
Prediction of Anti-cancer Nanotherapy Efficacy by 
Imaging

Citation
Miller, Miles A., Sean Arlauckas, and Ralph Weissleder. 2017. “Prediction of Anti-cancer 
Nanotherapy Efficacy by Imaging.” Nanotheranostics 1 (3): 296-312. doi:10.7150/ntno.20564. 
http://dx.doi.org/10.7150/ntno.20564.

Published Version
doi:10.7150/ntno.20564

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:34492317

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:34492317
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Prediction%20of%20Anti-cancer%20Nanotherapy%20Efficacy%20by%20Imaging&community=1/4454685&collection=1/4454686&owningCollection1/4454686&harvardAuthors=67d513462424040081312d053a2c6b7e&department
https://dash.harvard.edu/pages/accessibility


Nanotheranostics 2017, Vol. 1 
 

 
http://www.ntno.org 

296 

 

NNaannootthheerraannoossttiiccss  
2017; 1(3): 296-312. doi: 10.7150/ntno.20564 

Review 

Prediction of Anti-cancer Nanotherapy Efficacy by 
Imaging 
Miles A. Miller1, 2, Sean Arlauckas1, Ralph Weissleder1, 2, 3  

1. Center for Systems Biology, Massachusetts General Hospital, USA; 
2. Department of Radiology, Massachusetts General Hospital, USA; 
3. Department of Systems Biology, Harvard Medical School, USA. 

 Corresponding author: rweissleder@mgh.harvard.edu 

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license 
(https://creativecommons.org/licenses/by-nc/4.0/). See http://ivyspring.com/terms for full terms and conditions. 

Received: 2017.04.13; Accepted: 2017.05.27; Published: 2017.07.06 

Abstract 

Anticancer nanotherapeutics have shown mixed results in clinical trials, raising the questions of whether 
imaging should be used to i) identify patients with a higher likelihood of nanoparticle accumulation, ii) 
assess nanotherapeutic efficacy before traditional measures show response, and iii) guide adjuvant 
treatments to enhance therapeutic nanoparticle (TNP) delivery. Here we review the use of a clinically 
approved MRI nanoparticle (ferumoxytol, FMX) to predict TNP delivery and efficacy. It is becoming 
increasingly apparent that nanoparticles used for imaging, despite clearly distinct physicochemical 
properties, often co-localize with TNP in tumors. This evidence offers the possibility of using FMX as a 
generic “companion diagnostic” nanoparticle for multiple TNP formulations, thus potentially allowing 
many of the complex regulatory and cost challenges of other approaches to be avoided. 

Key words: dextran-coated iron oxide nanoparticle, magnetic resonance imaging, enhanced permeability and 
retention effect, nanomedicine, personalized medicine, tumor associated macrophage. 

Introduction 
Therapeutic nanoparticles (TNP) have been 

developed to deliver anticancer drugs more safely 
and effectively to various types of cancer. Many 
cytotoxic anticancer drugs exhibit poor 
pharmacokinetic profiles and low solubility, often 
requiring administration through prolonged 
intravenous infusion and the use of harmful 
solubilizing agents. The high peak concentrations of 
drug and solvent that result from intravenous 
injection can exacerbate systemic toxicities. To 
address this issue, drug encapsulation into 
nanoparticle (NP) carriers such as liposomes, micelles 
and polymeric NP, offers the possibilities of 
continuously releasing drug as the NP circulate over 
extended time periods and avoiding harsh solvents 
[1–5]. Decades of research have demonstrated the 
potential for therapeutic nano-encapsulation to 
improve drug safety while maintaining or even 
improving efficacy, leading to regulatory approval of 
several TNP for clinical use. Examples include 

nanoformulations of the DNA-damaging 
anthracycline drugs doxorubicin (Doxil, Myocet, 
Caelyx) and daunorubicin (DaunoXome); the 
microtubule-targeting drugs vincristine (Marqibo) 
and paclitaxel (Abraxane, Genexol-PM); the 
topoisomerase I inhibitor irinotecan (Onivyde); and 
the DNA-damaging antibiotic neocarzinostatin 
(SMANCS). Co-encapsulation of multiple drugs 
allows controlled treatment with synergistic drug 
combinations, exemplified by the liposomal 5:1 molar 
ratio formulation of cytarabine and daunorubicin 
(Vyxeos; Phase III trials completed). Beyond cytotoxic 
chemotherapy, nano-encapsulation has also been 
used to efficiently deliver immune-stimulating drugs, 
for example as with mifamurtide (Mepact) and its 
muramyl tripeptide payload that binds the pattern 
recognition receptor NOD2. Several more TNP are 
undergoing development in ongoing clinical trials 
[5, 6]. 

Although chemotherapy nano-encapsulation 
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often reduces some of the side-effects observed with 
the un-encapsulated drug [3, 7], the impact on efficacy 
has been less clear in some cases [8–11]. Impressive 
efficacy has been achieved in recent trials for blood 
cancers such as acute myeloid leukemia [12], but 
findings in solid tumors have been more 
heterogeneous when comparing un-encapsulated and 
encapsulated formulations. This is especially 
problematic considering most FDA-approved TNP 
are indicated for solid tumors, including breast, 
ovarian, pancreatic, lung, and liver cancers. A 
meta-analysis of 14 clinical trials compared liposomal 
and conventional chemotherapy efficacy across >2,500 
patients, finding no substantial difference in objective 
response, overall survival, and progression-free- 
survival [8]. This clinical experience contrasts with 
most studies using animal tumor models, where TNP 
superiority is typically reported [8, 13]. Consequently, 
these results raise the questions: what is driving 
heterogeneous patient response to TNP in solid 
cancers, and how can TNP clinical efficacy be better 
predicted?  

Beyond merely improving drug safety, TNP are 
thought to improve efficacy through the enhanced 
delivery to solid tumors. Due to their size and other 
physicochemical properties, NP may passively 
accumulate in tumor tissue due to a variety of factors 
that are collectively known as the “enhanced 
permeability and retention” (EPR) effect [14, 15] or 

“tumor cell endocytosis” in earlier literature [16, 17]. 
In principle, disrupted and leaky tumor endothelium, 
high amounts of tumor-associated phagocytic 
immune cells, and dysfunctional lymphatic drainage 
all may contribute to the EPR effect that governs TNP 
delivery. Most data describing large EPR effects come 
from rapidly progressing mouse models of cancer, 
and particularly subcutaneous xenografts. Yet it is 
evident that many tumors in the clinic exhibit more 
complex tissue architecture and thus diverse EPR 
behavior. While some tumors may be highly perfused 
by abundant leaky vasculature, others exhibit 
substantial barriers to drug delivery including high 
interstitial fluid pressure, desmoplastic fibrotic 
encapsulation, and poor vascular perfusion (Fig. 1A). 
Several orthotopic and autochthonous tumor mouse 
models better reflect the latter clinical example, 
particularly for pancreatic cancer [18, 19], and have 
revealed how substantially TNP efficacy can be 
impeded by low EPR effects [20, 21]. Consequently, in 
patients, heterogeneous EPR effects across tumors 
may be a large factor in determining the delivery of 
TNP to tumors and the resulting impact on efficacy. 
The ability to observe the EPR effect in patients could 
thus be a useful tool for predicting how a patient will 
respond to TNP, and for determining whether a 
patient should receive TNP or an alternative 
treatment.  

