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SUMMARY

Keywords

Fifth Generation (5G) mobile communications technology became available in Japan as of the end of
March 2020. The Ministry of Internal Affairs and Communications (MIC) is proceeding with a plan
to use 5G for a doctor-to-doctor remote diagnosis system. This remote diagnosis offers patients the
benefit of receiving advanced medical care without having to travel long distances. The provision of a
remote diagnosis will provide elderly patients in rural areas with an earlier diagnosis without burdening
patients in Japan where the aging population and the uneven distribution of doctors are increasing.
However, the system will increase the burden on specialists by expanding the doctor's catchment
area. As a solution to that problem, deep learning-based artificial intelligence (Al) is expected to
reduce the burden on doctors. In order to realize 5G- and Al-based real-time diagnostic support,
diagnostic imaging using Al and an Al model that provides instructions are required. This is because
ultrasonography and endoscopy, which can be used for remote diagnosis, do not acquire data on fixed
areas like a CT or MRI scan. The AI model needs to instruct the doctor at the patient's home in order to
collect appropriate information in accordance with the patient's symptoms and status. In order to build
an interactive Al model, the interactions between doctors who are making a remote diagnosis should
be recorded as training data and a 5G-based remote diagnosis system should be created. A remote
diagnostic support system incorporating 5G and interactive diagnostic imaging incorporating Al will
result in a system that places less of a burden on patients and doctors.

remote diagnosis, 5G mobile communications, artificial intelligence, ultrasonography, endoscopy,

Japan

1. Doctor-to-doctor remote diagnosis

A remote diagnosis means that a doctor provides medical
care to a distant patient via the Internet. This is expected
to remedy regional differences in the quality of medical
care and to provide high-level medical care to patients
on isolated islands and in remote areas. In addition to
conventional remote diagnostic imaging and remote
pathological diagnosis, new types of remote care such as
remote surgical support and remote intensive care, which
can be called "urban medicine delivered remotely", have
emerged in recent years. The demand for online medical
care is also increasing because of COVID-19. In Japan,
online medical care was clearly defined by the revision
of "Guidelines for Proper Implementation of Online
Medical Care" in July 2019 (/). In addition, medical
fees were revised this year (2), and the case where a
doctor in a remote location provides medical treatment
using an information communication device under some

conditions will be counted as a medical fee.

There are two major formats for telemedicine,
"Doctor-to-Doctor-to-Patient" and "Doctor-to-Patient
with Doctor". The first doctor is a specialist who has
richer knowledge and clinical experience but works at
the hospital located away from the attending physician
and the patient. The second doctor is the patient's
attending physician who can actually contact the patient.
The major difference between the two methods is the
way in which a specialist is involved. In the "Doctor-
to-Doctor-to-Patient" format, the attending physician
and the specialist exchange information based on
information obtained from the patient by the attending
physician, and the attending physician conducts a
formal examination and makes a diagnosis based on
the advice of the specialist. In contrast, in the "Doctor-
to-Patient with Doctor" format, the specialist examines
and diagnoses the patient with support and information
shared by the attending physician near the patient. The

www.biosciencetrends.com
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attending physician conducts examinations using testing
equipment while receiving specialized knowledge and
technical guidance from the specialist.

2. The 5G era: Opportunities for doctor-to-doctor
remote diagnosis

In Japan, 5th Generation (5G) mobile communications
technology became available from Japan's
telecommunications carriers, DoCoMo, au, and
SoftBank as of the end of March 2020 (3-5). In
conjunction with this, the Ministry of Internal Affairs
and Communications (MIC) is proceeding with a
plan to use 5G for telemedicine (6). 5G is a new
generation of mobile communications and has a
higher communication speed than the conventional 4th
Generation. The main impact of 5G is the improvement
in Internet speed. The maximum downstream speed is
about 3.4 Gbps and the maximum upstream speed is
about 182 Mbps (3), enabling real-time transmission
of 4K and high-quality video. This facilitates Doctor-
to-Doctor with Patient remote diagnosis, whereby
a specialist diagnoses the patient with the attending
physician while watching video of the examination
performed at the patient's home in real time. This
remote diagnostic support gives patients the benefit
of receiving advanced medical care without having
to travel long distances. The provision of remote
diagnostic support will provide elderly patients in
rural areas with an earlier diagnosis without burdening

patients in Japan where the aging population and the
uneven distribution of doctors are increasing.

5G is expected to allow real-time remote diagnosis via
high-quality video. However, there is no great advantage
in using it in hospitals that can use optical communications
because 5G is for mobile communications. 5G is effective
when video or data needs to be communicated in real
time from a place other than a hospital. Situations
involving 5G and its advantages and requirements are
summarized in Table 1. The mobility of equipment
for each examination used in remote diagnosis is
summarized in Table 2. Table 1 shows communication
between hospitals does not require 5G if there are
existing wired connections. In contrast, 5G is highly
useful when making a remote diagnosis at a patient's
home, and especially when making a diagnosis based on
imaging such as ultrasonography or endoscopy. Aging
of the population is progressing and the number of
doctors is unevenly distributed in Japan. Here, remote
diagnostic support will make it easier for elderly people
living in areas far away from hospitals with specialists
to receive a diagnosis. In addition, in the new era of
COVID-19, the elderly - who are highly susceptible
— can benefit from remote diagnostic support without
crowding into hospitals. Preparations for such a remote
diagnosis system are underway. In China, patients
with COVID-19 underwent ultrasonography using
a 5G-based robot-assisted remote ultrasound system
between temporary hospitals and specialists at a
hospital 700 km away (7).

Table 1. Comparison of whether 5th Generation (5G) mobile technology is required to facilitate real-time remote diagnosis

between two points
Location . . L. .
Necessity of 5G Advantages of using 5G Types of examinations available

Site of diagnosis Site of examination

Hospital Hospital x It is not necessary if an optical None Ultrasonography, Endoscopy,
communications network is available at Skin examination, MRI, CT
both hospitals. Scan, X-Ray

Hospital Ambulance o It is necessary because conventional Real-time remote diagnosis can Ultrasonography, Endoscopy,

mobile communications cannot handle be provided by an emergency Skin examination

high-quality video in real time.

specialist

Hospital Patient's home A Tt is not necessary if the patient's home Real-time remote diagnosis Ultrasonography, Endoscopy,
has an optical communications network.  can be provided regardless of Skin examination

location or region.

Table 2. Comparison of the mobility of equipment for type of examination used in remote diagnosis

Type of examination Need.to be pérformed Type of data Mobility
in real time

Ultrasonography o Video o Mobile examination equipment is being developed.

Endoscopy o Video o Mobile examination equipment is being developed.

Skin examination X Multiple images o Examination is possible if using a camera and a PC.

MRI X Multiple images A Examination is possible if there is a vehicle equipped with the equipment.
CT Scan X Multiple images A Examination is possible if there is a vehicle equipped with the equipment.
X-Ray X Multiple images A Examination is possible if there is a vehicle equipped with the equipment.

www.biosciencetrends.com
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Figure 1. An overview of a 5G-based remote diagnosis system using Al 5G, 5th Generation; Al, artificial intelligence.

3. 5G era: Challenges for doctor-to-doctor remote
diagnosis

Remote diagnosis is likely to benefit the elderly,
especially those living in rural areas, but it is likely
to increase the burden on doctors. Remote diagnosis
requires at least two doctors: an attending physician
who visits the patient's home directly and a specialist
who diagnoses the disease and instructs the attending
physician. Although the area covered by the attending
physician remains the same, remote diagnosis will force
a specialist to spend more time diagnosing patients
who live in a wider area in addition to his/her current
patients.

On the other hands, one of the challenges is securing
specialists can realize the remote diagnosis service using
5G communications technology. By providing remote
diagnostic support, mid-sized hospitals are predicted
to see patients from an even larger area. However, the
number of specialists is limited, and the number of
patients per specialist will increase. In other words,
remote diagnostic support will decrease the burden
on elderly in rural areas and increase the burden on
doctors. Faced with this challenge, deep learning is
expected to be widely used as a technology to reduce
the burden on doctors. In recent years, deep learning
has performed well in image recognition. Many deep
learning applications involving CT (8) or MRI (9) scans
have been proposed, resulting in highly accurate image
interpretation. In addition, deep learning applications
using ultrasonography and endoscopy image are also
being studied. CT and MRI scans cannot be performed at
the patient's home, but ultrasonography and endoscopy
can be performed using mobile devices. By combining
these mobile devices with 5G communications
technology and deep learning, real-time simple remote
diagnostic support can be provided without the actual
contact between a specialist and the patient.

4. Prospects: Realizing 5G- and Al-based doctor-to-
doctor remote diagnosis

Deep learning has been studied for various applications
in medicine, though the main one is image recognition

(10-12). This is effective when combined with 5G-based
remote diagnosis, which mainly uses diagnostic imaging.
Figure 1 shows an overview of a 5G-based remote
diagnosis system in which a specialist and an attending
physician are supported by deep learning. Deep learning
replaces the diagnosis conventionally performed by a
specialist, and the specialist performs a final check after
the remote diagnosis is made. This reduces the burden
on specialists. Because the obtained images can be
saved, the images that deep learning has used to make a
diagnosis can be checked again. Not only can the burden
on the doctor be reduced, but the patient's waiting time
can also be greatly shortened through the convenient
application of remote diagnosis.

However, it is difficult to realize 5G-based artificial
intelligence (AI) remote diagnosis support by combining
the current technologies. There are two reasons. The first
is the types of images that are mainly obtained using
ultrasonography or endoscopy in remote diagnosis, but
well-calibrated deep learning applications in medicine
involve CT and MRI. Ultrasonography and endoscopy
do not acquire data on fixed areas like a CT or MRI scan,
the angle and position of imaging change depending
on the state of the operator and the patient. This means
that more varied images are expected to be obtained,
and more training data are required to construct a
highly accurate Al model. The second reason is that the
specialist not only makes a diagnosis based on images
but also gives additional instructions to the operator
depending on examination results and the patient's
condition obtained in remote diagnosis. Similarly, Al
needs to make a diagnosis based on the received video
and to give instructions to the operator who lacks
specialized knowledge in 5G-based Al remote diagnosis.
Little research has been conducted in this area, while
diagnostic imaging is currently being studied in multiple
areas of medicine. In order to provide a remote diagnosis
incorporating Al in the future, instructions given to the
operator depending on the patient's condition should be
recorded and collected as learning data.

Finally, the potential of introducing Al into a remote
diagnosis is expected to be used not only for diagnosis
but also for matching specialists and patients. As
5G-based remote diagnosis removes the distance between

www.biosciencetrends.com
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patients and specialists, patients will have more choices.
At that time, Al could also be used to find the specialist
suitable for the patient's symptoms and condition.

In conclusion, 5G communications technology allows
a specialist to make a diagnosis remotely in real time
using images from examinations such as ultrasonography
and endoscopy. This will reduce the burden of travel for
patients and make it easier for people in the suburbs and
the elderly to receive an expert diagnosis. The obstacles
posted by distance have disappeared, but specialists must
oversee more patients, and the burden on specialists may
increase. Remote diagnostic support using Al is expected
to be a solution to this problem. Real-time diagnosis
using Al enables an examination in accordance with the
patient's schedule. In addition, video can be saved so a
specialist can check the examination results later.

Funding: None.
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SUMMARY

Keywords

The emerging novel coronavirus disease (COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has swept across the world and become a global threat to public health.
More than 200 countries and territories worldwide are suffering from this COVID-19 pandemic.
Worryingly, no specific vaccines or drugs have been approved for the prevention or treatment of
COVID-19. Under the pressure of a sustained rise in the incidence and mortality of COVID-19, an
unprecedented global effort is being implemented to identify effective drugs to combat the current
coronavirus. As the understanding of SARS-CoV-2 virology, the underlying mechanism by which it
attacks host cells, and the host response to the infection rapidly evolves, drugs are being repurposed
and novel drugs are being identified and designed to target the SARS-CoV-2 pathogenesis. Presented
here is a brief overview of both virus-based and host-based potential therapeutic drugs that are
currently being investigated.

coronavirus, COVID-19, severe acute respiratory syndrome coronavirus 2, potential therapeutic

agents, virus-based, host-based

1. Introduction

Since China first reported an unusual type of pneumonia
on December 31, 2019, the number of people identified
with this pneumonia has been increasing at an alarming
rate, leading to a worldwide public health emergency.
This new infectious disease, officially named coronavirus
disease (COVID-19) on February 11, 2020 by the World
Health Organization (WHO), is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).
On March 11, 2020, the COVID-19 outbreak was
officially declared a pandemic by the WHO. The disease
is characterized by flu-like symptoms, such as cough,
fever, myalgia, and fatigue. Although some infections are
asymptomatic, many patients develop pneumonia, and
some patients even develop severe and fatal respiratory
diseases. As noted by the WHO, a total of 32,029,704
confirmed cases and 979,212 deaths worldwide were
caused by COVID-19 as of September 25, 2020 (7).
Nevertheless, there are no approved vaccines or specific
drugs available for the prevention and treatment of
COVID-19 at this moment. Given the threat of the
pandemic and urgent need for effective vaccines and
antivirals, vigorous efforts are being made globally to
stop the COVID-19 epidemic. Compared to de novo
drug development, drug repurposing offers advantages
in taking less time and involving less cost, so it may be

an ideal strategy for finding and identifying effective and
safe potential therapeutic agents for the disease (2).

A better understanding of SARS-CoV-2 virology, the
underlying mechanisms by which it attacks host cells,
and the host response to the infection is crucial to drug
discovery and repurposing. Like severe acute respiratory
syndrome coronavirus (SARS-CoV) that emerged in
2002 and Middle East respiratory syndrome coronavirus
(MERS-CoV) that was identified in 2012, SARS-
CoV-2 is a lipid-enveloped, single-stranded, positive
sense RNA virus that is a zoonotic B-coronavirus (3).
The SARS-CoV-2 genome, first published on January
24, 2020 (4), shares a nucleotide identity of 82% with
SARS-CoV (5). Studies have confirmed that SARS-
CoV-2 and SARS-CoV bind to the same host cell surface
receptor, angiotensin-converting enzyme 2 (ACE2), via
their structural spike glycoprotein (S protein) (6). Host
transmembrane serine protease 2 (TMPRSS2), along
with ACE2 and virus S protein, is responsible for virus
fusion and entry, and the three have been studied as
potential targets for screening therapeutic compounds
and repurposing drugs (7,8). In addition, many agents
have been studied and identified based on virus-specific
nucleic acids or proteins such as RNA-dependent RNA
polymerase (RdRp), 3-chymotrypsin-like protease
3Clpro (also termed Mpro), and papain-like proteases
(PLpro), which play an important role in virus replication
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(8,9). The mechanism of host response to the infection
also offers attractive targets for potential therapies
(8,10). The possible life cycle of SARS-CoV-2 in host
cells and host immune responses is shown in Figure 1.
Presented here is a brief overview of both virus-based
and host-based potential therapeutic drugs that are being
investigated. Some examples are listed in Table 1 and
their potential targets are shown in Figure 1.

2. Therapeutic agents targeting SARS-CoV-2 entry

The recognition and docking between virus S protein
and host receptor ACE2 is the first step — and a critical
one — for SARS-CoV-2 entry into susceptible cells (/7).
The binding process also requires the priming of the S
protein by cleaving S protein by TMPRSS2 into two
functional subunits, S1 and S2 (7). S1 is responsible for
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Figure 1. Possible life cycle of SARS-CoV-2 and potential agents. (1) SARS-CoV-2 attaches to the host cell through the bind between the
virus S protein and cellular receptors, such as angiotensin-converting enzyme 2 (ACE2) or transmembrane glycoprotein CD147. (2) At this point,
transmembrane protease serine 2 (TMPRSS2) cleaves and activates the S protein, leading to membrane fusion and virus entry via an endosomal
pathway. (3) After entering the host cell, the viral RNA is introduced into the cytoplasm. (4) Then, with the help of encoded proteases including
3C-like protease (3CLpro) and RNA-dependent RNA polymerase (RARP), SARS-CoV-2 produces new genomic RNA. (5) The assembled virion is
formed and (® released from the infected cells via exocytosis. (7) Uncontrolled replication promotes infection with SARS-CoV-2 and causes host
immune responses and inflammatory cytokine storms. Proposed potential agents to treat SARS-CoV-2 and their possible targets are shown with bold
lines. (CQ/HCQ: Chloroquine and hydroxychloroquine; nAbs: S protein-neutralizing antibodies; SBP1: peptide binder targeting the receptor-binding
domain (RBD) of the S protein; EK1: a peptide fusion inhibitor; hrsACE2 (APNO1): recombinant human soluble ACE2 protein)

Table 1. Potential agents for SARS-CoV-2

Mechanisms Targets Potential agents
Inhibiting SARS-CoV-2 entry S protein S protein-neutralizing antibodies (nAbs), peptide binder SBP1, SARS-CoV-2-
HR2-derived peptides, peptide fusion inhibitor EK1
ACE2 hrsACE2 (APNO1), hrsACE2-immunoglobulin-Fc
TMPRSS2 Camostat mesylate, nafamostat mesylate, bromhexine, rubitecan, loprazolam
CD147 Meplazumab, metuximab, and metuzumab
membrane lipids Umifenovir
AAK1 Baricitinib
Interrupting the process of 3CL protease Lopinavir/ritonavir, darunavir, pyridine containing o-ketoamides 13b,
SARS-CoV-2 replication peptidomimetic aldehydes
RdRp Remdesivir, favipiravir, ribavirin

Affecting host immune responses IL-6 receptor

IL-1 receptor/ IL-1B

Tocilizumab, sarilumab, siltuximab
Anakinra, canakinumab

Potential therapeutic agents with
multiple mechanisms

Chloroquine and hydroxychloroquine, Interferons
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viral attachment to the target host cells. The S2 subunit
facilitates viral fusion with the cellular membrane,
allowing virus entry via endocytosis (7). This complex
process provides insights with which to screen potential
drugs.

2.1. Screening for virus-based therapeutic agents
targeting SARS-CoV-2 entry

The screening of virus-based therapeutic agents
targeting SARS-CoV-2 entry is mostly focused on
the virus' structural S protein. S protein-neutralizing
antibodies (nAbs) could prevent SARS-CoV-2 infection
via passive immunization and may become a better
strategy for COVID-19 treatment (/2). In molecular
docking experiments, Pandey et al. found that 10 natural
compounds (flavonoids/non-flavonoids) effectively bind
to the C-terminal region of the SARS-CoV-2 S protein's
two subunits, displaying a higher affinity than that of
hydroxychloroquine (HCQ) (/3). This binding likely
interferes with interaction between the virus S protein
and host ACE2 receptor or internalization during fusion
(14). That study also suggested that fisetin, quercetin,
and kamferol bind to the complex of hACE2-S with a
low binding free energy and exhibit drug-like properties
(13). A study has indicated that the S protein binds to
the ACE2 receptor in its receptor-binding domain (RBD)
(15). The peptide binder SBP1, which was synthesized
to target the RBD of the S protein, could potentially
keep SARS-CoV-2 from entering into host cells (/6). A
functional analysis of the S2 subunit revealed that the
fusion of the viral and host cell membranes is mediated
by the formation of a six-helical bundle (6-HB) from the
interaction between heptad repeat 1 (HR1) and HR2 of
S2 (17). The HRI region is conserved among various
human coronaviruses. Therefore, HR1 and HR2 may
good targets for identifying fusion inhibitors against
SARS-CoV-2. Based on experience with SARS-CoV
(18), HR1- and HR2-derived peptides (named SARS-
CoV-2-HR1P and SARS-CoV-2-HR2P, respectively)
were designed to act as a SARS-CoV-2 membrane
fusion inhibitor (/9). Although their actual effect and
safety need to be verified further, SARS-CoV-2-HR2P
with potent fusion-inhibiting activity was found to be
a promising therapeutic for treatment of SARS-CoV-2.
In contrast, HR1P did not markedly inhibit virus fusion
(19). The peptide fusion inhibitor EK1, which was
designed based on the HR1 region, exhibited obvious
fusion inhibitory activity with lower immunogenicity
and better safety (20). Thus, EK1 may also be a
potential treatment for COVID-19, although it needs to
be verified.

2.2. Screening of host-based therapeutic agents
targeting SARS-CoV-2 entry

The ACE2 receptor and TMPRSS2 are valuable targets

for host-based therapeutic drug development involving
the inhibition of SARS-CoV-2 entry. The recombinant
human soluble ACE2 protein (hrsACE2, APNO1) dose-
dependently bound to cellular ACE2, suppressed SARS-
CoV-2 replication, and significantly reduced viral loads
in Vero cells (27). A point worth noting is that APNO1
also inhibited SARS-CoV-2 infection in human kidney
organoids and engineered blood vessels. The actual
efficacy with which APNO1 reduces the viral load
and mitigates symptoms in patients with COVID-19
is being verified in a randomized, multicenter clinical
trial (NCT04335136). In addition, the hrsACE2-
immunoglobulin-Fe, formed by fusing hrsACE2 to
an immunoadhesin, may be a good choice to suppress
SARS-CoV-2 infection in vitro and potentially in vivo
(22).

Given the key role of host cell serine protease
TMPRSS2 in virus entry, protease inhibitors may be
a treatment option for patients with COVID-19 (7).
By inhibiting the activity of TMPRSS2, the clinically-
proven serine protease inhibitors camostat mesylate
and nafamostat mesylate have been found to drastically
reduce SARS-CoV-2 infection in human lung Calu-
3 cells (7) and simian Vero E6 cells (9), respectively.
Both marketed drugs have already been approved to
treat other diseases in Japan for many years and are
clinically safe, suggesting that they should be considered
as promising therapeutic drugs to treat SARS-CoV-2
without safety concerns. Moreover, the approved
mucolytic cough suppressant bromhexine was also found
to inhibit TMPRSS2 (23). These three marketed drugs
are currently being tested in clinical trials as promising
therapeutic agents against COVID-19 (/0). In addition,
the approaches of in silico structure-based virtual
screening and molecular docking have identified the oral
topoisomerase I inhibitor rubitecan and benzodiazepine
loprazolam as potent candidates for combating SASRS-
CoV-2 by inhibiting TMPRSS2 (24). Besides host
ACE2 receptor and its partner protease TMPRSS2,
transmembrane glycoprotein CD147 was found to
mediate another novel route for SASRS-CoV-2 invasion
of host cells (25). Thus, the humanized anti-CD147
antibodies meplazumab, metuximab, and metuzumab are
considered promising host-based therapeutic agents for
treating COVID-19, though they need to be verified and
examined further (26,27).

The wide-spectrum antiviral drug umifenovir
(arbidol) is another therapeutic agent targeting
SARS-CoV-2 entry predominantly by intercalating
into membrane lipids and inhibiting viral fusion with
host cell membranes (28). Currently, several phase IV
clinical trials have been completed or are underway in
China to confirm the efficacy of arbidol in the treatment
of COVID-19 (29). Arbidol was recommended to treat
COVID-19 in the latest therapy guidelines issued by the
National Health Commission of the People's Republic
of China on August 8, 2020 (30). Baricitinib, the small

www.biosciencetrends.com



321 BioScience Trends. 2020, 14(5):318-327.

molecule inhibitor of Janus kinase subtype 1 and 2
(JAK1/2) approved for the treatment of rheumatoid
arthritis, has been selected as a potential therapeutic
agent in clinical trials involving patients with COVID-19
because of its interaction with endocytosis kinase
regulator AP2-associated protein kinase 1 (AAK1),
whereby it interrupts endocytosis and virus entry (37).

3. Potential therapeutic agents targeting SARS-CoV-2
replication

Following SARS-CoV-2 entry into the host cell, the viral
RNA is introduced and the process of replication begins.
Some functional proteins, such as RARP, helicase 3CL
protease, and PL protease, are vital for SARS-CoV-2
replication and have become potential targets for virus-
based drug development to treat COVID-19 (8).

3.1. Potential therapeutic agents targeting proteases

The replicase complex, involving 3CLpro and the
secondary papain-like protease 2 (PL2pro), facilitates
viral replication (32). Since 96% of the SARS-
CoV-2 3Clpro sequence is identical to that of SARS-
CoV (33) and there is no human homolog of 3CLpro,
3CLpro has become an ideal target for drug discovery
and repurposing (34). The combination of lopinavir/
ritonavir (LPV/RTV), with LPV acting against 3CLpro
and RTV increasing the LPV half-life by inhibiting
cytochrome P450, was approved for treatment of
human immunodeficiency virus (HIV) (35). Based on
its efficacy against SARS-CoV and MERS-CoV (36,37),
LPV/RTV was tested for the treatment of SARS-CoV-2.
Although one in vitro study tested lopinavir against
SARS-CoV-2 (38), only a few clinical trials have noted
clinical improvement in patients with COVID-19
receiving lopinavir/ritonavir (39,40). Most clinical trials
have found no clinical benefit from lopinavir/ritonavir
in patients with mild, moderate, or severe COVID-19
(41,42). There may be benefits when lopinavir/ritonavir
is combined with other drugs or used in the early stage
of COVID-19. Currently, routine use of lopinavir/
ritonavir is not recommended, and further studies are
needed to confirm its efficacy. Despite the discouraging
results with lopinavir and ritonavir, 3CLpro is still a
potential therapeutic target for screening agents against
SARS-CoV-2. Eleven approved or investigational
drugs, such as the tyrosine kinase inhibitors poziotinib
and fostamatinib, the antipsychotic drug ziprasidone,
and the detoxification drug folinic acid, were identified
as potential covalent inhibitors of SARS-CoV-2 3CLpro
according to the steric-clashes alleviating receptors
(SCAR) protocol (43). Other marketed drugs identified
as SARS-CoV-2 3Clpro covalent inhibitors include
lurasidone, talampicillin, ribavirin, and telbivudine
(24,44). With the help of target-based virtual ligand
screening, Wu ef al. found that the anti-hypertensive

drugs telmisartan and nicardipine, anti-bacterial agents
including doxycycline, lymecycline, demeclocycline,
and oxytetracycline, and conivaptan for treatment of
hyponatremia displayed the highest binding affinity to
3CLpro (45). A growing number of marketed drugs,
investigational compounds, and phytochemicals were
identified as potent inhibitors of SARS-CoV-2 3CLpro
according to computational methods (46,47), suggesting
promising strategies for drug repurposing. The
Michael acceptor inhibitor N3 and the organoselenium
compound ebselen were found to inhibit SARS-
CoV-2 in simian Vero E6 cells (46). A newly designed
pyridine containing a-ketoamides (13b) displayed
a strong inhibitory effect on purified recombinant
SARS-CoV-2 3CLpro, favorable pharmacokinetic
properties, and strong lung tropism in mice (33),
suggesting a role for this specific type of 3CLpro
inhibitor in COVID-19 therapy. Two newly designed
and synthesized peptidomimetic aldehydes, termed 11a
and 11b, displayed excellent inhibitory action against
3Clpro in simian Vero E6 cells infected with SARS-
CoV-2 and SARS-CoV-2 (34). Because of its favorable
pharmacokinetic properties and low toxicity in beagles
and Sprague Dawley rats, 11a is considered a promising
agent for COVID-19 therapy (34).

Another protease PLpro, which is crucial for
correcting virus replication (48), is considered a potential
target for developing therapeutic agents against SARS-
CoV-2. Target-based virtual ligand screening has
indicated that a series of marketed drugs, including
the antibiotics cefamandole, chloramphenicol, and
tigecycline, the anti-virus agents ribavirin, thymidine,
and valganciclovir, and natural products such as
platycodin D and catechin compounds, bind to PLpro
with a high affinity, indicating their potential for SARS-
CoV-2 treatment (45).

Darunavir, one of the second generation of HIV-1
protease inhibitors, drastically inhibited the replication
of SAR-SCoV-2 in vitro (49). However, results from
a randomized, open-labeled single-center, controlled
phase I1I trial revealed that the combination of darunavir/
cobicistat was not efficacious in reducing the duration
of therapy or alleviating symptoms in patients with
COVID-19 (NCT04252274). Further studied are need
to evaluate the efficacy and safety of darunavir in the
treatment of COVID-19.

3.2. Potential therapeutic agents targeting RdRp

RdRp is critical for the machinery of viral RNA
transcription and replication. In addition to virus
replication rates and fidelity, the virus' ability to mutate
and adapt to new environments is determined by RdRp
(50). At the protein level, the amino acid sequence of
RdRp of SARS-CoV-2 is approximately 96% identical
to that of SARS-CoV. Moreover, their protein structures
are similar (57), indicating that potent inhibitors of the
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RdRp of SARS-CoV are likely suppress SARS-CoV-2
RdRp (52). Thus, conserved RdRp has been recognized
as a potential target for screening agents against SARS-
CoV-2. The adenosine analogue remdesivir (GS-
5734) was originally designed for the Ebola virus and
exhibits broad-spectrum antiviral activity against several
RNA viruses including SARS-CoV, MERS-CoV, and
SARS-CoV-2 (53,54). Remdesivir can recognize the
key component of RdRp nspl12 and join nascent viral
RNA chains, leading to premature termination of RNA
synthesis (55). Wang et al. found that micromolar
concentrations of remdesivir can effectively block
SARS-CoV-2 infection in Vero E6 cells, particularly in
combination with chloroquine (53). A high intracellular
concentration of remdesivir in its active form has been
observed in rhesus monkeys and remdesivir retains
its good pharmacokinetic properties, indicating its
potential for clinical treatment of COVID-19. Since
remdesivir has not been approved for treatment for any
disease worldwide, it must be used compassionately
or in enrolled clinical trials. One multicenter, double-
blind, placebo-controlled, well-conducted RCT from
China found that remdesivir reduced the time to clinical
improvement in patients with COVID-19. However,
the efficacy of remdesivir did not differ significantly
from that of a placebo (56). The first American patient
with COVID-19 received remdesivir and recovered
in January 2020 (57). Remdesivir was also reported
to reduce the time to recovery and tended to have a
survival benefit for patients with COVID-19 in a clinical
trial conducted by the Unites States National Institute
of Health (58). Encouraged by these results, remdesivir
was authorized by the United States Food and Drug
Administration (FDA) for emergency use to treat
inpatients with COVID-19 (59). Currently, a number
of clinical trials to confirm the efficacy and safety of
remdesivir for COVID-19 treatment are underway
around the world (10).

