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Figure 5. Characterization of cancer stem cell (CSC) subpopulations in chondrosarcoma cell lines.
(A) Representative images of tumorspheres formed from the indicated cell lines in two successive
passages. Scale bar = 100 um. (B) Protein levels of Aldehyde Dehydrogenase 1 Family Member-A1l
(ALDH1A1), -A3 (ALDH1A3), and Sex Determining Region Y-Box 2 (SOX2) in the indicated cell
lines. P-actin levels were used as a loading control. (C) Aldefluor assay showing the activity
of ALDHI in the indicated cell lines. ALDHI activity was blocked with the specific inhibitor
N,N-diethylaminobenzaldehyde (DEAB) to establish the basal levels. (D) Comparison of Aldefluor
activity in adherent and tumorsphere cultures of CDS11 cells. (E) Flow cytometry cell sorting of
Aldefluor high (ALDH1M8h) and low (ALDH1°W) populations in T-CDS17 cells. (F) Limiting dilution
assay to evaluate tumor initiation frequency (TIF) of ALDH1M8" and ALDH1% T-CDS17 cells.
The number of mice that grew tumors after 4 months and the total number of inoculated mice for each
condition is indicated. TIF was calculated using ELDA software.
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Figure 6. Invasive ability of chondrosarcoma cell lines. (A,B) Analysis of the invasive properties of
the indicated cell lines using 3D spheroid invasion assays. Representative images of the 3D invading
spheroids at the initial and final time points (A) and quantification of the invasive area (B) are presented.
(C/F) Effect of increasing concentrations of PF-573228 (C,D) or dasatinib (E,F) on the invasive ability
of CDS11 and CDS17 cells. Representative images of the 3D spheroids treated with the indicated
concentrations of PF-573228 (C) or dasatinib (E) for 24 h and quantification of the invasive area after
each treatment (D,F) are presented. Scale bars =200 um. Error bars represent the SD, and asterisks
indicate statistically significant differences between the indicated series (* p < 0.05; ** p < 0.01; two-sided
Student’s t-test). (DMSO: Dimethyl sulfoxide).
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Cell lines are easy to culture, relatively inexpensive and amenable to high-throughput screening
models that have guided advances in cancer research for decades. Despite limitations, such as the
accumulation of new mutations after endless in vitro culture [17], international studies reported that
large panels of cell lines recapitulated the most relevant alterations of original tumors and, when
using a relevant number of well characterized cell lines of a given cancer subtype, they were useful
models to predict anti-cancer drug sensitivity and clinical outcomes [15,52-54]. These studies have
contributed to retrieve the interest in substituting veteran endless passaged cell lines and replace them
with new patient-derived cell lines which should be tagged with clinical information and include
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genomic characterization of both the cell line and the patient samples. These cell line models would
complement more sophisticated models such as organoids or patient-derived xenografts [55].

Here we present four new chondrosarcoma cell lines with related clinical information and genetic
characterization of the most common alterations (mutations in IDH1, IDH2, TP53, and PI3KCA and
copy number variants in MDM2 and CDKN2). All the alterations detected were also found in the
original tumors with the exception of the TP53 mutations and MDM?2 amplification found in CDS17
and T-CDS17 cell lines but not in tumor samples. This finding suggests that the loss of functional
p53 could be a mechanism of adaptation to in vitro culture in chondrosarcoma cells. Our cell lines
expand the panel of available chondrosarcoma cell lines (overviewed in Table S3). Of note, our study
provides the first cell line (CDS06) derived from a secondary chondrosarcoma associated to a previous
osteochondroma. In addition we add new dedifferentiated cchondrosarcoma cell lines with IDH2
mutations to only one reported so far. Interestingly, none of previously published dedifferentiated
lines described mutations in IDH1 (Table S3).

Relevant for possible future applications in cancer research, three of the cell lines (CDS11, CDS17,
and T-CDS17) were able to initiate tumors in vivo resembling the histology of the patient sample after
inoculation in heterotopic and/or orthotopic sites. Some of these cell lines were also able to invade 3D
matrices and all of them showed CSC-related features such as the ability to grow as tumorspheres or
the presence of subpopulations with ALDH"8" activity. Related to this, it has been previously shown
that sarcoma cells increased their stemness and tumorigenic potential after being grown in mice [13,56].
Therefore cell line/xenograft line tandems, like the one formed by CDS17 and T-CDS17, constitute
valuable models for studying/tracking cancer stem cells subpopulations during tumor progression [13].
These studies point ALDH1 as a relevant CSC-associated factor in different types of sarcoma [13,56].
Similarly, we found that the T-CDS17 cell line showed increased ALDH1 expression and activity,
enhanced invasive ability and increased in vivo tumorigenic potential than its parental CDS17 cell line.
Moreover, our results also suggest a role for ALDH1 as CSC marker in chondrosarcoma.

Our work also includes a WES analysis of CDS17 and T-CDS17 cells lines together with normal
and tumor samples from the patient. This is the first time that a chondrosarcoma cell line and matched
patient samples include such a level of genomic characterization. This analysis allowed us to know
how the cell lines resemble the genomic diversity of the original tumor and also to track the genomic
evolution of tumor cells during in vitro and in vivo growth. We found that the putative founder clone,
that including a higher number of mutations and is present in all tumor cells, remains unaltered after
in vitro cell culture (CDS17 cells) and in vivo growth (T-CDS17 cells). This clone includes previously
known mutations, such as that previously found by Sanger sequencing in IDH2 (R172G) [2,4] or
mutations in COL2A1 (G939Wf{s*5 and P668L{s*120) [5,6], as well as other unreported non-synonymous
mutations presenting high scores in impact prediction algorithms, such as VNN2, CACNA1D, MCHR?2,
UNC5D, or MAML2, which possibly contribute to chondrosarcoma progression must be studied
in detail.

Other mutations affecting different subclones appear or disappear during the adaptation of cells
to in vitro/in vivo growth. Although not widely described for sarcomas, this genomic drift is in line
with previous studies in other cancer types [57]. An important phenomenon related to the adaptation
to growth conditions is the emergence of structural alterations in several chromosomes in CDS17
and T-CDS17 cells. The most relevant change was the CN-LOH affecting the chromosome 17 and
responsible for appearance of homozygous mutations in TP53. Importantly, alterations in TP53 were
associated with aggressive behavior of chondrosarcomas [58] and similar LOH affecting chromosome
17 was detected in high grade chondrosarcomas [59]. Therefore, despite not being present in the
original tumor, the CN-LOH in chromosome 17 detected in CDS17 and T-CDS17 resembles a naturally
occurring mechanism for increasing aggressiveness in chondrosarcomas. Other structural variants,
such as those detected chromosomes like 16, 18, or 20, affected a sequentially increased cell population
in CDS17 and T-CDS17 cells. Given that T-CDS17 cells are more aggressive tan CDS17 cells, some of
these structural alterations could be involved in the gain of malignancy in T-CDS17 cells. Whether
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these alterations occur also in patients during tumor progression or are only due to the adaptation of
tumor cells to grow ex-vivo remains to be studied.

Although we could not be completely sure that all the genetic differences observed between
CDS17 and T-CDS17 cell lines were due to the in vivo growth in mice and not to the ex-vivo expansion
of T-CDS17, the fact that the genomic drift previously observed in patient-derived cell lines were
mainly restricted to the first few passages [57] when the adaptation of cells to the in vitro growth
conditions occurs, suggests that the new set of genetic alterations detected in T-CDS17 most likely
emerged during the in vivo growth phase.

5. Conclusions

In summary, this study provides new patient-derived chondrosarcoma cell lines with clinical and
genetic information from patients. These cell lines are suitable for studying CSC subpopulations and to
generate in vivo models for this disease. Furthermore, a pioneering genomic analysis using a cell line
(CDS17)/xenograft line (T-CDS-17) tandem model confirmed that these cell lines kept the most relevant
mutations of the original tumor and described the genetic drift process that tumor cells underwent
during the adaptation to in vitro and in vivo growth.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/4/455/s1,
Supplemental Materials and Methods, Figure S1: Computerized tomography scan (CT) at day 50 after intra-bone
inoculation, Figure S2: WES analysis of chondrosarcoma cell lines, Table S1: Patient and tumor characteristics,
Table S2: STR analysis for the indicated patient-derived primary cell lines and the corresponding tumor tissue
of origin.
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Abstract: Ex-situ machine perfusion (MP) has been increasingly used to enhance liver quality in
different settings. Small animal models can help to implement this procedure. As most normothermic
MP (NMP) models employ sub-physiological levels of oxygen delivery (DO,), the aim of this study
was to investigate the effectiveness and safety of different DO,, using human red blood cells (RBCs) as
oxygen carriers on metabolic recovery in a rat model of NMP. Four experimental groups (n = 5 each)
consisted of (1) native (untreated/control), (2) liver static cold storage (SCS) 30 min without NMP,
(8) SCS followed by 120 min of NMP with Dulbecco-Modified-Eagle-Medium as perfusate (DMEM),
and (4) similar to group 3, but perfusion fluid was added with human RBCs (hematocrit 15%)
(BLOOD). Compared to DMEM, the BLOOD group showed increased liver DO, (p = 0.008) and
oxygen consumption (VOy) (p < 0.001); lactate clearance (p < 0.001), potassium (p < 0.001), and glucose
(p = 0.029) uptake were enhanced. ATP levels were likewise higher in BLOOD relative to DMEM (p =
0.031). VO, and DO, were highly correlated (p < 0.001). Consistently, the main metabolic parameters
were directly correlated with DO, and VO,. No human RBC related damage was detected. In
conclusion, an optimized DO significantly reduces hypoxic damage-related effects occurring during
NMP. Human RBCs can be safely used as oxygen carriers.

Keywords: normothermic machine perfusion; rat; human red blood cells; oxygen consumption;
oxygen delivery

1. Introduction

Liver machine perfusion (MP) was introduced in the clinical setting by Guarrera and colleagues [1]
in 2009. Based on its ability to recondition, evaluate, and preserve liver grafts, MP showed a particular
potential in reverting the detrimental impact of extended criteria donors (ECD) on post-liver transplant
(LT) outcome and quality of life [2,3]. Among MPs, normothermic machine perfusion (NMP) represents
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the most promising technology due to its higher evaluation potential [4]. Further, NMP can be used
in preclinical settings to evaluate other preservation or treatment techniques outside LT. In this last
setting, NMP is defined as normothermic machine reperfusion (NMRP).

Since reactions elicited during ex-situ dynamic perfusion are largely unknown, technical and
biological aspects of liver MP need to be extensively investigated through committed research.
A number of animal models have been developed for this purpose. Because of their immediate
translational value (e.g., appropriate human-like liver size), swine models have been broadly used in
the start-up phase to rapidly translate preclinical results into the clinical setting. Conversely, small
animal models can better be exploited to investigate subcellular mechanisms and changes associated
with MP. To this purpose, based on low cost, reproducibility, and better understanding of subcellular
events, rat models have been widely used [5].

Over the last ten years, 94 research papers were based on liver MP use in rodents. We reviewed all
those reporting rat ex-situ perfusions with recirculating fluid and 39 of them described NMP/NMRP
(Supplementary Materials: a brief review of the literature is provided in Tables S1 and S2). A large
variability in NMP protocols among different research groups was evident. In particular, the potential
usefulness of an oxygen carrier (OxC) during normothermic perfusion was not fully explored.
While only few researchers used OxC perfusate for NMP or NMRP [6-16], most of them adopted a
non-OxC model. The infrequent use of OxC could be related to the high number of rats needed to be
used as blood donors (at least 3-4 animals/experiment) and unavailability of other oxygen carriers.
However, while adequate oxygen delivery (DO,) was observed in the absence of an oxygen carrier, the
increased oxygen consumption (VO,) needed to control the reperfusion injury suggests the opportunity
to increase DO, during reperfusion [8,17]. To this purpose, two main strategies may be adopted:
use of non-cellular hemoglobin [18] or employment of other sources of blood [13]. While the first is
limited by the restricted availability of these products, human blood cells can be easily procured for
experimental use.

The aim of present research was optimization of procurement and perfusion procedures to obtain
a safe and reproducible rat model of NMP. The study examined the potential protective role of improved
DO, during NMP and evaluated the safety and efficacy of human red blood cell use. Indeed, the use
of non-murine red blood cells can allow for the reduction of the number of animals/experiments in full
respect of the 3Rs principles (Refinement, Reduction, and Replacement) [19].

2. Material and Methods

2.1. Animals and Study Design

Experiments were performed at the Center for Surgical Research, Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico of Milan. Italian Institute of Health approved the experimental protocol
(number 568EB.1). All animals received humane care in compliance with the Principles of Laboratory
Animal Care formulated by the Federation of European Laboratory Animal Science Associations [20].

Adult Sprague-Dawley male rats weighing 240 to 330 g (Envigo RMS. S.R.L, Udine, Italy) were
housed in a ventilated cage system (Tecniplast S.p.A., Varese, Italy) at 22 + 1 °C, 55 + 5% humidity, on
a 12 h dark/light cycle, and were allowed free access to rat chow feed and water ad libitum. All efforts
were made to minimize suffering.

A schematic workflow diagram of the investigation is shown in Figure 1. Twenty rats were
randomly assigned to four experimental groups (n = 5/group): (1) DMEM whose livers were subjected
to in-situ cold flushing, procured, cold stored for 30 min, and then ex-situ perfused for 120 min
with a perfusion fluid without an oxygen carrier; (2) BLOOD, whose livers were subjected to all the
procedures of the DMEM group, but NMP perfusion fluid included human red blood cells (RBC) as
an oxygen carrier; (3) Cold storage, whose livers were subjected to in-situ cold flushing, procured, and
then subjected to 30 min of cold storage; (4) Native, whose livers were procured immediately after
anesthesia and suppressed.
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IN-SITU SCs NmP
INDUCTION SURGERY PERFUSION (30 min) (120 min)

A 4
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BLOOD

SCS
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Figure 1. Schematic representation of the 4 experimental groups. DMEM and BLOOD groups
performed all six steps of the timeline. Static cold storage (SCS) group underwent to all steps except for
the normothermic machine perfusion, while Native group only to general anesthesia and surgery with
liver tissue sampled at the end of the experiment.

2.2. Blood Group Typing and Compatibility Testing

Human blood used was collected in CPD (citrate-phosphate- dextrose), resuspended in SAGM
(saline-adenine-glucose-mannitol), and leukoreduced at final hemtocrit of 60 + 5%.

Blood samples of the Native group were tested for blood group typing. Blood was collected
in K3-EDTA test tube and tested with 0 Rh (D) negative and AB Rh (D) negative human packed
leukoreduced red blood cells and plasma. Direct blood group typing was performed with manual
method using ABO Ortho BioVue Card (Ortho Clinical Diagnostics, Pencoed, UK) on 3% blood cells
diluted in saline solution. Indirect blood group typing was manually performed on fresh plasma
through Reverse Diluent Ortho BioVue Card with standard blood cells Al, B, and 0 (Affirmagen Ortho).
We repeated the same analyses at 4 °C to enhance ABO antibody mediated activity.

Major compatibility (recipient serum versus donor red blood cells) and minor compatibility
(donor plasma with the recipient red cells) were manually performed using Ortho BioVue with anti-IgG,
C3d polyspecific Cards.

All rats resulted 0 Rh (D) negative at direct typing. Indirect blood group typing showed in one
case anti-A and anti-B antibodies, while in two cases only anti-A antibodies were detected. Major
compatibility was negative with 0 Rh (D) negative human red blood cells, while positive with AB Rh (D)
negative donors. Minor compatibility was positive with both 0 Rh (D) negative and AB Rh (D) negative
plasma of human donors. According to these results, in order to have the greatest incompatibility to
highlight any damage from hemolysis, we decided to use AB Rh (D) positive packed leukoreduced red
blood cells.

2.3. Reagents and Instruments

All experiments were carried out in sterile conditions and all instruments/drugs were kept sterile
until use. The drugs, reagents, and instrumentation necessary to conduct this protocol are shown in
Supplementary Materials (Tables S3 and S4).

2.4. Anesthesia, Surgery, and In-Situ Perfusion

A schematic overview of all experimental procedures is provided in Supplementary Materials
(Figure S1). Rats were anesthetized by intraperitoneal injection of 80 mg/kg of sodic thiopentale and
maintained in spontaneous breathing with an O, enriched air mixture by an open mask. The surgical
procedure was carried on with a double-headed surgical microscope OPMI 1-F (Zeiss West Germany,
Oberkochen, Germany). Procedure began with a xifo-pubic and bilateral subcostal incision. The hepatic
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pedicle was then exposed, and the bile duct was dissected. It was distally ligated with a 8-0 nylon
tie and a customized cannula (tip: 24 G cannula Braun, Bethlehem, PA, USA; tube: PE-50, BD-Clay
Adams, Becton, UK) was inserted through a choledotomy; the cannula was secured with a proximal 8-0
nylon tie. Subsequently, the portal vein was cannulated. Then, the pyloric vein was ligated (8-0 nylon)
and transacted, and the main trunk of the portal vein was dissected until distally to the splenic vein.
The portal vein was encircled with three 5-0 silk tie and unfractioned heparin (2 IU/g diluted in 1 mL
of normal saline) was administered by tail IV injection. After three minutes, we ligated the portal
vein distally to the splenic vein insertion and a 16 G cannula was inserted by venipuncture until the
tip of the cannula reached the portal bifurcation. A blood retrograde flush was performed, and the
in-situ perfusion system was connected. Then, the cannula was secured with a two silk tie and gently
retracted to avoid obstruction of the right lobe portal vein branch. Rapid sternotomy was performed,
the heart was removed, and the inferior vena cava (IVC) was transected. In-situ cold perfusion (4 °C)
was started with 35 mL of Celsior solution (IGL, Lissieu, France) at a pressure of 30 cmH,O. At the end
of the perfusion, hepatectomy was completed and the liver graft was stored in 4 °C Celsior solution for
30 min. At the end of the cold storage and before NMP connection, the backtable was completed to
free the superior vena cava (the liver was maintained on a refrigerated surface). All surgical times
were recorded.

2.5. Surgical Procedure and In-Situ Perfusion

All procedures were carried out by an expert surgeon trained in microsurgery and ex-situ perfusion
models. Time periods required for bile duct cannulation (from laparotomy to cannula placement in
the bile duct), portal cannulation (from bile duct cannulation to portal cannula placement), in-situ
cold-flush, liver procurement (from flushing to procurement), warm ischemia time (from the end
of in-situ flush to the start of the cold storage), and liver connection to NMP (from end of SCS to
connection to the circuit) were examined as indexes of technical success and reproducibility of the
surgical procedure. The rats that were randomized to native group (n = 5) were not included in this
analysis because they did not undergo any surgical procedure. There were no statistically significant
differences among the “surgical” groups in terms of surgical preparation 37 + 1 min for DMEM,
35 + 2 min for BLOOD, and 35 + 2 min for SCS. Cold flush lasted 60 + 4 sec for DMEM, 71 + 18 sec
for BLOOD, and 61 =+ 3 sec for SCS, while warm ischemia time 16 + 1 min for DMEM, 16 + 3 min for
BLOOD, and 16 + 2 min for SCS.

2.6. Ex-Situ Liver Perfusion

2.6.1. Perfusion Fluids Preparation

Perfusate composition is shown in Supplementary Materials (Table S5). DMEM perfusate was
obtained by adding to DMEM, 4% human albumin, streptomycin and penicillin, glutamine, and insulin
for a total volume of perfusate of 100 mL. Perfusion fluid was obtained according to Op den Dries
and colleagues [13]. We added to DMEM 4% human albumin, streptomycin and penicillin, glutamine,
insulin, heparin, and 15% hematocrit human RBC for a global volume of perfusate of 100 mL.

Human red cells were provided by the Blood Bank of our Institution (Department of Transfusion
Medicine and Hematology). A packed red blood cell concentrate was prepared by centrifugation from
one unit of a whole blood donation, which was unsuitable for human use because of an insufficient
volume collected. The same unit (blood group: AB Rh+) was used throughout the experiment.

2.6.2. Normothermic Machine Perfusion Setup

The perfusion system (Figure 2) consisted of a customized circuit derived from the isolated
lung perfusion system (Hugo Sachs Elektronik, Harvard Apparatus, March-Hugstetten, Germany)
implemented and described by our laboratory [21-24]. It consisted of a reusable heated glass reservoir,
a heated bubble trap, a circulating tube derived by an infusion system, an octagonal peristaltic pump,
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a polystyrene lid, and a single-use artificial lung (Supplementary Tables S3 and S4). The liver was
placed onto the glass chamber modified to let the liver laid on the diaphragmatic surface on a modeled
ad hoc, perforated parafilm. The liver was connected to the circuit through the portal vein cannula and
the bile duct cannula to a 2 mL tube to collect bile. The chamber was closed to maintain humidity.
Temperature inside the chamber was recorded with a 1.3 mm probe. The heat-exchanger was set
at 40 °C to obtain a graft temperature of 37 °C. We carefully avoided air embolism during priming
and liver connection. The artificial lung was ventilated with a 200 mL/min flow, with 95% FiO2 and
5% FiCO,.

