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Abstract

Purpose—To evaluate the role of infiltrating macrophages in murine models of single and double 

mutation head and neck tumors using a novel fluorine-19 (19F) MRI technology.

Methods—Tumor cell lines single-hit/SCC4 or double-hit/Cal27, with mutations of TP53 and 

TP53 & FHIT, respectively, were injected bilateral into flanks of (N=10) female mice. With 

tumors established, perfluorocarbon (PFC) nanoemulsion was injected intravenously, which labels 

in situ predominantly monocytes and macrophages. Longitudinal spin-density weighted 19F MRI 

data enabled quantification of the macrophage burden in tumor and surrounding tissue.

Results—The average number of 19F atoms within the tumors was twice as high in the Cal27 

group compared to SCC4 (3.9×1019 and 2.0×1019 19F/tumor, respectively, p = 0.0034) two days 

post-contrast injection, signifying increased tumor associated macrophages in double-hit tumors. 

The difference was still significant ten days post-injection. Histology stains correlated with in vivo 

results, exhibiting numerous PFC labeled-macrophages in double-hit tumors and to a lesser extent 

in single-hit tumors.

Conclusion—This study helps establish 19F MRI as a method for quantifying immune cells in 

the tumor microenvironment allowing distinction between double- and single-hit head and neck 

tumors. This technique would be extremely valuable in the clinic for pre-treatment planning, 

prognostics and post-treatment surveillance.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is a source of significant morbidity and 

mortality worldwide. Risk factors include human papillomavirus (HPV) status and tobacco/

alcohol use (1,2). Current staging and clinical management of HNSCC patients are based on 

anatomic location, size, and metastatic spread (3). If patients undergo surgical excision 

without adjuvant therapy, management decisions are guided by lymph node invasion or 

presence/absence of bone invasion (4). Patients with locally advanced disease are treated 

aggressively with multimodal therapy including chemotherapy and radiotherapy along with 

surgical resection (5).

HPV is increasingly responsible for the growing incidence of oropharyngeal squamous cell 

carcinoma, representing 30% of HNSCC tumors (6). HPV-positive tumor status is usually 

associated with better response to therapy and survival and is currently the strongest 

prognostic factor for these patients (7). For HPV-negative tumors, no prognostic assays are 

widely accepted (4). We designed this project based on the findings of our prior work (8) 

querying The Cancer Genomic Atlas (TCGA) (7), which contains data on the largest 

collection of HNSCC tumor specimens. In this work (8) we found that among patients with 

HPV negative tumors, reduced survival outcomes associated with tumor protein 53 (TP53) 

mutation only occur in combination with loss of chromosome 3p. This results in reduction of 

median survival from 5 years for TP53 mutation to only 1.7 years for ‘double-hit’ mutations 

(TP53 and 3p) (8). Beyond genetic mutations, the reasons for poor prognoses are still 

unclear. Current hypotheses focus on decreased radiosensitivity of double-hit tumors and the 

effects of infiltrating host immune cells (9). Indeed, it has been shown that HNSCC tumors 

inhibit natural killer cells, T cells and antigen presenting cells while recruiting regulatory T 

cells and tumor-associated macrophages (TAMs) (6). TAM burden has been shown to be a 

predictor of lymph node involvement and metastasis and hence tumor aggressiveness (10), 

and TAMs are known to secrete matrix metalloproteinases (MMP) which promote 

angiogenesis and tumor progression (11).

To evaluate the role of TAMs in tumors with either TP53 mutation alone (single-hit) or TP53 

mutation combined with 3p deletion (double-hit), we identified human HNSCC cell lines 

(Cal 27, SCC25, SCC15 and SCC4) from the American Type Culture Collection (ATCC) 

that have differential TP53 status and Fragile Histidine Triad Protein (FHIT) copy number as 

classified by the Cancer Cell Line Encyclopedia. FHIT, located at position 3p14.2, is the 

gene locus most highly correlated with the 3p deletion in our TCGA analysis. FHIT is a 

tumor suppressor gene that has been reported as frequently inactivated in HNSCC cell lines 

(12). Decreased FHIT expression has been shown to correlate with worse survival in patients 

with tongue cancer (13). In the 3p region, we found that copy number variation for FHIT 

correlates best with 3p deletion status. FHIT has been shown to be a tumor suppressor (14), 

and FHIT deficient mice show both increased incidence of spontaneous tumor formation as 

well as increased tumor formation in response to carcinogens (15). Interestingly, loss of 

FHIT expression has been shown to correlate with poor outcomes in patients with tongue 

cancer (12). Because previous in vivo ratiometric cell penetrating peptide (RACPP) 

experiments have shown that Cal27 xenografts have higher MMP activity than SCC4 
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xenografts (13), we expect higher TAM accumulation in double-hit Cal27 compared to the 

single-hit SCC4 xenografts.