Another nucleotide analogue suggested for
COVID-19 treatment is favipiravir (Avigan, T-705),
which has been approved for treatment of influenza in
China and Japan (49). Favipiravir blocks the replication
of RNA viruses by selectively inhibiting RdRp and
is unlikely to generate resistant viruses (60). Since
the RdRp gene of SARS-CoV-2 is similar to that
of influenza virus, favipiravir may be a promising
therapeutic for COVID-19 (4). The potential inhibitory
effect of favipiravir on SARS-CoV-2 was demonstrated
in Vero E6 cells in vitro (53). Preliminary results
of clinical trials have indicated that favipiravir is
effective at improving clinical outcomes for patients
with COVID-19 (67). Compared to lopinavir/ritonavir,
favipiravir resulted in faster improvement of chest
images and faster viral clearance with fewer adverse
effects during the treatment of patients with COVID-19
(62). Another randomized, multi-center, open labeled
study revealed that favipiravir effectively decreased the

incidence of cough and pyrexia and improved 7-day
clinical recovery in inpatients with moderate-to-severe
COVID-19 (63). However, there were no significant
differences between groups receiving favipiravir and
umifenovir. Although more clear evidence of the
efficacy and safety of favipiravir is being assembled in
multiple clinical trials (/0), favipiravir may be one of
the most promising anti-SARS-CoV-2 drugs and it has a
relatively high level of patient compliance (49).

The guanosine analogue ribavirin has been proposed
as a potent drug to treat SARS-CoV-2. Although there
several RCTs to test its efficacy are underway, ribavirin
is not recommended to treat patients with COVID-19
because of its apparent inactivity and hemolytic
toxicity. In China, the latest treatment guidelines for
COVID-19 (30), recommend a combination of ribavirin
and lopinavir/ritonavir or interferon. However, use of
ribavirin or lopinavir/ritonavir alone to treat COVID-19
is not recommended.

Computer-aided drug screening is being extensively
used to discover new drugs and repurpose existing
ones targeting RdRp in order to treat COVID-19. in
silico virtual screening by Pokhrel ef al. indicated
that quinupristin bound across the conserved RNA
tunnel of RdRp, possibly resulting in the arrest of viral
replication (64). Elfiky cited ribavirin, sofosbuvir,
remdesivir, tenofovir, galidesivir, and the guanosine
derivative (IDX-184) as potent drugs for COVID-19
therapy since they tightly bind to SARS-CoV-2 RdRp in
a model (65). In a target-based virtual ligand screening
study, some marketed drugs such as the anti-bacterial
agent novobiocin, the anti-fungal drug itraconazole,
the muscle relaxant drug pancuronium bromide, and
natural products or derivatives exhibited a high binding
affinity to the RdRp of SARS-CoV-2 (45). The approved
anti-HCV drug elbasvir was predicted to bind tightly
and preferentially to RdRp, PLpro, and helicase of
SARS-CoV-2, suggesting it could efficiently stop virus
replication alone or in combination with other agents (66).

4. Discovery of potential therapeutic agents based on
host immune responses

Pneumonia, lymphocyte exhaustion and peripheral
lymphopenia, and a cytokine storm are the typical
features of severe COVID-19 (67). When SARS-
CoV-2 infects the host cell, the innate and adaptive
immune responses are activated in the host's body. A
variety of antibodies are produced to fight the virus. The
uncontrolled inflammatory innate responses may induce
a storm of pro-inflammatory cytokines including IL-1§,
IL-6, and TNF, which cause tissue damage, leading to
acute respiratory distress syndrome (ARDS). Thus, the
host immune response provides a therapeutic avenue to
treat COVID-19.

Based on experience with other viral diseases,
the most direct but potentially effective treatment for
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COVID-19 is using convalescent plasma (CP), which
can be obtained from patients who have fully recovered
from the SARS-CoV-2 infection (68,69). Patients who
have recovered from SARS-CoV-2 have developed viral
antibodies against SARS-CoV-2 at a high titre (70).
Antibodies in the CP can neutralize the virus directly,
suppress viremia, and boost the immunity of the patient.
Studies in China have found that CP shows promising
in improving the clinical condition of patients with
severe COVID-19 (69,71). Hospitals in New York City
are preparing to use CP as a promising treatment for
COVID-19. Currently, a number of RCTs examining
CP in the treatment of COVID-19 are underway in
various countries. The human monoclonal neutralizing
antibody CR3022, isolated from a convalescent patient
with SARS-CoV, was reported to strongly bind to
the conserved receptor-binding domain (RBD) in
SARS-CoV-2 and SARS-CoV (72). CR3022 might be
a potential therapeutic candidate to prevent and treat
COVID-19, and especially for patients in life-threatening
condition.

Neutralizing mAbs and small molecule inhibitors
targeting pro-inflammatory cytokines and downstream
signaling components may also useful in controlling the
cytokine storm and alleviating immune injury (29,67).
Tocilizumab, a recombinant human anti-IL-6 receptor
antibody, has being investigated for off-label use in
patients with severe COVID-19. Studies from China
and Italy showed that tocilizumab potentially controlled
fever and improved respiratory function in patients
with severe COVID-19 (73,74). A number of RCTs
are underway to evaluate the efficacy of tocilizumab,
alone or in combination, in severely ill patients with
COVID-19 (10). Other anti-IL-6 receptor antibodies
studied for the treatment of COVID-19 include the
humanized monoclonal antibody TZLS-501, sarilumab,
and the recombinant human-mouse chimeric monoclonal
antibody siltuximab (75). TZLS-501 has been shown
to significantly reduce circulating levels of IL-6 in
the blood (75). Clinical trials to test the safety and
efficacy of siltuximab and sarilumab in patients with
severe COVID-19 have begun (/0). Several RCTs to
study the efficacy of recombinant human IL-1 receptor
antagonist anakinra in COVID-19 therapy are planned.
The JAK1/2 inhibitor ruxolitinib and the anti-IL-1pB
monoclonal antibody canakinumab are compassionately
used for COVID-19 treatment in Italy (/0). Moreover,
NLRP3 (NOD-, LRR-, and pyrin domain-containing
3) inflammasome, which plays an important role in
inflammatory cytokine production, and its inhibitors have
garnered attention as potential agents to treat SARS-
CoV-2 (76).

In China, the latest treatment guidelines for
COVID-19 recommend immunotherapies with CP and
intravenous human immunoglobulin and tocilizumab to
treat severe cases with rapid progression or a high level
of IL-6 (30).

5. Other potential therapeutic agents with multiple
mechanisms

Chloroquine (CQ) and its derivative hydroxychloroquine
(HCQ), used to treat malaria and autoimmune diseases,
have gained greater attention as promising therapeutic
agents for the treatment of COVID-19 (77,78). To date,
these agents have shown therapeutic activity against
several viruses such as SARS-CoV and MERS-COV,
suggesting they could be effective in treating SARS-
CoV-2 infection (79). Proposed mechanisms by which
CQ/HCQ combats SARS-CoV-2 include blocking
virus entry into host cells, arresting viral replication,
assembly, and budding, attenuating the inflammatory
reaction, and inhibiting autophagy (80,81).

CQ/HCQ are weak bases and can elevate endosomal
pH, thereby interfering with virus-host cell fusion during
SARS-CoV-2 endocytosis (78). Another mechanism by
which CQ/HCQ blocks SARS-CoV-2 entry into host
cells is by inhibiting glycosylation of the ACE2 receptor
and viral envelope glycoproteins (53,79). CQ/HCQ may
arrest SARS-CoV-2 replication and budding by inhibiting
specific enzymes that are necessary for virions assembly
and budding from the cell membrane (81).

Another reason why CQ/HCQ may be a potential
therapeutic agent for COVID-19 is because of their
profound anti-inflammatory action to reduce pro-
inflammatory cytokine and superoxide release,
presumably by inhibiting the Toll-like receptor (TLR)
pathway and upregulating the cyclin dependent kinase
inhibitor p21 (82,83). Studies with Vero E6 cells have
shown that CQ/HCQ has a potent antiviral effect against
SARS-CoV-2 (53,77), with HCQ having relatively
higher potency (84). That said, results from clinical
trials of CQ/HCQ to treat patients with COVID-19
are inconsistent. A Chinese study with more than 100
patients showed that CQ is superior to the control
in improving lung imaging findings, increasing the
negative conversion rate, and shortening the duration of
treatment (85). Two clinical trials suggested that HCQ
improved clinical outcomes for patients with COVID-19
(86). However, HCQ did not improve viral clearance
in another study with 30 patients with COVID-19 (87).
The macrolide antibiotic azithromycin was shown to
significantly enhance HCQ efficacy by increasing the
virologic cure rate and reducing the duration of therapy
in one case series from France (88). In contrast, another
case series in France reported that a combination of
HCQ and azithromycin had disappointing results in
critically-ill patients with COVID-19 (89). Moreover,
a retrospective analysis study from the US (90) found
that the risk of mechanical ventilation for inpatients
with COVID-19 could not be reduced by HCQ alone
or in combination with azithromycin. Furthermore,
increased overall mortality was found to be related to
HCQ treatment alone. Therefore, there is a dire need
for quality scientific evidence to confirm the efficacy
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and safety of CQ/HCQ alone or in combination with
azithromycin for the treatment of COVID-19. A large
number of RCTs are ongoing (80). Interestingly,
CQ/HCQ can induce the uptake of zinc into the cell
cytosol, which has been shown to halt coronavirus
replication by targeting RdRp (97). Thus, synergistic
zinc supplementation may be necessary to improve
the therapeutic effects of CQ/HCQ in patients with
COVID-19 (92). Currently, many protocols have
approved HCQ for the treatment of COVID-19, and
especially when combined with other antiviral drugs
(78,84). Instead of HCQ, chloroquine phosphate is
recommended for the treatment of COVID-19 in the
latest Chinese treatment guidelines (30). Post-exposure
prophylaxis against SARS-CoV-2 with CQ/HCQ is
not recommended in light of safety concerns (such as
worsening vision, QT prolongation, hypoglycemia, and
development of a rash).

Interferons (IFN) have antiviral activity by inhibiting
viral replication and immunomodulatory action by
interacting with toll-like receptors (93). IFN-a and
IFN-B have been found to have potent inhibitory
activity against SARS-CoV and MERS-CoV (94,95).
Compared to SARS-CoV, SARS-CoV-2 was found to
be more susceptible to IFNs and inhalation of IFN-a 2b
significantly reduced the infection rate. Thus, [FN-a 2b
can be used for prophylaxis against the SARS-CoV-2
infection (96). In China, IFN-a is recommended for
treatment of COVID-19 alone or in combination with
ribavirin and the antiviral drugs lopinavir/ritonavir
(30). The efficacy and safety of this COVID-19
treatment strategy is being evaluated in a trial in China
(ChiCTR2000029387). Reduced INF-B3 was reported
to be directly associated with increased susceptibility
to developing severe respiratory diseases in patients
with a viral infection (97). The SARS-CoV-2 infection
was found to decrease INF-B production in body (98).
One study has suggested that a combination of INF-
and ribavirin offers promise as a treatment for SARS-
CoV-2 (99). Clinical trials using IFN-f or inhaled IFN-f
(SNGOO01) to treat COVID-19 are ongoing in the UK
(100).

6. Conclusion

Effective therapeutic agents are urgently needed to
globally combat the ongoing COVID-19 pandemic.
This review has summarized potential therapeutic drugs
targeting SARS-CoV-2 entry and replication and the
host response to the infection. Although some of the
drugs mentioned have yielded promising results, no
specific drug is capable of treating COVID-19 according
to a substantial amount of quality scientific evidence.
The combination of antiviral and anti-inflammatory
drugs may be more effective. Drug safety, a high level
of efficacy, and availability should be full considered
in COVID-19 therapy. Findings from ongoing clinical

trials and advances in vaccine research will be critical to
defeating the SARS-CoV-2 infection.
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SUMMARY Biliary tract cancer (BTC) is a disease entity comprising diverse epithelial tumors with features of
cholangiocyte differentiation, and it includes cholangiocarcinoma (CCA) and gallbladder cancer (GBC).
Depending on its anatomical location, cholangiocarcinoma is categorized as intrahepatic (iCCA),
perihilar (pCCA), or distal (dCCA). Nearly two-thirds of patients with biliary tract cancer present with
advanced disease at diagnosis and in 68-86% of resections the cancer eventually recurs either loco-
regionally or at a distance. Chemotherapy is the first-line therapy for advanced or recurrent BTC.
With the development of next-generation sequencing (NGS)-guided molecular targeted therapy, more
options are available for treatment of advanced BTC. Chemotherapy, and especially a triplet regimen
based on gemcitabine/cisplatin/nab-paclitaxel, has had the most significant effect, and fluorouracil,
leucovorin, irinotecan plus oxaliplatin (FOLFIRINOX) combined with bevacizumab is promising.
Molecular targeted therapy should be based on genome sequencing and appears essential to precision
medicine. Fibroblast growth factor receptor (FGFR) inhibitors and isocitrate dehydrogenase (IDH)
inhibitors are promising emerging targeted therapies mainly for iCCA. Other targeted therapies such as
anti-human epidermal growth factor receptor-2 (HER2) therapies, MEK inhibitors, BRAF inhibitors,
and poly ADP ribose polymerase (PARP) inhibitors had tentatively displayed efficacy. Further
evaluations of combination strategies in particular are needed. An immune checkpoint inhibitor (ICI)
alone is less efficacious, but an ICI in addition to chemotherapy or radiotherapy has resulted in a
response according to many case series. However, ICIs are still being evaluated in several ongoing
studies. Combination therapies have garnered attention because of interactions between signaling
pathways of carcinogenesis in BTC.

Keywords biliary tract cancer, chemotherapy, targeted therapy, immune checkpoint inhibitor, next-generation

sequencing

1. Introduction

Biliary tract cancer (BTC) is a disease entity comprising
diverse epithelial tumors with features of cholangiocyte
differentiation, and it includes cholangiocarcinoma
(CCA) and gallbladder cancer (GBC). Depending on its
anatomical location, cholangiocarcinoma is categorized
as intrahepatic (iCCA), perihilar (pCCA), or distal
(dCCA) (/). The overall incidence of BTC has increased
progressively worldwide over the past four decades (2-6).
Unfortunately, the prognosis remains poor, with a 5-year
survival rate of around 5-15% (7). Surgical resection
remains the mainstay of potentially curative treatment for
all three disease subtypes, whereas liver transplantation
after neoadjuvant chemoradiation is restricted to a subset
of patients with early-stage pCCA (/,8). However, nearly

two-thirds of patients with CCA present with advanced
disease at diagnosis and in 68-86% of resections the
cancer eventually recurs either loco-regionally or at a
distance (9-17). Chemotherapy is the first-line therapy
for advanced or recurrent BTC. With the development
of next-generation sequencing (NGS)-guided molecular
targeted therapy, more options are available for treatment
of advanced BTC, and a growing number of studies have
reported achieving a partial response or even a complete
response (CR) after molecular targeted therapy or
immune checkpoint inhibitors (ICIs). Systemic treatment
of advanced or recurrent BTC is summarized here.

2. Chemotherapy and beyond

2.1. Chemotherapy: The first-line and the second line
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Chemotherapy is the standard systemic therapy for BTC.
Since 2010, the landmark UK ABC-02 trial established
the doublet cisplatin and gemcitabine (GEMCIS) as the
first-line standard of care for advanced CCA (/2). In
this randomized phase III study, 410 patients with BTC
were randomly allocated to receive gemcitabine alone
or gemcitabine combined with cisplatin. The doublet
regimen conferred a statistically significant overall
survival (OS) advantage over gemcitabine alone (11.7 vs.
8.1 months; HR, 0.64; 95% CI, 0.52-0.80; P < 0.001). In
addition, cisplatin plus gemcitabine was well tolerated,
and adverse events were similar between the treatment
arms (Table 1).

After the ABC-02 trial, many gemcitabine-based
regimens have been developed, including the gemcitabine
plus oxaliplatin (GEMOX) regimen, the gemcitabine
plus S-1 regimen (GS), and the gemcitabine plus nab-
paclitaxel regimen (Table 1). The GEMOX regimen,
which substitutes oxaliplatin for cisplatin, represents a
valuable alternative as the first-line option in patients
ineligible or unwilling to receive cisplatin based on
promising results from a non-randomized phase II study
(13), with fewer adverse reactions compared to GEMCIS.
According to the Japanese experience, Morizane et al.
(1/4) conducted a phase III clinical trial and found that
GS is comparable to the GEMCIS regimen. The median
progression-free survival (PFS) was 5.8 months with
GC and 6.8 months with GS (HR: 0.86, 95% CI: 0.70-
1.07). The median OS was 13.4 months with GEMCIS
and 15.1 months with GS (HR: 0.945, 95% CI: 0.777-
1.149, p for non-inferiority = 0.0459 < 0.05). In a phase
IT clinical trial where nab-paclitaxel and gemcitabine
were administered as first-line treatment of advanced
or metastatic cholangiocarcinoma, patients received
intravenous nab-paclitaxel followed by gemcitabine on
days 1, 8, and 15 of each 28-day treatment cycle until
disease progression or unacceptable toxicities. Median
OS was 12.4 months (95% CI, 9.2-15.9), and median
time to progression was 7.7 months (95% CI, 6.1-13.1).
The confirmed best overall response rate was 30% and
the disease control rate was 66% (/5,16). Although
the trial did not meet its primary efficacy end point, its
results indicated that a nab-paclitaxel plus gemcitabine
regimen was well tolerated and may be an alternative to
the current therapeutic approaches for advanced BTC.

Compared to the duplet gemcitabine, the triplet
regimen based on GEMCIS resulted in a more objective
response (Table 1). Shroff ef al. (17) investigated the
addition of nab-paclitaxel to standard doublet therapy
(known as the GAP regimen: gemcitabine, nab-paclitaxel
[Abraxane], and cisplatin [Platinol]). In this open-
label, single-arm, phase II clinical trial, 60 patients with
advanced BTC were treated with gemcitabine, cisplatin,
and nab-paclitaxel. A point worth noting is that the
standard starting doses of gemcitabine and nab-paclitaxel
were reduced from 1000 mg/m’ and 125 mg/m” to 800
mg/m” and 100 mg/m’, respectively. The majority of

Table 1. Summary of first-line chemotherapy for advanced BTC

OS (months)

PFS (months)

Objective response (PR or CR)

Chemotherapy regimen

Study design

Study, Year

11.7 vs. 8.1

8vs. 5
4m-PFS 70% in CIS/GEM

PR:26.1% vs. 15%
DCR:81.4% vs. 71.8%

GEMCIS vs. GEM; GEM: 1000 mg/m?; CIS: *5 mg/ m’

410

Advanced BTC
Phase I1I (ABC-02)

Valle (12),
2010
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8.8

3.4

ORR: 20.5% in non-GBC

4.3% in GBC

GEMOX gemcitabine 1000 mg/m’ (day 1) and oxaliplatin 100 mg/m’

(day 2), every 2 weeks

67

Advanced BTC

Phase 11

Andre’ T (13),

2008

15.1vs. 13.4

6.8 vs. 5.8

ORR: 29.8% (42/141) vs. 32.4% (48/148)

GS (141 cases) vs. GEMCIS (148 cases); S-1 60/80/100 mg/day

354

Unresectable locally advanced BTC,
Phase 11, FUGA-BT (JCOG1113)

Morizane (14),

2019

12.4

7.7 (6-m PFS: 61%)

ORR 30%; DCR 66%

Gemcitabine, nab-paclitaxel on days 1, 8, and 15 of each 28-day

treatment cycle

Metastatic CCA

Phase 11

Sahai V (I5),

2019

74

19.2

11.8

ORR: 48.3%; PRR: 45%; DCR 84%. CR
was achieved in 2 patients. Conversion to

resectable: 20%(12/60)

and nab-paclitaxel were reduced from 1000 mg/m’ and 125 mg/m’ to

GAP regimen (gemcitabine, nab-paclitaxel, cisplatin]): Gemcitabine
800 mg/m’ and 100 mg/m’.

60

63% iCCA
78% metastatic disease

Phase 11

Shroff (17),

2019

10.7

6.2

ORR: 10%

FOLFIRINOX-single arm

Advanced BTC (salvage)

Belkouz (18),

2020

Oxaliplatin (85 mg/m’), LV (400 mg/m?), irinotecan (180 mg/m?), and
FU bolus (400 mg/m?) then FU (2400 mg/m?) over 46 h, 12 cycles

BTC, biliary tract cancer. CCA, cholangiocarcinoma. iCCA, intrahepatic cholangiocarcinoma. GBC, gallbladder cancer. LV, leucovorin. FU, fluorouracil. GEM, gemcitabine. CIS, cisplatin. Oxa, Oxaliplatin. GS,

gemcitabine plus S-1. PFS, progression-free survival. OS, overall survival. PR, partial response. CR, complete response. ORR, objective response rate. DCR, disease control rate. na, not available.
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patients (63%) had intrahepatic cholangiocarcinoma,
and 78% of the entire cohort had metastatic disease.
PFS was 11.8 months (vs. 8.0 months for ABC-02) and
median OS was 19.2 months (vs. 11.7 months for ABC-
02). Moreover, the triplet regimen allowed conversion
to resectable disease in 12 patients, and a pathologic
complete remission was achieved in 2 of those patients.
SWOG 1815 is a phase III trial currently underway
comparing the gemcitabine/cisplatin/nab-paclitaxel
regimen to the GEMCIS regimen (/6) and if it yields
positive results, it has the potential to establish a new
standard of care.

Another triplet regimen is fluorouracil, leucovorin,
irinotecan plus oxaliplatin (FOLFIRINOX), which is the
standard therapy for pancreatic duct adenocarcinoma
(PDAC). However, a single arm of FOLFIRINOX (/8)
to treat advanced BTC resulted in an objective response
rate (ORR) of only 10% and a PFS of 6.2 months and an
OS of 10.7 months, indicating that it was less efficacious
than GEMCIS. A trial of modified FOLFIRINOX versus
GEMCIS as first-line chemotherapy for locally advanced
non resectable or metastatic BTC (AMEBICA)-
PRODIGE 38 (NCT02591030) is now underway (/9).
This is a randomized controlled multicenter phase II/I1I
study aiming to clarify the efficacy or FOLFIRINOX
over GEMCIS.

Ten years ago when ABC-02 was published, there
were fewer than 50 trials listed for this disease site on
ClinicalTrials.gov. Currently, there are over 400 hundred
BTC trials listed all over the world. More phase III
clinical trials of different regimens are expected to help
eradicate this aggressive disease.

2.2. Chemotherapy combined with antiangiogenic
therapies

Antiangiogenic inhibitors, such as cabozantinib (20) or
sunitinib (27), did not have better efficacy when used
alone (not in combination with chemotherapy), and
adverse reactions to cabozantinib and sunitinib precluded
their combination with chemotherapy. Gemcitabine
plus sorafenib provided comparable disease control and
survival to GEMCIS (22). The best result came from
a phase II study, which revealed that FOLFIRI plus
bevacizumab (23) resulted in a PFS of 8 months and
an OS of 20 months. In the future, the combination of
chemotherapy with bevacizumab may offer hope.

2.3. Chemotherapy combined with anti-EGFR therapy

Combining GEMCIS with an epidermal growth factor
receptor (EGFR) antibody, such as panitumumab (24-
26), cetuximab (27), or erlotinib (28), did not provide a
survival benefit compared to GEMCIS alone. Although
the addition of erlotinib to gemcitabine and oxaliplatin
had antitumor activity in advanced BTC as indicated
by a higher ORR (30% vs. 16%) and a prolonged PFS

(5.9 vs. 3.0 months, p = 0.049) (28), no significant
difference in OS was noted between erlotinib/GEMCIS
and GEMCIS groups. One possible reason for the lack of
aq benefit could be because these trials were conducted
in unselected populations. Further development of anti-
EGFR therapy for cholangiocarcinoma should include a
biomarker-driven approach.

3. Molecular targeted therapy

There is no standard second-line treatment for advanced
cholangiocarcinoma. With the development of NGS,
more driven genes are being identified, helping to
explain the underlying mechanism of the pathogenesis
of BTC and to develop new therapies (29). BTCs are
clinically and genetically heterogeneous. Different forms
of NGS have been reported to yield different results.

Wardell et al. (30) examined 412 BTC samples
from Japanese and Italian populations including 136 of
iCCA, 101 of dCCA, 109 of pCCA, and 66 of GBC.
They identified 32 significantly mutated genes, some
of which negatively affected prognosis. TP53 (26%),
KRAS (17%), SMAD4 (8%), NF1 (6%), ARID1A (6%),
PBRMI (6%), ATR (6%), PIK3CA (5%), and ERBB3
(5%) are among the 32 significantly and commonly
mutated genes. Nakamura ef al. (31) performed
comprehensive whole-exome and transcriptome
sequencing in a large cohort of 260 patients with BTC,
including 145 with iCCA, 86 with pCCA/dCCA, and 29
with GBC. The repertoire of genetic alterations varied
across the different cholangiocarcinoma subtypes. For
example, recurrent mutations in IDH1, IDH2, FGFR1,
FGFR2, FGFR3, EPHA2, and BAP1 were noted
predominantly in iCCA, whereas ARID1B, ELF3,
PBRMI1, PRKACA, and PRKACB mutations occurred
preferentially in iCCA/pCCA/dCCA (31).

Lowery et al. (32) reported that the most commonly
altered genes in iCCA were IDH1 (30%), followed by
ARIDIA (23%), BAPI (20%), TP53 (20%), and FGFR2
gene fusions (14%).

In a cohort of 80 Chinese patients with eCCA, Xue
et al. (33) reported that the most frequently altered
genes were TP53 (68%), followed by KRAS (46%),
SMAD4 (22%), ARID1A (20%), and CDKN2A (19%).
The top three actionable alterations included CDKN2A
(n=11), BRAF (n = 5), and ERBB2 (n = 4). Montal
et al. (34) identified KRAS (36.7%), TP53 (34.7%),
ARIDI1A (14.0%), and SMAD4 (10.7%) as the prevalent
mutations in 189 patients with BTC (76% had pCCA and
24% had dCCA) in the US and Europe, while recurrent
chromosomal amplifications were observed in YEATS4
(6.0%), MDM2 (4.7%), CCNE1 (2.7%), CDK4 (1.3%),
and ERBB2 (1.3%).

Paraffin-embedded tumors from a cohort of 108
Chinese and 107 American patients with GBC were
subjected to comprehensive genomic profiling (CGP)
with an NGS panel (35). The most frequent alterations
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were TP53 (69.4%), followed by CDKN2A/B (26%),
ERBB?2 (18.5%), PIK3CA (17%), and CCNEI1 (13%)
in the Chinese cohort, and TP53 (57.9%), CDKN2A/B
(25%), SMADA4 (17%), ARID1A (14%), PIK3CA (14%),
and ERBB2 (13.1%) in American patients.

In patients with BTC, the disease is highly
targetable, thus allowing precision medicine. In a study
by Lowery et al. (36) with a total of 195 patients of
iCCA/pCCA/dCCA, genetic alterations with potential
therapeutic implications were identified in 47% of the
patients, leading to biomarker-directed therapy or clinical
trial enrollment in 16%. Nakamura ef al. (31) also found
potentially targetable genetic driver alterations in ~40%
of the patients. With the development of NGS-guided
molecular targeted therapy, many inhibitors of molecular
targets are reported to achieve a PR or even a CR (36).

3.1. Targeting FGFR

Several studies have consistently identified fibroblast
growth factor receptor (FGFR) fusions in patients with
BTC, and especially patients with iCCA (29). FGFR2
fusion events have been identified in 5.5% (31) to 28%
(37) of patients with iCCA. Clinically, FGFR2 fusion-
positive status was associated with a shorter OS. A
few therapies targeting FGFR-fusions have yielded
promising results, including BGJ398 (infigratinib; QED
Therapeutics), INCB54828 (pemigatinib; Incyte), ARQ-
087 (derazantinib; Arqule), and TAS-120 (Table 2).

BGJ398 (infigratinib) is an orally bioavailable,
selective, ATP-competitive pan-FGFR kinase inhibitor
with activity in tumor models harboring FGFR
alterations. A phase II study of BGJ398 (infigratinib;
QED Therapeutics) (38) involved patients with pFGFR-
altered advanced cholangiocarcinoma, and it found that
the overall response rate was 14.8% (18.8% FGFR2
fusions only), the disease control rate was 75.4% (83.3%
FGFR2 fusions only), and the estimated median PFS was
5.8 months (95% CI, 4.3 to 7.6 months). Adverse events
included hypophosphatemia (72.1% all grade), fatigue
(36.1%), stomatitis (29.5%), and alopecia (26.2%). A
phase 111 clinical trial is ongoing (39).

Derazantinib (ARQO087) is an orally bioavailable,
multikinase inhibitor with potent pan-FGFR activity. In a
multicenter, open-label, phase I-1I trial, Mazzaferro et al.
(40) enrolled 29 patients with unresectable intrahepatic
cholangiocarcinoma with FGFR2 fusion. The overall
response rate was 20.7% and the disease control rate was
82.8%.

Pemigatinib (INCB54828; Incyte) is a selective,
potent, oral inhibitor of FGFR1-3. A multicenter, open-
label, phase II study (47) obtained an objective response
(a CR in 3, a PR in 35, and a disease control rate of
82%) in 38 (35.5%) of 107 patients with FGFR2 fusions
or rearrangements. Despite the low level of resistance
caused by pemigatinib, tumor heterogeneity associated
with acquired drug resistance remains a major barrier

Table 2. Small molecule inhibitor targeting FGFR

OS (months)

PFS

PR or CR

Chemotherapy regimen

Study design

Study, Year

na

5.8

ORR: 18.8% (FGFR2 fusions)

BGJ398 (infigratinib, a pan FGFR inhibitor) 125 mg once daily for 21 days,

then 7 days off (28-day cycles) FGFR2 fusion (n
amplification (n = 3)

61

FGFR-altered advanced CCA

Javle M (39),

2018

DCR: 83.3% (FGFR2 fusions)

48), mutation (n = 8), or
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na

5.7

ORR: 20.7%
DCR: 82.8%

Derazantinib (ARQ 087), a potent pan-FGFR inhibitor

29

Unresectable iCCA with FGFR2 fusion

Mazzaferro (40),

2019

Phase II, previously treated, locally
advanced or metastatic CCA

21.1

6.9

ORR: 35.5% (38/107, CR achieved

in 3 patients, PR in 35)

107  Pemigatinib (INCB054828, highly selective FGFR-1, 2, and 3 TKI) (the

Ghassan Abou-Alfa (47),

2020

FIGHT-202 trial) 13.5 mg once daily (21-day cycle; 2 weeks on, 1 week off)
in 38/107 (35.5%) of patients with FGFR2 fusions or rearrangements

na

na

PR 25%, SD 53%, CR 0. DCR 79%

TAS120 (a FGFR 1-4 inhibitor)

CCA previously treated with chemotherapy 45

and another FGFR inhibitor

Meric-Bernstam F (44),

2018

CCA, cholangiocarcinoma. iCCA, intrahepatic cholangiocarcinoma. PFS, progression-free survival. OS, overall survival. PR, partial response. CR, complete response. ORR, objective response rate. DCR, disease control

rate. na, not available. FGFR, fibroblast growth factor receptor.
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to the long-term use of targeted therapy. Recent studies
have noted the emergence of recurrent secondary single-
nucleotide variants in FGFR following the inhibition
of FGFR; these variants desensitize tumor cells to such
therapies (42). Therefore, the mutations that develop in
response to FGFR inhibition need to be comprehensively
identified in order to investigate novel inhibitors (43).

