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Abstract

Background: The immuno-metabolic interplay has gained interest for determining and targeting 

immunosuppressive tumor micro-environments that remain a barrier to current immuno-oncologic 

therapies in hepatocellular carcinoma.

Purpose: To develop molecular MRI tools to reveal resistance mechanisms to immuno-oncologic 

therapies caused by the immuno-metabolic interplay in a translational liver cancer model.

Materials and Methods: A total of 21 VX2 liver tumor–bearing New Zealand white rabbits 

were used between October 2018 and February 2020. Rabbits were divided into three groups. 

Group A (n = 3) underwent intra-arterial infusion of gadolinium 160 (160Gd)–labeled anti–human 

leukocyte antigen–DR isotope (HLA-DR) antibodies to detect antigen-presenting immune cells. 

Group B (n = 3) received rhodamine-conjugated superparamagnetic iron oxide nanoparticles 

(SPIONs) intravenously to detect macrophages. These six rabbits underwent 3-T MRI, including 

T1- and T2-weighted imaging, before and 24 hours after contrast material administration. Group C 

(n = 15) underwent extracellular pH mapping with use of MR spectroscopy. Of those 15 rabbits, 

six underwent conventional transarterial chemoembolization (TACE), four underwent conventional 

TACE with extracellular pH– buffering bicarbonate, and five served as untreated controls. MRI 

signal intensity distribution was validated by using immunohistochemistry staining of HLA-DR 

and CD11b, Prussian blue iron staining, fluorescence microscopy of rhodamine, and imaging mass 

cytometry (IMC) of gadolinium. Statistical analysis included Mann-Whitney U and Kruskal-

Wallis tests.

Results: T1-weighted MRI with 160Gd-labeled antibodies revealed localized peritumoral ring 

enhancement, which corresponded to gadolinium distribution detected with IMC. T2-weighted 

MRI with SPIONs showed curvilinear signal intensity representing selective peritumoral 

deposition in macrophages. Extracellular pH–specific MR spectroscopy of untreated liver tumors 

showed acidosis (mean extracellular pH, 6.78 ± 0.09) compared with liver parenchyma (mean 

extracellular pH, 7.18 ± 0.03) (P = .008) and peritumoral immune cell exclusion. Normalization of 

tumor extracellular pH (mean, 6.96 ± 0.05; P = .02) using bicarbonate during TACE increased 

peri- and intratumoral immune cell infiltration (P = .002).

Conclusion: MRI in a rabbit liver tumor model was used to visualize resistance mechanisms 

mediated by the immuno-metabolic interplay that inform susceptibility and response to immuno-

oncologic therapies, providing a therapeutic strategy to restore immune permissiveness in liver 

cancer.

Summary

Noninvasive molecular MRI can be used to visualize resistance mechanisms mediated by the 

tumor metabolism and immune evasion for strategic targeting by local-regional and 

immunotherapy in liver cancer.

Hepatocellular carcinoma (HCC) is the third most common cause of cancer-related deaths 

worldwide (1). The vast majority of patients are diagnosed at disease stages no longer 

amenable to curative therapies. In this setting, intra-arterial therapies such as conventional 

oil-based transarterial chemoembolization (TACE) are widely applied and approved by 

guidelines (2). Conversely, established conventional systemic therapies have failed to elicit 
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meaningful survival benefits (3). This negative trend has been recently challenged by the 

emerging concept of immunotherapies (4). Immunomodulatory checkpoint inhibitors are 

thought to facilitate immune cell infiltration, thus enabling the resources of the patient’s own 

immune system to elicit a potent response against the tumor (4). However, clinical trials 

using checkpoint inhibitors in liver cancer (Check-Mate-040 and CheckMate-459) 

demonstrated sustained tumor response of only 20%, while 80% of participants failed to 

respond (4,5). Although a variety of resistance mechanisms are under investigation to 

explain the failure of these therapies, the immuno-metabolic interplay as an organizing 

principle of immune evasion has gained interest (6–9). One such factor postulated is the 

profound extracellular acidosis driven by hyperglycolytic tumor metabolism (“Warburg 

effect”), which contributes to immune cell exhaustion and quiescence of local immune 

defense (9,10). Hypoxia further drives the hyperglycolytic phenotype of cancer cells and 

consecutive accumulation of lactate and protons, leading to low extracellular pH and direct 

T-cell suppression in the tumor micro-environment (11).

