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Abstract

Cancer immunotherapy has yet to reach its full potential due in part to limited response rates 

and side effects inherent to systemic delivery of immune-modulating drugs. Local administration 

of immunotherapy using drug-eluting embolic (DEE) microspheres as drug delivery vehicles for 

direct infusion into tumor-feeding arteries might increase and prolong tumor drug concentrations 

and reduce systemic drug exposure, potentially improving the risk-to-benefit ratio of these agents. 

The purpose of this study was to evaluate the ability of four immune modulators affecting 

two different immune pathways to potentiate replication of immune cells from a woodchuck 

model of hepatocellular carcinoma. DSR 6434, a Toll-like receptor agonist, and BMS-202, 

a PD-L1 checkpoint inhibitor, induced immune cell replication and were successfully loaded 

into radiopaque DEE microspheres in high concentrations. Release of DSR 6434 from the 

DEE microspheres was rapid (t99% = 0.4 h) upon submersion in a physiologic saline solution 

while BMS-202 demonstrated a more sustained release profile (t99% = 17.9 h). These findings 

demonstrate the feasibility of controlled delivery of immune-modulating drugs via a local DEE 

microsphere delivery paradigm.

Graphical Abstract
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1.1 Introduction

Liver cancer is a leading cause of cancer-related death worldwide and has increased in 

incidence and mortality for decades [1]. Hepatocellular carcinoma (HCC) is the predominant 

form of liver cancer and typically occurs in the presence of chronic inflammation induced 

by human viral hepatitis, alcohol insult, or nonalcoholic fatty liver disease such as from 

diabetes or obesity [2]. Spontaneous tumor-specific immune responses have been observed 

in HCC patients including tumor antigen-specific T-cell and humoral responses that show 

that HCC might be susceptible to immunotherapy [3,4].

Recently, blockade of immune inhibitory pathways has demonstrated promising clinical 

activity leading to U.S. Food and Drug Administration approval of anti-PD-1 checkpoint 

inhibitors (CPI) for advanced HCC [5,6]. Chronic inflammation plays an important role 
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in HCC carcinogenesis, suggesting the potential to augment antitumor immune responses 

by activating pathways of innate immunity [7]. However, low response rates and systemic 

toxicities remain limiting characteristics of immunotherapy. New approaches for targeted 

delivery of immune-modulating drugs, such as local delivery of drug-eluting embolic (DEE) 

microspheres, may improve safety and broaden the number of patients that may benefit from 

immunotherapy.

Transarterial chemoembolization (TACE) is a minimally invasive, image-guided procedure 

performed by injection of chemotherapy and embolics, which occlude blood flow, into 

tumor-feeding arteries. Drug-eluting embolic (DEE) microspheres serve both as an embolic 

and a targeted drug delivery system providing intratumoral drug release and reduced 

systemic exposure compared to conventional systemic approaches [8,9]. TACE has been 

shown to promote immunogenic cell death [10] and to induce tumor-associated antigen-

specific responses [11]. There is also evidence that response rates to immunotherapies may 

be augmented by TACE and other locoregional therapies [12]. Recently, a clinical trial 

combining tremelimumab, an anti-CTLA-4 monoclonal antibody, and thermal ablation or 

TACE in patients with advanced HCC reported objective tumor responses outside of the 

treated tumors as well as elevations in circulating CD4+ and CD8+ T cells, suggesting 

activation of systemic anti-tumor effects [13]. A number of clinical trials are ongoing to 

evaluate combined treatment with CPI and locoregional therapies [12].

Another promising approach to augment anti-tumor immune responses is pharmacological 

activation of toll-like receptor (TLR) stimulatory pathways. TLRs are pattern recognition 

receptors that initiate innate immune responses when exposed to microbial components 

or other natural or synthetic agonists. Preclinical studies have demonstrated the ability of 

TLR agonists to potentiate anti-tumor immune responses causing tumor regression as a 

monotherapy or as part of combination therapies [14–17]. However, in humans, systemic 

administration of TLR agonists is associated with significant toxicities and unfavorable 

pharmacokinetics [18]. These drugs may have more favorable therapeutic indices when 

administered locally or regionally via standard HCC intra-arterial therapeutic delivery 

paradigms.