TAS-120 is an irreversible FGFR inhibitor. A phase I
study evaluated the efficacy of TAS-120 (44) in patients
with cholangiocarcinoma and FGFR pathway alterations
who previously received chemotherapy and other FGFR
inhibitors. Forty-five patients with CCA (intra-hepatic
n = 41) harboring FGF/FGFR aberrations were treated
with 16 mg (n = 24), 20 mg (n = 14), and 24 mg (n =
7) QD. The tumor shrank in 20 (71%) of 28 patients
with FGFR2 gene fusion, and a PR was achieved in 7.
The ORR was 25%. Of the 7 responders, 6 remain on
treatment, including 1 patient with an ongoing PR of >
1 year. SD was achieved in 15 (54%) of the 28 patients,
and this was their best response. Seven patients are still
on treatment. The overall disease control rate was 79%.

In conclusion, FGFR2 inhibitors resulted in the
highest ORR and DCR among different targeted
therapies, and those inhibitors offer promise for the
future development of targeted therapies. In addition,
combining FGFR inhibitors with chemotherapy or
immunotherapy could increase survival benefits in
patients with advanced or metastatic cholangiocarcinoma;
this approach requires further investigation.

3.2. Targeting IDH1/2

Isocitrate dehydrogenase (IDH) is part of the Krebs
cycle; this enzyme converts isocitrate to alpha-
ketoglutarate (AKG). Various enzymes such as DNA and
histone modifiers require AKG as a cofactor. Mutations
in the IDH1 and IDH2 genes occur in about 15-20% of
iCCA, with R132 and R172 being the most frequently
mutated codons, respectively. An IDH mutation is found
exclusively in iCCA, and the prognostic significance
of an IDH mutation in advanced iCCA is a subject of
debate. Goyal ef al. (45) reported that the median OS
did not differ significantly between patients with an
IDH mutant and wild-type IDH (15.0 vs. 20.1 months,
respectively; p = 0.17), but that patients with iCCA
and an IDH mutant had a lower median serum CA19-
9. Jiao et al. (46) reported that the status of IDH gene
mutations was significantly associated with a worse
prognosis: subjects with an IDH mutation had a 3-year
survival of 33% compared to a 3-year survival of 81%
for subjects with wild-type IDH genes (P =0.0034).
However, Wang et al. (47) found that mutations in IDH1
or IDH2 were associated with a longer OS (p = 0.028)
and were independently associated with a longer time to
tumor recurrence after intrahepatic cholangiocarcinoma
resection according to multivariate analysis (p = 0.021).
Molecular targeted therapy for mutant IDH1 or

IDH2 in cholangiocarcinoma is limited. Ivosidenib (AG-
120) (Tibsovo; Agios) is an oral, targeted mutant IDH1
inhibitor that was approved for the treatment of IDH1
mutant acute myeloid leukemia by the FDA on July 20,
2018 (48). Lowery et al. (49) conducted a phase I study
on IDHI1-mutant iCCA. Seventy-three patients with
IDH1-mutant cholangiocarcinoma were enrolled and
received ivosidenib. A PR was achieved in 4 patients
(5%). Median PFS was 3.8 months, 6-month PFS was
40.1%, and 12-month PFS was 21.8%. Median OS was
13.8 months, though data were censored for 48 patients
(66%).

The ClarIDHy phase III clinical trial (NCT02989857)
(50) evaluated the role of ivosidenib in patients with
IDH1 mutant (R132C/L/G/H/S mutation variants)
cholangiocarcinoma following progression during
prior chemotherapy. PFS was significantly improved
by ivosidenib in comparison to a placebo (median 2.7
months vs. 1.4 months; HR: 0.37; 95% CI: 0.25-0.54;
one-sided p < 0.0001). However, data on survival time
have not been available up to this point.

Other IDH inhibitors are also undergoing clinical
trials. A phase I-1I, multicenter, open-label, dose-
escalation study of enasidenib (AG-221/CC-90007), a
selective inhibitor of mutant-IDH2 enzymes, is underway
in patients with advanced solid tumors including
intrahepatic cholangiocarcinoma (NCT02273739).
Patients with advanced malignancies that harbor
IDH1R132 mutations are now being recruited for a study
of IDH305 (targeted inhibitor of IDH1).

3.3. Targeting MEK 1

A mutation in the MAP kinase signaling cascade, i.e. the
RAS/RAF/MEK/ERK signaling pathway, is commonly
found in BTC and occurs by multiple mechanisms
including ERBB2 overexpression and KRAS, BRAF,
and NRAS mutations. A few therapies that target MEK-1
have yielded preliminary results, including selumetinib,
trametinib, and binimetinib. A combination of MEK-1
inhibitor and chemotherapy seems better, but the efficacy
of MEK1 inhibitors still needs to be improved (Table 3).

Furuse et al. (51) reported the results of a phase II
study of selumetinib in patients with metastatic biliary
cancer. Selumetinib is an inhibitor of MEK1/2 targeting
the RAS/RAF/MEK/extracellular signal-related kinase
pathway. A PR was achieved in 3 of 28 patients,
representing a response rate of 12%. The median PFS
was 3.7 months and the median OS was 9.8 months. All
toxicities were manageable and reversible. Bridgewater
et al. (52) conducted a phase Ib study of selumetinib
combined with cisplatin/gemcitabine. Objective response
(Response Evaluation Criteria in Solid Tumors, RECIST
vl.1) was evaluable in 8 patients: PR was achieved
in 3 and SD was achieved in 5, with an ORR 25%.
The median PFS was 6.4 months. Toxicities related to
selumetinib were mostly edema and a rash of grade 1-2
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2 4 and manageable.
g ; Anot%ler MER-1 inhibitor, trametinib, was less
— "§§ E efficacious than selumetinib. Kim et al. (5.3) stufiied a
é %% 2 total of 44 eligible patients with cholanglocar.cmoma
é §§§ g (68%) and GBC (32%) who were randomly asmgned to
S % s :g © :) treatment arms (24 patlents. in arm 1 and 20 1(r)1 apn 2).
H g g“ et © The response rate was 8% in arm 1 versus 10% in arm
x 25% o N % Tg 2 (p > 0.99). Median OS was 4.3 months for arm 1 and
s oEEs T " - g 6.6 months for arm 2. The median PFS was 1.4 months
S ; for arm 1 and 3.3 months for arm 2. Shroff RT (511))
“ i o reported that a combination of trametinib and pazopanib,
g R a - < b4 2 a \p/EGF receptor inhibitor, improved DCR but not ORR
= E %n in advanced cholangiocarcinoma.
& Binimetinib monotherapy resulted in an ORR of
s £.,° x 2 E«f 8% and a DCR ohf 56"/(;1 (55), and lett Zo.mbinagil({)lr{l oi
8 hgw = & 8 binimetinib and chemotherapy resulted in an 0
& % 25 5 S s g 20.6% and a DCR of 36% (32,56). Using an MSK-
S EE z §/ Z Z IMPACT 410-gene panel, Lowery et al. (32) found
cz % é 22 g $ o 553 aberrations in the RAS-RAF-MEK-ERK pathway and
2| & B2 & w2 El|E mutations in PIK3CA, AKT2, PIK3CG, BRAF, and
£l T T Py 5 = 8 & A.E% 5 MAP3K1 in responders. Binimetinib with gemcitabine
T 83 5 ~ 3 £ % 938|F d cisplatin did not improve the 6-month PFS or ORR.
- :%é 2 - 5 % Sit Lﬁ) e ; iti iteria were not based on
% ég g 2 ,Qg g_z y 5@2 2 However, t.he recrulFlng cri eila. pre rot based on
Z 22T % & gga & Sz& 2 molecular signatures in those clinical trials. Mole :
z Z é é gg % g ;—:"go'ﬁ % % g E LE groﬁlﬁg Iénell}; hel;t) ;ciot lfelect patients who may benefit
=R = i om -1 targeted therapy.
[}
=) o
éﬂ é f“ g 3.4. Targeting BRAF-V600E
5} 20
g i’% § § lé é Tg Several other solid tumors with a BfRAII: Arrllsutatignl\i;z\z
@ £2 g B |ls B benefited from a combination of B an
; :5)5 §§ 2 2 % n é% % ; inhibitors. Planchard et al. (57) conducted an open-
E_:E ﬁé 2 g c“;: 5 ‘% g ° S|z g label phase II trial examining the efficacy of dabrafenib
é "§§ ;é\; E % g 35 %i é % plus trametinib in patients with BRAFV600E-mutant
gl - g go S5 B E t Lzg|¢ g metastatic non-small—ceI.I lung cancers.that were
£ £ :% % 2 E 8 §§§ £ 9 previously untreated. Thirty-six 36 patients were
e 2 g* E g £ E E EE 2 7; § enrolled. Twenty-three patients had an overall response
% &3 2 & & 2% 22 (64%, 95% CI 46-79); a CR was achieved in 2 (6%) and
s 5 8 a PR in 21 (58%). Robertbet izl. (58) repo.rge? glf ﬁrsi[—hne
o g8 treatment with dabrafenib plus trametinib led to a long-
218 = § & & s 3 % g term benefit in approximately one-third of p.atients who
:;V §D ;-; had unresectable or met'astatlc melanc?ma with a BRAF
S5 V600E or V600K mutation. A CR, which was as§001at§d
S % & % with an improved long-term outcome, was achieved in
= . —z 109 patients (19%). The overall survival rate at 5 years
& § 5 % é was 71% (95% CI, 62 to 79). .
£ z %ﬁ T; © Only case reports have evaluated dabrafenib
g = g é % plus trametinib in advanced BTC (Table 4). Bunyatsw et
g = = 5 B o o = = & al (59) described a rare case with poorly dlfferen.tlatetd
2 3 é g Tg 2 3 °§’ % cholangiocarcinoma with an atypical genetic mutation in
g é = g £ S % Tg- the BRAF V600E gene; the cancer was stage T4AN1MO,
g8 and a successful outcome was obtained. A 38-year-old
= & 2 SO § E‘; female patient underwent surgery at the National Surgery
§, E’ . :\ . ‘?' § g “g’ Institute for iCCA of the left lobe of the l?ver with
5|5 B ) E/ ) 3 S é 2 invasion of the anterior abdominal wa}ll, the diaphragm,
5‘{ E % 2 22 = z ;ig and the pericardium. Liver resection, lymph node
gl g g= ES g EZ E %E o £ dissection, and pericardial resection were performed.
GlE2 88 E& w &8 ¥ 3] =&

Table 3. MEK1 inhibitors
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Table 4. Targeting BRAF V600E

OS (months)

PFS

PR or CR

Chemotherapy regimen

Study design

Study, Year

At 12 weeks, PET CT confirmed further

3

1 CR

Dabrafenib + Trametinib

eCCA

(n

Case report, a 59-year-old female with chemotherapy-

refractory metastatic eCCA

Kocsis J (62),

2017

tumor regression with complete regression

of multiple cerebral metastases.

Next-generation sequencing (NGS) revealed a

BRAF V600E mutation

1))

Case report, iCCA of the left lobe of the liver with invasion
of the anterior abdominal wall, the diaphragm, and the

pericardium

The patient has been tumor-free for 2 years

with no signs of recurrence.

na

1CR

Dabrafenib + Trametinib

iCCA

Bunyatov T (59),

2019

Mutation in the BRAF V600E gene

:1)

(n

Case report

CR was achieved at 6 months in 1 patient

who died at 9 months.

6

1 CR

Dabrafenib and trametinib

iCCA
(n=2)

Lavingia V (60),

2016

Mutation in the BRAF V600E gene

PR was achieved at 2 months in 1 patient

who had a PFS for 5 months.

1 PR

Case report

Symptomatic and sustained near-complete

radiological improvement.

na

1 PR

Dabrafenib + Trametinib

iCCA

Loaiza-Bonilla A (61),

2014

Mutation in the BRAF V600E gene

:1)

(n

iCCA, intrahepatic cholangiocarcinoma. eCCA, extra-hepatic cholangiocarcinoma. PFS, progression-free survival. OS, overall survival. PR, partial response. CR, complete response. na, not available.

Adjuvant chemotherapy (GEMOX) did not yield any
results. Treatment with pembrolizumab did not result in
any improvement, either. NGS and molecular profiling
of the tumor revealed the mutation in BRAF V600E
gene. Target therapy with dabrafenib and trametinib was
initiated and resulted in a full response. The patient has
been tumor-free for 2 years with no signs of recurrence.

Lavingia et al. (60) reported on 2 cases of BRAF
V600E refractory iCCA treated with dual BRAF and
MEK inhibitors (dabrafenib and trametinib) with an
excellent clinical and radiological response to therapy
and a protracted duration of disease control. A CR was
achieved in 1 patient after 6 months of treatment, and
disease progression ultimately occurred at 9 months.
PR was achieved in the second patient 2 months after
treatment, and that patient has been progression-free 5
months after treatment.

Loaiza-Bonilla et al. (61) reported on a 47-year-old
woman diagnosed with chemotherapy and radiation-
refractory BRAF V600E mutant, poorly differentiated
iCCA. The patient was stage IV and had multiple
metastatic lesions in the liver, lungs, pleura, and bone.
NGS genomic information suggested that the patient
was a suitable candidate for dual BRAF and MEK
inhibition therapy. After dual therapy with dabrafenib
and trametinib, the patient's tumor almost disappeared
completely, as confirmed by computed tomography, but
the patient is still symptomatic.

The outcome of the dual targeting therapy appears
superior to that of BRAF inhibition alone and cytotoxic
chemotherapy. Given the poor outlook and refractoriness
of BRAF mutant iCCA, future studies should focus on
early integration of BRAF/MEK inhibition.

3.5. Targeting HER-2

HER family receptors (EGFR/HER1, HER2neu,
HERS3, and HER4) trigger multiple signaling cascades,
including the mitogen-activated protein kinase
(MAPK) cascade phosphatidylinositol 3-kinase (PI3K)/
AKT pathway and signal transducer and activator of
transcription (STAT) transcription factor, leading to
various phenomena, including cell proliferation, cell
differentiation, angiogenesis, metastasis, and inhibition
of apoptosis, that are involved in the development
of several carcinomas. HER2 alterations, including
overexpression, amplifications, and other mutations, are
found in a variety of solid tumors (63). In BTC, HER2
overexpression is observed in ~ 5% of intrahepatic CCA,
~20% of extrahepatic CCA, and ~19% of GBC.

HER-2 inhibitors include trastuzumab, pertuzumab,
lapatinib, neratinib, and afatinib. Trastuzumab plus
chemotherapy is the first-line therapy for patients with
HER2-positive gastric cancer, although trials involving
pertuzumab, lapatinib, and T-DM]1 have failed to
improve outcomes.

Lapatinib monotherapy (64) or afatinib plus GEMCIS
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(65) has failed to yield any survival benefit in advanced
BTC. However, these studies were not treating patients
with specific molecular biomarkers. Moreover, a PR was
achieved in 2 patients with metastatic GBC who received
HER-2 inhibitors with amplification of the ERBB2 gene
(66,67). Furthermore, treatment of advanced GBC and
CCA with HER2/neu genetic aberrations or protein
overexpression with monotherapy or a combination of
two HER-2 inhibitors resulted in an ORR ranging from
22-55% (64-70) (Table 5). In the future, both novel
antibody-drug conjugates and bispecific antibodies
targeting HER2 and HER2-targeted therapies in
combination with immune-checkpoint inhibition will be
tested in clinical trials (67).

3.6. PARP inhibitors targeting BRAC1/2, BAP1, and
ATM

Poly [ADP-ribose] polymerase (PARP) inhibitors
are involved in cell repair. Somatic mutations of the
tumor-suppressor genes BRCA1 and BRCA2 have
been reported in cholangiocarcinomas (37). BRCA-
mutated tumors are often sensitive to PARP inhibitors.
Accordingly, a retrospective clinical analysis of patients
with BRCA-mutated cholangiocarcinoma (n = 18)
found that a sustained disease response was achieved
in 1 of 4 patients who received PARP inhibitors, with
a PFS of 42.6 months; the OS for patients with stage
III/IV cancer was 25 months (77). Although PARP
inhibitors and inhibitors of ataxia-telangiectasia mutated
(ATM), another DNA repair protein, are currently
being evaluated in multiple clinical trials on BRCA-
mutated breast cancer, they need to be prospectively
evaluated in patients with cholangiocarcinoma. Zhang et
al. (72) reported on the efficacy of olaparib in a patient
with gallbladder cancer with an ATM-inactivating
mutation. SD was achieved, and the patient survived
for 16 months on olaparib. A phase II trial of the PARP
inhibitor niraparib is planned in patients with advanced-
stage malignancies, including cholangiocarcinoma, and
with known mutations in BAP1 and other DNA double-
strand break repair pathway genes — excluding BRCA1/2
mutations (NCT03207347).

3.7. Immune checkpoints inhibitors (ICI) for BTC

Immune checkpoints inhibitors (ICI) targeting
programmed cell death protein 1 (PD-1) or its ligand
PD-L1 or cytotoxic T-lymphocyte associated antigen
4 (CTLA-4) checkpoints have demonstrated the
potential to target tumor-specific immune suppression.
According to data from the literature, inhibition of
immune checkpoints has yielded promising results in
several malignancies such as melanoma (73,74), non-
small cell lung cancer (75), urothelial carcinoma (76),
renal cell carcinoma (77), head and neck cancer (78) and
hepatocellular carcinoma (79). Thus far, the clinical data
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Table 5. Targeting HER2/ERBB2
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PFS
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1.8vs.2.3
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9 cases of GBC: CR was achieved in 1, PR in 4,

HER2/neu-directed therapy

14

advanced GBC and CCA with HER2/neu genetic

aberrations or protein overexpression

Javle M (68), 2015

7-29weeks

SD in 3, MR (mixed response) in 1, ORR: 55%.
5 cases of CCA: PD was achieved in 5 patients

(trastuzumab, lapatinib, or
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BTC, biliary tract cancer. GBC, gall bladder cancer. CCA, cholangiocarcinoma. HCC, hepatocellular carcinoma. GEM, gemcitabine. CIS, cisplatin. PFS, progression-free survival. OS, overall survival. PR, partial response.

CR, complete response. SD, stable disease. na, not available. HER2, human epidermal growth factor receptor-2. ERBB2, erythroblastic leukemia viral oncogene homolog 2.
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on immunotherapy for CCA and other BTCs are limited,
and several trials are underway; they are exploring,
for instance, the role of the monoclonal antibodies
ipilimumab or tremelimumab (anti-CTLA4) or antibodies
targeting PD-L1 or PD-1, such as pembrolizumab or
nivolumab (80).

Gou et al. (81) reported on 30 patients with metastatic
BTC who voluntarily received nivolumab. CR was
achieved in | patient, a PR in 5, SD in 12, and PD in 12.
ORR was 20%, DCR was 60%, and PFS was 3.1 months.
Fifty-four patients with BTC included 59% with iCCA,
11% with eCCA and 30% with GBC who received
nivolumab monotherapy; ORR was 22%, median PFS
was 3.8 months, and median OS was 10.3 months (§2).
Durvalumab monotherapy has also displayed limited
efficacy. In a phase I study of 42 patients, ORR was only
4.8%, median PFS was 1.6 months, and median OS was
8.1 months (83).

The efficacy of pembrolizumab monotherapy is
also limited. The PD-L1 inhibitor pembrolizumab
was administered to 104 patients with advanced BTC.
Pembrolizumab achieved a PR in 6 patients, resulting
in an ORR of 5.8%. Median PFS was 2.0 months,
and median OS was 9.1 months (84). Kang et al. (85)
conducted a prospective cohort study in 40 patients with
PDL1-positive BTC that progressed despite first-line
gemcitabine plus cisplatin. Pembrolizumab 200 mg was
administered intravenously every 3 weeks. The ORR was
10% according to RECIST v1.1 and 12.5% according
to the immune-modified RECIST (imRECIST). The
median PFS was 1.5 months, and OS was 4.3 months.
This checkpoint inhibitor is currently being tested in
combination with cisplatin and gemcitabine in the phase
I ABC-09 trial (NCT03260712).

Combining two ICIs does not look promising.
Arkenau et al. (86) reported that ramucirumab plus
pembrolizumab in patients with advanced or metastatic
BTC had limited efficacy even in the patients with
biomarker-unselected progressive BTC, with an ORR
of 4%, a median PFS of 1.6 months, and an OS of 6.4
months.

A combination of an ICI and chemotherapy resulted
in a better ORR and DCR compared to an ICI alone.
Nivolumab combined with chemotherapy resulted
in a better tumor response and patient survival than
nivolumab monotherapy. Ueno et al. (8§7) conducted
a multicenter, open-label, phase I trial at four cancer
centers in Japan. Thirty patients were enrolled in each
cohort. In the monotherapy cohort, median OS was 5.2
months, median PFS was 1.4 months, and a PR was
achieved in 1 of the 30 patients. In the combined therapy
cohort, median OS was 15.4 months, median PFS was
4.2 months, and a PR was achieved in 11 of the 30
patients. Phase II studies are ongoing: patients with BTC
are receiving either nivolumab alone (NCT02829918),
or in combination with chemotherapy (gemcitabine/
cisplatin) or with another immunotherapy (ipilimumab;

NCT03101566).

Numerous case series have involved patients
receiving immunotherapy with PD-1/PD-L1 inhibitors
combined with radiotherapy or chemotherapy that
achieved a CR or PR (Table 6). Clinical trials studying
immunotherapy combinations designed to augment
the immune antitumor response are also underway.
Hyperactivated PD1/PD-L1 signals in tumor tissues are
a negative prognostic marker for iCCA after resection
(88). In addition, PD-L1 expression in both cancer and
stroma cells of patients with CCA was an independent
predictor of poor OS (89). However, evidence of PD-
L1 expression was not always related to a longer PFS
in contrast to a lack of PD-L1 expression (87). PD-
L1 protein expression is determined using the tumor
proportion score (TPS), which is the percentage of viable
tumor cells with partial or complete membrane staining
at any intensity. The TPS is an indicator of the degree
of PD-L1 immunostaining. Some studies have reported
that patients with a TPS > 50% (85) had a higher rate
of tumor response to ICI than patients with a TPS <
50%. Immunotherapy could become an important part
of treatment of iCCA in the future. Future studies of
immunotherapies need to collect and report information
on important clinical covariates, such as the anatomical
site, along with blood and tumor samples. In addition,
potential biomarkers including MSI, MMR, TMB, and
PD-L1 and tumor somatic mutations (TMB) should be
quantified in order to identify those patients who are
most likely to benefit from immunotherapy (80, 90).

4. Conclusion and perspectives for the future

In conclusion, advanced BTC has a poor prognosis.
Chemotherapy, and especially a triplet GAP regimen
based on GEMCIS, has the most significant effect
on that cancer, and FOLFIRINOX combined with
bevacizumab is promising. Molecular targeted therapy
based on genome sequencing appears essential to
precision medicine. FGFR inhibitors and IDH inhibitors
are promising emerging targeted therapies mainly for
iCCA. Other targeted therapies such as anti-HER2
therapies or MEK-1/2 or BRAF inhibitors should be used
in accordance with biomarkers. Further evaluation of
combination strategies in particular is needed. Case series
have reported that ICIs combined with chemotherapy or
radiotherapy result in a good response, though this is still
being evaluated in several studies. Combination therapies
have garnered attention because of interactions between
signaling pathways of carcinogenesis in BTC
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SUMMARY

The human immune system has evolved to recognize and eradicate pathogens, a process that is
known as "host defense". If, however, the immune system does not work properly, it can mistakenly
attack the body's own tissues and induce autoimmune diseases. Rheumatoid arthritis (RA) is such
an autoimmune disease in which the synovial joints are predominately attacked by the immune
system. Moreover, RA is associated with bone destruction and joint deformity. Although biologic
agents have propelled RA treatment forward dramatically over the past 30 years, a considerable
number of patients with RA still experience progressive bone damage and joint disability. That is
to be expected since current RA therapies are all intended to halt inflammation but not to alleviate
bone destruction. A better understanding of bone erosions is crucial to developing a novel strategy to
treat RA-associated erosions. This review provides insights into RA-associated bone destruction and

perspectives for future clinical interventions.

Keywords

1. Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune
disease associated with bone destruction that affects
up to 1% of the general population all over the world
(). The autoimmunity triggers inflammatory responses
that are evident in most of the clinical features of RA,
such as joint redness, warmth, swelling, tenderness, and
stiffness. Besides inflammation, RA also causes bone
destruction and leads to progressive disability.

Bone damage is more likely within the first 2 years
after the onset of disease, and it is more common in the
synovial-lined peripheral joints of hands and feet, such
as the metacarpophalangeal and metatarsophalangeal
joints, as well as the knee joints. Intriguingly, synovial
joints such as hip are rarely affected by RA (2). This
specific anatomical distribution of joint involvement
occurs even if immune system indices and genetic and
environmental factors are the same, suggesting that a
local predisposing factor within the joints is involved in
the course of RA-associated bone destruction. Several
studies using high-throughput sequencing have revealed
joint-specific characteristics in terms of genomics,
epigenomics, and even functions (3-5).

In arthritic joints, the synovium becomes hyperplastic.
Synovium with an aggressive phenotype has the capacity
to invade and destroy bone, which is mediated by

rheumatoid arthritis, bone erosions, RANKL, synovial fibroblasts

bone-resorbing osteoclasts, the formation of which is
significantly favored by the inflammatory milieu in
arthritic joints (6). Recent studies have indicated that
not only increased osteoclastic bone resorption but also
suppressive osteoblastic bone formation is associated
with bone damage due to RA (7). Synovial tissue is
thought to be associated with the joint specificity of RA.

Over the past 30 years, therapies for RA have
changed dramatically, as reflected in both their clinical
goals and strategies. The development and current
routine use of biologic agents can help to achieve
disease remission in patients with RA, which is a
feasible goal. Although there are differences between
individuals, many patients with RA fail to respond
and continue to suffer structural damage even if in
remission (8). Therefore, a better understanding of bone
destruction is urgently needed to optimize the avenues
for future treatment of RA. Here, recent advances in
the understanding of RA-associated bone destruction
summarized and perspectives for bone-directed
therapies are described.

2. Key features of RA
RA is a systemic autoimmune disease as evinced

by the appearance of various autoantibodies such as
rheumatoid factor (RF) and anti-citrullinated protein
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antibodies (ACPAs). ACPAs in particular are highly
specific to RA and thus are most widely used to diagnose
RA at present (/,9,10). ACPAs positivity is strongly
associated with structural damage in patients with RA
(11), and immune complexes including ACPAs have
been found to directly stimulate osteoclast formation
(12). ACPAs are produced during autoimmune responses
to citrullinated proteins. Thanks to the development of
proteomic technology, over 100 citrullinated proteins
have been identified in RA samples (/3,74). The
generation of citrullinated proteins requires citrullinating
enzymes, mostly known as peptidylarginine deiminases
(PADs). In arthritic joints, neutrophil extracellular traps
(NETs) released from the activated neutrophils were
thought to be one of the potential sources of PADs (/J5).
Citrullinated proteins are immunogenic in RA, and
the ensuing immune responses target these proteins,
inducing inflammation and thus leading to tissue
damage. However, protein citrullination indeed plays
a critical role in many physiological processes such
as skin moisturization (/6) and hair follicle formation
(17), suggesting that the autoimmune reactions to
citrullinated proteins rather than their presence alone
are relatively pathogenic in RA.

Autoimmune reactions in RA are thought to be
closely associated with genetic risks and environmental
factors, such as microbial activity at mucosal sites (18-
20). These factors are likely to interact in a synergistic
manner to drive autoimmune responses. However,
numerous studies have found that autoantibodies appear
years before the onset of clinically apparent arthritis
(21,22), indicating that autoimmune responses are
pathogenic in RA but that they alone may not cause
joint disease. Further studies are needed to address

what triggers the transition from pre-symptomatic
autoimmunity to clinically erosive arthritis.

In addition to autoimmunity, a hallmark of RA is
progressive bone destruction and joint deformities. As
mentioned earlier, autoimmunity alone may not suffice
to trigger bone destruction. Nevertheless, a point worth
noting is that RA due to autoimmunity primarily affects
the synovial joints and tissue, and arthritic synovium is
capable of damaging bone.

The synovium is specialized connective tissue
where synovial fluid is produced. This tissue primarily
functions to lubricate and nourish the synovial joints
and to support the joint structure by producing an
extracellular matrix (23). A healthy synovium is
typically acellular, while during the course of RA,
the synovium becomes inflamed and hyperplastic
due to both the influx of inflammatory cells and local
proliferation of synovial fibroblasts (SFs). As a result,
arthritic synovium is a common place for the formation
of bone-resorbing osteoclasts, which directly cause
bone destruction in RA.

3. RA-associated bone destruction

Owing to the advances in high-throughput technologies,
researchers have become more aware of the process of
bone destruction. RA-associated bone destruction is due
to both excessive bone resorption by osteoclasts and
defective bone formation by osteoblasts (Figure 1).

3.1. Excessive bone resorption by osteoclasts

Osteoclasts are multi-nucleated cells of hematopoietic
origin that are derived from myeloid lineage precursor
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Figure 1. Potential mechanisms involved in RA-associated bone damage. Arthritic bone damage is caused by both excessive bone resorption
by osteoclasts and by defective bone formation by osteoblasts. In the course of osteoclastic bone resorption, the osteoclast precursors in RA come
from circulating blood and not synovial macrophages. Like RANKL-expressing SFs, osteoclast-supporting cells are thought to proliferate locally,
and especially in the layer of cells lining bone. In RA, bone-forming osteoblasts are compromised by impaired Wnt signaling, which is negatively
affected by intense inflammation in arthritic joints.
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cells. The primary function of osteoclasts is to resorb
bone. The essential roles of osteoclasts in RA-associated
bone erosions have been identified in a series of human
and genetically modified animal studies (24,25).