 

 
Figure 1. FMX imaging captures heterogeneous EPR effect in xenografts and patients. A) Schematic of solid tumors exhibiting varying degrees of EPR 
effect. B) Measurements of tumoral FMX accumulation were pooled from previously reported data across multiple xenograft mouse models (including orthotopic 
breast cancer) [22] and tumor lesions in patients [23]. Values were normalized to the average observed uptake in order to calculate coefficient of variation (CV = 
standard deviation / mean). Data are median ± interquartile range. C) Using quantitative FMX-MRI, concentrations of FMX in patient tumors were measured, in most 
cases across multiple metastatic lesions per patient. Patients were ordered according to median value for each tumor type (shown by bars). Figure is modified from 
[23]. 
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Clinical imaging potentially enables direct 
quantitation of the “EPR effect” when diagnostic NP 
are imaged. There are two general principles that 
have been pursued. First, one can label and image the 
TNP itself to observe its uptake into tumors. 
However, this is rarely done in clinical practice, 
because the regulatory and cost challenges can be 
substantial. Second, nano-sized imaging agents in 
clinical use may behave in a sufficiently similar 
manner to TNP so as to successfully enable prediction 
of TNP localization by imaging. Based on the 
hypothesis that the FDA-approved 30-nm magnetic 
NP, ferumoxytol (FMX, Feraheme), could predict 
co-localization of TNP by magnetic resonance 
imaging (MRI), we previously published that 
FMX-MR imaging correlated with uptake of TNP, 
cellular response, and inhibition of tumor growth in 
mouse xenograft models [22]. Subsequent work in the 
clinic has shown promising evidence of correlation 
between FMX imaging and tumor response [23]. FMX 
consequently may serve as a versatile complementary 
diagnostic for selecting patients to receive TNP or 
participate in TNP clinical trials.  

This review focuses on the use of FMX-MRI as a 
surrogate to estimate TNP efficacy in vivo. We first 
focus on the biological properties of FMX, especially 
as observed using high-resolution in vivo confocal 
imaging (intravital microscopy) to understand the 
cellular basis of FMX-MRI enhancement. We then 
summarize key experiments that exemplify how 
FMX-MRI can be used for therapeutic purposes in the 
clinic. 

Physicochemical and imaging properties 
of FMX 

FMX is a product of evolution from earlier iron 
oxide NP, all of which exhibit superparamagnetic 
properties [24] and thus serve particularly well as 
T2-weighted MRI contrast agents. In the mid-1990's 
several first generation MR contrast agents were 
developed for imaging of the mononuclear phagocyte 
system (MPS; alternatively known as the 
reticulo-endothelial system, RES), including resident 
macrophages of the liver (Kupffer cells) [25]. A 
number of these agents were marketed worldwide 
under once-familiar names including Feridex® 
(Endorem®), Resovist® (Cliavist®), and Sinarem® 
(Combidex®). Feridex (Advanced Magnetics) had a 
relatively high polydispersity, large size (diameter 
80-150 nm) and high magnetic relaxivity (R1 = 40 
mM-1s-1; R2 = 160 mM-1s-1; 0.47T /37oC). Towards the 
end of the 2000’s, manufacturers ceased commercial 
production of these agents due to lack of sales and 
clear clinical indications. 

The addition of more extensive dextran coating 

to iron oxide NP enhances their in vivo stability and 
monodispersity. Compared to Feridex, these second 
generation monocrystalline iron oxide NP (MION), 
including Ferumoxtran (Combidex / Sinerem), 
maintained high relaxivity, were smaller (30-50 nm), 
more uniform and exhibited longer circulating 
half-lives (24 hr in humans and 11 hr in mice) [26]. 
With these improvements, imaging applications 
extended beyond the liver, for example facilitating the 
identification of lymph node metastases by their lack 
of particle uptake [27]. With additional refinements, 
MION have been synthesized with smaller size and 
higher relaxivity, as with MION-48 (26 nm diameter; 
R1 = 32.4 mM-1s-1; R2 = 130.5 mM-1s-1; 0.47T / 37oC). 
Dextran cross-linking, forming cross-linked iron oxide 
(CLIO; 29 nm diameter; R1 = 29 mM-1s-1; R2 = 74.3 
mM-1s-1; 0.47T / 37oC), further stabilizes the NP and 
facilitates stable surface conjugation with labels and 
targeting ligands [28]. An early adaptation used 
annexin targeting to image apoptotic cells [29]. 
Ultrasmall superparamagnetic particles of iron oxide 
(USPIO) such as Resovist S (21 nm diameter; R1 = 24 
mM-1s-1; R2 = 60 mM-1s-1) have also been developed for 
extrahepatic imaging [30]. Again, given challenges in 
markets and indications, several of these second 
generation NP were also withdrawn from the market 
(for example, Combidex, Resovist).  

Ferumoxytol can be viewed as a 3rd generation 
iron oxide NP, and has been FDA-approved since 
2009 for iron supplementation in patients with iron 
deficient anemia due to chronic kidney disease. FMX 
is widely available in the US (marked as Feraheme) 
along with Canada and Europe (marked as Rienso) 
[31, 32]. With a coating of semisynthetic, low 
molecular weight carboxymethyldextran, the 
reported particle size ranges between 17-31 nm in 
diameter, with relaxivities similar to other USPIO (R1 
= 15 mM-1 s-1; R2 = 89 mM-1 s-1) [33]. FMX is generally 
well tolerated and is safer than the iron replacement 
therapy iron dextran (Dexiron / Infufer). At high 510 
mg doses used for iron replacement therapy (roughly 
5-10x the MR imaging dose of 1-2 mg / kg) it carries 
some risk of anaphylaxis, likely due to 
hypersensitivity to the carbohydrate, which prompted 
an FDA-mandated boxed warning on the package 
insert [34]. In clinical trials, serious hypersensitivity 
occurred in 0.2% of patients, with other less severe 
adverse reactions occurring in 2-4% [35]. However, in 
the post-approval setting, across roughly 80,000 
chronic kidney disease patients over a 4 year period, 
risk of anaphylaxis was much lower at 0.03%. This 
risk was lower for FMX compared to iron dextran 
(0.08%) but higher than iron sucrose (0.02%) [36]. 

