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Abstract 

Tumor associated macrophages (TAMs) play a paradoxical role in the fate of aggressive tumors 

like melanoma. Immune modulation of TAMs from the tumor-permissive M2 phenotype to 

antitumoral M1 phenotype is an emerging attractive approach in melanoma therapy. Resiquimod 

is a TLR7/8 agonist that shifts the polarization of macrophages towards M1 phenotype. 

Bexarotene (BEX) is a retinoid that induce the expression of phagocytic receptors in 

macrophages besides its ability to downregulate the M2 polarization. However, the clinical use 

of both agents is hindered by poor pharmacokinetic properties. Here, for the first time we 

repurposed BEX based on its immunomodulatory properties and combined it with RES by 

designing hyaluronic acid (HA) conjugates of both drugs that act synergistically as a dual 

macrophage polarizer to promote the M1 phenotype and suppress the M2 phenotype. This 

combination enhanced the macrophage secretion of proinflammatory cytokines (IL-6 and TNF-

α), while suppressing the production of tumor promoting cytokine CCL22. It enhanced the 

macrophage phagocytic ability and showed superior inhibitory effects against B16F10 cells. In 

vivo studies on a mouse melanoma model confirmed the superiority of the dual conjugate 
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compared to the single HA-drug conjugates in suppressing the tumor growth. Immunoprofiling 

of the excised tumors revealed a significant increase in the M1/M2 ratio of TAMs in mice treated 

with the dual conjugate. Our intravenously injectable HA conjugate of RES and BEX provides a 

promising immunotherapeutic combination strategy for resetting the M1/M2 ratio, supporting the 

tumoricidal activity of TAMs for effective melanoma treatment. 

Key words 

 Polymer conjugates, antitumor, macrophage, polarization, melanoma.  
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1. Introduction 

Melanoma is one of the most aggressive forms of skin cancer, causing a large majority of skin 

related deaths worldwide [1]. It is treated by surgery, radiation and chemotherapy. Although 

surgery is the standard treatment for skin cancers including melanoma, it is ineffective against 

metastatic tumors [2]. Moreover, treatments often end in recurrence. Hence, immunotherapy 

aimed at modulating the tumor microenvironment is gaining significant attention since it has the 

advantage of taming the body’s immune system to tackle metastasis and develop a memory 

response against recurrence. Most immunotherapies focus on the administration of an 

immunomodulatory agent, sometimes in addition to a checkpoint inhibitor. This approach, 

despite being effective, still faces some limitations [3].  

 

Tumor-infiltrating leukocytes (TILs) are currently the focus of immunoediting strategies 

aimed at the treatment of melanoma and other forms of cancer [4]. Tumor-associated 

macrophages (TAMs), are one of the most abundant TILs in solid tumors. TAMs display a wide 

range of phenotypes that are capable of performing different functions [5, 6]. However, this 

phenotypic diversity is often simplified into an ostensible M1/M2 dichotomy, with the anti-

inflammatory (tumor-permissive, M2) phenotype on one side and proinflammatory (antitumoral, 

M1) phenotype on the other side [7-9]. In most solid tumors, TAMs tend to polarize towards an 

M2 rather than the M1 phenotype, thereby assisting tumor development by inducing immune 

suppression and angiogenesis while suppressing the activity of other effector cells including 

CD8
+
 and CD4

+
 T-cells [10-12]. There have been substantial efforts either to deplete the M2 

TAMs or to repolarize them towards an M1 phenotype [13]. The approaches to deplete the 

TAMs have shown promising outcomes in delaying tumor progression in experimental animals 
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and have moved to clinical evaluation [14-18]. However, considerable interest is being directed 

towards the second approach exploring the use of small molecule receptor inhibitors for 

reprogramming TAMs by abolishing their tumor supportive functions and promoting their 

antitumor immune functions [19-21]. It has been reported that the use of CSF1R small molecule 

inhibitors altered the polarization of TAMs and resulted in controlling the progression of 

glioblastoma [22]. In a recent study, the combined use of the same molecule with Src homology 

region 2 (SH2) domain-phosphatases SHP-2 inhibitor successfully inhibited melanoma growth 

by TAMs repolarization pathway [23]. Despite the progress in this area, there is still a critical 

need for the development of effective therapeutic approaches to re-educate the TAMs with 

higher potency. Interferon gamma (IFN-γ) is a known M1 polarizer that is reported to suppress 

tumor growth, however its off-target side effects hinder its clinical use. 

 

Among the various classes of immune-modulatory agents, toll-like receptors (TLR) 

agonists are powerful immune modulators stimulating the innate immune system, activating 

antigen presenting cells (APCs) and polarizing TAMs. Resiquimod (RES) is an imidazoquinoline 

TLR7/8 agonist that binds to endosomal membrane receptors [24]. It is more potent than 

imiquimod (a TLR7 agonist approved for topical treatment of skin malignancies) [25]. It 

promotes the polarization of TAMs toward an M1 phenotype [26]. Despite its reported 

effectiveness in suppressing the growth of several types of cancer, currently it is only available in 

the market as a topical gel. However, topical application is not effective against deep cutaneous 

tumors like melanoma due to poor absorption. Moreover, systemic administration is hindered by 

poor bioavailability [27]. It has been reported that the incorporation of small molecule TLR 

agonist in cyclodextrin nanoparticles alters the tumor immune microenvironment, which was not 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

observed with systemic administration of the free drug [26]. Recently, encapsulation of RES into 

polymeric micelles has proven effective in chemo-insensitive non-small cell lung cancer. 

However, the combination of anti-PD-1 with RES micelles did not provide any benefit over RES 

micelles alone, suggesting lack of synergy between them [24]. Accordingly, other effective 

synergistic combinations for melanoma immunotherapy still need to be explored.  

 

A phase II clinical trial in melanoma patients demonstrated an augmented 

immunotherapeutic response when ATRA was administered with ipilimumab [28]. ATRA is a 

retinoid reported to enhance antitumor immunity by promoting differentiation of immature 

myeloid cells into macrophages, inhibiting the immunosuppressive effect of myeloid-derived 

suppressor cells on CD8
+
 T-cell-mediated immunity [29]. This finding illustrates the potential 

benefit of implementing retinoids in combination with immunotherapeutic agents to combat 

melanoma.  

 

Herein, we selected bexarotene (BEX), a retinoid X receptor (RXR) agonist that has 

proven effective against different types of cancer and is approved by the FDA for treating 

cutaneous T-cell lymphoma. We repurposed BEX based on its immunomodulatory properties 

represented by its ability to diminish myeloid-derived suppressor cells [30], to downregulate the 

M2 polarization of macrophages [31] and to enhance their phagocytic ability. BEX has been 

recently reported to induce the expression of phagocytic receptors in macrophages and enhance 

erythrophagocytosis in brain hematomas [32]. However, this property has not been harnessed in 

combination cancer immunotherapy. The studies on efficacy of BEX against several types of 
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tumors have focused on its direct effect on cancer cells but its poor solubility and poor 

bioavailability limit its clinical use [33]. 

