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Editorial on the Research Topic
Molecular targets in oncological and hematological disease management:
innovations in precision medicine

Targeted therapies represent a significant advancement in medicine, particularly in treating
complex diseases such as cancer. These therapies, designed to specifically target biological
mechanisms driving disease, can alter pathways that exacerbate disease progression, effectively
slowing or halting tumor growth. Unlike traditional therapies that broadly affect both healthy
and cancerous cells, targeted therapies minimize collateral damage by focusing on specific
molecular triggers. This precision leads to superior outcomes while reducing adverse effects and
toxicity (Buongervino et al,, 2021; Fu et al,, 2022; Zatovicova et al., 2022).

By providing a more specific and focused intervention, targeted therapies lead to
improved treatment outcomes while reducing the risks of adverse effects and morbidity.
Traditional medicines tend to affect a broader range of systems, often leading to more
negative side effects (Canova et al.,, 2023; Disselhorst and Baas, 2020; Lohiya et al., 2023;
Pralea et al, 2024). In contrast, targeted therapies focus on disease-related molecules,
keeping healthy cells unexposed and minimizing patient toxicity.

Recent advances in precision medicine have accelerated the development of therapies
targeting key genetic mutations or molecular abnormalities driving tumor growth (Zafar
etal., 2024; Zhang et al., 2024). Personalized treatments designed according to each tumor’s
unique DNA profile offer improved efficacy and reduced toxicity (Dailah et al., 2024; Guo
et al, 2024; Liu et al, 2024; Tomuleasa et al., 2024). This Research Topic explores
therapeutic agents that target disease-associated molecules, investigating strategies to
alter molecular pathways responsible for disease progression and resistance to treatment.

Shafiei et al. investigated silibinin-loaded magnetic niosomal nanoparticles (MNNPs)
for colorectal cancer treatment. Their findings demonstrated a significant increase in the
cytotoxic effects of silibinin on cancer cells while sparing healthy cells. This study illustrates
the growing importance of nanoparticle-based drug delivery systems in precision oncology,
improving drug bioavailability and reducing side effects. The innovation presented in this
study opens the door for broader applications of nanotechnology in cancer treatment.
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Liu et al. reviewed diverse experimental models used in
colorectal cancer (CRC) research, offering an in-depth overview
of in vitro and in vivo models. Their work emphasizes the need to
refine models to better replicate human CRC, providing a
framework for testing targeted therapies like Shafiei’s MNNPs in
ways that closely mimic human disease.

In hematological diseases, Li et al. examined the role of hemopexin
(HPX) in mitigating heme toxicity during hemolysis, which commonly
occurs in diseases such as sickle cell anemia and transfusion-induced
hemolysis. While HPX protects against free heme, under certain
conditions, it may exacerbate disease progression. This dual role
emphasizes the need for more nuanced therapeutic approaches in
hematology, similar to the precision seen in CRC treatments. Both
studies demonstrate the complex dynamics of molecular precision in
reducing harm and mitigating disease.

Zhang et al. presented a case study of a patient with severe
combined immunodeficiency (SCID) who developed colon
lymphoma due to a novel DCLREIC mutation. It illustrates the
intersection of immune system failure and cancer, highlighting the
need for precision in both diagnostics and treatment. Early genetic
diagnosis, as underscored by Li’s research on biomarkers, is critical for
timely intervention, further emphasizing the importance of molecular
precision in preventing and managing complex disease profiles.

Tacobescu et al. explored proteomics-based biomarkers for
predicting and managing graft-versus-host disease (GVHD) in
patients undergoing allogeneic hematopoietic ~stem  cell
transplantation (allo-HSCT). Their review delves into both single
protein markers and protein panels, offering a comprehensive look
at how these biomarkers can be used to stratify risk and diagnose
GVHD. The authors emphasize how non-invasive biospecimens,
such as blood or saliva, could be harnessed to enhance the precision
of GVHD management.

Mocan et al. performed a proteomic exploration to identify
novel serum biomarkers for intrahepatic cholangiocarcinoma
(iCCA). spectrometry, they
identified several potential biomarkers, including S100A9,
haptoglobin (HP), and serum amyloid A (SAA), which could

distinguish iCCA from other liver conditions, such as cirrhosis

mass

Using  high-throughput

and hepatocellular carcinoma. Their findings underscore the
importance of proteomics in early cancer diagnosis and open the
door to developing non-invasive diagnostic tools that could improve
survival rates by enabling earlier detection and treatment.

Zhang et al. conducted a pan-cancer analysis of the TET family
genes, particularly TET3, uncovering its role in tumor progression
and drug sensitivity. Their bioinformatics analysis revealed that
TET3 is involved in several cancer-related pathways, including cell
cycle regulation, DNA damage response, and immune modulation.
Targeting TET3 could inhibit tumor growth and increase
chemotherapy sensitivity, positioning TET3 as a potential
therapeutic target in a variety of cancers.

Chomczyk et al

provided an in-depth

TP53 mutations in acute myeloid leukemia (AML) and their

analysis  of

implications for disease progression. The review discussed the
metabolic rewiring and immune evasion mechanisms driven by
TP53 mutations, which are present in a subset of AML cases and
associated with poor prognosis. Despite advances in targeted
therapies, TP53-mutated AML remains a challenge due to its
resistance to chemotherapy. This review called for further
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research into therapies targeting the metabolic vulnerabilities of
TP53-mutated AML.

Munteanu et al. advanced the conversation around targeted
therapies with their in vivo imaging system (IVIS) therapeutic
assessment of tyrosine kinase inhibitor (TKI)-loaded gold
nanoparticles for treating acute myeloid leukemia (AML). By
using IVIS, the authors were able to track and assess the
of FLT3 loaded
nanoparticles. Their preclinical study demonstrated that these

therapeutic  effects inhibitors into  gold
nanocarriers improved drug delivery and bioavailability, offering
enhanced tumor inhibition in FLT3-mutated AML models. This
work reinforces the potential of nanomedicine in boosting the
efficacy of precision therapies while minimizing systemic toxicity.

In conclusion, the studies featured in this Research Topic
provide a comprehensive view of the current landscape of
molecular targets in oncology and hematology. From novel drug
delivery systems to biomarker identification, these contributions
highlight the critical role of precision medicine in advancing
treatment by targeting disease mechanisms, improving patient

outcomes, and reducing the burden of traditional therapies.
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Introduction: In recent years, various nanoparticles (NPs) have been discovered
and synthesized for the targeted therapy of cancer cells. Targeted delivery
increases the local concentration of therapeutics and minimizes side effects.
Therefore, NPs-mediated targeted drug delivery systems have become a
promising approach for the treatment of various cancers. As a result, in the
current study, we aimed to design silibinin-loaded magnetic niosomes
nanoparticles (MNNPs) and investigate their cytotoxicity property in colorectal
cancer cell treatment.

Methods: MNPs ferrofluids were prepared and encapsulated into niosomes (NIOs)
by the thin film hydration method. Afterward, the morphology, size, and chemical
structure of the synthesized MNNPs were evaluated using the TEM, DLS, and FT-IR
techniques, respectively.

Results and Discussion: The distribution number of MNNPs was obtained at about
50 nm and 70 nm with a surface charge of =19.0 mV by TEM and DLS analysis,
respectively. Silibinin loading efficiency in NIOs was about 90%, and the drug
release pattern showed a controlled release with a maximum amount of about
49% and 70%, within 4 hin pH = 7.4 and pH = 5.8, respectively. To investigate the
cytotoxicity effect, HT-29 cells were treated with the various concentration of the
drugs for 24 and 48 h and evaluated by the MTT as well as flow cytometry assays.
Obtained results demonstrated promoted cell cytotoxicity of silibinin-loaded
MNNPs (5-fold decrease in cell viability) compared to pure silibinin (3-fold
decrease in cell viability) while had no significant cytotoxic effect on HEK-293
(normal cell line) cells, and the cellular uptake level of MNNPs by the HT-29 cell
line was enhanced compared to the control group. In conclusion, silibinin-loaded
MNNPs complex can be considered as an efficient treatment approach for
colorectal cancer cells.
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Introduction

Generally, cancer is a disorder in which abnormal cells are
reinforced by escaping the conventional regulations of cellular
division (Soltanian and Matin, 2011). Millions of people are
being suffered from cancer, and the mortality caused by different
kinds of cancer is dramatically growing in the world. Only in the
United States, 1.7 million new cases of cancer were reported and
over half a million people died of cancer in 2019, according to the
Center for Disease Control (CDC) report (Hulvat, 2020). By 2029, it
is estimated that there will be 16.8 million cancer deaths and
25.5 million new cancer cases annually (Thun et al., 2010).
(CRC) is
malignancies in the digestive system, and it has been reported as
the third most common malignant tumor worldwide (OLeary et al.,

Colorectal cancer one of the most common

2018). The occurrence of CRC is expanding in metropolitan regions
and industrialized nations, as well as nations encountering financial
change, like Eastern Europe, most Asian nations, and a few South
American nations (Bray et al., 2018). According to a recent study in
Iran, the prevalence of CRC caused by adenomatous polyps (the
most common cause) is about 34%, which is almost equal to the rate
reported in developed countries. Targeted drug delivery for the
pathogenesis factors of CRC has become an advance, and the
recruitment of nanotechnology approaches has opened new
horizons in this area (Tiwari et al., 2020).

Each cancer treatment method has benefits and disadvantages,
and combined treatment is vital to get the best results
(Mohammadian et al, 2016a; Mokhtari et al., 2017; Hassani
et al., 2022). Since more than 85% of human cancers are solid
tumors, current cancer therapy techniques usually contain invasive
procedures, like chemotherapy, to shrink tumors before surgical
removal (Rolston, 2017). Chemotherapy drugs target rapidly
dividing cells, which are property of most types of cancer cells
and some normal tissues. Although cytotoxic cancer drugs are
highly effective, they exhibit significant adverse effects that limit
the dose of chemotherapy drugs (Pérez-Herrero and Fernandez-
Medarde, 2015; Alagheband et al., 2022). Problems associated with
chemotherapy are drug non-specificity caused by poor drug delivery
systems. These problems are being solved using nanoparticles (NPs)
as drug delivery systems (DDSs) or nanocarriers like protein cages,
liposomes, micelles, niosomes (NIOs), metal, polymer, and protein
NPs (Jadid et al., 2023; Jafari-Gharabaghlou et al., 2023). NIOs are a
type of NPs used in drug delivery and consist of layered structures of
vesicles made from non-ionic surfactants. NIOs are carriers of a
hydrophobic and hydrophilic anticancer drug because they have an
amphiphilic property, and can increase the half-life of the drugs
conjugated with NPs in cancer cells (Coviello et al., 2015; Eatemadi
et al, 2016). Owing to their lower toxicity, they improve the
therapeutic index by limiting the drug action to the target cells.
The in NIOs is biodegradable and
biocompatible, thus does not stimulate the body’s immune

non-ionic  surfactant
system (Liu et al., 2017). Moreover, there is no need to manage
and store surfactants in a specific condition. To boost the DDS
function, a localized magnetic field is applied to direct the
aggregation of NIOs in the target (Liu et al, 2017). Recently,
magnetic NIOs NPs (MNNPs) conjugated with anticancer drugs
are investigated. Promising results are reported about stimulus-
responsive drug release at the target cancer site by applying an
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external magnetic field (Jamshidifar et al., 2021; Maurer et al., 2021;
Momekova et al., 2021; Salmani Javan et al., 2022). The role of MNPs
in bio-medicine, especially in the field of drug delivery, is important
because their inherent magnetism facilitates many tasks, including
targeting, which is very important and necessary in drug delivery
(Mou et al., 2015). The combination of NIOs and MNPs provides
both carrier targeting as well as drug protection properties that can
be used as an efficient system for drug delivery (Pardakhtyl and
Moazeni, 2013). Metal NPs can be enclosed inside NIOs with the
desired drug to form MNNPs. Within the last decades, studies have
focused on magnetic delivery approaches for vesicular DDSs,
however, MNNPs have not been investigated widely. Plant-based
drugs are usually the extract of medicinal herbs with different
therapeutic applications (Solowey et al., 2014). Within the past
decades, researchers have focused on herbal extracts, because of
their anticancer and anti-neoplastic properties. Silibinin is an extract
obtained from the medicinal plant Silybum marianum (Valkova
et al., 2021). Silibinin is the most active component of silymarin
flavonoids that induces apoptosis and in the last 2 decades has been
evaluated for the treatment of many tumors (alone or in
combination with other chemotherapeutic agents) (Davis-Searles
etal,, 2005; Kaur et al., 2009). Previously, silibinin was administrated
as a supplement in foods for liver diseases remedy (Carrier et al.,
2003). Today, the anticancer property of silibinin is known to be
related to the presence of flavonoid factors and some strategies to
fight cancer cells, including interfering with the cell cycle, inhibiting
angiogenesis, invasion, and metastasis through the effect of many
molecular events (Denev et al, 2020). This plant extract is an
inducer of cancer cell apoptosis and has been investigated for
treatment of many tumors (alone or in combination with other
chemotherapeutic agents) in the last 2 decades (Ghasemali et al.,
2013; Badrzadeh et al., 2014; Jahanafrooz et al., 2018). Nonetheless,
hydrophobicity is the most challenging obstacle regarding the
application of silibinin in the body (Figure 1) (Iyengar and
Devaraj, 2020). Therefore, targeted delivery systems for silibinin
are essential to minimize side effects due to systemic drug
distribution and achieve a maximum therapeutic effect. This
research aimed to study the role of silibinin loaded in MNNPs
compared with free drugs in targeting the HT-29 colorectal cancer
cell line. To this end, MNNPs and silibinin-loaded MNNPs were
their
properties were evaluated. The MTT assay was done to

synthesized and physicochemical and morphological
investigate cell viability. Furthermore, cell cytotoxicity effects,
apoptosis, and the cellular uptake rate of MNNPs were examined

in vitro.

Materials and methods
Materials

Fetal bovine serum (FBS) and trypsin-EDTA were purchased
from Gibco (Invitrogen, United Kingdom). Silibinin, DMEM
(Dulbecco’s Modified Eagle Medium), tween 80, cholesterol,
sorbitan monostearate (Span 60), 3- (4,5 dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), trypsin, dimethyl
sulfoxide (DMSO), phosphoric acid, and phosphate-buffered
saline (PBS) were obtained from Sigma-Aldrich (St Louis, MO).
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FIGURE 1
Molecular structure of silibinin.

Methanol, chloroform, ethanol, penicillin G, streptomycin, iron (III)
chloride, and iron (II) chloride tetrahydrate were purchased from
Merck, Germany. Annexin V-FITC apoptosis detection kit
[including binding buffer, annexin V, and propidium iodide (PI)]
was prepared from eBiosciences (MA, United States).

Cell culture

The HT-29 (colorectal cancer cell line) and HEK-293 (normal
cell line) were purchased from the Pasteur Institute cell bank of Iran.
The cells were grown in DMEM medium supplemented with FBS
(10%), 0.05 mg/mL penicillin G, and 0.08 mg/mL streptomycin.
HT-29 colon cancer cells were placed in sterile flasks and
incubated at 37°C in a humidified atmosphere containing 5% CO2.

Synthesis and coating of MNPs

Generally, the co-precipitation method was applied to synthesize
MNPs (Kedar et al., 1997). The amount of 6.5 g of FeCL; and 4 g of
FeCL,. 4H,0 were blended in 100 mL of deionized water in a three-
neck flask, and then 200 mL of 2 M NaOH was added dropwise into
the flask and stirred for 2 h at a speed rate of 1,000 rpm under N, at
room temperature. The resulting MNPs were washed twice with
distilled water and ethanol (96%) and the final precipitate was
placed in a 50°C oven to dry. In the next step, the MNPs were
coated with a succinate starch. To synthesis succinate starch, 25 mL of
distilled water was added to 4 g of starch, and then 12.5mL of 2M
NaOH was added to obtain a clear, yellowish solution. Subsequently,
3.7 g of succinic acid (SA) was added to the solution, and the mixture
was stirred (1,200 rpm) for 4 h at 100°C. After cooling, 50 mL of cold
ethanol (96%) was added to form a white precipitate. Afterward, the
sediment was washed several times with ethanol (96%) and dried in an
oven at 60°C. To prepare MNPs Ferro fluid, 100 mg of MNPs and
100 mg of succinate starch were mixed in 10 mL of distilled water and
stirred (1,000 rpm) for 24h at room temperature. Finally, the
supernatant solution was separated and in order to deposit the
iron nanoparticles attached with starch it was placed on a magnet,
then the supernatant solution was discarded and the precipitate was
collected and dried at room temperature (Fathi et al., 2014; Shahbazi
et al,, 2023).
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Synthesis of NIOs by thin film hydration
method

Thin-film hydration method was used to synthesize NIOs.
Briefly, 20 mg of Span 60, 15mg of Tween 80, and 7 mg of
cholesterol were dissolved in 6 mL of chloroform and 6 mL of
methanol solvents (with a 1:1 ratio). Next, the Solvents were
evaporated from the mixture by rotary evaporator (120 rpm,
60°C, 1h). Finally, a thin layer film of milky surfactant was
formed on the wall of the flask. In the next step, 10 mL PBS was
added and placed in the rotary for 10 min until the transformation of
pro-niosomes to NIOs (Shahbazi et al., 2023). Then, the NIOs
suspension was placed in ice bath and exposed to sonication with
a probe sonicator (Amplitude of 25%, 200 w) (Fisher Scientific Co.,
US), to reduce the size of NIOs and to break NIOs aggregates.
Silibinin was added in the first step of synthesis due to its lipophilic
nature while ferrofluid MNPs were added along with PBS.

MNNPs size, surface charge, and structural
characteristics

The dynamic light scattering (DLS) method was used to assess
the size and surface charge of synthesized NPs. Furthermore, a
transmission electron microscope (TEM) (LEO906E, Carl Zeiss,
Oberkochen,
determine the size and morphology of the prepared MNNPs. For

Germany), operating at 80kV was used to
TEM and FT-IR analysis, the samples were freeze-dried by a freeze-
dryer (Dena Vacuum, FD-5005-BT, Iran). Also, Fourier transforms
infrared (FT-IR Tensor 27 spectrometer) spectrum (500-4,000 cm-
1) was used to evaluate the structural analysis of synthesized NPs,
and a vibrating sample magnetometer (VSM) (MDK, Iran) was used
to evaluate the magnetization value of MNNPs.

Assessment of drug loading (DL) and
encapsulation efficiency (EE) of MNNPs

To determine the amount of loaded silibinin and also to remove
the unloaded drug, a dialysis membrane method was performed.
Briefly, 5mL of the silibinin loaded MNNPs were added into a
container with 50 mL PBS and magnetically stirred at 120 rpm. To
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protect the stability of MNNPs, the container was exposed to the ice.
The encapsulation efficiency (EE) and drug loading capacity (DL)
were determined by the measurement of unloaded drug via UV-Vis
spectroscopy at 288 nm considering the calibration curve by the
following formula:

Mass of drugin NPs
EE (%) = ———~—"———x 100
(%) Total drug mass
DL (%) = Mass of drugin NPs « 100
*? = " Total NPs mass

Assessment of drug release rate of MNNPs

First, the MNNPs containing silibinin were transferred to
two clamped dialysis bags that were inserted in distilled water for
24 h. For the simulation of normal and abnormal (cancer)
conditions, PBS (pH = 7.4) and composed of methanol and
0.02 M phosphoric acid (50: 50, v/v) (pH = 5.8) were used,
respectively. Buffer solutions (50 mL of each) were added into
two lidded containers, and the dialysis bags were exposed to
buffers. Bags were shaken (100 rpm) at 37°C. At different time
intervals, 2 mL of the sample was replaced with 2 mL of fresh
solution. The release pattern was calculated using UV-Vis
spectrophotometer at 288 nm. Also, the release curves were
evaluated by various kinetic models (Fathi et al., 2018).

MTT assay

The cytotoxicity of drugs was evaluated by MTT assay, briefly,
6.5 x 10° HT-29 and HEK-293 cells/well were seeded in a 96-well
plate and incubator at 37°C with 5% CO, for 24 h. Afterward, cells
were exposed to various doses of free and encapsulated silibinin and
incubated for 24 and 48 h. After the required incubation time, 50 uL
of the MTT solution (2 mg/mL) was added to each well, and plates
were covered with an aluminum foil and incubated for 4 h. After this
time, the supernatant was removed, and 100 uL of DMSO was added
and shaken for 10 min. Finally, the plates were transferred to the
ELISA reader (Biotech Co., United States), and the optical densities
(ODs) were read at a reference wavelength of 570 nm in comparison
to untreated control cells.

Cell apoptosis assessment

Flow cytometry technique was used to analyze cell apoptosis,
in summary, 70,000 HT-29 cells were seeded to each well in 6-
well plates. For cell treatment, silibinin and NIOs complex
(40 pg/mL) were used and treated for 48 h. After separating,
the cells were washed twice with PBS and centrifuged at 190 g for
5 min. Then, 100 pL of binding buffer, 5 uL of FITC (0.25 ug/
mL), and 5 pL of propidium iodide (20 ug/mL) were added to
each sample and left for 20 min in the dark at room temperature.
Finally, 100 pL of binding buffer (0.1 M Hepes (pH 7.4), 1.4 M
NaCl, and 25 mM CaCl2) was added, and reading was performed
using a flow cytometry device (Thermo Fisher Scientific Co.,
United States) in the darkness.
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Assessment of cellular uptake of NIOs

For this purpose, 5mg of FITC was dissolved in 1mL of
methanol, and 250 pL was added to each falcon and mixed with
1 mL of niosomal complexes. Covered falcons were placed in a
shaker with ice at a speed of 100 rpm overnight, and then the
contents of the falcons were washed in two steps under dark
conditions using PBS. Subsequently, 70,000 HT-29 cells were
seeded in each well of 6-well plates and exposed to niosomal
complex for 4h in the darkness in a humidified atmosphere
CO2. After the treatment,
transferred to falcons and centrifuged for 5min at 190 g, after

containing 5% the cells were
discarding the supernatant, washed with PBS and centrifuged,
and this process was repeated and finally, the reading was done
with a flow cytometry device.

Statistical analysis

Statistical analysis was performed using the non-parametric
paired Wilcoxon test and statistical significance was described
when the p-value was less than 0.05. All statistical analyzes were
performed by Flowjo-V10 and Prism software version 9.3. The
results were expressed as the mean + standard deviation (SD) of
three independent experiments.

Results and discussion

Measurement and characterization of
synthesized MNNPs

Generally, MNNPs size is one of the principal characteristics
regarding the release of the drug from the MNNPs, physical
stability, cellular absorption, and biological distribution (Barani
et al,, 2019). The size and surface charge of the synthesized
MNNPs were checked using the DLS method. The distribution
intensity of MNNPs was obtained at 70 nm with DLS (Figure 2A).
According to the TEM image, shapes and distributions of
MNNPs were homogeneous spherical with a size of 50 nm
(Figure 2B). Typically, the size of MNNPs in the TEM images
was smaller than in DLS as DLS, the hydrodynamic diameter of
the MNNPs was measured. The larger MNNPs in the images are
associated with the overlapping/agglomeration of some smaller
MNNPs during the preparation (Liu et al., 2021). Lately,
researchers have focused on the surfactants coating the
MNNPs, because they can act as a steric barrier and intercept
agglomeration caused by magnetic dipole-dipole attractions
between MNNPs (Ramimoghadam et al., 2015). The different
sizes have been reported by previous research, and it seems that
other physical attributes of MNNPs like surface charge as well as
different structures of chemical compounds and synthesis
methods are responsible for the size of MNNPs (Barani et al.,
2020; Ag Seleci et al., 2021). Considering that NPs in the range of
70-200 nm are stable in the bloodstream and are considered
long-circulating agents, synthesized MNNPs with the above size
can be used for smart drug delivery in pharmaceutical purposes,
according to previous published studies (Barar and Omidi, 2014).
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FIGURE 2
(A) DLS histogram showing the size distribution intensity of magnetic niosome NPs MNNPs, (B) Characterization of MNNPs size and morphology

using Transmission Electron Microscopy (TEM), and (C) zeta potential distribution of MNNPs.

considerable impact in entering and capturing the drug into
the cell and size distribution of MNNPs.

It is established that making a targeted surface charge of
synthesized NPs is a practical strategy to control their

In addition, it was demonstrated that NPs less than 200 nm can
be escaped of the immunes system, while NPs with size less than
70 nm can be accumulated by the liver (Barar and Omidi, 2014).
MNNPs charge is another important feature that has a
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FIGURE 3

FTIR spectrum for magnetic nanoparticles (MNPs), niosomes
(NIOs), magnetic niosomes nanoparticles (MNNPs), and silibinin
loaded MNNPs. The results demonstrated that the silibinin was
effectively encapsulated in MNNPs

assimilation into the particular destination (Osaka et al., 2009;
Stiufiuc et al., 2013). Usually, a positive charge of NPs surface
through coating leads to convenient and fast cellular uptake
when NPs are encountered with the negative charge on the cell
membrane (Su et al., 2012). In this research, the surface charge of the
synthesized MNNPs was determined using the DLS method as the
zeta potential was —19.0 mV (Figure 2C) and polydispersity index
(PDI) was 0.52. The zeta potential result reveals that the surface
charges of synthesized MNNPs are negative. This negative charge
reduces the toxicity of the system and improves its performance by
preventing the accumulation and deposition of NPs. FT-IR
technique was used to study the chemical structure of the
prepared MNNPs, and to measure the non-interaction of the
synthesized niosomal system with silibinin and MNPs. Expected
peaks related to MNPs, modified NIOs, MNNPs, and silibinin
loaded MNNPs were monitored, which indicated that silibinin
and MNPs were loaded in NIOs (Figure 3). In examining the
FT-IR spectrum of drug-free NIOs (Figure 3), the peak at
3,433 cm™ is characteristic of the-OH group and the peak at
1738 cm™ is related to C=O stretching vibrations. Finally, the
peaks at 2,923 cm™ and 1,109 cm™ are related to the C-H bond
and vibrations of C-O bond stretching, respectively (Mehta and
Jindal, 2013; Samed et al., 2018). For NIOs containing silibinin and
MNPs, the peak at 1,631 cm™ corresponds to C=O stretching
vibrations, and the peak at 3,435 cm™ is associated with the -CH
bond. Furthermore, the absorption peaks at 2,923 cm™, 1,108 cm’,
and 720 cm™ belong to the C-H bond, stretching vibrations of the
C-O bond, and Fe-O bond in Fe;Oy, respectively (Ebrahimnezhad
et al,, 2013). By comparing the peaks in the FT-IR spectrum related
to NIOs, MNNPs, and silibinin loaded MNNPs, it was observed that
slight changes occurred in the peaks related to NIOs containing
silibinin compared to NIOs without drug, and this confirmed that
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FIGURE 4

Magnetization curves of (A) magnetic nanoparticles (MNPs); (B)
Starch-modified MNPs, and (C) magnetic niosomes nanoparticles
(MNNPs). The results confirmed the loading of MNPs and silibinin in
NIOs is done properly.

silibinin drug is placed in the NIOs nisome. Also, considering that
no new peak was added and disappeared in the FT-IR spectrum of
NIOs containing the drug, it can be assumed that no chemical
interaction occurred between the NIOs and the drug as both kept
their nature and remained away from change.
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Investigation of drug release efficiency from magnetic nisome nanoparticles (MNNPs) at pH = 5.8 and 7.4 at 37°C. The pores of the dialysis
membrane are large enough to allow the free movement of silibinin, but small enough to prevent the diffusion of nanoparticles. The results demonstrated
a sustained release pattern from the nanoparticle with a partially burst-release at the initial stage and followed sustained during the 96 h study period.

Data are presented as mean + SD of three independent experiments.

Vibrating sample magnetometer (VSM) was used to evaluate
the superparamagnetism of NPs. Since the reason for using
magnetic NPs is the targeted delivery of the carrier by
applying an external magnetic field, it is very important and
necessary to determine the magnetic properties of these NPs. the
magnetic activities of MNNPs, starch modified MNPs, and MNPs
were demonstrated using vibrating sample magnetometry (VSM)
at room temperature. The hysteresis curve in Figure 4A;
Figure 4B showed that the saturation magnetization of MNPs
was 42 emu/g. Compared to the saturation magnetization of
MNNPs in Figure 4C, which is 1.5 emu/g, this value is higher.
This difference confirms that the loading of MNPs and silibinin
in NIOs is done properly, according to previous studies published
in this area. The Figure 4 does not show any hysteresis curve
indicating the superparamagnetic behavior of the synthesized
particles (Yang et al., 2006).

Encapsulation efficiency, drug release rate
of MNNPs and kinetics models

Encapsulation efficiency (EE) is defined as the ratio of the
amount of drug in the MNNPs to the total amount of drug
applied in NPs formulation. Currently, a large number of NPs
systems have relatively low EE, thus developing strategies to
increase EE remains a challenge (Liu et al., 2019). EE has been
increased while there is a drug concentration increase thanks to
polymers and MNNPs, based on the previously published
studies (Prabha and Raj, 2016; Ghadiri et al., 2017; Erdagi
and Yildiz, 2019). Jin et al. (2018) argued lowering the pH is
a promising way to boost the EE efficiency up to approximately
70% in the MNNPs formation while this efficiency without
pH change is between 10% and 15% at maximum. In the
present study, the EE in NIOs was more than 90%, which
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indicates the high potential of MNNPs in EE. Span 60 and
also cholesterol which are used in the NIOs structure increase
the amount of the hydrophobic drug loading into NIOs (Jadon
et al., 2009). The results indicated the release of the silibinin
with a gentle and slow gradient from MNNPs. Evaluating the
drug release pattern shows that the designed NIOs, while
indicating a controlled release, have a burst release within
4 h, then in the conditions of normal cells (pH 7.4) and
(pH 5.8) 49% and 70%,
respectively during 100 h (Figure 5). These findings reveal
that MNNPs are sensitive to different pH. The high acidity
of tumor cells is attributed to hypoxia, or lack of oxygen owing
to the inadequate blood supply (Justus et al., 2013). It was
demonstrated that the MNNPs indicated better performance in

cancer cells released about

tumor microenvironment (pH 5.0-6.8) compared to the
physiological condition which make them the suitable
candidate for DDS (Mohammadian et al., 2016b; Myat et al,,
2022). Considering that tumor cells have a significantly acidic
cytoplasmic pHs compared to normal cells, therefore MNNPs
are more efficient with more DR at acidic pH compared to pH =
7.4 (AlSawaftah et al., 2022). This makes NIOs a good candidate
for drug delivery in cancer. The results indicated the release of
the silibinin with a gentle and slow gradient from MNNPs. Our
findings are in agreement with previous studies that confirmed
the promising role of MNNPs in the drug release process. Barani
et al. reported, the drug’s release profile from MNNPs showed a
first rapid release (about 50% of the drug was released within
10 h), followed by a slower and longer-lasting release (65% of
the drug was released within 30 h) in acidic conditions (Barani
et al., 2019). Similar outcomes were obtained by Zheng et al.
(2009) Preparation and definition of magnetic cationic
liposomes for gene transfer research. Tavano et al. (2013)
synthesized MNNPs loading doxorubicin (an anticancer
drug) for smart drug delivery and argued that the utilization
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TABLE 1 The kinetics models used to fit the silibinin release data from MNNPs at different pHs. The bold values indicated the best fitted models.

Kinetics model Equation Coefficient of determination (R?)
pH =58 pH=74
Zero order F=kot 0.7542 0.7274
First order In(1-F)=—kst 0.8673 0.7959
Higuchi F =kyt 0.9030 0.8896
Power law InF =Inkp +Plnt 0.9506 0.9627
Square root of mass 1-VI-F=kyt 0.8131 0.7622
Hixson-Crowell 1-V1-F=kyst 0.8319 0.7736
Three seconds’ root of mass 1 x((l PR =kyst 0.7937 0.7507
Weibull In(-In(1-F)) = —fInt; + fInt 0.9462 0.9208
Reciprocal powered time G-1)=% 0.9610 0.9365
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FIGURE 6

MTT assay results revealed in vitro cytotoxicity of blank NIOs (control), Silibinin, Silibinin loaded NIOs, Silibinin loaded magnetic NIOs NPs on HT-29
colon cancer cells [(A) and (B)], and HEK-293 normal cell line [(C) and (D)] after 24 h and 48 h incubation time. Encapsulation of silibinin in MNNPs
improved its cytotoxic effect on HT-29 colon cancer cells, while it had no significant cytotoxic effect on HEK-293 cells. Data are presented as mean + SD
of three independent experiments. Error bars show standard variations and significance is indicated by *p < 0.05, **p < 0.01 and ***p <

0.001 compared to the control group.

of MNNPs can improve the release rate of formulations. Table 1~ Cell cytotoxicity of MNNPs
shows various kinetic models that were used to fit the silibinin

release curves at different pHs. According to Table 1, the fitted Through receptor-mediated endocytosis, targeted NPs can enter
model for release curves were Pawer law and Reciprocal the target cells, increasing the concentration of drug molecules
powered time at pH = 7.4 and 5.8. within the cell. P-glycoprotein does not recognize drug molecules
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(A). Apoptosis analysis on HT-29 cell line under treatment (a)

control, (b) blank NIOs, (c) blank MNNPs, (d) Silibinin, (e) Silibinin loaded NIOs, (f)

Silibinin loaded MNNPs. (B). HT-29 cells treated with pure silibinin and niosomal complexes were evaluated after 48 h by FITC-labeled annexin V/PI flow
cytometry. The obtained results confirmed that NIOs loaded with the silibinin significantly increase the apoptosis of HT-29 cells, which emphasizes the
increase in the absorption of drugs from NIOs by the cells. This result is consistent with the MTT results. Data were analyzed using Flowjo-V10
analysis software and shown as mean + SD of three independent experiments. Significance is indicated by *p < 0.05, **p < 0.01 and ***p <

0.001 compared to the control group.

during this process, and membrane efflux transporters pump free
drug molecules out of the cell (Wang et al, 2016). In the cell
cytotoxicity assessment by the MTT method, HT-29 and HEK-
293 cells were treated with free-drug and silibinin MNNPs for
24 and 48 h at various concentrations (10, 20, 40, and 80 ug/mL)
(Figure 6). The results showed that NIOs containing silibinin caused
more cell death in the studied times compared to pure silibinin in the
HT-29 colon cancer cells and had no significant cytotoxic effect on
HEK-293 cells. Thus, nanocarriers can increase the cell cytotoxicity
of the drug against HT-29 cells, and there is a dose-dependent and
relatively time-dependent manner regarding using complex. These
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results confirm the previous studies reported that the cytotoxicity of
the drug-loaded MNNPs follows dose-dependent and time-
dependent trends (Huang et al., 2015; Dhavale et al,, 2021). The
IC50 of the MNNPs complex was observed at 40 pg/mL within 48 h,
therefore this concentration was considered for the following tests.
The survival of over 90% of cells under drug-free NIOs treatment
revealed that MNNPs have a very tiny lethal effect on the cells. This
biocompatibility makes these MNNPs excellent candidates for
therapeutic purposes. Additionally, the MTT test revealed that
there was no significant correlation between the control group
and silibinin-free NIOs.
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The flow cytometry analysis of uptake of FITC-labeled magnetic nisome nanoparticles (MNNPs) by HT-29 cells.

Apoptosis and cellular uptake analysis on
HT-29 cell line

HT-29 cells that treated with pure silibinin and silibinin
loaded MNNPs were evaluated after 48 h” incubation by FITC-
labeled Annexin V/PI flow cytometry technique. As shown in
Figure 7, silibinin-loaded MNNPs significantly induce apoptosis
of HT-29 cells more than other forms, furthermore, silibinin-
loaded MNNPs exhibited a greater cytotoxic effect compared to
the free silibinin, which demonstrates the increase in the uptake
of silibinin from MNNPs by the cells. These findings are
consistent with earlier research, which indicated that the
internalization and subsequent intracellular release of the
anticancer drug from NPs is responsible for the cytotoxic
effect of NPs (Zaki, 2014). It proposed that this
formulation (niosome and magnetic niosome) can increase

is

the drug bioavailability which can induce cancer cell
apoptosis by causing DNA damage or the oxidation of
proteins, lipids, and enzymes, resulting in cell death and also
helping to destroy and inhibit the mitochondrial respiratory
complex (Rodrigues Pereira da Silva et al., 2016; Van Houten
et al., 2016; Juan et al., 2021). El-Far and co. argued that the
cytotoxicity percentage by IC50 value between paclitaxel-metal
NPs-NIOs and oxaliplatin-metal NPs-NIOs at the same
did differ significantly (pH 0.5).

Therefore, they recommended that MNNPs are considered a

concentrations not
suitable targeting nanocarrier system for drug delivery in
colorectal cancer, target tumor cells and prolong circulation
for both drugs (El-Far et al., 2022).

Also, cellular uptake was studied by FITC labeled NPs and via
flow cytometry. Figure 8 illustrates the cellular uptake level of
MNNPs by the HT-29 cell line was 99% compared to the control
group. These findings indicated that the MNNPs could enhance
cellular uptake significantly and induce apoptosis in the HT-29 cell
line after treatment, and are consistent with previous studies that
used flow cytometry to examine apoptosis and MNP uptake in cells
(Depan and Misra, 2012; Li et al., 2018; Lu et al., 2018).
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Conclusion

In the current study, silibinin was loaded into NIOs containing
MNPs (MNNPs) as a novel formulation to evaluate its apoptosis
effect in colorectal cancer cells treatment. The size distribution,
surface charge, and chemical structure of synthesized MNNPs were
suitable for immune escape and confirmed that silibinin was
entrapped in NIOs. According to the obtained cytotoxicity
evaluations, silibinin loaded in MNNPs has more cytotoxic
effects on HT-29 colon cancer cells in a dose- and time-
dependent manner, and the cellular uptake of MNNPs by the
HT-29 cell line was higher than controls. Drug loading
evaluation exhibited a high efficiency and drug-loaded MNNPs
showed an accelerated release rate in acidic pH in cancer cells
compared to the neutral condition. To sum up, the MNNPs as
nanocarriers are excellent candidates for the treatment of cancer
cells, especially colorectal cancer. However, further in vivo
experiments are required to prove the potential of the developed
formulation as a suitable vehicle for the various cancerous cells
treatment.
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Colorectal cancer (CRC) is the third most common malignancy in terms of global
tumor incidence, and the rates of morbidity and mortality due to CRC are rising.
Experimental models of CRC play a vital role in CRC research. Clinical studies
aimed at investigating the evolution and mechanism underlying the formation of
CRC are based on cellular and animal models with broad applications. The present
review classifies the different experimental models used in CRC research, and
describes the characteristics and limitations of these models by comparing the
research models with the clinical symptoms. The review also discusses the future
prospects of developing new experimental models of CRC.

KEYWORDS

colorectal cancer, cellular models, animal models, preclinical studies, drug development

1 Introduction

Colorectal cancer (CRC) is the most common malignancy worldwide, in terms of both
morbidity and mortality (Sung et al., 2021). The understanding of the origin of CRC has
increased dramatically over the past few decades. However, despite breakthroughs in diagnosis
and treatment, CRC continues to be a major health concern worldwide. The morbidity and
mortality due to CRC are on the rise owing to the overall low screening rates and changes in
lifestyle, including poor diets, irregular lifestyles, smoking, and other factors (Minami et al.,
2022). Strategies for the early screening and intervention of precancerous CRC lesions in
developed countries have reduced the rates of incidence and mortality due to CRC (Zorzi and
Urso, 2022). Similar to studies on other illnesses, research studies on CRC critically depend on
experimental models with reliable and distinct characteristics. Although CRC tumors have
heterogeneous characteristics, experimental models of CRC are established in such a manner
that they represent the characteristics of CRC tumors. Selection of the appropriate model that
reflects the tumor system is a crucial challenge in cancer screening. Therefore, experimental
models of CRC have been extensively studied for determining the optimum model for studying
the invasion, progression, and early detection of CRC. This review discusses the significance of
CRC models as a platform for screening drugs and developing novel therapeutic approaches for
CRC. The application of cellular and animal models of CRC were also summarized and
discussed to aid further preclinical studies on CRC.
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History of development of in vitro models of CRC

2 Cellular models based on intestinal
cells and CRC cells

In vitro models of CRC established using intestinal cells and
CRC cells are frequently employed for obtaining rapidly growing
cellular models of CRC and for facilitating experimental control. In
vitro models of CRC can simultaneously generate several
populations of homogeneous cells. Specific cellular targets of
macroscopic systems can be conveniently studied using these
models by analyzing the experimental results (Saeidnia et al., 2015).

The first mammalian cell line was established in 1943, which
served as a prelude to in vitro cell culture. The CoLo 205 CRC cell
line was established in 1957, which promoted in vitro studies on
CRC. Figure 1 depicts the history of development of in vitro models
of CRC (Sanford et al., 1948; Ricci et al., 2007; Sharma et al., 2010;
Jedrzejczak, 2017).

2.1 Two-dimensional (2D) cellular models
of CRC

CRC cell lines are in vitro tumor models with different origins
and types, and serve as fundamental tools for investigating the
biomarkers of drug sensitivity, resistance, and toxicity. CRC cell
lines are established by isolating CRC cells from patients or animals
with CRC followed by culture on artificial media. The appropriate
cell lines are selected based on the type of cancer or gene expression
levels, according to the aims of the study. SW620, Caco-2, RKO,
SW480, HTS8, HT29, HT116, LoVo, and LS174 T cell lines are
currently widely used in basic research studies on CRC (Akashi
etal., 2000; Vécsey et al., 2002; Lind et al., 2004; Barretina et al., 2012;
Ahmed et al., 2013; Gemei et al., 2013; Mouradov et al., 2014;
Maletzki et al., 2015; Boot et al., 2016; Berg et al., 2017; Mooi et al.,
2018; Kim et al., 2020; Bian et al., 2021).

Although the characteristics of CRC cell lines are highly
consistent with those of human cancer models, they have certain
limitations. CRC cell lines facilitate the investigation of the
molecular and phenotypic characteristics of CRC. However, as
only one side of the cells is in contact with the medium during
culture, the majority of cells gradually flatten, undergo abnormal
division, and lose their differentiation phenotype following isolation
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from tissues and plate culture. Additionally, CRC cells continue to
proliferate in vitro, which may cause the cell lines to lose the
characteristics of the original tumor. Another limitation of CRC
cell lines is the scarcity of matrix ingredients in the tumor
microenvironment (TME), including the cells and acellular
components constituting the structural complexity of the in vivo
environment. Altogether, these indicate that CRC cell lines fail to
accurately mimic the in vivo growth characteristics of tumor cells.

2.2 Three-dimensional (3D) cellular models
of CRC

Owing to the limitations of 2D cellular models of CRC,

researchers are committed towards exploiting novel and
physiologically representative models of CRC. In vitro 3D culture
models, including spheroids and organoids, are therefore used for
overcoming the limitations of 2D cellular models. Spheroids
comprise a mixture of single-cell or multicellular systems, while
organoids are generally formed of specific stem cells or ancestral
cells from organs (Kimlin et al, 2013; Boucherit et al, 2020).
Spheroids and organoids are superior at mimicking tumor cell
heterogeneity and the complex interactions among different cells

(Thoma et al., 2014).

2.2.1 Spheroids

Spheroids are one of the most commonly used models in CRC
research. They are constructed by suspending cancer cell lines or
isolated tumor tissues from patients in CRC. They have a convenient
mode of production and application, and are particularly effective
for studying micrometastases or avascular tumors. Spheroid models
can be categorized into four types according to the origin and
morphology of the cancer cells from which they are derived.
These categories include multicellular tumor spheroids (MCTS),
(TDTS),
organotypic multicellular spheroids (OMS; Figure 2) (Weiswald
et al., 2015).

MCTS models, first constructed by Bauleth-Ramos, consist of
colonic epithelia, human intestinal fiber cells, and human

tumorospheres, tissue-derived tumor spheres and

mononuclear cells, and are inoculated into hydrogel microwells
to form the spheroid model (Inch et al., 1970; Bauleth-Ramos, T
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culture under non-adherent conditions.
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TABLE 1 Applications of cellular models of CRC.

Mechanism being

investigated

Research model

10.3389/fphar.2023.1193213

Cell lines

References

Apoptosis Induction of apoptosis via the overexpression of neurofibromin HCT116 and SW620 Wu et al. (2020)
(NE2), heterogeneous nuclear ribonucleoprotein L (HNRNPL), and
other genes HIEC, Caco2, HCT116, LoVo, and SW480 Zhao et al. (2021)
Induction of apoptosis via the knockdown of ribosomal protein HCT116, HT29, SW480, and RKO Yuan et al. (2021)
lateral stalk subunit PO pseudogene 2 (RPLPOP2), Cadherin 17
(CDH17), and other genes KM12SM, KM12C, Col0320, HT29, RKO, and Tian et al. (2018)
SW480
Inhibition of apoptosis via the knockdown of receptor interacting SW480, HCT-116, RIP3**™ ¥ and Han et al. (2018)
protein kinase 3 (RIP3) RIP3~/-MEF
Inhibition of glycolysis and promotion of apoptosis via the FHC, CCD841 CoN, HT29, SW480, LoVo, Liu et al. (2019)
knockdown of hypoxia-inducible factor-la (HIF-1a) HCT116, and SW620
Cu nanoparticles (CuNPs)-induced apoptosis of CRC cells SW480 Ghasemi et al. (2020)
Autophagy Inhibition of autophagy with chloroquine HCT116 and SW480 Ma et al. (2020)
Rapamycin-induced model of autophagy KM12SM, KM12C, Col0320, HT29, RKO, and Tian et al. (2018)
SW480
Angiogenesis Inhibition of angiogenesis via the knockdown of cellular- HCT116 Yin et al. (2010)

myelocytomatosis viral oncogene (c-Myc), vascular endothelial
growth factor (VEGF), and other genes

Co-culture of patient-derived cancer-associated fibroblasts (CAFs)

Invasion and metastasis

and HUVECs

Promotion of invasion and metastasis via the overexpression of zinc-

finger protein 326 (ZNF326), metastasis associated 1 family member

3 (MTA3), and other genes

Inhibition of invasion and metastasis via the overexpression of t-box
transcription factor 5 (TBX5)

Inhibition of invasive metastasis via the knockdown of sphingosine
phosphate lyase 1 (SGPL1I), forkhead Box O6 (FOXO6), and other

genes

Patient-derived CAFs

SW480, SW620, CL187, and RKO

Unterleuthner et al.

(2020)

Yang et al. (2021)

LoVo and HCT15

HT29, SW620, SW480, LoVo, and HCT116

DLD-1, Caco-2, and CCD 841 CoN

Jiao et al. (2017)

Dong et al. (2020)

Faqar et al. (2021)

HCT116-CSC

Zou et al. (2022)

NCM460, Caco2, HT29, HCT116, and SW480

Li et al. (2019)

Co-culture of EMT-CRC cells and HUVECs

NCM460, LoVo, HCT-116, DLD-1, SW620,
and SW480

Dou et al. (2021)

Metabolic reprogramming

Reprogramming of energy metabolism via the overexpression of

mitochondrial citrate carrier solute carrier family 25 member 1
(SLC25A1), human kallikrein 2 (HK2), and other genes

Inhibition of metabolic reprogramming via HIF-1a knockout

NCM460, SW480, HCT116, SW620, LoVo,
LS174T, and HT29

HCTS8, HCT15, HCT116, LoVo, SW480,
SW1116, HT29, Caco-2, DLD-1, and T84

Yang et al. (2021a)

Dong et al. (2022)

Immune escape

Promotion of immune escape via lipopolysaccharide (LPS)-induced

macrophage infiltration

HCT-8, HCT-116, SW620, SW480, DLD-1,
CaCo-2, CT26, and HT-29

Liu et al. (2020a)

Induction of immune escape via the overexpression of antigen-
presenting-cell, B7 homolog x (B7x), and other genes

Inflammation

LPS-induced model of inflammation

HCA-7, HT-29, 293T, and TALL-104

Cen et al. (2021)

LoVo, Colo-205, SW480, SW620, HCT-116,
CT-26, and MC-38

HCT116 and SW480

Li et al. (2020c)

Zhu et al. (2019)

Schafer and Werner

(2008)

Colon 26

Choo et al. (2005)

Schottelius and
Baldwin (1999)

Induction of tumor necrosis factor-a (TNF-a), nuclear factor-kappa
B (NF-kB), and other pro-inflammatory factors
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Caco-2, HT29, SW480, SW48, and DLD1

Li et al. (2012)

Volo

Tai et al. (2012)

(Continued on following page)
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TABLE 1 (Continued) Applications of cellular models of CRC.

Research model

Mechanism being

investigated

Cell lines

10.3389/fphar.2023.1193213

References

EMT Suppression of EMT via the knockdown of Pleckstrin homology-like
domain family A member 2 (PHLDA2), SRY-Box transcription
Factor 2 (SOX2), and other genes

HCT116 and SW480

SW480 and SW620

Ma et al. (2020)

Zhu et al. (2021)

HCT116 and LoVo

HCT116 and DLD-1

Qi et al. (2021)

Ju et al. (2020)

Induction of EMT via interleukin-6 (IL-6), TNF-a, and other

inflammatory factors

Induction of EMT via the overexpression of cryopyrin-associated
periodic syndromes 1 (CAPSI), nuclear factor of activated T-cells

(NFATcl), and other genes

Induction of EMT by X-ray irradiation

Genomic instability/ —
mutation (CIN)

HCT116, SW480, HT29, and SW620 Hua et al. (2020)

SW480, SW620, and Caco-2 Rokavec et al. (2014)

HCT116 and Caco-2 Wang et al. (2013)

FHC, HT29, SW480, SW620, and DLD1 Zhao et al. (2019)

SW620, LoVo, Caco-2, SW480, HT29,
HCT116, and DLD-1

Shen et al. (2021)

HCT116 Li et al. (2021)
SW480 Lin et al. (2017)
CRC PDOs Bolhaqueiro et al.