FMX’s magnetic and biological properties 
support multiple MRI approaches. Negative-contrast 
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(signal hypointensity) T2* imaging can be performed 
at field strengths above 0.5 T, with higher field 
strengths providing enhanced signal-to-noise. 
Furthermore, higher strengths increase transverse 
relaxation rates in surrounding tissue and allow 
shortened echo times, which reduces motion artifacts. 
Particularly at late time-points following FMX 
administration, T2 -weighted imaging has been useful 
for visualizing uptake by the MPS. As an example, 
FMX has been used to quantify infiltrating 
macrophages in atherosclerotic plaques [37] and 
myocardial infarctions [38]. Additionally, 
pathological lack of FMX uptake may appear as a 
positive signal against surrounding hypointense 
tissue. For instance, FMX has been used to stage 
disease by monitoring lack of FMX uptake in 
metastasis-bearing lymph nodes in prostate [39] and 
pancreatic [40] cancers. The relaxivity of iron oxide 
NP can dynamically respond to physicochemical 
changes to the NP and its environment, for instance, 
as it aggregates upon being internalized by cells [41]. 
This feature has been exploited in various 
applications, including the use of iron oxide NP to 
detect protein interactions [42]. Nevertheless, in the 
clinic, the primary imaging application is in 
monitoring FMX distribution and MPS uptake. 

The ability of FMX to be safely administered 
relatively rapidly as a bolus i.v. injection allows it to 
be imaged as a blood pool contrast shortly after 
injection, for example as applied to stroke diagnosis 
[43]. Especially useful for blood pool measurements, 
signal-enhancement T1 imaging can be performed at 
standard clinical field strengths with short echo times 
[44]. Positive-contrast strategies under development 
involve exploiting off-resonance spin excitation [45, 
46], suppression of on-resonance protons [47], 
gradient-compensation techniques, post-processing 
susceptibility-gradient mapping [48] and other 
techniques [49, 50].  

Following systemic administration, the 
superparamagnetic properties of iron oxide 
nanoparticles change, as iron is bioavailable and is 
incorporated into the iron/heme pathway [25]. The 
temporal effects of SPIO on MRI signal have been 
quantitated [25] and as a general rule persist about 1-2 
weeks in organs with highest uptake, namely the liver 
and spleen. After this time, the MR signal intensities 
of these organs return to normal.  

For repeat imaging, such as for monitoring the 
evolution of inflammation [49], it is important to 
acquire matched pre- and post-FMX imaging, in order 
to correct for baseline changes due to residual FMX 
accumulation from prior doses. Importantly, prior 
FMX administration does not generally preclude the 
use of MRI for other applications such as follow-up 

diagnostics. Finally, if high therapeutic doses of FMX 
are given for anemia, package inserts caution that 
FMX can influence MRI for up to 3 months after its 
administration [35].  

FMX pharmacokinetics and biodistri-
bution in pre-clinical animal models 

The pharmacokinetics and biodistribution of 
FMX have been extensively studied in various rodent 
models of disease. The initial blood half-life of FMX in 
rodents ranges between 1-2 hours depending on 
initial dose, and follows a similar distribution pattern 
to many other USPIOs [51, 52]. Because the blood 
half-life of FMX is an order of magnitude shorter in 
rodents than in humans, many pre-clinical studies 
adjust the dose of iron per mg body weight [53], 
leading to substantially-higher Cmax values that make 
comparisons to human pharmacokinetic models 
difficult. Tissue uptake in mice is predominantly in 
those with high levels of MPS activity. Thus, the 
spleen and liver are the predominant organs of FMX 
accumulation. Additional accumulation typically 
occurs at sites of inflammation such as in 
atherosclerotic plaques [54, 55], infarcted myocardium 
[56], along with xenograft and autochthonous tumors 
[16, 41, 57]. On a cellular level, FMX can be taken up in 
a variety of phagocytes including tissue-resident 
macrophages (e.g. Kupffer cells of the liver), 
circulating monocytes, and monocyte-derived 
macrophages at sites of inflammation and tumor 
tissue [58].  

The transport and cellular uptake of 
fluorescently labeled FMX has been tracked at high 
resolution using in vivo (intravital) microscopy. Upon 
reaching tumor microvasculature, FMX is rapidly 
taken up into perivascular tumor-associated 
macrophages (TAM) that directly contact and in some 
cases extend cellular processes into the endothelium 
[22]. Over the course of 24 hr, FMX delivery is 
sustained by its long circulating half-life, and it 
gradually extravasates from vasculature into tumor 
tissue. Thus, TAM accumulation of FMX increases by 
2-fold following the initial uptake period [22]. 
Although FMX is detectable in tumor cells 
themselves, its concentration in TAM is roughly 
10-fold higher [22]. Intravital imaging of FMX has 
been performed in multiple tumor models, including 
orthotopic ovarian cancer, human fibrosarcoma [22], 
and syngeneic models of colon cancer [59]. In general, 
FMX accumulation is enhanced within the tumor 
compared to surrounding tissue, reflecting altered 
vascularization and phagocyte infiltration in many 
tumors [22].  

Ex vivo immunofluorescence and histology 
analysis has confirmed FMX uptake primarily in 
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TAM. Colocalization has been observed between the 
immunological macrophage markers F4/80 [22] and 
CD68 [53] in human fibrosarcoma xenograft and 
autochthonous breast cancer mouse models, 
respectively. FMX distribution has also been 
histologically characterized using an anti-dextran 
antibody to study brain tumor models in rats, again 
showing patterns of phagocyte-mediated FMX 
accumulation. In particular, FMX uptake was 
observed in astrocyte processes and endfeet 
surrounding tumor vessels, as well as in 
CD163(+)/CD68(+) macrophages [60]. As a type of 
glial cell, astrocytes are related to the microglia, which 
are the resident macrophages of the brain. In an 
orthotopic model of metastatic lung disease, 
fluorescently labeled CLIO was highly co-localized 
with macrophage markers CD68 and CD206 [61]. 

Complementary methods have further described 
which particular cell types accumulate FMX, and in 
what fraction of cells this occurs. For instance, 
comprehensive immunological profiling of FMX 
uptake has been performed using multicolor flow 
cytometry in an immunocompetent lung cancer 
model [22], confirming uptake into CD11b+ CD11c+ 
F4/80+ Ly6C- TAM [22]. Flow cytometry determined 
that the majority of tumor FMX uptake (70%) was due 
to TAM, with the remainder due to other phagocyte 
populations [22]. Tissue-clearing methods have been 
developed to image deep through entire tumors, 
enabling quantification of iron oxide NP uptake in 
TAM. Using a genetically engineered reporter mouse 
model bearing fluorescent macrophage populations 
(MERTKGFP/+), tissue clearing revealed that the 
majority (80%) of GFP+ TAM in an orthotopic lung 
cancer model accumulated CLIO, and >95% of NP+ 
cells were also GFP+ [61]. Results with FMX were 
similar: in a reporter mouse model expressing GFP+ 
macrophage and other myeloid cells (CX3CR1GFP/+), 
90% of GFP+ cells in orthotopic lung tumors were 
FMX+, and >95% of FMX+ cells were GFP+ [22]. The 
efficiency with which fluorescently tagged FMX (and 
related USPIO) labels TAM has made it a valuable 
tool for studying the role of TAM in other 
applications. Examples include monitoring 
checkpoint immunotherapy [59], radiation therapy 
[62], and therapies targeting receptors such as 
colony-stimulating-factor 1 receptor (CSF1R) 
expressed on TAM [61]. 