Given their potency and known dose-limiting toxicities with systemic delivery, CPI and TLR 

agonists may be ideal candidates for local intra-arterial delivery using DEE microspheres. 

It is hypothesized that immune-modulating drugs delivered at the site of embolization 

may reduce off-target toxicity and better potentiate immunologic responses within the 

inflammatory, tumor antigen-rich microenvironment created by TACE. The viral-induced 

woodchuck (Marmota monax) HCC model recapitulates many aspects of the inflammatory 

and immunologic milieu of human HCC [19] and has been widely used in the study of 

hepatitis and antiviral agents as well as chemoprevention for HCC [20,21]. This model 

also possesses hyper-vascularized tumors of appropriate scale and vessel geometry to allow 

selective embolization with devices, drug delivery vectors and imaging systems designed for 

human use [22,23]. The purpose of this study was to evaluate the effects of TLR7 agonists 

and a small-molecule PD-L1 checkpoint inhibitor (smCPI) on peripheral mononuclear cells 

(PBMC) in the woodchuck HCC model, as well as to assess the loading and release 

characteristics of immune-modulating drug candidates from radiopaque DEE microspheres.
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2.0 Materials and Methods

2.1 Animal procedures and tissue collection

This study was conducted under an animal use protocol approved by the Animal Care and 

Use Committee of the NIH Clinical Center. All procedures were performed in accordance 

with U.S. Animal Welfare Regulations. This study was also carried out in compliance with 

the ARRIVE guidelines. Five woodchucks (18–24 months old, 2 male, 3 female) were 

subjects of study (Northeastern Wildlife, Harrison, Idaho, USA). All had been infected with 

woodchuck hepatitis virus (WHV) (cWHV7P2a inoculum, approximately 109 viral particles, 

administered subcutaneously [24]) as newborns and were confirmed as tumor positive prior 

to acquisition. Animals were individually housed with 12-hour light:dark cycling to avoid 

potential hibernation effects, and ad libitum access to food and water. Enrichment was 

provided.

Woodchucks were sedated using 5% isoflurane delivered via an induction chamber followed 

by a mixture of pre-anesthetics (28.6 mg/kg ketamine HCl and 5 mg/kg xylazine IM) 

and maintained on 1–5% isoflurane and 100% oxygen (2 L/min) delivered via rabbit 

mask for the duration of the procedures. Woodchucks underwent imaging characterization 

with diagnostic ultrasound and contrast-enhanced computed tomography (CT), confirming 

the presence of HCC [19]. Following the imaging studies, animals were euthanized by 

exsanguination while under deep anesthesia for the collection of whole blood (45–60 mL) 

in EDTA tubes. The tubes were inverted several times in order to mix blood and EDTA 

homogenously to prevent coagulation.

2.2 PBMC isolation and cryopreservation

Ficoll-Paque density gradient centrifugation was used to separate PBMC immediately 

after collection. PBMC were washed in phosphate-buffered saline (PBS) with 1 mM 

EDTA. Remaining red blood cells were lysed with ACK lysis buffer and PBMC were 

washed in PBS-EDTA twice. PBMC were suspended in complete AIM-V (cAIM-V) media 

containing 10% heat-inactivated FBS, 1% penicillin (10,000 IU/mL), 1% streptomycin 

(10,000 μg/mL), 1% glutamine (29.3 mg/mL) and 1% HEPES buffer (1 M, pH 7.3). Cell 

viability was measured by trypan blue assay. Cells were cryopreserved within FBS-10% 

dimethylsulfoxide (DMSO) in liquid nitrogen.

