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Preface

The field of hematological cancers is advancing at an unprecedented pace, driven by
groundbreaking discoveries and emerging research pipelines that enhance patient care and outcomes.
The aim of this Reprint is to bring together the latest advancements in hematological malignancies,
allowing readers to immerse themselves in the exploration of this dynamic field. Leading experts share
their pioneering research with a vision to further accelerate progress in the arena of hematological
cancers. Readers have the opportunity to delve into the investigation of molecular, genetic, and
immunological mechanisms underlying these cancers, leveraging this knowledge to drive the
development of innovative therapeutics. Featuring twelve high-quality articles, this collection
spans a diverse spectrum of research, from preliminary preclinical studies to clinical cohort
analyses. Addressed to researchers and clinicians passionate about deepening their understanding of
hematological malignancies, we hope that this Reprint will inspire more researchers to contribute to

the ongoing advancement of this exciting field.

Stella Bouziana
Guest Editor
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Hematological Malignancies: Molecular Mechanisms
and Therapy

Stella Bouziana -2

Comprehensive Cancer Centre, School of Cancer and Pharmaceutical Medicine, King’s College London,
London SE5 8AF, UK; styliani.bouziana@nhs.net

Department of Haematology, King’s College Hospital National Health Service (NHS) Foundation Trust,
London SE5 9RS, UK

Hematological malignancies comprise a wide range of relatively rare cancers with a
diverse spectrum of biological and clinical presentations. Hematological malignancies can
affect both children and adults, with some of them showing a preference for developing
at a certain age group [1]. Over the recent decades, the advent and implementation of
novel technologies, such as next-generation sequencing (NGS), have enabled deciphering
the molecular and genetic signature of hematological malignancies. In addition, epige-
netic, transcriptional, and translational analyses have also contributed to delineating the
pathogenesis of these cancers [2,3]. Analysis at the single-cell level, including spatial
immunophenotyping and multiomics, has resulted in the generation of bulk data, which
have significantly contributed, with the aid of bioinformatic pipelines, to gaining a deeper
understanding of disease mechanisms in terms of carcinogenesis, disease progression, and
resistance to treatment modalities [4,5]. The acquisition of this emerging data has resulted
in the development of novel diagnostic tools that offer an accurate and early detection
of hematological cancers. In addition, the exploitation of novel technologies, imaging
techniques, and the detection of circulating tumor DNA has massively streamlined disease
monitoring over natural evolution and treatment of hematological malignancies while
offering new predicting, preventive, and prognostic platforms [6,7].

More importantly, the unravelling of molecular pathways has resulted in unprece-
dented advances in establishing new therapeutic targets and developing innovative
types of therapies for hematological cancers. These therapies include targeted therapies,
such as bruton’s tyrosine kinase, B-cell lymphoma 2, tyrosine kinase, and isocitrate de-
hydrogenase inhibitors; immune checkpoint inhibitors that block checkpoint proteins,
such as programmed death-1 and programmed death-ligand 1; and a wide variety of
immunotherapies, such as monoclonal antibodies and antibody drug conjugates. In
addition, epigenetic modifiers, such as DNA methyltransferase inhibitors, have notably
improved the overall prognosis of patients with myeloid neoplasms [8]. A major mile-
stone towards curing hematological malignancies has been the advent of allogeneic
hematopoietic stem cell transplantation (HSCT), the refinement of which has profoundly
improved patient outcomes while minimizing treatment-related toxicities [9]. Another
rapidly growing field includes bispecific antibodies, which are engineered to bind to
two different targets simultaneously, enhancing the immune system’s ability to attack
cancer cells [10]. The landscape of treatment for hematological malignancies is rapidly
evolving, with cellular and gene therapies, such as chimeric antigen receptor (CAR) T-cell
therapies, constituting groundbreaking options in the treatment armamentarium [8,11].
A combinatorial approach to these novel therapies has revolutionized the field of hemato-
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oncology, offering long-term remission or even curing hematological patients, even those
with highly aggressive and refractory malignancies.

However, despite this massive progress, there are still hematological malignancies
that remain uncured, while there are treatment regimens that confer detrimental or even
life-threatening toxicities. Aggressive and refractory types of hematological malignancies
entail devastating outcomes, and their successful management to control the disease and
induce remission represents a great challenge. Significant research is still needed to be
undertaken in order to demystify key pathways towards developing more potent and
safer treatments.

This Special Issue aims to compile the latest research advances on investigating the
molecular, genetic, and immunological pathways that contribute to the pathogenesis of
hematological malignancies or can serve as predictive, preventive, and prognostic disease
markers. In addition, this Special Issue focused on collecting cutting-edge knowledge on
novel therapeutics of hematological malignancies. Twenty-one manuscripts were submitted
for consideration for this Special Issue, and all of them underwent a rigorous peer review
process. Finally, eleven articles were accepted for publication and were included in this
Special Issue: eight research articles, one review article, one opinion article, and one case
report. An overview of the contributed articles is listed below:

1. An experimental C. elegans model with homozygous mutations in calreticulin
similar to those found in patients with myeloproliferative neoplasms and without the
influence of JAK/STAT activation explored the relationship of phenotypic characteristics
with transcriptomic alterations. It was shown for the first time that phenotypes related to
the alteration of the extracellular matrix, fat levels, and fertility could be a consequence of a
partial loss of calreticulin function, suggesting potential targets for innovative therapies by
further investigating these effects (Guijarro-Hernandez, A.; Hurtado, C.; Urizar-Compains,
E.; Ezcurra, B.; Galiana-Sdenz, A.; Baquero, E.; Cabello, ].; Vizmanos, ].L. Myeloproliferative
Neoplasm-like Mutations of Calreticulin Induce Phenotypes Associated with Calreticulin
Dysfunction in C. elegans. Int. ]. Mol. Sci. 2024, 25, 11606. https:/ /doi.org/10.3390/ijms252
111606).

2. An observational cohort aimed to elucidate the impact of immune checkpoint
blockade on hematopoietic myeloid clonal expansion in patients with melanoma and non-
small cell lung cancer. Sequencing of a targeted panel of genes was performed on serial
blood samples to identify mutations, and preliminary results revealed clonal expansion in
epigenetic modifier genes, such as DNMT3A and TET2, potentially indicating a selective
pressure of immune checkpoint blockade/T-cell activating therapies on hematopoietic
stem cells. Further investigations could assess the predictive role of these mutations as
biomarkers of response to immune checkpoint blockade or risk for developing myeloid
malignancies (Singh, A.; Trinchant, N.M.; Mishra, R.; Arora, K.; Mehta, S.; Kuzmanovic,
T.; Zokaei Nikoo, M.; Singh, I.; Przespolewski, A.C.; Swaminathan, M.; et al. Immune
Checkpoint Inhibitor Therapy and Associations with Clonal Hematopoiesis. Int. ]. Mol. Sci.
2024, 25, 11049. https:/ /doi.org/10.3390/ijms252011049).

3. In patients with de novo T-cell acute lymphoblastic leukemia (ALL), biallelic
deletions of genes were investigated by chromosomal microarray analysis. Biallelic loss
of 7q34 (TRB) and 9p21.3 (CDKN2A/2B) was identified in a significant number of patients,
while both biallelic deletions were considered to serve as favorable prognostic factors
(Risinskaya, N.; Abdulpatakhov, A.; Chabaeva, Y.; Aleshina, O.; Gladysheva, M.; Nikulina,
E.; Bolshakov, I.; Yushkova, A.; Dubova, O.; Vasileva, A.; et al. Biallelic Loss of 7q34 (TRB)
and 9p21.3 (CDKN2A /2B) in Adult Ph-Negative Acute T-Lymphoblastic Leukemia. Int. J.
Mol. Sci. 2024, 25, 10482. https:/ /doi.org/10.3390/ijms251910482).
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4. In vitro studies in normal and ALL cell lines assessed the impact of the products of a
mycovirus-containing Aspergillus flavus in certain transcription factors, such as PAX5, Ikaros,
and NF-«B. The results showed alterations in the cell cycle and transcription factors along
with induced cell apoptosis, highlighting a potential contributing role of environmental
factors in leukemogenesis (Tebbi, C.K.; Yan, J.; Sahakian, E.; Mediavilla-Varela, M.; Pinilla-
Ibarz, J.; Patel, S.; Rottinghaus, G.E.; Liu, R.Y.; Dennison, C. Mycovirus-Containing As-
pergillus flavus Alters Transcription Factors in Normal and Acute Lymphoblastic Leukemia
Cells. Int. J. Mol. Sci. 2024, 25, 10361. https:/ /doi.org/10.3390/ijms251910361).

5. The role of the CALR 52 bp deletion and 5 bp insertion in the pathogenesis of myelo-
proliferative neoplasms (MPNs) was assessed in vitro in CALR-mutated cells offering a
deeper understanding of molecular mechanisms in CALR-mutated MPNs. It was found
that the JAK/STAT and PI3K/Akt/mTOR pathways are activated in CALR-mutated cells
independent of the CALR and MPL interactions, while CALR mutations that impair calreti-
culin function lead to DNA damage by reducing responses to oxidative stress. (Vadeikiené,
R.; Jakstys, B.; Laukaitiené, D.; Satkauskas, S.; Juozaityté, E.; Ugenskiené, R. The Role
of Mutated Calreticulin in the Pathogenesis of BCR-ABL1-Negative Myeloproliferative
Neoplasms. Int. |. Mol. Sci. 2024, 25, 9873. https://doi.org/10.3390/ijms25189873).

6. Liquid biopsy studies analyzing plasma free circulating tumor DNA, bone marrow
cells, and plasmacytomas for STR profiles in patients with multiple myeloma highlighted
the anatomical tumor heterogeneity. In addition, rare KRAS or NRAS gene mutations were
related to a variety of adverse laboratory and clinical factors, suggesting a potential role in
predicting an unfavorable prognosis in high-risk multiple myeloma. (Soloveva, M.; Solovey,
M.; Risinskaya, N.; Nikulina, E.; Yakutik, I.; Biderman, B.; Obukhova, T.; Chabaeva, Y.;
Kulikov, S.; Sudarikov, A.; et al. Loss of Heterozygosity and Mutations in the RAS-ERK
Pathway Genes in Tumor Cells of Various Loci in Multiple Myeloma. Int. |. Mol. Sci. 2024,
25, 9426. https:/ /doi.org/10.3390/1jms25179426).

7. Invitro studies in Philadelphia-chromosome-positive cell models explored an
array of peptide-based inhibitors of CXC chemokine receptor 4 (CXCR4), which seems
crucial for the survival of BCR-ABL1-transformed mouse pre-B-cells. The results of this
study showed that JM#170, an optimized derivative of EPI-X4, which is an endogenous
peptide antagonist of CXCR4, induced cell death both in mouse and human cell lines by
activating the intrinsic apoptotic pathway. This killing effect was stronger when Imatinib,
an ABL1 kinase inhibitor, was combined with JM#170 which may represent a novel drug
against Philadelphia positive B-ALL (Pohl, J.; Litz, A.; El Ayoubi, O.; Rodriguez-Alfonso,
A,; Standker, L.; Harms, M.; Miinch, J.; Jumaa, H.; Datta, M. An Optimized Peptide
Antagonist of CXCR4 Limits Survival of BCR-ABL1-Transformed Cells in Philadelphia-
Chromosome-Positive B-Cell Acute Lymphoblastic Leukemia. Int. J. Mol. Sci. 2024, 25,
8306. https:/ /doi.org/10.3390/ijms25158306).

8. Metabolic and lipidomic analysis using liquid chromatography/mass spectrometry
set to differentiate four T-ALL cell lines belonging to the same TAL/LMO genetic sub-
group based on metabolic profiles. Significant differences and similarities were found in
metabolites across the four cell lines, while bioinformatic tools identified differences in en-
zymes involved in diverse pathways among the cell lines (Alabed, H.B.R.; Pellegrino, R.M.;
Buratta, S.; Lema Fernandez, A.G.; La Starza, R.; Urbanelli, L.; Mecucci, C.; Emiliani, C.;
Gorello, P. Metabolic Profiling as an Approach to Differentiate T-Cell Acute Lymphoblastic
Leukemia Cell Lines Belonging to the Same Genetic Subgroup. Int. |. Mol. Sci. 2024, 25,
3921. https://doi.org/10.3390/ijms25073921).

9. The most recent advances in haploidentical allogeneic HSCT for treating pediatric
hematological disorders were reviewed. Outcomes of haploidentical allogeneic HSCT
have significantly improved; however, multiple challenges are still in place needing further
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research to be tackled (Marszotek, A.; Lesniak, M.; Sekunda, A.; Siwek, A ; Skiba, Z.; Lejman,
M.; Zawitkowska, J. Haploidentical HSCT in the Treatment of Pediatric Hematological
Disorders. Int. J. Mol. Sci. 2024, 25, 6380. https://doi.org/10.3390/ijms25126380).

10. An opinion article presented the current landscape of secondary malignancies
post CAR T-cell therapies given the new safety concern triggered by the Food and Drug
Administration announcement in November 2023 on reported cases of T-cell malignancies
in patients previously treated with either anti-CD19 or anti-BCMA autologous CAR T-
cell therapies. A proposed strategy for future research aiming at potentially diminishing
or abrogating the risk of developing secondary malignancies after CAR T-cell therapies
was also presented (Bouziana, S.; Bouzianas, D. The Current Landscape of Secondary
Malignancies after CAR T-Cell Therapies: How Could Malignancies Be Prevented? Int. |.
Mol. Sci. 2024, 25, 9518. https:/ /doi.org/10.3390/ijms25179518).

11. An interesting case report of a patient with an ETV6::ABL1-positive myeloid
neoplasm was presented. The diagnosis was established by NGS, which identified both
ETV6::ABL1 type A and B fusion transcripts and was later confirmed by FISH, while the
patient was treated with imatinib mesylate, achieving a deep, durable response lasting
more than one year according to the last follow-up (Bochicchio, M.T.; Marconi, G.; Baldazzi,
C.; Bandini, L.; Ruggieri, F,; Lucchesi, A.; Agostinelli, C.; Sabattini, E.; Orsatti, A.; Ferrari,
A.; et al. ETV6::ABL1-Positive Myeloid Neoplasm: A Case of a Durable Response to
Imatinib Mesylate without Additional or Previous Treatment. Int. J. Mol. Sci. 2024, 25, 118.
https:/ /doi.org/10.3390/1jms25010118).

This compilation of articles encompasses a diverse spectrum of research ranging from
early stage preliminary pre-clinical studies to clinical cohorts. All of these articles tried
to shed light into key molecular, genetic and cellular pathways of different hematological
malignancies in an attempt to better understand the pathogenesis, discover new biomarkers
and develop novel therapies. Further research is warranted to expand and validate these
results in more complex in vivo models and subsequent clinical studies. This highlights
the need for collaboration of researchers from a multi-disciplinary background in an effort
to further accelerate advances in the field of hematological malignancies with an overall
aim of translating research findings into clinical practice and improving patient outcomes.
We hope that this Special Issue will serve towards this direction by attracting the scientific
interest of researchers across the globe.

