1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Drug Target. Author manuscript; available in PMC 2020 June 01.

-, HHS Public Access
«

Published in final edited form as:
J Drug Target. 2019 ; 27(5-6): 690-698. doi:10.1080/1061186X.2019.1566339.

Pharmacokinetic analysis reveals limitations and opportunities
for nanomedicine targeting of endothelial and extravascular
compartments of tumors

Michael J. Benchimol?, David Bourne3#, Seyed Moein Moghimi?:®, Dmitri Simberg?2:3.*
1Sonrgy Inc., San Diego, California, USA

2Colorado Center for Nanomedicine and Nanosafety, Aurora, Colorado, USA

3The Skaggs School of Pharmacy and Pharmaceutical Sciences, University of Colorado Anschutz
Medical Campus, Aurora, Colorado, USA

4Center for Translational Pharmacokinetics and Pharmacogenomics, The Skaggs School of
Pharmacy and Pharmaceutical Sciences, University of Colorado Anschutz Medical Campus,
Aurora, Colorado, USA

5School of Pharmacy, The Faculty of Medical Sciences, King George VI Building, Newcastle
University, Newcastle upon Tyne, UK, and Division of Stratified Medicine, Biomarkers &
Therapeutics, Institute of Cellular Medicine, Newcastle University, Framlington Place, Newcastle
upon Tyne, UK

Abstract

Targeting of nanoparticles to tumors can potentially improve specificity of imaging and treatments.
We have developed a multicompartmental pharmacokinetic model in order to analyze some of the
factors that control efficiency of targeting to intravascular (endothelium) and extravascular (tumor
cells and stroma) compartments. We make the assumption that transport across tumor endothelium
is an important step for subsequent nanoparticle accumulation in the tumor (area-under-the-curve,
AUC) regardless of entry route (interendothelial and transendothelial routes) and study this
through a multicompartmental simulation. . Our model reveals that increasing endothelial targeting
efficiency has a much stronger effect on the AUC than increasing extravascular targeting
efficiency. Furthermore, our analysis reveals that both extravasation and intratumoral diffusion
rates need to be increased in order to significantly increase the AUC of extravascular-targeted
nanoparticles. Increasing the nanoparticle circulation half-life increases the AUC independently of
extravasation and intratumoral diffusion. Targeting the extravascular compartment leads to a
buildup in the first layer surrounding blood vessels at the expense of deeper layers (binding site
barrier). This model explains some of the limitations of tumor targeting, and provides important
guidelines for the design of targeted nanomedicines.
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BACKGROUND

Significant progress has been made in the synthesis and characterization of engineered
nanoparticles for imaging and treatment of cancers, with several promising candidates in
clinical trials (1). At the same time, clinical applications of nanoparticulate systems are still
limited by poor penetration, diffusion and retention in solid tumors (2, 3). The phenomenon
of passive accumulation of nanoparticles via enhanced permeability and retention “EPR”
(4), previously considered to be a universal phenomenon, is now believed to be highly
variable and limited to fast-growing tumors with leaky vasculature (5, 6). Nevertheless, it
has been difficult to trace nanoparticle transport through interendothelial fenestrations in
tumors, and as such the operation of pore-dependent mechanism of extravasation has been
questioned (7, 8). Recently, we discussed that weak/moderate nanoparticle interaction with
endothelium may be a prerequisite for successful erythrocyte-mediated forced extravasation
(in a scenario analogous to the “endothelial massaging” hypothesis in liver sinusoids (8).
Contrary to interendothelial route, there is limited morphological evidence that support the
operation of transendothelial route in some tumors (9-11). Again, the efficacy of this
process may still depend on the extent of nanoparticle-endothelium interaction (8).
Furthermore, there has been increasing interest in designing nanoparticles conjugated to
tumor-specific ligands. Indeed, nanoparticles targeted to the intravascular compartment, e.g.,
to angiogenic endothelium receptors or to intravascular fibrin clots, showed enhanced
accumulation compared to non-targeted formulations (12-16). On the other hand, while
some studies have shown a modest benefit of targeting the extravascular compartment
compared to non-targeted particles [approximately a 1.5- to 2.0-fold increase (17-20)], other
studies showed no increase in accumulation in tumors, with a concomitant decrease in
penetration into deeper tumors layers (20-22).

