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ABSTRACT: Dexamethasone is a glucocorticoid steroid with
anti-inflammatory properties used to treat many diseases,
including cancer, in which it helps manage various side effects
of chemo-, radio-, and immunotherapies. Here, we investigate the
tumor microenvironment (TME)-normalizing effects of dexa-
methasone in metastatic murine breast cancer (BC). Dexametha-
sone normalizes vessels and the extracellular matrix, thereby
reducing interstitial fluid pressure, tissue stiffness, and solid
stress. In turn, the penetration of 13 and 32 nm dextrans, which
represent nanocarriers (NCs), is increased. A mechanistic model
of fluid and macromolecule transport in tumors predicts that
dexamethasone increases NC penetration by increasing inter-
stitial hydraulic conductivity without significantly reducing the effective pore diameter of the vessel wall. Also,
dexamethasone increases the tumor accumulation and efficacy of ∼30 nm polymeric micelles containing cisplatin
(CDDP/m) against murine models of primary BC and spontaneous BC lung metastasis, which also feature a TME with
abnormal mechanical properties. These results suggest that pretreatment with dexamethasone before NC administration
could increase efficacy against primary tumors and metastases.
KEYWORDS: tumor microenvironment, polymeric micelle, normalization, penetration, metastasis

Nanocarriers (NCs) accumulate in tumors through the
enhanced permeability and retention (EPR) effect1

along with other complementary mechanisms, such as
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vascular transcytosis.2,3 In breast cancer (BC) patients, there is
an association between NC accumulation and tumor shrinkage.4

Nonetheless, there is heterogeneity of NC accumulation
between various regions of a single tumor, different metastatic
lesions in the same patient, and tumors of the same type in
different patients.2,4 Further, after NCs accumulate, preclinical
evidence indicates that the intratumoral NC penetration from
tumor blood vessels is limited and heterogeneous.5,6 AsNCs and
other nanosized therapies are in clinical practice, translatable
strategies that increase the magnitude of their accumulation and
penetration while reducing heterogeneity of microdistribution
may improve treatment outcomes.
One such strategy to increase and conform NC penetration

and accumulation involves normalizing the noncancerous

components of the tumor, which collectively are known as the
tumor microenvironment (TME).1,5 The function of tumor
vessels, which deliver NCs to tumors, is compromised because
they are leaky and compressed. Cancer cells stimulate unending
pathological angiogenesis, leading to immature, leaky vessels.
Cancer cells’ subsequent unchecked proliferation generates
mechanical forces that are stored and transmitted by the
extracellular matrix (ECM), which is produced and maintained
by contractile cancer-associated fibroblasts (CAFs).7 These
forces are applied within the tumor and to the surrounding tissue
as solid stress, which is responsible for vessel compression.5

Compression contributes to compromised vessel function,
which in turn causes hypoxia, leading to treatment resistance.

Figure 1. Dexamethasone induces vascular normalization. (A) Quantification of whole tumor mRNA expression of VEGF, Ang1, Ang2, and
VEGFR2 in mice treated with 3 mg/kg (orange bars) and 30mg/kg (gray bars) dexamethasone daily for 4 days compared to control mice (blue
bars) as measured by RT-PCR (N = 8−9). (B) Representative images of VEGF (green) with nuclear counterstain (blue) immunofluorescence.
(C) Quantification of area fraction positive for VEGF immunofluorescence staining (N = 4). (D) Representative images of CD31 (red)
immunofluorescence marking tumor vessels. (E) Immunohistological quantification of the tumor vessel density, as assessed by the number of
vessels normalized to the image area (N = 4). (F) Representative images of CD31 (red) and NG2 (green) immunofluorescence marking
endothelial cells and pericytes, respectively. Yellow areas indicate colocalization of both cell types. (G) Quantification of the pericyte coverage
of microvessels, as assessed by the fraction of CD31-positive staining area that is also positive for NG2 (N = 4). (H) Representative images of
CD31 (red) and αSMA (green) immunofluorescence marking endothelial cells and pericytes/fibroblasts, respectively. Yellow areas indicate
colocalization of both cell types. (I) Quantification of the density of mature vessels, as assessed by the density of vessels associated with αSMA+
cells (N = 4). All data expressed as mean ± standard error of the mean (*, P < 0.05). Scale bar = 100 μm.
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Thus, normalizing vessels and CAFs/ECM represents an urgent
need in the treatment of solid tumors.8

Preclinical studies demonstrate that normalizing vessel
leakiness without pruning increases intratumoral transport of
oxygen and NCs up to at least∼40 nm in diameter,5,9,10 whereas
normalization of CAFs and ECM toward vessel decompression
increases delivery of NCs of all sizes, up to 125 nm.5,11,12 Here,
we identify a therapy that promotes both vessel and ECM
normalization and is already commonly used in cancer patients,
including those receiving cisplatin-loaded polymeric micelles
(CDDP/m).13 Specifically, we found that the glucocorticoid
steroid dexamethasone, which is often given to patients post-
chemo, immune or radiation therapy to manage toxicities,
normalizes vessels and ECM. As a result, dexamethasone also
normalizes the mechanical TME (i.e., the material properties of
the tumor tissue as well as the fluid and solid stressed applied to
and by the tumor) as measured as reductions in interstitial fluid
pressure (IFP), tissue stiffness, and solid stress. These effects
increase the permeability of BC vessels to NCs, thereby
improving treatment outcomes, even in murine models of
spontaneous metastasis after primary tumor resection. We
employed a fundamental mechanistic mathematical model to
generate hypotheses to explain the complementary effects of
vessel and ECM normalization on vessel permeability to NCs.
We conclude that dexamethasone normalizes the mechanical
TME toward increasing vessel permeability and potentiating
NC-based chemotherapy. Our results indicate that dexametha-
sone treatment before chemotherapy administration can be re-
evaluated to promote NC efficacy.

RESULTS AND DISCUSSION

Dexamethasone Blocks Angiogenesis Signaling and
Normalizes Tumor Vessel Morphology. Vascular endothe-
lial growth factor (VEGF) is the major driver of angiogenesis,
which is a cause of the pathophysiology of tumor vessels, and
blocking it promotes vascular normalization.14 Dexamethasone
reduces VEGF expression in murine models of brain cancer,15

and we confirmed it would do so in 4T1 BC.16 We treated
immunocompetent BALB/c mice bearing orthotopic 4T1 BC
daily for 4 days with 3 or 30 mg/kg dexamethasone.17 This dose
schedule was selected based on a previous work, which identified
3 mg/kg as the lowest dose that reduces IFP.17 Additionally, we
wanted to use a dose similar to that of the clinical trials of
CDDP/m (NCT02043288),13 which requires 20 mg of
dexamethasone at 12 and 6 h before CDDP/m. By converting
doses from human tomouse based on body surface area, each 20
mg dose in humans is equivalent to 4.11 mg/kg in mice. After
CDDP/m, human patients receive 4 mg twice daily for 2 days,
which is equivalent to 0.82 mg/kg in mice. Thus, the total dose
of our regimen in mice and in the clinical trial are within 4% of
each other (Supporting Information Table S1).
The mRNA expression of angiogenic signals in 4T1 tumors

was determined by real-time polymerase chain reaction (RT-
PCR). The results confirmed that the mRNA levels of VEGF
were reduced along with other pro-angiogenic factors, such as
angiopoietin 2 and VEGF receptor 2 (Figure 1A). Dexametha-
sone also reduced the protein levels of VEGF as assessed by
immunofluorescence staining of tumor sections (Figure 1B,C).
We next tested the effect of dexamethasone on vessel structure
by using histology. Dexamethasone at 30 mg/kg reduced the
microvessel density (Figure 1D,E), whereas dexamethasone at 3
mg/kg avoided pruning yet increased vessel maturity, as

Figure 2. Dexamethasone induces ECM normalization. (A)Whole tumor mRNA expression of ECM-related cytokines as measured by RT-PCR
in mice treated with 3 mg/kg (orange bars) and 30mg/kg (gray bars) dexamethasone daily for 4 days compared to control mice (blue bars,N =
8−9). (B) Representative images of hyaluronan (red) and collagen I (green) immunofluorescence. Yellow areas indicate colocalization of both
ECM components. (C)Quantification of area fraction positive for hyaluronan immunofluorescence (N = 4). (D)Quantification of area fraction
positive for collagen I immunofluorescence (N = 4). (E) Quantification of tumor tissue elastic modulus, which is a measure of stiffness (N = 4).
(F) Quantification of solid stress levels, which was assessed by length of the tumor opening after cutting the tissue (N = 4). All data expressed as
mean ± standard error of the mean (*, P < 0.05). Scale bar = 100 μm.
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indicated by the association of NG2+ pericytes with CD31+
endothelial cells (Figure 1F,G). As a result, 3 mg/kg
dexamethasone increased the density of αSMA+ vessels (Figure
1H,I), which is a potential predictive biomarker of response to
antiangiogenic therapy in human BC.18 Thus, mRNA expression
and histology experiments indicate that dexamethasone normal-
izes vessels.
Dexamethasone Normalizes the ECM and Mechanical

