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B16

BFS-1

Figure 9. 5 pm H&E stained sections of B16 and BFS-1 tumors 48 h after NT or HTy; (A).
Black arrows indicate apoptotic areas. MSB stained B16 (B) and BFS-1 (C) tumors showing
collagen in blue. Scale bars = 200 pm in A and 20 pm in B and C.

areas could be seen in both tumor types. MSB staining showed that B16 tumors have
a very low presence of extracellular fibers (Figure 9B), whereas BFS-1 showed a more
mature extracellular matrix (Figure 9C). Quantitative TUNEL staining (Figure 10A)
showed high apoptosis of 14.4 + 10.0% for B16 when compared to BFS-1 with 0.4 +
0.1%. HT,; caused an increase of apoptosis, showing 24.5 + 13.2% for B16 and 1.2
+ 0.4% for BFS-1, which was a significant increase for the latter. The vessel staining
using CD31 indicated a comparable mean vessel density for both tumor models (Figure
10B). The quantitative collagen IV staining confirmed the result of the MSB staining
with 3.6 + 0.3% for B16 and 14.8 + 1.2% mean density for BFS-1 (Figure 10C). The
B16 vessels were relatively large with collagen almost solely associated with the vessels
(Figure 10D), whereas BFS-1 vessels were smaller and the interstitium consisted of
more extracellular collagen matrix (Figure 10E).
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Figure 10. Quantification of cryo-section staining with TUNEL (A), CD31 (B) and collagen
IV (C) was analyzed by unpaired two tailed t-test (* = p < 0.05). B16 (D) and BFS-1 (E) blood
vessels colored red for CD31. Collagen IV stained in green. Scale bars = 50 pm. N = 3 for all
groups.

DISCUSSION

In the field of nanomedicine, substantial research has been performed throughout the
last decades on HT-triggered drug release from TSLs for treatment of solid tumors. In
this context, mainly 1-step intravascular drug delivery schemes were employed, where
tumors are heated to hyperthermic temperatures and drug loaded TSL are injected at
the start of the HT treatment. In a previous study conducted by Li et al.**, a 2-step
treatment scheme was investigated as a possible alternative in a BLM melanoma
xenograft, where first HTy, is applied to enhance vascular permeability, then a TSLp,,
formulation was injected that subsequently accumulated in the tumor, followed by a
second HT,;, step to release the drug from its carrier in order to ensure bioavailability.
The aforementioned study showed in contrast to the 1-step therapy, that the 2-step ap-
proach was not effective in causing a therapeutic response. In our experimental design
we chose for a B16 melanoma and BFS-1 sarcoma cell line because tumors from these
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cell lines have been previously reported to show high and low EPR-mediated uptake
322

of TSL, respectively”. We tested how these tumors respond to a 1-step versus 2-step
therapy, expanded the knowledge on how the tumor models responded to single versus
multiple HT treatments in combination with local chemotherapy and provide extensive
information on what factors can cause the differences in TSL accumulation between
these tumors and which of these factors could be influenced by HT to increase TSL
accumulation.

B16 and BFS-1 cells showed a significant increase in doxorubicin sensitivity when
the drug exposure happened during HT4,. The reduced 1Cso with HT correlated with
the increase doxorubicin uptake by the cells discussed hereafter. Previously published
data on this correlation showed that the outcome of these experiments depend on cell
type and specific experimental conditions, e.g. exact temperature and duration of HT
exposure’*>**>2*7_ Testing TSLp,, on these cells showed that at 37°C the cytotoxic effect
is minimal, whereas at 42°C, the TSLp,, released all drug and therefore cytotoxicity was
comparable to free doxorubicin. The small cytotoxic effect at 37°C could be caused by
cellular uptake of TSLp,, or by doxorubicin leaking from the liposomes into culture
medium (Figure 1). Next, we investigated the presence of a synergistic effect of doxo-
rubicin and HT for different heating schemes in a 2D and 3D cellular model. In a 2D
model, it was shown that HT,, induces a faster cellular uptake of doxorubicin leading
to a 6-9 times higher rate of uptake in B16 and BFS-1 cells than at 37°C. Preheating the
cells for 1 h with HT}, followed by incubation for 4 h at 37°C before adding doxorubicin
did not show any improvement of doxorubicin uptake, indicating that HT-induced
effects at 41°C were reversible in nature and could only improve drug uptake during
the heating and not thereafter. As the doxorubicin uptake is caused by passive diffu-
sion across the cell membrane, increase of cellular membrane fluidity and permeability
during HT is the most likely explanation, since these effects are temporal in nature
and fully reversible’*>***. Other studies have shown that preheating to slightly higher
temperatures of 43-45.5°C lead to a reduced doxorubicin uptake most likely due to a
more permanent and irreversible temperature of thermal dose induced damage®>*,
However, HT,; used for preheating in this study did not induce this effect and has also
been reported by others®. Spheroids mimic a solid tumor in terms of cell physiology,
presence of extracellular matrix and an apoptotic core®®. For this reason, we employed
this model to investigate whether doxorubicin penetration depth into a dense structure
of cells is influenced by different heating conditions®*'”**, BFS-1 spheroids showed a
similar response in doxorubicin uptake as the 2D model when different HT protocols
were applied. However, it also showed that if cells are closely packed, the drug does not
penetrate deep into the structure beyond the first few layers of cells. Neither the spatial
distribution nor the penetration depth could be improved by HT in tumor spheroids. A
comparative study using B16 cells was not possible since B16 cells did not form spher-
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oids. The latter might be caused by the lack of a substantial cell-cell adherence, which
was also observed in ex vivo examination of B16 tumors described later in this section.