(2019)

Induction of CIN by DNA damage caused by the overexpression of
iroquois homeobox gene 5 (IRX5), integrin-linked kinase (ILK), and

other genes

Senescent cells

Drug-induced senescence of CRC cells using oxaliplatin,
adriamycin, aspirin, and other drugs

Induction of cellular senescence via the overexpression of lamin B1
(LMNBI), tribbles homolog 2 (TRIB2), and other genes

SW480 and DLD-1 Sun et al. (2020)

HCT116 Chadla et al. (2021)

SW480, HT29, and IEC-6 Liu et al. (2013)
HEK 293 T, SW48, and LoVo Hou et al. (2018)

SW620 and HCT116 Jung et al. (2015)

Tato-Costa et al.
(2016)

SW837, HCT116, and SW48

PRODb and CT26 Seignez et al. (2014)

HCT116 Vétillard et al. (2015)
HCT116 and SW480 Zhang et al. (2011)

C85 Dabrowska et al.
(2011)

Dabrowska et al.
(2019)

etal., 2020). MCTS models are similar to solid tumors in terms of the
growth kinetics, metabolic rate, and resistance to chemotherapy and
radiotherapy in vivo (Ivascu and Kubbies, 2006), and have been
employed for screening and evaluating the efficacy of drugs.
However, the variability of MCTS models makes it difficult to
obtain repeatable and stable experimental data, which affects the
use of these models in tumor research.

The tumorosphere model of CRC stem cells (CSCs) was used in
the early 2000s for evaluating the differentiation capacity of tumors.
However, because there are no morphological phenotypes associated
with the phenotypic instability of CSCs, the tumorosphere model is
unable to faithfully simulate the in vivo 3D framework and
physiological condition of tumors (Valent et al., 2012).

The TDTS models consist of cancer and stromal cells, and are
commonly used in studies on CRC. TDTS models of CRC tumors
have a unique histological feature similar to the poorly differentiated
globules produced by permanent cancer cell lines, and can fully

Frontiers in Pharmacology

simulate the characteristics of in vitro 3D cell culture models of CRC
(Santini and Rainaldi, 1999; Weiswald et al., 2009).

OMS models are enriched in stem cells which can represent the
complexity of parental tumor cells similar to in vivo tissues by
forming an extracellular layer of epithelioid cells and an intracellular
layer of mesenchymal cells, and thus maintaining the multicellular
nature of CRC (Rajcevic et al,, 2014). However, the difficulty of
producing homogeneous spheres in a reproducible manner
combined with the insufficiency of stable experimental data can
prove to be a challenge during the application of the OMS model in
CRC research and drug development.

2.2.2 Organoids

Spheroids are a simple experimental model that only partly
represent the in vivo characteristics of tumor tissues. However,
organoids are relatively complex three-dimensional (3D) culture
models that are frequently used in CRC research. Organoids are self-
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FIGURE 5
Chemically induced CRC animal models.

are grown in matrigel 3D culture conditions to mimic the in vivo
growth environment, and to produce stable, near-physiological
epithelial structures (Figure 3) (Lancaster and knoblich, 2014;
Huch and Koo, 2015).

organizing organotypic cultures that are produced from various
stem cells, including tissue specific adult stem cells (ASCs),
embryonic stem cells (ESCs), or induced pluripotent stem cells
(iPSCs) (Fujii et al., 2018; Fujii and Sato, 2021). The stem cells

Frontiers in Pharmacology 25 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1193213

Liu et al.

TABLE 2 Murine models of CRC.

Strategy for

model
generation

Pathological
mechanism

Detailed
methodology

Range of
application

10.3389/fphar.2023.1193213

Limitations

References

Spontaneous
animal model
of CRC

Diet- and
chemical-induced
models of CRC

Mutant animal Proliferation

models of CRC

Mutation in APC

FAP model for studying
hereditary CRC

Survival time <
4 months, tumor
formation in small
intestine, difficulty in
metastasis

Moser et al. (1990)

Shoemaker et al.
(1997)

Shoemaker et al.
(1998)

Barker et al. (2007)

Mutation in APC/Cre

Mutations in MIh1, Msh2,
Msh3, Mshe6, and Pms2

Mutation in SMAD4

Induction of colorectal
adenoma

Hereditary
nonpolyposis CRC
(HNPCC)

Familial juvenile
polyposis model,
acceleration of tumor
development

Difficulty in metastasis

Multi-tissue tumors,
difficulty in metastasis

Difficulty in metastasis

Robanus-Maandag
et al. (2010)

Chen et al. (2020)
Lynch et al. (1997)

Papadopoulos and
Lindblom (1997)

Manceau et al. (2011)

Takaku et al. (1998)

Lu et al. (1998)

Mutation in KRAS

Mutation in PIK3CA

Induction of colonic
hyperplasia and
generation of aberrant
crypt foci (ACF)
carcinogenesis model

Induction of colon
adenoma

CRC cannot be induced
by mutations in single
genes, but is induced in
combination with other
gene mutations that
induce carcinogenesis
and enhance the
incidence of CRC.

Single mutations
generally do not
induce CRC.

Bos et al. (1987)

Campbell et al. (1998)

Jen et al. (1994)
Janssen et al. (2002)

Janssen et al. (2006)

Calcagno et al. (2008)

Juric et al. (2018)

Invasion and
metastasis

Diet-induced models Inflammation

of CRC

Chemical-induced
models of CRC

Mutation in FBXW7

Model of highly
invasive colorectal
cancer

Single mutations
generally do not
induce CRC.

Mao et al. (2004)

Mutation in p53

High-fat diet (HFD)/
western diet (NMD)

Induction of distal
intestinal tumor

Colorectal barrier
dysfunction and
inflammation, invasive
adenocarcinoma

Single mutations
generally do not
induce CRC.

Requires a long
duration and has a low
carcinogenic efficiency

Nakayama et al.
(2017)

Kadosh et al. (2020)
Itano et al. (2012)

Yu et al. (2022)

2,4,6-Trinitro-
benzenesulfonic acid
(TNBS)

Induction of colitis-
driven CRC

Cannot be used alone,
necessary to break the
intestinal mucosal
screen before use,
mortality rate of
modeling is high

Scheiffele and Fuss
(2002)

Anaerobic oxidation of
methane (AOM) +
dextran sodium
sulfate (DSS)

Tumors driven by
colitis, induced
distal CRC

The modeling rate is
low and molding time
is uncertain

Neufert et al. (2007)

De-Robertis et al.
(2011)

Liang et al. (2017)

Sun et al. (2022)
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TABLE 2 (Continued) Murine models of CRC.

Strategy for

model
generation

Pathological
mechanism

Detailed
methodology

Range of
application

10.3389/fphar.2023.1193213

Limitations

References

Proliferation AOM ACF and CRC epithelial | The period of modeling = Femia and Caderni
tumor model is long and time- (2008)
consuming, cannot be
used for studying CRC Izzo et al. (2008)
metastases
Orlando et al. (2008)
1,2 Dimethyl Human sporadic CRC Requires a long time Ma et al. (1996)
hydrazine (DMH) research model, and has a low
tumorigenicity carcinogenic efficiency =~ Kissow et al. (2012)
specificity
Aranganathan and
Nalini (2013)
Parahydrogen-induced ACF-induced rat model Low incidence, long Tto et al. (1991)
polarization (PhIP) study cycle
Tanaka et al. (2005)
3,2'-Dimethyl-4- Induced colon and Requires multiple Reddy and Mori
Aminobiphenyl (DMAB) small intestinal administration, low (1981)
carcinogenesis specificity
Reddy (1998)
CIN N-ethyl-N-nitrosourea Induced distal CRC Induced mutations are = Huang et al. (2020)

(ENU)/N- methyl -N-
nitrosourea (MNU)/
N-methyl-N-
nitrosoguanidine
(MNNG)

model

random and drug
volume quantification
is difficult

Animal model of
transplanted CRC

The first intestinal epithelial 3D organoids were constructed by
growing leucine-rich repeat-containing G-protein-coupled receptor
5 (LGR5") intestinal stem cells in a medium containing stem cell

Animal model of
orthotopic tumor
transplantation

Animal model of
ectopic tumor
transplantation

Frontiers in Pharmacology

Invasion and

Cecal transplantation

Induction of primary

Risk of laparotomy is

Talmadge et al.

metastasis CRC that can high in this model. (2007)
metastasize to local CRC originates from
lymphatic vessels, the mucosa, and Martin et al. (2013)
lungs, and liver whether tumor
metastasis results from Lee et al. (2014)
the overflow of [
. . O’Rourke et al. (2017)
intraperitoneal cells
cannot be excluded
Spleen planting Study of advanced CRC The operation is Kasuya et al. (2005)
complex and requires ——————
highly advanced Bai et al. (2015)
technical skills
Yang et al. (2021c)
Tail vein injection Lung metastasis model Differs from human Wang et al. (2020)
of CRC CRC metastasis,
multiple metastases are
prone to occur
Liver implantation Liver metastasis model = Only the late metastatic | Panis and Nordlinger
of CRC process of CRC is (1991)
simulated; tumor forms
only at the site of Kopetz et al. (2009)
implantation
Roque et al. (2019)
Intraperitoneal injection Peritoneal metastasis | Unsuitable for studying Li et al. (2016)
of CRC cell for inducing model of CRC early metastasis of
metastasis lymph nodes in CRC.
Proliferation Hypodermic Real-time monitoring | Cannot simulate the in = Rygaard and poulsen
implantation of CRC growth situ growth of CRC, not (1969)

27

easy to study tumor
invasion and metastasis

Lehmann et al. (2017)

niche restatement factors and tissue-specific growth factors (Sato
et al,, 2011). An increasing number of studies have described the
formation of patient-derived organoids (PDOs) by culturing minced
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TABLE 3 Other animal models of CRC.

Classification Animal
Invertebrate Drosophila
melanogaster
(fruit fly)
Vertebrate Danio rerio

(zebrafish)

Canis lupus
familiaris (Dog)

Felis catus
(Domestic cat)

Advantages

The model can represent the composition of
mammalian intestinal cells, aids in avoiding
cancer heterogeneity

Histopathological features of intestinal tumors
are similar to those of human tumors. High
transparency of seedlings, small size, short
developmental cycle, in vitro fertilization, and
large number of eggs. Requires small
experimental dosage and is less time-consuming

The model has a similar physiological structure
to humans, and the mechanism of pathogenesis is
similar to sporadic CRC in humans. Gentle
character, good experimental coordination, and
repeatability

The histological subtype of the model is similar to

that of advanced CRC in humans. Model can be

used for studying the germination of intestinal
tumor in CRC.

10.3389/fphar.2023.1193213

Disadvantages

The model has no acquired immune function and
has a short life cycle. It is impossible to simulate
the complexity of tumor development

The culture temperature is inconsistent with the
growth temperature of tumor cells. Long-term
tumor transplantation experiments cannot be

performed

Long duration of modeling, observational
inconveniences, not suitable for acute
experiments

Low incidence, tumors mostly occur in the small
intestine

References
Bhandari and
Shashidhara, 2001
Martorell et al., 2014

Amatruda et al. (2002)

Trede et al. (2004)

Haldi et al. (2006)
Brugman et al. (2009)
Paquette et al. (2013)

Kamano et al. (1981)

Kamano et al. (1983)

Youmans et al. (2012)

Uneyama et al. (2021)

Groll et al. (2021)

Sus scrofa (Pig)

The anatomical structure of the small intestine is
similar to that of humans. Model has a moderate
size and long life. The progression and
accumulation of mutations in CRC can be
monitored by colonoscopy screening

The model cannot be used to study acute CRC as
the process of cancer formation is slow

Llanos et al. (2006)

Sangild et al. (2006)

Flisikowska et al. (2012)

Dean (2013)

Flisikowska et al. (2017)

Gonzalez et al. (2019)

Ovis aries (Sheep)

Macaca mulatta
(Rhesus monkey)

Cellular differentiation in the model is similar to
that of colon adenocarcinoma in humans. Model
can be used to study advanced CRC.

Shares high genomic homology with humans;
anatomical and physiological similarities. Shares

Adenocarcinoma develops in the small intestine

Research cycle or modeling time-consuming

Munday et al. (2006)

Bakken et al. (2016)

same clinicopathological features as human

Lynch syndrome

Dray et al. (2018)

Ozirmak et al. (2022)

human CRC tumors in human intestinal stem cell medium (HISC),
and the phenotype and genotype of the PDOs have been reported to
be highly similar to those of the original tumor (Van et al., 2015;
Vlachogiannis et al., 2018).

Organoids are typically used for investigating the mechanism
underlying the development of CRC, screening anti-CRC drugs, and
determining the efficacy and mechanism of action of drugs.
However, there are various limitations to the application of
organoids in studies on CRC, which are described hereafter.
First, the current methods for organoid culture lack the
technological means for maintaining the blood vessels, immune
system, and peripheral nervous system of tumor cells, and organoids
lacking these characteristics cannot be used in CRC research
(Bredenoord et al, 2017). Second, as PDO models lack the
cellular and acellular components of the TME of the original
tumor, they cannot equivalently represent the in vivo
environment of the tumor (Li X. et al., 2020). Third, there are no
specific media for culturing organoids to date. Furthermore, it is
unclear whether organoids can represent the overall heterogeneity of
the tumor and all cell types in the tumor. Organoids can be applied
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to relevant studies by optimizing the culture conditions for
maintaining the expression of genes related to microsatellite
instability, B-Raf proto-oncogene, serine/threonine kinase (BRAF)
mutations, poor differentiation, or mucinous phenotypes related to
CRC. The application of organoids to CRC research can be
improved by employing the co-culture model of organoids in
which immune cells and mesenchymal cells are co-cultured for
simulating the in vivo TME.

2.3 Application of cellular models of CRC

The establishment of models using the corresponding tumor
cells is crucial for investigating the mechanism underlying the
development of CRC and discovery of anti-CRC drugs (Senga
and Grose, 2021). The applications of different cellular models of
CRC according to the different molecular mechanisms underlying
tumor formation, including epithelial-mesenchymal transition
(EMT), apoptosis, invasion, metastasis, chromosome instability
(CIN), and immune escape, are summarized in Table 1 and Figure 4.
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TABLE 4 Applications of animal models of CRC.
Purpose of study

Studying apoptosis in CRC

Investigation of angiogenesis in CRC

10.3389/fphar.2023.1193213

Research methods/models

References

Han et al. (2018)

Investigation of apoptosis in CRC with CRC xenograft models

Studying the effect of AOM/DSS-induced expression of severe acute respiratory
infection (SARI) gene on angiogenesis in CRC

DMH/DSS-induced expression of CRC angiogenesis factor in rat model

Li et al. (2020a)

Dai et al. (2016)

Liu et al. (2015a)

Induction of tumor angiogenesis in vivo via the expression of VEGF and
interleukin-8 (IL-8)

Liu et al. (2015b)

Rupertus et al. (2014)

Studying angiogenesis in CRC xenografts following induction with drugs,
C-X-C motif chemokine ligand 12 (CXCL12), and CXCL11

Yu et al. (2005)

Drug-induced in vivo inhibition of angiogenesis

Jakopovic et al. (2020)

Petrovic et al. (2020)

Dickkopf associated protein 2 (DKK2)-induced angiogenesis in CRC xenografts

Ding et al. (2016)

Deng et al. (2019)

Inhibition of angiogenesis by potentially inappropriate medication (PIM)
kinase in orthotopically transplanted CRC tumors

Casillas et al. (2018)

Induction of angiogenesis by hepatectomy in CRC xenografts

EG-VEGF induced angiogenesis in orthotopically transplanted CRC tumors

Lo et al. (2018)

Goi et al. (2004)

Investigation of metabolic reprogramming in CRC

Study of invasion and metastasis in CRC

Induction of metabolic reprogramming in CRC xenograft model using
hexokinase, free fatty acid (FFA), acetyl coenzyme A, citrate, and other agents

Bu et al. (2018)

Wang et al. (2018)

Dong et al. (2022)

Zhang et al. (2022)

AOM/DSS-induced CRC model of metabolic reprogramming

Wu et al. (2020)

Yin et al. (2021)

Initiation of metabolic reprogramming by DSS-induced inflammation

CRC xenograft model for studying invasion and metastasis in CRC

Qu et al. (2017)

Rokavec et al. (2014)

Erreni et al. (2016)

Li et al. (2019b)

Study of immune escape in CRC

Gene mutation-induced model of immune escape

Xing et al. (2021)

Wei et al. (2022)

Generation of immune escape model by ablation of zebrafish macrophages
using chlorophosphonate liposomes

Pévoa et al. (2021)

Wirtz et al. (2007)

Study of inflammation in CRC

Frontiers in Pharmacology

TNBS/oxazolone/DSS-induced inflammatory CRC

LPS/DSS-induced inflammation

DSS-induced inflammation of intestinal epithelium and mucosa

Garlanda et al. (2004)

Mashimo et al. (1996)

Van et al. (2006)

DSS/AOM-induced inflammation in sporadic CRC

TNBS-induced inflammation

De et al. (2019)

Liang et al. (2017)

Scheiffele and Fuss (2002)

DMH-induced inflammation

Radiofrequency ablation (RFA)-induced inflammation

Kumar et al. (2019)

Shi et al. (2019)

HFD-induced inflammation
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Hu et al. (2021)
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TABLE 4 (Continued) Applications of animal models of CRC.

Purpose of study Research methods/models References

Gene mutation-induced inflammatory CRC Puppa et al. (2011)

De et al. (2020)

High-iron diet-induced inflammatory CRC Seril et al. (2006)
Investigation of the mechanism of EMT in CRC Induction of EMT models via mutations/overexpression/knockdown p rostate Wang et al. (2014)
transmembrane protein androgen induced 1 (PMEPAI), SOX2, histone
deacetylase 1 (HDACI), and other genes Matsuda et al. (2016)

Li et al. (2017a)

Zhuang et al. (2018)

Yang et al. (2019)

Zhang et al. (2019)

Liu et al. (2020b)

Shen et al. (2021)

Qi et al. (2021)

Zhu et al. (2021)

Liu et al. (2020)

Transforming growth factor-p (TGF-p)-induced model of EMT Li et al. (2021)
Tumor EMT-induced metastatic model of CRC Adams et al., 2021
Epigenetic reprogramming CRC xenograft model for studying epigenetic reprogramming in CRC Kodach et al. (2021)
Induction of gene mutation for studying epigenetic reprogramming in CRC Hashimoto et al. (2017)
Study of cell aging in CRC Xenotransplantation model for studying cellular aging in CRC Gao et al. (2010)

Liu et al. (2013)

Mikuta et al. (2015)

Hou et al. (2018)

DMH/DSS-induced model of cellular aging Liu et al. (2013)
AOM/DSS-induced model of cellular aging Foersch et al. (2015)
Polymorphic microbiota AOM/DSS-induced model for studying composition of intestinal microbiota Wu et al. (2016)
TABLE 5 Applications of animal models of CRC.
TCM syndrome Research methods/models References
CRC with spleen qi deficiency syndromeHou et al., = Restricted feeding/fatigue/purging + hypodermic implantation of C26 tumor cells to establish a = Zhang et al. (2020)
2018 (SDS) spleen deficiency with cachexia model
CRC with damp-heat syndrome (DHS) HFD/AOM/DSS-induced malignant tumor (stasis-toxin) model Cao and Zhou
(2020)
Huang et al. (2022)
CRC with internal retention of toxin stagnation LPS tail vein and peritoneal injection + hypodermic implantation of C26 tumor cells to establish Li et al. (2017b)
syndrome (IRTSS) colorectal tumor-bearing with syndrome of heat-toxicity and blood stasis model
3 CRC animal models based on generating animal models of CRC can aid in elucidating the
experi mental animals mechanisms underlying the development of cancer (Marian,

2004). Animal models can compensate for the limitations of

The occurrence of diseases such as cancer that occur  cellular models that are incapable of simulating the mechanism
spontaneously in animals is largely attributed to genetic diversity — underlying the development of CRC. Rat and murine models are the
and immune functions. Therefore, studying the methods for  most frequently used animal models of CRC, and other animal
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models of CRC, including fruit fly, zebrafish, and pigs, are also
commonly used as sentinels and preclinical models in CRC research.

3.1 Rodent models

Rodent models are conducive tools for conducting cancer
research, and are extensively used for elucidating the
etiopathogenesis and molecular mechanisms underlying the
development of CRC. Previous studies have demonstrated that
the protein-coding genes of mice and humans share high
homogeneity (Mouse Genome Sequencing Consortium, 2002).
Additionally, the use of murine models is advantageous owing to
the fact that mice have a short intergenerational interval, high
reproducibility, and similar genetic background and formula as
humans, compared to other animal models. Murine models of
CRC can therefore be used as effective tools for studying the
mechanism underlying the pathogenesis of CRC and determining
novel strategies for the prevention and treatment of CRC (Doyle
et al., 2012).

Transgenic mice models can serve as effective tools for
preclinical evaluation and screening during the optimization and
development of anticancer drugs. Mutations in APC (adenomatous
polyposis coli) are commonly inherited in adenoma-carcinoma
transitions observed during the development of CRC (Van et al,
2000). Additionally, the absence of mutations in DNA mismatch
repair (MMR) genes increases deletion mutations in APC, which
accelerates the formation of adenomas (Huang et al., 2004). It has
been reported that mutations in tumor protein 53 (p53), Kirsten rats
arcomaviral oncogene homolog (KRAS), phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), F-box and
WD repeat domain containing 7 (FBXW?7), SMAD family member 4
(SMAD4), transcription factor 7-like 2 (TCF7L2), NRAS proto-
oncogene (NRAS), AT-rich interaction domain 1 A (ARIDIA),
SRY-box transcription factor 9 (SOX9), and APC membrane
recruitment protein 1 (FAMI23B) can also increase the risk of
CRC (Cancer Genome Atlas Network, 2012). Transgenic murine
models are extensively used for studying the occurrence and
elimination of tumors, underlying molecular pathways, and
genomic regulation via gain-of-function or loss-of-function
mutations in oncogenes and cancer suppressor genes.

CRC is caused by various risk factors, including poor dietary
habits, environment, exposure to carcinogenic chemicals, and other
factors (Hecht, 2003; Mehta et al.,, 2017). Animal models of CRC
generated by treatment with chemicals serve as effective models in
studies aimed at determining novel therapeutic approaches and
investigating the diagnosis, prognosis, and identification of
predictive markers. The differences among the methods and
duration of treatment for inducing CRC with different chemical
agents are depicted in Figure 5.

The use of chemical agents for generating models of CRC
requires a long duration and these models have longer
Mofikawa et al. established the first
of CRC in 1986 by
transplanting human CRC cells under the cecal wall of nude

experimental cycles.
orthotopic  transplantation model
mice. This shortened the period of study using animal models of
CRC, and initiated the establishment of tumor transplantation
models. Table 2 summarizes the different murine models of
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CRC, and describes their scope of application and limitations in
tumor research.

3.2 Other animal models of CRC

In addition to rodents, invertebrates such as fruit fly can be used
for personalized diagnosis and developing potential therapeutic
strategies for CRC. Vertebrates such as zebrafish, dogs, cats, pigs,
and non-human primates are also used in studies on CRC. The
advantages and disadvantages of the different animal models used in
CRC research are summarized in Table 3.

3.3 Application of animal models of CRC

The carcinogenesis of CRC is affected by several contributing
factors. The selection of the animal model of CRC depends on the
purpose of the study, as summarized in Table 4.

Traditional Chinese medicine (TCM) and western medicine are
two different medical theoretical systems. The research model based
on the etiological mechanism theory of TCM is applied to animal
studies with TCM syndrome, as shown in Table 5.

4 Conclusions and future directions

Understanding the inherent advantages and limitations of the
different models of CRC, and the appropriate application of these
models in drug development and studies on the mechanism of
tumor occurrence and development are important in CRC research.

Human cell lines and xenograft models have been extensively
employed over the past few decades owing to their low cost and ease
of application. However, these models are incapable of reproducing
the heterogeneity of CRC tumors (Harma et al., 2010). The cell co-
culture technique can overcome the limitations of monolayer cell
culture, and enables the construction of in vitro physiological or
pathological models that closely represent the in vivo condition, and
can be used for studying the interactions between cells, and between
cells and the culture environment. It has been reported that 3D
models can mimic the physiological characteristics of parental
tumors, including tumor heterogeneity (Li et al., 2019). However,
the shape, size, and activity of organoids are different under the same
culture conditions, and the matrix limits the penetration of drugs
and hinders drug screening (Zhao et al, 2020). It is therefore
imperative to construct a model that closely represents the
characteristics of CRC in vivo.

The intestinal microarray platforms used in CRC research,
which consist of intestinal organoids and organic chips, can
summarize the important structural features and functions of the
natural duodenum. This platform can be applied for studying drug
conveyance, metabolism, and drug-drug interactions (Kasendra
et al., 2018). Multi-locus transfer chips consist of multiple 3D
organoids that connect the CRC-like organs, liver, lungs, and
endothelial flow via recirculating fluid systems, and enables cell
tracking by fluorescence imaging technology. The transfer sites of
CRC cells are also included in multi-locus transfer chips (Aleman
and Skardal, 2019).
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Animal models of CRC have been widely used for studying the
complexity of CRC. There are primarily two types of animal models,
namely, in situ models and the cell and tissue transplantation models of
CRC. Owing to the relatively simple modeling approach of human
tumor xenotransplantation, this model is presently widely used for
studying the efficacy of anti-CRC drugs. The effects of CRC
xenotransplantation can be closely related to clinical activity via the
rational application of these models. For instance, genetically
engineered murine models have been used for studying the
progression of tissue-specific molecular changes in CRC by
determining the effect of specific molecular targets. Chemical
induced-CRC animal model is one of the most commonly CRC
models, in which CAC model is usually induced by AOM/DSS to
study the mechanism of inflammation related-tumorigenesis and
development (Zeng et al, 2022). The CRC model with TCM
syndrome is an artificial disease and syndrome experimental animal
model created by simulating and replicating characteristics of human
disease prototype according to TCM theory. An animal model
combining with CRC and TCM syndromes might be useful to
mimic the clinical characteristics of CRC patients with TCM
syndrome (Zhang et al., 2020). Mouse is the commonly used to the
models mentioned above, however, it is increasingly accepted that the
use of larger animal models, especially dogs and pigs, can provide
deeper insights in cancer research (Croker et al., 2009).

The application of molecular tools and genetic strategies has aided
the advancement of cancer research, and the cellular and animal models
of CRC are being continually improved. Further understanding of the
genetic and epigenetic events in CRC, including the alterations in
molecular networks associated with the initial stages of development,
are facilitated by high-resolution approaches.

Although CRC research has advanced immensely in recent
years, several clinical issues remain to be resolved to date, which
is partly attributed to the absence of suitable preclinical research
models. The application of in vivo and in vitro models in CRC
research, combined with advanced scientific techniques for
simulating a more realistic tumor environment in vivo and
in vitro, can help replicate the complex scenarios of tumor
occurrence and development, identify novel therapeutic
approaches for inhibiting tumor growth, and elucidate the
molecular mechanisms underlying tumor formation.
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Glossary

ACF Aberrant crypt foci

AOM Anaerobic oxidation of methane

APC Adenomatous polyposis coli

ARID1A AT-rich interaction domain 1A

ASCs Adult stem cells

B7x B7 homolog x

BRAF B-Raf proto-oncogene, serine/threonine kinase
CAFs Cancer-associated fibroblasts

CAPS1 Cryopyrin-associated periodic syndromes 1
CDH17 Cadherin 17

CIN Chromosome instability

C-Myc Cellular-myelocytomatosis viral oncogene
CRC Colorectal cancer

CSCs Colorectal cancer stem cells

CXCL12 C-X-C motif chemokine ligand 12

DHS Damp-heat syndrome

DKK2 Dickkopf associated protein 2

DMH 1,2 Dimethyl hydrazine

DMAB 3,2'-Dimethyl-4-Aminobiphenyl

DSS Dextran sodium sulfate

EMT Epithelial-mesenchymal transition

ENU N-ethyl-N-nitrosourea

ESCs Embryonic stem cells

FAM123B  APC membrane recruitment protein 1
FBXW7 F-box and WD repeat domain containing 7
FFA Free fatty acids

FOXO06 Forkhead Box O6

HDAC1 Histone deacetylase 1

HFD High-fat diet

HIF-1a Hypoxia-inducible factor-1a

HISC Human intestinal stem cell

HK2 Human kallikrein 2

HNRNPL  Heterogeneous nuclear ribonucleoprotein L
HNPCC Hereditary nonpolyposis colorectal cancer
ILK Integrin-linked kinase

iPSCs Induced pluripotent stem cells

IL-6 Interleukin-6

IL-8 Interleukin-8

IRTSS Internal retention of toxin stagnation syndrome
IRX5 Iroquois homeobox gene 5
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KRAS
LGR5"
LMNB1
LPS
MCTS
MNU
MNNG
MTA3
NFATc1
NF2
NEF-kB
NRAS
OMS
p53
PDOs
PhIP
PHLDA2
PIM
PIK3CA
PMEPA1
RIP3
RPLPOP2
SARI
SDS
SGPL1
SLC25A1
SMAD4
SOX2
SOX9
TBX5
TCF7L2
TCM
TDTS
TGF-p
TME
TNBS
TNF-a
TRIB2
VEGF

ZNF326
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Kirsten rats arcomaviral oncogene homolog
Leucine-rich repeat-containing G-protein-coupled receptor 5
Lamin B1

Lipopolysaccharide

Multicellular tumor spheroids
N-methyl-N-nitrosourea
N-methyl-N-nitrosoguanidine

Metastasis associated 1 family member 3

Nuclear factor of activated T-cells

Neurofibromin 2

Nuclear factor-kappa B

NRAS proto-oncogene, GTPase

Organotypic multicellular spheroids

Tumor protein 53

Patient-derived organoids

Parahydrogen-induced polarization

Pleckstrin homology-like domain family A member 2
Potentially inappropriate medication
Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
Prostate transmembrane protein androgen induced 1
Receptor interacting protein kinase 3

Ribosomal protein lateral stalk subunit PO pseudogene 2
Severe acute respiratory infection

Spleen qi deficiency syndrome

Sphingosine phosphate lyase 1

Solute carrier family 25 member 1

SMAD family member 4

SRY-box transcription Factor 2

SRY-box transcription factor 9

T-box transcription factor 5

Transcription factor 7-like 2

Traditional Chinese medicine

Tissue-derived tumor spheres

Transforming growth factor

Tumor microenvironment
2,4,6-Trinitro-benzenesulfonic acid

Tumor necrosis factor-a

Tribbles homolog 2

Vascular endothelial growth factor

Zinc-finger protein 326
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A novel splice donor mutation in
DCLREIC caused atypical severe
combined immunodeficiency in
a patient with colon lymphoma:
case report and literature review
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Suzhou, China

Introduction: Hypomorphic mutations of DCLREIC cause an atypical severe
combined immunodeficiency (SCID), and Epstein-Barr virus (EBV)-related colon
lymphoma is a rare complication.

Case presentation: A teenage boy presented with colon EBV-related colon
lymphoma, plantar warts, and a history of recurrent pneumonia. His peripheral
blood lymphocyte count and serum level of immunoglobulin (Ig) G were normal,
but he exhibited a T'B"NK* immunophenotype. Genetic analysis by whole
exome sequencing revealed compound heterozygous mutations of DCLREIC
(NM_001033855.3), including a novel paternal splicing donor mutation
(c.109 + 2T>C) in intron 1, and a maternal ¢.1147C>T (p.R383X) nonsense
mutation in exon 13. Based on his clinical features and genetic results, the
diagnosis of atypical SCID with colon lymphoma was established. Our review
shows that seven patients, including our patient, have been reported to develop
lymphoma, all with hypomorphic DCLREIC mutations. Among these cases, six
had EBV-related B-cell lineage lymphoma, and one had Hodgkin lymphoma with
EBV reactivation. Unfortunately, all of the patients died.

Conclusion: Recognizing the radiosensitivity of the disease is critical for the
prognosis. Hematopoietic stem cell transplantation before being infected with
EBV is an optimal treatment.

KEYWORDS

DCLRE1C, ARTEMIS, hypomorphic mutation, severe combined immunodeficiency,
radiosensitive immunodeficiency
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Introduction

The nuclease ARTEMIS, encoded by the DNA cross-link repair
enzyme 1C (DCLREIC), is involved in double-stranded DNA repair
and V(D)J recombination via non-homologous end joining
(NHE]J). Null mutations of DCLREIC lead to complete ARTEMIS
deficiency and cause T B'NK" severe combined immunodeficiency
(SCID) with sensitivity to ionizing radiation and usually present in
the first year of life (1). Hypomorphic mutations of DCLREIC cause
reduced ARTEMIS function and ‘leaky’ SCID, resulting in severe
and progressive consequences with an initially indolent and late-
onset clinical course. Mutations in DCLREIC occur more frequently
in Western countries (2). In China, only several cases with
DCLREIC mutations associated with SCID were recently reported
(3-6). Here, we described a male Chinese adolescent with a novel
hypomorphic mutation who displayed a milder immunodeficiency
but progressed to malignant colon lymphoma. This study was
approved by the institutional ethics committee of Children’s
Hospital of Soochow University (No.2022CS053).

Case presentation

A 13.5-year-old male patient with nonconsanguineous parents
was admitted to our hospital with a complaint of abdominal pain
for one month. The abdominal pain was paroxysmal, located
around the periumbilical and right lower quadrants. Three days
before being admitted to the hospital, he had loose stools with
mucus and blood in a row. His peripheral blood showed a normal
level of lymphocytes, neutrophils, erythrocytes, and platelets. Both
abdominal ultrasound and computerized tomography (CT)
revealed ileocecitis and a small volume of ascites (Figure 1A). He
had recurrent pneumonia since the first year of life and had no
history of transfusions. His sister had oral ulcers and died of severe
pneumonia at four months old. Both his father and grandfather had
histories of tuberculosis. Physical examination revealed a normal
nutritional status, tenderness around the umbilicus and right lower
abdomen on palpation, and skin lesions on the soles of the left foot
(Figure 1B). There were no palpable enlarged lymph nodes or rales
of bilateral lungs on auscultation. The number of lymphocytes was
2.63x10%/ul. The percentage of CD3* T lymphocytes was 83.48%
(reference range: 55-83%), of which CD3"CD4" T lymphocytes was
22.69% (reference range: 28-57%), CD3"CD8" T lymphocytes was
51.50% (reference range: 10-39%), and CD4*/CD8" ratio was 0.44
(reference range: 0.98-1.94). The percentage of B cells was only
0.17%, dramatically lower than the reference range (6-19%), while
that of NK cells was normal. Serum levels of immunoglobulin (Ig)M
and IgA were low (IgA 0.01 g/L, reference 0.63-3.04 g/L; IgM 0.29 g/
L, reference 0.50-2.48 g/L). However, the serum levels of IgG and
IgE were normal. The DNA copy number of EBV in blood was
determined by quantitative PCR (qPCR) at 3.83x10 copies/ml.
Other tests were negative, including cytomegalovirus (CMV) DNA
PCR, T-spot, human immunodeficiency virus (HIV) antibody,
antinuclear antibodies, antineutrophil cytoplasmic autoantibodies,
anti-dsDNA antibody, anti-Sm antibody, anti-SSA/SSB antibody,
anti-Ro-52 antibody, anti-ribonucleoprotein (RNP) antibody, anti-
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FIGURE 1

Clinical images show the clinical manifestation of the patient. (A)
Computerized abdomen tomography (CT) revealed the thickened
intestinal wall of ileocecum and patchy blurred shadows around it
(B) Skin lesions on the soles of the patient’s left foot. (C) Chest CT
showed bronchiectasis in both lungs. (D) A huge ulcer with yellow
pus moss on it of ascending colon on colonoscopy

Jo-1 antibody, anti-SCL-70 antibody, tumor markers, fecal culture,
and fecal Clostridium difficile gene Xpert assay. Chest CT showed
bronchiectasis in both lungs (Figure 1C), and echocardiography
revealed mild aortic valve regurgitation. He received a colonoscopy,
during which a massive ulcer with yellow pus moss in the ascending
colon was observed (Figure 1D). Diffuse proliferation of medium-
sized lymphocytes was found in the biopsy from the ulcer
(Figures 2A, B), the nuclei exhibit clear heterogeneity, appearing
basophilic, with the presence of prominent large nucleoli.
Immunohistochemical analysis showed the cells were positive for
CD20" (Figure 2C), CD79a, MUMI, very weakly positive for
CD138 and CD68, sporadically positive for CD2, CD3, and
Kappa-light chain (Figure 2D), and negative for Lambda-light
chain (Figure 2E). Ki-67 revealed a proliferative fraction of 60%
of the cells. EBV-encoded mRNA (EBER) in situ hybridization was
tested positive (Figure 2F), and acid-fast staining was negative.
Transplacental maternal lymphocytes were excluded by short
tandem repeat analysis. Combined with his past history of
recurrent respiratory tract infections, nearly deficient B cells, and
positive family history, a clinical diagnosis of primary
immunodeficiency, colon lymphoma, and plantar warts
was determined.

After a consent form was signed, trio-whole exome sequences
(WES) were performed. We prioritized variants that were previously
reported, considered loss-of-function (nonsense, frameshift, or splice
sites mutations) or absent in gnomAD. The genetic analysis
demonstrated compound heterozygous mutations of DCLREIC,
including a paternally inherited splicing donor mutation
(c.109 + 2T>C) in intron 1 and a maternally inherited ¢.1147C>T
(p-R383X) nonsense mutation in exon 13 (NM_001033855.3). Sanger
sequencing confirmed the carrying status of variants (Figure 3). There
are only two carriers in gnomAD of ¢.1147C>T (PM2_Surpporting).
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FIGURE 2
Histological analysis of the mucous membrane of the colonic ulcer. (A, B) Diffuse lymphoid proliferation of medium-sized lymphocytes stained with
hematoxylin—eosin (A) (x40), and (B) (x400). (C—E) Diffuse CD20 positive lymphoid infiltration (C) (x40), sporadically positive for Kappa-light chain
(D) and negative for Lambda-light chain (E) on immunohistochemistry (x400). (F) In situ hybridization showed EBER positive for lymphoma tumor
cells (x400).

Since ¢.1147C>T is located at the 3’-most 50bp of the penultimate
exon, nonsense-mediated RNA decay may not occur (7, 8). But the
truncated protein loses part of the B-CASP domain (156-385) and the
entire C-terminal domain (386-692), which account for 44.7% of the
whole protein (PVS1-Strong) (7). Four typical SCID patients with
homozygosity for c.1147C>T were identified (9-11) (PM3).
Functional study in vitro revealed that the recombination and DNA
repair activity of p.R383X were decreased (12) (PS3_Surpporting).
The patients of the previous and our study carrying ¢.1147C>T exhibit
immunodeficiency which matched the disease phenotype (PP4). In all,
c.1147 C>T was classified as likely pathogenic by PM2_Supporting,
PVS1-Strong, PM3, PS3_Surpporting, and PP4. ¢.109 + 2T>C is
absent in gnomAD (PM2_ Supporting) and the canonical splicing
donor of intron 1 (PVS1_Moderate). It is in trans with ¢.1147C>T in
our case with confirmed paternity and maternity (PM3). The
immunodeficient nature of our patient matched the disease

characteristics (PP4). In all, c.109 + 2T>C is classified as likely
pathogenic by PM2_Supporting, PVS1- Moderate, PM3, and PP4.

The patient was transferred to a different hospital, where further
examination confirmed the colon lymphoma to be of the B-cell
non-Hodgkin lymphoma variety. He underwent chemotherapy
and, tragically, succumbed on the very day he received
hematopoietic stem cell transplantation, when it was 1.5 years
since the diagnosis of colon lymphoma.

Discussion

DCLREIC, located on chromosome 10p13, consists of 14 exons.
ARTEMIS comprises 692 amino acids, including the highly
conserved P-lactamase and B-CASP domains in the N-terminal
part (amino acid 1-385) that serves as the enzymatically active

A

DCLRE1C:NM_001033855.3:intron1:¢.109+27>C:.
reterence €T GTCCCAC TGCCACAAAGGT GAGT GAGGGCT GCGCGT CGC
Patient

CT GTCCCACTGCCACAAAGGT GAGT GAGGGCTGCGCGTCGC

Father

1

Mother

CTGTCCCACTGCCACAAAGGT GAGT GAGGGCT GCGCGTCGC

FIGURE 3

Sanger sequences demonstrated compound heterozygous mutations of the DCLREIC gene. (A) A paternal splicing donor mutation (c.109 + 2T>C) in
intronl. (B) A maternal c.1147C>T (p.R383X) nonsense mutation in exon13 (NM_001033855.3).

DCLRE1C:NM_001033855.3:ex0n13:.1147C>T:p.R383%

Patient

Father

!
Mother

AGAGAGCTAGAACAGTTCACTGAGACTCAGGTAAGAAAAAT
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motif, and the C-terminal domain that modulates the nuclease

(15)
(15)
(16)

activities. Nevertheless, nonsense-mediated RNA decay is not

(Continued)

predicted to occur for the ¢.1147C>T mutation. The truncated
protein p.R383X loses part of the B-CASP domain (156-385) and
whole C-terminal part domain (386-692). According to recent
studies, this nonsense variant encodes function-null variants, as in

Died(diagnosed
treatment with
anti-B cell-

after diagnosis)
38days after

Outcome
Died (5 days
HSCT,12days
later died
despite
specific mAb)
Died (of
multiple
infections)

typical SCID patients with homozygous ¢.1147C>T mutations,
whose DCLREIC mRNA is intact but lacks V(D)J recombination
and double-strand breaks (DSB) DNA repair (9). The novel
paternal variant c.109 + 2T>C is a canonical splice-site mutation

Chemotherapy,
radiation,

specific mAb
HSCT

Treatment
anti-B cell-
HSCT and
anti-B cell-
specific mAb

in intron 1. The splice-site mutation at the adjacent nucleotide

position (c.109 + 1G>T) was reported to generate some canonical
wild-type transcripts, implying that it is associated with a late-onset
and less severe phenotype (13). Therefore, it is reasonable to deduce

associated

Yes
Yes
Yes

that the novel splice site mutation ¢.109 + 2T>C is a hypomorphic

variant, leading to the leaky phenotype in the patient.

In our case, the counts of absolute lymphocyte number (ALN) and
CD3" lymphocytes were within the reference range, and maternal
engraftment was ruled out. He had a B-cell deficiency with
surprisingly normal IgG and IgE serum levels. Similar laboratory
findings were found in other patients with hypomorphic DCLREIC
mutations (14), whose naive T cells decreased, indicating that T cell

Sites of
involvement
Cervical lymph
node, liver, lung,
striated muscle
liver

Neck, masseter
muscle, lung,
spleen,

development was affected by the hypomorphic mutations;

Trisomy, Chr.
Translocation,
Chr. 7:14

Cytogenetic
9

analysis

compensatory proliferation might have caused the normal peripheral
T cells due to residual V(D)J recombination. The central compartment
of B cell progenitors was thought to be more prone to depletion than the
T cell compartment (14), despite the fact that ARTEMIS was proposed
to play equal roles in recombination for T and B cells. Since ARTEMIS

w
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L1 (9months)
IgA:0.18 g/L|
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IgM:0.56 g/L
IgG:6.1 g/L|
IgA:0.4 g/L
IgM:0.1 g/L|

participates in NHE], which is involved in the Ig class switch, normal

serum levels of his IgG and IgE support the presence of a residual
functional B cell compartment and V(D)J recombination.

We searched on PubMed using the keywords ‘severe combined
immunodeficiency,” ‘lymphoma,” and ‘DCLREIC or ‘ARTEMIS’ for
articles published from 2001 to 2023. We reviewed the genetic and
clinical features of patients with ARTEMIS deficiency complicated

10> normally >40’

PHA responses
35.8+22cpmx 107
‘hormally >40
26.6 £ 18 cpmx

Nr

by lymphoma (Table 1). Seven patients, including our patient, have
been reported to develop lymphoma, all with hypomorphic
DCLREIC mutations (15-18). Six patients had EBV-related B-cell
lineage lymphoma, and one had Hodgkin lymphoma with EBV

CD'*: 8-110/ul|

CD**: 280-580/
CD16+CD56
*:227/ul

ALN:500-1100/
ull

ull

CD'**CD*°*:18/

Lymphocyte
counts and
subpopulations
ALN:66/ul| |
CD**:8/ull |
CD"*:8/ul}|
ull]
ALN:800/ul|
CD**:177/ul|,

reactivation. The average age of lymphoma onset was 11.75 years
old (ranging from 9 months to 23 years old), with a male-to-female
ratio of 4:3. Our patient is approximately at the average age of
tumorigenesis. The mechanisms of lymphoma in these patients

mutations
Compound
heterozygous del.
Exonl-3%,

del. T1384-A1390
Same as P1
Homozygous
€.632G>T

remain unclear. Since most of them were EBV-related B-cell lineage
lymphomas, no lymphoma has been found in null mutation
patients. One explanation for this is that EBV mainly infects B
cells, and patients with non-functional DCLREIC mutations cannot

Age of
diagnosis
of
lymphoma
9m

5y

23y

establish infection. Additionally, most patients may have died
before getting infected with EBV (19). Besides, patients with
reduced functional mutations lack sufficient CD8" cytotoxicity

origin
Turkey

France
France

against EBV infection, resulting in EBV-driven B cell colony
proliferation (19). Lastly, the partial activity of ARTEMIS results
in impaired NHE], which plays a vital role in DNA DSBs and is
associated with profound genomic instability. This has been
documented in cells from two of these patients (P1 has a clonal

gender

Patient
P1

P2
(sister
of P1)
P3

TABLE 1 Genetic and clinical characteristics of patients with ARTEMIS deficiency complicated with lymphoma.

trisomy of chromosome 9, and P2 has a translocation of
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TABLE 1 Continued

Patient gender @ origin = Age of mutations Lymphocyte PHA responses Immunoglobulins  Cytogenetic Sites of EBV- Treatment Outcome
diagnosis counts and analysis involvement associated
of subpopulations
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CD"*: <5/ull| mucosa, adrenal
gland,
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CD16+CD56
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*null mutations; PHA, Proliferations of phytohemagglutinin; ALN, absolute lymphocyte number; mAb, monoclonal antibody; HSCT, hematopoietic stem cell transplantation; Nr, Not report.
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Chromosome 7 and 14). And genomic instability is known to be
susceptible to malignancy (20).

The outcome of these lymphomas is poor. None of these patients
were alive despite multiple managements. Three patients succumbed
before hematopoietic stem cell transplantation (HSCT). Three patients
underwent HSCT, but died afterward. One patient died of delayed
radiation myelopathy as an adverse effect of radiotherapy. Three
patients died after anti-B-cell-specific monoclonal antibody
treatment. Patient P5 surrendered to respiratory failure before
further treatment, while patient P3 succumbed to multiple infections
(Pneumocystis jirovecii pneumonia, Herpes simplex virus,
Staphylococcus aureus, and Candida albicans) 5 months after HSCT
(16). Pavel et al. reported a 14-year-old boy with a radiosensitive defect,
normal lymphocyte subpopulations, abnormal lymphocyte
phytohemagglutinin A, hypogammaglobulinemia, and a
heterozygous loss of exon 11 in DCLREIC was diagnosed with B-cell
non-Hodgkin lymphoma. He survived after receiving HSCT with
reduced-intensity conditioning regimens, and no EBV infection was
mentioned (21). Thus, EBV infection could be fatal in this group of
patients. The high mortality of this disease calls for an early diagnosis
before patients being EBV infected. Patients with radiosensitive CID
have a higher priority to receive a curative therapy, HSCT. However,
the survival rate has been reported to be lower than other types of CID
(22). Recognizing the radiosensitive nature of the disease is quite
essential. Radiomimetic drugs, such as alkylating-containing
regiments, and radiation therapy should be tailored in pre-and post-
transplant treatment to reduce related toxicity and optimize the
prognosis (21). The most recent findings on lentiviral gene therapy
offer a promising avenue for treating this illness (23). Nevertheless, the
impact on a greater quantity of cases and the safety of its application to
patients with EBV infection remain uncertain.

In conclusion, we reported a leaky SCID with heterozygous
DCLREIC mutations, including a novel splice mutation. This is the
first reported case of atypical SCID associated with a hypomorphic
DCLREIC mutation in Chinese, presenting an uncommon
complication of colon lymphoma. Leaky SCID should be
considered in patients with a late-onset of the disease and a lack of
immune cells or immunoglobulins. The combination of leaky SCID
and a history of malignancy indicates potentially radiosensitive
immunodeficiency. Genetic detection and radiosensitivity testing
are crucial for diagnosis. HSCT before being infected with EBV
should be considered as an optimal option in clinics.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

References

1. Moshous D, Callebaut I, De Chasseval R, Corneo B, Cavazzana-Calvo M, Le Deist
F, et al. Artemis, a novel DNA double-strand break repair/V(D)J] recombination

Frontiers in Oncology

10.3389/fonc.2023.1282678

Ethics statement

Written informed consent was obtained from the individual(s),
and minor(s)’ legal guardian/next of kin, for the publication of any
potentially identifiable images or data included in this article.

Author contributions

XZ: Conceptualization, Data curation, Investigation,
Methodology, Resources, Writing — original draft, Writing — review
& editing, Validation, Visualization. Z]: Conceptualization, Data
curation, Investigation, Methodology, Visualization, Writing -
original draft. XW: Data curation, Investigation, Methodology,
Writing - original draft. XS: Data curation, Investigation,
Methodology, Project administration, Resources, Writing — review
& editing. SH: Data curation, Investigation, Resources, Writing -
review & editing, Supervision. WJ: Data curation, Investigation,
Writing - review & editing, Software, Visualization. MZ:
Investigation, Writing - review & editing, Conceptualization,
Methodology, Resources. HL: Conceptualization, Investigation,
Methodology, Resources, Writing - review & editing, Data
curation, Project administration, Supervision, Writing -
original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by a grant from Science and Technology Program of
Jiangsu (SBK2021042695).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

protein, is mutated in human severe combined immune deficiency. Cell (2001) 105
(2):177-86. doi: 10.1016/S0092-8674(01)00309-9

frontiersin.org


https://doi.org/10.1016/S0092-8674(01)00309-9
https://doi.org/10.3389/fonc.2023.1282678
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhang et al.