D ML

P

Figure 2. (A) Schematic representation of normothermic machine perfusion circuit. 1: pre-liver
sampling stopcock; 2: post-liver sampling from IVC; 3: bile collection cuvette; A: heated glass reservoir;
P: peristaltic pump; ML: membrane lung; H: heated exchanger and bubble trap. (B) Detail of the portal
vein and bile duct cannula during ex-situ perfusion. Liver was laid on the diaphragmatic surface.
Arrow: inferior vena cava; § right lateral lobe; * median lobe; ° left lateral lobe; # caudate lobe.

Circuit hemodynamic parameters were monitored using the Colligo system (Elekton, Milan, Italy).
Portal vein and pre-lung pressures were recorded every 5 min during rewarming, and every 30 min
during normothermic machine perfusion. Vascular resistances were calculated as mean portal vein
pressure divided by blood flow in the portal vein (mL/min). Temperature was monitored by a thermo
probe located between the lobes of the liver.

2.6.3. Ex-Vivo Liver Perfusion Protocol

The NMP-protocol lasted 150 min and divided into two phases. The first 30 min was called
“rewarming”, followed by 120 min of normothermic perfusion (Figure 3). In brief, after 30 min of static
cold storage, the graft was connected to the NMP and the perfusion began. The portal flow was set at
5 mL/min and was increased by 5 mL/min every 5 min up to 30 mL/min or portal pressure of 8 cmH,0.
At the beginning of the rewarming phase, the heat exchanger was set at 30 °C and the temperature was
raised up to 40 °C to obtain a liver temperature of 37 °C after 30 min. During the normothermic phase
temperature was maintained at 37 °C and portal flow remained unchanged.

Rewarming Evaluation
€——————————— >€ >
Time (min) 0 5 10 15 20 25 30 120
Temp Heat exch (°q 30 325 35 375 39 40
Perfusion PVF (ml/min) 5 10 15 20 25 30

Figure 3. Schematic overview of NMP protocol. PVF, portal vein flow.
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2.7. Perfusate Analysis

Perfusate samples were collected soon after grafting ex-situ reperfusion and then every 30 min
during the normothermic phase. The concentration of gas, metabolites, hyaluronan (HA), electrolytes,
hemoglobin, and cells were evaluated. Pre-liver stopcock was used for perfusate sampling, while post
liver perfusate was collected directly from IVC. Bile was collected by gravity directly into a test tube
and weighted.

2.8. Sample Processing and Analysis

Perfusate samples were centrifugated at 1500 rpm for 15 min at 4 °C (Haereus Multifuge 33R,
Thermo Fisher Scientific, Whaltham ). Supernatants were collected and stored at —20 °C for mediator
concentration evaluation, whereas cell pellets were suspended in erythrocyte lysis buffer (0.155 M
NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, pH 7.4; all from MilliporeSigma, Frankfurter, Germany)
and incubated for 10 min at 4 °C. A 10-min centrifugation at 2000 rpm was then performed. Recovered
supernatants were used for free hemoglobin assessment, whereas pellets were suspended in 0.25 mL
13 PBS solution (MilliporeSigma, Frankfurter, Germany) for cell count and characterization.

Using a gas analyzer, acid-base balance (pH, pCO,, pO,), electrolytes (K*, Na*, Cl~, Ca2+),
and metabolites (glucose and lactate) were evaluated (ABL 800 Flex; A. De Mori Strumenti, Milan, Italy).

At the beginning and end of the normothermic phase, perfusate samples were investigated
for hepatocyte integrity (alanine-aminotransferase, ALT; aspartate-aminotransferase, AST; Lactate
dehydrogenase, LDH), cholangiocellular damage (ALP, GGT), and blood count.

The concentration of total HA in outflow perfusate was determined by ELISA using a commercially
available kit (sensitivity, 0.068 ng/mL; low standard, 0.625 ng/mL; R&D Systems, Minneapolis,
MN, USA). The procedure was validated in preliminary experiments by using HA preparations with
a known concentration and known average molecular mass (Select-HA HiLadder and LoLadder;
Hyalose, Oklahoma City, OK, USA) [21-24].

Sodium Citrate concentration was measured by enzymatic assay using spectrophotometry
(Citrate Assay Kit, Sigma-Aldrich, Saint Louis, USA). Millipore Amicon Ultra 0.5 mL 20 KDa were
used to remove proteins. Thereafter, deproteinized samples were diluted 1:2 with citrate assay buffer
and centrifugated at 14,000 g.

2.9. Tissue Analysis

Tissue samples were taken at the end of NMP in DMEM and BLOOD groups, at the end of cold
storage in SCS group, and soon after laparotomy in group Native. Tissue samples (1 = 8) were collected
from the right median lobe: 1 sample was used for wet-to-dry ratio (W/D), 1 formalin fixed. Liver grafts
were weighted at the end of static cold storage and the end of NMP.

2.10. Wet-to-Dry Ratio

A biopsy was weighed with an analytical balance, dried in an oven at 50 °C for 48 h, and then
weighted [25]. Wet-to-dry ratio (W/D) was calculated and used as an index of edema. Livers procured
from native and cold ischemia group were used as controls.

2.11. ATP Content Assessment

Liver samples were homogenized in trichloroacetic acid (MilliporeSigma, Frankfurter, Germany),
then subjected to 10 min of centrifugation at maximum speed at 4 °C. Supernatants were diluted
1:30 using 0.1 M Tris-acetate, pH 7.75 (MilliporeSigma, Frankfurter, Germany). Next, 10 mL of each
sample were dispensed in a blank 96-well plate and 90 mL of luciferin/luciferase reagent were added
(Enliten ATP Assay System; Promega, Madison, WI, USA). Bioluminescent signals were immediately
detected with a luminometer (Glomax Luminometer; Promega, Madison, WI, USA). ATP concentration
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was calculated by using a standard curve that ranged from 10,211 to 1025 M (rATP 10 mM; Promega,
Madison, WI, USA). Results were expressed as concentration/wet tissue weight.

2.12. Histology

Liver samples were fixed in 4% formalin. Formalin-fixed-paraffin-embedded samples were stained
with hematoxylin-eosin, Masson’s trichrome, Periodic Acid Schiff (PAS) and reticulin histochemical
staining, and CD31 immunohistochemical staining. Thirty random fields per slide were investigated
to determine the necrosis area.

To evaluate liver tissue integrity, the histological samples were scored according to Brockman and
colleagues [26] who demonstrated concordance among NMP results, histopathological analyses, and
liver viability.

2.13. Evaluation of Liver Metabolism

The above-mentioned parameters and trends (glucose, lactates, potassium, and sodium citrate)
were included in the liver metabolism evaluation. Citrate is metabolized by hepatocyte in the
perivenular zone of hepatic lobule and its eventual decrease during the NMP procedure reflects active
metabolism [27]. Equally, potassium uptake after the ischemic phase is indicative of an adequate
reactivation of Na-K ATP dependent pumps in viable hepatocytes. The uptake ratio ((Cstart—Cend)/Cstart)
was used to describe the variation of metabolic parameters during NMP.

Oxygen consumption (VO,) was measured using the modified Fick equation (Supplementary
Figure S2). Pre-liver perfusate samples were intended as O, enriched perfusate (arterial blood of the
Fick equation), whereas post-liver perfusate samples, collected directly from the IVC, were used for
the calculation of venous oxygen content in the Fick equation.

2.14. Statistical Analysis

Statistical analysis was performed using SPSS statistics 25.0 software (IBM Corporation,
Armonk, USA). Results are expressed as mean + SEM. The sample size was determined considering
a statistical test power of 0.80, with a alpha value of 0.05 and a minimum difference among groups
of 0.40 with an expected SD of 0.20. Metabolic and viability parameters were analyzed by using
1-way repeated measures ANOVA. Conversely, 1-way ANOVA or Kruskal-Wallis test were used
to evaluate ATP and uptake ratio results. Finally, linear regression analysis was used to correlate
variables. Values of p < 0.05 were considered statistically significant.

3. Results

A total of 20 experiments were consecutively performed. Nineteen grafts are included in the
analysis because one liver graft from the BLOOD group was discarded due to air embolism.

3.1. Perfusate Composition and Hemodynamic During NMP

Liver perfusion was started when the pH of the solution was at least 7.2. Table 1 shows the
gas-analyses characteristics of the perfusate before graft connection to the NMP. Besides the differences
due to the presence of red blood cells in the BLOOD group, pH, glucose, and bicarbonate concentration
were statistically different at baseline gas-analyses between the groups. Baseline citrate concentration
was 0.37 + 0.05 mmol/L in the BLOOD group, while it was not detectable in the DMEM group.

During the rewarming phase, in which flow rate, temperature, and gas flow were gradually
increased up to target value, there was a decrease in portal resistance in both groups (Figure 4).
While in the rewarming phase portal resistance was not statistically different between the two groups
(p = 0.105), during the normothermic phase, consistently with higher viscosity of the perfusing solution,
it was higher in the BLOOD group (p = 0.015).

191



J. Clin. Med. 2019, 8, 1918

Table 1. Characteristics of the perfusion fluid in the two experimental groups: baseline blood-gas
analyses before liver graft connection to NMP. Hb, hemoglobin; Htc, hematocrit; HbO,, hemoglobin
saturation; Gluc, glucose; Lac, lactate; na, not applicable. Results are expressed as mean + SEM.

DMEM (1 = 5) BLOOD (n=4) 4
pH 7.38 +0.09 7.18 +0.09 0.042
pCO, mmHg 405+8 495+13 0.231
pO2, mmHg 540.25 + 26 446 + 179 0.317
Hb, g/dL - 44 +0.57 na
Htc, % - 14 +2.00 na
HbO>, % 0 96.25 + 0.07 na
Gluc, g/dL 80 + 0.50 136 + 53 0.026
Lac, mmol/L - 23+17 na
K*, mmol/L 4.15+0.05 45+1 0.427
Na*, mmol/L 149+ 1 147 £ 3 0.553
Ca%*, mmol/L 0.72 +0.28 0.70 + 0.05 0.342
Cl~, mmol/L 121 +2.38 117 £ 5.00 0.522
HCO3;~, mmol/L 23 +1.87 15 + 1.00 0.011
10 18 —#—DMEM = -o=-BLOOD
A o a T B 6
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Figure 4. Portal vein pressure (A) and resistances (B). PVP, portal vein pressure; PVR, portal vein resistances.

3.2. Markers of Hepatocellular and Cholangiocellular Damage

Hepatocellular integrity was evaluated during the normothermic phase (Table 2). Even if
transaminases (AST) and lactate-dehydrogenase (LDH) showed a trend toward increase, this was
not significant (p = 0.358). Furthermore, there were no differences in AST and LDH levels between
the groups (Figure S3). Potassium remained stable in DMEM, while it was reabsorbed in BLOOD
(p = 0.001). Potassium uptake ratio was also higher in the BLOOD vs. DMEM group (Figure 5A).
The total amount of bile collected was higher in BLOOD group (Figure 5B). Hyaluronan decreased
during the perfusion (p = 0.002) without any differences between the groups (p = 0.331).

3.3. Evaluation of Liver Tissue Integrity

W/D ratio was not different between DMEM and BLOOD groups (DMEM 3.117 + 0.136 vs.
BLOOD 2.995 +. 0.85, p = 0.208). Compared to SCS group (W/D 2.872 + 0.128), parenchymal edema
was increased in DMEM (vs SCS, p = 0.029), while W/D ratio was not statistically different in BLOOD
(vs. SCS, p = 0.275). Liver histological architecture was preserved in all study groups (Figure 6).
Both DMEM and BLOOD showed normal histology and the grade of post-reperfusion injury was not
different between the study groups (Figure 5D). As expected, red blood cells were identified within
sinusoids and vessels of BLOOD group specimens. Histopathological evaluation showed no sinusoidal
obstructions, hemorrhages, or endothelial damage. PAS reaction on tissue samples identified a uniform
distribution of glycogen in all hepatic zones of the lobule in BLOOD, while large areas of glycogen
consumption were identified in the periportal spaces of DMEM.
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Table 2. Main metabolic and biological characteristics of normothermic machine perfusion during
normothermic phase in the two study groups. * compared to SCS group (2.872 + 0.128) p = 0.029 in
DMEM and p = 0.275 in BLOOD. " compared to SCS group (985.9 + 102.6 pmol/mg) p = 0.001 in DMEM

and p = 0.012 in BLOOD. Results are expressed as mean + SEM.

Normothermic Phase (30-150 min)

Min DMEM (n=5) BLOOD (n=4) p (Graft) p (Time)
AST, U/L/g 30 0.862 + 0.769 0.739 + 0.215 0358
150 2.130 + 1.591 2.273 + 1.47
Potassium mEq/L 30 5.45+0.17 5.10 + 0.62 0.657 0.01
150 5.40 +0.43 4.40 £ 0.61
Potassium uptake ratio 0.006 + 0.051 0.138 + 0.028 0.03 na
Bile, g tot 1.165 + 0.22 2.25+0.48 0.237
W/D ratio * 3.117 £ 0.136 2.995 +. 0.85 0.208
ATP, pmol/mg " 327.3 +26.6 565.8 + 56.6 0.031
Glucose, mg/dL 30 313 + 59 310 + 12 0.008 <0.001
150 364 + 101 202 + 26
Glucose uptake ratio —0.136 + 0.154 0.346 + 0.079 0.029
Lactate, mmol/L 30 6.3+05 45+1.0 0.002 <0.001
150 524 +1.2 1.6 +0.6
Lactate uptake ratio 0.062 + 0.359 0.643 +0.27 0.022 na
Citrate 30 na 0.37 £ 0.05 0.034
150 na 0.29 +0.05
Citrate uptake na 0.228 + 0.127
A o018 -y B 3
WDMEM mBLOOD *
0.16
25
o 014
E 012 E 2
E o1 2 * *
é’ 008 .§ 15
g 0.06 5 1
g H
€ oo * B T
002 o5 | H
. 0 _ﬁi ||
DMEM Rewarming 130-90 190-150 tot
C 1600 D 3

ATP content (pmol/mg)
§ 88 8¢8 8
[,

#e

Histology score

15

Y

. os

0 o

Native scs DMEM BLOOD Native ses DMEM BLOOD

Figure 5. During ex-situ normothermic perfusion BLOOD group showed an increased potassium
uptake ratio (* p < 0.05 DMEM vs. BLOOD) (A) and an increased bile production (* p < 0.05 DMEM vs.
BLOOD) (B). These data suggest a more prompt and improved graft functional recovery, supported by
the improved energetic pool at the end of NMP (p < 0.05, § vs. native, # vs. SCS, * vs. BLOOD) (C).
NMP preserved parenchymal architecture in both experimental groups. In BLOOD group, the use
of human red blood cells did not cause sinusoidal or parenchymal damage, consistently no trapped
human red blood cells were found in sinusoids (D). Data are shown as mean +SEM.
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Figure 6. Histological examination of liver biopsies. Liver histological architecture was preserved in the
four study groups ((A) Native (untreated/control) group; (B) SCS group; (C) DMEM group; (D) BLOOD
group). As expected, red blood cells (*) can be found in Native and BLOOD group due to the presence

of whole blood and blood based perfusate, respectively. Consistently, there were no hemorrhages
or sinusoidal obstruction in BLOOD compared to the other groups. Sinusoidal architecture was
preserved irrespective of the type of perfusion, as well as the rate of hepatocytes ploidy (6.2 + 1.2/HPF).
Hematoxylin and Eosin staining, 100x original magnification.

3.4. Liver Metabolism During NMP

During the normothermic phase, the metabolic function of the liver was evaluated to assess
the performance of the two different types of perfusate (Table 2). The DO, of the BLOOD group
was higher than in DMEM (DO,: DMEM 0.405 + 0.015 mL/min vs. BLOOD 1.685 + 0.090 mL/min,
p < 0.001) (Figure 7A). Equally, VO, was higher in BLOOD group (p = 0.001). While DMEM VO, did
not change through the procedure, the BLOOD VO, decreased over time (Figure 7B). The energetic
load of liver tissue decreased during the 30 min of cold storage (native 1354.2 + 109.1 pmol/mg vs.
SCS 985.9 + 102.6 pmol/mg, p = 0.046). At the end-NMP, ATP levels decreased independently of the
presence of OxC (DMEM 327.3 + 26.6 pmol/mg; BLOOD 565.8 + 56.6 pmol/mg) compared to both SCS
(DMEM vs. SCS, p = 0.007 and BLOOD vs. SCS, p = 0.012) and native (DMEM vs. native p = 0.001
and BLOOD vs. native p = 0.003) group, as indicated by a bioluminescent assay of liver homogenates.
However, after 120 min of normothermia the grafts perfused with a blood based perfusate showed a
statistically significant higher ATP (p = 0.031) (Figure 5C). Glucose during NMP was stable in DMEM
group, while decreased in BLOOD group (p < 0.001), resulting in a greater concentration of glucose in
perfusion fluid of DMEM group at the end of the experiment compared to the BLOOD group (p = 0.008)
(Figure 7C). Glucose uptake ratio was higher in DMEM (p = 0.029). Lactates were higher at each time
point (p = 0.002) and lactates uptake ratio was lower in DMEM (DMEM 0.062 + 0.359 vs. BLOOD
0.643 + 0.027, p = 0.029) (Figure 7D). Interestingly, during the ischemic phase (DO, = 0 mL/min),

194



J. Clin. Med. 2019, 8, 1918

the estimated glucose uptake ratio was —0.280 + 0.116, while the lactates uptake ratio was —0.180 =+ 0.89.

Citrate uptake ratio was 0.228 + 0.127 in BLOOD group (it was not detectable in DMEM).
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Figure 7. The use of human red blood cells as oxygen carrier resulted in an increased DO, in BLOOD
group (* p < 0.05) (A) and a consequent improved VO, (* p < 0.001) (B). Glucose was absorbed during
normothermic phase in BLOOD group (* p < 0.001) (C) and lactates metabolism was increased during
the whole procedure in BLOOD group (* p < 0.05) (D). These parameters suggest an improved metabolic
function of the graft when a higher oxygen content was provided during perfusion. Re, rewarming;
DO,, delivery of oxygen; VO,, oxygen consumption. Data are shown as mean + SEM.

The graft VOz (R? = 0.929; p < 0.001) (Figure 8), the end-NMP tissue ATP content (R? = 0.622;
p = 0.020) and the ability of the liver to clear lactates (R? = 0.609; p = 0.022) and glucose (R? = 0.718;
p = 0.008) were directly related to the amount of oxygen delivered (DO,). Equally, an increase in
oxygen consumption (VO,) led to an increase in lactates clearance (R? = 0.505; p = 0.048) and glucose
consumption (R? = 0.597; p = 0.025), while ATP levels showed only a trend toward a significant linear
correlation with VO, (R? = 0.454; p = 0.067). An increase of 1 pmol/mg of liver ATP produced an
increase in lactates uptake ratio of 0.002 + 0.001 (R? = 0.641; p = 0.017) and glucose uptake ratio of
0.003 + 0.001 (R? = 0.619; p = 0.021).
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Figure 8. Linear regression between DO, and VO, levels during ex-situ normothermic perfusion.

4. Discussion

The present research demonstrates that an optimized DO, reduces liver hypoxic damage during
NMP. This significant result was achieved using human RBCs as oxygen carriers. Therefore, in addition
to the beneficial effects on metabolic parameters, the study points at the use of human RBCs as a strategy
to substantially reduce the number of animals employed in accordance with the 3Rs principles.

NMP is increasingly used in clinical settings [28-30] to evaluate, recondition, and preserve liver
grafts, and this key strategy could be substantially improved by preclinical research, in particular
by rodent models. Further, the use of NMRP, rather than LT to evaluate IRI without the use of
a recipient, could reduce the number of animals employed. However, to expand their translational
potential, these preclinical models need to be optimized and each experimental step should be carefully
implemented [21].

We examined the influence of different perfusion solutions and the use of an oxygen carrier on
graft reperfusion and viability. Results show that the addition of human RBCs [12,13] to NMP perfusate
increases oxygen delivery and causes a faster and steeper restoration of liver metabolism. Indeed,
the increased DO, achieved through the use of human RBCs, led to a more rapid clearance of lactate
and partially counteracted the reduction in ATP content at the end of NMP.

