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Abstract: Novel treatment strategies are needed to provide a better prognosis for ovarian cancer. For
this purpose, the current study was designed to evaluate the effects of different types of particle drug
carriers on tumor response and on the tumor immune microenvironment (TME) after intraperitoneal
(IP) administration in a murine tumor model. Mice with ID8-fLuc ovarian cancer were injected IP
with pegylated liposomes, hydroxyapatite, polystyrene, poly(lactic-co-glycolic acid) (PLGA) and
calcium carbonate (CaCO3) microparticles to evaluate the effect of the candidate carriers without
drugs. Our results show that several types of microparticle drug carriers caused hyperproliferation
of the tumor when injected IP, as reflected in a reduced survival or an accelerated onset of ascites.
Alterations of the product formulation of CaCO3 microparticles could result in less hyperproliferation.
The hyperproliferation caused by CaCO3 and PLGA was largely driven by a strong innate immune
suppression. A combination with chemotherapy was not able to sufficiently counteract the tumor
progression caused by the drug carriers. This research points towards the importance of evaluating a
drug carrier before using it in a therapeutic setting, since drug carriers themselves can detrimentally
influence tumor progression and immune status of the TME. However, it remains to be determined
whether the hyperproliferation in this model will be of relevance in other cancer models or in humans.

Keywords: calcium carbonate; PLGA; liposomes; drug carriers; microparticles; immune suppression;
ovarian cancer

1. Introduction

Ovarian cancer is the eighth leading cause of cancer-related deaths within the female
population worldwide [1], with high-grade serous ovarian cancer (HGSOC, an epithelial
subtype of ovarian cancer) being the most dominant subtype [2,3]. Patients often present
with an already advanced disease stage (International Federation of Gynecology and Ob-
stetrics (FIGO) stage III and IV) at the time of diagnosis due to the lack of symptoms
at earlier stages of the disease. Standard treatment consists of radical cytoreductive de-
bulking surgery combined with platin-based chemotherapy. About 70% of these patients
will go in complete remission, but 80% of them eventually relapse. Overall, patients in
an advanced disease stage have a poor five year survival of only 25% [4]. Targeted ther-
apies for ovarian cancer include bevacizumab (anti-vascular endothelial growth factor
receptor 2) and poly (ADP-ribose) polymerase (PARP) inhibitors. Immune checkpoint
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inhibitors are being investigated in clinical studies but have disappointing efficacy results
so far [5,6].

Another type of targeted therapy that is currently investigated is the use of particle
drug carriers designed to enhance specific drug retention within the peritoneal cavity in an
attempt to increase local efficacy and reduce systemic toxicity of the drug under investiga-
tion [7,8]. A wide range of materials have been proposed as drug carriers: inorganic such as
calcium carbonate (CaCO3) and hydroxyapatite; polymers such as poly (lactic-co-glycolic
acid) (PLGA) and polystyrene; and lipid-based, where liposomes are the most well-known
example. An important focus in the literature goes towards optimizing intraperitoneal (IP)
delivery of chemotherapeutics [7,9]. In preclinical studies, all the particle drug carriers
mentioned above have been shown to either enhance retention of a chemotherapeutic drug,
prolong survival, reduce tumor volume or provide complete tumor regression in mice with
ovarian cancer or other tumor types [10–13]. So far, the research has not translated into any
particle drug carriers being approved for intraperitoneal use in the clinic, but two different
nanoparticle-based systems for IP delivery of paclitaxel have been evaluated in phase I
or II trials [14,15]. However, intravenous administration of pegylated liposomes carrying
the chemotherapeutic doxorubicin is used as a second-line chemotherapy regimen for re-
lapsed platinum-sensitive ovarian cancer patients in combination with carboplatin [16,17].
Additionally, the use of drug carriers in several non-chemotherapeutic applications holds
promise for ovarian cancer. For example, CaCO3 microparticles were proven to be efficient
drug carriers for local delivery of α-radionuclide therapy in preclinical models for ovarian
cancer and have also been investigated in models of melanoma [18–20].

It is clear that drug carriers are of interest in the exploration of new therapeutic
avenues. However, less attention is paid to evaluation of their influence on tumor be-
havior and interaction with the immune system, without the drug of investigation being
present. Evidence is emerging that manipulations of the immune system can heavily
impact the cancer course [21–26]. Therefore, the aim of the current research paper was
to evaluate the effects that several commonly investigated drug carriers could have on
tumor development in an immune-competent ovarian cancer mouse model and to assess
their effects on both the adaptive and innate immune compartment of the tumor immune
microenvironment (TME).

2. Materials and Methods
2.1. Ovarian Cancer Tumor Model

The ID8-fLuc cell line was transduced with a lentiviral vector (pCHMWS_CMV-fluc-
I-PuroR) by the Laboratory of Molecular Virology and Gene Therapy and Leuven Viral
Vector Core in our institute. Female C57BL/6 mice (Envigo, Horst, The Netherlands) of
seven to nine weeks of age were inoculated intraperitoneally (IP) with 5 × 106 ID8-fLuc
ovarian cancer cells on day 0 of the experiment, in the lower right quadrant of the abdomen.
All animal experiments were approved by the ethical committee (P123/2017) and followed
the most recent ethical standards (NIH guidelines for the Care and Use of Laboratory
Animals and EU Directive 2010/63/EU as amended by Regulation (EU) 2019/1010) and
the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines [27,28].

2.2. Drug Carrier Administration in Mice

Polystyrene (Thermo Fisher Scientific, Waltham, MA, USA), PLGA (Phosphorex, Hop-
kinton, MA, USA) and hydroxyapatite (Plasma Biotal Ltd., Tideswell, UK) microparticles
were dispersed in 0.9% NaCl (B. Braun, Melsungen, Germany) to obtain the required
concentration. Pegylated liposomes (Avanti, Birmingham, AL, USA) were used as pre-
pared by the manufacturer (dispersed in 10 mM histidine buffer with 10% w/v sucrose).
The CaCO3 microparticles were prepared as described previously [18,19], and dispersion
before autoclaving was performed in either 0.9% NaCl (CaCO3-MP-A), 0.9% NaCl and
2.4% (w/w) ethylenediamine tetra(methylene phosphonic acid) (CaCO3-MP-B) or 0.1 M
Tris (CaCO3-MP-C). In addition, a non-autoclaved variant in 0.9% NaCl without addi-
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tive (CaCO3-MP-D) was prepared. Particle diameters were approximately 5, 2, 3.5, 4 and
0.09 µm for CaCO3, polystyrene, PLGA, hydroxyapatite and pegylated liposomes, respec-
tively, as described by the particle manufacturers. All microparticle preparations were
made without addition of active drugs. Mass doses for all particle drug carriers ranged
between 3 and 10 mg per mouse. All drug carriers were administered through IP injection.

2.3. Chemotherapy Treatment in Mice

Carboplatin (Hospira, ONCO-TAIN, Pfizer, New York, NY, USA) was dissolved in
Dulbecco’s phosphate-buffered saline (DPBS, Thermo Fisher Scientific, Waltham, MA, USA)
and administered IP at a dose of 80 mg/kg calculated for an average body weight of 20 g
per mouse. Pegylated liposomal doxorubicin (Caelyx®, Janssens Cilag International NV,
Beerse, Belgium) was administered IP at a dose of 1.6 mg/kg. Four out of 30 animals treated
with the chemotherapy regimen experienced severe short-term toxicities (severe weight
loss, diarrhea and cachexia) as a reaction to the chemotherapy in the first ten days after
treatment administration and were sacrificed and excluded from all further data analysis.