Conflicts of Interest: The author declares no conflicts of interest.
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Myeloproliferative Neoplasm-like Mutations of Calreticulin
Induce Phenotypes Associated with Calreticulin Dysfunction
in C. elegans

Ana Guijarro-Hernandez !, Cristina Hurtado !, Estibaliz Urizar-Compains !, Begofia Ezcurra 2,
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Institute for Biodiversity and Environment BIOMA, University of Navarra, 31008 Pamplona, Spain

*  Correspondence: jlvizmanos@unav.es

Abstract: In previous research, we created a C. elegans model with homozygous mutations in
calreticulin similar to those found in patients with essential thrombocythemia (ET) and primary
myelofibrosis (PMF), two myeloproliferative neoplasms (MPNs). This model, lacking JAK orthologs,
enabled us to examine the transcriptomic effects caused by mutant calreticulin without the influence
of JAK/STAT activation, the primary pathogenic mechanism associated with calreticulin mutations
known to date. Most of the gene expression changes observed seemed to be due to a partial loss
of protein function, with the alteration of the extracellular matrix being particularly notable. In
this study, our aim was to determine whether this model exhibited any phenotype related to these
transcriptomic alterations. The results demonstrate that these strains exhibit multiple phenotypes
related to the alteration of the extracellular matrix, fat levels, and fertility, which could be a possible
consequence of a partial loss of calreticulin function. These phenotypes resemble some of the clinical
and molecular characteristics described in patients with MPNs, but they had never before been linked
to a loss of protein function in humans. Thus, these results collectively suggest that CALR mutations
could have significant effects on MPNs due to loss of protein function. Delving deeper into these
effects to develop innovative therapies for these patients offers considerable potential and interest,
given that targeted therapies for these patients have not yielded very promising results so far.

Keywords: calreticulin; myeloproliferative neoplasms; loss of function; development; molting;
Caenorhabditis elegans

1. Introduction

The nematode Caenorhabditis elegans has made significant contributions to our un-
derstanding of the molecular mechanisms involved in cancer development, including
processes like apoptosis [1]. Likewise, this organism has helped uncover the link between
hypoxia and apoptosis in tumor progression [2] and has provided important insights into
the roles of autophagy, the cell cycle, and other processes involved in cancer develop-
ment [3-5].

The approach to study cancer in C. elegans is very particular since this organism is
incapable of generating malignant tumors [1]. However, this limitation can be overcome by
comparative analyses of phenotypes. Orthologous phenotypes, or phenologs, are defined as
the phenotypes arising from the disruption of equivalent gene orthologs in two organisms.
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For example, mutations in the genes of the him family produce a high incidence of males
in C. elegans, while alterations in their human orthologs (TP53 and BRCA1) are implicated
in several types of cancer. Thus, the identification of orthologous phenotypes results in a
list of genes associated with the phenotype, from which potential molecular mechanisms
involved in the disease can be identified [1,6].

In this study, we used the model organism C. elegans to investigate myeloproliferative
neoplasms (MPNs), a group of rare blood cancers characterized by the clonal expansion of
mature myeloid cells. Our work was focused on the study of essential thrombocythemia
(ET) and primary myelofibrosis (PMF), two MPNs that can be caused by mutations in
CALR, the gene encoding calreticulin.

Patients with ET may present with a broad spectrum of symptoms, ranging from
asymptomatic cases to complications associated with thrombosis, bleeding, and vasomotor
disturbances. PMF patients typically experience symptoms such as night sweat, fatigue,
weight loss, and pruritus. Moreover, PMF is characterized by extramedullary hematopoiesis
and fibrosis of the bone marrow. The gene harboring the driver mutation plays a significant
role in shaping the clinical presentation. Thus, CALR mutations have been associated with
higher platelet counts in ET patients and an increased risk of transformation to fibrosis,
which is one of the main causes of mortality among individuals with ET [7].

The mechanism by which CALR mutations induce myeloproliferation remains unclear.
It has been reported that mutant CALR binds to the extracellular domain of MPL in
the endoplasmic reticulum, resulting in dimerization, transport to the cell surface, and
activation of the JAK2/STAT pathway [7-9]. Additionally, a recent study has suggested
that the activation of the JAK2/STAT signaling pathway in CALR-mutated cells may also
occur in an MPL-independent manner [10]. In any case, although a role for the JAK2/STAT
pathway in MPNs has been emphasized repeatedly, there are certain complexities in
this relationship. The presence of an inflammatory state in MPNs may complicate the
understanding of the role of the JAK2 /STAT pathway in these disorders, as inflammation
and cytokine production can influence the activation of the pathway in ways that are not
specific to MPNs [7].

In this context, there is a growing emphasis on investigating alternative mechanisms
independent of JAK2/STAT activation that may elucidate the reasons why mutations in
CALR result in myeloproliferation. To date, several mechanisms triggered by mutant CALR
that are independent of JAK2/STAT activation have been identified (reviewed in [11]).
First, mutant CALR appears to cause resistance to UPR-induced apoptosis and genomic
instability by downregulating OXR1 in K562 cells [12]. A recent study also demonstrated
that CALR mutations impair calreticulin function, leading to weakened responses to oxida-
tive stress and DNA damage [10], a result previously suggested by our C. elegans model
with calreticulin mutations [13]. Additionally, CALR mutations increase protein secretion
and bind to CALR receptors on antigen-presenting cells, limiting their ability to phagocy-
tize cancer cells that express wild-type CALR and promoting immune evasion [14]. This
effect is further exacerbated by decreased binding affinity for PDIA3, resulting in a loss
of function in the peptide loading complex, which is responsible for loading cellular anti-
gens onto MHC-I molecules [15,16]. It has also been reported that defective interaction
between mutant CALR and the SOCE machinery triggers TPOR-independent cytosolic
calcium fluxes in megakaryocytes that lead to their uncontrolled proliferation [17]. Finally,
various studies suggest that CALR mutations promote tumorigenesis by modulating tran-
scription through interactions with nuclear transcription factors [15,18], and other reports
support their role in activating key pathways of MPNs, including Hedgehog signaling, in a
JAK2/STAT-independent manner across different models [10,13].

Despite the advances made in the molecular description of the pathogenesis of CALR-
mutated ET and PME, so far it has not been possible to develop any targeted therapy
capable of curing these diseases or reducing the mutant allele burden in these patients.
Currently, the only approved targeted therapy for patients with myelofibrotic-phase ET
and for non-transplanted patients with PMF is the JAK1/JAK2 inhibitor ruxolitinib, which
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aims to decrease the activation of the JAK2/STAT pathway [19]. However, this therapy
does not appear to be more effective than other second-line treatments for ET [20] and
only palliates symptoms such as splenomegaly in patients with PMF [19]. Therefore,
studying JAK2/STAT-independent mechanisms derived from mutant calreticulin could
be of great interest, as it could lead to the discovery of new therapeutic targets in order to
develop new treatment approaches or to improve the efficacy of existing therapies based
on JAK inhibitors.

In this context, C. elegans seems to be a suitable organism for studying the JAK2/STAT-
independent pathogenic mechanisms of mutant calreticulin since it shows an ortholog of
calreticulin (crt-1) and lacks orthologs of JAK proteins. In this way, the introduction of
mutations similar to those causing myeloproliferative neoplasms in humans could allow
the identification of the JAK2/STAT-independent effects of mutant calreticulin.

Expanding upon this logic, we created two strains of C. elegans with mutations in
homozygosity in crt-1 (crt-1(knu378) and crt-1(jupl)) in a previous study [13]. These muta-
tions, respectively, recreate those known as type 1 and type 2 mutations, typically found in
heterozygosity in the calreticulin of patients with MPNss [13]. Transcriptomic analyses of
these nematodes allowed us to elucidate some possible altered mechanisms resulting from
mutant calreticulin [13]. Most of the observed expression changes appeared to correspond
to a partial loss of protein function, with the alteration of the extracellular matrix being
particularly notable. In the present work, we aim to study whether crt-1(knu378) and
crt-1(jopl) mutants exhibit any phenotype related to the transcriptomic alteration of the
extracellular matrix (development, molting, and morphology and resistance of the cuticle),
as well as other phenotypes previously associated with the loss of function of crt-1 in C.
elegans (fertility, response to endoplasmic reticulum (ER) stress, and regulation of lipid
homeostasis) [21,22] that could be related to some of the alterations that emerged in the
transcriptomic analyses. The description of these phenotypes can help to identify new
mechanisms that may be key in the development or progression of CALR-mutated ET and
PMF and point to new possible therapeutic targets for these diseases.

2. Results
2.1. crt-1 Mutations Delay Larval Development and Affect Molting

The mutant strains in crt-1 exhibited a temporal growth delay in length compared to
the wild-type strain under both baseline conditions (20 °C) (Figure 1a) and conditions that
slightly induce overexpression of crt-1 (25 °C) [21] (Figure 1b). The growth delay was very
similar between crt-1(knu378) and crt-1(jupl) worms and lower than that observed for the
crt-1(jh101) strain at both temperatures (Figure 1a,b). Differences between crt-1(knu378)/crt-
1(jup1) worms and the crt-1(jh101) strain were more pronounced between 29 and 53 h at
20 °C (Figure S1) and between 24 and 53 h at 25 °C (Figure S2).

To determine if the growth delay in terms of length was also associated with a develop-
mental delay, the larval stage of the worms was evaluated at each of the time points studied
based on their morphological characteristics. The results showed that the crt-1 mutant
strains also took longer than the wild-type strain to reach various larval stages, both under
baseline conditions (20 °C) (Figure 1c) and under conditions that slightly induce the overex-
pression of crt-1 (25 °C) (Figure 1d). This delay in development was similar to that observed
with length and was also very similar between crt-1(knu378) and crt-1(jupl) worms and
less than that observed for the crt-1(jh101) strain at both temperatures (Figure 1c,d). Also,
as in the case of length, the differences between crt-1(knu378)/crt-1(jupl) worms and the
crt-1(jh101) strain were more noticeable between 29 and 53 h at 20 °C (Figure S3) and
between 24 and 53 h at 25 °C (Figure S4).

As expected, all strains grew faster at 25 °C than at 20 °C, both in length and larval
development. However, at 25 °C, the differences between strains were greater (Figure 1b,d).

The analysis of molting at 20 °C confirmed that the crt-1(knu378) and crt-1(jupl) strains
exhibited a very similar larval development, and in both cases, it was intermediate to that
observed in the wild-type and crt-1(jh101) strains (Figure 2).
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Figure 1. Larval development at 20 and 25 °C. crt-1 mutations delay larval development at 20 and
25 °C. (a,b) Length of individuals during growth at 20 and 25 °C, respectively. The mean lengths
obtained for 50 worms per strain at 0, 5, 24, 29, 48, 53, 72, and 77 h are represented, along with their
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standard deviation. (c,d) Classification into larval stages of the individuals at 20 and 25 °C, respec-

tively. The percentage of worms in each larval stage (L1, L2, L3, early L4, late L4, young adult, or

adult) out of a total of 50 worms assessed per strain at 0, 5, 24, 29, 48, 53, 72, and 77 h is represented.

The results of the statistical analysis conducted for these assays are detailed in Figures S1-54.
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Figure 2. Molting patterns at 20 °C. crt-1 mutants show aberrant molting patterns at 20 °C. The molting

pattern of each strain was studied using bioluminescence. On the left side of each panel, the raw

bioluminescence values obtained are represented. In the middle part, the corrected interphase values

are represented by dividing the raw data of the interphases by the mean of each interphase while

maintaining the raw bioluminescence values obtained in each molt (M; in white). On the right side, the

duration values of each interphase (I) and molt (M) are represented, along with their mean and standard
deviation (1 = 9). Results corresponding to (a) wild-type strain, (b) crt-1(knu378), (c) crt-1(jupl), and
(d) crt-1(jh101). The results of the statistical analysis conducted for this assay are detailed in Figure 3.
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Figure 3. Molting duration at 20 °C. crt-1 mutants exhibit longer molts than those of the wild-type
strain, and the interphases of crt-1(jh101) worms are larger than those of crt-1(knu378) and crt-1(jup1)
mutants. The duration of the larval stage (L), interphase (I), and molt (M) at 20 °C is represented.
The duration of the larval stage is the sum of the duration of the interphase and the molt. Individual
data (n = 9), mean, and standard deviation are represented. Differences were considered significant
(*) when p < 0.05, very significant (**) when p < 0.01, and highly significant (***) when p < 0.001.

Specifically, the duration of L1, L2, and L3 stages in crt-1(knu378) and crt-1(jopl)
worms was longer than that observed for the wild-type strain and shorter than that of the
crt-1(jh101) strain (Figure 3). The length of the L4 stage in crt-1(knu378), crt-1(jopl), and
crt-1(jh101) worms was also longer than that of the wild-type strain, but in this case, no
differences were found between the crt-1 mutant strains (Figure 3). Worms from the mutant
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strains in crt-1 exhibited molts (M1, M2, M3, and M4) that were very similar to each other
and longer than those of the wild-type strain, causing the delay in the development of
the L1, L2, L3, and L4 stages compared to the wild-type strain (Figure 3). In general, the
crt-1(jh101) strain showed longer interphases than the wild-type strain and crt-1(knu378)
and crt-1(jupl) worms. In the three latter strains, the length of interphases I1, 12, 13, and 14
was very similar (Figure 3).

2.2. crt-1 Mutants Show Cuticle Defects Without Major Alterations of the Hypodermal Cell Lineage

To assess the possible function of CRT-1 during embryonic development, we per-
formed 4D microscopy analysis of crt-1(knu378), crt-1(jupl), and crt-1(jh101) mutant embryo
development and compared them to wild-type controls. To ensure the embryos developed
under the exact same conditions and that there were no experimental variations from
wild-types to mutants, we recorded a mutant and a wild-type embryo side-by-side in the
same preparation for each case. For each genotype, the recordings were performed in
triplicate to score the penetrance of the phenotype. In all cases, we found a reproducible
effect of the ctr-1 mutation on hypodermic cells and the embryonic cuticle. Two embryos,
one crt-1(jopl) and one crt-1(jh101), died during development due to an incomplete ventral
closure of the hypodermal cells (ventral closure defect) and the subsequent extrusion of
internal tissues (Figure 4). As for the rest of the embryos analyzed, three crt-1(knu378), two
crt-1(jopl), and two crt-1(jh101) developed normally but showed notable cuticle blebbing
after 7-9 h of development as early as the three-fold stage. The bleb size was larger in
crt-1(jh101) embryos than in crt-1(knu378) or crt-1(jupl) embryos, and one of the crt-1(jh101)
exploded after 10 h of development (Figure 4).

crt-1 (knu378) crt-1 (knu378) crt-1 (knu378)

Figure 4. Embryo development. crt-1 mutants show cuticle defects during embryo development.
Differential interference contrast still images (time 0, 9 h, 10 h, and 11 h) of developing wild-type and
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crt-1 mutant embryos analyzed using 4D microscopy. crt-1(knu378) are shown in the top row,
crt-1(jopl) in the middle row, and crt-1(jh101) in the bottom row. Details of cuticle blebbing are
highlighted for crt-1(knu378) and crt-1(jh101). Example of crt-1(jupl) (middle panel) that died due to
ventral enclosure defect, while other specimens also show cuticle blebbing during development.

To determine whether the cuticle blebbing and ventral closure defects of crt-1 mutants
were a consequence of an error in the fate specification of the hypodermis during develop-
ment, we took advantage of the invariant C. elegans embryo cell lineage. We reconstructed
the cell lineage of ABpra blastomere descendants fated to differentiate as hypodermal cells.
Cell lineage analysis of crt-1 mutant vs. wild-type embryos did not identify any abnormal
cell division pattern beyond a slight delay in the timing of late cell division (Figure 5). This
delay in late development is further supported by the fact that none of the mutants hatched
during the 12 h that the recordings lasted, while the corresponding paired wild-types did.

