Preclinical In Vivo-Models for HIPEC

Subjects: Oncology

Contributor: Johannes Hans Crezee

The concept of HIPEC is to penetrate and eradicate potential small tumor nodules at the peritoneal surface with a
sufficient cytotoxic amount of chemotherapy. Preclinical in vivo HIPEC models should mimic realistic clinical HIPEC
conditions including a relevant and realistic tumor model, well-controlled drug, flow and temperature distribution within the
peritoneal cavity. Advantages and limitations of different tumor and animal models as well as model set up are discussed.
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| 1. Introduction

The relevance of a careful choice of treatment parameters was recently underscored by the outcome of the PRODIGE-7
trial in which patients were treated with high-dose oxaliplatin by the closed (360 mg/m2) or open (460 mg/m2) delivery
technique at a relatively high temperature (43 °C) for a short (30 min) duration . In a comment, Ceelen argued that the
choice of chemotherapy, treatment duration, carrier solution, and treatment temperature could have negatively impacted
trial outcomes [&. Not all colorectal cancer subtypes respond similarly to oxaliplatin and the treatment duration was not
optimal to maximize the effect of oxaliplatin exposure 1. This clinical evidence is vital for successful application of HIPEC
and therefore, these study protocols should be designed to be able to provide solid recommendations on optimal
treatment.

Strong scientific evidence for the selection of treatment parameters is essential to optimize treatment protocols and design
successful clinical trials. The efficacy of the HIPEC procedure may be influenced by patient selection, delivery technique,
and treatment parameters, including temperature, carrier solution, type of drug, dosage, volume, and treatment duration
[4 Lack of sufficient data may explain why the choice of these parameters varies significantly among HIPEC experts
around the world B!, Therefore, solid scientific evidence is needed to support an optimal choice of treatment parameters.

Several factors associated with treatment effectiveness have already been evaluated in clinical studies. Spielberg et al.
showed in another retrospective study in patients suffering from PM of colorectal cancer origin that the use of oxaliplatin
resulted more frequently in postoperative complications compared to MMC 8. A study in gastric cancer patients showed
that complete CRS is important for survival [, while lymph node involvement has a negative effect on progression-free
survival [8l. Fagotti et al. showed that recurrent ovarian cancer patients could be safely treated with minimally invasive
surgery in combination with cisplatin- or oxaliplatin-based HIPEC, showing promising results [&129,

Preclinical research offers a powerful tool for investigating the impact of HIPEC treatment parameters on treatment
outcomes. Data provided by in vitro research can provide interesting insights into the molecular effect of various
chemotherapeutic agents on tumor and normal tissue cell lines at different, well-controlled, temperatures LULZIL3]
Adequate in vivo models thus remain essential for the successful translation of preclinical results into relevant clinical
protocols. Furthermore, it should be possible to vary individual treatment parameters while keeping other parameters
constant to allow differentiation between the effects of different treatment parameters on the efficacy of HIPEC.

There are many general HIPEC review papers in which also preclinical models are discussed L2ILSILGILAMSILN byt 5o far,
no comprehensive review discussing these preclinical in vivo models for HIPEC is available, and such a specific review
will assist in making optimal model choices for in vivo research. This study reviews the objectives, methods, advantages,
and limitations of preclinical animal models used for research on relevant in vivo HIPEC treatment parameters relevant for
treatment outcome. Relevant features and challenges of preclinical animal models, the HIPEC setup, and research
categories are discussed (Figure 1). Finally, guidelines are provided on how to design and develop models specifically
aiming at certain parameters.
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Figure 1. Overview of important parameters for performing HIPEC in preclinical models. The preclinical model consists of
a suitable animal model with a corresponding tumor model. The delivery technique, flow rate, tubing setup, temperature,
and temperature control are relevant for the HIPEC model. The research categories are HIPEC treatment parameters with
an impact on the treatment outcome; i.e., temperature, carrier solution, dosage, volume, type of drug, and duration.

| 2. HIPEC Research Categories

The 60 in vivo HIPEC research papers discussed in this review investigated a wide range of research questions. These
research questions are organized into research categories (see Table 1). We discuss the studies performed per research
category, possible future experiments essential for optimizing HIPEC, what is needed to ensure adequate performance,
and possible pitfalls. 1the research categories, the number of studies in each research category, and recommendations
for tumor and animal models for future studies are presented.

Table 1. Research categories with the corresponding number and study goals of the included HIPEC research papers.
Recommendations on the type of animal and tumor model for future research.