TME.We then tested whether dexamethasone normalizes ECM.
We focused on collagen I and hyaluronan because they have
been identified as matrix components that contribute to solid
stress and vessel compression.7,11 Assessed by RT-PCR,
dexamethasone reduced mRNA expression of hyaluronan
synthase 2 levels but not those related to collagen (Figure
2A). Compensatory expression of hyaluronan synthase 3 was
also observed, which corresponds with previous reports.19 We
also confirmed the protein expression of hyaluronan (Figure
2B,C) and collagen I (Figure 2B,D) in the tumors by histological
staining. In this immunohistological analysis, only hyaluronan
levels were reduced. Based on these results, we tested whether
the mechanical TME was normalized. We found that 30 mg/kg
dexamethasone reduced tissue stiffness, as measured by the
elastic modulus, whereas 3mg/kg only produced a trend (Figure
2E). On the other hand, by using the tumor-opening assay,
which indicates the amount of residual stress held within the
tumor tissue by the amount it opens after cutting,7 we confirmed
that both doses reduced solid stress (Figure 2F and Suppporting
Information Figure S1). A larger opening is associated with
more solid stress. Moreover, a single 3 mg/kg dose on the day of
measurement did not reduce solid stress (Supporting
Information Figure S2), which indicates that the pretreatment
is necessary for ECM remodeling. Thus, the results from the
mRNA expression, histology, and mechanical experiments
suggest that dexamethasone normalizes the ECM in tumors by
reducing hyaluronan levels.
Dexamethasone Normalizes Vessel Function. We then

studied whether these structural and mechanical changes in the
TME resulted in normalized vessel function. Previously,
dexamethasone was shown to reduce IFP,17 which is consistent
with the data indicating that dexamethasone normalizes vessels
(Figure 1) and ECM (Figure 2). We confirmed dexamethasone
reduces IFP in 4T1 tumors (Figure 3A). Then, we performed
intravital microscopy and assessed the morphology of perfused
vessels after intravenous administration of a fluorescent dextran.
Antiangiogenic therapies inducing vascular normalization
reduce vessel diameters,20 whereas ECM normalization reduces
solid stress, leading to vessel decompression,7 thereby increasing
vessel diameters. We found that 3 mg/kg dexamethasone
increased the average diameter of the perfused vessels (Figure
3B and Supporting Information Figure S3). We pooled by
treatment group the perfused vessels imaged using intravital
microscopy and assessed the distributions of diameters and
lengths. Observation of the distribution of diameters of perfused
vessels reveals the wide range of vessels produced by 3 mg/kg
dexamethasone (Supporting Information Figures S3 and S4).
Compared to the control, 30 mg/kg dexamethasone skews the
distribution toward vessels with smaller diameters. Thus, the
effects of 3 mg/kg dexamethasone on the distribution of vessel
diameters indicates both vascular and ECM normalization. In
contrast, the effects of 30 mg/kg indicate more vessel
normalization relative to ECM normalization. Additionally,
wide distribution of vessel length is suggestive of an orderly,
branched vessel hierarchy present in normal tissue.21 We found

that 3 mg/kg dexamethasone-treated tumors had a wider, more
even distribution of vessel lengths (Supporting Information
Figures S3 and S5). Finally, we found dexamethasone reduced
hypoxia signaling, as indicated by histological assessment of
hypoxia-inducible factor 1α (HIF-1α) (Figure 3C,D). Thus,
dexamethasone normalizes vessel function, leading to decreased
hypoxia signaling.

Dexamethasone Improves NC Transvascular Trans-
port. After confirming that dexamethasone normalizes vascular
structure, ECM, and vessel function, we next hypothesized that
dexamethasone would affect the rate NCs transport across
tumor vessels and penetrate toward cancer cells. Transvascular
transport depends on several factors: (i) the transvascular
pressure gradient, which is a function of IFP; (ii) the hydraulic
conductivity of the vasculature, which is a function of vessel
maturity (i.e., vessel wall pore diameter); and (iii) the hydraulic
conductivity of the interstitial space, which is a function of ECM
levels.5,10,22−25 To investigate this, we performed continuous
intravital microscopy on mice bearing orthotopic 4T1 tumors
pre- and postinjection of fluorescent dextrans with 70 kDa (∼13
nm hydrodynamic diameter, red) and 500 kDamolecular weight
(∼32 nm, green) (Figure 4A−D).6 One hour postinjection,
there was little penetration of the probes that accumulated
outside the vessels in control tumors (Figure 4A); the
pretreatment with 3 mg/kg dexamethasone induced deep
penetration consistently in regions of perfused vessels (Figure
4B), and 30 mg/kg dexamethasone featured only few vessels
enabling deep penetration (Figure 4C). From the intravital
microscopy images, we quantified the penetration rate as the
effective permeability.10 Specifically, we segmented the extrava-
scular (i.e., interstitial) and intravascular space and measured the
fluorescent signal in each region over time while quantifying the
vascular surface area. From these data, we calculated the effective
permeability as the rate of NC fluorescent signal passing through

Figure 3. Dexamethasone normalizes vessel function. (A) IFP levels
in mice treated with 3 mg/kg (orange bars) or 30 mg/kg (gray bars)
dexamethasone daily for 4 days compared to control mice (blue
bars, N = 4). (B) Average diameters of perfused tumor vessels as
assessed by intravital microscopy (N = 3, n = 175−220 vessels per
group). (C) Quantification of area fraction of HIF-1α immuno-
fluorescence (N = 4). (D) Representative images of HIF-1α (green)
with nuclear counterstain (blue) immunofluorescence. All data
expressed as mean± standard error of the mean (*, P < 0.05) Scale
bar = 100 μm.
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the vessel walls normalized to the vessel surface area and the
transvascular concentration difference (Supporting Information
mathematical model). We found that only 3 mg/kg dexametha-
sone enhanced this rate compared to controls (Figure 4D). In a
separate experiment, we found there was no increased
penetration of 500 kDa dextrans with 0.3 mg/kg dexamethasone
daily treatment (Supporting Information Figure S6A,B). Also,
there was no increased penetration of doxil (∼80 nm) with 3
mg/kg dexamethasone daily treatment (Supporting Information
Figure S7A,B). We also tested these findings in MDA-MB-231
breast tumors. As in 4T1 tumors, only 3 mg/kg dexamethasone
increased penetration of 500 kDa dextrans (Supporting
Information Figure S6C,D). In contrast to the results in 4T1,
there was increased penetration of doxil (∼80 nm) with 3mg/kg
dexamethasone daily treatment (Supporting Information Figure
S7C,D). Thus, these results suggest that whether dexametha-
sone increases NC transvascular transport depends on the dose
of dexamethasone, the size of the NC, and the tumor.
Additionally, they indicate that 3 mg/kg is an appropriate
dose to increase the penetration of ∼32 nm NCs in 4T1 and
MDA-MB-231 models of BC.
Mathematical Model of Dexamethasone’s Effect on

NC Transvascular Transport.Themanner in which the vessel
and ECM normalization interact to modulate NC transvascular
transport is not clear. Vessel normalization increases vessel
maturity and thereby reduces vessel leakiness by shrinking vessel
wall pores. As a result, the hydraulic conductivity of the vessel
wall reduces. In other words, fluid moves more slowly through
the vessel wall (Figure 5A). This effect alone would increase NC
transvascular transport because the intravascular fluid pressure
would be higher relative to the IFP, and the increased pressure
gradient would push NCs into the extravascular space.
Nonetheless, if the pores shrink too much, NCs are too big to
move freely out of the vessels because of steric hindrances
(Figure 5B).10 In contrast, ECM normalization reduces ECM
levels, thereby increasing the hydraulic conductivity of the
interstitial space (Figure 5C). This effect increases the rate of
fluid flow in the extravascular region, which results in reduced
IFP and thus increases transvascular transport of NCs of all sizes
by increasing the transvascular pressure gradient.11,12 Thus, the
relative amounts of vascular and ECM normalization as well as