2.3 PBMC culture

PBMC were removed from liquid nitrogen, thawed in a 37 °C water bath, washed twice 

in cAIM-V media, and incubated at 37 °C in cAIM-V media for 24 hours prior to drug 

exposure. PBMC (1*106 cells/mL in PBS) were incubated with 1.2 μM carboxyfluorescein 

succinimidyl ester (CFSE) (CellTrace™ CFSE Cell Proliferation Kit, Thermo Fisher 

Scientific, Waltham, MA) at 37 °C for 10 minutes and then washed twice with 10 mL 

of cAIM-V. CFSE-stained PBMC were cultured in triplicate at 1*105 cells/well in 96-well 

flat bottom tissue culture plates in the presence of three different concentrations of drugs. 

Controls included CFSE-stained cells that were not exposed to study drugs, as well as 

unstained cells that were exposed to study drugs. The former were immediately fixed after 

staining and stored at 4 °C until flow cytometry analysis.
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2.4 Drugs and controls

Concanavalin-A, 2.5 μg/mL, was used as a nonspecific stimulant of T cell proliferation. 

Bovine serum albumin (BSA), 2.5 μg/mL, was used as an irrelevant antigen and a negative 

control. Cells were incubated with gardiquimod (Enzo, Farmingdale, NY) at concentrations 

of 0.3, 3.0, and 30 μg/mL and DSR 6434 (Tocris Bioscience, Bristol, UK), BMS-202 

(Abcam, Cambridge, MA), and GS-9620 (Advanced ChemBlocks Inc, Burlingame, CA), 

all at concentrations of 0.1, 1.0, and 10 μg/mL. All four drugs were solubilized in DMSO, 

and all samples were supplemented with equivalent concentrations of DMSO. PBMC were 

incubated at 37 °C for 4 days.

2.5 Immune cell replication

Cells were harvested with ice cold PBS-2 mM EDTA and washed with PBS. Triplicates 

were combined, transferred to a V-bottom tissue plate, and stained with blue dead cell stain 

for 30 minutes on ice in the dark. Cells were incubated with anti-CD3 (1:20, rat CD3 APC 

1F4, BioLegend, San Diego, CA), and anti-CD4 (1:40, Hu/NHP CD4 BV480 L200, BD, 

San Jose, CA) for 45 minutes on ice in the dark using a 5% mixture of normal rat and 

normal mouse serum in FACS buffer for blocking. Woodchuck antibody for CD8 has not 

been established, however markers of CD3+CD4− have previously been used to identify this 

cell population in woodchucks [25]. Subsequently cells were washed, fixed, and analyzed 

by flow cytometry. Cell replication index (RI), representing the average number of divisions 

that cells have undergone, was analyzed using Modfit software and was standardized to 

negative control stimulator, BSA, in each animal.

Cell proliferation was analyzed using Modfit LT (Verity House Software, Topsham, ME). 

After the population of interest was gated within the viable cell population, the Cell 

Tracking Wizard was run to create a model from the data. The undivided cells were then 

set to peak 0, the number of generations was set, and the model was run. The models and 

raw data were checked for concordance according to peak number and location. The average 

number of divisions, percentage of cells in each generation, and the RI were recorded.

2.6 Pathology and immunohistochemistry

Pathology and immunohistochemistry stains were performed on banked histopathology 

sections from four woodchucks with HCC. These animals had been acquired and treated 

similarly, with sequential 5 μm thick sections from paraffin blocks of the whole liver 

mounted onto glass slides (Fisher Scientific, Pittsburgh, PA). For histologic examination, 

consecutive tissue sections were independently stained with hematoxylin and eosin (H&E), 

and with TLR7 antibody (rabbit polyclonal, ab113524, Abcam, Cambridge, MA). H&E-

stained sections were reviewed by a veterinary pathologist and regions were identified as 

liver without lesions, premalignant foci, or HCC. Sections were scanned at 20X using an 

Aperio AT2 scanner (Leica Biosystems, Buffalo Grove, IL) into whole slide digital images. 

