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Abstract

Macrophages play important and diverse roles during cancer progression. However, cancer 

therapies based on macrophage modulation are lacking in tools that can recognize and deliver 

therapeutic payloads to macrophages in a tumor-specific manner. As a result, treatments tend to 

interfere with normal macrophage functions in healthy organs. We previously identified a 

macrophage-binding peptide, termed CRV. Here, we show that upon systemic administration into 

tumor-bearing mice, CRV selectively homes to tumors, extravasates, and preferentially binds to 

macrophages within. CRV exhibits a higher affinity for tumor macrophages than for other cells in 

tumors or for other macrophage types elsewhere in the body. We further identified and validated 

retinoid X receptor beta (RXRB) as the CRV receptor. Intriguingly, although it is known as a 

nuclear receptor, RXRB shows a prominent cell surface localization that is largely restricted to 

tumor macrophages. Systemic administration of anti-RXRB antibodies also results in tumor 

selective binding to macrophages similar to CRV. Lastly, we demonstrate the ability of CRV to 
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improve the delivery of nano carriers into solid tumors and macrophages within. In summary, we 

describe here a novel cell surface marker and targeting tools for tumor macrophages that may aid 

in future development of macrophage-modulatory cancer therapies.
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Introduction

Macrophages exist in virtually all organs and are central players in normal immune 

functions [1]. They are also key regulators in the pathogenesis of various human diseases 

including cancer [2, 3]. Tumor-associated macrophages (TAMs) contribute to tumor growth 

in many ways: stimulating angiogenesis [4, 5], remodeling extracellular matrix, promoting 

tumor cell migration and metastasis, and mediating drug resistance [6, 7]. Notably, TAMs 

are instrumental in creating an immunosuppressive microenvironment in many solid tumors 

[8], which undermines the effectiveness of immunotherapy. Thus, technologies to modulate 

TAM activities are urgently needed to improve the efficacy of current cancer therapies.

One characteristic feature of macrophages is the plasticity of their functional properties and 

cell surface markers in response to the local milieu [9]. The binding to some of the 

macrophage markers by targeting ligands (e.g. peptides and antibodies) can directly 

modulate TAM functions and generate antitumor effects [10]. Such macrophage markers that 

are under clinical investigation as targets for cancer therapy include CSF1/CSF1R, CCL2/

CCR2, and CD40 [11, 12].

Another way of utilizing cell surface markers and their ligands is ligand-directed delivery of 

therapeutics, where the ligands are only used to concentrate the drug at the TAM surface. 

This approach can be used together with generic toxins or therapeutic agents that change the 

macrophage phenotypes (e.g. from anti- to pro-inflammatory phenotypes), to achieve TAM 

modulation in tumors Mannose receptor (CD206) and folate receptor β are examples of such 

TAM markers that have been widely used for ligand-directed delivery [13, 14]. However, the 

majority of these surface markers are also found on healthy monocytes/macrophages, and 

more importantly, are critical players in normal immune functions. Targeting these receptors 

has shown side effects in healthy organs [10]. Therefore, a major task for TAM modulation 

technologies is to distinguish TAMs from healthy macrophages, which will help confine the 

modulatory effects in tumors while minimizing the side effects elsewhere.

One possible solution to the above problem is to identify cell surface markers specific for 

TAMs. Phage display screening has been used to identify peptides that bind selectively to 

TAMs. It is useful in discovering not only targeting peptides but also potentially novel 

surface markers of TAMs. Several TAM targeting peptides have been reported in the past 

decade. A screening performed in vivo using tumor-bearing mice identified a tumor-specific 

peptide, termed LyP-1 [15], which binds to a protein known as gC1q-R, HABP1 or p32 [16]. 

LyP-1 primarily accumulates in TAMs in tumors, but cell-surface p32 is also expressed in 

tumor endothelial cells and tumor cells. Moreover, LyP-1 also recognizes macrophages in 
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atherosclerotic plaques, a chronic disease prevalent in the adult population [17]. A phage 

screen performed on primary macrophages from tumor mice gave rise to a peptide, termed 

UNO that also recognizes TAMs [18]. The receptor of this peptide is CD206, which is a 

known surface protein expressed on TAMs and other macrophages [19]. The apparent TAM 

specificity of UNO may depend on a modification of the peptide that only happens on the 

surface of TAMs. Cieslewicz M. et al. used cultured macrophages differentiated into the 

immune-suppressive M2 phenotype to isolate a peptide that shows a preferential binding to 

TAMs [20, 21]. However, the receptor for this peptide has not been identified, which 

prevents the understanding of its TAM-targeting mechanism. Overall, more efforts are 

needed to identify novel cell surface markers, and targeting tools, that can distinguish TAMs 

from macrophages in healthy organs and even other pathological tissues.

We previously performed an in vitro phage screen on a murine macrophage cell line, J774A.

1 [22]. This screen identified a lead peptide, dubbed CRV (CRVLRSGSC, where the 

terminal cysteines form a disulfide bond to render the peptide cyclic). Upon intravenous (IV) 

injection into mice, CRV specifically bound to macrophages in lungs infected by bacteria, 

but not those in healthy lungs [22]. The ability of CRV to distinguish between macrophages 

in pathological and healthy tissues led us to evaluate its homing specificity for solid tumors 

and the TAMs within, and to identify the receptor that accounts for the unique specificity of 

this peptide toward a macrophage subpopulation.

Materials and methods

Materials.

Carboxyfluorescein-conjugated peptides (FAM-CRV and FAM-GGS, etc.) were purchased 

from LifeTein, LLC (Somerset, NJ). FAM was attached through an aminohexanoic acid 

linker to the N-terminal amino group. The C-terminus of peptide was not blocked. 