 

In this work we explore the feasibility of combining BEX (as M2 down regulator) and 

RES (as M1 up regulator) and studied the efficacy in a mouse melanoma model. By delivering 

both agents simultaneously to the site of action, we aim to synergistically modulate TAM 

polarization by suppressing M2 phenotype, and at the same time, promote M1 phenotype, 

thereby favorably altering the M1/M2 ratio and enhancing the TAM phagocytic capabilities. 

 

A key challenge in administering drug combination is that both molecules have different 

pharmacokinetic profiles that can hinder their effective simultaneous delivery to the target site 

[23, 34]. To overcome this challenge, we conjugated both agents to the same polymer. We 

leveraged hyaluronic acid (HA) for the codelivery of RES and BEX given its characteristic 

property to target CD44, an integral cellular membrane glycoprotein expressed on macrophages 

[35, 36]. Additionally, HA is biocompatible, biodegradable and plays an important role in cancer 

therapy as being able to provide target-specific delivery and reducing systemic toxicity. Herein, 

we report a hyaluronic acid conjugate of RES and BEX to HA. We evaluated the effect of the 

conjugates on bone marrow-derived macrophages (BMDMs) with respect to their viability, 

activity, phenotype and phagocytic ability. The inhibitory effect of the conjugates against the 

B16F10 melanoma cell line was investigated. The therapeutic efficacy of the conjugates was 

evaluated in a subcutaneous mouse melanoma model.  

 

2. Experimental section  
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2.1. Materials 

The materials used in this study are described in Supporting Information (SI). 

2.2. Synthesis of HA-BEX and HA-RES and HA-RES-BEX dual conjugate 

For the synthesis of HA-BEX, 50 mg of 50 kDa MW HA (0.13 mmol of HA acid units) were 

dissolved in 3 mL DMF under stirring and slight heating (50˚C). 12 mg of BEX (0.034 mmol) 

were dissolved in 200 µL DMSO followed by the addition of 13.5 mg EDC (0.07 mmol) and 4 

mg (0.033 mmol) of DMAP dissolved in DMSO. The mixture was stirred for 1 hr then was 

added to the HA solution. The reaction was allowed to proceed for 48 hr. The product was 

purified using Sephadex G-25 PD-10 desalting columns equilibrated in MilliQ water. The 

product was further purified by dialysis at 4˚C for 24 hr and was lyophilized (SP Scientific 

Freezemobile) for further characterization.  

 

For the synthesis of HA-RES, 50 mg of HA (0.13 mmol HA units) was dissolved in 5 mL 

MES buffer at pH 6.5, 25 mg EDC and 15 mg NHS were added. The mixture was stirred for 45 

min at room temperature. Activated HA was separated from the reaction products by centrifugal 

filters (MWCO, 3 kDa) with repeated washing with PBS. 20 mg of RES (0.065 mmol) dissolved 

in 500 µL DMSO were added to the activated HA. The reaction mixture was stirred for 24 hr and 

was then purified by dialysis for 24 hr (Slide-A-Lyzer™ 3.5K MWCO) followed by 

lyophilization of the product.  

  

For the synthesis of the dual conjugate, 50 of HA-RES conjugate was dissolved in 3 mL 

DMF. The carboxylic group of BEX (12 mg) was activated by adding 13.5 mg EDC and 4 mg 

DMAP and stirring for 1 hr at room temperature then was added to the HA-RES solution and 
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stirred at 50˚C for 48 hr. The product was precipitated in ethanol/PBS mixture. The unconjugated 

BEX was measured in the supernatant by HPLC (see Methods in the SI).  

 

The conjugates were characterized by 
1
H NMR. Drug loading of HA-BEX was 

determined by UV-Vis measurements performed using plate reader (SpectraMax i3x) at λmax of 

260 nm. For HA-RES, drug content was measured by quantifying the fluorescence of RES at an 

excitation and emission wavelengths of 260 and 360 nm, respectively. Chemical structures of 

HA conjugates were verified with 
1
H NMR. Conjugates were dissolved into D2O at 5–7 mg/mL 

and analyzed with a Varian VNMRS (600 MHz) spectrometer. Data was processed using 

MestReNova software (Bruker GmbH, Karlsruhe, Germany). 

 

The physical structure of the HA-BEX, HA-RES and dual conjugate (HA-RES-BEX) was 

observed using transmission electron microscopy (Hitachi 7800). The size and zeta potential of 

the conjugates was determined by dynamic light scattering (Malvern Zetasizer NanoZS 

instrument; details in the SI). 

 

2.3. Synthesis of fluorescent HA-RES and HA-RES-BEX 

HA was labeled with Alexa Flour 488 or Alexa Flour 647, as previously described.[37] 

Fluorescent HA-RES was prepared following the same procedure used for the synthesis of HA-

RES using HA labeled with Alexa Flour 488, while the fluorescent dual HA-RES-BEX 

conjugate were prepared with Alexa Flour 488 for cellular uptake and with Alexa Flour 647 for 

the biodistribution study.  
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2.4. BMDM isolation and culture 

Femurs and tibias were harvested from C57BL/6 mice, the epiphyses of each bone were cut, and 

the bones were flushed with PBS using a syringe with a 31G needle into a 50 mL collection tube. 

The procedure was performed under sterile conditions. The solution was passed through a 40 μm 

cell strainer then centrifuged at 350xG for 10 min at 4°C. Cells were resuspended in Bambanker 

(Lymphotec, Inc.) and stored in cryovials at –80°C until further use [38]. 

 

To culture BMDMs, the frozen bone marrow was thawed, added to 5 mL of BMM
–
 (i.e., 

DMEM F12, with 5% FBS, 1% mL of Pen/Strep, and 2.5% of 200 mM GlutaMAX) at 4°C and 

centrifuged at 350xG for 5 min. The supernatant was aspirated, and the pellets were resuspended 

in BMM
+
 (i.e., BMM

–
 with 20 ng/mL macrophage colony-stimulating factor, M-CSF), and 

cultured in non-tissue culture (non-TC) treated T175 flasks containing in 25 mL BMM
+
 media 

under standard conditions. On the third day, additional BMM
+
 was added to the flasks. After 6 

days, the media was removed, cells were washed with HBSS and harvested from the flask using 

Accumax
TM

. The cell suspension was added to an equal volume of BMM
–
, centrifuged and the 

supernatant was aspirated. The obtained BMDMs were resuspended in BMM
+
 and then used for 

the subsequent studies.  

 

2.5. Effect on viability of BMDMs and cytokine secretion 

BMDMs were seeded in 96-well plates at a density of 5x10
3
 cells/well and placed in humidified 

incubator maintained at 37°C and 5% CO2 (Thermo Scientific, USA) for 24 hr. The media was 

then aspirated and replaced with increasing concentration of BEX, RES, HA-BEX, HA-RES and 

their combinations at predetermined ratios. The plates were kept under standard conditions for 48 
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hr, after which point the supernatant was collected in microcentrifuge tubes and replaced with 

10% alamarBlue (AB) solution in BMM
–
 and incubated for 3 hr in the dark at 37°C. Finally, 

cellular viability was assessed by reading the florescence of the solution from each well at λex = 

560 nm and λem = 590 nm (SpectraMax i3x). Baseline fluorescence levels from wells without 

cells were subtracted from each data point. The collected supernatant was analyzed for cytokines 

production including IL-6, TNF-α and CCL22 using ELISA assay after appropriate dilutions 

following the manufacturer protocols. 