In mouse models of cancer, tumoral FMX uptake 
can be highly heterogeneous. Even across xenograft 
tumors generated from the same cell line and 
implantation method, FMX-MRI shortly after FMX 
administration highlights the variability in tumor 
vascularization, with a coefficient of variation (CV) in 
ΔT2 of 65% [22]. FMX tumor concentration at later 

times post-administration (24 hr), which primarily 
reflects extravascular accumulation and TAM uptake, 
also exhibits high variability (Fig. 1B) [22]. Likewise, 
heterogeneity in the uptake of FMX and similar iron 
oxide NP has been reported in other orthotopic tumor 
models. In a brain tumor model in rats, baseline 
changes in cerebral brain volume over time, as 
measured by FMX-MRI, were similarly variable with 
CV of 50% [63]. Interestingly, tumors treated with the 
vascular modulating drugs intetumumab (αV-integrin 
targeting) and bevacizumab (vascular endothelial 
growth factor, VEGF, targeting) exhibited less 
variability (CVs of 15% and 30%, respectively) [63]. In 
a model of metastatic lung cancer, cellular uptake of 
iron oxide NP varied 8-fold across individual 
metastatic tumor nodules in lungs. The number of 
tumor-associated phagocytes that accumulated NP 
ranged from 6,000 - 80,000 per mm3 of tumor tissue, 
and this variability was even greater across tumors 
from different cell lines and lung-cancer types [61]. In 
this and other xenograft models, direct TAM 
modulation with therapies such as CSF1R-targeting 
inhibitors [53, 61] and clodronate liposome [22, 62] 
impacted FMX uptake and distribution within 
tumors. Overall, these data show that both tumor 
vascularization and phagocyte content contribute to 
the substantially observed heterogeneity across 
tumors and tumor-types.  

FMX pharmacokinetics and 
biodistribution in humans 

The ease with which FMX can be detected has 
provided a number of independent methods to model 
its pharmacokinetics in humans. The recommended 
therapeutic dose of FMX is 510 mg of elemental iron 
(roughly 6-8 mg/kg body weight) in 17 mL of isotonic 
solution containing mannitol, delivered intravenously 
at a rate of up to 30 mg sec-1. Blood half life increases 
with increasing dose, whereas the injection rate has no 
effect on the circulation time [64]. Despite its 
indication for chronic kidney disease, there is no 
difference in pharmacokinetic parameters in patients 
on hemodialysis, as FMX is not eliminated by renal 
filtration [64]. The semisynthetic carbohydrate coating 
permits long-circulation of the particle [44, 65]. This 
thick coating also reduces release of free iron into 
serum, which mitigates the clinical complications 
associated with alternative preparations of 
intravenous iron. Furthermore, this facilitates 
distinction of circulating particle from blood 
hemoglobin when performing pharmacokinetic 
assessments [66]. The blood half life is approximately 
15 hrs (clearance CL = 69.1 mL / hr), and for a 
standard 510 mg dose, the max circulating 
concentration Cmax = 0.2 mg / mL is reached relatively 
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quickly following infusion (tmax = 18 min). FMX has a 
low volume of distribution VD of 3.16 L, reflecting its 
initial confinement to the vasculature [35]. Iron is 
released from the colloidal particle after uptake and 
lysosomal degradation by macrophages in the liver, 
spleen, lymph nodes and bone marrow [67]. 
Radiotracer and MR relaxivity studies have shown 
how the iron-oxide NP core is broken down into heme 
[25]. While the dextran carbohydrate is excreted in the 
urine and feces, iron is retained and incorporated into 
the body’s iron stores [68, 69].  

Aside from its indication for iron 
supplementation, FMX has been successfully utilized 
in the clinic as an imaging agent. FMX-MRI enables 
selective enhancement in tumors, and may provide 
imaging-based delineation of tumor margins in 
pancreatic cancer [70]. Although most imaging of 
lymph node metastases has been performed with 
ferumoxtran [27], the approach has been extended to 
FMX [39, 40]. Doses as high as 7.5 mg / kg were found 
safe and useful for de-enhancing lymph nodes [71]. In 
the central nervous system, FMX-MRI better 
differentiated metastases from benign meningioma 
lesions in patients, compared to gadolinium-based 
contrast [72]. Immunopathology has been used to 
identify molecular correlates of FMX contrast 
enhancement. One study found FMX correlation with 
decreased expression of the cell-cell gap-junction 
marker Connexin-43, which suggested that FMX 
accumulation was related to increased penetration 
through permeable tissue [72]. In another report, FMX 
tumor imaging and histology showed uptake into 
vascularized, CD68+ macrophage-rich regions 
surrounding nests of tumor cells [23]. Given its 
tendency to accumulate in phagocytic immune cell 
populations, FMX-MRI has also been used to image 
inflammation outside of cancer. In application to 
diabetes, FMX-MRI signal-enhancement was 
attributed to macrophage uptake in inflamed 
pancreatic lesions [49]. 

As with the pre-clinical animal studies, FMX 
accumulation in patients is highly variable across 
different tumors and even tumor regions (Fig. 1C). 
FMX-MRI has shown greater diversity in various 
tumor vascularization features across patients 
compared to xenograft tumors [73]. High variability 
in FMX-MRI has also been observed in pancreatic 
adenocarcinoma (average CV 580% in T2 
enhancement), which was attributed to mixed degrees 
of local inflammation and cancer cell / fibrosis ratios 
across tumors [70]. FMX-MRI variability has been 
likewise observed across metastases in individual 
patients (CV = 34%) and across different patients (CV 
= 55%) [23]. Although sample sizes were modest, 
FMX-MRI showed the lowest signal in pancreatic 

cancer lesions, which reflects substantial data 
describing low EPR effect in that cancer type [18–20, 
74]. Across all lesions, MR enhancement varied by 
more than 8-fold. Interlesional variability within 
individual patients ranged from 1.03-fold to 4.22-fold. 
In other words, some patients exhibited highly similar 
FMX accumulation across all of their metastatic 
lesions, while others showed substantial 
heterogeneity. Variability was modest across different 
subparts of individual tumor lesions (average 
differences of 1.6-fold), although >10-fold variability 
was observed in some cases [23]. 