Research

Number of Recommended Recommended
S:tegory Effect Papers Reference(s) Study Goal Animal Model Tumor Model
Uptake and/or Svnaeneic
[20]21][22][23]{24](25](26] sensitivity of tumor Mouse, rat xenoy rgft or F;DX
1. Type of drug 15 [27][28][29][30][31][32][33] tissue 9
[34]
Immune response Mouse, rat Syngeneic
Uptake by “healthy Pig Not required
organs
2. Drug [20][24][28][35][36][37][38]
concentration 1n [29][40][41][42] Uptake and/or .
. Syngeneic,
sensitivity of tumor Mouse, rat
. xenograft or PDX
tissue
. Syngeneic,
3. Carrier . - Drug effectiveness Mouse, rat xenograft or PDX
solution
Systemic toxicity Pig Not required
Drug and temperature . .
distribution Pig Not required
4. Volume 1 [4s]
. Syngeneic,
Drug effectiveness Mouse, rat xenograft or PDX
Effect on drug up_ta_\k_e Mouse, rat Syngeneic,
5. Temperature 2 [39][40] and/or tumor sensitivity xenograft or PDX

Systemic toxicity Pig Not required



Research

Number of Recommended Recommended

on.';.\tegory Effect Papers Reference(s) Study Goal Animal Model Tumor Model

Uptake and/or .
L Syngeneic,

sensitivity of tumor Mouse, rat xenoaraft or PDX
6. Duration 1 48] tissue 9
Systemic toxicity Pig Not required
Drug and temperature
7. Deliver distribution in the Pig Not required
) y 6 [44][45][461[47][48][49] peritoneal area

technique

Systemic toxicity Pig Not required

| 3. Preclinical HIPEC Models

Important parameters of preclinical HIPEC research models to study physiological effects and anticancer activity include a
selection of a suitable animal model, tumor model, and setup. We can distinguish two types of models: physiological
models, which determine for example tolerable temperatures and volumes to establish whether a drug can be given in the
peritoneum, and anticancer models to evaluate the expected level of anticancer activity. The selection of relevant
parameters depends on the research category and study goals. Considerations for proper selection are discussed in
separate sections for each of these research model parameters, followed by sections on each of the research categories.

Several types of animals have been used as a preclinical model to study HIPEC in the analyzed articles. Most often rats
(47%) were used, followed by mice (27%), pigs (22%) and rabbits (5%). Depending on the origin of the used cancer cells,
rat and mouse strains were chosen. For mouse experiments, the following strains were used: Swiss albino (20%) [241(28]
501 athymic (33%) [251361I38143151] C57BL/6 (20%) (2127152 BALB/c (20%) BA44I53] and NOD-SCID (7%) 22,

The main advantage of using small animals in preclinical HIPEC studies is the fact that one can relatively easily establish
PM from a variety of origins. The main drawback of using small animals is the significantly smaller peritoneal cavity
compared to a human’s. In general, small animal models can only be used to study the local effects of HIPEC and are
most suitable to study anticancer effects such as the tumor penetration depth, tumor biology, tumor sensitivity, and tumor
survival. The small flow region is also not ideally suited to test the optimal clinical flow setup where thermal and drug
distributions can vary widely between flow region sizes.

Large animals, such as pigs, were less frequently used as a preclinical model in HIPEC research. Lack of good tumor
models in pigs, i.e., development of tumor lesions in the peritoneal area, hamper evaluation of the effect of HIPEC effects
on tumor size or survival. Nevertheless, larger animal models are ideal for studying the macroscopic and systemic effects
of HIPEC, because both size and anatomy are comparable to the human peritoneum, see Figure 2. Determining these
factors in smaller animals is also possible, but the clinical translation would be more complex, and therefore, larger,
preferably more human-size animals are preferred.
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Figure 2. Schematic overview of the type of animals to present the size, weight, and perfusate volume applied during the
HIPEC procedures.

PM were induced in most of the reviewed articles (52%), while 48% of the studies performed HIPEC in animals when no

PM were induced. In the included articles, PM was induced in rats (46%), mice (100%) and rabbits (66%) before HIPEC
treatment. [20112111231(24](261(27](29](30](32][33][35 (3742 44][B4IBSISEIETIISEISANE0 \whereas xenograft (28%) [221125I26138143](601(51](52]




and patient derived xenograft (PDX) (3%) Tumors were established from different cell lines originating from colorectal
(45%)

Animals were injected with cancer cells, or cancer tissue was transplanted into the peritoneal area to develop small tumor
lesions throughout the abdominal cavity. Syngeneic models are immunocompetent animals that receive cancer cells or
tissue derived from the same genetic background B, However, syngeneic models do not replicate the molecular
background of human cancers. PDX models are immunodeficient animals in which patient-derived cancer cells or tissues
are grafted to overcome the loss of genetic and morphological heterogeneity of the xenograft model.

Each tumor model has its advantages which should be taken into account. All tumor models can be used to study the
anticancer activity such as tumor penetration depth of the drug, but xenograft and PDX models should be used to study
the tumor biology, excluding immune-related phenomena, and tumor sensitivity. When applying immunotherapy or
studying the immune response, the syngeneic model is a logical choice.