Osteoclasts are exclusively found attached to an
area of bone resorption area in both patients with RA
and murine models of arthritis. These findings lead to
the question of whether or not osteoclasts cause arthritic
erosions. A series of osteoclast-free models of arthritis
have provided in vivo evidence. Transgenic mice that
express human TNF (hTNFtg) failed to develop bone
erosions when were crossed with c-fos-deficient mice,
of which the functional osteoclasts were completely
absent. A point worth noting is that the clinical signs
of arthritis were equivalent between the hTNFtg and
c-fos-knockout hTNFtg mice, indicating osteoclasts did
function in bone erosions but not in inflammation (25).

Where do these osteoclasts come from? Osteoclast
precursors can come from both circulating blood and
resident cells in synovial tissue. Only recently did a
study find that arthritic osteoclasts come from myeloid
cells circulating in the blood and not the synovium
(26). Remarkably, these arthritic osteoclast precursors
are distinct in the transcriptome profile, compared to
conventional osteoclast precursors that are responsible
for physiological bone remodeling. This indicates that
precisely targeting these arthritic osteoclasts could be a
way to treat RA-associated bone erosions.

3.1.1. RANKL signaling governs osteoclast formation

Osteoclasts destroy bone in RA, so how osteoclasts are
generated needs to be thoroughly investigated.

The receptor activator of the NF-«xB ligand
(RANKL), encoded by the Tnfsfll gene, is essential
for osteoclast formation and was identified in 1998 (27).
The receptor of RANKL is RANK (encoded by the
Tnfsfl1a gene), which is highly expressed on osteoclast
precursor cells. RANKL binds to RANK, inducing
osteoclast formation. Mutations in the RANKL and
RANK genes have been respectively identified in
patients with osteopetrosis and familial expansile
osteolysis (28,29). In addition, mice lacking either the
RANKL or RANK gene display severe osteopetrosis
due to a complete absence of osteoclasts. The same
phenomenon occurs in arthritis. RANKL-deficient mice
are protected from bone destruction even when attempts
are made to induce arthritis, although they do have joint
inflammation to a similar extent (30).

3.1.2. SFs are the major source of RANKL

In arthritic joints, which cells are responsible for
RANKL production? Although RANKL was primarily
reported to be expressed on activated T cells, in arthritic
joints, SFs in synovial tissue are believed to be the major
source of RANKL and thus primarily responsible for

arthritic bone erosions (3/). Because of their prominent
role in RA-associated bone destruction, SFs have often
been a topic of considerable interest in the past.

RA-SFs are mesenchymal lineage cells marked by
the high expression of podoplanin (PDPN), cadherin 11
(CDHI11), and fibroblast activation protein o (FAPa),
all of which are barely expressed in a healthy individual
(32,33). More recently, SFs within the rheumatoid
synovium have been found to be heterogeneous,
as evinced by different anatomical locations and
protein markers as well as by specific functions (32-
37). A single-cell RNA-seq analysis identified two
functionally distinct SFs subsets. Lining layer SFs,
which predominately express CD55 but lack CD90,
cause bone destruction in arthritic mice via high levels
of RANKL expression while sublining SFs that highly
express CD90 are pro-inflammatory (34). That study
demonstrated for the first time that functional distinct
SFs subsets do exist in arthritic joints. The importance
of SF heterogeneity may directly contribute to the
distinctive features of RA. However, further studies are
needed to clarify whether the two types of SFs are truly
distinct cell subsets or just a single population. Are the
distinct phenotypes only exhibited temporarily to cope
with surrounding stimulatory signals and environmental
insults? Inflammatory cytokines, such as tumor necrosis
factor a (TNF-a), IL-6, IL-1pB, and IL-17, are abundant
in the inflammatory milieu of joints and are thought
to be the most potent RANKL-inducing factors. In
addition, biomechanical stimuli within joints, such as
mechanical stress, have also been found to potentially
induce RANKL expression (38).

3.2. Compromised bone formation by osteoblasts

Osteoblasts are derived from mesenchymal precursor
cells in bone marrow and have the capacity to
differentiate into osteocytes to form new bone. In RA,
bone formation is compromised.

First, inflammation inhibits bone formation.
TNF-a is considered to occupy the top position in the
inflammatory cytokine cascade. As early as 1986,
pioneering researchers reported that monocyte-
derived TNF-a directly inhibited bone collagenase
synthesis in osteoblast cultures (39). In addition,
formation of mineralized bone at sites of inflammation
decreased significantly compared to that at sites
without inflammation in serum-transferred arthritic
mice. Moreover, damaged bone could be repaired by
osteoblasts if inflammation was eliminated (40,41).
Enhanced bone formation in patients with RA was also
observed after anti-TNF therapy (42). More recently,
B cells located in the subchondral and endosteal bone
marrow (BM) have been found to be involved in the
mechanisms of RA-compromised osteoblasts since
those B cells secrete TNF-a and CCL3 (43). This
may partially explain clinical benefits in the form of
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improved bone mineral density (BMD) and changes in
bone turnover after treatment with rituximab (a CD20
blocker) in patients with RA.

Besides inflammation, localized hypoxia and a low
PH environment in arthritic joints also affect osteoblast
functions (44). Hypoxia suppresses the Wnt pathway,
which is important for signaling bone formation in
osteoblasts. A low PH directly prevents skeletal tissue
mineralization, a process by which bone matrix is filled
with calcium phosphate, thus improving bone strength.
Noticeably, hypoxia and a low PH are commonly
aggravated by the inflammatory milieu within arthritic
joints. Accordingly, repaired bone is seen only when
systemic inflammation is completely controlled.

4. Current treatment of RA-associated bone erosions
and horizons for the future

4.1. Current treatment

Over the past few decades, the treatment of RA has
changed dramatically due to the improved understanding
of this disease (Figure 2).

Drug treatment options for RA have evolved from the
era of nonsteroidal anti-inflammatory drugs (NSAIDs)
in the 1930s, to glucocorticoid therapy in the 1950s, to
disease-modifying anti-rheumatic drugs (DMARDs)
in the 1980s, to biologics since the 2000s, and more
recently to small-molecule DMARDSs, which are mainly
Janus kinase inhibitors (JAKis). The significant change
in RA management has coincided with improved clinical
outcomes.

NSAIDs only help with symptoms and pain relief,
and DMARDs modify disease activity but do not affect
structural alterations. Biologics, together with DMARD:s,
dramatically slow disease progression but still do not
cure RA. JAKis target broad cytokine- and hormone-

mediated signaling, so their long-term efficacy and safety
remain unclear.

Biologics that inhibit key components of the
immune system, such as inflammatory cytokines and
activated immune cells, are the mainstay of current RA
management and have resulted in significant structural
improvements in patients with RA. In inflamed joints,
inflammatory cytokines and activated immune cells fuel
osteoclastic bone destruction and impair osteoblastic
bone formation. One of the clearest examples of
biologic agents that affect bone is TNF blockers. TNF
directly regulates the osteoclast-intrinsic pathway and
it stimulates RANKL expression on SFs to indirectly
facilitate osteoclast formation. There are six different
TNF blockers currently approved for treatment of RA,
consisting of both monoclonal anti-TNF antibodies and
soluble TNF receptors. TNF blockers have displayed
the potential to arrest structural progression in RA, but
nonetheless some patients are unresponsive or resistant
to anti-TNF therapies (45).

JAKis, such as tofacitinib, baricitinib, and
upadacitinib, regulate distinct cytokine- and hormone-
mediated pathways and are currently approved for
treatment of RA (46). Recent evidence has emerged to
suggest that these JAKis play a role in bone biology.
JAKis ameliorate bone loss by enhancing osteoblastic
bone formation rather than by affecting osteoclastic bone
erosions in models of both osteoporosis and arthritis (47).
In patients with RA receiving 5 mg of tofacitinib twice
daily for 2 years, bone formation is induced as revealed
by high-resolution peripheral quantitative CT (48).

Denosumab (DMab), a fully human monoclonal
antibody targeting RANKL, is the only anti-erosion
agent that is currently available for treatment of RA. The
clinical benefits of DMab therapy in patients with RA are
the prevention of bone erosions as well as the alleviation
osteoporosis (49). Thus, DMab has been approved for

DMARDs
= Methotrexate JAKis
= Leflunomide = Tofacitinib
= Sulfasalazine = Baricitinib
NSAIDs = Hydroxychloroquine = Filgotinib
I I I
~
1930s 1950s 1980s 2000s 2013 Future
R | o , |
Glucocorticoids Biologics SFs-directed

TNF-a inhibitor
Interleukin-1 inhibitor
Interleukin-6 inhibitor
Interleukin-17 inhibitor
RANKL inhibitor
GM-CSF inhibitor
Targeting T cells
Targeting B cells

therapy

Figure 2. Key milestones during the evolution of treatments for RA. Drugs that are available for treatment of RA have dramatically evolved
over the past few decades, though they cannot cure RA yet. Future SFs-directed therapies may potentially optimize the avenue for treatment of RA.
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treatment of RA in Japan.
4.2. Horizons for the future

Researchers have increasingly recognized that RANKL-
expressing SFs absolutely contribute to osteoclastic
bone erosions. Perhaps lessons could be learned from
experience with cancer-associated fibroblast-directed
therapies. One such option is to target the surface
proteins expressed on RA-SFs. Indeed, an early phase
of a clinical trial of CDHI11 therapy in patients with RA
is now underway. In addition, RA-SFs in arthritic joints
appear to be epigenetically imprinted, which potentially
contributes to persistent aggressive phenotypes (3).
Accordingly, histone-modifying inhibitors such as BET
inhibitors may remodel RA-SFs to a normal landscape.
However, one must keep in mind that there is still no
unique cell marker with which to define erosive SFs,
and the same challenge remains in relation to histone
modifiers.

Targeting bone-destructive osteoclasts directly is
also a potential strategy. For instance, a small molecule
inhibitor of cathepsin K (CTSK) directly inhibits
osteoclastic-bone resorption (50). Moreover, osteoclasts
utilize oxidative phosphorylation to fulfill the energy
demands for their resorptive functions (57), so targeting
metabolic pathways may be another therapeutic option.

5. Conclusion

Despite vast improvement in the treatment of RA,
achieving remission without medication is still
impractical at present. In fact, most patients with RA
do not respond optimally to these current therapies,
particularly in terms of bone damage and joint
deformities.

Bone destruction is a key feature of RA. Surprisingly,
clinical therapeutic strategies to treat bone destruction
are not being considered at present; most current
therapies are based on a simplistic view and reductionist
understanding. The complexity of RA-associated bone
destruction has become increasingly clear: osteoclast-
intrinsic mechanisms and the inflammatory milieu in
joints both contribute to erosions. Most of the drugs
available for RA are designed to modulate inflammation
but not to treat bone directly. Structural damage may
continue to progress even when inflammation diminishes
since immune-suppressive drugs directly target neither
osteoclasts nor RANKL-expressing SFs. Given the
signature of this disease, a combined therapy that targets
both the osteoclastic-intrinsic pathways and RA-related
inflammation is expected to yield better clinical benefits.
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SUMMARY

Immunotherapy, which targets T cell inhibitory receptors (immune checkpoints), is now being
widely used to treat a variety of types of cancer combined with surgery, chemotherapy, or
radiotherapy. However, immune checkpoint inhibitors are highly dependent on the ability to present
diverse tumor antigens to T cells. Neoantigens, arising from somatic mutations and specifically
targeting tumor cells, have the potential to stimulate a highly specific immune anti-tumor response.
Technological advances such as genomic sequencing and bioinformatics algorithms for epitope
prediction have directly facilitated the development of neoantigen vaccines for individual cancers.
Currently, several preclinical studies and early clinical trials using neoantigen in combination with
checkpoint inhibitors have resulted in robust T cell responses and antitumor action. In the future,
efforts will be made to optimize effective personalized neoantigen vaccines targeting individual

tumors and to elucidate the immune mechanisms underlying tumor evolution.

Keywords

1. Introduction

Immune checkpoint therapy with antibodies targeting
cytotoxic T lymphocyte-associated antigen 4 (CTLA4)
or programmed death 1/ligand 1(PD1)/(PDL1) has
overcome immune suppression and induced sustained
regression of disease in a subset of patients with cancer.
However, tumor cells are able to evade the immune
system due to their weak immunogenicity, leading
to reduced efficacy or immunotherapeutic failure in
many patients (10 to 60% of treated patients respond,
depending on the type of cancer) (/). A recent study
has reported that immune checkpoint inhibitors are
highly dependent on the ability to present diverse tumor
antigens to T cells (2). Hence, the effective identification
of antigens with strong immunogenicity in tumor cells
has become a priority in immunotherapy, and better
understanding of mechanisms has suggested that
immunogenicity and tumorigenicity are synchronous
processes resulting from mutagenesis.

Neoantigens are mainly generated from peptide
fragments of mutant proteins that derive from mutated
genes, which are commonly involved in carcinogenesis
(Figure 1) (3). Neoantigens are expressed exclusively
in tumor cells with individual specificity and provide
the immune system with potential target antigens.
Neoantigens can be presented to T cells by major
histocompatibility complex (MHC) molecules and

personalized neoantigen, immune response, cancer vaccine, immunotherapy

stimulate lymphocyte-mediated anti-cancer immunity
to eradicate cancer cells. They are presumed to be
more highly immunogenic than non-mutated self-
antigens, due to the minimized influence from thymic
selection, central and peripheral tolerance, and the risk
of autoimmunity (4).

Technological advances such as high-throughput
sequencing of whole cancer genomes and the
improvement of prediction algorithms have facilitated
the development of personalized neoantigen vaccines
(5). Recent studies have demonstrated the potential role
of neoantigens in cancer immunotherapy and cancer
evolution (6,7). This mini-review briefly summarizes
advances brought about by recent neoantigen-directed
studies to provide a better understanding of their
mechanisms in order to improve cancer immunotherapy.

2. Neoantigen identification and selection

Neoantigens are highly individual-specific and are
derived from driver mutations or passenger mutations
in cancer cells. Prioritizing cancer-specific neoantigens
is crucial to successful tumor vaccine therapy (8).
Theoretically, potential neoantigens are generated from
tumor somatic mutations based on the assumption that
a mutated sequence can be translated into a protein,
which is then processed into a peptide with a binding
affinity for an MHC molecule that results in a mutant
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peptide-MHC complex that is recognized by T cell
receptors (9). To create a personalized cancer vaccine,
neoantigens must be computationally predicted based
on matched tumor-normal sequencing data and then
ranked (prioritized) according to their predicted
capability to stimulate a T cell response. This process
of predicting potential neoantigens involves multiple
steps, including somatic mutation identification, human
leukocyte antigen (HLA) typing, peptide processing,
and peptide-MHC binding prediction. The general
workflow is shown in Figure 2. Finally, the antigenicity

of the synthesized neoantigens is determined using
standard immunological assays (/0).

Short peptides and long peptides comprise the
sequence of neoantigens with different lengths. The
former generally refers to peptides of 8-11 amino
acids in length that are recognized directly by CD8"
T cells as potential epitopes. Short peptides directly
bind to MHC class I molecules expressed by all
nucleated cells, most of which are not specialized for
antigen presentation, leading to weak T-cell priming or
immune tolerance (/7). Long peptides, which are 15-
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Figure 1. Peptide neoantigen. Variant peptides from mutated proteins (neoantigens) derived from somatic tumor-specific mutations can
be presented as a mutant peptide-MHC complex on the cancer cell surface and can be recognized by T cell receptors (TCRs) to elicit an

immune response.
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Figure 2. Diagram of the workflow for personalized neoantigen prediction. Clonal neoantigens can be expressed by intratumor heterogeneous
mutations in tumor cells. Exome sequencing data from tumor tissue are compared with those from normal tissue to detect the full range of
genomic alterations within a tumor. The expression of mutated antigens in the tumor is determined using transcriptome analysis. Then, the
binding capacity to MHC molecules from mutations that encode a mutant protein is ranked using algorithms such as netMHCpan. The recognition

of potential neoantigens is determined using standard immunological assays.
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31 amino acids in length, are taken up and processed
by professional antigen-presenting cells (APCs) for
presentation and elicit MHC class I and MHC class 11
T cell activation (/2). Studies have demonstrated that
long peptides, which are superior to short peptides,
can induce both CD4" and CD8" T cell responses
(6,7). Clearly, both CD8" and CD4" T cells are critical
to respectively recognizing antigens bound by MHC
class I and II molecules on the cell surface. However,
the challenge is to accurately identify optimal long
peptides and to analyze MHC class II neoepitopes using
current algorithms, as has been summarized elsewhere
(13,14). Future developments may leverage artificial
intelligence or machine learning with high-throughput
sequencing and larger datasets of cancer-specific HLA
ligands, T cell epitopes, and clinical responses to
improve neoantigen prediction reliability (/3,15).

In addition to the precise identification of highly
expressed tumor-specific antigens, another step is to
determine the therapeutic efficacy of neoantigens. That
efficacy relies on a highly immunogenic environment
including recruitment of professional APCs to the site
of tumor antigen expression, uptake of the antigens by
APCs, and maturation, activation, and trafficking of
APCs to vaccine-draining lymph nodes where T cell
activation occurs (/6).

3. Clonal neoantigens and tumor evolution

The interplay of the adaptive immune system and
evolving tumors is ongoing during the development and
progression of tumors. On one hand, mutations provide
fitness through the activation of key driver events or
loss of tumor suppressor genes during evolution. On
the other hand, a minority of mutations may result in
neoantigens and provide targets for the immune system
to inhibit the evolving tumor. Tumor cells undergo
clonal selection pressure due to a variety of genetic and
microenvironmental factors, which induce mutation
frequencies that vary markedly within tumors (/7).
Genomic heterogeneity including mutational burden
and types, which might render tumors refractory
to treatment, has also been found to correlate with
heterogeneous immune cell infiltration. The interaction
between an evolving cancer and a dynamic immune
microenvironment was investigated by the TRACER-x
consortium (/8). Two hundred and fifty-eight regions
from 88 early-stage, untreated non-small-cell lung
cancers were analyzed and the immune cells, cancer
mutations, and epigenetic marks were identified in
these regions. The study found that sparsely infiltrated
tumors exhibited a waning of neoantigen editing during
tumor evolution, while immune-infiltrated tumor
regions exhibited ongoing immunoediting, with either
loss of heterozygosity in human leukocyte antigens or
depletion of expressed neoantigens. That study revealed
that local tumor-infiltrating lymphocytes influence

the evolution of cancer through immunoediting of
neoantigens.

Another study explored the relevance of the
neoantigen burden, clonal neoantigen heterogeneity, and
prognosis in patients with early-stage non-small-cell lung
cancer included in the Cancer Genome Atlas project (19).
In an immunotherapy-naive setting, these patients were
found to have significantly longer overall survival if their
tumors contained a high number of clonal neoantigens
and exhibited low levels of neoantigen heterogeneity.
Gene-expression analysis revealed a subset of immune-
related genes that were upregulated in the high clonal
neoantigen group, indicating an inflammatory tumor
microenvironment. That study demonstrated that
the underlying mechanism of why the tumor overall
mutation burden was not an optimal biomarker for
checkpoint blockades in clinical settings since the clonal
expression of neoantigens by tumor cells, rather than the
overall mutational burden, determines the response to
checkpoint blockade therapy (20).

The aforementioned study by the TRACER-x
consortium found that immunogenicity could be lost
through serial transplantation, while these tumors
maintained their malignant potential according to
different selective pressures (/8). These fundamental
findings have led to a basic understanding of the
mechanism of neoantigens: due to the occurrence of
T cell-mediated neoantigen immunoediting, a broad
neoantigen-specific T cell response should be sought to
avoid tumor resistance (21).

4. Neoantigen quality and quantity

Intratumor neoantigen heterogeneity, owing to the
evolving tumor mutational landscape, poses a major
problem to the management of early and advanced
cancers. Neoantigen vaccines can only induce T cells to
target a small number of tumor cells if the neoantigens
are derived from mutated subclones, thus limiting the
clinical efficacy of neoantigens (22). Because of their
quantity and quality, clonal neoantigens are currently
becoming a focus of immune-mediated control (23).

Previous research on cancer immunotherapy
investigated the class I antigen processing pathway
that elicits CD8" T cells to extensively kill cancer
cells. However, there is mounting evidence of the
promising efficacy of class II-specific neoantigens in
cancer immunotherapies (24,25). In addition to CD§
T cells, the CD4 T cells are also required and may
be crucial determinants of a successful response to
immunotherapy (26). A recent study demonstrated that a
successful immune response depends on the presence of
neoantigens that trigger responses from both CD4 and
CDS8 T cells (27). Therefore, quality neoantigens should
include both MHC class I and MHC class II epitopes to
ensure CDS cytotoxic T lymphocyte priming and CD4
T cell help for a robust immune response.
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In the context of neoantigen-based cancer vaccines,
mRNA/DNA or synthetic long peptides, encompassing
both MHC class I and MHC class II epitopes, are
typically used (28). Vaccination with a multi-epitope
personalized neoantigen may be a promising strategy to
induce intratumoral heterogeneous neoantigen-specific
CD4" and CD8" T cell immune responses with a higher
probability of antitumor efficacy (29). However, the
challenge is to develop a general method for efficient
stimulation of potent antitumor T cell responses (30).
Direct injection of unformulated neoantigens has been
tested in many studies (7). Nonetheless, the ultimate
therapeutic efficacy of these peptide vaccines is
limited by inefficient delivery to the desired lymphoid
organs. Ex vivo-pulsed dendritic cell vaccines are
promising but suffer from several limitations, including
difficulties in preparation and expansion (37). In the
future, engineered intelligent biomaterials, which can
deliver several to several dozen neoantigens together
with adjuvants to target APCs, are expected to achieve
precise control of balanced MHC class I and II loading
of antigens in order to elicit the most potent and broad
T cell responses (32).

5. Neoantigen vaccine and checkpoint blockade
therapy

If a neoantigen displayed on the surface of tumor cells
bound to MHC molecules is recognized by a CD8 T
cell, this cell can target and kill any tumor cells that
express the same neoantigen. According to many studies,
however, T cell priming neoantigen vaccines alone are
not sufficient to trigger an effective immune response
against the tumor because the cytotoxic response can be
blocked by an immunosuppressive environment in the
context of tumors (33).

Immune checkpoint therapy with antibodies
targeting CTLA4 or PD1/PDL1 can overcome immune
suppression across a variety of types of cancer (34).
However, only a fraction of patients responds to immune
checkpoint blockade with sustained regression. Given
that the therapeutic benefit of an immune checkpoint
blockade is currently limited to patients with pre-
existing tumor-specific T cell responses, multifaceted
approaches such as potent cancer vaccines specific
to tumor neoantigens are anticipated to increase
immune response in tumors treated with an immune
checkpoint blockade (35). A study has demonstrated the
nonsynonymous tumor mutation burden associated with
the clinical benefit of anti—PD-1 therapy (36). Immune
checkpoint blockades result in significant therapeutic
responses to tumors with an increased mutation-
associated neoantigen load. Importantly, studies
on checkpoint blockades highlighted the positive
correlation between the somatic mutation burden and
the consequent emergence of clinically beneficial
neoantigens (37). A recent study reported that acquired

resistance to an immune checkpoint blockade can arise
in association with the evolving landscape of mutations,
some of which encode tumor neoantigens recognizable
by T cells (38).

These findings imply that immune checkpoint
blockades, which serve as vaccine adjuvants, are
highly dependent on the ability to present diverse
tumor antigens to T cells. Combining a blockade with
neoantigen vaccines may improve antitumor efficacy
or mitigate the development of acquired resistance. It is
tempting to speculate that future studies involving the
combination of T cell priming-neoantigen vaccines with
T cell suppression-preventing checkpoint blockades
may translate into a clinical benefit for patients with
cold tumors (39).

6. Challenges for neoantigen vaccines

The broad range of neoantigens and their positive
association with improved immune responses suggests
their obvious advantages, including the possibility
of mass production, easy monitoring of immune
responses, and a tolerable safety profile. Nonetheless,
the challenging aspects of anticancer vaccination
are the identification of immunogenic neoantigens
for vaccination and the difficulty of their intrinsic
personalized nature: the bench-to-bedside timeframe.
Therefore, the development of the accurate epitope-
predicting algorithms and the optimization of efficient
validation tools are currently top priorities for
personalized neoantigen-based cancer immunotherapy.
In addition, the development of an effective delivery
strategy targeting multiple clonal neoantigens to
elicit broad and potent T cell responses against tumor
heterogenicity remains a challenge.

7. Conclusion

Personalized immunotherapy with neoantigens is one
of the most promising approaches in cancer treatment.
Precise identification of immunogenic neoantigens
and an in-depth analysis of the immune-suppressive
tumor microenvironment are required for an effective
neoantigen-based cancer immunotherapy.
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SUMMARY

Since the approval in 2017 and the amazing achievement of Kymriah and Yescarta, the number
of basic researchers and clinical trials investigating the safety and efficacy of chimeric antigen
receptor-expressing T cells (CAR-T cells) has been relentlessly increasing. Up to now, more than
200 clinical trials are listed on clinical trial database of NIH and the basic research is countless.
However, the production of allogeneic CAR-T cells products is still expensive and has toxicity.
Thus, more effort is needed to develop reliable off-the-shelf cellular therapeutic methods with safety
and efficiency for the treatment of patients with cancer. As a kind of innate effector lymphocyte with
potent antitumor activity, natural killer cells (NK cells) have attracted much attention. Until now,
basic and clinical research has shown that chimeric antigen receptor-expressing NK cell (CAR-NK)
therapy may play a significant anti-tumor role and its safety is higher than CAR-T cell therapy. In
this review, we discuss advantages and shortages of employing CAR-NK cells as a novel cellular

therapy against cancer.

Keywords

1. Introduction

Natural killer (NK) cells, which were discovered over
45 years ago (1), are a type of cytotoxic lymphocyte
critical to the innate immune system. NK cells launch
rapid responses to virus-infected cells, acting at
around 3 days after infection, and respond to tumor
formation. Typically, immune cells detect the major
histocompatibility complex (MHC) presented on
infected cell surfaces, triggering cytokine release,
causing the death of the infected cell by lysis or
apoptosis. NK cells are unique, however, as they
have the ability to recognize and kill stressed cells
in the absence of antibodies and MHC, allowing for
a much faster immune reaction. They were named
"natural killers" because of the initial notion that they
do not require activation to kill cells that are missing
"self" markers of MHC class I. This role is especially
important because harmful cells that are missing
MHC I markers cannot be detected and destroyed by
other immune cells, such as T lymphocyte cells (2-4).
Previous research has suggested that lower activity of
NK cells in peripheral blood is related to higher cancer
risk, indicating that NK cells play a role in inhibiting
cancer (J5,6). NK cells in human peripheral blood
are divided into two major subgroups: CD56bright
and CD56dim NK cells. CD56bright NK cells are
usually known as cytokine-producing cells with low

CAR-NK, cancer, immunotherapy, clinical trial

cytotoxicity, while CD56dim NK cells are known for
potential cytotoxicity (7). Since NK cells can identify
and break up tumor cells, immunotherapy based on NK
cells has been developed.

The chimeric antigen receptor (CAR) is a receptor
protein that has been engineered to give immune cells
the new ability to target a specific antigen protein. The
receptors are chimeric because it is a fusion protein
composed of an extracellular antigen binding domain,
a transmembrane region, and intracellular activating
signaling domains. The extracellular antigen binding
domain, which is usually a single-chain variable
fragment (scFv), can identify the specific antigen on the
surface of tumor cells. Intracellular activating signaling
domains, such as CD28, 4-1BB (CD137) and OX40,
usually play a role of triggering the activation and
killing effect of immune cells. CAR-expressing T cells
can instantly identify the tumor surface antigen and
then lyse the tumor cells. CAR-T cell immunotherapy
has produced a great achievement in treating
hematological tumors, such as acute lymphoblastic
leukemia (ALL), chronic lymphocytic leukemia (CLL)
and lymphoma. As we know, CD19 CAR-T therapy
has shown complete remission rates as high as 90%
in both children and adult patients with ALL (8).
Although CAR-T cell immunotherapy has advanced
rapidly, it still has several deficiencies in clinical
application. CAR-T cell immunotherapy has shown a
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low effect in the treatment of solid tumors (9,/0). In
addition, most CAR-T cell immunotherapies require
autologous adoptive cell transfer because allogeneic
T cells may cause graft-versus-host- disease (GVHD)
unless addressing HLA barriers (//,/2). Furthermore,
CAR-T cell immunotherapy may lead to a few side
effects, which may do harm to patients' lives, such as
cytokine release syndrome. CAR-expressing NK cells
have been reported to overcome the above deficiencies
of CAR-T cells and showed a significant anti-tumor
effect (13,14). In this review, we will discuss the
opportunities provided by CAR-expressing NK cells
and the challenges faced by CAR-NK cells.

2. Advantages of CAR-NK cell immunotherapy

Although the early success of CAR-T cell
immunotherapy, especially in treating hematological
tumors, the extensive clinical application of CAR-T cell
immunotherapy may be limited by autologous adoptive
cell transfer and various side effects, such as GVHD,
neurologic toxicities and off-target effects. Based on
these problems, NK cell therapy has been suggested to
be superior to CAR-T cell therapy (/5). Particularly,
NK cells have a few advantages in CAR-expressing
immunotherapy.

First, CAR-expressing NK cells immunotherapy
would be safer than CAR-T cells immunotherapy in
clinical application, and the safety of NK cells has
been validated in a few clinical fields. For example, a
few phase I/II trials revealed that allogeneic NK cell
infusions are tolerated well and did not cause GVHD
and significant toxicities (/6-/8). Hence, the NK
cell is an adaptable CAR driver that is not limited
to autologous cells. One of the major side effects in
CAR-T cell immunotherapy are off-target effects
owing to the persistence of CAR-T cells. For example,
CD19-targeting CAR-T cells can lead to significant and
long-term B lymphocyte deficiency due to the cellular
memory effect of T lymphocytes and the challenge of
mature or progenitor B lymphocytes (/9). Conversely,
CAR-NK cells have a short life duration, which causes
few off-target effects. Otherwise, the kinds of cytokines
produced by NK cells are much different from those
produced by T lymphocytes. Active NK cells normally
produce IFN-y and Granulocyte-macrophage colony-
stimulating factor (GMCSF), but CAR-T cells usually
induce a cytokine storm by secreting pro-inflammatory
cytokines, such as TNF-a, IL-1 and IL-6.

