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Abstract 

Deposition of liposomal drugs into solid tumors is a potentially rate-limiting step for drug delivery 
and has substantial variability that may influence probability of response. Tumor deposition is a 
shared mechanism for liposomal therapeutics such that a single companion diagnostic agent may 
have utility in predicting response to multiple nanomedicines.  
Methods: We describe the development, characterization and preclinical proof-of-concept of the 
positron emission tomography (PET) agent, MM-DX-929, a drug-free untargeted 100 nm PEGylated 
liposome stably entrapping a chelated complex of 4-DEAP-ATSC and 64Cu (copper-64). 
MM-DX-929 is designed to mimic the biodistribution of similarly sized therapeutic agents and enable 
quantification of deposition in solid tumors.  
Results: MM-DX-929 demonstrated sufficient in vitro and in vivo stability with PET images accurately 
reflecting the disposition of liposome nanoparticles over the time scale of imaging. MM-DX-929 is 
also representative of the tumor deposition and intratumoral distribution of three different 
liposomal drugs, including targeted liposomes and those with different degrees of PEGylation. 
Furthermore, stratification using a single pre-treatment MM-DX-929 PET assessment of tumor 
deposition demonstrated that tumors with high MM-DX-929 deposition predicted significantly 
greater anti-tumor activity after multi-cycle treatments with different liposomal drugs. In contrast, 
MM-DX-929 tumor deposition was not prognostic in untreated tumor-bearing xenografts, nor 
predictive in animals treated with small molecule chemotherapeutics.  
Conclusions: These data illustrate the potential of MM-DX-929 PET as a companion diagnostic 
strategy to prospectively select patients likely to respond to liposomal drugs or nanomedicines of 
similar molecular size. 
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Introduction 
Liposomes are a specific class of phospholipid 

nanoparticles used to encapsulate and deliver small 
molecule therapies. These drug delivery systems have 
been particularly useful in oncology, and provide a 
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means to improve the toxicity profiles and therapeutic 
windows for small molecule chemotherapies by 
enabling long-circulating pharmacokinetics, tunable 
sustained release, as well as improved drug 
deposition and exposure in solid tumors [1]. Several 
liposomal therapeutics have been approved for cancer 
treatment, including Doxil®/Caelyx®, Myocet®, 
DaunoXome®, Marqibo®, ONIVYDE®, and many 
others are in clinical development.  

The propensity for liposomes to deposit in solid 
tumors is largely governed by their size (typically 
50-120 nm in diameter), systemic exposure 
(pharmacokinetics), which may be dictated by their 
physico-chemical properties, and the “leakiness” or 
permeability of the tumor vasculature. Known as the 
enhanced permeability and retention (EPR) effect, this 
phenomenon predicts that the large size of liposomes 
prevents extravasation from normal vasculature, 
resulting in longer systemic circulation and eventual 
deposition and retention in areas of functionally 
porous vasculature, such as areas of inflammation 
and leaky vasculature in some solid tumors [1–5].  

 It has been documented that liposomal tumor 
deposition is highly variable and a rate-limiting step 
for effective drug delivery and anti-tumor activity [6]. 
Vascular permeability varies across patients, across 
distinct tumors within an individual patient, and 
possibly by anatomical location and tumor of origin as 
well [7–9]. Using 111In-DTPA-labeled PEGylated 
liposomes, Harrington et al. demonstrated that 
liposome deposition ranged from undetectable to 53% 
injected dose/kg in patients with different tumor 
types [7]. Similarly, quantification of drug delivery in 
patient biopsies 72 h after administration of liposomal 
irinotecan demonstrated 38-fold variation in 
irinotecan delivery [9]. Moreover, the identification of 
liposomal tumor deposition as a rate-limiting step for 
drug delivery to tumor cells supports the theory that 
deposition variability may directly contribute to 
differential responses to therapeutics [6]. 
Additionally, preclinical studies have indicated a 
correlation between variable liposome deposition in 
rat xenograft models and tumor response to 
single-dose PLD treatment [10]. Perez-Medina et al. 
reported that mouse tumors with > 25 mg/kg 
liposomal doxorubicin deposition had better growth 
inhibition, as revealed by a co-injected 
89Zr-nanoreporter as surrogate measurement of 
nanoparticle deposition in tumors [11]. These results 
suggest that identification of patients exhibiting 
increased tumor deposition may have potential to 
improve the overall response rate and clinical 
outcome of liposomal therapeutics.  

 We have previously described the development 
of a gradient-loadable chelator, 4-DEAP-ATSC, as a 

means to efficiently and stably incorporate copper-64 
(64Cu, t1/2 = 12.7 h) into liposomal formulations, and 
its utility in labeling and tracking the biodistribution 
and deposition of drug-loaded liposomes in animal 
models, as well as human subjects [8,12,13]. In a Phase 
1 study, we reported that tumor deposition of 
64Cu-labeled HER2-targeted liposomal doxorubicin 
(64Cu-MM-302) varied 35-fold in metastatic 
HER2-positive breast cancer patients, which is likely 
driven by the variability of the EPR effect. Most 
importantly, an exploratory retrospective analysis 
suggested that high 64Cu-MM-302 tumor deposition, 
quantified using positron emission tomography 
(PET), was associated with more favorable treatment 
outcomes. The ability to radiolabel drug-loaded 
liposomes with a PET isotope such as 64Cu provides a 
valuable translational tool for obtaining quantitative 
biodistribution and deposition data for therapeutic 
agents. However, a drug-free, non-therapeutic 
companion diagnostic imaging agent would have the 
additional advantage of sparing patients from 
harmful side effects of chemotherapy-containing 
liposomes, as well as potentially identifying patients 
most likely to benefit from any liposomal therapeutic. 