2.4. Experimental Design

Different regimens of particle administration were explored. In experiments where
mice were exposed to a single administration of CaCO3 in different product formula-
tions, PLGA, polystyrene, hydroxyapatite or pegylated liposomes, this administration was
performed on day 1 and day 13 post tumor cell inoculation (Figures 1a, 2a, 3a and 4a).
Day 1 post tumor cell inoculation was chosen as a time point to mimic minimal residual
disease after a cytoreductive debulking surgery in patients, a situation highly relevant
for future therapeutic strategies currently under development to target micro-metastatic
disseminations in the peritoneal cavity. Additionally, mice were also exposed to a repeated
administration of CaCO3 on day 1 and day 8 post tumor cell inoculation (Figure 5a). In
the combination experiment, drug carrier administration with CaCO3 or PLGA on day
13 post tumor cell inoculation was combined with carboplatin and PLD treatment on day
14 post tumor cell inoculation in an attempt to mimic a situation where the effects of the
particle drug carrier and chemotherapy would act simultaneously. In addition, pegylated
liposomes as a single treatment on day 13 was evaluated. Different sub-analyses of this
experiment were performed for the included monotherapy (Figure 3a) and combination
groups (Figure 6a). An immune readout was performed on mice injected with different
product formulations of CaCO3 on day 14 and 28 post tumor cell inoculation, and on
mice injected with PLGA, CaCO3 and pegylated liposomes on day 28 and 42 post tumor
cell inoculation (Figures 2a and 4a). For all injection time points, control mice received
either DPBS, 0.9% NaCl or Plasmalyte (Baxter, Deerfield, IL, USA) without additives as the
appropriate vehicle control solution for their respective experimental treatment.

2.5. Bioluminescence Imaging

Mice were anesthetized using isoflurane in a 70:30 nitrous oxide/oxygen mixture at
2%. The mice were placed in a supine position in the IVIS Spectrum at the Molecular Small
Animal Imaging Center facility of our institute. Mice showing signs of ascites development
at the time point of imaging, were excluded from the scanning procedure since the presence
of ascites strongly interferes with the photon flux measurement and will therefore cause an
underestimation of tumor load.

2.6. Blood and Peritoneal Fluid Sampling for Immune Readout

Mice were anesthetized with 50 mg/kg pentobarbital (Dolethal, Vetoquinol, Magny-
Vernois, France) via an IP injection prior to blood sampling using sodium heparinized mi-
crohematocrit capillary tubes. Whole blood was centrifuged at 800 RCF for 10 min. Serum
was collected and stored at −80 ◦C for further cytokine quantification with Luminex®.
Next, the animals were euthanized by cervical dislocation. Peritoneal washing with 10 mL
of DPBS was performed to collect the circulating immune cells in ascites and from the peri-
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toneal lining. Peritoneal washings were centrifuged for 5 min at 500 RCF and resuspended
in DPBS. Supernatant was collected and stored at −80 ◦C for Luminex® analysis. Using
a Lymphoprep (Stemcell Technologies, Vancouver, Canada) gradient, immune cells were
isolated from the cell suspension and resuspended in DPBS for flow cytometry.

2.7. Flow Cytometry

Dead cells were excluded by the use of eFluor780 fixable viability dye staining
(Affymetrix Inc., San Diego, CA, USA). Subsequently, immune cells were stained for
extracellular T cell and myeloid markers for which the antibody panels can be found in
Supplementary Tables S1 and S2, respectively. Additionally, cells were stained for intra-
cellular markers. For the T cell panel, the cells were permeabilized using the eBioscience
Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, Waltham, MA,
USA) according to manufacturers’ protocol, before cells were stained for FoxP3. Permeabi-
lization for the myeloid panel was performed using the Leucoperm (Bio-Rad Laboratories
Inc., Kidlington, UK) for intracellular staining of CD206. Samples were subsequently
acquired on the BD Canto II (BD Biosciences, San Jose, CA, USA). Analysis was performed
using FlowJo Analysis software (TreeStar, Inc., Ashland, OR, USA).

2.8. Luminex®

T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) were mea-
sured with Luminex®, according to the manufacturers’ protocol using customized
ProcartaplexTM Immunoassay Kits (Life Technologies, Merelbeke, Belgium). In short,
96-well plates were loaded with antigen-specific capture antibody-coated magnetic beads
before samples; standards and blanks were added and incubated for two hours. Subse-
quently, biotinylated detection antibodies were added. The antibody/antigen complex was
visualized using streptavidin-conjugated R-phycoerythrin. A magnetic plate washer was
used for washing steps throughout the protocol. Read-out was performed with Bio-plex 200
system of Bio-Rad (Hercules, CA, USA). Concentrations of the proteins were determined
using five parameter log curves generated by the Bio-Plex Manager 4.1.1 software (Bio-Rad,
Hercules, CA, USA).

2.9. Statistical Analysis

A statistical power analysis was performed to determine sample sizes for all exper-
iments. A power of at least 0.80 was reached with 5 to 10 mice per treatment group,
depending on the type of experiment. Individual time to ascites development and survival
curves were compared using the log-rank (Mantel–Cox) test. Adjustment for multiple
comparisons was performed with the Benjamini and Hochberg procedure (with Q = 5%).
Data from the immune readouts and bioluminescence imaging were tested for outliers
using Grubbs’ method (α = 0.05). Normal distribution was assessed using a Shapiro–Wilk
test (n < 8). If data were normally distributed, they were expressed as means and standard
deviations; if data were not normally distributed, they were expressed as medians and
interquartile ranges. For comparison between all the different groups, an ANOVA with
Tukey’s multiple comparisons test or a non-parametric Kruskal–Wallis test with Dunn’s
multiple comparisons test was used to compare normally and not normally distributed
data, respectively. All data in this manuscript were normally distributed, unless stated
otherwise. An (adjusted) p value < 0.05 was considered significant. The power analysis
was performed in R version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria,
https://www.R-project.org/, accessed on 18 March 2022); all other statistical analyses were
performed using GraphPad Prism version 8.2.1 (GraphPad Software, San Diego, CA, USA).

https://www.R-project.org/
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3. Results
3.1. Different Types of Drug Carriers Worsen Disease Symptoms in an Ovarian Cancer
Mouse Model

Four different drug carriers—namely, CaCO3, polystyrene, PLGA and hydroxyapatite—
were evaluated for their effect on survival and onset of ascites symptoms. When admin-
istered at a dose of 3 mg per mouse, survival remained unaffected (Figure 1d). However,
a significant acceleration of ascites development compared with vehicle control (median
onset of ascites of 58.5 days) was observed for CaCO3-MP-A, polystyrene, PLGA and
hydroxyapatite (median onset of ascites of 46, 49, 45 and 50.5 days with padj = 0.0011,
padj = 0.0011, padj = 0.0011 and padj = 0.0033, respectively) (Figure 1e). Furthermore, an
increased tumor load was confirmed through bioluminescence imaging for mice that re-
ceived polystyrene and PLGA (padj = 0.0086 and padj = 0.0006, respectively) compared with
vehicle control mice on day 42 post tumor cell inoculation (Figure 1b,c). No other relevant
toxicities were observed after microparticle administration.