WT crt-1(knu378)

embryo 1 embryo 2 embryo 3 embryo 1 embryo 2 embryo 3

04
2 1(ABp L ABp 1 L. ABp

w0 e ABpr [ ABpr [ ABpr [ ABpr [ ABpr [ ABpr
| ["ABpra [ Agpra [ ABpra [ ABpra [ ABpra

w0 ABprap ABprap ABprap ABprap ABprap ABprap

10 | | 1 [ ]

. | h L g g
o !

ﬁ ﬁ ﬁ l l ﬁ
100 { i )

ABprappppp ABprappppp ABprapppp ABprappppp ABprappppp ABprappppp

WT crt-1(jvp1)
. embryo 1 embryo 2 embryo 3 embryo 1 embryo 2 embryo 3
L L L 1 1 L
EEIINTS 1 aBn 1 ass 1 ABo 1 Ao 1 ABp 1
\Bp P ABp \Bp ABp ABp
° ABpr [ ABpr ABpr [ ABpr [ ABpr [ ABpr
“ ABpra [ ngpra [ Agpra [ gpra [ ABpra ABpra
‘ABprap ABprap ABprap ABprap ABprap ABprap

w

1o

"
o

0

i i

o0

20
200

20

20

™

ABprappppp
320 ABprappppp ABprappppp ABprappppp ABprappppp ABprappppp
WT crt-1(jh101)

o, embryo 1 l embryo 2 | embryo 3 | embryo 1 embryo 2 . embryo 3
»{ABp L_ABp L ABp L_i1ABp L Asp 1 ABp 1
o ABpr [ ABpr [ ABpr ABpr [ ABpr [ ABpr
o | T aBera [ ABpra [ ABpra [ ABpra [ Agpra [ aBpra

w0 i ABprap i ABprap 1 ABprap 1 ABprap I ABprap | ABprap

100

10

10 o

w0

™

200

220

210

200 |

20 | | | |

0

- ABprappppp ABprappppp ABprappppp ABprappppp ABoprappoop ABorapooop

Figure 5. Embryo development. Cell lineage of a hypodermal cell (ABpra) in wild-type and crt-1
mutant embryos. Top panels show the comparison between three wild-type embryos (left) and three
crt-1(knu378) mutant embryos (right). Middle panels show the comparison between three wild-type
embryos (left) and three crt-1(jupl) mutant embryos (right). Bottom panels show the comparison
between three wild-type embryos (left) and three crt-1(jh101) mutant embryos (right). Timing is shown
in minutes. The cleavage pattern of wild-type hypodermis is generally conserved in ctr-1 mutants. Cell
lineage was traced up to 320 min; cells cannot be followed beyond this time due to embryo movement.
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Altogether, these results highlight a function of CRT-1 in embryonic hypodermal cells
(responsible for cuticle secretion) independent of fate specification. In addition, given
its phenotype and that it is a true loss-of-function deletion allele, crt-1(jh101) might be
considered the strongest allele.

Observation by FE-SEM microscopy showed that the cuticle of adult crt-1 mutants
did not show any notable defects compared to the wild-type strain in the mouth, body, or
tail regions (Figure 6). The alae and annuli, key structures of the cuticle, were particularly
examined, but no differences were detected between the strains. However, adults from
crt-1 mutant strains exhibited a less resistant cuticle compared to wild-type strains when
exposed to sodium hypochlorite (Figure 7).

o
N
2
S
<
=
=
-
=
o

Figure 6. Images of the cuticle obtained by FE-SEM from the mouth, body, and tail regions. crt-1
mutants do not show any morphological alteration of the cuticle in the adult stage. The images of
the mouth, body, and tail are taken at magnifications of 10,000-20,000x, 4000, and 4000-6000x,
respectively. The black scale bar corresponds to 1 um and the white scale bar to 10 um.
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Figure 7. Cuticle resistance. crt-1 mutants show lower resistance of the cuticle than the wild-type
strain. Individual values of the first cuticle breakage after exposure to sodium hypochlorite with
6-14% active chlorine for 30 worms per strain are represented, along with the mean and standard
deviation. Differences were considered highly significant (***) when p < 0.001. Representative images
of the behavior of each of the evaluated strains taken at 13.5x magnifications after 1, 2, 3, 4, and
5 min of exposure to the chemical product are included.

2.3. crt-1(knu378) and crt-1(jupl) Mutants Exhibit Some Phenotypes Consistent with the Loss
of Function of CRT-1

Individuals from the crt-1(jop1) and crt-1(jh101) strains exhibited a decrease in fertility
compared to individuals from the wild-type strain at 25 °C. Firstly, worms from the crt-1
mutant strains lost the ability to self-fertilize and lay eggs prior to worms from the wild-
type strain (Figure 8a). Moreover, worms from the crf-1 mutant strains laid fewer eggs
throughout their fertile life compared to the wild-type strain. In this case, slight differences
were observed between the crt-1(jupl) strain and the crt-1(jh101) strain, with the number of
eggs laid by individuals of the latter strain being lower (Figure 8b).

Although individuals from the wild-type, crt-1(jop1), and crt-1(jh101) strains were
impaired in development at 25 °C after exposure to ER stress induced by 2 ug/uL tuni-
camycin (Figure 8c), the effects were not uniform between individuals of different strains.
Regarding individual length data, a significant dispersion of the data was observed in
the three strains between 48 and 53 h of growth. However, from 72 h onward, dispersion
persisted only in the crt-1(jh101) strain (Figure S5). Regarding larval development, it was
observed that most of the worms of the crt-1(jh101) strain were arrested between the L1 and
L4 stages. In contrast, worms of the wild-type and crt-1(jup1) strains mostly reached the
adult stage (Figure S6). Therefore, it seems that the crt-1(jh101) strain is the most affected by
the presence of 2 ug/uL of tunicamycin, while the crt-1(jop1) strain was affected similarly
to the wild-type, indicating it does not behave like a loss-of-function allele in this case.
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Figure 8. Fertility and resistance to ER stress. crt-1(jupl) mutants have reduced fertility similar to
strain crt-1(jh101), but they withstand ER stress better than crt-1(jh101) worms. (a) Kaplan-Meier
curve representing the day on which the strains cease to lay eggs at 25 °C (n = 36). (b) Number of
eggs laid by each of the strains throughout their fertile lifespan (1 = 36). Differences were considered
significant (*) when p < 0.05, and highly significant (***) when p < 0.001. (c¢) Growth in length of crt-1
mutants at 25 °C and 25 °C when 2 ug/uL of tunicamycin was added to the medium. In all cases,
the mean lengths obtained for 50 worms per strain at 0, 5, 24, 29, 48, 53, 72, and 77 h are represented,
along with their standard deviation.

Regarding fat levels, crt-1(knu378) worms showed no differences compared to wild-
type worms at either 20 or 25 °C. However, crt-1(jupl) worms showed slightly lower fat
levels than those of the wild-type strain at both temperatures (Figure 9). The decrease in fat
compared to the wild-type strain was most pronounced at 25 °C, a temperature at which
calreticulin is slightly overexpressed. Finally, crt-1(jh101) worms showed lower fat levels
than those of the wild-type and crt-1(juopl) worms at both 20 and 25 °C (Figure 9). In this
case, the decrease in fat compared to the wild-type strain remained unchanged at 25 °C.

16



Int. J. Mol. Sci. 2024, 25, 11606

a SRR i
T ]
- &
= 250] S
» S
2 £
252004 5l
= 3
81 5
S 150
Q
Q
@ 100
o
S I
=1
" s
(=}
B3
s
Q
' I
&
- 4 %k % %k s
1
;_250'- %%k %k *% ‘E
= i . ;| §
“ 200 . ® b~ )
el BEE : N
8ol § § f ]
e I
sl b & & §
2 100]
s vé e
3 enl , ! b
w Vv L 4
] -
Xy 'f“b\ 4‘\\ \"5\\ T
Y 1
&N ¢ 5
& N
AN
(9

Figure 9. Fat levels with Nile Red staining. crt-1(jup1) and crt-1(jh101) mutants exhibit lower fat
levels than the wild-type strain at 20 °C and 25 °C. (a,b) Results of Nile Red staining of worms
developed at 20 and 25 °C, respectively. In both cases, the (left) percentage of fluorescence emitted
after staining of 127-214 L4 worms per strain and temperature with Nile Red is represented compared
to the mean fluorescence emitted by stained wild-type worms. The statistics used are the mean and
standard deviation. Differences were considered significant (*) when p < 0.05, very significant (**)
when p < 0.01, and highly significant (***) when p < 0.001. The images on the right are representative
of the fluorescence emitted by each of the strains at a 10 x magnification. The scale bar corresponds
to 100 pm.

3. Discussion

Mutations in CALR are capable of inducing ET and PMF, two MPNs characterized by
the clonal expansion of mature myeloid cells. Although it is well known that calreticulin
mutations activate the JAK2/STAT cascade, other mechanisms not involving JAK/STAT
activation that may also contribute to these diseases have been proposed for the mutant
protein. These JAK/STAT-independent mechanisms have not been extensively investigated
yet and could be valuable for developing new targeted therapies, given the apparent lack
of efficacy of JAK inhibitors in patients.

In this context, we developed a model in C. elegans with mutations in calreticulin
that are orthologous to those present in patients with ET and PMF (crt-1(knu378) and
crt-1(jupl)) and lacking JAK orthologs, as established in a previous study. According to
published data, transcriptomic analysis of these strains revealed some possible JAK/STAT-
independent mechanisms derived from mutant calreticulin [13]. Most of the observed
expression changes appeared to correspond to a partial loss of protein function, with the
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alteration of the extracellular matrix being particularly remarkable. In this study, our aim
was to investigate whether these mutant strains in crt-1 exhibit any phenotype related to
extracellular matrix alteration (development, molting, and morphology and resistance of
the cuticle), as well as to assess other phenotypes previously associated with calreticulin
dysfunction (fertility, response to ER stress, and regulation of lipid homeostasis). The study
of these orthologous phenotypes may be useful for identifying key mechanisms that could
be relevant in the pathogenesis of the disease in humans.

Firstly, we observed that strains crt-1(knu378) and crt-1(jup1) exhibited a developmental
delay. Since the hours at which differences were found between these strains are the
same when comparing both the length of growth and the larval stage throughout their
development, it seems that the growth delay in the length of the strains is due to a delay in
their larval development. The molting assay showed that the differences in development
between crt-1 mutant strains and the wild-type strain were due to the longer molts of
M1-M4. The development of the crt-1(jh101) strain, used as a control for the loss of function
of calreticulin, was slower than in the strains crt-1(knu378) and crt-1(jupl) due to longer
intervals between molts.

Next, we decided to investigate whether these strains also exhibited alterations in
their embryonic development. An embryo from strain crt-1(knu378) and one from strain
crt-1(jupl) died during their development due to a ventral closure defect, resulting in the
extrusion of their internal tissues. Ventral closure relies on actin cytoskeleton reorganiza-
tion [23], but no other defects typically associated with ced-10/RAC1 (involved in actin
polymerization) were detected. On the other hand, most embryos analyzed from strains
crt-1(knu378) and crt-1(jup1), and all analyzed from strain crt-1(jh101), developed normally
but exhibited cuticle blebbing during development, with the latter strain showing a greater
extent. Subsequent experiments showed that this phenotype was not due to an error in
the fate specification of the hypodermis during development. Thus, the blebbing could
be caused by the cuticle being detached from the hypodermis or because its structure or
composition is altered. Electron microscopy results discarded any structural alterations in
the cuticle of the strains, suggesting that this defect was caused by an altered composition
of the cuticle, a result supported by the altered expression of multiple cuticle components
in the previously published transcriptomic study [13] or because the cuticle was detached
from the hypodermis. Both hypotheses are consistent with the finding that the cuticle of
crt-1 mutant strains exhibits lower resistance to external stress than the wild-type strain.

In all the phenotypes observed, strains crt-1(knu378) and crt-1(jupl) behaved in an
intermediate manner between the wild-type strain and the strain crt-1(jh101). In C. elegans,
development, molting, cuticle morphology, and cuticle resistance are intricately connected
to the extracellular matrix. Specifically, the extracellular matrix plays a fundamental role
during development by providing structural support and signaling cues that guide the
differentiation and organization of tissues. Additionally, studies on molting, morphology,
and resistance aim to investigate various aspects of the cuticle, which serves as a primary
form of extracellular matrix in this nematode. Thus, these findings imply that all three crt-1
mutant strains exhibit an alteration in their extracellular matrix, suggesting that this is due
to a loss of function of the CRT-1 protein. This result is particularly noteworthy because
patients with PMF present an alteration of the extracellular matrix in the bone marrow,
which leads to fibrosis [24], and also because alterations in the centrosome have been
repeatedly associated with MPNs [25]. Therefore, the disruption of the extracellular matrix
in patients with PMF may be caused by the mechanisms that lead to the aforementioned
phenotypic alterations in the C. elegans model.

Furthermore, our results support the idea that in addition to the well-known oncogenic
function of mutant calreticulin in patients with ET and PMF by activating JAK/STAT
signaling through its binding to the thrombopoietin receptor, there would also be a loss
of function that may lead to major alterations [26]. This also suggests that the changes
observed in the extracellular matrix of these patients could be a consequence of this loss
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of function. In fact, an important role has been described for the non-mutated version of
calreticulin in the extracellular matrix and in the secretion and processing of collagen [27].

Regarding the study of other phenotypes related to the loss of function of calreticulin,
the results confirmed that the strain crt-1(jh101) does not exhibit defects in the ER stress,
but it does have them in fertility and lipid metabolism.

Thus, the study of ER stress at 25 °C demonstrated that the strain crt-1(jh101) is more
affected by the presence of 2 pug/uL tunicamycin than the wild-type strain. On the contrary,
worms from the strain crt-1(jupl) were affected similarly to individuals from the wild-type
strain. This indicates that, while calreticulin plays a role in the response to ER stress in the
worm, the introduced mutations (in this case, type 2) do not seem to affect this function.
These results also appear to be consistent with a recent publication indicating that while
some calreticulin mutations seem to activate the IRE1«/XBP1 pathway of the Unfolded
Protein Response to drive MPNs, the type 2 mutations that have been recreated in the
mutant strain crt-1(jupl) do not seem to have this effect [28].

In the fertility assay, the strain crt-1(jopl) exhibited fertility defects similar to those
of crt-1(jh101) animals. Specifically, these strains lost the ability to self-fertilize and lay
eggs earlier than the wild-type strain, in addition to decreasing the number of eggs laid
during their fertile lifespan. In the latter case, minor differences were observed between
both strains, which again would be compatible with a partial loss of function of the mutant
calreticulin. Previously, it has been reported that calreticulin may be important for the
proper development of sperm and oocytes in C. elegans [21], so the crt-1(jup1) animals could
have a defect in the development of both, leading to reduced fertility. Regarding this assay,
we find it inappropriate to establish an orthologous phenotype in humans because the
mutations in patients are somatic and, therefore, do not affect the germline or gonads. Thus,
this result simply verifies that the introduction of mutations similar to those found in MPN
patients leads to a loss-of-function effect; therefore, the mutations in humans could also
have corresponding effects related to a loss of function of the protein.