FMX imaging reveals tumor 
vascularization and permeability 

Imaging FMX immediately upon systemic 
administration to patients reveals the extent and 
morphological characteristics of tumor 
vascularization, permitting quantification of vessel 
permeability (Fig. 2). Measurable features including 
vessel density, relative vascular volume fraction, and 
mean microvessel caliber or vessel size index have 
been imaged with FMX-MRI in tumors [49, 73]. 
Methods are being developed to use dual-contrast 
MRI for assessing vessel features combined with 
transvascular permeability. Dual-contrast MR images 
using iron oxide NP, ultrashort echo times pulse 
sequence, and conventional spin- and gradient-echo 
methods have enabled simultaneous quantitation of 
transvascular permeability (also known as the water 
exchange index), blood volume, and the vessel caliber 
index [75]. Dynamic susceptibility-weighted 
contrast-enhanced MRI (DSC-MRI) has been used 
with FMX to quantitate relative cerebral blood 
volume in brain cancer patients. Results show that 
FMX may be preferable to gadolinium-based contrast 
(gadoteridol) for imaging vasculature, since 
gadoteridol extravasates into tissue more rapidly than 
FMX, which has a much larger hydrodynamic radius 
by comparison. Early gadoteridol extravasation can 
make tumors erroneously appear as though they are 
progressing, and thus FMX may better distinguish 
tumor progression from pseudoprogression [76]. In 
relation to TNP delivery, clinical imaging studies have 
fit FMX-MRI data to compartmental pharmacokinetic 
models, and have found early signal enhancement 
highly correlates with vascular permeability in 
tumors [23] (Fig. 2A). 

Even late FMX imaging (24 hr post-injection) 
may indirectly correlate with vessel features and 
permeability. At the cellular level, perivascular 
phagocytes accumulating FMX can interact with 
endothelium to influence permeability. For instance, 
reports have shown how perivascular TAM can 
produce angiogenic VEGF and induce transient 
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endothelial permeability [77]. Intravital microscopy 
and experiments with VEGF inhibitor helped reveal 
how TAM-mediated vascular permeability was due to 
both VEGF signaling and mechanical disruption of 
endothelial integrity via cellular protrusion [77]. 
Similar perivascular phagocyte populations have 

been found to uptake high amounts of FMX, and their 
localization is correlated with bursts of 
macromolecular extravasation and TNP delivery [62] 
(Fig. 2B-D). TAM depletion [62] and VEGF inhibition 
[77] both reduce tumor vessel permeability in 
pre-clinical models. 

 

 
Figure 2. FMX imaging correlates with vessel permeability. A) Early FMX-MRI of tumors in patients was fit to a compartmental pharmacokinetic model, and 
correlation was observed between computationally inferred permeability (y-axis) and FMX (x-axis). The thick line and shading denote the fit and confidence interval 
of a linear regression model. Figure modified from [23]. B) Intravital microscopy in a xenograft mouse model was used to measure dynamic bursts of macromolecular 
extravasation, shown by rapid transport of dextran from vasculature into tumor tissue, as outlined by the orange dashed line. Scale bar = 20 μm. FMX was 
pre-injected 24 hr prior, and the timestamps denote time post-injection of the 60 kDa fluorescent dextran. C) Using data as in B, effective vessel permeability was 
measured for each image dataset and correlated with multiple other image features such as vessel width, cell density, and vessel branching. The enrichment of FMX+ 
tumor-associated phagocytes correlated most with permeability, suggesting these cells contribute to vessel leakiness. D) Bursts of dextran extravasation were 
identified by data as in B, and were found to occur more often in vessels with FMX+ phagocytes in close proximity. For B-D, figures are modified from [62]. 
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Figure 3. Late FMX uptake is driven by extracellular tissue space and TAM uptake. A) FMX-MRI measurements in patients were fit to a compartmental 
pharmacokinetic model, and correlation was observed between computationally inferred extracellular volume fraction (y-axis) and FMX (x-axis). Thick line and 
shading denote the fit and confidence interval of a linear regression model. Figure modified from [23]. B) T1-weighted and T2*-weighted FMX-MRI show positive and 
negative enhancement, respectively, upon FMX accumulation. In this example, T1-weighted images show extracellular FMX accumulation in the necrotic tumor core, 
while T2*-weighted images show intracellular uptake via phagocytes near the tumor periphery. Figure adapted from [78]. C) 24 hr post-injection with 
fluorescently-labeled FMX, fibrosarcoma tumors from a xenograft mouse model were excised and stained for hematoxylin and an F4/80 antibody at x10 (top left; scale 
bar 100 μm) and x40 (top right; scale bar 50 μm). Adjacent sections were imaged by immunofluorescence (bottom; x40, scale bar 50 μm). Reproduced from [22]. 

 

Late FMX imaging predominantly 
captures tumor extracellular space and 
TAM uptake 

After FMX has cleared circulation, within tumors 
it primarily resides in extracellular space and within 
TAM. In patients, late FMX enhancement correlates 
strongly with extracellular volume fraction, as 
inferred using a compartmental pharmacokinetic 
model [23] (Fig. 3A). Similarly, computational 
analysis of intravital datasets has found the 
extracellular fraction within tumor tissue to be a major 
determinant of accumulation [22]. MRI methods have 
recently been developed to distinguish extracellular 
from intracellular FMX by comparing T1 and T2 
enhancement ratios [78]. When applied to different 
mouse models of breast cancer, this method identified 
extracellular accumulation in the necrotic core of an 
implanted, orthotopic tumor model (Fig. 3B). In 

contrast, TAM uptake rather than extracellular 
accumulation was primarily observed in the 
autochthonous MMTV model [78]. In many cases, the 
combination of flow-cytometry, histology, and 
intravital microscopy have collectively shown FMX 
accumulates at the highest levels in TAM (Fig. 3C) [22, 
53, 60, 61]. 

Effect of FMX on innate immune cells 
FMX has filled a need in iron-deficient patients 

with chronic kidney disease, by supplementing 
nano-encapsulated iron to the MPS cells responsible 
for hemoglobin-recycling. The primary biological 
outcome of FMX administration is the elevation of 
hemoglobin levels [31]. Direct effects of iron on 
macrophage populations have been observed, and 
transition to a pro-inflammatory M1-type phenotype 
has been reported to impair wound healing via 
perpetuated TNFα and reactive oxygen species 
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production [79]. Alternatively-activated macrophages 
shifted to a more classically-activated M1 phenotype 
in vitro when given an iron oxide NP, although 
investigations were not extended to animal studies 
[80]. Co-implantation of cancer cells suspended in 
high concentrations of FMX can lead to slower tumor 
growth in some models, and high-dose FMX 
pre-injection (10 mg Fe kg-1) can prevent metastatic 
growth in models of hematogenous metastasis [81]. 
FMX effects on tumor growth were 
macrophage-dependent, and pro-inflammatory 
macrophage expression signatures were observed 
under similar FMX treatment conditions [81]. These 
provocative findings are worth further investigating, 
especially to determine if they extend to humans and 
occur at the lower doses used for FMX imaging 
applications.  

FMX modifications for enhanced 
functionality 

Given their general safety and proven clinical 
utility, iron oxide NP show promise as platforms for 
the introduction of new drug delivery systems and 
multimodal imaging agents. For example, FMX can be 
modified to carry cytotoxic chemotherapeutic 
payloads such as doxorubicin, thus enabling 
non-invasive monitoring of drug delivery to tumors. 
The carbohydrate coating of FMX lends itself to 
hydrophobic drug loading based on electrostatic 
interactions. Moreover, changes in magnetic 
relaxation with drug association and pH-dependent in 
vivo release can be monitored by MRI [82]. Multiple 
anticancer drugs and combinations thereof have been 
efficiently loaded into FMX using this approach, 
including radiolabeled drugs that facilitate 
dual-modality imaging of the FMX vehicle by MRI 
and the therapeutic payload by PET [82].  