Image analysis was performed using the Cytoplasmic V2 algorithm in ImageScope version 

12.4. TLR7 H-score (range: 0 to 300) was calculated automatically by multiplying the 

percentage of positive cells by the staining intensity. Areas of artifact such as folds and tears 

were excluded from analysis. For sections stained with TLR7 antibody, a nuclear stain with 

3, 3-diaminobenzidine chromogen was also performed.
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2.7 Drug loading into DEE microspheres

Solutions of DSR 6434 and BMS-202 were prepared in deionized water and the pH was 

adjusted by addition of 0.1 M hydrochloric acid (HCl) and methanesulfonic acid (MeSO3H), 

respectively, until complete dissolution. Doxorubicin HCl (LC Laboratories, Woburn, MA) 

was dissolved directly in deionized water. For drug loading, radiopaque DEE microspheres, 

40–90 μm in diameter (LC Bead LUMI, Biocompatibles UK Ltd, United Kingdom), were 

incubated with an excess of DSR 6434 or BMS-202 in solution. Doxorubicin was loaded 

at a concentration of 37.5 mg/mL of DEE microspheres, the typical concentration used 

for human DEE-TACE. To determine the amount of drug loaded, the concentration of 

DSR 6434 or BMS-202 in the incubation solution was measured by high performance 

liquid chromatography (HPLC). This was not measured during DOX loading since 100% 

loading efficiency at this concentration has been previously reported [26]. The HPLC system 

consisted of a ZORBAX Eclipse Plus C18 reversed-phase column with mobile phases 

consisting of acetonitrile and deionized water at ratios of 70:30 and 50:50 for DSR 6434 

and BMS-202, respectively, containing 0.1% trifluoroacetic acid with 1 mL/min flow rate. 

The column was connected to a UV spectrophotometer with detection wavelength set at 

230 nm for DSR 6434 and 240 nm for BMS-202. The area under the chromatogram peaks 

was converted to concentration using calibration standards of known concentrations. Drug 

loading was allowed to continue until no further loading was measured. DEE microspheres 

were then washed twice with fresh deionized water. Light transmission images of drug-

loaded DEE microspheres were captured using a microscope equipped with a X5 objective 

and color charge-coupled device camera. Measurements of DEE microsphere diameter were 

performed using a minimum of 200 microspheres with a custom Matlab (ver. 2018a, Natick, 

MA) image segmentation algorithm.

2.8 Drug release from DEE microspheres

Fifty milliliters of normal saline (0.9 %) were poured into a glass jar and warmed to 37 

°C. DEE microspheres were added to the jar and 1 mL samples were collected at regular 

intervals for up to 24 hours with agitation. Each sample was replaced with 1 mL fresh saline. 

Concentrations of DSR 6434 and BMS-202 in the collected samples were measured using 

HPLC, as described above for measurement of drug loading. Doxorubicin release samples 

were measured using the same HPLC conditions as for DSR-6434 except with mobile phase 

consisting of acetonitrile and deionized water (66:34) containing 0.1% trifluoroacetic acid. 

A fluorescence detector was used for doxorubicin with excitation and emission wavelengths 

of 498 and 593 nm, respectively.

2.9 Statistical analysis

Repeated-measures models were used to account for the correlation between measurements 

taken from the same animal. A standardized replication index (sRI) was created by 

dividing the RIs by their corresponding negative control RI. This ratio was analyzed to 

assess whether the sRIs were different from 1, as follows: three separate models were 

fitted to the data, one for each of three outcome measures (sRI for non-CD3+ CD3+, 

and CD4+) as dependent variable, and the following independent variables: drug, drug 

concentration, animal, animal-by-drug interaction, and drug-by-concentration interaction. 
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All five independent variables were included in the model regardless of their associated 

p-value. Drug concentrations were defined as low (1x), middle (10x) and high (100x), 

corresponding to 0.3, 3.0 and 30 μg/mL for gardiquimod, and to 0.1, 1.0 and 10 μg/mL 

for DSR 6434, BMS-202 and GS-9620. The test of whether the sRIs were greater than 