Finally, the study of fat levels revealed that strain crt-1(knu378) behaves similarly
to the wild-type strain, while crt-1(jopI) and crt-1(jh101) animals exhibit lower fat levels
than wild types. Fat levels in crt-1(jh101) mutants were lower than those in crt-1(jupl)
worms, again suggesting a partial loss of function of calreticulin in crt-1(jop1). In support
of our findings, it has been recently described that the loss of calreticulin regulates lipid
homeostasis by altering the Ca* levels in the ER in mice. However, this article describes
that the loss of calreticulin results in an increase in neutral lipid levels in both mice and
C. elegans [22]. The differences in the results obtained in the present study could be due
to intrinsic differences between the capacities of dyes to stain fat stores in live and fixed
worms [29]. It is well known that lipid metabolism is important in hematopoiesis and,
more specifically, in myeloproliferative neoplasms. In fact, it has been described that
hematopoietic cells with defective cholesterol efflux in a hypercholesterolemic environment
are noted to phenocopy MPNs [30]. Therefore, it does not seem unreasonable to think that
lipid alterations in CALR-mutated patients with MPNs may be due, at least in part, to a
loss of function of the mutant calreticulin.

As mentioned earlier, some of the phenotypes observed in this study have also been
found in patients, but for many of them, it had not been previously proposed that the
mechanism by which they are triggered could be a loss of function of calreticulin. This
may have occurred because the majority of studies have been conducted in mice, which
could have posed a limitation for the analysis of loss-of-function effects since calreticulin
deficiency is lethal [31], unlike in C. elegans. Although it has been described that these mice
overcome embryonic lethality and survive to term through the expression of calcineurin
in the heart [32], this model remains suboptimal for studying JAK/STAT-independent
mechanisms of mutant calreticulin due to the presence of JAK orthologs, contrary to what
occurs in C. elegans. The C. elegans model employed in this study not only allows mutations
to be homozygous without being lethal but also enables the clear observation of loss-of-
function effects, which are undoubtedly independent of JAK/STAT activation, as there are
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no JAK orthologs. Thus, the use of C. elegans in this study has allowed for verification that
many of the phenotypes triggered by type 1 and type 2 mutations of calreticulin could be
due to a loss of function because they behave similarly to the calreticulin-deficient strain.

This finding presents an opportunity to explore calreticulin loss of function as a poten-
tial therapeutic target for MPN patients, either as a standalone approach or in combination
with existing JAK inhibitors. A logical initial strategy could involve delivering a functional
copy of the CALR gene to the patient’s cells. Although gene therapy has shown promise in
treating other diseases, its application in MPNs has not yet been developed. Additionally,
providing a non-mutated version of calreticulin directly is currently not a feasible option
due to the challenges associated with protein delivery, intracellular localization, and ensur-
ing proper functionality. In the near term, it may be more practical to explore therapies that
target extracellular matrix components or antifibrotic agents, as well as treatments aimed
at mitigating ER stress and oxidative stress resulting from calreticulin loss of function.

4. Materials and Methods
4.1. C. elegans Strains and Maintenance

To evaluate the effects of patient-like calreticulin mutations, the strains COP1358
(crt-1(knu378)) and JLV544 (crt-1(jupl)) were used. Both were obtained using CRISPR/Cas9
technology in a previous study [13] and recreate type 1 and type 2 mutations, respectively.
Additionally, the wild-type strain Bristol N2 and the crt-1 null mutant strain KJ216 (crt-
1(jh101)) were used as controls of the normal function of calreticulin and the complete loss
of function of the protein, respectively. Both strains were obtained from the Caenorhabditis
Genetics Center (CGC, University of Minnesota, Minneapolis, MN, USA). All nematodes
were maintained at 20 °C on NGM agar plates seeded with ampicillin-resistant E. coli OP50
according to standard protocols.

4.2. Larval Development

The larval development assay was conducted on synchronized L1 worms until they
reached the adult stage using an SMZ18 stereomicroscope equipped with a DS-Fi2 camera
(Nikon Instruments Inc., Tokyo, Japan) as previously described [13]. Briefly, approximately
400 synchronized L1 worms were transferred onto a total of four NGM-OP50 plates per
strain, resulting in approximately 100 worms per plate. Two of the plates were incubated at
20 °C, while the remaining two were incubated at 25 °C for a duration of four days. At 0,
5,24,29, 48, 53,72, and 77 h after transferring the worms, photographs of 50 worms per
strain (25 per plate) were taken using a Nikon SMZ18 stereomicroscope equipped with
a DS-Fi2 camera (Nikon Instruments Inc., Tokyo, Japan). The length of each worm was
measured using Nis Elements Documentation software version 4.00 (Nikon Instruments
Inc., Tokyo, Japan). Subsequently, an estimation of the developmental stage of each worm
at each time point (L1, L2, L3, early L4, late L4, young adult, or adult) was made based on
its length and morphological characteristics.

4.3. Molting

Molting was studied in a conventional luminometer using the bioluminescence-based
method previously published by our laboratory [33]. For this experiment, the strains
COP1358 (crt-1(knu378)), JLV544 (crt-1(jopl)), and KJ216 (crt-1(jh101)) were crossed with the
reporter strain PE255 (fels5[sur-5p::luciferase::GFP + rol-6(su1006)] X) until a homozygous
strain for the crt-1 mutations and the reporter construction was obtained.

4.4. Embryonic Cell Lineage Analysis

Embryonic cell lineage analysis was carried out by 4D microscopy (multi-focal time-
lapse microscopy) as described in [34,35]. Briefly, gravid hermaphrodites were dissected,
and 2- to 4-cell stage embryos were mounted on 4% agar pads in water and sealed with
vaseline. Images on 30 focal planes (1 micron/section) were taken every 30 s for 12 h at
25 °C on a Leica DM6000 microscope fitted with DIC optics (Leica Microsystems GmbH,
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Wetzlar, Germany). The use of DIC optics allows cell tracing without using any dye or
fluorescent markers that might alter cell cycle progression. The microscope was controlled
with Time to Live software version 11_2010, and embryo lineages were analyzed with
SIMI® BioCell software version 4.0.149 (www.simi.com [36]).

4.5. Field Emission Scanning Electron Microscopy (FE-SEM)

To evaluate the effects of crt-1 mutations on the cuticle morphology of C. elegans strains,
worms at different larval stages were examined using Field Emission Scanning Electron
Microscopy (FE-SEM).

Sample preparation followed the protocols described [37,38] with minor modifications.
Briefly, worms from various larval stages grown at 20 °C on an NGM-OP50 plate were
collected and washed with PBST. The worm pellets were then fixed by adding 20 uL of 2%
glutaraldehyde and incubated overnight at room temperature (RT) with gentle agitation.
After this period, the worms were washed again in PBST, and 1 mL of 1% osmium tetroxide
dissolved in PBST was added to the tube in a chemical fume hood. After incubating
for 30 min at RT, the tube was centrifuged, and the supernatant was removed using a
micropipette. Finally, the samples were dehydrated in a series of ethanol solutions of
increasing concentration to gradually displace the water from the sample. For this, 1 mL
of a 35% ethanol solution diluted in PBST was added, and it was incubated at 4 °C for
30 min with gentle agitation. After this, the tube was centrifuged, and the liquid content
was aspirated as much as possible. To the sediment, 1 mL of 50% ethanol was added.
This process was repeated with a solution of 100% ethanol. Subsequently, the samples
were dried by critical point drying with liquid carbon dioxide at 50 atm pressure and then
mounted on aluminum SEM stubs and shadowed by cathodic sputtering with 16 nm gold.
Samples were visualized using the Zeiss Sigma 300 VP scanning electron microscope (Carl
Zeiss Industrielle Messtechnik GmbH, Oberkochen, Germany), obtaining images of the
cuticle in the mouth, body, and tail regions.

4.6. Cuticle Resistance

The cuticle resistance was evaluated using the protocol described in [39] with minor
modifications. Briefly, worms were grown at 20 °C on an NGM-OP50 plate. Subsequently,
5 pL of a sodium hypochlorite solution with 6-14% active chlorine (Sigma-Aldrich Co., St.
Louis, MO, USA) were pipetted onto ten adults from each strain. Using a Nikon SMZ18
stereoscopic microscope equipped with a DS-Fi2 camera (Nikon Instruments Inc., Tokyo,
Japan), the moment of the first cuticle rupture was recorded, and photos were taken after 1,
2,3, 4, and 5 min of exposure to bleach.

4.7. Fertility

Gravid worms were synchronized with bleach and incubated for 48 h at 20 °C in M9.
After this time, 200 L1 larvae were seeded on an NGM-OP50 plate and incubated at 20 °C
until reaching the L4 stage. Once in this stage, 36 worms per strain were individually
transferred to each of the wells of a 12-well plate with NGM (2 mL per well) and ampicillin-
resistant E. coli OP50 (25 pL per well), and they were incubated at 25 °C until individuals
from each strain stopped laying eggs. Every 24 h, each worm was transferred to a new
well, and the number of eggs laid by the same worm on the previous day was counted.
This assay allowed us to evaluate both the total number of eggs laid by each worm during
its fertile life and the point at which the worms stopped laying eggs.

4.8. Resistance to Endoplasmic Reticulum (ER) Stress

The ER stress assay was carried out following the same procedure used in the larval
development assay, but in this case, synchronized L1 worms were exposed to 25 °C on
NGM-OP50 plates containing 2 pg/mL tunicamycin.
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4.9. Fat Levels with Nile Red Staining

The levels of fat in C. elegans strains were quantified using Nile Red staining. To carry
out this assay, gravid worms were synchronized and incubated at 20 °C and 25 °C on
NGM-OP50 plates. Once the worms reached the L4 stage, they were collected and washed
twice with PBST. Tubes were then incubated on ice for 15 min. After aspiration, worms
were incubated at room temperature (RT) for 3 min in 200 uL of 40% isopropanol. Once the
supernatant was removed, 150 uL of a freshly prepared 3 ug/mL Nile Red solution in 40%
isopropanol was added. After 30 min at 20 °C with constant agitation, the supernatant was
removed to stop the reaction with the dye. Subsequently, worms were washed with PBST
and mounted on slides with 2% agarose. Images were then taken immediately using a
Nikon Eclipse 80i fluorescence microscope (Nikon Instruments Inc., Tokyo, Japan) coupled
with a CCD camera with a FITC filter (Ex 465-495; DM 505; BA 515-555) at 4 x magnification
(40x total magnification) under the same conditions and the same integration time. The
emitted fluorescence was quantified using the Image] version 1.48v analysis program [40].

4.10. Statistics

Statistical analysis was performed using StataSE v12 (StataCorp LP, College Station,
TX, USA) and GraphPad Prism v8.0.2 (GraphPad Software, San Diego, CA, USA). The
significance level (x) was set at 0.05. Differences were considered as non-significant (ns)
when p > 0.05, significant (*) when p < 0.05, very significant (**) when p < 0.01, and highly
significant (***) when p < 0.001.

The normality of the residuals of all the quantitative variables analyzed was assessed
first. If the normality conditions of the residuals were met, strains were compared using
a one-way ANOVA test (if homogeneity of variances was assumed) or Welch’s test (if
homogeneity of variances was not assumed), followed by multiple comparisons. Under
these conditions, mean and standard deviation were used as descriptive statistics. If the
normality conditions of the residuals were not met, the Kruskal-Wallis test (if distributions
were similar) or the median test (if distributions were different) was conducted, followed
by multiple comparisons. In this case, median and interquartile ranges were used as
descriptive statistics.

For the qualitative variables, Pearson’s chi-square test or Fisher’s exact test was used to
determine whether the strain affects the proportion of worms in each developmental stage,
following Cochran’s rule. Finally, the day on which individuals of each strain stopped
laying eggs was evaluated using the survival curves generated with the Kaplan-Meier
method. The survival curves of the strains were compared with the log-rank test.

5. Conclusions

Overall, the findings collectively support the notion that mutations in CALR could
have significant effects on MPNs as a consequence of a loss of function of the protein. The
further exploration of these effects for the advancement of novel therapies in these patients
holds considerable promise and interest.
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Abstract: Cancer cohorts are now known to be associated with increased rates of clonal hematopoiesis
(CH). We sort to characterize the hematopoietic compartment of patients with melanoma and non-
small cell lung cancer (NSCLC) given our recent population level analysis reporting evolving rates of
secondary leukemias. The advent of immune checkpoint blockade (ICB) has dramatically changed
our understanding of cancer biology and has altered the standards of care for patients. However, the
impact of ICB on hematopoietic myeloid clonal expansion remains to be determined. We studied if
exposure to ICB therapy affects hematopoietic clonal architecture and if their evolution contributed
to altered hematopoiesis. Blood samples from patients with melanoma and NSCLC (n = 142) demon-
strated a high prevalence of CH. Serial samples (or post ICB exposure samples; n = 25) were evaluated
in melanoma and NSCLC patients. Error-corrected sequencing of a targeted panel of genes recur-
rently mutated in CH was performed on peripheral blood genomic DNA. In serial sample analysis,
we observed that mutations in DNMT3A and TET2 increased in size with longer ICB exposures in
the melanoma cohort. We also noted that patients with larger size DNMT3A mutations with further
post ICB clone size expansion had longer durations of ICB exposure. All serial samples in this cohort
showed a statistically significant change in VAF from baseline. In the serial sample analysis of NSCLC
patients, we observed similar epigenetic expansion, although not statistically significant. Our study
generates a hypothesis for two important questions: (a) Can DNMT3A or TET2 CH serve as predictors
of a response to ICB therapy and serve as a novel biomarker of response to ICB therapy? (b) As
ICB-exposed patients continue to live longer, the myeloid clonal expansion may portend an increased
risk for subsequent myeloid malignancy development. Until now, the selective pressure of ICB/T-cell
activating therapies on hematopoietic stem cells were less known and we report preliminary evidence
of clonal expansion in epigenetic modifier genes (also referred to as inflammatory CH genes).

Keywords: immune checkpoint blockade; immune checkpoint inhibitor; clonal hematopoiesis of
indeterminate potential; DNMT3A; TET2; non-small cell lung cancer; melanoma
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1. Introduction

Selective expansion of clonal hematopoiesis (CH) mutations in DNA damage response
pathway genes following chemotherapy, radiation therapy and radionuclide therapy ex-
posure is well established among cancer survivors [1-4]. Analyzing exposures that lead
to a selective growth advantage of CH is an active investigational focus [5,6]. Cancer
survivors frequently harbor clonal hematopoiesis of indeterminate potential (CHIP or CH)
mutations [7-10]. The number of cancer survivors living in the United States continues
to increase each year as a result of the growth and aging of our population, as well as
an increase in survival due to changes in early detection and treatment advances [11].
Immune checkpoint blockade (ICB) therapy has revolutionized outcomes among patients
with various primary malignancies [12]. The selective pressures of T-cell activating ther-
apies on the hematopoietic compartment are unclear. We previously reported a change
in the landscape of secondary myeloid malignancies in a large US population database
since the dawn of ICB therapy [13]. In the current study, we aimed to evaluate the impact
of exposure to ICB therapy on hematopoietic clones (or CH) in patients with non-small
cell lung cancer (NSCLC) and melanoma (MEL). In addition, some data suggest that CH
mutations may have a role in preventing T-cell exhaustion and thereby, enhance antitumor
activity [14,15]. Therefore, in a subset of patients, we studied the association between
hematopoietic clones and duration of response to ICB, hypothesizing specific CH clones as
potential novel biomarkers of response.