At this stage we have only shown the potential of local chemotherapy and HT in vitro.
However, the described features are only a small part of the factors that have to be con-
sidered for drug delivery to solid tumors. Therefore, we performed a therapeutic study
as well as in vivo imaging and extensive ex vivo investigation on B16 and BFS-1 tumors
to better understand the factors that could have played a role in various therapeutic
responses. For both tumor types, a 1-step approach where TSLp, is i.v. administered
during HT4, gave a significant therapeutic response, whereas a 2-step approach which
relied on TSLp,, accumulation in a preheated (HT4;) tumor followed by a second HT,;,
step to induce drug release did not show a therapeutic effect. The SPECT/CT imaging
in this case was particularly valuable to follow the TSL accumulation in B16 and BFS-1
tumors. The SPECT data were used for fitting a two compartment model which de-
scribes tumor uptake of the liposomal carrier as well as the intraliposomal doxorubicin
concentration in the tumor taking the blood kinetic and pharmacokinetic parameters
of TSLp,y into account’. For both tumors and regardless of applying HT,, beforehand,
the maximum concentration of liposomes was reached approximately 4 h p.i., when the
second HT,, step was applied. The B16 tumors showed a significantly higher liposomal
uptake compared to the BFS-1 tumor with circa two fold higher k;, and k., parameters
reflecting a higher intrinsic EPR effect for the B16 model. Interestingly, 1 h of HTy,
induced the same effect in both tumors leading to a 1.66 times increase in k;, and ki
and thus maintaining the two fold higher uptake of TSLs in B16 compared to BFS1
tumors.

However, calculations suggested that maximum intraliposomal doxorubicin con-
centrations were already reached 2 h p.i., and declining to zero within 20 h due to
leakage from the TSLs. These data imply that a more favorable time point for the second
HT,, step is circa 2-3 h post injection®®. Based on our calculations, the intraliposomal
doxorubicin reached concentrations of 1.7% injected dose per cm? for B16 and 0.6%
injected dose per cm?® doxorubicin for BFS-1 at the moment of the second HT 4, step (i.e.
after 4 h) at normal temperature conditions, and 3.0% injected dose per cm? and 1.5%
injected dose per cm? doxorubicin with a preceding HT,; treatment. These concen-
trations are lower compared to typical values found for a 1-step delivery approach’®®,
which provides an explanation for the lack of a significant therapeutic response in a
2-step drug delivery protocol.

Finally, we performed histological analysis of excised tumors and investigated factors
that may cause the differences in TSL uptake and the intrinsically higher EPR effect
found in B16 and BFS-1 tumors. B16 tumors grew more aggressively than BFS-1,
reaching volumes of 200 mm? in 7-14 d and 14-21 d after inoculation, respectively.
Especially in preclinical models, fast growing tumors show higher structural and func-

117



Chapter 6

tional abnormalities of the vasculature, thereby increasing the odds for a high EPR
effect'>*?®*23 The mean vessel density was similar for B16 and BFS-1, however the
morphology of B16 vessels appeared more tortuous and overall larger in size. Next to
the growth rate and vascular properties, we also observed noticeable differences in cell
packing and organization, which is important for the penetration depth of extravasated
compounds into the tumor interstitium>"**'”**, H&E staining showed less dense cel-
lular packing with gaps in the B16 tumor tissue, whereas BFS-1 showed a higher density
and no gaps. Therefore, the finding that BFS-1 cells could form spheroids while B16
cells did not, might be indicative for cell packing and organization in an actual tumor.
In vivo, cell packing density and organization is, among other reasons, depends on the
presence of a well-defined extracellular matrix. Analysis on the extracellular matrix by
MSB staining and quantitative collagen IV immunostaining showed that B16 tumors
have an almost completely absent extracellular matrix, whereas BFS-1 tumors had a
more mature extracellular matrix. These findings suggest that the immature intersti-
tium of the B16 tumor could have played a role in facilitating a higher EPR, confirming

previously published results'”’

. Histological analysis and quantitative TUNEL staining
also indicated a much higher amount of apoptosis in the B16 tumors than in the BFS-1
tumors, which is typically associated with a more pronounced EPR effect’*>*%, The
HT,, induced increase of apoptosis was significant for the sectioned BFS-1 tumors.
While our study is in line with earlier findings showing that HT increases vascular

permeability and promotes extravasation of nanoparticles®***>?

, our histology data
also suggest that substantial HT,; induced apoptosis can further aid EPR.

In summary, we have shown that HT can aid in drug delivery by making cells more
susceptible for doxorubicin uptake, increasing the EPR-mediated uptake of liposomal
drugs and by providing a trigger for drug release from TSLp,. All above factors play a
pivotal role in the here employed 2-step delivery scheme. However, the actual amount
of doxorubicin delivered in a 2-step approach is determined by liposomal uptake
and stability of the formulation and can therefore never exceed the liposomal uptake
(in%ID/g). This study has shown that preheated B16 and BFS-1 tumors accumulated
a maximum of 9.8% injected dose per cm?® and 5.0% injected dose per cm? of the
injected TSL dose, while the intraliposomal doxorubicin concentration only reached 3
and 1.5% injected dose per cm? at 4 h p.i. respectively. These doxorubicin concentra-
tions appeared insufficient to induce a noticeable therapeutic response. The 1-step
intravascular drug release seems to be advantageous, since the injected TSLp,, provide
a high plasma concentration of doxorubicin exposing the tumor to a high area under
the curve (AUC) over the time span of HT. Furthermore, the HT induced increase
in doxorubicin uptake by tumor cells may lead in both delivery schemes to a higher
intracellular concentration.
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Discussion

CURRENT STATUS OF NANOMEDICINE

Anticancer nanomedicine containing chemotherapeutics were developed to cope
with drug solubility problems in vivo and severe side effects limiting use in patients’.
For example, doxorubicin is an important anticancer drug used against various can-
cers’®®*® but unfortunately it is associated with severe cardiotoxicity and potential
heart failure”°. Liposomal doxorubicin, Doxil, was successfully formulated to increase
accumulation in the tumor and reduce cardiotoxicity. Other well known FDA approved
nanomedicines are liposomal daunorubicin (DaunoXome), liposomal vincristine
(Marqibo), and albumin-bound paclitaxel (Abraxane). These nanomedicines success-
fully reduce side effects and have shown therapeutic effects in certain tumor types. In
addition, nanomedicines with cytarabine, mifamurtide, iron oxide particles, asparagi-
nase, DAB389IL-2, and SMANCS have been clinically approved®”".