1 

 

 
Figure 1. Experimental set-up of the experiment (a) with corresponding bioluminescence imaging
visualization (b) and quantification (c) and Kaplan–Meier curves for survival and time to ascites
development (d,e) of mice injected with vehicle control, 3 mg of CaCO3-MP-A, 3 mg of polystyrene,
3 mg of PLGA or 3 mg of hydroxyapatite. Mice showing signs of ascites development at the time point
of bioluminescence imaging, were excluded from the analysis. (b,c): An increased tumor load was
observed in mice injected with polystyrene and PLGA (padj = 0.0086 and padj = 0.0006, respectively).
(d): No effects on survival were observed between the different groups. (e): Mice injected with
CaCO3-MP-A, polystyrene, PLGA and hydroxyapatite showed a significant acceleration of malignant
ascites development compared with vehicle control (padj = 0.0011, padj = 0.0011, padj = 0.001 and
padj = 0.0033, respectively). PLGA: polymer poly (lactic-co-glycolic acid). Degree of significance:
padj < 0.01 (**), padj < 0.001 (***).
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3.2. A Higher Microparticle Dose Can Result in a Hyperproliferation of the Tumor and an Increase
in Innate Immune Suppression

The effects on survival and ascites development and the immune status of the tumor
microenvironment were assessed in mice that received either 5 mg of PLGA, CaCO3
microparticles (CaCO3-MP-B) or pegylated liposomes on day 1 post tumor cell inoculation
(Figure 2a). Mice injected with CaCO3 microparticles presented with an increase in M2
macrophages compared with vehicle control mice both at day 28 (padj = 0.0004) and at day 42
post tumor cell inoculation (padj = 0.0095), as well as an increase in the monocytic subtype of
MDSCs (mMDSC) at the latter time point (padj = 0.0012) (Figure 2d,f). Additionally, also for
PLGA, an increase in M2 macrophages compared with vehicle control was observed on day
28 post tumor cell inoculation (padj = 0.0212). However, in this case, at the latter analysis
time point, an increase in the granulocytic subtype of MDSCs (gMDSC) was observed
(padj = 0.0135) (Figure 2d,e). These results highlight that both of these particle drug carriers
have a similar innate immune suppression profile, as reflected by the changes in M2
macrophages and MDSCs. However, they both affected a different subtype of MDSCs,
which indicates a possible different mechanism for the immune response of CaCO3 and
PLGA. In contrast, administration of pegylated liposomes did not induce the same innate
immune suppression in the tumor microenvironment. In the group that received the
pegylated liposomes, the fraction of M2 macrophages was significantly lower compared
with the CaCO3-MP-B treatment group at the early analysis time point (padj = 0.0019)
(Figure 2d). Furthermore, the presence of gMDSCs in this group at the latter analysis
time point was reduced compared with PLGA (padj = 0.0158) (Figure 2e). A significant
decrease in in CD8 + T cells compared with vehicle control was observed for all drug
carriers included in the study: CaCO3-MP-B (padj < 0.0001), PLGA (padj < 0.0001) and
pegylated liposomes (padj = 0.0001) (Figure 2g). There were no differences in the immune
status of the tumors after treatment with pegylated liposomes and vehicle control, which
can indicate a more favorable immune profile compared with the PLGA and CaCO3.

The differences in immune status between the drug carriers were not translated
into any statistically significant effects on survival (Figure 2b), although the survival
curves indicate a slight hyperproliferative effect after treatment with PLGA particles. This
corresponds with the observed acceleration of ascites development for PLGA (median
onset of ascites of 38.5 days) compared with both vehicle control (median onset of ascites
of 50 days, padj = 0.0006) and the other particle types (CaCO3-MP-B: median onset of
ascites of 48 days, padj = 0.0006, pegylated liposomes: median onset of ascites of 48.5 days,
padj = 0.0006) (Figure 2c). In contrast, when the same drug carriers were administered on
day 13 post tumor cell inoculation (Figure 3a), the survival was significantly shorter for
both PLGA and CaCO3-MP-B compared with the control (Figure 3b), which suggests that
the stage of tumor development is also a factor to consider. In addition, the survival of
mice that received pegylated liposomes was significantly better than mice that received
CaCO3-MP-B (Figure 3b) (median survival of 55 days compared with 49 days, respectively,
with padj = 0.0017), which may further corroborate the more favorable immune profile of
the liposomes.

3.3. Different Product Formulations of CaCO3-Microparticles Have Different Effects on Tumor
Progression and Innate Immune Status

To assess whether differences could be observed between different product formu-
lations of the same drug carrier, three CaCO3 microparticle formulations were evaluated
for their effect on survival and the immune status of the TME, when administered at a
dose of 5 mg (Figure 4a). Mice that received CaCO3 microparticles survived shorter than
the vehicle control (median survival of 62 days), but the reduction was only statistically
significant for the CaCO3-MP-A and CaCO3-MP-D product formulation (median survival
of 43 and 51 days, respectively, with padj = 0.0018) (Figure 4b). Interestingly, mice that
received CaCO3-MP-A showed a significantly worse survival compared with mice that
received either CaCO3-MP-C or CaCO3-MP-D (padj = 0.0344 and padj = 0.0036, respectively).
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Additionally, for mice that received CaCO3-MP-A, the tumor load measured by biolumines-
cence imaging at day 28 post tumor cell inoculation was significantly higher compared with
vehicle control (padj = 0.0001) and mice that received either CaCO3-MP-C (padj = 0.0015) or
CaCO3-MP-D (padj = 0.0001) (Figure 4c).
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Figure 2. Experimental set-up of the experiment (a) with corresponding Kaplan–Meier curves for
survival and time to ascites development (b,c) and immune profile of the tumor microenvironment on
day 28 and 42 post tumor cell inoculation (d–g) of mice injected with vehicle control, 5 mg of CaCO3-
MP-B, 5 mg PLGA or 5 mg pegylated liposomes. (b): No differences in survival were observed
between the different groups. (c): Mice injected with PLGA did show a significant acceleration
of ascites development compared with all other groups (padj = 0.0006). (d–f): In general, PLGA
and CaCO3 elicit a strong immune suppressive tumor microenvironment reflected by increases in
M2 macrophages and MDSC, while pegylated liposomes have a more favorable innate immune
profile. (g): The CD8 + T cells were suppressed by all three drug carriers. PLGA: polymer poly
(lactic-co-glycolic acid), PLD: pegylated liposomal doxorubicin, MDSC: myeloid-derived suppressor
cell. Degree of significance: padj<0.05 (*), padj < 0.01 (**), padj < 0.001 (***), padj < 0.0001 (****).
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Figure 3. Experimental set-up of the experiment (a) with corresponding Kaplan–Meier survival
curve (b) of mice injected with vehicle control, 5 mg of CaCO3-MP-B 5 mg PLGA or 5 mg pegylated
liposomes on day 13 post tumor cell inoculation. The current data are obtained from the same
experiment as the data that are found in Figure 6. (b): As a single treatment, CaCO3-MP-4 and PLGA
have a shorter survival compared with vehicle control (padj = 0.0007 and padj = 0.0095, respectively).
Pegylated liposomes show a significantly better survival than CaCO3-MP-4 (padj = 0.0017). PLGA:
polymer poly (lactic-co-glycolic acid). Degree of significance: padj < 0.01 (**), padj < 0.001 (***).