 

2.6. Internalization of the conjugates by BMDMs 

The internalization of fluorescently labeled conjugates was assessed by confocal microscopy and 

by flow cytometry. BMDMs (5x10
3
 cells) were plated in individual chambers of Nunc™ Lab- 

Tek™ II Chamber Slide™ System (Thermo Scientific) and allowed to adhere overnight. The 

media was then aspirated and replaced with 200 µL of fluorescently labeled conjugate, followed 

by incubation for 4 hr at 37°C. The treatments in the wells were completely aspirated and cells 

were washed twice with PBS. Hoechst 33342 (10 µL of 0.5 mM solution) and the lysosomal 

marker LysoTracker Red (100 µL of 100 nM solution) were added and incubated 20 min before 

washing with PBS and fixing with 4% paraformaldehyde. The fixed cells were imaged using 

confocal microscopy (Upright Zeiss LSM 710 NLO ready, Germany). Alexa Flour 488 and 

Alexa Flour 647 were imaged using excitation/emissions of 638 / 756 nm and 493 / 517 nm, 

respectively. For flow cytometry analysis, 5x10
4
 BMDMs were plated in 12-well plates as 

previously described to allow for adhesion. The plates were then aspirated, and 1 mL of fresh 

media was added to each well. 200 μL of the fluorescent dual conjugate was added to each well 

incubated for 4 hr at 37°C. After the predetermined time points were reached, media in the wells 
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was completely aspirated. The cells were washed twice with HBSS then were detached from 

plate using 1 mL Accumax, added to 1 mL BMM
–
 centrifuged and resuspended in flow 

cytometry buffer before being analyzed by flow cytometry (BD LSR Analyser II, CA, USA) 

 

2.7.Quantitative uptake of HA-conjugates by BMDMs 

BMDMs were seeded in sterile 6-well plates at a density of 10
6 

cell/well overnight. On the next 

day, the media was aspirated and replaced with 50 µM of each of free RES, equivalent amount of 

HA-RES, HA-RES-BEX-Alexa 488 in fresh BMM
+
 media. To study the effect of HA-mediated 

uptake, cells were treated with free HA in an amount equal to that used in the conjugates for a 

period of 2 hr, followed by the addition of the conjugates. After 4 hr, the supernatants were 

aspirated, the cells were washed twice with 2 mL HBSS and the cells were treated with 2 mL of 

0.5% solution of Triton X- 100 for 3 hr for lysing. The lysate was centrifuged, and the 

supernatant was analyzed for fluorescence on a SpectraMax i3x plate reader for the 

quantification of RES. The uptake of HA-RES-BEX-Alexa 488 was measured by flow 

cytometry. The experiment was performed in triplicate for each treatment.  

 

2.8. In vitro activity of conjugates against B16F10-Luc cells in a co-culture with BMDMs 

B16F10-Luc cells were cultured in DMEM media supplemented with 10% FBS, 1% Pen Strep 

and 0.1% puromycin under standard conditions. The cells were seeded in 96-well plates at a 

density of 5x10
3
/well and allowed to adhere overnight. For establishment for a co-culture, 

B16F10-Luc cells were co-cultured with BMDMs at a ratio of 1:10 (5x10
3
 B16F10 cells to 5x10

4
 

BMDMs per well). The next day, the media was aspirated and replaced with increasing 

concentration of the free drugs, their combination and the HA-conjugates with equivalent drug 
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concentrations. The cells were incubated with the different treatments for 48 hr after which the 

supernatant was aspirated and replaced with 200 µL of 0.5% Xenolight-D-luciferin potassium 

salt solution in complete DMEM. Finally, cellular viability was assessed by reading the 

luminescence of the solution from each well after 10 min using BioTek plate reader with the 

untreated cells used as controls.  

 

2.9. Phenotyping in vitro cultures of BMDMs 

BMDMs were seeded in non-TC treated 12-well plates at a density of 2.5x10
4
 cells/well. On the 

next day the media was aspirated, and the cells were treated with predetermined concentration of 

each of free RES, free BEX, their individual HA conjugates, combined conjugates at different 

ratios and dual conjugate. After 48 hr, the supernatants were aspirated and replaced with 1 mL 

Accumax after washing with HBSS. Plates were incubated for 15 min at 37°C and 5% CO2, 

followed by vigorous agitation to dislodge the BMDMs. The suspension from each well was 

added to 1 mL BMM
–
 and centrifugated at 350xG for 5 min at 4°C. The cell pellets were 

resuspended in 1 mL of cell staining buffer (1% FBS in PBS) and centrifuged again. The cell 

pellets were resuspended in 100 μL of staining buffer containing 1 μL Fc block (anti-mouse 

CD16/CD32) and were incubated for 20 min at 4°C. For surface staining, samples were 

centrifuged and resuspended in an antibody mixture of anti-MHCII and anti-VEGF, according to 

manufacturer specifications dark at 4°C (see SI (Table S1) for details on the fluorescence of each 

antibody). After 30 min, cells were washed with 1 mL staining buffer, centrifuged, resuspended 

in 300 μL of staining buffer before analysis. For intracellular staining, samples were fixed and 

permeabilized following instructions from the manufacturer (BD Biosciences). Cells were 

resuspended in 100 μL of an antibody solution composed of anti-iNOS, anti HIF-1α and anti-
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CD206 in Perm/Wash
TM

 Buffer according to manufacturer specifications (see SI (Table S1) for 

details on the fluorescence of each antibody). Cells were kept at 25°C in the dark for 30 min, 

after which they were diluted with 1 mL of Perm/Wash
TM 

Buffer, centrifuged and resuspended in 

300 μL of stain buffer for analysis. Up to 10,000 events were collected for each sample. Data 

were analyzed using FCS Express 7 Software (De Novo Software). 

2.10. In vitro phagocytosis assay 

BMDMs were stained by VivoTrack 680 (PerkinElmer) according to manufacturer protocol and 

plated into non-TC treated 12-well plates (2.5x10
5
 cells/well) overnight. Cells were incubated 

with the different treatments including HA-RES, HA-BEX and their combination (HA-RES/HA-

BEX) each at concentration equivalent to 25 µM of each drug for 48 hr. B16F10 melanoma cells 

were labeled with CellTrace Violet, following the manufacturer protocol and were incubated 

(10
5
 cells/well) with the stained treated BMDMs at a ratio of 1:2.5. After 4 hr, the supernatant 

was aspirated, the cells were dislodged as previously described for the BMDMs and then 

suspended in cell staining buffer for analysis by flow cytometry. Percentage of phagocytosis was 

determined by the percentage of violet positive cells within red stained BMDM cell gate. 