2. Li L, Moshous D, Zhou Y, Wang J, Xie G, Salido E, et al. A founder mutation in
Artemis, an SNMI-like protein, causes SCID in Athabascan-speaking Native
Americans. ] Immunol (2002) 168(12):6323-9. doi: 10.4049/jimmunol.168.12.6323

3. Mou W, Gao L, He J, Yin J, Xu B, Gui J. Compound heterozygous DCLRE1C
mutations lead to clinically typical Severe Combined Immunodeficiency presenting
with graft versus host disease. Immunogenetics (2021) 73(6):425-34. doi: 10.1007/
500251-021-01219-4

4. Xu X, Yan D, Yin J, Zheng J, Wang X, Shu J. Analysis of a child with severe
combined immunodeficiency due to variants of DCLREIC gene. Zhonghua Yi Xue Yi
Chuan Xue Za Zhi (2022) 39(7):743-8. doi: 10.3760/cma.j.cn511374-20210317-00236

5. Xiao F, Lu' Y, Wu B, Liu B, Li G, Zhang P, et al. High-frequency exon deletion of
DNA cross-link repair 1C accounting for severe combined immunodeficiency may be
missed by whole-exome sequencing. Front Genet (2021) 12:677748. doi: 10.3389/
fgene.2021.677748

6. Deng S, Rao S, Wang AR, Shi W. Case report: Rubella virus-induced cutaneous
granulomas in a girl with atypical SCID caused by DCLRE1C gene mutations. Front
Genet (2023) 14:1115027. doi: 10.3389/fgene.2023.1115027

7. Abou Tayoun AN, Pesaran T, Distefano MT, Oza A, Rehm HL, Biesecker LG,
et al. Recommendations for interpreting the loss of function PVS1 ACMG/AMP variant
criterion. Hum Mutat (2018) 39(11):1517-24. doi: 10.1002/humu.23626

8. Lewis BP, Green RE, Brenner SE. Evidence for the widespread coupling of
alternative splicing and nonsense-mediated mRNA decay in humans. Proc Natl Acad
Sci (2003) 100(1):189-92. doi: 10.1073/pnas.0136770100

9. Pannicke U, Honig M, Schulze I, Rohr J, Heinz GA, Braun S, et al. The most
frequent DCLRE1C (ARTEMIS) mutations are based on homologous recombination
events. Hum Mutat (2010) 31(2):197-207. doi: 10.1002/humu.21168

10. El Hawary RE, Meshaal SS, Abd Elaziz DS, Alkady R, Lotfy S, Eldash A, et al.
Genetic testing in Egyptian patients with inborn errors of immunity: a single-center
experience. J Clin Immunol (2022) 42(5):1051-70. doi: 10.1007/s10875-022-01272-y

11. Wu Z, Subramanian N, Jacobsen EM, Laib Sampaio K, van der Merwe J, Honig
M, et al. NK cells from RAG- or DCLRE1C-deficient patients inhibit HCMV.
Microorganisms (2019) 7(11):546. doi: 10.3390/microorganisms7110546

12. Mousallem T, Urban TJ, McSweeney KM, Kleinstein SE, Zhu M, Adeli M, et al.
Clinical application of whole-genome sequencing in patients with primary immunodeficiency.
J Allergy Clin Immunol (2015) 136(2):476-9.e6. doi: 10.1016/j.,jaci.2015.02.040

13. Felgentreff K, Lee YN, Frugoni F, Du L, van der Burg M, Giliani S, et al.
Functional analysis of naturally occurring DCLRE1C mutations and correlation with

Frontiers in Oncology

45

10.3389/fonc.2023.1282678

the clinical phenotype of ARTEMIS deficiency. J Allergy Clin Immunol (2015) 136
(1):140-50.e7. doi: 10.1016/j.jaci.2015.03.005

14. Volk T, Pannicke U, Reisli I, Bulashevska A, Ritter J, Bjorkman A, et al
DCLREIC (ARTEMIS) mutations causing phenotypes ranging from atypical severe
combined immunodeficiency to mere antibody deficiency. Hum Mol Genet (2015) 24
(25):7361-72. doi: 10.1093/hmg/ddv437

15. Moshous D, Pannetier C, Rd C, Fl D, Cavazzana-Calvo M, Romana S, et al.
Partial T and B lymphocyte immunodeficiency and predisposition to lymphoma in
patients with hypomorphic mutations in Artemis. J Clin Invest (2003) 111(3):381-7.
doi: 10.1172/JCI16774

16. Fevang B, Fagerli UM, Sorte H, Aarset H, Hov H, Langmyr M, et al. Runaway
train: a leaky radiosensitive SCID with skin lesions and multiple lymphomas. Case Rep
Immunol (2018) 2018:2053716. doi: 10.1155/2018/2053716

17. Nahum A, Somech R, Shubinsky G, Levy ], Broides A. Unusual phenotype in
patients with a hypomorphic mutation in the DCLRE1IC gene: IgG
hypergammaglobulinemia with IgA and IgE deficiency. Clin Immunol (2020)
213:108366. doi: 10.1016/j.clim.2020.108366

18. Kara B, Seher N, Ucaryilmaz H, Yavas G, Paksoy Y, Artac H, et al. Delayed
radiation myelopathy in a child with Hodgkin lymphoma and ARTEMIS mutation. ]
Pediatr Hematol Oncol (2021) 43(3):e404-¢7. doi: 10.1097/MPH.0000000000001815

19. Latour S, Winter S. Inherited immunodeficiencies with high predisposition to
epstein-barr virus-driven lymphoproliferative diseases. Front Immunol (2018) 9:1103.
doi: 10.3389/fimmu.2018.01103

20. Huang Y, Giblin W, Kubec M, Westfield G, St Charles J, Chadde L, et al. Impact
of a hypomorphic Artemis disease allele on lymphocyte development, DNA end
processing, and genome stability. J Exp Med (2009) 206(4):893-908. doi: 10.1084/
jem.20082396

21. Lobachevsky P, Woodbine L, Hsiao KC, Choo S, Fraser C, Gray P, et al
Evaluation of severe combined immunodeficiency and combined immunodeficiency
pediatric patients on the basis of cellular radiosensitivity. ] Mol Diagn (2015) 17
(5):560-75. doi: 10.1016/j.jmoldx.2015.05.004

22. Buckley RH. Transplantation of hematopoietic stem cells in human severe
combined immunodeficiency: longterm outcomes. Immunologic Res (2011) 49(1-
3):25-43. doi: 10.1007/s12026-010-8191-9

23. Cowan M], Yu J, Facchino J, Fraser-Browne C, Sanford U, Kawahara M, et al.
Lentiviral gene therapy for artemis-deficient SCID. N Engl ] Med (2022) 387(25):2344—
55. doi: 10.1056/NEJMo0a2206575

frontiersin.org


https://doi.org/10.4049/jimmunol.168.12.6323
https://doi.org/10.1007/s00251-021-01219-4
https://doi.org/10.1007/s00251-021-01219-4
https://doi.org/10.3760/cma.j.cn511374-20210317-00236
https://doi.org/10.3389/fgene.2021.677748
https://doi.org/10.3389/fgene.2021.677748
https://doi.org/10.3389/fgene.2023.1115027
https://doi.org/10.1002/humu.23626
https://doi.org/10.1073/pnas.0136770100
https://doi.org/10.1002/humu.21168
https://doi.org/10.1007/s10875-022-01272-y
https://doi.org/10.3390/microorganisms7110546
https://doi.org/10.1016/j.jaci.2015.02.040
https://doi.org/10.1016/j.jaci.2015.03.005
https://doi.org/10.1093/hmg/ddv437
https://doi.org/10.1172/JCI16774
https://doi.org/10.1155/2018/2053716
https://doi.org/10.1016/j.clim.2020.108366
https://doi.org/10.1097/MPH.0000000000001815
https://doi.org/10.3389/fimmu.2018.01103
https://doi.org/10.1084/jem.20082396
https://doi.org/10.1084/jem.20082396
https://doi.org/10.1016/j.jmoldx.2015.05.004
https://doi.org/10.1007/s12026-010-8191-9
https://doi.org/10.1056/NEJMoa2206575
https://doi.org/10.3389/fonc.2023.1282678
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Adrian Bogdan Tigu,
University of Medicine and Pharmacy luliu
Hatieganu, Romania

REVIEWED BY

Bancos Anamaria,

University of Medicine and Pharmacy luliu
Hatieganu, Romania

Maria-Elena Santa,

University of Medicine and Pharmacy luliu
Hatieganu, Romania

Nicola Conran,

State University of Campinas, Brazil

*CORRESPONDENCE

Shanshan Luo
2018XH0258@hust.edu.cn

Jun Deng
dengjun09@sina.com

These authors have contributed
equally to this work and share
first authorship

RECEIVED 08 August 2023
ACCEPTED 19 October 2023
pUBLISHED 01 November 2023

CITATION

Li Y, Chen R, Wang C, Deng J and Luo S
(2023) Double-edged functions of
hemopexin in hematological related
diseases: from basic mechanisms to
clinical application.

Front. Immunol. 14:1274333.

doi: 10.3389/fimmu.2023.1274333

COPYRIGHT

© 2023 Li, Chen, Wang, Deng and Luo. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 01 November 2023
D01 10.3389/fimmu.2023.1274333

Double-edged functions

of hemopexin in hematological
related diseases: from

basic mechanisms to

clinical application

Yijin Li*, Renyu Chen', Chaofan Wang, Jun Deng*
and Shanshan Luo*

Institute of Hematology, Union Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China

It is now understood that hemolysis and the subsequent release of heme into
circulation play a critical role in driving the progression of various diseases.
Hemopexin (HPX), a heme-binding protein with the highest affinity for heme in
plasma, serves as an effective antagonist against heme toxicity resulting from
severe acute or chronic hemolysis. In the present study, changes in HPX
concentration were characterized at different stages of hemolytic diseases,
underscoring its potential as a biomarker for assessing disease progression and
prognosis. In many heme overload-driven conditions, such as sickle cell disease,
transfusion-induced hemolysis, and sepsis, endogenous HPX levels are often
insufficient to provide protection. Consequently, there is growing interest in
developing HPX therapeutics to mitigate toxic heme exposure. Strategies include
HPX supplementation when endogenous levels are depleted and enhancing
HPX's functionality through modifications, offering a potent defense against
heme toxicity. It is worth noting that HPX may also exert deleterious effects
under certain circumstances. This review aims to provide a comprehensive
overview of HPX's roles in the progression and prognosis of hematological
diseases. It highlights HPX-based clinical therapies for different hematological
disorders, discusses advancements in HPX production and modification
technologies, and offers a theoretical basis for the clinical application of HPX.

KEYWORDS

hemopexin, hematological diseases, systemic infections, heme, clinical

Introduction

Numerous hemolytic and thrombotic-related diseases are characterized by the excessive
turnover of red blood cells (RBCs) resulting from genetic defects or acquired pathologies linked
to factors such as blood transfusions, infections, and mechanical stresses. The rupture of RBC
membranes leads to the release of harmful contents, including hemoglobin (Hb), heme, and
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arginase, among others. Hemopexin (HPX) is pivotal in the immune
defense against hemolytic stress. It is a plasma glycoprotein composed
of a single 60-kDa peptide chain, known for its exceptional binding
affinity to heme. HPX exhibits a 1:1 binding ratio with heme at low
concentrations and at least a 2:1 ratio (heme: hemopexin) at higher
heme concentrations. While primarily expressed by the liver, HPX is
also found in tissues such as the nervous system, skeletal muscle, retina,
and kidney. It typically circulates in human plasma within a
concentration range of 0.5-1.5 mg/ml (1). HPX plays a multifaceted
role by sequestering free heme released from haptoglobin, participating
in heme transport, and preventing peroxidation damage by induction
of heme oxygenase 1 (HO-1) and metalloproteinase 1 genes (2). And it
was found that HO-1 activity affects skeletal muscle aerobic capacity
through heme metabolism (3).

The heme detoxification process is primarily driven by HPX
through CD91/LRP1-mediated endocytosis in the liver, leading to
heme degradation, reutilization, and iron metabolism. Some HPX
molecules are recycled back into the plasma (4). Impaired heme
clearance occurs when CD91 is saturated with its ligands or when
HPX levels are depleted. Overloaded heme can bind to human serum
albumin (HSA), but this complex is unstable and prone to dissociation.
Free heme can penetrate plasma membranes and interact with low-
density lipoproteins (LDL) (5). Heme exerts deleterious effects on
endothelial function, systemic infections, and various end-organ
tissues, including the lungs, kidneys, and brain. In addition to its
protective role against heme toxicity, HPX mitigates methemoglobin
(metHDb) toxicity (6). Given its protective function against heme
toxicity in hemolysis and concurrent inflammation, HPX has been
investigated as a potential biomarker and therapeutic agent in heme-
related pathologies and atherosclerosis. In many hemolytic diseases,
HPX levels significantly decrease with disease progression, although
much controversy remains regarding its classification as an acute phase
reactant in humans (5, 7). Furthermore, HPX responds to certain
forms of “systemic stress”. In this respect, HPX mRNA levels were
notably increased in rodents subjected to sham abdominal surgery,
which served as a control for partial hepatectomy (8).

Consistent with the findings of previous reviews regarding HPX’s
protective role in heme-mediated pathophysiological processes, recent
studies in conditions such as sickle cell disease, transfusion-induced

Abbreviations: HPX, Hemopexin; RBC, Red blood cell; Hb, Hemoglobin; HO-1,
Heme oxygenase 1; HAS, Human serum albumin; LRP1, Low-density lipoprotein
receptor related protein 1; LDL, Low-density lipoprotein cholesterol; MetHb,
Methemoglobin; CFH, Cell-free Hb; Hp, Haptoglobin; ROS, Reactive oxygen
species; SCD, Sickle cell disease; AKI, Acute kidney injury; eNOS, Endothelial
nitric oxide synthase; PH, Pulmonary hypertension; C3, Complement factor 3;
SRBCs, Stored red blood cells; CFU, Colony-forming unit; DIC, Disseminated
intravascular coagulation; DHF, Dengue Hemorrhagic Fever; DF, Dengue Fever;
HUS, hemolytic-uremic syndrome; WT, Wild type; ICH, Intracerebral
hemorrhage; CSF, Cerebrospinal fluid; CNS, Central nervous system; BBB,
Blood-brain barrier; SAH, Subarachnoid hemorrhage; ApoE, Apolipoprotein E;
OCS, Open canalicular system; ER, Endoplasmic reticulum; IVCL, Inferior vena
cava; CHD, Coronary heart disease; SAH, Subarachnoid hemorrhage; rhHPX,
Recombinant human HPX; PBS, Phosphate buffer saline; SS, Human Hb (3S; AA,
Human Hb BA.
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hemolysis, sepsis, atherosclerosis, and thrombosis have validated and
elaborated on the positive effects of HPX on these pathological
conditions (5). However, it is important to note that this conclusion
is not universally applicable, especially for systemic infections caused
by certain pathogens, intracerebral hemorrhage, and Hemolytic-
Uremic Syndrome (HUS), where HPX concentrations are negatively
correlated with disease severity. Additionally, due to its well-
established role as a heme-toxicity antagonist, significant efforts
have been directed toward developing HPX-based therapies for
heme-related pathologies. This review aims to provide an overview
of the multifaceted roles of HPX in the pathophysiological processes of
hematological-related diseases and offer an update on the latest
developments in pre-clinical HPX research.

HPX's role in combating heme toxicity

HPX plays a pivotal role as part of the second-line defense
following hemolysis. Cell-free hemoglobin (CFH) released during
hemolysis is rapidly scavenged and removed from circulation
primarily through the plasma protein haptoglobin (Hp) (9, 10).
In various pathological conditions, such as sickle cell disease,
malaria, and hemorrhage, CFH is disassociated into dimers,
oxidized into methemoglobin, and quickly degraded into toxic
heme (11). Structurally, heme consists of four pyrrole rings,
forming an iron-protoporphyrin complex. When the iron atom is
in the ferrous state, it is referred to as heme, while in the ferric state,
it is known as hemin. Indeed, heme is indispensable to all living
organisms but can also be a lethal molecule. Initially, heme binds to
lipoproteins in the plasma before gradually transitioning to albumin
and HPX (12, 13). HPXs role in scavenging heme is a crucial step in
the battle against oxidative and inflammatory disorders caused by
free heme (Figure 1) (14). Mechanistically, the heme-HPX complex
is phagocytosed by macrophages through CD91 and subsequently
broken down inside the cells. Heme undergoes metabolism,
forming bilirubin, carbon monoxide, and iron, facilitated by
heme/Bach1/Nrf2-induced heme oxygenase-1 (HO-1). Iron is
either bound to ferritin for storage or exported from macrophages
to hematopoietic tissues via the iron-transporter ferroportin, where
it is reused to support erythropoiesis. Free heme can activate
inflammatory systems, including the complement system through
the alternative pathway. Moreover, heme’s autoxidation generates
reactive oxygen species (ROS) and redox-active iron, rendering it
toxic to cells, tissues, and organs. As such, the clearance of heme is
of utmost importance in certain hematologic disorders, especially
when hemolysis depletes plasma Hp, leaving HPX as a critical
second-line defense following hemolysis (2, 11, 15).

Hemopexin's role in
hemolytic diseases

Hemopexin's role in sickle cell disease

Sickle cell disease is a hereditary condition resulting from a
genetic mutation in HBB, which encodes the B-subunit of
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hemoglobin. It affects approximately 300,000 to 400,000 neonates
worldwide each year (16). Current evidence suggests that
hemoglobin containing mutant B-globin subunits tends to
polymerize, leading to the sickling of erythrocytes, rendering
them susceptible to hemolysis. The severity of SCD varies
significantly and is often reflected in serum HPX levels. HPX has
been identified as a mitigating factor in the pathophysiological
processes contributing to the SCD phenotype, including
microvascular stasis, NO scavenging, vaso-occlusion,
increased levels of proinflammatory cytokines/chemokines,
proinflammatory macrophages, acute kidney injury (AKI), silent
cerebral infarction, immune system activation, and more. Recent
studies have provided compelling evidence of HPX’s beneficial
effects on SCD, as outlined in Table 1. For example, Vinchi F
et al. discovered that HPX plays a role in preventing heme-iron
accumulation in the cardiovascular system, thereby limiting the
production of reactive oxygen species (ROS), increasing endothelial
nitric oxide synthase (eNOS), promoting heme detoxification, and
more (22). These molecular-level changes were associated with
increased blood pressure and ventricular remodeling. Exogenous
administration of HPX was found to nearly normalize blood
pressure and improve cardiac function (22). Pulmonary
hypertension (PH) is a common complication in SCD, occurring
in 6-10% of the SCD population and often resulting in right
ventricular dysfunction (17). Buehler et al. used an SCD murine
model to simulate PH and right ventricular dysfunction,
characterized by oxidation and fibrosis in SCD patients (18).
They confirmed that HPX could alleviate cardiopulmonary
disease in SCD mice by preventing heme-driven oxidative protein
modification in the vasculature and ventricle (18). Another study
revealed that chlorine inhalation triggered acute hemolysis and
induced Acute Chest Syndrome in SCD mice, while post-exposure

Frontiers in Immunology

HPX administration reduced mortality and mitigated lung injury
(23). In a clinical study, lower HPX levels were observed in SCD
patients experiencing vaso-occlusive crises compared to patients in
a steady state, further supporting the potential benefits of HPX
administration in SCD (19). An additional preclinical study found
that intravenously injected HPX effectively alleviated vascular stasis
induced by either Hb injection or hypoxia-reoxygenation in a dose-
dependent manner (20). Notably, pre-complexed HPX with heme
also resolved stasis, suggesting inherent protective effects of the
HPX-heme complex beyond reducing free heme levels (20).
Researchers have disclosed that HPX deficiency promoted AKI in
SCD, whereas HPX supplementation protected SCD mice from AKI
(24, 25). Increased free heme and depletion of HPX led to the
deposition of complement factor 3 (C3) and membrane attack
complex in the glomeruli of patients with SCD (21). Furthermore,
Poillerat V et al. found that HPX prevented heme-mediated
complement activation in both plasma and the kidneys (26). In
line with previous research, a recent study revealed that hemopexin
could protect factor I activity in vitro, facilitating the degradation of
soluble and surface-bound C3b, thus inhibiting complement
activation and subsequent vascular and organ injury (27).
Notably, Gotardo et al. developed a chronic hemolysis model in
2023, which demonstrated a decrease in Hp and HPX in accordance
with chronic hemolytic anemia, thus enhancing our understanding
of animal models in this field (28).

Hemopexin in transfusion-induced
hemolysis

During transfusions, a portion of RBCs may undergo hemolysis
within macrophages. Stored RBCs for transfusion undergoing
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TABLE 1 Pre-clinical research on HPX and SCD.

10.3389/fimmu.2023.1274333

Model Age, Species Treatment Conclusions Reference
Berkeley sickle 8-week-old; Subcutaneous injection of (1) saline vehicle control (n=14) HPX attenuates cardiopulmonary (17)
cell mice C57Bl/6 and Berk-SS (VC) (2); low dose hemopexin (LD-HPX; 100 mg/kg) disease by preventing oxidative stress
mice (n=12); and (3) high dose hemopexin (HD-HPX, 300 mg/ and fibrosis in the peripheral lung
kg) (n=12) three times per week for 3 months. vasculature and oxidation in the right
ventricle
SCD mice 8-16 weeks; Cl, exposure at 500 ppm for 30 min followed by either Post-exposure administration of (18)
Humanized SCD mice purified human hemopexin intraperitoneal injection at 10 hemopexin reduced mortality, plasma
(SS) and humanized mg/kg or vehicle with the same volume of PBS 30 min heme level, and RBC fragility after Cl,
normal hemoglobin after the Cl, exposure. exposure
control mice (AA)
SCD mice 12-16 weeks; Injection of different doses of equimolar heme-hemopexin HPX dose-dependently reduces (19)
Townes-SS sickle mice (5, 15, 60, and 160 mg/kg) or saline 40 min post vascular stasis induced by Hb injection
on a 129/B6 mixed intravenous hemoglobin injection (1 umol/kg) or hypoxia reoxygenation.
genetic background
SCD mice 4-6 months; SS mice received oral gavage of vehicle (DMSO) or D3T 3 The plasma A1M to HPX ratio is (20)
Townes expressing times per week for 3-5 months since 1 month old. associated with AKI biomarkers in
human Hb S (SS) and Hemopexin-knockout mice were transplanted with whole SCD. HPX replacement therapy can
human Hb BA (AA) bone marrow cells from SS mice (SS HPX ™~ and SS potentially treat AKI in SCD
mice, hemopexin- HPX"*)
knockout mice
Phenylhydrazine- = 8-week-old; Intravenous injection of 100 mg/kg or 500mg/kg HPX Alleviated heme-mediated complement | (21)
induced C56BL/6 male mice activation in the plasma and in the
hemolysis kidney.

“storage lesion” may compromise the quality of the blood bag,
causing Hb and heme release, and adverse vascular effects including
hypoperfusion and impaired endothelial function (29, 30).
Transfusing RBCs stored for over 14 days has been associated
with adverse outcomes in hospitalized patients (31). Despite the
clear need for blood transfusions, several clinical trials and pre-
clinical studies have shown that RBC administration can have
detrimental effects (32, 33). Exposure to toxic substances resulting
from hemolysis, including Hb, heme, and iron, is the primary cause
of transfusion reactions. This results in the saturation of transferrin
and reduced plasma levels of HPX and Hp, leading to the
accumulation of labile plasma iron, heme, and Hb (15, 34). Brant
M. Wagener et al. highlighted the crucial role of heme in the adverse
effects associated with transfusions of stored RBCs (33). Restoring
sequestration proteins has been suggested as a potential method to
protect against tissue injury post-transfusion. A preclinical study
investigated the effects of exogenous HPX on disease pathology in
mice with hemorrhagic shock after transfusing stored red blood
cells (SRBCs). The findings supported the protective effect of HPX
in improving the survival rate and dampening the inflammatory
response, although HPX did not prevent SRBC-induced
hemoglobinuria and kidney injury (35). The study by Brant M.
Wagener et al. demonstrated that HPX improved the survival rate
of mice subjected to massive resuscitation with stored RBCs and
infected with P. aeruginosa K-strain, offering evidence for HPX
administration as a potential therapy to enhance the safety of SRBC
transfusions. While Hp prevented hemoglobinuria, HPX showed no
substantial effect (33). It is worth noting that the administration of
HPX pre- or post-transfusion has been minimally investigated in
clinical trials.

Frontiers in Immunology

Hemopexin's role in systemic infection

Hemopexin's role in heme appropriation by
bacteria and fungi

Iron is a crucial element for redox chemistry and represents a
fundamental requirement for pathogens (36, 37). Transfusions of RBCs
can result in increased concentrations of non-transferrin-bound iron,
which can enhance pathogen proliferation and exacerbate existing
infections, thus complicating the condition (33, 38). Pathogens such as
Staphylococcus aureus, Haemophilus influenzae, and Candida albicans
have developed mechanisms to release hemolytic factors that enable
them to assimilate iron from hemoproteins or free heme (39, 40). They
have also evolved other means to acquire iron from the host, including
the expression of siderophores, hemophores, and heme uptake systems
(41). For instance, Haemophilus influenzae can dislodge heme from
hemopexin, a process facilitated by the Hxu operon, which encodes
genes responsible for the expression of HxuA/HxuB/HxuC and is
essential for extracting heme from hemopexin (42-45). Porphyromonas
gingivalis employs HmuY as a hemophore with a distinct structure that
resists proteolysis by proteases secreted for heme utilization (46). In
contrast to extracting heme from host hemoproteins, Porphyromonas
gingivalis secretes proteases to degrade hemoglobin, haptoglobin, and
hemopexin, releasing heme for binding to HmuY (47). In this case,
hemopexin promotes pathogen proliferation (Figure 2).

However, for pathogens that are unable to utilize hemopexin, it
hinders iron acquisition. For example, the HasA/HasR system, which
directly binds to heme, has been identified in pathogens like Serratia
marcescens, Pseudomonas aeruginosa, and Yersinia species, potentially
competing with hemopexin for free heme. A recent study found that
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IL-22-induced hemopexin contributes to nutritional immunity against
Citrobacter rodentium by limiting iron acquisition by pathogens
(Table 2) (50). In a study by Brant M. Wagener, hemopexin
improved P. aeruginosa-induced pulmonary edema formation, post-
pneumonia survival in mice undergoing massive resuscitation with
stored RBCs, and reduced lung bacterial colony-forming units (CFUs)
(33). HPX is also suspected of participating in the nutritional defense
against Yersinia pestis. Higher levels of HPX induced by EV67 have
been reported to prolong survival and reduce pathogen proliferation in
mice challenged with a virulent strain of Y.pestis, making HPX a
promising adjuvant therapy. The utilization of hemoglobin iron
depends on a relay network of extracellular hemophores, namely,
Csa2, Rbt5, and Pgt7. Specifically, Csa2 binds to hemin, while Rbt5 and
Pgt7 bind to heme, facilitating heme extraction from hemoglobin and
its transfer across the cell envelope (48, 49, 51). Mariel Pinsky et al.
revealed that hemopexin could inhibit hemin utilization by Candida
albicans only when the hemin concentration was lower than an
equimolar concentration (52). The inhibitory effect of hemopexin
was mitigated by the presence of human serum albumin (HSA), and
hemin was gradually transferred to hemopexin from HSA rather than
initially binding to hemopexin when released in a 1:50 HPX-
HSA mixture.

Hemopexin's role in sepsis
Sepsis arises from the dysregulation of the host’s immune
responses to infection, leading to life-threatening organ

dysfunction. Recent estimates indicate that nearly 50 million cases
of sepsis were recorded worldwide, with 11.0 million sepsis-related

Frontiers in Immunology

deaths reported, accounting for 19.7% of all global deaths in 2017
(53). Although age-standardized incidents and mortality rates have
decreased significantly from 1990 to 2017, sepsis remains a
significant global health burden (53).

It is now understood that sepsis exposes red blood cells to
various physiological stressors, increasing the risk of hemolysis
and the release of cell-free hemoglobin into circulation. One of the
most recognized causes of hemolysis during sepsis is disseminated
intravascular coagulation (DIC), a common complication of sepsis
(54). During sepsis, red blood cells also undergo deformation,
driven by cytokines and pathogen-specific factors such as
hemolysins produced by Staphylococcus aureus, Enterococcus
spp, and Escherichia coli (55-57). Consistent with the process of
sepsis-induced hemolysis, the plasma level of cell-free hemoglobin
significantly increases in sepsis patients, positively correlated with
mortality (58, 59). Accordingly, septic patients with lower
hemopexin levels tend to experience death earlier than those
with higher hemopexin levels. It has been found that the
concentrations of hemopexin in the plasma of non-survivors are
significantly lower than those in survivors with sepsis (60, 61). In
pre-clinical studies (62). Larsen et al. investigated the role of heme
and HPX in a polymicrobial sepsis murine model. They
administered exogenous heme to low-grade polymicrobial
infection mice, which markedly increased markers of organ
dysfunction and sepsis severity. In cases of fatal severe sepsis
after high-grade infection, reduced serum concentrations of HPX
have been reported. However, when HPX was administered to
mice after high-grade infection, it prevented tissue damage and
lethality (62).
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TABLE 2 Pre-clinical research on HPX and infection.

10.3389/fimmu.2023.1274333

Pathogens @ Age, Treatment Result Reference
species
Citrobacter 6-8 weeks 227", Hp’/’, HPX ™, and Hp’/ “HPX '™ mice IL-22-induced HPX contributes to nutritional (46)
rodentium old, C57BL6 immunity against Citrobacter rodentium
mice
Pseudomonas NA, C57BL/ Resuscitate trauma-hemorrhage mice with stored RBCs, Reduced lung bacterial CFUs (31)
aeruginosa 6 mice followed by HPX administration and airway instillation of
Pseudomonas aeruginosa
Candida NA, C. C. albicans ccc2-/- cells were grown Hemopexin can inhibit hemin utilization by Candida | (48)
albicans albicans for 2 days, in increasing human hemopexin concentrations albicans. This inhibitory effect of hemopexin is
cce2—/— in the presence of 5 UM heme, with or without 100 uM mitigated by the presence of HSA
cells HSA
Yersinia pestis 8-12weeks Mice was injected with lethal dose of Y.pestis strain or Post-exposure EV76 induced a rapid expression of (49)
old, C57BL/ | together with EV67. HPX and Hp, restrained the proliferation and
6 dissemination of Y.pestis, and extended survival time

NA, not applicable.

The protective role of HPX is attributed to its ability to
neutralize the oxidative and cytotoxic effects caused by heme. To
carry out this beneficial process, the expression of OH-1 is required
to catabolize HPX-bound heme (62). Moreover, HPX can suppress
the systemic growth of E.coli in C. rodentium, shedding light on its
therapeutic potential in sepsis (50). Therefore, HPX can be regarded
as a potential therapeutic strategy for preventing fatal consequences
in individuals with severe sepsis (63). However, there has been a
scarcity of pertinent pre-clinical and clinical trials conducted to
elucidate the impact of HPX replenishment in sepsis.

Hemopexin's role in malaria, hemolytic-
uremic syndrome, and dengue
hemorrhagic fever

There were 247 million malaria cases in 2021, resulting in the
loss of 61,900 lives in 2021, according to the World Health
Organization (WHO). Malaria is characterized by hemolysis,
which results in the release of hemoglobin and heme. The ratio of
heme to HPX is inversely associated with disease severity and the 6-
month mortality rate (64). Over the past 30 years, the incidence of
severe dengue hemorrhagic fever cases has increased, with many
patients succumbing due to a lack of timely clinical intervention. In
DHEF, fibronectin, HPX, and transferrin levels significantly rise in all
three phases compared to Dengue Fever (DF) (65). Besides, a 2014
study revealed increased levels of HPX and vitronectin in both DF
and DHF compared to healthy controls (66), suggesting HPX as a
potential biomarker to distinguish between uncomplicated dengue
fever and dengue hemorrhagic fever (5).

However, HPX does not always act as a protective factor in
infection-related hemolysis. For instance, in a mouse model of Shiga
toxin-induced hemolytic-uremic syndrome (HUS), HPX deficiency
was protective in resolving HUS pathology (67). HPX”" mice
exhibited higher survival rates when challenged with Shiga toxin,
with reduced renal inflammation characterized by decreased
macrophage and neutrophil recruitment and C3c deposition [66].
This finding aligns with a previous study by Spiller et al., which
concluded that HPX deficiency was protective in sepsis (68).
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Hemopexin's role in
hemorrhagic diseases

Hemopexin's role in
intracerebral hemorrhage

Intracerebral hemorrhage is the most common type of
hemorrhagic stroke and has the highest mortality rate of all
stroke subtypes (69, 70). The rapid accumulation of blood within
the brain parenchyma leads to the disruption of the normal
anatomy and the increase of local pressure (71-73). Heme has
been identified as a proinflammatory substance in the brain, and
HPX can target it effectively (73).

HPX is present in the plasma and expressed by neurons and glia
in the central nervous system. Intrathecally produced HPX
represents another source of HPX in the cerebrospinal fluid (CSF)
(74). However, HPX levels in the CSF are approximately tenfold
lower than those in circulation, suggesting a relatively low capacity
for heme binding in the brain, which can become easily
overwhelmed (75). An ex vivo study supported the
neuroprotective effects of HPX, as it protects neurons and glial
cells from blood-related injuries through antioxidation and
downregulation of HO-1 and caspase-3 (76). Preclinical research
indicated that higher levels of HPX in the brain improve outcomes
after ICH in a mouse model. Elevated local HPX levels were
associated with smaller lesion volumes, reduced perihematomal
tissue injury, and trends toward decreased hematoma volumes (77).
Additionally, mice with higher HPX levels experienced no
significant changes in brain iron levels and HO-1 but exhibited
increased microgliosis and decreased astrogliosis and lipid
peroxidation. This suggests the potential synergy of central and
peripheral heme clearance (77).

Co-administration of hemopexin effectively mitigated heme-
derived toxicity at both molecular and cellular levels (73). However,
an in vitro study revealed increased globin-mediated neurotoxicity
when Hp was absent after hemopexin treatment. In contrast, when
used in combination with Hp, the neurotoxicity was notably reduced
(78). This observation supports the notion that Hp-CD163 plays an
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important role in activating detoxification pathways. Another
hypothesis suggests that hemopexin may destabilize Hb in the
absence of haptoglobin, leading to globin precipitation and iron
deposition, ultimately exacerbating iron-dependent oxidative cell
injury (Figure 3) (78). Consequently, it has been proposed that a
combined therapy involving hemopexin and haptoglobin may be
more favorable following intracerebral hemorrhage than a
hemopexin supplement alone[77]. When administered systemically
through intraperitoneal injection, hemopexin exhibited a reduction in
blood-brain barrier (BBB) disruption on day 3 in ICH mouse models.
However, it had no significant effect on striatal heme content on days
3 or 7, and it did not alleviate neurological deficits, inflammatory cell
infiltration, or the viability of perihematomal cells on day 8 (79). This
suggests that the administration of hemopexin in this manner is
inadequate for allowing hemopexin to penetrate the BBB, which
likely accounts for these results.

Hemopexin's role in
subarachnoid hemorrhage

Subarachnoid hemorrhage is a type of hemorrhagic stroke
primarily resulting from the rupture of saccular aneurysms,
accounting for 3% of all stroke cases (80). The presence of
hemoglobin and its breakdown products in the brain, combined
with the toxic cascade initiated during early brain injury, has been
extensively studied and is strongly linked to the development of
delayed brain injury (81). In a study involving 30 SAH patients, free
heme was still detectable in the cerebrospinal fluid after SAH,
suggesting saturation of the HPX-CD91 system following SAH
(74). Interestingly, elevated HPX levels in the CSF after SAH were
associated with a higher likelihood of delayed cerebral ischemia and
poorer neurological outcomes, which differed from the effects of
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HPX in other diseases (74). The underlying mechanism remains to
be elucidated, but a possible explanation is that when the level of
hemopexin in the CSF is excessively high, it may become deleterious
as it impedes the efflux of heme due to its high heme affinity,
resulting in intracellular heme/iron overload, which can be toxic to
neurons and glia (74). It is worth noting that while bleed size and
severity may be controlled, the subtypes of Hp were not in a recent
review, emphasizing the need for more studies (82). In addition,
CD91 is responsible for ApoE uptake, and reduced ApoE levels were
associated with more severe neurological injury and worse
outcomes after SAH (83-86). Thus, Hp-HPX replenishment
could scavenge Hb and heme while limiting undesired ApoE
uptake (82).

Hemopexin's role in atherosclerosis
and thrombosis

Atherothrombotic diseases have long been a leading cause of
death worldwide, accounting for over a quarter of all global deaths
(87). Although the components involved in thrombosis and
atherosclerosis differ, it is increasingly recognized that they are
closely intertwined in biochemical and cellular mechanisms,
particularly concerning platelet function (88). Notably, small
platelets, as opposed to their larger counterparts, are rich in
proteins associated with iron homeostasis, including HPX, Hp, o-
1 anti-trypsin, transferrin, and vitronectin (89, 90). It is highly
conceivable that small platelets take up these plasma proteins via the
open canalicular system (OCS) and store them in o-granules (91).
Since platelets release their contents upon activation (92), small
platelets may play a role in iron homeostasis during thrombosis. In
vitro studies have indicated that incubation of platelets with heme
leads to ferroptosis and platelet activation. These effects are driven

. destabilized @
—

Hb

|

Aggregation of Hb &
iron deposition in the brain

HPX

Hypothetic mechanism of globin-mediated neurotoxicity in the absence of Hp upon HPX treatment. Briefly, in the absence of Hp, application of
HPX destabilizes Hb, resulting in globin precipitation and iron deposition, therefore exacerbating oxidative cell injury. Created with Biorender.com.
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by ROS-driven proteasomal activity and lipid peroxidation and can
be mitigated by melatonin. However, the role of HPX in this process
requires further investigation (93, 94). It is hypothesized that the
ferroptosis of smaller platelets may lead to the release of HPX,
helping to mitigate ion toxicity.

Heme toxicity contributes to the progression of atherosclerosis
in multiple ways. With its hydrophobic nature distributed within
lipid compartments like lipoproteins, heme initiates peroxidative
reactions, promoting atherosclerosis and elevating iron levels in
advanced atherosclerotic lesions (95, 96). Besides, vascular
endothelial injury in atherosclerosis leads to platelet adhesion and
subsequent pro-thrombotic and pro-inflammatory effects. Studies
have shown that HPX-related therapy alleviates endothelial
activation and oxidation in SCD mice (22). After intraplaque
hemorrhage, local cells were exposed to heme-induced oxidative
damage, such as endoplasmic reticulum (ER) stress, which
worsened atherosclerosis. An in vitro study demonstrated that
HPX could significantly mitigate heme-induced ER stress in
human aortic smooth muscle cells, indicating the protective role
of HPX in atherosclerosis (97).

The protective role of hemopexin in clotting diseases has been
validated by pre-clinical studies. An in vivo study by Wang et al.
found that high doses of heme led to a dose-dependent increase in
the plasma level of thrombin-antithrombin complexes, indicating
an ongoing tissue factor-dependent coagulation process in SCD
mice. Recombinant hemopexin treatment partially inhibited this
coagulation activation (98). An ex vivo study revealed that heme-
induced contractile dysfunction of human cardiomyocytes could be
alleviated by hemopexin (99). Furthermore, in HPX-null mice with
venous thrombosis induced by ligation of the inferior vena cava
(IVCL), the clot size and weight were substantially greater than
those in wild-type IVCL mice, underscoring the protective role of
HPX in venous thrombosis (100). Both RT-PCR and Western blot
analysis showed higher HPX expression in the IVCL group
compared to the sham group (100). However, clinical studies on
HPX therapy for these diseases are still lacking.

The timely detection and assessment of plaque presence and
stability are critical, as the rupture of atherosclerotic plaques can
have dire consequences. Quantitative proteomics analysis revealed
that the serum concentration of hemopexin was elevated in
individuals with coronary heart disease (CHD) and coronary
atherosclerosis compared to healthy controls (101). Mass
spectrometric analysis further indicated that hemopexin
concentration was lower in serum from patients with unstable
atherosclerotic plaques compared to those with stable
atherosclerotic plaques, suggesting a connection between plaque
stability and hemopexin concentration (102). In addition, serum
proteomics analysis showed increased HPX levels on day 3 after ST-
elevation myocardial infarction (103). Furthermore, a higher level
of hemopexin (isotypes 1 and 2) was associated with future
cardiovascular mortality in the healthy population (104). Further
research into the role of hemopexin in the diagnosis and prognosis
of atherothrombotic diseases is warranted.
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Clinical application of hemopexin

Potential biomarkers to assess heme load
and disease prognosis

In various hemolytic diseases, heme overload often significantly
decreases HPX plasma levels, diminishing HPXs ability to scavenge
heme effectively. Identifying an increase in plasma heme levels can
aid in diagnosing and developing targeted plasma-based
therapeutics (5). The level of HPX is considered a biomarker to
assess heme load in many hemolytic pathologies. It was first
proposed in 1975 that plasma HPX levels could indicate the
severity of hemolysis, and this parameter has since been
established to assess the level of hemolysis. For instance, in SCD,
HPX levels in plasma increased as hemolysis levels declined in
response to hydroxycarbamide treatment (105). Patients with septic
shock who experienced lethal outcomes and severe organ injury
were found to have reduced HPX concentrations (62, 64). In the
case of malaria, the heme to HPX ratio negatively correlated with
disease severity, as estimated by severe anemia, respiratory distress,
stage 3 acute kidney injury, and the 6-month mortality rate (56).
However, the levels of HPX increased significantly in all three
phases of dengue hemorrhagic fever, which contradicts serum HPX
changes in several other diseases. A higher level of HPX in the CSF
was associated with better outcomes in ICH but worse prognosis in
SAH (74, 77). The next step may involve measuring HPX levels at
different stages of hemolytic diseases to further establish its role in
prognosis and treatment in clinical scenarios.

Hemopexin replenishment therapy

Considering an average plasma concentration of 770 pug/ml of
HPX in adults, each milliliter of plasma can bind 6.3 ug of heme,
and higher heme levels can deplete HPX unless recycling or rapid
compensatory synthesis occurs (1). As discussed earlier, HPX has
been evaluated as a therapeutic agent in various heme overload
diseases, including SCD, blood transfusions, sepsis, malaria,
hemolytic-uremic syndrome, ICH, and SAH. The preponderance
of data supporting HPX as a therapeutic target suggests that HPX
replenishment remains an adjuvant therapy for hemolytic disorders
with high heme stress (Figure 4). Over the years, preclinical models
have been employed to evaluate potentially applicable scenarios.
Notably, a phase 1 clinical trial is investigating HPX dosage in
patients with sickle cell anemia, focusing on safety, tolerability, and
pharmacokinetics (NCT04285827). However, HPX administration
has only been approved for SCD by the European Commission and
FDA in 2020 (20).

Beyond its application in SCD, preclinical trials have provided
proof of concept for using HPX in other clinical settings. For
example, in transfusion-induced hemolysis, the administration of
HPX upon stored RBC transfusions in mice was shown to be
partially effective, as discussed earlier. In the context of ICH and
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SAH, HPX replenishment alone exhibited deleterious effects in
several preclinical studies, promoting the administration of both
Hp and HPX. Furthermore, the potential benefits of Hb/HPX
replacement have been highlighted in [B-thalassemia major and
intermedia and hereditary spherocytosis (106).

The limited application of HPX in clinical settings can be
partially attributed to its dual effects in different pathologies. For
example, renal injury and resultant impairment of renal function
are common complications of various hemolytic diseases. However,
the effects of HPX on renal function remain to be elucidated. A
study found that HPX could prevent complement activation in the
kidneys of patients (or mice) with phenylhydrazine-induced
hemolysis, substantiating the beneficial effects of HPX as a
therapeutic agent, given that C3 deposition is associated with
kidney injury (26). However, HPX does not always serve a
protective role in hemolysis-associated renal injury. While HPX
deficiency promotes AKI in sickle cell mice under hemolytic stress,
HPX injection did not alter hemoglobinuria (24, 25). In a Shiga-
toxin-induced HUS mouse model, HPX knockout mice displayed
improved survival and reduced tubular iron deposition compared
to wild-type mice (67).

Aside from HPX-mediated potential harm to the kidney, HPX
increases the concentration of Hb in the CNS and promotes the
aggregation of Hb or globin, consistent with findings observed in
the kidneys. HPX-Hb increases iron-dependent neurotoxicity,
which can be attenuated by Hp. These effects have also been
shown to be deleterious to the brain, resulting in memory deficits
in young mice (107). Therefore, HPX supplementation alone is not
indicated for certain hemolytic conditions, while HPX plus Hp

Frontiers in Immunology

supplementation is more advisable when encountering toxicity
mediated by iron or heme in pathological conditions.
Plasmapheresis is a symptomatic treatment for autoimmune
diseases and was investigated as a treatment for SCD patients
with multiple organ dysfunction. In a case report, SCD patients
refractory to RBC exchange were treated with plasmapheresis.
Patients with a significant rise in plasma HPX and Hp levels
showed clinical relief, in contrast to patients with minimal
increases in HPX and Hp levels (108).

Recently, a hemopexin-Hp fusion protein with binding affinity
and detoxification capacity for both heme and Hb was produced,
which may contribute to the development of hemopexin-Hp
therapies (109). This bifunctional fusion protein was generated
using transient mammalian gene expression of Hp integrated with
the pro-haptoglobin processing protease C1r-LP co-transfection for
recombinant Hp-variant generation. This technology can likely be
harnessed to generate multifunctional fusion proteins involved in
the entire process of Hb and heme detoxification and clearance
(110). Another study focused on increasing HPX yield and
enhancing the interaction between heme and HPX (110).
Utilizing a recombinant production strategy in human cell lines,
Elena Karnaukhova et al. produced recombinant human HPX
(rhHPX) by constructing an rthHPX expression plasmid and
transfecting it into an HEK293 mammalian cell line (110).

The specific patient populations for which HPX-Hp
replenishment is indicated and the degree of effectiveness achievable
are beyond our current knowledge. Indeed, more research should be
directed towards investigations into the role of HPX in various heme-
related diseases and prospective clinical studies.
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Hemopexin gene therapy

Historically, early efforts in HPX replacement therapy primarily
focused on protein and plasma HPX levels. However, researchers
have shifted their focus in recent years toward upregulating HPX
expression and generating recombinant human HPX in eukaryotic
cell expression systems (111). In mouse models of SCD,
upregulating the endogenous hepatic synthesis of hemopexin
through gene therapy has ameliorated inflammation and vaso-
occlusion. This was demonstrated by quantifying hepatic nuclear
Nrf2 expression, HO-1 activity, and NF-kB levels (112). Inspired by
the success of gene therapy with adeno-associated virus (AAV) in
hemophilia treatment, long-term expression of human HPX
(hHPX) with AAV vectors was developed (113, 114). These
vectors integrated with the full cDNA sequence of hHPX to
prompt continuous hHPX expression for 58 days. Subjects
exposed to heme challenges induced by heme infusions and
phenylhydrazine survived (114). With the application of precision
medicine and genome sequencing, the relationship between HPX
genes and individualized drug side effects as well as tumorigenesis
needs to be further investigated (115, 116).

Conclusion and perspectives

Heme overload is typically observed following hemolysis.
Under physiological conditions, heme is quickly scavenged by the
immune system in the plasma, preventing adverse pathophysiology
driven by heme. HPX, one of the heme-binding proteins with the
highest affinity, has broadened the therapeutic possibilities in
hemolytic and thrombotic-related conditions because its
administration can reverse the toxic effects of heme. This review
summarized the double-edged functions of HPX in various
hematological-related pathologies that cause heme overload based
on current studies, such as SCD, transfusion-induced hemolysis,
sepsis, ICH, SAH, atherosclerosis, and more. With an update of
current preclinical and clinical studies, the review has outlined the
potential of HPX as a biomarker for assessing the severity of certain
diseases and its therapeutic value based on the pros and cons of
its replenishment.

Initially, there has been much uncertainty due to the conflicting
outcomes stemming from HPX supplementation. However, a
possible hypothesis was proposed after a comprehensive
understanding of HPX functions based on current studies. HPX
replenishment can be protective when the heme clearance system is
significantly undermined. In pathological conditions that mainly
cause inflammation, HPX probably promotes precipitation and
destabilization of Hb and HPX-Hb. Consequently, disassociated
Hb can induce iron toxicity and oxidative stress, causing additional
organ injury. Under such circumstances, HPX administration is
detrimental. However, the border line between the two edges of
HPX remains a scientific gap that requires further investigation.
More research into the effects of HPX on different organs with heme
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overload due to systemic infection by fungi is expected.
Additionally, ongoing investigations are being conducted to
explore the diseases for which HPX administration is relevant.

In addition to its role as a therapeutic agent, new technologies
for producing HPX protein using gene therapy were briefly
introduced. The advancement in generating recombinant human
HPX and fusion proteins offers new insights into the analysis of
HPX-heme interactions and the neutralization of heme and its
precursor, Hb. In this regard, the administration of a hemopexin-
haptoglobin fusion protein may help avoid the deleterious effects
caused by the sole administration of HPX, though further
verification is needed.