Here, we describe the development of a 
drug-free 64Cu-loaded liposomal PET agent, 
MM-DX-929. MM-DX-929 is a 64Cu-encapsulating, 
untargeted, PEGylated liposome that is designed to 
mimic the biodistribution and tumor deposition of 
similarly sized therapeutic agents, suitable for 
implementation as a companion diagnostic to 
prospectively select patients for liposomal 
therapeutics. Specifically, we aim to demonstrate that 
MM-DX-929 is an effective imaging surrogate for 
measurement of tumor deposition and intratumoral 
distribution of liposomal drugs in mouse xenograft 
models of human cancer. Furthermore, we show that 
quantification of MM-DX-929 tumor deposition by 
PET can successfully identify responders to three 
liposomal therapeutics in different xenograft models. 

Materials and Methods 
Liposome Preparation 

PEGylated liposomal doxorubicin (PLD, Doxil®) 
(Janssen Products; Titusville, NJ) was obtained from a 
pharmacy. MM-302 was prepared as previously 
described [14]. MM-302 is composed of HSPC: 
cholesterol:PEG-DSPE (3:2:0.3 mol ratio) (hydrogen-
ated soybean phosphatidylcholine:cholesterol: 
PEG-1,2-distearoyl-sn-glycero-3-phosphoethanolamin
e) with ammonium sulfate as the gradient for loading 
doxorubicin. The anti-HER2 F5-PEG-DSPE conjugates 
were subsequently inserted into the pre-formed 
doxorubicin-loaded liposome. Liposomal irinotecan 
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(irinotecan liposome injection, ONIVYDE®, MM-398), 
prepared as previously described [15,16], is composed 
of DSPC:cholesterol:PEG-DSPE (3:2:0.015) with 
triethylammonium sucrose octasulfate (TEA-SOS) as 
the trapping agent for loading irinotecan. 
Fluorescently-labeled liposomes were prepared by 
incorporating lipophilic carbocyanine DiIC18(5)-DS 
(Life Technologies, D12730) during the liposome 
preparation procedure as previously described [14]. 

MM-DX-929 liposomes composed of DSPC: 
cholesterol:PEG-DSPE (3:2:0.3 mol ratio) were 
prepared using methods similar to that reported for 
liposomal irinotecan [15,16]. Briefly, lipid components 
dissolved in ethanol mixed with 0.43N TEA-SOS 
formed multilamellar vesicles, which were extruded 
to form unilamellar liposomes. Extraliposomal 
TEA-SOS was subsequently exchanged with HEPES- 
buffered saline (HBS; 10mM HEPES, 150 mM NaCl, 
pH 7.2) by diafiltration. The resulting liposomes have 
particle size of ~100 nm determined by dynamic light 
scattering. 3H-MM-DX-929 liposomes were prepared 
by incorporating [cholesteryl-1,2-3H(N)]-cholesteryl 
hexadexyl ether (3H-CDHE) into the lipid-ethanol 
mixture described above prior to extrusion. 

Chelation of 64Cu to 4-DEAP-ATSC and 
Loading into MM-DX-929 Liposomes 

64CuCl2 (Washington University; St. Louis, MO 
USA) was chelated to a loading agent (Diacetyl 
4,4′-bis(3-(N,N-diethylamino)propyl)thiosemicarbazo
ne, or 4-DEAP-ATSC) at 0.35 mCi/nmol ratio using a 
method as previously described [12]. 64Cu-chelator 
was added to MM-DX-929 liposomes (< 0.2% 
chelator:lipid mol ratio), heated to 65°C for 10 min 
and then cooled to room temperature in an ice water 
bath. The efficiency of loading was measured by size 
exclusion chromatography (SEC) as previously 
described [12]. The 64Cu-loaded liposomes are 
referred to as MM-DX-929 hereafter. 

In vitro and In vivo Stability of MM-DX-929 
 In vitro stability of MM-DX-929 was evaluated 

by incubation in human plasma at 37°C, followed by 
SEC to separate liposomal 64Cu, free 64Cu, and 
64Cu:4-DEAP-ATSC complex. The SEC procedure is 
described in detail elsewhere [12] and in 
Supplementary Fig. S1. In vivo stability of MM-DX-929 
was evaluated by comparing the pharmacokinetics of 
64Cu and 3H components in immunocompetent CD-1 
mice (20 µmol lipid/kg). Mice were injected with 
3H-MM-DX-929 intravenously; blood samples were 
collected via saphenous vein at 5 min, 1 h, 4 h, 24 h, 
and 48 h post-injection (h.p.i.). 64Cu and 3H in plasma 
were quantified by scintillation counting. 

Animal Studies 
All animal work carried out at University Health 

Network was approved by the institution’s Animal 
Care Committee, and adhered to the Animal Welfare 
Act (AWA) and Animal Welfare Regulations (AWR). 
Animal studies performed at Merrimack Pharmaceu-
ticals are also in compliance with guidelines 
established by the Institutional Animal Care and Use 
Committee. 