 

2.11. In vivo biodistribution studies 

B16F10-Luc melanoma cells (10
6
) were implanted subcutaneously in the fat pad of 6–8 weeks 

old C57BL/6 mice (weighing 20 g, Charles River Laboratories). All experiments were performed 

according to the approved protocols by the Institutional Animal Care and Use Committee 

(IACUC) of Harvard University. Fourteen days after inoculation, mice were administered 100 

µL of 20 mg/mL Alexa 647-labeled HA-RES-BEX dual conjugate via tail vein injection. Mice 

were euthanized at 4 and 8 hr post-injection. Surgically resected organs were thoroughly washed 
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with PBS and imaged using IVIS filter set (excitation 640 nm and emission 680 nm). All images 

were taken using a PerkinElmer IVIS Spectrum CT In Vivo Imaging System (IVIS). The organs 

were then weighed, homogenized in PBS using a high shear homogenizer (IKA T 10 Basic 

ULTRA-TURRAX, NC, USA) and homogenates were treated with equal volumes of methanol, 

centrifuged at 20,000xG for 15 min and the supernatants were analyzed for fluorescence 

intensity using a calibration curve of the fluorescent HA conjugate in the organ homogenate.  

 

2.12. Efficacy study on mouse melanoma model 

B16F10-Luc (10
6
) were implanted subcutaneously in the fat pad of 6–8 weeks old C57BL/6 mice 

(weighing 20 g, Charles River Laboratories). At day 8 after tumor inoculation, the treatment was 

started. Mice were divided into four groups (n = 5), receiving HA-RES, HA-BEX, the dual 

conjugate (HA-RES-BEX) and a control group (saline). The mice were given a dose equivalent 

to 5 mg/kg body weight on days 8, 11, 14 and 19. The mice were imaged using in vivo imaging 

(PerkinElmer IVIS Spectrum, MA, USA) on days 7, 10, 13, 18 and 21. For this, mice were 

injected intraperitoneally with 150 µL of XenoLight-D-luciferin (30 mg/mL) in PBS. Fifteen 

minutes after the injection, mice were imaged using IVIS. The tumor volumes and body weights 

were monitored every other day. Tumor volumes were calculated using the formula, L x B
2
/2, 

where the L is longest diameter and B is the shortest diameter as measured using a digital caliper. 

Two days after the last injection, mice were euthanized via CO2 inhalation. Tumors were 

harvested immediately following sacrifice and processed for analysis. 

 

2.13. Flowcytometric analysis of excised tumor samples 
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Harvested tumors were weighed, then each tumor was cut into small pieces and enzymatically 

degraded using Miltenyi mouse tumor dissociation kit with a gentle MACS dissociator, 

according to manufacturer protocol. The resultant suspension was passed through a 70 μm to 

remove debris, flushed with DMEM and centrifuged. The pellet was resuspended in ACK red 

cell lysis buffer. After 5 min, the cells were centrifuged and resuspended in staining buffer for 

cells counting. The cell suspension was divided into different groups each of 10
6
 cells per animal 

and were stained using the similar procedure to that used in the polarization study. All steps were 

performed in 100 μL FACS buffer. Cells were incubated with 1% anti-mouse CD16/32 antibody 

(BioLegend) for 20 min on ice in the dark to block Fc receptors. Cells were then stained with 

antibodies for surface and intracellular markers. Different panels of antibody mixtures were 

made from CD45, F4/80, CD11b, CD11c, CD86, iNOS, CD206, MHCII, VEGF, CD3 and CD8 

(the fluorescence and supplier of each antibody are listed in Table S1) and Live/Dead Cell 

Staining Kit (Thermo Scientific). After staining, cells were washed twice and analyzed using 

flow cytometry (BD LSRII). Non-stained cells were used as negative control. Compensation 

beads, each stained with one antibody were used for single color controls. Data were analyzed 

using FCS Express 7 Software.  

 

2.14. Statistical analysis 

The data were represented as mean ± SD using GraphPad (Prism 8.0). For determination of 

statistical significance, multiple t-tests or one-way ANOVA with Dunnett’s multiple comparison 

tests were used, as applicable. Significance was determined at the following cutoff points (p < 

0.05 = *, p < 0.01 = **, p < 0.001 = *** and p < 0.0001 = ****). 
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3. Results  

3.1. Synthesis and characterization of HA-RES and HA-BEX conjugates 

A carbodiimide coupling reaction procedure was adopted for the direct attachment of RES and 

BEX to HA backbone via amide and ester bond, respectively (Figure 1A). The conjugates were 

characterized using a number of techniques to confirm identity and drug loading. 
1
H NMR 

spectroscopy data indicated the conjugation of RES to HA (Figure 1B). HA-RES showed a 

characteristic peak at 1.88 ppm characteristic of the acetamido moiety (CH3-g) of HA, aliphatic 

protons of RES at 1.1–1.2 ppm and aromatic peaks at 7.28-8.26 ppm confirming that RES was 

successfully conjugated with a molar content of 4.5–5.0 mol.%, indicated by peak integration 

(Figure S1A). HA-RES drug content was further quantified by fluorescence measurement at an 

excitation and emission wavelength 260 nm and 360 nm, respectively. For HA-BEX, 
1
H NMR 

data showed the characteristic peak for HA at 1.88 ppm, peaks for aliphatic protons of BEX at 

0.93–1.15 ppm and peaks for aromatic protons at 7.67 and 7.87, revealing 6.7 mol.% content, as 

determined by peak integration (Figure S1B). This was further confirmed by UV spectroscopy. 

UV-Vis analysis confirmed drug loading of HA-BEX where the conjugate preserved the 

characteristic maximum absorbance of the parent drugs (λ = 260 nm). We optimized the 

synthetic procedure to adjust the loading of both drugs in the dual conjugate ensuring the 

consistency of the yield (Figure S1C). Drug loading of about 4.5 and 5.5 wt.% could be 

achieved for RES and BEX, respectively in the dual HA-RES-BEX conjugate. The conjugates 

formed aqueous dispersions without any visible aggregates.  

 

TEM micrographs illustrated that the conjugates formed self-assembled spherical 

structures (Figure 1C) with hydrodynamic diameters of 98.7 ± 13.6, 119.4 ± 11.5 and 192 ± 21.2 
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nm and zeta potential values of –43.6, –44.7 and –35.7 mV for HA-RES, HA-BEX and the HA-

RES -BEX dual conjugate, respectively. These data provided an indication of the satisfactory 

properties of dual conjugate for systemic delivery (i.e., hydrodynamic radius and zeta potential 

are important aspects for efficient delivery to the tumor). 