2. Results

We identified 167 samples from patients (1 = 142) with a diagnosis of MEL (n = 33) and
NSCLC (n = 109), treated with ICB at our institution. Forty-eight percent in MEL and 57%
in NSCLC cohorts were females. Thirty percent of MEL and 85% of NSCLC cohorts had
a history of smoking. The median ages of the MEL and the NSCLC cohorts were 63 and
68 years, respectively. Fifty-six percent and 55% of the MEL and the NSCLC cohorts, respec-
tively, had metastatic disease (Table 1). Our cohort had minimal baseline chemotherapy
and/or ICB exposure. Most baseline samples were collected prior to chemotherapy (CTX)
or ICB exposure. Ten percent of the MEL cohort had CTX or targeted therapy exposure
prior to initial sample collection and ICB treatment initiation. Forty-eight percent of the
NSCLC cohort had prior CTX (Table 1).

Table 1. Characteristics of patients with non-small cell lung cancer (NSCLC) and Melanoma (MEL).

NSCLC (n = 109) MEL (n =33 *)
Age (years) 67.6 62.5
Range 33-89 33-88
Gender
Female (%) 62 (56.8%) 16 (48.5%)
Stage
Metastatic (%) 60 (55%) 19 (57.5%)
Smoking
Yes (%) 93 (85.3%) 10 (30.3%)
Vascular disease
Yes (%) 21 (19.3%) 15 (45.5%)
Deep vein thrombosis/Pulmonary embolism
Yes (%) 19 (17.4%) 2 (6%)
Exposures prior to baseline
No exposure to chemo/targeted therapy 38 (34.9.9%) 29 (88%)
Radiotherapy exposure 51 (46.7%) 9 (27%)
Targeted and Chemotherapy exposure 4 (4%) 0 (0%)
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Table 1. Cont.

NSCLC (n =109) MEL (n =33 %)
Treatment received
Immune checkpoint blockade (ICB) 82 (75%) 29 (88%)
Number of ICB cycles (median) 13.6 (2—-44) 22 (1-71)
Blood counts
ANC (103 /uL) 5.7 (1-20) 44 (1.9-7.6)
Platelets (103 /uL) 306 (127-617) 238 (134-531)
Hemoglobin (gm/dL) 12.7 (8.2-16.8) 14 (8.4-16.6)
MCV (fL) 90.4 (3.5-107.8) 91.6 (82-102)
RDW (%) 14.5 (11.9-32.2) 13.5 (12-17.7)

* 1 patient with missing clinical data. ANC: Absolute neutrophil count; MCV: Mean corpuscular volume; RDW:
Red cell distribution width.

2.1. CH in NSCLC and MEL

We identified CH at VAF > 1% in 22.6% (7 of 31 evaluable patients) and 37.6% (41/109)
of the baseline MEL and NSCLC samples, respectively (Figure 1A,B). When using a VAF
cut-off of >2%, CH incidence was 16.1% (5/31) in MEL and 24.7% (27/109) in patients with
NSCLC. Ten percent and 19.5% of patients in the MEL and NSCLC samples, respectively,
had mutations in more than one CH gene. In both groups, DNMT3A (n =27), TET2 (n =7)
and ASXL1 (n = 6) were the most common genes found to be mutated. The mean VAF in
the MEL cohort was 4.9% (1.01-19.1%) and 2.27% (1.01-26.4%) in the NSCLC cohort. We
defined cohorts with CH at VAF > 2% compared to no CH cohorts in MEL and NSCLC
patients. Patients with CH were older in age compared to those without CH, 70 vs. 62 years
(p = 0.12) in the MEL cohort and 74 vs. 66 years (p = 0.00012) in the NSCLC cohort. CH
patients had normal hematological parameters with the exception of increased red cell
distribution width (RDW; a recently described progression predicting variable [16], RDW
of 15.2 vs. 13.2 in MEL (p = 0.0071). Gender and other blood counts were assessed as a
factor of CH, and no significant associations were noted.

2.2. Interaction of CH and ICB

Primary tumor responses in this cohort were defined as durable (receipt of >12 ICB cy-
cles). All DNMT3A and TET2 mutations expanded over time after ICB exposure (Figure 2a).
In patients with MEL, CH with higher VAF was associated with longer duration of ICB
therapy (as an example in Figure 2b; plot titled ‘Immunotherapy_cycles’; PT-00298654
and PT-00306840 had VAFs 10% or more and received 25 or more ICB cycles). MEL pa-
tients with a DNMT3A mutation (n = 5) had a trend towards durable ICB responses (>12
ICB cycles), i.e., received a higher median number of ICB cycles (21 cycles, range: 10-40)
compared to non-DNMT3A CH mutant patients (7, range: 1-13; p = 0.21). Despite the
significantly older age of the DNMT3A CH+ cohort (67.8 years; 52-88) versus the CH
negative cohort (mean age 60.7; 33-77), both groups had an equivalent duration of ICB
exposure (Supplemental Table S1). Additionally, as discussed above, patients with larger
DNMT3A clones tended to receive a higher number of ICB cycles (Figure 2b). In the serial
sample analysis, we observed that mutations in DNMT3A and TET2 increased in size
with longer ICB exposures in the MEL cohort (Figure 2a and Supplemental Figure S1,
Supplemental Table S2). Three patients in the MEL cohort received >15 ICB cycles. Another
patient (PT-00306840) with the most notable DNMT3A expansion received 40 ICB cycles
(Figure 2a and Supplemental Figure S1). In the serial sample analysis for the NSCLC cohort,
we observed that patients with >3 months of ICB exposure demonstrated a decrease in
clone size in gene mutations such as SRCAP, STK11 and TPM1 (Supplemental Figure S2).
Again, exceptions were DNMT3A and TET2, which showed stability or increase in size with
longer ICB exposure. The characteristics of patients whose serial samples were available
are shown in Supplemental Figure S2a (MEL) and Figure S2b (NSCLC).
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Figure 1. (A) Description of clinical, hematological, and genetic characteristics of patients with
melanoma. (B) Description of clinical, hematological, and genetic characteristics of patients with non-
small cell lung cancer. ANC (absolute neutrophil count); Hgb (hemoglobin); MCV (mean corpuscular
volume, fL); RDW (red cell distribution width, %); CV (cardiovascular disease); DVT/PE (Deep
vein thrombosis/Pulmonary embolism); AID (Autoimmune disease); IrAE (Immune-related adverse
events). Race (AA: African American; O: other; W: White), SCC: Squamous cell cancer; NOS (Not
otherwise specified); CVD/PAD (cardiovascular disease/Peripheral arterial disease).
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Figure 2. (a) Change in clonal architecture in serial blood samples after exposure to immune
checkpoint inhibitor (ICB) in five patients with melanoma. Spider plot depicts difference in variant
allele frequencies (VAF) (y-axis) in blood samples pre- and post-ICB therapy ICB (Immune checkpoint
inhibitor) plotted against time between pre- and post-sample collection (x-axis); Pre-ICB sample
collection at day 0. (b) Age, hematological and treatment characteristics in patients with melanoma
and clonal hematopoiesis mutations, at baseline. ANC (absolute neutrophil count, 10%/uL); Hgb
(hemoglobin, gm/dL); MCV (mean corpuscular volume, fL); RDW (red cell distribution width, %);
VAF (Variant allele frequency).

29



Int. J. Mol. Sci. 2024, 25, 11049

3. Discussion

High CH prevalence was noted in solid malignancies and is associated with poor sur-
vival [8,17]. Receipt of CTX and RT has been associated with the emergence or propagation
of DNA damage repair (DDR) pathway gene mutations [4,7,8]. Mutations in epigenetic
modifiers, i.e., DNMT3A and TET?2 are not frequently affected by exposure to such ther-
apy [7,18]. Large studies published thus far did include a subset that received ICB and
targeted therapy. Associations of specific clonal dynamics for the patients on ICB have not
been rigorously studied by serial sample analysis. In an attempt to answer this, a prior
study investigated the impact of ICB on CH by analyzing blood samples from 91 patients
with cutaneous melanoma and basal cell carcinoma before and after ICB treatment [17].
The results indicated that ICB treatment did not significantly affect the prevalence, size, or
mutational landscape of CH and they concluded that ICB did not drive clonal evolution.
This study, however, focused on clonal expansions in DDR pathway genes, such as TP53
and PPM1D [17]. Our study performed sequential genomic sequencing and noted that
VAFs either increased or decreased based on driver gene mutation while on ICB. We partic-
ularly noted expansions within genes involved in inflammatory pathways, i.e., DNMT3A
and TET2. A plausible explanation for this discordance possibly stems from an insufficient
time period to observe a meaningful clonal expansion in the prior study as well as the
study question involving multiple CH mutations, as opposed to our serial cohort enriched
with majorly inflammation-related mutations of DNMT3A and TET2.

DNMT3A clones originate at an early age and gradually expand at a steady rate [19].
The expected DNMT3A clonal expansion rate varies considerably with different exposures
and mediators [19]. We demonstrate in our MEL cohort a significant DNMT3A clonal
expansion among serial samples and a TET2 clonal expansion (Supplemental Figure S1).
An increase in VAF of CH-clones (predominantly DNMT3A) was associated with a longer
duration of ICB therapy exposure. A certain limitation of our serial sample analysis is our
inability to procure several serial samples on DNMT3A/TET2 mutant patients in the NSCLC
cohort. However, our study generates two essential and provocative hypotheses that
warrant further investigation: (a) ICB and inflammatory-CH (iCH; DNMT3A/TET?2 related
CH) share a bidirectional relationship where iCH may enhance the response to ICB and the
response to ICB further drives iCH (as these mutant clones thrive under inflammation);
(b) ICB-mediated iCH expansion may lead to a novel therapy-related myeloid neoplasm
as patients on ICB therapies continue to live longer. To test the former, iCH as a potential
novel biomarker of response, larger studies with numerous sequential samples are needed
whereas, for the latter, several years of follow-up would be prudent. Overall, we noted that
CH in epigenetic modifier genes (DNMT3A/TET2) was associated with a durable response
to ICB therapy in ICB-exposed patients. The presence of DNMT3A/TET2-CH and their
increasing clonal burden correlated with longer ICB exposure. The precise mechanisms
behind these findings have not been clarified. One compelling hypothesis is that improved
response to ICB and thus induction of inflammatory milieu provides selection pressure for
fitter clones that thrive under inflammation.

It is important to note that, even in cases of ICB-sensitive disease, prolonged ICB
therapy may not be feasible for some patients due to intolerable side effects, particularly
those that are immune-mediated. A higher baseline iCH may not be able to predict ICB
duration and response correctly in such cases. The inability to capture such cases is a
limitation of our study. Another limitation is the lack of an external control group in our
study. Ideally, a control group of patients with metastatic melanoma or NSCLC who had
not received immune checkpoint inhibitors (ICBs) would have been included. However,
this is challenging since ICBs are the current standard of care, especially for melanoma,
and historical controls are hard to establish due to inconsistent sample availability in our
biorepository or lack of comparable methods for assessing clonal hematopoiesis (CH),
particularly when compared to chemotherapy. Given these limitations, we focused our
conclusions on pre- and post-treatment changes in variant allele frequency (VAF), consistent
with prior CH studies. Lastly, most baseline samples were collected prior to CTX or ICB
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exposure, however, ten percent of the MEL cohort had CTX or targeted therapy exposure
prior to initial sample collection and ICB treatment initiation. Hence, part of the clone
expansion observed maybe due to a previous insult in such patients, another limitation of
this study.

Nonetheless, our findings and resultant hypothesis are well-supported by increasing
evidence that CH modulates immune and inflammatory pathways in both clinical and
in vivo settings [20]. Findings that support this observation include recent reports of
DNMT3A CH in hematopoietic stem cell (HSC) grafts, which were shown to produce better
outcomes in HSC transplant patients who did not receive post-transplant graft vs. host
disease prevention with cyclophosphamide (PTCy) [15]. This observation suggests the
role of T-cells and resultant inflammation as a permissive condition for the expansion of
DNMT3A clones or vice versa. Whether heightened immune activation of T-cells in the
setting of CH drives longer and better responses to ICB therapy, represents an important
yet-to-be-answered question. Additionally, previously, DNMT3A CH evolving during
effective ICB appeared to serve as a predictor of improved survival in NSCLC patients [21].
The precise mechanisms need clarification in future larger studies of sequential genomic
analysis; however, our study generates a hypothesis that induction of pro-inflammatory
milieu under ICB stress provides selection pressure for more fit HSC clones that thrive
under inflammation or are less inflammation sensitive.

Preclinically, macrophages carrying the DNMT3A mutation enhance the inflammatory
response in mouse models [22]. At the same time, pro-inflammatory states reciprocally
were shown to enhance DNMT3A clonal expansion in pre-clinical and clinical models [22].
The loss of function TET2 gene allows a switch of immunosuppressive tumor-associated
macrophages to proinflammatory ones. It was also recently noted that deletion of DNMT3A
in T-cells can prevent T-cell exhaustion and enhance anti-tumor activity [16]. In another
study, a zebrafish model of CH suggested that the clonal fitness of mutant clones is driven
by enhanced resistance to inflammatory signals from their mutant mature cell progeny.
Using an approach called TWISTR (tissue editing with inducible stem cell tagging via
recombination), authors identified a survival pathway within the mutant HSPCs involving
inflammatory modulators. On a clinical level, in addition to the DNMT3A-PTCy discussion
above, studies also suggest that deleting DNMT3A in CAR-T-cells prevents exhaustion and
enhances antitumor activity [23]. The patients with prolonged cytopenia after CAR-T-cell
therapy had bone marrow infiltration by interferon-gamma-producing CD8+ T-cells. In
a remote way, this suggests that heightened T-cell activity, such as might occur with ICB
treatment, could affect the bone marrow in a way that could favor and select certain CH
clones [24]. These pre-clinical and clinical observations, including our study findings of
DNMT3A expansion while on ICB therapy, provide ground for designing functional assays
that link epigenetic modification from mutant DNMT3A to T-cell expansion; thereby setting
grounds for evaluating iCH as a novel biomarker of ICB response.

4. Materials and Methods
4.1. Study Methods

We accessed and analyzed blood samples from the biorepository of Roswell Park
Cancer Center (RPCCC) for patients with a diagnosis of NSCLC or MEL and treated
with ICB. Patients were screened and identified through a clinical database as well as the
biorepository for receipt of ICB therapy. Stored samples (1 = 142); with a diagnosis of MEL
(n = 33) and NSCLC (n = 109) treated with ICB at RPCCC were identified and analyzed.
Additionally, serial prospective peripheral blood samples from subset of patients (NSCLC,
n =14, and MEL, n = 11) were obtained after informed consent. Clinical and laboratory
variables were collected for the patients through retrospective chart review. Peripheral
blood counts were determined using complete blood counts obtained at the time of sample
collection (£30 days). Chemotherapy or radiotherapy exposure were based on receipt of
any systemic therapy that patients had received at or after initial blood/DNA sampling.
No patients in our analysis had another active hematologic malignancy or a precursor
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state such as monoclonal gammopathy of undetermined significance or monoclonal B-cell
lymphocytosis at the time of peripheral blood sequencing. The study was approved by the
Institutional Review Board (approval number BDR-113119).