Other methods have expanded beyond weak 
electrostatic interactions to conjugate PET ligands to 
FMX. For instance, FMX surface modification was 
used to chelate 89Zr, and this covalent attachment 
permits sensitive lymph node tracking for tumor 
staging and surgical resection [83]. Heat-induced 
radiolabeling (HIR) offers a non-covalent alternative 
for 89Zr conjugation, and is a less drastic modification 
of the surface chemistry with comparatively less 
impact on the pharmacokinetic profile of FMX [84]. 
Standard uptake value measurements with 
HIR-89Zr-FMX have provided one of the most 
sophisticated compartmental models of fast and slow 
uptake kinetics in mice, and flow cytometry of a 
fluorescently-labeled derivative helped attribute the 
slow uptake processes to monocyte trafficking [84]. A 
number of fluorescent dye-conjugated forms of FMX 
have been described to date, with applications 

ranging from flow cytometry, to microscopy, to in vivo 
imaging [22, 53, 69, 85, 86]. Chemically cross-linking 
the carbohydrate shell extends circulation time and 
has been widely used to achieve the biostability 
required for many imaging studies [87]. Further 
efforts to direct iron oxide NP to specific organs or 
diseased tissues require conjugation of targeting 
ligands to the particle surface, but selective in vivo 
targeting efficiency is often impeded or influenced by 
the layer of proteins that interact with NP in the 
blood, collectively referred to as the protein corona 
[88]. 

Theranostic use of FMX 
The physicochemical properties of FMX are 

distinct from typical TNP being tested in the clinic, 
such as those comprising micellar formulations of 
block co-polymers including poly(lactic co-glycolic) 
acid (PLGA) - b - polyethylene glycol, PLGA-PEG [9]. 
In general, polymeric micelles are larger than FMX. 
Rather than a carbohydrate dextran coating, 
polymeric micelles and many other TNP are coated in 
a PEG shell to reduce protein adsorption and 
immunogenicity. Polymer cores of TNP are also less 
stiff than the iron oxide core of FMX. Commonalities 
between the two NP include a particle size that 
exceeds the cutoff for renal excretion, comparable 
negative zeta-potential, and similar blood half-lives in 
mice [22]. PEGylated liposomal TNP formulations 
such as Doxil and Onivyde exhibit similar sizes and 
zeta-potentials compared to polymeric NP, but 
slightly longer blood half-lives in mouse xenograft 
models [62]. In humans, the 15 hr blood half-life of 
FMX is longer than the terminal half-life observed in 
some PLGA-PEG formulations (for instance, 6.5 hr 
[9]) but shorter than the observed 55 hr and 68 hr 
terminal half-lives observed for PEGylated liposomal 
doxorubicin (Doxil) and PEGylated liposomal 
irinotecan (Onivyde) [89, 90].  

Intravital imaging reveals strong co-localization 
between FMX and TNP in tumor microvasculature, 
suggesting little discrimination in vessel perfusion 
between NP formulations. However, the kinetics of 
extravascular NP accumulation in tumor tissue is 
distinct. In vivo microscopy shows that while FMX 
accumulates rapidly in perivascular TAM at an 
apparently higher rate, the uptake of TNP and its 
extravasation into tissue is slower [22]. Nevertheless, 
at later time-points once the NP have cleared 
circulation, there is a high degree of overlap between 
FMX and TNP accumulation in TAM [22]. As 
evidence of this point, computational modeling has 
been used better predict TNP distributions by first 
quantitating tumor FMX, and then correcting for 
known kinetic differences between the NP to more 
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accurately predict concentrations and kinetics of TNP 
accumulation in the same tissue [22]. Intravital 
imaging, flow cytometry, and histology collectively 
show 80-95% accuracy in the ability of FMX to label 
tumor-associated phagocytes that accumulate TNP 
[22, 62]. Especially with polymeric TNP formulations, 
uptake in tumor cells is greater than that observed 
with FMX. Nonetheless, accumulation of TNP in 
tumor cells is still roughly 30% less than in TAM [22]. 
Of note, these results describe TNP lacking 
tumor-specific molecular targeting ligands, which 
have been observed to further increase uptake in 
tumor cells rather than TAM [91].  

Given their distinct sizes, one may expect there 
to be some differences in the accumulation of FMX 
and TNP across tumors. To address this question, past 
studies have directly compared tumoral distributions 
of differently-sized NP. One report found that when 
tumors were well vascularized and the vessels were 
permeable, both small and large NP co-accumulated 
at high amounts [20]. In contrast, evidence suggests 
that permeability-reducing therapeutics, such as 
anti-VEGF treatment, may reduce accumulation of 

larger NP more than smaller (< 40 nm) NP [92]. 
Differences in accumulation between contrasting NP 
may be greatest at microscopic (≤ 100 μm) 
length-scales, where patterns of subcellular 
localization [22] and tumor penetration may be 
distinct [93, 94].  

Nonetheless, multiple examples have been 
reported using various tumor models and NP, 
showing microscopic differences may be outweighed 
by general patterns of co-localization at 
mesoscopic/macroscopic length scales across the 
whole tumor [93, 94]. Indeed, late FMX imaging 
successfully correlated with accumulation of a model 
polymeric micelle TNP across a cohort of orthotopic 
breast cancer xenograft tumors (Fig. 4). FMX also 
correlated with accumulation of an analogous yet 
un-encapsulated formulation of the TNP payload, 
which likely reflects a general dependence on tumor 
vascularity and perfusion. Nonetheless, the 
magnitude of FMX correlation was much greater for 
the nano-formulation, suggesting a dominant 
influence of NP-specific “EPR effect”.  

 

 
Figure 4. Correlation of FMX with drug uptake in tumors. A) FMX-MRI of a pancreatic cancer patient shows uptake and perfusion of the liver, kidneys, 
spleen, and subtle changes at the pancreas-tumor interface, with an apparent enrichment in TAM near the margin. Modified from [70]. B-C) FMX accumulation in a 
mouse model of breast cancer was used to stratify tumors into low, medium, and high FMX cohorts, which correlated more with accumulation of a co-administered 
fluorescent docetaxel TNP (B), compared to the un-encapsulated solvent formulation (C). Reproduced from [22]. 
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FMX reports enhanced TNP delivery 
following tumor priming.  