Considering the enormous effort invested in development of targeted nanoparticles, there is a
need in better understanding of factors that control targeting of intravascular and
extravascular compartments of solid tumors. A significant amount of research has been done
on developing physiological models of tumor accumulation as a function of carrier size and
morphology, tumor density, vascularity, and permeability (20, 23-26). These studies
revealed important limitations of nanoparticle penetration and diffusion (20, 27). Modeling
of nanoparticle accumulation in tumors is intrinsically complex as it requires knowledge of
difficult-to-measure parameters such as tumor flux and permeability, non-linear diffusion
rates in a viscous tumor interstitium, blood vessel margination efficiency and stochastic
intratumoral blood flow rates (20, 23-26), and can become even more complex for targeted
particles, since targeting efficiency is difficult to measure experimentally.

Here we have developed a physiologically based multi-compartmental pharmacokinetic
model of nanoparticle targeting to tumor compartments. Next, we derived extravasation and
intratumoral diffusion rates and targeting efficiencies by fitting the available tumor
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accumulation data (percent of injected dose per gram tumor (%I1D/g) over time) and blood
elimination half-life for non-targeted and tumor vasculature-targeted single-wall carbon
nanotubes (SWNTSs) (12) into the model. Then, we performed simulations to understand
parameters that play a role in tumor accumulation and tumor penetration for these
nanoparticles. The choice of SWNT was due to the availability of the full set of data
required by the model. There are only a handful of publications that provide both %ID/g in
tumor over time and blood elimination half-life. Despite the fact that this study uses the data
for non-translational nanoparticles, it represents an important step towards understanding the
tumor accumulation of other tumor targeted nanomedicines.

Physiologically based multicompartmental model of tumor targeting

According to Fig. 1, the model is based on the following compartments: blood, endothelium
and tumor. In addition, the extravascular tumor compartment is arbitrarily divided into layers
in order to model diffusion inside the tumor compartment (akin to theoretical plates in
chromatography). The concentrations of nanoparticles in each compartment (bound and
unbound fractions) can be described by a set of differential equations (only 2 tumor layers
are shown):

dB

BloodzﬁzkEl*EU — (kel + kKEI) * B
dEU
Endothelium Unbound:T =kEI * B — (kEI + kID + kIVB) * EU
dEB
Endothelium Bound: —— = kIVB * (E,, + B)
dt U
dTlU
Tumor 1 Unbound:T =kID* EU — (2kID + kEVB) * TlU
dTlB
Tumor 1 Bound:T =kEVB* T1 U
dTZU
Tumor 2 Unbound:T =kID* TlU — (2kID + kEVB) * T2U

Capital letters designate the compartment (B for blood, E for endothelium, and T for tumor,
with subscript either goung OF Unbound): 4€/is the blood elimination rate, k£/is the
extravasation-intravasation rate (hereafter EIR), and /D is the intratumoral diffusion rate
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(hereafter ITDR). For simplicity, EIR and ITDR are assumed to be the same in both
directions, but in reality they could be different due to active transport across the
endothelium (8, 10). k</VB and kEVB are intravascular and extravascular binding rates
(hereafter VB and EVB), respectively. When multiplied by 100 these rates are referred to as
IVB and EVB efficiencies throughout the text, or percentage of nanoparticles that binds to a
compartment per minute. A recursive method to compute nanoparticle concentration in each
compartment was used. The recursive calculations are based on incremental addition or
subtraction of a mass of nanoparticles that has moved between compartments each minute,
divided by volume of the compartment. The graphical user interface and the code were
written and implemented in MATLAB R2013a version (MathWorks, Natick, MA). The
program is available from our laboratory upon signing Material Transfer Agreement with the
University of Colorado.

For calculation of the endothelium volume fraction, values were determined from previously
published CD31 immunostained tumor images of U85MG tumors (28) as follows. The
fluorescent images were analyzed with ImageJ for the percent of area occupied by CD31
positive cells (determined with the color thresholding tool). It was assumed that the volume
fraction is equal to the area fraction of a section; accordingly a 5% area represents a 5%
volume fraction.