4.2. Mutational Analysis

Genomic DNA from mononuclear cells or buffy coat was extracted. Illumina sequenc-
ing adapters containing unique dual sample indices (UDIs) were ligated onto fragments
according to the Kapa Biosystems HyperPrep protocol. Targeted enrichment using a custom
pool of biotinylated baits directed to 93 genes involved in clonal hematopoiesis, cancer, and
cardiovascular disease (CVD) was performed according to the standard Twist Biosciences
capture protocol. Sequencing was performed to 1800 x mean overall depth of coverage us-
ing NovaSeq6000 (Illumina inc., San Diego, CA, USA) using 150 x 150 S4 chemistry. Clonal
hematopoiesis (CH) detection followed the strategy in previous studies [25] for quality and
filtration of artifacts. Gencore v0.13.0 [26] and fastp v0.20.1 [27] were used to trim adaptor
sequences and remove duplicates. After alignment with BWA MEM v0.7.17 [28], VarDict-
Java v1.7.0 [29], was used to call variants on reads. Bcftools v1.10.2 [30], SnpEff v4.3 [31],
and Vcflib v1.0.1 [32], were used to filter out reads for mapping quality, depth, and strand
bias. Variant-Effect-Predictor (VEP) v100.3 [33], was used to annotate variants. SNP were
stringently filtered out when reported as >0.25% in population allele frequency databases.
Variants with VAF > 1% are being reported. The sensitivity of the test is estimated at >95%
for mutations present at VAF > 1% (corresponding to 1/50 mutated cells).

4.3. Quantification and Statistical Analysis

Analysis was conducted in R environment (https:/ /www.R-project.org; R: A language
and environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria, accessed on 1 July 2021). Figures were produced using the package ggplot2 also in
R v3.3.3 (Wickham, NZ, 2016). Statistical significance was defined as p < 0.05. Statistical tests
were performed using R software. As per the procedure, we used a linear model for VAF
changes. For each mutation in each individual with sequential sequencing data available,
we modeled the growth rate of the mutation between the two time points according to
the following formula: a = log (V/V0)/(T — T0) Where T and T0 indicate the age of the
individual (in days) at the two measurement time points and V and V0 correspond to the
VAF at T and T0, respectively. We also classified mutations as having increased, decreased,
or remained constant during the follow-up period based on a binomial test comparing
the two VAFs. Generalized estimating equations were used to test for an association
between exposure to ICB and CH growth rate adjusting for age, gender, and smoking
status accounting for correlation between the growth rate of mutations in the same person.
A paired t-test was used to test for significance in the difference between growth rates of
mutations within individuals who received ICB. List of genes in CH panel (n = 93) is in
Supplemental Table S3.

5. Conclusions

To summarize, our study raises two important questions to be addressed: (a) Can
DNMT3A or TET2 CH serve as a predictor of response to ICB therapy? (b) As ICB-exposed
patients continue to live longer, the myeloid clonal expansion may portend an increased
risk for subsequent myeloid malignancy development. ICB-induced CH may predispose
patients to a novel treatment-related hematopoietic neoplasm, which will need to be defined
with longer follow-ups and larger studies. Additionally, our study, in alignment with prior
studies, demonstrates DNMT3A and TET?2 to be the common genes to be mutated among
cancer cohorts. Despite the small size of the cohort, owing to optimal latency time between
serial samples, we noted DNMT3A clonal expansion while on ICB therapy. As a future
direction, larger studies with sequential samples are needed to confirm this observation
as well as functional assays to study the epigenetic advantage for T-cell expansion with
mutant DNMT3A or TET2.
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Abstract: Tumor cells of acute lymphoblastic leukemia (ALL) may have various genetic abnormalities.
Some of them lead to a complete loss of certain genes. Our aim was to reveal biallelic deletions of
genes in Ph-negative T-ALL. Chromosomal microarray analysis (CMA) was performed for 47 patients
with de novo Ph-negative T-ALL, who received treatment according to RALL-2016m clinical protocol
at the National Medical Research Center for Hematology (Moscow, Russia) from 2017 to 2023. Out of
forty-seven patients, only three had normal molecular karyotype. The other 44 patients had multiple
gains, losses, and copy neutral losses of heterozygosity. Biallelic losses were found in 14 patients
(30%). In ten patients (21%), a biallelic deletion of 9p21.3 involved a different number of genes,
however CDKN2A gene loss was noted in all ten cases. For seven patients (15%), a biallelic deletion
of 7q34 was found, including two genes—PRSS1, PRSS2 located within the T-cell receptor beta (TRB)
locus. A clonal rearrangement of the TRB gene was revealed in 6 out of 7 cases with 7q34 biallelic
loss. Both biallelic deletions can be considered favorable prognostic factors, with an association with
9p21 being statistically significant (p = 0.01) and a trend for 7q34 (p = 0.12) being observed.

Keywords: biallelic loss; T-ALL; T-cell receptor beta (TRB); CDKN2A; chromosomal microarray
(CMA); TRB clonality

1. Introduction

Acute T-cell lymphoblastic leukemia (T-ALL) is a type of aggressive hematological
cancer that originates from early T-cell progenitor cells. In T-ALL, malignant hematopoietic
cells with immature T-cell characteristics infiltrate the bone marrow. This type of leukemia
accounts for approximately 20-25% of cases in adults [1-4]. The study of cytogenetic
abnormalities in T-ALL cells is essential for classifying patients into specific risk groups.
This information can help determine the overall treatment approach at the beginning
of therapy. However, according to Parovichnikova et al. [5], karyotype abnormalities
identified at the onset of T-ALL were not associated with improved or worse 5-year survival.

Over the past decade, researchers have conducted systematic screening of T-acute
lymphoblastic leukemia (T-ALL) genomes using high-resolution microarray analysis and
next-generation sequencing technologies. These studies have revealed that T-ALL is asso-
ciated with the accumulation of genetic abnormalities that affect T-cell development. For
example, deregulation of transcription factors and disruption of the CDKN2A /CDKN2B
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cell cycle regulators are found to play a significant role in the pathogenesis of T-ALL [2,4].
It has been found that the absence of biallelic deletion of TCRG (7p14), the surface expres-
sion of CD13, and heterozygous deletions of the short arm of chromosome 17, as well as
mutations in the IDH1/IDH2 and DNMT3A genes, are associated with a poor prognosis. In
contrast, the expression of CD8 or CD62L, homozygous deletions of CDKN2A/CDKN2B,
mutations of NOTCH1 and/or FBXW?7, and mutations or deletions of the tumor suppressor
gene BCL11B have been associated with improved overall survival. It is important to note
that the prognostic significance of homozygous CDKN2A/CDKN2B deletions is limited to
cortical and mature T-cell acute lymphoblastic leukemia (T-ALL). Conversely, mutations in
ID1/1D2 and DNMT3A are specifically associated with poor outcomes in early, immature
T-cell ALL in adults [4].

In this study, we focused on biallelic deletions detected by CMA and their occurrence
in the population of T-ALL patients. We also analyzed the localization and association of
these deletions with response to therapy. Earlier, the analysis of the 3-year relapse free
survival (RFS) revealed a significant association with the absence of minimal residual
disease (MRD) on day 70. These data allow us to consider day +70 as the most informative
time point; the detection of MRD in the bone marrow at this time discriminates patients
into a group with an unfavorable prognosis who might benefit from allogeneic HSCT, as
the probability of RES for these patients at this point is significantly lower (47% for B-ALL,
35% for T-ALL) compared to patients with negative MRD values (78% for B-ALL and 79%
for T-ALL) (p < 0.001) [5]. Therefore, our goal was to identify biallelic deletions and assess
the association between the most common ones and MRD status on day 70 after the start of
treatment, as well as overall and event-free survival.

2. Results

The main characteristics of 47 patients included in the study are presented in Table 1.

Table 1. The main characteristics of the patients.

Parameters T-ALL (n = 47)
Male:Female 34:13
Age, median 33 (19-53) years
Leukocytes, 10°/L 44.59 (0.95-833.94)
LDH 1207 (154-20,064)
Blast cells in peripheral blood, % 75 (0-97)
Blast cells in the bone marrow, % 86 (5.2-100)
Immunophenotype, EGIL, WHO T-16 (12.7%)

T-11 16 (34%)
T-II1 21 (44.6%)
T-IV 1 (2.1%)
MPAL(T-myelo) 3 (6.4%)
Standard cytogenetics 47

+mitosis 44 (93.6%)
—mitosis 3 (6.4%)
Karyotype 44
Normal 20 (20.0%)
Abnormal: 24 (80.0%)
CNS leukemia 10 (21.3%)
Extramedullary disease 34 (72.3%)
MRD-status (+70 day) 46
MRD+ 13
MRD— 33
CR:
After 2nd induction (+70 day) 16
Refractory disease 14
Early Death 1

T-ALL, T-cell lymphoblastic leukemia/lymphoma; LDH, lactate dehydrogenase; EGIL, European Group on
Immunological Classification of Leukemia; WHO, World Health Organization; MPAL, mixed phenotype acute
leukemia; CNS, central nervous system; CR, complete remission.
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In the first stage, we compared the results obtained by the CMA with the results of
CCA and FISH performed for patients on RALL-2016 treatment protocol (Supplementary
Figure S1) at the onset of the disease. Usually, when analyzing the tumor genome by CMA,
aberrations larger than 5 MB and additional microdeletions involving the CDKN2A/B,
BTG1, EBF1, ETV6, ERG, IKZF1, PAX5, and RB1 genes are taken into account. Aberrations
smaller than 5 MB in size should be considered only if they are associated with known
leukemia-associated genes or other neoplasia-associated genes, including cell cycle regula-
tors, oncogenes and tumor suppressor genes [6]. However, since our focus was on biallelic
deletions, a combination of two events that could be germinal in origin, we used thresholds
for detecting deletions and duplications greater than 50,000 base pairs (bp) and greater than
3 million bp for cnLOH, as proposed for the study of hereditary aberrations [7]. A complete
data on the dimensions and localization of the detected aberrations is presented in Table S1.
Of the forty-seven patients, only three had a normal molecular karyotype. The other 44 pa-
tients had multiple deletions, duplications, and copy neutral loss of heterozygosity. Biallelic
deletions were found in 14 patients (30%) (Table 2). Data on the T-ALL immunophenotype
and MRD status on day 70 are also provided in Supplementary Table S1.

2.1. Biallelic Deletions in the Study Cohort

Ten patients (21%) had a biallelic deletion of 9p21.3 involving a different number
of genes, but in all cases it included the loss of the CDKN2A gene. The combination of
events leading to the complete loss of fragment 9p21.3 is shown in Table 2. In six cases,
overlapping deletions led to complete allele loss, in one case, duplication of a deletion
was due to copy neutral LOH, and in three cases, biallelic deletion was the result of two
aberrations whose boundaries coincided. We also found monoallelic deletions of 9p21.3
in patients 7, 11, 19, 21, 39, and 40 (Supplementary Table S1). In patients #7 and #21, the
deletions occurred within the cnLOH region. It is possible that the two aberrations occurred
in reverse order, resulting in a monoallelic deletion rather than a biallelic variant.

Seven patients (15%) had a biallelic 7q34 loss (Table 2). Only in one case this was
a result from overlapping deletions of different lengths (patient #14). In other cases, the
boundaries of deletions on homologous chromosomes matched. Additionally, we found a
monoallelic deletion in seven other patients (patients 1, 5, 21, 24, 28, 31, and 32). The loca-
tion and size of this deletion was approximately 126,000 base pairs, similar to the biallelic
deletions in other patients. This deletion includes only two genes—PRSS1, PRSS2, a part of
the trypsinogen cluster located at the T-cell receptor beta (I'RB) locus. In one patient (#27),
the biallelic loss identified by CMA was combined with the t(6,7)(q23;q34) translocation, re-
vealed by CCA. In the remaining patients with bi- and monoallelic deletions, no additional
7q34 aberrations were found (See Supplementary Material Table S1).

Four patients had both biallelic deletions of 7q34 and 9p21.3 (Figure 1).

o

Figure 1. Molecular karyotype of patient # 27 with biallelic deletions of 9p21.3 (a) and 7q34 (b).
Chromosomes 7 and 9 are highlighted in blue frames, and the deepred indicate the loci of the biallelic
deletions. A standard cytogenetic study also revealed a translocation t(6;7)(q23;q34) in this patient, as
shown in the Supplementary Table S1.
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Patient No. 26 had three biallelic deletions: additionally, deletion of 13q14.2, which
included the RB1, LPAR6, and RCBTB2 genes, was revealed. Patient # 30 had a deletion of
12p13.2 that resulted in the complete loss of the ETV6 gene. No other biallelic deletions
were found in any of the patients.

2.2. Association between 734 Loss and Clonal TRB Rearrangement

T-ALL is characterized by T-cell clonality associated with TRG gene (7p14) rearrange-
ment, as well as TRB gene (7q34) rearrangement in some cases. It is likely that the clonal
rearrangement appears as a deletion on CMA. Therefore, we tested TRB clonality for 47 pa-
tients using the same DNA samples taken on CMA. Examples of clonal variants associated
with biallelic 7q34 loss are shown in Figure 2.

ranp l Aﬁ
. | WAk

(a) (b) (c)

Figure 2. Detail views of biallelic loss 7q34 and TRB clonality assay with monoclonal peaks for
patients 15 (a) and 27 (b) and polyclonal Gaussian curves for patient 44 (c).

In the group of patients with 7q34 biallelic loss, the majority of patients had TRB
clonality, except for one patient. The same result was obtained in the group with monoallelic
deletion. Groups without 7q34 genetic abnormalities (33 patients) include patients with
polyclonal result (23 patients) and TRB-clonality (10 patients) (69.7% vs. 30.3%). The data
are presented as a histogram in Figure 3a.

We hypothesized that patients with a normal 7q34 locus and TRB clonality might have
smaller deletions than the threshold of 50 kb we chose for deletions. We analyzed CMA
data for all samples in our cohort, with a minimum threshold of 1 kb or less for deletions.
We found additional seven biallelic and four monoallelic deletions of 7q34 of 5 kb or more
in eleven patients. However, these findings did not confirm a direct association between
TRB clonality and deletions of 7q34. As a result, 10 of the 25 patients (40%) with confirmed
biallelic or monoallelic deletion of 7q34 had no TRB clonality, while 6 of the 22 patients
(27.3%) with a normal 7q34 locus did have this clonality. The data are presented in Figure 3b
and Supplementary Table S2.
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Figure 3. Histogram of the distribution of TRB clonality in groups of patients with biallelic loss of
7q34, monoallelic loss of 7q34, and intact 7q34 locus. (a)—CMA results with a cutoff of 50 kb for
losses, (b)—a cutoff of 1 kb for losses. Dark red color indicates biallelic TRB clonality, red indicates
TRB clonality with one monoclonal PCR peak, green indicates polyclonal samples. On the X-axis,
the groups are arranged in the following order: with biallelic 7q34 loss, monoallelic 7q34 loss, no
7q34 lesions.

2.3. Association between 7g34 and 9p21.3 Losses and MRD Status at Day 70

We used MRD status on day 70 as a surrogate endpoint. This choice was based on the
fact that some patients received treatment according to the RALL-2016 protocol, which does
not include additional targeted therapy, and some patients were treated under a modified
version of the RALL-2016 protocol that includes targeted therapy for patients with MRD.
Up to day 70, all patients were treated according to a unified protocol, there were no
cases of early mortality before day 70. We analyzed the association between biallelic and
monoallelic loss and MRD status on day 70. One patient was transplanted before the 70th
day and her MRD status was not determined on the 70th day, so she was excluded from
the analysis. The frequency analysis of the association of MRD status on day 70 and the
presence of deletion 7q34 (p = 0.1262) and 9p21.3 (p = 0.0119) is illustrated by Figure 4.

