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Abstract

This manuscript aspires to portray a review of the current literature focusing on manifest peritoneal metastasis (PM) derived
from gastric cancer and its treatment options. Despite the development of chemotherapy and multimodal treatment options
during the last decades, mortality remains high worldwide. After refreshing important epidemiological considerations, the
molecular mechanisms currently accepted through which PM occurs are revised. Palliative chemotherapy is the only recom-
mended treatment option for patients with PM of gastric cancer according to the National Comprehensive Cancer Network
guidelines, although cytoreductive surgery in combination with hyperthermic intraperitoneal chemotherapy demonstrated
promising results in selected patients with regional PM and localized intraabdominal tumor spread. A novel treatment named
pressurized intraperitoneal aerosol chemotherapy may have a promising future in improving overall survival with an accept-
able postoperative complication rate and stabilizing quality of life during treatment. Additionally, the procedure has been
proved to be safe for the patient and medical personnel and a feasible, repeatable method to deter metastatic proliferation.
This overview comprehensively addresses this novel and promising treatment in the context of a scientifically and clinically
challenging disease.
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PIPAC Pressurized intraperitoneal aerosol
chemotherapy

PM Peritoneal metastasis
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TAMs Tumor associated macrophages

VEGF Vascular endothelial growth factor

a-SMA  Alpha-smooth muscle actin

Introduction

Gastric cancer currently holds one of the highest mortal-
ity rates among neoplasms. This fact is explained by its
aggressive behavior through a high metastatic rate and rapid
progression time. Despite many theories behind metastasis
migration in the peritoneal cavity, theories regarding par-
ticular chemokines and their ligands and peritoneal milky
spots seem to lead fittingly. A plethora of molecular mecha-
nisms occur in each of the processes leading to peritoneal
dissemination to confide free gastric cancer cells with the
vital instruments to survive in a hostile intraabdominal
microenvironment. The presence of PM translates in an
appalling prognosis for gastric cancer patients with a median
survival of approximately 4 months [1, 2]. Thus, new and
effective intraperitoneal chemotherapy strategies are needed
to mitigate the progression of the disease. For the past two
decades, great advances have been made in the diagnosis and
treatment of end-stage cancers. The peritoneum tends to be
an ideal spreading ground for distant metastasis caused by
epithelial cancers. These include various types such as ovar-
ian, colon, pancreatic and gastric carcinomas [3]. Although,
there are increasingly more studies demonstrating the adhe-
sion mechanisms of the carcinoma cells to the peritoneum,
it is yet unclear under which exact mechanisms this adhe-
sion occurs, thus making it a challenge for both scientists
and clinicians to ascertain effective strategies to prevent and
treat peritoneal metastasis hence ensuing dismal prognosis
and limited treatment options for the patients. This overview
aims to present and analyze the currently available scientific
literature regarding a novel intraperitoneal chemotherapeu-
tic therapy and its effect on synchronous and metachronous
metastasis from gastric cancer.

Epidemiology

Gastric cancer is the fourth most common cancer in the
world and leads as the third and fifth cancer-related cause
of death in men and women respectively [4]. Prognosis of
gastric cancer is dismal and 5-year-survival barely reaches
30%. However, the incidence of gastric cancer has shown a
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significant decline over the past half century. This reduction
in gastric cancer incidence is largely related to the economic
improvements leading to improved sanitation, better food
hygiene, and a reduction in the prevalence of Helicobacter
pylori infection. Still, gastric cancer continues to be a major
health care problem in East Asia, Eastern Europe, Latin
America, and certain areas in the United States of America
[5]. Though the incidence of gastric cancer is showing a
declining trend, the percentage of its aggressive variant ‘sig-
net ring cell cancer’ is reported to be increasing in recent
years [6].

Gastric cancer is considered an aggressive malignancy
due to its metastasizing capabilities through the bloodstream
to the liver, through lymphatics to the regional lymph nodes,
or by the penetration of the peritoneal lining of the stomach
to its immediate surroundings including the peritoneum [7].
Thus, PM is a common finding, observed in almost 20%
patients at the time of planned curative surgery [8, 9].

Pathophysiology of peritoneal metastasis

Albeit the notable differences in the mechanisms through
which cancer cells reach the peritoneum depending upon the
primary tumor, it is still a frequent homing site for metasta-
sis from ovarian, colorectal, gastric and pancreatic tumors.
In this section, we will elucidate the mechanisms known to
date, by which the implantation of metastasis derived from
gastric carcinomas in the peritoneal cavity is accomplished.
The anatomy and physiology of the peritoneum make it an
ideal location for the formation of these metastases, specifi-
cally its extensive area and the presence and hydrodynamics
of the peritoneal fluid throughout the entire surface area.