The absolute injected dose (ID) of nanoparticles was not reported in the original work and
therefore was chosen arbitrarily. We must note that %ID/g tissue does not depend on the ID.
On the other hand, the AUC+ value does depend on the ID, therefore AUC+ values were
presented as arbitrary units rather than ug x h/mL. All the numerical data including %ID/g in
tumor and blood were extracted from Liu et al. (12) using WebPlotDigitizer software. The
blood half-life of nanoparticles was determined by plotting %ID/g in blood over time in
Prism (GraphPad, San Diego, USA) and fitting the profile to monoexponential decay.

Physiologically based multicompartmental model of tumor targeting

We developed a physiologically-based multicompartmental tumor model that consists of
blood, endothelial (intravascular) and tumor (extravascular) compartments (Fig. 1 and
Methods). This model is similar to the one previously described for polymeric nanoparticles
(26), except that the extravascular compartment consists of multiple layers. The model is
based on non-saturated Fickian diffusion kinetics, i.e., the rate of diffusion in all
compartments is proportional to the concentration gradient. The model was developed based
on the assumption that there is no saturation of targeting/uptake due to the low dose of
intravenously injected nanoparticles. The validity and limitations of this assumption will be
discussed below. Under this model, accumulation in the tumor is determined by several rates
(Fig. 1A): a) blood elimination rate (kel) a) extravasation-intravasation rate (KEIl, hereafter
EIR), which is the same in both directions; b) intratumoral diffusion rate (kI D, hereafter
ITDR), which is the same in all directions; c) intravascular (endothelial) binding rate (kIVB,
hereafter I VB) and extravascular (tumor cells and stroma) binding rate (KEVB, hereafter
EVB). According to the Fickian diffusion law for the transport of nanoparticles under non-
saturation conditions (29), the targeting efficiency corresponds to the fraction of
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nanoparticles that becomes associated with the compartment per minute, which in turn is
determined by receptor binding and dissociation rates, endocytosis and exocytosis rates.

Data for non-targeted and tumor-targeted nanoparticles can be described with the model

IVB, EVB, EIR and ITDR are unknown parameters, but can be estimated from known tumor
accumulation profiles (%I1D per gram of tumor at different time points) for non-targeted and
targeted nanoparticles. We used data published by Liu et al. (12) in which the authors used
PEGylated single-wall carbon nanotubes (SWNTSs) to target UB5MG glioblastoma xenograft
tumors. The authors used non-targeted and ligand (RGD) modified SWNT-PEGsgqqg. Cyclic
RGD is a ligand that targets avp3 and avp5 integrins on angiogenic blood vessels (30). We
selected these data for modeling for the following reasons: a) the authors conveniently
reported %I1D/g for targeted and non-targeted control nanotubes (Table 1); b) the authors
used positron emission tomography (PET) imaging of Cu-64 labeled nanotubes, which
enabled accurate quantification of the tumor accumulation /in vivo while using a small, non-
saturating injection dose; c) targeting was confirmed using rigorous controls, including
receptor-negative tumors and free ligand blocking; d) SWNTs showed no measurable
elimination from the tumor in the observed time course, which obviates the need to add
tumor elimination via degradation or lymphatics to the model (31). The physiological model
inputs (Fig. 1) were total blood volume (1.7 mL for a 20 g mouse), tumor volume TV [300
mm3 per Liu et al. (12)], tumor blood volume fraction BVF [6% for the UB5MG xenograft
tumor (32)], and endothelial volume fraction EVF (6% based on image analysis of CD31
stained sections of U85MG tumors, see Methods). From these parameters, the volumes of
the endothelium, intravascular and extravascular compartments were calculated (Fig. 1B).
Based on the blood elimination profile reported by Liu et al. (12), the nanotube half-life was
determined to be 100 min for SWNT-PEGsqqg. Since the blood clearance profile of SWNT-
PEGs5000-RGD was not provided, we assumed the value determined for SWNT-PEGsgqgg.