 

 

 

 Figure 1. Synthesis and characterization of HA conjugates. (A) Schematic illustration of the 

synthetic procedure for HA-BEX and HA-RES. (B) 
1
H NMR data of HA-BEX (top) and HA-

RES (bottom) showing the assignment of BEX and RES peaks, respectively. (C) TEM 

micrograph of self-assembled HA-BEX, HA-RES and HA-RES-BEX dual conjugate spherical 

structures. 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

3.2.  Biological activity of HA-BEX and HA-RES 

3.2.1. Effect on BMBM viability and cytokines secretion 

Immune cells such as macrophages and dendritic cells are responsible for initiating immune 

responses and represent key targets for immunostimulatory drugs [39]. HA-RES conjugates were 

well-tolerated by BMDMs after a 48 hr exposure. Neither free RES nor its HA-conjugate 

displayed a cytotoxic effect on BMDM viability. Instead, an increase in cell viability was 

observed at all concentrations tested (Figure 2A). Enhanced cell viability of BMDMs and bone 

marrow-derived dendritic cells in the presence of RES has been previously reported [24, 39]. 

 

The conjugation of TLR agonists to different molecules has been reported to alter their 

activity and receptor specificity [40]. Therefore, we sought to test whether the conjugate still 

retained the immunostimulatory effects of the parent molecule. We assessed the proinflammatory 

cytokines in the supernatant of BMDM cultures after 48 hr of exposure to RES and HA-RES. 

The secretion of proinflammatory cytokines such as tumor necrosis factor alfa (TNF-α) and 

interleukin-6 (IL-6) serve as quantitative indicators for TLR7 activation of BMDMs [24]. HA-

RES induced the secretion of TNF-α and IL-6. The induction of proinflammatory cytokines was 

similar for HA-RES and the equivalent amount of free RES, indicating that conjugation of RES 

to HA did not affect its immunological activity (Figure 2B and 2C). Moreover, the levels of 

TNF-α and IL-6 detected where much higher than those produced by cells treated with 20 ng/mL 

IFN-γ (202 ±18 and 130 ± 8.8 pg/mL for TNF-α and IL-6, respectively). Also, since RES is a 

synthetic ligand of the endosomal receptor TLR7, delivery to the endosome of phagocytic cells is 

essential for its immunological activity [41]. We incubated BMDMs with fluorescently labeled 
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HA-RES for 4 hr and observed endosomal localization of the conjugate, confirming that the 

cargo was delivered to its intended intracellular target (Figure 2D).  

We also tested the effect of BEX and its HA conjugate on the viability of BMDMs at various 

concentrations (0.39–50 µM). We found that both the free BEX and its HA conjugate did not 

alter the viability of the BMDMs at any tested concentration up to 25 µM, after which point 

further increase in the concentration of drug caused a significant decrease in cellular viability 

(Figure 2E). An important mechanism underlying the activity of BEX against cancer is its 

ability to reduce the production of CCL22 from TAMs, as reported in a recent clinical study [31]. 

CCL22 is a C-C chemokine receptor type 4 (CCR4) ligand that attracts CCR4
+
 T-cells, including 

regulatory T-cells (Tregs), promoting melanoma growth [42]. CCL22 vaccination is reported to 

suppress melanoma growth by decreasing Treg recruitment to the tumor. An assessment of the 

effect of HA-BEX on the production of CCL22 from BMDMs indicated that the conjugate 

retained the ability of BEX to reduce the secretion of CCL22 levels in the supernatant of BMDM 

cultures (Figure 2F).  

 

Interestingly, co-administration of HA-RES with HA-BEX to BMDMs did not show a 

negative effect on cellular viability at all concentrations tested. Even HA-BEX at concentration 

of 50 µM, which showed a reduction in BMDM viability, did not show any inhibition of 

BMDMs when combined with HA-RES (i.e., the combination of HA-RES with HA-BEX even at 

the lowest concentration of RES 0.03 µM enhanced BMDM viability; Figure S2). 

 

We also measured the level of cytokines in the supernatant of BMDM cultures after 48 hr 

treatment with HA-RES, HA-BEX and their combinations. There was an increase in the 
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production of IL-6 and TNF-α (up to 30- and 75- fold respectively compared to untreated cells), 

while there was a significant reduction in the production of CCL22 secreted by macrophages 

polarized toward M2 phenotypes (i.e., by 20 ng/mL IL-4) prior to adding the conjugates (Figure 

2G). These results indicate that the combination of HA-RES and HA-BEX may act together as a 

promising combination by promoting upregulating proinflammatory cytokines, such as IL-6 and 

TNF-α on one side, while inhibiting the production of CCL22 on the other side, which together 

with TLR8-mediated suppression of Tregs [43] could be a promising opportunity for cancer 

immunotherapy. 

 

 

Figure 2. Effect of HA-RES, HA-BEX and their combination on BMDM viability and 

production of proinflammatory cytokines (n = 3). (A) RES and HA-RES enhances the viability 
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of BMDMs. (B) Production of TNF-α and (C) IL-6 from BMDM after 48 hr treatment with RES 

and HA-RES. (D) Confocal laser scanning micrographs (CLSM) showing the internalization of 

Alexa Fluor 488-labeled HA-RES by BMDM after 4 hr incubation, scale bar 50 µm. (E) Effect 

of BEX and HA-BEX at different concentrations on the viability of BMDMs, and (F) the 

production of CCL22 in the supernatant of BMDM cultures. (G) Effect of combining HA-RES 

and HA-BEX at selected ratios on the production of TNF-α, IL-6 and CCL22. 

 

3.2.2.  Dendritic cell maturation  

We further tested the effect of the conjugates on activating dendritic cells (DCs), which have the 

most potent antigen presentation capability among APCs.[39] We evaluated the expression of 

CD11c, MHCII and CD86 as maturation markers for DCs, given their important role for 

effective T-cell priming required for adaptive immunity [44-46]. DCs exposed to RES, BEX, 

HA-RES and HA-BEX expressed higher levels of the maturation markers MHCII and CD86 

compared to the untreated cells (Fig. S3). This confirmed that HA-RES maintains its 

immunological activity and highlights for the first time the stimulatory effect of HA-BEX on 

DCs. Interestingly, the cells treated with a combination of HA-RES and HA-BEX showed a 

significant increase in the expression of MHCII (p < 0.05) and highly significant increase in the 

expression of CD86 (p < 0.0001) compared to the cells treated with a single conjugate, indicating 

the synergistic immune stimulatory activity of this combination.  

 

3.2.3.  BMDM polarization 

Upon verifying the lack of toxicity of conjugates to BMDMs, we further elucidated the effect of 

HA-RES and HA-BEX and their combination on macrophage polarization. BMDMs were treated 
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with different concentrations of RES and HA-RES for 48 hr. The expression of several markers 

associated with M1 and M2 phenotypes was evaluated and normalized to untreated BMDMs 

(Figure 3A). We evaluated the relative expression of M1 biomarkers, including iNOS, which is 

involved in the production of nitric oxide (NO) that serves as a potent tumoricidal agent [47] and 

HIF-1α, which is reported to be a promotor of M1 polarization.[48, 49] We also evaluated the 

expression of CD206 and vascular endothelial growth factor (VEGF) as representative M2 

markers[50]. 