Molecular mechanisms of gastric cancer derived
peritoneal metastasis

In 2011 Valastyan et al. [10] proposed a revised conceptual
approach entailing a six-step hematogenous metastasizing
process from primary local tumor to distant metastasis: (1)
local invasion, (2) intravasation, (3) survival in the circula-
tion, (4) arrest at distant organ site and extravasation, (5)
micro-metastasis formation and (6) metastatic colonization.
Pachmayr et al. [11] highlighted an explanation of the events
and mechanisms involved in each one of the steps. The first
event of cancer cell metastasis is detachment of the free
cancer cell from the primary tumor. For this to happen, a
disruption in the union between the epithelial cell and the
matrix must occur. The unstable cell-cell unions that explain
cancer cell detachment are a byproduct of aberrant cadherin
activity, thus allowing the epithelium to be more permeable
[12]. This is an important part of a process named epithe-
lial-mesenchymal transition (EMT). Essentially, EMT is the
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transformation of epithelial cells into mesenchymal cells,
through which cells acquire important migratory and inva-
sive properties. Mechanisms also attributed to EMT, spe-
cifically in gastric cancer, include preventing apoptosis and
cellular senescence, and contributing to immunosuppression
[13]. Following intravasation, accomplished mainly by the
secretion of vascular endothelial growth factor (VEGF) and
proteases by the detached tumor cells, these must survive in
the circulation to reach the distant organ site. Through tumor
cell-induced platelet aggregation and secretion of various
factors, tumor cells enhance their capability to adhere to
capillary endothelial walls, permeate through the vascular
wall and promote growth, survival and motility in the distant
organ [14].

Pertaining to the peritoneal dissemination of gastric can-
cer, several steps are involved: (1) detachment of cancer cells
from the primary tumor, (2) survival in the microenviron-
ment of the abdominal cavity, (3) attachment of free tumor
cells to peritoneal mesothelial cells and invasion of the base-
ment membrane, and (4) tumor growth with the onset of
angiogenesis [15, 16]. The most frequent detachment mech-
anism is the spontaneous exfoliation of tumor cells after
having invading the serosa. Dysregulation of the calcium-
dependent cell—cell adhesion molecule E-cadherin (CDH1)
produces important changes in the epithelial architecture and
cell polarity, which contribute to the invasion of the gastric
wall and subsequent migration into the abdominal cavity.
Also, the phosphorylation activation of the ERK pathway,
the anti-inflammatory protein Annexin 1 (ANXA1) and the
neutrophin receptor-interacting melanoma antigen-encoding
gene homolog (NRAGE) are involved in this pathological
process [16—18].

In order for free gastric cancer cells to grow and form
solid metastases, they must survive in the hostile, hypoxic,
and nutrient-poor intraabdominal environment. Until they
can attach to the mesothelium, tumor preservation mecha-
nisms come in play. Serving as a rich immune (macrophages,
T-lymphocytes and B-lymphocytes) pro-inflammatory
microenvironment, milky spots (MS), which are minute cri-
briform stomatas located on the peritoneal surfaces mainly
in the omentum and subdiaphragmatic areas, harbor free
cancer cells and form metastatic foci. Within this hypoxic
niche provided by the MS, tumor associated macrophages
(TAMs) participate in the promotion of cancer cell motility
and metastasis in stromal and perivascular areas [19]. Micro-
scopically, MS contain a capillary network of blood vessels
which enables them to communicate, through pores or sto-
mata, to the peritoneal cavity, blood stream and surround-
ing omentum [19, 20]. MS express a key transcription fac-
tor involved in the cellular response to hypoxic conditions,
as well as angiogenesis and glycolysis: hypoxia-inducible
factor-1o (HIF-1a). Through it, the EGFR/STAT and TGF-f/
Smad signaling pathways are activated and a set of adaptive

transcriptional responses that regulate tumor stem cell dif-
ferentiation and self-renewal are triggered. Subsequently, the
ability of the cell to differentiate is reduced whilst the self-
renewal rate is enhanced, ensuing a more aggressive tumor
[19,21]. Also, EMT is induced by down-regulation of CDH1
and up-regulation of alpha-smooth muscle actin (a-SMA),
enhancing the PM recurrence ratio as demonstrated by Miao
et al. [21]. It has been suggested that throughout the EMT,
cancer associated fibroblasts (CAFs) are generated from
mesenchymal cells with multiple-differentiation potential
[22]. CAFs are associated with migration, invasion and
progression of disease by means of a wide range of fac-
tors (cytokines, growth factors and chemokines). A pool of
microRNAs (miRNAs), specifically miRNA-200b, miRNA-
106b, mi RNA-143 and miRNA-145, have been linked to
CAFs. The last two are known to be under-expressed in
gastric cancer cell lines. When miRNA-143 expression
is increased, it can induce apoptosis by targeting COX-2.
miRNA-143 also regulates the expression of collagen type
IIT in CAFs, a protein that significantly increases tumor cell
migration and invasion [23].