Second, besides inhibiting cancer cells via a CAR-
related mechanism by which NK cells recognize the
tumor surface antigen via scFv, NK cells can suppress
cancer cells by identifying various ligands through a
variety of receptors (20,21), such as natural cytotoxicity
receptors (NKp46, NKp44, and NKp30), NKG2D and
DNAM-1 (CD226). These NK cell receptors normally
recognize stress-induced ligands expressed on tumor

cells under the pressure of immune cells or long-
lasting therapy. Moreover, NK cells induce antibody-
dependent cytotoxicity by FeyRIII (CD16). Thus, CAR-
expressing NK cells can inhibit cancer cells through
both CAR-dependent and NK cell receptor-dependent
pathways to eliminate either tumor antigen positive
cancer cells or cancer cells expressing ligands for NK
cell receptors. The clinical trials have suggested that
CAR-T cells can’t eliminate cancer cells which are
highly heterogeneous (22), but CAR-expressing NK
cells could be able to effectively kill residual tumor
cells that may change their phenotypes after long-term
treatment.

Finally, NK cells are abundant in clinical samples
and can be produced from peripheral blood (PB),
umbilical cord blood (UCB), human embryonic stem
cells (hESCs), induced pluripotent stem cells (iPSCs),
and even NK-92 cell lines. NK-92 cells provide
a homogencous cell population and can be easily
expanded under proper culture conditions for extensive
clinical applications (23). But, they must be irradiated
before infusion owing to their tumor cell line origin.
Conversely, active PB-NK cells express a broad range
of receptors and could be utilized without irradiation,
which enables them to be generated in vivo. NK cells
derived from iPSCs or hESCs combine the merits of
PB-NK and NK-92 cells for they show a phenotype
similarity to PB-NK cells and are a homogeneous
population. More importantly, CAR can be easily
expressed in hESC- and/or iPSC-derived NK cells by
employing non-viral transgenic methods (24).

3. Current status of CAR-NK cell immunotherapy
3.1. Hematologic cancer

Preclinical research has suggested that CD19-CAR-
NK cells have high efficiency against hematological
cancers and are easy to manufacture, which is a
tremendous advance compared to current CAR-T cell
immunotherapy (25,26). Clinical trials of CD19-CAR-T
cell immunotherapy have revealed high complete
responses in patients with hematological cancers
(27,28). CD19-CAR modified NK cells are expected
to show a better anti-tumor effect owing to the merits
of CAR-NK cell immunotherapy in hematological
cancers. Clinical trials have suggested that CD19-
CAR-expressing NK cells could be a good therapeutic
method for patients suffering from lymphoid
malignancies (29). Besides CD19, CAR-NK cell
clinical studies for lymphoma and leukemia also target
CD7 (NCT02742727) and CD33 (NCT02944162).
Although CAR-T cell immunotherapy has undergone
a large number of clinical trials for hematological
cancers, only several clinical CAR-NK cell therapies
against hematological malignancies are under way
(Table 1).
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Tabel 1. Clinical trials of CAR-NK cell immunotherapy against cancers

Cancers Targets Origin Phase Ref.

Leukemia and lymphoma CD19 Umbilical cord blood 1 NCT03579927
Leukemia and lymphoma CD19 Umbilical cord blood /i NCT03056339
Leukemia and lymphoma CD19 NK-92 i NCT02892695
Leukemia and lymphoma CD7 NK-92 1 NCT02742727
Acute lymphocytic leukemia CD19 Haploidentical donor NK cells I NCTO01974479
Acute lymphocytic leukemia CD19 Expanded donor NK cells I NCT00995137
Acute myeloid leukemia CD33 NK-92 1 NCT02944162
Solid tumors MUCI Unknown v NCT02839954
Solid tumors NKG2D ligands Autologous or allogeneic NK cells 1 NCT03415100
Glioblastoma HER2 NK-92 I NCT03383978
Non-small cell lung cancer Unknown CCCR-NK-92 1 NCT03656705

Ref. resource: clinicaltrials.gov.

3.2. Solid tumors

In previous studies, it has been suggested that the NK-
92 cell line can be effectively transduced with various
CARs against different cancers for experiments in
preclinical research and currently in clinical trials. CAR-
NK-92 cells were extremely successful in targeting
tumor cells and exerting anti-tumor cytotoxicity against
several resistant solid tumors, such as epithelial cancers,
by targeting human epidermal growth factor receptors
(HERT1, HER2), neuroectodermal tumors by GD2, brain
tumors by HER1 and HER2, and ovarian cancers also
by HER2 (/3,30-32). But there are several limitations
for using this cell line. For transformed NK-92 cell
lines from undifferentiated NK-cell precursors (33-
35), they are short of antibody-dependent cell-mediated
cytotoxicity (ADCC)-inducing CD16 receptors, which
share a similar situation with other NK cell lines (36).
As a result, these NK cells fail to recognize tumor-
targeted antigens by ADCC mechanisms. To supply
these gaps, NK-92 cells were genetically modified
to express the high-affinity V158 variant of the Fc-
gamma receptor (FcyRIIla/CD16a, termed haNKTM)
and to produce endogenous, intracellularly retained
IL-2 (37,38). In a phase I clinical trial underway it will
be evaluated for safety and efficacy of haNKTM cells
in treatment of patients with unresectable and locally
advanced or metastatic solid tumors (NCT03027128;
Table 1).

Another deficiency is the absence of some killer-cell
immunoglobulin-like receptors (KIRs), with the absence
of KIR2DL4 (CD158d) on the surface of NK-92 cells,
which may lead to potential stimulation of GVHD (39-
41). Therefore, attention should be paid that activated
CAR-expressing NK-92 cells must be irradiated with at
least 10 Gy before infusion into patients with cancers,
resulting in a lower cell persistence and a loss of
effector-mediated anti-tumor functions (4/). Despite
these deficiencies, preclinical research has suggested
that CAR-expressing NK-92 cells could target a broad
range of cancer antigens (42,43). Up to now, only a few
clinical trials using CAR-expressing NK cells against

Hematologic cancer and particularly against solid
tumors have been launched (Table 1). Lately, a phase
I/IT trial has aimed to validate the safety and efficacy
of CAR-NK cells in patients with overexpressed
MUCI -positive solid tumors, particularly carcinomas
(hepatocellular, pancreatic, breast, colorectal, gastric),
non-small cell lung cancer (3/), and glioblastoma
(NCT02839954; Table 1).

4. Barriers to clinical application of CAR-NK cell
immunotherapy

4.1. Mass production of NK cells

The first barrier to CAR-NK cell immunotherapy is the
expansion of NK cells in vitro. The number of NK cells
from a single-donor is insufficient for therapy, which
makes the expansion and activation of NK cells very
critical (44). This production process normally takes
two to three weeks to culture NK cells with certain
cytokines (IL-2 or in combination with IL-15 or anti-
CD3 mAb) (45). The combination of IL-2 and IL-21
were also utilized to improve NK cells proliferation
(46,47). The studies suggested that the combination
of IL-2 and IL-21 showed a higher inhibitive effect on
proliferation of cancer cells than employing IL-2 alone
(46,47). In spite of irradiated K562-mb15-4-1BBL
cells used as feeders could improve growth of cells in
the production process of NK cells proliferation, the
availability of donor cell number remains a barrier
(48). In addition, T cells must be entirely eliminated
to protect against GVHD. Achieving sufficient NK
cells is critical for treatment of patients with cancers.
However, owing to the production process limitations
of expanding to a great number of cells, it is difficult to
broadly perform in clinical applications.

4.2. The methods to transduce CAR into NK cells
For development of CAR-NK cell immunotherapy, it

will be critical to choose the proper method to transduce
CAR into NK cells. So far, viral vectors and non-viral
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vectors have both been employed to transfer CAR.

Transfection vectors, including viral vectors and
non-viral vectors, are broadly utilized in the production
of CAR-NK cells because they can stably integrate
into the human genome. Although the transfection
efficiency of retroviral vectors is high, it may give
rise to insertional mutagenesis, carcinogenesis and
other adverse effects (30). Although lentiviral vectors
show a lower incidence rate of insertion mutagenesis,
their transfection efficiency is as low as 20% for NK
cells from peripheral blood (45). The transfection
efficiency of lentivirus vectors is high enough for NK
cells from cord blood (49). However, the transfection
efficiency of lentivirus for NK cells from peripheral
blood has room for improvement. Previous research
has suggested that suppressing the intracellular antiviral
system may increase lentivirus transfection level of NK
cells, providing an affordable and safe method for CAR
transduction into NK cells (50).

Transfection with mRNA for CAR-NK cells
has also been considered to be a practical and safe
transduction method. Research has revealed that
receptor expression level 24 hours after electroporation
with the mRNA method was more than 80% and
NK cells transfected with mRNA showed obvious
cytotoxicity in a xenograft cancer model (48). Lately,
a research result suggested that "on-target off-tumor"
toxicity, which is an important limiting factor for the
clinical application of CAR-modified immunotherapies,
may be effectively avoided by transfection with mRNA
(51). However, the antitumor effect of CAR-NK cells
transfected with mRNA by electroporation method will
be transitory because the expression level of CARs will
last no more than three days (52).

5. Conclusion and outlook

Both cord blood and peripheral blood-derived CAR-
NK cells and CAR-NK-92 cell line are comprehensive
medicinal products combining critical characteristics:
they are genetically modified and employed as cellular
immunotherapy. The complete production process
following Good Manufacturing Practice (GMP) requires
ten days to several weeks using Teflon bags, flasks,
continuous-flow devices, stirred-tank bioreactors
and the Miltenyi's Prodigy system (44). Compared
to CAR-T cells, CAR-NK cells have the merit of
"off-the-shelf" production, but still are confronted
with several challenges. These challenges include
improvement in cell expansion, making the activation of
cytotoxicity more efficient, and finally finding the best
reconstruction methods for NK cells (53).

Although CAR-NK cell immunotherapy has been
proved to be effective for inhibiting cancers, the
long-term anti-cancer effect is still ambiguous. The
combination therapy provides a novel prospect for
CAR-based cell immunotherapy. In a few previous

studies, researchers suggested chemotherapy may also
improve the efficiency of CAR-NK cell immunotherapy.
Chemotherapeutic drugs could not only eliminate
the existing cell populations to establish new niches
for the proliferation of NK cells, but also can lead to
a genotoxic stress response to increase tumor cell
sensitivity to NK cells (54). Clinical trials have revealed
that the chemotherapeutic drugs could remarkably
enhance the tumor inhibitive effect of CAR-NK
cells (55). In a preclinical study, it has been reported
that the combination of CAR-T cell immunotherapy
and radiotherapy shows a synergistic effect against
glioblastoma (56). However, the synergistic effects of
CAR-NK cell immunotherapy and radiotherapy remain
unclear (57). Thus, further research is needed to better
understand the relationship between the two therapeutic
methods. Moreover, the CRISPR/Cas9 technique has
become an increasingly popular gene editing tool due
to its advantages in editing the genomes of multiple
organisms precisely (58). A few studies have suggested
that editing a CAR by using the CRISPR/Cas9 technique
could cause homogeneous CAR expression and improve
cytotoxicity efficiency (59). If so, then the CRISPR/
CAS9 technique may have the capacity to improve
the efficiency and safety of CAR-NK cells by editing
genes of primary NK cells and manufacturing stably
transduced NK cells.
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SUMMARY

This study explored the therapeutic effects of transplantation of neural stem cells (NSCs) encapsulated
in hydrogels in a cauda equina lesion model. NSCs were isolated from neonatal dorsal root ganglion
(nDRG) and cultured in three-dimensional porous hydrogel scaffolds. Immunohistochemistry,
transmission electron microscopy and TUNEL assay were performed to detect the differentiation
capability, ultrastructural and pathological changes, and apoptosis of NSCs. Furthermore, the
functional recovery of sensorimotor reflexes was determined using the tail-flick test. NSCs derived
from DRG were able to proliferate to form neurospheres and mainly differentiate into oligodendrocytes
in the three-dimensional hydrogel culture system. After transplantation of NSCs encapsulated in
hydrogels, NSCs differentiated into oligodendrocytes, neurons or astrocytes in vivo. Moreover, NSCs
engrafted on the hydrogels decreased apoptosis and alleviated the ultrastructural and pathological
changes of injured cauda equina. Behavioral analysis showed that transplanted hydrogel-encapsulated
NSCs decreased the tail-flick latency and showed a neuroprotective role on injured cauda equina. Our
results indicate transplantation of hydrogel-encapsulated NSCs promotes stem cell differentiation into
oligodendrocytes, neurons or astrocytes and contributes to the functional recovery of injured cauda
equina, suggesting that NSCs encapsulated in hydrogels may be applied for the treatment of cauda

equina injury.

Keywords

1. Introduction

Cauda equina syndrome (CES) is a neurological disease,
which is usually caused by central lumbar disc herniation.
The consequences of CES, such as neuropathic pain,
lower extremity dysfunction, and sexual dysfunction
adversely affect patients' life quality to various degrees,
ranging from physical to mental conditions, and cause
enormous economic loss to society. Although this
disease has a low incidence in the population, ranging
from 1:33,000 to 1:100,000 inhabitants, its sequelae
still generate high public healthcare costs (/). Current
treatment strategies include application of corticosteroid,
surgical stabilization and decompression, although
effective but with unsatisfied therapeutic efficacy (2,3).
Surgery and neurotrophic drugs available for CES are
limited because of the poor self-repair ability of nerve
tissue, especially those in the central nervous system, the
therapeutic effects of surgery and neurotrophic drugs on
cauda equina injury-induced CES is limited.

Neural stem cells (NSCs) can make copies
of themselves and generate different mature cell

Cauda equina lesion, neural stem cells, neonatal dorsal root ganglion, Hydrogel

types. They are promising candidate cells for neural
transplantation treatment of neurological disorders, such
as brain trauma, spinal cord injury, and peripheral nerve
injury (4-6). Many studies indicate that stem cells foster
host axons to grow into the grafted spinal cord (7-9). In
addition, induced pluripotent stem cells differentiate into
astrocytes, neurons and oligodendrocytes and further
improve functional recovery after spinal cord injury (10).
Nevertheless, application of stem cell transplantation
therapy is limited by poor cell survival at the injury site.
Thus, development of novel approaches to maintain
neural stem cell viability is important to achieve ideal
therapeutic outcomes.

Recently, tissue engineering has been developed
that could provide solutions to the problem of stem cell
death during transplantation (/7). Biopolymer hydrogels
are designed to promote stem cell survival after cerebral
transplantation, exhibiting a promising therapeutic role
in central nervous system damage. One type of ionic
hydrogel commonly used is made from polypeptide
nanomaterials, which can be excited by Na" and K" to
form solid or semi-solid (half-liquid) consolidated gel
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products. Therefore, the gelation process of hydrogels
can be initiated rapidly in the damaged part and used
for damage repair. As previously reported by Singh et
al. (12), neural stem cells derived from adult dorsal root
ganglia not only retain multi-differentiation potential,
but also tend to differentiate into sensory neurons after
transplantation, supporting the premise that dorsal root
ganglion neural stem cells (DRG NSCs) may be useful
for repair of damaged cauda equina.

The nerve underneath lumbar 5-6 in rats (also
called cauda equine nerve) is the sensorimotor nerve
responsible for the tail of the rat. Therefore, in the present
study, a rat CES model was established by application
of compression to the site and NSCs were isolated from
neonatal dorsal root ganglion (nDRG), encapsulated in
three-dimensional porous hydrogel scaffolds, and used to
repair damaged cauda equina in a rat model of CES.

2. Materials and Methods
2.1. Animals

Male Sprague-Dawley rats weighing 200-250 g and aged
6-8 weeks were purchased from the Animal Center of
the Second Military Medical University. The surgical
interventions for animal experiments were approved
by the Ethical Committee of the Shanghai Jiao Tong
University School of Medicine, and the animals were
cared for in accordance with the Guide for the Care and
Use of Laboratory Animals after surgery. This study was
conducted according to the guidelines laid down in the
Declaration of Helsinki.

2.2. Culture of DRG-NSCs

DRG were dissected from postnatal day 2 rats,
mechanically dissociated in Hank's balanced saline
solution, pH 7.4, and seeded in Dulbecco's modified
Eagle's medium (DMEM)/F12 (Invitrogen) supplemented
with 2% B27, 10 ng/mL epidermal growth factor (EGF),
and 10 ng/mL basic fibroblast growth factor (bFGF).
NSCs were cultured in a 6-well culture plate at a density
of 50-100 cells/uL with 5% CO, at 37°C. The medium
was changed 2-3 times a week. The dissociated DRG
cells formed clusters or neurospheres within 72 h. The
neurospheres and culture medium in the whole culture
plate were transferred to a 15 mL centrifuge tube,
centrifuged at 200 g for 5 min, and the supernatants
were discarded. 2 mL trypsin was added to the cell
preparation. Pasteur pipettes were used to gently blow
the neurospheres, place them at 37°C for 20 min, then
centrifugation, and the supernatant was discarded. The
preparation was suspended in a small amount of medium,
gently beaten and mixed, counted, then laid in a 6-well
plate, and each hole had about 200-300 neurospheres
(13). After 3 generations of subcloning, the NSCs were
derived from the neurospheres.

2.3. Transfection of NSCs with GFP

Neurospheres were digested into single cells with trypsin
(#0458, Genebase, Shanghai, China) and inoculated
into 2-well plates (200,000/250 pL). Lenti-virus-GFP
was dissolved and diluted to a suitable MOI (final MOI
= 100) with complete culture medium. A volume of 10
pg/mL of Polybrene (working concentration: 5 pg/mL)
was added to promote virus infection. The virus solution
(250 pL) was added to the plate and cultured in a 37 °C
incubator for 24 h, followed by the cells being transferred
into normal virus-free medium for further culture.

2.4. Hydrogel preparation

3D Cell Culture Hydrogels were purchased from
Beaver Nano-Technologies Co., Ltd, (China). The
original solution of the hydrogel was pre-treated in an
ultrasonic water bath for 30 min at room temperature
to reduce the viscosity. Half-liquid or solid hydrogels
were formed according to manufacturer's protocol.
The NSCs suspension was centrifuged at low speed to
remove the supernatant. 5 mL of 10% sterile sucrose
solution was added to the collected cells to resuspend
them. The cell suspension was centrifuged again, and
the supernatant was discarded to remove the remaining
ionic components in the protocell preparation. Then,
the cells were resuspended with 50 pL 10% sterile
sucrose solution to prepare the salt ion free isotonic cell
suspension. The 50 puL pretreatment hydrogel solution
was mixed lightly with 50 uL NSCs suspension. A
volume of 100 pL phosphate buffer saline was slightly
added to the upper layer of the mixture. Then, the PBS
layer and the hydrogel layer were mixed evenly with a
pipette, and finally 200 pL hydrogel cell mixture was
obtained. The final concentration of the hydrogel was
0.25%.

2.5. Model establishment and NSC transplantation

Forty-eight SD rats were randomly divided into 3 groups:
Sham, CES model+Hydrogel and NSCs+Hydrogel, n =
16 in each group. For the latter two groups, animals were
anesthetized with chloral hydrate before laminectomy
was performed at lumbar 4. A silicone band (10 mm
long, 1 mm wide, and 1 mm thick) was placed under
the laminae of the L5-6 vertebra to produce the CES
animal model (/4,15). A sham operation was performed
with a simple laminectomy but without contusion
injury. The NSCs+Hydrogel group was subjected
to transplantation of NSCs when the silicone band
was removed 7 days after the compression injury,
and the rats were intrathecally injected with 12 pL
0.25% hydrogels containing approximately 1,000,000
NSCs (transfected with lentivirus vectors carrying
GFP) using a micropulled pipette connected to a
Hamilton syringe (20 pL, Envta Technology, China).
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The model+Hydrogel group was subjected to 12 pL
0.25% hydrogel containing no NSCs and injected into
the subarachnoid space. GFP-transfected cells were
observed under a microscope (Olympus, Japan).

2.6. Immunohistochemistry assay

The rats were perfused with 4% paraformaldehyde as the
fixative. The cauda equina was then extracted, placed
in EDTA solution, and heated in an oven for antigen
retrieval. Then, 15 pum thick sections of the cauda equina
around the lesion site were prepared longitudinally.
The tissue sections were permeabilized with 0.2%
Triton X-100 and blocked in blocking solution for
1 hour at room temperature. In order to identify the
results of neural stem cell differentiation, the sections
were incubated with primary antibodies against O4
(#MAB1326, R&D, USA), BIll-tubulin (#5568, CST,
USA), glial fibrillary acidic protein (GFAP) (#12389,
CST, USA), S100 (#ab52642, ABcam, Cambridge, UK)
overnight at 4°C followed by incubation with secondary
antibodies for 1 hour at 37°C after rinsing with PBS.
The slices were stained with Hoechst for 10 min and
images were photographed using inverted fluorescence
Leica DMi8 microscopy (Germany). The staining of
NSC:s in vitro was the same as the above method.

2.7. Ultrastructural imaging

For transmission electron microscopic (TEM) studies,
the sections were fractured with liquid nitrogen and
quenched in hydrogen peroxide solution. After rinsing in
PBS, the sections were prepared for ultra-thin sectioning.
Tissue sections were fixed in osmium tetroxide,
dehydrated in ethanol, and embedded in resin. All
samples were observed under TEM (H-9500, Hitachi,
Japan).

2.8. TdT-mediated dUTP-biotin nick end labeling
(TUNEL) staining

Apoptosis of cauda equina were measured using a
TUNEL detection kit according to the manufacturer's
instructions (Sigma, USA). In brief, paraffin-embedded
tissue sections (4-mm-thick) were dewaxed, rehydrated,
and incubated with reaction mixture of terminal
deoxynucleotidyl transferase for 1 h. After rinsing in
PBS, the sections were incubated with biotinylated
antibody and ABC complex, and photographed using
a light microscope (Zeiss, Germany) equipped with a
digital camera.

2.9. Behavioral analysis
For the tail-flick test, the rats were immobilized for 20

mins before the test by using a cylinder tool provided
together with a tail flick test instrument (SW-200,

Techman Soft, China), and the tail was placed over a
slit. A beam of light from a projection lamp (voltage
of 18.5 V) was focused on the tail skin at the junction
between the middle and distal 1/3 of the tail. The
latency to respond was recorded with a maximal 15 s
radiant heat stimulus (/3).

2.10. Statistical analysis

Experimental data are presented as mean = SD. One-
Way ANOVA was used for comparison of different
groups. Results were considered statistically significant
when the P value was less than 0.05.

3. Results
3.1. Characterization of NSCs in hydrogel scaffolds

NSCs were isolated from the neonatal rat DRG and
cultured in proliferation culture medium for different
days. We observed that many cells floated in the
medium and formed neurospheres (Figure 1A). Then,
NSCs were successfully grown in 0.25% hydrogels,
with neurospheres similarly observed (Figure 1B).
After 7 days of differentiation in vitro, the neurospheres
of neural progenitor cells (without GFP) attached to
the hydrogel scaffolds, differentiated into different
types of cells and were detected as previously described
by Fu et al. (13). Consistent with their results, our
results suggested most of the NSCs differentiated
into oligodendrocytes (O4+), and only very few cells
differentiated into Schwann cells (S100+), neurons (BIII-
tubulint+) and astrocytes (GFAP+).

3.2. Transplantation of NSCs following in the injured
cauda equina

To more easily track cells, we transfected NSCs with
lentivirus vectors carrying green fluorescent protein
(GFP) and cultured the cells on differentiation medium.
Transfected NSCs displaying green fluorescence are
shown in Figure 1C. Next, we successfully established
the rat model of cauda equina injury as verified by the
tail-flick test (Figure 2) and transplanted hydrogel-
encapsulated NSCs (Figure 3A and 3B). To detect the
viability of transplanted NSCs in the cauda equina,
frozen sections were imaged by confocal microscopy
after 7 days of transplantation. As expected, GFP-
positive grafted NSCs were present in the injured cauda
equina (Figure 3C).

3.3. Differentiation of NSCs in the injured cauda equina

To determine the differentiation status of NSCs in
vivo after 7 days of transplantation, we further co-
stained sagittal sections of the cauda equina with
04, S100, GFAP and BIII-tubulin respectively. The
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Figure 1. Characterization of NSCs in hydrogel scaffolds. (A) NSCs were isolated from the neonatal rat DRG and cultured on proliferation
culture medium for different time points at 3, 6, 10 and 12 days. Magnification, x100. (B) NSCs successfully grown on 0.25% hydrogels.
Magnification, x40, x100. (C) NSCs transfected with lentivirus vectors carrying green fluorescent protein (GFP) and cultured on differentiation

medium. Magnification, x100.
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Figure 2. Functional recovery following transplantation of NSCs
encapsulated in hydrogels. The functional recovery of sensorimotor
reflexes in the sham, CES model+Hydrogel and NSCs+Hydrogel
groups was determined using the tail-flick test. “p < 0.01, compared
vs. the sham group; “p < 0.05, vs. the CES model+Hydrogel group.
Data are reported as means + SD.

outcomes demonstrated that NSCs differentiated into
oligodendrocytes (O4+), neurons (BIII-tubulin+) or
astrocytes (GFAP+) in vivo (Figure 4). However, there
was no obvious detection of Schwann cells (S100+),
which is an interesting result.

3.4. Functional recovery following NSC transplantation
encapsulated in three-dimensional hydrogels

Fourteen days after transplantation, we investigated the
regenerative effect of transplanted NSCs by examining
cell apoptosis of DRG tissues and pathological
morphology of cauda equina. Bilateral L5-6 DRG
tissues were isolated from the rats and subjected to
TUNEL staining. The results showed that the CES
model+Hydrogel group led to a significant increase in

Bright

Figure 3. Transplantation of NSCs in the injured cauda equine.
A rat model of cauda equina injury was established and transplanted
with hydrogel-encapsulated NSCs (A). After 7 days of transplantation,
the frozen sections were imaged (B) and GFP-positive grafted NSCs
in the injured cauda equina were observed in the bright and GFP
channel respectively (C).

apoptotic cells compared to the sham group (21.63%
+ 2.08 vs. 1.41% + 0.56, p < 0.01). By contrast,
NSCs transplanted with three-dimensional hydrogels
significanly decreased the apoptosis rate compared to
the CES model+Hydrogel group (13.92% + 3.67 vs.
21.63% + 2.08, p < 0.05) (Figure 5A). Furthermore,
TEM analysis showed in an organized state, normal
axons, and intact myelin sheath of cauda equina nerve
fibers. However, compression of cauda equina resulted
in disorganized nerve fibers, swollen axons and myelin
sheaths, and demyelination. These observations were
alleviated after transplantation of NSCs encapsulated
in hydrogels (Figure 5A). Additionally, G-ratio (inner
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Hoechst Hydrogel

Hoechst Hydrogel

Hydrogel

3

Hydrogel

Figure 4. Differentiation of NSCs in vivo. After 7 days transplantation, the frozen sections were immunohistochemically stained with antibodies
against O4, S100, BIII-tubulin, and GFAP, and co-stained with Hoechst for 10 min prior to images being taken using confocal microscopy.
Magnification, x200. Scale bar = 100pm.

Sham Model+Hydrogel NSCs+Hydrogel

R AN SR f

G-ratio

Figure S. Ultrastructural and pathological changes of DRG after NSC transplantation. (A) The rat DRG tissues were subject to TUNEL and
TEM. Magnification, x200 (TUNEL), x200 (TEM). (B) G-ratio (inner diameter/outer diameter of myelinated axons) was calculated. p < 0.05,
vs. the sham group; "p < 0.05, vs. the CES model+Hydrogel group. Data are reported as means = SD. Scale bar = 100 pum.

diameter/outer diameter of myelinated axons) was We monitored the functional changes of sensorimotor
significantly higher in the model+Hydrogel group reflexes of cauda equina using the tail-flick test before
than the sham group, and then decreased in the grafted and after compression prior to transplantation, as well
NSCs+Hydrogel animal group (Figure 5B). as on day 7, 14 and 21 of post-transplantation. After
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compression for 7 days, we observed significantly higher
tail flick latency (TFL) of the CES model+Hydrogel
group than that of the sham group. This indicates
the success of the CES model. This trend of the CES
model+Hydrogel group was prolonged during the three
weeks of post-transplantation, which corresponds with
the phenotypes observed in TEM analysis fourteen
days after transplantation (Figure 4A). Three weeks
after transplantation, animals with cauda equina injury
still exhibited a significant increase in tail-flick latency
compared with those in the sham group. However,
transplantation of hydrogel-encapsulated NSCs partly
decreased tail-flick latency, exhibiting a neuroprotective
activity on injured cauda equina (Figure 2).

4. Discussion

In the present study, we applied tissue engineering
technology combined with NSCs transplantation, and
explored the potential therapeutic effects on cauda
equina injury. Consequently, our study demonstrated
that transplantation of hydrogel-encapsulated NSCs can
limitedly promote the differentiation of stem cells and
improve the functional recovery of injured cauda equina.

CES is a rare neurological disorder characterized by
low back pain, muscle weakness, and sensory disturbance
(16). At the cellular level, DRG cells appear disorganized
with some apoptotic bodies. In addition, CES will
cause demyelination and swelling of myelin. Because
of the poor self-repair ability of nerve tissue, especially
those in the central nervous system, the therapeutic
effects of surgery and neurotrophic drugs on cauda
equina injury-induced CES is limited. Patients often
have residual bladder and sexual dysfunction, and skin
sensory disorder in the sella area. Although this disease
has a low incidence in the population, ranging from 1:
33,000 to 1: 100,000 patients, its sequelae still generate
high public healthcare costs (/). Thus, development of
novel approaches to maintain neural stem cell viability
is important to achieve ideal therapeutic outcomes. The
functional recovery of CES is not satisfied because of the
failure of axon regeneration and nerve damage.

Because the cauda equina is different from the spinal
cord, it is impossible to transplant neural stem cells into
the solid tissues. Our previous study showed that GFP-
NSCs survived in the cerebrospinal fluid around the
damaged cauda equina after intrathecal transplantation,
but the surviving time was very short, i.e., only one week
(13). Based on the previous study, hydrogels were used
to localize neural stem cells to the injured cauda equina
to promote axon regeneration and remyelination of
damaged cauda equina, eventually achieving the goal of
neuron preservation and functional repair.