Cells treated with either free RES or HA-RES demonstrated a 2.0 to 2.2-fold increase in 

the expression of iNOS compared to untreated cells. The expression of CD206 was reduced to 

0.7-fold compared to untreated cells. We compared the level of marker expression to that 

induced by IFN-γ (a potent M1 polarizer) [50]. Interestingly, the fold change in iNOS expression 

induced by the drug conjugate was higher than that induced by IFN-γ, which only showed a 1.3-

fold increase compared to untreated cells (Figure 3A). This further confirmed that conjugating 

RES to HA did not affect its ability to polarize BMDMs. The effect was not dependent upon the 

concentrations tested. Treatment of BMDMs with different concentrations of BEX or HA-BEX 

did not show a significant change in the expression of iNOS compared to untreated cells; 

however, it reduced the expression of CD206, which was 0.5 to 0.6-fold of that expressed by 

untreated cells, representing a1.66-2 fold reduction in the expression. (Figure 3B). HIF-1α is a 

metabolic regulator that participates in the M1 polarization of macrophages [48, 49]. BMDMs 

treated with either HA-RES, HA-BEX or free drugs at different concentrations showed a 2.0 to 

3.0-fold increase in the relative expression of HIF-1α compared to the untreated cells. However, 

the fold change was less than that induced by IFN-γ, which showed a 5.5-fold increase in the 

expression of HIF-1α compared to untreated cells.  
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Interestingly, BMDMs treated with combinations of HA-RES and HA-BEX showed up to 

a 4.3- fold increase in the expression of iNOS relative to untreated cells, which was significantly 

higher than that induced by HA-RES or HA-BEX alone. In addition, the combination 

demonstrated a 6.0 to 7.0-fold increase in the expression of HIF-1α compared to untreated cells. 

This increase was significantly higher than that induced by the individual conjugates. Moreover, 

the expression of CD206 on cells treated with the combination of conjugates was reduced to 

0.35-fold compared to untreated cells, demonstrating a significant reduction compared to that 

induced by each individual conjugate (Figure 3C). This indicated that the drug combination can 

act synergistically as potent dual macrophage polarizer by simultaneously promoting M1 

phenotypes and suppressing M2 phenotypes. 

 

Many reports show that the polarization state of macrophages is reflected in their 

morphology [26]. We observed the morphology of BMDMs after different treatments. Following 

treatment with HA-RES, cell morphology shifted from elongated structures with projections 

observed in untreated BMDMs to round, and flattened structures, characteristic of M1 activated 

macrophages. BMDMs treated with a HA-BEX/HA-RES showed mostly a round morphology 

(Figure 3D). 
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Figure 3. Phenotypic evaluation of BMDMs in response to free drug and drug conjugates in 

vitro. (A) BMDMs were treated with different concentration of RES and HA-RES, (B) BEX and 

HA-BEX and (C) combinations of HA-RES and HA-BEX at selected ratios. Bar graphs indicate 

the fold change in the median expression of selected M1 and M2 biomarkers relative to their 

expression in untreated BMDMs (n = 5; ns, non-significant; *p < 0.05; **p < 0.01; ***p < 

0.001; ****p < 0.0001). (D) Cell morphology of BMDMs after treatment with HA-RES, HA-

BEX and combination conjugates showing: (I) elongated structures with projections observed in 

untreated BMDMs, shifting to (II) round, and flattened structures when treated with HA-RES, 

(III) a lower proportion of elongated cells treated with HA-BEX and (IV) a higher proportion of 

round cells observed upon treatment with a combination HA-BEX/HA-RES. 
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3.2.4. Cytotoxicity study against melanoma cells 

We studied the ability of conjugates to inhibit the growth B16F10-Luc (luciferase-expressing 

melanoma cells) cultured alone and in co-culture with BMDMs. RES had a negligible cytotoxic 

effect on melanoma cells. Its effect on B16F10-Luc cells was significantly enhanced in the 

presence of macrophages (Figure 4A). In other words, RES or its HA-conjugate did not exhibit 

direct inhibitory effects against B16F10 cells. The reduced cell viability of the melanoma cells in 

the co-culture with the BMDMs is likely attributed to its immunomodulatory effect on BMDMs. 

This observation is consistent with previous studies, where RES did not exhibit any cytotoxic 

activity against lung adenocarcinoma cells (344SQ) despite its in vivo efficacy [24]. BEX had an 

IC50 of 25.2 µM on B16F10. The inhibitory effect of BEX (at low concentrations) was improved 

in the presence of BMDMs (Figure 4B).  

 

The combination of free BEX and free RES did not result in a measurable enhancement 

of cytotoxicity. Interestingly, the combined conjugates were more potent in inhibiting the growth 

of melanoma cells. While the IC50 of BEX on B16F10 cells is 25.2 µM, adding free RES at 

equimolar concentration to BEX did not add to this effect. However, combining both conjugates 

at the same concentration resulted in 100% inhibition of melanoma cells. The combination of the 

HA-BEX / HA-RES conjugates caused a 2.2-fold reduction in IC50 of BEX (11.22 µM). 

 

At a concentration of 12.5 µM, the free drug combination caused 13.6% inhibition of cell 

viability, while the combined conjugates caused 62.7% inhibition of cell viability. Perhaps more 

interesting was the significant reduction in B16F10 viability observed at all of tested 

concentrations of the combined conjugates in the co-culture with BMDMs (Figure 4C). 
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3.2.5. Cellular uptake 

We studied the quantitative uptake of the free RES and its HA conjugate by BMDMs. To study 

the effect of HA-mediated uptake, cells were incubated with free HA in an amount equal to that 

used in the conjugates to occupy the HA receptors before adding the conjugates. The uptake of 

HA-RES was 4-fold higher than free RES. However, upon pretreatment with HA, the uptake of 

HA-RES diminished (24-fold decrease). This suggests that the uptake is mediated through HA 

receptors (CD44) expressed on the BMDMs (Figure 4D). Accordingly, HA conjugates can allow 

for the use of a 4-fold lower dose of RES while achieving the same effective amount of uptake 

by macrophages. This highlights the privilege of the HA conjugates over the free drug in 

reducing the dose administered, thus likely reducing the side effects associated with higher drug 

doses. 

 

Delivering the conjugate bearing both drugs into the cellular compartment ensures that 

they will act simultaneously. To confirm this, we synthesized fluorescently labeled dual loaded 

conjugate (HA-BEX-RES-Alexa Fluor 488) and studied its uptake by BMDMs. Flow cytometry 

analysis of the uptake revealed that cells treated with HA prior to the conjugate exhibited 13.4-

fold reduction in the florescence intensity compared to those treated directly by the conjugate 

confirming the data obtained from the previous quantitative uptake experiment (Figure 4E).  

 

3.2.6. Phagocytosis study 

The polarization of macrophages toward M1 phenotypes is reported to enhance their phagocytic 

and tumor clearing capabilities [23, 51]. Accordingly, we performed a phagocytosis assay to 

understand the mechanism underlying the enhanced inhibitory effect of the combined conjugates 
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compared to the single conjugates in co-cultures with BMDMs (Figure 4G). We observed that 

BMDMs treated with a combination of HA-RES and HA-BEX had a significantly higher 

phagocytic index compared to BMDMs treated with the individual conjugates or untreated 

BMDMs (Figure 4H). These results indicated that superior activity of the combined conjugates 

manifested by the higher inhibition of the B16F10 cells co-cultured with BMDMs could be 

attributed to the synergistic activity of both HA-RES and HA-BEX in promoting M1 shifting 

enhancing the phagocytic ability of BMDMs, resulting in phagocytosis of the cancer cells rather 

than direct toxic effect of the drugs on them.  