Antibodies used in this work are listed in Supplementary Table S2. 

Aminopropyldimethylethoxysilane and sulforhodamine 101 (SR101) were purchased from 

Sigma-Aldrich (St. Louis, MO). Maleimide-PEG-succinimidyl valerate (MAL-PEG-SVA, 

MW: 5,000) was purchased from Laysan Bio, Inc. (Arab, AL). RAW264.7, J774A.1, 

Py8119, and THP-1 and 4T1 cells were from American Type Culture Collection (Manassas, 

VA). LL/2 Red-Flue cells were obtained from PerkinElmer, Inc. (Waltham, MA). H1975 

cells were kindly provided by Dr. Garth Powis, Cancer Center, Sanford Burnham Prebys 

Medical Discovery Institute (SBP), KPC cells by Dr. Andre Nel, University of California, 

Los Angeles, and KRAS-Ink cells by Dr. Douglas Hanahan, Swiss Federal Institute of 

Technology Lausanne. M1 and M2 macrophages were polarized from bone marrow-derived 

macrophages (BMDM) of C57BL/6 mice as previously described [23, 24].

Tumor models.

4T1, MCF10CA1a, KRAS-Ink, KPC, LL/2 cells were cultured in DMEM supplemented 

with 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin. H1975 

cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 100 U/mL 

penicillin and 100 μg/mL streptomycin. Six to 8-week old BALB/c mice were purchased 

from Charles River Laboratories (Wilmington, MA) or The Jackson Laboratory (Bar Harbor, 
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ME). C57BL/6 were obtained from the animal facility at SBP. Hsd: Athymic Nude-Foxn1nu 

were received from Envigo (Indianapolis, IN).

To produce 4T1 tumors, 1 × 106 tumor cells (suspended in 100 μL of PBS) were 

orthotopically injected into the mammary fat pad of female BALB/c mice. In the 

MCF10CA1 a model, 2 × 106 tumor cells were injected into the mammary fat pad of female 

Hsd: Athymic Nude-Foxn1nu mice. The Py8119 model was established by injecting 1 × 106 

tumor cells (suspended in 100 μL of PBS) orthotopically into the mammary fat pad of 

C57BL/6 female mice. Subcutaneous KRAS-Ink tumors were established by injecting 1 × 

106 cells in 100 μL of PBS to the lower back of BALB/c mice. For H1975 tumors, 5 × 106 

cells were subcutaneously injected to the lower back of female Hsd: Athymic Nude-Foxn1nu 

mice. LL/2 tumors were generated by injecting 1 × 106 cells in 100 μL of PBS 

subcutaneously to the lower back of C57BL/6 mice. KPC orthotopic pancreatic tumor model 

was established by injecting 1 × 106 cells suspended in 20 μL of serum-free medium and 

Matrigel (1:1 (vol/vol) ratio, Corning) to the pancreas of BALB/c mice. All animal 

procedures were performed according to protocols approved by the Institutional Animal 

Care and Use Committee at SBP.

Peptide homing in vivo.

Biodistribution of FAM-conjugated peptides was examined after intravenous injection of 

100 μL peptide solution (1 mg/mL in PBS) into the tail vein of tumor-bearing mice. The 

peptide was allowed to circulate for 5 min, 15 min or 1 h. Animals were then sacrificed 

under deep anesthesia by transcardial perfusion with PBS. Tissues were collected, fixed with 

a 4% formaldehyde buffer solution overnight, then washed and soaked in 20% sucrose in 

PBS for two days. The tissues were then frozen in OCT embedding compound (Tissue-Tek) 

on dry ice and sectioned for immunostaining.

Cell binding studies.

Mice with tumor size about 8 mm in diameter were euthanized by cervical dislocation under 

deep anesthesia (lack of response to a toe pinch). Target (tumor) and control (spleen, blood) 

tissues were collected and dissociated into single cells. Tumor cell suspensions were 

obtained using MACS tumor dissociation kit from Miltenyi Biotec, Inc. (Bergisch Gladbach, 

Germany). Spleen cells were dissociated by grinding the tissue on a 70 μm cell strainer 

using a syringe plunger. Cell suspensions from all tissues were treated with red blood cell 

lysis buffer before they were incubated with peptides or antibodies at 4 °C for 1 h (both 

primary and secondary antibodies). TruStain fcX™ (rat anti-mouse CD16/32) antibody was 

included in the primary antibody staining step as the Fc blocking agent. Cells were washed 

with PBS between steps and analyzed on BD LSRFortessa (BD Biosciences, San Jose, CA). 

The flow cytometry data were then analyzed using FlowJo.

Homing of anti-RXRB antibody in vivo.

Rabbit polyclonal anti-RXRB antibody from GeneTex or mouse monoclonal anti RXRB 

antibody from Invitrogen (50 μg in 100 μL of PBS) was intravenously injected to each 4T1 

or KPC tumor-bearing mouse. Rabbit IgG or mouse IgG, 50 μg per mouse was injected into 

control mice. To compare the homing of the antibody and the peptide, FAM-CRV or control 
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FAM-GGS (100 μg in 100 μL PBS) was injected 3 hours after the antibody. After 4-h 

circulation of the antibody, animals were sacrificed by transcardial perfusion with PBS. 

Tissues were collected, fixed and sectioned as described above.

Immunofluorescence staining.