Most chemotherapeutics are encapsulated in lipid (liposomes) or polymer-based
vesicles (micelles or polymersomes). Liposomes can encapsulate both hydrophilic and
hydrophobic drugs, although the latter associates with the lipid bilayer which has a
relatively small volume. Polymeric micelles have a hydrophilic shell and a hydrophobic
core, which enables more efficient encapsulation of hydrophobic drugs*’>*”>. Due to

37 several formulations are

showing improved therapeutic responses and reduced side effects in clinical trials*”.

their relatively small size and effective tumor penetration

The chemotherapeutic drug paclitaxel causes severe adverse effects, in addition to
hypersensitivity to its often used solubilizing excipient Kolliphor EL*”®. Genexol-PM, a
Kolliphor EL-free polymeric formulation, is currently in Phase II trials, where it seems
highly effective and tolerable in combination with cisplatin®”’. The FDA approved
co-condensate of albumin and paclitaxel, ABI-007, demonstrated increased tumor
response rates and delayed tumor progression in patients with metastatic breast can-
cer’’®, Irinotecan, a camptothecin derivative, is lipophilic and has an unstable structure
on its own, yet it can be encapsulated in polymeric micelles (NKO12) and has proven to

be tolerated well and showed antitumor activity’””

. The platinum-based chemothera-
peutic, cisplatin®®*, has also been encapsulated in polymeric micelles (Nanoplatin or
NC-6004), and a Phase [ study is currently underway where it is being used as first line
treatment in combination with 5-FU and cetuximab for metastatic squamous cell carci-
noma of the head and neck. This formulation was developed after disappointing results
with liposomal cisplatin (SPI-77)**'”%, where despite high tumor uptake, a limited ef-

383 All the above mentioned

fect was observed possibly due to incomplete drug release
formulations rely on passive accumulation in the tumor, which unfortunately is not
often effective, and numerous nanomedicine have failed to get into the clinic or mainly

received approval due to the reduction in drug related adverse effects.
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The variability in therapeutic efficacy can have various reasons, yet in general it comes
down to inter- and intratumoral heterogeneity within the patient population®*. It has
been shown that tumor accumulation can range from 1-10% injected dose per gram
in various mouse models depending on the formulation and pharmacokinetics of the
nanomedicine’®. Furthermore, the formulation of liposomes has a major effect on its
biodistribution and interactions with the tumor microenvironment. Clinically used
nanomedicines have sizes ranging from dozens to hundreds of nanometers, which
results in different pharmacokinetic profiles. It has been implied that the large size
of nanoparticles often compromises penetration and homogeneous distribution in
tumors’. In 1995, a study with adenocarcinoma transplanted in dorsal skin chambers
showed an inverse correlation between microvascular permeability and the size of
macromolecules'*®. Further research led to the observation that tumor penetration is
severely hampered by the composition, structure and distribution of the extracellular

matrix>®

. As a result, nanoparticles primarily concentrate in the perivascular space of
the tumor and often do not penetrate the tumor any further’****, This was supported
by a study which showed that increasing molecular weight of dextrans decreased pen-
etration of tumor tissue to only 5 pm from the nearest vessel for the largest dextrans
of 2 MDa’”. Luckily, the penetration of nanomedicines can be improved by using
compounds that remove or weaken barriers present in the tumor, via loosening of the
extracellular matrix with MMPs, such as collagenase®’, hyaluronidase®?, and other
proteases’”’, although some of these molecules play important roles in tumor invasion
and metastasis which limits their usability in the clinic***.

A more subtle way of increasing efficacy is by the addition of targeting ligands which
can bind specifically to tumor cells, or in their vicinity via targeting of endothelial or
stromal cells. Unfortunately, only a small number of targeted formulations are currently
in Phase II/11I clinical trials out of at least 36 anticancer nanomedicines*"*®. In this
thesis, we tried to develop diagnostic and therapeutic nanomedicines which use target-
ing ligands to enhance their specificity to the tumor and augment the beneficial effects

of encapsulated drugs.

PERSONALIZED MEDICINE: TARGETING OR NO TARGETING?

Targeting tumor specific antigens is crucial for diagnostics, therapeutics, and evalua-
tion of drugs. Targeting moieties are in constant development to enhance specificity
and decrease side effects in patients. As a novel moiety in the search for more targeted
anticancer drugs, nanobodies have slowly become established as biotechnological
tools and imaging modalities®®, although their use as a therapeutic agent is still under

397

development®’. After their discovery’®, their small size, high solubility and affinity, and

cost-efficient production have made them the ideal tool for an ever increasing number
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of applications'®, Several nanobodies have been developed as targeting ligands against
EGFR'*', HER2’, c-MET and HGF'**””, VEGF and VEGFR-2"***®, DR5"", CXCR4"*,
CXCR7 and CXCL11/12'#*% and the vasculature via PlexinD1'*2. Nanobodies are ideal
for imaging, due to their short half-life, although for therapeutic applications various
modifications are used to increase their half-life in blood. Hydrophilic PEG chains can
be conjugated to the nanobodies via cysteine chemistry, which has no effect on the

nanobodies’ affinity***

. The avidity of nanobodies can be enhanced by combining the
number of nanobodies in one complex structure, in essence increasing the valency*”".
To take it one step further, a nanoparticle can conjugate hundreds of nanobodies on its
surface, thereby increasing the specificity of nanomedicine and enhancing therapeutic
efficacy. To this end, nanobody functionalized liposomes*”, micelles*”, and albumin-
based nanomedicine against EGFR were generated*”, in addition to polymersomes
targeted to HER2"'.

In nanomedicine, targeting moieties can increase target cell specificity, reduce
aspecific cell binding and potentially be internalized via receptor mediated endocyto-
sis'*"1%%4% The internalization of HER2-targeted Doxil liposomes has been shown with
both monoclonal antibodies and antibody fragments as targeting ligands’>*®. After suc-
cessful extravasation, ligand binding of tumor antigens will prevent diffusion back into
circulation, which over time can lead to a higher concentration in the tumor. By using a
different route of approach, targeted nanomedicines can circumvent drug resistance*'.
Inaddition, intrinsically active targeting moieties can have synergistic oradditive effects
in combination with drug loaded nanomedicine'*’. Targeted nanomedicines can use
any overexpressed cancer cell surface marker as a potential target, although many such