The commonly cited principle behind combining TACE with immunotherapies proposes to 

exploit tumor-associated antigens that are exposed during tissue destruction and presented 

by anti-gen-presenting immune cells (APCs) to activate T-lymphocytes (12). The key feature 

of typical APCs, such as dendritic cells, macrophages, and B-lymphocytes, is the 

constitutive expression of major histocompatibility II molecules, such as the human 

leukocyte antigen–DR isotope (HLA-DR) (13). In addition, recent investigations revealed 

the potency of conventional TACE to reverse tumor-characteristic extracellular acidosis in 

and surrounding the tumor toward a normalized extracellular pH (14). Yet, conventional 

TACE is also known to induce ischemia while blocking lactate removal from the tumor 

micro-environment. This may further deregulate the disrupted metabolic phenotype of HCC 

(11,15).

There is an unmet clinical need to design imaging tools capable of phenotyping the immuno-

metabolic interplay to reveal and target underlying mechanisms of immune resistance to 

restore immune permissiveness (9). Our study therefore aimed at developing such molecular 

MRI tools to reveal and target tumor micro-environment components of the immuno-

metabolic interplay that may cause resistance to immunotherapy using a translational rabbit 

liver tumor model for conventional TACE.

Materials and Methods

VX2 Rabbit Liver Tumor Model

Male New Zealand white rabbits (Charles River Laboratories, Boston, Mass; age, 11–17 

weeks; weight, 2.5–4 kg) were used under approved animal care and use committee 

protocols as described previously (14,16). Briefly, VX2 tumor chunks were injected into the 

left rabbit liver by means of median laparotomy and allowed to grow for 14 days until a 

well-delineated tumor (1.0–2.0 cm in diameter) was measurable at MRI (L.J.S., with 6 years 

of experience; I.T.S., with 2 years of experience; L.A.D., with 1 year of experience in animal 

experiments).
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Experimental Study Design

A total of 21 tumor-bearing animals were included in our pilot study. Prior to tumor 

implantation, the animals were randomly assigned to one of the following groups. Group A 

(n = 3) underwent intra-arterial infusion of gadolinium 160 (160Gd)–labeled anti–HLA-DR 

antibodies to detect APCs. Group B (n = 3) received intravenous administration of 

rhodamine-conjugated superparamagnetic iron oxide nanoparticles (SPIONs) to detect 

macrophages. These six rabbits underwent 3-T MRI before and 24 hours after contrast 

material administration (Fig 1). Group C (n = 15) underwent extracellular pH mapping with 

MR spectroscopy (14,17). Of those 15 rabbits, six underwent conventional TACE and four 

received a combination of acid-neutralizing intra-arterial bicarbonate with subsequent 

conventional TACE to prevent washout of bicarbonate to consolidate its extracellular pH–

buffering effect. Another five rabbits served as untreated controls. MRI signal intensity 

distribution was validated ex vivo by using immunofluorescence, immuno-histochemistry, 

and imaging mass cytometry (IMC).

Group A: In Vivo Imaging of APCs with 160Gd-labeled Antibodies

Labeling of anti-HLA-DR antibody with 160Gd.——Monoclonal antihuman HLA-DR 

(LN3, catalog no. 327002; BioLegend, San Diego, Calif) and fluorescein isothiocyanate-

conjugated antihuman HLA-DR antibody (LN3, catalog no. ab1182; Abcam, Cambridge, 

England) were labeled with 160Gd by using the commercially available MAXPARX8 

labeling kit (Fluidigm, San Francisco, Calif) according to the manufacturer’s instructions 

(manual PRD002v11) (18) (Appendix E1 [online]).

In vivo intra-arterial injection of 160Gd-labeled antibodies.——After blunt 

dissection of the right common femoral artery, a 3-F vascular sheath (Cook, Bloomington, 

Ind) was placed and a 2-F microcatheter (JB1, Cook) was advanced into the tumor-feeding 

vessels, where a total of 1 mg of 160Gd-labeled anti–HLA-DR antibodies mixed 1:4 with 

iodinated contrast material was administered under fluoroscopic guidance for 5–8 minutes. 