Frozen tissue sections were first treated with PBS containing 1% BSA and 0.1% Triton 

X100 (blocking buffer) at room temperature (RT) for 1 h. The sections were washed three 

times with PBS and then incubated with primary antibodies diluted (1:200) in blocking 

buffer at 4 °C overnight, followed by the appropriate secondary antibodies diluted (1:200) in 

blocking buffer at RT for 1 h. Details about antibodies are summarized in Supplementary 

Table S2. After washing with PBS, sections were mounted in DAPI-containing mounting 

medium (Vector Laboratories, Burlingame, CA) with a coverslip and examined under a 

Zeiss LSM 710 NLO confocal microscope.

RXRB immunohistochemistry staining.

Frozen tissue sections were first treated with peroxidase blocking solution (0.3% Peroxidase 

in Methanol) at RT for 30 min, and then with goat serum blocking solution at RT for 30 min. 

Primary rabbit anti-RXRB antibody (GTX79265, dilution 1:500) was then added to the 

tissue sections for 1-h incubation at RT. After removal of the primary antibody, the sections 

were treated with secondary anti-rabbit antibody for 30 minutes and then DAB peroxidase 

substrate for 5 minutes. Counterstaining with Hematoxylin was then performed, followed by 

dehydration in ethanol and xylene, and mounting with Cytoseal media.

CRV-pSiNP-SR101 in vivo studies.

The synthesis and characterization of CRV-pSiNP-SR101 is described in Supplementary 

Information. 100 μL of CRV-pSiNP-SR101 or control pSiNP-SR101 solution (400 μg NP in 

PBS) was injected into the tail vein of 4T1 tumor-bearing mice. After 2 h circulation, the 

mice were sacrificed by transcardial perfusion with PBS. Tumors and healthy organs were 

collected and either imaged with Xenogen IVIS or dissociated to single cells and stained for 

cell markers similar to the cell binding studies described above.

Statistical analysis.

Experiments were performed at least three times. All data represent mean value ± standard 

error of the mean. The significance analyses were performed using two-tailed Student’s t test 

as detailed in the figure legends.

Results

CRV selectively homes to tumors and rapidly extravasates upon systemic administration

We first evaluated the in vivo distribution of CRV in tumor-bearing mice. To visualize the 

peptide, a fluorescein (FAM) dye was added to the N-terminus of CRV (FAM-CRV). In our 

previous report, we showed that biotinylated CRV inhibits the binding of FAM-CRV to 

macrophages, and FAM-labeled control peptide shows no specific binding to macrophages 

[22]. Thus, CRV binding to macrophages is independent on the FAM labeling. In this work, 
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FAM-CRV was injected intravenously into tumor-bearing mice and allowed to circulate for 1 

h before the major organs were collected for analysis. FAM-GGS (GGSGGSKG) or FAM-

ARAL (ARALPSQRSR) [25] was used as a negative control peptide. We found that CRV 

exhibited tumor-selective accumulation in multiple tumor models including 4T1 mouse 

mammary carcinoma, MCF10CA1a human mammary carcinoma, KRAS-Ink [26, 27] and 

KPC mouse pancreatic ductal adenocarcinoma, H1975 human lung adenocarcinoma, and 

LL/2 mouse Lewis lung carcinoma. Substantially lower fluorescence signals were observed 

in healthy organs, especially liver and spleen which contain a high number of healthy 

monocytes/macrophages (Supplementary Fig. S1). The tumor accumulation of CRV was 

further confirmed by immunofluorescence (IF) staining of FAM in the tumor and healthy 

tissues (Fig. 1a and Supplementary Fig. S2). These results demonstrate that CRV selectively 

homes to tumors upon systemic administration.

The dynamics of CRV transport into tumors over time was then investigated. Representative 

images of IF staining are shown in Fig. 1. FAM-CRV was observed in tumors as early as 5 

min after IV injection. Most of CRV had already extravasated (Fig. 1a), but co-localization 

of CRV and blood vessels was still observed at this time point (white arrows in Fig. 1a). The 

blood vessel co-localization was less apparent at later time points, and the peptide 

accumulated and spread extravascularly over time. In comparison, the control peptide 

showed little accumulation in tumors (Fig. 1a). We observed no CRV in the lungs and heart 

(Fig. 1b). Some peptide was present in other healthy organs (liver, spleen, kidney and lymph 

node) at early time points (Fig. 1b, Supplementary Fig. S3). However, the peptide signal was 

essentially gone at one hour (Fig. 1b, Supplementary Fig. S3). The loss of peptide signal in 

these organs suggests that the early signal in healthy organs was clearance.

CRV preferentially recognizes macrophages in tumors

In the previous study, we showed that CRV binds to two murine macrophage cell lines, 

J774A.1 and RAW264.7 (referred to J774 and RAW hereafter) [22]. In the present work, the 

binding of CRV to macrophages of different origins and activation states was evaluated. 

Compared to control peptide, FAM-CRV showed specific binding to macrophages 

differentiated from human monocytic cell line THP-1, as well as bone marrow-derived 

macrophages polarized to either M1 or M2 phenotype (Supplementary Fig. S4). In contrast, 

FAM-CRV barely bound to 4T1 and Py8119 breast cancer cell lines (Supplementary Fig. 

S4). These in vitro results further support the conclusion that CRV binds to macrophages but 

not to other cell types.

To determine if CRV recognizes TAMs in vivo, mice bearing 4T1 tumors were injected IV 

with FAM-CRV and tumor tissue was stained for CD11b, F4/80 and CD68, which are all 

common markers of macrophages [28]. FAM-CRV showed colocalization with all these 

markers (Fig. 2a; yellow color indicates co-localization); the colocalization was strongest 

between CRV and CD11b, and CD11b was selected as the primary macrophage marker in 

subsequent experiments. Similar co-localization between FAM-CRV and macrophage 

markers was seen in other tumor models positive for CRV homing (Fig. 2b). Tumor staining 

using antibodies against fibroblast marker fibroblast activation protein (FAP) and epithelial 

cell marker CD326 (EpCAM) showed no CRV colocalization with these markers, indicating 
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lack of CRV binding to stromal fibroblasts and tumor cells (Supplementary Fig. S5). These 

results indicate that FAM-CRV mainly associates with TAMs in tumor tissue.