Overall, the optimization of HPX therapy represents a novel
and promising direction in the field of hematology. Recent progress
includes upregulating endogenous HPX gene expression, producing
recombinant HPX, and developing multifunctional fusion proteins
with binding affinity and detoxification capacity for both heme
and Hb.
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Despite the numerous advantages of allogeneic hematopoietic stem cell transplants
(allo-HSCT), there exists a notable association with risks, particularly during the
preconditioning period and predominantly post-intervention, exemplified by the
occurrence of graft-versus-host disease (GVHD). Risk stratification prior to symptom
manifestation, along with precise diagnosis and prognosis, relies heavily on clinical
features. A critical imperative is the development of tools capable of early
identification and effective management of patients undergoing allo-HSCT. A
promising avenue in this pursuit is the utilization of proteomics-based biomarkers
obtained from non-invasive biospecimens. This review comprehensively outlines the
application of proteomics and proteomics-based biomarkers in GVHD patients. It
delves into both single protein markers and protein panels, offering insights into their
relevance in acute and chronic GVHD. Furthermore, the review provides a detailed
examination of the site-specific involvement of GVHD. In summary, this article
explores the potential of proteomics as a tool for timely and accurate intervention in
the context of GVHD following allo-HSCT.

KEYWORDS

allogenic stem cell transplantation, graft-versus-host-disease, biomarker,
proteomics, biofluids
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1 Background on graft-versus-
host-disease

In hematology, precision medicine has made strides,
particularly in bone marrow transplants (BMT) and targeted
therapies transforming blood disorder management. BMTs recent
safety profile, with transplant-related mortality below 30% and a 30
to 70% risk of graft-versus-host disease (GVHD), positions it as a
universal option. However, advances in genetics, molecular biology,
and immunology have led to targeted therapeutics, reducing BMT
necessity in some cases.

Currently, allogenic hematopoietic stem cell transplants (allo-
HSCT), using bone marrow, peripheral blood stem cells (PBSCs), or
cord blood, are increasingly performed globally. Allo-HSCT holds a
great potential of curing many malignant and non-malignant
hematologic disorders, subjected to specific conditions (1). Risk
factors include human leukocyte antigen (HLA) mismatch, female
donors for male recipients, and total body irradiation.
Complications post-allo-HSCT involve infections, GVHD, and
relapse, with risk assessment relying on clinical characteristics
2, 3).

GVHD is a life-threatening complication that can occur after
the allo-HSCT. About 30 to 80% of allo-HSCT recipients develop
acute GVHD (aGVHD) and around 50% chronic GVHD (cGVHD)
(4). In this context, GVHD arises when immunocompetent T cells
from the donated tissue (the graft) identify the recipient (the host)
as foreign. This recognition triggers an immune response that
activates donor T cells, enabling them to develop cytolytic
capacity and attack the recipients cells carrying foreign antigens
(5). In hematological malignancies, there is a fine balance between
the harmful consequences of GVHD and the therapeutic effects
produced when donor lymphocytes attack recipient malignant cells,
in graft versus leukemia/tumor (GVL) effect.

In aGVHD, the skin, liver or gastrointestinal tract can be
affected in about 2 to 12 weeks after allo-HSCT, but there are
situations when aGVHD appears before or after this interval. A
cascade of events initiated by the activation of innate immune cells
and subsequent tissue injury induces aGVHD, which is additionally
exacerbated by the engagement of adaptive immune responses. The
hallmark of aGVHD is the infiltration of activated donor T cells,
predominantly CD4+ cells, into host tissues, driven by their
recognition of the recipients tissues as allo-antigenic. This process
results in severe inflammation that further amplifies the immune
response, leading to a cytokine storm. In cytokine storm, elevated
levels of circulating cytokines and immune cell hyperactivation
occurs. The intricate interplay between innate and adaptive
immunity during aGVHD underscores the multifaceted nature of
this condition, necessitating a comprehensive understanding of the
underlying immunological mechanisms for the development of
effective therapeutic strategies. The dynamics of aGVHD
pathogenesis, particularly the contributions of specific immune
cell subsets and the cytokine storm, is crucial for both
understanding the disease and for identifying new biomarkers to
help early diagnosis, prognosis and targeted interventions to
improve clinical outcomes.
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Additionally, cGVHD can develop within 4 to 6 months post-
allo-HSCT, following aGVHD or in patients without any prior
complications. This condition is similar to an autoimmune disease,
involving, besides donor T cells, extensive B cell activation, the release
of pro-inflammatory cytokines that can affect the skin, mouth, eyes,
gastrointestinal tract and the liver. The pathophysiology of cGVHD
involved 3 stages (1): high production of inflammatory cytokines
(interleukin-1 (IL-1), IL-6, TNF-o) and expression of antigens of the
major histocompatibility complex (MHC) that stimulate antigen-
presenting cells to interact with the donor T cells (2), this interaction
leads to the activation of T cells which then release additional
inflammatory cytokines (IL-2, Interferon- y (INF-y)) and (3) the
migration of cytotoxic T lymphocytes and natural killer cells to
specific organs, producing tissue damage (6).

GVHD is an important cause of non-relapse mortality (NRM),
accounting for about 11% deaths in patients receiving allo-HSCT
(7). The need for risk stratification for GVHD is high, due to
problems associated with immunosuppression. It is either not
aggressive enough leaving patients with a high GVHD risk
vulnerable, or it is too aggressive leading to infections and other
complications (3, 8).

A major concern consists in the development of tools capable of
(i) timely identification of patients at risk for GVHD, (ii) invasive
procedures avoidance and (iii) timely intervention, one such option
could be a biomarker. Currently, there is no validated specific
biomarker for GVHD. In the clinical scenario the diagnosis is
confirmed through analysis of the biospecimen of the involved site.

As such, fast and organ-specific diagnosis of GVHD based on
biomarkers can lead to targeted interventions, and prognosis
biomarkers can assist in the process of decision making for
treatment. Until recently, biomarkers were identified by
hypothesis-driven approaches, considering the pathophysiologic
role of specific molecules in GVHD, such as miRNAs and cellular
biomarkers for GVHD (2, 9).

The aim of this paper is to review the potential candidate
biomarkers derived from unbiased approaches, facilitated by the
recent advancements in proteomics a robust high-throughput
technique. These biomarkers may or may not have a direct
pathophysiologic link to GVHD; instead, they might emerge due
to the condition itself or other unexplored interactions.

2 Proteomics as the key strategy for
maximizing minimally invasive
biopsies towards biomarker discovery

A biomarker is defined by the Food and Drug Administration -
National Institute of Health (FDA-NIH) Biomarker Working
Group as “a characteristic that is measured as an indicator of
normal biological processes, pathogenic ones, or a response to an
exposure or intervention” (10). Biomarkers have diverse
applications, guiding healthcare interventions for maximum
patient advantage. They are commonly utilized for disease
diagnosis, risk-based population screening, evaluating disease
complications and therapy effectiveness. Furthermore, they
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facilitate disease trajectory prediction, aid therapy selection, and
assess novel drug effectiveness and safety. Thus, biomarkers can be
diagnostic biomarkers, prognostic biomarkers and theranostic
biomarkers (11).

An ideal biomarker should be easily quantifiable, allowing for
simple procurement of biological specimens and employing a
financially viable quantification method. It is crucial for a
biomarker assay to demonstrate reproducibility, sensitivity (SEN),
and specificity (SPE), providing accurate results for clinicians to
make informed therapeutic decisions. The efficacy of a biomarker
depends on its strong correlation with treatment responses. To
establish clinical applicability, a comprehensive series of assays in
both preclinical and clinical settings is necessary. Following
the identification of a prospective biomarker candidate,
validation processes, rigorous evaluation, and refinement through
clinical investigations are conducted before approval and
commercialization (11).

In the development of GVHD biomarkers, optimizing statistical
test performance and determining cut points are critical. Bidgoli
et al. (12) emphasized the importance of Receiver Operating
Characteristic (ROC) curves and Area Under the Curve (AUC) in
assessing assay performance. SEN and SPE, represented by ROC
curves, reflect true positive and true negative rates, respectively.
Positive and negative predictive values are calculated considering
both cut points and GVHD incidence, with the latter being
particularly relevant in HCT. Tailoring biomarker cut points for
clinical use involves testing multiple values to balance intervention
efficacy and toxicity. Hazard ratio (HR) is another key parameter
used to gauge the impact of an intervention on a specific outcome
over time. In biomarker discovery, HR helps evaluate the link
between a biomarkers expression and the timing of an event,
suggesting its potential as a prognostic indicator (13). Clinical
trials using biomarkers for patient selection have a higher
likelihood of success compared to those lacking biomarkers (14).

2.1 Proteins as a valuable biomarker source

Despite advances in genomics and technology, clinical biomarker
discovery faces persistent challenges. Solely focusing on genetic
abnormalities does not fully capture the complexity of disease
biology, involving interactions between genetic anomalies,
epigenetics, post-translational modifications, and immune responses
(15). Proteins, as structural and signaling entities, are pivotal in
understanding disease characteristics and serve as key drug
intervention targets. Exploring the proteome, representing the entire
set of proteins expressed under specific conditions, provides valuable
insights into their functions, interactions, and roles in biological
systems. Notably, identifying proteins and monitoring their levels in
biological samples dynamically reflects the cumulative impact of
genetic and epigenetic changes, crucial for understanding functional
disease biology and guiding therapeutic strategies (16, 17).

Exploring biomarkers from both membrane-bound and soluble
protein forms is intriguing. Membrane-bound proteins are crucial
for signaling, transport, and adhesion, with changes indicating
disease signatures (18). Simultaneously, measuring soluble
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proteins in bodily fluids offers a non-invasive and dynamic
approach for biomarker discovery, providing real-time insights
into physiological states. This versatile method applies across
diseases, identifying diagnostic, prognostic, and therapeutic
indicators. Soluble biomarkers, exemplified by soluble immune
checkpoints, have emerged as dynamic molecules with significant
physiological roles. The intricate network of immune checkpoints,
encompassing diverse stimulatory and inhibitory pathways, plays a
pivotal role in fine-tuning immune responses. Notably, molecules
like Programmed Cell Death Protein 1 (PD-1), Cytotoxic T-
lymphocyte associated protein 4 (CTLA4), and their ligands have
emerged as focal points for anti-cancer immunotherapy, while
other checkpoint pathways contribute to the immunopathogenesis
of human diseases as critically analyzed by Riva A (19). Beyond the
traditional view of membrane-bound systems, immune checkpoints
also manifest as soluble forms (sCRs), actively regulating immune
responses both locally and systemically. In a comprehensive review
by Niu et al. (20), the roles of sPD-1 and sPD-L1 in cancer are
explored, shedding light on their synthesis, release, and alternative
mRNA splicing mechanisms. The study suggests that PD-1 may
function as an immune stimulator, in contrast to its membrane-
bound counterpart, while sPD-L1 retains suppressive activity. The
review also proposes the intriguing idea that sCRs could act as
decoy sponges for therapeutic blocking antibodies, impacting
resistance to immunotherapy and disease progression. The
complexity of sCR networks, disease-specific signatures, and the
persistence of sCR “imprinting” post-treatment pose challenges
(21-24). The articles collectively support the hypothesis that
soluble isoforms of immune checkpoints may exhibit distinct
functions compared to their membrane-bound counterparts.
Furthermore, the existence of various isoforms for each sCR and
soluble receptor-ligand complexes underscores the need for
standardized measurement criteria and open comparisons of
antibody clones. In conclusion, unraveling the intricacies of the
sCR system holds promise for advancing both basic and
translational research, providing valuable insights into their roles
as disease biomarkers and potential targets for pharmacological
interventions and immunotherapy. Nevertheless, analyzing both
forms enhances our understanding of disease biology, supporting
precision medicine. This dual approach boosts the potential for
discovering robust biomarkers, influencing disease diagnosis,
prognosis, and treatment (12).

2.2 Proteomics as a discovery instrument

Proteomics, an ‘omics strategy, is crucial for profiling and
quantifying proteins in a biospecimen under specific conditions.
This involves investigating protein abundances, protein-protein
interactions, and the functional roles of proteins in diverse
conditions. Proteomics methodologies are classified as low-
throughput and high-throughput. Low-throughput approaches
include antibody-based techniques like Enzyme-Linked
Immunosorbent Assay (ELISA) and Western blotting (WB),
relying on antigen-antibody interactions for protein detection.
Electrophoresis methods, such as two-dimensional gel
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electrophoresis and sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), separate proteins based on
characteristics like mass, charge, or isoelectric point, followed by
identification using molecular weight standards or mass
spectrometry (MS). Chromatography, another separation
technique, aids in isolating and purifying proteins through ion-
exchange, size exclusion, and affinity chromatography.
Downstream analyses, including MS, contribute to protein
identification and quantification post-separation (25).
High-throughput methodologies in proteomics involve affinity
binder techniques and MS. Affinity binder techniques, such as
microarrays and multiplex arrays, use specific antibodies and
aptamers to capture target proteins (26). Microarray research,
particularly in the context of cancer and hematologic disorders,
has identified candidate diagnostic biomarkers for GVHD. MS,
employed in both top-down (intact protein analysis) and bottom-
up (protein digestion to peptides before analysis) settings, involves
ionization, separation, and detection of proteins or peptides.
Tonization modes like electrospray ionization and matrix assisted
laser desorption/ionization (MALDI), along with mass analyzers
like time-of-flight and quadrupole, contribute to accurate protein
identification, including isoforms and posttranslational
modifications. MS-based protein quantification, especially with
tandem MS (MS/MS), is highly accurate and relies on mass
spectra matched to sequence databases (27). Best practices for
protein-based biomarker discovery and validation are discussed
elsewhere (28). The preferred high-throughput approaches for
biomarker discovery, including those for GVHD, involve bottom-
up proteomics and affinity-based methods (29). Figure 1 illustrates
the advantages and disadvantages of these proteomics methods in
the context of GVHD biomarker discovery. Proteomics, as a
prominent ‘omics technology, has witnessed significant progress,
overcoming challenges and contributing to the pursuit of protein-
based biomarkers for precision medicine in recent years (30).

10.3389/fimmu.2024.1327035

2.3 Biomarker panels

Efficiently measuring multiple markers can be achieved through
multiplexing techniques, which allow simultaneous detection of various
biomolecules in a single assay. Multiplexing enhances throughput,
conserves sample volume, and reduces costs compared to running
individual assays for each marker. Technologies such as multiplex
immunoassays, microarrays, and MS enable the detection of multiple
markers within a single experimental run. Additionally, advances in
high-throughput screening methods and automation contribute to
efficiency by streamlining the workflow. Choosing an appropriate
multiplexing platform based on the characteristics of the markers and
the research objectives ensures a comprehensive and resource-effective
approach to measuring multiple biomarkers simultaneously (31).

Measurements of individual candidate levels are not always
relevant or specific. That is why their use in combination of multi-
marker panels can bring an increase in SEN and SPE. MS based
proteome studies towards biomarker discovery for GVHD accurately
distinguished GVHD samples from both posttransplant non-GVHD
samples and pretransplant samples. Furthermore, distinct serum
proteomic signatures were identified to distinguish pretransplant
from posttransplant non-GVHD samples, opening up new insights
towards biomarker panel discoveries (32). For aGVHD protein-based
biomarker panel discovery, saliva and plasma were the non-invasive
biofluids investigated and the identified panels are further presented.

2.4 Valuable biomarker sources

Proteome analysis of biospecimens offers insights into
physiological processes, aiding the identification of actionable
approaches, including biomarkers applicable at the bedside.
Primary sources of protein markers include tissues and body fluids
such as serum, plasma, saliva, urine, and bone marrow. While bone

Methods used for proteome-based biomarker discovery

R
-

Luk

Low-throughput methods

High-throughput methods

Enzyme-linked immunosorbent assay Liquid chromatography coupled to mass spectrometry Affinity binding methods
ELISA LC-MS (microarrays, multiplex arrays)
advantages
v' high specificity v' high sensitivity v high sensitivity
v low costs v high throughput v high specificity
v’ standardized method v' highly multiplex v' High throughput
v complex samples v' high dynamic range of peptides and proteins v' low abundance protein detection
v’ quantitative analysis v low amount of sample v' high number of proteins
v fast v complex samples v’ complex samples
v’ can be automatized v’ protein isoforms and post-translational modifications v’ automatization
disadvantages
N limited complexity N high cost N detects only predefined proteins
N high amount of sample N highly trained personnel N high costs
N unable to analyze protein isoforms N complex data analysis N unable to analyze protein isoforms
and post-translational modifications and post-translational modifications

FIGURE 1

Advantages and disadvantages of methods used for proteome-based biomarker discovery studies for GVHD.
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marrow provides heightened diagnostic precision, non-invasive
biospecimens, like plasma and serum, present advantages in terms
of patient compliance and reduced procedural risks.

Plasma and serum, being popular biofluids for biomarker
discovery, offer easy acquisition and broad molecular
representation due to systemic circulation. Challenges like sample
standardization and accessing low-abundance proteins can impact
proteomics studies, but the Human Proteome Organization
(HUPO) provides Biomarker Discovery Protocols for addressing
these issues (33). Tears, a non-invasive biospecimen, are gaining
attention, particularly for ocular involvement in GVHD. In
gastrointestinal GVHD, feces can serve as a useful biospecimen,
providing insights into intestinal inflammation. Skin biopsies,
obtained minimally invasively, are valuable for identifying specific
biomarkers related to skin manifestations of GVHD. Urine, an
alternative to blood samples, offers advantages such as ease of
collection, larger quantities, and a less complex protein mixture
with low abundance variation. However, its limitation lies in
providing information primarily about diseases in the organs
directly involved in its production and excretion, like the kidneys,
rather than systemic diseases.

Proteomics, aiming to translate discoveries into clinical
practice, focuses on uncovering minimally invasive biofluid-based
biomarkers (34, 35). Examples of biospecimens for GVHD
biomarker studies are detailed in the following sections.

3 Protein-based biomarkers for GVHD
following allo-HSCT

Technological advancements have facilitated the comprehensive
profiling of proteins within a given biological system. Unbiased
investigations have yielded intriguing findings that might have been
overlooked using narrower analytical approaches. Diverse biomarkers,
when evaluated prior to BMT, play a pivotal role in the selection of
suitable candidates for intervention, particularly in cases of
unfavorable prognostics, resistance to chemotherapy, or heightened
susceptibility to drug-induced toxicities. Furthermore, post- HSCT
biomarkers offer valuable information regarding prognosis and the
likelihood of complications. The diagnosis of GVHD is still dependent
on clinical criteria in most of the part and requires the realization of
skin biopsy, colonoscopy, bronchoscopy and bronchoalveolar lavage.
aGVHD is the main cause of morbidity after transplant, being
responsible for 15 to 40% of the post-transplant deaths. Mortality in
GVHD is caused by the difficulty in giving a diagnosis and planning
the optimal moment for therapy start (1, 36). As previously
mentioned, GVHD markers can facilitate quick diagnosis of this
complication and quick start of the therapy, which would increase
the survival rate. Also, based on stratification biomarkers, the patients
can get a more or less aggressive immunosuppressive regime reducing
the costs and the long-term toxicity (34). Different strategies have been
approached towards GVHD biomarker discovery targeting proteins.
Strategies include single biomarker as well as multi-marker panel
scouting and using different biospecimen. A comprehensive overview
is further presented.
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3.1 Protein based biomarkers for aGVHD

3.1.1 Cytokine-based biomarkers for aGVHD
Cytokines are important in both protection after HSCT, notably
in graft-versus-leukemia and in disease, notably in GVHD. Acute
GVHD is a complex pathologic process that involves many types of
T-cells that secrete cytokines: Thl, Th2, TH17 and CD8+ T cells.
Most cytokines associated with aGVHD include ILs, TNF-o. and
IFN-y. Many cytokines are also important in the inflammatory
cytokine storm that is specific to aGVHD, including the
proinflammatory cytokines IL-12, IL-17, IL-21, IL-33, and the
protective cytokines IL-10, IL-22, and TGEF-B (37). Even more,
the involvement of soluble interleukin-2 receptor (sIL-2R) in the
physiopathology of GVHD has led to the development of targeted
therapies with monoclonal antibodies, like daclizumab and
conjugates like denileukin diftitox (38). The administration of
anti-IL-6 receptor antibodies was associated to a drop in GVHD
mortality (39). Thus, because of the role of cytokines in systemic
inflammation during aGVHD, they were studied as potential
biomarkers with diagnostic or predictive value. Mostly, they were
studied from serum or plasma by employing ELISA methods. The
cytokine-based biomarkers for aGVHD are presented in Table 1.

3.1.2 Other emerging protein-based biomarkers
for aGVHD

In addition to cytokines, extensive research has been conducted
on various protein-based biomarkers, and their promising utility as
potential indicators of aGVHD is currently on the rise. The
suppression of tumorigenicity 2 (ST2) is a receptor included in
the IL-1 family, which binds specifically to IL-33. ST2 has two
isoforms: a transmembrane (mST2) and a soluble form (sST2).
During aGVHD, an increase in IL-33 has been observed, leading to
specific inflammation and tissue damage (45). The sST2 receptors
are expressed in different cells and act as decoy receptors,
sequestering free IL-33, thereby preventing IL-33-mediated
proinflammatory actions (46). Studies have found an increase of
sST2 which could be correlated with GVHD severity in patients. A
possible explanation given by earlier studies was that the release of
sST2 in the serum occurs very late in the inflammatory response
resulting in the inability of sST2 to sequester circulating IL-33. This
could make sST2 an interesting biomarker for aGVHD and NRM
(47). Also, Vander Lugt et al. found by quantitative liquid
chromatography coupled with MS/MS and further ELISA
validation that ST2 could be a prognostic marker for GVHD with
endpoints such as treatment resistance or death 6 months after
therapy, with SEN and SPE for six-month post-transplant NRM in
an independent set of 70 and 64 respectively (48).

Another marker is vascular endothelial growth factor (VEGF).
Studies that have evaluated the prognostic value of VEGF levels in
GVHD presented with controversial results (49). Some studies have
reported that high VEGF levels were associated with the
development or severity of GVHD in a mouse model study (50),
whereas others have found that VEGF either has a protective effect
against severe aGVHD (AUC 0.69) (51) or no correlation with
GVHD (52). Low VEGEF levels after allo-HSCT were found to be
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TABLE 1 Cytokine-based biomarkers for aGVHD.

Method Clinical relevance

Cytokine

Specimen

Diagnostic biomarker

10.3389/fimmu.2024.1327035

SEN/
SPE

Ref.

IL-7 serum ELISA Raised serum IL-7 at 7 to 14 days after transplant are associated with aGVHD. 86/100 (40)
sIL-7, sIL-7R  plasma ELISA Reduced sIL-7R levels may indicate an elevated risk of GVHD, suggesting insufficient availability - (41)
for the IL-7 ‘buffer system. Assessing plasma sIL-7R levels, along with IL-7, could help identify
individuals at higher risk for GVHD and potentially CMV infection.
IL-8, IFN-y plasma ELISA Reduced levels of IL-8 on day +7 and IFN-y post-engraftment were linked to the occurrence of - (42)
grade II-IV aGVHD and severe aGVHD. Additionally, decreased IFN-y after engraftment was
connected to a higher risk of NRM.
IL-12, IFN-y mononuclear microbead Donor IL-12 and IFN-y were associated with aGVHD. 1L-12: (43)
cells array 100/50
technology INE-
¥
96.8%/-
Prognostic biomarker
1L-18 serum ELISA Increased pre-transplant levels of free IL-18 correlated with lower risks of both NRM (HR 1.24) and = - (44)
overall mortality (HR 1.22) following allo-HSCT.

SEN, sensitivity; SPE, specificity; -, not available; CMV, Cytomegalovirus infection; HR, hazard ratio; Ref, reference.

associated with NRM due to severe exacerbation of aGVHD,
implying the biomarker utility of VEGF. VEGF monitoring after
allo-HSCT might identify those patients at risk of severe transplant-
related mortality (53).

Another interesting molecule is T cell immunoglobulin and mucin
domain 3 (TIM3). TIM3 is a transmembrane receptor protein
expressed on T cells that produce IFN-gamma, Tregs, myeloid cells,
natural killer cells, and mast cells, where it inhibits cytokine expression
(54). Although the physiopathology concerning the involvement of
TIM3 in aGVHD is not fully understood, and only preclinical studies
have given hints regarding the regulation of hepatic CD8+ T cells by
TIM3 (55), clinical proteomics studies have shown that the levels of the
soluble extracellular domain of Tim-3 exhibited an elevation in the
bloodstream of individuals preceding the clinical manifestation of
aGVHD. Furthermore, these levels demonstrated a correlation with
the severity of gut GVHD (AUC of 0.79) (56).

Finally, macrophage migration inhibitory factor (MIF), a
pleiotropic protein, is known to participate in inflammatory and
immune responses by regulating TNF-o. production. Elevated peak
serum MIF at acute GVHD onset and increased mean serum MIF in
patients developing extensive cGVHD within 6 months suggest
heightened MIF levels during active phases of both GVHD
types (57).

3.1.3 Salivary protein panels for aGVHD

Towards salivary protein panel discovery, the salivary proteome
was analyzed by gel electrophoresis with subsequent MS/MS analysis
and ELISA. MS identified significant salivary protein fluctuations
lasting at least 2 months posttransplant. High salivary levels of
lactoferrin, cystatin SN, albumin and salivary amylase have been
identified in patients with GVHD with oral cavity involvement. High
levels of these proteins indicate pathophysiological processes that take
place in GVHD with oral cavity involvement, like salivary glands
infiltration, activation of immunomodulatory processes and increasing
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the permeability of the oral cavity mucosa and plasma extravasation
(58). Also by MS, proteins from the S100 protein family was found to
play a role in aGVHD diagnosis: SI00A8, SI00A7 and S100A9 showing
SEN of 60% and SPE of 88% (59).

3.1.4 Plasma protein panels for aGVHD

Another strategy to identify biomarker panels was to screen a
large set of proteins by antibody array and to validate the results by
ELISA. This was done for four plasmatic diagnostic markers: IL-2-
receptor-alpha (IL-2Ra), tumor-necrosis-factor-receptor-1
(TNFR1), IL-8 (IL-8), and hepatocyte growth factor (HGF). The 4
biomarkers panel confirmed their potential for diagnosis of GVHD
in patients at onset of clinical symptoms and provided prognostic
information independent of GVHD severity with AUC of 0.86 (60).
Elafin, a skin-specific marker and regenerating islet-derived 3-o
(Reg3at), a gastrointestinal tract-specific marker was added later to
the 4-parameter panel. The panel was studied for its potential to
discriminate between therapy responsive and nonresponsive
patients and predict survival in patients receiving GVHD therapy.
Even more, the 6 biomarker panel demonstrated potential to be
used for early identification of patients at high or low risk for
treatment non responsiveness or death, and provided opportunities
for early intervention and improved survival after HSCT (61). Also
in pediatric patients with aGVHD a biomarker panel of TNFR1, IL-
2Ra, HGF, CCLS8, IL-8 and IL-12p70 demonstrated its utility
following HSCT (62). Another combination of proteins, namely a
panel composed of ST2 and REG30. was found to be able to identify
patients at high risk for lethal aGVHD and NRM with an AUC of
0.68, SEN of 40% and SPE of 83% (63). Including also cells to sIL-
2R, a 5-parameter biomarker score based on CD4+ T cells, CD8+ T
cells, CD19- CD21+ precursor B cells, CD4/CD8 T cell ratio, and
sIL-2R was used to predict GVHD onset with AUC of 0.90, SEN of
88.2% and SPE of 66.7% (64). Aiming to identify and evaluate
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candidate biomarkers potentially predictive of response to
treatment with itacitinib plus corticosteroid in aGVHD, plasma
monocyte-chemotactic protein (MCP)3, pro-calcitonin/calcitonin
(ProCALCA/CALCA), REG30a, ST2, and TNFR1 were found (65).

aGVHD treatment relies on corticosteroid immunosuppression,
with initial response guiding further decisions. Analysis of 507
patients from 17 Mount Sinai Acute GVHD International
Consortium (MAGIC) centers revealed a validated biomarker
algorithm, consisting of ST2 and REG3o. measured by ELISA,
predicting outcomes in steroid resistant GVHD. MAGIC
biomarker probabilities after 1 week of systemic GVHD treatment
outperform clinical criteria (AUC 0.82), aiding in the development of
improved treatment strategies (66).

3.2 Protein based biomarkers for cGVHD

c¢GVHD usually starts more than 3 months after a transplant
and can last for as long as a lifetime (67). Preclinical studies and
translational research on human biospecimen have revealed some
possible biological pathways in ¢<GvHD. This has opened the way
for the exploration of diagnostic, prognostic and predictive
biomarkers in both hypothesis-driven and discovery-based testing
(68). Biomarkers for cGVHD are presented in Table 2.

3.2.1 Biomarker panels for cGVHD

Besides the identification of individual biomarkers for cGVHD,
efforts are being made to validate panels of biomarkers (Table 3),
with a much higher accuracy of diagnosis or prognosis.

3.3 Protein based biomarkers for site-
specific involvement in GVHD

Site-specific involvement represents a critical facet of GVHD
and manifests in distinct anatomical regions, such as the skin,
gastrointestinal tract, the eyes, and the lungs, with varying degrees
of severity. The skin, often the initial site of presentation, can exhibit
rashes, blistering, and itching (79). Clinical aspects of skin lesions in
GVHD are illustrated in Figure 2.

Ocular symptoms of GVHD can include dry eyes, redness, and
sensitivity to light. Oral symptoms of GVHD can manifest as painful
mouth sores and difficulty in swallowing (80). Gastrointestinal GVHD
may lead to diarrhea, abdominal pain, and even malabsorption. Liver
involvement may result in elevated liver enzymes and jaundice. Cough,
shortness of breath, and lung inflammation are frequent manifestations
of pulmonary site involvement of GVHD (36).

Understanding the site-specific manifestations of GVHD is
essential for early diagnosis and tailored treatment strategies, as the
severity and response to therapy can differ significantly depending on
the affected organ. In this context, site-specific involvement represents a
critical aspect of managing GVHD to optimize patient outcomes, one
potential option being the protein-based biomarker deciphered below.
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3.3.1 Protein biomarkers of GVHD with
skin involvement

Tissue biopsies can help identify useful GVHD biomarkers, that
can ultimately be sought in biofluids that can be sampled in a less
invasive way. For example, skin biopsies can be used for skin
GHVD biomarker identification.

Elafin, also known as skin-derived antileukoprotease (SKLP), is
an inhibitor of epidermic protease induced by TNF-o. and identified
at the level of inflamed epidermis in autoimmune diseases such as
psoriasis (1, 81). Mahabal et al. used skin biopsies and revealed that
tissue elafin could be a useful biomarker of aGVHD with skin
manifestations (SEN and SPE of 100% and 75%, respectively) (82).
Additionally, proteomics studies have highlighted the potential of
elafin as a plasmatic biomarker for skin GVHD (83), although the
results may be controversial and need further evaluation in larger
patient groups (84). Paczesny et al. found by quantitative liquid
chromatography coupled with MS and further ELISA validation
that elafin exhibited increased expression in GVHD skin biopsies.
Elevated plasma elafin levels at skin GVHD onset, correlating with
the maximum GVHD grade, were linked to a higher mortality risk
(HR 1.78). This underscores the diagnostic and prognostic
significance of elafin as a biomarker for skin GVHD (85).

3.3.2 Protein biomarkers of GVHD with
ocular involvement

Another non-invasive biospecimen, the tears, is in the spotlight of
researchers (86, 87). In a recent study focused on cGVHD with ocular
symptoms, a team of researchers identified a tear cytokine panel
comprising IL-8, IL-10, IFN-y, CXCL9, CCL17, and CCL19 as
promising biomarkers for early diagnosis of ocular GVHD.
Moreover, the levels of IL-10, IFN-y, and CXCL9 were found to be
indicative of the severity of ocular GVHD following allo-HSCT
(AUCs > 0.6) (88). Furthermore, in a separate investigation, the
prognostic role of cytokine levels in tears prior to HSCT was
examined in the context of ocular ¢cGVHD. This pilot study
included 25 patients who were prospectively monitored, with 19
cytokines measured using a multiplex bead assay. A multistate model,
considering four states (HSCT, systemic cGVHD, ocular cGVHD,
and death), was constructed to pinpoint cytokines linked to each
transition probability. Fractalkine, IL-1Ro., and IL-6 emerged as key
contributors with optimal prognostic value (AUC 67% to 80%) for
predicting the development of ocular cGVHD after HSCT (89). In
advancing understanding of ocular GVHD, a predictive model was
developed by multiplex-bead assay at the tear molecule level.
Analyzing a cytokine panels correlation with clinical features, the
best model, incorporating IL-8/CXCLS8, IP-10/CXCLI10 tear levels,
age, and sex, achieved an AUC of 0.9004, with 86.36% SEN and
95.24% SPE (87). Presence and role of autoantibodies after stem-cell
transplantation and their association with cGVHD was also
addressed (90) and anticardiolipin antibodies high plasmatic levels
have been found to correlate with cGVHD with ocular
involvement (91).
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TABLE 2 Diagnostic and prognostic plasma and serum biomarkers of cGVHD.

SEN/ AUC
SPE

Biomarker Method Clinical relevance

Specimen

Diagnostic biomarker

CXCL9 Plasma antibody CXCLS9 is a significant diagnostic biomarker for cGVHD. - 0.83 - (69)
microarray

IL-10 Plasma ELISA High plasmatic levels of IL-10 have been associated with the presence - - - (70)
of cGVHD.

Fibronectin Plasma ELISA The level of plasma fibronectin, a ligand of CD29, correlated with the number - - - (70)
of IL-10 spot-forming cells.

CD29 Plasma ELISA CD29 expression on monocytes in patients with active cGVHD was elevated. - - - (70)

CXCL9 Serum ELISA CXCL9 predicts development of severe cGVHD. - - 1.33 (71)

Prognostic biomarker

sBAFF Plasma ELISA sBAFF were found to correlate with the severity of cGVHD, but also with the - - - (72)
presence of autoimmune disease.
sBAFF levels at the time of cGVHD diagnosis were also associated with NRM - - 5 (73)
and could be potentially useful for risk stratification.

CD13 Plasma ELISA The presence of the soluble and active form of this protein in the plasma is - - - (74)
correlated with cGVHD. Currently, the implication of CD13 in cGVHD is
being studied and the possibility that actinonin, a specific CD13 inhibitor, can
be used as therapeutic agent.
High CD163 concentration was associated with a higher cumulative incidence 0.73 (75)
of de novo-onset cGVHD.

SEN, sensitivity; SPE, specificity; -, not available; HR, hazard ratio; Ref, reference.

TABLE 3 MS-based biomarker panels for diagnosis and prediction

3.3.3 Protein biomarkers of GVHD with

of cGVHD.

Biomarker
panel

sBAFF, anti-dsDNA
antibody, sIL-2Ra,
and sCD13

ST2, OPN,
MMP3, CXCL9

cGvHD_MS14
comprising 14
differentially
excreted peptides,
including fragments
from thymosin -4,
eukaryotic
translation initiation
factor 4y2,
fibrinogen B-chain,
or collagens.

Specimen

Plasma

Plasma

Urine

Clinical relevance

Useful for diagnosis, early
response evaluation,
disease management.

Useful for diagnosis, severity
prediction, and NRM.

This pattern facilitates the
prediction of cGVHD with a
SEN and SPE of 84% and
76%, respectively.

When integrated with
relevant clinical variables in
a logistic regression model,
the SEN increased to 93%.

Notably, cGvHD_MS14
allowed for the prediction of
c¢GVHD up to 55 days
before clinical diagnosis and
did not recognize acute
GVHD. Serving as an
independent diagnostic
criterion, this pattern
showed the potential for
early

therapeutic intervention

(76)

(77)

(78)

Ref, reference.
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oral involvement

Because both aGVHD and cGVHD may present with oral
alterations such as gingivitis, mucositis, xerostomia, mucosal
atrophy, and ulcers, saliva is a target biofluid used in precision
medicine approaches. Modification in salivary function is
irreversible and reflects systemic GVHD, making saliva sampling
and analysis a useful source of diagnostic biomarkers. Salivary
proteins with potential biomarker role for oral cGVHD have been
studied by MS and confirmed by ELISA or targeted label-free
quantification. IL-1Ro and cystatin B distinguished oral cGVHD
with a SEN of 85% and SPE of 60%. Particularly, in newly diagnosed
patients assessed within 12 months of allo-HSCT, the markers
exhibited enhanced discrimination (SEN 92% and SPE 73%) (92).
A decline in salivary lactoperoxidase, lactotransferrin, and various
proteins within the cysteine proteinase inhibitor family indicated
compromised oral antimicrobial host immunity in patients with
c¢GVHD (93). Also, high levels of lactoferrin and lactoperoxidase
have been identified in the saliva of patients with GVHD with oral
cavity involvement (92).

3.3.4 Protein biomarkers of GVHD with
gastrointestinal involvement

GVHD with gastrointestinal involvement has been considered
the major cause of morbidity, compared to all the other GVHD
manifestations. Several biomarkers have been evaluated for their
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Clinical aspects of graft versus host disease
Skin lesions

FIGURE 2

Clinical aspects of GVHD skin lesions (A) axillar region; (B) ear; (C) foot; (D) calfs; (E) thorax; (F) feet.

utility in gastrointestinal GVHD. Recently, the Reg3a has been
identified as a potential biomarker for GVHD with intestinal
involvement. Reg3o is a protein involved in cellular
differentiation and proliferation and in defense against Gram-
positive infections of the intestinal tract (1). Quantitative LC-MS
analysis identified plasma Reg3o as a valuable predictor for
diagnosing gastrointestinal aGVHD. Produced by Paneth cells in
the gastrointestinal tract, Reg3c. serves as an antimicrobial peptide
with bactericidal properties against Gram-positive bacteria and
antiapoptotic effects for Paneth cells (94). IL-22, secreted by
lymphoid cells in the crypts of the gastrointestinal tract,
stimulates Reg3ol secretion. In the context of gastrointestinal
GVHD, damage to the intestinal mucosa releases Reg3o. into the
bloodstream, making it a biomarker for gastrointestinal GVHD.
Utilizing quantitative LC-MS, the predictive capability of plasma
Reg3o. for diagnosing gastrointestinal aGVHD was confirmed
(AUC 0.80). Furthermore, combining Reg3o. with clinical stage
and histologic grade enhances risk stratification for patients (95).
Additionally, elevated plasma levels of TIM3, IL-6, and sTNFR1
demonstrated predictive value for the development of peak grade 3-
4 GVHD (AUC 0.88). Plasma ST2 and sTNFRI served as predictors
for NRM within 1-year post-transplantation (AUC 0.90). In a
landmark analysis, plasma TIM3 predicts subsequent grade 3-4
GVHD (AUC 0.76). Thus plasma levels of TIM3, sTNFR1, ST2, and
IL-6 proved to be valuable in predicting more severe GVHD and
NRM (96). In liver GVHD without gastrointestinal involvement, a
rare occurrence (3% of GVHD patients), REG3a. and HGF
concentrations were elevated compared to asymptomatic patients
but were like liver gastrointestinal GVHD, non-GVHD
hyperbilirubinemia, and isolated skin GVHD. KRT18
concentrations were significantly higher in liver GVHD patients
than in others, except those with non-GVHD liver complications.
However, none of the three biomarkers effectively distinguished
liver GVHD from non-GVHD liver complications. Including
patients with concomitant gastrointestinal and liver involvement
at GVHD onset, REG30. emerged as a stronger diagnostic
biomarker for liver gastrointestinal GVHD compared to HGF and
Keratin 18 (KRT18). REG30, HGF, and KRT18 predicted day 28
nonresponse to therapy, while REG30. and HGF are good
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prognostic markers for 1-year NRM in liver-gastrointestinal
GVHD patients (97).

The predictive value of two biomarkers, ST2 and Reg3a, in the
case of NRM and GVHD, in allotransplant patients was highlighted.
High concentrations of the two biomarkers tested in day 7 after
transplant were associated with high GVHD related mortality and
more frequent intestinal GVHD, demonstrating their usefulness in
the prediction of GVHD before the clinical signs appear (63). Also,
another study showed that higher levels of plasma Reg3o. were
found in patients with gastrointestinal-cGVHD, suggesting the
utility of Reg3a as a prognostic biomarker of gastrointestinal-
cGVHD (98).

Besides plasma, one more potentially useful source of
biomarkers in the context of gastrointestinal GVHD is feces.
Intestinal inflammation can be observed by accessing markers of
leukocyte activation into the mucosa. A trial aimed to assess the
dynamics of fecal biomarkers calprotectin and ol-antitrypsin (oul-
AT) in GVHD. Steroid-refractory patients initially exhibited higher
biomarker levels, which consistently increased throughout GVHD
progression. In cortico-sensitive GVHD, calprotectin and ol-AT
showed low and decreasing levels. Second-line treatment in
refractory patients did not have predictive biomarker levels, but
subsequent responders showed a progressive decrease in
calprotectin, while non-responders maintained high levels. o1-AT
values had a weaker correlation with treatment response, remaining
elevated in both non-responders and responders. Monitoring
calprotectin levels proved to be beneficial in managing
immunosuppressive treatment for gastrointestinal GVHD (99).
While there was a noticeable trend towards elevated serum
calprotectin levels in GVHD development and gut involvement,
statistical significance was not achieved, unlike fecal calprotectin.
Therefore, fecal calprotectin, rather than serum calprotectin, may be
considered a potential biomarker for gut GVHD as shown by
Metafuni et al. (100).

3.3.5 Protein biomarkers of GVHD with
pulmonary involvement

Pulmonary ¢cGVHD can present with obstructive and/or
restrictive disease. Severity ranges from subclinical pulmonary
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impairment to respiratory insufficiency with bronchiolitis
obliterans, a feature of pulmonary cGVHD. Early diagnosis may
improve clinical outcome, and regular post-transplant follow-ups
are recommended (101).

In recent proteomics studies, regulatory proteins of the
extracellular matrix have been identified as candidate biomarkers
for the diagnostic and prognosis of bronchiolitis obliterans
syndrome (BOS) and GVHD with pulmonary involvement.
Plasmatic levels of matrix metalloproteinase 3 (MMP3) have been
associated with the presence of BOS and could be correlated with
disease severity (102). In another study, the diagnostic value of the
lead candidate, MMP3, was evaluated by ELISA in plasma and was
found to differ significantly between patients with and without BOS
(AUC 0.77) (102). Moreover, in another study, the specific BOS
biomarker potential of osteopontin (OPN) was explored in patients
with ¢cGVHD. Using immunohistochemistry, Williams et al.
showed that elevated OPN plasma levels observed in patients with
BOS, potentially originating from alveolar macrophages, correlated
with disease severity. These findings, supported by lung
immunohistochemistry, could be valuable for diagnosing and
prognosing BOS after HSCT (103).

4 Conclusions

In summary, the exploration of protein-based biomarkers for
GVHD post-allo-HSCT is crucial for improving diagnostic accuracy
and treatment outcomes. Proteomics, with its ability to increase the
potential of minimally invasive biopsies, serves as a powerful strategy
for biomarker discovery by analyzing intricate protein profiles.
Proteins, ranging from cytokines to emerging candidates, play a
pivotal role as valuable biomarker sources. The strategies outlined,
such as focusing on cytokine-based biomarkers, emerging protein-
based markers, and biomarker panels for acute and chronic GVHD,
as well as for site specific involvement of GVHD, offer a roadmap for
future research, promising improved diagnostic precision and
personalized treatment approaches. Nevertheless, the existing
literature on GVHD protein-based biomarkers is characterized by
substantial heterogeneity in reports, a lack of standardized study
protocols, and inconsistent inclusion of patients. This heterogeneity
and variability in methodology represent significant challenges that
contribute to the observed disparity between the multitude of
promising biomarkers identified in individual studies and the
limited number of biomarkers poised for clinical translation.
Consequently, the immediate focus may not solely be on the
discovery of novel molecules and pathways, but rather on the
critical task of validating or exposing the efficacy of existing
methods. Addressing these challenges is imperative for bridging the
gap between bench side research and clinical application in the
near term.

However, the integration of proteomics into GVHD research
not only enhances our understanding of the disease but also
positions us at the forefront of transformative advancements in
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clinical practice. Collaborative efforts and technological
advancements in proteomic analysis are essential for realizing the
full potential of protein-based biomarkers, paving the way for a
future where GVHD diagnosis and treatment are increasingly
personalized and effective.
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therapeutic assessment of
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gold nanocarriers for acute
myeloid leukemia: a pilot study
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Bolyai University, Cluj-Napoca, Romania, *Molecular and Biomolecular Physics Department, National
Institute for Research and Development of Isotopic and Molecular Technologies, Cluj-Napoca, Romania,
“Department of Hematology, lon Chiricuta Oncology Institute, Cluj-Napoca, Romania

Acute myeloid leukemia (AML) is a malignancy in the myeloid lineage that is
characterized by symptoms like fatigue, bleeding, infections, or anemia, and it can
be fatal if untreated. In AML, mutations in tyrosine kinases (TKs) lead to enhanced
tumor cell survival. The most frequent mutations in TKs are reported in Fms-like
tyrosine kinase 3 (FLT3), Janus kinase 2 (JAK2), and KIT (tyrosine-protein kinase
KIT), making these TKs potential targets for TK inhibitor (TKI) therapies in AML.
With 30% of the mutations in TKs, mutated FLT3 is associated with poor overall
survival and an increased chance of resistance to therapy. FLT3 inhibitors are used
in FLT3-mutant AML, and the combination with hypomethylating agents
displayed promising results. Midostaurin (MDS) is the first targeted therapy in
FLT3-mutant AML, and its combination with chemotherapy showed good results.
However, chemotherapies induce several side effects, and an alternative to
chemotherapy might be the use of nanoparticles for better drug delivery,
improved bioavailability, reduced drug resistance and induced toxicity. The
herein study presents MDS-loaded gold nanoparticles and compares its
efficacy with MDS alone, on both in vitro and in vivo models, using the FLT3-
ITD-mutated AML cell line MV-4-11 Luc?2 transfected to express luciferin. Our
preclinical study suggests that MDS-loaded nanoparticles have a better tumor
inhibitory effect than free drugs on in vivo models by controlling tumor growth in
the first half of the treatment, while in the second part of the therapy, the tumor
size was comparable to the cohort that was treatment-free.

KEYWORDS

acute myeloid leukemia, tyrosine kinases, gold nanoparticles, drug delivery, in vivo
models, in vivo imaging system
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1 Introduction

Acute Myeloid Leukemia (AML) is a stem cell precursor
malignancy in the myeloid lineage that can be fatal if untreated,
with common symptoms such as fatigue, anemia, infections, or
bleeding (Stubbins et al., 2022). In AML, the main tyrosine kinase
(TK) mutations can lead to the upregulation of several biological
pathways, which can enhance tumor cell survival (Wilson et al.,
2018). TK mutations are mainly produced in Fms-like tyrosine
kinase 3 (FLT3), Janus kinase 2 (JAK2), and KIT (tyrosine-
protein kinase KIT-CDI117); thus, some TK inhibitors (TKIs)
could be used as targeted therapies (Altman et al, 2013).
Mutations that occur in FLT3 account for 30% of all cases,
mostly with FLT3 internal tandem duplication. These mutations
in FLT3 are associated with the aggressiveness of AML, reduce
overall survival (Kottaridis et al., 2001), and increase the chances of
resistance to therapy and relapse (Rombouts et al, 2000).
FLT3 inhibitors are promising therapeutic agents, with
midostaurin (MDS) and gilteritinib approved by the FDA to be
used in FLT3-mutant AML, both in first-line and salvage settings.
Midostaurin was a path-breaker for gilteritinib; thus, the
combination of FLT3 inhibitors with hypomethylating agents
such as decitabine or azacitidine shows good results, and other
FLT3 inhibitors are now undergoing clinical testing (Galanis et al.,
2012; Levis, 2017; Perl, 2019; Smith, 2019). MDS is the first targeted
therapy for AML with the FLT3 mutation, aiming to improve overall
survival. MDS combined with chemotherapy showed good results in
high-risk AML FLT3-mutant patients (Starr, 2016). RATIFY
(NCT00651261), a phase III trial, showed that MDS addition to
chemotherapy improves survival in FLT3-mutated patients (Stone
et al, 2017). Although TKI first-line therapy is used for
myelosuppression to induce a hematological response, several
side effects like liver dysfunction, edema, fluid retention, fatigue,
and gastrointestinal symptoms (Guilhot et al., 2012; Qosa et al.,
2018; Mauro, 2021) might occur. On the other hand, chemotherapy
usually induces serious side effects that augment in combination
with other drugs by becoming acute. For example, the RADIUS_X
study (NCT02624570) showed that half of the patients treated with
midostaurin reported adverse events, with the most common being
diarrhea and neutropenia (Roboz et al., 2020).

Chemotherapy alternatives tend to use nanoparticles for drug
delivery to improve bioavailability and reduce drug resistance and
toxicity (Yan et al, 2020). Our previous studies showed that
FLT3 inhibitors loaded on Pluronic-gold nanoparticles inhibit
tumor growth and have a superior therapeutic effect compared to
bare drugs (Simon et al,, 2015). In another study, we showed that
FLT3 inhibitors loaded on gelatin-coated gold nanoparticles had an
increased antitumor effect compared to the drug alone (Suarasan
etal., 2016). Gold nanoparticles loaded with FLT3 inhibitors had an
increased transmembrane delivery in AML cells, and the in vitro
evaluation indicates that the FLT3-IDT gene was downregulated,
leading to tumor cell suppression (Petrushev et al., 2016). Thus,
MDS
bioavailability and reduce its overall side effects.

internalization in nanocarriers could improve its

In recent work, we have shown that the MDS loading and
controlled release behavior greatly depend on the stimuli-responsive
properties of the polymer that is conjugated onto a gold nanoparticle

core (Tatar et al,, 2023). Herein, we took a step forward by extending
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our studies toward preclinical in vivo investigations. For this, we
employed a protocol based on data generated by an in vivo imaging
system (IVIS) (Lim et al., 2009; Nakayama et al., 2020; Iluta et al.,
2021), which allows us to track tumor cells and evaluate the drug
effect in mice in a non-invasive manner over alonger time scale. Our
that treated with MDS-loaded
nanoparticles had a better outcome than the group treated with

findings show the group
MDS alone after 2weeks of drug administration at a dosage
approximately 10 times lower than the one given in clinical
settings, considering the human-to-animal conversion. However,
one can notice that the antitumor effect is more pronounced in the
first half of the treatment, as after 4 weeks, the tumors have similar
sizes in all treated groups. We attribute this effect to the significantly
low concentration of MDS in loaded nanoparticles and, implicitly, to
the overall dosage. Thus, further optimization of the nanoparticle
formulation is a prerequisite for a better and more sustained
outcome and the minimization of any potential relapse.