Then, the catheter was flushed with saline and contrast material deposition in the tumor 

evaluated on sequential cone-beam CT scans.

IMC analysis.——IMC was performed with a Hyperion imaging system coupled to a 

Helios mass cytometer (Fluidigm). Raw data were visualized and analyzed by using the 

MCD Viewer (version 1.0.560.6, Fluidigm) (18).

First, successful 160Gd-labeling of the antibody was confirmed with paraffin-embedded 

samples from VX2 tumors stained with the 160Gd-labeled fluorescein isothiocyanate–

conjugated anti-HLA-DR antibody. Therefore, the distribution of fluorescein isothiocyanate 

fluorescence signal (wavelength, 520 nm) at immunofluorescence microscopy was 

compared with 160Gd signal at IMC.

Second, spatial distribution of 160Gd antibodies after in vivo injection was confirmed with 

IMC by using paraffin-embedded tissue obtained from the rabbits that had received intra-

arterial administration of the antibodies. Signal intensity distribution from the 160Gd 

antibody was evaluated in three regions (tumor, peritumoral rim, and liver), and peritumoral 
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rim thickness was analyzed in five random locations to compare histologic and imaging 

findings (19). In addition, the spleen served as a positive control for HLA-DR staining 

(Appendix E1 [online]).

Immunohistochemistry.——In addition to hematoxylin-eosin staining, 

immunohistochemistry staining of APCs was performed by using anti-HLA-DR antibody 

(LN-3, catalog no. ab166777, Abcam; 1:50 ratio). Histologic samples were digitalized and 

visualized at up to 320 magnification by using Aperio ImageScope software (version 12.3; 

Leica Biosystems Imaging, Vista, Calif). Peritumoral rim thickness was quantified in five 

random high-power fields to compare histologic to imaging findings (L.J.S., I.T.S., and 

L.A.D.) (19).

Group B: In Vivo Imaging of Macrophages by Using SPIONs

Intravenous SPION administration in vivo.——For in vivo imaging of macrophages, 

Molday ION conjugated with rhodamine B (MIRB; BioPAL, Worcester, Mass) was used as 

an MRI contrast reagent containing SPIONs with a colloidal size of 30 nm. Although 

SPIONs phagocytosed by macrophages are retained, free iron washes out over time. The 

agent was kept at 4°C and protected from light. Rabbits were maintained under general 

anesthesia, and a 22-gauge catheter was placed in the auricular vein. SPIONs at a dose of 2.5 

mg/kg were diluted 1:4 with saline and infused slowly over 10–15 minutes (L.J.S.) (20).

Immunohistochemistry and immunofluorescence microscopy.——
Immunohistochemistry staining of APCs and macrophages was performed by using anti–

HLA-DR and anti-CD11b antibody (M1/70, catalog no. ab8878, Abcam; 1:500 in 

phosphate-buffered saline), respectively, and quantified as explained earlier. Prussian blue 

staining was conducted to detect iron and its colocalization with macrophages (21). In 

addition, rhodamine-conjugated SPIONs were assessed with immunofluorescence 

microscopy (wavelength, 561–587 nm) by using unstained paraffin-embedded tumor slides 

to compare signal intensity distribution to imaging findings (Appendix E1 [online]).

Group C: Extracellular pH Mapping after Conventional TACE Alone and with Bicarbonate 
Infusion

Conventional TACE protocol.——Conventional TACE was performed as previously 

reported by using doxorubicin HCl (RPI, Mount Prospect, Ill) at a concentration of 1.25 

mg/mL mixed 1:2 with ethiodized oil (Lipiodol; Guerbet, Villepinte, France) followed by 

0.3–0.4 mL of 100–300-mm beads (Embospheres; Merit Medical, South Jordan, Utah) until 

stasis (14,22).