PET/CT Image Acquisition and Analysis 
Female nu/nu or NOD/SCID mice were 

inoculated with BT474-M3 n = 12 (orthotopic 
mammary fat pad; 10×106 cells), SUM190 n = 12 
(orthotopic mammary fat pad; 10×106 cells), 
MDA-MB-231 n = 10 (orthotopic mammary fat pad; 
4×106 cells), H520 n = 4 (subcutaneous; 5×106 cells), or 
HT-29 n = 9 (subcutaneous; 5×106 cells) cancer cells 
suspended in cell culture media (supplemented with 
10% FBS, 1% penicillin-streptomycin). Once tumors 
were established (average tumor volume ~250 mm3), 
mice were injected with MM-DX-929 intravenously 
via the lateral tail vein (10-13 MBq/mouse, 20 µmol 
lipid/kg). For image acquisition, mice were 
anesthetized using 2% inhaled isoflurane. PET images 
were acquired on a Focus 120 or 220 microPET 
(Siemens; Malvern, PA). Images were acquired over a 
45 min period. At the center field of view, the 
acquisition resolution was 1.4 mm. Data was 
reconstructed using a maximum a posteriori (MAP) 
algorithm with voxel size of 0.146 × 0.146 × 0.796 
mm3, or 2D ordered subset expectation maximization 
(OSEM2D) algorithm with voxel size of 0.866 × 0.866 
× 0.796 mm3 (HT-29 data only). Anatomical CT scans 
were obtained on a Locus Ultra microCT preclinical 
scanner (GE Healthcare; Pittsburgh, PA) operated at 
80 kVp and 50 mA, or NanoSPECT/CT (Bioscan; 
Washington, DC). 

PET/CT images were registered using a 
semi-automated rigid registration algorithm on 
Inveon Research Workplace (Siemens; Malvern, PA), 
or VivoQuant (inviCRO; Boston, MA) software. 
Regions of interest (ROIs) were drawn manually on 
PET/CT slices in each tissue of interest. A linear 
extrapolation algorithm was applied to connect the 
ROIs to generate tissue volumes for quantification.  

Tracer kinetic modeling 
Tracer kinetic modeling for describing liposome 

transport into and out of tumors was performed using 
a model identical in structure to that previously used 
[8] with parameters changed to reflect mouse 
physiology. Briefly, the pharmacokinetics of 
MM-DX-929 was represented with a single blood 
compartment, and clearance characterized by a 
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first-order elimination rate constant, kel. The tumor 
was described in a semi-physiological manner with a 
vascular portion, and tissue portion consisting of 
cellular and interstitial space. The fractional volume 
of the tumor occupied by vasculature was described 
by vascular volume fraction (VVF). Blood flow rate 
into and out of the tumor (Q) was assumed constant at 
0.212 L/kg/min [17]. Washout of particles from the 
tumor, either back into the blood or via lymphatic 
drainage, are lumped into a single process for 
simplicity. Deposition and washout of MM-DX-929 
into and out of the tumor tissue space was assumed to 
follow first-order kinetics and were characterized by 
rate constants k1 and k-1, respectively. The following 
parameters were estimated directly from the kinetic 
data: kel, VVF, k1, k-1 using median values extracted 
from ROI from the PET images and associated tumor 
volume measurements. Additional information on the 
model parameters are provided in Supplementary 
Table S1. The model was implemented in MATLAB 
R2016b (The Mathworks, Natick, MA). 

Tumor Deposition and Intratumoral 
Distribution of MM-DX-929 and Liposomal 
Drugs  

 BT474-M3 (n = 12) or HT-29 (n = 10) tumor- 
bearing xenografts were co-injected with MM-DX-929 
and one of the liposomal drugs (DiI5-PLD at 3 mg/kg, 
DiI5-MM-302 at 3 mg/kg, liposomal irinotecan at 10 
mg/kg) intravenously. At 24 h.p.i., mice were 
perfused with 10 mL of phosphate-buffered saline to 
remove residual agents in circulation, tumors were 
subsequently excised for gamma-scintillation 
counting, autoradiography, immunofluorescence (IF) 
imaging, or quantification of drug deposition using 
high performance liquid chromatography (HPLC). 
For autoradiography and IF, tumors were embedded 
in O.C.T. Tissue-Tek® (Sakura Finetek Europe; The 
Netherlands), and cut into 20 µm sections. 
Autoradiographic images were acquired using the 
Cyclone Plus Storage Phosphor System (Perkin Elmer 
Inc., MA); consecutive sections were mounted on 
glass slide for DiI5 detection using the Aperio 
Scanscope FL. Doxorubicin and irinotecan deposition 
in tumors were measured using previously reported 
HPLC methods [14,16]. 