Mischinger and colleagues [31] suggested in 1992 that ex-situ normothermic perfused livers do
not need high DO,. Based on this view, NMP set-up could be simplified by removing the OxC; namely,
erythrocytes. Indeed, the general idea was that during NMP there was reduced ex-situ metabolic
activity and a mitochondrial inhibition due to hypoxia-induced factors [32,33]. Conversely, other
authors suggested that an optimized DO, during perfusion could result in a faster graft recovery
after ischemia [34,35]. Autologous rat or human red blood cells can be used as oxygen carriers to
increase DO;. If rat blood is used, 3 to 4 donors are required to obtain a 15% hematocrit perfusate.
Human blood enriched perfusate was used in ex-situ perfusions [12,13] of rat liver grafts, but the
authors reported no clear advantage by using an OxC. Further, some papers showed a detrimental
impact of human blood used during experiments on different animals [36].

In the present research, the use of human red blood cells and a dedicated membrane lung led
to a higher DO, and a subsequent higher VOZ in the BLOOD group. Interestingly, our V02 data are
markedly higher relative to other reports (Table 3). The importance of ; and DO, in our study is
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further supported by the positive linear regression between the main metabolic parameters and oxygen
delivery and consumption. Indeed, early restoration of liver function and increased liver metabolism
occurred in the BLOOD group with a better preservation of the energetic pool. The improved glucose
and lactate uptake, and the increased glycogen and ATP tissue content, further indicate an upregulated
metabolic status in the BLOOD group. The reduced potassium uptake and significant increase of W/D
ratio at the end of perfusion (compared to SCS) in DMEM group likely depends on a more severe liver
damage [37]. Furthermore, the direct relation between DO,/VO, and metabolic parameters suggests
that the total amount of oxygen transported (DO,) results in an increased ability to use oxygen (VOy)
to generate energy (ATP) to sustain hepatocellular metabolism.

Table 3. Main metabolic parameters reported in literature during ex-situ normothermic perfusion on
rats. Htc, hematocrit; pO,, partial pressure of oxygen in perfusate; VO,, oxygen consumption; RBC,
packed red blood cells or centrifugated red blood cells.

Author Year Blood Type Hitc Blood Origin pO:2 ‘(/xgi /(mm;);)
Dutkowski P 2006 full blood 6.4 rat 450 0.26
Izamis ML 2013 RBC 18 rat 0.5
Schlegel A 2014 full blood 15 rat 300-375
Tolboom H 2012 RBC 18 rat 0.5
Tolboom H 2008 RBC 18 rat 0.4
Westerkamp AC 2015 RBC 25 human 450-600

These data contradict the assumption of Mischinger and colleagues [31]. Furthermore, we deem
that if DO, is not optimized with an OxC, NMP, or NMRP could result in a suboptimal ex-situ
reperfusion procedure. The reason for the disparity between our data and previous observations [32,38]
could depend on differences in ex-situ perfusion or other procedural steps.

The importance of adequate DO; is further highlighted in the rewarming phase. The BLOOD group
showed an early VOZ peak with early lactate normalization. A higher DO, could help to overcome the
oxygen debt accumulated during ischemia [17]. Although high O; levels during reperfusion could
potentially lead to oxidative tissue injury causing a more pronounced tissue damage [39], we did not
observe any change in this direction.

The safety of human RBCs used in this model is demonstrated by the absence of endothelial damage,
sinusoid obstruction, extravascular hemorrhage, or parenchymal damage. An adequate wash-out of rat
blood during perfusion and the virtual absence of human plasma can avoid incompatibility reactions
and, therefore, reduce species-specific antibody reactions.

Furthermore, in our study, histological data confirm the preserved graft viability indicated by the
metabolic evaluation. As recently suggested [40], we used a combination of different biomarkers to
assess graft quality, and some of them (glucose and potassium uptake ratio, citrate clearance, hyaluronic
acid clearance) are described in this research for the first time. Their interaction could be used in clinical
or preclinical settings to evaluate graft viability.

Some limitations of the study deserve comment. First of all, the duration of the NMP was
relatively short if compared to a clinical setting. While accelerated clearance and sinusoidal trapping of
human RBCs were observed in rat transfusion models [41], we did not observe significant hemolysis
due to human blood use, and no red blood cells were trapped within sinusoidal spaces. However,
the exploitation of these types of perfusate should be tested in prolonged perfusion to confirm absence
of blood related liver damage. Non-cellular hemoglobin was recently used in clinical NMP [18],
and it should be tested in this setting.

In conclusion, this study provides a detailed description of a small animal model of NMP
characterized by optimized liver function, liver metabolism, and absence of injury. Results suggest
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that OxC may be adopted with NMP or NMRP, in particular with expanded criteria grafts, to avoid the
detrimental impact of low DO,. In compliance with the 3R principle, human RBCs can be safely used
to improve DO,, but additional studies are needed to confirm the safety, effectiveness, and optimal
administration protocol.
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Table S1: brief review of ex-situ normothermic liver rat perfusion; Table S2: summary of the main characteristics
of normothermic ex-situ perfusion protocols on rats published in literature; Table S3: reagents used during
experiments; Table S4: instruments employed during experiments; Table S5: characteristics of the perfusion
fluid in the two experimental groups; Figure S1: Schematic representation of experimental workflow; Figure 52:
modified Fick equation used to calculate VO, and DO; in our experiments; Figure S3: hepatocellular damage
markers during normothermic machine perfusion.
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Abstract: The translation of results from the preclinical to the clinical setting is often anything
other than straightforward. Indeed, ideas and even very intriguing results obtained at all levels of
preclinical research, i.e., in vitro, on animal models, or even in clinical trials, often require much
effort to validate, and sometimes, even useful data are lost or are demonstrated to be inapplicable
in the clinic. In vivo, small-animal, preclinical imaging uses almost the same technologies in terms
of hardware and software settings as for human patients, and hence, might result in a more rapid
translation. In this perspective, magnetic resonance imaging might be the most translatable technique,
since only in rare cases does it require the use of contrast agents, and when not, sequences developed
in the lab can be readily applied to patients, thanks to their non-invasiveness. The wide range of
sequences can give much useful information on the anatomy and pathophysiology of oncologic lesions
in different body districts. This review aims to underline the versatility of this imaging technique and
its various approaches, reporting the latest preclinical studies on thyroid, breast, and prostate cancers,
both on small laboratory animals and on human patients, according to our previous and ongoing
research lines.

Keywords: translational medicine; preclinical imaging; rodent models; oncology; magnetic
resonance imaging

1. Introduction

Translational medicine is an interdisciplinary branch of biomedicine, which aims to translate
results from preclinical (in vitro and in vivo) research to the clinical setting, the so-called “from bench
to bedside” path [1]. Its main objective is to improve prevention, diagnosis, and treatment strategies
for human diseases by filling the gap between the preclinical and the clinical setting. For fruitful
translational research, it is fundamental that the discovery process, and the relative experimental
design, is immediately aimed at its application in clinical practice [1,2].

In this context, the correct choice of the experimental model and the study design are a fundamental
part of the translational plan, and they must be made carefully. In oncology, the use of animal models
represents a still-irreplaceable step after in vitro studies. Indeed, they are an essential source of in vivo
information, which validates in vitro results and improves their translational value [3-5]. Rodents,
particularly mice, are the most used in vivo oncological models, thanks to their high genetic homology
with humans, their easy genetic manipulability, and their fast reproductive cycle. Hence, their use
allows for concluding studies in a relatively short time [3-7].

In vivo preclinical imaging makes possible noninvasive longitudinal studies; thus, achieving
a reduction in the biological variability and a substantial decrease in the number of animals while
maintaining the statistical power of the data [8-10]. Most imaging techniques for small animals
are already the same used in clinical settings, i.e., computed tomography (CT), positron emission
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tomography (PET), high-frequency ultrasonography (HFUS) and magnetic resonance imaging (MRI),
and hence, are readily translatable. In oncological research, these imaging modalities are useful in
studying drug biodistribution, monitoring treatment response, and identifying new molecular targets
and biomarkers for early tumor detection [3,11-15]. Preclinical scanners have to deal with smaller
“subjects” with higher metabolic and physiological rates. Hence, dedicated scanners are designed
to meet these needs in terms of higher spatial and temporal resolutions but still adopt the same
physical and technological principles of their clinical counterparts, which lead to more direct and faster
translatability of findings [15].

In this perspective, the MRI can be considered the least invasive and most comprehensive
technique, from an anatomo-functional point of view, in the clinical setting. The preclinical MR
scanners have to, as mentioned deal with a smaller field of view and higher spatial resolution, assured
by the use of higher magnetic fields; e.g., up to 11.4 T. Nonetheless, novel sequences able to show specific
pathophysiological features in oncologic disease might be directly translated to the clinic [9,16,17].

This work aimed to review the most recent scientific literature to highlight the translatability of
MRI from preclinical animal studies to clinical oncology. In particular, we focused on thyroid, breast,
and prostate cancer rodent models, according to our previous and ongoing research lines. Indeed, such
histotypes display a significant impact both on clinical oncology and in preclinical research. Moreover,
to underline the versatility of the MRI techniques, some preclinical studies on human patients have
been reported, as well.

2. Animal Models in Oncology

Four broad categories of oncological small animal models are used: xenografts, orthotopic,
patient-derived tumor xenografts (PDXs), and genetically engineered mouse models (GEMMs). As for
spontaneous human cancer, chemical and radiation-induced murine models have also been developed,
and they seem to behave more closely like human tumors [18,19]. Finally, specific considerations will
be made about metastatic models. For most animal models, general anesthesia is usually needed,
either to eliminate the stress and the pain linked to a surgical procedure, or to obtain immobility of the
mouse. The other procedures are usually executable with physical restraint by personnel well-trained
in handling animals [20].

2.1. Xenograft and Orthotopic Models

Subcutaneous and orthotopic xenograft models are based on cancer cell lines directly derived
from human tumors. Such cell lines belong from primary, lymph nodes, or metastatic tumors; they
are immortalized and usually well-defined from the genetic point of view [21,22]. Hence, they allow
extremely reproducible experiments for growth rate, metastatic potential, histopathologic homogeneity,
and biological behavior. For their growth in the host species, i.e., the mouse, the host itself has
to be immunocompromised [3,22]. Depending on the cell line, various degrees of immune system
“knock-out” might be necessary [23,24]. In general, these models summarize well, as mentioned,
the histopathological features present in the original tumoral tissue, but the use of immunodeficient
mice may hinder the study of the tumor-host immune interaction. Subcutaneous xenografts are
more easily reproducible compared to orthotopic implantation, which usually requires invasive
surgical procedures. However, xenografts are not representative of the original tumor in its native
environment [21,25]. On the other hand, the use of orthotopic models reestablishes the interactions
between the tumor and its origin organ and might recapitulate the metastatic behavior with sufficient
penetrance and reproducibility. Nonetheless, a limit of orthotopic models, besides the lack of interaction
with the host’s immune system, is that they do not allow modeling the pre-neoplastic process since the
cell line already has completely tumorous genetic and biological behavior [18,25,26]. Depending on
the murine strain selected, these models might be less expensive than GEMMs [25,26]. These animal
models, for their reproducibility, seem to be ideal for preclinical and translational studies concerning

202



J. Clin. Med. 2019, 8, 1883

therapies for tumor growth and angiogenesis inhibition. Furthermore, they are useful for studying the
pathogenetic aspects of cancer vascular invasion and metastasis [26-28].

Both xenograft and orthotopic models are used to replicate thyroid cancer. In the xenograft models,
selected cell lines are injected into the subcutaneous tissue of immunodeficient mice. The selection of
the appropriate cell line is important not only to fulfill the experimental aims but also because it has been
demonstrated that among 40 thyroid cell lines, almost 40% are cross-contaminated or misidentified [29,30].
Hence, genetic evaluation of the chosen cell lines should always be performed [30,31]. The orthotopic
model is more complex and requires microsurgery to inject tumor cells directly into the murine thyroid
gland [25,26,32]. Recently, an HFUS-guided injection procedure has been presented and resulted in
less invasiveness compared to the standard surgical procedure [33]. Such a procedure was easily
reproducible for the orthotopic implantation of thyroid carcinoma cells and allowed for continuous
monitoring of the disease, for a more extended period and with less contamination of other neck
structures by the carcinomatous cells compared to the surgical approach [33]. In thyroid cancer research,
the orthotopic model allows the understanding of the molecular and cellular mechanisms of thyroid
cancer pathogenesis, improving the evaluation of new therapeutic compounds, and testing the effects
of therapeutic interventions on both the primary tumor and metastases [34,35].

The xenograft and orthotopic mice models are widely used for investigating breast cancer. These
are commonly produced by injecting subcutaneous tumor cells in the flank or orthotopically in the
mammary fat pad of immunocompromised mice. The xenograft models allow one to study, in vivo,
the tumor environment, and tumor growth, but the absence of an intact immune system profoundly
affects tumor development, in particular, its early stages, and the progression of the metastatic process.
Orthotopic models of breast cancer provide a more favorable microenvironment, but there are critical
differences between human and mouse mammary stroma [36]. Commonly, these models involve
athymic nude, severe combined immunodeficiency (SCID) and non-obese diabetic (NOD) SCID
mice, which show genetic and immunological differences that mainly influence the induction and
dissemination of metastases to organs. Indeed, natural killer (NK) cells and the remaining innate
immune cells in nude and SCID mice probably contribute to the reduction of tumor engraftment,
growth, and metastases in these models. On the other hand, NOD SCID and particularly NOD SCID
gamma (NSG) represent a better background to study breast cancer metastases due to the lack of NK
cells, and thus they could be considered ideal for the study of anti-metastatic treatments [37-39].

Prostatic cancer models are usually xenografts, in which tumor cells are inoculated subcutaneously,
and the cellular lines mostly used are either androgen-independent (PC-3 and DU-145) or androgen-
responsive (LNCaP) cells. Such a set of cell lines reproduces various features of the naturally occurring
disease [40,41]. Orthotopic prostate tumor models are relevant to study the growth and metastasis
of prostate cancer. Generally, tumor cells are injected into the prostates of immunodeficient mice;
however, there is a low incidence of tumor formation due to technical difficulties that can be overcome
by intratesticular inoculation [41-43].

The xenograft models of colon cancer are rarely used [44]. The orthotopic model represents an
accurate reproduction of the human pathology and can be generated by the implantation of tumor cells,
via a surgical celiotomy, under the cecal serosa. Alternatively, a model generated by trans-anal rectal
injection has been developed, and it may allow a more accurate investigation of the inflammatory and
immune responses, without the influence of previously-used abdominal surgery. The orthotopic colon
cancer model is useful in inducing local tumor growth but is limited by a low rate of lymph node and
hepatic metastases [45,46].

2.2. Patient-Derived Xenografts (PDX)

The PDX models are based on portions of primary tumors, are collected by biopsy or surgical
excisions, and are transferred from the patient in immunodeficient mice by subcutaneous or orthotopic
implantation. Since these models are derived directly from the patient’s tumor, they have a great
translational potential for the study and development of anticancer therapies in the perspective of
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personalized medicine. The main advantages of PDX are that they duplicate precisely, the original
clinical tumor compared to long-established cell lines, and hence, they preserve the molecular, genetic,
and histological heterogeneity of naturally occurring cancers [47-49]. These models have been shown
to have a predictive value in the clinical outcome and are useful for studying novel or alternative
drugs, in order to identify biomarkers for early predictive responses to the treatment, and thus,
to guide therapeutic approaches in clinical patients. Furthermore, when this model is generated by
an orthotopic implant, it often reproduces, as mentioned, the same metastatic process of the human
disease. All these features give to PDX models, the ability to study metastases and the genetic evolution
of a tumor [47-49]. There are some challenges concerning PDX models. Occasionally, to obtain a
reasonable growth rate, they are propagated between different hosts; i.e., the graft is removed from
one mouse and implanted in another one. During this passage, the stromal components of the mouse
may become dominant over the human one; hence, limiting the translatability of results of the tested
therapies. Moreover, the interaction of the tumor with the immunocompromised hosts does not
allow studying the interaction with the immune system during the anticancer treatment, eventually
hiding crucial therapeutic mechanisms [47,49,50]. Last but not least, the limitation of this model is
linked to long bureaucratic waiting periods when obtaining the necessary authorization for animal
experimentation. Only big governmental projects might be prepared from the perspective of a truly
personalized medicine approach [48].

Concerning thyroid cancer, PDX mouse models accurately reproduce the tumor microenvironment
and the biochemical interaction between tumor cells and stromal components, as previously
mentioned [47]. However, particularly for medullary thyroid carcinomas, there are serious difficulties
in generating a murine PDX model due to the slow tumor growth [51].

The PDX models of human breast cancer are gaining high relevance for preclinical evaluations of
experimental therapeutics. In general, cells derived from patients are transplanted into a mammary
fat pad of immunocompromised mice, particularly in NSG mice that are commonly used and better
suited for PDX generation for their high engraftment rates [52,53].

The PDX models are used to highlight various aspects of prostate cancer in preclinical research.
In particular, they are used to test individual responses to therapy, to clarify the angiogenetic pathways,
and to identify new antimetastatic treatments. The tumor/human stroma interaction can support tumor
growth and improve the onset of metastases resembling the naturally occurring disease. However,
there are several issues during the orthotopic implantation, related to the size of the fragment and the
choice of the implantation site, which have led to lower availability of PDX models of prostate cancer
compared to other histotypes [41,54].

The PDX of colon cancer is generally generated using cultured primary cells derived from a
patient’s colon tumor, which are injected orthotopically into the cecal serosa. The direct transplantation
of colon tumor tissue is being discarded, due to the bacterial contamination and the consequent septic
shock in the immunocompromised host. Moreover, a significant amount of tissue is required, which
can hardly be replaced in the event of engraftment failure. Nonetheless, PDX models of colon cancer
allow the monitoring of tumor growth, metastatic evolution, and the pharmacological responses of
individual patients [55,56].

2.3. Genetically Engineered Mouse Models (GEMMs)

The GEMMs play a significant role in cancer research, and they can be considered the most
advanced animal models recapitulating human pathology [21,57]. The GEMMs develop tumors in
situ, according to the gene(s) activated and/or deleted in immunocompetent, genetically manipulated,
mice; the tumor growth in such models can be either spontaneous or molecularly-induced. These
characteristics are extremely useful in studying the complex processes of carcinogenesis and also
allow evaluating the interactions between tumor cells and the immune system in a more “natural”
microenvironment [18,21]. These models better reflect human disease in terms of biological behavior,
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histology, and genetic accuracy, but they also show some disadvantages, such as variable penetrance,
heterogeneous growth, and tumor latency, and they are expensive [4,13,15,21,57].

Transgenic thyroid cancer mouse models are widely used to study the numerous mutations
already systematically identified in human specimens [25,32]. The GEMMSs models represent a way to
study carcinogenesis, tumor progression, and metastatization, and hence, responses to therapeutics.
The use of these models of animals with intact immune systems, as well as the ability to histologically
reproduce human tumors, allows the evaluation of different drugs at different stages of the disease
during tumoral development. However, these models are not useful for evaluating antimetastatic
therapies since they do not always reproduce the specific pathways of human disease [32,57]. They
are also useful for the study of unconventional therapies, such as micro-RNA, small interfering-RNA,
or immunotherapies, during the early events of tumor transformation and progression, and as a
promising approach to customizing anticancer therapy [58].

The GEMMs models of breast cancer display many features of the human pathology, although
they do not entirely recapitulate all its aspects, due to the complexity and heterogeneity of breast
cancers. However, these models are invaluable for investigating the biology and pathogenesis of breast
cancer, and they are especially helpful for elucidating the mechanisms that regulate the initiation and
progression of this disease, as well as for understanding the genes involved in these phases [36,59].
Transgenic mouse models of breast cancer are developed in immunocompetent hosts, and therefore,
they allow evaluating the cancer/host immune interaction. Some of these models spontaneously
metastasize to the lungs, whereas the incidence of bone metastases is very low. Furthermore, there
are some selective tissue promoters, such as the whey acidic protein and the mouse mammary tumor
virus, which may be directed to the oncogenic expression of the mammary gland [36,60].

In the study of prostate cancer, GEMMs reproduce, in depth, its different stages, and their use has
provided valuable information on tumor initiation and progression. These transgenic models have
been divided into different categories. The first generation of GEMMs utilized probasin to produce the
probasin-large T antigen transgenic mouse (LADY) and the transgenic adenocarcinoma of the mouse
prostate (TRAMP) models, which both show an aggressive phenotype, often with metastatic bone
involvement. On the other hand, the second generation GEMMs have integrated the single molecular
changes observed in human diseases, such as the loss of phosphatase and TENsin homolog (PTEN)
and Myc over-expression, but they seem to be unable to reproduce the different stages of prostate
cancer [54,61].

A variety of GEMMs have been generated as models for colon cancer to understand how common,
coexisting mutations cooperate in a natural environment. These transgenic models are useful for
studying pathogenesis and testing potential therapeutic agents, although they do not show phenotypes
similar to human diseases. Moreover, these models are not practical for studying colon cancer
metastases [44,62].