In accordance with the negative influence on survival, the three CaCO3 microparticle
formulations showed an increase in immune suppressive M2 macrophages at the earliest
analysis time point (day 14 post tumor cell inoculation) (Figure 4d), although the increase
only reached statistical significance for CaCO3-MP-A and CaCO3-MP-C (padj = 0.0002
and padj = 0.0021, respectively). At the latter analysis time point (day 28 post tumor cell
inoculation), the trend of higher fraction of M2 macrophages compared with vehicle control
remained but was only significant for the CaCO3-MP-A treatment group (padj = 0.0324),
which corresponds to the group of mice that experienced the strongest reduction in survival.
The persistent increase in M2 macrophages in this group coincided with an increase in the
immune suppressive mMDSC compartment at day 28 compared with the vehicle control
mice (padj = 0.0228) (Figure 4e). Furthermore, the immune checkpoint molecule TIM-3
increased in the CaCO3 microparticle groups over time (Figure 4f). While at the early
analysis time point the increase in TIM-3 concentrations was only present in the CaCO3-
MP-A group compared with vehicle control (padj = 0.0017), at the latter analysis time point
both CaCO3-MP-A and CaCO3-MP-C formulations elicited a significant increase in TIM-3
compared with vehicle control (padj = 0.0259 and padj = 0.0487, respectively). The increase
in innate immune suppression was accompanied with an almost immediate suppression
of the cytotoxic CD8 + T cells at day 14 in all mice that received CaCO3 microparticles
compared with vehicle control mice (Figure 4g). However, statistical significance was
reached for CaCO3-MP-A and CaCO3-MP-C (padj = 0.0071 and padj=0.0034, respectively),
while there was only a trend for the CaCO3-MP-D product formulation (padj = 0.0916). To
summarize, most changes in immune status of the tumor were seen between the control and
mice that received CaCO3-MP-A, in accordance with this group experiencing the strongest
reduction in survival. Although there were trends of changes in some parameters, none
were significant compared with the control group in mice receiving CaCO3-MP-D.

When it comes to differences between the CaCO3 microparticle formulations, signifi-
cant changes were only found when CaCO3-MP-A and CaCO3-MP-D were compared. The
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fraction of M2 macrophages and concentration of TIM-3 at day 14 was significantly larger
in mice who received the CaCO3-MP-A formulation compared with the CaCO3-MP-D for-
mulation (padj = 0.0433 and padj = 0.0078), and similarly, on day 28 the fraction of mMDSCs
was higher (padj = 0.0163). These differences were also reflected in the survival (Figure 4b).
In contrast, no differences between CaCO3-MP-A and CaCO3-MP-C were observed, despite
the statistically significant difference in survival.
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Figure 4. Experimental set-up of the experiment (a) with corresponding Kaplan–Meier survival
curve (b), bioluminescence imaging quantification (c) and immune profile of the tumor microenvi-
ronment on day 14 and 28 post tumor cell inoculation (d–g) of mice injected with vehicle control,
5 mg of CaCO3-MP-C, 5 mg of CaCO3-MP-D or 5 mg of CaCO3-MP-A. (b,c): Different degrees of
accelerated tumor progression were observed for all CaCO3 product formulations. (d–f): In general,
a different degree of immune suppression in the tumor microenvironment is observed in response
to CaCO3-MP-C, CaCO3-MP-D and CaCO3-MP-A, as reflected by the increase in M2 macrophages,
mMDSC and the immune checkpoint TIM-3. (g): The CD8+ T cells were suppressed by all three
product formulations of CaCO3. MDSC: myeloid-derived suppressor cell, TIM-3: T cell immunoglob-
ulin and mucin domain-containing protein 3. Degree of significance: padj<0.05 (*), padj < 0.01 (**),
padj < 0.001 (***), padj < 0.0001 (****).
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3.4. The Dose of CaCO3-Microparticles Influences the Degree of Hyperproliferation

In this experiment, two different dosages (5 mg vs. 2 × 10 mg) of the same CaCO3
product formulation (CaCO3-MP-C) were evaluated (Figure 5b). Both groups of mice had
a significantly shorter survival compared with vehicle control mice (median survival of
52 days), with the shortest survival in the highest dose group (median survival of 34 days,
compared with 42 days for the 5 mg group with padj = 0.0062).
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Figure 5. Experimental set-up of the experiment (a) with corresponding Kaplan–Meier survival
curve (b) of mice injected with vehicle control, a single injection of 5 mg of CaCO3-MP-C on day 1
or a repeated injection of 10 mg of CaCO3-MP-C on day 1 and 8 post tumor cell inoculation. (b): A
repeated dose of 2 × 10 mg of CaCO3-MP-C worsens survival compared with a single dose of 5 mg
(padj = 0.0062), indicating a dose-dependent effect. Degree of significance: padj < 0.01 (**).

3.5. Chemotherapy Treatment Is Not Able to Sufficiently Reverse the Hyperproliferation Effect Seen
with PLGA and CaCO3 Drug Carriers

Lastly, we assessed whether the hyperproliferative effect of IP injection of CaCO3 and
PLGA particles in the ID8-fLuc ovarian cancer mouse model could be counteracted by
administering chemotherapy one day after particle administration. When CaCO3-MP-B or
PLGA were administered as a single treatment on day 13 post tumor cell inoculation, they
both induced a hyperproliferation of the tumor as reflected by a reduced survival compared
with vehicle control (median survival of 49 days, with padj = 0.0007, and 50.5 days, with
padj = 0.0095, compared with 64 day, respectively). The addition of carboplatin and PLD
was able to significantly prolong survival compared with single treatment with either
CaCO3-MP-B (median survival of 82.5 days compared with 49 days, respectively, with
padj = 0.0005) or PLGA (median survival of 91 days compared with 50.5 days, respectively,
with padj = 0.0005). However, mice injected with CaCO3-MP-B or PLGA in combination
with carboplatin and PLD showed a reduced survival compared with mice that were
treated with carboplatin and PLD alone (median survival of 82.5 days, with padj = 0.0325,
and 91 days, with padj = 0.0191, compared with 106 day, respectively). Unfortunately,
chemotherapy treatment is only partially able to reverse this hyperprogression (Figure 6b),
since it is clear that chemotherapy-treated mice still have a better survival than mice treated
with chemotherapy combined with microparticles.
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Figure 6. Experimental set-up of the experiment (a) with corresponding Kaplan–Meier survival
curve (b) of mice injected with vehicle control, 5 mg of CaCO3-MP-B or 5 mg PLGA on day 13
and/or 80 mg/kg carboplatin with 1.6 mg/kg PLD on day 14 post tumor cell inoculation. Animals
experiencing severe short-term toxicities (severe weight loss, diarrhea and cachexia) as a reaction to
the chemotherapy in the first ten days after treatment administration, were excluded from all further
data analysis. The current data are obtained from the same experiment as the data that are found
in Figure 3. (b): As a single treatment, CaCO3-MP-B and PLGA have a shorter survival compared
with vehicle control (padj = 0.0007 and padj = 0.0095, respectively). This hyperproliferation effect
of CaCO3-MP-B and PLGA remains present in combination with carboplatin and PLD compared
with carboplatin and PLD alone (padj = 0.0325 and padj = 0.0191, respectively). PLGA: polymer poly
(lactic-co-glycolic acid), PLD: pegylated liposomal doxorubicin. Degree of significance: padj<0.05 (*),
padj < 0.01 (**), padj < 0.001 (***).