Stratification with MM-DX-929 PET 
 At approximately 250 mm3 average tumor 

volume, BT474-M3 or HT-29 tumor-bearing 
xenografts were injected intravenously with 
MM-DX-929. PET/CT images of MM-DX-929 were 
acquired at 20-24 h.p.i. for quantification of tumor 
deposition. Immediately after PET/CT imaging, mice 
began treatment with the indicated therapeutics 

(MM-302, PLD, liposomal irinotecan, doxorubicin, or 
untreated) for up to 6 weekly cycles (q1w). Tumor 
volumes were measured twice per week using a 
digital caliper up to 50 days after beginning treatment. 
Animals were assigned to “high” and “low” 
deposition groups based on MM-DX-929 signal in 
tumors measured using PET, using median uptake of 
MM-DX-929 as the threshold for stratification. 
Statistical Analysis 

Statistical and pharmacokinetic analyses were 
performed using MATLAB or GraphPad Prism 
version 7.0 (GraphPad Software, San Diego, CA), 
respectively. Only nonparametric statistical tests were 
utilized, including Mann-Whitney, Kruskal-Wallis, or 
Spearman Correlation, wherever applicable. Data are 
shown as mean ± SEM unless otherwise indicated. 

Results  
Characterization of MM-DX-929 as a 
Liposomal Imaging Agent 

 We have previously reported characterization of 
the 4-DEAP-ATSC chelator and its chelation 
chemistry [12]. In a recent Phase 1 clinical study, the 
64Cu:4-DEAP-ATSC compound loaded into MM-302 
administered to patients was well-tolerated and 
resulted in good quality PET images [8]. In the current 
study, the efficiency of 64Cu loading into MM-DX-929 
liposomes was tested using various molar ratios of 
4-DEAP-ATSC to phospholipid. Loading efficiency 
remained greater than 97% as the concentration of 
chelator increased relative to phospholipid 
concentration (up to 8000 chelator/liposome), 
illustrating a robust procedure capable of loading 
high levels of 64Cu into liposomes. The final 
64Cu-loading protocol utilizes a molar excess of 
4-DEAP-ATSC to 64Cu and liposome (~150 
chelator/liposome) to ensure a high radiolabeling 
efficiency. High loading efficiency coupled with the 
observations that free 64Cu and 64Cu:4-DEAP-ATSC 
are rapidly cleared in vivo [12] obviate the need for 
any purification steps prior to use. A schematic 
representation of MM-DX-929 is shown in Fig. 1.  

64Cu PET reporter is Stably Encapsulated in 
MM-DX-929 under Physiological Conditions 

 The stability of the MM-DX-929 was evaluated 
in vitro by incubation of MM-DX-929 in human 
plasma at 37°C for up to 48 h. Size exclusion 
chromatography (SEC) was performed to separate 
liposomal 64Cu from released/non-liposomal-64Cu. As 
shown in Fig. 2A and B, greater than 98% of 64Cu 
remained in the liposomal fraction at 0 h and after 48 
h of incubation in human plasma at 37°C. This 
demonstrates that MM-DX-929 stably retains the 64Cu 
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label over the useful imaging lifetime of 64Cu 
(radioactive t1/2 of 64Cu = 12.7 h) under physiological 
conditions. 

 In order to confirm if the 64Cu remains 
associated with the liposome following intravenous 
injection, 3H-MM-DX-929 (i.e. dual-labelled with 3H 
and 64Cu) was prepared as a secondary in vivo tracer. 
The blood clearance of 3H (liposome shell) and 64Cu 
(PET reporter) in immunocompetent mice were 
comparable as shown in Fig. 2C and Table 1. There 
was no statistically significant difference in blood 
clearance rate detected among all groups (64Cu 
activity from MM-DX-929 group, 64Cu and 3H activity 
from 3H-MM-DX-929 group). These results indicate 
that incorporation of 3H-CDHE tracer into the 
liposomes did not affect the MM-DX-929 pharmaco-
kinetics. Moreover, no significant difference was 
observed between pharmacokinetics measured by 
64Cu and 3H activity in mice injected with 
3H-MM-DX-929, with 64Cu and 3H remaining in an 
approximately 1:1 ratio for 48 h in vivo (Fig. 2D). This 
in vivo stability was further confirmed by examining 
mouse plasma collected from mice injected with 
MM-DX-929, where 64Cu detected in circulation at 24 
h.p.i. remained primarily associated with the 
liposomes as determined by SEC (Supplementary Fig. 
S1A). The stability of the MM-DX-929 liposome is 
directly associated with PEGylation content, as 
reducing the PEG content from 10 mol% to 0.5 mol% 
resulted in the presence of non-liposomal, protein- 
bound 64Cu:4-DEAP-ATSC complex (Supplementary 
Fig. S1B). 

Tumor Deposition Imaging with MM-DX-929 
PET 

 PET/CT imaging was performed in a panel of 
five mouse xenograft models injected intravenously 
with MM-DX-929 (Fig. 3), including three orthotopic 
mammary fat pad models of breast cancer (HER2+ve 

BT474-M3, inflammatory HER2+ve SUM190, and 
triple negative MDA-MB-231) and two subcutaneous 
models (non-small cell lung cancer H520, and 
colorectal cancer HT29). Fig. 3A illustrates an example 
of MM-DX-929 distribution kinetics in mice bearing 
bilateral HT-29 subcutaneous tumors. At 1 h.p.i., 
MM-DX-929 remains primarily in circulation. At 8-20 
h.p.i., MM-DX-929 accumulated mainly in the liver 
and spleen, with significant signal detected in the 
tumors. The right panel in Fig. 3A shows the 
time-course quantification of MM-DX-929 in blood 
and tumors obtained from the PET/CT images. Over 
time MM-DX-929 was cleared from the blood while 
the amount of MM-DX-929 in tumors increased. This 
is indicative of liposome extravasation out of the 
vasculature and into the tumor interstitium via the 
EPR effect [1,2,4,5,18,19]. 