7%, Targeted nanomedicines have

markers are not exclusively expressed by tumor cells
been generated using all types of targeting moieties, such as monoclonal antibodies*,
antibody fragments, peptides*', aptamers*'?, and other small targeting molecules.
When using targeting moieties, the nanomedicine first needs to accumulate in the
tumor tissue via the EPR effect, before tumor-specific targeting can take place. Ideally,
targeting ligands also improve cellular internalization via endocytosis, and commonly

241 and transferrin*'**'”. Receptors overexpressed on an-

used receptors include folate
giogenic endothelial cells can be targeted to reduce blood supply and starve the tumor
of nutrients. Among the most common targets are integrins, targeted by derivatives of
the oligopeptide RGD and NGR*'®. In the last year, a number of very interesting pre-
clinical studies have been performed which gives an insight into the future of targeted
nanomedicine. For example, ICAM-1 targeted immunoliposomes were used to target
triple-negative breast cancer and contained siRNA targeting lipocalin 2 (breast cancer
progression promoter) to significantly reduce angiogenesis in vivo''”. One of the first
clinically tested targeted nanomedicine, BIND-014, a docetaxel containing polymer-

based nanomedicine targeted against PSMA, recently entered Phase II clinical trials
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for the treatment of metastatic castration-resistant prostate cancer®*”®. The targeting
of this nanomedicine is based on a small hydrophilic molecule, S,S-2-(3-[1-carboxy-5-
amino-pentyl]-ureido)-pentanedioic acid, capable of targeting PSMA with high speci-
ficity®. Another study showed the use of CD44, identified as a cancer stem cell marker,
as a targeting moiety for Doxil*'®. In addition to passive targeted doxorubicin formula-
tions, targeted liposomes with single chain variable fragments against HER2 (MM-302)
in combination with trastuzumab are currently being tested in a Phase II clinical trial
against locally advanced/metastatic breast cancer®'. In one study, glutathione-targeted
liposomes were designed to cross the blood brain barrier where encapsulated nanobod-
ies against amyloid beta could have its effect as treatment against neurodegenerative

disorders such as Alzheimer’s*"’

. These studies indicate that the optimal combination
of nanoparticle formulation and targeting ligand can facilitate improved drug delivery
and enhance therapeutic efficacy.

Whether the use of targeting ligands translates into effective therapeutic or diagnostic
tools is dependent on several factors. Firstly, the ratio between antigen expression in the
target tissue compared to non-target tissues determines the signal-to-background ratio
in imaging and the amount of adverse effects in targeted nanomedicines. Secondly, the
availability of the receptor at the target site, which depends on receptor density, degree
of shedding and the rate of internalization, determines the degree of binding of targeted
nanomedicines. Thirdly, the expression of the receptors might not be homogeneous
throughout the tumorand may change over time, both naturally oras a reaction to recep-
tor binding drugs. Due to complications with conventional antibodies, smaller antibody
fragments are often chosen for either targeting of nanoparticles or imaging. In this the-
sis, we have generated heavy-chain antibodies against MUC1, which contain a human
variable fragment to facilitate clinical translation at a later stage (Chapter 2). MUC1

198200 and is associated with metastatic

is overexpressed in breast and ovarian cancer
potential and poor prognosis®”. The generated antibodies showed increased avidity to
MUCT1 expressing cell lines and can be used as a novel targeting moiety for nanomedi-
cine. In addition, we developed a PMSA-specific imaging tracer by conjugating a nano-
body with indium-111 (Chapter 3). In this instance, the composition of the nanobody
with the radionuclide was determining the biodistribution and modifications had to
be made to optimize functionality. The nanobodies used have much shorter circulation
times compared to formerly used monoclonal antibodies. The small size of nanobodies
does increase the retention in the kidneys, due to glomerular filtration or trapping of
metabolites in the lysosomes of renal tubular cells. The aspecific uptake in the kidneys
might be problematic for therapeutic and imaging purposes, since it can cause toxicity
in the kidney or interfere with visualization of small tumor lesions in the vicinity. The
nanobody described in Chapter 3 was targeted against PSMA and produced using a
His-tag, which showed high binding to PSMA-expressing PC-310 tumors. Co-injection
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with gelofusin and lysine efficiently reduced renal uptake, as described elsewhere®”’.
The His-tag can also increase renal uptake of radiolabeled nanobodies'"’, which led to
the choice of a SUMO3 expression vector which can be used to produce proteins with
minimal additions to its original amino acid sequence. This enabled the production of
nanobodies with a C-terminal cysteine to facilitate conjugation to indium-111. The re-
sulting radionuclide-nanobody conjugates showed similar binding to PSMA-expressing
tumors compared to His-tag produced nanobodies, and renal uptake was reduced to 3%
injected dose per gram tissue at 4 h. These results show that nanobodies can be made
that are ideal for imaging purposes, by reducing renal uptake as much as possible, and
opening the way to therapeutic applications with these nanobodies.

Further, to make a direct comparison between targeted and non-targeted liposomes,
we investigated cancer cell binding, tumor accumulation, and efficacy of both formula-
tions (Chapter 4). PSMA was chosen as a target, which is abundantly present on most
prostate cancer cells. After conjugation of the PSMA-specific nanobodies to liposomes,
binding was tested using flow cytometry and in vivo localization studies using SPECT/
CT imaging. The liposomes were highly specific in vitro, yet seemed to lose their ad-
vantage to non-targeted liposomes in vivo when patient-derived xenografts were used.
It has been suggested that patient-derived xenografts develop a more organized and
less permeable tumor vasculature, comparable to clinical tumors, than cell line xeno-
grafts**’. PSMA-positive cell line xenografts showed accumulation comparable to the
results found in vitro with flow cytometry, although PMSA-positive patient-derived xe-
nografts did not show an enhanced accumulation of targeted liposomes. To determine
cytotoxicity, liposomes were loaded with doxorubicin and used for in vitro cytotoxicity
experiments and an in vivo efficacy study. In vitro cytotoxicity showed that EC50 values
were enhanced in PSMA-positive cell lines. The efficacy study showed that tumor in-
hibition was not significantly different between targeted and non-targeted liposomes
in both PSMA-positive and negative xenografts. To find a possible explanation for the
lack of efficacy of targeted liposomes, we performed reflectance microscopy on whole
tumor xenografts injected with PSMA-targeted liposomes. We observed that while
some liposomes did extravasate from tumor vessels, the majority remained confined in
and around the tumor vessels. In addition, the coverage of liposomes after diffusion was
extremely heterogenous, and several areas showed no liposomal presence. The tumor
morphology is clearly a restrictive factor and it is plausible that the vasculature might
not have gaps with a size suitable for liposomal extravasation. Additionally, liposomes
that extravasated from the tumor vasculature may have been stopped by the first layer of
antigen-positive cells, the so-called binding barrier effect’””**!, While these experiments
show that the use of targeted liposomes clearly enhances specificity and is advantageous
over free drug, several issues such as effective biodistribution and bioavailability remain
to be addressed and future studies should aim to further clarify these issues.
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THE EPR EFFECT, AN ONGOING DEBATE