Given the fact that the limited number of reported %ID/g data points makes simultaneous
extraction of all rates (EIR, ITDR, IVB and EVB) challenging, we used a rational step-wise
approach. Because the flow of nanoparticles is from the blood vessel towards the tumor
layers, we set the EIR to a positive value and then sequentially added ITDR and binding
efficiencies to the model (Fig. 2A). First, we used data for non-targeted SWNT-PEGsgqqq
(Table 1). As shown in Fig. 2B, left, the EIR value of 0.022 determines the initial rate of
tumor accumulation. However, in the absence of intratumoral diffusion, the concentrations in
the tumor decrease in parallel with a decrease in normal tissue concentrations (Fig. 2B,
black dotted line). Setting the ITDR to 0.015 increased the retention at later time points
compared with the normal tissue (Fig. 2B, center), which is the essence of the EPR effect (4,
33). Still, the plateau observed for SWNT-PEGsgggp Was not reached due to the nanotubes
being washed out from the tumor. To increase the retention in the tumor, we set the EVB
efficiency to 2% (even though these were non-targeted SWNTS, there is likely a non-specific
binding and uptake by the extravascular compartment, for example by stroma and
macrophages, respectively). Addition of extravascular binding achieved a good correlation
(R2=0.959) to the actual data (Fig. 2B, right). We performed additional manual iterations of
EIR, ITDR and EVB, and found that a set of parameters (EIR = 0.018; ITDR = 0.022; EVB
=0.082) results in a better R? of 0.984 (Supplemental Fig. S1).
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Next, we used %ID/g data of endothelium-targeted SWNT-PEGs5q00-RGD (Table 1).
Compared with non-targeted SWNT-PEGg(gg, endothelium-targeted SWNT-PEG5q00-RGD
achieved much higher accumulation in tumors, reaching 14 %ID/g. We used EIR, ITDR and
EVB for non-targeted nanotubes (Fig. 3A); with an 1VVB value of 1.7, a good correlation
with the experimental data was achieved (Fig. 3B, blue trace, R2=0.8820). Interestingly,
intravascular targeted nanoparticles showed faster rate of accumulation in the tumor than
non-targeted nanoparticles (Fig. 3B, blue trace vs. green trace), which corroborates previous
reports that intravascular targeting leads to rapid tumor accumulation of nanoparticles (12—
16).

In order to apply the model to different nanoparticles in a different tumor model, we used the
results from Goel et al. (34) on Zr-89 labeled mesoporous silica nanoparticles conjugated to
anti-CD105 antibody targeted to tumor vasculature in a 4T1 breast cancer xenograft model,
using the %ID/g for non-targeted and targeted nanoparticles (Supplemental Table 1). The
relevant physiological parameters were obtained from the literature, and EVF for 4T1
tumors was determined experimentally (Supplemental Fig. S2). Using the same approach as
in Fig. 2, we were able to simulate the actual tumor profile data (Supplemental Fig. S3) for
non-targeted and targeted nanoparticles using EIR = 0.011, ITDR = 0.0052, EVB =0.14,
and IVB = 0.59 (R2=0.75 and R2=0.62 for non-targeted and targeted nanoparticles,
respectively). Interestingly, while EIR and IVB for silica particles in the 4T1 tumor model
were similar to SWCNT in the U85MG tumor model, ITDR was 5-fold less for silica
nanoparticles, suggesting significant differences in intratumoral diffusion, which could be
due to differences in tumor stroma and nanoparticle shape/surface characteristics.

Effect of EIR, ITDR, EVB, IVB and circulation half-life on tumor AUC

We performed a sensitivity analysis where the where EIR and ITDR determined SWNTs
were changed in 2-fold steps (one parameter at a time) and the % change in AUCt was
calculated. The analysis showed that AUCr is relatively insensitive to the changes in the
lower range of values (Fig. 4A, EIR<0.22; ITDR<0.09), but is sensitive to the changes in the
higher range of values (Fig 4A, EIR>0.22; ITDR>0.09). Moreover, in order to achieve
significant increase in AUCT (2-5 fold), both EIR and ITDR need to be significantly
increased. This result suggests that for tumors with low intratumoral diffusion, an increase in
extravasation alone cannot increase tumor accumulation; similarly, with low extravasation,
the increase in intratumoral diffusion cannot increase tumor accumulation.