 

Figure 4. In vitro efficacy against melanoma cells and a mechanistic study of the conjugates 

superiority. (A, B, C) Effect of HA-RES, HA-BEX and their combination on the viability of 

B16F10-Luc melanoma cells co-cultured with BMDMs (n = 3). (D) Quantitative uptake of the 
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HA-RES by BMDMs. (E) Flow cytometry histogram showing the uptake of HA-BEX-RES-

Alexa Fluor 488 by BMDMs with and without pretreatment of the cells with an equivalent 

amount of HA. Blue line: uptake of the florescent conjugate applied 2 hr after pretreatment of the 

cells with an equivalent amount of HA. Pink line: uptake of the conjugate without HA 

pretreatment (higher florescence intensity). (F) Confocal microscopy images showing the 

localization of the dual conjugate within the lysosomal compartment of the BMDMs, scale bar 

20 µm. (G) Schematic representation of the phagocytosis study. BMDMs stained by VivoTrack 

680 and incubated with the different treatments for 48 hr. B16F10 melanoma cells labeled with 

CellTrace Violet were incubated with BMDMs at a ratio of 1:2.5. Percentage of phagocytosis 

was determined by flow cytometry by quantifying the percentage of violet-positive cells within 

the red-stained BMDM cell gate. (H) Percentage of BMDMs that were phagocytic in a coculture 

B16F10. Bars represent mean ± standard deviation (SD) (n = 3).  

 

3.3.  In vivo assessment of conjugates 

We sought to validate our in vitro results by studying the efficacy of the drug conjugates on a 

B16F10 melanoma model in vivo. Many studies reported that the use of a dual conjugate was 

more effective in vivo than the physical mixture of single drug conjugates[52-54]. When we 

tested the effect of the dual conjugate on the BMDM polarization and tested its cytotoxicity 

against B10F16 cells, there was not a significant difference between the dual conjugate and the 

mixture of the individual conjugates (Figure S4). However, attaching both drugs to the same 

polymer backbone would have the advantage of allowing both drugs to circulate together 

overcoming the differences in their pharmacokinetics and allowing them to accumulate at the 

tumor simultaneously. Accordingly, we proceeded to the in vivo study using the dual conjugate. 
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We first assessed the biodistribution of the dual conjugate in tumor bearing mice after 

intravenous injection (Figure S5). The amount detected in the tumor after 4 and 8 hr was 43.53 ± 

9.37 and 51.65 ± 7.15 μg/g of tissue, which corresponds to approximately 2.17 and 2.51 μg of 

the conjugated drugs, respectively. A large amount of the conjugate was found to localize in the 

reticuloendothelial organs, including the liver, lungs and the spleen, which is an important target 

for generating systemic immunity (e.g., in developing cancer vaccines) [55]. 

Therapeutic efficacy of conjugates was assessed in mice burdened with B16F10 tumors 

(Figure 5A). We monitored the progression of the tumors each day. A significant reduction in 

tumor size was observed in the group treated with the combination conjugate compared to groups 

treated with the single conjugates and the control (saline) group (Figure 5B, C, D). Changes in 

the body weights fell within the acceptable limits, indicating that the treatments were not 

generally toxic (Figure 5E). We measured serum cytokine levels (TNF-α and IL-6) in tumor-

bearing mice 48 hr after the last injection to screen for potential systemic toxicity, and we found 

no significant difference in the levels of TNF-α and IL-6 in serum between groups (Figure S6). 

This finding agrees with previous studies reporting that proinflammatory cytokines show normal 

levels 24 hr after the administration of TLR agonists at doses commensurate with those used in 

this study [24]. 

 

Ex vivo analysis of tumor-associated immune cells was performed to assess the impact of 

conjugates on tumor microenvironment (Figure 5F, G, H). Profiling of tumor-associated 

immune cells showed that groups receiving HA-RES and dual conjugate exhibited an increase in 

the percentage of iNOS-expressing cells (CD45
+
/F4/80

+
/iNOS

+
) compared to the control 

untreated group. The effect was highly significant for the dual conjugate treated group (P = 
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0.0002). Further, a reduction in the percentage of cells expressing CD206 (M2) was observed for 

all the treatment groups, which was highly significant for the dual conjugate treated group. 

Overall, all treatment groups exhibited a significant increase in the M1/M2 intracellular markers 

ratio with the group treated with the dual conjugate eliciting the highest increase (p=0.0003 

compared to p = 0.021 and p = 0.0022 for HA-BEX and HA-RES respectively) (Figure 5H). 

 

Interestingly, all the treatment groups showed a reduction in VEGF expression which was 

significant (P=0.006) for the HA-RES treated group and highly significant (P=0.0008) for the 

dual conjugate treated group (Figure S7A), although in vitro tests indicated there was not a 

significant change in the expression of VEGF after BMDMs treated with HA-RES or HA-BEX 

or their combination. VEGF is known to be overexpressed in TAMs, acting as a source of 

angiogenic cytokines that promote tumor vascularization.[50] Moreover, a significant increase in 

MHCII-expressing TAMs (CD45
+
/F4/80

+
/MHCII

+
) was observed in groups treated with HA-

RES and the dual conjugate (Figure S7B) despite the fact that the in vitro studies showed no 

significant difference in the relative expression of MHCII between BMDMs treated with the 

conjugates and untreated BMDMs. 

 

The differences observed in the expression of some markers between the in vitro and in 

vivo study can be attributed to the fact that the in vitro models of macrophage polarization might 

not be fully representative of the immunosuppressive TAM phenotype which can only be 

accurately achieved within the in vivo tumor microenvironment being endowed with a cocktail of 

immunosuppressive cytokines as well as the interaction between various APCs in vivo [26]. 

Analysis of DC population (CD45+/CD11b+/CD11c+) revealed that tumors resected from the 
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group treated with the dual conjugate exhibited significantly higher levels of the maturation 

marker CD86 compared to the control group (Figure S7C). CD86 is involved in the priming and 

activation of T cells upon interaction with DCs that constitutes the first crucial signal for T cell 

priming. In looking at the T- cell population (CD45+/CD3+/CD8+), for HA-BEX treated group 

the percent of T-Cells was 1.7- fold lower than that the of dual conjugate group (p=0.031). For HA-

RES treated group, the percent of T- cells was higher than that of the control group (P=0.046) but it 

was 1.4-fold less than that of dual conjugate treated group that showed the highest percent of T- cells 

among all the groups and it demonstrated a highly significant increase compared to the control group 

(P= 0.001) (Fig S7D). 