2 Materials

Hydrogen tetrachloroaurate (III) trihydrate (HAuCly-3H,O,
99.99%), sodium citrate tribasic dihydrate, citric acid, Pluronic F-
127 (Pluronic), midostaurin hydrate (>98%) (MDS), and
L-glutathione reduced >98.0% (GSH) were obtained from Sigma-
Aldrich. Thiolated polyethylene glycol of 5000 kDa molecular mass
was obtained from Iris Biotech, Germany. The phosphate-buffered
saline solution was purchased from Gibco®. All the other reagents
used during the experiments are of analytical grade and were used
without further purification. The aqueous solutions were prepared
with ultrapure water (R = 18.2 MQ c¢m) from a Milli-Q Purification
System (Millipore, Merck). Ultrapure water was used for rinsing and
cleaning procedures.

3 Methods

3.1 Gold nanoparticle synthesis and loading
with the midostaurin drug

Gold nanoparticles were fabricated by chemical synthesis based
on the Turkevich-Frens protocol (Boca et al., 2009). In brief, 100 mL
of 1 mM HAuCly-3H,0 were heated until boiling. Under vigorous
stirring, 10 mL of 38.8 mM sodium citrate were quickly added.
During the boiling process, the solution changed color from
yellow to an intense burgundy-red. Then, the solution was
removed from the heat, and the stirring continued for another
10-15 min until the formation of nanoparticles. For the loading of
the drug, 40 ul of midostaurin (1 mg/mL) were added to 1 mL of the
synthesized nanoparticles in an aqueous solution, followed by the
rapid addition of 2 mM Pluronic polymer to the nanoparticle-drug
mixture. The mixture underwent 1h of stirring at room
temperature, after which the drug-loaded nanoparticles were
purified by centrifugation and resuspension in phosphate-
buffered saline (PBS). The amount of the drug that was loaded
onto GNPs was obtained by measuring the drug content of the
supernatant after particle purification. The loading efficiency (LE)
was calculated using the following formula:
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Tprue — Spr
%LE = M*IOO,
Drug

where Tgrg is the total amount of the drug added and Sgr
represents the amount of the drug in the supernatant (Simon
et al,, 2015). Drug loading was calculated by estimating the free
drug content of the supernatant. The drug concentrations were
determined by measuring the supernatant absorbance (area under
the curve in the 300-380 nm range) and comparing it with a free
drug solution calibration curve (ESI Supplementary Figure SI).
Based on these, the drug content in the nanoparticle formulation
was 30.534 ug/mL, while the gold quantity per particle was
calculated to be 8.07E-17 g, considering the 3.67E+8 M extinction
coefficient for 20-nm spherical nanoparticles. The purified drug
loaded sample (GNP-MDS-PLU) was kept at 8°C until further use.
The control sample of drug-free nanoparticles (GNP-PLU) was
prepared by mixing the colloidal nanoparticles with Pluronic
under similar conditions but by adding the PEG polymer as a
particle pre-stabilizer before the Pluronic coating.

3.2 Drug release evaluation

To evaluate the release of the drug from the nanocarriers, the
particles were re-suspended in buffer solutions mimicking the
physiological environment (lysosomes and extracellular fluids): (i)
acidic citrate buffer (pH 4.5); (ii) acidic citrate buffer (pH 4.5)
containing a GSH; and (iii) PBS (pH 7.4). The nano-MDS samples
were incubated at 37°C in the three buffers above for various time
intervals: 1, 3, 8, and 24 h. At the selected time checkpoints, the
samples were centrifuged to separate the nanoparticles from the
supernatant containing the released drug molecules. The two
fractions were spectroscopically measured for drug quantification,
and the concentration of the released drug and that of the drug
remaining within the nanoparticle were calculated based on
calibration curves previously obtained for the MDS molecule.
MDS quantification was based on the area under the curve
measurements.

3.3 Physico-chemical characterization of
the drug nanocarriers

UV-Vis-NIR  extinction spectra of free and drug-loaded
nanoparticles were acquired using a JASCO V-670 UV-Vis-NIR
spectrometer at 1-nm spectral resolution in 2-mm path length quartz
cuvettes. Particle size distribution and zeta potential were measured at
25°C using the Zetasizer Nano ZS90 from Malvern Instruments. Analysis
was performed at a scattering angle of 90" and a temperature of 25°C.
Particle morphology was imaged by transmission electron microscopy
using a JEOL model JEM 1010 microscope.

3.4 Cell culture
The FLT3-ITD-mutated MV-4-11 AML cell line transfected to

express luciferin MV-4-11 Luc2 (original cell line CRL-9591—MV-
4-11) was cultured in sterile cell flasks at 37°C and 5% CO, in a
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humidified chamber. The RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/

culture medium,

streptomycin, and 1% glutamine, was used for maintaining the MV-
4-11 Luc2 cells under optimal growth conditions. All the cell culture
reagents were purchased from Gibco.

3.5 Cell toxicity

The cell toxicity assay was performed using the CyQUANT
XTIT Cell Viability Assay Kit Carlsbad, CA,
United States of America) with the experimental conditions set at

(Invitrogen,

15 x 103 cells/well in a 100 pL culture medium in a sterile and flat
bottomed 96-well plate. After 24h of incubation, different
concentrations of nanoparticles of various formulations (polymer
and polymer-drug conjugates) were added to the cells. The cells
were incubated with the treatment for another 24 h, followed by 4 h of
incubation with the XTT reagent mixed with an electron-coupling
reagent at 37°C, protected from light. The cell viability was measured
at 450 nm and 660 nm using the Tecan Spark 10M spectrophotometer
(TECAN, Austria GmbH, Grodig, Austria). Data analysis and
graphical representation were performed using GraphPad Prism 8,
and the result was expressed as the mean + standard deviation
(GraphPad Software, San Diego, CA, United States of America).

3.6 MV-4-11 Luc cell morphological analysis

The morphological changes in the cells and cell clustering after
24 h of treatment were evaluated in bright field using a Zeiss Axio
Vert. Al inverted microscope (Zeiss, Jena, Germany) with
a x5 objective. The images were captured using ZEN software
(Zeiss, Jena, Germany).

3.7 In vivo protocols

Eight-week-old male and female athymic nude mice were
included in the study. The mice were purchased from Charles
River Laboratories and maintained in an authorized animal
facility at the Advanced
Medicine, Tuliu Hatieganu University of Medicine and Pharmacy,

Medfuture Research Center for

Cluj-Napoca. The mice were accommodated at a standard
temperature of 22°C + 2°C and a relative humidity of 55% + 10%
in a 12:12 h light:dark cycle. The housing was made in an IVC2-SM-
56-IIL rack system (Acellabor) with individually ventilated cages
supplied with HEPA-filtered air (II L Cages) with autoclaved
bedding and ad libitum access to autoclaved water and pelleted
food. All experimental protocols were approved by the Ethics
Committee of Iuliu Hatieganu University of Medicine and
Pharmacy and were conducted in accordance with EU
Directive 63/2010.

Sixteen mice were included in the study and tagged with metallic
ear tags for identification. The animals were injected with
approximately 2 x 10° MV4-11 luciferase-positive cells in the
knee joint while kept under gas anesthesia. The tumors were
allowed to develop for 14 days, and at day 14, the size of the

xenograft was measured using the IVIS SPECTRUM-IVIS

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1382399

Munteanu et al.

10.3389/fphar.2024.1382399

C
—GNP °7 -0.99
——GNP-PLU -2.35
—— GNP-MDS-PLU
Z 20
Il
c
<
o
2 .40
8
N
™™™ GNP
™™ GNP-PLU
60 ™™ GNP-MDS-PLU
<2 -61.6

A B
2.09
—GNP
—— GNP-PLU
—— GNP-MDS-PLU
1.5 -
= 8
=] c
& 3
c oA
S 1.0 =
g %
£ 500 510 520 530 540 550 c
X 2
w £
0.54
00 T T T T T T 1 ) T S LA LLLL | pE AL ]
200 300 400 500 600 700 800 900 0.1 1 10
Wavelength (nm)
FIGURE 1

LBEAL L T LA
100 1000 10000

Hydrodynamic diameter (nm)

(A) UV-Vis-NIR extinction spectra of Pluronic nanoconjugates of various composition. Inset: LSPR (the spectra are normalized to unity). (B) DLS
hydrodynamic diameter data of nanoconjugates. (C) Zeta potential values of nanoconjugates. Black, pristine GNPs; blue, Pluronic-conjugated

nanoparticles; red, MDS-loaded nanoparticles.

Imaging System (PerkinElmer) using a systemically injected
bioluminescent reporter optimized for in vivo imaging-RediJect
D-Luciferin (XenoLight, PerkinElmer). Out of the 16 mice,
11 developed relatively uniform tumors and were divided into
four experimental groups as follows: control (2n), nano-control
(3n), midostaurin control (3n), and nano-midostaurin (3n). We
have chosen to include the fewest number of mice in the control
group considering that the main purpose of the study was to
demonstrate the superiority of the treatment loaded with
nanoparticles compared with the standard free drug and not to
demonstrate the feasibility of the actual treatment that was already
tested in clinical trials. Control mice received 200 puL of buffer
received 200 uL of unloaded
nanoparticles (GNP-PLU), midostaurin control mice received

solution, nano-control mice
200 uL of the equivalent dosage of a free drug, and nano-MDS
mice received 200 puL of nanoparticles loaded with MDS in a PBS
solution (GNP-MDS-PLU). All treatments were administered
intraperitoneally (IP). The treatments were administered daily for
14 consecutive days, except for control mice that did not survive
until the end of the experiment and received only seven doses of
treatment. The evolution of the tumors was monitored via
bioluminescent imaging at days 1, 8, and 15 for all treatment
groups, except for the control mice that were followed until day
8. processed using Living
Image®4.5.2 software. The same software program was used to

Bioluminescent images were

automatically measure the signal intensity within the region of
interest (ROI) using the automatic contour tool.

4 Results and discussion

4.1 Characterization of midostaurin
nanocarriers

The synthesized gold nanoparticles have a spherical shape and
sizes of approximately 20 nm, as indicated by the morphological
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characterization of the TEM micrograph (ESI Supplementary Figure
S2). The particles were purified by centrifugation and resuspension
in ultrapure water and used for further functionalization. Figure 1
presents the UV-Vis-NIR spectra of the particles in different
loaded
with MDS drug). The characteristic peaks of midostaurin are

formulations (free, conjugated with Pluronic, and
visible in the 300-380 nm region. The nanoconjugates have a
very high MDS loading efficiency (94.65%) facilitated by the
midostaurin, which,
compound, is capable of participating in less than five hydrogen
bonds, it
are hydrophilic-hydrophobic-hydrophilic block copolymers of
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO).
Taking these into consideration, the mechanism by which MDS-

being an organic hetero-octacyclic

) is mostly hydrophobic. Pluronic molecules

loaded gold nanoparticles are formed is based on the self-assembly
of Pluronic and MDS into amphiphilic structures that engulf the
nanoparticles suspended in an aqueous solution. The hydrophobic
area of MDS is captured in the PPO layer of the Pluronic via
hydrophobic interactions, and the outer hydrophilic shell ensures
the solubility and stability of the system. The LSPR position is red-
shifted by several nm after conjugation with the polymer and drug
molecules, respectively, confirming that the drug and polymer
molecules are conjugated onto the nanoparticle surface. DLS
corroborate the
hydrodynamic diameter systematically increases after each

measurements results, as the measured
round of functionalization from approximately 25nm in the
case of bare nanoparticles to 45 nm and 123 nm, respectively,
for polymer and MDS-polymer-coated ones. The zeta potential
also modifies, showing a value of —61.6 + 1.1 mV for the pristine
GNPs, while after Pluronic shielding, the value increases to —2.35 +
0.9 mV. The presence of MDS in the nanoparticle formulation
further modifies the zeta potential of the particles to values
approaching neutral charge. Still, the nanoparticles remain
stable in a biologically compatible buffer solution due to the
presence of the polymer, which provides steric stability to the

nanocomplexes.
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4.2 Evaluation of the drug release profile

The particles were subjected to ex vivo release buffers

simulating relevant intracellular microenvironment
conditions. PBS is commonly used due to its resemblance to
extracellular fluid pH of 7.4 and ionic strength. A citrate-based
buffer with a pH of 4.5

pH conditions, as GNPs are engulfed by cells mostly based

acidic resembles lysosomal
on endocytosis through the endo-lysosomal internalization
system. For an even more accurate simulation of the intra-
lysosomal microenvironment where GNP-MDS-PLUs are
located after internalization, we added 10 mM of glutathione
(GSH), an important component of the lysosomal fluid and the
most abundant thiol in animal cells. Due to its chemical
composition, Pluronic is a pH-non-sensitive polymer, and
Pluronic-coated nanoparticles are relatively stable under both
PBS (7.4 pH) and acidic (pH 4.5) conditions (Figure 2). Similar
results regarding the stability of conjugated nanoparticles in the
PBS buffer were previously obtained and demonstrated in our
group (Simon et al., 2015; Tatar et al., 2023). Herein, we expand
the evaluation by testing the stability of the particles over a 3-
day time period. The results indicate the high stability of the
drug nanocomplex since both the particle LSPR band position
and the spectral characteristics of the drug molecules are
conserved (ESI Supplementary Figure S3). The drug release
experiments showed a burst release in the first hour of
incubation for all release buffers but barely reached 16%-17%
MDS release after 24h
conditions. In contrast, the presence of glutathione leads to
release rates of 50% after 24 h due to the molecules’ high affinity
to the gold surface of the particles, leading to a major

of incubation under non-GSH

displacement of the adsorbed MDS and Pluronic (Figure 2).
The released MDS is most likely captured in Pluronic micelles
within the hydrophobic core.

Frontiers in Pharmacology

4.3 In vitro cytotoxicity evaluation

In vitro toxicity of MDS, GNP-PLU, and GNP-MDS-PLU on
MV-4-11 Luc2 leukemia cells was evaluated at 24 h after treatment.
The cytotoxicity was assessed at different concentrations of the
above-mentioned nanocompounds by adding different volumes of
the colloid containing either nanoparticles or the free drug in culture
media (volume range 2.5-100 uL), as presented in Figures 3A, B.
The GNP-PLU concentration as particles/mL was adapted to match
that of GNP-MDS-PLU, which was loaded with MDS as an anti-
FLT3 compound.

The MTS results indicate that the GNPs without drug load
showed no toxicity on MV-4-11 Luc2 cells, while the MDS alone and
GNP-MDS-PLU treatments inhibited leukemia cell growth in a
dose-dependent manner. Furthermore, it is notable that at a very
low dose of the free midostaurin drug and midostaurin-loaded
nanoparticles, the inhibition effect is significant, downstreaming
the viability by almost 50%. This aspect highlights the high
antitumor effect of midostaurin. The reduced cell population was
evaluated by bright-field microscopy, and the results are presented
in the Supplementary Material attached to the article (ESI
Supplementary Figure S4). The nonlinear regression fit of the
obtained data indicates a low ICs, value, confirming that the
compound can inhibit half of the MV-4-11 Luc2 cells at a very
low dose in a short period of treatment of 24 h, while the unloaded
GNPs showed no toxicity (ESI Supplementary Figure S5).

4.4 In vivo cytotoxicity evaluation

In order to demonstrate the improved efficiency of the treatment
loaded into the particles in a preclinical experimental setup closer to
the patients’ scenario, we used athymic nude mice with tumor
xenografts as models for the evolution of the disease. Once we
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observed a significant tumor formation, we administered
systemically via IP injection control buffer (control), free
nanoparticles (nano-control), free drug (midostaurin control),
loaded with the drug

(Figure 4). The treatment was administered daily for 14 days (ESI

and particles (nano-midostaurin)
Supplementary Figure S6) and evaluated on days 1, 8, and 15 using
the IVIS. The therapy delivery approach was chosen according to its
pharmacokinetic and pharmacodynamic properties to ensure
appropriate therapeutic plasma levels. The daily intraperitoneal
dose for 14 consecutive days was chosen to ensure consistent
exposure to the therapy, which is important to determine its
therapeutic effect. This strategy was informed by existing
literature data, suggesting that such a regimen could minimize
toxicity while maximizing tumor inhibition (Lu et al, 2022).
Moreover, we hypothesized that nanoparticles might exhibit
delayed effects on tumor progression or interact differently with
the tumor microenvironment over an extended period. The control
group that did not receive any form of treatment died under
anesthesia at the second IVIS evaluation (day 8), stopping the
experiment on day 7 of treatment (Figure 4). As can be seen in
Figure 4, in the case of control mice that received only buffer
solution or nanoparticles alone, the xenografts developed
significantly without any signs of tumor inhibition. In the third
control group, meaning the mice that were injected with the free
drug, the malignant formation decreased at day 8 compared with the
other two control cohorts; however, the treatment did not manage to
completely stop tumor evolution. Finally, when midostaurin was
loaded into the particles and administered systemically (nano-
midostaurin), we observed a significant improvement in terms of
tumor development, where the new formulation managed to
significantly minimize tumor growth compared with the other
three control situations, including the free drug cohort.

Despite losing the control group in the first half of the experiment,
we continued the protocol until day 14 of the treatment with the other
three cohorts, considering that the main purpose of the preclinical
evaluation consisted of demonstrating the improved efficiency of the
new particles loaded with the drug compared with the drug alone.
Moving past day 7 of treatment, we observed a sudden rapid tumor
growth also in the nano-midostaurin cohort, similar to the one from the
midostaurin control and nano-control groups (ESI Supplementary
Figure S6). We attributed this change to the highly aggressive
character of the tumor but also to the fact that, at this point, we
were unable to load into the particles a clinically equivalent dose of
midostaurin. To establish our dosing strategy, we used an approved
therapeutic regimen, and we consulted the RATIFY clinical trial (Stone
et al,, 2017), where midostaurin was administered at 50 mg orally twice
daily in adult AML patients with FLT3 mutations. Considering the
pharmacokinetic and pharmacodynamic differences between humans
and mice, we used a scaled dose that was approximately 10 times lower
than the human equivalent dose when adjusted for the body surface area.
This adjustment is consistent with standard practices for translating
human doses to mouse doses, ensuring relevance and safety in our
preclinical investigation. Hence, the dosage was calculated according to
the human-animal dose conversion, being limited by the volume that
can be administered to a mouse. However, the new therapeutic
formulation has managed to keep the tumor under control for half
of the therapeutic scheme, a fact that did not happen in the case of the
standard treatment that is currently used in the clinic.
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5 Discussions and future perspectives

Our preclinical study shows that midostaurin in the nanoparticle
formulation has improved effects on tumor inhibition compared to the
free drug in vivo, managing to keep tumor formation under control
with no significant tumor growth within the first half of the treatment
(ESI Supplementary Figure S7). However, starting with the second half
of the therapy, the tumor growth intensified even under the new
nanoparticle-based formulation, reaching similar levels to those
observed in the free midostaurin cohort. We mainly attribute this
spurt to an insufficient drug concentration, being limited by the volume
of treatment that can be injected into a mouse and, implicitly, the
particle concentration. It is, therefore, notable that the administered
drug quantity with positive results was approximately 10 times lower
than the one given in the clinic after the human-to-animal conversion.
However, in the case of a patient, this limitation does not exist anymore
since a much higher tolerance can be applied in terms of treatment
volume. To overcome these limitations, we plan to conduct further
research with an expanded sample size and investigate different
statistical approaches. Furthermore, considering the challenges in
maintaining consistent drug concentrations due to the limitations in
treatment volume that can be administered in a mouse model, future
studies will also focus on optimizing the nanoparticle formulation. This
will improve the bioavailability and sustained release of midostaurin,
potentially increasing the efficacy of the treatment throughout the entire
research period.
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Pan-cancer analyses reveal the
molecular and clinical
characteristics of TET family
members and suggests that
TET3 maybe a potential
therapeutic target
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Epigenetics for Organ Development of Premature Infants, Tianjin Fifth Central Hospital, Tianjin, China,
*High Altitude Characteristic Medical Research Institute, Huangnan Tibetan Autonomous Prefecture
People’s Hospital, Huangnan Prefecture, Qinghai, China, “Department of Pathology, Tianjin Fifth Central
Hospital, Tianjin, China, *North China University of Science and Technology, Tangshan, Hebei, China,
®Department of Ophthalmology, Peking University First Hospital, Beijing, China, "Department of
Pharmacy, Tianjin Fifth Central Hospital, Tianjin, China, ®Department of General Surgery, Peking
University First Hospital, Beijing, China

The Ten-Eleven Translocation (TET) family genes are implicated in a wide array of
biological functions across various human cancers. Nonetheless, there is a
scarcity of studies that comprehensively analyze the correlation between TET
family members and the molecular phenotypes and clinical characteristics of
different cancers. Leveraging updated public databases and employing several
bioinformatics analysis methods, we assessed the expression levels, somatic
variations, methylation levels, and prognostic values of TET family genes.
Additionally, we explored the association between the expression of TET
family genes and pathway activity, tumor microenvironment (TME), stemness
score, immune subtype, clinical staging, and drug sensitivity in pan-cancer.
Molecular biology and cytology experiments were conducted to validate the
potential role of TET3 in tumor progression. Each TET family gene displayed
distinct expression patterns across at least ten detected tumors. The frequency of
Single Nucleotide Variant (SNV) in TET genes was found to be 91.24%, primarily
comprising missense mutation types, with the main types of copy number variant
(CNV) being heterozygous amplifications and deletions. TET1 gene exhibited high
methylation levels, whereas TET2 and TET3 genes displayed hypomethylation in
most cancers, which correlated closely with patient prognosis. Pathway activity
analysis revealed the involvement of TET family genes in multiple signaling
pathways, including cell cycle, apoptosis, DNA damage response, hormone
AR, PI3K/AKT, and RTK. Furthermore, the expression levels of TET family
genes were shown to impact the clinical staging of tumor patients, modulate
the sensitivity of chemotherapy drugs, and thereby influence patient prognosis by
participating in the regulation of the tumor microenvironment, cellular stemness
potential, and immune subtype. Notably, TET3 was identified to promote cancer
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progression across various tumors, and its silencing was found to inhibit tumor
malignancy and enhance chemotherapy sensitivity. These findings shed light on the
role of TET family genes in cancer progression and offer insights for further
research on TET3 as a potential therapeutic target for pan-cancer.

KEYWORDS

TET family genes, pan-cancer analysis, tumor microenvironment, drug sensitivity,

therapeutic target

Introduction

Epigenetics, including DNA methylation, histone modifications,
and non-coding RNA regulation, plays a crucial role in human disease,
particularly cancer, by orchestrating gene expression dynamics without
altering DNA sequence. Aberrant epigenetic changes, such as
hypermethylation of tumor suppressor gene promoters and
dysregulated histone modifications, disrupt normal cellular processes,
fostering tumor initiation, progression, and metastasis. Despite the
continuous advancements in surgical and targeted therapies in
recent years, a considerable portion of tumor patients still present
with advanced and widespread metastasis at the time of diagnosis,
resulting in a bleak prognosis (Golemis et al., 2018). Consequently,
conducting comprehensive research into the molecular mechanisms
underlying cancer development holds paramount importance for
tumor prevention, early screening and diagnosis, clinical treatment,
as well as enhancing patient prognosis and survival rates (Alqahtani
et al,, 2019; Ban et al., 2021; Rodriguez et al., 2022).

Genetic variations and epigenetic changes play pivotal roles in
the initiation and progression of tumors (Talib et al., 2021). Nearly
all tumors involve single or tandem mutations in one or multiple
genes (Kossenas and Constantinou, 2021). To devise precise
treatment strategies capable of effectively targeting tumor cells
while minimizing damage to normal tissues, from the myriad of
small molecule chemical drugs available, a comprehensive
understanding of the underlying mechanisms of the implicated
genes is imperative (Srivastava and Goodwin, 2020). The advent
and advancement of modern bioinformatics methodologies offer a
streamlined approach for humanity to efficiently explore and
analyze tumor occurrences within established gene information
databases, thereby providing guidance for tumor treatment
(Nooter and Stoter, 1996; Zaridze, 2008; Gongalves et al., 2021).

Recent studies have revealed that epigenetic regulations, such as
DNA methylation and demethylation modifications, are intricately
linked to the onset and progression of human cancers (Kulis and
Esteller, 2010; Klutstein, Nejman, Greenfield and Cedar, 2016;
Nishiyama and Nakanishi, 2021). DNA methylation often occurs
on the CpG islands of the promoter regions, resulting in the
activation of oncogenes and the inactivation of tumor suppressor
genes (Kulis and Esteller, 2010; Papanicolau-Sengos and Aldape,
2022). Aberrant DNA methylation can disrupt the apoptosis process
of cells, render tumor cells insensitive to growth inhibition signals,
and induce uncontrolled replication of tumor cells (Pan et al., 2018).
Consequently, epigenetic research, particularly focusing on DNA
holds
diagnosis, prevention, and treatment, as well as predicting

methylation, significant value for tumor molecular
therapeutic outcomes and prognosis (C. Chen et al,, 2022; Meng

et al., 2015).
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Studies  indicate  that

hypomethylation play crucial roles in tumor development. The

both  hypermethylation and

Ten-Eleven Translocation (TET) enzymes facilitate the oxidation
of 5-methylcytosines (5mCs) and promote site-specific reversal of
DNA methylation (Kohli and Zhang, 2013). TET family genes,
including TET1, TET2, and TET3, exhibit diverse vital biological
functions in mammals (Kinney and Pradhan, 2013; Zeng and Chen,
2019; Joshi, Liu, Breslin and Zhang, 2022). At their core, TET family
genes consist of a-Ketoglutaric acid (a-KG) and Fe2+-dependent
dioxygenases, which regulate DNA demethylation, modulate gene
transcription, and influence various life processes such as embryonic
development, as well as the onset of various diseases including
tumors (Rasmussen and Helin, 2016; Ma et al., 2021). Additionally,
studies have demonstrated that TET family genes not only facilitate
DNA demethylation but also
propagation by maintaining a low DNA methylation state, thus

active impede methylation
closely associating them with tumorigenesis (Shekhawat et al., 2021).
Notably, TET family genes exhibit a dual role in different tumors,
displaying both carcinogenic and anticancer effects.

While TET family genes are known to play an indispensable role
in the progression of numerous tumors, there is currently scarce
literature on pan-cancer analysis of these genes. Therefore, in this
study, we conducted an analysis of the relationship between TET
family genes and pan-cancer, exploring various aspects including
mRNA expression levels, somatic cell variations, DNA methylation
patterns, pathway activities, survival rates and prognoses, immune
subtypes specific to individual tumors, tumor microenvironment
(TME), stem cell indices, and drug sensitivities. Our aim is to
provide valuable reference data and constructive suggestions
based on a comprehensive understanding of the landscape.

Results

Expression and differential analysis of TET
family genes in pan-cancer

Firstly, utilizing transcriptome data from 33 tumors available in
the UCSC Xena database, we conducted an extraction and analysis
of the expression profiles of the target genes belonging to the TET
family (specifically, TET1, TET2, and TET3) across various types of
cancer. The results depicted in the Boxplot revealed that the
expression level of the TET3 gene ranked highest across pan-
cancer samples, followed by TET2, with TET1 exhibiting the
lowest expression (Figure 1A, Supplementary Table S1).

Next, we screened 18 types of tumors, each containing at least
five corresponding normal samples, and analyzed the expression
differences of TET family members in pan-cancer and its normal
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Expression and differential analysis of TET family genes in pan-cancer. (A) TET1, TET2, and TET3 expression was assessed across pan-cancer
samples. (B—D) Differences in TET1-3 expression between pan-cancer and normal tissues were analyzed. (E) A heatmap visualized expression disparities
among tumors using Wilcox analysis. (F) The expression correlation among TET family genes was analyzed in pan-cancer. (G-I) TET3 protein expression
was evaluated across various cancer cell types (G), lung tumor subtypes (H), and gastric cancer cell differentiation levels (I). Data are shown as
mean + SD, with statistical significance denoted as *p < 0.05, **p < 0.01, ***p < 0.001.
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TABLE 1 Differential expression of TET family members in various tumors.

CancerType TET1 TET2 TET3

BLCA 0.096236305 0.101847392 0.716234375
BRCA ~0.065518523 ~0.144760041 0.506621202
CHOL 0.283859336 0.49181886 1.242806426
COAD 0065707243 -0.283057513 0027092671
ESCA 0.211017314 0.209220152 0.772441549
GBM 0075892311 0246159584  —0.18453126
HNSC 0.140153387 ~0.137649947 0479021335
KICH ~0.222646071 0105693609 —-0.22620435
KIRC ~0.030193499 0079717096 0589176718
KIRP ~0.044008843 ~0.153032274 03255915
LIHC 0.165642026 0057092953 0501816772
LUAD 0261827716 0026681648 0315641285
LUSC 0.399485757 0093571817 1.013154683
PRAD 0016403461 ~0.083845777 0.483879586
READ ~0.039904543 -0.431725117 0209207574
STAD 0.078809067 0089785518 0.754909001
THCA ~0.066662138 ~0.14246154 0363362479
UCEC 0.121399047 -0.207671334 0.881939819

tissues. As shown in Figure 1B, TET1 exhibited abnormal expression
in 10 types of tumors, with significantly downregulated expression
observed in BRCA, KICH, KIRC, KIRP, and THCA, and
upregulated expression noted in CHOL, HNSC, LIHC, LUAD,
and LUSC tumors compared to their corresponding normal
samples. The expression of TET2, in tumor samples such as
BRCA, COAD, HNSC, KIRP, READ, and THCA, was lower,
while in CHOL, GBM, KIRC, and UCEC tumors, it was
significantly higher than that in corresponding normal control
tissues (Figure 1C). The expression of the TET3 gene varied
across 15 tumors and corresponding normal samples, including
BLCA, BRCA, CHOL, ESCA, HNSC, KIRC, KIRP, LIHC, LUAD,
LUSC, PRAD, STAD, THCA, UCEC, and KICH. Among these,
except for KICH, TET3 was significantly overexpressed in all
14 other tumors (Figure 1D). These findings suggest that the
high expression of TET3 may serve as a key factor in the
occurrence, development, and poor prognosis of various
clinical tumors.

To further elucidate the differential expression patterns of TET
family members in various tumors, we conducted Wilcox analysis
on the expression differences in each tumor and obtained the
aforementioned differential expression cluster analysis graph
(Figure 1E; Table 1). As previously mentioned, TET3 was
TET1 and TET2 were
downregulated in most tumors. It remains unclear whether there

significantly upregulated, while
is a correlation between the expression of the three members of the
TET family in pan-cancer. Therefore, we conducted a detailed

analysis of the correlation between TET family genes in pan-
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cancer. As illustrated in Figure 1F, the expression of TETI,
TET2, and TET3 positively correlated in pan-cancer, with a
stronger positive correlation observed between TET2 and TET3.

Given the high expression of TET3 in numerous tumors, we
speculate that it may represent a potential therapeutic target.
Consequently, we assessed the expression of TET3 protein in
four tumor cell lines (BGC-823, HepG2, A549, TPC-1) and their
corresponding normal cell lines (GES-1, LX2, 16HBE, Nthy-ori-3-
1). The results demonstrated higher expression levels of TET3 in all
four tumor cell lines compared to the corresponding control cell
lines (Figures 1G-I). Subsequently, we examined the expression of
TET3 protein in three different pathological subtypes of lung cancer
cell lines (A549, SKMESI, NCIH460). The findings revealed
significantly higher expression levels of TET3 protein in lung
adenocarcinoma A549 and lung squamous cell carcinoma
SKMES!I compared to normal controls and large cell lung cancer
cell lines. This observation suggests differential expression of
TET3 protein within the same type of tumors with varying
pathological subtypes. Finally, we evaluated the expression of
TET3 protein in gastric cancer cell lines (NCI-N87, BGC-823,
HGC-27) with differing degrees of differentiation. The results
indicated that as the degree of cell differentiation decreased, the
expression of TET3 protein gradually increased. This implies that
the expression intensity of TET3 protein may serve as an indicator of
the malignant level of gastric cancer.

Somatic cell variation landscape of TET
family genes

To comprehend the genomic alterations of TET1-3 in tumors,
we scrutinized single nucleotide variant data (SNV, Table 2) and
copy number variant data (CNV, Table 3) from a total of
10,289 pan-cancer samples spanning 33 types of tumors, and
illustrated SNV and CNV landscapes.

Initially, we analyzed the SNP data pertaining to the TET
gene to ascertain the frequency and variant types across each
cancer subtype. As depicted in Figures 2A, B, among these
cancers, the SNV frequency of UCEC, SKCM, and COAD
ranges from 19% to 57%. The SNV frequency of the TETs
gene collectively is 91.24% (1052/1153). Variant analysis
unveiled missense mutation as the predominant SNP type.
SNV percentage analysis revealed mutation rates of 23%, 17%,
and 16% for TET1-3, respectively.

To elucidate the mutation pattern of CNV, we examined the
CNYV data of TETSs genes in the TCGA database. The distribution
of CNV pie charts illustrated heterozygous amplification and
heterozygous deletion as the primary types (Figure 2C). CNV
percentage analysis unveiled heterozygous amplification rates of
TET1 in ACC and UCS, TET2 in ACC and KICH, and TET3 in
ESCA, LUSC, OV, TGCT, and UCS, all exceeding 20%
(Figure 2D). However, homozygous amplification was weak,
observed solely in CHOL for TET1 (Figure 2E). Heterozygous
deletions of TET1 in GBM, KICH, SARC, SKCM, and TGCT,
TET2 in CHOL, ESCA, LIHC, LUSC, MESO, OV, READ, TGCT,
and UCS, and TET3 in KICH and SARC, all surpassed 40%
(Figure 2D). No homozygous deletions were noted across all
tumors (Figure 2E).
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TABLE 2 The single nucleotide variants index of TETs in the tumor genome.
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Cancertype Symbol Effective Mut Non Effective Mut sample_size Percentage Entrez
ACC TET1 2 1 92 2.173913043 80312
ACC TET2 1 3 92 1.086956522 54790
ACC TET3 1 1 92 1.086956522 200424
BLCA TET1 26 8 411 6.326034063 80312
BLCA TET2 9 4 411 2189781022 54790
BLCA TET3 11 4 411 2676399027 200424
BRCA TET1 14 11 1026 1.364522417 80312
BRCA TET2 14 5 1026 1.364522417 54790
BRCA TET3 12 6 1026 1.169590643 200424
CESC TET1 11 3 291 3.780068729 80312
CESC TET2 6 15 291 206185567 54790
CESC TET3 8 3 291 2.749140893 200424
CHOL TET2 0 1 36 0 54790
CHOL TET3 1 0 36 2.777777778 200424
COAD TET1 26 10 407 6388206388 80312
COAD TET2 19 30 407 4.668304668 54790
COAD TET3 26 9 407 6388206388 200424
DLBC TET1 1 1 37 2702702703 80312
DLBC TET2 3 1 37 8.108108108 54790
DLBC TET3 0 1 37 0 200424
ESCA TET1 4 3 185 2162162162 80312
ESCA TET2 4 5 185 2162162162 54790
ESCA TET3 3 4 185 1.621621622 200424
GBM TET1 8 2 403 1.985111663 80312
GBM TET2 4 2 403 0.992555831 54790
GBM TET3 5 1 403 1.240694789 200424
HNSC TET1 9 4 509 1.768172888 80312
HNSC TET2 7 5 509 1.37524558 54790
HNSC TET3 9 1 509 1.768172888 200424
KICH TET1 1 0 66 1.515151515 80312
KICH TET2 0 1 66 0 54790
KICH TET3 0 1 66 0 200424
KIRC TET1 3 3 370 0.810810811 80312
KIRC TET2 5 0 370 1.351351351 54790
KIRC TET3 2 1 370 0.540540541 200424
KIRP TET1 7 0 282 2482269504 80312
KIRP TET2 2 2 282 0.709219858 54790
KIRP TET3 2 2 282 0.709219858 200424
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TABLE 2 (Continued) The single nucleotide variants index of TETs in the tumor genome.
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Cancertype Symbol Effective Mut Non Effective Mut sample_size Percentage Entrez
LAML TET1 1 0 85 1.176470588 80312
LGG TET!1 2 1 526 0.380228137 80312
LGG TET2 5 2 526 0.950570342 54790
LGG TET3 1 2 526 0.190114068 200424
LIHC TET1 7 0 365 1917808219 80312
LIHC TET2 2 11 365 0.547945205 54790
LIHC TET3 4 0 365 1.095890411 200424
LUAD TET1 25 7 567 4.409171076 80312
LUAD TET2 11 3 567 1.940035273 54790
LUAD TET3 13 3 567 2292768959 200424
LUSC TET1 20 7 485 412371134 80312
LUSC TET2 19 1 485 3.917525773 54790
LUSC TET3 14 6 485 2.886597938 200424
MESO TET1 1 0 82 1.219512195 80312
MESO TET2 0 1 82 0 54790
ov TET1 6 3 412 1.45631068 80312
ov TET2 1 1 412 0.242718447 54790
ov TET3 7 1 412 1.699029126 200424
PAAD TET1 1 0 178 0.561797753 80312
PAAD TET2 1 0 178 0.561797753 54790
PAAD TET3 2 0 178 1.123595506 200424
PRAD TET1 4 1 498 0.803212851 80312
PRAD TET2 1 1 498 0.200803213 54790
PRAD TET3 4 1 498 0.803212851 200424
READ TET1 8 3 149 5369127517 80312
READ TET2 4 7 149 2.684563758 54790
READ TET3 4 3 149 2684563758 200424
SARC TET1 2 3 239 0.836820084 80312
SARC TET2 6 1 239 2.510460251 54790
SARC TET3 3 2 239 1.255230126 200424
SKCM TET!1 52 21 468 11111111111 80312
SKCM TET2 37 14 468 7.905982906 54790
SKCM TET3 42 25 468 8.974358974 200424
STAD TET1 22 8 439 5.011389522 80312
STAD TET2 17 2 439 3.872437358 54790
STAD TET3 21 8 439 4.783599089 200424
TGCT TET1 4 1 151 2.649006623 80312
THCA TET1 2 0 500 04 80312
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TABLE 2 (Continued) The single nucleotide variants index of TETs in the tumor genome.

Cancertype Symbol Effective Mut Non Effective Mut sample_size Percentage Entrez
THCA TET2 1 0 500 02 54790
THCA TET3 2 2 500 0.4 200424
THYM TET1 1 1 123 0.81300813 80312
THYM TET2 1 0 123 0.81300813 54790
THYM TET3 1 0 123 0.81300813 200424
UCEC TET1 57 29 531 10.734463277 80312
UCEC TET2 46 45 531 8.662900188 54790
UCEC TET3 51 43 531 9.604519774 200424
ucs TET1 1 1 57 1.754385965 80312
ucs TET2 1 1 57 1.754385965 54790
uCcs TET3 1 0 57 1.754385965 200424
UvM TET3 1 0 80 1.25 200424

Correlation analysis revealed a positive association between the
mRNA expression of TETs and CNV, notably with TET2 in CHOL
and ACC. Conversely, TET2 in LAML and TET3 in THMY exhibited
negative correlations with CNV (Figure 2F; Table 4). This suggests
that CNV of the TETs genes mediate abnormal expression in pan-
cancer, potentially playing a pivotal role in cancer progression.

Methylation variation in TET family genes
across pan-cancer

We delved into the methylation levels of TET genes across various
cancers to decipher their epigenetic regulation. Our findings revealed
heterogeneity in the methylation levels of TET family genes among
different tumors. Specifically, TET1 gene exhibited hypermethylation in
most cancers, with hypomethylation observed solely in LIHC.
Conversely, TET2 and TET3 genes displayed hypomethylation in the
majority of tumors, except for instances of hypermethylation in THCA,
COAD, and KIRP for TET2 (Figure 3A). Correlation analysis between
methylation and mRNA expression unveiled a negative correlation
between the expression of these genes and their methylation levels
across pan-cancer (Figure 3B; Table 2). Furthermore, survival analysis
indicated that methylation of TET1 was linked to a lower survival rate in
ACC and a higher survival rate in UVM; methylation of TET2 was
associated with increased survival rates in ACC, KIRP, and PCPG; while
methylation of TET3 correlated with decreased survival rates in SARC
and BLCA (Figure 3C, Supplementary Table S2). These observations
suggest that the methylation levels of TET genes are primarily associated
with the survival outcomes of a limited number of tumors.

Pathway activity analysis of TET family genes
in pan-cancer

Pathway activity analysis revealed significant involvement of TET's

in cancer-related signaling pathways, including Cell Cycle, Apoptosis,
DNA Damage Response, Hormone AR, PI3K/AKT, and RTK. Notably,
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TET1 primarily activated the DNA Damage Response pathway (19%
activation vs. 0% inhibition), while TET2 mainly participated in the Cell
Cycle (4% activation vs. 28% inhibition) and DNA Damage Response
pathways (10% activation vs. 9% inhibition). TET3 showed activation
primarily in the PI3K/AKT (19%) and the RTK pathway (16%
activation vs. 6% inhibition) (Figure 4A; Table 5).

Given the significance of TET3, we modulated its expression in
the NCI-N87 gastric cancer cell line. Overexpression of TET3 led to
increased phosphorylation levels of AKT (Ser 308 and Ser 473) and
mTOR (Ser2448), suppressed P21 expression, and enhanced HIF1a
and c-Myc protein expression, whereas silencing TET3 exhibited the
opposite effect (Figure 4B).

Sunitinib, a selective multi-target tyrosine kinase inhibitor, was
employed to assess whether TET3 affects tumor behavior via the RTK
pathway. We tested the therapeutic sensitivity of three different
pathological subtypes of lung cancer cell lines (A549, SKMESI,
NCIH460) to sunitinib. The results showed that A549 and
SKMESI cell lines with relatively high expression of TET3 exhibited
higher sensitivity to sunitinib (Figure 4C). Similarly, we also tested the
therapeutic sensitivity of gastric cancer cell lines (NCI-N87, BGC-823,
HGC-27) with different degrees of differentiation to sunitinib. The
results revealed that those with higher TET3 expression exhibited
increased sensitivity to the drug (Figure 4D). These findings
underscore the involvement of TET3 in regulating the PI3K/AKT
and RTK pathways during tumor progression.

Influence of TET gene family on pan-cancer
survival and prognosis

We conducted an analysis to assess the correlation between TET
gene expression levels and the survival outcomes of patients across
33 types of tumors using data from the TCGA database. Kaplan-
Meier survival curve analysis revealed that high expression of
TET1 in ACC, KIRP, LIHC, SARC, and STAD was associated
with shorter patient survival, while low expression in LGG and
THYM indicated reduced survival. Similarly, high expression of
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TABLE 3 The copy number variant index of TETs in the tumor genome.

Cancertype Symbol a_total d_total d_hete a_homo d_homo Entrez
ACC TET1 27.7777778 133333333 27.7777778 13.3333333 0 0 80312
ACC TET2 38.8888889 12.2222222 38.8888889 12.2222222 0 0 54790
ACC TET3 15.5555556 20 15.5555556 18.8888889 0 1.1111111 200424
BLCA TET1 107843137 35.0490196 9.8039216 33.8235294 0.9803922 1.2254902 80312
BLCA TET2 7.5980392 37.0098039 71078431 36.7647059 0.4901961 0.245098 54790
BLCA TET3 33.0882353 8.0882353 31.6176471 8.0882353 1.4705882 0 200424
BRCA TET1 12.5925926 21.7592593 12.037037 21.5740741 0.5555556 0.1851852 80312
BRCA TET2 9.537037 29.4444444 9.0740741 29.0740741 0.462963 03703704 54790
BRCA TET3 16.2962963 15 15.7407407 14.9074074 0.5555556 0.0925926 200424
CESC TET1 57627119 25.0847458 57627119 25.0847458 0 0 80312
CESC TET2 6.1016949 32.2033898 6.1016949 31.8644068 0 03389831 54790
CESC TET3 23.0508475 5.7627119 23.0508475 57627119 0 0 200424
CHOL TET1 16.6666667 13.8888889 111111111 13.8888889 55555556 0 80312
CHOL TET2 55555556 44.4444444 55555556 44.4444444 0 0 54790
CHOL TET3 111111111 55555556 111111111 55555556 0 0 200424
COAD TET1 5.5432373 19.5121951 53215078 19.5121951 02217295 0 80312
COAD TET2 3.7694013 29.9334812 37694013 29.7117517 0 0.2217295 54790
COAD TET3 17.9600887 1.5521064 17.9600887 1.5521064 0 0 200424
DLBC TET1 10.4166667 6.25 10.4166667 625 0 0 80312
DLBC TET2 0 10.4166667 0 10.4166667 0 0 54790
DLBC TET3 125 6.25 10.4166667 20833333 20833333 4.1666667 200424
ESCA TET1 19.5652174 277173913 18.4782609 27.7173913 1.0869565 0 80312
ESCA TET2 10.8695652 527173913 10.8695652 527173913 0 0 54790
ESCA TET3 39.673913 43478261 38.5869565 4.3478261 1.0869565 0 200424
GBM TET1 03466205 87.3483536 0.3466205 86.8284229 0 05199307 80312
GBM TET2 4.6793761 10.745234 4.6793761 10.5719237 0 0.1733102 54790
GBM TET3 6.2391681 6.7590988 6.2391681 67590988 0 0 200424
HNSC TET1 8.2375479 23.9463602 7.6628352 23.9463602 05747126 0 80312
HNSC TET2 9.3869732 304597701 9.3869732 30.2681992 0 0.1915709 54790
HNSC TET3 21.2643678 4.789272 20.8812261 4.789272 03831418 0 200424
KICH TET1 45454545 727272727 45454545 727272727 0 0 80312
KICH TET2 34.8484848 15151515 34.8484848 15151515 0 0 54790
KICH TET3 3.030303 69.6969697 3.030303 69.6969697 0 0 200424
KIRC TET1 22727273 16.8560606 22727273 16.8560606 0 0 80312
KIRC TET2 22727273 14.2045455 2.0833333 14.0151515 0.1893939 0.1893939 54790
KIRC TET3 14.3939394 26515152 14.3939394 26515152 0 0 200424
KIRP TET1 2.4305556 5.9027778 2.4305556 5.9027778 0 0 80312
KIRP TET2 3.8194444 9.0277778 3.8194444 9.0277778 0 0 54790
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TABLE 3 (Continued) The copy number variant index of TETs in the tumor genome.

Cancertype Symbol a_total d_total d_homo Entrez
KIRP TET3 14.9305556 24305556 14.9305556 20833333 0 03472222 200424
LAML TET1 1.5706806 05235602 1.5706806 05235602 0 0 80312
LAML TET2 20942408 1.5706806 20942408 1.0471204 0 0.5235602 54790
LAML TET3 1.0471204 0 1.0471204 0 0 0 200424
LGG TET1 0.7797271 19.6881092 0.7797271 19.6881092 0 0 80312
LGG TET2 1.1695906 20.0779727 0.7797271 19.6881092 03898635 0.3898635 54790
LGG TET3 25341131 4288499 25341131 4288499 0 0 200424
LIHC TET1 11.8918919 21.0810811 113513514 21.0810811 05405405 0 80312
LIHC TET2 1.8918919 47.027027 1.8918919 462162162 0 0.8108108 54790
LIHC TET3 11.8918919 10 11.8918919 10 0 0 200424
LUAD TET1 15.8914729 25.5813953 15.1162791 25.1937984 0.7751938 0.3875969 80312
LUAD TET2 9.6899225 31.3953488 9.496124 31.3953488 0.1937984 0 54790
LUAD TET3 28.875969 52325581 28.2945736 52325581 0.5813953 0 200424
LUSC TET1 12.1756487 44510978 11.7764471 43.7125749 0.3992016 0.7984032 80312
LUSC TET2 5.5888224 60.2794411 53892216 60.0798403 0.1996008 0.1996008 54790
LUSC TET3 48.3033932 21956088 46.3073852 2.1956088 1.996008 0 200424
MESO TET1 3.4482759 19.5402299 22988506 19.5402299 1.1494253 0 80312
MESO TET2 1.1494253 44.8275862 1.1494253 44.8275862 0 0 54790
MESO TET3 5.7471264 8.045977 57471264 8.045977 0 0 200424

ov TET1 24.5250432 26.2521589 22.4525043 25.9067358 20725389 0.3454231 80312

ov TET2 46632124 72.193437 43177893 70.984456 03454231 1.208981 54790

ov TET3 35.4058722 10.1899827 33.5060449 10.0172712 1.8998273 0.1727116 200424
PAAD TET1 7.6086957 152173913 7.0652174 152173913 05434783 0 80312
PAAD TET2 54347826 157608696 54347826 157608696 0 0 54790
PAAD TET3 7.6086957 5.9782609 7.6086957 5.9782609 0 0 200424
PCPG TET1 6.1728395 0.617284 6.1728395 0.617284 0 0 80312
PCPG TET2 3.0864198 6.1728395 1.8518519 61728395 1.2345679 0 54790
PCPG TET3 3.0864198 6.7901235 3.0864198 67901235 0 0 200424
PRAD TET1 44715447 105691057 40650407 9.7560976 0.4065041 0.8130081 80312
PRAD TET2 24390244 6.300813 24390244 4.6747967 0 1.6260163 54790
PRAD TET3 3.0487805 7.5203252 2.8455285 6300813 0.203252 1.2195122 200424
READ TET1 5.4545455 22.4242424 4.8484848 22.4242424 0.6060606 0 80312
READ TET2 3.030303 44.2424242 3.030303 43.6363636 0 0.6060606 54790
READ TET3 23.030303 7.2727273 23.030303 7.2727273 0 0 200424
SARC TET1 3.8910506 56.4202335 35019455 55.2529183 03891051 1.1673152 80312
SARC TET2 15.1750973 24.9027237 14.7859922 24.9027237 03891051 0 54790
SARC TET3 124513619 32.6848249 116731518 32.6848249 0.7782101 0 200424
SKCM TET1 1.0899183 60.4904632 1.0899183 60.4904632 0 0 80312
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TABLE 3 (Continued) The copy number variant index of TETs in the tumor genome.

