
Contents lists available at ScienceDirect

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

Histidine-rich glycoprotein-induced vascular normalization improves EPR-
mediated drug targeting to and into tumors

Benjamin Theeka,b,1, Maike Bauesa,1, Felix Gremsea, Robert Polac, Michal Pecharc, Inka Negwerd,
Kaloian Koynovd, Benjamin Webere, Matthias Barze, Willi Jahnen-Dechentf, Gert Stormb,g,
Fabian Kiesslinga, Twan Lammersa,b,g,⁎

a Department of Nanomedicine and Theranostics, Institute for Experimental Molecular Imaging, RWTH Aachen University Clinic and Helmholtz Institute for Biomedical
Engineering, Aachen, Germany
bDepartment of Targeted Therapeutics, Biomaterial Science and Technology, University of Twente, Enschede, The Netherlands
c Institute of Macromolecular Chemistry, Czech Academy of Science, Prague, Czech Republic
dMax Planck Institute for Polymer Research, Mainz, Germany
e Institute of Organic Chemistry, Johannes Gutenberg University, Mainz, Germany
f Biointerface Laboratory, RWTH Aachen University Clinic and Helmholtz Institute for Biomedical Engineering, Aachen, Germany
g Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences, Utrecht University, Utrecht, The Netherlands

A R T I C L E I N F O

Keywords:
Nanomedicine
Tumor targeting
Vascular normalization
EPR
HRG
pHPMA
Drug delivery

A B S T R A C T

Tumors are characterized by leaky blood vessels, and by an abnormal and heterogeneous vascular network.
These pathophysiological characteristics contribute to the enhanced permeability and retention (EPR) effect,
which is one of the key rationales for developing tumor-targeted drug delivery systems. Vessel abnormality and
heterogeneity, however, which typically result from excessive pro-angiogenic signaling, can also hinder efficient
drug delivery to and into tumors. Using histidine-rich glycoprotein (HRG) knockout and wild type mice, and
HRG-overexpressing and normal t241 fibrosarcoma cells, we evaluated the effect of genetically induced and
macrophage-mediated vascular normalization on the tumor accumulation and penetration of 10–20 nm-sized
polymeric drug carriers based on poly(N-(2-hydroxypropyl)methacrylamide). Multimodal and multiscale optical
imaging was employed to show that normalizing the tumor vasculature improves the accumulation of fluor-
ophore-labeled polymers in tumors, and promotes their penetration out of tumor blood vessels deep into the
interstitium.

1. Introduction

One of the biggest challenges in systemic anticancer drug therapy
relates to the inefficient accumulation of intravenously (i.v.) adminis-
tered chemotherapeutic agents at pathological sites. Classical che-
motherapeutic drugs typically suffer from a short circulation half-life
(as a result of rapid renal excretion), and from a large volume of dis-
tribution (resulting in systemic side effects) [1,2]. For several decades,
scientists have been developing materials and methods to overcome
these problems, primarily via the incorporation of low-molecular-
weight chemotherapeutic agents in 1–100(0) nm-sized drug delivery
systems. These carrier materials, which typically include polymers,
micelles and liposomes, are larger than the renal clearance threshold,
thus having a completely different biodistribution profile, and they

accumulate more efficiently at pathological sites than free drug mole-
cules [3–5].

In case of drug targeting to tumors, pathophysiological character-
istics such as hypervascularity, hyperpermeability and impaired lym-
phatic drainage allow nanomedicines to accumulate more efficiently
and more selectively at sites of malignancy, via the so-called enhanced
permeability and retention (EPR) effect [6,7]. The EPR effect, however,
is met with increasing scrutiny, and an increasing number of papers has
questioned its presence, prominence and relevance [8–11]. One of the
potential problems associated with leaky blood vessels, for instance, is
the relatively high interstitial fluid pressure (IFP) which is typical for
tumors [12,13]. Consequently, convective transport processes, in par-
ticular the penetration of drugs and drug delivery systems from the
tumor blood vessels deep into the interstitium, are impaired.
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Furthermore, the EPR effect is not omnipresent in all tumors, resulting
in a very high degree of inter- and intraindividual heterogeneity in the
“passive” accumulation of nanomedicine formulations in tumors
[14,15].