NSCs have shown promising and beneficial effects
in the therapy of neurological disorders, such as spinal
cord injury, brain trauma, and cauda equina lesion (/7).
Accumulating evidence demonstrates that transplanted

NSCs successfully survive in the injured tissues and
integrate into the host brain to achieve functional
recovery (/8). Moreover, the pluripotency of DRG has
been reported by several research groups, including our
group (13,19,20). The sensory branch in the cauda equina
is composed of the central processes of DRG neurons.
Thus, DRG-NSCs were used to repair the damaged cauda
equina because of the homology of DRG-NSCs with
cauda equina. The mechanisms by which NSCs exert
their neuroprotective effects have begun to be elucidated.
Increasing studies have shown that NSCs may synthesize
a variety of neurotrophic cytokines stimulating nerve
growth, such as vascular endothelial growth factor
(VEGF), brain derived neurotrophic factor (BDNF), and
nerve growth factor (NGF) (27,22). Previous studies
showed that deficiency of endogenous neurotrophins is
associated with poor neuronal survival and cell death (23).
BDNF has very extensive neurotrophy and can maintain
the survival of various kinds of neurons and directly
promote their axon growth (24). Following a cervical
spinal cord injury, administration of BDNF into the
site of spinal cord injury promoted axonal regeneration
and prevented axotomy-induced atrophy and/or death
of rubrospinal neurons (25,26). Furthermore, cell
transplantation may also enhance endogenous repair
processes including neurogenesis, axonal sprouting, and
angiogenesis (27,28). However, NSCs application is
limited due to poor cell survival in host tissues. In our
study, NSCs were successfully isolated and cultured in
hydrogels. Moreover, we found the possibility of NSCs
differentiating into oligodendrocytes, Schwann cells,
neurons and astrocytes.

Tissue engineering may provide solutions to the
challenges of stem cell death and damage associated
with transplantation (29). Biopolymer hydrogels
can promote stem cell survival, enhance stem cell
engraftment, and minimize wound scar formation.
Published studies have shown that hydrogels alter the
survival and differentiation of stem cells both in vitro
and in vivo (30,31). In the present study, we isolated
NSCs from neonatal DRG to repair damaged cauda
equina in a rat model of lumbar spinal canal stenosis.
As a result, hydrogel-encapsulated NSCs presented
high viability in the injured cauda equina and mainly
differentiated to oligodendrocytes. Oligodendrocytes
are known to be susceptible to spinal cord contusion
and loss of oligodendrocytes may induce demyelination,
disturb the functional recovery of damaged nerve tissues,
and damage the conductive capacity of sensory nerves
(32). Therefore, stem cell transplantation is helpful to
improve myelination and enhance functional recovery
after CNS injury (33). To evaluate the neuroprotective
role of the hydrogel encapsulated NSCs, the tail-flick
test was performed to measure the functional recovery of
sensorimotor reflexes. As expected, NSCs engrafted on
the hydrogels significantly decreased apoptosis of injured
cauda equina tissue. Moreover, cauda equina nerve fibers
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presented an organized state, normal axons, and intact
myelin sheath. Additionally, transplanted hydrogel-
encapsulated NSCs decreased the tail-flick latency and
showed a neuroprotective role on injured cauda equina.

In summary, our study demonstrates that
transplantation of hydrogel-encapsulated NSCs enhances
the viability of transplanted cells, promotes stem cell
differentiation into oligodendrocytes, thereby contributing
to the functional recovery of injured cauda equina.
These results implied that NSCs encapsulated in three-
dimensional hydrogels may be used for the treatment
of cauda equina disorder. Nevertheless, more related
sensory and motor functions, time-dependence of the
repair effect, or gender differences remain to be further
investigated.

Our results indicate transplantation of hydrogel-
encapsulated NSCs promotes stem cell differentiation
into oligodendrocytes, neurons or astrocytes and
contributes to the functional recovery of injured cauda
equina, suggesting that NSCs encapsulated in hydrogels
may be applied for the treatment of cauda equina injury.
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SUMMARY A low platelet count, one of parameters of portal hypertension, is clinically a predictor of

postoperative mortality, while platelets induce tumor development during growth factor secretion. In
this study, we retrospectively investigated whether high platelet count negatively affects the survival
of patients with hepatocellular carcinoma (HCC). Patients undergoing initial and curative resection
for HCC were included. Surgical outcomes were compared between the high platelet (platelet count
>20 x 10%/uL) and control (< 20 x 10*/uL) groups in patients without cirrhosis and between the low
platelet (< 10 x 10*/uL) and control (> 10 x 10%/uL) groups in patients with cirrhosis. Among patients
without cirrhosis, tumor was larger (P < 0.001) and tumor thrombus was more frequent (P < 0.001)
in the high-platelet group than in the control group. After a median follow-up period of 3.1 years
(range 0.2-16.2), median overall survival was 6.3 years (95% confidence interval [CI], 5.3-7.8) and 7.6
years (6.6-10.9) in the high-platelet (» = 273) and control (n = 562) groups, respectively (P = 0.027).
Among patients with cirrhosis, liver function was worse (P < 0.001) and varices were more frequent (P
< 0.001) in the low-platelet group. The median overall survival of patients in the low-platelet group
(n=172) was significantly shorter than that of patients in the control group (n =275) (4.5 years [95%
CI, 3.7-6.0] vs. 5.9 years [4.5-7.5], P = 0.038). Taken together, thrombocytopenia indicates poor
prognosis in HCC patients with cirrhosis, while thrombocytosis is a poor prognostic predictor for

those without cirrhosis.

Keywords

1. Introduction

Portal hypertension is clinically defined based on the
presence of esophageal varices or splenomegaly and is
associated with a platelet count of less than 10 x 10
pL (7). Therefore, a low platelet count due to portal
hypertension is one of the risk factors for patients
undergoing resection for hepatocellular carcinoma
(HCC). The surgical outcomes for these patients are
worse, although these outcomes do not contradict with
the postoperative outcomes for patients with cirrhosis
(2-4). In addition to the cessation of bleeding and
thrombosis induction, platelets play a direct role in
hepatocyte proliferation by triggering the secretion of
several growth factors such as platelet-derived growth
factor, serotonin, transforming growth factor-B, and
hepatocyte growth factor (5-7). Clinically, platelets have
been reported to support the regeneration of remnant
liver after resection (8,9). A low platelet count has

growth factor, hepatocellular carcinoma, platelet, portal hypertension, prognostic predictor

served as a predictor of postoperative dysfunction and
postoperative mortality (/0,11).

However, in vitro studies have shown that platelets
also induce tumor growth, migration, and invasion
through the secretion of growth factors (/2,73) and could
antagonize sorafenib- or regorafenib-mediated tumor
growth suppression and apoptosis in HCC cells through
epidermal growth factor and insulin-like growth factor
1 release (/4). Clinically, early tumor recurrence and
shorter survival of patients with HCC are associated with
a high platelet count and serotonin level (/5,16). Patients
with a high platelet count or pretreatment platelet count
are also at risk of extrahepatic recurrence of HCC after
resection (/7,18) or recurrence after living donor liver
transplantation (79).

Given that platelet has multiple contrasting functions
in patients with HCC and that portal hypertension
negatively affects the platelet count, the clinical
significance of the platelet count in HCC patients with
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and without liver cirrhosis should be investigated in
great detail. In this study, we focused on the clinical
significance of platelet count in HCC patients undergoing
liver resection. To avoid the strong effect of portal
hypertension on the survival rate, patients with and
without liver cirrhosis were analyzed separately in this
series. We further compared surgical outcomes and tumor
progression in patients with HCC on the basis of platelet
count.

2. Materials and Methods
2.1. Patients

Patients who underwent initial and curative resection
for HCC between 2000 and 2018 at Nihon University
Itabashi Hospital (Tokyo, Japan) were included in
this study. Each participant provided written informed
consent, and this study was approved by the institutional
review board of Nihon University (RK-200512-4). All
clinical investigations were conducted according to the
principles of the Declaration of Helsinki.

2.2. Indications for liver resection

The indications for liver resection and other treatments
for patients with HCC were determined by assessing
their liver functional reserve according to Guidelines on
Liver Cancer Examination and Treatment in Japan (20).
Briefly, patients with Child-Pugh A or B with up to
three viable lesions were candidates for liver resection.

2.3. Patient groups

Among the patients who were histologically diagnosed
as not having liver cirrhosis after the operation, those
with a platelet count of > 20 x 10*/uL were included
in the high-platelet group. Among the patients with
cirrhosis, those with a platelet count of < 10 x 10/
pL were included in the low-platelet group. Clinical
characteristics and surgical outcomes were compared
between the high-platelet and control (platelet count <
20 x 10*/uL) groups in patients without cirrhosis and
between the low-platelet and control (platelet count >
10 x 10%/uL) groups in patients with cirrhosis.

2.4. Surgical procedures

Open liver resection was performed in all patients
according to the criteria based on the liver function (21).
Patients with a preoperative platelet count of < 10 X
10*/uL had platelet transfusion on the day of operation.
Anatomical resection was the first-line treatment. Major
resection included segmentectomy, hemihepatectomy,
and trisegmentectomy, while anatomic resection was
defined as liver resection over subsegmentectomy. The
liver was transected under ultrasonographic guidance

using the clamp-crushing method with the inflow-
blood-occlusion technique (22). Curative resection was
defined as the complete removal of recognizable viable
HCC diagnosed preoperatively or intraoperatively
with macroscopically tumor-free surgical margins.
Postoperative complications were stratified according
to the Clavien-Dindo classification (23), which defines
morbidities as complications with a score of > 3a.
Complications specific to liver resection were defined
as described previously (24).

2.5. Follow-up after operation

All patients were followed up for postoperative
recurrence as described previously (25). Briefly, the
levels of tumor markers including alpha-fetoprotein and
des-gamma-carboxy prothrombin were measured, and
imaging studies including computed tomography and
ultrasonography were performed every three months in
all patients. Tumor recurrence was diagnosed by dynamic
computed tomography and/or magnetic resonance
imaging. The date of recurrence was defined as the date
of examination when the recurrent HCC was noted.

2.6. Statistical analysis

Data collected from each group were statistically
analyzed with Fisher's exact test and Wilcoxon rank-sum
test. Survival curves were generated using the Kaplan-
Meier method and compared using the log-rank test.
Prognostic factors for overall survival were identified
with the Cox proportional hazards regression model.
Statistical analyses were performed using JMP 12.0.1
statistical software (SAS Institute, Cary, NC, USA). P <
0.05 was considered to indicate significance.

3. Results
3.1. Patients

The 1,282 patients who underwent initial and curative
resection for HCC were included (Figure 1). The median
platelet count for 835 patients (65.1%) without cirrhosis
was 18.6 x 10*/uL (range; 2.4-68.6). Two hundred
seventy-three patients (32.6%) with a platelet count of >
20 x 10*/uL were included into the high-platelet group.
By contrast, among the 447 patients (34.8%) who were
histologically diagnosed as having cirrhosis, the median
platelet count was 11.1 x 10%/uL (range 3.2-66.0) and
172 patients (38.4%) with a platelet count of < 10 x 10%/
pL were included in the low-platelet group.

For patients without cirrhosis, hepatitis C virus
infection (P < 0.001) and varices (P = 0.011) were less
frequent, liver functions such as Child-Pugh classification
(P = 0.013) and indocyanine green clearance rate at 15
minutes (P < 0.001) were better, and des-gamma-carboxy
prothrombin was higher (P < 0.001) in the high-platelet
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group than in the control group (Table 1). By contrast,
for patients with cirrhosis, hepatitis C virus infection (P
< 0.001) and varices (P < 0.001) were more frequent and
liver function parameters were worse (P < 0.001) in the
low-platelet group than in the control group (Table 2).

3.2. Operative data

For patients without cirrhosis, operation time was longer
(P < 0.001), the amount of blood loss was higher (P =

Resection for HCC (from 2001 to 2018)
n=1,707

Excluded
Non-curative resection n =47

Curative resection for HCC
n=1,660

Excluded
Repeated resection n =378

Initial resection for HCC
n=1,282

|
l |

Patients without cirrhosis Patients with cirrhosis
n=2835 n=447

Figure 1. Flowchart for patient selection.

Table 1. Patient background (without cirrhosis)

0.013), and major resection (P < 0.001) and anatomic
resection (P < 0.001) were more frequent in the high-
platelet group than in the control group (Table 3), but
complication rates except for bile leakage (P = 0.014)
and respiratory complications (P = 0.005) were not
significantly different between the two groups (Table
4). Histological findings showed that the tumor was in a
more advanced stage in the high-platelet group than in
the control group; the tumor was larger (P < 0.001) and
the tumor thrombus was more frequent (P < 0.001).

For patients with cirrhosis, the amount of blood loss
was higher (P = 0.015) and both major resection and
anatomic resection were less frequent (P < 0.001) in
the low-platelet group than in the control group (Table
5). Complication rates were not different between the
two groups (Table 6). Histological findings were not
significantly different between the low-platelet and
control groups.

Coefficients of determination (R) between platelet
count and tumor size were 0.164 and 0.015 in patients
without cirrhosis (P < 0.001) and those with cirrhosis (P
=0.008), respectively (Figure 2).

3.3. Survivals

For patients without cirrhosis, the median overall

Items High platelet (n = 273) Control (n = 562) P value
Age, years 69 (35-84) 70 (33-86) 0.314
Sex, male (%) 226 (82.7) 456 (81.1) 0.633
Alcoholic, n (%) 70 (25.6) 177 (31.4) 0.089
Diabetes mellitus, n (%) 90 (32.9) 190 (33.8) 0.875
HBYV, n (%) 39 (14.2) 102 (18.1) 0.169
HCV, n (%) 77 (28.2) 267 (47.5) <0.001
Varices, n (%) 18 (6.5) 70 (12.4) 0.011
Child-Pugh, A (%) 256 (93.7) 496 (88.2) 0.013
ICGRI15, % 9.4 (1.9-35.5) 12.4 (1.3-48.0) <0.001
Alpha-fetoprotein, ng/mL 8 (1-541,432) 11 (1-449,211) 0.725
DCP, mAU/mL 214 (9-75,000) 75 (1-75,000) <0.001

Data are presented as median with range, if not specified. HBV, hepatitis B virus; HCV, hepatitis C virus; ICGR15, indocyanine green clearance

rate at 15 minutes; DCP, des-gamma carboxyprothrombin.

Table 2. Patient background (with cirrhosis)

Items Low platelet (n = 172) Control (n =275) P value
Age, years 68 (32-81) 68 (40-85) 0.783
Sex, male (%) 108 (62.7) 193 (70.1) 0.120
Alcoholic, 1 (%) 36 (20.9) 69 (25.0) 0.359
Diabetes mellitus, n (%) 55(48.6) 96 (45.0) 0.560
HBYV, n (%) 20 (11.6) 51(18.5) 0.062
HCV, n (%) 130 (75.5) 161 (65.1) <0.001
Varices, n (%) 96 (55.8) 92 (33.4) <0.001
Child-Pugh, A (%) 99 (57.5) 228 (82.9) <0.001
ICGR15, % 19.4 (2.0-48.4) 14.4 (2.0-49.8) <0.001
Alpha-fetoprotein, ng/mL 32 (1-17,853) 18 (1-53,460) 0.182
DCP, mAU/mL 39 (7-35,203) 42 (1-60,300) 0.187

Data are presented as median with range, if not specified. HBV, hepatitis B virus; HCV, hepatitis C virus; ICGR15, indocyanine green clearance

rate at 15 minutes; DCP, des-gamma carboxyprothrombin.
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Table 3. Operative data (without cirrhosis)

Items High platelet (n =273) Control (n =562) P value

Operation data
Operation time, min 360 (107-855) 310 (97-1,004) <0.001
Bleeding, mL 298 (5-7,066) 252 (10-3,777) 0.013
Pringle time, min 80 (0-274) 68 (0-304) <0.001
Transfusion, n (%) 23 (8.4) 32(5.6) 0.139

Major resection, n (%) 99 (36.2) 83 (14.7) <0.001
Anatomic resection, 7 (%) 149 (54.5) 224 (39.8) <0.001

Pathology
Multiple, n (%) 61 (22.3) 134 (23.8) 0.663
Size, cm (range) 5.0 (0.8-21.0) 3.2 (0.5-20.0) <0.001
Differentiation grade, well, (%) 33 (12.0) 105 (18.6) 0.017
Vascular invasion, n (%) 105 (38.4) 147 (26.1) <0.001
Tumor exposure, 1 (%) 23 (8.4) 43 (8.2) 0.683

Data are presented as median, if not specified.

Table 4. Complications (without cirrhosis)

Items High platelet (n =273) Control (n = 562) P value

Overall, n (%) 84 (30.7) 194 (34.5) 0.309

Morbidity, n (%) 59 (21.6) 140 (24.9) 0.300
Intraperitoneal hemorrhage 1(0.3) 5(0.8) 0.669
Intraperitoneal abscess 8(2.9) 13 (2.3) 0.639
Bile leakage 18 (6.5) 16 (2.8) 0.014
Ascites 2(0.7) 3(0.5) 0.664
Portal thrombus 1(0.3) 1(0.1) 0.547
Wound infection 11 (4.0) 23 (4.0) 1
Respiratory 13 (4.7) 55(9.7) 0.005
Cardiovascular 1(0.3) 2(0.3) 1
Stroke 0 1(0.1) 1
Liver failure 0 0 1
Variceal rapture 0 1(0.1) 1
Ileus 0 4(0.7) 0.309
Perforation 1(0.3) 1(0.1) 0.547
Others 3(1.0) 15 (2.6) 0.203

Re-operation, n (%) 8(2.9) 13 (2.3) 0.639

Mortality, n (%) 0(0) 2(0.3) 1.000

Morbidity was defined as complication with score of > 3a.

Table 5. Operative data (with cirrhosis)

Items Low platelet (n = 172) Control (n =275) P value

Operation data
Operation time, min 316 (130-705) 305 (113-655) 0.884
Bleeding, mL 315 (20-4,530) 275 (5-2,988) 0.015
Pringle time, min 64 (0-266) 69 (0-230) 0.824
Transfusion, n (%) 15(8.7) 18 (6.5) 0.392
Major resection, 7 (%) 2(1.1) 17 (6.1) 0.013
Anatomic resection, 7 (%) 33 (19.1) 88 (32) 0.003

Pathology
Multiple, n (%) 55(31.9) 75(27.2) 0.287
Size, cm (range) 2.6 (0.7-10.5) 2.5(0.7-18.0) 0.781
Differentiation grade, well (%) 38 (22.0) 56 (20.3) 0.720
Vascular invasion, 7 (%) 30 (17.4) 56 (20.3) 0.462
Tumor exposure, 1 (%) 21 (12.2) 19 (86.9) 0.062

Data are presented as median, if not specified.

survival of patients in the high-platelet group was 6.3
years (95% confidence interval [CI], 5.3-7.8), which
was significantly shorter than that of patients in the
control group (7.6 years; 95% CI, 6.6-10.9; P = 0.027)

after a median follow-up period of 3.1 years (range 0.2-
16.2) (Figure 3A). By contrast, there was no significant
difference in the median recurrence-free survival
between the two groups (1.9 years, [95% CI, 1.5-2.2]
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vs. 2.1 years, [95% CI, 1.9-2.3]; P = 0.904) (Figure
3B). The overall survival and recurrence-free survival
rates at five years were 60.5% and 30.6% in the high-
platelet group, respectively, and 66.9% and 27.5% in
the control group, respectively.

For patients with cirrhosis, the median overall
survival of patients in the low-platelet group and the
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Figure 2. Scatter plots showing the correlation between tumor size
and platelet count. (A) Tumor size weakly correlated with platelet
count in patients without cirrhosis. (B) There was no correlation
between tumor size and platelet count in patients with cirrhosis.

—— High platelet-count (n = 273)

A ) B o) e Control (n = 562)
100 100
s
80 280 P=0.904
ﬁ =3
2 @
2 60 3 60
» Y
% %
§e0 540
IS s
20 20 M -
o “L.A ...... ')
0 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Years after surgery Years after surgery

Figure 3. Survival outcomes following liver resection in patients
without cirrhosis. (A) Overall survival of patients in the high-
platelet count group was significantly shorter than that of patients in
the control group (P = 0.027). (B) Recurrence-free survival was not
significantly different between the two groups (P = 0.904). Study
group sizes are indicated (n).

Table 6. Complications (with cirrhosis)

control group was 4.5 years (95% CI, 3.7-6.0) and 5.9
years (95% CI, 4.5-7.5; P=0.038), respectively (Figure
4A). Recurrence-free survival was 1.8 years (95% CI,
1.5-2.0) and 2.0 years (95% CI, 1.6-2.4; P = 0.268),
respectively (Figure 4B). The 5-year overall survival
rates were 46.6% and 54.3%, and 5-year recurrence-
free survival rates were 15.7% and 21.4% in the two
groups, respectively.

4. Discussion

Our data showed that a high platelet count was associated
with liver cancer progression and, consequently, shorter
survival and early recurrence in patients without cirrhosis
who underwent resection for HCC. By contrast, a low
platelet count indicated poorer prognosis due to the
worse liver function in patients with cirrhosis. Thus,
according to the background chronic liver disease status,
platelet count harbored different predictive values for
patients with HCC.

Both experimental and clinical studies demonstrated
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Figure 4. Survival outcomes following liver resection in patients
with cirrhosis. (A) Overall survival of patients in the low-platelet
count group was significantly shorter than that of patients in the
control group (P = 0.038). (B) Recurrence-free survival was not
significantly different between the two groups (P = 0.268). Study
group sizes are indicated (n).

Items Low platelet (n = 172) Control (n =275) P value
Overall, n (%) 79 (45.9) 120 (43.6) 0.695
Morbidity, 7 (%) 61 (35.4) 92 (33.4) 0.682
Intraperitoneal hemorrhage 4(2.3) 6(2.1) 1
Intraperitoneal abscess 13 (7.5) 15(5.4) 0.423
Bile leakage 3(1.7) 8(2.9) 0.542
Ascites 2(1.1) 3(1.0) 1
Portal thrombus 0 1(0.3) 1
Wound infection 6(3.4) 93.2) 1
Respiratory 26 (15.1) 40 (14.5) 0.891
Cardiovascular 0 1(0.3) 1
Stroke 0 0 1
Liver failure 3(1.7) 1(0.3) 0.161
Variceal rapture 0 0 0
Tleus 1(0.5) 1(0.3) 1
Perforation 1(0.5) 0 0.384
Others 2 (1.1) 7(2.5) 0.492
Re-operation, 7 (%) 9(5.2) 7(2.5) 0.187
Mortality, n (%) 0 0 1.000

Morbidity was defined as complication with score of > 3a.
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that platelets promoted HCC proliferation by secreting
several types of growth factors (/2,13). Therefore,
platelets had positive induction of further tumor
progression in patients with HCC, and a high platelet
count in patients with HCC was associated with shorter
overall survival (26,27). Consistent with the previous
data, tumor size weakly correlated with platelet count in
patients without cirrhosis, while there was no correlation
between the two variables in patients with cirrhosis.
Taken together, in the patients without cirrhosis, tumors
were more advanced at the time of operation, and
consequently, overall survival was shorter despite better
parameters of liver function in the high-platelet group.

Recurrence-free survival was not significantly
different in both cohorts, but the recurrence rates in the
low-platelet group were relatively longer in patients
with cirrhosis, although the differences between the
low-platelet and control groups were not significant. By
contrast, for patients without cirrhosis, recurrence-free
survival curves in the high-platelet and control groups
crossed at approximately three years, and recurrence
rates at two years were higher in the high-platelet group
(46.0%) than in the control group (52.3%), while those
at five years were lower in the high-platelet group.
The characteristics of HCC recurrence are generally
understood as follows: most cases of tumor recurrence
by metachronous intrahepatic metastasis occurred
within two years (28), while most cases of recurrence
two years after operation were due to multicentric
origin, which was more remarkable in patients with
poor liver function (29,30). Therefore, we assumed that
platelets could contribute to the early recurrence by
stimulating liver cancer cells through the secretion of
growth factors, while low platelet count, both in patients
with and without cirrhosis, indicated the possibility of
the late-term recurrence. On the other hand, there was
no significance of the recurrence-free survival rates
between the low-platelet count and the control groups.
However the recurrence-free survival tended to be
shorter especially two years after surgery, which did not
conflict the results of overall survival.

Thrombocytopenia is also one of the most important
indicators of portal hypertension. Consistent with a
previous report (37), liver function was worse and
varices were more frequent in the low-platelet group,
and therefore, a low preoperative platelet count was
associated with poor survival after operation in patients
with liver cirrhosis in this study.

Moreover, platelets play a pivotal role in the initiation
of the coagulation cascade and reduce the amount of
blood loss through bleeding during liver transection,
leading to the low rate of postoperative complications
(32). Platelets also have a strong proliferative effect on
hepatocytes and induce liver regeneration by secreting
growth factors (5-7). Consequently, a decrease in
platelet counts was associated with morbidity such as
postoperative liver dysfunction and rupture of varices

after operation (33,34). To avoid massive bleeding during
operation, patients with a preoperative platelet count of
< 10 x 10*/uL routinely had platelet transfusion on the
day of operation in our institute. Consequently, there was
no significant difference in postoperative complications
between the low-platelet and control groups observed in
this study.

In the previous reports, the cut-off value for platelet
counts ranged from 6.8 to 10 x 10*uL, especially, 10 x
104/uL seemed be the most frequent (/0,11,17,19,30).
Given that platelet counts were strongly affected by
the liver status, the cut-off value should be separately
determined according to whether the patients have liver
cirrhosis or not. Therefore, we defined the cut-off value
of the platelet counts (20 x 10*/uL in the patients without
cirrhosis and 10 x 10%pL in those with cirrhosis) based
on the median value (18.6 x 10*/uL and 11.1 x 10%puL),
which could be considered to be adequate.

This study had several limitations. First, concentrations
of serotonin or other growth factors were not measured,
and therefore, it is not clear whether the advanced
stage of tumors in the high-platelet group was actually
caused specifically by the growth factors secreted by
platelets. If that is the case, we should observe the
correlation between patient survival and the presence of
growth factors in the serum with the expression of their
respective receptors in tumors in future studies. Second,
platelet count is easily affected by liver function.
However, despite better liver function in the high-
platelet group in patients without cirrhosis, survival
time in these patients was shorter, and therefore, we
assumed that a high platelet count could have negatively
affected the survival of patients with HCC. Finally, it
is clinically difficult to fully predict whether a patient
has cirrhosis before operation. In this situation, it needs
more consideration to apply these findings to clinical
practice.

In conclusion, a high platelet count was an
unfavorable prognostic factor and it negatively impacted
the survival of HCC patients without cirrhosis because
a high platelet count promoted liver cancer progression.
By contrast, low platelet count negatively affected the
surgical outcomes of patients with cirrhosis. Therefore,
our findings suggest that platelet count has different
implications for predicting patient survival based on the
chronic liver disease status background.
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SUMMARY

Keywords

The safety and feasibility of laparoscopic versus open liver resection (LLR vs. OLR) associated
lymphadenectomy for intrahepatic cholangiocarcinoma (ICC) are still controversial. The aim of the
present study was to compare short and long-term outcomes. We reviewed data on 43 consecutive
patients who underwent curative liver resection with associated lymphadenectomy for ICC. The
short-term outcomes including postoperative morbidity and mortality, and the long-term outcomes
including overall survival (OS) and recurrence-free survival (RFS) were compared. The median
survival, 1- and 3-year OS in LLR and OLR groups were 22.5 months, 76.9% and 47.1%, and 12.1
months, 43.1% and 20.0%, respectively. The median survival, 1- and 3-year RFS in LLR and OLR
groups were 10.3 months, 27.8% and 0%, and 8.1 months, 24.0% and 4.0%, respectively. The results
showed that LLR obviously reduced intraoperative blood loss (median, 375 vs. 500ml, p = 0.016)
and postoperative hospital stay (median, 6 vs. 9 days, p = 0.016). Moreover, there was no significant
difference in short-term outcomes including postoperative morbidity (including wound infection,
bile leakage, liver failure and pneumonia) and mortality within 30 days, and long-term outcomes
including OS and RFS between LLR and OLR. (all p > 0.05). Multivariate analysis showed that
CA19-9 level, TNM stage, and tumor differentiation were independent risk factors for OS and RFS.
LLR for ICC is safety and feasibility compared with OLR. The advantage of LLR was to reduce
intraoperative blood loss and postoperative hospital stay.

laparoscopy, intrahepatic cholangiocarcinoma, lymphadenectomy, liver resection.

1. Introduction

Intrahepatic cholangiocarcinoma (ICC) is the second
most common primary liver cancer after hepatocellular
carcinoma, which accounts for 10% to 20% of newly
diagnosed liver cancers (/). The incidence of ICC has
been rising on a global scale over the last twenty years,
which may reflect both a true increase and the trend of
earlier detection of the disease. Previous studies reported
a S-year survival for ICC ranging from 15% to 40%
(2). Several clinicopathologic parameters, including
lymph node metastasis, vascular invasion and multiple
tumors, have been raised as potential prognostic factors
determining clinical outcomes (3,4).

Liver resection remains the first-line curative
treatment. Laparoscopic liver resection (LLR), which
has progressed over the last 20 years, has become a
feasible choice for various kinds of liver lesions owing
to the development of high-tech surgical techniques and

equipment. In 1995 and 1996, the minimally invasive
liver resection series were reported (9,6). Since then, a
minimally invasive approach to liver resection has been
used in the treatment of a myriad of conditions, and
exponential dissemination has been experienced (7).
However, the safety and feasibility of LLR for ICC are
still controversial. Although ICC is not a contraindication
for LLR, debates focusing on the risks of positive
surgical margins, massive hemorrhage and difficulty
with lymphadenectomy in LLR still exist. Nowadays,
few reports referring to LLR for ICC are available (8-
10). In 2015, Billy et al reported 11 patients with ICC
underwent LLR, and 26 patients underwent open liver
resection (OLR) (8). The results indicated that LLR was
technically safe and the survival was comparable to OLR.
However, most of them did not include enough relevant
data, such as lymph node dissection, postoperative
adjuvant chemotherapy, et al.

In the present study, we aimed to compare short-
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term outcomes including postoperative morbidity and
mortality, and long-term outcomes including overall
survival (OS) and recurrence-free survival (RFS) between
LLR and OLR with associated lymphadenectomy for
ICC.

2. Materials and Methods
2.1. Patient selection

A retrospective study was conducted on consecutive
patients with ICC, who underwent curative liver
resection and associated lymphadenectomy from Jan
2010 to Dec 2017 in Zhejiang Provincial People's
Hospital, China. Curative liver resection was defined as
removal of all microscopic and macroscopic tumors with
a microscopically clear margin of surgical specimens (R0
resection). The resected tumors with surrounding liver
tissues were examined histopathologically. Inclusion
criteria were (i) age between 18 and 80 years, (if) ICC
confirmed by postoperative pathological result; (ii7)
patients with associated lymphadenectomy; (iv) patients
who received postoperative adjuvant chemotherapy.
Exclusion criteria included: (i) distal metastasis or
macroscopic tumor thrombus in major portal/hepatic
veins before operation, (ii) hilar cholangiocarcinoma
or gallbladder cancer, (iii) a history of preoperative
anticancer treatment, including biliary drainage.
Informed consent was obtained from all the enrolled
patients for their data to be utilized in clinical research.
The present study was conducted in accordance with the
Declaration of Helsinki and the Ethical Guidelines for
Clinical Studies by the Institutional Ethics Committee of
Zhejiang Provincial People's Hospital.