In agreement with our in vitro results, the increase in the M1/M2 ratio, the activation of 

DC, and subsequent increase in the CD8+ cytotoxic T-cell tumor infiltration reveals to be the 

underlying mechanism for the enhanced antitumor activity of the dual conjugate. Our results 

indicate that the combination conjugates of BEX and RES effectively repolarize TAMs toward 

an antitumor phenotype in vivo in melanoma bearing mice, validating the in vitro study with 

BMDMs.  
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Figure 5. In vivo efficacy of HA-RES, HA-BEX and dual conjugate in a B16F10-Luc mouse 

model. (A) Schematic chart of the treatment schedule. (B) Bioluminescence images of 

subcutaneous melanoma at different time points after tumor inoculation. (C) Tumor growth 

profiles and (D) corresponding images of melanoma tumors excised from the mice at the time of 

study termination. (E) Weights of mice were monitored to reflect the general well-being of the 

animals. No mouse lost more than 15% body weight in the period of the study (n = 5). (F-H) 

Phenotypic evaluation of TAMs for mice given HA-BEX, HA-RES, or the dual conjugate 

compared to control untreated mice. Each data point represents one mouse. Bars represent the 

mean ± SD. (F) Percentage of iNOS-expressing TAMs (CD45
+
/F4/80

+
/iNOS

+
) (M1 marker). (G) 

Percentage of CD206-expressing TAMs (CD45
+
/F4/80

+
/CD206

+
) (M2 marker). (H) M1/M2 ratio 

of TAMs determined from (F) and (G).  

 

4. Discussion 
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The results presented here demonstrate therapeutic designs that use combination 

immunomodulatory agents for improved antitumor efficacy. We introduce a rational strategy for 

the co-delivery of two immunomodulatory agents (RES and BEX) by conjugating them to HA to 

act synergistically together as a dual macrophage polarizer and synergistic stimulant for DCs. 

The conjugation of RES and BEX to HA provides an injectable form of two poorly soluble drugs 

and allows delivery of both drugs to the tumor site at the same time, which cannot be achieved 

by the free drugs due to their different pharmacokinetics and biodistribution. Hence, polymer 

conjugation of these drugs was performed. We first evaluated the invitro activity of either HA-

RES and HA-BEX on BMDM, DCs and B16F10 cells. After we verified that the individual 

conjugates retain the activity of the parent drug molecules, we studied the effect of combining 

them to test any synergistic effect. Since this is the first study that combines RES and BEX we 

used the physical mixture of both drug conjugates (HA-RES/HA-BEX) for the in vitro studies 

which allowed us to combine them at different ratios understand the synergy between the two 

drugs and to identify optimal combinations. The combination of HA-BEX and HA-RES 

synergistically stimulated the DCs and shifted BMDMs toward M1 phenotypes, enhancing their 

phagocytic ability and showed enhanced activity against B16F10 cells. Accordingly, we 

synthesized the dual conjugate at a molar ratio 1:1 of both drugs. This dual nanoconjugate was 

successfully taken up by the macrophages without affecting their viability. The enhanced uptake 

is mediated by HA receptors. The dual conjugate showed similar invitro effect to the combined 

conjugates on BMDM and B16F10 cells. While both the combination of the individual 

conjugates and the dual conjugate exhibit similar invitro efficacy, only the latter can ensure 

simultaneous exposure to tumor cells and can provide a means to capture the in vitro cellular 

efficacy in vivo, as well[56, 57]. Therefore, we proceeded to the in vivo studies to compare the 
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effect of the dual conjugate with each of the individual drug conjugates. In vivo studies in an 

aggressive mouse melanoma model revealed the ability of such an injectable combination 

conjugate to reach the tumor and exhibit a significant suppression of tumor growth rate 

compared to the individual conjugates. Analysis of the tumor-associated immune cells revealed a 

significant enhancement of the M1/M2 ratio validating our hypothesis. Moreover, the dual 

conjugate enhanced DCs maturation and increased the percentage of tumor infiltrating CD8+T-

Cells. A schematic representation of the proposed mechanism of our conjugate is illustrated in 

Figure 6. While not investigated in this study, the ability of our treatment to skew the TAM 

M1/M2 ratio towards an M1 phenotype and consequently restoring the immune function of 

tumor infiltrating CD8+ T-cells might be effective against tumors that are refractory to 

immunotherapy due to deficient tumor-penetrating T lymphocytes (“cold tumors”). Since we 

introduce this combination for the first time, further studies to investigate if this combination can 

improve the outcome of T-cell directed treatments as anti-PD-1 worth consideration. Another 

important aspect of this combination conjugate is the possible development of immunological 

memory that can suppress tumor recurrence. However, realization of such a system requires 

further investigation. 
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Figure 6. Schematic illustration of the design and mechanism of action of the dual conjugate for 

melanoma treatment. 

 

Despite the absence of any toxicity signs on the experimental mice, a limitation of the 

clinical translation of this combination conjugate might be the potential side effects arising from 

systemic administration. The dose of 5 mg/kg of both drugs that was used in this study was based 

on previous reports that such dose (3-6 mg/Kg) for RES is well tolerated in mice, while for BEX 

this is much lower than the tolerated dose reported in literature (50-150 mg/kg). Given the 

therapeutic efficacy observed with the dosing decided in this study, it may be interesting to 

investigate the efficacy at lower doses as well. Future studies could also be directed towards 

local intratumoral injection of this combination conjugate and evaluating its therapeutic efficacy 

to minimize any side effects that may potentially arise from systemic administration. 
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To our knowledge, this is the first study introducing a polymer conjugate combination of 

small molecules that act by altering the TAM phenotypes on both sides (i.e., by upregulating 

M1-associated factors and downregulating M2-associated factors simultaneously). Previous 

studies on polymer conjugates for cancer therapy has focused on combining chemotherapeutic 

drugs that act by synergistic direct effect on cancer cells.[58]  

 

5. Conclusion  

We designed a polymer conjugate of two immunomodulatory drugs to dually regulate the 

polarization of macrophages for cancer treatment. The simultaneous delivery of both agents 

resulted in enhanced antitumor efficacy against aggressive mouse melanoma model. Our 

approach of modulating the TAM phenotype with a polymer combination conjugate of small 

molecules opens the door for future investigations on other types of solid tumors. The 

biodistribution of the conjugate and its ability to accumulate in the RES organs and intestines 

suggests its potential application to target tumors in those organs. Conjugating both drugs to HA 

provides the advantage of overcoming the solubility and pharmacokinetic limitations of the drugs 

alone, allowing a single administration of both agents simultaneously, potentially eliminating the 

need for alternating dosing schedules that is commonly practiced in combination 

immunotherapies.  
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Graphical abstract 

Highlights 

 Re-education of TAMs from M2 to M1 phenotype is an attractive approach for 

melanoma. 

 Resiquimod and bexarotene promote macrophage polarization to antitumoral phenotype. 

 Clinical translation of both drugs is hindered by poor pharmacokinetics. 

 Conjugation of resiquimod and bexarotene to HA allowed their coadministration.  

 The dual conjugate inhibited melanoma growth better than the single drug conjugates. 
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