To improve the accumulation and distribution of nanomedicines in
tumors, and to eventually enhance their therapeutic efficacy, several
pharmacological and physical vessel modulation strategies have been
explored over the years [8,16]. In this context, a popular recent phar-
macological strategy is vascular normalization, which aims to improve
tumor-directed drug delivery via partially counteracting pro-angiogenic
signaling in tumors [17–19]. Angiogenesis, i.e. the formation of new
blood vessels from pre-existing ones, is a tightly controlled process
under normal physiological conditions. However, during tumor devel-
opment, proliferating cancer cells and hypoxia result in the over-
production of vascular growth factors, such as VEGF. Already in the
1970s, the importance of angiogenesis for the development of tumors
was realized, and strategies to starve tumors to death by pharmacolo-
gically inhibiting angiogenesis were suggested [20]. While anti-angio-
genic (anti-VEGF) monotherapies failed in the clinic, they presented
with clear added value when combined with chemotherapy and/or
radiotherapy [21–23]. This enhanced efficacy can be explained - at
least in part - by a phenomenon termed vascular normalization, which
helps to improve the delivery of drug molecules and oxygen to tumors
[17,24–26].

The first vessels which respond to anti-angiogenic therapy are im-
mature and leaky blood vessels. In a recent clinical study, Jain and
colleagues showed that neoadjuvant bevacizumab (anti-VEGF anti-
body) treatment in HER2-negative breast cancer patients decreased the
IFP and increased the fraction of pericyte-covered vessels, leading to a
more normalized and better perfused vascular network, and to im-
proved drug delivery [27]. Both standard chemotherapeutic drugs and
metronomically administered anticancer agents have been shown to
profit from vascular normalization [28], and also in case of

nanomedicines, vascular normalization has already been shown to be
able to improve drug delivery and anti-tumor efficacy [29–31]. How-
ever, it seems to occur in a size-dependent manner, with the normal-
ization-induced reduction in pore size hindering the extravasation of
relatively large nanomedicines, such as 100 nm-sized Doxil® liposomes,
while promoting the accumulation and efficacy of smaller sized nano-
medicines, such as the ones obtained upon the i.v. administration of
Abraxane®, which in the blood stream disintegrates into 10 nm-sized
self-assemblies of paclitaxel and endogenous albumin [32].

Tumor-associated macrophages (TAM) play a key role in vascular
normalization. TAM are typically polarized towards a more M2-like
phenotype, which promotes angiogenesis and immunosuppression
[33]. One of the first studies investigating the effect of vascular nor-
malization mediated via the repolarisation of TAM, from an alter-
natively activated and pro-angiogenic M2-like phenotype towards a
more classically activated and anti-angiogenic M1-like phenotype, fo-
cused on the histidine-rich glycoprotein (HRG) [34]. HRG is a highly
abundant plasma protein which suppresses the expression of the pro-
angiogenic placental growth factor (PlGF). PlGF is overexpressed in
several tumor types and fuels angiogenesis by binding to VEGFR1
[35–37]. By inhibiting PlGF signaling, HRG expression protects against
tumor growth and metastasis, via modulation of macrophage polar-
ization and induction of vascular normalization [19,33,38,39].

We here used HRG-knockout and wild type mice, and HRG-over-
expressing and normal t241 fibrosarcoma cells, to systematically study
the effect of macrophage-mediated vascular normalization on the tumor
accumulation and penetration of 10–20 nm-sized polymeric drug car-
riers based on poly(N-(2-hydroxypropyl)methacrylamide) (pHPMA). As
exemplified by Fig. 1, we hypothesized that increased expression of
HRG drives the polarization of TAM towards an anti-angiogenic M1-like
phenotype, resulting in normalized tumor blood vessels, and in im-
proved tumor-targeted drug delivery.

Fig. 1. Study design. (A) Expression of histidine-rich
glycoprotein (HRG) affects the polarization of tumor-
associated macrophages (TAM) and induces an M1-
like anti-angiogenic (and vascular normalization)
phenotype in tumors, via the downregulation of the
placental growth factor (PlGF). (B) Three different
genetic model systems were used to assess the impact
of HRG knockout and (over-) expression on the ac-
cumulation and penetration of fluorophore-labeled
10–20 nm-sized polymeric drug carriers in t241 fi-
brosarcoma tumors. Knockout mice (KO) lacking
HRG and wild type (WT) mice expressing HRG at
physiological levels were implanted with t241 fi-
brosarcoma tumor cells. The latter mice were also
implanted with t241 cells overexpressing HRG, to
further promote local HRG-mediated vascular nor-
malization. In these three mouse models, functional
and molecular ultrasound, as well as multimodal and
multiscale optical imaging, were employed to assess
the effect of HRG-mediated vascular normalization
on the accumulation and penetration of 10–20 nm-
sized pHPMA-based polymeric drug delivery sys-
tems.
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2. Materials & methods