4. Discussion

In the development of new targeted therapies for ovarian cancer, an important focus
is the use of drug carriers to specifically enhance drug retention at the tumor site—in this
case, the peritoneal cavity. However, essential information concerning the effects of the
individual drug carriers on tumor behavior and the TME is still lacking. In this study, we
evaluated these effects after IP administration of different types of particle drug carriers in
an immune-competent mouse model for ovarian cancer. Surprisingly, our results show that
all particles included in the study can promote tumor growth and that the phenomenon
has an immune etiology, as an increase in M2-like macrophages and MDSCs was detected.
This indicates that the different particles elicit an immune response when injected IP and
that the pro-tumoral effect seems to be mediated by the innate immune system through
immunosuppressive mechanisms.

Previous findings published by our group suggest that innate immunosuppression
dominates the adaptive immune response in the ID8-fLuc model, where MDSCs were
identified as the key drivers of this immune suppression [29]. MDSCs also correlated with
a worse prognosis in ovarian cancer patients at diagnosis [26]. Additionally, macrophage
polarization towards an immune-suppressive and tumor-promoting M2 phenotype has
previously been associated with ovarian cancer progression and malignant ascites develop-
ment in preclinical [30,31] and clinical settings in humans [25,31–33]. In cancer patients,
extensive progressive disease has been described after immune checkpoint blockade, with
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an incidence ranging between 4% and 29% for various tumor types [34,35]. At the moment,
not much is known about the mechanisms behind such an outcome.

Concerning the direct effects of drug carriers on tumor development, the literature is
scarce and provides contradicting information. While our study suggests a more favorable
immune profile and somewhat better survival for pegylated liposomes compared with the
other particle drug carriers, La-Beck et al. showed an increase in primary tumor growth and
peritoneal metastasis driven by liposomes administered intravenously in the ID8 ovarian
cancer model [36]. A similar hyperproliferation occurred after intravenous injection of
liposomes in C57BL/6 mice bearing subcutaneous TC-1 tumors, a mouse model of human
papilloma virus-induced cancer [37]. In contrast, intravenous injection of liposomes did not
result in enhanced tumor growth in C57BL/6 mice bearing subcutaneously implanted B16-
OVA melanoma cells [36]. Altogether, these results suggest that the immune-modulating
effects of liposomes are probably more dependent on tumor characteristics than on features
of the C57BL/6 host mice. In vitro, Lam et al. reported that the acid-neutralizing properties
of CaCO3 nanoparticles can induce cancer cell reprogramming to suppress tumor growth
and invasion in breast cancer cells [38], which is in contradiction to the hyperproliferation
we have observed. It is clear from the divergent results in the literature that this is a complex
topic. Most likely, many factors contribute and influence the outcomes, such as different
product formulations of the drug carriers, the use of different tumor models, differences in
administration routes and difference between in vitro vs. in vivo exposure.

That IP injections of particles can cause an immune response has also been confirmed
in tumor-free naïve mice. Kohane et al. reported the presence of adhesions and chronic
inflammation in response to PLGA microparticle administration in immunocompetent and
tumor-free SV129 mice [39]. However, it must be noted that the mass dose in our studies
(3–5 mg) was significantly lower than the mass doses in the study of Kohane et al. (10–100
mg). Additionally, Lebre et al. described an inflammatory reaction in immunocompetent
and tumor-free C57BL/6 mice after hydroxyapatite administration [40]. Moreover, this
response was largely dependent on the product formulation and size of the hydroxyapatite
microparticles used, similar to the effects of different product formulations on tumor
progression that were observed in the ID8-fLuc mouse model in the studies presented here.

An added survival benefit was not observed when we combined microparticle ad-
ministration with chemotherapy treatment, in contrast with the studies mentioned in the
introduction of this manuscript that obtained either an enhanced retention of the chemother-
apeutic, prolonged survival, reduced tumor volume or complete tumor regression with
chemotherapy-loaded microparticles [10–13]. Herein, the microparticles and the chemother-
apeutics were administered as a co-treatment rather than microparticles loaded with a
chemotherapeutic drug. Therefore, the advantage of enhanced drug retention within the
peritoneal cavity is lost in our experiments, which may explain why an additional survival
benefit was not seen in the ID8-fLuc mouse model compared with chemotherapy treat-
ment alone. Additionally, we believe that the anti-tumoral effects of the chemotherapy
regimen were not strong enough to fully counteract the pro-tumoral hyperproliferation
effects caused by the microparticles in this case.

The effects from particles on tumor growth has several important implications for
preclinical research on IP drug delivery systems for ovarian cancer. Since our results
point towards the contribution of innate immune suppression to tumor progression, this
highlights the need to use syngeneic mouse models in order to have a fully working
immune system within the TME. If only human xenograft models in immunocompromised
mice are used in the search for new drug delivery systems, potential immune modulatory
effects of the carrier itself may be overlooked. Furthermore, aspects related to product
formulation and dosing regimen also require thorough investigation. Although in the
current study, hyperproliferation of the tumor is consistently present for different types
of particle drug carriers (CaCO3, PLGA, hydroxyapatite and polystyrene) and in different
product formulations of the same particle drug carrier (CaCO3), three important remarks
have to be highlighted. First, hyperproliferation of the tumor could be minimized by
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reducing the mass dose of the drug carrier. For the particle drug carriers included in this
study, a mass dose of 3 mg was able to eliminate the shortening of survival that is observed
with higher doses of 5 or 10 mg. Second, the preparation of the product formulation of the
drug carrier is important. For the CaCO3 drug carrier, not all product formulations caused
the same degree of hyperproliferation. Moreover, while product formulations CaCO3-MP-
A, CaCO3-MP-C and CaCO3-MP-D all caused a shortening of survival in the ID8 model
when injected IP on day 1 post tumor cell inoculation, the optimized CaCO3-MP-B product
formulation [18] did not show the same tumor hyperproliferation effect in terms of survival.
This indicates the need to evaluate the product formulation of the individual drug carrier
and optimize the production process before translating it to clinical applications. Third,
the timing of injection is of importance. As stated above, the CaCO3-MP-B formulation
did not result in a hyperproliferation of the tumor when administered on day 1 post
tumor cell inoculation. However, when administered at a later disease stage (day 13), the
CaCO3-MP-B did accelerate tumor progression that resulted in a reduced overall survival.
This suggests that the tumor reacts differently to the microparticles depending on the
tumor burden.