Clinically, invasive biopsy is the gold standard for diagnosis and genomic analysis of 

HNSCC, but there are several disadvantages of biopsying friable tumor tissue adjacent to 

vital structures in the head and neck which include bleeding, damage to nerves/airway/

vessels, tumor cell deposition along the biopsy tract among others (16). Prior work has 

validated the use of novel fluorine-19 (19F) magnetic resonance imaging (MRI) probe 

technologies for macrophage tracking in preclinical studies (17-19). In this approach, 

perfluorocarbon (PFC) nanoemulsion is injected intravenously, and the emulsion droplets 

are scavenged in situ by cells of the reticuloendothelial system (RES), particularly 

circulating monocytes, macrophages, neutrophils, and DCs (20). These labeled cells can 

home to inflammatory foci and can be imaged by 19F MRI with no endogenous background 

signal. PFC-labeled macrophages dominate MRI-visible 19F “hot-spots” and there is a linear 

correlation between 19F signal and macrophage burden which can be quantitated directly 

from the in vivo images (18,21). Our aim is to evaluate this new imaging technology to 

noninvasively differentiate between double- and single-hit tumors in a rodent model of head 

and neck tumor xenografts. Our results suggest that in situ PFC macrophage labeling and 

MRI is an effective non-invasive tool for assaying TAM burden and may be predictive of 

treatment outcomes and the appropriateness of neoadjuvant treatments.

Methods

HNSCC cell lines

Human tongue squamous cell carcinoma cell lines (Cal27 & SCC4) from ATCC were used. 

The SCC4 cell line contained a missense TP53 mutation, and the Cal27 cell line contained 

both FHIT deletion and missense TP53 mutations (4). In detail, this prior work demonstrated 

homozygous loss of FHIT (FHIT-/-) for Cal-27 and FHIT heterozygosity (FHIT+/-) for 

SCC-4. The TP53 gene was mutated in both cell lines; SCC-4 contains a missense mutation 

(G→A) on nucleotide 7578479 of chromosome 17p, and CAL-27 contains a missense 

mutation (T→A) on nucleotide 7578271.

Mouse model of HNSCC

Animal protocols were approved by the University of California San Diego Institutional 

Animal Care and Use Committee (IACUC). Seven-week-old female Fox1nu nude mice 

(N=10) were obtained from Harlan/Envigo (Indianapolis, IN, USA) and divided into two 

experimental groups. Five million of either single-hit/ SCC4 or double-hit/Cal27 cells in 

50% matrigel (Corning, Tewksbury, MA, USA) and 50% serum free DMEM (Gibco, 

Waltham, MA, USA) were injected in bilateral lower flanks of mice (N=5 in each group).

PFC emulsion

A sterile and injectable PFC nanoemulsion (VS-1000H, Celsense Inc., PA, USA) was used 

to label macrophages in situ. The nanoemulsion contains 30% (v/v) perfluoropolyether with 

a mean droplet size of 145 nm. The 19F magnetic resonance spectrum contains essentially a 

single major peak, with longitudinal (T1) and transverse (T2) relaxation times approximately 
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T1 /T2 ∼ 450/180 ms at 11.7 Tesla. When PFC is administered intravenously, the 

nanoemulsion droplets are taken up by cells of the reticuloendothelial system, particularly 

monocytes and macrophages (22). After visible tumor growth to ∼8 mm, as measured by 

calipers, a single 0.2 ml dose of nanoemulsion (containing approximately 1.2×1021 F atoms) 

was injected intravenously via the lateral tail vein. For histology purposes, one animal in 

each group received a fluorescent version of the nanoemulsion (VS-1000H-DM-Red, 

Celsense) containing a bright fluorophore bound to the PFC droplet, with emission/

excitation wavelengths equal to 596/615 nm.