To investigate the intrinsic affinity of CRV for various cell types in tumors, we bypassed the 

complexity of in vivo transport and performed ex vivo binding studies. Tumor, spleen, and 

blood were collected from 4T1 tumor-bearing mice and dissociated into live single cells, and 

the cells were incubated with FAM-CRV. CRV showed a much higher affinity for the whole 

cell population from tumors than for cells from control organs (Fig. 3a), which is in 

agreement with the in vivo homing results. We then investigated the affinity of CRV for 

macrophages in various organs by focusing on CD11b-positive cells. The binding of FAM-

CRV to CD11b-positive cells in blood was similar to that of the FAM-GGS control, 

indicating that there is no substantial binding of CRV to circulating monocytes 

(Supplementary Fig. S6a). In both spleen and tumor, FAM-CRV showed a higher affinity for 

CD11b-positive cells than FAM-GGS (Supplementary Fig. S6a, b), while FAM-CRV bound 

to CD11b-positive cells from the tumor much more strongly than to those from the spleen or 

blood (Fig. 3b). Among tumor-derived cells, CRV showed a higher affinity for CD11b-

positive cells relative to CD11b-negative cells (Fig. 3c), and the majority of CRV-positive 

cells displayed macrophage markers while those that displayed low affinity for CRV did not 

(Fig. 3d, Supplementary Fig. S6c), agreeing with the results of IF staining (Fig. 2). Overall, 

these results demonstrate that the intrinsic affinity of CRV for TAMs is substantially higher 

than for their macrophage counterparts in healthy organs or for other cell types in tumors.

Identification of RXRB as the CRV receptor and a surface marker of TAMs

Next, we proceeded to identify the CRV receptor on macrophages. Membrane proteins of 

RAW cells were used as the source to isolate putative CRV receptors by affinity 

chromatography as previously described [29]. Mass spectrometry analysis of proteins that 

eluted with CRV peptide identified retinoid X receptor beta (RXRB) as the top candidate 

(Supplementary Table S1).

To validate RXRB as the CRV receptor, we first tested the binding of CRV to recombinant 

RXRB protein. Compared to FAM-GGS control, there was a significantly higher binding of 

FAM-CRV to both mouse and human RXRB (Fig. 4a), whereas neither peptide bound to the 

control protein, bovine serum albumin (BSA) (Supplementary Fig. S7a). Both J774 and 

RAW cells displayed a high surface expression of RXRB, while tumor cell lines had limited 

RXRB surface expression (Supplementary Fig. S7b), agreeing with the FAM-CRV binding 

results described above. RXRB belongs to the retinoid X receptor (RXR) family, which are 

known as nuclear receptors and located within the cell [30]. The RXR family has two other 

members, RXR alpha and RXR gamma [31]. In contrast to RXRB, there was little presence 

of these two receptors on the surface of RAW and J774 cells (Supplementary Fig. S7c). We 

also produced a rabbit polyclonal antiserum against recombinant mouse RXRB protein. Pre-

incubation of cells with this antiserum lowered the binding of FAM-CRV to RAW or J774 

cells to the level of the FAM-GGS control (Fig. 4b and Supplementary Fig. S7d). Together, 

these results support the conclusion that RXRB is the CRV receptor at the cell surface of 

macrophages.
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We next tried to quantify the association constant between CRV and RXRB using Biacore 

SPR (Surface Plasmon Resonance) system. FAM-CRV and Biotinylated CRV showed 

similar binding to human recombinant RXRB protein, while FAM-GGS did not 

(Supplementary Fig. S8). This result further strengthened the notion that the CRV affinity to 

RXRB is independent of labeling. However, due to the limitation of peptide solubility, we 

could not provide sufficient peptide concentration to reach a binding equilibrium for 

accurately measuring the dissociation constant (Kd). Thus, our result can only indicate a Kd 

of >1mM (Supplementary Fig. S8).

The in vivo distribution of RXRB further supported the above conclusion and revealed an 

interesting correlation between cell surface-expressed RXRB (hereafter, RXRB refers to the 

cell surface form unless indicated otherwise) and TAMs. Immunohistochemistry (IHC) 

staining of RXRB in 4T1 tumor tissue showed that RXRB and FAM-CRV largely co-

localized at various time points after the peptide was administered IV (Fig. 4c and 

Supplementary Fig. S9a). Co-localization was also seen between RXRB and macrophage 

markers (CD11b, F4/80, and CD68) (Fig. 4d). One caveat for IHC staining is that it cannot 

fully distinguish the surface and nuclear localization of RXRB due to potential membrane 

disruption caused by fixation. To exclusively investigate RXRB at the cell surface, 

weperformed ex vivo binding studies using live cells from tumor, spleen, and blood. FAM-

CRV preferentially bound to RXRB-positive cells in tumors and this phenomenon was also 

observed in dissociated tumor cells after in vivo homing of FAM-CRV (Fig. 5a). Tumor cells 

showed a subpopulation with a high level of RXRB, and this became more evident when 

looking into CD11b-positive cells across different organs, or CD11b-positive versus CD11b-

negative tumor cells (Fig. 5b, c, and Supplementary Fig. S9b, c). A majority of the cells with 

high levels of RXRB displayed macrophage markers CD11b and F4/80 (Fig. 5c). Besides 

TAMs, RXRB was also detectable on the surface of tumor vascular cells (Supplementary 

Fig. S9d). Collectively, these results support the notion that RXRB (cell surface) is a 

previously unknown and relatively distinctive marker for TAMs, and that CRV recognizes 

TAMs in vivo through binding to RXRB.