2.4. Chemical and Radiation-Induced Models

These animal models are valuable tools to study mechanisms underlying human carcinogenesis.
From that perspective, these murine models play an essential role in the interpretation of epidemiological
observations: to assess the natural history, mechanism, and modifying factors of cancer development.
Furthermore, these models allow evaluating the growth and histologic characteristics of the primary
tumor and metastases. Nonetheless, they show high variability in terms of the time of onset and
prevalence, as well as a long latency in metastatization; thus, influencing the number of animals
required for a study [18,19].

Chemical agents or physical agonists and radiation, as well as the administration of known
carcinogenic substances, have been used to induce thyroid cancer in mice. Mainly these are goitrogens
that decrease thyroid hormone levels, resulting in alterations that then induce thyroid tumorigenesis.
Furthermore, it is known that ionizing radiation is a determinant risk factor for thyroid cancer, but it is
difficult to obtain a systematic and rapid model [63,64].
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Radiation-induced mouse models and chemical carcinogenesis have been developed for the
study of breast cancer. Through these models, the natural development of breast cancer linked to
exposure to carcinogens has been evaluated. Radiation-induced models are relevant since radiation
exposure is one of the epidemiologically-proven etiological factors of human breast cancer [65].
Moreover, chemical-induced breast cancer can be induced in some strains of rats by administering
dimethylbenzanthracene and N-methyl-N-nitrosourea (MNU) [19,66].

Prostate cancer rodent models are rarely used. In particular, the most common is the
chemically-induced, following the administration of methyl nitrosourea and testosterone in rats; these
models infrequently recapitulate metastatization, and only will to the lymph nodes and lungs [66].

Chemically-induced colorectal cancer models were developed in mice following exposure
to carcinogens, such as dimethylhydrazine, N-methyl-N-nitro-N-nitrosoguanidine, and MNU.
The incidence depends on the dosage, duration, and frequency of administration; the route of
administration; i.e., oral, subcutaneous, or intrarectal; and the timing of administration. These models
are useful for studying the influence of diet on tumor development. However, the occurrence of cancer
is low, making the use of a large number of animals necessary, and the metastatic phase is prolonged
and infrequent [67].

2.5. Metastatic Models

The development of animal models of metastases is useful for the evaluation of new therapies
that can prevent the metastatic phase or arrest the growth of metastasis already formed, and to
identify new molecular targets. There are numerous approaches for the development of such models,
including experimental metastases, spontaneous metastases, and the GEMMs’ metastatic approach
models [60,68]. Experimental metastasis models are established by direct injection of the selected cell
line into the bloodstream through the tail vein or via intracardiac injection. Such an approach allows
the diffusion of metastases to various organs, including the lungs, bones, brain, liver, and lymph
nodes. The time-course is generally short, and the biology of metastases results is reproducible, but
the injection site influences the target organ, and above all, this approach bypasses the early phases
of the metastatic cascade [68]. The spontaneous metastasis model was derived from the orthotopic
model, and more closely resembles the human pathology, providing the cascade of metastatic processes
with adequate reproducibility [68,69]. The GEMMs’ metastasis models show different degrees of
penetrance and latency, and therefore, allow evaluating the metastatic process in a heterogeneous
genetic background. Indeed, the activation or the loss of a gene may not replicate completely natural
metastasis. Besides, the penetrance for the metastatic process is often low. Finally, long latency times
and difficult recognition of metastases have been reported [68].

In thyroid cancer research, all the models above of metastatization are used. The orthotopic
model is essential for evaluating the molecular mechanisms preceding metastatization. Often, the local
invasion of neck’s structures by the primary tumor, i.e., large vessels, the esophagus, and the trachea
with consequent respiratory insufficiency or inability to feed, do not allow enough time to study
metastases. On the other hand, most transgenic mouse models develop a limited number of spontaneous
lung metastases, which are only detected post-mortem at the end of the experiment. Tail vein and
intracardiac injections of thyroid cancer cell lines are used, as described in [32,70,71].

The orthotopic injection of cells into the mammary glands offers a comprehensive model of the
metastatic process. A robust breast cancer metastasis model is obtained using immunocompromised NSG
mice that facilitate understanding the mechanism underlying breast cancer metastatization [60,72,73].
Usually, this model causes a low incidence of bone metastasis, frequent in human beings. In any case,
metastatization in mice models of breast cancer is strictly linked to the cell line used. Some transgenic
models of breast cancer spontaneously metastasize to the lungs, but there is a very low incidence of
bone metastases, probably due to the rapid progression of primary tumors [60].

Human prostate cancer cell lines have been orthotopically implanted into mice to study the different
stages of cancer progression up to metastatization. This model also reproduces bone metastases, which,
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however, show a low incidence. Furthermore, the so-called mouse prostate reconstitution model is
considered a valid approach for the development of bone micro-metastases. This model combines
human neoplastic and non-neoplastic prostate cells with the murine urogenital sinus mesenchyme,
and thus, the cells are implanted under the renal capsule of an immunodeficient mouse. This method
allows for exploring the genetic pathogenesis of prostate cancer, but technical complexity often limits
its use [60]. Most transgenic models of prostate cancer do not develop metastases or show a very
low incidence, especially of bone metastases, often due to the rapid progressions of the primary
tumors [60,66].

The metastatic colon cancer model is developed by orthotopic microinjection of human colon
cancer cells directly in the subserosa of the cecum, via surgical celiotomy, or the injection into the portal
vein. These traditional methods reproduce metastatic colonization of the liver and lungs and facilitate
the study of the metastatic cascade that follows both qualitatively and quantitatively, the natural course.
A noninvasive trans-anal model has been developed, with a trans-anal rectal injection of colon cancer
cells after disruption of the mucosa with irritant agents administered via enema. This model allows
assessing essential aspects of the development of metastases, without the negative influence of the
surgical intervention. Transgenic metastasis models of colorectal cancer offer reproducible information
on tumor onset and in the early phases of the metastatic process but have a low metastatic rate and
limited dissemination to the target organs [74-78].

3. In Vivo Imaging

In clinical practice, CT, PET, ultrasonography, and MRI are essential for the diagnoses and
monitoring of neoplastic diseases. In preclinical experimental models, these modalities provide
functional and metabolic imaging and pathophysiological information beyond morphology, as well
as the ability to study molecular events. In both clinical and preclinical areas, imaging modalities
contribute to the oncology field by being reliable indicators for early tumoral responses to therapy,
and they can guide effective therapies, or stratify patients [79,80]. General anesthesia is usually needed,
in the case of imaging, to obtain immobility of the mouse, and to abolish the stress due to the loud
noise, especially that produced by MRI [20].

3.1. Computed Tomography (CT)

In the clinical field, CT imaging has extensive applications in inflammation, angiography, cancer
detection, and the evaluation of bone regeneration or toxicities. It provides useful anatomical details,
but exposure to high radiation often limits the number of scans performed in the same patient.
In preclinical research, this methodology, besides being particularly useful for the assessment of skeletal
and lung abnormalities and cardiac function, is considered a robust technique for the quantitative
evaluation of angiogenesis associated with solid tumors. The small animal CT has a high spatial
resolution (up to 10 um, in vivo) and relatively short imaging times. However, the employment of
clinically-used contrast agents limits the repeated imaging in the same animal, in particular, due to the
iodinated contrast, which is rapidly cleared from the blood, and therefore, should be administered
repeatedly. Moreover, high dosages of this agent may result in nephrotoxicity, and its use may produce
an ionization effect, resulting in radiation damage through reactive oxygen species [8,17,81-84].

3.2. Positron Emission Tomography (PET)

The PET has become a powerful tool for clinical diagnosis and preclinical research, and it plays an
essential role in oncological research in monitoring metabolism, gene expression, cell proliferation,
angiogenesis, hypoxia, and apoptosis, as well as for drug development [85]. Indeed, this modality, in the
clinical setting, is used for tumor staging, to evaluate tumor response to therapies through the use of an
radiolabeled imaging agent, such as [18F]-2-fluoro-2-deoxy-glucose [18F]-FDG) for glucose metabolism
or [18F]-fluoro-3’-deoxy-3’-L-fluorothymidine [18F]-FLT) for cell proliferation [86]. The PET also has a
wide range of applications in preclinical research; for example, it allows investigating physiological
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and molecular mechanisms of human diseases, and evaluating novel radiolabeled imaging agents,
and the biodistribution and the efficacy of new drugs in suitable animal models [87]. As for clinical
scanning, preclinical PET devices provide excellent sensitivity (from 2% to 7%, depending on the
energy window) and spatial resolution (1.2 mm, on average), but the main disadvantages are the
lack of an anatomical parameter, usually overcome by associating a CT scan or MR scans. Moreover,
the short half-life of most radioisotopes requires strict coordination between radiotracer production,
delivery, and use in small animal models [83,84].

3.3. Single-Photon Emission Computed Tomography (SPECT)

Single-photon emission computed tomography (SPECT) is a functional, nuclear medicine technique
based on the detection of gamma photons emitted by a radionuclide during its decay. SPECT employs
a gamma camera, composed of detector crystals and a lead or tungsten collimator with multiple
elongated holes—pinholes, which rotates around the subject and acquires multiple cross-sectional
images. This technique is similar to PET, and it is widely employed in clinical routines, but it is
less sensitive than PET. Indeed, the spatial resolution of clinical SPECT (8-10 mm) is lower than
that of clinical PET (4-6 mm) [17,83]. The main advantage is the availability of several radiotracers
(P™Tc, ’Ga, "I, and '2%T), which have relatively long half-lives compared to most PET radiotracers.
In oncological research, SPECT tracers targeting angiogenesis, hypoxia, acidosis, and metabolic activity
have been developed and applied [82]. In preclinical investigations, micro-SPECT has a higher spatial
resolution (0.35-0.7 mm), compared to micro-PET, and as mentioned, the longer half-life of SPECT
tracers is advantageous in terms of production and transport. On the other hand, in longitudinal
studies, researchers have to wait for complete decay accordingly. The SPECT’s main application is
the study of the biodistribution and kinetics of novel radiopharmaceuticals. Indeed, preclinical PET
scanners and radiopharmaceuticals showed a stronger ability to study tracers’ kinetics compared to
SPECT counterparts [82,83].

3.4. High-Frequency Ultrasonography (HFUS)

Compared to other molecular imaging modalities, HFUS represents a noninvasive, more
cost-effective modality, with excellent temporal and spatial resolutions (up to 30 um axial resolution
and 70 um lateral resolution). It shows the ability to obtain real-time anatomo-functional data rapidly.
Moreover, this modality can be implemented by using microbubbles as a molecular-target contrast
agent to enhance image quality and specificity. Ultrasound imaging is clinically used for routine
screening examinations on breast, abdomen, neck, and other body districts, as well as for therapy
monitoring. In this setting, over the last few years, the sensitivities and specificities of ultrasound
devices to detect microbubbles have progressively improved. Indeed, beyond the frequent use of color
or power dopplers, non-targeted microbubbles are used as intravascular contrast agents improving
the detection and characterization of cancerous lesions, inflammatory processes, and cardiovascular
pathologies [83,84,88]. In preclinical investigations, HFUS can be applied to monitor tumor growth and
vasculature development, and in combination with contrast-enhanced microbubbles agents (CEMAs),
is used to assess tumor angiogenesis, inflammation, and therapeutic effects. For example, the vascular
endothelial growth factor receptor 2 (VEGFR2), which is a molecular marker of angiogenesis and is
overexpressed on tumor vascular endothelial cells, is widely used in preclinical cancer research as a
marker of therapy responsiveness [88-92]. Therefore, this modality could help enhance the translation
of antiangiogenic agents and contribute positively to human patients” treatments [93].

3.5. Magnetic Resonance Imaging (MRI)

The MRIis a noninvasive imaging modality without ionizing radiation, which provides morphological
images with excellent soft-tissue contrast and high spatial resolution. The MRI is one technique with
multiple possible outcomes; indeed, depending on the sequences, it allows studying, other than the
merely displaying the anatomy, of various aspects of the same lesion. In particular, diffusion of water
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molecules can be studied with diffusion-weighted sequences (DWI); spectroscopy allows detecting
and quantifying small amounts of known molecules; angiographic sequences (like time-of-flight or
phase contrast angiography) allow evaluating large blood vessels, even without the need of contrast
agents, and so on [17,82-84]. The MRI has also proven to be useful in preclinical research, allowing the
evaluation of biological processes at the molecular level in in vivo rodent models of diseases. The MRI
needs complete immobility of the subject since even the respiratory and cardiac motions can induce
substantial artifacts, reducing the quality and the information available from images; hence, requiring
the use of respiratory gating to minimize the former effect [93].

The use of anesthesia may minimize animal motion, but some anesthetic agents may alter
animal physiology, and thereby, potentially affect the biological processes under investigation [94].
Pre-anesthesia fasting times, the anesthetics, and their dose, may all impact biological processes.
Pre-anesthetic fasting in mice is generally considered unnecessary, and prolonged fasting can cause
hypoglycemia. However, in imaging studies, a full stomach may interfere with adjacent structures.
From the metabolic point of view, fasting may display profound effects on glucose metabolism,
and hence, for example, it may significantly influence the results of FDG-PET studies. Body temperature
should be monitored and kept within thermoneutrality, since anesthesia induces more or less marked
hypothermia, which can also negatively affect the quality of some molecular imaging procedures.
The choice of the anesthetic protocol is paramount for particular MRI sequences as well. Indeed,
anesthetics may display a significant impact on vascular tone and hemodynamics, masking or altering
critical experimentally-related results. Nowadays, great drug selection is available, and the choice,
as mentioned, should be in accordance to the specific experimental aims. Nonetheless, an ideal
anesthetic agent should be easy to administer, produce a rapid and adequate immobilization, have
limited side effects, and be reversible and safe for the animals [20,94].

On the other hand, significant technical challenges exist in the transfer of preclinical MRI sequences
to the clinic, due to the higher strength of the magnetic fields used in preclinical settings. However,
preclinical systems often lack the wide selection of coils available for medical use, and hence, they
require the development of specific coils. Therefore, preclinical MRI is essential for the development
and validation of novel techniques, but these technical and biological challenges can partly hinder
translation [93,95].

3.6. Multimodality Imaging

The combination of different imaging methods, the so-called multimodal imaging approach,
offers the opportunity to correlate the most advantageous capabilities of each method and provide
complementary information while compensating for their limitations. In preclinical research, all possible
combinations of molecular imaging techniques are usually employed. In human medicine, the first
example is the PET/CT combination, which offers highly specific functional information, with an
excellent anatomic co-registration. Such a system is used in preclinical imaging as well. Another
fascinating combination is the PET/MRI, which has been used in the last few years, in both clinical
and preclinical settings, even if with some critical technical drawbacks. In any case, the multimodal
approach should offer an excellent anatomical resolution with functional information, allowing for a
multiparametric evaluation within a single study [8,9,83,96-100].

4. Magnetic Resonance Imaging Sequences in the Translational Context

The MRI is one of the primary preclinical and clinical imaging modalities, ideal for non-invasive
longitudinal studies and useful for monitoring multiple parameters. In the oncological field, MRI is
suitable for the definition of lesions with a high spatial resolution and anatomical detail, allowing the
identification of primary tumors and metastatic disease. Moreover, it is also useful for the evaluation
of quantitative characteristics that provide physiological, biochemical, and molecular details able to
predict the biological behavior of cancer [9,32,101]. Various MRI sequences have been successfully
developed by preclinical research and translated into clinical applications, as described below. Indeed,
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the preclinical MRI scanners can be easily considered a translational platform, since both preclinical
and clinical scanners work with the same hardware settings and with almost identical sequences [9,102].
However, it is always necessary to establish the reproducibility of the technique chosen before being
introduced in the clinic.

As mentioned, the MRI offers the ability to evaluate numerous tumors’ biological properties, such
as angiogenesis, perfusion, pH, hypoxia, metabolism, and macromolecular content. Such biological
features are used as indicators in preclinical research to monitor a cancer’s response to therapy [93,95].
Moreover, the complementary nature of the information accessible, applying different MRI sequences
in the same subject, can undoubtedly help cancer research; clinical management as well [101].

4.1. T1 and T2 Weighted Sequences

Image contrast in MRI acquisition is determined by tissue properties, sequence type, and sequence
parameters. Several relaxation constants are used to describe the decay and recovery of the MR signal;
in particular, the two most commonly used parameters are the T1 and T2, the so-called spin-lattice
relaxation time (T1) and spin-spin relaxation time (T2), which are both weighted. Based on the T1 and
T2 weighting, many sequences have been developed [103-105]. In clinical applications, the T1 and
T2-weighted sequences are the standard for anatomical imaging, and they are useful in the oncology
field, for the detection and evaluation of macroscopic changes in the lesion, and staging. In addition,
exogenous contrast agents, such as gadolinium, manganese and iron-based contrast agents, can be
applied to enhance the contrast between tissues or organs [104,106]. In preclinical studies, T1 and
T2-weighted sequences are used for anatomical acquisition, with the employment of contrast agents as
well [107].

4.1.1. Thyroid

In thyroid cancer, MRI texture analysis derived from conventional sequences reflects different
histopathologic features and represents a possible association that can be used as a prognostic biomarker.
Thirteen patients with histopathologically-confirmed thyroid carcinoma were enrolled and subjected
to MRI acquisitions. The T1-precontrast and T2-weighted images were analyzed; overall, 279 texture
features for each sequence were examined and correlated to the histopathological parameters Ki67
and p53, which are considered prognostic biomarkers. Several significant correlations were identified;
indeed, sum square average features derived from T1-weighted images and entropy-based features
derived from T2-weighted images are associated with p53 count in thyroid cancer. Similarly, different
texture features derived from T1- and T2-weighted images showed associations with the Ki67 index.
Hence, this relatively simple MRI technique, combined with texture analysis, does not replace
histopathological examinations, but may be a novel, noninvasive modality for further characterizing
thyroid cancer in clinical oncology [108].

The effects of the tyrosine kinase inhibitor gefitinib on MRI parameters, and the ability of such
parameters to help schedule chemotherapy, were tested in a murine model of breast cancer. In this
study, a xenograft model with BT474 cells (ductal carcinoma) was induced, and mice were treated
with gefitinib either daily for ten days or “pulsed” for two consecutive days (higher dose for two
administrations). The MRI acquisitions were performed at 2-day intervals over two weeks, and T1
and T2 weighted sequences were used to follow-up tumor volume. Moreover, diffusion and DCE
MRI were performed, and relative results were reported in the respective paragraphs. Treatment with
gefitinib resulted in significant tumor growth inhibition, both with pulsed and daily treatment. Hence,
T1 and T2 proved to help evaluate growth inhibition but did not give any further information on which
therapeutic protocol gave the best results [109].

4.1.2. Breast

In a preliminary study on breast cancer, the MRI texture analysis was used to analyze the
correlation between textural features and tumor volume, and to distinguish the underlying molecular
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subtypes luminal A and B. Patients with histopathologically-proven, invasive, ductal breast cancer were
selected. The first frame of T1 and T2-weighted sequences pre-contrast was acquired and followed by
the administration of a gadolinium-based contrast agent. The data analyzed mainly in the pre-contrast
images showed that luminal A and B types had different textural features. Luminal B types of cancer
have, in fact, a more heterogeneous appearance in MR images compared to luminal A types. These
subtypes also showed a difference in tumor volume, with luminal B types showing a larger volume
than luminal A types. The MRI texture analysis, combining information from both T1 and T2-weighted
images, may provide further information on the biological aggressiveness of breast tumors that may
improve therapeutic efficacy and management [110].

4.1.3. Prostate

Anatomical MRI sequences may improve the accuracy of evaluating prostate volume, especially
in subjects under hormonal treatment. The T2-weighted MRI was performed to evaluate the normal
prostate volume in male C57/BL6 mice. The mice underwent castration, and they were repeatedly
imaged to follow the castration-induced regression of the prostate. In addition to the T2-weighted
sequence, a chemical shift-selective sequence (CHESS) was performed to suppress abdominal fat signal,
and hence, to improve prostate distinction. Forty days after castration, each mouse was treated daily
with the androgen dihydrotestosterone (DHT) subcutaneously (s.c.) to induced prostate re-growth.
These sequences, in particular, the CHESS, allowed good discrimination of both the prostate margins
and the ventral lobe from the dorsal and lateral lobes. Hence, this approach may improve the ability to
differentiate the prostate from surrounding tissues and to better visualize the boundaries of the organ,
even in human patients [111].