1 was based on a t-test applied to the sRIs least-squares means and their corresponding 

standard error, which were obtained from the model. Reported p-values are unadjusted for 

multiple comparisons. Responses to drugs were defined as an animal with sRI least-square 

mean greater than 1, and corresponding unadjusted p-value less than a threshold that varies 

depending on the number of statistical tests being performed and the Bonferroni general rule 

of thumb, i.e., 0.05 divided by the number of tests. A repeated-measures model was also 

used to assess TLR7 expression for different histological types. Analyses were done with 

SAS Version 9.4 software (SAS Institute, Inc., Cary, North Carolina). Values of drug loaded, 

drug released and cytoplasmic H-scores were reported as mean ± standard deviation.

3.0 Results

3.1 Immune cell replication

Flow cytometric quantification of in vitro woodchuck lymphocyte replication was performed 

for non-CD3+, CD3+, and CD4+ sub populations. Representative results for CD4+ cell 

replication in PBMC from one animal are shown in Fig 1. All drugs stimulated non-CD3+ 

cell replication in vitro (p ≤ 0.0001) (supplementary Table S1). DSR 6434 had the greatest 

overall effect (1.7181, p<0.0001) on cell replication in this subpopulation and also provided 

the most consistent response (PBMC from 4 out of 5 woodchucks) compared to all other 

drug and cell population tested (Figure 2D and Table S2).

On average, gardiquimod increased CD3+ cell replication (p = 0.0004) and DSR 6434 

decreased CD3+ cell replication (p < 0.0001). CD3+ cell replication was induced in PBMC 

from two woodchucks upon stimulation with either BMS-202 or gardiquimod (Table S3).

DSR 6434, GS-9620 and gardiquimod had no effect on CD4+ cell replication. The mean 

sRI of BMS-202 for this cell population was 1.1443 with an unadjusted p-value of 0.0594 

compared to the adjusted threshold of 0.012 (Table S1). One response was observed for the 

CD4+ cell population upon DSR 6434 stimulation (Table S4). Overall effects and p-values 

for each cell sub-population are summarized in Table 1.

3.2 Immunohistochemical analysis

Regions in the pathology sections were identified as liver without lesions (n = 11), 

premalignant foci (n = 6), or HCC (n = 12). Immunohistochemical analysis of TLR7 

expression in each area revealed downregulation of TLR7 in HCC tumors compared to 

premalignant tumors (p = 0.01) (Fig 3).

3.3 Drug loading into DEE microspheres

Based on their activity in PBMC culture, DSR 6434 and BMS-202 were selected for 

independent loading into DEE microspheres. Maximum loading of DSR 6434 and BMS-202 

were 58.0 ± 1 and 139.7 ± 0.1 mg/mL of sedimented DEE microspheres, respectively (Table 
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2). No change in DEE microsphere morphology or size was observed after drug loading (Fig 

4).

3.4 Drug release from DEE microspheres

The release of DSR-6434, BMS-202, and doxorubicin from DEE microspheres was assessed 

in vitro and the data fitted to a single-phase association model (Fig 5, Table 2). Release of 

DSR-6434 was rapid and reached a plateau in 24 minutes whereas release of BMS-202 was 

prolonged, occurring over a period of 17.9 hours compared to 16.7 hours for doxorubicin. 

The percentage of drug released, based on the model fit, was highest for DSR 6434 (Table 

2).