We would also like to acknowledge the fact that our study has some limitations. We
recognize the lack of detailed information on the activation status and functional properties
of the immune cells. However, the focus of our research was more to highlight the general
shifts in immune cell populations. Furthermore, we acknowledge that the polarization
of macrophages is a broad spectrum of which the pro-tumoral M2-like phenotype is just
one extreme [41]. In our study, only CD206 was used as a specific marker for identifying
the M2-like macrophage phenotype. We acknowledge the diversity and plasticity that
exists with this cell type and that the classification in M1- and M2-like macrophages is an
over-simplified phenotypic characterization. In future studies, a broader set of markers
should be used to better identify this macrophage plasticity.

To which degree our findings are relevant in a broader scope remains to be seen. Our
study focused only on the effects of particle drug carriers in the ID8 mouse model. In order
to generalize our findings for ovarian cancer, the results need to be confirmed in other
preclinical models. In addition, the current study only assessed whether chemotherapy
treatment could reverse the tumor hyperproliferation caused by microparticles when added
to the schedule as a separate treatment. To properly assess whether the pro-tumoral effects
of the carrier itself can be counteracted, chemotherapy-loaded microparticles would have
to be compared with standard chemotherapy treatment in order to take advantage of
the prolonged IP residence time of the drug. This, along with systematic studies of the
interactions between the immune system and drug carriers, can potentially contribute to
an improved design of IP drug delivery systems in the future.

5. Conclusions

Intraperitoneal drug delivery by use of particle carriers is a potential new therapeutic
option for ovarian cancer patients. Herein we provide essential information on the effects
of several commonly investigated drug carriers on disease progression and TME in the
ID8-fLuc mouse model, when the particles were administered without a drug payload.
With this research we want to create awareness of the possible detrimental effects of drug
carriers themselves, as we demonstrated that an IP injection of particles can result in
hyperproliferation of the tumor, mediated by strong innate immune suppression. The
results emphasize the need for using syngeneic tumor models when developing drug
delivery systems and the importance of product formulation and dosing regimen, as
reduction in the mass dose, changes in the formulation and adjustment of the timing of
injection could diminish the negative effects. Therefore, we believe that these findings can
contribute to future developments of novel and better targeted therapeutic strategies for
ovarian cancer.



Pharmaceutics 2022, 14, 687 14 of 16

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14040687/s1, Table S1: Antibodies used for T cell
markers. Table S2: Antibodies used for myeloid markers.

Author Contributions: Conceptualization: R.W., S.W., A.C. and T.B.B.; design of experiments: R.W.
and S.W.; in vivo experiments: R.W., A.V., G.T. and S.C.; analysis of results: R.W.; statistics: R.W.
and J.C.; interpretation of results: R.W., S.W., A.C. and T.B.B.; manuscript writing: R.W.; manuscript
proofreading: A.V., G.T., J.C., S.C., D.S., S.W., T.B.B., I.V. and A.C.; supervision: S.W., T.B.B., I.V. and
A.C.; funding acquisition: T.B.B. and A.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was supported by The Norwegian Research Council (with project number
304591) and Oncoinvent AS.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of the Catholic University of Leuven (project P123/2017 approved on 28 August 2017).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available from the authors upon request and with the
permission of Oncoinvent AS, since the data are not publicly available.

Conflicts of Interest: A.V., G.T., J.C., S.C. and D.S. declare no conflicts of interest; R.W. is employed
by Oncoinvent AS; I.V. is a consultant for Agenus, Aksebio, Amgen (Europe) GmbH, AstraZeneca,
Bristol Myers Squibb, Clovis Oncology Inc., Carrick Therapeutics, Deciphera Pharmaceuticals, Eisai,
Elevar Therapeutics, F. Hoffmann-La Roche Ltd., Genmab, GSK, Immunogen Inc., Jasspharma,
Karyopharm, Mersana, Millennium Pharmaceuticals, MSD, Novocure, Novartis, Octimet Oncology
NV, Oncoinvent AS, Seagen, Sotio a.s., Verastem Oncology and Zentalis; is a contracted researcher
for Oncoinvent AS and Genmab; performs corporate sponsored research for Amgen and Roche; and
receives accommodation and travel expenses from Amgen, MSD, Tesaro, AstraZeneca and Roche;
A.C. is a contracted researcher for Oncoinvent AS and Novocure and a consultant for Sotio a.s.; S.W.
is employed by and a shareholder of Oncoinvent AS; T.B.B. is employed by and a shareholder of
Oncoinvent AS. This study was funded by: The Norwegian Research Council (project 304591) and
Oncoinvent AS. The funders provided support in the form of salaries for authors R.W., S.W. and T.B.B.
but did not have any additional role in the study design, data collection, analysis or interpretation,
preparation of the manuscript, or decision to publish.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]
2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA. Cancer J. Clin. 2016, 66, 7–30. [CrossRef] [PubMed]
3. Prat, J. Staging classification for cancer of the ovary, fallopian tube, and peritoneum. Int. J. Gynecol. Obstet. 2014, 124, 1–5.

[CrossRef] [PubMed]
4. Colombo, N.; Van Gorp, T.; Parma, G.; Amant, F.; Gatta, G.; Sessa, C.; Vergote, I. Ovarian cancer. Crit. Rev. Oncol. Hematol. 2006,

60, 159–179. [CrossRef]
5. Vetter, M.H.; Hays, J.L. Use of Targeted Therapeutics in Epithelial Ovarian Cancer: A Review of Current Literature and Future

Directions. Clin. Ther. 2018, 40, 361–371. [CrossRef] [PubMed]
6. Ledermann, J.A.; Colombo, N.; Oza, A.M.; Fujiwara, K.; Birrer, M.J.; Randall, L.M.; Poddubskaya, E.V.; Scambia, G.; Shparyk,

Y.V.; Lim, M.C.; et al. Avelumab in combination with and/or following chemotherapy vs chemotherapy alone in patients with
previously untreated epithelial ovarian cancer: Results from the phase 3 javelin ovarian 100 trial. Gynecol. Oncol. 2020, 159, 13–14.
[CrossRef]

7. Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled drug delivery vehicles for cancer treatment and their performance.
Signal Transduct. Target. Ther. 2018, 3, 7. [CrossRef]

8. Dakwar, G.R.; Shariati, M.; Willaert, W.; Ceelen, W.; De Smedt, S.C.; Remaut, K. Nanomedicine-based intraperitoneal therapy for
the treatment of peritoneal carcinomatosis—Mission possible? Adv. Drug Deliv. Rev. 2017, 108, 13–24. [CrossRef]

9. Drummond, D.C.; Meyer, O.; Hong, K.; Kirpotin, D.B.; Papahadjopoulos, D. Optimizing Liposomes for Delivery of Chemothera-
peutic agents to Solid Tumors. Farmcol. Rev. 1999, 51, 691–743.