4.2. Dynamic Contrast-Enhanced

The most common MRI methods available to quantify perfusion, hemodynamic, and vascular
properties of a tissue, are the dynamic contrast-enhanced (DCE) MRI and the arterial spin labeling (ASL)
methods [93]. The DCE MRI represents an indirect measure of angiogenesis that evaluates the dynamic
passage of a contrast agent through the tumor vessels to derive pharmacokinetic properties, measuring
the contrast agent extravasation rate (Ktrans) and volume fraction (ve) of the extracellular extravascular
space (EES), as thoroughly described elsewhere [93,112-114]. Such methods have been used to
monitor perfusion, as a marker of responsiveness to antiangiogenic treatments, both in preclinical
and clinical trials, in terms of either efficacy or early identification of treatment failure [14,99,115-120].
Therefore, the clinical ability of this method is remarkable not only for the functional information
on the tumor vascularization pattern but also for the chemotherapy planning, monitoring response,
and implementing a new line of therapies [121].

4.2.1. Breast

In the preclinical model of ductal breast cancer with BT474 cells previously described (see 4.1 T1
and T2 Weighted Sequences, [109]), the DCE was also performed at 2-day intervals over two weeks.
Transendothelial permeability (Kps), and fractional plasma volume (fPV) were measured. Tumor
Kps decreased with pulsed treatment but then rebounded and increased with daily treatment.
Tumor fPV increased in both treated groups, subsequently decreasing with pulsed treatment.
Therefore, such quantitative MRI parameters may provide a sensitive measure to distinguish treatment
regimens, and they might be useful for determining correct treatment scheduling, and hence, enhance
chemotherapeutic efficacy [109].

In a preliminary study of breast cancer in human patients, the predictive ability of MRI was
demonstrated using the DCE or DWI methods to predict tumor response following neoadjuvant
therapy (NAT). This model integrated the heterogeneity of MRI-derived parameters (i.e., efflux rate
constant—Kep, and ADC, as further described in the respective paragraph) with the hormone receptor
status (i.e., estrogen receptor—ER, progesterone receptor—PR, and human epidermal growth factor
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receptor 2—HER?2) and clinical data which were obtained before and after the first cycle of NAT.
Thirty-three breast cancer patients underwent neoadjuvant chemotherapy, and therefore, were scanned
for DW and DCE-MRI in the following three time-points: before NAT, after the first cycle of NAT,
and after all NAT cycles. The median number of treatment cycles was 14 cycles. After completion of
NAT, the pathological complete response (pCR) and nonresponse (non-pCR) were determined at the
time of surgery. Twelve patients exhibited a pCR, and twenty-one patients were non-pCR. For patients
with pCRs, the mean Kep had decreased between the pre and post-first NAT cycles, while for a non-pCR
patient, Kep increased. Measurements after all NAT cycles were not obtainable in pCR patients since
there was no residual tumor identifiable in the MRI scan. The immunohistochemical evaluation of
hormone receptor status has defined the molecular subtypes of breast cancer for all patients; indeed,
amonyg the thirty-three patients, nine, six, eight, and ten patients are classified into luminal A, B, HER2,
and basal subtypes, respectively. The MRI approach in question seems to accurately predict a treatment
response right after a single cycle of therapy. Moreover, this method may improve the accuracy of
evaluating a tumor’s response to NAT, showing a higher predictive power than models based on
tumor size changes, and it may be used as a short-term surrogate marker of outcome in breast cancer
patients [122].

4.2.2. Prostate

Male BALB/c nude mice were implanted subcutaneously with the human-derived,
androgen-sensitive CWR22 cell line, to evaluate the predictive capacity of DCE in a prostate cancer
xenograft mouse model. These mice received combinations of androgen-deprivation therapy, obtained
by surgical castration and/or radiotherapy. The MRI sequences applied were DCE and DWI, which
will be discussed in the dedicated paragraph, and they were performed pre-radiation, and on day one
and nine; the ADC value, the K", tumor volume, and PSA were used to measure the therapeutic
response. The K and PSA showed a high level of correlation with treatment response, and thus, this
parameter might be included in the evaluation of treatment responses in prostate cancer patients [123].

4.3. Arterial Spin Labeling

As mentioned, the ASL is a noninvasive and quantitative technique that allows perfusion
measurement without requiring the administration of a contrast agent. This technique uses arterial
blood water as an endogenous diffusible tracer by “labeling” it; i.e., by inverting the magnetization
of the blood with radiofrequency pulses. As a result, studies can be repeated in the same subject
over time [93,101,124-127]. Measurement of tumor blood flow with this technique is strongly helpful
for tumor grading and evaluation of anticancer treatment [124,126]. The ASL is widely used in the
preclinical and clinical fields, but in the latter case, it is still an emerging technique and has not yet
replaced more invasive procedures, such as contrast-enhanced MRI, probably due to the complexity of
the method and the relatively high sensitivity to motion artifacts [124].

Breast

ASL might gain a significant impact on the diagnosis and therapy management of breast cancer,
thanks to its ability to quantify perfusion without the use of contrast agents, as examined in a pilot study.
Quantification of perfusion of normal fibroglandular tissue and breast cancer using a flow-sensitive,
alternating-inversion, recovery-balanced, steady-state free precession (FAIR TrueFISP) ASL sequence
was performed in twenty-two individuals, including eighteen patients with suspected breast tumors
and four healthy controls, in addition to the routine clinical imaging protocol. The definitive diagnosis
was obtained by histology after biopsy or surgery. The results showed that ASL perfusion was
successfully acquired in thirteen of eighteen tumor patients and all healthy controls. The mean ASL
perfusion of invasive ductal carcinoma tissue was significantly higher than the perfusion of the normal
breast parenchyma and invasive lobular carcinoma. No significant difference was found between
the mean ASL perfusion of the normal breast parenchyma and invasive lobular carcinoma tissue.
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Hence, these results indicate that ASL perfusion can differentiate malignant lesions from normal breast
parenchyma as well as breast tumor types. This MRI modality may be useful to detect early changes in
response to neoadjuvant chemotherapy, and the signal changes proportional to the blood flow may
represent a property that allows identifying potential biological markers, and consequently, developing
targeted therapies. Furthermore, image acquisition can be repeated without the concern of cumulative
doses of paramagnetic contrast agent, and in patients with renal insufficiency, who may not be safely
injected with contrast agents [128].

4.4. Blood Oxygen Level-Dependent Functional Magnetic Resonance Imaging

The blood oxygen level-dependent (BOLD) functional MRI (fMRI) provides information on
changes in oxygenation in tissue to measure the hemodynamic response. The BOLD “contrast” reflects
a variation in the transverse relaxation rate of tissue, and the paramagnetic effects influence it by the
concentration of deoxyhemoglobin [93,129]. Generally speaking, this technique is heavily used to
study cerebral activity, but it has the potential to evaluate metabolism, angiogenesis, and variations
of oxygenation in tumors, as well. Indeed, in preclinical models and human tumors, it has been
applied as a noninvasive method to monitor antiangiogenic therapies [129,130]. However, BOLD
provides an indirect estimate of oxygen delivery and has a variable and scarce relationship with
tumor tissue hypoxia, which is a significant negative prognostic factor. The ability to “map” hypoxia
might help therapy planning and predicts treatment failure; thus, driving early changes of therapeutic
strategy [131-133]. Furthermore, BOLD measurements are influenced by variations in vessel caliber,
by the presence of hemorrhage and movement artifacts, which hinders its implementation as a clinical
biomarker of hypoxia and its readiness to translate into clinical use [131,132].

Breast

The BOLD MRI method has been employed as a simple, noninvasive method to assess tumor
oxygenation during a preliminary observational study. Eleven patients with locally advanced
breast cancer were enrolled for preoperative neoadjuvant chemotherapy with doxorubicin and
cyclophosphamide for four cycles. Of these, seven patients completed all chemotherapy treatments
and underwent MRI before, during, and after chemotherapy. Breast tumor response was divided into
complete response, partial, and stable response based on clinical palpation. The BOLD study applied
a 6-min oxygen-breathing challenge; BOLD contrast enhancement was observed in all tumors, but
patients with complete responses showed a significantly higher BOLD before the start of chemotherapy
compared with both partial or stable response; furthermore, there was no significant difference between
latter groups. The correlation between high BOLD response and better treatment outcome suggests
that this may be an excellent, noninvasive prognostic tool for cancer management, providing early
predictive information on the response to chemotherapy [134].

4.5. Oxygen-enhanced Magnetic Resonance Imaging

Oxygen-enhanced (OE) MRI is an alternative in vivo technique to quantify and map changes,
distributions, and the extent of oxygen concentrations in tumors. In OE-MRI, the longitudinal relaxation
rate is used to evaluate changes in the level of molecular oxygen dissolved in blood plasma or interstitial
tissue. Therefore, the measured variations are proportional to the variation of oxygen concentration
in the tissue. This method allows the noninvasive identification, quantification, and mapping of
tumor hypoxia with MRI in vivo, making the technique suitable for rapid clinical translation [131,133].
Indeed, tumor hypoxia and oxygen dynamics have been correlated to aggressiveness and therapeutic
resistance in many tumors [135].

Prostate

In a preclinical study for prostate cancer, this technique was used as a potential predictive
biomarker of radiation-therapy response. Dunning R3327-AT1 prostate tumors were surgically
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implanted subcutaneously in the flank of adult male syngeneic Copenhagen rats; nineteen days after
implantation, OE-MRI was performed before each irradiation (2Fx15 Gy). The tumors were irradiated
approximately 24 h after OE-MRI experiments. Before and during radiotherapy, the anesthetized
animals inhaled either air or oxygen for at least 15 min. The OE-MRI and irradiation were repeated a
week later, and the tumor growth delay was determined by the time required to achieve double-time
volume (VDT) and quadruple time volume (VQT). Moreover, during hypofractionated radiotherapy,
the BOLD and tissue oxygen-level dependent (TOLD) contrast, and the quantitative responses of
relaxation rates (R1 and R2) were applied. The semi-quantitative parameters showed a significant
correlation between the average TOLD and BOLD responses for single tumors before and after the
irradiation. For the R1 and R2 rates, there were no significant differences before irradiation, but
there was a significant difference between air and oxygen breathing. Tumors in oxygen-breathing
animals expressed a more significant growth delay than tumors in the air group during irradiation.
Therefore, the inhalation of oxygen during hypofractionated radiotherapy significantly improved
radiation-therapy response, and OE-MRI may be added to routine clinical MRI for patient stratification
and the personalization of radiotherapy treatment planning [135].

4.6. Diffusion-Weighted Iimaging

Diffusion-weighted imaging (DWI) is an MRI approach used to evaluate the diffusion rate of water
molecules within tissues without the use of exogenous contrast agents [14]. The diffusion of water
molecules and the degree of mobility are expressed quantitatively by the apparent diffusion coefficient
(ADC), which can estimate the changes in cellularity and the integrity of cell membranes [99,136,137].
In particular, DWI is suited for the characterization of the tumor and for monitoring treatment
response. Indeed, the variations in the ADC can demonstrate changes in the physiology of the tumors
following therapeutic interventions, and therefore, ADC may be a potential biomarker of treatment
efficacy [99,118,137-139]. The DWI has shown its value in tumor monitoring in both preclinical cancer
models and clinical patients [101,138,140,141].

Preclinical assessments of early responses to therapy have been evaluated in breast and prostate
cancer models, and in lymph node sites as a potential alternative method for detecting metastatic
lesions. Primary applications of DWI are tumor detection and differentiation from non-tumor
tissues, differentiation of malignant from benign lesions, and monitoring and prediction of treatment
responses [137]. Hence, this technique may also be a noninvasive imaging biomarker of tumor
aggressiveness for better stratification of patients with poor prognosis [138,139]. Indeed, this technique
is being considered the standard of care for prostate and liver cancer, in which the different ADC
measurements can predict tumor aggressiveness [14,93,139,142]. Additionally, in breast and thyroid
cancers, ADC is considered an imaging biomarker able to differentiate malignant and benign lesions,
and it has also been shown to predict the response to neoadjuvant chemotherapy in the former
histotype [101,143]. Furthermore, DWI has been evaluated as a possible alternative to PET/CT for the
detection of metastatic lesions [14,93,139,142].

4.6.1. Thyroid

It has been shown that DWI and ADC maps, have the potential to distinguish malignant and
benign nodules in the thyroid, since this technique can assess the different cellular architectures of
tumors [144]. Differences in ADC were evaluated between benign and malignant nodules, correlating
ADC to cytological results by fine-needle aspiration. The study included 36 patients with thyroid gland
nodules and 24 healthy patients, all of whom were examined with DWI sequences. In the nodular
patient group, there were 27 cases of benign nodules and nine cases diagnosed as thyroid gland
malignancy; in total, 52 benign nodules and 16 malignant nodules were examined. The ADC values
were significantly different between benign and malignant nodules, and from healthy thyroid tissues
in the controls. In the benign group, the ADC value of thyroid nodules was increased while in the
malignant group, it was reduced; in the healthy thyroid tissue, the ADC value was within the normal
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range. The reduction in the ADC observed in most malignant lesions was linked to the decrease in
extracellular/extravascular space due to cellular proliferation, as confirmed by cytology. These results
showed that DWI provides useful and promising results on the nature of a thyroid nodule, and it may
have a role in the selection of nodules that should undergo needle aspiration cytology [143].

Similarly, DWI ADC mapping was performed on 14 patients with malignant thyroid nodules
diagnosed by ultrasound and verified by biopsy. In these patients, 13 nodules were malignant, as shown
with biopsy evidence, and five nodules were benign. Malignant nodules had significantly lower ADC
values than the benign ones, confirming previous results [145].

In a preliminary study, the employment of DWI was investigated using a readout-segmented multishot
EPI (RESOLVE) sequence to differentiate between well-differentiated and undifferentiated subgroups of
thyroid carcinomas. Moreover, the correlations between this technique and histopathologic data, such as the
Ki-67 index and p53 expression, were evaluated. Indeed, Ki-67 represents a histopathologic parameter
associated with cell proliferation, whereas p53 is considered a marker of tumor aggressiveness.
Fourteen patients received preoperative MRI scans, including DWI-RESOLVE, and T1 and T2
conventional sequences before and after contrast-medium administration (gadopentetate dimeglumine).
Four patients showed follicular thyroid carcinoma; four patients, papillary thyroid carcinoma; and six
patients, undifferentiated thyroid carcinomas. The results showed that the mean ADC values were
significantly lower in undifferentiated carcinomas compared with follicular and papillary carcinomas.
A decrease in ADC mean values inversely correlated with an increase in Ki-67, while the increase
in p53 expression was correlated to an increased in ADC mean values. Therefore, DWI seems able
to distinguish between differentiated and undifferentiated thyroid carcinomas. This approach, once
further validated, might help to preselect optimal therapeutic strategies in the presurgical phase [144].

4.6.2. Breast

The DWI and magnetic resonance spectroscopy (MRS) were able to detect early tumor responses
in triple-negative breast cancer (TNBC) mouse xenografts after combination therapy with TRA-8,
amonoclonal antibody targeted to the apoptosis receptor, and carboplatin, a standard chemotherapeutic
agent. The therapeutic efficacy was assessed by monitoring tumor volume, first ADC changes, and lipid
concentration through the fat-water ratio (FWR) MRS. Two different TNBC xenograft models, implanted
either with 2LMP or SUM159 cell lines, were treated intraperitoneally with either carboplatin, TRA-8,
or their combination. The MRI acquisitions with DWI and MRS were performed before, during,
and at the end of the therapeutic protocol. Combination therapy with TRA-8 and carboplatin showed
significantly reduced tumor growth in both 2LMP and SUM159 TNBC models compared to both
single-drug treatments, and the therapeutic efficacy was verified histologically, as witnessed by a
significant increase of apoptotic cell density. Substantial changes in ADC were detected only three
days after the initiation of TRA-8 or combination therapy, while significant changes in FWR required
seven days for detection. Both ADC and FWR changes were confirmed as useful imaging biomarkers
to evaluate the therapeutic efficacy, but ADC changes may be used as an earlier predictor. This imaging
protocol might be translated into clinical trials testing these or similar drugs, since early assessment is
useful for preventing unnecessary/ineffective treatments and, hence, to improve outcomes [146].

In the preclinical model of ductal breast cancer with BT474 cells previously described (see 4.1 T1
and T2 Weighted Sequences, [109]), ADC was also tested as a predictor of gefitinib efficacy. Tumor
ADC increased in all treated groups. Therefore, as mentioned, the parameters included in the study,
specifically Kps and fPV from DCE and ADC from DWI, may all provide, in combination, a more
sensitive approach to determining the right treatment plan [109].

A mouse model of a breast cancer brain metastasis was developed to optimize a longitudinal MRI
and MRS method for analyzing the pathogenic aspects of brain metastasis, since cerebral metastasis
showed a high incidence in breast carcinoma patients. Brain metastases were generated by the
intra-carotid injection of human mammary carcinoma cells 435-Br1, a brain metastasis variant of the
parental cell line MDA-MB-435. Different MRI approaches were used to characterize the morphological
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and metabolic development patterns of brain metastases, including T2 and contrast enhanced-T1
weighted images, DWI, and MRS imaging. The acquired data were then combined with the histological
analyses of the dissected brains. As a result, nine out of thirteen mice developed MR-detectable
abnormal masses (single or multiple) in the brain parenchyma within 20 to 62 days after injection.
Two additional animals had brain metastases detected only by histological analysis. The ADC maps
correctly differentiated the edema and disorders of cerebrospinal fluid circulation areas from metastases,
in addition to the MRS results that have been discussed in the dedicated paragraph. This imaging
approach might be considered helpful in early detection and differentiation of brain metastases from
other cerebral abnormalities [147].

In the preliminary study of breast cancer in human patients already described (see 4.2 Dynamic
Contrast-Enhanced [122]), the DWI method was used to predict tumors’ responses following
neoadjuvant therapy (NAT), in conjunction with DCE. After completion of NAT, the pathologic
complete response (pCR) and nonresponse (non-pCR) were determined at the time of surgery.
The mean ADC was increased between the first two time points for the same pCR, while no noticeable
change in mean ADC was observed for the non-pCR patient. The MRI approach described may
improve the accuracy of evaluating the tumor response to NAT, showing a higher predictive power
than models based on tumor size changes, and it may be used as an early marker of outcome in breast
cancer patients [122].

4.6.3. Prostate

In a prostate cancer xenograft mice model, DWI was tested as a predictor of the efficacy of docetaxel,
a cytostatic and cytotoxic antineoplastic drug. The LnCaP cell line, derived from the lymph node
metastasis of a human prostatic adenocarcinoma was used, since it secretes the prostate-specific antigen
(PSA). Serum PSA levels and tumor volumes were used to measure tumor response noninvasively.
Results showed a good response of the xenograft to docetaxel, and serum PSA was confirmed as a useful
biomarker of therapy response, but changes in ADC represented an earlier indicator of therapeutic
response. This approach should be validated in the clinic to correctly manage the therapeutic regimen,
especially for second-line therapies that show reduced response rates and higher toxicity [148].

In the study described before (see 4.2 Dynamic Contrast-Enhanced [123]), mice bearing prostate
cancer xenografts underwent, as mentioned, DWI acquisitions pre-radiation, and on day one and
nine after. The ADC values, volumes, and PSA levels revealed significant correlations with treatment
response. The combination of all parameters, including the K% obtained with the DCE, successfully
predicted treatment response with a high correlation coefficient. Therefore, the combination of such
parameters with standard clinical parameters may improve the predictive power for the therapeutic
outcome in prostate cancer patients, and it might be applied for the personalization of therapeutic
approaches [123].

A multiparametric analysis to evaluate in vivo vascularization, metabolism, and physiological
characteristics that are permissive for the occurrence of metastases has been tested in a prostate
cancer xenograft models using noninvasive MRI and MRS. A human prostate cancer xenograft
model implanted s.c. or orthotopically in the prostate was used. The tumors were derived from
PC-3 human prostate cells inoculated s.c. in the right flank of SCID mice; the intact tumor tissue
obtained from subcutaneous tumors was harvested and re-implanted s.c. in the flank or orthotopically
with a microsurgical method of SCID mice. These mouse models underwent MRI acquisitions,
including T1-weighted with the administration of albumin-Gd-DTPA, multislice DWI for evaluation
of vasculature, and MRS for metabolic maps of total choline and lactate/lipid and extracellular pH
(pHe). As the results showed, the tumors in the orthotopic site were identifiable by the hyperintense
signal detected in DWI compared to the s.c., and they showed higher vascular volume and higher
permeability, as well. In the metastases’ characterizations, several lung nodules were observed in mice
with orthotopically-implanted tumors, and only a few small clusters of cells were observed in the lungs
of mice with xenografts. Therefore, the higher metastatization rate of orthotopic tumors might be linked
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to the higher vascular volume and permeability. These data confirm the profound influence of the tumor
microenvironment on the metastatization process and the feasibility of identifying noninvasive clinically
translatable parameters that may contribute to determining risk factors for metastases formation in
patients. Future translational studies are necessary to validate these observations further [149].