2.1. Polymer synthesis

The synthesis of the pHPMA-based polymeric drug carriers was
performed as described previously [40–42]. In short, a copolymer
precursor was synthesized by radical copolymerization of (N-2-hydro-
xypropyl)methacrylamide (HPMA, 85mol%) and 3-(N-methacryloyl
glycylglycyl) thiazolidine-2-thione (Ma-GG-TT, 15mol%) in DMSO at
50 °C for 6 h. Poly(HPMA-co-Ma-GG-TT) was dissolved in N,N′-di-
methylacetamide and N,N′-diisopropylethylamine, together with the
fluorophores ATTO 488-NH2 and Dy750-NH2. After a reaction time of
30min, the polymer was aminolyzed with 1-aminopropan-2-ol, fol-
lowed by precipitation using diethylether and centrifugation. Purifica-
tion was performed using HPLC on Chromolith SemiPrep 100–10mm
and then by gel filtration on PD-10 desalting columns containing Se-
phadex G-25 resin in water (GE Healthcare, Solingen, Germany). Ab-
sorption measurements of the single fluorophore-labeled polymers were
obtained with a spectrometer (Tecan Infinite 200 Pro; Tecan Trading
AG, Männedorf, Switzerland). The molecular weight of the polymers
was 67 kDa, polydispersity indices were 1.7, and the contents of ATTO
488 and Dy750 were 2.1% (w/w) and 1.6% (w/w). The hydrodynamic
radius of the polymers was determined by dynamic light scattering
(DLS) using a Nano-ZS instrument Zetasizer ZEN3600 (Malvern Pana-
nalytical Ltd., Malvern, United Kingdom).

2.2. Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy (FCS) experiments were
performed, as previously described in [43], on a commercial setup LSM
880 (Carl Zeiss AG, Jena, Germany), with a Zeiss C-Apochromat 40×/
1.2W water immersion objective. The excitation was done by an Argon
Laser (488 nm) or a TiSa laser (780 nm). For detection, an avalanche
photodiode that enables single-photon counting was used. Eight-well
polystyrene-chambered coverglass (Nunc™ Lab-Tek™, Thermo Fisher
Scientific, Waltham, USA) was used as a sample cell. For each solution,
a series of 10 measurements, with a total duration of 5min, was per-
formed at room temperature (23 °C). The obtained experimental auto-
correlation curves were fitted with the following analytical model
function:
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here, N is the average number of diffusing fluorescence species in the
observation volume, fT and τT are the fraction and the decay time of the
triplet state, τDi is the lateral diffusion time of the i-th species, fi is the
fraction of component i, and S is the so-called structure parameter,
S= z0/r0, where z0 and r0 represent the axial and radial dimensions of
the observation volume.

Furthermore, the lateral diffusion time, τDi, relates to the diffusion
coefficient Di through: [44].
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The hydrodynamic radii RH were calculated (assuming spherical
polymeric nanomedicine formulations) using the Stokes-Einstein rela-
tion: RH= kBT/6πηD, where kB is the Boltzmann constant, T is the
temperature, and η is the viscosity of the solution. As the value of r0
depends on the specific characteristics of the optical setup, a calibration
was performed using reference standards with known diffusion coeffi-
cients, namely Alexa Fluor 488, D=4.35× 10−10 m2/s and IRDye®
800CW, D=2.45× 10−10 m2/s in water at 23 °C.

2.3. Animal experiments

All animal experiments were performed according to the regulations
of the local and national ethical committee for animal welfare. C57BL/
6 J mice (WT) were obtained from Charles River (Den Bosch, The
Netherlands). B6-(HRG33)tmwja1 mice (KO), a viable and fertile HRG−/

− null mutation have been described previously [45]. For both phe-
notypes, 5–8week-old male and female mice were used. Group sizes
ranged from 3 to 6. The mice were kept in individually ventilated cages
with food and water ad-libitum as well as controlled light–dark cycles.
One million t241 cells (i.e. murine fibrosarcoma) or HRG-over-
expressing t241 cells (t241-HRG+) [34] were inoculated sub-
cutaneously into the right flank of the mice, and tumors were allowed
to grow to 6–7mm in diameter. Three days before the start of the drug
delivery experiment, the diet was changed to chlorophyll-free food
(ssniff Spezialdiäten GmbH, Soest, Germany), to reduce background
fluorescence in the FMT analyses.

2.4. Contrast-enhanced ultrasound imaging

All in vivo ultrasound (US) experiments were conducted under
continuous inhalation anesthesia, using 2% (vol/vol) isoflurane. The US
device employed in this study was the VisualSonics Vevo2100 imaging
system (Fujifilm Sonosite, Amsterdam, The Netherlands). During the
examination, a heatable pad (Terra ComfortHeat Mat, Geilenkirchen,
Germany) was used to avoid hypothermia of the animals. For the re-
cording both linear and non-linear contrast mode were chosen with a
transmission frequency of 21MHz, power of 4% and 10 frames per
second. To determine the VEGFR2 expression the monoclonal biotin
anti-mouse CD309 antibody (BioLegend, San Diego, USA) was coupled
to Vevo Micromarker® target-ready contrast agent (Fujifilm Sonosite,
Amsterdam, The Netherlands) according to the manufacturer's in-
structions. Via a tail vein catheter, 1× 108 microbubbles (MB) were
injected and the inflow was simultaneous recorded to allow maximum
intensity over time (MIOT) calculation. This procedure was repeated
with an IgG2a-biotin control antibody (eBioscience, Frankfurt a.M.,
Germany). The signal increase after the injection of control micro-
bubbles was used to calculate the relative blood volume. The signal
difference before and after the high intensity burst was used to de-
termine the relative amount of MB which bound to the target receptor,
thereby providing information in the level of angiogenic marker ex-
pression.