2.2. Diagnosis and surgical procedure

Enhanced computerized tomography (CT) or magnetic
resonance (MR) were used to identify the type of tumor,
relationship with adjacent tissue or organ and evaluate
lymph node status routinely. Elevated carbohydrate
antigen 19-9 (CA19-9) and carcinoma embryonic
antigen (CEA) were another indicator for diagnosis of
ICC. All patients underwent liver resection, with the
intention of complete removal of macroscopic tumors,
provided that the volume of the future liver remnant
was estimated to be sufficient on CT or MR imaging
volumetry. All patients were allocated into LLR or OLR
group according to the different surgical approach. Major
hepatectomy was defined as resection of three or more
Couinaud's segments, while minor hepatectomy was
resection of fewer than three segments.

For LLR, pringle maneuver was a commonly used
method to block inflow of blood stream in the process of
liver transection when severe bleeding occurred, which
was implemented using an 8F rubber catheter wrapping
around hepatoduodenal ligament and tightening the

catheter when necessary. Harmonic scalpel and Cavitron
Ultrasonic Surgical Aspirator (CUSA) were employed
during liver parenchymal transection. The branches
of Glisson system or hepatic vein toward the resected
liver were ligated by non-absorbable clips. Regional
lymphadenectomy was carried out routinely, which
included hepatoduodenal ligament lymph nodes (Site
12). Fine rubber tapes were employed to hang bile duct,
hepatic artery and portal vein, which could make lymph
node dissection easy. Resected specimens were put into a
plastic bag and retrieved from the enlarged subumbilical
incision. Typical liver resection and lymph node
dissection is demonstrated in Figure 1.

All patients received six courses of postoperative
preventive chemotherapy, which consisted of Gemcitabine
(Day 1, Day 8) plus S-1 (Dayl-14), cycled 3 weeks 6
times.

2.3. Data collection and postoperative follow-up

The patient- and liver-related variables included age,
sex, comorbid illnesses (consists of diabetes mellitus,
cardiovascular disease, chronic obstructive pulmonary
disease, and renal dysfunction history), ASA score,
abdominal surgical history, and preoperative serum total
bilirubin (TBIL). The tumor-related variables included
preoperative CA19-9 level, CEA level, maximum size of
tumor, TNM stage by AJCC (8" edition), nerve invasion,
and tumor differentiation (well, moderately or poorly).
The operative variables included range of hepatectomy
(minor or major), number of lymphadenectomy (> 6 or
< 6), intraoperative blood loss, and length of surgery.

The postoperative follow-up protocol included
physical examination, serum tumor marker levels
(CEA, CA19-9), CT or MR scan every month for the
first 3 months, and then every 3 months for the initial
2 years and every 6 months for the following years.
Recurrence and Metastasis were judged by PET/CT. The
short outcomes including postoperative hospital stay,
morbidity (including wound infection, bile leakage, liver
failure and pneumonia) and mortality within 30 days.
The long-term outcomes include OS and RFS. OS was
calculated as the interval between the date of operation
and death for any reason, with censoring at the date of
last follow-up. RFS was calculated from the date of liver
resection to the date of first ICC recurrence or the date
of the last follow-up.

2.4. Statistical analysis

Statistical analysis was performed using SPSS statistical
software (IBM SPSS, Inc., Chicago, IL, version 26.0).
Survival curves were draw and compared by GraphPad
(GraphPad Software, Inc. version 6.0). Continuous
variables were presented as median + interquartile range
(IQR), and compared between groups by Mann-Whitney
U test. Categorical variables were demonstrated as
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absolute numbers and compared between groups using
the y° test. Kaplan-Meier method and log-rank test were
employed to analyze the difference of OS and RFS
between LLR and OLR groups. Statistical significance
was inferred at a two-tailed P value of <0.05.

3. Results
3.1. Baseline characteristics

A total of 43 patients undergoing curative liver resection
and lymphadenectomy for diagnosed ICC met the
inclusion criteria and were included. Among them, 18
patients received LLR, and 25 patients underwent OLR.
The baseline characteristics of the patients in the two
groups are listed in Table 1. Intraoperative blood loss of
LLR group was less than OLR group (375 vs. 500 mL,
p = 0.016). There was no other difference between LLR
and OLR in the aspect of the patient- and liver-related

N

Figure 1. Typical figure of laparoscopic left hemi-hepatectomy and
lymphadenectomy. RHA, right hepatic artery; IVC, inferior vein cava;
PHA, primary hepatic artery; PV, portal vein; GDA, gastroduodenal
artery; CHA, common hepatic artery.

Table 1. Baseline characteristics of the included patients

variables, the tumor-related variables and the operative
variables.

3.2. Comparisons of short-term outcomes

The short outcomes including postoperative hospital
stay, mortality (including wound infection, bile leakage,
liver failure and pneumonia) and mortality within
30 days. As shown in Table 2, the results indicated
that there was no significant difference in morbidity
(including wound infection, bile leakage, liver failure
and pneumonia) and mortality within 30 days (all p >
0.05). Moreover, the mortality was stratified by Dindo-
Clavien classification (//), and the results also showed
there were no significant differences between LLR and
OLR groups (p = 0.990). In addition, compared to OLR,
LLR obviously reduced postoperative hospital stay (6 vs.
9 days, p =0.016).

3.3. Comparisons of the long-term OS and RFS

All 43 patients received six courses of postoperative
preventive chemotherapy, which consisted of
Gemcitabine (Day 1, Day 8) plus S-1 (Dayl-14), cycled
3 weeks 6 times. The median survival time, 1- and 3-year
overall survival (OS) in LLR and OLR groups were 22.5
months, 76.9% and 47.1%, and 12.1 months, 43.1% and
20.0%, respectively (Figure 2A). The median survival,
1- and 3-year recurrence-free survival (RFS) in LLR and
OLR groups were 10.3 months, 27.8% and 0%, and 8.1
months, 24.0% and 4.0%, respectively (Figure 2B).

The site of recurrence included liver, lymph node,
incisional or abdominal implantation, bone, et al. There
was no obvious difference in recurrent site and rate
between LLR and OLR groups (Table 2). Multivariate

N, % or Median, IQR LLR (18, 41.9%) OLR (25, 58.1%) )4
The patient- and liver-related variables
Age, years 64 (60-72) 61 (55-64) 0.100
Sex, male 12 (67) 10 (40) 0.084
Comorbid illnesses 5(12) 7 (28) 0.987
ASA score, <2 15 (83) 19 (76) 0.839
Abdominal surgical history 3(16) 7 (28) 0.616
Total bilirubin, > 24 pmol/L 3(16) 8(32) 0.648
The tumor-related variables
CA19-9 level, > 200 U/mL 8 (44) 14 (56) 0.455
CEA level, > 5ug/L 7(39) 10 (40) 0.914
TNM stage
T1A+IB 7(39) 17 (68) 0.058
1I-+I11 11 (61) 8(32)
Nerve invasion 4(22) 9 (36) 0.332
Vascular invasion 4(22) 9 (36) 0.332
Tumor differentiation, poor 14 (78) 17 (68) 0.480
The operative variables
Range of hepatectomy, major 6(33) 13 (52) 0.224
Number of lymphadenectomy, > 6 6 (33) 8(32) 0.927
Intraoperative blood loss, mL 375 (275-500) 500 (350-750) 0.016
Length of surgery, min 305 (207-390) 300 (257-392) 0.730
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Table 2. Comparing the short and long-term outcomes between laparoscopic versus open liver resection

N, % or Median, IQR LLR (18, 41.9%) OLR (25, 58.1%) p
Mortality within 30 days 0(0) 1(4) 1.000
Postoperative hospital stays, days 6 (5-12) 9(7-15) 0.001
Postoperative Complication
Wound Infection 0(0) 2 (8) 0.502
Bile Leakage 1(6) 2(8) 1.000
Liver Failure 0(0) 1(4) 1.000
Pneumonia 2 (11) 2 (8) 1.000
Dindo-Clavien classification
12 17 (94) 23 (92) 0.990
3-4 1(6) 2(8) 1.000
Median OS, months 22.5 12.1 0.073
1-year OS, % 76.9 43.1 0.177
3-year OS, % 47.1 20.0 0.819
Median RFS, months 10.3 8.1 0.409
1-year RFS, % 27.8 24.0 0.348
3-year RFS, % 0 4.0 0.750
Postoperative Recurrence Site
Liver 7(39) 11 (44) 0.738
Lymph Node 3(17) 3(12) 1.000
Incisional or abdominal Implantation 4(22) 3(12) 1.000
Bone 1(6) 4(14) 0.567
Others 2(11) 3(12) 0.990
(TIA+IB, II+III), CA19-9 (> 200 U/mL, < 200 U/
A 1004 mL), number of lymphadenectomy (= 6, < 6) and
- — LLR (n=18) . o
S — OLR (n=25) differentiation grade (well or moderately, poor). The cut-
Ei off points of CA19-9 and number of dissected lymph
H nodes were set at 200U/mL and 6 respectively, which
3 . . .
@ 504 P=0.073 were considered as a high-risk factor and recommended
g number for postoperative staging (/2) (Figure 3). The
3 results from the subgroup analysis showed there were no
0 significant differences between LLR and OLR groups (all
0 20 40 60 80 100 p>0.05).
Months after operation
4. Discussion
B 100- — LLR (n=18) N dv. 4 , S
s —— OLR (n=25) In the pr.esent study, 43 patlenFs w1t. ICC w§re
= retrospectively analyzed, who received liver resection
2 and associated lymphadenectomy, and postoperative
3 509 P=0.231 adjuvant chemotherapy in our hospital. The results
@ showed that LLR obviously reduced intraoperative blood
& loss and postoperative hospital stay. Moreover, there
0 : : ; " . was no significant difference in the short-term outcomes
0 20 40 60 80 100

Months after operation

Figure 2. Comparisons of overall survival (A) and recurrence-free
survival (B) curves between LLR and OLR groups.

analysis showed that CA19-9 level, TNM stage, and
tumor differentiation were independent risk factors for
the OS (Table 3) and RFS (Table 4).

3.4. Subgroup analysis of overall survival between LLR
and OLR groups

We further analyzed the OS stratified by TNM stage

including postoperative morbidity (including wound
infection, bile leakage, liver failure and pneumonia)
and mortality within 30 days, and long-term outcomes
(including OS and RFS) between LLR and OLR (all p >
0.05). Multivariate analysis showed that CA19-9 level,
TNM stage, and tumor differentiation were independent
risk factors for the OS and RFS.

The technology of laparoscopy has evolved rapidly
in recent years, ultra-high definition (UHD) camera
and display system and electrosurgical instruments
were employed in the surgery, which could provide
a clear field and better hemostatic control for the
surgeons. By this Amplifying effect of laparoscopy,
LLR achieved less intraoperative blood loss than OLR.

www.biosciencetrends.com



BioScience Trends. 2020; 14(5):376-383.

380

Table 3. Univariable and multivariable Cox-regression analyses on risk factors of overall survival

uv MV

Variables Comparison

HR (95%CI) P HR (95%CI) P
Age, years continuous, years 0.965 (0.916-1.016) 0.173
Sex, male male vs. female 1.403 (0.672-2.928) 0.367
Comorbid illnesses with vs. without 0.556 (0.267-1.157) 0.116
ASA score >2vs. <2 0.822 (0.332-2.036) 0.671
Abdominal surgical history with vs. without 1.253 (0.596-2.642) 0.550
Total bilirubin > 24 vs. <24 mmol/L 1.047 (0.474-2.309) 0.910
CA19-9 level >200 vs. <200 U/mL 4.445 (1.791-11.034) 0.001 2.219(1.632-3.017)  <0.001
CEA level >5vs. <5 pg/L 1.545 (0.742-3.204) 0.246
TNM stage 14111 vs. IA+IB 2.357 (1.091-5.092) 0.029 2.098 (1.671-2.634) <0.001
Nerve invasion with vs. without 1.590 (0.740-3.416) 0.235
Vascular invasion with vs. without 2.264 (0.990-5.180) 0.053
Tumor differentiation poor vs. well or moderately 2.865 (1.261-6.513) 0.012 1.524 (1.093-2.126) 0.013
Range of hepatectomy major vs. minor 0.884 (0.422-1.851) 0.743
Number of lymphadenectomy <6vs.>6 1.916 (0.893-4.109) 0.095 NS
Intraoperative blood loss continuous, mL 0.999 (0.996-1.012) 0.532
Length of surgery continuous, min 1.000 (0.998-1.0) 0.905

"Those variables found significant at P < 0.10 in univariable analyses were entered into multivariable analyses. HR, hazard ratio; UV, univariable;

MYV, multivariable; CI, Confidence interval; NS, no significance.

Table 4. Univariable and multivariable Cox-regression analyses on risk factors of recurrence-free survival

uv MV

Variables Comparison

HR (95%CI) )4 HR (95%CI) ¥4
Age, years continuous, years 0.964(0.897-1.003) 0.169
Sex, male male vs. female 1.401(0.603-2.549) 0.369
Comorbid illnesses with vs. without 0.555(0.371-1.640) 0.115
ASA score >2vs. <2 0.821(0.370-2.123) 0.670
Abdominal surgical history with vs. without 1.253(0.371-1.719) 0.552
Total bilirubin > 24 vs. <24 mmol/L 1.046(0.414-2.127) 0.912
CA19-9 level >200 vs. <200 U/mL 4.438(1.261-6.830) 0.001 3.405 (2.684-4.318) < 0.001
CEA level >5vs. <5 g/l 1.545(0.784-3.476) 0.244
TNM stage 11 + 1T vs. IA+IB 2.362(0.964-4.212) 0.029 2.268 (1.840-2.795)  0.001
Nerve invasion with vs. without 1.587(0.749-3.171) 0.236
Vascular invasion with vs. without 2.260(0.741-3.640) 0.053
Tumor differentiation poor vs. well or moderately 2.861(1.172-5.715) 0.012 1.885 (1.485-2.392) 0.029
Range of hepatectomy major vs. minor 0.885(0.498-2.114) 0.747
Number of lymphadenectomy <6 vs. > 6 1.913(1.303-6.236) 0.096 NS
Intraoperative blood loss continuous, mL 0.999(0.996-1.010) 0.528
Length of surgery continuous, min 1.000(0.998-1.002) 0.898

"Those variables found significant at P < 0.1 in univariable analyses were entered into multivariable analyses. HR, hazard ratio; UV, univariable;

MYV, multivariable; CI, Confidence interval; NS, no significance.

Masateru et al. reported intraoperative blood loss of
LLR was less than OLR in patients of hepatocellular
carcinoma with liver cirrhosis (/3). Likewise, a similar
outcome was confirmed by Cai et al., who compared
145 cases of LLR with 190 cases OLR in recurrent
hepatocellular carcinoma (/4). Hadrien ef al. suggested
a pneumoperitoneum of 10-14 mmHg should be used as
it allows good control of the bleeding, by which positive
abdominal pressure could be seen as a factor to reduce
intraoperative blood loss in LLR (/5). More and more
authors have reported their experience on LLR for ICC,
and most of them have achieved satisfactory results,
or at least not inferior (9,76). Billy et al. reported 6
patients with stage I and 5 patients with stage II/III (7"

AJCC), who underwent laparoscopic liver resection
and selectively LND. Finally, it suggested non-inferior
oncological outcomes compared with 26 cases LLR
(17 cases of stage I, 9 cases of stage II/II) (8) . In our
study, 11 patients in stage I and 17 patients in stage I
were involved in LLR and OLR groups respectively.
and 7 patients underwent LLR and 8 patients underwent
OLR in stage II/IIl. Moreover, all patients of LLR and
OLR received regional lymphadenectomy (removed
hepatoduodenal ligament lymph nodes). As a result, OS
of LLR with regular lymphadenectomy group achieved
identical outcomes with OLR compared with regular
lymphadenectomy group, not only in the patients in stage
I, but also those in stage II/I11.
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Figure 3. Subgroup analysis of overall survival stratified by TNM stage,

Some published papers have demonstrated TNM
stage, tumor differentiation, preoperative and CA19-
9 level as important determinants of prognosis (9,17).
The present study also indicated that TNM stage, tumor
differentiation and preoperative CA19-9 level were
independent risk factors associated with poor survival.
We further analyzed the difference stratified by TNM
stage, tumor differentiation and preoperative CA19-
9 level between LLR and OLR groups. The results
indicated that these risk factors did not influence the
prognosis between LLR and OLR groups.

Whether to perform lymphadenectomy and the range
of lymphadenectomy in LLR are still controversial.
Li et al. suggested ICC patients without lymph node
involvement and patients with multiple tumors and
lymph node metastases may not benefit from aggressive
lymphadenectomy (/8). Consensus statement from
AHPBA declared that regional lymphadenectomy
should be considered a standard part of surgical therapy
for patients undergoing resection of ICC (/9), because
the incidence of nodal disease was high, with some
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CA19-9, number of lymphadenectomy and tumor differentiation.

studies showing lymph node metastasis in as many as
40% of patients (/7,20,21). However, some studies
suggested that lymphadenectomy did not significantly
improve prognosis, however, lymphadenectomy might
be useful for nodal staging (22,23). Based on this
experience, we performed lymphadenectomy regularly,
and the results in this study also demonstrated that
increasing retrieved lymph node count or extended
lymph node dissection was not associated with a survival
benefit among patients who underwent curative surgical
resection for ICC. Lymph node status, however, was
prognostically important as patients with lymph node
metastasis had a markedly worse long-term prognosis.
Retrieval of 6 lymph nodes at the time of surgery was
associated with the identification of more lymph node
positive patients and therefore should be used as the
goal cut-off value to avoid under-staging patients
with ICC. In the aspect of range of lymphadenectomy,
consensus of AHPBA recommended that lymph nodes
of hepatoduodenal ligament (site 12) and common
hepatic duct (site 8a) should be removed in 2015.
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Besides, for ICC originating from right hemiliver, the
retropancreatic lymph nodes (site 13) may be involved;
if ICC is located in left hemiliver, in addition to above-
mentioned lymph nodes, the nodes around the cardiac
portion of the stomach and along the lesser curvature
(site 1 and 3) should also be removed. Similarly,
Chinese experts recommended that lymphadenectomy
for ICC should cover site 8, 12 and 13, which was
suggested by Chinese Society of Clinical Oncology
(CSCO) in 2019. The deadline for the cases we studied
was 2017, and the majority of our cases (31/43)
underwent their surgery before those consensuses were
issued. To the best of our knowledge at that time, range
of LND was limited in site 12.

CA19-9 > 200U/mL was identified as a negative
prognostic factor in patients without preoperative
jaundice, according to 8" AJCC guideline. In our study,
18 patients in LLR group and 25 patients in OLR group
divided into two subgroups by setting the cut-off point
of CA19-9 at 200U/mL. OS in LLR group did not differ
with the OLR group with and without this high-risk
feature. Elevated preoperative CA19-9, thus, should
not be considered as a contraindication of LLR for ICC
patients. Poor differentiation has been demonstrated
as another independent risk factor for prognosis. The
underling mechanism may be that this kind of tumor
cells are more likely to metastasize (24).

This study had several limitations. First, this study
is not a randomized controlled trail and therefore biases
in patient's selection may exist. Second, to make the
results robust, only 43 patients were included. However,
all patients were carefully selected to include only those
with associated lymphadenectomy and postoperative
adjuvant chemotherapy. Third, though all the patients
received associated lymphadenectomy, we did not
further analyze the number and range of positive lymph
nodes. Fourth, though all the patients received 6 course
of adjuvant chemotherapy, we did not further analyze
the role and complication of chemotherapy, especially
for different TNM stage. Fifth, there was no statistically
significant difference in OS or RFS between the two
groups in this study. However, the sample size of both
groups was small, and the follow-up time of LLR
group was short. Sixth, LLR has achieved equal OS
with OLR, but proportion of TNM stage II/III of LLR
was higher than OLR (61.1% vs. 32.0%, p > 0.05).
Statistically, there was no significant difference between
the two groups, this phenomenon may be associated with
small-size sample, which could be affected by extremum
easily. Moreover, shorter follow-up time of LLR was
likely the cause.

In conclusion, the present study demonstrated LLR
for ICC is safe and feasible compared with OLR. The
advantage for LLR was to reduce intraoperative blood
loss and postoperative hospital stay. Furthermore, future
randomized controlled trials are still needed to better
define the role of LLR.
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SUMMARY

Keywords

Blood loss is associated with the degree of damage in liver stiffness. Severe liver steatosis is a matter
of concern in liver surgery, but does not correlate with liver stiffness. This study aimed to assess
the relationship between blood perfusion of the liver and blood loss in liver pathologies. Data from
elective liver resection for liver cancer were analyzed. All patients underwent preoperative assessments
including perfusion CT. Patients were divided into 4 groups in accordance with the pathological
background of liver parenchyma. Relationships between portal flow as assessed by perfusion CT and
perioperative variables were compared. Factors correlating with blood loss were analyzed. In 166
patients, portal flow from perfusion CT correlated positively with platelet count and negatively with
indocyanine green retention rate at 15 min. Background liver pathology was normal liver (NL) in 43
cases, chronic hepatitis (CH) in 56, liver cirrhosis (LC) in 42, and liver steatosis (LS) in 25. Rates
of hepatitis viral infection and pathological hepatocellular carcinoma were more frequent in LC and
CH groups than in the other groups (p < 0.05). LC and LS showed significantly worse liver function
than the NL and CH groups. Portal flow from perfusion CT correlated positively with damage to liver
parenchyma and negatively with blood loss at liver transection. Low portal flow on perfusion CT
predicts blood loss during liver transection.

liver perfusion, blood loss, liver steatosis

1. Introduction

The liver shows unique blood flow characteristics, with
two sets of inflow vessels (hepatic artery and portal
artery flows) and one set of outflow vessels (hepatic
veins). The amount of blood flow changes depending
on the background liver parenchyma damage, such
as cirrhosis, liver fibrosis, chemotherapy-associated
steatohepatitis (CASH) and obstacle jaundice (/-3).
However, the hemodynamics of the diseased liver are
complex and not yet fully understood.

Measurement of liver stiffness by MRI or
ultrasonography is a convenient, less-stressful method to
assess damage to the background liver parenchyma (4,5).
During liver resection, a correlation has been confirmed
between blood loss and liver stiffness and a significant
relationship is known to exist between intraoperative
blood loss and morbidity (6-8). Evaluation of the
background liver damage is thus key to avoiding severe
complications.

With colorectal metastasis, perioperative
chemotherapy is a common strategy that sometimes
results in severe liver steatosis (9,/0). CASH involves
secondary damage to the liver parenchyma from

chemotherapy and represents a risk for liver resection
(10,11). Differing from liver cirrhosis, the parenchyma
of a liver showing severe steatosis is soft and fragile,
making liver stiffness hard to assess by conventional
testing (4-8). Perfusion CT enables estimation of blood
flow and volume in independent vessels and the mean
transit time of blood (2,3,/2). This may contribute to a
better understanding of the etiology of liver damage. The
aim of this study was thus to clarify whether parameters
from perfusion CT correlate with liver function and can
predict blood loss during liver transection.

2. Materials and Methods
2.1. Study design

Between April 2012 and December 2013, perioperative
data including perfusion CT were collected from patients
who underwent hepatic resection for liver cancer. First,
preoperative data concerning liver function (indocyanine
green retention rate at 15 min (ICGR ;) and platelet
count) were evaluated for correlations with parameters
from perfusion CT. Portal blood flow from perfusion CT
was assessed on the basis of the histological difference

www.biosciencetrends.com



385 BioScience Trends. 2020, 14(5):384-389.

of the background liver parenchyma. Finally, the
relationship between portal flow from perfusion CT
and intraoperative blood loss was analyzed. Written
informed consent for clinical analysis was obtained
from each patient. This clinical study was approved by
the institutional review board of the Nihon University
Itabashi Hospital (IRB. RK200114-10).

2.2. Perfusion CT analysis

A 320-detector row CT system (Aquilion One;
Toshiba Medical Systems, Tochigi, Japan) was used
for perfusion CT. Scan area of the perfusion CT was
the whole liver, spleen and pancreas. To minimize
respiratory-induced motion of the liver, each patient
maintained natural breathing, but a crumpled towel was
fixed to the subcostal abdominal wall using an elastic
binder during scanning. Circular regions of interest
(ROIs) were placed in the aorta, portal vein, right and
left lobes of the liver, spleen and pancreas. The median
value from five ROIs in the liver parenchyma was used
as the representative value for the liver. The size of
each ROI was > 1.0 cm’. Body Registration software
(Toshiba Medical System, Tochigi, Japan) was used
to automatically correct for the spatially inconsistent
positions of each organ. Perfusion parameters (portal
flow, arterial flow, perfusion index) were calculated on
a pixel-by-pixel basis using the maximum slope model
(Body Perfusion; Toshiba Medical System), with results
expressed in units of milliliters per 100 milliliters per
minute.

2.3. Blood loss measurement

The amount of blood loss was independently measured
during liver transection. Blood loss per transection area
of the liver (mL/cm’) was estimated based on the shape
of the transection plane, as traced onto a piece of paper
that was digitally photographed (Adobe Photoshop
Elements” 14 software; Adobe System, San Jose, CA).
Blood loss per transection area (mL/cm’) was calculated
as blood loss divided by transection area.

2.4. Pathological evaluation

Patients were divided into four categories on the basis
of the background liver parenchyma: normal liver (NL),
chronic hepatitis (CH), liver cirrhosis (LC) and severe
liver steatosis (LS), respectively. The New Inuyama
classification was used to assess degree of fibrosis in the
liver (grade 0-4) and inflammation (grade 0-3) by two
independent pathologists (/3). To assess the degree of
liver steatosis, the Brunt scoring system (fat deposits in <
33%, 33-66%, or > 66% of hepatocytes) was used (/4).
Complications were defined according to the Clavien-
Dindo classification and severe grade was defined as
grade III or above (15).

2.5. Statistical analysis

Data are expressed as medians and ranges or as absolute
values and percentages. Student's #-test, the y” test, and
Fisher's exact test were used, as appropriate. For multiple
comparisons between different groups, the Bonferroni
test was used. Values of p < 0.05 were considered
indicative of statistical significance. Cutoff values and
correlation coefficients for each variable were obtained
from a receiver operating characteristic (ROC) curve.
All analyses were performed using JMP version 13.2
statistical software (SAS Institute, Cary, NC, USA).

3. Results
3.1. Patients

Data from 301 patients who underwent hepatic resection
for liver cancer between April 2012 and December 2013
were included. Of these, 99 patients were excluded
because of unsuitability for imaging studies; repeat
resection (n = 64), macrovascular invasion (n = 23) and
large tumor > 10 cm in diameter or > 5 cm for bilobar
tumors (7 = 12). Among them, 36 patients were excluded
because of other reasons; lack of or abnormal ICGR
data (n = 11), lack of informed consent obtained from
patients (n = 11), placement of a drainage tube to treat
obstructive jaundice (n = 8), and an inability to resect the
tumor (n = 6). (Figure 1).

3.2. Preoperative data by background liver parenchyma

After pathological evaluation of the resected specimen,
patients were divided into four groups on the basis of the
background liver parenchyma: NL group (rn = 43); CH
group (n = 56); LC group (n =42); and LS group (n = 25)
(Table 1). Regarding the analysis of raw data, significant
differences were observed in the rate of hepatocellular
carcinoma (p < 0.001) and hepatitis viral infection (p <
0.001). In terms of liver function, significant differences
were observed in preoperative platelet count and ICGR 5
(p <0.001).

3.3. Relationship between portal flow and preoperative
liver functions

In terms of preoperative data, patients were divided into
3 categories by platelet count (< 10%/uL, 10*-3 x 10
uL and > 3 x 10%uL) and compared in terms of portal
flow on perfusion CT (Figure 2). Significant differences
were evident between groups and significant positive
correlations were apparent between platelet count and
portal flow. Patients were divided into 4 categories by
ICGR5: £ 10%; 10-20%; 20-30%; and > 30% (Figure 3).
Significant differences were seen between groups and a
significant negative correlation was identified between
platelet count and portal flow.
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Study flow

301 patients: liver resection for cancer

202 patients: optimal for assessment

99 patients excluded: not suitable for imaging study
64 patients: repeat resection

23 patients: macro vascular invasion

12 patients: large bilobar tumor

166 patients: pathological evaluation in
background liver

36 patients excluded: other reasons
11 patients: lacking ICG value
11 patients: lack of informed consent
8 patients: placed tube drain treat for jaundice
6 patients: inability to resect at operation

! I

I

|

43 patients:
Normal liver

56 patients:
Chronic hepatitis

42 patients:
Liver cirrhosis

25 patients:
Liver steatosis

Figure 1. Study flow. Patients were divided into 4 groups based on the background liver. ICGR 5, indocyanine green retention rate at 15 min.