Migrating molecular mechanisms are not completely
clear, nevertheless recent research has demonstrated certain
pathways and mechanisms are present in cancer cell dissemi-
nation in the peritoneal cavity. Chemokines (CXC/CC) are
thought to be involved as small secretory proteins that con-
trol migration and activation of leukocytes and other types
of cells through interaction with a group of seven trans-
membrane G protein-coupled chemokine receptors (CCR).
It is believed that the axis between CCL12-22/CCR4, the
first being a ligand expressed by the free gastric cancer cell
and the second being the receptor of the ligand, in combi-
nation with the pro immune macrophage reactions of the
peritoneum serve as the “seed and soil” for the settlement
of gastric cancer derived PM via the PI3K/mTOR pathway
[24-26]. Intriguingly, CCR4 ligands can be found in higher
concentrations in the omentum and in the diaphragm under-
lining [25]. Zhang et al. [27] demonstrated that the down-
regulation of phosphatase and tensin homolog (PTEN), and
consequent up-regulation of the PI3K/NF-kB/FAK pathway
play a role in dissemination of gastric cancer cells.

Adhesion to the peritoneal surface is achieved on account
of specific molecules promoting invasion of the peritoneum
and mesothelium. The submesothelial basement membrane
penetration mechanism could be explained by the produc-
tion of growth factors and matrix metalloproteinases by the
free cells that contribute to the contraction of the mesothe-
lial cells, thus exposing the membrane and allowing it to
be breached. Integrins (al, a3p1, a6) are overexpressed,
intermediating the initial attachment of gastric cancer cells
to extracellular matrix (ECM) proteins [28, 29]. Matrix met-
alloproteinase 7 (MMP7) has been demonstrated to play a
central role in stromal invasion via degradation of most
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components of the ECM and activating other MMP fam-
ily members [30]. Chen et al. concluded in a translational
study, that patients expressing low connective tissue growth
factor (CTGF), a secretory protein known to be involved in
cell adhesion and chemotaxis, among other processes, had a
significantly higher prevalence of PM and the corresponding
lower probability of survival after surgery [31]. They con-
cluded that CTFG acted through binding to integrin a3f1
and preventing it from binding to laminin [31, 32].

Finally, angiogenesis must be achieved for the new-
formed metastasis to receive vital substrate from the main
circulation. This new vessel formation is mainly driven by
VEGF, which provides the metastasis with the crucial micro-
vascular density (MVD) to survive. A study by Li et al. [33]
demonstrated the relationship between integrin f3, VEGF
protein expression, MVD, survival period and 5-year sur-
vival rate of gastric cancer patients.

Provided that ascites is present, data suggests that cancer
cells within a mucinous fluid are redistributed on the abdom-
ino-pelvic surfaces. In the model presented by Carmignani
et al. [34], free “cancer cells do not immediately adhere
to a peritoneal surface after detachment from the primary
malignancy” rather, owing to physical forces such as intra-
peritoneal fluid hydrodynamics and gravity in conjunction
with the anatomical attributes of the peritoneum, the cells
move with the peritoneal fluid to distant sites, resulting in a
wider distribution of cancer cells both in the abdomen and
pelvis [34].

Another potential risk factor for the development of PM
is the presence of free cancer cells which are exfoliated from
the tumors reaching the serosal surface during surgery. In
almost 60% of post-gastrectomy cases, peritoneal washings
may show the presence of CEA or CK20 mRNA that did
not have CEA or CK20 mRNA amplification in peritoneal
washings immediately prior to surgery. This may result in
poor peritoneal recurrence free-survival [35].