 

Table 1. Plasma pharmacokinetic parameters of MM-DX-929 
(detected by 64Cu) and 3H-MM-DX-929 (detected by 64Cu or 3H) 
calculated using non-compartmental analysis. 

 
Compound 

Pharmacokinetics Parameters 
t1/2 (h) AUC(%i.d.h/mL) CL (mL/h) Vss (mL) 

MM-DX-929 (64Cu) 12 ± 0.7 1500 ± 66 0.069 ± 0.003 1.2 ± 0.1 
3H-MM-DX-929 (64Cu) 11.6 ± 0.4 1400 ± 100 0.071 ± 0.006 1.1 ± 0.1 
3H-MM-DX-929 (3H) 11 ± 0.9 1300 ± 160 0.078 ± 0.010 1.2 ± 0.1 

 
 Tumor deposition of MM-DX-929 at 20-24 h.p.i. 

obtained from PET/CT images in the five xenograft 
models is illustrated in Fig. 3B. MM-DX-929 tumor 
deposition was found to be variable within each 
model and across models, ranging from 3.5 %i.d./g 
(percentage of injected dose per gram of tumor) to 
19.0% i.d./g. Specifically, MM-DX-929 deposition in 
BT474-M3 and HT-29 tumors range from 3.5-6.2 
%i.d./g and 10.7-19.0 %i.d./g, respectively. In a 
separate study where the drug deposition of MM-302 
was assessed by HPLC measurement of encapsulated 
doxorubicin, drug payload detected in BT474-M3 and 

HT-29 tumors were found to range from 
3.6-6.2 %i.d./g and 7.1-15.4 %i.d./g, 
respectively (data not shown). This 
demonstrates the feasibility of employ-
ying MM-DX-929 PET to quantitatively 
predict tumor deposition of liposomal 
drugs, and to effectively differentiate 
tumors with distinct permeability to 
liposomes. 

Tracer Kinetic Modeling of 
MM-DX-929 Deposition 

 Previously, we reported a kinetic 
model for depicting the deposition (k1) 
and washout (k-1) kinetics of liposome 
deposition in a tumor [8]. Examples of 
blood and tumor deposition kinetics of 

 

 
Figure 1. Schematic of MM-DX-929 – a liposomal PET imaging companion diagnostic 
agent. MM-DX-929 is a highly PEGylated (10 mol%) untargeted liposome, stably encapsulating 
64Cu:4-DEAP-ATSC complex and excess uncomplexed 4-DEAP-ATSC chelators. PEG-DSPE = 
polyethylene glycol-1,2-distearoyl-sn-glycerol-3-phosphoethanolamine; TEA-SOS = triethylammo-
nium sucrose octasulfate; DSPC = 1,2-distearoyl-sn-glycero-3-phosphocholine. 
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MM-DX-929 in low (BT474-M3) and high (HT-29) 
deposition xenograft models, respectively, are shown 
in Fig. 4A and B. Kinetic modeling indicated that at 24 
h.p.i., the MM-DX-929 PET signal detected in the 
tumors are primarily in tumor tissue, with minimal 
contribution from the tumor vascular signal. 
Simulation suggests that k1 and k-1 are more likely to 
affect liposome deposition or exposure in tumors 
compared to vascular volume fraction (VVF) (Fig. 4C). 
The ranking of kinetic parameters for each xenograft 
model (Fig. 4D: k1, k-1, VVF) did not seem to predict 
peak tumor accumulation of MM-DX-929 (Fig. 3B). 
However, a positive correlation (ρ = 0.57, p < 0.001) 
was observed between k1 and tumor deposition of 
individual tumors at 24 h.p.i., as shown in Fig. 4E, 
while no significant correlation was detected between 
k-1 or VVF and tumor deposition. 

MM-DX-929 is Predictive of Deposition and 
Intratumoral Distribution of Liposomal Drugs 

 We hypothesize that liposome deposition via the 

EPR effect is a crucial rate-liming step for effective 
drug delivery to tumors (Fig. 5A). The EPR effect is a 
shared step in drug delivery, both for untargeted 
liposome as well as immunoliposomes targeting 
tumor cell antigens. For instance, as depicted in Fig. 
5A, HER2-targeted liposomal doxorubicin (MM-302) 
accumulate in tumors in a similar manner as 
untargeted PLD. Following the deposition step, the 
HER2-targeting moiety directs MM-302 to be 
internalized by the HER2-overexpressing tumor cells 
for efficient intracellular delivery of the drug payload, 
while untargeted PLD are likely to be phagocytosed 
by macrophages [20]. In order to demonstrate that 
MM-DX-929 can be used as a universal imaging-based 
companion diagnostic tool for measuring tumor 
deposition of liposomal drugs, we sought to 
determine whether intratumoral distribution and 
deposition of MM-DX-929 is proportional to that of 
liposomal drugs of different properties. 