4.0 Discussion

TACE may be modified to deliver DEE microspheres loaded with TLR agonists or 

checkpoint inhibitors. Delivery of immune-modulating drugs via DEE microspheres offers 

the potential to augment anti-tumor immune effects while mitigating toxicities commonly 

associated with systemic immunotherapy. In this study, three TLR7 agonists (DSR 6434, 

gardiquimod, and GS-9620) and a smCPI (BMS-202) containing ionizable amine groups 

potentially amenable to interaction with anionic DEE microspheres were selected. The 

immune stimulatory effects of each drug were assessed in vitro using PBMC from 

woodchucks bearing HCC tumors. We found that all drugs tested promoted innate 

immune cell replication, however DSR 6434 provided the greatest and most consistent 

proliferative effect in this cell population. DSR 6434 was also the only drug tested 

that resulted in promotion of CD4+ cell replication in PBMC from one woodchuck. 

Gardiquimod and BMS-202 had modest overall stimulatory effects in CD3+ and CD4+ 

cell populations, respectively. Based on these results, DSR 6434 was chosen for loading in 

DEE microspheres. As the only smCPI tested, BMS-202 was also evaluated for loading in 

DEE microspheres.

The narrow therapeutic window of TLR7 agonists upon systemic delivery make them 

intriguing candidates for local delivery. TLR7 is expressed primarily on plasmacytoid 

dendritic cells and when activated can stimulate innate immune cells that play a role in 

humoral and adaptive immune responses [14,27,28]. We found that TLR7 agonists, most 

profoundly DSR 6434, were capable of promoting innate immune cell populations in 

woodchuck PBMC cultures. Non-CD3+ cell replication can likely be attributed to NK and B 

cells rather than dendritic cells due to the latter’s low number in peripheral blood and low 

replication capacity in vitro [29]. TLR7 expression has been shown to be high in human 

hepatocytes and down regulated in HCC [30]. Similarly, in our cohort of chronically infected 

woodchucks, we found downregulation of TLR7 in HCC compared to premalignant foci.

PD-L1 is expressed on activated T, B, and NK cells as well as on T regulatory cells 

and can be exploited to generate anti-tumor responses by checkpoint blockade [31,32]. 

Recently, smCPI targeting the PD-1/PD-L1 pathway have been developed that may provide 

greater flexibility in route of administration, improved toxicity profiles, and reduced cost 

compared to antibody-based CPIs [33–35]. In contrast to antibody-based therapeutics, the 

small size and tunable chemical structures of smCPI make them ideal candidates for linkage 
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or loading into vectors or carriers such as DEE microspheres for transarterial delivery. We 

have previously reported a lack of PD-L1 expression in woodchuck HCC tumors [19]. In 

human HCC, the predictive value of PD-L1 expression for efficacy of PD-L1 and PD-1 

inhibitors has not been established. Some patients with low expression of PD-L1 may still 

benefit from PD-L1 and PD-1 inhibitors [36,37].

Prior to loading in DEE microspheres, BMS-202 and DSR 6434 were converted into their 

salt forms in order to improve their water solubility. Protonation of amine groups (see 

drug chemical structures Figure S1) in the presence of an acid leads to the formation of 

a positive charge center that can promote drug loading by electrostatic interaction with 

anionic sulfonate groups in the microspheres [38,39]. Drug release occurs by ion-exchange 

during which the drug is displaced by positively charged ions in the elution media [40]. The 

strength of drug-bead electrostatic interactions and the ionic strength of the surrounding 

environment are important determinants of the rate of drug release [40]. Drug-drug 

intermolecular interactions can also affect the rate of drug release [41–43]. For amphiphilic 

molecules such as BMS-202, potential aggregation promoted by the hydrophobic effect 

may be stabilized by electrostatic interaction within the charged polymer network of the 

DEE microspheres, reducing the rate and extent of drug release resulting in prolonged and 

incomplete drug release [42,44,45]. By contrast, the rapid release of DSR 6434 suggests 

only weak interaction between the drug and the DEE microspheres.