Treatment

Traditionally, PM is managed with therapeutic nihilism
because of the associated dismal prognosis. The last two
decades have witnessed a paradigm shift in the management
of PM due to various studies confirming the benefit of vari-
ous peritonectomy procedures, hyperthermic intraperitoneal
chemotherapy (HIPEC), and pressurized intraperitoneal
chemotherapy (PIPAC).
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Advantages of intraperitoneal chemotherapy
application

It is known that only a small portion of the systemically
applied chemotherapy is delivered to the peritoneum.
Hence, it seems appealing to approach peritoneal metas-
tasis directly with the usage of intraperitoneal (IP) chemo-
therapy, which lowers systemic side effects and is poten-
tially more effective. A meta-analysis by Yang et al. [36]
demonstrated a survival benefit for patients treated with
intraperitoneal combined with intravenous chemotherapy
compared to patients with intravenous chemotherapy only.
The largest evidence and experience of IP chemother-
apy application derives from Japan. In contrast to Western
centers, which usually provide IP chemotherapy through
HIPEC after (semi-) curative cytoreductions, the Japanese
centers mainly provide IP chemotherapy through IP pal-
liative or neo-adjuvant treatment options. The recently
published PHOENIX-GC trial: “A phase III trial compar-
ing intraperitoneal and intravenous paclitaxel plus S-1 vs.
cisplatin plus S-1 in patients with GC with PM” showed
in 164 patients an overall survival benefit for patients
treated with combined IP and IV chemotherapy (17.7 vs.
15.2 months; p=0.08) and an increased 3 years overall
survival rate (21.9% vs. 6.0%) compared to IV chemother-
apy only, but failed the level of significance. According
to this study the IP regimen compromised intraperitoneal
paclitaxel 20 mg/m? and IV paclitaxel 50 mg/m? on days 1
and 8 plus oral S-1 80 mg/m? per day on days 1 to 14 of
every 3 weeks cycle. The IV regimen compromised intra-
venous cisplatin 60 mg/m? on day 8 plus oral S-1 80 mg/
m? per day on days 1 to 21 of every 5 weeks cycle [37].
More evidence for neoadjuvant IP chemotherapy (doc-
etaxel and cisplatin) followed by four cycles of oral S-1 is
provided by Canbay et al.. The largest single center study
included 194 patients with GC and either PM or positive
cytology. In total, 152 patients (78.3%) showed negative
results in peritoneal cytology after combined neoadju-
vant IP and IV regimen and were treated with CRS &
HIPEC. Multivariate analysis revealed PCI < 6, pathologic
response to neoadjuvant IP chemotherapy, and complete-
ness of cytoreduction as significant factors for overall sur-
vival [38]. Patients tolerated in general the combined or
so call bidirectional intraperitoneal and systemic induction
chemotherapy well. Five patients developed hematologic
complications, eight gastrointestinal, 25 nausea/vomiting
and 18 patients developed fatigue. No chemotherapeutic
associated death was observed. Postoperative complica-
tions after CRS & HIPEC occurred in 36 patients (23.6%)
with an overall operative mortality rate of 3.9% (6/152)
[38]. However, another important aspect despite the
therapeutic substance is the way of application. Table 1
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Table 1 Adverse events after CRS and HIPEC in gastric cancer patients
References Yang et al. [39] Rudloff et al. [40] Glehen et al. [41] Magge et al. [42] Canbay et al. [38]
No. of patients 34 9 159 23 194
M:F) (16 : 18) 6:3) (83:76) (10:13) (89 :105)
152 (CRS&HIPEC)
CCR 20 (58, 8%) 8 (88, 8%) 122 (76, 7%) 22 (95, 7%) -
0-1[43]
PCI >20: 14 (41, 2%) <20: 8 (88, 8%) - Median: 10.5 -
Median: 15
Chemotherapeutic CDDP 120 mg+MMC Ox 460 mg/m?+ 1.V MMC 30-50 mg/m?> MMC 30 mg BIPSC
agents 30 mg 5-FU 400 mg/ CDDP 50-100 mg/ (30 min)+10mg ~ S-1 60 mg/m? PO
m?>+LV 20 mg/m2 m? (40 min) + Docetaxel 30 mg/
OR m*+CDDP
Ox 360—460 mg/ 30 mg/m?
m?+IRI 100~ HIPEC
200 mg/m*+1.V 5- Docetaxel 30 mg/m?>
FU and LV
Abscess 1/9 (11, 1%)
Wound infection 2/34 (5, 9%) 1/9 (11, 1%) 8/23 (34, 7%) 13/152% (8, 6%)
Hemorrhage 1/34 (2, 9%) 2/9 (22, 2%) 1/23 (4, 3%) 5/152 (3, 3%)
Intestinal obstruction 1/34 (2, 9%) 14/152 (9, 2%)
Fistula 15.9%* 1/23 (4, 3%) 1/152 (0, 7%)
Anastomotic leakage 2/9 (22, 2%) 3/23 (13%) 6/152 (3, 9%)
Sepsis 2/9 (22, 2%) 5/23 (21, 7%)
Respiratory problems 1/34 (2, 9%) 2/9 (22, 2%) 7123 (30, 4%) 6/152 (3, 9%)
Pleural effusion 3/9 (33, 3%)
Delayed gastric empty- 6/23 (26%)
ing
Tleus 4/23 (17, 4%)
Other 3/9 (33,3%) 5/152 (3, 3%)
Major complications 38
(not specified)
Re-intervention 14%* 4/23 (17, 4%)
Death 10 1/23 (4, 3%) 6/152 (3, 9%)
% Cases 14,7% 88, 8% - 52, 1% 23.6%