Next, we performed another sensitivity analysis where the values of EIR and ITDR found
above were kept constant, but the values of VB and EVB were changed in 2-fold steps.
According to Fig. 4B, the model is not sensitive to changes in EVB in all ranges of values
(less than 2-fold change upon 64-fold change in EVB), but sensitive to the changes in IVB in
all ranges of values (over 6-fold change upon 32-fold change in IVB). This simulation
suggests that increasing extravascular binding efficiency of SWNT-PEGggqo Will not
dramatically increase the amount of nanotubes accumulating to the tumor. At the same time,
increasing endothelium binding efficiency of SWNT-PEG5q00-RGD will significantly
increase the amount of nanotubes accumulating in the tumor.
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Since the AUCy was not sensitive to changes in EVB value using the original EIR, ITDR
and EVB values for non-targeted SWNT-PEGs5(qq, we performed simulations where EIR or
ITDR (or both) were increased by 10-fold, and EVB was increased by 5-fold (from 0.82 to
4.0). As shown in Fig. 5A, increasing either EIR or ITDR alone only marginally increases
AUCT (1.5-2-fold). Increasing EVB by 5-fold led to an additional 1.3-fold increase in
AUCT. However, increasing both EIR and ITDR by 10-fold leads to over 5-fold increase in
AUCT. Increasing EVB to 4.0 further increased the AUC+ 1.5-fold. These simulations
suggest that extravascular targeting is limited by the extravasation and diffusion rates rather
than by targeting efficiency, and increasing both extravasation and intratumoral diffusion is
necessary to gain any benefit from extravascular targeting. Thus, tumors with high stroma
density and poor vascular permeability may only modestly benefit from improvements in
targeting avidity of nanomedicines, and enhancement of extravasation (for example by using
tumor penetrating compounds or interstitial-pressure-lowering drugs (35)) combined with
agents that improve intratumoral diffusion [for instance hyaluronidase (36)] is needed to
realize targeting potential.

A significant (e.g., 10-fold) increase in EIR, ITDR and EVB may be difficult to achieve with
existing pharmacological approaches and nano-engineering advances. On the other hand,
blood circulation half-life of nanoparticles could be prolonged by various means (37). We
set out to test the effect of blood half-life using the original EIR, ITDR values for non-
targeted SWNT-PEGsgq0. As shown in Figure 5B, the circulation half-life has a major effect
on the accumulation of nanoparticles. Thus, the increase of half-life from 100 min to 400
min increases AUCy 3-fold. The same result was obtained using settings for extravascular-
targeted nanoparticles (e.g., changing EVB from 0.82 to 4.0, Fig. 5B). These results also
suggest that prolongation of circulation half-life has a much greater effect on AUC+ than
adding extravascular targeting to nanoparticles.

ITDR, EVB, IVB in tumor penetration

Finally, we analyzed the effect of EIR, ITDR and EVB on the profile of nanoparticle
distribution in the extravascular tumor layers (4 layers). With the EIR, ITDR and EVB
values set for non-targeted SWNT-PEGsggq0 (I'VB set to 0%), the concentration in each layer
increased over time until it reached the plateau at approximately 300 min post-injection (Fig.
6A). At 2500 min post-injection, the layers 2, 3 and 4 contained 54%, 30% and 16% of
nanoparticles in layer 1, respectively (Fig. 6B). This pattern of distribution around blood
vessels was demonstrated for many types of nanoparticles (20, 38). Increasing EVB 5-fold
while keeping the same EIR and ITDR changed the distribution in the layers such that the
concentration in layers 2, 3 and 4 became 27%, 8% and 2% of nanoparticles in layer 1,
respectively. This phenomenon [described initially for tumor-targeted antibodies and
referred to as the “binding site barrier” (39, 40)] is due to the fact that the first layer acts as
‘sink’ that decreases the amount of material available to diffuse into the tumor. In order to
understand how changes in EIR and ITDR affect the accumulation in different layers, we
performed simulations where the increased EIR and/or ITDR 10-fold and increased EVB 5-
fold. As seen in Fig. 6C, increasing both EIR and ITDR 10-fold leads to higher
concentration of nanoparticles in all layers and better penetration into tumors. Furthermore,
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increasing EVB 5-fold leads to a much less dramatic binding site barrier effect than for
tumors with low EIR and ITDR.