10. Amoozgar, Z.; Wang, L.; Brandstoetter, T.; Wallis, S.S.; Wilson, E.M.; Goldberg, M.S. Dual-Layer Surface Coating of PLGA-Based
Nanoparticles Provides Slow-Release Drug Delivery To Achieve Metronomic Therapy in a Paclitaxel-Resistant Murine Ovarian
Cancer Model. Biomacromolecules 2014, 15, 4187–4194. [CrossRef]

https://www.mdpi.com/article/10.3390/pharmaceutics14040687/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14040687/s1
http://doi.org/10.3322/caac.21492
http://doi.org/10.3322/caac.21332
http://www.ncbi.nlm.nih.gov/pubmed/26742998
http://doi.org/10.1016/j.ijgo.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24219974
http://doi.org/10.1016/j.critrevonc.2006.03.004
http://doi.org/10.1016/j.clinthera.2018.01.012
http://www.ncbi.nlm.nih.gov/pubmed/29482922
http://doi.org/10.1016/j.ygyno.2020.06.025
http://doi.org/10.1038/s41392-017-0004-3
http://doi.org/10.1016/j.addr.2016.07.001
http://doi.org/10.1021/bm5011933


Pharmaceutics 2022, 14, 687 15 of 16

11. Takeyama, H.; Mohri, N.; Mizuno, I.; Akamo, Y.; Sawai, H.; Manabe, T.; Yotsuyanagi, T.; Nakamura, S. Treatment of Peritoneal
Carcinomatosis Using Carboplatin-loaded Hydroxyapatite Particles. Anticancer Res. 2006, 26, 4603–4606. [PubMed]

12. Larina, I.V.; Evers, B.M.; Ashitkov, T.V.; Bartels, C.; Larin, K.V.; Esenaliev, R.O. Enhancement of drug delivery in tumors by using
interaction of nanoparticles with ultrasound radiation. Technol. Cancer Res. Treat. 2005, 4, 217–226. [CrossRef] [PubMed]

13. Song, J.; Wang, R.; Liu, Z.; Zhang, H. Preparation and characterization of calcium carbonate microspheres and their potential
application as drug carriers. Mol. Med. Rep. 2018, 17, 8403–8408. [CrossRef] [PubMed]

14. Williamson, S.K.; Johnson, G.A.; Maulhardt, H.A.; Moore, K.M.; McMeekin, D.S.; Schulz, T.K.; Reed, G.A.; Roby, K.F.; Mackay,
C.B.; Smith, H.J.; et al. A phase I study of intraperitoneal nanoparticulate paclitaxel (Nanotax®) in patients with peritoneal
malignancies. Cancer Chemother. Pharmacol. 2015, 75, 1075. [CrossRef]

15. Coleman, R.L.; Brady, W.E.; McMeekin, D.S.; Rose, P.G.; Soper, J.T.; Lentz, S.S.; Hoffman, J.S.; Shahin, M.S. A phase II evaluation
of nanoparticle, albumin-bound (nab) paclitaxel) in the treatment of recurrent or persistent platinum-resistant ovarian, fallopian
tube, or primary peritoneal cancer: A Gynecologic Oncology Group Study. Gynecol. Oncol. 2011, 122, 111. [CrossRef]

16. Pujade-Lauraine, E.; Wagner, U.; Aavall-Lundqvist, E.; Gebski, V.; Heywood, M.; Vasey, P.A.; Volgger, B.; Vergote, I.; Pignata, S.;
Ferrero, A.; et al. Pegylated liposomal doxorubicin and carboplatin compared with paclitaxel and carboplatin for patients with
platinum-sensitive ovarian cancer in late relapse. J. Clin. Oncol. 2010, 28, 3323–3329. [CrossRef]

17. Wagner, U.; Marth, C.; Largillier, R.; Kaern, J.; Brown, C.; Heywood, M.; Bonaventura, T.; Vergote, I.; Piccirillo, M.C.; Fossati,
R.; et al. Final overall survival results of phase III GCIG CALYPSO trial of pegylated liposomal doxorubicin and carboplatin vs
paclitaxel and carboplatin in platinum-sensitive ovarian cancer patients. Br. J. Cancer 2012, 107, 588–591. [CrossRef]

18. Li, R.G.; Lindland, K.; Tonstad, S.K.; Bønsdorff, T.B.; Juzeniene, A.; Westrøm, S.; Larsen, R.H. Improved formulation of 224Ra-
labeled calcium carbonate microparticles by surface layer encapsulation and addition of EDTMP. Pharmaceutics 2021, 13, 634.
[CrossRef]

19. Westrøm, S.; Malenge, M.; Jorstad, I.S.; Napoli, E.; Bruland, Ø.S.; Bønsdorff, T.B.; Larsen, R.H. Ra-224 labeling of calcium carbonate
microparticles for internal α-therapy: Preparation, stability, and biodistribution in mice. J. Label. Comp. Radiopharm. 2018, 61,
472–486. [CrossRef]

20. Muslimov, A.R.; Antuganov, D.O.; Tarakanchikova, Y.V.; Zhukov, M.V.; Nadporojskii, M.A.; Zyuzin, M.V.; Timin, A.S. Calcium
Carbonate Core—Shell Particles for Incorporation of 225Ac and Their Application in Local α-Radionuclide Therapy. ACS Appl.
Mater. Interfaces 2021, 13, 25599–25610. [CrossRef]

21. Schreiber, R.D.; Old, L.J.; Smyth, M.J. Cancer immunoediting: Integrating immunity′s roles in cancer suppression and promotion.
Science 2011, 331, 1565–1570. [CrossRef]

22. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
23. Curiel, T.J.; Coukos, G.; Zou, L.; Alvarez, X.; Cheng, P.; Mottram, P.; Evdemon-Hogan, M.; Conejo-Garcia, J.R.; Zhang, L.; Burow,

M.; et al. Specific recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege and predicts reduced survival.
Nat. Med. 2004, 10, 942–949. [CrossRef] [PubMed]

24. Zhang, L.; Conejo-Garcia, J.R.; Gimotty, P.A.; Massobrio, M.; Regnani, G.; Makrigiannakis, A.; Gray, H.; Schlienger, K.; Liebman,
M.N.; Rubin, S.C.; et al. Intratumoral T Cells, Recurrence, and Survival in Epithelial Ovarian Cancer. N. Engl. J. Med. 2003, 348,
203–213. [CrossRef]

25. Vankerckhoven, A.; Wouters, R.; Mathivet, T.; Ceusters, J.; Baert, T.; Van Hoylandt, A.; Gerhardt, H.; Vergote, I.; Coosemans, A.
Opposite Macrophage Polarization in Different Subsets of Ovarian Cancer: Observation from a Pilot Study. Cells 2020, 9, 305.
[CrossRef]

26. Coosemans, A.; Baert, T.; Ceusters, J.; Busschaert, P.; Landolfo, C.; Verschuere, T.; Van Rompuy, A.S.; Vanderstichele, A.; Froyman,
W.; Neven, P.; et al. Myeloid-derived suppressor cells at diagnosis may discriminate between benign and malignant ovarian
tumors. Int. J. Gynecol. Cancer 2019, 29, 1381–1388. [CrossRef] [PubMed]

27. Kilkenny, C.; Browne, W.J.; Cuthill, I.C.; Emerson, M.; Altman, D.G. Improving bioscience research reporting: The arrive
guidelines for reporting animal research. PLoS Biol. 2010, 8, e1000412. [CrossRef] [PubMed]

28. Council, N.R. Guide for the Care and Use of Laboratory Animals; National Academies Press: Washington, DC, USA, 2011.
29. Moughon, D.L.; He, H.; Schokrpur, S.; Jiang, Z.K.; Yaqoob, M.; David, J.; Lin, C.; Luisa Iruela-Arispe, M.; Dorigo, O.; Wu, L.