4.7. Diffusion Kurtosis Imaging

Diffusion kurtosis imaging (DKI) has been applied to many body-districts, showing a higher
capability in differentiating between benign and malignant tumors, and in predicting treatment
responses compared to conventional DWI. From the DKI model, the diffusion coefficient (D) and the
diffusional kurtosis (K) are derived, which provide more information on the tissue structure than
DWI. Indeed, the parameter D evaluates the tissue diffusion and seems to be more accurate than ADC;
the K parameter seems to be more sensitive to irregular and heterogeneous cellular environments, but
less sensitive to cell density.

Thyroid

In a preliminary study, the usefulness of DKI compared to DWI was investigated in thyroid
lesions, also assessing the correlation of such MRI parameters with histopathologic features. Fifty-eight
patients with thyroid nodules detected by ultrasound underwent MRI examination, including T1 and
T2-weighted imaging, conventional DWI, and DKI. Histopathological analysis was performed with the
evaluation of Ki-67 and vascular endothelial growth factor (VEGF), since Ki-67 is a cell proliferation
protein and is considered a neoplastic marker, as mentioned above, and the VEGF is a cytokine that
induces angiogenesis and is related to angiogenesis in tumors. Fifty-eight thyroid lesions were found,
including twenty-four papillary thyroid cancers, twenty-one adenomas, seven nodular goiters, and six
cases of Hashimoto’s thyroiditis. Malignant lesions showed significantly higher mean ADC and D
values and lower K values compare to benign lesions. The number of positively-stained VEGF and
Ki-67 cells was significantly higher in the malignant group. The DKI-derived D parameter showed the
strongest correlation with both Ki-67 and VEGFE. Therefore, DKI should be considered advantageous
over the conventional DWI for the diagnosis of thyroid lesions with better diagnostic accuracy [150].

4.8. Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) allows the identification of different atomic nuclei, such
as hydrogen, carbon, phosphorus, and fluorine, in specific regions of interest; thus, providing functional
and biochemical information on a wide range of biological processes. For example, among the cellular
metabolites measured with MRS, there is choline contained in cell membranes, creatine and glucose
involved in energy production, and alanine and lactate that are typically increased in some tumors [83].
In clinical applications, it is a noninvasive method for the assessment of tumor biochemistry and
physiology to identify the early changes in response to therapy, as well as for grading and staging of
cancer [93,151,152]. In many preclinical studies, e.g., in breast or colon cancer, this method is used to
track intra-tumor changes during therapy, and the levels of the metabolites measured may represent a
potential noninvasive marker to check tumor response [153-155].

4.8.1. Thyroid

Proton (H) MRS and DWI-ADC mapping (see 4.6 Diffusion-Weighted Imaging, [145]) were
performed on 14 patients with malignant thyroid nodules diagnosed by ultrasonography and verified
by biopsy. In these patients, 13 nodules were malignant with biopsy evidence, and five nodules were
benign. Intra-nodular choline (Cho) peak, Cho/creatine (Cr) ratio, and ADC values of malignant
nodules were evaluated and compared to those of benign nodules. Malignant nodules had significantly
higher Cho peak amplitudes and a higher Cho/Cr ratio than benign ones. Hence, the use of H-MRS
may be added to other imaging approaches in the evaluation of thyroid nodules and the determination
of their nature. It might help to establish adequate treatments at an early stage, reducing the morbidity
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and mortality of the disease, and, at the same time, avoiding unnecessary surgical interventions in
patients with benign lesions. Nonetheless, there are technical difficulties in performing MRS on thyroid
glands, or other neck structures, concerning tumor movement due to swallowing and breathing,
substantial differences in magnetic susceptibility between the neck and the air in the trachea, and the
contamination of spectra by adjacent fat [145].

4.8.2. Breast

In the TNBC xenograft mouse models previously described (see 4.6 Diffusion-Weighted
Imaging, [146]), MRS was associated with DWI to detect early tumor response after combination
therapy with TRA-8 and carboplatin. The therapeutic efficacy was assessed by monitoring tumor
volume, ADC changes, and lipid concentration through the fat-water ratio (FWR) MRS. The MRI
acquisitions with DWI and MRS were performed before, during, and at the end of the therapeutic
protocol. Significant changes in FWR required seven days for detection. Both ADC and FWR changes
were confirmed as useful imaging biomarkers to evaluate the therapeutic efficacy, but ADC changes
were detected earlier than FWR. This imaging protocol should be translated into clinical trials to
improve outcomes by stopping ineffective therapies [146].

In the brain metastasis model previously described (see 4.6 Diffusion-Weighted Imaging, [147]),
MRS was again added to DWI. A single-voxel MRS was used to analyze the metabolic patterns of
the lesions in ten subjects. Only eight out of ten mice had brain metastases, and just two of them
showed a field homogeneity good enough and a correct voxel position inside the lesion. However,
when the lesions increased in size and infiltrated the brain parenchyma, the spectral changes indicated
the replacement of the healthy tissue pattern with the tumor tissue pattern. The data proved a decrease
in N-acetyl aspartate (NAA) as the earliest sign of metastasis growth, followed by a decrease in Cho
and Cr levels. Those results suggest that this approach, in addition to DWI, may help in discriminating
brain metastasis growth and the classification of distinct progression stages, and it might open the way
to its use in the diagnosis and therapy monitoring [147].

Phosphorus (3'P) MRS was used to quantify the levels of phosphorylated metabolites in breast cancer
tissue. In particular, phosphocholine (PCho), glycerophosphocholine (GPC), phosphoethanolamine (PEtn),
and glycerophosphoethanolamine (GPE) may be considered valuable biomarkers for the diagnosis
and noninvasive monitoring of therapies both in preclinical studies and in the clinical phase. To this
end, the metabolic response to the oral treatment with phosphatidylinositol-3-kinase/mammalian
target of the rapamycin (PI3K/mTOR) inhibitor BEZ235 was evaluated in basal-like (MAS98.12) and
luminal-like (MAS98.06) breast xenograft models. These models were established by direct implantation
of primary human breast cancer tissues in the mammary fat pad of immunodeficient mice, and then
serially transplanted in BalbC nu/nu mice. As a result, a significant increase in GPC and PCho was
found in basal-like xenografts, whereas PEtn decreased. No significant changes were observed in
phosphorylated metabolites in luminal-like xenografts, which did not respond to treatment with
BEZ235. These data demonstrate the usefulness of 31P MRS in the metabolic profiling of breast cancer
subtypes and the evaluation of the metabolic response to targeted anticancer drugs [156].

In a pilot study, the use of MRS was tested for monitoring breast cancer therapy. Indeed, such
neoplastic tissue contains high levels of choline-containing compounds (tCho). The changes in tCho
concentration were determined to predict the early clinical response to neoadjuvant chemotherapy in
the first 24 h after initial treatment in patients with locally advanced breast cancer. Sixteen women,
aged 18 to 80 years, with biopsy-confirmed, locally advanced breast cancer, were enrolled. Thirteen
patients received combined doxorubicin hydrochloride and cyclophosphamide treatment that was
administered on day one, with additional doses at 21-day intervals for a total of 64 days. Patients
underwent MRS before treatment, within 24 h after the first dose, and then after the fourth dose.
As a result, eight out of thirteen patients showed a significant correlation between changes in tCho
concentration and lesion-size reduction. These patients had a lower tCho level within 24 h after the first
dose compared to baseline and a further decrease in the tCho concentration after the fourth dose of the
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combined therapy. The other five patients out of the thirteen showed no changes and had a baseline
tCho concentration less than or equal to that measured within 24 h after the first dose. Therefore, MRS
may be used to assess early response to neoadjuvant chemotherapy and to customize an effective
regimen for individual patients [157].

4.8.3. Prostate

In the prostate cancer model described (see 4.6 Diffusion-Weighted Imaging, [148]), MRS was
applied to obtain metabolic maps of total choline and lactate/lipid ratio, and extracellular pH (pHe).
Total choline and lactate/lipid levels were significantly higher in orthotopic compared with xenograft
tumors, whereas the pHe maps showed a significantly lower pH in orthotopic tumors compared
with subcutaneous tumors. As already stated, such an imaging approach may prove to be extremely
helpful in studying the tumor microenvironment, demonstrating changes that might be linked the
metastatization process, like in this case, total choline and a more acidic extracellular pH. Once validated,
these techniques may also support the development of novel strategies to reduce metastatization [148].

4.9. Chemical Exchange Saturation Transfer

Chemical exchange saturation transfer (CEST) is an MRI method to detect low concentrations of
metabolites for probing specific molecular and physiological events. The sensitivity of this approach is
enhanced by the use of a set of new specific contrast agents, and endogenous as well as exogenous
molecules can be used. Indeed, a variety of molecules have been demonstrated as potential contrast
agents in this technique, including small diamagnetic molecules, paramagnetic ions complexes,
liposomes, nanoparticles, and hyperpolarized gases [158-160]. The CEST applications in the clinic aim
to monitor different metabolites, such as glycogen concentration (glycoCEST), glycosaminoglycans
levels (gagCEST), or glutamate (gluCEST). Moreover, this is a valid imaging modality for detecting and
monitoring the progression of tumors and assessing their responses to therapy by avoiding exposing
the patient to radiation [159,161,162]. In preclinical studies, CEST has been used to measure the rate of
metabolites’ uptakes, such as glycogen and glucose, which are hallmarks of the tumor microenvironment.
The evaluation of extracellular pH (acidoCEST), which is linked to the increase in lactic acid production
after an increase in glycolysis, may be used for assessing tumor aggressiveness and early responses
to treatments that inhibit glycolytic metabolism [161,163,164]. The CEST measurement of glucose
metabolism (glucoCEST) in tumor mouse models allows studying the tumor microenvironment, and it
may represent a potential replacement of the PET approach [159,164].

4.9.1. Breast

The CEST has been proposed as a new molecular imaging approach to detect glucose or its
analogs in the diagnosis of tumors. D-glucose and deoxy-D-glucose (2DG) were commonly employed
to that end, but their toxicity at high concentrations precludes their clinical use and limits preclinical
applications. A preliminary experiment was conducted to examine the validity of 3-O-methyl-D-glucose
(30OMG) as a nontoxic alternative, which has been demonstrated to be able to detect tumors in several
models of murine and human breast cancer. Moreover, this method was compared with glucoCEST
and [18F]-FDG PET on the same animals. Orthotropic tumors were induced in mice by injecting human
MDA-MB-231 or MCF7 cells. The CEST MRI sequences were performed on mice before and after the
administration (intravenous, intraperitoneal, or oral) of 30M. The same animals were then injected
with [18F]-FDG for PET imaging, and D-glucose for glucoCEST after a specific time. The results
showed that the CEST MRI following the administration of 30MG produced patterns that reflected
the metabolic activity of tumors and clearly distinguished them from other body districts. A marked
30OMG-CEST MRI contrast was obtained, and the most aggressive breast cancer models produced the
highest CEST contrast. The contrast reached its maximum at 20 min post administration and lasted
for more than one hour, without any difference in effect levels or timing between the three routes of
administration. The 30MG CEST method compared to the glucoCEST showed a higher CEST contrast
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than D-glucose. Moreover, a good correlation was found between 30OMG CEST contrast and FDG
uptake, providing clear validation of this technique. Therefore, the validation of the 30OMG-CEST MRI
method in the clinic would offer significant advantages for evaluation, detection, and monitoring of
tumors’ progressions, and assessing their responses to therapy, avoiding radiation exposure [161].

4.9.2. Prostate

The CEST approach, using amide proton transfer (APT) MR imaging, was used in a preliminary
study to localize prostate cancer better and to detect the difference in cancer aggressiveness,
discriminating between cancerous and non-cancerous tissues. The APT MRI does not require the
injection of a contrast agent since it uses endogenous amide protons in tissue, which allows detecting
micromolar concentrations of mobile proteins with high sensitivity. Therefore, the applicability
of this imaging modality to the detection of prostate cancer was based on the high rate of tumor
cell proliferation and on the cellular density of this tumor, which leads to high levels of mobile
proteins. In this study, twelve patients with biopsy-proven prostate cancer scheduled for prostatectomy
were enrolled and underwent T2 and APT MRI acquisitions. The APT ratio in the tumor zone was
significantly higher than that in the benign regions of the peripheral zone; hence, distinguishing them.
Such results were confirmed by both the T2-weighted imaging and histopathological findings. The CEST
APT imaging technique may, thus, represent a potential approach to detecting and discriminating
between low and high-grade prostate cancer, and it might be more specific compared with DCE or
DWI sequences [164].

4.10. Short Tau Inversion Recovery

The short tau inversion recovery (STIR), is an inversion recovery sequence, which is a spin-echo
sequence with a 180° preparation pulse to flip the longitudinal magnetization into the opposite
direction. In this case, to generate an MR signal, the longitudinal magnetization is then converted to
transverse magnetization through the application of a 90° pulse. The time between the change from
180° to 90°, or inversion time in such sequences, is kept short, between 130 and 150 ms.

Breast

In a preliminary clinical experience, the usefulness of whole-body turbo STIR sequence was
assessed to detect liver, brain, and bone metastases as a single examination in breast cancer patients,
in alternative to conventional techniques. Seventeen patients with biopsy-proven breast cancer and
suspected metastatic disease were included in this study and underwent both whole-body STIR-MRI
and conventional imaging, such as MR brain imaging with spin-echo; T1 and T2-weighted CT and
ultrasound scanning; and bone scintigraphy. Three patients were found to be free of metastases
in both conventional and STIR imaging. In eleven out of seventeen patients, appendicular or axial
skeletal metastases were identified, with a good correlation between findings in whole-body STIR and
scintigraphy. Hepatic metastases were found in five patients using whole-body STIR, of which only
three patients’ finding correlated with CT and ultrasound findings. Metastases and brain abnormalities
were found in four patients via both whole-body STIR and dedicated brain MRI. Therefore, this pilot
evaluation, even if performed on a small cohort of patients, showed that STIR acquisition might
represent an accurate, convenient, and cost-effective staging method during the long-term follow-up
of breast cancer patients [165].

5. Conclusions

Translational research must be supported by a real interdisciplinary, synergistic collaboration
to avoid the inconveniences and ineffectiveness of the methods, in order to emphasize the benefits
of patients in a robust translational application. In order for an experimental imaging methodology
to be successfully translated into clinical practice, it must have a substantial and immediate impact
on application to the patient, and therefore, be easily accessible. The development and use of
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animal models of cancer and its integration with molecular imaging tools may enhance the clinical
translatability of preclinical studies focused on the clinical implementation of MRI methodologies in
the management of tumor diseases from the diagnoses to therapeutics” evaluations and follow-up
monitoring. From that perspective, it should be borne in mind that there is not a single ideal mouse
model that recapitulates all features of the human pathology. Hence, the development and choice
of the appropriate model must comply with the experimental, or from a translational perspective,
with the direct clinical needs. Thus, it is fundamental to evaluating which the characteristics that may
influence clinical efficacy are; i.e., histopathologic features, immune system interaction, carcinogenesis,
angiogenesis, tumor progression, and metastatic potential. Indeed, as described, each model has its
peculiarities, and all might be considered complementary to each other. Finally, the best combination
of the appropriate experimental model and the careful choice of imaging modalities with clinical
homologs might accelerate the reduction in the gap between preclinical and clinical studies. The high
translational ability of MRI, among the other imaging techniques, due to the high similarity in terms of
hardware and software between experimental and clinical scanners, should strengthen the efforts in
evaluating how far this technique can go for the diagnosis and management of cancer patients.
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Abstract: The development of integrated positron emission tomography (PET)/magnetic resonance
imaging (MRI) scanners opened a new scenario for cancer diagnosis, treatment, and follow-up.
Multimodal imaging combines functional and morphological information from different modalities,
which, singularly, cannot provide a comprehensive pathophysiological overview. Molecular imaging
exploits multimodal imaging in order to obtain information at a biological and cellular level; in
this way, it is possible to track biological pathways and discover many typical tumoral features.
In this context, nanoparticle-based contrast agents (CAs) can improve probe biocompatibility and
biodistribution, prolonging blood half-life to achieve specific target accumulation and non-toxicity.
In addition, CAs can be simultaneously delivered with drugs or, in general, therapeutic agents
gathering a dual diagnostic and therapeutic effect in order to perform cancer diagnosis and treatment
simultaneous. The way for personalized medicine is not so far. Herein, we report principles,
characteristics, applications, and concerns of nanoparticle (NP)-based PET/MRI CAs.

Keywords: multimodal imaging; hybrid imaging; positron emission tomography/magnetic resonance
imaging (PET/MRI), nanotechnology; nanoparticles; in vivo imaging; 3D reconstruction

1. Introduction

The growing technological development improved diagnostic imaging techniques allowing early
disease detection and diagnosis [1-4]. Even if different imaging modalities are extensively used in
clinical practice such as magnetic resonance imaging (MRI), computed tomography (CT), positron
emission tomography (PET), single-photon emission tomography (SPECT), each one presents strong
points and limits. Nuclear medicine imaging techniques (PET and SPECT) are highly sensitive (pM
range) and quantitative but suffer from poor resolution (mm range) [5,6]; CT is widely available and can
detect several pathologies through rapid examinations and easy three-dimensional (3D) reconstructions
but radiation dose to the patient is a noticeable concern and it is limited in soft-tissue resolution [7];
MRI gives high resolution, anatomical information, and good soft-tissue contrast but has low sensitivity
(mM) [8-10]. Table 2 summarizes imaging modalities and related features. Since no single imaging
modality allows gathering all the necessary morphological and functional information, the combination
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of two or more imaging techniques, also called multimodal imaging or hybrid imaging, can offer synergistic
advantages over any modality alone [11], overcoming its drawbacks and strengthening the peculiarities.
The traditional approach was directed to the integration of a structural imaging modality (CT, MRI)
with a functional highly sensitive imaging modality (PET/SPECT). Thus, firstly, PET/CT and SPECT/CT
were introduced in clinical settings. The first PET/CT scanner was developed in 1998 by Townsend
and colleagues [12] and was commercialized in 2001. It consists of a PET component independent
from CT, and a single bed moves axially into the scanner while the patient sequentially performs
CT and PET scans [13]. To date, PET/CT scanners completely replaced standalone PET scanners [14],
exploiting anatomical reference and attenuation estimation from CT data. The success of PET/CT
scanners inspired the feasibility of a PET/MRI scanner [15]. Three different configuration options were
developed over the years [16]: the first consists of a sequential acquisition, similarly to PET/CT, where
the patient undergoes firstly a MRI scan and later a PET scan; even if the MRI and PET components must
be minimally modified, two consecutive acquisitions are performed without simultaneity. Temporal
mismatches between PET metabolic data and MRI morphological information such as patient motion
are the main weak points [7]. Nearly 15 years ago, some researchers working in preclinical settings
analyzed the possibility of integrating a modified PET scanner into an MRI system. In Tubingen,
Germany, an MRI-compatible PET scanner was inserted into a 3T clinical MRI scanner [8]; this system
is suitable for preclinical studies or human brain imaging. The third option considers a first fully
integrated whole-body PET/MRI system, with MRI-compatible photodiodes (avalanche photodiodes)
and MR-based attenuation correction, and it became commercially available in 2010. It is worth
noting that, in addition to anatomical information, MRI also provides functional information such as
diffusion-weighted imaging (DWI), blood level oxygen-dependent (BOLD) imaging in functional MRI
(fMRI), T1/T, mapping, perfusion imaging and spectroscopy, and dynamic contrast-enhanced (DCE)
imaging. PET and MRI can take reciprocal advantages: MRI anatomical data are useful for correction of
the partial volume effect caused by PET [17], enable motion correction, improve arterial input function
characterization for PET kinetic modeling, and are used as priors in PET iterative reconstruction;
on the other hand, PET provides molecular information and highly sensitive quantification [18].
Furthermore, the simultaneous acquisition of fMRI data and metabolic PET information can investigate
the coupling between metabolic demand and functional activity of the brain, since oxygen and glucose
metabolism are strongly related to cerebral blood flow that delivers O, and glucose to tissues [19].
High resolution and high tissue contrast, as well as multiparametric, functional, and quantitative
imaging, supply complementary information for breast, head and neck [20], liver, musculoskeletal, and
brain tumors [21] and heart [22] imaging. Hybrid imaging spread goes hand in hand with molecular
imaging development, where molecular imaging stands for “in vivo” visualization, characterization,
and measurement of biological processes at the molecular and cellular levels [23,24]. So far, various
molecular imaging modalities were exploited not only for disease diagnosis, stratification, and treatment
assessment [25] but also for image-guided therapy. Molecular imaging involves administration of
imaging probes and detection of signals produced from the probes [26] and plays a key role in
understanding important pathophysiological principles of diseases. In this context, personalized
medicine aims to identify the adequate treatment and control its therapeutic efficacy. Suitable imaging
probes are currently being developed and represent an exciting challenge for chemists and imaging
scientists [27]. In this review, we focus on nanoparticle (NP)-based PET/MRI multimodal tracers in
oncological imaging. A few of them were broadly tested in preclinical studies and show promising
results in tumor detection, staging, and grading.