CCR Complete cytoreduction, PCI Peritoneal carcinomatosis index, 1.V Intravenous, CDDP Cisplatin, MM C Mitomycin C, Ox Oxaliplatin, LV
Leucovorin, IRI Irinotecan, 5-FU 5-Fluorouracil, BIPSC Bidirectional intraperitoneal and systemic induction chemotherapy

#As presented by the authors
* Authors included sepsis in this category

summarizes the adverse events published in some of the
previously mentioned studies after CRS and HIPEC.

Intratumoral fluid pressure and drug penetration

After the intraperitoneal instillation of the chemotherapeutic
agents, two mechanisms that drive the tissue transport of the
drugs are diffusion and convection. Convection occurs due to
the pressure gradient between the tumor tissue and the intra-
peritoneal fluid column. On the other hand, drug diffusion
is the result of a concentration gradient. The rate of diffu-
sion is determined by the temperature, the physicochemical
drug properties, and the stromal architecture [44]. As the
intra-tumoral interstitial fluid pressure is considerably higher

compared to normal tissue due to rapid tumor cell prolif-
eration, contraction of the interstitial stroma by activated
fibroblasts, hyper-permeable microvessels, and deficient
lymphatic drainage, drug transport within the tumor tissue
is largely dependent upon the diffusion [45]. A number of
physical (raising the intraperitoneal pressure, prolonging
the exposure time, higher temperature, hyperbaric oxygen,
photodynamic therapy, radiation therapy, ultrasound) and
pharmacological interventions (drugs targeting the tumor
vessels, stromal components, tumor cell density, or tumor
pH) may result in better tumor tissue penetration of the drugs
[44].

There is evidence, that increased intraperitoneal pressure
of 10, 20, and 30 mmHg or 25 cm H,O leads to an increased
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tissue uptake of doxorubicin, cisplatin and oxaliplatin in ani-
mal models applying IP chemotherapy similar to HIPEC
[46—48]. Just recently, Kusamura et al. published prelimi-
nary results of the first human trial focusing on different lev-
els of abdominal pressure during HIPEC (NCT02949791).
The preliminary results favor an intraabdominal pressure
of 18 mmHg compared to 11 mmHg in the aim of a higher
cisplatin tissue concentration [49].

There is a difference in drug tissue penetration between
the soluble application of intraperitoneal chemotherapy
(NIPS or HIPEC) and the pressurized aerosol application
(PIPAC). In a HIPEC model, the expectable ratio of cisplatin
tissue concentration is 30-50%, whereas in PIPAC models,
using pressure and repeated application, an expected uptake
ratio of +200% can be reached [50, 51]. The drug penetra-
tion depth of cisplatin could be measured in an animal model
as 349+ 65 um, as reported by Khosrawipour et al. [52].
Unfortunately, there is no such data in HIPEC models for
cisplatin, only paclitaxel. Coccolini et al. demonstrated a
penetration depth of 630 um for nab-paclitaxel, whereas
CremophorEL-paclitaxel was not detectable in peritoneal
tissue of rabbits [53]. These findings support further studies
in the usage of intraperitoneal nanoparticles. To combine the
effect of hyperthermia with the increased tissue penetration
of PIPAC, Do Hyun Jung et al. developed a first porcine
model for hyperthermic pressurized intraperitoneal chemo-
therapy (H-PAC) [54].

Cytotoxic effects of intraperitoneal application
Cisplatin

The most commonly used drug is cisplatin (CDDP), which
forms covalent binds with endogenous nucleophiles after
replacing its own cis chloro groups with water molecules.
This interaction leads to two different consequences: (1)
promoting oxidative stress which may have a direct cyto-
toxic effect or induce DNA damage, and (2) operating as
a cytoprotective buffer by inactivating chemically reactive
cisplatin. CDDP binds with high affinity to mitochondrial
and nuclear DNA and induces DNA damage, which leads to
either a permanent cell cycle arrest or mitochondrial apop-
tosis [55].