In vivo MRI and quantification of 19F signal

Mice were subjected to longitudinal MRI on day 2 and 10 after the PFC injection. The MRI 

data were acquired using an 11.7 T Bruker BioSpec preclinical scanner (Bruker, Billerica, 

MA) with a dual-tuned 1H/19F birdcage volume coil (Bruker). During MRI, animals were 

anesthetized with 2% isoflurane in air, and core temperature was maintained at 37 °C using a 

heated pad. Reference capillaries with diluted PFC nanoemulsion (5% v/v) in 1% agarose 

were placed above the animal's torso in the image field of view (FOV). The 19F images were 

acquired using a RARE (Rapid Acquisition with Relaxation Enhancement) sequence with 

parameters TR/TE=1250/35 ms, RARE factor 16, matrix 64×64, FOV 30×30 mm2, slice 

thickness 1.5 mm, and 8-10 slices. The 1H anatomical images were also acquired using the 

RARE sequence with TR/TE=1000/18.5 ms, RARE factor 8, matrix 256×256, FOV 30×30 

mm2, and the same slice package as the 19F data. Data were imported into Voxel Tracker® 

software (Celsense Inc., PA, USA), and 19F regions of interest (ROIs), or hot-spots, were 

manually outlined with guidance from the anatomical 1H images. ROIs of the 19F reference 

capillary and background noise were also delineated, where the external 19F capillary was 

used as an absolute 19F reference, The in vivo 19F signal in ROIs (i.e., apparent 19F atom 

number) was calculated using Voxel Tracker®, as previously reported (18,23) and 

quantitative analyses yielded the apparent number of fluorine atoms within the ROIs. For 
19F image quantification, full-dynamic range data without thresholding were analyzed. 

Composite 19F/1H overlay images for display were also created; the 19F images were 

manually thresholded for visualization purposes to mask noise, and rendered in “red-hot” 

pseudo-color scale using Fiji software (24), while the 1H image remained in grayscale.

Histology and immunofluorescence

After in vivo MRI experiments, tumors and lymph nodes were excised and kept in OCT 

medium (VWR, Radnor, PA, USA) for histology cryosectioning to evaluate immune cell 

recruitment. Frozen sections were dried in the dark for 20 min at room temperature, fixed in 

4% paraformaldehyde (Affimetrix, Santa Clara, CA) and then incubated with 2.5% BSA in 

PBS at room temperature for 15 min. Excess blocking reagent was discarded and the slides 

were incubated overnight in the dark at 4 °C with a rabbit anti-mannose receptor antibody 

(#64693, Abcam, Cambridge, MA, USA) diluted 1:200 in PBS BSA to bind a receptor 

present in macrophages. The slides were then washed three times with PBS and incubated 

for 30 min with Alexa Fluor 488 Goat anti-Rabbit IgG used at 1:200 dilution. Section nuclei 

were stained with Hoechst (#33342, 1:500 dilution, Thermo Fisher Scientific, Waltham, 

MA). The slides were washed with PBS three times, mounted using Vectashield (Vector), 

and photographed in a fluorescence microscope. Confocal images were acquired with a 
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Leica SP5 2 confocal system (Leica Microsystems Inc.) coupled to a Leica DM 6000 CFS 

microscope and Leica LAS AF 1.8.2 software. Images were acquired using a ×63 immersion 

objective. Additionally, 5 μm sections (N=3) from six tumors in each group were subjected 

to immunohistochemistry staining using rabbit polyclonal antibody against CD68 (#125212, 

Abcam, Cambridge, MA, USA). CD68 stained macrophages were counted with three high 

power fields (HPF, 40×, N=108) per tumor by a pathologist, and an average macrophage 

count per tumor was calculated.

Statistics

All measurements are presented as mean ± standard error. A two-tailed T-test with unequal 

variances was performed to compare groups. The number of macrophages per tumor were 

correlated with total 19F signal per tumor using a Pearson's correlation coefficient test. P-

values <0.05 are considered statistically significant.