Cancertype Symbol d_total d_homo Entrez
SKCM TET2 12.5340599 26.1580381 11.9891008 25.8855586 0.5449591 02724796 54790
SKCM TET3 177111717 13.6239782 17.4386921 13.6239782 0.2724796 0 200424
STAD TET1 18.8208617 16.7800454 17.4603175 163265306 1.3605442 04535147 80312
STAD TET2 47619048 39.2290249 47619048 38.5487528 0 0.6802721 54790
STAD TET3 20.4081633 40816327 20.1814059 40816327 0.2267574 0 200424
TGCT TET1 4 52 4 52 0 0 80312
TGCT TET2 0 73.3333333 0 73.3333333 0 0 54790
TGCT TET3 32.6666667 6 32.6666667 6 0 0 200424
THCA TET1 0.4008016 22044088 0.4008016 1.4028056 0 0.8016032 80312
THCA TET2 1.002004 0.4008016 1.002004 0.4008016 0 0 54790
THCA TET3 0.4008016 1.8036072 0.4008016 1.8036072 0 0 200424
THYM TET1 1.6260163 1.6260163 1.6260163 1.6260163 0 0 80312
THYM TET2 1.6260163 32520325 1.6260163 32520325 0 0 54790
THYM TET3 0.8130081 0.8130081 0.8130081 0.8130081 0 0 200424
UCEC TET1 22.4489796 100185529 21.5213358 10.0185529 0.9276438 0 80312
UCEC TET2 1.8552876 20.9647495 1.6697588 20.593692 0.1855288 03710575 54790
UCEC TET3 20.0371058 20408163 183673469 1.8552876 1.6697588 0.1855288 200424

ucs TET1 39.2857143 33.9285714 39.2857143 33.9285714 0 0 80312
ucs TET2 3.5714286 69.6428571 35714286 69.6428571 0 0 54790
ucs TET3 44.6428571 53571429 44.6428571 53571429 0 0 200424
UVM TET1 0 1.25 0 1.25 0 0 80312
UvM TET2 5 5 5 5 0 0 54790
UVM TET3 125 0 125 0 0 0 200424

TET2 in OV, PCPG, and UCS was linked to shorter survival,
whereas low expression in KIRC correlated with decreased
survival. Additionally, high expression of TET3 in ACC, MESO,
and PCPG was associated with shorter survival, while low expression
in THCA
Supplementary Table S3).

indicated reduced survival (Figure 5,

Furthermore, we evaluated the relationship between TET expression
and cancer prognosis (Figure 6). COX regression analysis across
33 cancer types revealed that high expression of TET1 in ACC,
BLCA, CESC, LIHC, PCPG, and SARC was indicative of poor
prognosis, while in LGG, THYM, and UVM, it suggested a favorable
prognosis. Conversely, in KIRC, high expression of TET?2 was associated
with a favorable prognosis. Notably, high expression of TET3 in ACC

alone indicated a poor prognosis among tumor patients.

Correlation between TET family genes
expression and immune subtypes in pan-
cancer and single tumors

To elucidate the association between TETs and immune
responses, we conducted a pan-cancer analysis correlating TET's
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expression with immune subtypes using the TCGA database. As
depicted in Figure 7A, TETs expression exhibited a significant
positive correlation with pan-cancer immune subtypes (p < 0.05):
notably, TET1 and TET2 were markedly upregulated in immune
subtype C5, whereas their expression remained stable in other
subtypes; TET3 displayed variable expression levels across
immune subtypes. To further delineate the specific immune
subtype associations with TETs, we performed KS test correlation
analysis in eight common tumors. Results indicated significant
correlations between TETs expression and immune subtypes in
most tumors (p < 0.05), with TET1 consistently exhibiting the
lowest expression across all subtypes, while TET3 demonstrated
high expression levels (Figure 7B). In STAD, LIHC, and LUAD,
TETs expression showed significant positive correlations with
various immune responses. Notably, TET1 displayed highest
expression in STAD’s C3 subtype and minimal expression in C2,
while TET2 was consistently upregulated across all subtypes.
Conversely, in LIHC, TET1 and TET3 exhibited decreasing
expression trends across subtypes, with TET1 almost absent in
C6, and TET2 lowest in C2. In LUAD, TETI expression
remained stable, while TET2 peaked in C3 and declined in C4,
and TET3 expression was highest in C1 and lowest in C4. However,
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FIGURE 2

Cancer types

Somatic mutations in TET family genes were analyzed. (A) Single Nucleotide Variants (SNV) frequencies of TETs across cancers are presented in a
table, indicating mutated gene counts per cancer type. ‘0" indicates that there was no mutation in the gene coding region, and no number indicates there
was no mutation in any region of the gene. (B) SNV variant types of TETs illustrate mutation distribution and categorization. (C) copy number variant (CNV)
distribution across 33 cancers is depicted in pie charts, showing combined heterozygous/homozygous CNV proportions for each gene in each

cancer. Hete Amp = heterozygous amplification; Hete Del

= heterozygous deletion; Homo Amp = homozygous amplification; Homo Del

= homozygous

deletion; None = no CNV. (D, E) Heterozygous and homozygous CNV profiles display the percentage of CNV, including amplification and deletion, for
each gene in each cancer. Only genes with >5% CNV in a given cancer are shown as a point on figure. (F) CNV correlation with mRNA expression is
depicted through Person’s correlation analysis, with point size indicating statistical significance. FDR, false discovery rate.

COAD and LUSC immune subtypes showed significant correlations
only with TET1 and TET3 expression. TET1 was highly expressed
across all COAD immune subtypes, while TET3 was least expressed

Frontiers in Pharmacology

90

in C3.In LUSC, TET1 displayed minimal expression in C3 and C4,
while TET3 was lowest in C6 and stable in other subtypes. In
summary, TET1 exhibited consistently low expression across
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TABLE 4 The correlation between CNV and their mRNA expression.

10.3389/fphar.2024.1418456

Cancertype Symbol Spm fdr Entrez
ACC TET1 0.430415695 0.000382089 80312
ACC TET2 0511309337 0.000012999 54790
ACC TET3 0.051295551 0.745616362 200424
BLCA TET1 0.114024143 0033251141 80312
BLCA TET2 0336644723 1.10974382E-11 54790
BLCA TET3 0.340550181 6.120072297E-12 200424
BRCA TET1 0.17684712 9.213854436E-09 80312
BRCA TET2 0.315899282 5.853643734E-26 54790
BRCA TET3 0.383294576 1.790536808E-38 200424
CESC TET1 ~0.011925245 0.873039475 80312
CESC TET2 0433545123 4.588165373E-14 54790
CESC TET3 0271741685 0.000006056254999 200424
CHOL TET1 0.428258757 0038654288 80312
CHOL TET2 0.561405786 0.003283608 54790
CHOL TET3 0056461562 0.848010845 200424
COAD TET1 0.073510305 0.297222482 80312
COAD TET2 0352256129 4.196154549E-09 54790
COAD TET3 0253839 0.000038277 200424
DLBC TET1 0275888429 0263041898 80312
DLBC TET2 0.295977236 0218166997 54790
DLBC TET3 0095479039 0.784130723 200424
ESCA TET1 ~0.019454847 0.83412304 80312
ESCA TET2 04619393 2.010983006E-10 54790
ESCA TET3 0372357854 0.0000006135376908 200424
GBM TET1 ~0.053067272 0.63830057 80312
GBM TET2 ~0.08313632 0.433185966 54790
GBM TET3 0.076977807 0472044777 200424
HNSC TET1 0023066842 0.657651986 80312
HNSC TET2 0.251620139 1.746877379E-08 54790
HNSC TET3 0306192782 3.865545249E-12 200424
KICH TET1 0.148008977 0.377833687 80312
KICH TET2 005092177 0.794830274 54790
KICH TET3 0.529190704 0.000065305 200424
KIRC TET1 0.147881527 0.001647943 80312
KIRC TET2 0.17761043 0.000127103 54790
KIRC TET3 0.117307811 0014200842 200424
KIRP TET1 ~0.007483698 0.926764006 80312
KIRP TET2 0.189767588 0.002997358 54790
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TABLE 4 (Continued) The correlation between CNV and their mRNA expression.

10.3389/fphar.2024.1418456

Cancertype Symbol Spm fdr Entrez
KIRP TET3 0.188767054 0.00317016 200424
LAML TET1 0.149963407 0334679172 80312
LAML TET2 ~0.003409614 0.990688679 54790
LAML TET3 ~0.137435668 0391747523 200424
LGG TET1 0467842231 5.692491551E-28 80312
LGG TET2 0.079155919 0.114763564 54790
LGG TET3 0046883491 0375849928 200424
LIHC TET1 0.110406029 0056609338 80312
LIHC TET2 0411352746 1.740150257E-15 54790
LIHC TET3 0230812946 0.00002128 200424
LUAD TET1 0.241128773 7.011929884E-08 80312
LUAD TET2 0.318284609 4.396339316E-13 54790
LUAD TET3 0225184712 0.0000005295820664 200424
LUSC TET1 0.154795317 0.000812676 80312
LUSC TET2 0.415485507 1.074058287E-21 54790
LUSC TET3 0381062315 3.352834713E-18 200424
MESO TET1 0.089110139 0.542886691 80312
MESO TET2 0421938585 0.000298081 54790
MESO TET3 0381702164 0.001299683 200424

ov TET1 0234019939 0.000066111 80312

ov TET2 0.551932491 7.243171248E-25 54790

ov TET3 0431378446 1.043908895E-14 200424
PAAD TET1 ~0.061448553 0515955742 80312
PAAD TET2 0.199723579 0016853621 54790
PAAD TET3 0.142297603 0.100590146 200424
PCPG TET1 0.018434753 0.886632411 80312
PCPG TET2 0.145142755 0.139559512 54790
PCPG TET3 0.166062429 0.084315004 200424
PRAD TET1 0.154472002 0.002081839 80312
PRAD TET2 -0.003035538 0965320811 54790
PRAD TET3 0.02348171 0711296619 200424
READ TET1 0.016981146 0.916053342 80312
READ TET2 0.383910653 0.000470645 54790
READ TET3 0.241234307 003995682 200424
SARC TET1 0295420904 0.000004026630119 80312
SARC TET2 0.199937606 0.002495798 54790
SARC TET3 0303585043 0.000002051512803 200424
SKCM TET1 0.119676377 0033771157 80312

Frontiers in Pharmacology

92

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1418456

Zhang et al.

10.3389/fphar.2024.1418456

TABLE 4 (Continued) The correlation between CNV and their mRNA expression.

Cancertype Symbol Spm fdr Entrez
SKCM TET2 0.193024785 0.000387309 54790
SKCM TET3 0223515543 0.000033163 200424
STAD TET1 0.150082077 0003950941 80312
STAD TET2 0374310942 1.742633898E-14 54790
STAD TET3 0.295686853 2.760124327E-09 200424
TGCT TET1 0076588277 0.449268635 80312
TGCT TET2 0.138882271 0.143924951 54790
TGCT TET3 0.208033963 0022204873 200424
THCA TET1 0.096471699 0.120203443 80312
THCA TET2 0006562727 0943305456 54790
THCA TET3 -0.021385958 079793012 200424
THYM TET1 ~0.001319092 0.994135125 80312
THYM TET2 0.172829062 0.166760439 54790
THYM TET3 ~0.046292677 0.763030306 200424
UCEC TET1 0313307531 0.000070915 80312
UCEC TET2 0.323505359 0.000038654 54790
UCEC TET3 0262893322 0.001039668 200424

ucs TET1 0249431789 0.112968663 80312
ucs TET2 0.41846238 0.003818614 54790
ucs TET3 0.408150735 0004958962 200424
UVM TET1 -0.013131937 0954523434 80312
UVM TET2 0.110891607 0.536029019 54790
UVM TET3 -0.012770116 0956015278 200424

various tumors, while TET3 showed highest expression levels, both
closely associated with pan-cancer immune subtypes.

Correlation analysis of TET family genes
expression with tumor microenvironment
(TME) and stem cell index across pan-cancer

The efficacy of
immunotherapy in treating tumors is greatly influenced by the
Tumor Microenvironment (TME). Utilizing the ESTIMATE
algorithm, we assessed TME characteristics across 33 tumor types

radiotherapy,  chemotherapy, and

by computing Stromal Score, Immune Score, and ESTIMATE Score.
Analysis from Figures 8A-C reveals that TET1 exhibits higher
Stromal Scores in COAD, ESCA, KIRP, MESO, PAAD, and
STAD, with elevated Immune and ESTIMATE Scores observed
specifically in PAAD. These findings suggest that upregulating
TET1 expression may enhance TME in PAAD, potentially
tumor invasion, metastasis, and

suppressing augmenting

immunotherapy sensitivity. Conversely, heightened

Frontiers in Pharmacology

TET1 expression may exacerbate TME conditions in GBM, LGG,
and TGCT, potentially escalating invasion, metastasis, and drug
resistance.

Similarly, TET2 displays elevated Stromal Scores in CHOL,
LAML, and MESO, alongside increased Immune Scores in DLBC
and LAML, and higher ESTIMATE Scores in DLBC and LAML.
Conversely, reduced Stromal Scores are noted in BLCA and GBM,
while diminished Immune Scores are observed in ACC, BLCA,
GBM, PCPG, SARC, and THYM, collectively translating to overall
lower scores in ACC, BLCA, GBM, and PCPG. This suggests that
restoring TET2 expression may ameliorate TME in LAML,
potentially suppressing invasion, metastasis, and bolstering
immunotherapy sensitivity. However, it may exacerbate TME
conditions in BLCA and GBM, fostering invasion, metastasis,
and drug resistance.

Meanwhile, TET3 exhibits heightened Stromal, Immune, and
ESTIMATE Scores in KICH, KIRC, and LAML, while displaying
diminished Stromal Scores in BLCA, ESCA, GBM, LUSC, and STAD,
alongside reduced Immune Scores in BLCA, CESC, ESCA, GBM,
LUSC, and UCEC, culminating in overall lower scores in BLCA,
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FIGURE 3

Methylation analysis of TET family genes in pan-cancer. (A) Methylation levels of TETs genes were examined to assess epigenetic regulation. (B)
Correlation between methylation and mRNA expression of TETs genes in pan-cancer was analyzed. Then, association of survival rate with methylation

level of TETs genes was investigated (C).

TABLE 5 Signaling pathways that are significantly correlated with TETs.

Gene CancerType p-value

TET3 ACC 000000227
TET1 ACC 0.0000117
TET1 LGG 0.000108119
TET2 KIRC 0.001101312
TET1 THYM 0005565956
TET1 LIHC 0.009310381
TET2 ov 0012079857
TET1 STAD 0012577951
TET1 SARC 0016864357
TET2 ucs 0.018971079
TET3 MESO 0.027885901
TET3 THCA 0033935782
TET2 PCPG 0033970023
TET3 PCPG 0039436326
TET1 KIRP 0.043112406
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CESC, ESCA, GBM, LUSC, and UCEC. This suggests that inducing
TET3 expression may enhance TME in KICH, KIRC, and LAML,
potentially suppressing invasion, metastasis, and augmenting
immunotherapy sensitivity. Conversely, it may deteriorate TME
conditions in BLCA, CESC, ESCA, GBM, LUSC, and UCEC,
fostering invasion, metastasis, and drug resistance.
the efficacy  of
chemotherapy, and immunotherapy is closely linked to the tumor
stem cell index. Figures 8D, E indicates that TET1 expression is
positively correlated with RN Ass in LGG and TGCT, while negatively
correlated with KIRC, PAAD, and STAD. TET2 levels are negatively
correlated with RNAss in CHOL, KIRP, and THYM. Conversely,
TET3 levels are negatively correlated in KICH, KIRP, THCA, and
THYM, and positively correlated in BLCA, BRCA, and PRAD.
Additionally, TET1 expression is positively correlated with DNAss
in GBM and TGCT, but negatively correlated with LGG, OV, and
THYM. TET2 shows a positive correlation in TGCT and a
negative correlation in OV, while TET3 exhibits a negative
correlation in OV.

Moreover, therapeutic radiotherapy,

Next, we conducted a detailed analysis of the tumor
microenvironment and stem cell index of eight common clinical
(Figure 9). The showed that
microenvironment-related TET1 significantly
positively correlated with the three scores of PAAD, and

cancers results for tumor

scores, was
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elucidate the role of TET3 in regulating the RTK pathway as shown in Figure 4A.
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FIGURE 5

Analysis of TET family genes expression and patient prognosis using univariate KM risk proportional regression model

negatively in LUAC. Its stem cell index is negatively correlated in
STAD and COAD, and positively in LUAD and LUAC. TET2 shows
a significant positive correlation with the TME score in COAD, and
a negative correlation with the stem cell index in PAAD. TET3 is
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significantly negatively correlated with TME scores in STAD and
LUAC, and positively with the stem cell index in STAD, LUAD, and
LUAC. In addition, several tumors had no significant correlation
with their microenvironment score and stem cell index.
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FIGURE 6

Impact of TET family genes on pan-cancer prognosis through COX regression analysis.

TET family genes expression was correlated
with clinical stages across various cancers,
indicating their potential as

prognostic markers

These findings underscore the close relationship between TET
gene expression and both the tumor microenvironment and tumor
stemness potential. Further analysis revealed distinct correlations
between TET gene expression and clinical stages across eight
common tumor types. As shown in Figure 10, there was no
significant difference between the expression level of TETs genes
and clinical stage of tumors in COAD and READ. Notably,
TET2 and TET3 exhibited significant correlations with clinical
stages in LIHC, with elevated expression in Stage III and reduced
in LUSC, TET1
TET3 expression levels were notably associated with clinical

expression in Stage IV. Similarly, and
stages, showing upregulation in Stage III and downregulation in
Stage IV. Furthermore, TET2 expression levels were significantly
linked to clinical staging in STAD and LUAD, with varying
expressions across different stages. In PAAD, TET3 expression
levels exhibited significant correlation with clinical characteristics,
displaying the lowest expression in Stage III and the highest
expression in Stage IV. These results maybe highlight the

Frontiers in Pharmacology

distinctive correlations between TET gene expression and clinical
stages across various tumors.

TET family genes levels were analyzed for
their impact on drug sensitivity

Using the CellMiner ™ database, we conducted an analysis to
explore potential correlations between gene expression levels of
TET family members and drug sensitivity across various human
tumors (Figure 11A, Supplementary Table S4). We identified the
top 16 chemotherapy-sensitive drugs exhibiting the highest
coefficients with TETs Notably, the
of TETI1 significant
with drug

correlation genes.

expression level displayed positive

correlations sensitivity to Arsenic trioxide,

Fenretinide, =~ Dimethylaminophenhenolide, = Daunorubicin,
Homoharringtonine, Imatinib, Testolactone, Pipappererone,
and Lomustine. Conversely, TET2 expression was positively
correlated with drug sensitivity to Fulvestrant and Raloxifene
but significantly negatively correlated with Vemurafenib and
Dabrafenib. Moreover, the expression level of TET3 exhibited
significant positive correlations

Lapatinib, AZD-9291, and (+)-JQ1.

with drug sensitivity to
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Furthermore, we assessed the therapeutic sensitivity of three

distinct pathological subtypes of lung cancer cell lines (A549,
SKMES1, NCIH460) to Lapatinib, AZD-9291, and (+)-JQL. The
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findings indicated that the therapeutic efficacy of these drugs on

tumor cells positively correlated with the expression level of
TET3 (Figure 11B).
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FIGURE 8

TET family members and tumor microenvironment in pan-cancer. (A—C) Association between TET family genes expression and tumor
microenvironment parameters including tumor matrix score, immune score, and tumor purity score in pan-cancer. (D, E) Relationship between TET

family genes expression and RNAs and DNAs in pan-cancer.

Silencing TET3 effectively suppresses the
malignant behavior of tumor cells

Following our comprehensive analysis spanning various
cancer types, TET3 has emerged as a prime candidate for
targeted therapeutic intervention. In subsequent experiments,
where we selectively silenced TET3 expression in four
distinct tumor cell lines (BGC-823, HepG2, A549, TPC-1)
(Figure 12A), we observed a profound attenuation of multiple
malignant  phenotypes. the of
TET3 led to a notable reduction in clone formation capacity

Specifically, inhibition
(Figure 12B), as well as a significant impairment in cell migration
12C, D). Furthermore,
silencing induced cell cycle arrest (Figure 12E),

and invasion abilities

TET3

(Figures
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resulting in decreased proliferation rates, while simultaneously
apoptosis 12F). These compelling
findings underscore the pivotal oncogenic role of TET3 across

promoting (Figure
various tumor contexts and highlight the potential of TET3-

targeted therapies as a promising avenue for effective

cancer treatment.

Discussion

DNA methylation patterns impact gene expression and are often
disrupted in diseases like inflammation, hypertension, diabetes, and
tumors (Bowman and Levine, 2017; Ismail et al., 2020; Bray et al., 2021;
Matuleviciute et al,, 2021). TET enzymes catalyze the oxidation of 5-
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TET family members and stem cell index in eight common clinical tumors.

methylcytosine to stable epigenetic modifications, playing crucial roles
in gene regulation (Delatte et al., 2014; Scott-Browne et al., 2017; Bray
et al., 2021; Matuleviciute et al., 2021; Joshi et al., 2022). These oxidized
5-methylcytosine derivatives serve as stable epigenetic modification that
exert distinctive regulatory roles (Kao et al., 2016). Dysregulated TET

Frontiers in Pharmacology

protein expression is common in various cancers (Pan et al, 2015;
Smeets et al., 2018; Kunimoto and Nakajima, 2021).

In our analysis of transcriptome data from 33 tumors in the
UCSC Xena database, we found distinct expression patterns among
TET genes across different cancer types. Specifically, TET1 showed
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Relationship between TET gene family expression and clinical characteristics in eight common tumors.

notable overexpression in epithelioid squamous cell carcinoma  COAD, READ, and THCA). In contrast, TET3 demonstrated
(HNSC and LUSC) and hepatobiliary duct tissue (CHOL and  widespread high expression across most tumors, with the
LIHC), while consistently exhibiting low expression in various  exception of KICH. These expression patterns may hold
kidney-derived tumors (KICH, KIRC, and KIRP). Conversely, significance for clinical diagnostics and the development of
TET2 was predominantly expressed in adenocarcinomas (BRCA,  targeted therapies.
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Correlation analysis between TET gene family expression and drug sensitivity. (A) The potential correlation between gene expression levels and drug
sensitivity of TET family members were analyzed based on the CellMiner™ database. (B) We tested the therapeutic sensitivity of three different
pathological subtypes of lung cancer cell lines to Lapatinib, AZD-9291, and (+) - JQ1.

Certain SNPs within genes can directly impact protein structure
or expression levels, potentially influencing tumor genetic
mechanisms (Kuhlen et al., 2019). In this study, we conducted a
systematic analysis of somatic cell variations in TET gene family
members. We observed a high frequency of Single Nucleotide
Variants (SNV) and found that the main type of copy number
variant (CNV) was heterozygous amplification and deletion.
Correlation analysis revealed positive associations between
TET2 expression and CNV in CHOL and ACC, while TET2 in
LAML and TET3 in THMY showed negative correlations with CN'V.
Identifying pathogenic CNV and interpreting their clinical
significance will be crucial for future research, despite the
challenges associated with this endeavor.
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In general, the extent of whole-genome hypomethylation in
tumor cells correlates closely with disease progression, tumor size,
and malignancy (Esteller and Herman, 2002). DNA methylation
holds significant value in assessing tumor malignancy and guiding
targeted drug selection. The TET family genes, pivotal in modulating
the methylation levels of numerous genes, contribute to the
complexity of gene expression regulation due to their own
methylation status. Although these mechanisms enhance gene
regulation accuracy, they pose challenges for researchers. Despite
the negative correlation between TET family genes expression and
methylation levels in pan-cancer, unique patterns were observed, such
as high methylation of TET1 in most analyzed cancers (except LIHC)
and low methylation of TET2 and TET3 in most tumors. Further
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(Continued).

investigation is required to elucidate whether this differential
expression pattern suggests functional compensation among TET
family genes. Notably, the state of DNA methylation evolves
during tumor progression, necessitating dynamic and cautious
interpretation of its clinical
Ushijima, 2003).

Our analysis of TET family genes in pan-cancer revealed their

significance  (Miyamoto and

involvement in various signaling pathways. Notably, TET1 was
found to predominantly activate the PI3K/AKT pathway. Prior
studies have highlighted TET1’s role in driving the proliferation
of insulin-dependent endometrial cancer by enhancing G protein-
coupled estrogen receptor expression and PI3K/AKT pathway
activation (Xie et al, 2017). Moreover, research by Huang
elucidated TET1’s impact on stem cell development through
modulation of the Wnt and PI3K-Akt pathways, while
TET2 deficiency in mice led to a progressive reduction in

spermatogonia stem cells (Huang et al, 2020). TET2 plays a
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pivotal role in cell cycle regulation and DNA damage responses.
Studies by Zhong have revealed that 5 mC oxidation is cell-cycle
dependent, occurring primarily during the S and G2/M phases.
Notably, TET2 depletion diminishes the observed elevation in
5hmC, indicating its dependence on TET2, particularly in
response to idarubicin stimulation, a topoisomerase II inhibitor
(Panigrahi et al., 2015). Additionally, Chen found that SMAD
nuclear interacting protein one recruits TET2 to regulate c-MYC
target genes and the cellular DNA damage response (Chen et al.,
2018). TET3, a pivotal enzyme, showcases its versatility within
cellular processes, including the cell cycle, apoptosis, hormone
AR regulation, and the DNA damage response. Research led by
Jiang and colleagues revealed that upon DNA damage, ATR kinase
activation leads to TET3 phosphorylation in mammalian cells. This
phosphorylation DNA demethylation and the
accumulation of 5-hydroxymethylcytosine, underlining TET3’s
essential role in DNA repair and cell survival (Jiang et al., 2017).

enhances
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(Continued). Silencing TET3 can inhibit the malignant behavior of tumor cells. (A) The expression of TET3 in four tumor cell lines (BGC-823, HepG2,
A549, TPC-1) was silenced. (B—F) Silencing TET3 significantly inhibited tumor cell clone formation ability (B), migration ability (C), and invasion ability (D);
and also inhibited the cell proliferation cycle (E) while increased cell apoptosis (F).

In the landscape of cancer, the expression levels of the TET
family offer prognostic insights. Elevated TET1 expression correlates
with worse outcomes in solid organ tumors such as ACC, KIRP,
LIHC, and SARC, yet it signifies better prognoses in LGG and
THYM cancers. Similarly, increased TET2 expression suggests
poorer outcomes in tumors of the female reproductive system,
including OV and UCS, but predicts favorable outcomes in
KIRC. Notably, high TET3 expression is linked to unfavorable
prognoses in ACC but indicates better survival rates in THCA.
These observations underscore the multifaceted roles that TET
enzymes play in the vast expanse of cancer prognosis.
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Diving deeper into the complex interplay between TET enzyme
expression and immune subtypes, this pan-cancer study unveils
their  pivotal influence  within  the
microenvironment. The findings suggest that TET1 and TET2,
especially upregulated in the C5 immune subtype known for its

tumor  immune

inflammatory profile, might influence immune evasion or
activation. TET3, with its variable expression, appears to affect a
broad range of immune responses across tumors. The distinct
expression patterns of TET enzymes across different cancers and
immune subtypes underscore their potential in modulating tumor
immunity, progression, and therapy response. This research not
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only sheds light on the complex interactions between TET enzymes
and the immune system but also emphasizes the importance of TET
genes as biomarkers and therapeutic targets in cancer. It advances
our understanding of the tumor immune microenvironment, paving
the way for novel immunotherapeutic strategies.

Building on this understanding, the study further explores the
relationship between TET expression and the TME, a critical factor
in tumor survival, immune evasion, and drug resistance (Arneth,
2019). For instance, augmenting TET1 expression may improve the
TME in PAAD while potentially exacerbating it in GBM, LGG, and
TGCT. Insights from Li suggest that TET1 could inhibit epithelial-
mesenchymal transition and increase PAAD cells’ sensitivity to
chemotherapy agents like 5FU and gemcitabine (Li et al., 2020).
However, the impact of TET1 overexpression on GBM, LGG, and
TGCT TME remains unexplored. Secondly, TET2 expression
restoration may improve LAML’s TME but worsen that of BLCA
and GBM. Cimmino et al. found that TET2 restoration might
reverse aberrant hematopoietic stem and progenitor cell self-
renewal in vitro and in vivo (Cimmino et al., 2017). Similarly, the
effect of inducing TET2 expression on BLCA and GBM TME
remains unclear. Lastly, inducing TET3 expression could enhance
KICH, KIRC, and LAML TME while deteriorating BLCA, CESC,
ESCA, GBM, LUSC, and UCEC TME. This comprehensive analysis
sheds further light on the nuanced roles of TET enzymes in the
TME, highlighting their potential as biomarkers and therapeutic
targets in the ongoing battle against cancer.

Further investigation into the tumor stem cell index revealed a
positive correlation between heightened TET1 expression and
increased levels of ribonucleic acid synthesis (RNAss) and
deoxyribonucleic acid synthesis (DNAss) in testicular germ cell
tumors (TGCT). Notably, Benesova et al. observed a marked
increase in TET1 dioxygenase expression in most seminomas,
suggesting its potential utility as a marker for seminomas and
mixed germ cell tumors (BeneSovd et al., 2017). These findings
underscore the potential of TET1 as a pivotal indicator for
evaluating stemness maintenance and chemoradiotherapy
resistance in TGCT tumor stem cells.

The examination of TET family genes expression concerning the
clinical staging of common tumors reveals nuanced patterns. While
TET1 demonstrates only limited correlation with tumor staging,
TET2 exhibits significant associations in STAD, LIHC, and LUAD
(p < 0.01). Similarly, TET3 shows correlations with staging in
PAAD, LIHC, and LUSC (p < 0.05). These findings are in line
with the research by Liu, indicating decreased genomic 5hmC and
5 fC contents in early LIHC stages, with further reductions in late
stages. Moreover, the significantly positive correlations among the
expression levels of TET2 in para-tumor tissues were generally
attenuated or even disappeared in LIHC tumor tissues (Liu et al.,
2019). Moreover, Sajadian underscore the impaired expression and
activity of TET2 and TET3 in hepatocellular carcinoma, further
validating our analysis (Sajadian et al., 2015). These conclusions are
close to our analysis results.

Effective cancer treatment relies on understanding drug
sensitivity, a cornerstone of personalized therapy and precision
medicine advancement (Chaudhry and Asselin, 2009). Yet, due
to individual variations and disparate drug responses, optimal
a challenge (Panczyk, 2014).
Therefore, investigating molecules influencing drug reactions is

resource utilization remains
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essential for refining treatment strategies. Our study delves into
the interplay between TET family genes expression and drug
sensitivity, yielding significant insights. Notably, we find that
TET genes expression levels correlate with the efficacy of specific
drugs, highlighting the importance of assessing TET1, TET2, and
TET3 expression for informed clinical drug selection.

Our study delved into the intricate role of TET family genes
across various aspects of cancer biology. We identified TET1, TET2,
and TET3 as pivotal players influencing tumor progression,
prognosis, immune response, tumor microenvironment, and drug
sensitivity. Notably, the analysis reveals that each TET family
member, including TET3, displays unique expression patterns in
at least ten detected tumor types. This heterogeneity suggests that
TET3 may play distinct roles in different cancer subtypes.
Furthermore, the finding that TET3 genes display
hypomethylation in most cancers, which correlates closely with
patient prognosis, highlights its potential involvement in cancer
progression and  metastasis. The association  between
TET3 expression and various cancer-related factors, such as
pathway activity, tumor microenvironment, stemness score,
immune subtype, clinical staging, and drug sensitivity, further
underscores its relevance as a potential therapeutic target. The
results from molecular biology and cytology experiments
validating the potential role of TET3 in tumor progression
strengthen this argument.

In summary, studying TET3 in different cancers is highly
relevant due to its potential as a therapeutic target. The
comprehensive pan-cancer analysis presented in the manuscript
provides a foundation for future research aimed at developing

targeted therapies that may improve cancer treatment outcomes.

Conclusion

The comprehensive analysis of TET family genes in pan-cancer
unveiled their multifaceted roles. Through transcriptome data
analysis, distinct expression patterns were observed across
various tumor types, indicating their potential diagnostic
significance. Moreover, correlation with prognosis highlighted
their prognostic value, while associations with the tumor
microenvironment and drug sensitivity underscored their
therapeutic implications. These findings suggest that TET genes
could serve as valuable targets for precision medicine approaches
in cancer treatment.

Materials and methods
Data download preparation

Based on data obtained from the UCSC Xena database, RNA-
Seq and clinical data for 33 tumor types prefixed with “GDC TCGA”
were downloaded. This includes “HTSeq FPKM (n = 151) GDC
Hub” data for gene expression RNAseq, as well as “Phenotype (n =
697) GDC Hub (Clinical Traits)" and “Survival Data (n = 626) GDC
Hub” under the Phenotype category. TCGA pan-cancer (PANCAN)
data, such as “Immune subtype” under Phenotype and “Stemness
score (DNA methylation based) pan-cancer Atlas Hub” and
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“Stemness score (RNA based) pan-cancer Atlas Hub” under
Signatures, was also retrieved. Additionally, drug sensitivity
information was obtained from the CellMiner™ database (https://
discover.nci.mih.gov/cellminer/home.do).

Differential analysis of gene expression

Utilize Perl software to extract, transform, and integrate the
‘HTSeq FPKM (n = 151) GDC Hub’ data obtained from the Gene
expression RNAseq item. Generate boxplots to illustrate the
expression profiles of TET family genes across diverse tumor
samples. Next, filter samples with a minimum of five normal
controls per tumor type and create gene expression boxplots
accordingly. Conduct expression difference analysis of TET
family genes in different cancer types using the ‘Wilcox. test’
method, with statistical significance levels indicated by ™, **,
and *** for p < 0.05, <0.01, and <0.001, respectively. Utilize the
R package ‘Pheatmap’ to generate a heatmap based on the resulting
p-values. Finally, examine the correlation between genes within the
TET family using the R package ‘Coreplot’.

Somatic mutation analysis

Data on single nucleotide variant (SNV) and copy number
variant (CNV) for 33 tumor types were retrieved from the TCGA
database through the Xena Functional Genomics Explorer

The SNV data
mutations,  including
Frame_Shift_Del,
Splice_Site, Frame_Shift_Ins, In_Frame_Del, In_Frame_Ins,
Translation_Start_Site, and Multi_Hit. The SNV mutation
frequency (%) for each gene coding region is calculated as the

(https://xenabrowser.net/datapages/).

encompasses  various  non-silent

Missense_Mutation, Nonsense_Mutation,

number of mutation samples divided by the total number of
cancer samples. Finally, SNV landscape maps were generated
using Maftools.

For CNV analysis, we classifitd CNV into two types:
homozygous and heterozygous, representing amplifications and
deletions, respectively. We then computed the percentage
statistics for each CNV subtype using GISTIC processed CNV
data. Next, we investigated the correlation between CNV and
mRNA expression levels. Genes with CNV exceeding 5% were
identified, and their association with TET expression was
explored. Utilizing the method described by Tyagi (Tyagi et al,
2024), we assessed the correlation between mRNA expression and
CNV  percentage samples using Pearson’s product-moment
correlation coefficient, with p-values corrected for false discovery
rate (FDR).

Methylation analysis

To perform methylation analysis, we initially obtained DNA
methylation data from the UCSC Xena database. We focused
on 14 tumor types with a minimum of 10 paired samples of
tumor and normal tissues. Differential methylation between
tumor and normal samples was assessed using Student’s
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t-test, with p-values adjusted for false discovery rate (FDR).
Significance was determined at FDR <0.05. Subsequently,
with TET gene

coefficient

we integrated the
data.
computed to evaluate the correlation between methylation

methylation data

expression Spearman  correlation was
levels and gene expression.
Further

methylation level of genes into two groups. This categorization

analysis involved categorizing the median
was based on the threshold defined by the median methylation
level. Cox regression analysis was then conducted to estimate
the hazard ratio (HR) of gene methylation, considering
type. A Cox

coefficient >0 indicated worse survival rates for the high

covariates  specific to each cancer
methylation group, hence defining it as high-risk, while a Cox
coefficient <0 indicated low-risk. Additionally, we compared the
distribution of the two methylation groups using the log-rank test
to assess their association with clinical outcomes. A significance
level of p < 0.05 was considered statistically significant in these

comparisons.

Signal pathway activity analysis

The reverse protein array (RPPA) data from the UCSC Xena
database within TCGA is leveraged to assess pathway activity
across various tumor samples. Nine key pathways associated with
cancer progression are scrutinized, including Apoptosis, Cell
DNA Damage Epithelial Mesenchyme
(EMT), androgen (AR),
Hormone estrogen receptor (ER), Phosphatidylinositol-4,5-
bisphosphate-3-kinase  (PI3K)/protein kinase B (AKT),
Rasopathies (RAS)/mitogen-activated protein kinase (MAPK),
and Receptor Tyrosine Kinase (RTK).

cycle, Response,

Transition Hormone receptor

Pathway activity scores are calculated by summing the relative
protein levels of positive regulatory components and subtracting
those of negative regulatory components within each pathway.
Following this, employing methodologies outlined in prior
studies, such as those by Akbani and Ye. (Akbani et al, 2014),
pathway activity scores (PAS) are derived. A higher PAS in one
group compared to another suggests an activating effect of certain
genes on the pathway, while a lower PAS indicates an
inhibitory effect.

Survival and prognostic analysis

We performed expression survival analysis by integrating
mRNA expression data of TETs genes with clinical survival data
across 33 cancer types, utilizing the Survival Data (n = 626) GDC
Hub from the UCSC Xena database. Employing the Kaplan-Meier
method and log-rank test (p < 0.05), tumor samples were stratified
into high and low expression groups based on median gene
expression levels.

Subsequently, we applied a univariate Cox proportional hazards
regression model to investigate the relationship between TET family
genes expression and patient prognosis across various cancers.
Finally, the results were visualized using forest plots generated
with the “survival” and “Forestplot” R packages.
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Immunological subtype analysis

Utilizing the “Immune subtype” data from the Phenotype
category within the TCGA pan-cancer (PANCAN) dataset
available on the UCSC Xena database, we conducted immune
subtype analysis on the TETs genes. Employing R packages
“Ggplot2”, and
Kruskal-Wallis (KS) test method to detect expression differences

“Limma”, “Reshape2”, we applied the
among various immune subtypes. A significance threshold of p <

0.05 was set for statistical significance.

Analysis of tumor microenvironment and
stem cell index

Using the “Stemness score (DNA methylation based) pan-
cancer Atlas Hub” and “Stemness score (RNA based) pan-cancer
Atlas Hub” data within the Signatures section of TCGA pan-cancer
(PANCAN), we employed R packages “Estimate” and “Limma” to
predict Stromal Score, Immune Score, and ESTIMATE Score for
33 tumor types, enabling an analysis of tumor purity. Following this,
we conducted a correlation analysis between TETs gene expression
levels and ESTIMATE Scores across the 33 tumor types using
Spearman’s correlation coefficient. Additionally, we performed
Spearman correlation tests based on transcriptional data and
stemness scores (RNA expression and DNA methylation levels).

Drug sensitivity analysis

Download drug sensitivity data from the CellMiner™ database

» o«

and preprocess it using R packages such as “Input”, “Limma”,
“Ggplot2”, and “Ggpubr” to ensure accurate analysis and
Utilize the Cor. Test

correlation analysis on the data, considering a significance level

visualization. function to perform
of p < 0.05 as indicative of significant drug sensitivity.

Evaluate the sensitivity of tumor cells to drugs using the Cell
Counting Kit-8 (CCK-8) assay following the manufacturer’s
protocol (Yeasen, Shanghai, China). This involves treating
cultured tumor cells with various drugs and assessing cell

viability using the CCK-8 assay.

Cell culture, plasmids, and transfections

All cell lines utilized in this study, including those derived from
gastric mucosa (GES-1), liver (LX2), lung epithelium (16HBE),
thyroid (Nthy-ori-3-1), as well as various cancer cell lines like
BGC-823 HepG2
(hepatoblastoma), A549 (lung adenocarcinoma), TPC-1 (papillary
thyroid cancer), SKMESI (lung squamous cell carcinoma),
NCIH460 (large cell lung cancer), NCI-N87 (moderately
differentiated gastric cancer), and HGC-27 (undifferentiated
gastric cancer), were procured from the American Type Culture
Collection (ATCC; United States). These cell lines were cultured
following ATCC’s recommended protocols.

TET3-targeting interfering RNAs (siRNA-TET3) and TET3
(pcDNA3.1-3*Flag-TET3)

(poorly  differentiated  gastric  cancer),

overexpression  plasmid were

Frontiers in Pharmacology

10.3389/fphar.2024.1418456

synthesized by GenePharma Co., Ltd (Shanghai, China) and
transfected into cells at a concentration of 20nM using
Lipofectamine RNAiMax (Invitrogen, United States). The siRNA
sequence used was: siRNA-TET3: 5-GGAAAGAGCUCCCGC
GGUUTT-3". The plasmid was constructed using the Fast
MultiSite Mutagenesis System Kit (FM201-01, TransGen Biotech,
China) according to the manufacturer’s instructions. Transfections
of the mentioned plasmids were performed using Lipofectamine
2000 reagent (Thermo Fisher Scientific, United States), and the
transfected cells were utilized in experiments 48 h post-transfection.

Western blot

Cell lysates were prepared using RIPA lysis buffer, and protein
concentration was determined with a BCA kit (Beyotime, Shanghai,
China, P0010) following the manufacturer’s instructions. Protein
samples were separated on SDS-PAGE gels, transferred to PVDF
membranes, and blocked with 5% skimmed milk powder. Primary
antibodies were applied overnight at 4°C, followed by secondary
antibodies at room temperature. Immunoreactive bands were
visualized using ECL (Thermo Fisher Scientific, 34580) and
imaged with a ChemiDoc™ MP Imaging System (BioRad,
United States of America).

The antibodies used for Western blotting were as follows: TET3
(Abcam, ab153724, 1:1000), -Actin (CST, #3700, 1:1000), p-AKT
(CST, #4060, 1:2000), AKT (CST, #9272, 1:1000), p-mTOR (CST,
#2974, 1:1000), mTOR (CST, #2983, 1:1000), p21 (Invitrogen, MA5-
14949, 1:1000), Cyclin D1 (Invitrogen, MA5-16356, 1:200), HIF-1a
(CST, #3716, 1:1000), c-Myc (Invitrogen, MA1-980, 1:1000).

Behavioral detection of tumor cells

According to the experimental requirements, the flat plate
cloning experiment, wound healing assay, cell invasion assay,
flow cytometry cell cycle and apoptosis detection involved in this
project were all implemented according to standard methods
as follows:

The colony formation assay, cells are first seeded at low density
into culture dishes or plates and allowed to grow undisturbed for a
period of time, typically several days to weeks, depending on the cell
type and experimental requirements. During this time, individual
cells proliferate and form colonies derived from a single progenitor
cell. Once the colonies have reached a suitable size, the cells are fixed
and stained to visualize them. Finally, the number of colonies and
their size are quantified using microscopy or image analysis
software, providing valuable information about cell proliferation,
survival, and clonogenic potential. This assay is commonly used to
assess the effects of various treatments or genetic manipulations on
cell growth and survival.

The wound healing, cells are first cultured in a monolayer until
they reach confluence. Then, a scratch or wound is created in the cell
layer using a pipette tip or specialized tool. The cells are then washed
to remove debris and allowed to incubate in fresh media. Images of
the scratch are taken at regular intervals over a specified period,
allowing researchers to monitor and measure cell migration into the
scratch area. Finally, data analysis involves quantifying the extent of
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scratch closure or the rate of migration, typically by measuring the
remaining scratch width using image analysis software. This assay
provides insights into cell migration dynamics and can be used to
assess the effects of various factors on cell motility.

The Transwell assay, cells are seeded into the upper chamber of a
Transwell insert, while the lower chamber is filled with medium
containing chemoattractant. The cells are allowed to migrate or
invade through the porous membrane of the insert towards the
lower chamber for a specified period of time. After incubation, non-
migratory or non-invasive cells on the upper surface of the
membrane are removed, while cells that have migrated or
invaded to the lower surface are fixed, stained, and counted
under a microscope. The number of migrated or invaded cells is
quantified to assess the migratory or invasive capacity of the cells in
response to different experimental conditions or treatments.

Flow cytometry analysis of the cell cycle and apoptosis, cells are
typically harvested, fixed, and permeabilized to preserve their structural
integrity. For cell cycle analysis, the fixed cells are treated with DNA
intercalating dyes, such as propidium iodide (PI), to stain DNA. The
stained cells are then subjected to flow cytometry analysis to measure
the DNA content, allowing for the identification of cells in different
phases of the cell cycle. Conversely, for apoptosis analysis, cells are
stained with fluorescent dyes that selectively bind to apoptotic cells,
such as Annexin V and PI. The stained cells are then analyzed by flow
cytometry to quantify the percentage of apoptotic cells based on their
fluorescence properties. By comparing treated samples to untreated
controls, the effects of various treatments or experimental conditions on
the cell cycle progression and apoptosis induction can be assessed.

Statistics methods

Each validation experiment included three replicates and was
repeated thrice for reliability. Data analysis and graphing were
performed using GraphPad software v.5.01, with results displayed
as mean + SEM. Student’s t-test compared two independent groups,
while One-way ANOVA assessed multiple groups. Statistical
significance was set at p < 0.05, denoted as *p < 0.05, *p < 0.01,
***p < 0.001, and ns for no significant difference.
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Acute myeloid leukemia (AML), an aggressive malignancy of hematopoietic stem
cells, is characterized by the blockade of cell differentiation, uncontrolled
proliferation, and cell expansion that impairs healthy hematopoiesis and
results in pancytopenia and susceptibility to infections. Several genetic and
chromosomal aberrations play a role in AML and influence patient outcomes.
TP53 is a key tumor suppressor gene involved in a variety of cell features, such as
cell-cycle regulation, genome stability, proliferation, differentiation, stem-cell
homeostasis, apoptosis, metabolism, senescence, and the repair of DNA damage
in response to cellular stress. In AML, TP53 alterations occur in 5%-12% of de
novo AML cases. These mutations form an important molecular subgroup, and
patients with these mutations have the worst prognosis and shortest overall
survival among patients with AML, even when treated with aggressive
chemotherapy and allogeneic stem cell transplant. The frequency of TP53-
mutations increases in relapsed and recurrent AML and is associated with
chemoresistance. Progress in AML genetics and biology has brought the novel
therapies, however, the clinical benefit of these agents for patients whose disease
is driven by TP53 mutations remains largely unexplored. This review focuses on
the molecular characteristics of TP53-mutated disease; the impact of TP53 on
selected hallmarks of leukemia, particularly metabolic rewiring and immune
evasion, the clinical importance of TP53 mutations; and the current progress
in the development of preclinical and clinical therapeutic strategies to treat TP53-
mutated disease.
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AML, TP53 mutations, drug resistance, immunosuppression, metabolic rewiring,
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1 Introduction
1.1 Acute myeloid leukemia

Acute myeloid leukemia (AML) is a malignant, clonal,
hematological disease (Caruso et al, 2022) that develops from
transformed hematopoietic stem cells (HSCs) and is characterized by
cells’” uncontrolled proliferation, expansion, and an unlimited capacity
for self-renewal (George et al., 2021). AML occurs mainly in adults over
40 years old, with the peak incidence in patients above 70 years of age
(Daver et al., 2023a). Most patients with AML harbor mutations that
cause cells’ malignant proliferation and enhance their ability to evade cell
death (Chen et al, 2022). AML shows different metabolic and
physiologic hallmarks, depending on the types of harbored
mutations (Kennedy and Lowe, 2022). The most commonly mutated
genes related to AML initiation and progression include FMS-related
receptor tyrosine kinase 3 (FLT3), DNA methyltransferase three alpha
(DNMT3A), nucleophosmin 1 (NPMI), and tet methylcytosine
dioxygenase 2 (TET2) (Villatoro et al, 2020). AML mutations,
together with cytogenetic abnormalities, have critical implications for
clinical outcomes (Olivier et al., 2010). It is estimated that 50% of de novo
AML cases show cytogenetic abnormalities, and the number and
frequency of mutations increase in patients developing therapy-
related AML, who have been treated previously with cytotoxic
therapies such as alkylating agents, topoisomerase II inhibitors, and
radiotherapy (Hong et al,, 2016). Therapy-related AML is also frequently
characterized by complex karyotypes and mutations in the tumor
protein p53 (TP53) gene (Olivier et al., 2010; Hong et al,, 2016). The
incidence of TP53 mutations in AML can vary. While the frequency of
TP53 mutations is estimated to account for 10% of de novo AML cases, it
rises strikingly in therapy-related AML or relapsing/refractory (R/R)
AML cases, reaching up to 30% and 25%, respectively, in these groups
(Daver et al, 2023a). An even higher frequency of mutant TP53 is
associated with the complex karyotype subtype of AML, in which the
frequency of TP53 mutations reaches up to 70%, mainly due to selective
pressure caused by acquired resistance to DNA damage following
chemotherapy and radiotherapy.

Identifying potential therapeutic vulnerabilities and therapeutic
targets in AML is challenging due to AML'’s genetic heterogeneity
(Zhou et al., 2020). The exploration of novel genomic targets has led
to the development of only a few potent targeted therapies, such as
IDH, FLT3, or KMT2A inhibitors for genomically defined AML
subsets (Appelbaum et al., 2024). However, due to the genotypic and
phenotypic diversity of mutant TP53, finding targeted therapies
against TP53 remains an unresolved challenge.