Anti-RXRB antibodies also home to tumors and binds to TAMs within

We also investigated the accessibility of RXRB to circulating antibodies in vivo by IV 

injection of anti-RXRB antibodies into 4T1 tumor-bearing mice. FAM-CRV was co-injected 

into the same animals to further validate the correlation between CRV and RXRB 

distribution in vivo. In order not to have the peptide and antibody interfere with one 

another’s binding in the co-injection experiment, we chose a rabbit polyclonal anti-RXRB 

antibody that did not block CRV binding in vitro (Supplementary Fig. S10a) The mice were 

perfused through the heart, similar to the previous CRV homing studies, to eliminate 

circulating antibody (or rabbit IgG used as a control) and FAM-CRV before analysis. The 

non-blocking anti-RXRB antibody was seen in the tumors, liver, lymph node, spleen and 

kidneys, but not in the heart or lungs, whereas IgG control was not detected in any of the 

tissues (supplementary Fig. S10b). In all healthy organs, anti-RXRB was mainly co-

localized with or surrounding the blood vessels except in the spleen, where the antibody was 

found in the red pulp area with no co-localization with CD31 but somewhat co-localized 

with CD68 (Supplementary Fig. S10b). In tumors, most of anti-RXRB antibody extravasated 
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across the blood vessels and accumulated in cells positive for macrophage markers (Fig. 6). 

In line with previous results, FAM-CRV did not accumulate in healthy organs 

(Supplementary Fig. S10b) and co-localized strongly with anti-RXRB antibody only in 

tumors (Fig. 6). Similar in vivo distribution was observed when anti-RXRB antibody was 

injected alone (Supplementary Fig. S11). Experiments with another tumor model (KPC 

orthotopic pancreatic tumor) also showed similar co-localization of FAM-CRV, anti-RXRB 

antibody, and macrophage markers in tumors (Supplementary Fig. S12).

To further strengthen this observation, we performed the same tumor-homing study with a 

mouse monoclonal anti-RXRB antibody. To exclude the interference of using mouse-origin 

antibodies, mouse IgG was used as the control to be co-injected with CRV in parallel. In the 

tumor tissue (but not healthy organs), we observed fluorescence signals in anti-RXRB group 

but very little in IgG group (Supplementary Fig S13). This result indicates that the signal in 

tumors primarily arises from recognizing RXRB but not mouse IgG. Similar tumor-specific 

extravasation and macrophage co-localization were seen with this anti-RXRB antibody in 

the tumor tissue (Supplementary Fig S13). Together, the above results indicate that RXRB is 

mainly present on the cell surface of TAMs but not of most healthy macrophages. RXRB is 

also present in or around the blood vessels of some tissues, which were positive for anti-

RXRB binding but did not retain FAM-CRV. More importantly, we show here that in 

addition to its ability to distinguish TAMs from healthy counterparts, RXRB can be used for 

tumor-specific targeting of macrophages in vivo with either CRV or anti-RXRB antibodies.

CRV distinguishes TAMs from macrophages in atherosclerotic plaques

LyP-1 is another peptide that has shown tumor-homing and TAM-binding properties [15, 16, 

32]. Upon IV administration into tumor-bearing mice, LyP-1 accumulated in the tumors but 

not in other organs [32], colocalizing with macrophage/myeloid markers (CD11b, Gr-1, and 

CD68) similar to CRV [16]. Since CRV and LyP-1 have different receptors, we next 

investigated whether these two peptides behave differently in recognizing macrophages in 

pathological tissues other than tumors. LyP-1 has previously been shown to home to 

atherosclerotic plaques and bind to macrophages within [17, 25]. Here, in vivo homing of 

FAM-CRV and FAM-LyP1 was performed in ApoE −/− mice bearing atherosclerotic 

plaques in the aorta. Unlike LyP-1, FAM-CRV showed no accumulation in the plaques and 

was similar to the negative control peptide (FAM-ARA) in this regard. IHC analysis further 

demonstrated the lack of RXRB expression in the plaques (Supplementary Fig. S14). These 

results indicate that CRV targets a subset of macrophages different from LyP-1, and that this 

subset is differentially expressed in different diseases.

CRV improves the delivery of nano carriers to TAMs

To evaluate the potential of RXRB-targeting for cargo delivery to TAMs, we conjugated the 

CRV peptide onto porous silicon nanoparticles (CRV-pSiNPs). Several unique advantages of 

pSiNPs make them desirable cargo carriers: they are nontoxic, compatible with a wide 

variety of drugs, and have a high loading capacity especially for nucleotide-based drugs [33, 

34]. The CRV-pSiNP system was previously shown to improve the delivery of small 

interfering RNA to macrophages in lungs infected by bacteria, attenuating the acute 

inflammation and prolonging the survival of the infected animals [22]. Here, we investigated 
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whether CRV can promote the accumulation of pSiNPs in solid tumors and their associated 

TAMs. A red fluorophore, sulforhodamine 101 (SR101), was loaded into pSiNPs 

(Supplementary Fig.S15) to track the in vivo fate of the pSiNP cargo and conjugation to 

pSiNP loaded with different cargo did not affect the specific binding of CRV to 

macrophages. The SR101-loaded CRV-pSiNPs were intravenously injected into 4T1 tumor-

bearing mice, and after 2 h circulation, the major organs were collected for ex vivo 
fluorescence imaging to quantify the intensity of SR101. The results showed that CRV-

pSiNPs delivered more cargo (SR101) into the tumors than pSiNP without CRV (Fig. 7a). 