Microenvironment and Immunology Macrophage Blockade Using CSF1R Inhibitors Reverses the Vascular Leakage Underlying
Malignant Ascites in Late-Stage Epithelial Ovarian Cancer. Cancer Res. 2015, 75, 4742–4752. [CrossRef]

30. Zhang, M.; He, Y.; Sun, X.; Li, Q.; Wang, W.; Zhao, A.; Di, W. A high M1/M2 ratio of tumor-associated macrophages is associated
with extended survival in ovarian cancer patients. J. Ovarian Res. 2014, 7, 19. [CrossRef]

31. Liu, R.; Hu, R.; Zeng, Y.; Zhang, W.; Zhou, H.H. Tumour immune cell infiltration and survival after platinum-based chemotherapy
in high-grade serous ovarian cancer subtypes: A gene expression-based computational study. EBioMedicine 2020, 51, 102602.
[CrossRef]

32. Camelliti, S.; Le Noci, V.; Bianchi, F.; Moscheni, C.; Arnaboldi, F.; Gagliano, N.; Balsari, A.; Garassino, M.C.; Tagliabue, E.;
Sfondrini, L.; et al. Mechanisms of hyperprogressive disease after immune checkpoint inhibitor therapy: What we (don′t) know.
J. Exp. Clin. Cancer Res. 2020, 39, 236. [CrossRef] [PubMed]

33. Champiat, S.; Dercle, L.; Ammari, S.; Massard, C.; Hollebecque, A.; Postel-Vinay, S.; Chaput, N.; Eggermont, A.; Marabelle, A.;
Soria, J.-C.; et al. Hyperprogressive Disease Is a New Pattern of Progression in Cancer Patients Treated by Anti-PD-1/PD-L1. Clin.
Cancer Res. 2017, 23, 1920–1928. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/17201184
http://doi.org/10.1177/153303460500400211
http://www.ncbi.nlm.nih.gov/pubmed/15773791
http://doi.org/10.3892/mmr.2018.8879
http://www.ncbi.nlm.nih.gov/pubmed/29658586
http://doi.org/10.1007/s00280-015-2737-4
http://doi.org/10.1016/j.ygyno.2011.03.036
http://doi.org/10.1200/JCO.2009.25.7519
http://doi.org/10.1038/bjc.2012.307
http://doi.org/10.3390/pharmaceutics13050634
http://doi.org/10.1002/jlcr.3610
http://doi.org/10.1021/acsami.1c02155
http://doi.org/10.1126/science.1203486
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1038/nm1093
http://www.ncbi.nlm.nih.gov/pubmed/15322536
http://doi.org/10.1056/NEJMoa020177
http://doi.org/10.3390/cells9020305
http://doi.org/10.1136/ijgc-2019-000521
http://www.ncbi.nlm.nih.gov/pubmed/31685557
http://doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pubmed/20613859
http://doi.org/10.1158/0008-5472.CAN-14-3373
http://doi.org/10.1186/1757-2215-7-19
http://doi.org/10.1016/j.ebiom.2019.102602
http://doi.org/10.1186/s13046-020-01721-9
http://www.ncbi.nlm.nih.gov/pubmed/33168050
http://doi.org/10.1158/1078-0432.CCR-16-1741
http://www.ncbi.nlm.nih.gov/pubmed/27827313


Pharmaceutics 2022, 14, 687 16 of 16

34. Baert, T.; Vankerckhoven, A.; Riva, M.; Van Hoylandt, A.; Thirion, G.; Holger, G.; Mathivet, T.; Vergote, I.; Coosemans, A. Myeloid
Derived Suppressor Cells: Key Drivers of Immunosuppression in Ovarian Cancer. Front. Immunol. 2019, 10, 1273. [CrossRef]
[PubMed]

35. Baek, H.; Lee, H.W.; Gangadaran, P.; Oh, J.M.; Zhu, L.; Rajendran, R.L.; Lee, J.; Ahn, B.-C. Role of M2-like macrophages in the
progression of ovarian cancer. Exp. Cell Res. 2020, 395, 112211. [CrossRef] [PubMed]

36. La-Beck, N.M.; Liu, X.; Wood, L.M. Harnessing liposome interactions with the immune system for the next breakthrough in
cancer drug delivery. Front. Pharmacol. 2019, 10, 220. [CrossRef]

37. Sabnani, M.K.; Rajan, R.; Rowland, B.; Mavinkurve, V.; Wood, L.M.; Gabizon, A.A.; La-Beck, N.M. Liposome promotion of tumor
growth is associated with angiogenesis and inhibition of antitumor immune responses. Nanomed. Nanotechnol. Biol. Med. 2015, 11,
259–262. [CrossRef]

38. Lam, S.F.; Bishop, K.W.; Mintz, R.; Fang, L.; Achilefu, S. Calcium carbonate nanoparticles stimulate cancer cell reprogramming to
suppress tumor growth and invasion in an organ-on-a-chip system. Sci. Rep. 2021, 11, 9246. [CrossRef]

39. Kohane, D.S.; Tse, J.Y.; Yeo, Y.; Padera, R.; Shubina, M.; Langer, R. Biodegradable polymeric microspheres and nanospheres for
drug delivery in the peritoneum. J. Biomed. Mater. Res. Part A 2006, 77, 351–361. [CrossRef]

40. Lebre, F.; Sridharan, R.; Sawkins, M.J.; Kelly, D.J.; O′Brien, F.J.; Lavelle, E.C. The shape and size of hydroxyapatite particles dictate
inflammatory responses following implantation. Sci. Rep. 2017, 7, 2922. [CrossRef]

41. Mantovani, A.; Locati, M. Tumor-associated macrophages as a paradigm of macrophage plasticity, diversity, and polarization
lessons and open questions. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1478–1483. [CrossRef]

http://doi.org/10.3389/fimmu.2019.01273
http://www.ncbi.nlm.nih.gov/pubmed/31214202
http://doi.org/10.1016/j.yexcr.2020.112211
http://www.ncbi.nlm.nih.gov/pubmed/32755554
http://doi.org/10.3389/fphar.2019.00220
http://doi.org/10.1016/j.nano.2014.08.010
http://doi.org/10.1038/s41598-021-88687-6
http://doi.org/10.1002/jbm.a.30654
http://doi.org/10.1038/s41598-017-03086-0
http://doi.org/10.1161/ATVBAHA.113.300168

	Introduction 
	Materials and Methods 
	Ovarian Cancer Tumor Model 
	Drug Carrier Administration in Mice 
	Chemotherapy Treatment in Mice 
	Experimental Design 
	Bioluminescence Imaging 
	Blood and Peritoneal Fluid Sampling for Immune Readout 
	Flow Cytometry 
	Luminex® 
	Statistical Analysis 

	Results 
	Different Types of Drug Carriers Worsen Disease Symptoms in an Ovarian CancerMouse Model 
	A Higher Microparticle Dose Can Result in a Hyperproliferation of the Tumor and an Increase in Innate Immune Suppression 
	Different Product Formulations of CaCO3-Microparticles Have Different Effects on Tumor Progression and Innate Immune Status 
	The Dose of CaCO3-Microparticles Influences the Degree of Hyperproliferation 
	Chemotherapy Treatment Is Not Able to Sufficiently Reverse the Hyperproliferation Effect Seen with PLGA and CaCO3 Drug Carriers 

	Discussion 
	Conclusions 
	References