DISCUSSION

Several studies previously modeled factors that affect targeting of nanoparticles to tumors,
both at cellular (41, 42) and tumor (20, 24, 25) levels. Most of these studies relied on
estimated or measured parameters such as margination efficiency, tumor permeability, pore
size and diffusion, intratumoral diffusion, receptor affinity and binding probability. Here we
took a different approach, where we used a pharmacokinetic model to derive global
parameters that encompass a large number of the sub-parameters mentioned above. Thus,
EIR is determined by the margination efficiency, tumor pore permeability and pore
diffusion, which are in turn determined by blood flow rate, vessel diameter, particle size,
pore size and density, and intraporous viscosity. ITDR is determined by tumor composition,
matrix viscosity and porosity, and particle size. EVB is a complex parameter determined by
ligand affinity, binding probability, association and dissociation rates, endocytosis and
exocytosis rates. After obtaining these global parameters, we performed simulations that
allowed us to address important issues on the limitations and opportunities for targeted
nanoparticles.

Our simulations demonstrate that targeting of the intravascular compartment has a much
stronger effect on tumor accumulation than targeting of the extravascular compartment.
Previous studies demonstrated successful targeting of the tumor endothelium (12-16), and
one study demonstrated the limited accessibility of extravascular receptors for targeting (24).
In accord with these reports, we demonstrate that extravascular targeting is dominated by
extravasation and diffusion, which are rate-limiting steps of the process. Moreover, the
simulation data suggest that extravascular targeting leads to nanoparticle buildup in the first
layers of the tumor, and concomitantly decreases accumulation in the deeper layers (binding
site barrier). In some instances, this barrier could be the layer of perivascular fibroblasts (43)
or immune cells that are known to take up nanoparticles in the tumor (44, 45). In view of
this phenomenon, increasing nanoparticle avidity for tumor cells by increasing the ligand
density may not be a very effective strategy to boost nanoparticle accumulation.

Based on the modeling, we suggest that increasing EIR and ITDR of targeted nanoparticles
can overcome the binding site barrier. This effect has been achieved, to some extent, by: a)
employing tumor penetration strategies (35, 36, 46), or b) disrupting perivascular stroma
(43). Several classical studies have demonstrated enhanced accumulation of antibodies and
nanoparticles in tumor cells after applying peptides that increase vascular permeability and
improve intratumoral diffusion (30, 47, 48). On the nanoparticle side, controlling the size,
shape, surface properties and mechanical stiffness of nanoparticles (so-called 4S parameters
(49) can also achieve better tumor penetration. It must be noted that changes in 4S
parameters inevitably lead to changes in permeability and diffusion parameters as well as
binding affinity and clearance time (20, 23-26, 50-52); therefore the overall effect is
difficult to compute and therefore was not explored here. An additional strategy to improve
tumor penetration of nanoparticles (in combination with the above-mentioned approaches)
could be to temporarily decrease the avidity of nanoparticles for tumor receptors, for

J Drug Target. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Benchimol et al.

Page 9

example by shielding targeting ligands with PEG, and then triggering the binding deep in the
tumor by certain intratumoral stimuli, such as pH or tumor-specific proteases.

Our simulations suggest that increasing EVB efficiency together with increasing EIR and
ITDR can increase the amount of nanoparticles in the tumor. Practically, a significant
improvement in EVB efficiency may not be achievable without affecting non-specific
macrophage uptake, extravasation, and diffusion rates. For example, adding multiple
targeting ligands can trigger complement activation and immune recognition, as well as
increase the size of nanomedicines (53). On the other hand, increasing IVB efficiency, even
at the expense of shortening circulation half-life, can result in a significant improvement in
delivery of nanoparticles. Indeed, rapid homing of nanoparticles to the vasculature and fast
elimination from blood is critical for targeted imaging applications that require a high
tumor-to-background ratio within reasonable time. Previous reports with vascular-targeted
(anti-VEGFR or anti-CD105 decorated), short-circulating nanoparticles suggest that efficient
tumor accumulation within a short time is feasible (14, 54). Endothelial targeting of
nanoparticles can be improved by modifying shape, size, and ligand density (55), and
recently it was found that discoid micron-sized structures are optimal for margination and
tumor endothelial binding (49). Therefore, development of short circulating intravascular-
targeted imaging agents with enhanced avidity for tumor endothelium is a promising
strategy for nano-sized imaging agents.