 

 
Figure 2. In vivo and in vitro stability of 64Cu encapsulation in MM-DX-929. (A) Sepharose CL4B columns were characterized using fluorescently-labeled 
liposome or human plasma to determine the fractions at which liposome-bound or plasma-protein-bound 64Cu:4-DEAP-ATSC elute, respectively. Free 64Cu is 
retained within the column with < 3% of recovery from elution at 100 mL of cumulative volume. Following incubation with human plasma at 37°C for 0 h and 48 h, 
aliquots of MM-DX-929/plasma mixture were loaded onto the columns to separate the liposomal 64Cu from non-liposomal 64Cu. (B) The percentage of 64Cu 
retained within the liposome was determined from (A) by dividing the 64Cu signal recovered from MM-DX-929 in the liposome fraction by the total radioactivity 
recovered. (C) Mice were injected with a single dose of MM-DX-929 or 3H-MM-DX-929. At designated time points up to 48 h.p.i., a blood sample was collected via 
saphenous vein puncture. 64Cu and 3H radioactivity in the plasma fraction was quantified using scintillation-counting. Data is decay-corrected. 3H serves as a stable 
tracer for the liposomal component of MM-DX-929 and was incorporated into the formulation as 3H-CDHE. (D) Ratio of 64Cu-to-3H in plasma derived from (C) was 
plotted as a function of time post-injection. 
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Figure 3. PET/CT imaging and quantification of MM-DX-929 deposition in xenograft models. (A) Representative maximum intensity projection of 
NOD-SCID mice bearing bilateral subcutaneous HT-29 tumors at 1, 8, and 20 h after MM-DX-929 injection via lateral tail vein. Quantification of MM-DX-929 tumor 
and blood signal as a function of time obtained from the images are provided on the right panel. (B) Quantification of MM-DX-929 tumor deposition at approximately 
24 h.p.i. in multiple tumor xenograft models. Representative axial PET/CT images of BT474-M3 (orthotopic mammary fat pad), SUM190 (orthotopic mammary fat 
pad), MDA-MB-231 (orthotopic mammary fat pad), and H520 (subcutaneous) tumors are shown on the right panel. Images and data are decay-corrected. 

 
 Using scintillation counting (64Cu for 

MM-DX-929) and HPLC quantification (drug uptake), 
tumor deposition of MM-DX-929 (10% PEG 
untargeted liposome) correlated with liposomal 
irinotecan (0.5% PEG untargeted liposome; Fig. 5B, 
Spearman Correlation ρ = 0.83, p = 0.047) and 
MM-302 (10% PEG HER2-targeted liposome; Fig. 5C, 
Spearman Correlation ρ = 0.80, p = 0.0026). Further-

more, the intratumoral distribution of MM-DX-929 
qualitatively resembles that of PLD (Fig. 5D) and 
MM-302 (Fig. 5E), as determined by autoradiography 
(64Cu) and fluorescence microscopy (DiI5-labeled 
liposomes). These results demonstrate that 
MM-DX-929 accumulates in tumors through a similar 
mechanism as multiple other liposomal drugs as 
suggested in Fig. 5A. 
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Figure 4. Modeling of MM-DX-929 transport kinetics and correlation with tumor deposition. (A) and (B) are representative examples of kinetics of 
MM-DX-929 in blood (solid red line) and tumor (solid black line) in BT474-M3 and HT-29 xenografts, respectively based on tracer kinetic modeling. Longitudinal 
experimental data for MM-DX-929 in the blood and tumor based on PET images are shown as red and black points, respectively. Simulated kinetics of contributions 
of tumor vasculature (dashed red line) and tumor interstitium (dashed black line) are also shown. (C) Simulated effect of k1, k-1, and VVF on MM-DX-929 tumor 
deposition kinetics (mean value (solid black line) ± one standard deviation (dashed lines)). (D) Transport kinetics parameters of MM-DX-929 (k1, k-1, VVF) for 
individual tumors obtained from PET/CT images of xenograft models injected with MM-DX-929. (E) Correlation of MM-DX-929 tumor deposition at approximately 
24 h.p.i. with k1, k-1, and VVF. Data for tracer kinetic modeling are decay-corrected. 
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Figure 5. Correlation of MM-DX-929 tumor deposition and intratumoral distribution with liposomal drugs. (A) Schematic depicting the mechanism 
in which liposomal drugs are delivered from circulation into the cellular target. Liposome deposition and transport into tumors from circulation via the EPR effect is 
a shared step for liposomal drugs with different physico-chemical properties. The intratumoral fate of the liposome and drug payload is determined after the 
deposition step depending on the design of the liposomal drug system. Mice bearing (B) HT-29 subcutaneous tumors and (C) BT474-M3 orthotopic mammary fat pad 
tumors were co-injected with MM-DX-929 and liposomal irinotecan (10 mg/kg) or MM-302 (3 mg/kg), respectively. At 24 h.p.i., mice were perfused with PBS and 
tumors were excised for quantification of 64Cu and drug content. Mice bearing BT474-M3 tumors were co-injected with MM-DX-929 and (D) DiI5-PLD (3 mg/kg) or 
(E) DiI5-MM-302 (3 mg/kg), respectively. Autoradiography was performed to obtain intratumoral distribution of MM-DX-929 at 24 h.p.i.; consecutive sections were 
used to obtain intratumoral distribution of DiI5-PLD or DiI5-MM-302 using Aperio ScanScope. 
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MM-DX-929 Predicts Treatment Response of 
Liposomal Drugs but not Small Molecule 
Chemotherapeutics 