2.5. Hybrid CT-FMT and FRI measurements

Hybrid computed tomography–fluorescence molecular tomography
(CT-FMT) and fluorescence reflectance imaging (FRI) analyses were
performed as described in [42,46,47]. Anesthetized mice were placed
into a custom-made mouse bed enabling both CT (CT Imaging, Er-
langen, Germany) and FMT (PerkinElmer, Waltham, USA) imaging. CT
scans with 720 projections in 1.1 full rotations on a flat panel detector
with the size of 1032×1012 pixels were obtained. Mice were then
transferred to the FMT and FRI device, to assess the tumor accumula-
tion and the biodistribution of the fluorescent polymers. For a partial
body scan covering the tumor region, 45–60 FMT scan points lying on a
grid with an inter-individual distance of 3mm, were acquired from top
and bottom orientation of each mouse. This procedure was performed
directly, 4, 24 and 48 h after the i.v. injection of the polymers, in order
to monitor the polymer accumulation longitudinally. After the last
measurement, the mice were i.v. injected with rhodamine-lectin (to
stain functional blood vessels and facilitate microscopy analyses) and
sacrificed 10min later. Tumors were excised and imaged ex vivo, in
fluorescence reflectance mode at 750 nm, to obtain a high-resolution
image of the polymer distribution in the tumor as a whole. Afterwards,
they were embedded in a TissueTek O.C.T. (Sakura Finetek Europe, The
Netherlands) mixture containing 1% (vol/vol) Imeron (Bracco,
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Konstanz, Germany) and 5% (vol/vol) Intralipid (Fresenius Kabi, Pune,
India) for ex vivo CT-FMT imaging and cryopreservation at −80 °C.
One hundred μm-thick sections were freshly prepared from the frozen
tumor samples and fluorescence reflectance images acquired, to
monitor polymer distribution, using FRI and two-photon laser scanning
microscopy (TPLSM).

2.6. Image analysis

The hybrid CT-FMT data sets were reconstructed, fused and ana-
lyzed using Imalytics Preclinical (Gremse-IT GmbH, Aachen, Germany).
Tumor segmentation was based on the anatomical information obtained
by CT. The FMT-based biodistribution data was loaded as an overlay,
and the fluorescence signal allocated to the tumor was quantified and
expressed as % of the injected dose (%ID) per 250mm3 tumor (corre-
sponding to the average volume of the tumors used in this study). In
case of the FRI of 100 μm-thick sections the periphery was defined as a
5-pixel wide outer zone of the slice segmentation.

2.7. Two-photon laser scanning microscopy

Image stacks of 50 images with a step size of 1 μm were acquired
using a 25× water-immersed objective mounted on the Olympus
FV1000MPE multiphoton microscopy system and processed as de-
scribed previously [48]. In each image stack, fluorescent polymers as
well as perfused blood vessels (via rhodamine-lectin staining). TPLSM
images were analyzed using the Imaris Software, Version 7.4 (Bitplane
AG, Zurich, Switzerland). The micro-distribution of the ATTO488-
containing fluorescent polymers, i.e. their extravasation from blood
vessels into the tumor interstitium, was analyzed using a modified
version of the “Dilate Surface” XTension in Imaris. For this purpose,
initially, thresholding was applied on the basis of the rhodamine-lectin
signal (to create a 3D vessel segmentation), and on the ATTO488 signal
(to determine the volume of polymer distribution). The vessel seg-
mentation was then automatically dilated, at step-sizes of 10 μm, 30 μm
and 50 μm. Finally, the total amount of polymers detected within a
50 μm radius around the vessels was quantified by multiplying the re-
lative polymer volume and the signal intensity. The relative micro-
distribution of the polymers was calculated, by determining the relative
amount of carrier material detected in each individual 3D segmenta-
tion, to compare the distribution of the polymers in tumors varying in
HRG levels and vascular normalization status.