1.2 TP53

TP53 is a 20-kbp gene located on chromosome 17p13.1 (Olivier
etal,, 2010). So far, 15 isoforms of p53 have been identified (Haaland
et al., 2021). Despite some differences, each p53 isoform consists of
five common domains: an N-terminal, a proline-rich domain, a
DNA-binding domain (DBD), a regulatory domain, and a
C-terminal (George et al, 2021). Activation of p53 occurs in
response to diverse cellular stress factors such as hypoxia, DNA
damage, oncogene expression, or replicative stress (Daver et al.,
2022; Wang H. et al,, 2023). Through its DBD domain, p53 regulates
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the transcription of genes involved in cell-cycle regulation, genome
stability, proliferation, stem-cell homeostasis and differentiation,
and cell-death regulation (Daver et al, 2022; Wang H. et al,
2023). P53 also has antiangiogenic properties; it represses
metastases, controls tumor-promoting inflammation, facilitates
the immune response, promotes replicative senescence, enhances
the effects of growth suppressors, and regulates energetics and
metabolism (Daver et al., 2022; Wang H. et al, 2023). The
p53  inhibitors MDM2 and MDM4, which control
p53 s ubiquitination and ubiquitin-proteasome system activity,
tightly regulate p53 levels. (Wang H. et al, 2023). In AML,
p53 is mainly silenced by the upregulation of MDM2, MDM4/
MDMX, ARF, and E6 (Abramowitz et al., 2017; Latif et al., 2021;
Tashakori et al., 2022). The precisely controlled level of p53 might be
also disturbed due to somatic mutations in TP53 or to imbalances in
the gene products interacting with p53, leading to its inactivation
(Olivier et al., 2010). Most somatic mutations occur mainly as point
missense mutations, frameshift insertions or deletions, splice sites,
and nonsense mutations; these mutations are observed in leukemia
and in many other types of cancer (Olivier et al., 2010). Studies have
shown that almost 90% of TP53 mutations detected in patients with
therapy-related myeloid neoplasms have variant allele frequencies
(VAFs) greater than 10%, and that these VAFs frequently occurred
with the loss of 17p across the TP53 locus (loss of heterozygosity) or
as copy-neutral loss of heterozygosity (Donehower et al., 2019; Shah
et al,, 2023). Compared to wild-type TP53, TP53 mutation with a
VAF greater than10% was associated with inferior outcomes and
worse survival (Donehower et al., 2019; Shah et al., 2023).

TP53 mutations are a strong indicator of prognosis, and studies
have shown that, in AML, multi-hit mutated TP53 is associated with
genomic instability, thrombocytopenia, and a higher blast count,
independent of the VAF (Deng et al.,, 2020). Further studies have
shown that, unlike AML cells that carry multi-hit mutated TP53,
those that carry monoallelic TP53 mutations frequently harbor co-
mutations in genes like tet methylcytosine dioxygenase 2 (TET2),
splicing factor 3b subunit 1 (SF3B1), ASXL transcriptional regulator
1 (ASXL1), RUNX family transcription factor 1 (RUNX1), isocitrate
dehydrogenase (NADP(+)) 2 (IDH2), serine and arginine rich
splicing factor 2 (SRSF2) (Shah et al., 2023), Mitogen-activated
protein kinase kinase kinase 7 (TAKI), BCL6 corepressor (BCOR),
and Cbl proto-oncogene (CBL) (Daver et al, 2023a). Finally, TP53
monoallelic mutations with co-mutated RUNXI, KRAS proto-
oncogene, GTPase (KRAS), or CBL are correlated with poor
prognosis more frequently than monoallelic TP53 mutations (Daver
et al,, 2023a). Although performing a TP53 status analysis is not yet
considered standard procedure, Cox multivariate hazard models have
shown that heavy alterations of TP53 allele status independently predict
a poor prognosis (Daver et al,, 2023a). The 2022 findings of European
LeukemiaNet support the consideration of a TP53 mutation as a distinct
AML entity with a “very-adverse” risk profile like that listed for
European LeukemiaNet in the 2022 International Consensus
Classification (Tashakori et al,, 2022; Fleming et al., 2023).

1.2.1 Alteration of the TP53 gene in AML and
other cancers

In AML, TP53 mutations are mainly found in 6 DBD hotspots:
R175H, G245S, R248Q/W, R249S, R273H/S, and R282W (Kennedy
and Lowe, 2022). These mutations lead to reduced activity, complete
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The role of p53 in the hallmarks of acute myeloid leukemia. The wild-type and mutant forms of p53 play distinct roles in controlling the diverse
hallmarks of cancer. Wild-type p53 (wtp53) maintains effective anti-tumor immunity, mainly through its role in cell death (apoptosis or autophagy),
senescence, or regulation of reactive oxygen species (ROS). It is also involved in regulating the immune response. In contrast, mutant p53 exerts negative
effects on the immune environment by activating inflammatory pathways; this process can be enhanced by an excessive production of ROS. In
consequence, mutant p53 contributes to cancer-associated chronic inflammation and protects leukemia cells from immune-mediated destruction and
phagocytosis. It causes genome instability and the accumulation of new mutations that further perturbate the DNA repair machinery and enable
uncontrolled growth and arrest of the cell cycle. Mutant p53 also sustains proliferative signaling, leading to replicative immortality, resistance to cell death,
and finally metabolic rewiring to meet new energetic and biosynthetic demands. (Image created with BioRender.com).

loss of function (LOF), or, less frequently, to a switch or gain of function
(GOF), suggesting that there may be some tissue-specific requirements
for the loss of wild-type (wt) or gain of mutant p53 functions (Boettcher
et al,, 2019; Daver et al.,, 2022; Kennedy and Lowe, 2022).

Beyond the most common TP53 mutations, the Y220C mutation
frequently appears in various solid tumors and leukemias (Barnoud
etal., 2021). Research suggests that this mutation is the ninth-most-
frequent p53 cancer mutation (Barnoud et al, 2021; Hassin and
Oren, 2023). It creates a cavity on the p53’s surface, making it highly
unstable. Interestingly, the Y220C mutation has been linked to
3 cases of familial cancer, and it appears to grant the p53 new
cancer-promoting abilities. These abilities include stimulating the
growth of blood vessels (angiogenesis) and making cancer cells
resistant to the chemotherapy drug doxorubicin (Loke et al., 2022).

In general, TP53 mutations substantially impact tumor development.
In fact, over half of all human cancers have some form of TP53 mutation.
The mutations can be particularly severe in Li-Fraumeni syndrome, in
which a mutated TP53 gene dramatically increases the risk of cancers like
osteosarcoma, leukemia, breast cancer, brain tumors, and adrenal tumors
(Vaddavalli and Schumacher, 2022). Since p53 plays a role in many
cellular processes, mutations in this gene can disrupt a wide range of
functions and ultimately make cells more likely to acquire the
characteristics needed to become cancerous, as illustrated in Figure 1.

Mutations in TP53 affect homeostasis, not only via altering
protein activity, but also by altering the isoforms ratio, which may
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diminish a patient’s response to chemotherapy (Haaland et al,
2021). Among the most common TP53 mutations, mutations in
the hotspots R175 and R248 are frequently detected in diverse solid
tumors but occur less frequently in AML (Barnoud et al.,, 2021).
Interestingly, AML patients with heterozygous TP53 mutations have
shown similar responses to therapy as those harboring wt TP53
(Barnoud et al., 2021; Kennedy and Lowe, 2022; Daver et al., 2023a).
However, the sequential acquisition of the mutation of one allele,
followed by mutation of the other allele or loss of the entire 17p
chromosome, leads to a complete LOF of wt TP53 and has been
identified as the key progression mechanism involving TP53
mutation. (Hong et al, 2016; Boettcher et al, 2019; Yang et al,
2022; Shah et al., 2023). Furthermore, wt TP53 LOF is seen in patients
with Li-Fraumeni syndrome; affected individuals develop AML at a
frequency comparable to that of healthy individuals with other
TP53 mutations, but they manifest more aggressive disease
(Prokocimer et al., 2017; Boettcher et al., 2019; Daver et al., 2022;
Shah et al., 2023). TP53 LOF is often correlated with nonautonomous
effects on the tumor immune microenvironment; it subverts the wt
p53 effect and allows the evasion of attack from the immune system
(Prokocimer et al., 2017; Loizou et al., 2019; Hassin and Oren, 2023;
Rajagopalan et al.,, 2023). Many point mutations in TP53 have been
studied by overexpressing the missense allele in TP53 null tumor cells;
specifically, an increase in growth independence, tumor progression,
metastasis, and drug resistance (Singh et al,, 2019). These changes
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TABLE 1 Differences between the loss-of-function and gain-of-function mutations affecting the p53 protein.

Mutation
characteristic

Mutations affecting the p53 protein

GOF

Frequency Common Less frequent

Effect Mutations inactivate the p53 protein and decreased its ability to Mutations inactivate p53’s tumor-suppressor function and promote
suppress tumor growth tumor growth

Mechanism Mutations occur in various ways (e.g., insertions/deletions of genetic = Mutations often occur in the DNA-binding domain of p53. These
material, point mutations that change amino acids in the protein). mutations alter how the protein interacts with DNA, allowing it to
These changes disrupt the protein’s structure or its ability to bind to = bind to different genetic sites and regulate genes that favor
DNA, hindering its function as a tumor suppressor tumorigenesis

Impact Cells with nonfunctional p53 protein lack the normal cell-cycle arrest | GOF-mutant p53 can promote metastasis, induce resistance to
or apoptosis (programmed cell death) mechanisms triggered by DNA  therapy, and help cancer cells evade the immune system
damage

Summary LOF mutations prevent cells from damaged DNA GOF mutations alter DNA binding, which not only makes cells

GOF, gain-of-function; LOF, loss-of-function.

have been associated with missense TP53 variants, indicating that they
have novel functions that promote tumor growth and contribute to
tumorigenesis. (Loizou et al,, 2019; Singh et al.,, 2019; Rajagopalan
et al,, 2023). While the GOF of mutated p53 in AML harboring TP53
mut/mut is still debated, an alternative mechanism called separation
of function seems to contribute to AML pathogenesis (Kennedy and
Lowe, 2022). Table 1 summarizes the two main types of mutations
that can affect the p53 protein, a critical tumor suppressor in the
human body. Understanding these mutations leads to a fuller
understanding of how cancers develop and progress.

1.2.2 p53 phosphorylation status and its role in AML

p53 activity is tightly regulated by posttranslational
modifications, with phosphorylation being a crucial event
(Ashcroft et al,, 1999). Understanding p53 phosphorylation at
multiple serine, threonine, and tyrosine residues by specific
kinases [ataxia telangiectasia mutated (ATM), ataxia telangiectasia
and Rad3-related (ATR), and checkpoint kinase 2 (CHK2)] in
response to diverse cellular stresses (e.g, DNA damage, oxidative
stress) and examining the multifaceted consequences of p53
phosphorylation, including enhanced protein stability, augmented
transcriptional activity, and modulation of subcellular localization,
may lead to the development of new therapeutic strategies (Sakaguchi
et al,, 1998; Ashcroft et al, 1999). These phosphorylation events
orchestrate the activation of various target genes involved in cell-cycle
arrest, DNA repair, and apoptosis, ultimately determining cellular fate
following stress induction (Loughery and Meek, 2013). A significant
percentage of AML cases have mutations in the TP53 gene, and these
mutations can disrupt the normal phosphorylation and regulation of
P53, leading to its dysfunction (Ni et al., 2024). Mutant p53 proteins
may have altered phosphorylation patterns or impaired interactions
with kinases and other regulatory proteins, affecting their ability to
properly respond to cellular stresses (Hales et al., 2014).

Several signaling pathways, such as the PI3K/AKT/mTOR
pathway, MAPK pathway, and JAK/STAT pathway, can modulate
P53 phosphorylation and activity in leukemias (Leu et al, 2020).
Dysregulation of these pathways in AML can influence p53
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ineffective at their original functions but also allows them to actively
assist cancer progression

phosphorylation and its downstream functions, potentially promoting
leukemic cell survival or drug resistance (Motlagh et al., 2022).

2 The role of p53 in the hallmarks
of leukemia

P53 is a master regulator of cancer-relevant pathways, governing
genomic stability (DNA repair), cell fate (cell cycle arrest,
senescence, apoptosis), and cellular processes (metabolism,
autophagy, ferroptosis) (Figure 1) (Singh et al., 2019).

2.1 TP53 and the regulation of energetics,
metabolism, and metabolic reprogramming

The TP53 gene plays a crucial role in regulating cellular energy
and metabolism (Leu et al.,, 2020). As a transcription factor, TP53
controls the expression of various genes involved in metabolic
pathways (Motlagh et al., 2022; Luo et al.,, 2023). It influences the
balance between glycolysis and oxidative phosphorylation (Motlagh
et al,, 2022; Luo et al., 2023). TP53 also impacts glycolysis through
reduction or downregulation of key glycolytic enzymes, or
transporters for glucose, pyruvate or other essential for glycolysis
nutrients, and through suppression of the AKT/mTOR and NF-kB
signaling pathways. (Motlagh et al., 2022; Luo et al., 2023; McClure
etal,, 2023; Roche et al., 2023). Additionally, TP53 controls glucose-
regulating cellular energetics and metabolism by suppressing the
glucose transporters (GLUT1 and GLUT4) that bring glucose into
the cell. TP53 can also induce TP53-induced glycolysis and apoptosis
regulator, which diverts glucose away from glycolysis and towards
the pentose-phosphate pathway, involved in nucleotide synthesis,
lipids synthesis, and amino acids synthesis to meet the energy demands
of the cell (Motlagh et al., 2022; Luo et al,, 2023; McClure et al., 2023;
Roche et al,, 2023). TP53 can induce the expression of genes involved in
antioxidant defense, protecting cells from oxidative stress (Sakaguchi
et al,, 1998; Ashcroft et al., 1999; Loughery and Meek, 2013; Hales et al,,
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p53 and metabolism. A crucial protein in cellular regulation, p53 exerts control over several metabolic pathways involved in energy production and
cellular homeostasis. It also plays a substantial role in regulating mitochondrial oxidative phosphorylation, glycolysis, glutaminolysis, fatty-acid oxidation,
and nucleotide synthesis. To maintain mitochondrial integrity and promote oxidative phosphorylation, p53 transcriptionally induces the expression of
SCO2, AlF1, and p53R2, while also physically interacting with mitochondrial DNA polymerase y and MIAP (mitochondrial import associated protein).
Additionally, p53 reduces glucose uptake by directly repressing the transcription of GLUT1 and GLUT4 and indirectly repressing the expression of GLUT3.
Furthermore, p53 negatively regulates phosphoglycerate mutase, activates hexokinase and phosphofructokinase one at the protein level, and
transcriptionally induces TP53-induced glycolysis and apoptosis regulator (TIGAR) and Parkin, which inhibit glycolysis. Parkin, in turn, positively regulates
pyruvate dehydrogenase and the expression of monocarboxylate transporter 1. In contrast, p53 negatively regulates the expression of pyruvate
dehydrogenase kinase isoform 2, which inhibits PDH activity. It also induces the expression of glutaminase 2 (GLS2), which catalyzes the hydrolysis of
glutamine to glutamate. Glutamate is converted to a-ketoglutarate, which promotes the tricarboxylic acid (TCA) cycle and oxidative phosphorylation.
p53 also interacts with glucose-6-phosphate dehydrogenase (G6PD) to negatively regulate its activity, leading to the downregulation of the pentose
phosphate pathway, nucleotide synthesis, and nicotinamide adenine dinucleotide phosphate (NADPH) production. p53 induces the expression of GAMT

10.3389/fphar.2024.1409210

and Lipinl, promoting fatty-acid oxidation and the production of acetyl-CoA. (Image created with BioRender.com).

2014; Ni et al, 2024). This shift towards oxidative phosphorylation
increases ATP production and provides more efficient energy for cellular
processes (Luo et al., 2023; McClure et al., 2023; Roche et al., 2023). TP53
also inhibits the expression of genes involved in fatty-acid synthesis,
promoting lipid breakdown and utilization (Luo et al., 2023; McClure
et al,, 2023; Roche et al,, 2023). Furthermore, TP53 can modulate the
activity of enzymes involved in energy metabolism, such as AMP-
activated protein kinase (AMPK) (Motlagh et al., 2022; Luo et al., 2023;
McClure et al,, 2023; Roche et al,, 2023). In addition, it can influence
mitochondrial function and biogenesis, affecting cellular energy
production (Motlagh et al, 2022; Luo et al, 2023; McClure et al,
2023; Roche et al,, 2023; Sanford et al,, 2023; Li et al., 2024). Overall,
TP53 plays a multifaceted role in cellular energy and metabolism,
maintaining the balance between energy production and utilization
and the protection against cellular stress. Dysregulation of TP53 can lead
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to metabolic reprogramming, which is often observed in cancer and
other diseases (Leu et al,, 2020; Motlagh et al,, 2022; Luo et al., 2023;
Roche et al., 2023) and can also lead to decreased mitochondrial activity,
further compromising energy production and forcing cells to
increasingly rely on glycolysis, which is inefficient (Figure 2)
(Motlagh et al., 2022; Luo et al., 2023; Roche et al., 2023).

2.2 TP53, the immune response, immune
evasion, immunosuppression, and tumor-
promoting inflammation

TP53 mutations can lead to the downregulation of major

histocompatibility complex (MHC) molecules, which present
antigens to immune cells (Alos et al., 2020; Motlagh et al., 2022;

frontiersin.org


http://biorender.com/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1409210

Chomczyk et al.

Hassin and Oren, 2023). By reducing MHC expression, cancer cells
can evade recognition by cytotoxic T cells, which rely on MHC-
antigen complexes to identify and eliminate abnormal cells (Alos
et al,, 2020; Wang et al., 2024). Compared to patients with TP53-
WT, patients who have AML with TP53 mutations have shown
higher expression levels of IFNG, FOXP3 in blast cells of primary
BM samples, immune checkpoints, markers of immune senescence,
and phosphatidylinositol 3-kinase-Akt and NF-kB signaling
intermediates (Vadakekolathu et al., 2020). TP53 mutations can
also impair the activation of T cells, which are crucial for mounting
an effective immune response against cancer cells (Desai et al., 2023;
Wang et al., 2024). TP53 regulates the expression of costimulatory
molecules and cytokines involved in T-cell activation (Desai et al.,
2023; Wang et al., 2024). Mutations in TP53 can disrupt this
T-cell
compromised antitumor immune responses (Alos et al, 2020;

regulation, leading to insufficient activation  and
Desai et al., 2023). TP53 mutations can also negatively impact
the effector functions of immune cells such as cytotoxic T cells
and natural killer (NK) cells (Alos et al., 2020). These mutations can
result in the downregulation of cytotoxic molecules such as perforin
and granzyme B, which are responsible for killing cancer cells (Desai
et al., 2023). As a result, cancer cells can evade immune-mediated
cell death.

Programmed cell death protein one and its ligand, programmed
cell death ligand 1 (PD-L1), play a role in immune tolerance and the
suppression of antitumor immune responses, and TP53 has been
shown to regulate the expression of these immune checkpoint
molecules (Alos et al., 2020). Dysregulation of TP53 can lead to
abnormal expression of PD-L1, which can inhibit T-cell function
and promote immune evasion (Alos et al., 2020). TP53 mutations
induce immunosuppressive factors such as transforming growth
factor beta and interleukin-10 (Daver et al., 2021). These factors can
inhibit the activation and function of immune cells, creating an
immunosuppressive microenvironment that favors tumor growth
and immune evasion (Alos et al., 2020; Daver et al., 2021). TP53
mutations also can disrupt the normal processes of tumor immune
surveillance, which is the mechanism by which the immune system
detects and eliminates cancer cells (Alos et al., 2020; Daver
et al.,, 2021).

TP53 can activate immune cells such as macrophages, dendritic
cells, and NK cells (Motlagh et al., 2022). It regulates the expression
of cytokines such as interferons and interleukins, chemokines, and
costimulatory molecules involved in immune-cell activation,
immune signaling, immune cell function, and coordination
(Motlagh et al., 2022). Proper T-cell activation is crucial for an
effective immune response (Hassin and Oren, 2023; Wang et al.,
2024). TP53 controls the recruitment of immune cells to the site of
infection or inflammation by regulating the expression of
chemokines (Wang et al, 2024). This helps in mobilizing
immune cells and directing them to the specific locations where
they are needed (Wang et al., 2024). In addition, TP53 influences the
differentiation of immune cells such as macrophages and dendritic
cells, which are responsible for phagocytosis, antigen presentation,
and immune regulation, and ensures an effective immune response
(Singh et al., 2019; Motlagh et al., 2022; Wang et al., 2024).

Tp53 participates in tumor immune surveillance and is involved
in the resolution of inflammation by promoting the clearance of
inflammatory cells and the restoration of tissue homeostasis. This
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helps in preventing chronic inflammation, which can have
detrimental effects on the immune system (Alos et al., 2020).

Tumor-promoting inflammation, also known as chronic

inflammation, is caused by an

proinflammatory cytokines such as tumor necrosis factor-a,

overproduction  of

interleukin-1, and interleukin-6 (Shi and Jiang, 2021; Morganti
et al., 2022; Miller et al., 2023; Muto et al., 2023; Qin et al,
2023). These cytokines can promote tumor growth by stimulating
cell proliferation, angiogenesis, and tissue remodeling (Shi and
Jiang, 2021; Morganti et al., 2022; Muto et al.,, 2023; Qin et al,
2023). Immune cells, including macrophages, neutrophils, and
lymphocytes, release additional proinflammatory molecules,
creating a positive feedback loop that sustains inflammation and
promotes tumor growth (Herbrich et al., 2021; Muto et al., 2023; Qin
et al.,, 2023). Inflammatory cells release reactive oxygen species and
reactive nitrogen species, which can cause DNA damage and
genomic instability (Shi and Jiang, 2021; Muto et al., 2023; Qin
et al., 2023). Inflammatory mediators can suppress the function of
immune cells such as T cells and NK cells (Vadakekolathu et al.,
2020; Shi and Jiang, 2021; Muto et al.,, 2023; Qin et al., 2023). The
main events impacted by p53 mutations or p53 loss are summarized
in Figure 3.

2.3 TP53 and other hallmarks of AML

One of the hallmarks of cancer is uncontrolled cell proliferation;
p53 controls cell division and prevents excessive proliferation
(Mantovani et al, 2019). When DNA damage is detected,
p53 halts the cell cycle to allow for repair, or it triggers apoptosis
if the damage is too severe. Mutations in p53 render cells incapable
of this checkpoint control, leading to uncontrolled proliferation
(Mantovani et al., 2019; Capaci et al., 2020). In regard to the cancer
hallmarks  of
p53 maintains a delicate balance between stem cell self-renewal

stem-cell homeostasis and differentiation,
and differentiation into mature cells (Shi and Jiang, 2021; Qin et al.,
2023). It ensures the proper development of stem cells and prevents
uncontrolled stem-cell expansion that could lead to tumors (Perez
Montero et al., 2024; Scott et al., 2024).

Nutlin-3a, an MDM?2 inhibitor and a selective activator of the
p53 pathway, has been shown to exhibit dose-dependent
antiproliferative and cytotoxic activity in OCI-AML-3 and
MOLM-13 cells with wt p53 but to produce no response in HL-
60 and NB4 cells expressing mutant p53 (Haaland et al., 2014;
Borthakur et al., 2015; Trino et al., 2016; Fontana et al., 2021). The
lack of response to Nutlin-3a indicated that the p53 pathway can be
activated by Nutlin-3a only in cells with wt p53 (Kojima et al., 2005;
Cheng et al., 2023; Zhou et al., 2023; Liu et al., 2024; Tomiyasu et al.,
2024; Varineau and Calo, 2024).

In response to severe DNA damage or cellular stress, p53 triggers
apoptosis, a process of controlled cell suicide. This eliminates
potentially dangerous cells and prevents the spread of mutations
(Cheng et al., 2023; Zhou et al., 2023; Liu et al., 2024; Tomiyasu et al.,
2024; Varineau and Calo, 2024). Mutant p53 can malfunction in this
pathway, allowing damaged cells to survive (Cheng et al., 2023; Zhou
etal, 2023; Liu et al., 2024; Tomiyasu et al., 2024; Varineau and Calo,
2024). that
proliferation-promoting features or survival-preserving functions

Furthermore, mutations specifically keep the
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FIGURE 3

p53 and immune suppression. In the setting of mutant p53, decreased release of IFN-I reduces infiltration by CD4* T cells, CD8" T cells, and natural
killer (NK) cells, and interferon gamma (IFNy) increases the expression of programmed cell death ligand 1 (PD-L1) and programmed cell death ligand 2
(PD-L2). By activation of interleukin 17 (IL-17) signaling, mutant p53 leads to CD8*T-cell exhaustion. In concert with transforming growth factor beta
(TGF-p), mutant p53 promotes epithelial-to-mesenchymal transition EMT. With the release of exosomes, mutant p53 also promotes the polarization

of M1 macrophages to M2 macrophages, protecting tumor cells from phagocytosis. In the setting of p53 deletion, tumor cells release WNT ligands,
chemokine ligand 1 (CXCL1), chemokine ligand 3 (CCL3) and chemokine ligand 21 (CCL21), and miR-149-39 to enhance the differentiation of tumor-
associated macrophages (TAMs) and regulatory T cells (Tregs) (Image created with BioRender.com).

of wild-type p53, such as adaptation to metabolic stress, while
disrupting the canonical tumor suppressive activities (such as
and senescence),
those
(Pfister and Prives, 2017). Controlling genome stability by p53 is

apoptosis can result in phenotypes that

resemble associated with gain-of-function mutations
another hallmark of AML and plays a central role in maintaining
genomic integrity. It helps repair DNA damage through various
mechanisms and activates checkpoints to halt cell division if DNA
2022).
Dysfunction of p53 leads to an accumulation of mutations,

repair is incomplete (Vaddavalli and Schumacher,
increasing the risk of cancer (Wiederschain et al., 2005; Meyer
et al, 2009), and alterations such as microsatellite instability or
P53 mutations were enriched substantially in patients with therapy-
related AML (Wiederschain et al., 2005; Meyer et al., 2009). Normal
cells have a limited lifespan and eventually stop dividing after
of cell

senescence), but p53 can induce this senescence state in damaged

reaching a certain number divisions  (replicative
or stressed cells, preventing them from becoming cancerous

(Wiederschain et al,, 2005; Meyer et al, 2009). Mutations in
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TP53 can bypass this
proliferation and leading to uncontrolled cell growth (Gutu et al,,

safeguard, allowing abnormal cell

2023). Research suggests a potential link between p53 function and
lifespan regulation, indicating that heightened p53 activity is
associated with a shorter lifespan as shown in murine models.
Conversely, experiments in flies suggest that reduced p53 activity
appears to extend lifespan (Wiederschain et al., 2005). TP53 is well
known as a “gatekeeper” of the cell cycle; it is capable of blocking
cells in the G1/S phase if activated by hypoxia, heat shock, or other
extrinsic or intrinsic stress signals (Olivier et al., 2010; Wang H.
et al.,, 2023). In healthy cells, in case of DNA damage, ATM or ATR
kinases activate checkpoint kinases (CHKI1 and CHK2), which
activate p53 and p2l and initiate Gl arrest and senescence
phenotype (Wang H. et al.,, 2023). p53 activates cyclin-dependent
kinase inhibitor 1A and p14 alternate open reading frame, which are
involved in senescence and growth arrest, and targets several genes
involved in the apoptosis and necrosis pathway (Barnoud et al.,
2021). Mutations in TP53 have shown partial or complete alteration
of the target gene set, depending on the position and the type of
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mutation (Olivier et al., 2010; Barnoud et al., 2021; Kennedy and
Lowe, 2022).

3 Current therapeutic strategies for
TP53 in AML

As previously mentioned, choosing and managing therapy for
patients with AML who harbor TP53 mutations or have complex
karyotypes remains challenging (Abramowitz et al., 2017; Latif et al.,
2021; Hassin and Oren, 2023). Moreover, the current therapeutic
management of AML considers several risk factors that are included
in prognostic models predicting therapy responses and outcomes,
and these models classify patients with TP53 mutations as poor
responders (Haase et al., 2019). Here we will discuss the outcomes of
patients with TP53 mutations after treatment with selected therapy
regimens (Olivier et al., 2010).

3.1 Intense chemotherapy

Intense chemotherapy is based on the combination of
antimetabolic and antiproliferative agents like cytarabine and
anthracyclines, and it is a backbone of AML therapy (DiNardo
etal, 2019; Kadia et al., 2021). Intense chemotherapy based on high-
dose cytarabine (AraC)/daunorubicin, known as the 7 + 3 regime, is
still considered the gold standard of care (Kantarjian et al., 2021;
Daver et al., 2022). Therapy modification by dose reduction of AraC
or daunorubicine and the further introduction of fludarabine or
cladribine has been shown to improve the response to therapy,
patient outcomes, and therapy safety profile (Kadia et al,, 2021).
Intense chemotherapy is mainly followed by consolidation and/or
maintenance therapy, and in some cases is followed by HSC
transplantation (Guerra et al,, 2019). A study has shown that
drug-induced pancytopenia, which frequently occurs in patients
treated with intense chemotherapy, became managable with
protocol administration of granulocyte colony-stimulation factor
(Kadia et al.,, 2021). Also, a new liposomal formulation of AraC/
daunorubicin, known as CPX-351, has been shown to reduce the risk
of cardiotoxicity in patients treated with that combination (Daver
et al., 2020). However, none of these regimens specifically address
the challenges of drug resistance linked to TP53 (DiNardo et al.,
2019; Daver et al,, 2022). Mutations in the TP53 gene render Acute
Myeloid Leukemia (AML) resistant to traditional chemotherapies.
Consequently, effective treatment strategies for TP53-mutated AML
either bypass the need for wild-type p53 function altogether or aim
to restore its normal activity (Daver et al., 2020). Most patients with
TP53-mutated AML have a median overall survival of only a few
months, despite receiving active anticancer treatment.

Counterintuitively, although chemotherapy and radiation
(cytotoxic stress) aim to damage cancer cells, they do not directly
cause TP53 mutations (Yan et al.,, 2020). Individuals with TP53
mutations in their blood stem cells (hematopoietic clones) face a
significantly increased risk of developing Acute Myeloid Leukemia
(AML). The median time to AML diagnosis after detecting a TP53
mutation is approximately 4.9 years (Desai et al., 2019; Young et al.,
2019; Saygin et al., 2023). While TP53 mutations are rare in blood
stem cells, these mutated cells have a survival advantage. This allows
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them to outcompete healthy cells under from

chemotherapy or stem cell transplant (Desai et al., 2019; Young
et al., 2019; Saygin et al., 2023).

pressure

3.2 Hypomethylating agents

In the last decade, many hypomethylating agents (HMAs) have
been developed for patients who cannot undergo intense
chemotherapy, especially those over the age of 60 with high-risk
features (Haase et al., 2019; Daver et al., 2023a; Wang H. et al., 2023).
The most relevant approved drugs belonging to this category are
azacytidine (AZA) and decitabine (DEC), which have gained
considerable interest in the last decade due to the possibility of
combining them with other types of therapies. (Daver et al., 2020;
George et al., 2021; Kennedy and Lowe, 2022; Daver et al., 2023a;
Wang H. et al.,, 2023). For instance, a 10-day decitabine regimen in
patients with AML led to an excellent 100% ORR in patients with
mutated TP53 disease compared to 41% in those with wt TP53 (p <
0.001), however was not sufficient for mutational clearance.

3.3 Allogenic stem cell transplantation

Allogenic stem cell transplantation (allo-SCT) is used in
secondary AML following other therapies
chemotherapy and HMA treatments. Allo-SCT can have a curative

such as intense
effect and can lower the probability of disease relapse in patients with a
poor prognosis, but it requires early minimal residual disease (MRD)
monitoring, and the incidence of complications is still high (Loke et al,,
2022; Dekker et al., 2023; Gutman et al., 2023; Tettero et al., 2023).
Genetic aberrations involving TP53, FLT3, NPM1, RUNXI, and ASXLI,
together with factors such as age, sex, and cytogenetic characteristics, are
the main risk factors affecting the outcome of patients undergoing allo-
SCT (Yan et al, 2020; Loke et al, 2022; Malagola et al, 2023;
Chattopadhyay et al., 2024; Park et al, 2024). TP53 positive MRD
status in patients with AML, for example, has been associated with a
significantly worse survival (median overall survival, 6.4 months vs
21.7 months, p = 0.042) both in patients with TP53-mutated AML and
myelodysplastic syndrome receiving HMA as frontline therapy (n = 24)
prior allo-SCT (Olivier et al., 2010; Malagola et al., 2023; Song et al.,
2023; Chattopadhyay et al., 2024; Park et al., 2024; Sahasrabudhe and
Mims, 2024). Thus, the early detection of these mutations using
complex MRD monitoring and testing for the loss of chimerism
(LoC after allo-SCT is a serious concern as it can be an early
indicator of relapse) after stem cell transplant are the key strategies
for addressing the otherwise-poor survival of patients relapsing after
allo-SCT (Sahasrabudhe and Mims, 2024).

3.4 Bcl-2 inhibitors

Bcl-2 family genes are composed of antiapoptotic and
proapoptotic genes such as Bcl-2 and BAX/BAK, respectively
(DiNardo et al., 2019; Guerra et al., 2019). Bcl-2 inhibitor-based
therapy relies on altering the equilibrium of Bcl-2 components by
depleting the antiapoptotic members and allowing the p53-mediated
activation of BAX and BAK following the permeabilization of the
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outer mitochondrial membrane and caspase cascade (DiNardo et al.,
2019; Guerra et al., 2019; Carter et al., 2023a). Venetoclax (VEN) has
proven to be as effective as monotherapy, especially in AML
harboring IDHI/2 and SRSF2/ZRSF2 mutations (Daver et al,
2020; George et al, 2021; Thijssen et al, 2021). Further
synergistic activity was observed with AZA in the VIALE-A trial
and with low-dose cytarabine in the VIALE-C trial (Thijssen et al.,
2021; Carter et al., 2023a; Malagola et al., 2023; Song et al., 2023;
Pratz et al., 2024; Sahasrabudhe and Mims, 2024). However, the best
outcome was obtained when VEN was combined with MCL-1
inhibitor in therapies (Thijssen et al., 2021; Casado and Cutillas,
2023). A cohort analysis of patients harboring TP53 mutations
demonstrated a lack of improvement among patients on the
VEN + AZA regimen compared with historical controls (Hong
et al, 2016; DiNardo et al, 2019). However, given the limited
number of patients, further studies in this specific patient cohort
are warranted. Although therapy with VEN + AZA has a good safety
profile in elderly patients, the short response duration in patients
with TP53 mutation and rapidly acquired resistance to VEN
warrants further investigations on the mechanisms of resistance
in these patients as well as further work on novel combinatorial
strategies (DiNardo et al., 2019; Guerra et al., 2019; Kadia et al., 2021;
Zhang et al, 2022; Gutman et al, 2023). However, due to the
rewiring of other BH3-mimetic family members upon Bcl-2
pharmacological inhibition, other therapeutic strategies with
molecules targeting Bcl-2, Bcl-XL, and Bcl-W were evaluated.
Navitoclax (ABT-263) is an antagonist of the antiapoptotic
members of the Bcl-2 family—Bcl-2, Bcl-XL, and Bcl-W—and
prevents their binding to the apoptotic effectors proteins Bax and
Bak, thereby triggering apoptotic processes in cells overexpressing
these proteins (Gress et al., 2024). However, the application of
navitoclax in patients is challenging because its induction of
severe thrombocytopenia limits its utility. Besides navitoclax,
several other molecules have been tested in phase I and Ib
clinical trials, including the Mcl-1 inhibitors AZD5991, MIK665,
AMG176, and AMG397, alone or in combination with VEN
(Luedtke et al., 2017; Tron et al,, 2018; Carter et al., 2022; Fang
etal, 2022; Liu et al., 2022; Carter et al., 2023a; Wang Y. et al., 2023;
Torka et al., 2023). Furthermore, several dual inhibitors targeting
Bcl-2/-XL have been developed, including LP-118, AZD0466, and
dual Bcl-2/-XL PROTAC degraders (Khan et al., 2022; Gress et al.,
2024). Finally, VEN has been tested with several FLT3 inhibitors
such as quizartinib or gliteritinib in patients with FLT3-mutated
AML as well as in those with wt FLT. VEN improved survival in a
cohort of patients with mutated FLT3, successfully impairing
leukemia progression (Yilmaz et al., 2022). While the list of
potential combinations of BCL2 and FLT3 co-inhibition in acute
myeloid leukemia tested preclinically expands rapidly, none of these
so far has shown improved efficacy in patients with TP53 mutations
(Perl, 2019; Brinton et al., 2020; Carter et al., 2021; Zhu et al., 2021;
Carter et al., 2023b; Popescu et al., 2023).

4 Future directions in the treatment
of AML

In recent years, increased knowledge regarding the features
about AML—obtained through genome-wide association studies,
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single-cell RNA sequencing, and proteomic approaches—has
enabled the consideration of several novel therapeutic approaches
for the treatment of patients with AML. These approaches could
pave the way for new generations of HMA and BCL-2 inhibitors;
such inhibitors are currently being evaluated as monotherapies or in
combination with approved therapies (Daver et al., 2020).

4.1 TP53 pathway interference

The main inhibitors of p53, MDM2 and MDM4, are often
upregulated in many malignancies harboring wt p53 (Wang H.
et al., 2023). While several molecules such as HDM201, MK-8242,
BI-907828, RG7388, and RG7112 have been developed to interfere
with p53 activity, most remain in the preclinical testing phase (Wang
H. et al, 2023). Idasanutlin (RG7388), an MDM2 antagonist with a
pyrrolidine structure, has demonstrated better efficacy, selectivity, and
availability for the treatment of AML compared with the other drugs of
the nutlin family (Trino et al., 2016; Fontana et al.,, 2021), and in a
phase III trial with cytarabine, it improved survival and recovery in
patients with R/R AML (Italiano et al., 2021; Konopleva et al., 2022;
Daver et al., 2023b; Smalley et al., 2024). Mutant p53 tends to aggregate
with p73, p63, or other p53 molecules, inactivating or reducing their
activity (Kennedy and Lowe, 2022). Interference with these
interactions would restore the activity of p73 and residual wtp53
(Ramos et al,, 2020; Klein et al., 2021; Cai et al., 2022). ReACp53,
for example, is a small peptide that interferes with the aggregation of
mutant p53 with p73 and p63, and it has been shown to restore the wt
conformation and nuclear localization of p53, promoting apoptosis
in vitro and tumor suppression in vivo (Spaety et al,, 2019; Zhang et al.,
2019; Ramos et al., 2020; Klein et al., 2021; Rozenberg et al., 2021; Cai
et al, 2022; Wang H. et al., 2023; Hassin and Oren, 2023).

4.2 TP53 reactivation

Another strategy to address the severe outcomes of mutant TP53
and the consequent LOF is to reverse the altered mutant
conformation to one resembling that of wt TP53 (Prokocimer
et al, 2017; Hassin and Oren, 2023). Eprenetapopt (APR-246),
also known as PRIMAI-MET, is a small molecule that causes
selective apoptosis in cancer cells with TP53 mutations (Hassin
and Oren, 2023). Eprenetapopt binds covalently to cysteine residues
in the DBD and forces conformational changes in the wt
conformation, leading to the depletion of antioxidants and
d-nucleotides and the induction of ROS(Reactive Oxygen
Species)-linked cell death through ferroptosis (Sallman, 2020;
Birsen et al., 2022; Daver et al, 2022). Eprenetapopt was
evaluated with AZA in phase IIT clinical trial, but it showed no
significant benefits in patients with TP53 mutations (Daver et al.,
2022; Hassin and Oren, 2023). In contrast, in combination with
AZA and VEN, this combination therapy demonstrated an
acceptable safety profile and promising signs of effectiveness.
These findings support further investigation of this approach as a
first-line treatment for TP53-mutated AML (Garcia-Manero et al.,
2023; Wang H. et al., 2023). Other trial have evaluated APR-246 as
post-transplant maintenance therapy and focused on patients with
TP53-mutated acute myeloid leukemia (AML) or myelodysplastic
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syndromes (MDS) who had undergone allogeneic hematopoietic
stem cell transplantation (allo-SCT) leading to encouraging RFS and
OS outcomes in this high-risk population (Spaety et al., 2019). APR-
246 was also evaluated with DEC, VEN, and low-dose cytarabine in
patients with AML who were over 60 years old and ineligible for
intense chemotherapy. The drug combination produced encouraging
results and had an acceptable safety profile (Mishra et al., 2022).

In addition, APR-548, an orally available TP53 reactivator, has
undergone clinical evaluation in patients with solid tumors and
hematological malignancies, indicating that p53 mutants differ in
functionality and form from typical AML cases and subsequently
display inconsistent responses to therapy with APR-548 at the
cellular level (George et al., 2021).

Finally, ZMC1, ZMC2, and ZMC3, which belong to a new class
of zinc metallochaperones, sequester zinc ions crucial for DNA
recognition from mutated p53, promoting wt-like behavior, p53-
dependent apoptosis in vitro, and tumor regression in vivo (Wang H.
et al,, 2023; Hassin and Oren, 2023). These zinc metallochaperones
have been shown to reactivate mutant p53 using an on/off switch,
and they have shown specificity for mutant p53 (Hassin and
Oren, 2023).

4.3 Trisenox

Trisenox (ATO) (As,O3) is a small molecule that binds to
allosteric sites on a wide subset of p53 mutants and induces
p53 proteasome-mediated degradation via structural stabilization
(Gummlich, 2021; Song et al., 2023). It has been observed that a few
p53 mutants treated with ATO demonstrate restored wt p53 activity
(Daver et al., 2022; Hassin and Oren, 2023). Trisenox is mainly used
in certain subtypes of AML, including acute promyeloid leukemia, in
which it has shown dose-dependent dual effects, including
differentiation at low concentrations and apoptosis at high
concentrations, on Leukemia Stem Cells (LSC) (Yilmaz et al., 2021).
Clinical trials involving treatments with trisenox + HMA + all-trans
retinoic acid are ongoing (Yilmaz et al., 2021).

4.4 Chimeric antigen receptor T cells

Development of adoptive T cell therapy for relapsed/refractory
acute myeloid leukemia (R/R AML) has shown limited progress to
date. Chimeric antigen receptors (CARs) implemented in vitro in
T cells have proven to be effective for R/R B-cell lymphoid
malignancies (CD19%) and multiple myeloma (Caruso et al., 2022;
Gurney and O’Dwyer, 2021; Mueller et al., 2024). Several proteins
commonly overexpressed in AML, such as CD38, CD123, TIM3,
CD7, CDI19, and NKG2D, have been considered as targets for
evaluation in AML treatments, with the aim of treatment being to
eradicate the LSC-like population (Gurney and O’ Dwyer, 2021; Valeri
etal., 2022; Cao et al., 2022; Cui et al., 2021; El et al., 2021; Jetani et al.,
2021; Mai et al., 2023). However, it has been difficult to find suitable
tumor-associated antigens for CAR T-cell administration in patients
with AML (Cui et al., 2021; El et al., 2021; Yilmaz et al., 2021; Sanford
etal,, 2023); thus, clinical responses to CAR T-cell therapy are seen in
only one-fourth of treated subjects (Atilla and Benabdellah, 2023).
Recent studies have tried to overcome TP53 deficiency-linked
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resistance to CAR T cells by targeting the lipids metabolism
aiming at blocking cholesterol metabolism or activity of carnitine
o-octanoyltransferase and at improving CAR T-cell anti-leukemic
properties. While the specific results of targeting these pathways are
not provided here, further investigation might lead to more effective
and personalized treatment options in the future. (Mueller et al., 2023;
Roche et al., 2023; Sanford et al., 2023; Albinger et al., 2024). Although
CAR T-cell therapy alone might not be sufficient to achieve a
complete eradication of residual disease, some studies suggest that
combined CAR T-cell therapy and pharmacological blockade with
demethylating agents or venetoclax (VEN) might be a promising
strategy. This approach could lead to more effective and better-
tolerated cellular therapies for patients with TP53-mutated myeloid
neoplasms (Leick et al., 2022; Mandeville et al., 2023; Mueller et al.,
2023; Sanford et al., 2023).

4.5 CAR NK cells

NK cells are the first line of defense against tumor cells
(Mandeville et al., 2023; Albinger et al., 2024). They induce cell
death in two ways: by releasing tumor necrosis factor-a and IFN-y,
which activate the extrinsic apoptosis pathway, and by triggering cell
death using the tumor necrosis factor-related apoptosis-inducing
ligand or Fas ligand. Compared to the use of CAR T cells, the use of
CAR NK cells has significantly fewer side effects (Gurney and
O’Dwryer, 2021; Albinger et al., 2024; Albinger et al., 2022). Until
now, CAR NK therapy has shown good efficacy in clinical trials
against circulating AML cells, but it displays a low penetrative ability
in bone marrow niches; thus, it is considered as a maintenance or
consolidation therapy before or following an allo-SCT rather than as
induction therapy (Gurney and O’Dwyer, 2021). After intensive
therapy and allogenic hematopoietic cell transplantation, the
outcomes of CAR NK cell therapy in AML patients with TP53
mutations remains poor, those patients with lower TP35 VAFs at
diagnosis might still benefit from transplantation. combined with
CAR NK therapy (Zhao et al.,, 2023). One possible mechanism of
overcoming resistance to CAR NK therapy would be to select AML
clones that resist or even suppress NK cell activity and mobilize
them from Bone marrow, making them more susceptible to therapy
(Gurney and O’Dwyer, 2021; Valeri et al., 2022; Albinger et al., 2024;
Li et al.,, 2023). Persistent hypoxia and bone marrow remodeling
with poor vascularization might also be obstacles to the efficacy of
CAR NK therapy (Caruso et al., 2022). These and other factors
contributing to therapy resistance need further investigation to
improve the chances of disease eradication.

4.6 Immunotherapy

Since the approval of gemtuzumab ozogamicin (GO, a
antibody targeting CD33,
calicheamicin) (Laszlo et al., 2019; Bouvier et al., 2021; Casado

monoclonal conjugated  with
and Cutillas, 2023), immunotherapy for AML has advanced
substantially. New monoclonal antibodies, used along with other
types of therapies in the induction phase or as a part of consolidation
therapy after intense chemotherapy, have been added to the
available treatment options (Hassin and Oren, 2023). For
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TABLE 2 Examples of clinical trials in acute myeloid leukemia with the potential to target TP53.

Trial code Phase Approach type Evaluated therapy
NCT05455294 Phase I HMA + Bcl-2 inhibitors DEC + VEN + navitoclax
NCT03745716 Phase IIT HMA + mutTP53 alteration AZA + APR-246

NCT03855371 Phase I HMA + small molecule DEC + ATO

NCT04638309 Phase I HMA + mutTP53 alteration AZA + APR-548

NCT05297123 Phase I Small-molecule combination ATO + ATRA

NCT03766126 Phase I Cell-mediated CD123 CAR-T

NCT04678336 Phase I Cell-mediated CD123 CAR-T

NCT02944162 Phase I-IT Cell-mediated CD33 CAR-NK cells
NCT04623944 Phase I Cell-mediated NKX101-CAR NK

NCT01217203 Phase I Antibody IPH2101 + lenalidomide (anti-KIR2D+)
NCT01687387 Phase II Antibody Lirilumab (anti-KIR2D)
NCT01714739 Phase I-11 Antibodies (PD-1, KIR2, CTLA-4) Nivolumab + Lirilumab/ipilimumab
NCT02848248 Phase I Antibody-drug conjugate SGN-CD123A

NCT05396859 Recruiting Cytidine deaminase inhibitors Entrectinib + ASTX727
NCT02545283 Terminated MDM2 antagonist Idasanutlin + cytarabine

HMA, Hypomethylating agent; DEC, Decitabine (a specific HMA, drug); ATO, Arsenic trioxide (a small molecule drug); AZA, Azacitidine (another HMA, drug); APR-548, A small molecule
drug targeting specific pathways; ATRA, All-trans retinoic acid (a small molecule drug); CD123 CAR-T, Chimeric antigen receptor T cells engineered to target the CD123 protein on leukemia
cells; CD33 CAR-NK, cells, Chimeric antigen receptor Natural Killer cells engineered to target the CD33 protein on leukemia cells; NKX101- CAR NK, Specific brand name for CAR-NK, cells
targeting a certain molecule; IPH2101, A specific antibody targeting the KIR2D + receptor; Lenalidomide, An immunomodulatory drug; Lirilumab, antibody targeting the KIR2D + receptor;

Nivolumab, antibody targeting the PD-1, checkpoint protein; Lirilumab/Ipilimumab, Antibodies targeting KIR2D+ and CTLA-4, checkpoint protein, respectively; Antibody-drug conjugate
(ADC): an antibody linked to a chemotherapy drug that delivers the drug directly to cancer cells; SGN-CD123A, A specific type of ADC, targeting the CD123 protein; Cytidine deaminase
inhibitors, Drugs that block the enzyme cytidine deaminase; Entrectinib, A small molecule drug targeting specific mutations; ASTX727, Another small molecule drug targeting specific

pathways; MDM2 antagonist, Drug that blocks the interaction between MDM2 and p53 protein; Idasanutlin, specific MDM2 antagonist; Cytarabine, chemotherapy drug.

example, sabatolimab (MBC453) is a humanized, high-affinity,
IgG4, anti-TIM3 antibody that uses an autocrine signaling loop
via galactin-9 and promotes LSC renewal; it is currently being
combined with HMA in an ongoing clinical trial (Brunner et al.,
2024; Zeidan et al,, 2024). Its observed side effects have been
minimal, and the parameters of recovery and patients’ OS have
been encouraging, especially in patients with AML harboring
mutations such as RUNXI and ASXLI (Kantarjian et al., 2021;
Daver et al., 2022). Another antibody, magrolimab, is a humanized
antibody against CD47, a surface receptor expressed by myeloid
malignancies that helps tumor cells evade phagocytosis (Bouvier
et al, 2021; Zhao et al., 2023). Magrolimab has been evaluated in
AML patients not eligible for intense chemotherapy who were in the
early stages of treatments with AZA + VEN, and it demonstrated
good tolerability, but it also caused frequent side effects such as
anemia and fatigue (George et al,, 2021; Zeidan et al., 2022; Daver
et al., 2023c).