Given the challenge of efficiently delivering TNP 
to tumors, growing attention has been placed on 
strategies to therapeutically alter, or “prime”, the 
tumor microenvironment to better accommodate TNP 
delivery. These strategies have been of particular 
focus for tumor-types like pancreatic cancer, which 
are associated with intrinsically low EPR effect and 
barriers to delivery such as desmoplasia and high 
interstitial fluid pressure. Pre-clinical studies have 
examined multiple strategies for tumor priming, 
including local radiation therapy [62, 95], cytotoxic 
chemotherapy [96], extracellular matrix-degrading 
treatments such as hyaluronidase [18], angiotensin-II 
receptor inhibitors such as losartan to affect vascular 
perfusion [19] or production of TAM [97], and TGFβ 
inhibitors to decrease fibrosis [98]. Acute treatments 
such as ultrasound, heat, magnetism, and 
hyperthermia are also being developed. However, a 
necessary component of these approaches will be to 
predictably and longitudinally monitor tumor 
remodeling in order to optimize strategies, assess 
efficacy, and guide the therapeutic course of the 
patient. Other studies have directly imaged TNP to 
monitor and guide tumor priming (for instance, [99]), 

demonstrating the concept in patients. Nonetheless, 
direct TNP imaging has been fairly limited in part due 
to cost and regulatory complexity.  

FMX-MRI has been successfully used to image 
patients undergoing neo-adjuvant 
chemoradiotherapy consisting of 25 Gy proton beam 
radiation and concurrent capecitabine. In this study, 
tumor priming enhanced FMX uptake, improved 
contrast enhancement, and suggested that tumors 
would be more likely to accumulate TNP [70]. In 
pre-clinical models, intravital microscopy revealed 
that neo-adjuvant radiation therapy and 
cyclophosphamide led to altered tumor vasculature, 
enhanced perivascular localization of TAM, and 
increased vessel permeability near FMX+ phagocytes 
[62]. Following tumor priming, FMX imaging across 
tumor cohorts showed correlation between FMX and 
accumulation of TNP (Fig. 5A). At the cellular level, 
radiation-primed tumors exhibited an enrichment in 
TAM, and nearly all TAM accumulating FMX had 
also accumulated various model TNP upon 
co-injection (Fig. 5B) [62]. In some cases, tumor 
priming was observed to increase TNP delivery by 
6-fold [62]. Overall, these studies highlight the 
potential of FMX to predict not just baseline TNP 
delivery, but the success or failure of tumor priming 
to enhance TNP uptake.  

 

 
Figure 5. FMX reports on enhanced TNP delivery following neo-adjuvant treatment. A) Fluorescently labeled versions of FMX and two FDA-approved 
TNP were co-injected into xenograft tumors that had been locally irradiated to enhance their EPR effects, and 24 hr later tumors were imaged by intravital 
microscopy (scale bar 20 μm). >90% of phagocytes accumulating one type of NP also accumulated the others. Reproduced from [62]. B) Fluorescently labeled FMX 
and a model liposome TNP were co-adminstered in tumor-bearing mice, and 24 hr later tumors were imaged for FMX and TNP accumulation. Some tumors were 
primed with local irradiation to enhance TNP delivery, which was reported by FMX. Each dot represents a tumor, while thick and dashed lines denote the fit and 95% 
confidence interval of a linear regression [62]. 
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FMX predicts initial tumor response to 
TNP 

Preclinical and clinical studies have now 
demonstrated the potential of FMX-MRI to predict not 
just the delivery of TNP, but its effect on tumor cell 
behavior and tumor growth. In a prospective 
translational experiment using a mouse xenograft 
model, a cohort of tumors was imaged by FMX-MRI, 
treated with a docetaxel-loaded TNP, and monitored 
for growth. After several days, tumors were excised 
and analyzed for cell cycle defects, DNA damage, and 
apoptosis. FMX-MRI results show that tumors with 
high enhancement at later time points were growth 
arrested, while tumors with low FMX-MRI 
enhancement grew fastest (Fig. 6A). These trends in 
tumor growth also correlated with aberrant cell cycle 
and DNA damage response (Fig. 6B) [22]. In the clinic, 
FMX-MRI correlated with patient response to TNP, as 
measured by best change in tumor burden (Fig. 6C) 
[23].  

Several studies have shed light on the 
mechanistic basis for how FMX can predict TNP 
efficacy. Since FMX predicts TAM uptake of TNP, one 
question has been how TNP delivered to TAM in turn 
influence neighboring tumor cells. To answer this 
issue, multicolor intravital microscopy has been used 
to simultaneously image the TNP vehicle, the TNP 
payload, and DNA-damage response of individual 
cancer cells to treatment. Results show that cytotoxic 
TNP payload can slowly and locally redistribute from 

TAM to tumor cells in the immediate vicinity, leading 
to increased drug exposure and DNA damage in 
those cells (Fig. 7) [100]. In effect, TAM have the 
potential to serve as drug reservoirs that gradually 
deliver drug to tumor cells. With liposomal 
irinotecan, TAM have also been recognized as 
potentially mediating hydrolytic prodrug metabolism 
of irinotecan to its active form, SN-38 [101]. Drug 
redistribution from TAM to neighboring tumor cells 
partly explains the lower spatial co-localization 
between FMX and TNP payload, compared to FMX 
and TNP vehicle, that has been observed in 
pre-clinical models [22]. Likewise, spatial correlation 
at the microscopic level between FMX and TNP 
payload has been found to be modest in patients [23]. 
Despite evidence of spatial redistribution at the 
microscopic cellular level, FMX still effectively 
correlates with macroscopic readouts of tumor 
response in patients [23].  

As discussed above, FMX also correlates with 
tumor vascularity and permeability, and thus 
FMX-MRI may also correlate with direct uptake of 
TNP into tumor cells. To parse these two TAM effects, 
dual-labeled TNP vehicle and therapeutic payload 
were analyzed following tumor priming with 
radiation therapy. For the polymeric micellar TNP 
that was tested, roughly half of the enhanced payload 
accumulation in tumor cells was due to direct TNP 
uptake, while the other half was the result of indirect 
delivery through initial TNP accumulation in TAM 
[62].  

 

 
Figure 6. FMX predicts response to nanomedicine. A-B) FMX-MRI in a xenograft mouse model stratified tumors into low, medium, and high FMX cohorts. 
Following subsequent treatment with paclitaxel-encapsulated TNP, tumor growth was monitored for several days, revealing that tumor growth was only halted in 
tumors that accumulated high FMX (A). Tumor cell DNA damage and cell-cycle defects were measured by γH2A.X staining and flow cytometry, also correlating with 
FMX uptake (B). Reproduced from [22]. C) FMX-MRI measurements, performed across tumor lesions from 9 patients, were correlated with response to 
subsequently administered liposomal irinotecan TNP. Response was quantitated by changes in lesion size as imaged by CT at least 8 weeks after treatment initiation. 
Lesions with above-average FMX-MRI enhancement exhibited greater TNP response than lesions with below-average FMX accumulation. Modified from [23]. 
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Figure 7. Mechanistic studies into how FMX predicts TNP efficacy. A-B) Polymeric micelle TNP were labeled with two fluorophores, such that the 
polymer vehicle and cytotoxic cisplatin-related payload could be simultaneously measured. A) Histological analysis of payload redistribution from TAM to tumor cells 
shows F4/80+ cells accumulate high levels of TNP, exhibit a local gradient of payload emanating from them, and tend to be neighboring tumor cells with high activity 
of the DNA damage response marker 53BP1. Scale bar = 50 μm. B) Using flow cytometry of excised xenograft tumors, cancer cells were observed to have more 
payload than TAM, relative to the corresponding amount of TNP vehicle in each cell. This data among others suggested payload had transferred from TAM to tumor 
cells. Reproduced from [100]. 