There are several limitations with our current model. First, the model assumes homogenous
distribution of tumor vasculature and stroma. Therefore, the parameters that were derived in
this work are “averaged” over the entire tumor volume. In reality, blood vessel fraction and
receptor density are lower in large tumors (56) and angiogenesis is usually concentrated in
“hot spots”. In addition, macrophages and other stroma cells could be unevenly distributed
throughout the tumor (57). Therefore the “local” rates may be different in different parts of
the tumor. In order to derive these rates, the model would need to be further
compartmentalized. Second, our model does not consider saturation of tumor uptake.
Current simulations suggest that by increasing the 1VB efficiency of SWNT-PEGgq9-RGD
to 12.8%, the accumulation of 60% ID/g can be theoretically achieved. However, values
exceeding 10-20% ID/g tumor in mouse models have rarely been reported for targeted
nanoparticles (12, 58-60). It is possible that /7 vivo saturation limits tumor accumulation.
The conditions used for the analysis are presumedto be non-saturating due to low doses of
nanoparticles (usually picomolar amounts for PET imaging). The issue of /n vivo saturation
of tumor uptake is extremely important, and to our knowledge this has not been investigated.

Future versions of the model will need to take into account tumor heterogeneity, uptake
saturation and nanoparticle parameters such as size, shape, and binding avidity. Furthermore,
bigger sets of data, including half-life for both targeted and non-targeted particles, and more
data points, would be required for more accurate compartmental modeling. It is important to
obtain these sets of data in untreated animals as well as in animals treated with different
therapeutic agents. For example, tumors treated with anti-VEGF agents can dramatically
affect transport properties (vascular normalization (27)) as well as receptor expression in
neovasculature. We invite laboratories to share with us sets of data on nanoparticle
accumulation in different tumors in order to evolve the model. Ultimately, the value of any
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model is measured in its ability to predict experimental results from a variety of nanoparticle
types and especially in human subjects. For instance, based on human imaging data, the
model can be potentially used to design nanocarriers with improved drug delivery and
performance. This will accelerate development of personalized nanomedicines tailored to
individual patient’s tumor physiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

AUC area-under-the-curve

EPR enhanced permeability and retention

%I1D/g percent of injected dose per gram tissue

EIR extravasation-intravasation rate

ITDR intratumoral diffusion rate

IVB intravascular binding rate

EVB extravascular binding rate

SWNTs single-wall carbon nanotubes

BVF blood volume fraction

EVF endothelial volume fraction
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Figure 1. Physiologically based multicompartmental model of tumor targeting:
The model consists of blood, endothelium and extravascular compartments and respective

rates (k). The full list of differential equations is provided in the Methods section. The
extravascular compartment consists of multiple layers, and the diffusion rates are assumed to
be equal in all directions. The number of extravascular layers in the model is arbitrarily set
to 4 in the model (only 2 are shown here) and does not affect net tumor accumulation. The
volumes of compartments were calculated based on the values reported in the literature (see
Results).
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Figure 2. Algorithm for describing phar macokinetic profile of non-targeted nanoparticleswith

the model:

A) simplified schematic of the PK model (based on Fig. 1) shows compartments used in
each step; B) actual data for targeted nanoparticles (Table 1) were plotted as %ID/g over
time (green circles). Each step corresponds to the schematic above. The tumor profile cannot
be described by EIR only, as nanoparticles rapidly wash out (left graph, red line); addition of
ITDR improves the profile, but nanoparticles are still being washed out from the tumor
(center graph, purple dashed line); addition of EVB into the model achieves a good
correlation with the data (right graph, green line).
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Figure 3. Algorithm for describing phar macokinetic profile of endothelium-tar geted
nanoparticleswith the model:

A) Profile for endothelium-targeted nanoparticles was described by using EIR, ITDR and
EVB for non-targeted nanoparticles (Fig. 2B) and adding 1VVB; B) actual and simulated
profiles for non-targeted and targeted nanoparticles. Note that intravascular targeting
increases the rate of nanoparticle accumulation in the tumor.