2.8. Immunofluorescence

Eight micrometer-thick tumor cryosections were fixed with 80%
methanol (v/v) aqueous solution for 5min and afterwards with −20 °C
cold acetone for 2min. Immunofluorescent stainings were performed
with the following primary monoclonal antibodies: rabbit anti-mouse
HRG antibody (The Scripps Research Institute, La Jolla, USA); rat anti-
mouse CD31 (PECAM-1) antibody (BD Biosciences, Heidelberg,
Germany); biotin anti-mouse smooth muscle actin (SMA) antibody
(Progen Biotechnik, Heidelberg, Germany); rat anti-mouse F4-80 anti-
body (AbD Serotec, Puchheim, Germany); and rat anti-mouse CD206/
Mrc-1 antibody (Acris Antibodies, Herford, Germany). Secondary an-
tibodies were obtained from Dianova (Hamburg, Germany). DAPI
(Sigma Aldrich, Taufkirchen, Germany) was used for nuclear counter-
staining and sections were embedded with Mowiol® 4-88 (Roth,
Karlsruhe, Germany). Images were acquired using the Axio Imager M2
microscopy system (Carl Zeiss AG, Jena, Germany).

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5. All re-
sults are shown as average ± standard deviation. US and immuno-
fluorescence analysis were performed using one-way ANOVA corrected

for multiple comparisons (Bonferroni). In vivo CT-FMT analysis on
polymer accumulation and ex vivo measurements were evaluated as
well with one-way ANOVA including the Bonferroni correction. For the
polymer penetration analysis in TPLSM the two-way ANOVA with
Bonferroni post-test was applied to investigate the interaction between
the groups and the distance from the vessel surface. P-values of< 0.05
were considered to be statistically significant (*p < 0.05, **p < 0.01,
***p < 0.001).

3. Results & discussion

3.1. Polymer characterization

The DLS analysis of the non-fluorophore-modified pHPMA polymer
revealed a hydrodynamic radius (RH) of 4.1 nm and a polydispersity
index of 1.7 (Sup. Fig. 1A). After coupling of Dy750 and Atto488, which
have distinct absorption spectra (Sup. Fig. 1B) and optimal properties
for in vivo CT-FMT imaging and ex vivo two-photon laser scanning
microscopy, respectively, FCS experiments were performed to de-
termine the RH of the two fluorophore-labeled polymers. This was done
in PBS and also in serum (Sup. Fig. 1C–D). The latter condition was
included to evaluate the impact of serum protein adsorption (and
protein corona formation) on the eventual size of the polymeric nano-
carriers. After the coupling of the dyes to the polymer, an increase in
size was observed. The Atto488-modified pHPMA polymer had a RH of
6.3 nm in PBS and a size of 8.5 nm in plasma. When the polymer was
labeled with Dy750, RH values of 6.2 nm and 11.7 nm were found in
PBS and plasma, respectively. These results demonstrate that the cou-
pling of fluorophores to linear pHPMA polymers increases their ap-
parent size, via the formation of less flexible unimolecular micelles
and/or via promoting polymer-polymer-interactions. In addition, these
findings indicate that the larger aromatic structures of near-infrared
dyes (Dy750) more strongly induce the adsorption of plasma proteins as
compared to standard fluorophores (Atto488). With an average hy-
drodynamic diameter of 10–20 nm, which typically ensures a prolonged
circulation time (since the renal clearance threshold is 40–50 kDa;
7–8 nm), both fluorophore-modified pHPMA polymers were considered
to be suitable model drug delivery systems for monitoring the effect of
HRG-mediated vascular normalization on EPR-mediated tumor accu-
mulation and tumor penetration.

3.2. Effect of HRG expression on the tumor vasculature

To systematically study the role of HRG-mediated vascular nor-
malization on EPR-mediated tumor targeting, we first analyzed the
HRG levels in the three tumor models, i.e. KO+ t241, WT+ t241 and
WT+ t241-HRG+. This was done via immunofluorescence stainings.
Significant differences in HRG expression were found between the
groups (Sup. Fig. 2). As expected, the KO+ t241 and WT+ t241
groups expressed significantly lower levels of HRG in tumors as com-
pared to the WT+ t241-HRG+ group. To investigate the effect of HRG-
mediated normalization of the tumor vasculature, we applied contrast-
enhanced functional (Fig. 2A–C) and molecular (Fig. 2D–F) ultrasound
(US) imaging, as well as microscopy. For functional US, the maximum
intensity over time (MIOT) image sequence was used, to determine the
relative blood volume of tumors (Fig. 2A). Representative US images
obtained at the beginning and at the end of MIOT analysis are shown in
Fig. 2B. The images after contrast agent (i.e. microbubble; MB) injec-
tion exemplify the perfused regions within the tumors. Multiple per-
fused blood vessels could be identified in t241 tumors implanted in
HRG-knockout and wild-type mice. In WT mice implanted with t241
cells overexpressing HRG, the relative blood vessel density was found to
be lower than for the two other models, which hints towards pruning of
highly angiogenic vessels. In line with this, when performing molecular
US imaging using MB surface-modified with antibodies recognizing
VEGFR2, we also observed lower angiogenic marker expression in t241
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tumors overexpressing HRG. As exemplified by Fig. 2D, the signal dif-
ference before and after the destructive pulse is a relative measure for
the number of MB bound to VEGFR2, and thus for the angiogenic status
of the tumor vasculature. As hypothesized, t241 tumors grown in HRG-
knockout mice (KO+ t241) showed the highest signal difference and
thus the highest expression of pro-angiogenic VEGFR2 on tumor blood
vessels. They were followed by t241 tumors grown in WT mice
(WT+ t241), and the lowest number of VEGFR2-targeted MB were
detected in HRG-overexpressing t241 tumors grown in WT mice
(WT+ t241-HRG+) (Fig. 2E–F). This shows that the (over-) expression
of HRG results in a lower blood vessel density and lower angiogenic
potential of tumors.