Results

In vivo 19F MRI shows macrophage burden in the tumor

In vivo PFC labeling and subsequent 1H/19F MRI revealed several fluorine hotspots located 

in the abdomen of the mice. The hot-spots are displayed in the periphery of the tumors and 

in the adjacent lymph nodes (Fig. 1). Visually, there are more hotspots associated with the 

Cal27 (double-hit) tumors (Fig. 1A and C) versus the SCC4 tumors (single-hit) (Fig. 1B and 

D).

Quantitatively, ROI analyses reveal that the total number of 19F atoms within the double-hit 

tumors is twice higher than the SCC4 single-hit tumors two days after PFC delivery (Fig. 

2A, P = 0.0034). The difference between the double- and single-hit tumors remains 

significant at day 10 despite a mild decrease in overall signal over the course of 8 days (p 

=0.0063), showing that the imaging time window after agent injection is flexible. The 

number of macrophages per tumor moderately correlated to the fluorine signal (Pearson's r = 

0.63, Fig. 2C). These quantitative differences support our hypothesis of increased TAM 

burden in the double-hit versus single-hit tumors. We also note that proximal lymph nodes 

(Fig. 1E and F, total 16 lymph nodes in 10 animals, Table 1) display 19F signals adjacent to 

the tumors, which is consistent with recruited immune cells aggregates within regional 

draining nodes. Quantitative analysis of the 19F within the lymph nodes show similar 

amounts of fluorine atoms in both double-hit and single-hit groups at day 2 (average of 

3×1018 19F atoms, p = 0.3), which decrease over time (Fig. 2B, p = 0.07) in the double-hit 

group. The 19F signal within the lymph nodes for both double-hit and single-hit groups are 

lower than the corresponding tumors by a factor of ∼10. At the experimental endpoints, all 

animals were sacrificed, and the tumors and lymph nodes were excised and cryopreserved 

for histology.

Ex vivo analyses

Hematoxylin-eosin (H&E) and immunofluorescence staining was performed on 

cryosectioned tumors and lymph nodes after completion of the MRI experiments (Figs. 3-5). 

Co-registration of cell nuclei (Hoechst 33342) and macrophage mannose receptor (green) 
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stains enabled qualitative visual assessment of macrophage burden in slide micrographs. The 

slides reveal the presence of fluorescent green signal in the periphery of both Cal27 double-

hit and SCC4 single-hit tumors thus signifying presence of TAMs within tumors (Fig. 4), 

consistent with the 19F/1H MRI observations. The macrophage burden visually appears 

considerably higher for the Cal27 double-hit tumors (Fig. 4B). Importantly, the dual-mode 

MRI-fluorescent PFC agent tends to colocalize intracellularly with the green fluorescence 

depicting TAMs, consistent with macrophage-associated MRI hotspots (Fig. 4C). As 

expected, similar fluorescence signals are observed in the regional draining lymph nodes 

(Fig. 5B) confirming the local accumulation of fluorine containing macrophages, compared 

to a control lymph node showing minimal macrophage presence and no fluorine signal (Fig. 

5C).

Discussion

To summarize, we show that PFC nanoemulsion and subsequent 1H/19F MRI allows for 

quantitative assessment of macrophage burden in tumors and adjacent lymph nodes in vivo. 

This imaging modality enables discrimination between double- and single-hit head and neck 

cancer xenografts based on differential TAM accumulation at the tumor periphery. These 

findings are in concordance with histopathologic observations. TAMs have been shown to 

accumulate at the tumor site and can be detected in vivo using in situ labeling techniques 

and MRI (25).

Macrophages play a multidimensional role in cancer. TAMs serve several pro-tumoral 

functions including the expression of growth, angiogenesis and lymphangiogenesis factors. 

Moreover, TAMs release matrix proteases leading to the suppression of adaptive responses 

(26,27). Considering this, the 19F hotspots possibly represent the colonizing front of the 

tumor. M1 macrophage subtype demonstrate high capacity to present antigens and activate 

polarized type I T-cell responses resulting in cytotoxicity towards tumor cells. On the other 

hand, M2 macrophages have poor antigen presenting capacity, suppress inflammatory 

responses and Th1 adaptive immunity and thus contribute in hijacking the local immune 

system away from anti-tumor function (28). Tissue-resident macrophage number may be 

amplified through the recruitment and differentiation of circulating monocytes in the context 

of inflammation/tumor expansion (29). Many growth and differentiation factors like M-CSF, 

PGE2, IL-6 & IL-10 expressed in the tumor microenvironment have the potential to promote 

differentiation and polarization of recruited monocytes into TAMs of the M2 subtype (30). 