NC size affect whether TME normalization enhances NC
transvascular transport.
Because dexamethasone induces both vascular and ECM

normalization, to generate hypotheses regarding how it affects
NC transport, we employed a mathematical tumor model that
describes fluid and macromolecule transport22−25 and solved
the corresponding parameter estimation problems (see the
Supporting Information for detailed methods and results). In
brief, using the experimentally measured effective permeability
for each treatment (Figure 4D), we obtained the transient probe
concentration profiles. Based on these profiles, we solved a
deterministic optimization problem to find the hydraulic
conductivities of both the vessel wall and the interstitial space
that correspond to the best fit between the mathematical model
and the experimental data (Figure 5). The solutions obtained
using the concentration profiles derived from the effective
permeability of 500 kDa dextran predicts that 3 mg/kg
dexamethasone has more modest effects on the vascular
hydraulic conductivity (and thus the effective vessel pore
diameter) than 30mg/kg dexamethasone (Figure 5D), and both
doses similarly increase interstitial hydraulic conductivity
(Figure 5E). Specifically, the model predicts that 3 mg/kg
dexamethasone slightly reduces the vascular hydraulic con-
ductivity such that the effective average pore size reduces from
204 nm in control tumors to 185 nm. In contrast, 30 mg/kg
dexamethasone reduces it to 116 nm. The model also predicts
that 3 mg/kg dexamethasone increases the interstitial hydraulic
conductivity from 2.97 × 10−7 to 1.63 × 10−6 cm2/mm Hg·s,
whereas 30 mg/kg dexamethasone increases it to 1.68 × 10−6

cm2/mm Hg·s. Although these results are unproven exper-
imentally, our model predicts that dexamethasone at 3 mg/kg
avoids remodeling the vessels such that they would physically
hinder NCs because the effective pore size is only reduced by
∼10% (compared to ∼45% with 30 mg/kg dexamethasone)
(Figure 5D), yet this dose still increases the transport of NCs by
increasing the rate of solute transport in the tumor interstitial
space (Figure 5E).

Dexamethasone Increases Efficacy of NCs in Meta-
static BC. Because dexamethasone increases the penetration of
500 kDa dextrans (Figure 4), we hypothesized it would increase
the antitumor effect of a similarly sized cytotoxic NC. Thus, to

Figure 4. Dexamethasone increases the transvascular transport of nanocarriers. (A−C) Representative confocal intravital microscopy images of
4T1 tumors treated with four daily doses of (A) control, (B) 3 mg/kg, or (C) 30 mg/kg dexamethasone 1 h after co-injection of 70 kDa (13 nm,
red) and 500 kDa (32 nm, green) fluorescent dextrans. (D) Quantification of effective permeability, which is a measure of the rate that dextrans
are transporting out of vessels and penetrating after treatment with daily dexamethasone 3mg/kg (orange), 30mg/kg (gray), and control (blue,
N = 3−4). Data expressed as mean ± standard error of the mean (*, P < 0.05).
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test our hypothesis, we used CDDP/m, which are ∼30 nm. The
addition of dexamethasone did not change the cytotoxicity of
free cisplatin nor CDDP/m against 4T1 cells nor MDA-MB-231
cells (Table 1). Moreover, the combination of 3 mg/kg
dexamethasone (as a daily 4 day dosing pretreatment) did not
affect the circulation time of CDDP/m (Figure 6A) nor CDDP/
m distribution to kidneys, liver, lungs, and spleen 24 h after
injection (Supporting Information Figure S8).26,27 Nonetheless,
we found that, unlike a single dose of 3 mg/kg dexamethasone 2
h before CDDP/m administration, the 4 day pretreatment

doubled the accumulation of CDDP/m in BC (Figure 6B). This
is consistent with the finding that a single dose of dexametha-
sone 2 h before tumor excision did not reduce solid stress
(Supporting Information Figure S2). We next tested the
therapies in a primary tumor growth delay study against
orthotopic 4T1-luc tumors, with an end point of days until 1000
mm3 tumor volume. After correcting for multiple comparisons,
we found that CDDP/m (1 mg/kg) monotherapy increased the
number of days for the tumors to reach 1000 mm3 compared to
control (Figure 6C and Supporting Information Figure S9).

Figure 5. Model prediction of dexamethasone’s effect on parameters related to transvascular transport. (A,B) Schematics of a vessel with a
“leaky” vessel wall pore diameter (dark gray bar) and a “mature” vessel wall pore diameter (light gray bar), which are indicated by the relative
size of the bar with the appropriate color. (A) Schematic of the dependence of vascular wall hydraulic conductivity on vessel wall pore diameter.
Fluid flows (blue lines with single arrowhead) from right to left through the vessels and some enters the extravascular space through pores in the
vessel wall. The vessel wall hydraulic conductivity (multiarrows) describes the ease that fluids percolate through the vessel wall. The length of
the two multiarrows represents the relative magnitudes of hydraulic conductivity for each pore diameter. Fluid flow is impeded by the smaller
vessel wall pore. (B) Nanocarriers (green spheres) flow through the vessel from right to left and extravasate through the pores. The leaky pore
allows nanocarriers to pass through unimpeded, while the mature pore impedes extravasation physically. (C) Schematic of the dependence of
interstitial hydraulic conductivity on hyaluronan levels. Fluid flows (blue lines with single arrowhead) from right to left through the vessels and
some enters the extravascular space. The interstitial conductivity (magnitude indicated bymultiarrows) is the ease that fluids percolate through
the extravascular space, which is depicted as cells and matrix, given a specific pressure gradient (the driving force of convective flux). In the
hyaluronan-rich region on the right, fluid percolation is reduced, whereas in the hyaluronan-poor region on the left, fluid percolation is
increased. (D) Prediction of the effective vessel wall pore diameter of control (blue bar), 3 mg/kg (orange bar), and 30 mg/kg dexamethasone-
treated (gray bar) tumors by themathematical model. Themodel is solved using the data from the effective permeability experiments by varying
the vascular and interstitial hydraulic conductivities. The vascular hydraulic conductivity is a function of vessel wall pore diameter. The
predicted vascular pore diameter is based on the experimentally measured rate of probe transport, and thus, the pore diameter is not
experimentally proven itself. (E) Prediction of interstitial hydraulic conductivity of control (blue bar), 3 mg/kg (orange bar), and 30 mg/kg
dexamethasone-treated (gray bar) tumors by the mathematical model.
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Combining dexamethasone with CDDP/m significantly in-
creased this time period compared to that with CDDP/m
monotherapy (Figure 6C and Supporting Information Figure
S9). In mice bearing orthotopic MDA-MB-231 BC, the
combination of dexamethasone and CDDP/m significantly
extended the time to double the volume compared to CDDP/m
alone (Figure 6D). Thus, dexamethasone enhances the efficacy
of CDDP/m against 4T1-luc and MDA-MB-231 primary
tumors. In addition, after the primary tumor growth delay
experiment in 4T1-luc tumors, we assessed the metastatic
burden in lungs and livers by luminescence imaging (Figure 6E−
J). We found that the lungs (Figure 6I) and livers (Figure 6J)
from the combination-treated mice had significantly less
luminescence emission (total photon counts per second) than
the organs from the control mice, demonstrating a profound
antimetastatic effect.
From daily observation of body weight in the 4T1 study

(Supporting Information Figure S10), we also found that the
combination had led to a minor (less than 10% weight
reduction) weight loss compared to the control group on the
final day of the treatment regimen (Supporting Information
Figure S11). Nonetheless, the body weight of mice returned to
control levels by day 14 (Supporting Information Figure S11C).
We also tested serum markers of kidney and liver toxicity
(Supporting Information Figure S12) and found no evidence of
toxicity induced by the combination. These results indicate the
combination of dexamethasone with CDDP/m is safe and
efficacious.
Dexamethasone Increases Efficacy of NCs in Pulmo-

nary BC Metastases. Next, we investigated the effects of the
combination of dexamethasone and CDDP/m on lung
metastases. Specifically, we sought to assess whether the
reduced metastatic burden with the combination treatment
was a result of slower primary tumor growth or direct effects on
metastatic lesions. In primary 4T1 BC tumors, our results
indicate that dexamethasone increases the efficacy of CDDP/m
in part by decompressing vessels. Compressed vessels are
present in tumors of breast cancer patients,11 and their
abundance is a potential negative prognostic biomarker.18,28

However, whether vessels are compressed in BC lungmetastases
is unclear. Thus, we first confirmed histologically in lung
metastases from four BC patients that the vessels featured large
aspect ratios (large diameter divided by short diameter), which
is ameasure of vessel compression (Figure 7A).29We next tested
whether dexamethasone was active against lung metastases by
measuring their mechanical properties. To mimic the clinical
treatment protocol of metastatic disease and produce sponta-
neous metastases, we surgically removed 4T1 primary BC

tumors when they reached ∼300 mm3. Then, after waiting 2
days postsurgery for the mice to rest and metastases to develop
further, we administered dexamethasone daily for 4 days and
then measured the stiffness of lungs. The lungs bearing
metastases had high stiffness and reached almost half the value
of primary BC tumors (Figure 7B), which indicates an abnormal
mechanical TME. We found that dexamethasone reduced the
stiffness of lungs (Figure 7B). Thus, we hypothesized that the
combination of dexamethasone andCDDP/mmight directly act
against lung metastases. To prove this assumption, we followed
the same protocol to produce murine models of metastasis after
surgical removal of the primary tumor and administered two
cycles of CDDP/m with daily dexamethasone. In these mice
bearing 4T1 spontaneous metastases, we found that only the
combination of dexamethasone and CDDP/m provided a
survival advantage (Figure 7C). These experiments indicate that
dexamethasone increases the efficacy of CDDP/m against BC
pulmonary metastasis.