1.1. MRI Contrast Agents

In imaging, the term “contrast” refers to the capability of distinguishing between two adjacent
structures; a contrast agent (CA) increases image contrast and highlights organs or blood vessels.
The most common CAs used in X-ray or CT are iodinated and produce a direct effect on the image
since they attenuate the X-ray beam, thereby increasing the signal intensity [20]; MRI CAs produce
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an indirect effect as they influence the relaxation times Tq and T, of the neighboring water molecules.
MRI CAs can act by reducing Ty or Ty: the former are called T;-weighted CAs since they reduce the
T; relaxation time and brighten the resulting image, the latter are called T,-weighted CAs since they
reduce T, relaxation time and darken the resulting image [21]. T;-weighted CAs are paramagnetic
lanthanide compounds like gadolinium (Gd®**) and manganese (Mn?*) chelates, while Tr-weighted
CAs are superparamagnetic agents like iron-oxide NPs [22]. CAs acting on both T; and T, relaxation
times are called “dual mode” and are NP-based. MRI CAs available for the clinical practice are reported
in Table 1.

The first requirement for a very efficient CA is a high relaxivity; this parameter indicates the
efficiency in reducing T or T, relaxation time of the surrounding water protons. Paramagnetic metal
ions like Gd3* cannot be used as CAs in their ionic form since their accumulation in specific tissues,
for example, kidneys, liver, spleen, bone marrow, and the lymphatic system [28], causes toxicity. This
challenge can be addressed by using chelators which hide the Gd ion through coordination bonds and
are less likely to release it, conferring thermodynamic and kinetic stability and, therefore, less likely
to induce toxicity. In particular, CAs based on Gd chelates are strongly associated with nephrogenic
systemic fibrosis (NSF) in patients with renal impairment; the disease observed seems to be due
to Gd release by chelating molecules in renal compartments [24]. In addition, recently, they were
demonstrated to also accumulate in brain and kidneys in healthy patients [29,30].

Table 1. Magnetic resonance imaging contrast agents.

Brand Name Active Substance Chemical Molecular Company Current Status
Name Structure
Omniscan Gadodiamide Gd-DTPA-BMA  Linear, non-ionic GE Healthcare Suspended
OptiMARK Gadoversetamide =~ Gd-DTPA-BMEA  Linear, non-ionic Mallinckrodt Suspended
Magnevist Gadopentetic acid Gd-DTPA Linear, ionic Bayer Suspended
MultiHance Gadobenic acid Gd-BOPTA Linear, ionic Bracco Only for liver scans
Primovist Gadoxetic acid Gd-EOB-DTPA Linear, ionic Bayer In use
ProHance Gadoteridol Gd-HP-DOBA Cyclic, non-ionic Bracco In use
Gadovist Gadobutrol Gd-BT-Do3A Cyclic, non-ionic Bayer In use
Dotarem Gadoteric acid Gd-DOTA Cyclic, ionic Guerbet In use

To improve diagnostic efficacy and reduce the nephrotoxic effects, an ideal CA should be stable,
biocompatible, not toxic, and specific; it should remain within the system for a sufficient time to
produce desired effects, such as tumor accumulation for oncological imaging, but should also be
excreted from the body to minimize unwanted effects of foreign materials within body. In addition,
higher relaxivity suggests a lower CA dose in patients. Most CAs currently used (typically small Gd**
ion chelates) lack in specificity because they are confined in the vascular space and do not accumulate
in a specific tissue. It is not a coincidence that, in the last decade, CAs were refined by optimizing the
relaxivity and developing amplification strategies aimed at increasing probe accumulation at the target
site [25]. Moreover, the recent development of molecular and cellular imaging led to the recognition of
NPs as MRI CAs.
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Table 2. Molecular imaging modalities.

Source of Spatial Tissue
Imaging Technique . patia Penetration Sensitivity Agent Ref.
Imaging Resolution
Depth
L Para-(Gd>*) or
Meﬁ;;:t;; re(sl\(/)[;ei;\ce Radio wave 25-100 pm No limit ml\(/;(:a)u M superparamagnetic [31]
81ng (Fe30,) materials
Single-photon emission Radionuclides
computed tomography y-ray 6-7 mm No limit PM (high) (99mTe, 2011, M n, 131, [32]
(SPECT) 1231, 67Ga)
Positron emission Radionuclides
. _ imi i 1811 138 150 1241 64
tomography (PET) y-ray 1-2 mm No limit PM (high) (PEMC, 6&I§\Iéa)O, 1,°*Cu, [33]
Computed tomograph High-atomic-number
P 1 sraphy X-ray 50-200 pwm No limit n.c. atoms (iodine, barium [34]
sulfate)
Ultrasonography (US) Ultrasounds 50-500 pm mm to cm n.c. Microbubbles [35]
Optical fluorescence Visible or In vivo 2-3 mm nM to pM Fluorescent dyes,
. X . . L <l cm X [36,37]
imaging near-infrared light in vitro pum (medium) quantum dots

n.c., not well characterized.

1.2. Nanoparticles

In its first applications, hybrid PET/MRI was realized through the simultaneous administration
of a mixture of MRI and PET probes, resulting in a cocktail of imaging agents causing high risk
for the patient [38]. Additionally, this mixture could not guarantee an exact spatial and temporal
correlation of the two imaging modalities due to the different biodistribution, pharmacodynamic
and pharmacokinetic properties of the imaging agent. To overcome these limitations, nanoparticles
(NPs) were proposed as delivery systems for different imaging agents to obtain bimodal probes for the
simultaneous monitoring of both modalities. NPs are defined as particles with at least one dimension
lying between 1 and 100 nm [39,40]. In recent years, very different NPs such as proteins, polymers,
dendrimers, micelles, liposomes, viral capsids, metal oxides (iron-oxide NPs), zeolites, and mesoporous
silicas were investigated, and very different shapes, such as spheres, cylinders (nanorods), and tubes
were explored [24].

An NP-based PET/MRI bimodal probe constitutes three essential components: a carrier, a PET
tracer usually represented by a positron emitter radioisotope characterized by high sensitivity
(e.g., 8F-fluorodeoxyglucose), and an MRI component (e.g., gadopentetic acid (Gd-DTPA)), providing
high tissue contrast and resolution. The MRI component can either work as a carrier itself (iron-oxide
or gadolinium-oxide NPs) or can be a moiety bound to or entrapped in the carrier (e.g., Gd ions
grafted onto NPs and polymeric matrices or biologically derived nanosized systems like apoferritin
cages [41] and low-density lipoprotein (LDL) particles [42], respectively). Some possible configurations
are reported in Figure 1.

As carriers, NPs offer a number of different design options, and the tailoring of their properties
can be exploited to directly impact the in vivo fate of the resulting probe. Particle size, charge, core
and surface properties, shape, and multivalency are the main features to be finely tuned in order to
achieve a proper in vivo distribution, confer a targeting ability, and reduce toxicity of the NPs [43].
The hydrodynamic size determines the NP fate in the body, since vectors with a mean diameter smaller
than 5 nm are usually eliminated by renal excretion, whereas larger particles (100 nm) are easily taken
up by macrophages [44,45]. NP shape influences the internalization into cells that is relevant in cell
tracking and labeling; for example, rod-like particles present higher internalization rates compared
to spherical particles [46]. This phenomenon can be explained considering its similarity to rod-like
bacterium internalization in nonphagocytic cells [47].
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Figure 1. Multimodal nanoparticles. (A) Multimodal nanoparticle composed by a core (representing the
magnetic resonance imaging (MRI) component) and a shell functionalized with an antibody. The positron
emission tomography (PET) radiotracer is chelated and bound to the spacer. (B) A polymeric
nanoparticle entrapping paramagnetic moieties is represented, where the PET radiotracer is chelated
and bound to the spacer. (C) Liposomal formulation entraps paramagnetic moieties in the aqueous
inner core, while the PET component is covalently linked to the spacer. (D) Liposomal formulation
with paramagnetic ion inserted in the bilayer.

After NP injection into the bloodstream, they are rapidly coated by plasma proteins in a process
called opsonization. The NPs are then recognized by plasma membrane receptors found on monocytes
and macrophages and are, thus, taken up by the body’s main defense system, the reticuloendothelial
system (RES), also known as the mononuclear phagocyte system (MPS). The liver, spleen, and bone
marrow are rich in macrophages, thus becoming the most accessible organs to NPs [48]. For
these reasons, NPs should be coated by adequate materials, to avoid nonspecific uptake by the
RES [48-50] (stealth effect). In general, hydrophilic and neutral surfaces do not tend to interact with
blood components (serum proteins); therefore, they are optimal for minimizing opsonization and
clearance [51,52]. Since neutral polymers have no functional groups (amine, carboxyl, or hydroxyl) for
ligand linkage, a further step of functional group activation is often mandatory. Another coating strategy
employs hydrophilic bifunctional materials such as biphosphonate [53] or aluminum hydroxide [54].
NPs with biocompatible coating layers such as polymers (polyethylene glycol (PEG)), dendrimers,
polysaccharides (dextran and chitosan), and polypeptides (serum albumin) can have enhanced
properties including better stability in terms of agglomeration, biocompatibility, and solubility in water,
along with low toxicity. The most used coating polymers are dextran, chitosan and, above all, PEG [41].
PEG is a hydrophilic, water-soluble, biocompatible polymer widely used to reduce opsonization and
increase circulation time from seconds or minutes up to hours [55]. It is important to notice that surface
modifications may have an impact on the superparamagnetic properties of iron-oxide NPs; for this
reason, coating materials must be carefully chosen [56]. In particular, the nature and the thickness
of the coating affect relaxivity. A more hydrophilic coating material results in more water molecules
being retained for interacting with the magnetic centers; on the other hand, a thicker coating results in
more protons being shielded from the magnetic field [57].

NP delivery to malignant cells can be achieved through both passive and active targeting. Passive
targeting is due to the enhanced permeability and retention effect (EPR); since tumor vessels have
larger fenestrations, the vascular permeability is higher, and NPs can easily extravasate in tumor
tissue. Moreover, the inefficient lymphatic drainage contributes to NP retention in the tumor interstitial
space [58]. Even though non-targeted NPs can accumulate in the tumor region due to the EPR effect,
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the lack of efficient lymphatic drainage generates an increase in interstitial pressure and, consequently,
a drop in pressure gradient between the vessel and the extracellular space, causing nanoparticle
stacking around the vessel wall [44,59]. For these reasons, there is a need for the development of NPs
capable of efficiently and specifically targeting tumor cells [27]. The high NP surface-to-volume ratio
helps to overcome this limitation since the NP surface can be functionalized through target-specific
moieties that allow an active targeting of cancer cells.

Finally, multivalence refers to the ability to bind different imaging probes, targeting ligands,
and therapeutic formulations. This feature is very important for multimodal and molecular imaging
where a significant number of targeting probes are needed to track a specific biological path.

1.3. Radiolabeled Nanoparticles

Tracers currently used in clinical practice are labeled using positron emitters with a relatively low
half-life time ranging from 2.037 to 109.8 min. Most of the radionuclides used for labeling are produced
via a cyclotron. It generates a beam of accelerated protons and deuterons that are used to irradiate
a target (e.g., "*N; gas, 2’Ne gas, 180 water or gas), thereby giving the desired radioisotope through
anuclear reaction. Table 3 shows the main radionuclides with related half-life time, the average energy
of positron (%), and means of production.

Table 3. Principal radionuclides and related features.

Electronic Emission

Radionuclide Half-Life Time * Production
Energy 3+
¢ 20.385 min 386 keV Cyclotron
BN 9.965 min 492 keV Cyclotron
150 12224 s 735 keV Cyclotron
18F 109.77 min 250 keV Cyclotron
%4Cu 12.701 h 655 keV Cyclotron or reactor
%8Ga 67.629 min 836 and 353 keV ** Generator

* The values were obtained from the database of the National Nuclear Data Center (NNDC) at Brookhaven National
Laboratory, Upton NY, USA. ** Mean energy of the 3 spectrum.

In PET clinical applications, 18F is one of the most suitable radionuclides for radiotracer synthesis
since 97% of isotope decay is via positron emission [60], with a fairly low energy of positron
emission (maximum 0.635 MeV) and an optimal half-life of 109.8 min, which is considered acceptable
for chemical syntheses and favorable when investigating biological processes with a time frame
longer than 100 min [61]. '8F-based radiotracers are essentially synthesized through two reactions:
nucleophilic substitution or electrophilic substitution. Frequently, 18F is introduced to replace hydrogen
in biomolecules. However, in terms of size, the van der Waals radius of 18F (1.47 10\) is closer to oxygen
(1.52 A) than that of hydrogen (1.20 A) [62]; thus, '8F is generally obtained starting from water enriched
with 80 through a nuclear reaction like ¥O(p, n)!®F.

PET radiotracers for cancer diagnosis can be grouped based on their target mechanism as follows:

e  Radiotracers for the evaluation of glucose metabolism, such as fluorodeoxyglucose (FDG);

e Radiotracers for cell proliferation, such as 8F-fluorothymidine (FLT);

e  Radiotracers for the evaluation of vascular perfusion, which include 150-water and 3 N-ammonia;
e Radiotracers for the evaluation of hypoxia, such as ®F-fluoromisonidazole (FMISO).

Other widely used radionuclides are ®®Ga and ®*Cu. In particular, **Cu is gaining increasing
interest for its theranostic potential [63]; during its decay, it emits both positron and Auger electrons
allowing for both PET imaging and internal targeted radiation therapy. Indeed, Auger-emitting
radionuclides that localize in the nucleus of tumor cells demonstrate a potential for cancer therapy.
However, their biological effect is critically dependent on their sub-cellular (and sub-nuclear)
localization [64] and on the DNA topology [65].
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The chemical structures of the most common radiotracers are reported in Figure 2.
NP radiolabeling with the abovementioned tracers can be achieved through different techniques.
In the literature, the four following main strategies are reported [66]:

1.  Complexation reactions of metallic radioisotope ions through coordination chemistry with the
use of chelators;

2. Direct NP bombardment;

3. NP synthesis from radioactive and non-radioactive precursors;

4. Post-synthesis NP radiolabeling without the use of chelators.

OH HaC.
| NH
H O H /g

["*F]-Fluorodeoxyglucose (FDG) ["*F]-Fluorothymidine (FLT)

OH
NH.
HO, 2
Ho e
FIB
["F]-Fluoromisonidazole (FMISO) ["*F]-Fluoro-L-DOPA (FDOPA)
o
Y OH
= HO. -
18 NH, \/\/N\/\'BF
"o HiC” “CHy
["F]-Fluoroethyl-L-tyrosine (FET) ["*F]-Fluoromethylcholine (FMC)

Figure 2. Chemical structure of fluorine-based radiopharmaceuticals.

The coordination chemistry approach is the most used since radioisotopes can be chelated by
different molecules that are covalently bound directly to the NP surface. A strong linkage between
the chelator coordinating the radioisotope and the NP surface is desired to assure the stability of the
radiolabeling. It is worth noting that many exogenous chelators can currently only coordinate with
certain radioisotopes, meaning that an effective chelator-based radiolabeling requires the selection of
the best chelator for the isotope of interest [67]. In addition, the choice of the chelating agent should be
such to minimize in vivo transchelation.

New chelators for metallic radioisotopes were recently synthesized, including tetradentate acyclic
chelators such as PTMS, esadentate acyclic chelators such as ethylenediaminetetraacetic acid EDTA
or DTPA, and macrocyclic chelators such as 1,4,7-triazacyclononane-N,N’,N”-triacetic acid (NOTA)
and 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid DOTA [68], whose chemical structures are
presented in Figure 3.

Recently, Laverman et al. reported the possibility of 8F chelation through an “Al-8F” complex,
which carries out a coordination bond with the macrocyclic chelator NOTA [69].

Direct bombardment is achieved by direct irradiation of inorganic NPs with protons and neutrons
to obtain radiolabeled NPs. Perez-Campana et al. demonstrated the nuclear reaction 16O(p, o)®N on
Al,O3 NPs, where the radioisotope is incorporated in the inorganic NPs without any modification of
the particle surface and morphology. Moreover, they demonstrated the stability of the radiolabeling
by monitoring the in vivo signal after NP intravenous (i.v.) injection [70]. The main limitation
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of this approach is related to its application to functionalized NPs; the irradiation procedure may
induce damages to the organic molecules conjugated onto the NP surface, causing the loss of their
biological activity.

HOOC

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) Three-dimensional structure of DOTA

HDOC/\NW

HOOC

1,4,7-Triazacyclononane-1,4,7-triacetic acid (NOTA) Three-dimensional structure of NOTA

Figure 3. DOTA and NOTA chelators: chemical and three-dimensional structures. 14,7-
triazacyclononane-N,N’,N”-triacetic acid (NOTA) and 1,4,7,10-Tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA).

An alternative approach is the synthesis of radioactive NPs starting from radioactive and
non-radioactive precursors. **Cu is the most widely used radioisotope for this strategy thanks to
which both organic and inorganic NPs can be obtained as liposomal 64Cu, [#4Cu] CuS, or [**Cu]
CuFe30y4 [71-73]. However, high temperatures and elevated incubation times are required for their
production; thus, radiocontamination problems may arise.

Finally, post-synthesis NP radiolabeling seems to be a very promising chelator-free approach.
However, both NP properties and chemical and physical interactions between NPs and the radioisotope
have to be carefully taken into account. As an example, Chakravarty et al. produced a probe for
dual MRI/PET imaging by 9Ge radiolabeling of superparamagnetic iron-oxide NPs (SPIONs). They
were realized by exploiting the unique interaction between the NP surface and the radiotracer contact,
overcoming all the limitations associated with the complex ®Ge coordination chemistry of traditional
chelator-based methods [74].

Moreover, by exploiting the ability of some radiotracers to emit & and {3 particles, radiolabeled
NPs can be used for radiation therapy in theranostic applications. These radiotracers, indeed, generate
ionization in the atoms (mostly in water molecules), with the formation of free radicals and consequent
damage to cellular DNA. As an example, liposomes containing x-emitters are widely described in
the literature for their ability to improve the radionuclide circulation time and mediate its interaction
with the biological environment [75-77]. Through this approach, it is possible to improve the ratio
between radiation dose to tumor and normal tissues. Secondly, because of a better time to circulate,
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these formulations cause larger concentrations to diffuse within the tumor tissue and may, therefore,
provide a less heterogeneous tumor dose [75].

1.4. PET/MRI Nanoparticles and Preclinical Applications

NPs were extensively studied at a preclinical level as imaging probes for dual MRI/PET tumor
imaging. According to the chemical composition of the core, NPs can be classified into inorganic and
organic [78]. Inorganic NPs recently gained significant attention due to their unique physical and
chemical properties. In particular, their chemical inertness, good stability, and the easiness of surface
functionalization make inorganic NPs attractive for imaging of malignant tumors. However, their
toxicity remains the main concern; it was demonstrated that iron-oxide NPs entering into cells through
endocytosis show high toxicity because of their accumulation in endo-lysosomal compartments [59].
The most used carriers of this category are iron-oxide NPs and silica NPs. Common nanoconstructs
are shown in Figure 4.

Figure 4. Typical nanocarriers: (from left) superparamagnetic iron-oxide nanoparticles, silica-based
nanoparticles, liposomes, micelles, polymeric nanoparticles, and dendrimers.

1.4.1. Iron-Oxide Nanoparticles

Magnetic iron-oxide NPs, typically magnetite Fe304 and maghemite, y Fe,Os, are broadly
employed in MRI imaging especially for the liver, spleen, and bone marrow due, to their ability to
shorten T, and T,* relaxation times. According to their size, they can be categorized into micrometer-sized
paramagnetic iron oxide (MPIO) (several micrometers), superparamagnetic iron oxide (SPIO) (hundreds of
nanometers), ultrasmall superparamagnetic iron oxide (USPIO) (below 50 nm) [79], and mono crystalline
iron oxide (MION) (representing a subset of USPIO ranging from 10 to 30 nm) [78,80].