The EPR effect describes the accumulation of macromolecules in tumors'*, and has
been one of the major contributors to the success of nanomedicines in the clinic. Long-
circulating molecules have a better chance of using the leaky tumor vasculature de-
scribed by the EPR effect, hence nanomedicine research initially focused on more stable
formulations. Clinical trials with liposomal doxorubicin have shown that the EPR effect
is present in patients, although the accumulation of nanomedicine is dependent on the
formulation of the nanomedicine and the tumor type being treated*?. Nanoparticle
extravasation relies on the presence of gaps in the endothelial layer, and tumors have
an increased number of leaky cell-to-cell junctions due to an increased expression of
angiogenic factors during the transition into the vascular phase of tumor growth'****,
Recently, a dynamic phenomenon has been characterized where vascular bursts take

2 Together with the sus-

place which eject fluid into the interstitial space of tumors
ceptibility of the tumor vasculature to permeability enhancing substances and external
stimuli, it shows that blood vessels of the tumor are highly dynamic. Unfortunately,
leakage from vessels is slow and nanomedicine can be cleared during circulation, which
is one of the reasons that some nanomedicines do not find their way into the clinic**.
Efficacy of anticancer nanomedicines is often constrained by impaired blood flow,
restricted extravasation from the blood vessels, and limited intratumoral penetration.
These factors are dependent on the type and pathological state of the cancer, and

2 The heterogeneous

patient-specific factors, including previous antitumor treatment
vasculature in the tumors causes nutrient poorand rich regions**, where tumor cells are
packed closely around blood vessels, which inhibits drug penetration into the tumor*”’.
Furthermore, the high interstitial fluid pressure created by a poor and heterogeneous
perfusion, and the absence of a proper lymphatic drainage system, complicates pen-
etration deeper into the tumor**®, Extracellular matrix components, such as collagen**,
glycoprotein, proteoglycan, elastin, and hyaluronan, and fast proliferating tumor cells
can contribute to a high tumor density, which restricts perfusion and penetration of

nanomedicine*°

. The extracellular matrix is a major contributor to the heterogeneity
within the tumor through upregulated secretion of matrix metalloproteinases, col-
lagen fibers, and hyaluronan'"*', In contrast to liposomes, smaller nanoparticles are
confronted with a lesser degree of restrictions from the tumor matrix and are given the
chance to penetrate deeply within the tumor tissue*’?, although these smaller particles
are more susceptible to clearance. To enable larger nanomedicine to penetrate the tu-
mor, it is possible to alleviate solid stress by targeting stromal cells and thus priming the
tumor for drug delivery*>***. The blood flow in tumor vessels can be normalized with

435

vasodilators, such as nitroglycerin, that have reported clinical benefits*”. Normaliza-

tion of the tumorvasculature is predominantly advantageous for smaller nanomedicine,
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since normalized vessels tend to decrease the size of fenestrations*°. Extravasation
from tumor blood vessels can be enhanced with a large number of strategies, including
sonoporation*”’, exogenous VEGF***, TNF**, and hyperthermia'®*. Hyperthermia can
be applied relatively easily on superficial tumors and it has been shown to increase
extravasation of liposomes specifically from tumor vessels'®”. Developments with high
intensity focused ultrasound (HIFU) to heat the tumor have been effective and can
reduce off-target effects by heating the tumor region more specifically**. Despite these
strategies, the EPR effect remains a heterogeneous and rate-limiting step in the success-
ful application of nanomedicines™'.

Due to the variable success rate of nanomedicines, we wanted to investigate the
restrictions of the EPR effect on liposomal accumulation in tumors (Chapter 5). We
tried to eliminate variations in liposomal formulation by using stable long-circulating
liposomes similar to clinically used Doxil. Tumor size was kept comparable between
tumor types, since it is known that small tumors lack the necessary vascular system
and large tumors risk the development of hypoxic or necrotic cores. We observed that
tumor accumulation can range from < 2% to > 10% injected dose per gram, which
in addition to a heterogeneous uptake, can lead to very different clinical outcomes.
Further investigations into morphological parameters, such as blood vessel density
and hypoxia, did not result in significant correlations, although it was observed that
liposomal uptake correlates with tumor growth. Others have shown that mean vessel

density strongly correlates with liposomal accumulation®”

, but our study suggests that
the EPR effect is most likely regulated by a combination of morphological parameters,
which determine the degree of accumulation and distribution of nanomedicine within
the tumor.

The EPR effect has been proven to be a major bottleneck for drug delivery, and there-
fore the inclusion of imaging modalities remains crucial for determining the true accu-
mulation and distribution of liposomes within the patient and tumor, and to elucidate
the presence and degree of EPR. As reviewed recently, radiolabeling nanomedicines to
determine drug distribution is relatively easy and can be achieved with a number of
radionuclides**?. With the help of SPECT imaging of indium-111, liposomal distribu-
tion has been investigated and shows large differences in tumor uptake, confirming the

heterogeneous nature of the EPR effect in different tumors®”.

ENHANCING THE EPR EFFECT WITH MILD HYPERTHERMIA

The EPR effect can be very restrictive in a number of tumor types, which often results in
rejection of nanomedicine as a viable therapeutic candidate. To this end, a number of
approaches have been evaluated to enhance permeability, extravasation or intracellular
drug uptake*”’. To enhance liposomal biodistribution, liposomal formulations with
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increased stability were developed, which however impeded content release. To circum-
vent this issue, liposomes sensitive to pH variations and other environmental factors
such as levels of reducing agents or enzymes have been developed, which enable drug
release upon uptake by cancer cells*****, In contrast to environmental stimuli, external
triggers can be used to facilitate drug release, such as photoactivation™®, ultrasound*”’,
and hyperthermia**®***’. Here we will focus on hyperthermia as a tool to increase tumor
vessel permeability and trigger drug release from thermosensitive liposomes. In Chap-
ter 4, hyperthermia was used to increase permeability of the tumor vasculature and
enhance liposomal extravasation into the tumor interstitium. This approach proved
to be quite successful, increasing the accumulation of targeted liposomes in the tumor
more than three-fold compared to their non-treated counterparts.