100% 100%
90% 0%
80% 80% 16
19
70% 5 0% (53%)
W (59%) 60% 5
60%
50% 71%) 7 50% (83%) 10
0% (100%) negative 40% (100%) negative
30% .. 30% e
20% - ] Pos]hve 20% | | posﬂlve
10% 10%
0% 0% -
7q34 7q34 7q34 9p21 9p21 9p21
Norm Loss BiLoss Norm Loss BiLoss
(a) (b)

Figure 4. Diagrams of the distribution of the MRD status depending on the presence of loss
7934 (a) or 9p23.1 (b). The number of patients and percentage are indicated on the bars. Green
indicates MRD-negative patients, red indicates MRD-positive patients. Along the X axis the bars are
arranged in the following order—without loss, with monoallelic loss, with biallelic loss.

Following MRD detection on the 70th day, patients 3, 5, 6, 16, 20, 21, and 29 were
transferred to other treatment protocols due to complications and for medical reasons
according to the decision of the expert commission. Therefore, it is difficult to estimate
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the overall survival rate (Figure 5) accurately. We did not find any significant differences
in patients’” outcomes depending on the presence of deletions. This may be due to the
fact that a number of patients received targeted therapy or allogeneic HSCT in the case of
MRD positivity.
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Figure 5. Overall survival curves of patients depending on the presence of 7q34 (a) and
9p21.3 (b) deletions. Patients with biallelic loss (red curve), monoallelic loss (blue curve) and
patients without deletions (yellow curve) were analyzed. The X-axis indicates the time after the start
of therapy (months).

3. Discussion

Cytoband 9p21.3 is expected to play a significant role in the formation of biallelic
deletions. Cyclin-dependent kinase inhibitor 2A /B (CDKN2A/B) genes are frequently
altered in acute lymphoblastic leukemia (ALL) patients. Data on the prognostic value of
the CDKN2A/B deletion are contradictory. Zhang et al. showed by meta-analysis that
CDKN2A/B deletions were independent poor prognostic markers for both adult and pedi-
atric ALL patients [8]. According to Wang et al. the most common type of CDKN2A deletion
was homozygous loss and adult T-ALL patients with CDKN2A loss had a poor prognosis.
These patients might benefit from intensive chemotherapy or allogeneic hematopoietic
stem-cell transplantation [9]. Remke et al. noted when compared within child patients
with 9q21.3 balanced leukemias, neither heterozygous nor homozygous deletions of the
CDKN2A gene locus were associated with a differential treatment response [10]. According
to VanVlierberghe homozygous loss of CDKN2A /CDKN2B is associated with a favorable
outcome [4]. We have also shown that biallelic 9p21.3 loss can be considered as a statistically
significant (p = 0.0119) favorable prognostic factor.

We have noted a surprisingly high incidence of 7q34 biallelic deletions and their
repeated localization in our cohort. The patients in this study were selected randomly, with
the main criteria being initiation of therapy according to the RALL-2016m protocol and
availability of archived bone marrow DNA at the onset of disease. Nevertheless, 15% of
patients showed complete loss of genetic material in a small segment of chromosome 7
(Figure 6). Additionally, seven more patients (15%) had a monoallelic deletion in the same
TRB locus.
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NCBI RefSeg Annotation GCF_000001405.40-RS_2023_10
TRE TRPVE|

7q34(142610489_142796623)x0 Patient#12
7q34(142538468_142787265)x0 e ———
7q34(142438198_142787265)x0 Patient#15
7q34(142659319_142785320)x0 Patient#23
7934(142657680.142756623)x0  patient#26

7q34(142309952_142795256)x0 Patient#27

7q34(142353951_142785767)x0 Patient#44

Figure 6. The location of biallelic deletions of 7q34 in the studied cohort of patients, relative to the TRB
locus, is shown in red lines. This figure was adapted from https:/ /www.ncbi.nlm.nih.gov/gene /6957
(accessed on 19 August 2024).

The beta locus of T-cell receptor located at 7q34 includes segments V, ], D and C. During
the development of T cells, the beta chain is synthesized as a result of recombination at
the DNA level, connecting segment D to segment J; then segment V is attached to the
DJ gene. The beta locus also includes eight trypsinogen genes, three of which encode
functional proteins and five of them are pseudogenes [11]. It is likely that the result of
recombination looks like a deletion when analyzing gene copy number alterations using
CMA. In the majority of patients with deletions, we revealed TRB clonality in our study.
However, we also encountered patients with deletions but no TRB clonality, as well as
patients with clonality but without deletions. It is not clear whether the biallelic loss is
caused by a rearrangement of TRB on one chromosome and deletion on another, or by
a biallelic rearrangement leading to the production of amplicons with the same length
during PCR for T-cell clonality analysis. 7q34 loss may be a favorable molecular prognostic
marker associated with T-I and T-II variants of T-ALL according to our data (Supplementary
Table S1). We previously conducted a similar study on a cohort of patients with B-ALL and
have found a similar frequency of biallelic deletions at 9p23.1 (5 out of 36 patients, 14%).
The 7q34 locus was virtually unaffected in B-ALL, with only one out of thirty-six patients
(less than 3%) showing any changes [12]. We have now investigated the TRB clonality in
this patient as well and identified a biallelic clonal rearrangement of TRB. We have not
found any similar studies in the literature on biallelic deletions at this locus. However, the
participation of the TRB locus in translocations in T-ALL was noted [13-18]. Raimondi notes
that even early cytogenetic studies of the T-ALL genome showed non-random breakpoints
in the following three clusters of T cell receptor genes TRA, TRD (14q11.2) or TRB (7q34).
TCR breakpoints are present in about 30-35% of ALL [14].

During translocations, the elements of the TRB promoter and enhancer are combined
with a relatively small number of genes encoding transcription factors, which can lead to
malignancy of T cells. Chromosomal aberrations that affect TRB loci were among the first
reported in T-ALL. Subsequently, these and other rare translocations facilitated the identifi-
cation of genes that affected during T-ALL, many of which are also transcriptionally acti-
vated without any detectable chromosomal rearrangements in these loci. Several recurrent
translocations like t(1,7)(p32;q34)/ TRB::TAL1, t(7;9)(q34;932)/ TRB::TAL2, t(7;12)(q34;p12)
TRB::LMO3, inversions inv(7)(p15q34) and translocations t(7;7)(p15;q34) TRB::HOXA10,
as well as t(6;7)(q23;q34) [TRB::MYB] with overexpression of MYB have been reported in
T-ALL [2,15]. TRB::TLX1, TRB::NOTCH1, TRB::NKX2 are also described [16]. Molecular
study of t(7;19)(q34;p13) in a pediatric patient with acute T-cell lymphoblastic leukemia
led to the identification of a translocation between the TRB and LYL1 loci [17]. Variants of
T-ALL with inv(7) (p15q34;TRB::TLX1) in combination with delCDKN2AB/9p21 and cases
of translocation of TRB::TLX1 in combination with delCDKN2AB/9p21 and del TP53/17p13
are also described [18]. In general, the abundance of chimeric genes involving TRB indi-
cates genetic instability of this locus in T-ALL. Similarly, our data support the assumption
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that the existence of DNA breakpoint hotspots also result in mono- and biallelic deletions
covering TRB locus.

4. Materials and Methods

The study included 47 patients with Ph-negative T-ALL who received therapy at the
National Medical Research Center for Hematology according to the RALL-2016m protocol
from 2017 to 2023 and had available tumor DNA material at the onset of the disease. The
RALL-2016m protocol is a modification of the previous RALL-2009/2016 protocols, based
on the principle of low intensity and non-interruptive treatment. MRD assessment is
carried out on days +70 of therapy in accordance with the protocol.

All patients included in the protocol underwent immunophenotyping, cytogenetic
and molecular tests of bone marrow samples at the onset of the disease. Bone marrow cells
obtained from patients during the initial examination were analyzed using G-differential
chromosome staining and FISH. The FISH method was performed to excluded BCR-
ABL1-positive ALL (BCR/ABL (DF) Gene Fusion Probe Detection Kit (Wuhan HealthCare
Biotechnology Co., Ltd., Wuhan, China)). After a standard cytogenetic test, additional FISH
tests were used to identify rearrangements of KMT2A/11q23 (MLL) (XL MLL plus Break
Apart Probe (Metasystems, Altlussheim, Germany)), TCRAD/14q11 (TCRA/D Break Apart
Probe (Metasystems, Altlussheim, Germany)), TP53/17p13 (P53/CEP17 chromosome and
gene anomaly detection probe Deletion Probe (Wuhan HealthCare Biotechnology Co.,
Ltd., Wuhan, China)), IGH/14q32 (IGH Break Apart Probe (Metasystems, Altlussheim,
Germany)), BCL11B/14q32 (BCL11B Break Apart FISH Probe (Empire Genomics, New York,
NY, USA)), PDGFRA (PDGFRA Gene Break Apart Probe Detection Kit, (Wuhan HealthCare
Biotechnology Co., Ltd., Wuhan, China)), PDGFRB (PDGFRB Gene Break Apart Probe
Detection Kit, (Wuhan HealthCare Biotechnology Co., Ltd., Wuhan, China)) genes. The
karyotype and results of FISH analysis were described in accordance with the criteria of
the International Cytogenomic Nomenclature ISCN, 2020 [19].

In patients who met T-ALL criteria, we performed an additional analysis to determine
the immunophenotype associated with leukemia for further assessment of MRD using flow
cytometry. MRD was assessed using the “different from normal” method and identification
immunophenotypically immature T-cells in bone marrow [20]. Tests before 2020 were
performed with BD FACSCanto II flow cytometer with 2-tube 6-color panel, which includes
antibodies against CD99, CD7, CD3 (cytoplasmic and surface), CD5, CD45, CD8. Studies
after 2021 were performed with BC CytoFLEX flow cytometer with single-tube 10-color
panel, which includes antibodies against CD99, CD7, CD34, CD56, CD3 (cytoplasmic and
surface), CD4, CD5, CD45, CD8. MRD was assessed at the end of induction (day 70) using
6- or 10-color flow cytometry of the bone marrow specimens.

CMA was carried out with Thermo Fisher Scientific (Santa Clara, CA 95151, USA)
equipment using the CytoScan™ HT-CMA 96F array SNP-oligonucleotide microarray
(Thermo Fisher Scientific, Waltham, MA, USA) in accordance with the manufacturer’s
protocol. The analysis was performed at the “Genomed” laboratory of Molecular Pathology
(Moscow, Russia). Material for analysis—DNA isolated from bone marrow cells in patients
with ALL before therapy, in an amount of not less than 100 ng and not more than 200 ng with
an A260/A280 ratio of not less than 1.8 and reference male DNA of a similar concentration
(Thermo Fisher Scientific, Waltham, MA, USA). The scanning results were processed with
the Multi Sample Viewer Software (v.1.1.0.11) and Chromosome Analysis Suite (ChAS
4.3.0.71) (Thermo Fisher Scientific, Waltham, MA, USA). Cutoff of >3 Mb for LOH and
>50 kb for losses and gains was used according to Gonzales et al. [7].

PCR analysis of TRB clonality was performed according to the BIOMED-2 Concerted
Action BMH4-CT98-3936 protocol [21]. Primers for multiplex PCR were synthesized by
Syntol LLC (Moscow, Russia). For PCR we used the same DNA samples as for CMA.

The achievement of MRD-negative status on day 70 (end of induction) was used
as surrogate endpoint to study the prognostic significance of aberrations. Categorical
variables were analyzed by frequencies. We use Fisher Exact Test to test hypotheses about
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differences in distributions of categorical features in comparison groups. The survival
analysis with Kaplan-Maier estimates and log-rank test were used for the comparison of
overall survival (OS) in different groups of patients. All calculations were made using SAS
9.4.

5. Conclusions

According to the literature, translocations involving 7q34 are common in T-ALL. In
this study, we present data on the abundance of biallelic deletions at 7q34 for the first time
in T-ALL patients. The frequency of these deletions is similar to that of 9p21 deletions,
which have been reported in numerous studies. We have demonstrated that the boundaries
of 7q34 deletions are highly conserved and affect almost the complete beta chain of the
T-cell receptor. Most of them look like the result of clonal rearrangement of TRB (6 out of
7 cases of biallelic loss in 7q34). However, it is not clear whether biallelic loss is caused by
a rearrangement of the TRB on one chromosome and a deletion on another chromosome,
or by a biallelic rearrangement that leads to the production of amplicons with the same
length during PCR analysis for T-cell clonality. We also analyzed the association between
these deletions and minimal residual disease (MRD) in T-ALL. Both biallelic deletions can
be considered favorable prognostic factors, with an association with 9p21 being statistically
significant and a trend for 7q34 (p = 0.12).
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Abstract: Transcription factors control genes to maintain normal hemopoiesis, and dysregulation of
some factors can lead to acute lymphoblastic leukemia (ALL). Mycoviruses are known to alter the
genetics of their fungal host. The present study evaluates the effects of the products of a mycovirus-
containing Aspergillus flavus (MCAF), isolated from the home of a patient with ALL, on certain
transcription factors of normal and ALL cell lines. Our published studies have shown that ALL
patients have antibodies to MCAF, and that exposure of the mononuclear leukocytes of patients
in complete remission to its products, unlike controls, results in the re-development of genetic
and cell surface phenotypes characteristic of ALL. For the present study, normal, pre-B, and B-cell
leukemia cell lines were exposed to the culture of MCAF. Pre- and post-exposure levels of PAX5,
Ikaros, and NF-kB were assessed. Exposure to MCAF resulted in apoptosis, cell cycle changes,
and complete downregulation of all transcription factors in normal cell lines. In acute leukemia
cell lines, cellular apoptosis and alterations in the cell cycle were also noted; however, while there
was downregulation of all tested transcription factors, residual levels were retained. The noted
alterations in the transcription factors caused by MCAF are novel findings. The possible role of
MCAF in leukemogenesis needs to be further investigated. Mycovirus-containing Aspergillus flavus
was initially isolated from a leukemia patient’s home. Our prior published studies have illuminated
intriguing associations of this organism with leukemia. Unlike controls, patients diagnosed with
acute lymphoblastic leukemia (ALL) harbor antibodies to this organism. Furthermore, the exposure
of mononuclear cells from patients with ALL in complete remission to the products of this organism
reproduced genetic and cell phenotypes characteristic of ALL. These findings underscore the potential
role of environmental factors in leukemogenesis and hint at novel avenues for therapeutic intervention
and preventive strategies.

Keywords: leukemia; acute lymphoblastic leukemia; cause of leukemia; etiology of leukemia;
mycovirus; fungi; virus; Aspergillus flavus; genetics; transcription factors; environment; PAX5;
IKAROS; NF-«B

1. Introduction

Leukemia ranks as the fifteenth most diagnosed human cancer and the eleventh cause
of death due to a malignant disorder and affects both sexes and all age groups [1,2]. Acute
lymphoblastic leukemia (ALL), with an incidence of 1.7 per 100,000 population per year,
is seen at any age but is most commonly diagnosed in children, constituting 25-30% of
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all pediatric malignant disorders [1]. ALL originates from the transformation of B-cell
progenitors. Many pre-B and B-cell acute leukemias have specific genetic changes and
altered regulators of normal B-cell development. The exact mechanism by which these
factors drive the leukemic transformation is unclear. Alteration in the normal differentiation
process may be critical in the development of this disease [3-6].