To validate the in vivo US findings, we subsequently characterized
the tumor vasculature via ex vivo immunohistochemistry and micro-
scopy (Fig. 3). Staining of the endothelial cell marker CD31 (platelet-
endothelial cell adhesion molecule 1; PECAM-1) showed that the
average vessel density was significantly higher in t241 tumors grown in
KO mice than in both t241 tumors grown in WT mice and in HRG-
overexpressing t241 tumors grown in WT mice (P < 0.05; Fig. 3A,C).
To investigate the functionality of tumors vessels, the relative fraction
of lectin-positive vessels was determined. The lectin/CD31 positive
fraction in the KO+ t241 group was 46 ± 17% (Fig. 3D). In the
WT+ t241-HRG+ group, this was found to be significantly higher
(61 ± 21%; Fig. 3D). Tumors in the WT+ t241 group had a lectin/
CD31 positive fraction of 58 ± 18%. Since pericyte coverage is a key
measure of vessel maturity, we also stained for α-smooth muscle actin
(αSMA). In tumors grown in WT mice, we observed higher levels of
αSMA than in mice lacking HRG, with the highest mean value observed
in WT mice implanted with t241 overexpressing HRG (0.2 ± 0.1%;
Fig. 3E). This tendency was also reflected in the vessel maturity score,
in which the αSMA/CD31 positive fraction was substantially higher for
the WT+ t241-HRG+ group (24 ± 18%) than for the KO+ t241
group (15 ± 11%) (Fig. 3F).

As it is known that tumor-associated macrophages (TAM) play a key
role in angiogenesis and HRG-mediated vascular normalization
[49,50], we subsequently assessed the levels and the polarization status

of TAM. This was done via staining the pan-macrophage marker F4–80
and the macrophage mannose receptor-1 (Mrc-1), which is specifically
expressed by pro-angiogenic M2-like macrophages. As shown in Fig. 3B
and G, no significant differences in the overall amount of TAM were
observed in the three different groups. In HRG-overexpressing t241
tumors grown in WT mice, however, a significantly lower fraction of
Mrc-1-positive M2-like macrophages (52 ± 17%) was detected than in
normal t241 tumors grown in HRG-knockout mice (65 ± 17%)
(Fig. 3H). This is in line with findings reported in literature, showing
that the overall amount of macrophages is not reduced, but only the
M2-like macrophage population [34,38,39]. These studies showed that
HRG expression contributes to the skewing of macrophages towards an
anti-tumor M1-like phenotype. Importantly, it should be noted in this
context that skewing TAM towards an M1 like-phenotype lead to a
stronger growth delay compared to the complete depletion of all mac-
rophages [34]. The importance of TAM polarization was also shown in
a preclinical glioblastoma model. The reprogramming of TAM, from an
M2-like to an M1-like phenotype, prolonged the survival of mice with
glioblastoma, and is another piece of evidence for exploiting TAM
plasticity to improve therapy outcome [51,52].

3.3. Effect of HRG-mediated vascular normalization on the tumor
accumulation of polymers

To investigate how HRG-mediated vascular normalization influ-
ences the tumor accumulation of 67 kDa-sized HPMA copolymer-based
drug delivery systems, hybrid CT-FMT imaging was performed
(Fig. 4A). In line with the findings above on vascular normalization
status, the highest polymer accumulation was found in the WT+ t241-
HRG+ group, with 2.0 ± 0.6% of the injected dose (ID) per 250mm3

tumor at 48 h after the i.v. administration of the polymers (Fig. 4B). The
second highest accumulation was found for the WT+ t241 group, with
1.8 ± 1.1% ID per 250mm3. Polymer accumulation was least efficient
in the most angiogenic tumor type, i.e. KO+ t241, with 1.2 ± 0.2% ID
per 250mm3 (Fig. 4B).