The main issue with most external stimuli is related to the location of the tumor,
and as can be expected, most of these applications have a limited tissue penetration
depth. Even when using HIFU, deep seated neoplastic tissues remain difficult to reach.
This is also true for metastatic disease, which have small lesions spread around the
body for which detection methods remain to be elucidated. Thermosensitive liposomes
have shown enhanced tumor accumulation after hyperthermia application in sarcoma-

bearing cats®"’

, although it has been suggested that redistribution into the circulation
and premature drug release remain issues that need to be solved”. The addition of
targeting moieties, against endothelial and tumor cells, to thermosensitive nanomedi-
cine can be used to increase accumulation in the tumor®"*>,

To circumvent some of the limitations of the EPR effect, such as restricted extrava-
sation from tumor vessels, nanoparticles have been developed with triggered release
capabilities. Stability and manufacturing consistency remain issues that impede rapid
clinical applications, although more effective nanomedicines for triggered drug deliv-
ery are being developed*****. The application of mild hyperthermia to trigger release
of drugs from thermosensitive formulations has shown moderate success and has
advanced to clinical trials*”. Chapter 6 shows the combination of mild hyperthermia
and thermosensitive liposomes on two morphologically different murine tumors, B16
melanoma and BFS-1 sarcoma, which show high and low uptake of thermosensitive
liposomes, respectively’””. Thermosensitive liposomes released all drug at 42°C and
achieved high cytotoxicity compared to liposomes at 37°C, and it was also observed
that hyperthermia enabled a faster cellular uptake. An interesting observation was that

the hyperthermia induced permeability is transient**?

, since preheating followed by
4 h incubation at 37°C did not improve uptake of doxorubicin. It has been reported
that it is possible to achieve more permanent permeability changes, although a higher
temperature has to be used®*®. Between the two tumor types used, the B16 tumors
showed a higher uptake of liposomes and intratumoral doxorubicin. These tumors have

a higher growth rate, a lower cell density and almost no collagen IV matrix. This may
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have facilitated an enhanced tumor penetration and hence an increased therapeutic

> This study shows that despite major advances in liposome formulations and

efficacy
the application of external stimuli, such as hyperthermia, the morphology and hetero-
geneity of the tumor are still major factors determining accumulation and therapeutic

efficacy of liposomes.

CONCLUDING REMARKS

The increased effort in the development of nanomedicines, including antibody con-
jugates, as potential tools for diagnosis and therapy of cancer, has led to an increased
number of clinical trials and FDA approved drugs. The majority of these approaches
rely on passive accumulation of the nanomedicine via the EPR effect, although ligand-
mediated targeted nanomedicine is increasingly being investigated.

The biological drivers that disqualify the use of nanomedicine in the clinic, due to
low efficaciousness or side effects, are multifactorial and often difficult to elucidate.
Moreover, these factors are heavily tumor and patient dependent, and correlate to the
stage of tumor development, presence of metastasis, and previous treatment received.
This disease heterogeneity, in a highly variable patient population, makes it challenging
to design effective nanomedicine and build the case towards clinically approved drugs.

As shown in this thesis, drug-free nanoparticles can be used in combination with
imaging to predict therapeutic benefit in various models. This can be extrapolated
to the clinical setting, wherein patients prior to treatment get a low dose of empty
nanoparticles, to determine the biodistribution and observe possible complications
due to aspecific targeting to other organs or resistance in the tumor.

With nanomedicine research, insight into biological barriers, pharmacokinetics,
(cyto)toxicity, and tumor biology is ever expanding and in combination with sophis-
ticated design strategies, targeting modalities and powerful tools in imaging, enables
us to study biodistribution in depth. Eventually, this will lead to the required level of
insight to be able to circumvent (patho)physiological barriers and cope with tumor/
patient heterogeneity to generate truly personalized treatments.
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SUMMARY

Advances in molecular biology have changed the field of cancer therapy dramatically
over the past few decades by providing tools for the discovery and understanding of
molecular features that determine and dictate therapeutic responses. Conventional
chemotherapeutic regimens are associated with a small therapeutic window, limita-
tions in optimal dosing, the development of drug resistance and high-grade toxicities,
which often lead to the withdrawal of patients from treatment.

To address these problems, several adapted and novel drugs have been developed.
Firstly, an ever increasing number of therapies are focused on specifically targeted
drugs, using peptides or antibodies to deliver the drug to the desired target. Secondly,
with the help of lipid or other nanoparticles the drug can be encapsulated, thereby
favoring an enhanced biodistribution and preventing interaction with the immune
system or healthy tissues. This approach has been shown to decrease adverse effects re-
lated to anticancer drugs. Finally, the combination of targeting and nanoparticles may
have the added benefit of an enhanced internalization of the drug and/or drug-carrying
nanoparticle, leading to an increase in therapeutic efficacy.

Despite successes in (targeted) nanomedicine, several issues remain to be solved.
Biodistribution of nanomedicine is highly dependent on tumor morphology and the
ability of nanoparticles to extravasate from blood vessels and accumulate in the tumor
tissue. It has been stated that the structurally chaotic vasculature in solid tumors shows
an enhanced permeability where nanoparticles can extravasate and remain in the
tumor tissue due to a diminished clearing. This principle is called the enhanced perme-
ability and retention effect and has been observed in many solid tumors, although the
degree of tumor accumulation varies. Understandably, this has a major effect on all
nanomedicines, including targeted nanoparticles. Moreover, the targeting modalities
alone can often lead to complications. It is known that large structures, like liposomes
or antibodies can elicit immune reactions leading to adverse effects. To minimize such
effects, stealth-liposomes and nanobodies have been developed which are known
to escape detection in the body and thus do not trigger an immune response. These
liposomes are stable and long circulating, although the increased stability has led to
an impaired drug release. To this end, thermosensitive formulations have been created
which remain stable in circulation yet can be heat-activated to release their chemo-
therapeutic content at the target site.