Discussion. Our results demonstrate the value of TME
normalization in improving the efficacy of NCs. Although vessel-
normalizing therapies are used clinically in combination with
chemotherapy, they have limited effects on efficacy and can only
improve delivery of small NCs. Furthermore, vascular normal-
ization cannot alleviate hypoperfusion and reduced penetration
caused by desmoplasia.5 Specifically, vascular normalization
cannot reverse vessel compression, which limits perfusion to
large volumes of tissue within tumors.8 By identifying dexa-
methasone as a therapy that normalizes both vessels and the
ECM, we confirm that the combination of these strategies8 is
effective in potentiating the efficacy of cytotoxic NCs in models
of metastatic BC. According to previous studies, these tumor
models reflect both anti-VEGF-therapy-sensitive30 (MDA-MB-
231) and -resistant (4T1) cancers but might not represent the
dense desmoplasia and lack of angiogenesis in pancreatic ductal
adenocarcinoma.31 Whether dexamethasone increases NC
penetration likely will depend on its dose, the tumor type, and
the size of the NC. Furthermore, our results highlight the need
to supplement cytotoxic NCs with TME-normalizing therapies
to treat pulmonary metastases, which are critical for patient
survival yet have alternative mechanisms of resistance.32

Previous studies found that pretreatment dexamethasone
increases the efficacy of certain chemotherapies.33 These studies
demonstrated that the effects of dexamethasone on the efficacy
of small-molecule chemotherapies were the result of altered
pharmacokinetics. Here, we did not observe a dexamethasone-
induced change in pharmacokinetics of CDDP/m; however, NC
formulations, such as CDDP/m, improve the pharmacokinetics
of small-molecules. CDDP/m in particular is stable in vivo and
has a long circulation time.26 Here, we investigated the effects of
dexamethasone on the mechanical TME and the changes in
transport of NCs within tumors. Besides pharmacokinetics
research, other studies reported negative effects of dexametha-
sone pretreatment on cytotoxicity. For example, in another
breast cancer cell line, dexamethasone reduces the cytotoxicity
of cisplatin.34 In 4T1 and MDA-MB-231, we did not observe
altered cytotoxicity of CDDP/m by dexamethasone.
In contrast to the pre-chemotherapy schedule we investigated,

dexamethasone is often infused simultaneously with or within 1
day before chemotherapy to alleviate toxicities, including allergic
reaction to platinum-based chemotherapies like CDDP/m.13

Additional dexamethasone is administered post-chemotherapy
if patients develop nausea. Nonetheless, various clinical evidence
suggests that pre-chemotherapy dexamethasone could also help

Table 1. In Vitro Cytotoxicity of Free Cisplatin (CDDP) and
CDDP-Incorporated Micelle (CDDP/m) against 4T1 and
MDA-MB-231 Cell Lines after 48 h Incubation

IC50 (μM)a,b

cell line dexamethasone (μM) CDDP CDDP/m

4T1 1 5.3 ± 0.8 52 ± 3.7
0.1 5.6 ± 0.5 60 ± 2.7
0 4.4 ± 0.8 50 ± 6.0

MDA-MB-231 1 21.5 ± 3.1 168 ± 14.9
0.1 21.8 ± 1.3 142 ± 8.3
0 24.0 ± 1.0 139 ± 7.6

aDetermined by a CCK8 kit. bData presented as the mean ± SD (n =
4).
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prevent chemotherapy-induced toxicities. For example, dexa-
methasone pretreatment decreases hematopoietic toxicity and
improves the efficacy of a chemotherapeutic regimen in patients
with metastatic non-small cell lung cancer.35−37 Also, dexa-
methasone reduces edema in brain cancer patients.38 The
current study suggests that commonly used chemotherapy
adjunct treatments, such as dexamethasone, might affect NC
therapy efficacy and highlights the potential of rescheduling
dexamethasone before chemotherapy to increase NCs’ efficacy,
particularly in treatment-resistant pulmonary BC metastases.
Dexamethasone’s low cost and broad use in oncology highlight

its potential impact as an adjunct to potentiate cancer
nanomedicine.

CONCLUSIONS

Our results demonstrate that dexamethasone pretreatment can
increase the tumor penetration of NCs with hydrodynamic
diameters between ∼13 and ∼32 nm by normalizing the TME.
This is achieved by the effects of dexamethasone on the tumor
vessels and ECM, which results in a mechanical TME more
amenable to NC transvascular transport. Our mathematical
model based on the tumor penetration data suggests that the

Figure 6. Dexamethasone increases the efficacy of 30 nmCDDP/m against metastatic breast cancer. (A) Time profile of percentage of platinum
concentration remaining in the plasma collected at 1, 6, and 24 h after intravenous administration in control (blue triangles) and 3 mg/kg
dexamethasone-treated (orange circles) mice (N = 3). (B) Tumor accumulation of platinum 24 h after administration of CDDP/m. Control-
treated mice were compared to mice treated with 3 mg/kg dexamethasone daily for 4 days (orange bar) or once 2 h before CDDP/m
administration (black bar,N = 6). (C)Quantification of tumor growth rate. Graph of the number of days between treatment initiation and 1000
mm3 tumor volume in mice bearing 4T1-luc tumors. When tumors reached∼90 mm3, they were size- and time-matched into control (blue bar,
equal volume of phosphate-buffered saline (PBS) and schedule to other treatments), dexamethasone monotherapy (orange bar, 3 mg/kg
dexamethasone i.p. daily days 0−8), CDDP/m monotherapy (green bar, 1 mg/kg i.v. days 2, 5, and 8), and dexamethasone and CDDP/m
combination (yellow bar) groups (N = 6). (D) Quantification of tumor growth rate. Graph of the number of days between treatment initiation
and tumor volume doubling in mice bearing MDA-MB-231 tumors. When tumors reached ∼90 mm3, they were size- and time-matched into
control (blue bar, equal volume of PBS and schedule to other treatments), dexamethasone monotherapy (orange bar, 3 mg/kg dexamethasone
i.p. daily days 0−8), CDDP/mmonotherapy (green bar, 1 mg/kg i.v. days 2, 5, and 8), and dexamethasone and CDDP/m combination (yellow
bar) groups (N = 7−8). (E−H) Representative images of ex vivo luminescence in lungs bearing 4T1-luc metastases frommice reaching the end
point in the tumor growth delay study. (I,J) Ex vivo quantification of total luminescence photon counts. Only organs from mice with similar
tumor volumes and days after treatment initiation were compared (N = 3). (I) Quantification of total luminescence photon counts in lungs. (J)
Quantification of total luminescence photo counts in livers. All data expressed as mean ± standard error of the mean (*, P < 0.05).
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increased NC transport from an appropriate dose of dexa-
methasone results from a modest reduction in effective pore
diameter of the vessel wall and a more dramatic increase in
interstitial hydraulic conductivity. Eventually, dexamethasone
increased the delivery and antitumor activity of CDDP/m, a
clinically used∼30 nmNC, in primary BC tumors and their lung
metastases. Thus, besides limiting some toxicities of anticancer
drugs, dexamethasone can increase the efficacy of anticancer
drug-delivering NCs.