The poor solubility of TLR agonists and smCPI in this study in their non-ionized forms 

might generally require formulation with organic solvents or surfactants for optimal 

intratumoral injection. Rapid clearance of these small-molecule drugs after intratumoral 

injection might necessitate multiple multi-focal low-dose injections throughout the tumor to 

achieve therapeutic spatial drug coverage. We found that high concentrations of these drugs 

could be loaded in DEE microspheres without the use of organic solvents. Drug-loaded 

DEE microspheres might also provide enhanced spatial control of targeted drug delivery as 

the delivery microcatheter may be advanced into the artery directly supplying the tumor. 

For drugs with prolonged release profiles, such as BMS-202, DEE microspheres can enable 

local, continuous drug delivery over an extended period of time effectively reducing peak 

plasma drug concentrations and increasing target tumor drug levels [9,46,47]. For fast-

releasing drugs like DSR 6434, systemic exposure may approximate that of intravenous or 

intraarterial delivery of free drug, although high tumor drug levels resulting from localized 

delivery and potential reductions in drug washout following embolization may provide some 

benefit.

In practice, DEE microspheres are loaded with a single drug, but loading two 

immunomodulators into DEE microspheres is an intriguing possibility. DEE microspheres 

could be co-loaded with synergistic drug combinations or different single-agent 

microspheres could be mixed in an effort to maximize therapeutic effects. It may even 

be possible to load different drugs into microspheres containing different radiopacifiers 

that could be distinguished using dual-energy or photon-counting CT. This could permit 

visual confirmation of spatial distribution of multiple drug-microsphere combinations to, 

for example, different tumor immune microenvironments. Such microsphere-based drug 

delivery paradigms merit further study.
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This study had several limitations towards demonstration of this novel immune-DEE 

paradigm. In vitro investigations such as immune replication of PBMC reflects several 

key processes in systemic immunity. Nevertheless, it does not fully capture the breadth 

of the in vivo immune response over time and its inherently multi-compartmental nature. 

Nor did we specifically assess the effects of immune-modulating drugs on the intratumoral 

immune microenvironment. The liver is a tolerogenic immune organ with inherent immune 

suppressive mechanisms that may be challenging to investigate in vitro or in vivo in any 

model. Downregulation of immune responses from chronic decades-long inflammation, as 

seen in human HCC, may not be fully reproduced during the shorter life span of the 

woodchuck, despite some hepatitis-induced similarities [19]. In vitro drug release from 

DEE microspheres may not reflect drug release in vivo, but rather provides insight into 

the relative release rates for comparison of one drug to another and to the well-studied 

standard clinical doxorubicin release profile, under the same controlled conditions. Finally, 

the limited availability of woodchuck antibodies for immunological analyses prevented 

a more comprehensive species-specific assessment of immune cell populations. Further, 

immune cell sub-populations were relatively small, which may result in variability.

In summary, this study demonstrates promotion of immune cell replication by TLR7 

agonists and smCPI in vitro using PBMC from woodchucks chronically infected with WHV 

and bearing HCC tumors. These immune-modulating drugs could be loaded into and eluted 

from radiopaque DEE microspheres suggesting suitability of this drug-device combination 

for controlled local delivery of immunomodulatory agents via transcatheter embolization.

5.0 Conclusions

Loading immune-modulating drugs in radiopaque DEE microspheres was feasible and 

may facilitate high-dose, tumor-localized immunotherapy with the goal of minimizing 

systemic drug toxicity while potentiating anti-tumor immune responses. Feasibility of local 

immunomodulation via image-able DEE microsphere carriers loaded with smCPI or TLR 

agonists in the setting of HCC merits further investigation.
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Fig 1. Flow cytometric quantification of woodchuck CD4+ lymphocyte replication.
CD4+ Lymphocyte generations and calculated replication index (RI) for PBMC from one 

woodchuck stimulated with DSR 6434 or BMS-202 both at a concentration of 1 μg/mL. 