Anticancer therapies require continuous development of nanomedicines to counter-
act the challenges provided by the tumor and its microenvironment. Challenges such as
impaired biodistribution, adverse drug-related effects and drug resistance remain, yet
the benefit of using multifunctional nanomedicine facilitates the rapid adjustment to

any challenge that may arise.

167



Summary, future perspectives

This thesis describes research into the development of antibodies, nanomedicine and
solutions to complications of in vivo application. A general introduction to these topics
is presented in Chapter 1.

In Chapter 2 we describe the development of novel heavy chain antibodies against
MUC]I, a tumor antigen present on various cancers. After immunization of a transgenic
mouse able to express antibodies containing human variable domains, a number of
antibodies were successfully produced. These heavy chain antibodies showed specific-
ity to MUC1-positive cancer cells, making this the first step towards novel targeted
nanomedicines.

In Chapter 3 we produced novel PSMA-specific nanobodies for imaging of prostate
cancer. Purified camelid-derived nanobodies were produced with the addition of only
one single cysteine, to ensure stable conjugation to the radionuclide indium-111. This
antibody-radionuclide conjugate enabled imaging of PSMA positive tumors in vivo
with high specificity.

In Chapter 4 we continued with the nanobodies described in Chapter 3 and conju-
gated these to liposomes containing the drug doxorubicin. We observed an increased
binding in vitro with PSMA positive cells and an enhanced uptake in PSMA positive tu-
mors in vivo. Determination of the efficacy of targeted versus non-targeted doxorubicin
liposomes did not result in significant differences. To explore this issue, we investigated
the distribution of the liposomes within the tumor and observed that the liposomes re-
mained in and around the vasculature. Penetration of the tissue was limited, although
the use of mild hyperthermia significantly increased extravasation and accumulation of
liposomes in the tumor.

In Chapter 5 we further investigated the issue of limited extravasation and accumu-
lation of liposomes in solid tumors. We followed the biodistribution of radiolabeled
non-targeted liposomes to evaluate the influence of the enhanced permeability and re-
tention effect in various human tumor xenografts. Numerous morphological variables
were investigated, such as blood vessel density, tumor growth, intratumoral hypoxia,
infiltrating macrophages and lymphatic vessel density. In the end, no clear biological
determinants could be found, although there was a significant correlation of liposomal
accumulation with tumor growth. We concluded that the EPR effect varies profoundly
between tumor types and that it can be highly constrictive in the application of nano-
medicine.

In Chapter 6 we tried to increase nanoparticle accumulation and anti-tumor efficacy
by using hyperthermia in combination with thermosensitive liposomes. The applica-
tion of mild hyperthermia (41-42°C) increased liposomal accumulation in the tumor
and thermosensitive liposomes were able to release the drug specifically at the tumor
site.
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Taken together, this thesis shows drug development from antibody production and
characterization, to conjugation with liposomes and eventually, the application of drug-
loaded liposomes in vivo with or without hyperthermia to increase efficacy. Chapter 7
discusses the implication of these results and reviews the advantages and drawbacks of

targeted nanomedicine.

FUTURE PERSPECTIVES

The field of nanomedicine progressed rapidly since the discovery of liposomes in the
sixties. Since then, numerous lipid, polymer-based, inorganic and viral nanoparticles,
and drug-conjugates have been developed and known formulations have been improved
upon. Any kind of anticancer drug can be loaded into a nanoparticle for increased target
specificity and efficacy, and decreased drug-related adverse effects and drug resistance.

As indicated in this thesis, despite all developments in and outside of nanomedicine,
cancer remains one of the most challenging diseases of our time. Several issues such as
tumor heterogeneity, tumor cell plasticity and treatment of metastases remain to be
solved. Collectively, the results in this thesis address challenges in current nanomedi-
cine and propose solutions to combat these problems. That nanomedicine continues to
remain one of the focal points of anticancer therapy indicates that much progress will

still be made.
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SAMENVATTING

Het onderzoek naar kanker therapie heeft de afgelopen jaren veel veranderingen
doorgemaakt met de realisatie dat moleculaire eigenschappen van de tumorcellen de
therapeutische respons bepalen. Conventionele chemotherapeutica worden geassoci-
eerd met een beperkt therapeutisch venster, beperkingen aan een optimale dosering,
de ontwikkeling van medicijnresistentie en hoge toxiciteit. Dit alles leidt vaak tot het
stoppen van de behandeling door deze groep patiénten. Om deze problemen aan te
pakken, worden veel nieuwe medicijnen ontwikkeld en deze worden continu geopti-
maliseerd. Allereerst is er een steeds groter wordend aantal therapieén die gericht zijn
tegen specifieke doelen, waar met behulp van peptides of antilichamen de medicijnen
worden afgeleverd. Ten tweede, kunnen medicijnen worden ingesloten in nanodeeltjes,
zoals liposomen, zodat deze een verbeterde biodistributie krijgen en interactie met het
immuunsysteem en gezond weefsel wordt tegengegaan. Deze methode is zeer succesvol
in het beperken van nadelige effecten gerelateerd aan antikanker medicijnen. Uitein-
delijk kan de combinatie van een gerichte therapie met liposomen een positief effect
hebben op de opname van het medicijn in kankercellen, wat een verhoogde effectiviteit
tot gevolg kan hebben.