The most common method for SPIO and USPIO synthesis is the reduction and coprecipitation
reaction of ferrous and ferric salts in a basic aqueous media [81-83]. Resulting NPs are generally
polydisperse and poorly crystalline; therefore, other preparation methods are often preferred, such as
thermal decomposition and microwave synthesis [17]. Bare NPs are prone to agglomeration due to their
high surface energy. In order to improve both colloidal and chemical stability, many polymeric coating
materials were proposed, such as dextran, carboxymethylated dextran, carboxydextran, chitosan, starch,
PEG, heparin, albumin, arabinogalactan, glycosaminoglycan, sulfonated styrene-divinylbenzene,
organic siloxane, polyvinyl alcohol, poloxamers, and polyoxamines [84,85]. In addition, the polymeric
corona is able to protect iron-oxide NPs, preventing erosion at acidic pH, lowering cytotoxicity [63].
The coating can be performed during the co-precipitation process, with the synthesis of the NPs
occurring simultaneously to its coating [86,87] or post-synthesis, with the coating realized after the
synthesis of the NPs [88,89]. Surface coating is a key factor for NP bioconjugation to biological
ligands such as peptides or antibodies; therefore, it represents clinical potential for cancer imaging.
Nevertheless, iron-oxide NPs have some important drawbacks. First of all, they act as negative contrast
and, after administration, there is a loss of signal that makes medical evaluation less easy compared
to Ty CA brightness. Moreover, the high susceptibility causes distortion artefacts and reduces the
contrast-to-noise ratio [79]. Gd-based T; agents are the most extensively and clinically used. Alloy
materials were investigated to obtain more efficient T CAs because they are endowed with higher
magnetic anisotropy [69], crystallinity, and relaxivity; thus, various bimetallic ferrite NPs named
magnetic engineered iron-oxide NPs, such as CoFe;O4, MnFe,Oy, and NiFe,Oy4, were tested [90].
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There are several commercially available superparamagnetic iron-oxide NP formulations such as
Feridex (Berlex,, Hanover, NJ, USA), Endorem (Guerbet, Villepinte, EU), and Resovist (Schering, EU,
Japan). They are mostly used for liver and spleen tumors diagnosis [91], and the coating polymers
are dextran for Feridex and Endorem, and an alkali-treated low-molecular-weight carboxydextran
for Resovist [92]. Many preclinical studies were conducted to assess the iron-oxide NP potential as
PET/MRI probes for cancer imaging exploiting both passive targeting (for lymph node mapping) and
active targeting strategies (mainly through RGD (Arg-Gly-Asp) conjugation).

Thorek and coworkers [93] prepared 89Zr radiolabeled iron-oxide NPs (ferumoxytol) to visualize
the axillary and brachial lymph node drainage in healthy wild-type mice. In detail, the iron-oxide core
was surrounded by a semisynthetic polysaccharide coating of polyglucose sorbitol carboxymethylether,
and desferrioxamine was used as a chelator. In the same study [93], after intraprostatic administration
in Hi-Myc transgenic mice bearing invasive prostatic adenocarcinoma, PET/MRI imaging delineated
draining nodes in the abdomen and the inguinal region, in addition to prostatic ones.

In 2019, Madru et al. [94] proposed a new, time-efficient, chelator-free conjugation of %4Cuy on
PEGylated SPIONSs for PET/MRI detection and localization of sentinel lymph nodes (SLNs) in C57BL/6]
mice. The stability of radiolabeling up to 24 h and NP accumulation in the SLN were demonstrated
through a biodistribution study. Lymph nodes metastases are important markers for cancer staging
and treatment, and their localization can be useful in presurgical planning.

Xie and colleagues [95] encapsulated iron-oxide NPs, after modification with dopamine, into
human serum albumin (HSA) matrices and labeled them with Cy5.5 dye and *Cu-DOTA. NPs were
injected into a US7MG xenograft mouse model; PET and NIRF imaging showed a higher signal-to-noise
ratio compared to MRI because of their higher sensitivity. On the other hand, MRI scans post NP
injection showed a clear inhomogeneous distribution thanks to their high spatial resolution. These
findings were confirmed by histological studies. The HSA shell conferred prolonged circulation time
and lower macrophage uptake rate. Such NPs are suitable for theranostic applications if co-loaded
with drug molecules.

An active targeting probe was developed by Lee and coworkers [96] who conjugated RGD to
64Cu radiolabeled iron-oxide NPs. As a coating material, polyaspartic acid was chosen since it exposes
both carboxyl groups interacting with NPs and amine groups useful for DOTA and RGD conjugation.
Imaging was performed on a U87MG mouse model, and both PET and MRI confirmed that the
accumulation of NPs was mediated by a3 integrin binding. Kim and colleagues [97] injected ®Ga
labeled iron-oxide NPs into BALB/c nude mice bearing colon cancer (HT-29) cells, using oleanolic acid
as a tumor-targeting molecule. This ligand was shown to inhibit colon cancer cell proliferation, as
well as induce apoptosis and cancer cell death. Binding assays and histological studies confirmed the
tumor uptake of NPs thanks to oleanolic acid affinity for HT-29 cancer cells. PET/MRI scans provided
high-quality images and precise quantification of the tumor area.

1.4.2. Silica-Based Nanoparticles

Silica-based NPs are widely applied in drug delivery, bio-imaging, and cell targeting as they are
considered an ideal biocompatible matrix to integrate imaging probes. There are two major classes
of silica-based NPs: solid (SiNPs) and mesoporous (MSNs). SiNPs are extensively used as optical
imaging agents, while MSNs are often used in CT, MRI, PET, molecular, and multimodal imaging.
MSNss are synthesized by a surfactant templated sol-gel method [98] and have attractive properties
such as an extremely large surface area, a tunable structure in terms of size, morphology, and porosity,
and ease of functionalization through synthetic approaches [99]. In bimodal PET/MRI imaging, MSNs
are used as a coating material for metallic NPs or as carrier for MRI CAs and PET radioisotopes.
CAs can be encapsulated in channels and protected from the environment, together with drugs or
genes for theranostic purpose. A porous silica shell improves MRI contrast enhancement since the
pores allow intimate contact between water molecules and the iron-oxide NPs [100]. We report two
examples of MSNs in PET/MRI for cancer imaging. Burke and colleagues [101] described silica-coated
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iron-oxide-based nanorods radiolabeled with ®8Ga. In detail, nanorods were coated with various
ratios of a siloxane-terminated tetraazamacrocycle (siloxane-DO3A) and a siloxane PEG derivative.
Nanorods offer some advantages over nanospheres such as improved T, MRI contrast and direct
uptake in the liver via phagocytosis. Moreover, thanks to the silica coating, a macrocyclic chelator
for highly stable radiolabeled nanoconstructs was not required. Huang and coworkers [102] reported
a mesoporous silica-based triple modal imaging nanoprobe to map and track tumor metastatic sentinel
lymph nodes (T-SLNs). In this system, three imaging probes including near-infrared (NIR) dye ZW800,
T; CA Gd-DTTA, and the positron-emitting radionuclide 64Cu were integrated into MSNs via different
conjugation strategies. PET and MRI imaging probes were located on the surface and in the mesoporous
channel of NPs. A faster uptake rate and higher uptake of the multifunctional MSN probes were
observed in T-SLNs compared with normal SLNSs, confirming the feasibility of these MSN probes as
CAs to map SLNs and identify tumor metastasis. Images revealed that NP accumulation in T-SLNs
was much higher than in normal controlateral SLNs (N-SLNs), where almost no signal was observed.

1.4.3. Organic Nanoparticles

Over the last decade, a number of organic NPs, such as dendrimers, polymeric micelles, liposomes,
and proteins were used in various applications for cancer diagnosis. These organic NPs carry imaging
moieties such as radionuclides and show potential for tumor diagnosis [78]. Liposomes are spherical
phospholipid bilayers similar to a cell membrane. Phospholipids are amphiphilic molecules as they
have a hydrophilic head group and two hydrophobic tails; thus, they present an inner aqueous
compartment that can encapsulate hydrophilic molecules, while hydrophobic agents can be inserted in
the lipid shell. Liposomes can be classified by size or by the number of bilayers. In fact, they can also
present more than one bilayer; these multilamellar constructs are characterized by an onion structure
where each bilayer of phospholipids is separated from the adjacent by a water layer [82]. Among
the various protocols for preparing liposomes with different size and number of layers, the most
established are based upon sonication and extrusion [82]. Functional moieties can be attached on
the bilayer membrane surface. They are biocompatible, non-toxic, and biodegradable, and they are
extensively used for drug delivery. After PEGylation, the blood circulation time of liposomes can be
prolonged for sustained release or targeted delivery of imaging and therapeutic agents [44]. Liposomes
can exploit the EPR effect or active targeting with antibodies, peptides, and vitamins to reach cancer
cells [103]. To date, several liposomal formulations were approved for cancer therapy, mainly loaded
with doxorubicin, and treatment of infections such as fungal infections; a few anticancer-loaded
liposomes are currently undergoing clinical trials [104].

In MRI imaging, liposomes can be used as a coating material to prevent iron-oxide NPs from
aggregating and to target tumor cells. They are an excellent platform for multimodal imaging
and theranostic application. As an example, Malinge et al. [85] realized magnetic liposomes by
incorporation of iron-oxide NPs in the liposomal aqueous core. Liposomes were radiolabeled through
a %Ga-based radiotracer allowing a dual-modality tracking of particle in vivo distribution through
MRI and PET imaging; in addition, glucose was grafted onto the NP surface. On U87MG-bearing mice,
the magnetic characteristic of the liposomes and the superficial presence of the glucose enabled a dual
tumor-targeting mechanism. Through an external magnet, particles were driven in the tumoral region,
and the Warburg mechanism allowed their preferential interaction with tumoral cells. In addition,
this study confirmed the role of the lipid bilayer in regulating the exchange of water molecules from
the external environment to the aqueous core and the consequent increase of the iron-oxide NPs
relaxivity ry, improving MRI performance. In another study, Li and colleagues [105] constructed
a multifunctional theranostic liposomal drug delivery system; liposomes encapsulated doxorubicin
and were conjugated with Gd-DOTA for MRI and IRDye for near-infrared fluorescence. Liposomes
were also radiolabeled with *™Tc and ®#Cu for SPECT and PET imaging. After intratumoral injection,
MR images displayed, with high resolution, the micro-intratumoral distribution of the liposomes in
squamous cell carcinoma of head and neck tumor xenografts in nude rats. NIR fluorescent, SPECT,
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and PET images confirmed MRI findings. In addition, these multifunctional liposomes have the
potential for the accurate monitoring and in vivo delivery of liposomal chemotherapeutic drugs or
therapeutic radionuclides such as '*Re/'®8Re. Mitchell et al. [106] prepared liposomal formulations
with short n-ethylene glycol spacers of varying length; multifunctional imaging was gained through
a chelator (DOTA) in the head group of lipids, thereby chelating Gd?* for MRI, "In for SPECT,
and *Cu for PET. Compared to conventional PEG shielded liposomes (DSPE-PEG2000), this system
showed good cellular internalization in tumor cells and similar distribution and blood half-lives. Abou
and colleagues [107] radiolabeled preformed paramagnetic (Gd) liposomes with 8 Zr (positron emitter).
The authors used a chelator-free strategy thanks to the radiometal affinity for the lipid phosphate head
groups; this dual mode CA was conjugated with octreotide to selectively target neuroendocrine tumors
via human somatostatin receptor subtype 2 (S5Tr2). MR and PET images revealed significantly greater
accumulation of octreotide liposomes to SSTr2-expressing cells compared to control liposomes.

Like liposomes, micelles are also characterized by a core/shell structure but, unlike liposomes,
the core can also be hydrophobic while the shell is hydrophilic. Micelles can be made of nonionic
surfactants (surfactant micelles) or of amphiphilic block copolymers (polymeric micelles). In polymeric
micelles, the length of the hydrophilic block exceeds that of the hydrophobic one, thus resulting
in spherical shapes [88]. Polymeric micelles were greatly investigated for delivering hydrophobic
drugs; moreover, they have a smaller size compared to liposomes, and the hydrophilic shell reduces
interactions with macrophages [108]. Because of the hydrophilic nature of CAs, they can be bound
to the hydrophilic blocks or covalently conjugated to the hydrophobic lipid chain in order to be
incorporated into micelles [109]. A special group of polymeric micelles can be synthesized by the
conjugation of water-soluble copolymers with lipids constituting the hydrophobic blocks (such as
polyethylene glycol-phosphatidyl ethanolamine, PEG-PE). The main feature that makes PEG-lipid
micelles attractive for diagnostic imaging applications is their size [88]; in fact, due to the lipid bilayer
curvature limitation, it is not possible to prepare liposomes that are smaller than a certain minimal
diameter (usually, 70-100 nm) [110]. Such a vector was realized by Trubetskoy and colleagues [111];
Gd-DTPA-PE and "In-DTPA-SA were incorporated into 20-nm PEG-PE micelles to visualize lymph
nodes during percutaneous lymphography using gamma scintigraphy and MRI imaging in rabbits.
A recent study by Starmans et al. [112] provided a PET/MRI dual imaging polymeric micellar system
consisting of self-assembling amphiphilic diblock copolymers functionalized with 8°Zr deferoxamine
and Fe3* deferoxamine. In vivo PET and MRI images clarified tumor visualization thanks to the EPR
effect. However, both liposomes and micelles are unstable, especially in the presence of serum, and,
for this reason, many authors crosslink them to achieve better stability [94,95].

Dendrimers are a group of highly branched spherical polymers with a tree-like internal structure.
They are characterized by an inner core surrounded by a number of branches called generations.
Depending on the number of generations, they vary in size and molecular weight. CAs or drugs
can be encapsulated in the inner spaces or anchored on the external terminations [113]. To date,
dendrimers as dual modal agents are used for MRI and fluorescence [114,115], optical imaging and
nuclear medicine [116], CT, and MRI [117].

However, few studies on positron-emitting radionuclide-labeled dendrimers were
reported [118,119], and when such dendrimer platforms are used to develop PET/MRI or SPECT/MRI
agents, it is challenging to achieve precise control of radioisotope loading into specific chelating
moieties [120]. Indeed, to our knowledge, studies about dendritic formulations for combined PET/MRI
remain to be published.

In recent years, the biomimetic approach gained increasing interest in the scientific community,
and many scientists are trying to mimic what naturally occurs in the body in order to obtain more
biocompatible and biodegradable materials for medical applications. The crucial idea behind the
biomimetic approach is that a biopolymer naturally occurring in living organs can be modified for
diagnostic and therapeutic purposes, improving probe efficiency and reducing immunogenicity and
inflammatory potential. Biological polymers such as alginate, hyaluronic acid, and chitosan, as well
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as proteins, antibodies, enzymes, lipoproteins, and viral capsids (protein cages), are becoming very
attractive for diagnostic and therapeutic applications [121].

Maham et al. synthesized engineered platforms for drug delivery systems of different types
and shapes (NPs, microspheres, films, minirods, hydrogels) using gelatin, albumin, collagen, elastin,
ferritin/apoferritin, gliadin, casein, zein (corn protein), whey protein, and soy protein [103] highlighting
promises and challenges.

Vecchione et al. [122] proposed a fully biocompatible platform for dual MRI/PET imaging with
improved relaxometric properties. The core-shell nanocarriers made of chitosan and hyaluronic acid
entrapped Gd-DTPA, boosting its relaxometric properties up to five times, and carried the adsorbed
I8F-FDG without any modification of both FDA-approved CAs.

Fan and coworkers [123] produced a water-soluble melanin NP formulation; this system, after
PEGylation, naturally bound ®*Cu and Fe3* for PET and MRIimaging, and its surface was functionalized
with RGD. Shukla et al. [124] proposed a virus-based synthesis, where bacteriophages and plant viruses
were used as a scaffold to carry '8F and iron oxide or Gd®*. These virus-based NPs resulted homogenous
and monodisperse, representing a promising delivery system for CAs. However, there are still several
open concerns related to their immunogenicity and loading efficiency. In Table 4, a comprehensive
overview of nanoparticulate constructs used in PET/MRI imaging and related properties is provided.

Table 4. Overview of multimodal PET/MRI nanoparticles.

Nanostructure MRI PET Chelator Other Biological Target Ref.
Component Component

Bacteriophages/plant viruses Tron oxide/Gd>* 18p Passive targeting [124]
Hyaluronic acid + chitosan Gd-DTPA IBE-FDG No chelator Passive targeting [122]

Iron oxide + ligands . 1 .
(-NH, -COOH) Iron oxide C No chelator Passive targeting [125]
Iron oxide + micelle + PEG Iron oxide #4Cu DOTA Passive targeting [126]
Iron oxide + dextran Iron oxide 6cy DTCBP Passive targeting 53]
Iron oxide + HSA Iron oxide 64Cy DOTA Cy5.5 Passive targeting [95]
Iron oxide + mannose Tron oxide %Ga NOTA Passive targeting [127]
Iron oxide + micelle + PEG Iron oxide %8Ga NOTA Oleanolic acid 971
Iron oxide + PASP Iron oxide %4Cy DOTA RGD * [96]
Iron oxide + PEG Iron oxide %4Cu NOTA Au Anti EGFR affibody [128]
Iron oxide +I£’ELC(?A * lipids + Iron oxide #Cu DOTA Passive targeting [129]
Iron oxide + polyglucose Iron oxide 897r Desferrioxamine Passive targeting 93]
Iron oxide + PEG Iron oxide ®iCu No chelator Passive targeting [94]
Iron oxide + silica + PEG Iron oxide %Ga DO3A Passive targeting [101]

External magnetic field +
; i 68, g

Liposome ITron oxide Ga NODA Glucose Warburg effect [130]
Liposome Gd-DTPA 897y no chelator Octreotide [107]
Liposome Gd 3 #Cu DOTA IRD}::;;[:‘)}ZNMCI Passive targeting [105]
Liposome + nEG spacer Gd 3 ®iCu DOTA M-fluorescein Passive targeting [106]
Melanine NP + PEG Fedt %4Cy No chelator RGD * [123]
Mesoporous silica NP Gd** ®iCu DOTA ZW800 Passive targeting [102]
Micelle Fe3* 897r Desferrioxamine Passive targeting [112]

. . MnMEIO/iron 18 No . .
MnMEIO/iron oxide + Al(OH)3 oxide F/MCu chelator/DTCBP Passive targeting [54]
MnMEIO + SA MnMEIO 1241 No chelator Passive targeting [131]
Silica NP Gd3+ %Ga DOTAGA/NODAGA Passive targeting [132]

*HSA = human serum albumin; RGD = Arg-Gly-Asp; PEG = polyethylene glycol; PLGA = polylactic-co-glycolic
acid; nEG = n-ethylene glycol spacers; MnMEIO = Mn-doped magnetism engineered iron oxide;
PASP = polyaspartic acid; DTCBP = dithiocarbamatebisphosphonate; EGFR = epidermal growth factor receptor;
NOTA = 1,4,7-triazacyclonane-1,4,7-triacetic acid; DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid; DOTAGA = 1,4,7,10-tetraazacyclododecane-1-glutaric anhydride-4,7,10-triacetic acid; NODAGA =
2,2'~(7-(1-carboxy-4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-oxobutyl)-1,4,7-triazonane-1,4-diyl) diacetic acid; DO3A =
1,4,7-tris(carboxymethylaza)cyclododecane-10-azaacetylamide. FDG = fluorodeoxyglucose.

2. Conclusions and Perspectives

Molecular imaging and multimodal imaging are current topics extensively investigated by
researchers and scientists. Since each diagnostic modality presents advantages and drawbacks,
no single technique is able to provide a comprehensive overview of morphological, functional,
and metabolic processes underlying tumors. Thus, a deep analysis was conducted on hybrid imaging,
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and several multimodal scanners are now routinely used in clinical practice among which PET/CT
and PET/MRI are the most popular. The complementary information simultaneously obtained by
PET and MRI offers new insights into disease diagnosis and treatment. As an example, dynamic
contrast-enhanced MRI and PET with perfusion tracers are used to assess the tumor perfusion. A dual
CA in a single probe allows a really simultaneous acquisition, and the co-localization of the two CAs
guarantees a temporal and spatial correlation of the two imaging modalities. NPs can be used in
PET/MRI as CAs for cancer imaging and, in order to gather anatomical and pathological information,
their features must be properly adjusted: size, shape, charge, coating, and multivalency. Nevertheless,
active targeting opened new pathways through the possibility of NP accumulation at the pathological
site and, therefore, quantification is possible also on low-sensitivity techniques such as MRIL. The impact
of this approach can also be huge in the theranostic field since cancer imaging, diagnosis, and
characterization can be used to gather important information about drug release, efficient therapy, and
monitoring of response to treatment. Ideal candidates for a specific treatment could be so individuated,
and personalized medicine can offer better results and faster healing. Even though, in the last few
years, a variety of multimodal probes were produced, only few of them are approved for clinical use.
Many challenges must be solved to promote NP clinical translation for both diagnostic and theranostic
purposes. A multidisciplinary approach is necessary in order to focus on diagnostic applications and
understand biomolecular processes at the basis of several pathologies. We expect that prevention, early
diagnosis, patient management, and treatment could be improved such that a single performance can
provide a comprehensive examination from which all essential parameters can be derived. In this
perspective, multimodality plays a key role, and NPs can display their potential.
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