METHODS
Cell Culture. For mechanical, histological, and gene expression

studies, 4T1 mouse mammary carcinoma cell line was purchased from
ATCC. For intravital microscopy, biodistribution, and efficacy studies,
4T1 cells expressing luciferase (4T1-luc) were purchased from Japanese
Collection of Research Bioresources Cell Bank (Osaka, Japan). The
cells were maintained at 37 °C/5% CO2 and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and 1% streptomycin/penicillin.
Drugs and Reagents. Dexamethasone sodium phosphate (Sigma-

Aldrich, St. Louis, USA) was solubilized with sterile water at 37 °C.17

Doxil was purchased from Alza Corporation (Vacaville, CA). α-

Methoxy-ω-aminopropyl-poly(ethylene glycol) (MeO-PEG-NH2; Mw
= 12 000) was purchased fromNOFCo., Inc. (Tokyo, Japan). γ-Benzyl-
L-glutamate N-carboxyanhydride (BLG-NCA) was purchased from
Chuo Kaseihin Co., Inc. (Tokyo, Japan). Acetic anhydride (>97%),
sodium hydroxide (96%), and N,N-dimethylformamide (DMF) were
purchased from Wako Pure Chemical Industries Ltd., (Osaka, Japan).
cis-Diamminedichloroplatinum(II) (CDDP) was purchased from
Aldrich Chemical Co., Inc. Poly(ethylene glycol)-block-poly(L-glutamic
acid) (PEG-b-P(Glu); Mn,PEG = 12 000 g/mol, DP P(Glu) = 40, Mw/
Mn = 1. 10) and cisplatin micelles (CDDP/m) were prepared as
described previously.27 A mixture of PEG-b-P(Glu) and CDDP ([Glu]
= [CDDP] = 5 mM) was stirred at 37 °C for 5 days. Any unloaded free
CDDP was removed by dialysis (molecular weight cutoff size = 8000
Da) with distilled water and further purified by ultrafiltration
[molecular weight cutoff size (MWCO) = 100 000) and passed
through a 0.22 μm PES filter. Diameter and polydispersity index (PDI)
of micelles were measured using a dynamic laser scattering
spectrometer at 25 °C using a Zetasizer Nano-ZS instrument (Malvern
Instruments, Malvern, UK) equipped with a He−Ne ion laser (at
wavelength 532 nm) with detection angle equal to 90° at 37 °C. The
average diameter was 30 nm with a PDI of 0.18.

Animal Tumor Models. Female 6 week old BALB/c (for 4T1
studies) and BALB/c nu/nu mice (for MDA-MB-231 studies) were
purchased from Charles River Co. (Tokyo, Japan). All the experiments
were conducted under the ethical guidelines of The University of
Tokyo, of the Innovation Center of NanoMedicine (Kawasaki, Japan),
and of the Republic of Cyprus and the European Union under a license
acquired by the Cyprus Veterinary Services (No. CY/EXP/PR.L1/
2014), the Cyprus national authority for monitoring animal research.
Orthotopic models for murine mammary tumors were generated by
implantation of 5 × 104 4T1 or 4T1-luc and 1 × 107 MDA-MB-231
mouse mammary cancer cells in 40 μL of serum-free medium into the
third mammary fat pad of 6 week old BALB/c and BALB/c nu/nu
female mice, respectively. Once tumors grew past 6 mm in diameter,
tumors were extracted and 1 mm3 chunks of tumors were implanted for
all in vivo studies. Serial solid passages were limited to three times.

Fluorescent Immunohistochemistry. For histological studies,
dexamethasone (3 mg/kg or 30 mg/kg) or equal volume PBS was
administered by intraperitoneal (i.p.) injection once a day for 4 days
starting from day 7 to day 11 postimplantation and before tumor
excision. 4T1 breast tumors were removed, incubated with 4%
paraformaldehyde for 40 min, and washed twice for 10 min with 1×
PBS. Fixed tissues were embedded in optimal cutting temperature
compound in cryomolds (Tissue-Tek) and frozen completely at −20
°C. Transverse 20 μm thick tumor sections were produced using the
Tissue-Tek Cryo3 (SAKURA). Positively charged HistoBond micro-
scope slides (Marienfeld) were used to bond four tissue sections per
tumor. Tumor sections were then incubated in blocking solution (10%
fetal bovine serum, 3% donkey serum, 1× PBS) for 2 h and
immunostained with the following primary antibodies; rabbit
anticollagen I (ab4710, Abcam 1:100), sheep antihyaluronic acid
(ab53842, Abcam 1:100), rat anti-CD31 (MEC13.3, BD Pharmingen
1:100), and rabbit-αSMA (ab5694, Abcam 1:100), mouse anti-VEGF
(C-1) (sc-7269, Santa Cruz 1:50), anti-mouse HIF-1α (H1alpha67,
1:100), and rabbit anti-NG2 (AB5320, Millipore 1:200) overnight at 4
°C. For murine antibodies, tumor sections were blocked with
unconjugated Fab fragment anti-mouse IgG (H+L) (Jackson
ImmunoResearch) to suppress the off-target signal from any
endogenous mouse Ig prior to the overnight incubation with the
mouse primary antibodies. Secondary antibodies against rabbit, sheep,
or rat conjugated to Alexa Fluor 488 and 647 (Invitrogen) were used at
1:400 dilution, except the secondary antibody against mouse
conjugated to Alexa Fluor 488 (A21202, Invitrogen) was used at
1:300 dilution. All samples were incubated in secondary antibody
solution including DAPI (Sigma, 1:100 of 1 mg/mL stock) for 2 h at
room temperature in the dark. Sections were mounted on microscope
slides using the ProLong gold antifade mountant (Invitrogen) and
covered with a glass coverslip.

Histological Image Acquisition and Analysis. Images of stained
tumor sections from the tumor interior and periphery were acquired at

Figure 7. Dexamethasone increases the efficacy of 30 nm CDDP/m
against lung metastases from breast cancer. (A) Representative
image of histology of CD31 (brown) from the lung metastasis of a
breast cancer patient. (B) Quantification of the 4T1 lung metastasis
tissue elastic modulus, which is a measure of stiffness. Control-
treatedmice (blue bar) were compared tomice treated with 3mg/kg
(orange bar) and 30 mg/kg (gray bar) dexamethasone daily for 4
days. Data expressed as mean± standard error of the mean (N = 5−
7). (C) Animal survival in mice with spontaneous metastases from
4T1 primary tumors, which developed after surgical primary tumor
resection at 300 mm3. Mice were size- and time-matched into
control (blue bar, equal volume and schedule of PBS as other
treatments), dexamethasone monotherapy (orange bar, 3 mg/kg
dexamethasone i.p. daily days 2−7 postresection), CDDP/m
monotherapy (green bar, 1 mg/kg i.v. days 4 and 7 postresection),
and dexamethasone andCDDP/m combination (yellow bar) groups
(N = 8−10, *, P < 0.05).
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10× magnification using an Olympus BX53 fluorescence microscope.
To enable quantification, images of the same staining were taken at
identical settings. The images were analyzed using custom and built-in
algorithms in MATLAB (MathWorks, Inc., Natick, MA, USA).
Specifically, VEGF, HIF-1α, collagen I and hyaluronan tumor
composition was analyzed following calculation of the area fraction of
positive staining using an in-house code in MATLAB. Similarly, the
blood vessel density was measured by segmenting the CD31+ area
using an intensity and size threshold. The CD31+ area was skeletonized
to count vessels and normalized to the total tissue area within the image.
Pericyte coverage with NG2 was assessed as the fraction of NG2+ area
within the total CD31+ area. Mature vessel density was measured
similarly to the vessel density, except only vessels with greater than 10%
αSMA+ area fraction were counted.
RNA Isolation, cDNA Synthesis, and Real-Time PCR. Total

RNA was isolated from breast tumors according to the standard Trizol-
based protocol (Invitrogen), and cDNA synthesis was performed using
reverse transcriptase III (RT-III) enzyme and random hexamers
(Invitrogen). Real-time polymerase chain reaction was performed using
Sybr Fast Universal Master Mix (KAPA). The specific mouse primers
used for gene expression analysis of 4T1 tumors are listed in the table
below. Reactions were performed using a CFX-96 real-time PCR
detection system (Biorad) at the following conditions: 95 °C for 2 min,
95 °C for 2 s, 60 °C for 20 s, 60 °C for 1 s, steps 2−4 for 39 cycles. Real-
time PCR analysis and calculation of changes in gene expression
between compared groups was performed using the ΔΔCt method.
Relative gene expression was normalized based on the expression of β-
actin.