Conventional TACE with bicarbonate protocol.——The conventional TACE protocol 

was modified to include intra-arterial bicarbonate infusion before embolization. First, 

contrast media and saline were mixed 1:1 with clinically used 4% sodium bicarbonate USP 

(Neut; Hospira, Lake Forest, Ill) to administer a total of 3 mL bicarbonate while advancing 

the catheter. From the final catheter position for embolization, 5 mL of 4% bicarbonate was 

infused over 5 minutes. To prevent clotting, the catheter was cleared with 2 mL saline 

immediately followed by conventional TACE. Angiography and conventional TACE 
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procedures were performed by L.J.S., who had 2 years of experience with TACE in this 

model.

Immunohistochemistry.——Immunohistochemistry staining of APCs was performed by 

using anti–HLA-DR antibody and quantified as explained earlier to compare immune cell 

infiltration among subgroups.

MRI Protocol

All animals underwent baseline imaging by using a human-size 3-T MRI unit (Magnetom 

Prisma; Siemens, Erlangen, Germany) and a 15-channel knee coil. The protocol at baseline 

included respiratory-gated T2-weighted spin-echo images and unenhanced and intravenous 

contrast material–enhanced (0.1 mmol/kg Dotarem; Guerbet, Bloomington, Ind) T1-

weighted Dixon images.

Before undergoing follow-up imaging, animals received 160Gd antibodies (group A), 

SPIONs (group B), or thulium (III)1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra 

(TmDOTP52; Macrocyclics, Plano, Tex) (group C). Apart from these experimental agents, 

no additional contrast media were administered at follow-up MRI. Signal intensity 

alterations due to160Gd-conjugated antibodies were assessed on T1-weighted Dixon images 

(repetition time msec/echo time msec, 5.19/2.46, 3.69). SPION deposition was evaluated on 

respiratory-gated fat-suppressed T2-weighted spin-echo images (1000/78). The tumor masks 

were outlined on baseline images and overlaid onto the postcontrast MRI scans to determine 

the peritumoral rim. Peritumoral gadolinium (signal hyperintensity on T1-weighted images) 

and SPION deposition (hypointensity on T2-weighted images) were quantified by using the 

standard length measurement tool in RadiAnt (version 4.6.9; Medixant, Poznan, Poland) to 

determine the rim thickness in five random locations on the Digital Imaging and 

Communications in Medicine files with the largest axial tumor diameter, as previously 

described (19). In addition, signal intensities were measured in five random locations in the 

tumor, peritumoral rim, liver, and back muscle by using ImageJ software (version 1.52a; 

National Institutes of Health, Bethesda, Md) and signal intensity ratios were calculated (23).

Animals in group C underwent extracellular pH–specific MR spectroscopy at the follow-up 

MRI examination by using paramagnetic TmDOTP52 and biosensor imaging of redundant 

deviation in shifts, or BIRDS. Briefly, BIRDS data were acquired by using a three-

dimensional chemical shift imaging sequence (repetition time, 8 msec). TmDOTP52 

resonances were overlaid on T1-weighted sequences (5.2/2.5) to outline the tumor (17). 

Extracellular pH was assessed for 8 × 8 × 10-mm voxels inside the whole tumor and tumor 

edge (adjacent to tumor margin) and in the liver parenchyma from the chemical proton shifts 

of TmDOTP52 by using Matlab (version R2020a 9.8.0; Math-Works, Natick, Mass) 

(Appendix E1 [online]).

Statistical Analysis

Descriptive data are summarized as means 6 standard deviations, medians, and ranges. 

Normality testing was performed. Data sets were evaluated by using the independent 

nonparametric Mann-Whitney U or Kruskal-Wallis test to compare MRI signal intensity 
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ratios in groups A and B, rim thickness at MRI and histologic examination in all groups, and 

extracellular pH values among group C subgroups. Statistical analysis was performed with 

SPSS (version 24.0; IBM, Armonk, NY) and Prism (version 7.0; GraphPad, La Jolla, Calif) 

software by L.J.S. and D.C. A two-tailed P < .05 was considered indicative of a statistically 

significant difference.

Results

Group A: 160Gd-labeled Antibodies Enable Molecular Imaging of APCs in Vivo

IMC of 160Gd demonstrated signal distribution only in the peritumoral rim, which matched 

the spatial signal distribution of fluorescein isothiocyanate–labeled anti–HLA-DR antibodies 

at immunofluorescence microscopy. Immunohistochemistry analysis of anti–HLA-DR 

antibodies revealed immune cell infiltration in the peritumoral rim between tumor and liver 

tissue, with similar distribution of signal intensity to that seen at IMC and 

immunofluorescence microscopy (Fig E1 [online]).