 

Future directions 
Promising pre-clinical and initial clinical results 

have demonstrated the potential of FMX to predict 
TNP response, thus motivating its testing in other 
applications and broader trials. To date, work has 
primarily focused on polymeric micelle TNP [22], 
PEGylated liposomal irinotecan (Onivyde) [23], and 
the use of FMX in applications outside of TNP 
delivery. Nonetheless, intravital imaging studies 
suggest the approach may be applicable to other TNP 
that accumulate in TAM, including PEGylated 
liposomal doxorubicin (Doxil) [102] and others. 
Future work may also explore the ability of FMX to 
predict molecularly targeted TNP, such as 
doxorubicin-loaded HER2-targeted immunoliposome 
[96]. Many of the same factors controlling 
non-targeted (or so-called “passively” targeted) TNP 
also influence the behavior of targeted TNP. For 
instance, tumor priming with cyclophosphamide has 
been found to enhance tumoral accumulation of 
non-targeted [62] and targeted [96, 99] TNP alike. 
Thus, FMX may also be useful for predicting targeted 
TNP accumulation. Other therapies including 
oncolytic viruses, heavily PEGylated biologics, and 
nano-encapsulated nucleic-acid therapies including 
those based on RNA interference and CRISPR may 
similarly be governed by EPR effects and correlate 

with FMX-MRI. Additionally, there could be use in 
developing “correction factors” that account for 
measurable physicochemical and pharmacokinetic 
differences between FMX and various TNP, allowing 
FMX-MRI data to be appropriately adjusted during 
post-processing to predict a particular TNP of interest.  

Features of vascular morphology that are 
quantified by early FMX-MRI may apply to predicting 
delivery and activity of drugs beyond TNP, including 
small molecules and antibodies. FMX-MRI has 
already demonstrated use in monitoring the vascular 
response to anti-angiogenic therapy [63, 103]. Because 
late FMX-MRI can predict TAM abundance, it could 
find application in predicting and monitoring the 
activity of TAM-targeted therapies including CSF1R 
inhibitors [104], anti-PD-L1 checkpoint blockade 
therapy [105], and antibody therapies that are 
influenced by Fcγ receptor activity on TAM [59]. 
Future work may further develop methods such as 
early FMX dual-contrast MRI, which assesses vessel 
features and permeability [75], combined with late 
FMX dual-contrast MRI, which can distinguish FMX 
in extracellular space from TAM uptake [78]. With 
optimization and standardization, such methods may 
find broader use in the clinic. In principle, combined 
early and late FMX-MRI can map quantifiable features 
of tumor vasculature (vessel density, relative vascular 
volume fraction, vessel size index, transvascular 
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permeability) and tissue (TAM abundance, necrosis), 
respectively, that may inform choice of treatment and 
nano-formulation thereof for a patient, a cohort or an 
entire trial. Resulting data would have the potential to 
predict whether a patient should receive treatment 
with TNP or other types of therapies. For instance, 
high TAM abundance and vessel permeability would 
suggest the tumor may respond to TNP, while poor 
vascularization may indicate the need for a highly 
permeable small molecule therapeutic, or the use of 
neoadjuvant tumor priming to enhance TNP delivery.  

FMX-MRI could logistically be incorporated into 
routine clinical care, and quantitative imaging 
readouts could be integrated with other diagnostic 
information such as histopathology and genomic 
mutational analysis to plan a course of treatment. In 
this regard, FMX-MRI would serve as a 
“complementary diagnostic” that is not required for 
the safe and effective use of a TNP, but aids in the 
benefit-risk decision making [106]. For this to happen, 
future clinical studies will need to further 
demonstrate the ability of FMX-MRI to predict the 
efficacy of multiple FDA-approved TNP. In the 
meantime, FMX-MRI could be developed as a 

companion diagnostic required for use of a given TNP 
that is still undergoing clinical trials, and could be 
used in the context of biomarker-guided adaptive 
trials already being implemented [107]. 

As discussed here, FMX-MRI has the most 
immediate applicability to solid tumors, especially 
those known to exhibit heterogeneous EPR effects, 
such as pancreatic cancer.  

Outside of cancer, TNP are useful in delivering 
antibiotics, anti-inflammatories, and nucleic-acid 
based drugs to phagocytic cells at sites of 
inflammation and MPS clearance. As an example of 
the former, monocytes and macrophages have been 
targeted with nanomedicines in cardiovascular 
diseases, where they accumulate in atherosclerotic 
plaques [108]. Lesion vascularization and immune cell 
infiltration play a role in drug delivery and response 
in many other indications. For instance, several 
ongoing clinical trials are using FMX-MRI to monitor 
inflammation and vascular defects in the central 
nervous system [43, 109], and TNP are being 
developed to specifically target such pathologies 
[110]. 

The use of FMX as a companion diagnostic for 
TNP follows a broad trend 
in nanomedicine, where NP 
imaging is being used to 
scale dosage, model 
pharmacokinetics and 
predict treatment efficacy of 
TNP (Table 1) [111–113]. 
Radiographic imaging of 
endogenous tissue contrast 
can in some cases predict 
TNP behavior, as is the case 
with dynamic contrast 
enhanced computed 
tomography to visualize 
regions of EPR most prone 
to liposomal delivery [95]. In 
other cases, direct TNP 
labeling permits 
pharmacokinetics of the 
resultant “theranostic” to be 
measured [114, 115]. FMX is 
not the only NP that has 
been successfully used as a 
predictive companion 
diagnostic. For example, a 
companion PET imaging NP 
has predicted the 
accumulation and efficacy of 
TNP with distinct 
physicochemical properties, 
including liposomal and 

Table 1. Clinical and pre-clinical TNP studies using imaging 
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polymeric micelle formulations, in pre-clinical models 
[116]. Compared to FMX-MRI, PET imaging may be 
an attractive alternative for imaging indications 
where MRI interpretation is difficult. For breast 
cancer imaging, iodine liposomes as a mammography 
contrast have been used to predict DOXIL efficacy in a 
rat model [112]. While each approach has advantages 
and disadvantages, they collectively demonstrate the 
potential of an imaging NP to predict the 
accumulation and activity of a distinct TNP.  

The mode by which TNP accumulate in tissues is 
complicated by many factors, including vascularity, 
lymphatic drainage, extracellular matrix composition, 
and immune cell infiltration, among others [117]. In 
tumor settings, the EPR effect has for years 
represented a simplistic view of the complicated 
interdependence between these factors [10, 118], but 
sophisticated new models are beginning to provide a 
better understanding NP pharmacokinetics [22, 23, 42, 
62]. The ability to stratify patients based upon their 
likelihood to benefit from nanomedicine could 
improve the success rate of new TNP formulations, 
and this will rely on better predictive modeling of 
companion diagnostic - TNP combinations. 
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