Interstitial Fluid Pressure Measurement. Interstitial fluid
pressure was measured in vivo with the wick-in-needle technique after
administering anesthesia and before tumor excision, as described
previously.12

Tumor-Opening Measurement. After initiating tumors with
chunk implantations, dexamethasone (3 mg/kg or 30 mg/kg) or equal
volume PBS was administered i.p. once a day for 4 days starting from
day 7 to day 11 postimplantation and before tumor excision, so that the
average tumor diameter for each tumor was between 0.6 and 1.1 cm.
For dexamethasone co-administration, PBS was administered daily for
3 days, and 3mg/kg dexamethasone was administered on the fourth day
2 h before tumor extraction. For the tumor-opening measurement,

tumors were extracted and a cut was made along the tumor’s longest
axis (∼80% of its thickness). This length wasmarked on the scalpel with
tape to ensure a consistent cut. The tumor was then allowed to relax for
10 min to allow for any transient, poroelastic response to diminish and
the opening at the surface of the tumor was measured.7

Mechanical Testing Measurements for Calculation of Elastic
Modulus. For primary tumor studies, dexamethasone (3 or 30 mg/kg)
was administered by i.p. injection once a day for 4 days starting from day
7 to day 11 postimplantation and before tumor excision. For the study
of the mechanical properties of lung metastases, after removal of
primary tumors on day 27 (tumor volume of ∼300 mm3), dexametha-
sone was administered by i.p. injection once a day for 4 days starting
from day 29 to day 32 postimplantation (the day of lung excision).
Measurement of the elastic modulus was performed using an
unconfined compression experimental protocol.12,19 Following excision
of the primary tumor or the macroscopic metastatic nodules, specimens
were loaded on a high precision mechanical testing system (Instron,
5944, Norwood, MA, USA) and compressed to a final strain of 30%
with a strain rate of 0.1 mm/min. The dimensions of the primary tumor
specimens were 6 × 6 × 4 mm (length × width × thickness), whereas
metastatic nodules were tested in whole owing to their small size. The
elastic modulus was calculated from the slope of the stress−strain curve
at the 25−30% strain range.12,19

In VivoConfocal Laser ScanningMicroscopy.Chunks of 4T1 or
MDA-MB-231 tumors (1 mm3) were implanted into the third
mammary fat pad, and treatment was initiated when the tumors
reached ∼90 mm3. Tumors were matched for time postimplantation
and size at treatment initiation. Dexamethasone at 0.3, 3, or 30 mg/kg
or equal volume PBS was administered daily for 4 days. After surgical
exposure of the orthotopic 4T1 or MDA-MB-231 tumor using the skin
flap method, mice were intravenously co-injected with 70 kDa
rhodamine-bound (Sigma-Aldrich, St. Louis, USA) and 500 kDa
FITC-bound dextran (Sigma-Aldrich, St. Louis, USA) at volumes of 0.1
mL each and doses of 0.16 and 0.04 mg, respectively. Doxil was
administered at 7 mg/kg. Microscope settings and probe concen-
trations were adjusted to make the fluorescence signal equal and
remained unchanged for each probe. All in vivo image acquisitions were
performed using a Nikon A1R confocal laser scanning microscope
system attached to an upright ECLIPSE FN1 (Nikon).

Image Analysis. Images were analyzed using custom analysis
software developed in MATLAB (The MathWorks). The normalized
transvascular flux9 was calculated using
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where Jt is the transvascular flux, Ĉ is the concentration of the probe
immediately extravascular, Peff is the effective permeability,17 t ̂ is the
time after the initial image, r ̂ is the distance from the vessel central axis,
and R̂ is the vessel radius at that point along the vessel. Fluorescence
intensities were used as the concentrations. The calculation was made
as an average over the entire imaged volume for each tumor. For the 2D
case,18 this equation simplifies to
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whereHT is the tissue hematocrit estimated to be 0.19 in the circulation
of tumors, I is the average fluorescence intensity of the whole image, I0 is
the value of I immediately after the filling of all vessels, Ib is the
background fluorescence intensity, and κ is the time constant of plasma
clearance of the probe. The slope of the measurements plotted over
time should be normalized, where dI/dt becomes (dI/dt)/(I0 − Ib). V
and S are the total volume and surface area of vessels within the tissue
volume covered by the surface image, respectively. The volume-to-
surface ratio is calculated as

Table 2

gene name primer sequence

mVEGF F AGCACAGCAGATGTGAATGC
mVEGF R TTTCTTGCGCTTTCGTTTTT
mAng1 F CAGCACGAAGGATGCTGATA
mAng1 R TTAGATTGGAAGGGCCACAG
mAng2 F TCCAAGAGCTCGGTTGCTAT
mAng2 R AGTTGGGGAAGGTCAGTGTG
mVEGFR2 F CCCAGCATCTGGAAATCCTA
mVEGFR2 R CCGGTTCCCATCTCTCAGTA
mCOL1A1 F GAGCGGAGAGTACTGGATCG
mCOL1A1 R GTTCGGGCTGATGTACCAGT
mCTGF F CACTCTGCCAGTGGAGTTCA
mCTGF R GTAATGGCAGGCACAGGTCT
mHAS1 F TCGGAGATTCGGTGGACTAC
mHAS1 R GTCCAACCTTGTGTCCGAGT
mHAS2 F ATAAGCGGTCCTCTGGGAAT
mHAS2 R CCTGTTGGTAAGGTGCCTGT
mHAS3 F TTCCAAACCTCAAGGTGGTC
mHAS3 R TGCTACGCCACACAAAGAAG
mCOL3A1 F ATAAGCCCTGATGGTTCTCG
mCOL3A1 R GCAGCCTTGGTTAGGATCAA
mβ-ACTIN F GACGGCCAGGTCATCACTAT
mβ-ACTIN R AAGGAAGGCTGGAAAAGAGC
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where dn is the diameter of the nth vessel and Ln is the length of the nth
vessel corrected by a factor of 0.79 for light scattering in the tissue.
In Vitro Cytotoxicity. The in vitro cytotoxicity of CDDP and

CDDP/m with and without dexamethasone was examined against 4T1
and MDA-MB-231. Cancer cells were plated into flat-bottomed, 96-
well plates at 2.5 × 103 cells per well. They were treated by continuous
exposure to various concentrations of CDDP and CDDP/m in a final
volume of 100 μL. Plates were incubated for 48 h at 37 °C in a
humidified atmosphere with 5% CO2, and cell viability was determined
by MTT assay.
Biodistribution Studies. After implantation of 4T1 tumor chucks

into the third mammary fat pad, the treatment was initiated when
tumors reached ∼90 mm3. Tumors were size- and time-matched for
initiation into the study. Dexamethasone (3 mg/kg) or equal volume
PBS was administered daily for 3 days by i.p. injection. On the fourth
day, the same treatments were given except for the co-administration
group, which was given dexamethasone. Two hours later, all mice were
administered CDDP/m (5.5 mg/kg) by retro-orbital injection under
inhaled isoflurane anesthesia. Twenty-four hours postinjection of
CDDP/m,mice were sacrificed and exsanguinated. Tumors and normal
organs were collected, weighed, and digested using boiling 90% HNO3
followed by proper dilution with 1% HNO3. The concentration of
platinum was measured by inductively couple plasma mass spectrom-
etry (ICP-MS) [Hewlett-Packard HP 4500 ICP-MS (Agilent
Technologies, California, USA); RF power = 1200 W; peripump =
0.16 rps; monitoring mass = m/z 195 (Pt); integrating interval = 0.1 s;
sampling period = 0.3 s]. Data were normalized against the total
injected dose per tissue mass.
Efficacy Studies. For primary growth studies, 1 mm3 chunks of

4T1-luc or MDA-MB-231 tumors were implanted in the third
mammary fat pad of BALB/c or BALB/c nu/nu female mice,
respectively, and treatment was initiated when tumors reached ∼90
mm3. Tumors were size- and time-matched for initiation into the study.
Dexamethasone at 3 mg/kg was administered daily from days 0 to 8.
CDDP/m at 1 mg/kg was administered by retro-orbital injection
during sedation with isoflurane on days 2, 5, and 8. The tumors were
measured every 1−2 days using calipers by an investigator blind of the
treatment groups. Formetastasis survival studies, 1mm3 chunks of 4T1-
luc tumors were implanted and primary tumors were excised when
tumors reached ∼300 mm3, which was defined as day 0. Excision was
timed such that mice were initiated into the study by size- and time-
matching their primary tumors. Two days after tumor removal, which
allowed the mice to rest, treatment was initiated. Dexamethasone at 3
mg/kg was administered daily from days 2 through 7. CDDP/m at 1
mg/kg was administered by retro-orbital injection during sedation with
isoflurane on days 4 and 7. Mice were monitored daily for the first 3
weeks of efficacy studies and every other day thereafter.
Luminescent Imaging Studies. After mice bearing 4T1-luc

tumors reached the end point (primary tumor volume of 1000 mm3),
surviving mice were grouped to match time since treatment initiation
and tumor volume. Based on these criteria, three mice from each group
were included to produce an average tumor volume of∼1300 mm3 and
28 days post-treatment initiation in each group. Mice were sacrificed 1
min after retro-orbital injection of luciferin salt solution. Lungs and
livers were removed and imaged ex vivo using an IVIS Spectrum (SP-
BFM-T1, PerkinElmer).
Serum Biomarkers.Mice were given dexamethasone and CDDP/

m according to the primary tumor efficacy protocol. The blood samples
of all mice were collected once every mouse in the study reached the
end point of the efficacy study. The blood was centrifuged to take the
serum. From each blood sample, plasma concentrations of alkaline
phosphatase, alanine aminotransferase, aspartate aminotransferase, and
blood urea nitrogen were measured by using a FUJI DRI-CHEM
NX500 analyzer (FujiFilm, Japan).