Next, the in vivo CT-FMT findings were validated ex vivo. As shown

Fig. 2. Functional and molecular ultrasound (US) imaging to assess the effect of HRG expression on tumor vascularization and angiogenic marker expression. (A) An
exemplary time-intensity curve of a maximum-intensity over time (MIOT) image sequence upon the i.v. injection of microbubbles (MB) as US contrast agents. MIOT
analysis was used to determine the relative blood volume of tumors. (B–C) Representative MIOT images before and after MB injection (B) and the respective
quantification of the signal differences (C) are shown for the three different mouse models. (D) To assess the expression of the angiogenic marker VEGFR2, MB
surface-modified with anti-VEGFR2 antibodies were i.v. injected and allowed to bind to their target before they were destroyed using an US burst. (E-F) Imaging (E)
and quantification (F) of the amount of VEGFR2-targeted MB which bound to tumor blood vessels in the three different models, indicating reduced levels of
angiogenic marker expression in tumors with increased levels of HRG. Green circles indicate the tumors. Values represent average ± standard deviation of n= 3–6
tumors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in Fig. 4C–F, we were able to confirm that HRG-mediated vascular
normalization positively affected polymer accumulation. To this end,
tumors were excised, embedded in appropriate matrix material, and
scanned ex vivo using both 3D-FMT and 2D-FRI, showing a significantly
improved nanocarrier accumulation in tumors in the WT+ t241-HRG+

group. As compared to the KO+ t241 group, values were up to 70%
higher (P < 0.05). FRI was performed using 100 μm-thick tissue sec-
tions, differentiating between the peripheral zone (the outermost 5
pixels) and the remaining tumor core. Qualitative and quantitative as-
sessment of these images shows that the polymers indeed accumulated
better in the presence of HRG, and that this effect was strongest in the
peripheral zone in HRG-overexpressing tumors (Fig. 4G–H). The ob-
servation that higher nanocarrier amounts were always detected in the

tumor periphery is in line with the literature, and likely results from the
fact that the periphery typically contains larger and better perfused
blood vessels (and a lower IFP) than the tumor core [53–56].

3.4. Effect of HRG-mediated vascular normalization on the tumor
penetration of polymers

Besides macroscopically assessing tumor accumulation, we also
analyzed the penetration of the polymeric drug carriers in tumors at the
microscopic level. This was done using fluorescence and two-photon
laser scanning microscopy (TPLSM) [57]. Homogenous and deep pe-
netration of polymers out of the blood vessels into the tumor inter-
stitium is highly important for efficient drug delivery and successful

Fig. 3. Characterization of tumor blood vessels and tumor-associated macrophages in the three different mouse models. (A) Representative fluorescence microscopy
images of the vasculature of t241 tumors in HRG-KO and WT mice, as well as in HRG-overexpressing t241 tumors in WT mice. Endothelial cells are stained with CD31
(blue), perfused blood vessels with rhodamine-lectin (red), and pericytes with αSMA (green). Scale bar: 50 μm. (B) Representative fluorescence microscopy images of
lectin-stained perfused blood vessels (red), of all tumor-associated macrophages (TAM; via F4-80+ staining (green)) and of pro-angiogenic M2-like TAM (via Mrc-1+

staining (blue)). Scale bar: 50 μm. (C) The microvessel density, corresponding to the CD31 positive area fraction, is significantly lower in the presence of HRG. (D)
Vessel functionality, depicted as % of rhodamine-lectin positive area/CD31 positive vessel area, increases with HRG presence. (E-F) Quantification of the pericyte
marker αSMA shows a tendency towards more mature blood vessels in the presence of HRG. (G-H) F4-80 and Mrc-1 staining revealed similar amounts of TAM in the
three groups (G), but a significantly higher ratio of Mrc-1+ pro-angiogenic M2-like TAM in tumors characterized by low levels of HRG (H). Values represent
average ± standard deviation based on quantifying n= 4 sections in n= 3–6 tumors. * indicates p < 0.05. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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therapy [58]. Conversely, insufficient tumor penetration, not exceeding
multiple cell layers beyond the blood vessel wall, is one of the most
common pitfalls in tumor-targeted drug delivery [59,60]. To analyze
polymer extravasation and penetration, the polymer-positive area per-
centages were determined at both 488 and 750 nm. Fig. 5A shows re-
presentative 2D images acquired with a standard fluorescence micro-
scope. It was found that the more normalized the vasculature in the
tumor was, the more polymers accumulated (Fig. 5C). Based on quan-
tification at both 488 and 750 nm, the amount of polymers accumu-
lating in tumors in the WT+ t241-HRG+ group (0.5% for 488 nm;
0.8% for 750 nm) was more than doubled in comparison to the
KO+ t241 group (0.2% for 488 nm; 0.3% for 750 nm).