Doxorubicin

In 1995, the liposomal doxorubicin (Doxil®) was approved
for the treatment of numerous types of cancer and also the
first nanodrug [56]. Doxorubicin passively diffuses into the
cytoplasm of the cancer cell, where it is converted into a
semiquinone and generates reactive oxygen species (ROS).
In the cytosol, doxorubicin enters the mitochondria causing
DNA damage and energetic stress. Hence, the cytochrome
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C peptide is released by the mitochondria triggering the cas-
pase cascade leading to cell death [57].

Paclitaxel

Paclitaxel is one of several cytoskeletal drugs that target
tubulin, which results in defects in mitotic spindle assem-
bly, chromosome segregation, and cell division. Paclitaxel
stabilizes the microtubule polymer and protects it from dis-
assembly. Chromosomes are thus unable to achieve a meta-
phase spindle configuration. This blocks the progression of
mitosis and prolonged activation of the mitotic checkpoint
triggers apoptosis or revision to the GO-phase without cell
division [58, 59].

PIPAC as a strategy against gastric cancer derived
peritoneal metastasis

In 2011, Solass et al. [60] corroborated direct penetration
of methylene blue in normal peritoneum and confirmed that
peritoneal nebulization allowed for a better distribution of
this substance throughout the porcine abdominal cavity in
comparison with peritoneal lavage (i.e. HIPEC). Recently,
the same group described a novel method that involved the
use of an innovative intraperitoneal chemotherapy named
pressurized intraperitoneal aerosol chemotherapy (PIPAC)
[61] applicable to the human patient. This method com-
bines the benefits of an aerosol (i.e. dispersion), with those
of higher-than-normal intraabdominal pressure provided by
the laparoscopy technique and proved to be well tolerated.
Within these benefits is the capacity of the chemotherapeutic
agent to reach the complete area of the targeted tissue, in this
case, the metastasis. This translates in better distribution and
penetration of the drug by counterbalancing intrametastatic
interstitial fluid pressure, which in turn yields higher intram-
etastatic concentrations and less systemic toxicity, compris-
ing clear pharmacokinetic advantages when chemotherapeu-
tic drugs that target metastasis are delivered intraperitoneally
rather than intravenously [60].

Surgical procedure

The procedure begins with a diagnostic laparoscopy under
general anesthesia. A two-trocar method is used, placing
a 12 mm trocar in the middle of the lower abdomen and a
second 5-12 mm trocar in the lower lateral abdomen. Cap-
noperitoneum is achieved via CO,-insufflation, reaching an
intraabdominal pressure of 14 mmHg at 37 °C. The extent of
peritoneal involvement is assessed using PCI [62]. Peritoneal
biopsies are taken in different locations for histopathologi-
cal examination. Afterwards, both doxorubicin (suggested
dosage: 1.5 mg/m? body surface) and CPPD (7.5 mg/m?
body surface), dissolved in NaCl 0.9% are applied through
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an injector at a 0.3 ml/s flow rate and pressure of 1380 kPa
over 30 min in aerosol form. The toxic remnant is disposed
of through a closed aerosol waste system (CAWS) before
removing the trocars. Several studies have demonstrated that
this procedure does not expose health providers to an occu-
pational hazard [63, 64].

Cytotoxic agents used for PIPAC

In contrast to the broad evidence for (the combination of)
intravenous chemotherapeutic substances, there is only little
evidence about the intraperitoneal usage of these substances.
Mostly, the therapeutic regimens were chosen in analogy to
intravenous evidence, which is one of the major problems
regarding the level of evidence of chemotherapeutic drugs
for HIPEC or PIPAC. Most recently, Weinreich et al. pro-
vided the first attempt of evidence for chemosensitivity in
gastric cancer cell lines (MKN45, 23132/87) using a com-
bination of cisplatin and doxorubicin at same concentrations
as used in clinical approach (cisplatin 24 pg/ml; doxorubicin
5 yug/ml) provided with HIPEC and PIPAC [65].

Further clinical studies were performed in order to evalu-
ate the ideal intraperitoneal dose of cisplatin and doxoru-
bicin in patients with ovarian cancer. Tempfer et al. demon-
strated the safe use and low systemic toxicity of 10.5 mg/m?
cisplatin and 2.1 mg/m? doxorubicin in 15 patients treated
with PIPAC, while the maximum tolerable dose was not
reached [66].