 We hypothesize that increased deposition of 
therapeutic liposomes in tumors will lead to 
improved treatment response, attributable to 
increased delivery of the liposomal drug contents to 
their molecular target within tumor cells. As a proof- 
of-concept, we administered MM-DX-929 intravenou-
sly in tumor-bearing mice as an imaging companion 
diagnostic agent, and acquired PET/CT images at 
approximately 24 h.p.i. to non-invasively quantify 
liposome deposition in tumors. Animals were then 
subjected to treatment of different liposomal therap-
eutics: MM-302 (3 mg/kg; Fig. 6A), PLD (3 mg/kg; 
Fig. 6B), or liposomal irinotecan (10 mg/kg; Fig. 6C). 
The median of tumor deposition within each group 
was selected as a stratification threshold. In three 
separate studies, mice with high tumor deposition (≥ 
median) of the MM-DX-929 imaging diagnostic had 
greater anti-tumor activity following multi-cycle lipo-
somal therapeutic treatment, compared to those with 
low MM-DX-929 tumor deposition group (< median). 

 In contrast, MM-DX-929 tumor deposition did 
not differentiate treatment response of small molecule 
chemotherapeutics such as doxorubicin (6 mg/kg; 
Fig. 6D). Similarly, quantification of small molecule 
contrast enhancement (gadoteridol) in tumors using 
conventional dynamic contrast-enhanced magnetic 
resonance imaging (DCE-MRI) did not correlate with 
MM-DX-929 tumor deposition (Supplementary Fig. 
S2C & D). Furthermore, MM-DX-929 tumor 
deposition was not prognostic in tumor-bearing mice 
that did not receive any therapeutic intervention (Fig. 
6E). Fig. 6F summarizes the change in tumor volume 
in high vs. low MM-DX-929 deposition groups at 
study endpoint; improvement in treatment response 
was only observed in the high MM-DX-929 deposition 
group when animals were treated with liposomal 
therapeutics (p ≤ 0.1). 

Discussion 
The rationale underlying the development of 

MM-DX-929 is based on the following key concepts: 
(1) deposition of liposomal drugs into solid tumors is 
a potentially rate-limiting step for drug delivery, (2) 
deposition of liposomal drugs into human tumors has 
substantial variability that may influence probability 
of response to therapy, and (3) tumor deposition is a 
shared mechanism for different liposomal drugs. As 
such, a single companion diagnostic agent may have 
utility in predicting response to multiple liposomal 
therapeutics, and possibly other nanomedicines of 
similar molecular size as well.  

Tumor deposition is a complex product of 

multiple factors including circulating lifetime, degree 
of vascular density, vascular surface area, 
permeability, and interstitial fluid pressure. For this 
reason, functional measurements provide the simplest 
and most direct means to assess drug delivery. Kinetic 
modeling can yield additional insights into the 
contribution of some of these processes. Once 
long-circulating characteristics are achieved, liposome 
deposition or exposure in tumors was primarily 
dictated by the wash-in (k1) and washout (k-1) kinetics, 
which reflect the tumor permeability to nanoparticles. 
VVF determined by PET (analogous to microvessel 
density obtained from biopsies) was not predictive of 
liposome deposition as not all blood vessels are 
permeable for liposome extravasation (Fig. 4). The 
transport of molecules and macromolecules into 
tumors is highly dependent on molecular size [21,22]. 
As such, there is no gold standard for measuring the 
EPR effect of liposomes, and MM-DX-929 provides a 
quantitative measurement of this process. 
Conventional DCE-MRI is a powerful technique for 
measuring contrast dynamics, primarily for small 
molecule contrast agents. Multiple studies have 
demonstrated a lack of correlation between the 
kinetics of standard low molecular weight contrast 
agents (< 1 kDa, < 2 nm) and macromolecular 
albumin-conjugated agents (~90 kDa, ~6 nm) [23,24], 
suggesting that these existing contrast agents may not 
accurately reflect the kinetics of liposome transport 
(~100 nm) (Supplementary Fig. S2). Additionally, the 
k1 and k-1 kinetics of nanoparticles, such as liposomes, 
are significantly slower, requiring image acquisition 
on the timescale of days (Fig. 4A-C), rather than 
minutes as is done with DCE-MRI. Similarly, the 
current study demonstrated that liposomal PET agent 
MM-DX-929 deposition does not predict treatment 
response to small molecule doxorubicin (Fig. 6D). 
These evidence suggest that an imaging companion 
diagnostic agent of comparable size to the therapeutic 
agent of interest is required for accurately predicting 
tumor deposition and permeability. Our group and 
others have previously reported the use of 
ferumoxytol (750 kDa superparamagnetic iron oxide 
nanoparticles, 10-70 nm) and MRI as a companion 
diagnostic strategy for nanomedicine [9,25]. While 
this approach demonstrated correlation between 
ferumoxytol-MRI signal and nanomedicine treatment 
response, the clinical utility of MRI as a patient 
stratification tool may be limited due to its 
semi-quantitative nature and challenges in image 
acquisition for certain tissues such as lung and bone 
lesions. For these reasons, we believe that 
longitudinal imaging of a labeled liposomal agent 
such as MM-DX-929 and quantitative PET provide the 
best estimation of liposomal drug delivery in tumors. 
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Figure 6. Retrospective stratification of treatment response using median of MM-DX-929 tumor deposition as a threshold. Mice bearing BT474-M3 
or HT-29 tumors were injected with MM-DX-929 via lateral tail vein. At 24 h.p.i., PET/CT images were acquired for quantification of MM-DX-929 tumor deposition. 
Mice were then treated with (A) MM-302 (3 mg/kg, q1w, n = 17 tumors), (B) PLD (3 mg/kg, q1w, n = 20 tumors), (C) liposomal irinotecan (10 mg/kg, q1w, n = 17 
tumors), (D) doxorubicin (6 mg/kg, q1w, n = 22 tumors), or (E) untreated (n = 21 tumors), for 3-6 cycles (as indicated by dotted vertical lines). Tumor volume change 
of low (< median, orange dotted line) and high (≥ median, black solid line) MM-DX-929 deposition groups were plotted as a function of days post-treatment. (F) 
Comparison of tumor volume change at study endpoint between low and high deposition groups. 