For in vivo imaging of 160Gd antibodies, the comparison between T1-weighted images 

obtained at baseline and 24 hours after injection revealed localized rim enhancement in the 

peritumoral zone, measuring a mean (±standard deviation) of 1.5 mm ± 0.3 in the axial 

plane. Before and after administration of 160Gd antibodies, the liver-to-muscle ratios were 

0.94 ± 0.07 and 0.75 ± 0.03, respectively (P = .55). After administration of 160Gd antibodies, 

the peritumoral rim-to-muscle ratio was 0.86 ± 0.02 and the peritumoral rim-to-liver ratio 

was 1.17 ± 0.01. IMC of tissue harvested from these same rabbits demonstrated deposition 

of gadolinium only in the peritumoral rim (mean rim thickness, 1.2 mm ± 0.2), 

corresponding to the signal intensity distribution pattern on MRI scans, but only little signal 

intensity in liver parenchyma or within the actual tumor (Fig 2).

IMC of paraffin-embedded spleen 24 hours after intra-arterial delivery showed a cellular 

distribution pattern of 160Gd signal, which confirms the specific labeling of HLA–DR–

positive APCs. In addition, signal detection in the spleen was suggestive of systemic 

distribution of the 160Gd antibodies beyond the arterially supplied target tumor to organs 

with high density of APCs. IMC of paraffin wax without embedded tissue (negative control) 

demonstrated nonspecific background signal but no cellular distribution pattern (Fig E2 

[online]).

Group B: In Vivo Molecular Imaging of SPIONs Reveals Macrophage Infiltration in the 
Peritumoral Rim

On T2-weighted MRI scans obtained 24 hours after injection of SPIONs, a curvilinear 

hypointense peritumoral rim of demarcation measuring a mean of 2.1 mm ± 0.9 in the axial 

plane surrounded the tumor, indicating selective SPION deposition in the peritumoral rim. 

Mean liver-to-muscle signal intensity ratios were 1.7 ± 0.14 and 1.51 ± 0.15 before and after 

SPION injection, respectively (P = .10). After SPION injection, the mean rim-to-muscle 

ratio was 0.92 ± 0.12 and the mean rim-to-liver ratio was 0.61 ± 0.04.

Prussian blue staining of iron confirmed the exclusive deposition of SPION in macrophages 

found in this zone between the tumor and surrounding liver parenchyma (mean rim 
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thickness, 2.3 mm ± 0.7). By comparison, almost no Prussian blue stain was detectable 

within the tumor or in liver parenchyma (Fig 3).

Cellular uptake of rhodamine-conjugated SPIONs in peritumoral macrophages was further 

validated ex vivo by using immunofluorescence microscopy of rhodamine and 

immunohistochemistry of APCs using anti-HLA-DR and anti-CD11b antibodies (Fig 4).

Group C: Conventional TACE with Bicarbonate Normalizes Tumor Acidosis and Restores 
Local Immune Cell Infiltration

Extracellular pH mapping of untreated VX2 liver tumors revealed tumor acidosis (mean 

extracellular pH, 6.78 ± 0.09; median, 6.77; range, 6.66–6.9) compared with liver 

parenchyma (mean extracellular pH, 7.18 ± 0.03; median, 7.19; range, 7.14–7.22) (P 
= .008). Tumor edge extracellular pH (mean, 6.88 ± 0.08; median, 6.89; range, 6.76–6.96) 

was slightly higher than whole tumor extracellular pH (P = .15). Although tumor 

extracellular pH remained almost unchanged after conventional TACE (mean, 6.85 ± 0.04; 

median, 6.84; range, 6.8–6.91; P = .19), the addition of bicarbonate to conventional TACE 

achieved an increase toward normalization of extracellular pH in the whole tumor (mean, 

6.96 ± 0.05; median, 6.97; range, 6.90–7.01; P = .02 compared with baseline, P = .03 

compared with 1 day after conventional TACE) and tumor edge (mean, 7.02 ± 0.04; median, 