There was also substantial accumulation of CRV-pSiNPs in the liver, distinct from the CRV 

peptide itself. This is due to non-specific clearance of nanoparticles by the liver, rather than 

specific CRV targeting, supported by the observation that there was no significant difference 

in intensity from the liver between pSiNP and CRV-pSiNP groups. Flow cytometry analysis 

showed that CRV-pSiNPs improved the delivery of SR101 to tumor-derived cells, especially 

to CD11b-positive tumor-derived cells, and the majority of CRV-pSiNP-SR101 positive cells 

were positive for macrophage markers (Fig. 7b, c). These results show that CRV enhances 

cargo delivery into solid tumors, and that the target cell type for the delivery is TAMs.

Discussion

Our study describes a peptide that selectively recognizes TAMs, and establishes RXRB as 

the target molecule (receptor) for the peptide and as a novel surface marker of TAMs. The 

tumor homing and TAM association of CRV were observed in a variety of tumor types. One 

unique feature of CRV homing to tumors is the rapid extravasation (as soon as 5 min after 

IV injection), which is among the fastest peptides that can penetrate across tumor 

vasculatures [15, 35]. While the tumor accumulation increased, CRV stayed within blood 

vessels in healthy organs, and its presence gradually diminished over time. Notably, CRV 

binding to monocytes in the blood was negligible, suggesting that CRV homing to tumors 

does not “piggyback” on circulating monocytes as a mode of transport. Instead, CRV may 

directly bind to its receptor on the tumor vasculature, where extravasation quickly occurs. 

The extravasation mainly occurred in tumors, suggesting a tumor-specific mechanism for the 

CRV-RXRB interaction that invokes subsequent transport events once the peptide binds to 

the vasculature. This notion is further supported by the fact that anti-RXRB antibodies, upon 

IV injection, also extravasated only in tumors.

Inside tumors, we observed colocalization between CRV and various macrophage markers. 

The colocalization is to some extent heterogeneous among different markers and tumor 

types. The possible reason is that these commonly used TAM markers label all or a great 

majority of macrophages, and sometimes other myeloid cell types [36]. While they are 

currently the best choice to define TAMs, these markers will not precisely indicate the CRV-

positive ones. The presence and expression of these markers also varies from tumor to 

tumor. The exact molecular nature of CRV-bound, or RXRB-positive, macrophages remains 

to be further addressed.

The characterization of CRV receptor led us to the intriguing discovery of RXRB as a novel 

surface marker for TAMs. RXRB is one of RXRs, which belong to a superfamily of nuclear 

receptors that function as transcription factors [30, 31]. Recent studies have revealed that 
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RXRs regulate macrophage functions and contribute to a number of macrophage-related 

pathologies such as inflammatory and metabolic disorders [31, 37]. Flowever, to the best of 

our knowledge, there is no previous study showing the cell surface presence of any RXRs or 

findings that would link RXRB to a particular cell type. Our identification of RXRB as the 

CRV receptor in TAMs strongly suggests that RXRB is present on the cell surface of these 

cells, because it is difficult to see how the peptide would otherwise bind to the cells. Several 

lines of evidence support our conclusion that cell surface RXRB is the CRV receptor. First, 

CRV directly bound to purified, recombinant RXRB proteins. Second, blocking RXRB on 

the cell surface with anti-RXRB antibody abolished the binding of CRV to macrophage cell 

lines. Third, anti-RXRB antibodies were able to bind to live cells isolated from tumors at 

4 °C, which is conditioned to prevent uptake into cells. Fourth, IF staining showed that in 
vivo distribution of IV injected CRV overlaps with that of RXRB in tumors. Finally, flow 

cytometry analyses showed that CRV primarily accumulated in RXRB-positive cells of 

tumor cell suspensions. The presence of intracellular proteins at the cell surface of tumor 

cells and cells in the tumor microenvironment is not uncommon. Other examples include 

nucleolin [38], annexin-1 [39], and another TAM marker p32/gC1qR [16]. This aberrant 

relocation of RXRB sets it apart from other known TAM markers (CCR2, CSF1R, CD206, 

folate receptors, etc.), which are naturally cell surface receptors. The biological significance 

of this phenomenon still awaits further investigations.

Our results show that RXRB (but not other RXR isotypes) is present on the surface of 

macrophages in vitro. IHC staining of tumor tissues revealed a high RXRB signal in tumors, 

and its distribution pattern overlapped with that of macrophages. Ex vivo staining of live 

tumor cells indicated that a high expression of cell surface RXRB is largely limited to TAMs 

and not observed with macrophages from healthy organs. However, IV injection of anti-

RXRB antibodies revealed substantial binding of the antibodies to the vessels of several 

healthy tissues and in tumor vasculature. This pattern is similar to what we observed at the 

early time points for CRV homing. The disappearance of CRV binding at later time points, 

which is not the case with anti-RXRB antibodies, may be due to weaker affinity of the 

peptide for RXRB relative to the antibody. This speculation is supported by the fact that 

CRV binds with RXRB protein in a much lower affinity than anti-RXRB antibodies 

(Supplementary Fig. S8). Thus, TAMs may not be the only cell type expressing cell surface 

RXRB. A critical difference between tumor and normal tissues is that CRV (and anti-RXRB 

antibodies) penetrate into tumors, whereas in normal tissues they only bind to the vessels. 

