

to see an emergence of combinatorial therapies with dual-modulation of other immune cells, 

such as T and natural killer cells, to induce robust tumor regression. The importance and 

complexity of macrophages is further illustrated by their roles in promoting progression of 

other diseases, such as chronic wounds, diabetes, and ulcerative colitis. Emerging therapies 

seek to modulate macrophage activity or correct macrophage dysfunction. We are only now 

beginning to understand the diverse roles that macrophages play throughout the body and in 

different diseases. As we elucidate the activities of this complex immune cell, we can better 

understand macrophage activities in disease and develop better therapeutics.
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Figure 1A. 
Macrophages are present in all organs throughout the body, such as the brain, skin, and liver, 

and hold key roles in immune defense and in regulating homeostasis. Their dysfunction and 

dysregulation is linked with many diseases, such as cancer, obesity, and cardiovascular 

disease.
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Figure 1B. 
Activated macrophages are broadly classified into two subsets: M1-like and M2-like 

macrophages. These different phenotypes are activated via different stimuli, express 

different cellular markers, and perform different functions. However, this simplified 

paradigm does not fully cover the complexity of macrophage polarization, which is multi-

dimensional with overlapping functions and markers.
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Figure 2. 
Tumor-associated macrophages drive tumor growth through several mechanisms, such as 

immunosuppression, monocyte recruitment, and preparation of distant metastatic niches. 

TAMs further support tumor invasion by releasing enzymes that break down the basement 

membrane and secreting angiogenic growth factors. They comprise a large proportion of 

infiltrating immune cells and are involved with every stage of cancer progression. Because 

of their role in potentiating tumor growth and invasion, TAMs have emerged as an 

interesting therapeutic target for cancer treatment.
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Figure 3A. 
Current clinical and pre-clinical macrophage-based strategies aim to (1) inhibit monocyte 

and macrophage recruitment, (2) deplete TAMs, or (3) reprogram TAMs to an anti-tumor 

phenotype. Many small molecule or monoclonal antibodies treatments target the CSF-1/

CSF-1R or CCL2/CCR2 axis to inhibit monocyte recruitment and macrophage maturation. 

However, treatment cessation results in a rebound in monocyte population. Second, while 

TAM depletion has demonstrated efficacy in many animal models, indiscriminate TAM 

depletion may actually exacerbate tumor progression, emphasizing the complexity of 

macrophage populations and activity. Lastly, macrophage re-education toward an M1-like 

anti-tumor phenotype has been shown to reduce tumor progression, but can result in off-

target side effects. Overall, all of these strategies can benefit from improved targeting to 

specific macrophage populations.
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Figure 3B. 
This table summarizes current clinical and pre-clinical therapies impacting tumor-associated 

macrophage, the pathway targeted for each drug, and the type of drug (small molecule or 

antibody).
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Figure 4. 
Nanoparticle properties such as size, shape, and charge influence macrophage 

internalization. Property parameters that increase macrophage uptake are indicated with the 

darker bar. Particles between 30 nm and 3 μm in size induce optimal particle uptake. 

Spheroid particles demonstrate higher uptake compared to rod-like or disc-like shaped 

particles. Both highly anionic or highly cationic particles undergo high uptake. 

Nanoparticles are primarily cleared by the lungs, liver, kidney, and spleen. Understanding 

the effect of these parameters on macrophage uptake can improve particle design to target 

desired cell populations and reduce clearance.
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Figure 5. 
Active targeting ligands recognize cellular markers and facilitate internalization. The ability 

to differentiate between macrophage phenotypes can improve therapy specificity and reduce 

off-target effects. However, specific macrophage targeting is still limited by variable surface 

expression, significant overlap of expression between macrophage phenotypes, and a lack of 

understanding of macrophage phenotype and function. Currently, antibodies, peptides, 

carbohydrates, and aptamers are used to increase accumulation in specific macrophage 

populations. The decision of which ligand to use is a balance between biological 

considerations (target affinity, specificity, stability, and penetration) and chemical 

considerations (ease of modification and cost).
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Figure 6. 
Macrophages hold an essential role in wound healing, orchestrating the cellular transitions 

from inflammation, proliferation, and remodeling. Macrophages release cytokines to recruit 

and activate leukocytes to the wound site, and promote ECM remodeling and new vessel 

growth. After the initial inflammatory phase, macrophages exert immunosuppressive 

activities to restore homeostasis and suppress T cell proliferation and activity. These 

behaviors mirror that of M2-like TAMs in cancer.
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Figure 7. 
The properties of implantable scaffolds modulate local macrophage response. Larger pore 

size, thinner fibers, and less stiff materials promote M1-like macrophage polarization. 

Smaller pore size, wider fibers, and stiffer materials promote M2-like macrophage 

polarization. Understanding how implant architecture affects macrophage polarization and 

activity can guide the design of new cancer therapeutics.
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Figure 8. 
Adoptive cellular therapies are an effective anti-cancer therapy that genetically modifies a 

patient’s own cells as an anti-cancer immunotherapy. Chimeric antigen receptor (CAR) T 

therapies collect a patient’s leukocytes by apheresis and separate CD4+ and CD8+ T cells, 

which are engineered to express CARs. Kymriah and Yescarta are FDA approved therapies 

currently available to patients. Parallel to CAR T cells, several groups have demonstrated 

that monocytes derived from the same apheresis product can be differentiated and modified 

to express CARs (CAR-macrophages (CARMA) and CAR for phagocytosis (CAR-P)). 

Genetically engineered macrophages (GEMs) are modified to express proteins that 

overcome immune evasion and support anti-tumor immune cell activity.
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