J Drug Target. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Benchimol et al. Page 17

AUC, percent change

"500-600 *400-500 e EE * 500-600
~ ®300-400 ®200-300 600 " ® 300-400
®100-200 ®0-100
=.100-0

——— ®100-200
®-100-0

o
:
E 300 1~ ~
gﬁ g 100
%Hﬂz "
0.
0.009 100
N o 0.0045 ¥
e~ § g § - 0.00225 o 3 /
338338852 2 8 2 =
° o g 8 =1 > g o~ ] =
IDR o = =} =4
VB =1

Figure 4. Sensitivity of the AUC to changesin EIR, ITDR, EVB and I VB:
The parameters were changed one at a time and the percent change of AUC+ was plotted on

the Y-axis. A) Effect of EIR and ITDR on AUC+t. EVB was set to 0.82 and IVB was set to 0.
Arrow points to the set of parameters for non-targeted SWNT-PEGsqgg found in Fig. 2. The
model is not very sensitive in the range of lower EIR and ITDR values, but becomes
sensitive in the range of higher values; B) Effect of EVB and IVB on AUC+. EIR and ITDR
were set to 0.018 and 0.022, respectively. Arrow points to the set of parameters for non-
targeted SWNT-PEG5q00. The model is not sensitive to changes in EVB but very sensitive to
changes in VB, suggesting that intravascular targeting is a more efficient process than
extravascular targeting.

J Drug Target. Author manuscript; available in PMC 2020 June 01.

¥ 400-500
®200-300
®0-100



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Benchimol et al. Page 18

A

16
14 1
12

AUC, a.u.

o N &2 O o

10 1

12
®EVB 0.82
"EVB 4
=
@
o
2
<
EIR0.018 EIR0.18 EIR0.018 EIR0.18 0 200 400 600 800
ITDR 0.022 ITDR 0.022 ITDR 0.22 ITDR 0.22 Circulation half-life, min

Figure 5. Simulations of tumor accumulation efficiency of non-targeted ver sus extravascular-
targeted nanoparticles:

A) Extravascular targeting was simulated as an increase in EVB from 0.82 to 4.0. Arrow
points to the original settings of non-targeted SWNT-PEGsgqqq. Increasing either EIR or
ITDR alone minimally improves the accumulation of non-targeted and targeted nanotubes,
while increasing both EIR and ITDR increases the accumulation of non-targeted and
targeted SWNTS; B) Increasing circulation half-life has a major effect on AUC+ of non-
targeted and extravascular-targeted nanotubes. Red line: EVB 4.0; blue line: EVB 0.82.
Arrow points to the original settings of non-targeted SWNT-PEGgqqp.
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Fig. 6. Simulation of distribution of nanoparticles between tumor layersasfunction of EIR,
ITDR and EVB:

A) Accumulation profile of nanoparticles in tumor layers (concentration in arbitrary units)
using settings for non-targeted SWNT-PEGs5q0; B) Relative concentrations of non-targeted
(EVB 0.82) and extravascular-targeted (EVB 4.0) nanoparticles in tumor layers at 2500 min.
Legend is the same as in A. Targeted nanoparticles showed decreased tumor penetration
(binding site barrier), likely due to the first layer serving a “trap” for nanoparticles; C)
Combined effect of EIR, ITDR and EVB on accumulation in tumor layers. At low
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extravasation and diffusion rates, increasing EVB decreases concentration in deeper layers.
Increasing both EIR and ITDR 10-fold increases the concentration of nanoparticles in all
layers. Note that increasing EVB 5-fold further increases accumulation in al layers, but the
binding site effect is still there.
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Tumor accumulation values (perfused values — blood pool subtracted) derived from Liu et al (12). The values

Table 1.

were extracted from graphs using Plot Digitizer software.

SWNT-PEGs5000 SWNT-PEGgp00-RGD
Time(min) | %ID per gram tumor | Time(min) | %ID per gram tumor
25 1.29 27 4.73
96 2.68 123 9.31
329 3.99 348 12.00
1012 4.36 1012 13.36
1365 453 1414 13.37
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