The fact that only RXRB-binding in tumors can invoke a rapid extravasation and allow 

access to TAMs, makes RXRB a potentially useful target molecule for ligand-directed 

targeting of tumors.

RXRB targeting by the CRV peptide and antibodies may represent a valuable approach for 

drug delivery to TAMs. Intensive efforts have been devoted to target macrophages of distinct 

functional statuses (e.g. M1 and M2) in order to achieve tumor specificity. Instead, we here 

utilize RXRB-targeting ligands to first home and penetrate into tumors, and then locate the 

macrophages within. These agents have little or no affinity to circulating monocytes, and can 

rapidly locate tumors and extravasate. The rapid and tumor-selective extravasation property 

is particularly useful in improving the access of therapeutic cargo to TAMs, which are 

generally far from the blood vessels in hypoxic parts of the tumor [40]. Another example of 
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such ligands is LyP-1, while CRV and RXRB antibodies are more selective to TAMs in that 

unlike LyP-1, they do not recognize macrophages in atherosclerotic plaques. Peptides and 

antibodies have been widely used with a variety of therapeutic payloads (small molecules, 

nucleotides, nanoparticles, etc.). Therefore, these RXRB-targeting ligands have the potential 

to aid in the future development of drug delivery platforms that target TAMs for the 

purposes of tumor treatment, as was demonstrated in this work with pSiNPs. Moreover, the 

synergy between RXRB targeting and drugs preferentially modulating TAM activities [41] 

may greatly improve the tumor specificity and efficacy of macrophage modulation. In 

summary, our study opens up new possibilities regarding the classification of TAM 

phenotypes and the role of RXRs in macrophage biology, as well as providing new drug 

delivery tools for effective and specific TAM modulation.

Conclusions

Tissue-specific recognition of macrophages remains a challenge in terms of both 

understanding the macrophage biology and developing therapeutics for macrophage 

modulation. Here we show that CRV, a macrophage-targeting peptide, selectively homes to 

tumors and accumulates in TAMs. RXRB is identified and validated as the receptor for CRV 

binding on the surface of TAMs. Intriguingly, while RXRB is known as a nuclear receptor, 

we find that it also resides at the cell surface of TAMs, and that its surface level in TAMs is 

much higher than that of their healthy counterpart cells. Upon systemic administration, anti-

RXRB antibodies, like the CRV peptide, accumulated in TAMs. CRV is distinct from other 

macrophage-targeting peptides in that CRV recognizes macrophages in tumors but not in 

atherosclerotic plaques. Finally, we show that CRV can increase the efficiency of cargo 

delivery to TAMs. These results establish RXRB as a novel cell surface marker for TAMs 

that can serve as a target for ligand-directed delivery of compounds to TAMs.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A peptide selectively homes to tumors and recognizes macrophages within

• Retinoid X receptor beta (RXRB) is the target of the peptide on the 

macrophage surface

• First report of RXRB on the cell surface and as a novel marker for tumor 

macrophages

• Targeting RXRB can distinguish tumor macrophages from those in other 

tissues

• Enables improved cargo delivery to tumor macrophages
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Fig. 1. 
The in vivo distribution of FAM-CRV in tumors and healthy organs over time. The mice 

were perfused with PBS and tissues were collected at 1 h or at the indicated time points after 

IV injection of FAM-CRV or FAM-GGS into mice bearing 4T1 orthotopic breast tumors. 

The tissues were stained with anti-FITC antibody for FAM-labeled peptide (green), anti-

CD31 for blood vessels (red), and DAPI for nuclei (blue). (a) Top row: whole tumor scan 

(scale bar: 1 mm). Bottom row: magnified view of regions marked by white squares in the 

top row (scale bar: 50 μm). White arrows indicate co-localization of FAM-CRV with CD31. 

(b) Distribution of FAM-CRV in indicated organs. SLN: sentinel lymph node; LN: lymph 

node (scale bar: 0.5 mm). Scale bar for liver, spleen, and kidney is 1 mm. These experiments 

were performed in three animals per group; representative images are shown here.
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Fig. 2. 
Co-localization of FAM-CRV with macrophages in tumors. (a) Co-localization of FAM-

CRV and macrophage markers after 1-h in vivo homing of CRV in mice bearing 4T1 breast 

tumors. IF staining was performed with anti-FITC antibody for FAM-CRV (green) and with 

antibodies for the indicated macrophage markers (red). Nuclei were stained with DAPI 

(blue). Scale bars: 100 μm. (b) Co-localization of FAM-CRV and macrophage markers in 

additional tumor types. After 1-h in vivo homing in the indicated tumor models, tumor 

sections were stained with anti-FITC antibody for FAM-CRV (green), anti-CD11b for 
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macrophages (red), and DAPI for nuclei (blue). Scale bars: 100 μm. All experiments were 

performed in three animals per group, and representative images are shown.
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Fig. 3. 
Preferential binding of FAM-CRV to TAMs. Ex vivo binding study of FAM-CRV to cells 

was performed by isolating single cell suspensions from the indicated tissues of 4T1 tumor-

bearing mice. The cells were incubated with peptides and antibodies to the indicated 

macrophage markers as described in Materials & Methods. (a) Flow cytometry histogram of 

CRV binding to the cells from the indicated tissues. FAM-CRV showed stronger binding to 

tumor cells than to blood and spleen cells. (b) Preferential binding of FAM-CRV to tumor-

derived CD11b+ cells over CD11b+ cells from the blood and spleen. (c) The binding of 

FAM-CRV to tumor-derived CD11b+ is stronger than the binding of this peptide to CD11b− 

cells or the binding of FAM-GGS to CD11b+ cells. (d) Flow cytometry analysis of FAM-