Benefits of PIPAC

To date, there are no well-defined indications for PIPAC,
which translates into few clinical studies specific to stom-
ach neoplasms. Nevertheless, PIPAC shows a promising
future accredited to its benefits in treating metastatic dis-
ease indistinctively of its origin [67]. Momentarily, phase
II studies that aim to investigate, among other aspects, long
term survival, are being carried out. The latest trial avail-
able, published in an abstract form, enrolled 25 patients in
an open-label, single-arm phase II clinical trial, in which
ten of the 25 patients had an objective tumor response. Nine
of the 12 (75%) patients who underwent a minimum of two
PIPAC procedures had a complete or major histological
tumor regression. Furthermore, there were no treatment-
related deaths and four patients with grade three toxicities
(Common Terminology Criteria for Adverse Events—
CTCAE v3) reported. The mean OS was 8.4 months, higher
(13.1 months) in patients with a PCI under 12 [68]. A study
by Nadiradze et al. [69] demonstrated histopathological
regression in 50% of the gastric cancer patients submit-
ted to PIPAC, half of which showed complete histological
remission and the other half partial regression. Furthermore,
stable disease was documented in 12.5% (3/24) of the cases.

However, patients with synchronous malignant pleural effu-
sion did not benefit from PIPAC. In a retrospective series
published by Alyami et al. [70], the PCI improved in 64.5%
of the patients treated with PIPAC, as did the symptoms
related to PM. A fourth study worth mentioning is that of
Odendahl et al. [71], which remains self-critic due to some
described bias, but still reported stabilization of QoL during
PIPAC, demonstrated by non-deteriorating gastrointestinal
symptoms and stable functional scores, ultimately conclud-
ing that PIPAC does not deteriorate QoL in the patients
with peritoneal metastasis in a salvage situation. Moreover,
Girshally et al. [72] proposed that PIPAC could be used as
neoadjuvant therapy before CRS with HIPEC and showed
interesting preliminary data. Table 2 illustrates the docu-
mented complications in various studies also including other
tumor entities. Nowacki et al. reported the first case of neo-
adjuvant PIPAC in a patient with PM of GC (PCI 19) and a
singular liver metastasis. Eight weeks after receiving PIPAC,
the patient, showing a complete peritoneal response, under-
went gastrectomy, D2-lymphadenectomy, and atypical liver
resection. Postoperatively the patient received Capecitabine
as recommended [73]. To note, PIPAC can be offered as an
earlier therapeutic option to patients who are not eligible for
peritonectomy. After histological regression of the metas-
tasis (response to the treatment), a complete cytoreduction
surgery could potentially be proposed to these patients.
Presently, phase II trials aiming to study the oncological
benefit of PIPAC are in progress. The results of which will
hopefully inspire confidence in clinicians. Median overall
survival results of several studies of patients with PM of
gastric cancer are illustrated according to their therapeutic
regimen (chemotherapy, CRS & HIPEC, PIPAC) in Fig. 1
[39, 41, 68, 74-T77].

Safety and adverse events after PIPAC

It has been demonstrated that patients who have under-
gone the procedure have not shown evidence of postop-
erative hepatic or renal toxicities [80]. Moreover, the
aerosol properties coalesce with the benefits of a mini-
mally invasive procedure, such as lower postoperative
morbidity, better QoL and the possibility of effortlessly
repeating the method. Nevertheless, as with any medical
intervention, complications may arise. There are several
publications focusing on patient (morbidity and mortal-
ity) and staff safety analyzing platin remains in swipe
samples of several locations as well as biomonitoring in
urine samples. Despite the fact that platinum concentra-
tion after PIPAC is increased on the gloves of the sur-
geon, the floor, and the PIPAC device, biomonitoring
remained negative and therefore staff contamination can
be excluded as long as the proposed safety guidelines
are followed [81, 82]. Regarding morbidity, PIPAC using
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Table 2 Adverse events after PIPAC

References Odendahl et al. [71]  Tempfer et al. [78]  Nadiradze et al. [69]° Alyami et al. [70]  Khomyakov et al. [791°
No. of patients 91 99 24 73 31

M:F) (51 :40) (0:99) (12:12) (31:42) 9:22)

N° of PIPAC procedures 158 252 60 164 56

Disease progression 1/91 (1, 1%) 124 (4, 1%) 2/73 (2, 7%) 8/31 (25, 8%)
Peritonitis 2/91 (2,2%)