Immunohistochemistry of Human Lung Metastases from
Breast Cancer. Fivemetastatic tumors in lungs from four breast cancer
patients were surgically resected. Four micrometer slides were obtained
from surgically resected FFPE sample of metastatic tumor. Tissues were
stained with monoclonal anti-human CD31 antibodies (Dako,
Glostrup, Denmark). Immunostaining was performed using an
autostaining machine (Ventana Benchmark ULTRA, Ventana Medical
Systems, Tucson, AZ, USA), as reported previously. Stained slides were
imaged using a NanoZoomer digital pathology virtual slide system.
Three X30 JPEG photos from peritumoral and center areas of
metastases were obtained as reported previously.39 Morphological
analysis was performed using morphometric software (WinROOF
version 6.5, Mitani Corporation, Tokyo, Japan). CD31 endothelial cell
clusters with and without lumen were counted.

Statistical Analysis. The data are presented as means with error
bars representing the standard error of the mean. Groups were
compared using unpaired Student’s t tests, except in the metastasis
survival study where a log-rank test was used. In studies with multiple
pairwise comparisons, P values were adjusted using Holm-Bonferroni
correction. Except in the efficacy studies, each treatment group was
compared only with the control group.
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Mathematical Model 

Equations and assumptions: We used a 1-dimensional spherical tumor transport model. We assumed spatial 

independence for physiological parameters, which does not account for the heterogeneity of the tumor 

microenvironment (TME). Besides not considering vessels, cells and extracellular matrix (ECM) explicitly, we 

also assume a lack of lymphatics and nanocarrier (NC) binding. Lymphatics within tumors are largely non-

functional. NCs are PEGylated to limit cellular interaction. Given our bolus injection mode of administration of 

probe and NC, we assume the source of fluid and NC is distributed continuously over the spatial domain and 

NC concentration decays exponentially. 

The interstitial fluid transport follows Darcy’s law and we assume axisymmetric flow: 

 

where u is the interstitial fluid velocity (cm/s), K is the hydraulic conductivity of tumor interstitium (cm2/mm Hg-

sec), p is the interstitial fluid pressure (IFP) in mmHg. 

We substituted the above equation into the fluid continuity equation to obtain the steady-state fluid transport 

model:  

 

where Lp is the hydraulic conductivity of microvascular wall (cm/mmHg-sec), !
"
 is the vascular surface area 

per unit volume (cm-1), and pss is the steady-state interstitial pressure where the efflux from the vessels equals 

to the influx (mmHg).  

The boundary conditions consist of the no-flux condition at the center of the spherical tumor and fixed tissue 

pressure p∞ at the tumor edge (r=R): 

 

Solute transport follows the dynamic convection-diffusion equation below. 

 



 

 

where C is the concentration of the NC in the interstitium of the tumor (g/ml), D is the diffusion coefficient 

(cm2/sec), and 𝜙s is the distributed source term based on the pore model for transcapillary exchange: 

 

where pv is the microvascular pressure (MVP) in mmHg; Pe = Lp(pv − p)(1 − σ)/P is the Peclet number 

representing the ratio of convective forces to diffusion forces across the vascular wall; σ is the solute reflection 

coefficient; P is the vascular permeability of the solute through the vascular wall (cm/sec); and Cv is the probe 

concentration in tumor vessels (g/ml). As described above, we assumed the vascular solute concentration 

decays exponentially with time: 

 

where Co is the initial probe concentration in the blood (g/ml), and kd is the half-life circulation time of the 

probe (sec). The probe concentration satisfies the no-flux condition at the center and is continuous across the 

tumor periphery: 

 

 

We followed the pore theory1 to describe NC transport through the walls of vessels. Assuming the vessels to 

be cylindrical, we can evaluate the hydraulic conductivity of the vessels Lp, the vascular permeability P, and 

the solute reflection coefficient σ with the following three equations: 

 

 

 

where γ is the fraction of the surface area occupied by pores; ro is the pore radius (nm); μ is the blood viscosity 

(mmHg-sec); L is the thickness of the vessel wall (μm); Do is the diffusion coefficient of the NC in free solution 

at 37°C given by the Stokes-Einstein relationship; H and W are diffusive and convective hindrance factors, 

respectively, based on the size ratio of NC to pore1,2:  



 

 

 

 

where Φ is the partitioning coefficient defined as the ratio of the average intrapore concentration to that in the 

bulk solution at equilibrium. When the interactions between the solutes and pore wall are purely steric, the 

partitioning coefficient is taken as Φ = (1−λ)2, where λ is the ratio of particle size to the pore size. Kt and Ks 

factors for the convective hindrance term W are defined as follows:  

 

 

The corresponding coefficients ak and bk are listed in Supplementary Table M1. 

Supplementary Table M1: Hydrodynamic Coefficients for the Cylindrical Pore Model 

k 1 2 3 4 5 6 7 

ak -73/60 77293/50400 -22.5083 -5.6117 -0.3363 -1.216 1.647 

bk 7/60 -2227/50400 4.0180 -3.9788 -1.9215 4.392 5.006 

 

Solution strategy: We solved the fluid and solute transport model numerically using a discretized form. First, 

we reformulated the model into its dimensionless form. Then, the finite difference method was used to derive 

the discrete form of the fluid transport model with the upwind scheme employed for discretization of the solute 

transport model. We solved these equations using the variable-step 4th-order Runge-Kutta method.  

The experimentally measured values of effective permeability Peff were used to obtain the average probe 

concentration profiles Cavg over the interstitial space – which are taken as data points for the parameter 

estimation problem –  utilizing the following spatially-averaged conservation equation: 

 



 

 

To formulate the parameter estimation optimization problem, we seek to minimize the sum of squared error 

(SSE) between the average concentration of the transport model Cavg,mod and data Cavg,data over the 

experimental time span:  

 

Since we hypothesize dexamethasone affects the hydraulic conductivity of the vessel wall and the interstitial 

space, we chose Lp and K as the uncertain model parameters for estimation. For the other parameters, we 

used the literature values presented in Supplementary Table M2. Since the Peclet number can be very high 

at some parameter values, the problem can be very stiff. To obtain better local optimization results, we 

multistart fmincon in MATLAB (The MathWorks) with the interior-point solver and pick the results with the 

lowest objective function values.  This approach, along with local analysis, provide a high-likelihood of 

obtaining near-global optimal results for the two-variable problem. 

Supplementary Table M2: Physiological Parameter Values for Use in the Model 

Parameter Definition Value Reference 

S/V (cm-1) Vascular density 200 3 

D (cm2/sec) Diffusion coefficient 2e-7 (13 nm);1.375e-7 (32 nm) 4 

pv (mm Hg) Vascular pressure 25 5 

kd (min) Blood circulation time 1480 (13 nm); 1278 (32nm) 6 

μ (mm Hg-sec) Blood viscosity 3e-5 7 

L (μm) Vessel wall thickness 5 8 

γ Fraction of pore area 1e-3 9 

 

Results and analysis: The local optima are shown in Supplementary Table M3. 

The model predictions of vessel wall pore diameter and interstitial hydraulic conductivity produced from 

effective permeability measurements are consistent with our other experimental data. Specifically, our model 

predicts both doses of dexamethasone raise the interstitial hydraulic conductivity to a similar level. This is 

expected based on the similar effects of both doses on collagen I (Fig. 2C) and hyaluronan (Fig. 2D) levels 



 

 

measured histologically. Furthermore, our model predicts that, while 3 mg/kg dexamethasone reduces vessel 

pore diameter by only 10%, 30 mg/kg dexamethasone reduces vessel pore size by 45%. This model 

prediction is consistent with the notion that the higher dose produces a stronger anti-angiogenic effect. 

Specifically, we observe more vessel pruning (Fig. 1D,E) and a distribution of vessel diameters skewing 

towards diameters (Supplementary Fig. S3,4) with 30 mg/kg dexamethasone treatment.  

 

Supplementary Table M3: Local Optimums for Parameter Estimation Results 

Results 70 kDa rhodamine 500 kDa FITC 

Dose Control 3 mg/kg 30 mg/kg Control 3 mg/kg 30 mg/kg 

Peff (cm/sec) 9.60e-7 4.61e-6 2.80e-6 8.18e-7 4.30e-6 1.62e-6 
Lp (cm/mm 

Hg-sec) 1.04e-6 1.49e-6 3.50e-7 8.67e-7 7.17e-7 2.81e-7 

K (cm2/mm 
Hg-sec) 2.33e-7 8.57e-7 1.56e-6 2.97e-7 1.63e-6 1.68e-6 

IFP (mm Hg) 24.01 23.46 20.30 23.80 21.85 19.32 

Pore 
diameter 

(nm) 
223 267 130 204 185 116 

 

  



 

 

 

Supplementary Figures and Tables 

 

Supplementary Table 1 – Dose schedule (timing in the header) of the current study in mice (top row) 

compared to the doses of clinical trials of CDDP/m (NCT02043288) converted from human to mouse doses 

by body surface area (bottom row). The total dose of dexamethasone is in the right column. 