Studies in which PM was successfully developed used different cell lines, cell amount, and dissolvent, resulting in the
corresponding tumor take rates, tumor outgrowth time, PCI score, and tumor locations. Overall, the tumor implementation-
take rate was 64—100%, with tumor formation seen from 2—-27 days after injection, and a PCI score of 2—20, depending on
the tumor model. In rats, the colorectal cancer cell line CC531 was most often used, with a tumor take rate of 100%,

tumor outgrowth seen at 7—8 days after injection, resulting in tumor nodules mainly present on the greater omentum, liver
[35][42](55][56][57][58](59]

hilum, perisplenic area and mesentery . High-resolution pictures showing the spread of the tumor
nodules in the peritoneum and a proper scoring (e.g., PCl score) are often missing.

The concept of HIPEC is to penetrate any potential tumor nodules with a sufficient amount of chemotherapy anywhere at
the peritoneal surface, which requires an equal distribution of the perfusate with the same temperature and concentration.
Controlling and stabilizing the thermal profile is a difficult task. This was underlined by a study that measured thermal
profiles in rats during a semi-open HIPEC, showing that fluctuations of a few degrees are not uncommon 2. Three flow
parameters can be adjusted to optimize the thermal homogeneity during open and close HIPEC treatments: flow rate,
number of catheters, and catheter placement.

The flow rate can impact both the heating rate and homogeneity during treatment 2. The ratio of the heat applied and the
cooling rate is therefore proportional to the length scale, making it relatively more difficult to reach the required treatment
temperature within the peritoneal cavity. Doubling the flow rate increased the thermal homogeneity while halving the flow
rate resulted in increased thermal heterogeneity B3l82 Maximizing flow rates, while maintaining a tolerable core
temperature should be preferred.

It was not possible to correlate the effect of the flow rate with the intra-abdominal temperature since few studies included
thermal measurements (33%). Higher flow rates increase the heat flux into the system of the animal, raising the core
temperature. Studies using a flow rate of 10 milliliters per second (n = 4) reported core temperatures ranging from 35-37
°C. All studies using higher flow rates (n = 3) reported core temperatures above 37 °C.

Elevated temperature can have a profound effect on the efficacy of the chemotherapy used. Therefore, if no thermal
homogeneity is achieved, it will become difficult to fairly assess the effect of different choices in all other research
parameters. Thermal measurements are also crucial for assuring thermal homogeneity. Future experiments could
determine the minimal amount of probes required for different animals.

Elevated peritoneal temperatures can result in systemic overheating of the animal. Therefore, it is important to monitor the
core temperature during treatment and to prevent overheating by cooling if necessary. In almost all cases the rectal
temperature was used as a reference, sometimes the temperature under the tongue was measured. Rectal temperatures
varying from 32-39 °C were observed in rats, mice, and pigs, whereas 37.5-38 °C was measured under the tongue of
rats.

The heat sink effects vary between differently sized animals, and therefore the heating and cooling procedure should be
adapted to animal size. For these animals, it is extremely important to carefully monitor the core temperature during the
entire surgical procedure and to start heating or cooling in time upon temperature change. In larger animals, the core
temperature is more stable, and therefore extensive heating or cooling is usually not required. When core temperature
profiles from preclinical studies need to reflect the human clinical situation, larger animals with a representative size to
humans should be used, e.g., pigs.

Furthermore, the location where the core temperature is measured is crucial. Currently, no studies are comparing different
locations to measure the core temperatures, but rectal temperature measurements are likely not adequate enough since
the placement of the probe is close to the area perfused by HIPEC and rectal temperatures, therefore, tend to rise rapidly.



Preferably, core temperatures should be monitored further away from the perfused area, e.g., underneath the tongue or
ideally in the esophagus. To further investigate the effect of elevated temperature on the systemic level, it is necessary
that reporting the core temperature profile during HIPEC becomes standard.

| 4. Outlook

Positive outcomes during animal studies can be very helpful to design clinical (feasibility) studies to further optimize
clinical treatments. The clinical interpretation of animal study results is strongly dependent on model and HIPEC
parameters used and therefore careful study design parameter selection is very important. Even with those precautions,
preclinical tumor models have limitations in how well they can represent the response in clinical application in humans. In
this article, we broke down HIPEC research into several research categories that can be translated to clinically relevant
treatment parameters.

First and foremost, the delivery of HIPEC, specifically the thermal and drug distributions, should be well-controlled. If there
are unknown large temperature variations in treatment delivery in and between animals, it is impossible to make a fair
comparison between different choices composing the HIPEC treatment. Flow optimization should be performed for
experimental setups to reduce these variations. Variations will persist, but these variations have to be quantified such that
they can be taken into account while analyzing experimental results.

When the control and uniformity of the treatment can be ensured, other parameters can be compared. On the left side of
the figure, it is indicated if certain study goals need in vitro or in silico preselection of HIPEC research categories. It is very
important to decide on the correct order in which the parameters should be determined since most parameters are cross-
dependent, as is visible in Figure 3. This way, future preclinical studies provide strong guidance toward optimal HIPEC
protocols, which can subsequently be tested in a clinical setting.
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Figure 3. Recommendations for determination of treatment parameters.
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