Table 1. Patient characteristics by back ground pathological liver parenchyma

Normal liver

Chronic hepatitis

Liver cirrohsis

Liver steatosis

(n=43) (n=56) (n=42) (n=25) p-value
Gender (male, %) 27 (62.8) 44 (78.6) 29 (69.1) 19 (76.0) 0.340
Age (years) 66 (40-83) 69 (40-83) 68 (46-79) 67 (47-78) 0.870
Body mass index 22.3(16.1-31.1) 23.6 (16.8-30.2) 23.4(17.8-33.3) 243 (17.7-31.0) 0.621
Tumor diameter (mm) 30 (12-115) 25 (14-130) 26 (10-137) 28 (10-133) 0.416
Number of tumor 1 (1-11) 1 (1-5) 1(1-3) 1(1-3) 0.841
Hepatocellular carcinoma (%) 15 (34.9) 44 (78.6) 38 (90.0) 9 (36.0) <0.001
Colorectal metastasis 19 (44.2) 11 (19.6) 3(7.1) 16 (64.0) <0.001
Gallbladder cancer 8 (18.6) 1(1.8) 0 0
Others 1(2.3) 0 1(2.4) 0
Hepatitis viral infection (%) 9(20.9) 21(37.5) 23 (54.8) 3(1.2) <0.001
History of chemotherapy 4(9.3) 1(1.8) 0 16 (64.0) <0.001
Aspartate aminotransferase (IU/L) 28 (14-93) 34.5 (13-118) 53 (21-205) 32 (14-222) 0.284
Alanine aminotransferase (IU/L) 20 (8-201) 32.7 (10-158) 47.5 (16-106) 29 (8-315) 0.128
Albumin (g/dL) 4.2(2.9-4.9) 4.0 (3.1-4.8) 3.6 (2.7-4.4) 4.0 (3.3-4.8) 0.113
Bilirubin (mg/dL) 0.54 (0.26-1.59) 0.63 (0.23-1.87) 0.82 (0.27-1.96) 0.24 (0.24-1.74) 0.167
Prothrombin activity (%) 100 (47-100) 97.5 (38-100) 92.5 (63-100) 99 (36-100) 0.501
Platelet count (10*/uL) 20.5(10.9-44.3) 15.7 (4.3-74.2) 9.9 (4.0-19.5) 20.0 (7.3-39.5) <0.001
ICG-R15" (%) 8.1(2.9-19.4) 3.3(12.7-44.9) 17.8 (7.4-54.5) 11.7 (3.5-37.7) <0.001
Data are expressed as median (range), ; indocyanine green retention rate at 15 minutes
*
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Figure 2. Relationship between portal flow and platelet count.
Significant differences are apparent between portal flow and platelet
count in each category (p < 0.05), and platelet count correlates

Platelet Count (10*/uL)

positively with portal flow (p < 0.05).

Indocyanine green retention rate at 15 minutes (%)

flow (p <0.05).
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Significant differences are observed between portal flow and ICGR 5
for each group (p < 0.05) and ICGR; correlates positively with portal
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Table 2. Operation related variables by back ground pathological liver parenchyma

Normal liver Chronic hepatitis Liver cirrohsis

Liver steatosis

(n=43) (n = 56) (n=42) (n =25) p-value
Operation time (min) 316 (125-672) 321 (150-720) 368 (130-609) 358 (199-577) 0.675
Hepatic ischemia time (min) 121 (46-238) 119 (15-223) 111 (45-163) 127 (15-199) 0511
Blood loss (mL) 193 (20-2398) 237.5 (15-4491) 404 (30-2158) 387 (54-1494) 0.041
Transection area (cm?) 56.2 (4.7-219.8) 57.7(7.3-225.1) 49.4 (7.2-242.1) 50.8 (4.7-152.8) 0.923
Complications (> Grade I1Ib") (%) 2(4.7) 4(7.1) 4(9.5) 2(8.3) 0.104
Mortality (%) 0 (0) 1(0) 0(0) 1(0) 1.000

Data are expressed as median (range), '; Clavien-Dindo classification.
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S Figure 4. Trends in postoperative liver function.
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significant difference is observed between the former
Pathological background liver two groups and the latter two groups (p < 0.05).
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Figure 5. Recovery of parenchyma volume after liver resection. Very weak correlations are evident between portal blood flow and blood loss
in NL (=-0.067) and CH (r = -0202) groups. In contrast, strong correlations are observed in the LC (= -0.712) and LS groups (» =-0.817).

3.4. Operation-related data by background liver
parenchyma

Blood loss was significantly greater in the LC and LS
groups than in the other two groups (p = 0.041) (Table
2). Operation time, hepatic ischemia time and transection
area did not differ significantly between groups. No
perioperative mortality was encountered and the rate
of severe-grade complications did not differ between
groups.

3.5. Correlation between portal flow and preoperative
liver functions

No significant difference in blood loss was seen between
NL and CH or between CH and LS. A significant
difference was observed between the former and latter
groups (p < 0.05) (Figure 4). Very weak correlations
were apparent between portal blood flow and blood loss
in the NL (» = -0.067) and CH (r = -0.202) groups. In
contrast, strong correlations were observed in the LC (»
=-0.712) and LS groups (» = -0.817) (Figure 5).

4. Discussion

This study showed that portal flow as measured by
perfusion CT correlated significantly with ICGR;
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and platelet count, which are known to reflect liver
functional reserve. Portal flow correlates with the
degree of damage to the liver parenchyma and to blood
loss during liver transection. Perfusion CT provides
information not only on tumor status, but also on portal
flow, which is predictive of blood loss.

A significant correlation between complications and
damage to the liver parenchyma is well known (7,8, 16).
A positive relationship existed between intraoperative
blood loss and outcomes (/7,18). Many techniques have
been devised to improve blood loss, including Pringle's
maneuver, the total blood flow occlusion technique,
hanging maneuver, and use of energy devices during
liver transection (/9-217). As blood loss during liver
transection depends on the damage of background liver
parenchyma, assessment of the liver parenchyma plays
a key role in avoiding severe complications (7,8,18).
Thus, liver stiffness measurement represents a useful
preoperative option (4-8). In this study, portal blood
flow from perfusion CT correlated positively with
platelet count and negatively with ICGR 5. Moreover,
a significant correlation was observed between portal
flow and blood loss per transection square. This means
that blood loss depends on liver stiffness as shown in
previous studies using different imaging modalities,
such as MRI and ultrasound (4-8).

In imaging studies, CASH is expressed as severe
steatosis with splenomegaly (22,23). This implies
the presence of portal hypertension while the liver
parenchyma is soft and fragile at liver transection. As
the underlying etiologies remain poorly recognized,
standardized methods are lacking to assess liver function
in severe steatosis, including CASH. Interestingly, in
the LS group, even though the stiffness of the liver
parenchyma differed from that in liver cirrhosis,
the relationship between portal flow and blood loss
resembled that in the LC group. The pathological
features of CASH are known to involve "sinusoidal
obstruction syndrome", as blood congestion caused
by injury to the peripheral sinusoids (/,9,10,22,23).
Therefore, one speculation is that together with fat
deposition inside hepatocytes, severe parenchymal
congestion results in decreased portal flow. Increased
blood loss during liver transection under conditions
such as liver cirrhosis is easily understood. Further
investigation by perfusion CT should clarify the
hemodynamics of severe steatosis.

We used a uniform procedure at the time of
operation, but this study did not eliminate the variable
influence of surgical factors such as blood flow control
and the difference in central venous pressure during
liver transection resembling previous studies (4-8).
Even though the total number of patients included in
this study was larger than another study of perfusion CT,
the number of participants in each group was still small
because of the 4 different pathological groups. This
was the main limitation of the present study, and we

therefore aim to analyze a larger number of participants
in the future. In addition, two different types of steatosis
were included: CASH and obesity. Hemodynamics in
those subsets of patients may differ, and larger numbers
of patients are required to properly assess each category.
In addition, data were lacking to compare the results
of portal flow as determined ultrasonographically.
Assessment of blood flow is not objective and easily
changes between operators, and more objective
assessment of blood flow requires estimation from
perfusion CT. Further study is needed to compare
blood flow data between ultrasound and perfusion CT
to determine which modality is more convenient and
correct in clinical use.

In conclusion, parameters of perfusion CT enable
the assessment of hemodynamics in the diseased liver.
Portal flow from perfusion CT is predictive of blood
loss at liver transection, and thus appears useful for
planning liver resection.
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SUMMARY

Keywords

Methyl-CpG binding domain protein 3 (MBD3) belongs to the methyl-CpG binding protein
family. MBD3 facilitates the initiation of neural stem cell reprogramming. Melanoma originates
in melanocytes derived from neural crest stem cells; therefore, we investigated the role of MBD3
in melanoma. MBD3 was overexpressed in melanoma compared with pigmented nevi. MBD3
knockdown had no effect on the proliferation of melanoma cells (A375 and A2058 cells). Contrarily,
it significantly reduced the migration and invasion of A375 cells, but had no significant effect
on A2058 cells. Furthermore, MBD3 knockdown reduced N-cadherin protein levels and matrix
metalloproteinase-2 (MMP-2) activity in A375 cells, but had no significant effect on A2058 cells.
Based on these results, the MBD3 expression level may be a useful biomarker for the diagnosis of
melanoma. Thus, MBD3 has potential as a novel therapeutic target for some melanoma patients.

MBD3, melanoma, N-cadherin, MMP-2

1. Introduction

Although immune checkpoint inhibitors (ICIs) improve
the prognosis of patients with advanced melanoma,
the response rate to ICIs is approximately 30-40%
(7). In addition, only approximately 30% of Japanese
melanoma patients have a BRAF mutation, which is
required for treatment with BRAF inhibitors (7). As
such, the currently available therapies are not suitable
for all melanoma patients. Therefore, novel therapeutic
molecular targets for advanced melanoma need to be
identified. Furthermore, it is not always possible to
make a differential diagnosis between a nevus and a
melanoma. This is due to the fact that the representative
melanoma markers, including melanoma antigen
recognized by T cells 1 (MART-1) and gp100, are also
present in pigmented nevi. Therefore, they are not useful
for differential diagnoses.

Methyl-CpG binding domain protein 3 (MBD3) is
approximately 35 kDa and belongs to the methyl-CpG-
binding protein family. MBD3 acts as a transcriptional
repressor through its interaction with nucleosome
remodeling deacetylase (NuRD) (2). MBD3 is essential
for the formation and stability of the NuRD complex (3).
It is contained within this complex, where it binds to
hydroxymethylated DNA (4). DNA hydroxymethylation

is an epigenetic mechanism that modifies the C-5
position of cytosine by adding a hydroxymethyl group,
resulting in the regulation of gene expression levels (5,6).
MBD3 binds to hydroxymethylated DNA and suppresses
gene expression (4). MBD3 protein has been previously
detected in neural stem cells using two-dimensional
fluorescence differential gel electrophoresis targeting
nuclear phosphorylated proteins after stimulation with
fibroblast growth factor 2 (7). MBD3 is involved in
the regulation of neural stem cell reprogramming and
differentiation (8). Moreover, melanoma originates from
melanocytes derived from neural crest cells (9).

Although the expression levels of MBD3 are high
in several cancers, there is a divergence in terms of
its function according to the type of cancer. MBD3
suppresses tumor growth in lung cancer (/0) and
pancreatic cancer (//) but promotes tumor growth
in breast cancer (/2). However, the role of MBD3
in melanoma has not yet been clarified. Therefore,
we investigated the role of MBD3 in melanoma and
whether the inhibition of MBD3 has an antitumor
effect.

2. Material and Methods

2.1. Clinical assessment and patient samples
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In accordance with the Declaration of Helsinki,
institutional review board approval and written informed
consent was obtained from patients before their
enrollment in this study. Skin samples were collected
from 20 patients with melanoma and 19 patients with
pigmented nevi.

2.2. Cell culture

Human melanoma cell lines were obtained from the Cell
Resource Center for Biomedical Research Institute of
Development, Aging and Cancer, Tohoku University
(Sendai, Miyagi, Japan) or the American Type Culture
Collection (Manassas, VA, USA). Normal human
epidermal melanocytes (NHEM) were purchased from
Lonza (Basel, Switzerland). Human melanoma cell lines
were maintained in Dulbecco's modified Eagle medium,
supplemented with 20% fetal bovine serum (FBS)
under 5% CO, and 95% air. NHEM in CSF-4HM-500D
culture medium, supplemented with human melanocyte
growth supplements, were maintained under 5% CO,
and 95% air.

2.3. Immunofluorescent staining

Immunofluorescent staining of MBD3 and Melan-A
proteins in patient tissues and cultured cell lines was
performed using an anti-MBD3 antibody at a dilution of
1:100 (ab157464; Abcam, Cambridge, UK) or an anti-
Melan-A antibody at 1:100 (mouse monoclonal) (ab731;
Abcam), respectively. Slides were counterstained with
Fluoroshield mounting medium with 4',6-diamidino-2-
phenylindole (DAPI) (ab104139; Abcam) and images
were captured using fluorescence microscopy (BZ-X
710; Keyence, Osaka, Japan). The intensity of staining
was classified as follows: (—), same or weaker than
the adjacent epidermis; (+), stronger than the adjacent
epidermis; (++), much stronger than the adjacent
epidermis.

2.4. Western blotting

Equal amounts of proteins (10 pug) were separated using
SDS polyacrylamide gels and were electrotransferred to
polyvinylidene fluoride (PVDF) membranes (Bio-Rad
Laboratories, Hercules, CA, USA). The membranes
were immunoblotted overnight at 4°C with primary
antibodies, followed by their respective secondary
antibodies, anti-MBD3 (1:1,000; Abcam), anti-N-
cadherin (1:1,000; Abcam), and anti-B-actin (1:2,000;
Cell Signaling Technology, Beverly, MA, USA).

2.5. Gene silencing using small interfering RNA
An MBD3-specific small interfering RNA (siRNA)

and a scrambled control siRNA were purchased from
Dharmacon (Lafayette, CO, USA). The target sequences

of the MBD3-specific siRNA are the following four
sequences: CCUGAACGCCUUCGACAUU, UGAGCA
AGAUGAACAAGAG, UCAAGCAGCCGGUGACCA
A, CCAACCAGGUCAAGGGCAA. Human melanoma
cell lines were transfected using Lipofectamine
RNAIMAX transfection reagent (Invitrogen Corporation,
Carlsbad, CA, USA) for 6 h following manufacturer's
instructions. The final concentration of MBD3-specific
siRNA and scrambled control siRNA were 100 nM.

2.6. Cell proliferation assay

A375 (low metastatic melanoma cell line) and A2058
(high metastatic melanoma cell line) (/3) cells were
seeded at 5.0 x 10* cells/well in 6-well plates and
transfected with either an MBD3-specific siRNA
or a scrambled control siRNA using Lipofectamine
RNAiIMAX. After incubating for 48 hours, the
transfected cells were stained with Trypan blue and
counted under a light microscope. Each experiment was
performed in triplicate.

2.7. Migration and invasion assays

Migration and invasion assays were performed to
evaluate the migrative and invasive ability of A375
and A2058 cells transfected with either an MBD3-
specific siRNA or a scrambled control siRNA using
Lipofectamine RNAIMAX. For migration assay, a 24-
well plate containing Permeable Support with 8.0 um
Transparent PET Membrane (Corning Inc., Corning,
NY, USA), was prepared and for invasion assay, a
24-well plate containing 8 um pore size transwell
inserts pre-coated with Matrigel (Corning Inc.) was
prepared. After serum starved incubation with serum-
free Dulbecco's Modified Eagle Medium (DMEM) in
5% CO, atmosphere at 37°C for 24 h, the cells were
seeded into the upper chamber of the insert at 5 x 10"/
well in 500 pL serum-free DMEM. The lower chamber
was filled with 750 uL DMEM supplemented with
20% fetal bovine serum as a chemoattractant. After
incubating the cells at 37°C for 48 h, the cells on the
upper chamber of the insert were removed with a
cotton swab. Subsequently, the cells on the bottom of
the insert were fixed with paraformaldehyde for 15
min. Using an inverted microscope, the migrated and
invaded cells were counted in five different fields at
200x magnification.

2.8. MMP-2 activity assay

Supernatants were collected from melanoma cells
(A375 and A2058 cells) and cultured in 6-well plates
for 48 hours. MMP-2 activity was measured using a
commercially available assay (QuickZyme Biosciences,
Leiden, Netherlands), according to the manufacturer's
protocol.
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2.9. Statistical analysis

Data are presented as bar graphs with the mean +
standard deviation (SD) of at least three independent
experiments. Statistical analyses were performed using
the Mann-Whitney U-test to compare medians. The
immunofluorescent staining results were analyzed using
the Chi-squared test. A p-value < 0.05 was considered to
be statistically significant.

3. Results
3.1. MBD3 was overexpressed in melanoma

Western blotting was performed to examine the MBD3
expression levels in melanoma in vitro. The MBD3
levels were higher in melanoma cell lines than in NHEM
(Figure 1a). Immunofluorescent staining showed results
similar to western blotting (Figure 1b). In addition, we
measured the expression levels of MBD3 in melanoma
tissues by immunofluorescence. A representative MBD3

(a) I:NHEM 2:SKMEL28

MBD3 e 3:A375 4:MceWo
5:WMI115  6:SKMEL2
acti 7:C32TG 8:A2058
p-actin - —————— G\
(b) DAPI MBD3 Merged

NHEM

Figure 1. (a) Expression levels of methyl-CpG binding domain
protein 3 (MBD3) protein in melanoma and normal human
epidermal melanocyte (NHEM) cell lines using immunoblotting. (b)
Immunofluorescent staining. Expression of MBD3 protein in A375,
A2058, and NHEM cell lines. MART-1 is shown in green. MBD3 is
shown in red. DNA is stained blue (DAPI).

A375

A2058

Table 1. Results of the immunofluorescent analysis of
MBD3

immunofluorescence experiment is shown in Figure
2a. The tissue samples were classified as negative,
slightly positive, or strongly positive based on MBD3
immunoreactivity (Figure 2b). MBD3 staining was
significantly more intense in melanoma samples than
in pigmented nevi (Table 1). Moreover, when the
patients were evaluated by the staining results of MBD3,
neither lymph node metastasis nor organ metastasis was
observed in all three cases of melanoma negative for
MBD?3 (Table 2).

3.2. An MBD3-specific small interfering RNA inhibited
the migration and invasion of A375 cells

We investigated the effect of an MBD3-specific siRNA
in melanoma cell lines (A375 and A2058 cells) to
determine the role of MBD3 in the pathogenesis of
melanoma. The expression level of MBD3 was down-
regulated by the MBD3-specific siRNA, as shown
in Figure 3a. MBD3 knockdown did not affect the
proliferation of neither A375 nor A2058 cells (Figure

(a) DAPI Martl MBD3 Merge

Nevus

Melanoma

(b) negative (-) slightly positive (+) strongly positive (++)

Figure 2. Immunofluorescent staining in melanoma and pigmented
nevi. (a) Representative images of immunofluorescent staining of
nuclei (DAPI, blue), MART-1 protein (green), and MBD3 protein
(red) in melanoma and nevus tissue samples. (400x magnification).
(b) Representative images of semiquantitative scoring of
immunofluorescent staining. The intensity of staining was classified as
follows: (—), same or weaker than the adjacent epidermis; (+), stronger
than the adjacent epidermis; or (++), much stronger than the adjacent
epidermis.

Nevus

Table 2. Correlation between MBD3 immunofluorescent
staining and clinical features of melanoma patients

Items n - + ++
Pigmented nevus 19 16 2 1
Melanoma 20 3 1 16

The tissue samples were classified as negative (—), slightly positive (+),
or strongly positive (++) based on MBD3 immunoreactivity. MBD3
staining was significantly more intense in melanoma samples than in
pigmented nevi.

Negative Positive

Items p-value
n=3) (n=17)

Sex (Male:Female) 2:1 8:9 1

Age (years), mean + SD 749+ 11.7 633+£21.7 0.175

Lymph node metastasis (No:Yes) 3:0 9:8 0.242

Organ metastasis (No:Yes) 3:0 15:2 1
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Figure 3. Knockdown of MBD3 affected cell growth, migration, and invasion in melanoma. (a) Down-regulation of MBD3 expression by
small interfering RNA (siRNA). A375 and A2058 cells were transfected with a control or MBD3-specific siRNA. After treatment for 48 hours,
we evaluated cell proliferation, migration, and invasion. Data represent the mean + SD from three independent experiments. (b) The number of
melanoma cells was counted using a particle counter. (¢) Cell migration was evaluated using transwell inserts without a Matrigel coating. (d)
Cell invasion was evaluated using transwell inserts coated with Matrigel. Diff-Quick staining of melanoma cells treated with a control or MBD3-
specific siRNA. Magnification, 400x. Data are expressed as the mean = SD of three independent experiments. ‘p < 0.05 versus controls.

3b). We also evaluated the effect of the MBD3-specific
siRNA on the migration and invasion of melanoma cells.
Migration/invasion assays showed that MBD3 silencing
significantly inhibited the migration and invasion of
A375 cells, but had no statistically significant effect on
the migration or invasion of A2058 cells (Figures 3¢ and
3d).

3.3. MBD3 knockdown suppressed N-cadherin
expression and MMP-2 activity in A375 cells

N-cadherin promotes the migration of melanocytes and
is involved in the migratory ability of melanoma (74).
MMP-2 has the ability to degrade type IV collagen
and is associated with the migration and invasion of
cancer (/5). To clarify the mechanism of migration
and invasion related to MBD3, we examined whether
MBD3 knockdown affected N-cadherin expression
levels and MMP-2 activity in melanoma cell lines. As
shown in Figure 4a-b, MBD3 knockdown significantly
suppressed N-cadherin expression and MMP-2 activity
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Figure 4. Knockdown of MBD3 down-regulated N-cadherin and inhibited MMP-2 activity in A375 cells, but not A2058 cells. A375
and A2058 cells were transfected with a control or MBD3-specific siRNA. All results were analyzed after 48 hours of treatment. The levels of
N-cadherin expression (a, western blotting) and MMP-2 activity (b) in A375 and A2058 cells. Data are expressed as the mean + SD of three

independent experiments. ‘p < 0.05 versus controls. N.S., not significant.

in A375 cells, but had no effect on these parameters in
A2058 cells.

4. Discussion

In this study, we revealed two major findings. Firstly,
MBD?3 was found to be strongly expressed in the cultured
melanoma cells and tissues of melanoma patients. In
addition, as shown in Figure 2b and Table 1, the MBD3
levels were significantly higher in melanoma compared
with pigmented nevi. These results demonstrated that
MBD3 may be useful for the differential diagnosis of
melanoma and pigmented nevus.

Secondly, the role of MBD3 in the progression of
melanoma was found to vary depending on the cell
line. MBD3 knockdown did not affect the proliferative
ability of A375 or A2058 cells. However, MBD3
knockdown significantly reduced the migration and
invasion of A375 cells, but had no significant effect on
A2058 cells. Furthermore, the knockdown of MBD3
reduced the N-cadherin protein levels and MMP-
2 activity in A375 cells, but had no significant effect
on A2058 cells. These findings suggested that MBD3
may promote migration and invasion by regulating
N-cadherin and MMP-2 in A375 cells. The reason of the
finding that the migration and invasion of A2058 cells
were not affected by an MBD3-specific siRNA, was
suggested to depend on the presence of PTEN. A2058
cells have been established from metastatic lymph
node and reported to be PTEN-deficient, while A375
cells have wild-type PTEN (/6,17). PTEN is a negative
regulator of PI3K, and the inactivation of PTEN can
promote the metastatic progression of melanoma
(18). The progression of melanoma has characteristic

features of epithelial to mesenchymal transition (EMT),
including the disruption of the adherent junctions
caused by the upregulation of N-cadherin. The PI3K
/PTEN pathway transcriptionally regulates this cadherin
regulation (/9). It has been reported that PTEN was
repressed through the epigenetic repressor NuRD
complex (20). MBD3 is essential for the formation
and stability of the NuRD complex. The knockdown
of MBD3 may only suppress EMT in tumor cells with
PTEN. Therefore, we suggest that the migration and
invasion of PTEN-deficient A2058 cells were not
affected by an MBD3-specific siRNA. However, this
should be confirmed using a greater number of different
cell lines in future studies.

In conclusion, although the differential diagnosis of
pigmented nevus and melanoma is sometimes difficult,
the assessment of MBD3 protein expression levels
may solve this problem. Although heterogeneity was
observed depending on the type of cell line, MBD3 has
potential for use as a therapeutic target for the treatment
of advanced melanoma.
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SUMMARY

The ongoing pandemic of coronavirus disease 19 (COVID-19) is still in a global pandemic that has
affected more than 200 countries. When prevention and control of COVID-19 is gradually normalized,
communication between countries needs to be gradually restored due to development needs. There
are 34 vaccines in the clinical evaluation stage and 145 vaccines in the preclinical evaluation stage
in the global COVID-19 vaccine research and development program, but the rate and process of
vaccination may not be sufficient to meet the current needs of society for restoring development and
communication. Studies have found that chloroquine, favipiravir, remdesivir and other drugs are
useful for COVID-19, but currently there is no specific drug for the treatment of COVID-19. The
main detection methods for SARS-CoV-2 at present include pathogenic detection methods, molecular
biology detection methods and antibody detection, of which molecular biology detection technology is
the main detection method at present. There are some more convenient and rapid detection methods. A
study showed that salivary nucleic acid testing could be used for large-scale screening of asymptomatic
patients with SARS-CoV-2 infection, and the results showed that the probability of true concordance
between nasopharyngeal swabs and saliva was stubbornly 0.998 (90% CI: 0.996-0.999). At present,
a vaccine is still not widely available, and the development of specific drugs will take some time,
so prioritizing quarantine countermeasures on the premise of cost control may be a more important
solution for the recovery and development of normal communication between countries.

Keywords

1. Status of the epidemic

According to Worldometer data, as of October 9, Beijing
time, a total of 36,706,900 cases of coronavirus disease-
19(COVID-19) had been diagnosed worldwide, with
a cumulative total of 1,065,646 deaths and more than
10 thousand cases diagnosed in 105 countries. The first
case of COVID-19 was detected in December 2019 (1),
and the epidemic is still in a global pandemic that has
affected more than 200 countries. It poses a serious threat
to the life and health of the population of all countries
and affects the normal social order and development. The
mortality rate of COVID-19 varies significantly by age.
With hospital mortality rates below 5% among patients
under 40 years of age, 35% among patients aged 70-79
years, and over 60% among patients aged 80-89 years
(2). The epidemic has also caused a sharp decline in
communication between countries, with the transnational
flow of goods, people and services temporarily halted
to reduce the spread of the neo-crown virus. With the
gradual control of the epidemic, the prevention and

COVID-19, vaccines, specific drugs, quarantine countermeasures

control of COVID-19 will be gradually normalized, and
the communication between countries will be gradually
restored due to development needs.

2. Control situation

WHO concluded on March 10, 2020, that "the outbreak
in China is ending". As of October 8, 21 new confirmed
cases have been reported nationwide, all of which were
imported from overseas (3), Figure 1. At present, the
epidemic in China has gradually come under control, and
in order to promote social development and international
contacts as soon as possible, it is necessary to start from
the three aspects of prevention, treatment and quarantine,
in order to restore economics and communication
while keeping the possibility of virus transmission to a
minimum level.

2.1. Vaccines

According to World Health Organization (WHO) data

www.biosciencetrends.com



397 BioScience Trends. 2020, 14(5):396-398.

1200

person

1000
800
600

400

\

200

April May June July August  September  October
——Imported cases outside the country ~ —-Local cases Total new diagnosed cases

Figure 1. Trend of new cases in 2020. Local cases started to show
an increasing trend in May and gradually decreased in July, while the
number of imported cases from abroad gradually increased in July. At
present, the new confirmed cases are mainly imported from overseas,
and quarantine should be the mainstay of prevention and control to
prevent overseas importation.

(4), as of September 8, 2020, there are 34 vaccines in
the clinical evaluation stage and 145 vaccines in the
preclinical evaluation stage in the global COVID-19
vaccine research and development program, and a
total of four vaccines in China have entered phase
III clinical trials. The results of the Phase II clinical
trial of recombinant COVID-19 vaccine (adenovirus
vector) developed by Chen Wei showed that 99.5%
of subjects produced specific antibodies, 95.3%
produced neutralizing antibodies, and 89% produced
specific T-cell immune reactions 28 days after a single
vaccination, which can meet the technical requirements
for emergency use (5). Although breakthroughs have
been achieved, the rate and process of vaccination may
not be sufficient to meet the current needs of society for
restoring development and communication.

2.2. New drugs and specific drugs

There is no specific drug for the treatment of COVID-19.
Studies have shown that chloroquine has an inhibitory
effect on severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) (6), and its derivative chloroquine
phosphate has been recommended for the antiviral
treatment of COVID-19. Some studies have found
that in vitro application of favipiravir significantly
inhibits COVID-19 and accelerates viral clearance (6-
7). Favipiravir and its generics have been included in
treatment protocols in India and Russia respectively (8-
9). Remdesivir is an antiviral drug developed for the
Ebola virus, and was found to have anti- SARS-CoV-2
effects when used in vitro (6), and a clinical trial in the
United States showed that remdesivir shortened recovery
time in hospitalized patients with SARS-CoV-2 infection
of the lower respiratory tract (/0). Although effective
antiviral drugs have been developed by targeting viral
proteases, polymerases and host proteins in the Middle
East Respiratory Syndrome and SARS epidemics, there
are no specific antiviral drugs for SARS-CoV-2.

2.3. Detection technology

The rapid and accurate detection of SARS-CoV-2 is an
important tool to control the spread of the epidemic,
and the main detection methods for SARS-CoV-2 at
present include pathogenic detection methods, molecular
biology detection methods and antibody detection, of
which molecular biology detection technology is the
main detection method at present. CRISPR-based assays
and flow-immunochromatography have the advantages
of rapid testing, low cost and high sensitivity, which can
be used for field testing (/7). Due to the persistence and
extensiveness of the epidemic, continuous investment
and testing have been carried out to continuously update
the detection technology and explore more convenient
and rapid detection methods. The University of Helsinki,
Finland, conducted a SARS-CoV-2 test using the odor
discrimination ability of dogs (/2), which showed that
10 screened dogs could accurately identify neocrown-
positive odors. The first batch "COVID-19 Detection
Dogs" are now in use at Finnish airports, where they
can detect an abnormality by sniffing the wipes on the
arms of test subjects, which takes only 10 seconds.
Takanori Teshima et al. (/3) showed that salivary nucleic
acid testing could be used for large-scale screening of
asymptomatic patients with SARS-CoV-2 infection.
1924 people were included in the study to compare the
sensitivity and specificity of SARS-CoV-2 nucleic acid
testing of nasopharyngeal swabs and saliva, and the
results showed that the probability of true concordance
between nasopharyngeal swabs and saliva was
stubbornly 0.998 (90% CI: 0.996-0.999), with a high
correlation between nasopharyngeal swabs and saliva
for SARS-CoV-2 load in SARS-CoV-2 nucleic acid-
positive patients. Quarantine countermeasures are of
great practical importance due to the specificity of the
exchange situation under the normalized demands of
social development.

In conclusion, the full-blown COVID-19 epidemic
has affected countries in many ways, but there is still a
developmental need in society. At present, the vaccine
is still not widely available, and the development of
specific drugs will take some time, so the rapid detection
of SARS-CoV-2 infection in asymptomatic people is the
key to prevent and control the outbreak of SARS-CoV-2
epidemic, and prioritizing quarantine countermeasures
on the premise of cost control may be a more important
solution for the recovery and development of normal
communication between countries. Therefore, while
developing vaccines and specific drugs, quarantine
countermeasures should be explored under the premise
of cost control.
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of Hydroxychloroquine Sulfate in Treating Pneumonia
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Municipal Science and Technology Commission
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