7.02; range, 6.98–7.05; P = .02 compared with baseline, P = .18 compared with 1 day after 

conventional TACE). We observed no differences in liver extracellular pH among all groups 

(conventional TACE: mean extracellular pH, 7.18 ± 0.04, median, 7.19, range, 7.11–7.22; 

conventional TACE with bicarbonate: mean extracellular pH, 7.14 ± 0.02, median, 7.15, 

range, 7.11–7.16; P = .14). Immunohistochemistry staining of APCs revealed expression 

primarily in the peritumoral rim of control tumors. Although we detected only a few HLA-

DR– positive immune cells in the peritumoral rim after conventional TACE alone, 

conventional TACE with bicarbonate restored immune cell infiltration into the tumor micro-

environment compared with untreated VX2 tumors (P = .002) and conventional TACE alone 

(P < .001) (Fig 5).

Discussion

Our study introduces molecular imaging techniques to reveal resistance mechanisms 

mediated by the immuno-metabolic interplay in the tumor micro-environment for strategic 

targeting of local-regional and immunotherapy in liver cancer. Immune cell–specific 

gadolinium 160–labeled antibodies and superparamagnetic iron oxide nanoparticles 

visualized on MRI scans in vivo showed curvilinear peritumoral distribution, corresponding 

to antigen-presenting cells and iron deposits in macrophages, respectively, at histopathologic 

examination. Although MR spectroscopy revealed acidosis of untreated VX2 rabbit liver 

tumors (mean pH, 6.78 ± 0.09) compared with liver parenchyma (mean pH, 7.18 ± 0.03) (P 
= .008), the combination of transarterial chemoembolization with bicarbonate achieved 

normalization of tumor pH (mean, 6.96 ± 0.05; P = .02) followed by increasing peritumoral 

immune infiltration (P = .002), thereby proving the link between the inherently acidic tumor 

micro-environment and immune cell dysfunction.
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Overall, inflamed tumors, commonly referred to as “hot tumors,” are thought to be more 

susceptible to immunomodulatory treatment as compared with “cold” tumors without 

significant immune cell infiltration (24,25). Therefore, our cell-specific imaging tools can 

potentially be used to noninvasively evaluate susceptibility to immuno-oncologic therapies 

and help differentiate between actual tumor progression and atypical response patterns after 

immunotherapy, such as pseudoprogression caused by immune cell infiltration into the 

tumor micro-environment (26).

Chronic liver diseases are hypothesized to cause an imbalance in favor of immunotolerant 

signals to generate a proinflammatory milieu allowing for hepatic tumor formation and 

progression (27,28). Given this ineffective immunosurveillance, HCC seems to be a good 

candidate for immunotherapies aiming to restore anticancer immunity. However, the 

implementation of antigen-based immunotherapies has proven difficult given the complex 

adaptive nature of HCC and its immune-suppressive tumor micro-environment (27). 

Previously, oral bicarbonate increased the response to checkpoint inhibitors, leading to 

complete response when combined with adoptive T-cell therapy in murine models (29). Our 

findings further provide a strategy to exploit intra-arterial therapies as conditioning tools to 

convert immune-resistant tumor habitats toward a more susceptible tumor micro-

environment. With increasing evidence supporting the importance of hydrophobicity in 

immune system activation, ethiodized oil–based conventional TACE may be a favorable 

modality for this endeavor (30).

Several imaging methods are in development that capture clinically relevant elements of the 

immune system, including radioactive tracers with relatively low focal resolution or 

targeting indirect immunogenic markers, such as programmed cell death protein 1 (31). 

SPIONs circulate in the blood, where they are phagocytosed by macrophages that migrate to 

areas of active inflammation. Although already approved by the U.S. Food and Drug 

Administration for the diagnosis of hepatic tumors, SPIONs may also be used for their 

combined therapeutic and diagnostic potential when incorporated into a complex with 

carriers (eg, small interfering RNA) that target molecules such as PD-L1 (20,32).