TAMs also exert immunosuppressive activity by releasing chemokines that preferentially 

attract T-cell subsets devoid of cytotoxic function and thus facilitate tumor progression and 

metastatic invasion (5). In situ labeling of TAMs with PFC does not permit M1/M2 

phenotype discrimination.

Our results show increased accumulation of TAMs within the Cal27 double-hit tumors 

compared to the SCC4 single-hit tumors, thus confirming prior work that higher frequency 

of infiltrating TAM has been associated with poor prognosis in many human tumors 

particularly lymphoma, liver and breast cancers (26,31-33). These preliminary preclinical 

observations could potentially have significant clinical relevance. Prior work has shown 

double-hit HNSCC is less radiosensitive compared to single-hit tumors; the increased TAM 
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accumulation in double-hit tumors could partially explain the observed aggressiveness (13). 

Patients with double-hit/more aggressive tumor genotype would not benefit from 

radiotherapy alone, thus different treatment options would be preferred that lead to increased 

survival, such as conjunction of radiotherapy with chemotherapy or inhibitors of the 

radioresistance pathway (34,35). Conversely, lower grade single-hit tumor patients could be 

steered toward radiotherapy and/or surgical resection (35,36).

In vivo 19F MRI also revealed high signal in local lymph nodes adjacent to both double-hit 

and single-hit tumors. Overall, signals in the lymph nodes were ten times lower than in the 

tumors. Histopathologic analyses further confirmed the presence of fluorine-labeled 

macrophages within these lymph nodes, compared to control lymph nodes from naïve mice 

which showed minimal macrophage presence. In situ PFC cell labeling is expected to only 

label a small portion of macrophages. Go et al. (5) reported similar results for gastric cancer, 

describing immune cell accumulation in the lymphatic vessels of metastatic lymph nodes. 

They hypothesized that TAMs induce lymphangiogenesis and enhance lymphatic spreading 

of cancer by secreting vascular endothelial growth factor (VEGF-C) (5). They also noted 

that the number of intranodal immune cells in non-metastatic nodes was higher in regions 

nearest to primary tumor, suggesting migration of macrophages from primary tumor to 

augment intranodal lymphangiogenesis (5). In addition, the chemokines produced by TAMs 

in the tumor may reach the draining lymph nodes, and thus the tumor may thereby change 

the microenvironment of the surrounding regional lymph nodes before colonization of tumor 

cells. Others have shown that the density of M2 macrophages in regional lymph nodes is 

associated with lymphangiogenesis and occult nodal metastasis of pancreatic, oral squamous 

cell and esophageal cancers (37,38). This would imply that the high 19F signals we observe 

adjacent to the tumors are regional lymph nodes. Since these 19F MRI-visible regional nodes 

indicate both local macrophage accumulation and potential spread of tumor, this information 

could be used for surgical planning to noninvasively map the regional draining lymph nodes 

associated with the tumor if these imaging techniques could be translated to humans, as 

discussed below.

Overall, using nanoparticulate imaging probes, there are two hypotheses regarding the in 

vivo sites for TAM labeling (39); the first includes extravasation of circulating probe through 

the leaky tumoral vessels which is then scavenged by local TAMs (40,41). The second 

hypothesis (42) suggests that reticuloendothelial cells, particularly monocytes, are labeled in 

the peripheral blood, which then migrate to the site of the cancer to serve a role of immune 

modulatory cells (29,39) We note that the plasma half-life of the PFC nanoemulsion 

formulation used is ∼9.5 hours in rodents (23); thus, there is ample time for either (or both) 

hypothesis(es) to be relevant. Our view is that the actual in vivo site where labeling occurs is 

not central to the interpretation of the 19F image data.