Time 

relative to 

CDDP/m 

-72 

[Hours] 

-48  -24 -12 -6 0 12 24 36 48 Total 

dose 

Current 

study dose 

3 

[mg/kg] 

3 3   3  *   12 

CDDP/m 

(NC-6004) 

trial dose 

equivalent in 

mice 

   4.11 

[mg/kg] 

4.11  0.82 0.82 0.82 0.82 11.5 

*If another cycle is initiated, 3mg/kg would be administered at this time to begin the next cycle. 

 



 

 

 

Supplementary Figure S1. Tumor opening assay. (A-B) Representative images of the tumor opening 

assay of 4T1 tumors from control (A) and 3mg/kg dexamethasone (B) treated mice. (Left column) Overhead 

images of the tumors before cutting. (Center column) Overhead images of the tumors after cutting. (Right 

column) En face images of the tumors after cutting. The tumor opening is the distance the tumor opens ten 

minutes after cutting. The larger the opening, the higher the solid stress in the tissues. Ruler scale in 

centimeters. These images were collected for representation and this data was not used in quantitation in 

Figure 2F. 



 

 

 

 

Supplementary Figure S2. Dexamethasone co-treatment does not affect solid stress. Quantification of 

the tumor opening distance, which is a measure of solid stress levels of 4T1 tumors excised from control mice 

(blue bar) or mice treated with 3 mg/kg dexamethasone 2 h before tumor excision and measurement (black 

bar, N = 3 mice per group). 

 



 

 

 

Supplementary Figure S3. Dexamethasone affects tumor vessel function. (A-B) Representative intravital 

microscopy images of perfused tumor vessels (green) of 4T1 tumors from control (A) and 3 mg/kg 

dexamethasone (B) treated mice. Scale bars = 600 µm. 



 

 

 

Supplementary Figure S4. Dexamethasone normalizes the diameter of vessels. Histograms of vessel 

diameters indicate a larger proportion of wider vessels with 3 mg/kg dexamethasone treatment (N = 3, n = 

175-220 vessels per group). 

 



 

 

. 

Supplementary Figure S5. Dexamethasone normalizes the length of vessels. Histograms of perfused 

vessel lengths from intravital microscopy indicate a larger proportion of longer vessels with 3 mg/kg 

dexamethasone treatment (N = 3 mice, n = 175-220 vessels per group). 

 



 

 

 

Supplementary Figure S6. Transvascular transport of nanocarriers after treatment of dexamethasone 

at various doses. Transvascular transport in 4T1 (A, B) and MDA-MB-231 (C, D) breast cancers, with (A,C) 

representative confocal intravital microscopy images of tumors. (A) 4T1 bearing mice were treated 4 days 

daily with (left panel) control or (right panel) 0.3 mg/kg dexamethasone, and the representative images show 

the distribution 20 min after injection of 500 kDa (32 nm, green) fluorescent dextrans. (B) Quantification of 

effective permeabilities, which is a measure of the rate that dextrans are transporting out of vessels and 

penetrating after treatment with 0.3 mg/kg dexamethasone (yellow circles) and control (blue circles) in mice 

bearing 4T1 breast tumors (N = 3). (C) MDA-MB-231 bearing mice were treated 4 days daily with (top left 

panel) control, (top right panel) 0.3 mg/kg, (bottom left panel) 3 mg/kg or (bottomr right panel) 30 mg/kg 

dexamethasone, and the representative images show the distribution 20 min after injection of 500 kDa (32 

nm, green) fluorescent dextrans. (D) Quantification of effective permeabilities after treatment of 4 days daily 

dexamethasone at 0.3 mg/kg (yellow circles), 3 mg/kg (orange circles), 30 mg/kg (gray circles) and control 

(blue circles) doses in mice bearing MDA-MB-231 breast tumors (N = 3). Data expressed as mean ± standard 

error of the mean (*, P<0.05).  



 

 

 

Supplementary Figure S7. Transvascular transport of Doxil after treatment of dexamethasone. 

Transvascular transport in 4T1 (A, B) and MDA-MB-231 (C, D) breast cancers, with (A,C) representative 

confocal intravital microscopy images of tumors. (A) 4T1 bearing mice were treated with (left panel) control 

or (right panel) 3 mg/kg dexamethasone, and the images show the distribution 20 min after injection of Doxil 

(80 nm, red). (B) Quantification of 4T1 effective permeabilities, which is a measure of the rate that Doxil is 

transporting out of vessels and penetrating after treatment of either 4 days daily dexamethasone 3 mg/kg 

(orange circles) or control (blue circles, N = 3). (C) MDA-MB-231 bearing mice were treated with (left panel) 

control or (right panel) 3 mg/kg dexamethasone, and the images show the distribution 20 min after injection 

of Doxil (80 nm, red). (D) Quantification of MDA-MB-231 effective permeabilities after treatment of either 4 

days daily dexamethasone 3 mg/kg (orange circles) or control (blue circles, N = 3). Data expressed as mean 

± standard error of the mean (*, P<0.05).  

 



 

 

 

Supplementary Figure S8. Tissue distribution of CDDP/m with and without dexamethasone in major 

organs 24 h after CDDP/m administration. CDDP/m (5.5 mg/kg) was administered to 4T1 bearing mice (N 

= 6 per group) 2 h after the final dose of daily 3 mg/kg dexamethasone pre-treatment (orange bars) or a single 

dose of 3 mg/kg dexamethasone as a “co-treatment” (black bars).  All data expressed as mean ± standard 

error of the mean. 

 

 

 

 

 

 

 



 

 

 

Supplementary Figure S9. Dexamethasone increases the efficacy of 30nm CDDP/m in primary breast 

cancer. (A-D) Tumor growth delay study in a syngeneic, orthotopic 4T1 breast tumor model treated with 

dexamethasone, CDDP/m, or the combination (N = 6). (A) Saline (control) treated mice tumors (blue) took an 

average of 3.2 days for the tumor volume to double and 17 days to reach 1000 cubic millimeters. (B) 

Dexamethasone treated mice tumors (orange) took 3.0 days for the tumor volume to double and 20 days to 

reach 1000 cubic millimeters. (C) CDDP/m treated mice tumors (green) took 3.8 days for the tumor volume 

to double and 24 days to reach 1000 cubic millimeters. (D) Dexamethasone and CDDP/m combination treated 

mice tumors (yellow) took 5.0 days for the tumor volume to double and 28 days to reach 1000 cubic millimeters. 

 

 

 

 



 

 

 

 

 

Supplementary Figure S10. Mouse body weight during the dexamethasone and 30nm CDDP/m tumor 

growth study in primary breast cancer. (A-D) Individual body weights measured during the tumor growth 

delay study in a syngeneic, orthotopic 4T1 breast tumor model treated with dexamethasone, CDDP/m, or the 

combination (N = 6). (A) Saline (control) treated mice (blue) lost weight earliest before morbidity. (B) 

Dexamethasone treated mice tumors (orange) seemed to lose weight after the initial period of treatment and 

associated with morbidity towards the end of the study. (C) CDDP/m treated mice tumors (green) seemed to 

lose weight only associated with morbidity towards the end of the study. (D) Dexamethasone and CDDP/m 

combination treated mice tumors (yellow) seemed to lose weight after the initial period of treatment but mostly 

retained their weight towards the end of the study. 

 

 



 

 

 

 

 

Supplementary Figure S11. The combination of dexamethasone and CDDP/m induces limited weight 

loss immediately following the treatment regimen. (A-C) Average mouse weights from the tumor growth 

delay study at various days in syngeneic, orthotopic 4T1 breast tumors treated with dexamethasone, CDDP/m, 

or the combination (N = 6). (A) All treatment groups started with the same body weight pre-treatment. (B) 

Combination treated mice had significantly lower body weight than the controls on the day 9, which was the 

conclusion of therapy (P = 0.03). (C) Combination treated mice did not have different weights than the control 

on day 14, which was 5 days after the conclusion of treatment. All data expressed as mean ± standard error 

of the mean (*, P < 0.05).  

 

 

 

 

 



 

 

 

Supplementary Figure S12. Serum biochemistry of the mice after the treatments. Serum was collected 

from all mice after the final mouse reached the endpoint of the primary tumor efficacy study and serum 

biochemistry was assessed (n = 4). (A-D) Averages of serum biochemistry within each treatment group.  (A) 

ALP, alkaline phosphatase. (B) ALT, alanine aminotransferase; (C) AST, aspartate aminotransferase. (D)  

BUN, blood urine nitrogen. Gray areas indicate the normal ranges for the markers. All data expressed as 

mean ± standard error of the mean. 
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