Bispecific and trispecific antibodies are a promising new area of
immunotherapy for AML (Arvindam et al., 2021; Bouvier et al,
2021; Boyiadzis et al., 2023). These engineered molecules, which
offer a targeted approach of attacking AML cells by harnessing the
immune system, include flotetuzumab (targets CD33 on AML cells
and CD16 on NK cells), AMG 330 (targets CD33 on AML cells and
CD3 on T cells), and JNJ-63709178 (targets CD33; bispecific
antibody) (Krupka et al.,, 2016; Jitschin et al., 2018; Laszlo et al.,
2019; Vadakekolathu et al., 2020; Uy et al., 2021; Barwe et al., 2022;
Boyiadzis et al., 2023; Marcinek et al., 2023; Rimando et al., 2023).
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Study investigating the CDI123 x CD3 bispecific, dual-affinity,
retargeting antibody flotetuzumab (CP-MGD006-01;
NCT02152956) demonstrated complete remission in almost 50%
of patients with TP53-mutated, R/R AML, and these patients had
significantly higher tumor inflammation signature, FOXP3, CD8,
inflammatory chemokine, and PD1 gene expression scores at
baseline compared with nonresponders (Vadakekolathu et al,
2020). Examples of relevant clinical trials are given in Table 2.

5 Conclusion

For over four decades, high-dose cytotoxic chemotherapy
remained the mainstay treatment for AML. However, recent
scientific breakthroughs have revolutionized our understanding of
this leukemia’s molecular basis. This newfound knowledge has not
only shed light on the underlying causes of AML but also led to the
development of several targeted therapies. These novel agents offer
greater efficacy and reduced toxicity compared to conventional
chemotherapy. With novel compounds selectively targeting TP53,
therapeutic approaches targeting the TP53 pathway are progressing
in early clinical testing and could soon be considered the standard of
care for individuals with AML who are 60 and older and ineligible
for intense therapy or who have been diagnosed with advanced
disease. Moreover, many targeted approaches and combinations are
currently being tested in clinical trials with the aims of reducing the
rate of disease recurrence and minimizing drug toxicities, making
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the prospects of new AML therapies promising. However, further
investigation of the factors contributing to therapy resistance is
warranted, and efforts to understand the metabolic and immune
mechanisms contributing to therapy failure with the help of single-
cell, high-throughput technology and spatial analysis are ongoing.

6 Simple summary

Acute myeloid leukemia (AML), an aggressive malignancy of
hematopoietic stem cells, is associated with poor outcomes,
especially in elderly patients, due to several genetic and
chromosomal aberrations. Tumor protein p53 (TP53) is a key
tumor-suppressor gene involved in a variety of cellular processes,
including the regulation of apoptosis, metabolism, and the rewiring
of the immune environment. Although TP53 mutations are
relatively rare in patients with de novo AML, these mutations has
been identified as an important molecular subgroup, and patients
with these mutations have the worst prognosis and shortest overall
survival among patients with AML, even when treated with
aggressive chemotherapy and allogeneic stem cell transplant for
relapsed or therapy-related AML. Progress in AML genetics and
biology has brought the novel therapies, however, the clinical benefit
of these agents for patients whose disease is driven by TP53
mutations remains largely unexplored. This review focuses on
examining the role of TP53 mutations on such hallmarks of
leukemia like metabolic rewiring and immune evasion, the
clinical significance of these changes, and the current progress in
the therapeutic targeting of mutated p53 and its downstream effects.
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proteomic exploration
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Recent advancements in proteomics have shown promise in identifying
biomarkers for various cancers. Our study is the first to compare the serum
proteomes of intrahepatic cholangiocarcinoma (iCCA) with cirrhosis (CIR),
primary sclerosing cholangitis (PSC), and hepatocellular carcinoma (HCC),
aiming to identify a proteomic signature that can effectively distinguish among
these conditions. Utilizing high-throughput mass spectrometry on serum
samples, we identified 845 proteins, of which 646 were suitable for further
analysis. Unique clustering patterns were observed among the five groups,
with  significant  proteomic differences. Our key findings include:
S100 calcium-binding protein A9 (S100A9) and haptoglobin (HP) were more
abundant in iCCA, while intercellular adhesion molecule 2 (ICAM2) was higher in
HCC. Serum amyloid Al (SAAL) and A4 (SAA4) emerged as potential biomarkers,
with SAA1 significantly different in the iCCA vs healthy controls (HC) comparison,
and SAA4 in the HCC vs HC comparison. Elevated levels of vascular cell adhesion
molecule 1 (VCAM-1) in HCC suggested its potential as a differentiation and
diagnostic marker. Angiopoietin-1receptor (TEK) also showed discriminatory and
diagnostic potential in HCC. ELISA validation corroborated mass spectrometry
findings. Our study underscores the potential of proteomic profiling in
distinguishing iCCA from other liver conditions and highlights the need for
further validation to establish robust diagnostic biomarkers.

KEYWORDS

biomarker, intrahepatic cholangiocarcinoma, hepatocellular carcinoma, liver cirrhosis,
primary sclerosing cholangitis, proteomics

126 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2024.1440985/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1440985/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1440985/full
https://www.frontiersin.org/articles/10.3389/fphar.2024.1440985/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2024.1440985&domain=pdf&date_stamp=2024-09-02
mailto:maria.iacobescu@medfuture.ro
mailto:maria.iacobescu@medfuture.ro
https://doi.org/10.3389/fphar.2024.1440985
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2024.1440985

Mocan et al.

1 Introduction

(CCA), from

cholangiocytes in the biliary duct system, is the second most

Cholangiocarcinoma originating

common primary liver cancer, following hepatocellular
carcinoma (HCC). Known for its aggressive behavior among
biliary tract malignancies, global projections forecast a surge
in its incidence (Rumgay et al, 2022). CCA is typically
categorized as either intrahepatic (iCCA) or extrahepatic and
predominantly affects individuals in their seventies, with a slight
male predominance (Shaib et al., 2005). Contributing risk factors
include viral hepatitis infections, inflammatory conditions such
as obesity and diabetes mellitus, and congenital hepatic fibrosis
(Shaib Hashem and Yasser, 2004). Notably, primary sclerosing
cholangitis (PSC) significantly predisposes individuals to CCA,
with about 40% of PSC patients at risk. The carcinogenesis
mechanisms in this context involve chronic inflammation,
epithelial proliferation, bile mutagens, and biliary stasis
(Claessen et al., 2009; Izquierdo-Sanchez et al., 2022).

Despite advancements in diagnostic techniques such as
tomography (CT) (US), their
sensitivity remains limited, particularly for detecting small liver

computed and ultrasound
lesions (Patel et al., 2000). Additionally, distinguishing between
HCC, PSC and liver cirrhosis (CIR) poses significant challenges.
Commonly used biomarkers like carcinoembryonic antigen (CEA)
and carbohydrate antigen 19-9 (CA19-9) do not possess the
necessary sensitivity or specificity for effective CCA detection
(Shi et al., 2013). Furthermore, the diagnostic reliability of CA
19-9 and alpha-fetoprotein (AFP) is compromised due to their
variable elevation in different liver diseases (Best et al., 2020;
Zhou et al., 2011; Izquierdo-Sanchez et al., 2022).

The need for improved medical approaches highlights the
critical importance of developing innovative strategies for the
early detection and management of CCA (Mocan et al, 2022).
Omics sciences offer promising pathways, as evidenced by their
success in various other cancer types. However, the rarity of CCA
cases has hindered our molecular understanding, resulting in limited
comprehensive omics studies. While genomic and transcriptomic
research has illuminated key genes and molecular subtypes
associated with iCCA development (Voigtlinder et al., 2020; Job
et al,, 2020; Martin-Serrano et al., 2023), the proteomic landscape of
iCCA remains relatively unexplored. Current studies have primarily
focused on specific histotypes or ethnic backgrounds, often linked to
relevant risk factors. For instance, Lapitz et al. focused on CCA with
an emphasis on PSC-CCA patients, employing proteome profiling of
serum extracellular vesicles (EVs). This study identified diagnostic
biomarkers such as C-reactive protein (CRP), Fibrinogen, and von
Willebrand factor (VWE) for early diagnosis and prognosis (Lapitz
et al., 2023). Christensen et al. targeted biliary tract cancer (BTC)
broadly, using proximity extension assays and statistical modeling to
generate multiprotein signatures, including CA19-9 and chemokine
C-C motif ligand 20, for differentiating BTC from non-cancer
controls (Christensen et al., 2023).

Recently, an integrated proteogenomic profile delineating iCCA
subtypes was introduced, laying the groundwork for future research
(Dong et al,, 2022). Proteomics, as a leading technology, holds
significant promise for identifying disease-specific biomarkers
essential for diagnosis, prognosis, and treatment response
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assessment (B. B. Sun, Suhre, and Gibson, 2024). Despite
extensive knowledge of CCA’s transcriptomic and mutational
landscapes, its proteomic landscape remains largely uncharted.

Consequently, there is an urgent need for proteomics-driven
research to discover new biomarkers, which are vital for improving
our understanding and management of CCA across various
populations and subtypes.

From a clinical perspective, there is a pressing need for
biomarkers to differentiate between iCCA and HCC, as well as
between iCCA and PSC. Imagine the ideal scenario where we
could screen for HCC in cirrhotic patients, detect a nodule, and
inform the patient whether it is HCC or iCCA, all based on just
two drops of blood. Wouldn’t it be incredible to have the
capability to distinguish early between PSC and iCCA based
on non-invasive biomarkers?

Hence, our study aims to explore the potential of proteomics in
uncovering valuable serum biomarkers capable of distinguishing
between iCCA and HCC, PSC, CIR and healthy controls (HC). By
leveraging proteomic analysis, we seek to identify novel biomarkers
with enhanced diagnostic accuracy and clinical relevance. Through
comparative analysis of the serum proteome profiles, our research
endeavors to unveil unique protein signatures associated with
distinct liver pathologies, thereby facilitating early detection and
the development of personalized treatment strategies.

2 Results

2.1 Baseline characteristics of the study
participants

A detailed overview of the study participants baseline
characteristics can be found in Supplementary Table S1. The
table detailed
environmental factors, and laboratory values for both discovery

provides a comparison of demographics,
and validation cohorts. The mean age of the patients varies across
cohorts, with iCCA, HCC, CIR patients averaging around 60 years,
PSC patients around 50 years, and HC at around 30 years. Gender
distribution shows a predominance of males in the iCCA and CIR
cohorts and a higher proportion of females in the PSC cohort.
Environmental exposure indicates that most iCCA and PSC patients
are from urban areas, while the HCC cohort shows a more balanced
distribution. Laboratory findings highlight variations in albumin
levels, AFP, CA 19-9, and other liver function tests across cohorts,
reflecting the different disease states. This comprehensive data
underscores the clinical profiles and underlying health conditions
of the patients and is in line with the characteristics of the
liver diseases.

2.2 Serum proteome characterization

845 proteins with at least one unique peptide were identified.
After applying the criterion for inclusion in the analysis (please see
Section 4.3.3 Statistical Analysis), a total number of 646 proteins
were further subjected to the biomarker analysis. The complete list
of the proteins considered for the analysis is shown in
Supplementary Table S2. A complete overview of the statistical
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FIGURE 1

(A). Sampling group clustering by the serum proteome of the groups studied (CIR = liver cirrhosis; HC = healthy controls; HCC = hepatocellular
carcinoma; iCCA = intrahepatic cholangiocarcinoma; PSC = primary sclerosing cholangitis). (B). Top discriminatory serum proteins among the iCCA and
HCC patient’s groups. (C). Volcano plot showing all significantly different serum proteins (p < 0.05, |[FC| >1.5, proteins with FDR<0.05 are labeled) among

the iCCA and the HCC patients’ groups.

TABLE 1 Serum proteins that could aid iCCA vs. HCC discrimination.

Protein name

iCCA vs. HCC

FC AUC SEN SPE

1 Serum amyloid A-1 protein* SAA1 33 0.86 0.7 0.9 32 ns
2 Actin-related protein 3B* ACTR3B 2.0 0.88 0.8 0.9 2.6 ns
3 Homeobox protein Hox-C10* HOXC10 1.8 0.87 0.8 0.8 23 ns
4 Serum amyloid A-4 protein SAA4 1.6 0.87 0.7 0.9 ns -15
5 Complement factor H-related protein 1 CFHR1 1.5 0.86 0.8 0.7 ns -1.7
6 Dynein axonemal heavy chain 17* DNAHI17 -1.6 0.87 0.7 0.8 -1.3 ns
7 Vascular cell adhesion protein 1** VCAM1 -1.8 0.87 0.8 0.8 2.36 4.2
8 Arf-GAP with Rho-GAP domain ANK repeat and PH domain-containing =~ ARAP2 -1.9 0.85 0.9 0.7 ns 23
protein 2*
9 Immunoglobulin heavy constant gamma 2** IGHG2 -2.0 0.89 0.8 0.8 1.9 37
10 Regulator of G-protein signaling 10** RGS10 -2.1 0.84 0.7 0.9 1.9 4.0
11 Angiopoietin-1 receptor*™ TEK -23 0.90 0.9 0.9 22 5.0

iCCA, intrahepatic cholangiocarcinoma; HCC, hepatocellular carcinoma; HC, healthy controls; FC, fold change (calculated as the ratio of the two group means, AUC, area under the receiver
operating characteristic (ROC) curve; SEN, sensitivity; SPE, specificity; ns = no significance for t-test, therefore also no FC, reported; *significant for iCCA, vs. HCC, and either iCCA, vs. HC, or

HCC, vs. HG; **significant for all three comparisons.

analysis results is shown in Supplementary Table S3 where only the
significant proteins among all comparisons are shown.

2.3 Serum proteome pattern exploration

As an initial demonstration of the study’s viability, we conducted
a group clustering analysis. The serum patterns identified exhibited a
noteworthy clustering pattern among the studied groups as shown
through the utilization of partial least squares discriminant analysis
(PLS-DA), demonstrating discernible separation according to the
first two components (Figure 1A).
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2.4 Serum proteome alterations in
liver cancer

By elucidating the discriminatory protein profile through PLS-DA
(Figure 1A) and visualizing them in the variable importance in
projection (VIP) score plot, top discriminatory proteins among the
iCCA and the HCC patient groups were highlighted. The most
significant three proteins were: S100 calcium-binding protein A9
(S100A9), Haptoglobin (HP), and Intercellular Adhesion Molecule 2
(ICAM2) (Figure 1B). For scouting potential biomarkers, t-test was
applied. A total of 154 proteins exhibited significant differences (p <
0.05, no false discovery rate (FDR) cut-off) in the comparison between
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TABLE 2 Serum proteome alterations in the iCCA group compared to the risk factor group CIR.

10.3389/fphar.2024.1440985

No. Protein name Gene FC AUC SEN SPE iCCAvs.HC CIRvs. HC
1 Haptoglobin* HP 32 0.73 0.9 0.6 129 ns
2 cAMP-dependent protein kinase catalytic subunit beta* = PRKACB 25 0.79 0.7 0.7 ns -2.7
3 Heat shock protein HSP 90-alpha A2 HSP90AA2P 23 0.78 0.8 0.8 ns ns
4 Chromatin assembly factor 1 subunit A* CHAF1A 2.0 0.79 0.8 0.7 3.0 ns
5 Trinucleotide repeat-containing gene 18 protein TNRC18 2.0 0.79 0.7 0.7 ns ns
6 Protein CIP2A* CIP2A 1.5 0.73 0.7 0.8 ns -1.7
7 Voltage-dependent calcium channel subunit alpha-2/ CACNA2D3 1.5 0.83 0.9 0.7 ns -14

delta-3
8 M-phase inducer phosphatase 1* CDC25A -1.5 0.79 0.8 0.7 -2.0 ns
9 Unconventional myosin-XV* MYOI15A -15 0.78 0.9 0.7 -1.8 ns
10 Zygote arrest protein 1** ZAR1 -15 0.76 0.7 0.7 =25 -1.6
11 Huntingtin-interacting protein 1* HIP1 -1.5 0.84 0.7 0.9 -1.9 ns
12 Villin-like protein* VILL -1.5 0.80 0.7 0.8 -1.9 ns
13 Transcription factor ETV7* ETV7 -1.6 0.77 0.7 0.7 -22 ns
14 ELKS/Rab6-interacting/CAST family member 1* ERC1 -17 0.80 0.7 0.7 23 ns
15 Proline/serine-rich coiled-coil protein 1* PSRC1 -1.7 0.85 0.7 0.9 -1.9 ns
16 Neurofibromin* NF1 -1.7 0.72 0.7 0.6 ns 1.8
17 Prefoldin subunit 1* PFDN1 -1.8 0.83 0.8 0.8 ns 22
18 Regulator of G-protein signaling 10** RGS10 -1.9 0.83 0.7 0.8 1.9 3.6
19 Microtubule-associated protein 1A* MAP1A -1.9 0.83 0.8 0.8 ns 2.0
20 Annexin A9* ANXA9 -1.9 0.90 0.9 0.9 -2.1 ns
21 Complexin-4* CPLX4 =21 0.91 0.8 0.9 -19 ns
22 Caveolin-3** CAV3 -2.1 0.74 0.5 0.9 2.1 4.5
23 Adaptin ear-binding coat-associated protein 2* NECAP2 2.2 0.80 0.9 0.7 ns 5.6
24 Calcium-binding mitochondrial carrier protein SLC25A25 -2.2 0.80 0.7 0.8 ns 3.0
SCaMC-2*

25 Paired box protein Pax-9* PAX9 -2.2 0.79 0.6 0.9 ns 2.8
26 Peroxisomal trans-2-enoyl-CoA reductase* PECR -2.3 0.78 0.7 0.7 -2.6 ns
27 Alkaline phosphatase_ tissue-nonspecific isozyme* ALPL -3.1 0.83 0.7 1.0 ns 4.2
28 ORC ubiquitin ligase 1* OBI1 4.6 0.86 0.9 0.8 ns 3.4

iCCA, intrahepatic cholangiocarcinoma; CIR, liver cirrhosis; HC, healthy controls; FC , fold change (calculated as the ratio of the two group means, AUC, area under the receiver operating
characteristic (ROC) curve; SEN, sensitivity; SPE, specificity; ns = no significance for t-test, therefore also no FC is reported; *significant for both iCCA, vs. PSC, and iCCA, vs. HC.

iCCA and HCC, out of which 65 had also a minimum of 1.5-fold
change (FC) (log2FC > 0.58). Also considering the FDR criterion
of <0.05, 11 proteins were highlighted and the findings are shown
in a volcano-plot (Figure 1C). For the 11 proteins, a receiver operating
characteristic analysis (ROC) was applied and the area under the ROC
curve (AUC) was calculated showing values greater than 0.80. Table 1
presents a comprehensive overview which includes the iCCA vs. HCC
analysis: the 11 statistically significant proteins, the FC, AUC, sensitivity
(SEN), specificity (SPE). To gain a more in-depth understanding, we
additionally assessed the significance of the proteins between the iCCA
and the HC serum samples, as well as between the HCC and the HC

Frontiers in Pharmacology

serum samples, and provided only the FC for the significant
proteins (Table 1).

2.5 Serum proteome alterations towards
anticipating the upcoming malignancy in the
risk factor groups

One-way analysis of variance (ANOVA) identified 47 proteins

with statistically significant differences (p < 0.05) in abundance
across the groups. This analysis considered potential iCCA risk
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TABLE 3 Serum proteome alterations in the iCCA group compared to the risk factor group PSC.

iCCA vs. PSC iCCA vs. HC
Protein name SPE FC
1 Aminopeptidase Q* LVRN 14.0 0.83 0.90 0.70 15.7
2 Leucine-rich alpha-2-glycoprotein* LRG1 1.9 0.77 0.60 0.90 22
3 Melanophilin MLPH 1.9 0.82 0.90 0.90 ns
4 Probable asparagine--tRNA ligase_ mitochondrial NARS2 1.9 0.68 0.80 0.50 ns
5 Alpha-1-antichymotrypsin SERPINA3 1.8 0.80 0.80 0.80 ns
6 Immunoglobulin lambda constant 7% IGLC7 1.7 0.80 0.80 0.80 1.9
7 NACHT_ LRR and PYD domains-containing protein 14* = NLRP14 1.6 0.83 0.70 0.80 1.6
8 Huntingtin-interacting protein 1* HIP1 -1.5 0.87 0.90 0.80 -1.9
9 Nicotinamide N-methyltransferase* NNMT -1.5 0.76 0.70 0.80 2.2
10 Annexin A9* ANXA9 -1.5 0.78 0.90 0.60 2.1
11 Phosphatidylcholine-sterol acyltransferase* LCAT -1.5 0.76 0.80 0.70 -1.9
12 Unconventional myosin-XV* MYO15A -1.5 0.74 0.70 0.80 -18
13 M-phase inducer phosphatase 1* CDC25A -1.5 0.76 0.70 0.80 -2.0
14 EF-hand calcium-binding domain-containing protein 3*  EFCAB3 -1.5 0.75 0.90 0.50 -2.0
15 Villin-like protein* VILL -1.6 0.76 0.70 0.80 -1.9
16 ELKS/Rabé6-interacting/CAST family member 1* ERC1 -1.6 0.79 0.70 0.70 -2.3
17 Transcription factor ETV7* ETV7 -1.7 0.77 0.70 0.80 -2.2
18 Sialic acid-binding Ig-like lectin 9% SIGLECY -1.7 0.74 0.70 0.80 -2.3
19 Probable rRNA-processing protein EBP2* EBNAI1BP2 -1.7 0.77 0.60 0.90 -1.6
20 Complexin-4* CPLX4 -1.7 0.80 0.80 0.80 -19
21 Glucose-6-phosphate 1-dehydrogenase G6PD -1.9 0.80 0.90 0.70 ns
22 Insulin-like growth factor-binding protein 3* IGFBP3 -1.9 0.80 0.70 0.90 -3.0
23 Cilia- and flagella-associated protein 36* CFAP36 -2.1 0.84 0.70 0.90 -3.0
24 Serine/threonine-protein kinase MRCK beta CDC42BPB -2.1 0.85 0.90 0.70 ns
25 Zinc finger protein 532* ZNF532 -22 0.80 0.80 0.80 —4.1
26 Melanoma-associated antigen 2* MAGEA2 -2.5 0.83 0.90 0.70 -2.3
27 DNA repair protein XRCC2* XRCC2 -4.2 0.76 0.80 0.70 -10.4

iCCA, intrahepatic cholangiocarcinoma; PSC, primary sclerosing cholangitis; HC, healthy controls; FC , fold change (calculated as the ratio of the two group means, AUC, area under the receiver
operating characteristic (ROC) curve; SEN, sensitivity; SPE, specificity; ns = no significance for t-test, therefore also no FC is reported; *significant for both iCCA, vs. PSC, and iCCA, vs. HC.

factors like PSC and CIR. Additionally, these proteins exhibited a
fold change (FC) greater than 1.5, further supporting their statistical
significance and potential relevance to iCCA. Furthermore, to delve
deeper into the analysis, we evaluated the significance of proteins
between iCCA, CIR, PSC and HC.

For the iCCA vs. CIR comparison, 28 proteins emerged as
potential discriminators. Table 2 provides a detailed breakdown,
including FC values and ROC analysis parameters specific to the
iCCA vs CIR comparison. Additionally, the table presents FC values
for proteins showing significant differences when comparing both
iCCA and CIR to HC.

For the iCCA vs. PSC comparison, Table 3 presents a
comprehensive overview on the data, which includes 27 statistically
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significant proteins, the FC, AUC, SEN, SPE. We then reported the FC
only for those proteins with significant differences between iCCA and
HC patients. No proteins met the same stringent criteria for showing
significance between PSC and HC patients.

2.6 Biomarker panel scounting

For each of the targeted comparisons, proteins from the
significant ones were tested by ROC analysis using the PLS-DA
algorithm for inclusion into biomarker panels. The selection was
based on their significance level both between the liver diseases
groups and the HC, as well as their implication in the liver disease, as
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Proposed biomarker panels for distinguishing the different liver diseases. AUC = area under the receiver operating characteristic (ROC) curve; Cl =
confidence interval; iCCA = intrahepatic cholangiocarcinoma; HCC = hepatocellular carcinoma; CIR = liver cirrhosis; PSC = primary sclerosing
cholangitis; SAAL = Serum amyloid-1; SAA4 = Serum amyloid-4; VCAML1 = Vascular cell adhesion protein 1; LRG1 = HP = Haptoglobin, PRKACB = cAMP-
dependent protein kinase catalytic subunit beta; ANXA9 = Annexin A9; LVRN = Leucine-rich alpha-2-glycoprotein.

TABLE 4 Serum levels of SAA1, SAA4, VCAM1, and LRG1 by ELISA.

ng/mL + SD HC iCCA HCC PSC

SAAL 1,351.08 + 759.56 1341721 + 10106.14 5,766.75 + 4667.69

SAA4 42550.59 + 2501.47 37907.35 + 14592.45 31350.66 + 11565.65

VCAMI 879.79 + 299.49 490146 + 1815.49 7099.19 + 2540.60

LRG1 451032 = 716.18 23974.41 + 3411.92 10205.67 + 6838.53

SD, standard deviation; HC, healthy controls; iCCA, intrahepatic cholangiocarcinoma; HCC, hepatocellular carcinoma; PSC, primary sclerosing cholangitis; SAA1 = Serum amyloid-1; SAA4 =
Serum amyloid-4; VCAM1 = Vascular cell adhesion protein 1; LRG1 = Leucine-rich alpha-2-glycoprotein.

reported in the literature. The most promising panels showing an
AUC 0.9 are presented in Figure 2.

2.7 Quantitation of serum biomarkers SAA1,
SAA4, VCAM1, and LRG1 by ELISA

Four proteins were selected to be analyzed on an independent
patient validation cohort by a complementary method, namely, an
enzyme-linked immunosorbent assay (ELISA). SAA1, SAA4, VCAMI,
and LRG1 were chosen for quantification from the identified proteins in
undepleted serum samples from the iCCA, HCC, and PSC groups.
Selection criteria for these proteins included their abundance patterns
across the groups, potential links to liver pathophysiology, and the
significance of their differences between the groups. The serum levels of
these markers are presented in Table 4 as mean (ng/mL) + standard
deviation (SD). The significance among the groups was tested by t-test
and SAA1, SAA4, VCAMI, and LRG1 showed the same significance as
the MS data. Figure 3 shows the results.

3 Discussion

Recently, there has been growing interest and investment in
proteomics to identify biomarkers for various diseases, including
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different cancers. Our study is the first to compare the serum
proteomes of iCCA with those of CIR, PSC, and HCC, aiming to
identify a proteomic signature that can effectively distinguish among
them. The findings highlight the urgent need for a proteomics-
driven research to discover new biomarkers essential for improving
our understanding and management of iCCA, especially given the
largely unexplored proteomic landscape of this malignancy.
Differentiating between iCCA and HCC is crucial in clinical practice,
but it remains challenging, often requiring a liver biopsy for a definitive
diagnosis (Mocan et al., 2023). Liver biopsy is an invasive procedure with
potential risks such as bleeding and tumor seeding. Currently, there are
no biomarkers available to differentiate between iCCA and HCC, or
between iCCA and CIR or PSC, known as risk factors.

Our findings stem from a thorough proteomic approach, utilizing
high-throughput mass spectrometry techniques on serum samples
depleted of six highly abundant proteins through immunoaffinity.
Following our methodology, we successfully identified 845 proteins
that met the identification criteria outlined in Section 4.4. Of these,
646 proteins were considered suitable for subsequent analysis,
consistent with similar studies (Lucaciu et al, 2023). Notably, our
approach was the first to include the four patient groups alongside
healthy controls. As proof of concept, we successfully identified unique
clustering patterns among the five groups using PLS-DA analysis
(Figure 1A). Interestingly, the serum proteome clusters of the four
liver diseases were noticeably different compared to HC, with partial
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Validation of mass spectrometry-based results by ELISA HC = healthy controls; iCCA = intrahepatic cholangiocarcinoma; HCC = hepatocellular
carcinoma; PSC = primary sclerosing cholangitis; SAAL = Serum amyloid-1; SAA4 = Serum amyloid-4; VCAML = Vascular cell adhesion protein 1; LRG1 =
Leucine-rich alpha-2-glycoprotein; * = statistically significant (p < 0.05); MS = mass spectrometry; ELISA = enzyme-linked immunosorbent assay.

overlap among them, highlighting a shared protein profile
corresponding to similarities in liver disease. Particularly, the
clustering clearly illustrated the relationship between iCCA and
HCC, as well as the associations with their risk factor groups. The
initial investigation into serum proteome alterations commenced with a
wide-ranging comparative analysis between the iCCA and HCC groups.
Discriminatory proteins were identified initially using the VIP score
plot generated from the PLS-DA. The top three discriminatory proteins
between the iCCA and HCC groups were S100 calcium-binding protein
A9 (S100A9) and haptoglobin (HP), which were more abundant in
iCCA, and Intercellular adhesion molecule 2 (ICAM2), which was
higher in HCC (Figure 1B).

Additionally, we employed supplementary statistical analyses,
along with stringent criteria, to further confirm the identification of
potential biomarkers. Consequently, our comparison revealed
distinct protein profiles, with five serum proteins exhibiting
increased abundance in the iCCA group and six proteins in the
HCC group. Additionally, their significance for the comparison to
HC was also interrogated. Remarkably, the ROC analysis for both
individual markers demonstrated robust discriminatory power as
shown in Table 2. Among the proteins showing increased
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abundance in iCCA compared to HCC, serum amyloid Al and
A4 were identified. Even more, SAA1 was found to be significantly
different in the iCCA vs. HC comparison, and SAA4 in the HCC vs.
HC comparison. Serum amyloid A (SAA) proteins, consisting of
SAA one to 4, are small molecules (104 amino acids) intricately
linked to the acute phase response. Although their precise
physiological roles remain elusive (Sack, 2018), recent studies
suggest their potential as biomarkers for various cancers,
including gastric, colon, and breast cancer, and their correlation
with tumor staging (Ignacio et al., 2019; Liang et al., 2016; Wu et al.,
2017). A decreased abundance of SAA1 in HCC, correlated with
reduced survival rates and involvement in anti-tumor immune
2020).
Moreover, through scRNA-seq analysis, a correlation between

pathways, was observed (Zhang Hongying et al,
SSA1 expression and the regulation of inflammatory responses
and activation of the complement system, indicating a potential
role in iCCA pathogenesis, was highlighted (Zhang Min et al., 2020).
Thus, our study supports the utility of SAA proteins as biomarkers
for distinguishing between iCCA and HCC. In light of these
findings, SAA1 and SAA4 emerged as candidates for further

validation.
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Elevated levels of Vascular cell adhesion molecule 1 (VCAM-1)
were observed in the HCC group, indicating its potential as a
differentiation marker. Furthermore, significant differences in
VCAM-1 levels were also noted in comparisons between both
iCCA and HCC vs. HC, highlighting its utility as a
discriminatory marker between iCCA and HCC, as well as a
diagnostic marker for both iCCA and HCC. Based on these
findings, VCAM-1 was also selected for further validation.
VCAM-1 plays a crucial role in angiogenesis, leukocyte adhesion
at inflamed tissues, and tumor sites, indicating its involvement in
facilitating metastasis (Fox et al., 1995; Ho et al., 2004). Consistently
elevated expression of VCAM-1 in chronic liver diseases imply its
association with conditions such as chronic hepatitis or CIR
(Kaplanski et al., 1997; Yamaguchi et al., 1999). However, despite
this, the clinical significance of increased serum VCAM-1 in HCC
patients remains largely unexplored, even though the majority of
HCC cases are associated with underlying chronic hepatitis or CIR.
Therefore, further investigation into serum VCAM-1 levels in HCC
patients is warranted (Pirisi et al., 1996). Another protein exhibiting
increased abundance in the HCC group was angiopoietin-1 receptor
(TEK). Like VCAMI, TEK also showed both discriminatory and
diagnostic potential. Angiopoietin-1, among factors implicated in
tumor angiogenesis, has been linked to HCC progression and has
shown superior performance to AFP in predicting overall survival
(Choi et al., 2021). Given the pivotal role of angiogenesis inhibitors
in the treatment of solid cancers, investigating angiogenic cytokines
such as angiopoietin-1 can yield valuable insights into the
progression of HCC (Torimura et al, 2004). Our findings
underscore the promising clinical significance of these proteins,
reaffirming their potential utility as biomarkers for distinguishing
between iCCA and HCC. Moreover, a biomarker panel was built and
tested by ROC analysis using the PLS-DA algorithm. This was
comprised of SAA1, SAA4 and VCAM1 and showed a promising
discrimination power.

In clinical practice iCCA is often diagnosed on a background of
advanced liver disease, such as CIR, or in patients with a known
history of PSC. These diagnoses invariably depend on invasive
procedures, such as liver biopsy. Due to the absence of reliable
biomarkers, iCCA is often detected at an advanced stage, at which
point curative treatment options are no longer viable. Our study is
the first one to reveal 64 proteins that displayed notable differences
among the iCCA, CIR and PSC groups.

In the iCCA vs. CIR comparison, seven proteins showed higher
abundance in the iCCA patient group, among which haptoglobin
(HP), cAMP-dependent protein kinase catalytic subunit beta
(PRKACB), heat (HSP)  90-alpha A2
(HSP90AA2P) were previously reported with respect to liver

shock  protein

cancer. Haptoglobin (HP), a plasma glycoprotein, scavenges free
hemoglobin, preventing release of toxic heme and protecting tissues
from oxidative damage. Its dynamic response in pathology makes
HP a valuable clinical tool. Moreover, HP was shown to be elevated
in liver cancer and decreased in cirrhosis (Naryzny and Legina,
2021). Our results revealed also a significant difference of HP in the
iCCA vs. HC groups, confirming the above mentioned findings.
PRKACB, a vital member of the protein kinase A (PKA) family,
regulates various cellular processes through the phosphorylation of
target proteins. Dysregulated PKA signaling has been implicated in
the progression of liver cancer, affecting tumor growth, invasion,
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and metastasis, as well as hepatic fibrosis in CIR (Zhang Wei et al.,
2020). However, direct studies linking PRKACB to iCCA and CIR
are limited. HSPs act as molecular chaperones essential for protein
folding, stabilization, and degradation, thus maintaining cellular
homeostasis and responding to stress. Specifically, HSP90AA2P, a
member of the HSP90 family, modulates various cellular processes,
including cell proliferation, survival, and apoptosis. In liver cancer,
upregulated HSP90AA2P  promotes
proliferation, and stabilizes oncoproteins and signaling pathways

cancer cell survival,
associated with tumor progression. In the context of CIR,
HSP90AA2P likely contributes to the cellular stress response
induced by chronic liver injury and inflammation, potentially
affecting fibrosis progression (Whitesell and Lindquist, 2005).
Notably, HSP90 was recently identified as a prognostic marker
for CCA wusing an immunohistochemistry approach (Shirota
et al,, 2015).

Among the proteins exhibiting significantly higher abundance
in the CIR group compared to iCCA, Annexin A9 (ANXA9) stood
out, being also significantly different in the iCCA vs. HC
comparison.

Annexins, a superfamily of calcium-dependent phospholipid-
binding proteins, play various roles in biological processes. Despite
comprising 13 human members and frequently being dysregulated
in cancer, their expression patterns and prognostic values in liver
cancer remain largely unexplored. The potential of ANXAs 1-5 and
10 as therapeutic targets was described, while ANXAs 2, 5, 7, and
10 could serve as prognostic markers in liver cancer (Zhuang et al.,
2019). Additionally, ANXAs 10 and 13 have shown promise as
differential diagnostic biomarkers between iCCA and pancreatic
cancer (Geramizadeh et al., 2021; Serag and Elsayed, 2021).

In the comparison between iCCA and PSC, some of the proteins
displaying higher serum abundance in the iCCA group have been

previously  reported, such as alpha-l-antichymotrypsin
(SERPINA3), Chromatin assembly factor 1 subunit A
(CHAF1A), and Leucine-rich alpha-2-glycoprotein (LRGI).

SERPINA3, predominantly secreted by the liver, has been found
to have a decreased abundance in HCC, a phenomenon correlated
with enhanced cell proliferation (Santamaria et al., 2013; Sun et al.,
2023; Soman and Nair, 2022) with elevated expression serving as a
diagnostic and poor prognosis biomarker, indicating resistance to
endocrine therapy and chemotherapy, and potentially predicting
immunotherapy sensitivity. LRG1, an inflammatory protein, is
known to play a critical role in tumorigenesis, development, and
metastasis in various tumors (Lin et al., 2022; Zou et al., 2022). Its
elevated abundance was reported to serve as an independent
prognostic factor in patients with postoperative iCCA (Jin et al.,
2020). In our study, LRG1 showed discriminatory power between
iCCA and PSC and a diagnostic potential for iCCA, because of the
significant difference observed in the iCCA vs. HC comparison.
Having a dual role, LRG1 was selected for further validation
by ELISA.

To delve deeper into our approach towards biomarker discovery
for liver diseases, particularly in discriminating iCCA from HCC,
and the associated risk factors CIR and PSC, we focused on
identifying biomarker panels comprising combinations of the
most relevant proteins. Biomarker panels are more powerful than
single biomarkers because they provide a comprehensive view of the
biological processes underlying a condition. A single biomarker may
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offer limited insight and be influenced by various factors, whereas a
panel combines multiple biomarkers, enhancing diagnostic accuracy
and reliability. This comprehensive approach improves the
detection of complex diseases, tracks progression, and tailors
personalized treatments by capturing a broader spectrum of
biological activities and interactions. Such an approach was done
by Kim et al. (Kim et al., 2022) for HCC. Consequently, we proposed
three panels for the powerful discrimination of iCCA versus HCC,
CIR, and PSC. All our panels, as shown in Figure 2, demonstrated
AUC values their
counterparts, thus confirming the validity of our approach.

higher compared to single biomarker

As mentioned above, four proteins from our MS findings
emerged for further validation. For this purpose, we employed
ELISA and measured serum levels of SAA1, SAA4, VCAMI, and
LRGI in independent cohorts of patients. Obtained results showed
the same trends of expression of all assayed markers in the serum
across the iCCA, HCC, and PSC groups, as detected by MS. This
underlines that our MS approach is valid and the protein levels are
disease-dependent, strengthening the biomarker utility of the
proposed proteins.

While our study has several strengths, such as providing a
comprehensive comparison of the serum proteomes among
iCCA, HCC, CIR, and PSC, it is important to acknowledge also
its limitations. The small sample size may have impacted our
findings. Despite these limitation, our study fills a crucial gap in
the literature by offering insights into the serum proteome
alterations associated with these liver pathologies. Additionally,
our preliminary analysis serves as a valuable foundation for
future research in this area. The statistical tests employed in our
study, combined with stringent criteria, identified proteins with at
least a 1.5-fold change, signifying significant differences between the
compared groups. These findings underscore the reliability of initial
proteomic analysis in identifying promising novel biomarker
candidates for iCCA. Moving forward, it is imperative to validate
these findings in larger-scale studies to further elucidate the clinical
significance and utility of the identified biomarkers.

4 Conclusion

Our study provides a pioneering comparative analysis of the
serum proteomes of iCCA and other liver conditions, including CIR,
PSC, and HCC. By employing high-throughput mass spectrometry
techniques, we successfully identified a distinct proteomic signature
capable of differentiating these liver diseases. Notably, the
identification and validation of specific proteins such as SAAIL,
SAA4, VCAMI1, and LRG1 underscores their potential as
biomarkers for distinguishing iCCA from HCC, as well as from PSC.

The findings from our study emphasize the need for continued
proteomics-driven research to discover novel biomarkers that can
improve the diagnosis and management of iCCA. The observed
differential expression of proteins like S100A9, haptoglobin, and
ICAM2 between iCCA and HCC further highlights the utility of
proteomic profiling in refining diagnostic accuracy. Furthermore,
the elevated levels of VCAM1 and TEK in HCC patients suggest
their role in tumor progression and potential as diagnostic markers.

While our study demonstrates the feasibility and promise of
serum proteomics in distinguishing between complex liver diseases,
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it is essential to validate these findings in larger cohorts. The
integration of proteomic data with clinical practice could
potentially reduce the reliance on invasive procedures like liver
biopsies, thus minimizing associated risks and improving patient
outcomes. Moving forward, extensive validation and functional
studies are warranted to fully elucidate the clinical relevance of
these biomarkers and to establish robust diagnostic tools for early
and accurate detection of iCCA and other liver pathologies.

5 Materials and methods
5.1 Study participants and sampling

This was a cross-sectional, observational, analytical case-control
study. Adult subjects with an established diagnosis iCCA, HCC, CIR,
PSC (n = 15 each, both for discovery and validation cohorts),
undergoing regular clinic follow up or hospitalization at a
tertiary care center, namely, the “Prof. Dr. Octavian Fodor”
Regional Institute of Gastroenterology and Hepatology Cluj-
Napoca, Romania, were prospectively recruited between 2018 and
2023, according to classical diagnosis criteria. Clinical management
and decisions on diagnostic tests and medication were at the
discretion of the treating physician. The HC group (both
discovery and validation cohorts) consisted of 15 subjects
referred to our center. Blood samples for the clinical routine
analysis and the proteomics analysis were collected during
admission as part of hospital protocol. Serum samples for the
proteome analysis were aliquoted and stored at —80°C. The study
was conducted according to the guidelines of the WMA Declaration
of Helsinki and approved by the Ethics Committee of the study
center (decision number 18/2021). Written informed consent was
sought from all participants prior to inclusion and sample collection.

5.2 Sample preparation for
proteomics analysis

Blood samples were drawn into tubes with serum separator gel
(BD Vacutainer, Franklin Lakes, NJ, USA) and processed following
the manufacturer’s guidelines. Serum aliquots were immediately
stored at —80°C until analysis.

5.3 Depletion of six highly abundant
serum proteins

Serum albumin, immunoglobulin gamma, immunoglobulin
alpha, serotransferrin, haptoglobin, and alpha-1-antitrypsin were
removed using multi-affinity chromatography (MARS6-human)
from Agilent Technologies, Waldbronn, Germany, following the
manufacturer’s instructions. Post-depletion, samples underwent
concentration via trichloroacetic acid precipitation, reaching a
final concentration of 15% for the remaining protein fraction.
The resulting pellet was then resuspended in a urea/thiourea
buffer (8/2 M VWR, Radnor, PA, USA), in accordance with
previously established procedures (Ilies et al., 2018; Lucaciu et al.,
2023). Subsequently, samples were stored at —80°C until use.
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5.4 Proteolytic digestion by trypsin

Proteolytic digestion by trypsin followed standard protocol of our
proteomics team (Ilies et al., 2018; Lucaciu et al., 2023). Briefly, the
protein concentration in the samples was assessed using the
microplate Bradford Assay (Invitrogen, Waltham, MA, USA) with
bovine serum albumin as the standard protein. For each protein
sample, a total of 11 pg was subjected to a series of steps: reduction
with dithiothreitol (2.5 mM, 30 min at 37°C), alkylation with
iodoacetamide (10 mM, 15 min at 37°C), and proteolytic digestion
by trypsin (Merck KGaA, Darmstadt, Germany) at a 1:25 protease-to-
protein ratio (overnight at 37°C). The digestion process was halted
using 1% acetic acid, and peptide desalting was carried out using an
Oasis HLB 96-well pElution plate (Waters Corporation, Milford, MA,
USA) in accordance with the manufacturer’s guidelines. The
lyophilized peptides were reconstituted in 0.1% formic acid to
achieve a final concentration of 0.1 pg/uL before injection.

5.5 Proteome profiling by mass
spectrometry

Nano-LC-HDMS" analysis also followed standard protocol of our
mass spectrometry lab (Lucaciu et al, 2023). In short, peptides
(300 ng) were chromatographically separated on an ACQUITY
UPLC® M-Class HSS T3 column (Waters Corporation, Milford,
MA, USA) over a 120-min period, employing a non-linear
gradient ranging from 5% to 85% acetonitrile and 0.1% formic
acid at a flow rate of 300 nL/min. Detection of eluted peptides was
accomplished using an online-coupled traveling wave ion-mobility-
enabled hybrid quadrupole orthogonal acceleration time-of-flight
mass spectrometer (SYNAPT G2-Si HDMS, Waters Corporation,
Milford, MA, USA). The data acquisition utilized the independent
acquisition mode, a feature programmed for parent and product ion
measurement by switching between low energy (MS) and elevated
energy (MS"), with collision voltage ramping set as a default. Two
technical replicates were performed for each sample, and raw data
were acquired through MassLynx™ Software Version 1.74.2662
(Waters Corporation, Milford, MA, USA). Detailed settings can be
found in the Supplementary Methods.

5.6 Human proteome database search

LC-HDMS" data underwent processing following established
protocols (Lucaciu et al., 2023). In essence, Progenesis QI (v2.0,
Waters Corporation, Milford, MA, USA) was employed for
automated peak picking and chromatogram alignment. The built-
in search engine of the software conducted a spectra search using a
Uniprot/Swissprot database (2022) limited to human entries
(20,361). The specified parameters included enzyme specificity
(trypsin with a maximum of one missed cleavage allowed), fixed
modification for carbamidomethylation of cysteine, and variable
modification for oxidation of methionine. The search tolerance
parameters encompassed a false discovery rate of <4%. Further
analysis considered proteins only if they met ion matching
requirements of fragments/peptide >2, fragments/protein >5, and
peptides/protein >1. Peptide identifications adhered to restrictions
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of absolute mass error <10 ppm, sequence length >5, and a score >5.
Protein relative quantification was conducted based on the summed
peptide abundance, utilizing only peptides with no conflicting
protein identification.

5.7 Statistical analysis

For the dataset capturing study participants’ characteristics at
study entry (Table 1): The normality of the dataset was evaluated
through the Shapiro-Wilk Test, revealing non-normality (p > 0.05).
Consequently, non-parametric tests, without normalization, were
employed. To assess distinctions between the two groups (iCCA and
HCC), the Mann-Whitney test was utilized. Fisher’s exact test was
applied to examine differences in qualitative data.

For the dataset encompassing global proteome profiling: Initial
proteome data, inherently conforming to a normal distribution, were
extracted from ProgenesisQI for proteomics following the software’s
default normalization process at the protein level. Subsequently, a
minimum of 70% valid values filter was applied to each patient
group, and an abundance average was computed between the two
technical replicates. The resulting matrix was then imported into
MetaboAnalyst To address
identified missing values, estimation was performed using the

6.0 (https://www.metaboanalyst.ca).

k-nearest neighbors (KNN) algorithm on a feature-wise basis.
Finally, a logl0 transformation was implemented before embarking
on the statistical analysis. Clustering of sampling groups was assessed
using partial least squares discriminant analysis (PLS-DA), and proteins
with discriminatory potential were identified through PLS-DA variable
importance projection (VIP) scores.

Given the normal distribution of the proteomic data, parametric
tests were employed. Statistical significance was assessed using the
t-test and ANOVA with Tukey’s Honest Significant Difference
(HSD) test, with the significance cut-off set at p < 0.05. The fold
change, calculated as the ratio of two group means, was considered
significant at a cut-off level of fold change = 1.5 (log2FC = 0.58).

Biomarker performance was evaluated by Receiver Operating
Characteristic (ROC) analysis along with the corresponding Area
Under the Curve (AUC) analysis and AUC PLS-DA algorithm.
Thecut-off value was set to AUC = 0.7. All statistical analyses were
performed using default settings of the MetaboAnalyst 6.0 online
omics data analysis platform.

6 ELISA

The levels of serum Amyloid Al (SAA1), Serum Amyloid A4
(SAA4), Vascular cell adhesion protein 1 (VCAMI) and Leucine-rich
alpha-2-glycoprotein 1 (LRG1) were determined using sandwich
(ELISA)  kits. These
measurements were made from individual samples of the validation

enzyme-linked immunosorbent assays
cohort and were performed in duplicate, following the instructions
provided with the kits. (SAA1: ABclonal, WoburnMA, USA, catalogue
number RK04228, detection range = 0.156-10 ng/mL sensitivity =
0.071 ng/mL, intra-assay precision coefficient of variation (CV) < 10%,
inter-assay precision CV < 15%; SAA4: Elabscience Wuhan, China,
catalogue number E-EL-H5638, detection range = 78.13-5,000 pg/mL
sensitivity = 46.88 pg/mL, intra-assay precision coefficient of variation
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(CV) < 5%, inter-assay precision CV < 5%; VCAMI: ABclonal,
WoburnMA, USA, catalogue number RK00026, detection range =
156-1,000 pg/mL sensitivity = 3.85 pg/ml, intra-assay precision
coefficient of variation (CV) <10%, inter-assay precision CV < 15%;
LRGI: ABclonal, WoburnMA, USA, catalogue number RKO01800,
detection range = 31.2-2000 pg/mL, sensitivity = 15.6 pg/mL, intra-
assay precision coefficient of variation (CV) <10%, inter-assay precision
CV < 15%). For each parameter, a calibration curve was constructed
using the protein standard supplied. Absorbance readings were taken
with a microplate reader (ClarioStar, BMGLabtech, Ortenberg,
Germany), and data acquisition and analysis were performed using
the built-in MARS software. A 4-parameter logistic regression model was
employed to generate the calibration curve for quantification, and the
final concentration was determined by averaging the two measurements.
Outliers were tested using Grubb’s test, when significance level was set to
alpha = 0.05. Significant outliers were excluded from the dataset and data
are presented as mean * standard deviation (SD).
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