Hepatotoxicity 4/91 (4, 3%) 6/24 (25%)

Intestinal obstruction 8/73 (10, 9%)

Fistula 1/99 (1%)*

Anastomotic leakage 1/99 (1%)*

Abdominal pain 55/99 (55, 5%) 6/24 (25%)

Respiratory problems 4/99 (4%) 1/73 (1, 3%)

Wound infection

Allergies 1/91 (1, 1%)

Cholangitis 1/91 (1, 1%)

Nausea

Other 191 (1, 1%) 23/99 (23, 2%)*
Death 0% 0%

5173 (6, 8%)

124 (4,1%) 1/73 (1, 3%)
1/31 (3, 2%)
3/32.(9, 7%)

14/24 (58, 3%) 2/73 (2, 7%)

0% 0% 0%

2PIPAC and CRS, which is now contraindicated

PExclusively gastric cancer patients

Fig. 1 Median overall survival
of patients with peritoneal

nr of patients

metastasis of gastric cancer
treated with either i.v. chemo-
therapy only (Ist, 2nd, 3rd line)
or cytoreductive surgery and
hyperthermic intraperitoneal
chemotherapy (CRS & HIPEC)
or PIPAC

1st line Chemo 3086
2nd line Chemo 3086
3rd line Chemo-| 890
CRS & HIPEC (upfront) selected cases 159 ; 68

PIPAC >3"¢ line Struller 2017 25
PIPAC + Naridaze 201 24
syst. Chemo Khomiakov 2016 31
fiunllf;m‘ or2"  Khomiakov 2017 46
Alyami 2018 22

low dose cisplatin (7.5 mg/m?) and doxorubicin (1.5 mg/
m?) is considered to be a safe technique, which is sup-
ported by several publications. Contrarily, the usage of
oxaliplatin led in two out of 24 patients to severe perito-
neal sclerosis and has to be followed-up carefully. Patient
one had a mucinous adenocarcinoma of the appendix and
patient two was treated due to a goblet cell carcinoid [83].
The latest trial on methodological and technical analysis
available, published a retrospective multicenter experi-
ence of 832 PIPAC procedures in 349 patients with PM of
different tumor origin demonstrating the homogenously
performed and standardized procedure in 34 PIPAC cent-
ers [84] setting up the field for further multicenter trials.

@ Springer
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Ongoing trials and new endeavors

Numerous Phase I and Phase II trials are currently ongoing
and recruiting. Table 3 gives an overview about registered
and ongoing PIPAC trials for cancer patients with PM of
GC [85-87]. PIPAC has opened a new world of therapeutic
opportunities for cancer patients with PM through the use
of cancer chemotherapeutic drugs as aerosols. Neverthe-
less, Minnaert et al. [88] reported the use of aerosolized
nucleic acid (small interfering RNAs, siRNAs) to down-
regulate cancer-associated genes, opening a new field of
research for future cancer treatment options.
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Conclusion and suggestions for further
research

Metastasizing tumors, notably gastric neoplasms, con-
tinue to be responsible for a significant number of deaths
yearly all around the world, despite significant advances in
the research and understanding of these. Poor therapeutic
response of the primary tumor, resistance of PM to intrave-
nous chemotherapy and a fraught general health could be
the explanation. After reviewing current literature, there is
definitely a sense of hope for patients with advanced gas-
tric cancer. Through CRS with HIPEC, carefully selected
patients have longer survival times, notably when carried
out in specialized high-volume centers that can provide qual-
ity perioperative care. With the introduction of PIPAC, a
novel treatment option can now be offered to patients who
are potential candidates for CRS with HIPEC, but do not
yet meet the criteria to be subjected to surgery. Documented
adverse events are significantly reduced, histological regres-
sion is often evidenced and the patient’s QoL is stabilized.
There is a growing amount of clinical evidence regarding
PIPAC and HIPEC, nevertheless further research is war-
ranted to determine the underlying molecular mechanisms
being affected by intraperitoneal chemotherapeutics within
the metastasis itself to comprehend and target oncogenic
promotion factors, consequently reducing therapy related
toxicity and helping devise better strategies to treat therapy
responders and non-responders. Well-designed multicenter
randomized control trials are needed to compare the benefit
of sequential PIPAC procedures with systemic chemother-
apy to chemotherapy alone in patients with unresectable gas-
tric cancer derived PM. Finally, researchers and clinicians
alike must strive towards the creation and implementation
of comprehensive guidelines regarding PIPAC after efficacy
is thoroughly demonstrated.
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