Ondanks recente successen in (gerichte) nanomedicijnen zijn er verscheidene pro-
blemen die nog opgelost moeten worden. Zo is de biodistributie van nanomedicijnen
zeer afhankelijk van de morfologie van de tumor en de mate van extravasatie uit de
bloedvaten en opname in het tumorweefsel. Onderzoek heeft uitgewezen dat de bloed-
vaten in solide tumoren een zeer chaotische architectuur hebben, waardoor ze zeer
permeabel voor nanodeeltjes zijn. Deze kunnen dan uit de bloedvaten treden, waarna
ze door beperkte (lymfatische) afvoer achterblijven in de tumor. Dit principe heet het
‘enhanced permeability and retention’ effect en is in veel solide tumoren vastgesteld,
hoewel de mate van deze zeer kan variéren. Het is dan ook begrijpelijk dat dit een groot
effect heeft op alle nanomedicijnen, dus ook op gerichte nanodeeltjes. Daarnaast kan
het gebruik van gerichte liganden ook tot problemen leiden. Grote structuren, zoals
liposomen en antilichamen, kunnen een immuunrespons oproepen wat uiteindelijk tot
nadelige effecten kan leiden. Om dit zoveel mogelijk te beperken, zijn zogenaamde
‘stealth’-liposomen en ‘nanobodies’ ontwikkeld die detectie in het lichaam ontlopen en
zo geen immuunrespons opwekken. Deze liposomen zijn zeer stabiel en hebben een
lange circulatietijd, maar helaas beperkt dit het vrijkomen van het ingesloten medicijn.
Om dit probleem op te lossen zijn er thermosensitieve liposomen ontwikkeld die stabiel
zijn tijdens circulatie, maar op commando bij een bepaalde temperatuur de medicijnen
in de tumor kunnen vrijgeven.

Het vergt een continue ontwikkeling van nanomedicijnen om alle aspecten van de

tumor en zijn omgeving tegen te gaan. Uitdagingen blijven bestaan in de beperkte
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biodistributie van de medicijnen, nadelige bijwerkingen en de ontwikkeling van medi-
cijnresistentie, maar gelukkig zijn nanomedicijnen zeer flexibel inzetbaar en kunnen ze
aangepast worden op het specifieke doel.

In dit proefschrift wordt onderzoek beschreven aan de ontwikkeling van antilicha-
men, nanomedicijnen en de complicaties van in vivo gebruik van deze. Een globale
introductie die deze onderwerpen behandelt is weergegeven in Hoofdstuk 1.

In Hoofdstuk 2 is de ontwikkeling van nieuwe ‘heavy chain’ antilichamen tegen
MUC]I, een tumor antigeen, beschreven. Na immunisatie van een transgene muis
hebben we verscheidene antilichamen geproduceerd die humane variabele domeinen
bevatten. Deze heavy chain antilichamen zijn succesvol geconjugeerd aan liposomen,
wat dit de eerste stap richting een nieuw antikanker medicijn maakt.

In Hoofdstuk 3 hebben we nieuwe PMSA-specifieke antilichamen gebruikt voor
visualisatie van prostaatkanker. Nanobodies waren afgeleid na immunisatie van een
lama en deze zijn geproduceerd met een enkele cysteine voor conjugatie aan radionu-
clide indium-111. Het antilichaam-radionuclide conjugaat zorgt voor zeer specifieke
visualisatie van PSMA positieve tumoren.

Hoofdstuk 4 gaat verder met de nanobodies, zoals beschreven in hoofdstuk 3, die
hier geconjugeerd werden met liposomen die geladen zijn met het chemotherapeuticum
doxorubicine. Dit leidde tot een verhoogde binding met PSMA positieve cellen in vitro
en een verhoogde opname in PSMA positieve tumoren in vivo. Echter de werkzaam-
heid van gerichte en ongerichte liposomen verschilde niet van elkaar, wat mogelijk te
verklaren valt door een ophoping van beide liposomen in en om de bloedvaten. Om de
opname in de tumor de verhogen hebben we uiteindelijk milde hyperthermie toegepast,
die zowel extravasatie als ophoping verhoogde in de PSMA positieve tumoren.

In Hoofdstuk 5 zijn we dieper ingegaan op het beperkte binnendringen en ophopen
van liposomen in solide tumoren. Hiervoor volgden we de biodistributie van radionu-
clide-gelabelde liposomen om de invloed van het enhanced permeability and reten-
tion effect op verschillende tumoren te bepalen. Variabelen, zoals bloedvatdichtheid,
tumorgroei, intratumorale hypoxie, infiltrerende macrofagen en lymfevatdichtheid,
zijn vergeleken tussen de verschillende tumoren. Uiteindelijk is er geen eenduidige
biologische determinant gevonden, hoewel er een duidelijk verband was tussen de snel-
heid van tumorgroei en opname van liposomen. We concludeerden dat het enhanced
permeability and retention effect zeer variabel is tussen de verschillende tumortypes en
dat het zeer beperkend kan werken op het gebruik van nanomedicijnen.

Hoofdstuk 6 beschrijft het gebruik van thermosensitieve liposomen voor een
verhoogde ophoping en groter antitumor effect. Door een verhoogde temperatuur van
41-42°C in de tumor kunnen de liposomen de ingesloten medicijnen gelokaliseerd

vrijgeven.
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Samenvatting, toekomstperspectief

Dit proefschrift laat de ontwikkeling van een kankermedicijn zien, beginnend bij de
ontwikkeling en validatie van antilichamen tot aan de conjugatie met liposomen en
uiteindelijk de toepassing van doxorubicine-geladen liposomen in vivo met of zonder
hyperthermie. Dit alles met het uiteindelijk doel voor een verbeterd antitumor effect.
Hoofdstuk 7 bediscussieert de gevolgen van deze resultaten en beschrijft de voor- en
nadelen van doelgerichte nanomedicijnen en de huidige ontwikkelingen in antikanker

medicijnen.

TOEKOMSTPERSPECTIEF

De ontwikkeling van nanomedicijnen heeft niet stilgestaan sinds de ontdekking van
liposomen in de jaren zestig. Sindsdien heeft menig lipide, polymeer, inorganisch en
viraal nanodeeltje of medicijnconjugaat zijn opwachting gemaakt en er worden continu
nieuwe deeltjes ontwikkeld. Voor ieder soort antikankermedicijn kan een passend na-
nodeeltje gemaakt worden met als voordelen, een verhoogde specificiteit en werkzaam-
heid en verminderde nadelige effecten en medicijnresistentie.

Zoals in dit proefschrift is beschreven, blijft kanker een van de meest uitdagende
ziekten van onze tijd. Tumorheterogeniteit, tumorcel plasticiteit en de behandeling van
metastase blijven uitdagingen in het kankeronderzoek. De medicijnontwikkelingen
binnen de nanotechnologie geven hoop en de verwachting is dat er nog veel vooruit-

gang zal worden geboekt.
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