The 19F hotspots observed in this study were most likely dominated by labeled 

macrophages, but it is possible that other cells contributed to the observed 19F signal. Very 

small numbers of B lymphocytes, neutrophils, and dendritic cells will take up PFC 

nanoemulsion (42,43). Measuring the average amount of PFC uptake per cell (macrophage) 

in situ is not feasible, unlike the case of ex vivo labeling experiments, where apparent cell 

numbers at hotspots can be directly deduced from the in vivo imaging data after labeled cell 
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infusion (44,45). However, it has previously been shown (18,21) that the apparent number of 
19F atoms detected linearly correlates to the number of macrophages present and the 

inflammatory burden in vivo. Thus, relative TAM burden comparisons between tumors of 

different genotypes based on 19F atom counts is plausible. Generally, MRI-detectable 

macrophages labeled with PFC can persist for long time periods; for example, a recent study 

using the same imaging agent in a murine model of inflammatory bowel disease (46) 

displayed PFC-labeled macrophages in the bowel wall for 110 days. Over time, eventually 

the PFC enters the RES system, particularly Kupffer cells of the liver, and PFC slowly clears 

the body via lung exhalation (47,48).

Our results suggest that there is a clinical rationale for potentially developing 19F 

inflammation imaging for clinical diagnostic use. The PFC agent used in these studies was 

for preclinical use only, and there are currently no approved PFC agents for clinical 

inflammation imaging. However, we note that a PFC imaging agent with a similar 

composition to what has been used here has been employed in a first-in-man clinical trial to 

detect immunotherapeutic dendritic cell vaccines injected into colorectal cancer patients 

(49). However, in this study, a minuscule dose is delivered to the patient compared to what is 

needed for in situ cell labeling as described here, thus the clinical development pathway is 

more complex. Also, there are potential adverse effects of large PFC emulsion doses as 

observed in artificial blood substitute studies; side effects included headache, dizziness, 

nausea, vomiting, back and chest pain, but these were mostly mild (79.8% of patients) (50); 

moreover, the severity of these effects may be dependent upon the choice of molecular 

components for PFC nanoemulsion formulation.

The notion of performing 19F MRI has been around for at least 40 years (51). Certainly, 

technical barriers associated with implementation of 19F MRI on a clinical scanner are 

surmountable, as the resonant frequency of 19F differs from 1H by only ∼6%. Many current 

generations of clinical scanners can be adapted to detect 19F, with minor hardware/software 

modifications (45). The sensitivity loss for the detection of labeled TAMs at lower clinical 

field strengths (3 T) compared to the preclinical MRI scanner (11.7 T) used in this study will 

depend on multiple factors such as field strength, coil configuration, voxel size and pulse 

sequence used, amongst other factors (52). One of the rate limiting factors in the clinical 

adoption of 19F-based technologies is the current availability of 19F-capable scanners in a 

hospital setting.

Conclusions

To conclude, we demonstrate the use of a novel non-invasive method to quantify apparent 

macrophage burden within head and neck tumors and local lymph nodes based on the use of 

PFC nanoemulsions and 19F MRI detection. We show that this technology can discriminate 

between single- and double-hit tumors with characteristic macrophage burden patterns, as 

well as sentinel lymph node involvement. Such an imaging tool would be very beneficial in 

a clinical setting to tailor personalized therapy without unnecessary biopsies.
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Figure 1. 
In vivo MRI displaying PFC distribution in the tumor periphery and draining lymph nodes. 

A. and C. Representative 1H/19F pseudo-color overlays of a mouse bearing Cal27 tumors 

showing significant macrophage infiltrates in the periphery of the tumors at day 2 and 10 

respectively. B. and D. Representative 1H/19F overlays of a mouse bearing SCC4 tumors 

showing decreased macrophage burden at day 2 and 10 post PFC injection. E. and F. 