CRV-high cells from 4T1 tumors for the indicated macrophage markers. BV421: Brilliant 
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Violet 421. PE: phycoerythrin. These experiments were performed with individual samples 

from three animals and representative results are shown.
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Fig. 4. 
Identification of RXRB as the CRV receptor. (a) Strong binding of FAM-CRV compared to 

FAM-GGS (control) to recombinant human and mouse RXRB or proteins. a.u.: arbitrary 

units. The experiments were repeated three or more times, and the data shown are mean ± 

standard error of the mean (SEM) with individual data points overlaid as dots. Two tailed 

Student’s t-test: t (human) = 9.65, **** P = 0.000011, N = 5. t (mouse) = 5.22, ** P 

=0.0064, N = 3. (b) Inhibition of CRV binding to J774 and RAW cells by rabbit polyclonal 

antiserum against recombinant mouse RXRB protein. Cells were first incubated with the 

antiserum for 15 min, then with FAM-CRV for 30 min at 4 °C. The experiment was repeated 
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three times and the data shown are mean ± SEM with individual data points overlaid as dots. 

Student’s t-test was performed. NS: not significant. J774: t(NS) = 0.96, P = 0.39. t(*) = 3.42, 

P = 0.027. RAW: t(NS) = 0.48, P = 0.66. t(*) = 2.64, P = 0.058. (c) Co-localization of 

RXRB, FAM-CRV and CD11b in 4T1 tumors. After in vivo homing of FAM-CRV, IHC 

staining was performed on tumor tissue with anti-RXRB antibody (brown). IF staining was 

performed using anti-FITC antibody for FAM-CRV (green) and anti-CD11b for 

macrophages (red). Nuclei were stained with DAPI (blue). Top row: 60 min after IV 

injection of FAM-CRV. Bottom row: 5 min after IV injection of FAM-GGS. The right two 

columns show magnified views of the regions indicated with the white or black squares in 

the left two columns, (d) Co-localization of RXRB, FAM-CRV and macrophage markers in 

4T1 tumors. Same staining condition as in (c); blood vessels were visualized with anti-CD 

31. Scale bar: 100 μm. The staining experiments were performed with samples from three 

animals per group and representative results are shown.

Tang et al. Page 23

J Control Release. Author manuscript; available in PMC 2020 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Validation of RXRB as the CRV receptor in TAMs. (a) Flow cytometry histograms show 

preferential binding of FAM-CRV to RXRB+ over RXRB− 4T1 tumor cells. Top: 4T1 tumor 

cells incubated with FAM-CRV and anti-RXRB antibody ex vivo. Bottom: After in vivo 
FAM-CRV 1-h homing, dissociated 4T1 tumor cells were incubated with anti-RXRB 

antibody. (b) Flow cytometry histograms show RXRB expression in single cells of the 

indicated tissues. Top: RXRB expression in tumor, spleen, and blood whole cell populations. 

Bottom: RXRB expression in tumor, spleen, and blood CD11b+ cells. AF 594: Alexa Fluor 

594. (c) Flow cytometry analysis showing high RXRB expression on tumor macrophages. 

Top: Comparison of RXRB expression on CD11b+ and CD11b− cells in tumor-derived cell 

suspension. Bottom: phenotypic analysis of RXRB-high cells from 4T1 tumors for the 

indicated macrophage markers. BV421: Brilliant Violet 421. PE: phycoerythrin. All 

experiments were performed on individual samples from three animals per group, and 

representative images are shown.
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Fig. 6. 
Co-localization of systemically administered FAM-CRV, rabbit polyclonal anti-RXRB 

antibody, and macrophages in 4T1 tumors. After in vivo homing of FAM-CRV and anti-

RXRB antibody (or control IgG) in mice bearing 4T1 breast tumors, IF staining was 

performed with anti-FITC (column I, magenta), anti-rabbit IgG secondary antibody for 

RXRB (column II, green), other indicated antibodies (column III, red) and DAPI (blue). 

Column IV shows merged images of FAM-CRV, anti-RXRB antibody, and DAPI staining. 

Column V shows merged images of anti-RXRB antibody with the indicated markers and 

DAPI. Column VI represents merged images of control IgG, the indicated markers, and 

DAPI staining of tumors from mice that received the control IgG. Scale bar: 100 μm. The 

experiments were performed using three animals per group (anti-RXRB or IgG), and 

representative images are shown.
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Fig. 7. 
CRV facilitates delivery of nanomaterials to TAMs. (a) Biodistribution of CRV-pSiNPs in 

4T1 tumor-bearing mice after IV injection. The experiments were performed in three 

animals per group and a representative fluorescence images of tumors and control tissues are 

shown. Top row: tissues from a mouse injected with SR101-loaded pSiNPs. Bottom row: 

tissues from a mouse injected with SR101-loaded CRV-pSiNPs. (b-c) Flow cytometry 

analysis of tumor cells isolated from 4T1 tumors after in vivo pSiNP or CRV-pSiNP homing. 

Cells were incubated with the indicated antibodies as described in Materials and Methods 

and the analysis was performed in three animals per group. (b) Percentages of SR101+ cells 

in whole tumor-derived cell population. Shown is mean ± SEM with individual data points 

overlaid as dots. Two tailed Student’s t-test was performed. t= 11.89. *** P = 0.0003. (c) 

Correlation between pSiNPs and macrophage markers. Left: Percentages of SR101+ cells in 

CD11b+ tumor-derived cells, t = 32.91, **** P = 0.000005. Right: phenotypic analysis of 

CRV-pSiNP-SR101+ tumor cells for CD11b and CD68. BV421: Brilliant Violet 421. APC: 

allophycocyanin.
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