Gating strategy is provided in the upper panel. Forward and side scatter plot of PBMC is 

presented in R1. CFSE replication profile was generated by gating on cells that were CD3pos 

CD4pos (R3), viable (R4) and CFSEpos (R5).
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Fig 2. The effect of immune-modulating drugs on lymphocyte replication.
(A-C) The sRI is presented for all drugs for non-CD3+ (A), CD3 (B), and CD4+ 

(C) sub-populations. P-values are summarized in Table S1 and Table S2. (D-F) PBMC 

from 5 animals (each donor is color coded) were cultured with three 10-fold serial 

concentrations of immune-modulating drugs (BMS-202, DSR 6434, GS-9620: 0.1–10 

μg/mL; and gardiquimod: 0.3–30 μg/mL, 3 dots per color represent 3 concentrations per 

donor) for 4 days. RIs were calculated for non-CD3+ (D), CD3+ (E), and CD4+ (F) cell 

populations. BMS = BMS-202; DSR = DSR 6434; GS = GS-9620; Gard = gardiquimod; PC 

= positive control.
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Fig 3. TLR7 expression in woodchuck hepatic tumors.
(A) Whole section stained for TLR7 expression. Region 1 shows TLR expression within 

an HCC tumor and region 2 represents TLR expression within a premalignant focus. (A1) 

Magnification of region 1 and (A2) region 2. (A3) Quantification of TLR7 expression in 11 

normal hepatic tissues (no tumor), 6 premalignant foci, and 12 HCC tumors (** p = 0.01). 

(B) H&E-stained section corresponding to section (A). Scale bar is 2 cm for A and B and 

100 μm for A1 and A2.
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Figure 4. Morphology and size distribution of radiopaque DEE microspheres.
Light microscope images of DEE microspheres before (A) and after loading with (B) DSR 

6434 or (C) BMS-202. Scale bar represents 500 μm. (D) Size distribution of bland (no drug) 

and drug-loaded DEE microspheres.
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Fig 5. Release of DSR 6434, BMS-202, and doxorubicin from DEE microspheres in vitro.
A) The amount released as a percent of the total drug loaded in DEE microspheres. B) 

The amount released in mg drug/mL of DEE microspheres. Data points are fitted using a 

first-order kinetics model.

Mikhail et al. Page 18

Int J Pharm. Author manuscript; available in PMC 2023 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Mikhail et al. Page 19

Table 1.

Summary of P-values for Overall Effects from Mixed Models.*

Stain Total # of 
observations 

analyzed

p-value for 
overall drug 

effect

p-value for overall 
drug concentration 

effect

p-value for drug-by-
drug concentration 

interaction

p-value for 
animal 
effect

p-value for 
animal-by-drug 

interaction

Non-
CD3+

60 <.0001 0.5776 0.0030 <.0001 <.0001

CD3+ 60 <.0001 0.0200 0.0018 <.0001 <.0001

CD4+ 60 0.2790 0.0250 0.0176 0.0173 0.0469

*
P-values are unadjusted for multiple comparisons. As a general rule of thumb, p-values less than 0.01 (= 0.05/5 tests) are considered as reflecting 

evidence of an effect.
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Table 2.

Drug Loading and Release (based on model fit) from DEE Microspheres.

Compound Drug loaded (mg) per mL of DEE 
microspheres

Total drug eluted (mg) per mL 
of DEE microsphere

Percent of drug 
eluted t50 (h)

a
t99 (h)

a

DSR 6434 58.0 ± 1 49.5 87.3 0.06 0.4

BMS-202 139.7 ± 0.1 47.7 31.0 2.7 17.9

DOX
37.5 

b 19.2 53.8 2.5 16.7

DEE: Drug-eluting embolic.

a
t50 and t99 represent the amount of time, in hours, to reach 50% and 99% drug release, respectively, relative to the total amount of drug released, 

based on the model fits.

b
37.5 mg/mL of DEE microspheres is the typical loading concentration used in humans
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