In addition to SPIONs, we developed a 160Gd-conjugated immune tracer using anti–HLA-

DR antibodies for the molecular analysis of the tumor immune landscape in the VX2 rabbit 

liver tumor model. Although VX2 tumors are of nonhepatic origin, they develop in 

immunocompetent hosts and their growth pattern and hyperglycolytic and neo-angiogenic 

profiles resemble the features of human HCC (16). A number of gadolinium-based contrast 

agents are available for clinical use and have proven safe, including gadoterate, which also 

contains 160Gd used for the labeling in our study (33). We conjugated 160Gd to anti–HLA-

DR antibodies that bind peritumorally infiltrating APCs. Increased abundance of HLA-DR 

on the surface of APCs may occur in response to stimulation, and, thus, HLA-DR can also 

serve as a marker for immune stimulation (13). Although the conjugated antibody probes 

were injected in a selective fashion, this route of administration may be preferable for 

theranostic purposes by using antigen-specific therapeutics with increased local doses that 

could simultaneously be visualized in real time.
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We had to overcome inherent limitations of small-animal tumor models and mimic the 

common clinical scenario. To do this, we used a human-size 3-T MRI with widely 

applicable imaging sequences to apply and validate the developed imaging tools in the rabbit 

liver tumor model. One limitation of our study was the spatial resolution of the voxels for 

MR spectroscopy, which could be improved by increasing the signal-to-noise-ratio with the 

use of a more sensitive coil. With regard to signal intensity quantification, future studies 

should include relaxometry to measure signal alterations caused by the experimental contrast 

agents. Last, statistics and generalizability of this study may be limited by its small sample 

size.

In conclusion, our translational study introduces noninvasive MRI-based markers for 

molecular tumor phenotyping that advances targeted approaches to disrupt resistance 

mechanisms hampering the efficacy of immuno-oncologic therapies. If implemented, the 

complementary imaging end points will help tailor personalized treatment regimens using 

immunotherapies alone and in combination with transarterial chemoembolization, to further 

explore the modulation of tumor acidity as a strategy to restore immune permissiveness in 

liver cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APC antigen-presenting immune cell

HCC hepatocellular carcinoma

HLA-DR human leukocyte antigen–DR isotope

IMC imaging mass cytometry

SPION superparamagnetic iron oxide nanoparticle

TACE transarterial chemoembolization

TmDOTP52 thulium (III) 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra
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Key Results

• Immune cell–specific gadolinium 160–labeled antibodies and 

superparamagnetic iron oxide nanoparticles visualized on MRI scans showed 

curvilinear peritumoral distribution, corresponding to antigen-presenting cells 

and iron deposits in macrophages, respectively.

• Extracellular pH–specific MR spectroscopy of untreated VX2 rabbit liver 

tumors revealed acidosis (mean extracellular pH, 6.78 ± 0.09) compared with 

liver parenchyma (mean extracellular pH, 7.18 ± 0.03) (P = .008) and 

peritumoral immune cell exclusion.

• Normalization of tumor pH (mean, 6.96 ± 0.05; P = .02) by using bicarbonate 

during transarterial chemoembolization increased peri- and intratumoral 

immune cell infiltration compared with untreated tumors (P = .002).
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Figure 1: 
Diagram illustrates the experimental design of immune cell imaging in vivo. A, VX2 liver 

tumor chunks were injected into the hind leg of a donor rabbit. B, Tumor chunks were 

harvested and injected into the left liver of the recipient rabbit and allowed to grow for 14 

days. C, Three rabbits received intra-arterial (IA) injections of gadolinium 160 (160Gd)–

labeled anti–human leukocyte antigen–DR isotope antibodies and, D, three were 

intravenously (IV) injected with superparamagnetic iron oxide nanoparticles (SPION). E, 
160Gd-conjugated antibodies target antigen-presenting immune cells (APC) in the 

peritumoral rim and SPIONs are phagocytosed by peritumoral macrophages. F, MRI was 

performed and imaging findings were confirmed with radiologic-pathologic correlation.
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Figure 2: 
In vivo molecular imaging of peritumoral antigen-presenting immune cell infiltrate using 

gadolinium 160 (160Gd)–labeled anti–human leukocyte antigen–DR isotope (HLA-DR) 

antibodies. A, Baseline T1-weighted axial MRI scan of VX2 liver tumor (*). B, Peritumoral 

rim enhancement (arrows) on T1-weighted axial Dixon MRI scan (repetition time, 5.19 

msec; echo times, 2.46 and 3.69 msec) obtained 24 hours after intra-arterial administration 

of 160Gd-labeled anti–HLA-DR antibody indicates peritumoral immune cell infiltrate. * = 

tumor. C, Bright field image and, D, E, colored images from ex vivo imaging mass 

cytometry of tissue harvested from the rabbit in A and B after ablation of 160Gd (160Gd in 

green) confirm deposition of 160Gd-labeled anti–HLA-DR antibody in the peritumoral rim. 