We also visualized and quantified polymer penetration using TPLSM
(Fig. 5B). This allowed us to assess, in a three-dimensional manner, the
micro-distribution and penetration of polymers at distances of up to
50 μm around functional rhodamine-lectin-perfused tumor blood ves-
sels. In line with the US and microscopy analyses in the three models,
the perfused vessel volume decreased upon HRG-mediated vascular
normalization (Fig. 5D). In spite of this, the amount of polymers ac-
cumulating in tumors with normalized blood vessels substantially in-
creased (Fig. 5B). On top of this, and arguably even more importantly,
the 3D-TPLSM analysis showed that HRG-mediated vascular normal-
ization improved the ability of polymers to penetrate deeper into the
tumor tissue (Fig. 5E). In the WT+ t241 and WT+ t241-HRG+ groups,
the relative polymer accumulation in tumor tissue located 30–50 μm
away from the nearest blood vessel was more than twice as high than
for the KO+ t241 group. For the former two, the polymer-positive area
fraction was 57 ± 15% (P < 0.001) and 61 ± 16% (P < 0.01), re-
spectively, as compared to only 25 ± 21% for the latter. This finding

demonstrates that vascular normalization strongly potentiates the pe-
netration and the micro-distribution of 10–20 nm-sized polymeric drug
carriers in tumors.

Overall, we show that HRG-induced vascular normalization im-
proves the delivery of prototypic polymeric drug carriers to and into
tumors. Our vascular normalization strategy (i.e. genetically induced
vs. pharmacologically mediated) is based on the skewing of TAM to-
wards an anti-tumoral M1-like macrophage phenotype. The effect of
HRG relies on the downregulation of PIGF, and its enhanced expression
has been shown to play a key role in the inhibition of tumor growth and
metastatic spread [34,38]. We used three different mouse models, with
gradually increasing HRG levels in tumors, to analyze how normalized
blood vessels affect polymer-based drug delivery to tumors at the
macroscopic and microscopic level. Strategies to normalize the tumor
vasculature are frequently discussed as an emerging concept to mod-
ulate the EPR effect [16,30,32,61,62]. However, finding the normal-
ization window using antiangiogenic drug therapies is difficult, as these
effects are highly dose- and time-dependent. Our genetic vascular
normalization setup helps to overcome such limitations, and appears to
be well suited for systematically studying the effect of vascular nor-
malization on tumor accumulation of drugs and drug delivery systems.

Our findings are in line with the outcome of several clinical studies
in which standard chemotherapeutic agents, metronomically adminis-
tered anticancer drugs and radiotherapy have been shown to profit
from vascular normalization [22,23,27,28]. In the future, neoadjuvant
therapies which induce vascular normalization may also turn out to be
useful for priming the tumor microenvironment for improved delivery
and efficacy of targeted anticancer agents, including e.g. nanomedicinal
drug formulations and immunomodulating antibodies [49,63,64].

Fig. 4. In vivo and ex vivo optical imaging of the tumor accumulation of fluorophore-labeled polymers in the three tumor models. (A) Representative CT-FMT images
of polymer accumulation in a WT+ t241 mouse at several different time points after i.v. injection. The tumor region is encircled in red. (B) Quantification of the
tumor accumulation of the polymeric drug carrier at 48 h post i.v. injection in KO and WT mice implanted with t241 tumors, and in WT mice implanted with HRG-
overexpressing t241 tumors, demonstrating a tendency towards higher accumulation in tumors with normalized blood vessels. (C-F) Ex vivo FMT (C-D) and FRI (E-F)
images and quantifications reveal a higher polymer accumulation in tumors expressing higher levels of HRG. (G-H) FRI analysis of 100 μm sections of tumors,
demonstrating improved polymer accumulation particularly in the periphery of tumors expressing higher amounts of HRG. Values represent average ± standard
deviation of n= 3–6 tumors. Scale bar: 5mm. * indicates p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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4. Conclusion

High heterogeneity in EPR-mediated tumor accumulation and poor
penetration are among the key reasons explaining the relatively dis-
appointing clinical performance of tumor-targeted nanomedicines. To
reduce the high inter- and intraindividual heterogeneity in nanomedi-
cine accumulation and penetration, several different EPR modulation
strategies have been explored. Vascular normalization, which can be
induced by anti-angiogenic agents, is a promising neoadjuvant therapy
that may help to make the tumors more amenable to nanomedicine
therapies. Using HRG-knockout mice and HRG-overexpressing cancer
cells, we generated mouse tumors which contain a progressively nor-
malized tumor vasculature, and we show that HRG-mediated vascular
normalization improves the accumulation and the penetration of
10–20 nm-sized polymeric drug carriers. These findings indicate that
priming tumor blood vessels and the microenvironment may help to
improve the outcome of nanomedicine-based anticancer therapy.
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