Corresponding 1H/19F pseudo-color overlays demonstrating fluorine hotspots (arrows) 

within local lymph nodes (LN) of the same animals in both Cal27 (E.) and SCC4 groups 

(F.). Tumors and lymph nodes were not visible in the same axial plane and therefore 

alternate slices were selected to show lymph node hotspots. Asterisks indicate the implanted 

tumors; R1 and R2 indicate tubes for reference quantification and the color scale is in 

arbitrary units.
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Figure 2. 
Quantitative analysis of macrophage burden in the tumors and draining lymph nodes from in 

vivo MRI data. A. 19F atom count is significantly higher in Cal27 tumors compared to SCC4 

tumors at both time points (day 2 & 10 post PFC injection, asterisk indicates significance); 

this count is almost twice as high 2 days after PFC injection (3.94×1019 versus 1.98×1019 

atoms respectively, p = 0.0034). B. Corresponding 19F atom count in the draining lymph 

nodes showing minor signal decrease for Cal27 tumors at day 10 compared to day 2 but no 

difference between the two groups at day 2; these differences were not significant, p>0.05. 

Overall, signal in the lymph nodes is lower than in the periphery of the corresponding 

tumors by a factor of ∼10. C. Plot showing moderate correlation (r = 0.63) between number 

of fluorine atoms per tumor and macrophage infiltration (N=108, high power fields, HPF).
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Figure 3. 
Histopathologic analyses of excised tumors stained with H&E. A. Moderately differentiated 

squamous cell carcinoma infiltrating a dense fibroblastic stroma. Numerous pseudocystic 

structures (white spaces) can be seen characteristic of this squamous cell carcinoma cell line. 

The inset shows a hyperintense multilocular structure containing cell debris. The 

proliferating cells are quite abnormal, depicting irregularly shaped and hyperchromatic 

nuclei. Bars represent 100 μm. B. Moderate to poorly differentiated squamous cell 

carcinoma infiltrating a hyalinized fibroblastic stroma. Squamous differentiation is focal. 

The inset shows the atypicity of the proliferating cells and the absence of clear 

keratinization. Bars represent 100 μm.
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Figure 4. 
Immunofluorescence images of excised tumors. A. Low magnification immunofluorescence 

staining displays green fluorescent signal from TAMs (anti-mannose receptor, green), which 

confirming accumulation in the periphery of the tumors, and is consistent with the 19F MRI 

(Fig. 1). Scale bar is 100 μm. B. Qualitatively, numerous macrophages are observed within 

Cal27 tissue samples. C. Shows composite image of fluorescent dual-mode PFC 

(VS-1000H-DM Red) and macrophage (anti-mannose receptor, green) immunostaining and 

demonstrates intracellular uptake of PFC agent by macrophages in a Cal27 tissue sample. D. 

SCC4 tissue stains show scattered macrophages. Nuclei are stained with blue Hoechst 33342 

stain. Scale bars (B-D) = 25 μm.
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Figure 5. 
Histopathologic images of excised lymph nodes. A. H&E staining demonstrates numerous 

foamy macrophages within the excised lymph nodes. Left and right scale bars are 200 and 

20 μm, respectively. B. Immunofluorescence staining demonstrates colocalization of 

macrophages (green) and intracellular dual-mode PFC (VS-1000H-DM Red) in lymph node, 

consistent with MRI findings (Fig. 1). Scale bar = 50 μm. Control lymph node in (C) 

displays minimal macrophage presence and an absence of PFC label. Scale bar = 50 μm.
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Table 1

Fluorine positive lymph nodes at Day 10. This table enumerates the number of individual (local & 

retroperitoneal) lymph nodes which demonstrated fluorine hot spots for both double hit (Cal 27) and single hit 

(SCC 4) groups 10 days post IV perfluorocarbon injection.

Lymph nodes at Day 10

Local LN Retroperitoneal LN

Cal 27_Ml 0 0

Cal 27_M2 2 0

Cal 27_M3 2 0

Cal 27_M4 0 2

Cal 27_M5 2 0

SCC4_M1 1 (R) 0

SCC4_M2 1 (R) 2

SCC4_M3 1 (R) 1 (L)

SCC4_M4 1 (R) 0

SCC4M5 1 (R) 0

LEGEND

2 Bilateral

1 (R) or 1 (L) Unilateral right or left

0 None

Magn Reson Med. Author manuscript; available in PMC 2019 April 01.


	Abstract
	Introduction
	Methods
	HNSCC cell lines
	Mouse model of HNSCC
	PFC emulsion
	In vivo MRI and quantification of 19F signal
	Histology and immunofluorescence
	Statistics

	Results
	In vivo 19F MRI shows macrophage burden in the tumor
	Ex vivo analyses

	Discussion
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