 
MM-DX-929 was developed with the vision of a 

universal companion diagnostic agent for multiple 
liposomal therapeutics. In this study, we have 
demonstrated that MM-DX-929 can predict tumor 
deposition and resemble intratumoral spatial 
distribution of liposomal drugs with different 
physico-chemical properties (Fig. 5). For instance, it 

has been shown that varying levels of surface 
PEGylation affects liposome pharmacokinetic 
profiles, which is a key factor affecting liposome 
tumor deposition. In general, liposomes decorated 
with low amounts of PEG, such as liposomal 
irinotecan, are cleared faster in vivo compared to 
high-PEG liposomes [1]. The intratumoral 
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distribution and tumor deposition of MM-DX-929, a 
highly PEGylated (10 mol%) untargeted liposome, 
was well correlated with PLD (10 mol% PEGylated 
untargeted liposomal doxorubicin), liposomal 
irinotecan (0.5 mol% PEGylation untargeted 
liposomal irinotecan), and MM-302 (PEGylated 
HER2-targeted liposomal doxorubicin) (Fig. 5B & C). 
These data support the use of MM-DX-929 as a 
universal imaging surrogate for measurement of 
liposomal drug deposition in tumors. Consequently, 
retrospective stratification by median MM-DX-929 
tumor deposition measured by PET also results in 
improvement in treatment outcomes of all three 
liposomal drugs (Fig. 6A-C, F). It should be noted that 
MM-DX-929 PET was shown to have no prognostic 
value in untreated animals (Fig. 6D), nor predictive 
value for small molecule chemotherapeutics (Fig. 6E), 
suggesting that the differentiation of treatment 
outcome as a result of MM-DX-929 PET stratification 
is attributed to the variability in liposome deposition 
in tumors. All of the above support our hypothesis in 
which effective drug delivery and local drug 
concentration are major rate-limiting factors for 
response to liposomal drugs. 

 PET was selected as the optimal modality for our 
liposomal imaging agent due to its high sensitivity 
and quantitative nature, while 64Cu was identified as 
the PET reporter of choice because its radioactive 
half-life (t1/2 = 12.7 h) matches the transport kinetics of 
liposomes within their useful imaging window [26]. 
Another commercially available PET isotope, 89Zr (t1/2 
= 78.4 h), would result in a much higher radiation 
absorbed dose and potentially undesirable radiation 
dosimetry as a liposome PET tracer [13]. Our Phase 1 
clinical study demonstrated that 64Cu-MM-302 tumor 
signal peaks around 24-48 h.p.i. in patients, and 
determined that 24 h.p.i. is an optimal imaging time 
point for assessing liposome deposition in human 
tumors, without compromising image quality or 
overextending patients’ time spent in the scanner [8], 
providing additional support for the clinical utility of 
a PET-based liposomal imaging agent. 

Others have reported similar strategies in 
utilizing nanoimaging agents to predict single-dose 
short-term treatment efficacy of individual 
nanomedicines [10,11,25]. It is possible that 
therapeutic intervention may alter the tumor 
microenvironment and potentially result in different 
liposome deposition in tumors at subsequent 
treatment cycles [27]. In this work, a pre-treatment 
MM-DX-929 imaging session at 24 h.p.i. was found to 
be effective at predicting the multi-cycle treatment 
response to liposomal therapeutics in multiple 
preclinical xenograft models (Fig. 6). To the best of 
our knowledge, MM-DX-929 PET is the first 

nanoimaging agent that has been demonstrated to 
provide a longitudinal treatment outcome prediction 
after a single pre-treatment imaging session, and is 
translatable in the clinic as a companion diagnostic for 
liposomal therapeutics. 

 For clinical implementation, individual clinical 
trial and retrospective analysis may be required to 
determine an appropriate deposition threshold to 
identify responders for each liposomal therapeutic in 
different indications. While tumor deposition may be 
a strong indicator for treatment response to liposomal 
therapeutics, other factors such as chemosensitivity 
can potentially affect therapeutic outcome. A 
multi-factorial analysis combining tumor deposition 
with other biomarkers may provide further insights 
on the contribution of each factor, and develop a more 
accurate predictive algorithm in identifying patients 
who would truly benefit from nanotherapeutics.  

In summary, we have described the 
development and characterization of MM-DX-929, 
and demonstrated preclinical proof-of-concept that a 
liposomal PET imaging companion diagnostic agent 
can predict the activity of liposomal therapies, 
providing support for clinical investigation. 
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