The box in D indicates the the area of magnification for E. L = liver, R = peritumoral rim, T 

= tumor.
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Figure 3: 
In vivo molecular imaging of superparamagnetic iron oxide nanoparticles (SPIONs) reveals 

macrophage infiltration in the peritumoral rim. A, Baseline T2-weighted fat-suppressed axial 

spin-echo MRI scan (repetition time msec/echo time msec, 1000/78) of VX2 liver tumor (*). 

B, T2-weighted axial and, C, coronal MRI scans obtained 24 hours after SPION 

administration show hypointense peritumoral rim (arrows) indicative of peritumoral 

retention of iron. * = tumor. D–F, Photomicrographs of iron (Prussian blue stain) reveal 

deposition of SPIONs primarily in the peritumoral rim at, D, 31 and, E, 35 magnification 

after phagocytosis by macrophages as seen at, F, 320 magnification. The boxes in D and E 
indicate areas of magnification for E and F, respectively. The yellow lines in E outline the 

peritumoral rim. L = liver, R = peritumoral rim, T = tumor.
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Figure 4: 
Molecular imaging of cellular uptake of rhodamine-conjugated superparamagnetic iron 

oxide nanoparticles (SPIONs) in peritumoral macrophages. A, Baseline T2-weighted fat-

suppressed axial spin-echo MRI scan (repetition time msec/echo time msec, 1000/78) of 

VX2 liver tumor (*). B, Hypointense peritumoral rim demarcation (arrows) on T2-weighted 

axial MRI scan obtained 24 hours after administration of rhodamine-conjugated SPIONs 

indicates peritumoral retention. * = tumor. C, Immunofluorescence image of rhodamine on 

tissue harvested from the same rabbit confirms deposition of SPIONs in the peritumoral rim 

(outlined by yellow lines). L = liver, R = peritumoral rim, T = tumor. D, Photomicrograph 

(hematoxylin-eosin [H&E] stain) of VX2 tumor and surrounding liver. E, F, 

Immunohistochemistry with, E, anti–human leukocyte antigen–DR isotope (HLA-DR) and, 

F, anti-CD11b antibodies reveals antigen-presenting immune cells and macrophages in the 

peritumoral rim, respectively.
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Figure 5: 
A, Images demonstrate that normalization of extracellular tumor pH (pHe) neutralizes 

inherent tumor acidosis and restores immune permissiveness after conventional transarterial 

chemoembolization (TACE) (cTACE). Top, peaks from extracellular pH spectroscopy are 

shown in red, overlaid on the corresponding anatomic T1-weighted axial MRI scans 

(repetition time msec/echo time msec, 5.2/2.5). Color map overlays illustrate extracellular 

tumor pH. Middle, Hematoxylin-eosin (H&E) and, bottom, human leukocyte antigen–DR 

isotope (HLA-DR) receptor staining reveals peritumoral immune cell infiltration in acidic 

untreated tumors. While extracellular tumor pH changes after conventional TACE remained 

insignificant and immune cell infiltrates were similar to or decreased compared with 

untreated tumors, conventional TACE with bicarbonate (cTACE w/bicarb) significantly 

increased extracellular pH of the tumor and tumor edge, boosting peritumoral immune cell 

infiltration. B, Box-and-whisker plots indicate extracellular (pHe) differences in control 

rabbits and those treated with conventional TACE (cTACE) and conventional TACE with 

bicarbonate (cTACE w/bicarb). Data are medians (lines in boxes) and 25th to 75th 

percentiles (bottom and top of boxes) and ranges (whiskers) (Mann-Whitney U, Kruskal-

Wallis test).
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