Transcription factors have a vital role in normal lymphoid cell development. The ac-
tions of these factors include the integration of external signals to gene expression, programs
that reconstruct cellular physiology at a basic level, and an array of post-transcriptional
modifications (PTMs). The formation of lineage-restricted progenitors is a part of the
function of several transcription factors that activate B-cell genes, including the restriction
of alternative cell fates. Some factors reported to be consequential in promoting B cell
differentiation include PAX5, Ebf1, and Ikaros.

PAXS5 transcription factor, also known as B-cell specific activator protein (BSAP), is
a master regulator of the normal development, differentiation, maturation, and main-
tenance of B-cells. Deletion or inactivating mutations of PAX5 results in chromosomal
rearrangements, translocations, and cell arrest. The mutation of PAX5 is one of the con-
sistent genetic alterations found in B-cell acute lymphoblastic leukemia (B-ALL). This
transcription factor, and others, form a network that promotes B cell differentiation [4,7-10].
Experimentally and clinically, transcription factors have been found to play an essential
role in ALL, where several of these factors are often downregulated [7,11]. Based on animal
studies, the alterations and graded reduction of lineage are some of the factors that can
induce leukemia [12,13]. In pre-B cell ALL, genes encoding some transcription factors
are usually altered or deleted, indicating their role in this disease. It has been postulated
that haploinsufficiency for PAX5 or Ebf1 synergizes with STATS activation and can initiate
the process of ALL development [14,15]. Furthermore, several common genetic variants
associated with increased risk for ALL have been recognized [16-18]. In children with
ALL, it is estimated that at least 4% are likely to have functional germline mutations [19,20].
In familial ALL, predisposing germline mutations in the hematopoietic regulator genes
PAX5, SH2B3, ETV6, and Ikzfl have been reported [21-27]. Alteration in the Ikaros tran-
scription factors also occurs in T-cell acute lymphoblastic leukemia [28]. It is proposed
that the etiology of ALL involves a combination of genetic predisposition followed by a
provoking event such as an infection [1,29-34]. We have previously shown that using the
ELISA technique, patients with ALL in complete remission and long-term survivors have
antibodies to the supernatant of the culture of a certain mycovirus-containing Aspergillus
flavus (SMCAF) [35]. Multiple sets of controls, including normal individuals, patients with
a variety of solid tumors, and those with sickle cell disease, lack such antibodies [35]. Inter-
estingly, the organism used was isolated from the home of a patient with ALL. The isolated
organism does not produce any aflatoxin, possibly due to its infestation with a mycovirus.
Mycoviruses are shown to suppress the production of aflatoxin in their fungal host, which
is attributed to the virus/virus and virus/host interactions [36-39]. Our previous studies
have also revealed that exposure of the mononuclear cells from ALL patients in complete
remission to the SMCAF results in the re-development of the cell surface phenotypes and
genetic markers characteristic of ALL, while the controls remain unchanged [40].

Fungal agents in general, and the Aspergillus species in particular, are ubiquitous
microorganisms, spread worldwide, and can be present indoors or outdoors. It has been
estimated that between 30 to 80% of fungal species are infected with mycoviruses [41].
These are found to have the potential to cause significant changes in the genetics of their
fungal host. Some mycoviruses have been shown to induce the transcriptional rewiring of
their residing fungi [42]. The level expression of specific host genes differs in mycovirus-
free and infected fungi. Alterations in transcription factors in mycovirus-infected fungi
have been reported [43,44]. Experimentally, the transcriptome sequencing (RNA-seq) of
mycovirus-infected Malassezia sympodialis has also been shown to result in an upregulation
of several ribosomal components as compared to the virus-cured control, indicating that the
mycovirus can modify the transcriptional and translational aspects of the host [42,45-47].
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Only limited data regarding the effects of mycoviruses-infected fungi on human health
are available.

The present study was designed to evaluate if the supernatant of a mycovirus-
containing Aspergillus flavus (SMCAF) has any effects on the cellular transcription factors
of pre-B and B-cell ALL compared to other leukemias and ‘normal” control cell lines. The
investigations also examine the impact of the SMCAF on the survival rate and cell cycle of
established pre-B and B-cell ALL cell lines, compared to the ‘normal’ B-lymphocyte, T-cell
leukemia, and chronic myelogenous leukemia cell lines.

2. Results
2.1. Chemical Analysis

Repeated evaluation of the supernatant of the culture of mycovirus-containing As-
pergillus flavus revealed that this organism does not produce any aflatoxin.

2.2. Electron Microscopy

Transmission electron microscopy examination of the culture of Aspergillus flavus
demonstrated the existence of the virus-like particles within the body of the organism and
the culture supernatant (Figure 1). The sizes of the particles observed ranged between 30-50
nm and were in single or aggregate form, with or without patent dense cores. Particles
ranging from 20-25 nm and 60-80 nm containing dense cores were seen in the hyphae.

Figure 1. Viral particles measuring 20-80 nm in diameter found in the transmission electron mi-
croscopy evaluation of the culture of Aspergills flavus isolated from home of a patient with acute
lymphoblastic leukemia. The sample was collected from the suspension culture of Aspergillus flavus
and was glutaraldehyde-fixed. Transmission electron microscopy is a micrograph of a formvar-
coated copper grid preparation that is contrast-enhanced with aqueous uranyl acetate. Scale bars are
indicated at the bottom of each panel.

2.3. Transcription Factors

Normal cell line: In the RPMI 1788 cell line, which was used as a ‘normal’ B-cell
control cell line, the addition of SMCAF resulted in a dose-dependent downregulation
of all transcription factors tested, i.e., PAX5, Ikaros 55 kD and 75 kD and NF-xB p65. No
detectable levels remained with the 0.4 mg/mL (p < 0.01) (Figures 2-5).
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Pre-B and B-cell lines: A dose-dependent downregulation of PAX5 in NALMS6 clone G5
(CRL-3273) and GM20390 cell lines was noted (Figure 2). The pattern in the downregulation
of PAX5 was similar for the NALM6 and GM20390, pre-B and B-cell leukemia cell lines
(Figure 2). However, unlike RPMI-1788, where doses of greater than 0.2 mg/mL of SMCAF
resulted in the complete abolition of this transcription factor, in GM20390 and NALMS6 cell
lines, with the dose of 0.2 mg/mL, a statistically insignificant downregulation of PAX5 was
noted (p = 0.23 and p = 0.65, respectively) (Figure 2). Even with doses of 0.4 mg/mL, while
a statistically significant downregulation occurred (p = 0.006 and p < 0.0001, respectively), a
residual PAX5 transcription factor could still be detected (Figure 2).

Effect of SMCAF on Transcription Factor PAX-S of the Cell Lines
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Figure 2. The effects of mycovirus-containing Aspergillus flavus on the ‘normal” control cell line
(RPMI-1788), pre-B (NALMS6) and B-cell (GM20390) cell lines. Basal levels of the PAX5 transcription
factor, which are lower in the ‘normal’ cell line, completely receded at the highest dose of SMCAF.
PAXS basal levels are higher in pre-B ALL and B-cell ALL lines and are significantly downregulated
by SMCAF, but not completely lost. Jurkat and K-562 cells did not express PAX5 under any conditions
tested. Error bars represent the mean (SEM) standard error for three replicates. The dotted line
represents the normalized value of 100 for a NALM6 control sample from each blot. Asterisks denote
statistical significance relative to its own control (* p < 0.05; ** p < 0.01, *** p < 0.001). For each cell
line, Western blot images include the control bands in a separate box from the treated bands; these
images are from the same blot and exposure but reflect the cropping out of additional lines that were
not used in this evaluation.

An evaluation of the effects of SMCAF on the Ikaros 55 kD transcription factor in
NALM6 and GM20390 revealed that the downregulation was gradual and incomplete
(Figure 3). This contrasts with RPMI-1788, a ‘normal’ cell line, where statistically significant
downregulation of Ikaros 55 kD and 75 kD was noted by adding 0.1 mg/mL (p = 0.034 and
p = 0.009, respectively). In the NALMS6 cell line, with the doses of 0.1 to 0.3 mg/mL of
SMCAF, downregulation of Ikaros 55 kD was not statistically significant (p = 0.9165, 0.8946
and 0.2725, respectively); however, with a dose of 0.4 mg /mL, the changes became sub-
stantial, but incomplete (p = 0.0411). In the GM20390 cell line, with doses of 0.1-0.4 mg/mL
of the SMCAF, a gradual but incomplete downregulation of Ikaros 55 kD was noted
(p = 0.0436, p = 0.0148, p = 0.0103, and p = 0.0091, respectively) (Figure 3). A similar
finding was observed on the effects of SMCAF on Ikaros 75 kD on pre-B and B-cell lines,
albeit with a more gradual downregulation of this transcription factor. In NALM6 and
GM20390, statistically significant downregulation of Ikaros 75 kD was found with the addi-
tion of 0.3 and 0.4 mg/mL of SMCAF (p = 0.5787 and 0.0447 for NALM6; p = 0.0184 and
0.0238 for GM20390, respectively) (Figure 4).
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Figure 3. The effects of mycovirus-containing Aspergillus flavus on the ‘normal” control B-cells (RPMI-
1788), pre-B ALL (NALMS6), B-cell ALL (GM20390), T-cell leukemia (Jurkat) and CML (K-562) cell
lines. In the Ikaros 55 kDa transcription factor is downregulated in a dose-dependent manner and is
completely eradicated at the highest dose of SMCAF. Ikaros 55 kDa basal levels are highest in Jurkat
cells and downregulated in a dose-dependent manner in pre-B ALL, B-cell ALL, T-cells, and CML
cells. Error bars represent standard error of the mean (SEM) for three replicates. The dotted line
represents the normalized value of 100 for a NALMG6 control sample from each blot. Asterisks denote
statistical significance relative to its own control (* p < 0.05; ** p < 0.01). For each cell line, Western
blot images include the control bands in a separate box from the treated bands; these images are
from the same blot and exposure but reflect the cropping out of additional lines that were not used in
this evaluation.
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Figure 4. The effects of mycovirus-containing Aspergillus flavus on ‘normal” control (RPMI-1788),
pre-B (NALMS), B-cell (GM20390), T-cell leukemia (Jurkat) and CML (K-562) cell lines. Basal levels of
the Ikaros 75 kDa transcription factor are highest in the T-cell line. Ikaros 75 kDa is downregulated in
a dose-dependent manner in all five cell lines. Error bars represent the standard error of the mean
(SEM) for three replicates. The dotted line represents the normalized value of 100 for a NALM6
control sample from each blot. Asterisks denote statistical significance relative to its own control
(* p <0.05; ** p < 0.01, *** p < 0.001). For each cell line, Western blot images include the control bands
in a separate box from the treated bands; these images are from the same blot and exposure but reflect
the cropping out of additional lines that were not used in this evaluation.
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Exposure of RPMI-1788 to SMCAF resulted in the downregulation of transcription
factor NF-xB p65 to the extent that no levels were detectable with SMCAF doses greater
than 0.2 mg/mL (p = 0.0204). The effects were less significant in the pre-B cell NALM6 cell
line, where only with SMCAF doses of 0.3 and 0.4 mg/mL did levels of this transcription
factor significantly decline (p = 0.0014 and p < 0.0001, respectively). No significant changes
of NF-xB found in GM20390 cells with any doses of SMCAF ranging from 0.1 to 0.4 mg/mL
were noted (p = 0.5193, p = 0.9831, p = 0.5187 and p = 0.0625, respectively) (Figure 5).
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Figure 5. The effects of mycovirus-containing Aspergillus flavus on ‘normal” control (RPMI-1788),
pre-B (NALMBS6), B-cell (GM20390), T-cell leukemia (Jurkat) and CML (K-562) cell lines. While the
downregulation of NF-xB p65 transcription factor in the ‘normal’ cell line is complete with no residual
remaining, this is significantly less and incomplete in the pre-B, B-cell, and T-cell cell lines. No
statistically significant reduction in the NF-xB p65 transcription factor was noted in the CML cell line.
The NF-xB p65 transcription factor is significantly downregulated by SMCAF in a dose-dependent
manner in normal B-cells, pre-B ALL, B-cell ALL, and T-cell leukemia cell lines. The CML cells line
showed a reduction in NF-xB p65 that was not statistically significant. Error bars represent the mean
(SEM) standard error for three replicates. The dotted line represents the normalized value of 100 for a
NALMS6 control sample from each blot. Asterisks denote statistical significance relative to its own
control (* p < 0.05; ** p < 0.01, *** p < 0.001). For each cell line, Western blot images include the control
bands in a separate box from the treated bands; these images are from the same blot and exposure
but reflect the cropping out of additional lines that were not used in this evaluation.

T and CML Cell lines: The control cell lines Jurkat and K562 do not have the expression
of the PAX5 transcription factor. In the Jurkat cell line, upon exposure to the SMCAF,
transcription factor Ikaros 55 kD downregulated; however, with doses of 0.1 to 0.2 mg/mL,
this was not significant (p = 0.9016 and 0.3031, respectively). A considerable downregulation
was noted with doses of 0.3 and 0.4 mg/mL (p = 0.0453 and p = 0.0214, respectively)
(Figure 3). The transcription factor Ikaros 55 kD in K-562 cells showed no statistically
significant changes with any doses of the SMCAF (Figure 3). In the Jurkat line, the addition
of SMCAF resulted in a very gradual downregulation of the transcription factor Ikaros 75 kD,
and only with doses of 0.3 and 0.4 mg/mL did the downregulation become significant
(p =0.0037 and p = 0.0003, respectively) (Figure 4). Similarly, the Ikaros 75 kD level in the
K562 cell line was gradual, and it was only significantly downregulated with SMCAF doses
of 0.3 and 0.4 mg/mL (p = 0.0425 and p = 0.0313) (Figure 4). The downregulation of NF-xB
p65 in the Jurkat cell line was only significant with SMCAF doses of 0.3 and 0.4 mg/mL
(p = 0.0051 and p = 0.0003, respectively). In the K-562 cell line, with all SMCAF doses used,
the NF-xB p65 level was not significantly altered (p > 0.29) (Figure 5).
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Culture media used as a control for SMCAF had no significant effects on the levels of
any transcription factors in any of the cell lines tested (Figures 2-5).

2.4. Apoptosis and Cell Cycle

Upon exposure to SMCAF, analyses revealed notable changes in the leukemic cell
lines. The results of the apoptosis studies, conducted with annexin V/PI staining, showed
that there was a significant increase in the early apoptosis in the GM20390, NALM6, and
K562 cell lines after 72 h of treatment with the SMCAF (Figure 6A,B,D). In addition, a
significant increase in late apoptosis was observed in the cell line GM16726 after the
treatment (Figure 6C). Cell cycle analysis was performed after 72 h of supernatant in the
culture of the mycovirus-containing Aspergillus flavus treatment. An increase in the G1
phase was observed in the GM20390 cell line (33.9% to 41.6%) (Figure 6E). In addition, an
increase in the S phase was noted in the NALM6 (47.9% to 55.7%) cell line (Figure 6F). No
changes were observed in the control cell lines. Corroboration of apoptotic cell death was
observed while analyzing the cell cycle, in the increase in cells in GO after treatment with
the supernatant of the culture of mycovirus-containing Aspergillus flavus in NALM6 Jurkat
cells. (Representative data from 2 independent experiments). Of course, the apoptosis and
cell cycle studies were preliminary studies and not subject to statistical evaluations.
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Figure 6. To demonstrate the effects of SMCAF on cell cycle and apoptosis, a single study was
performed using GM16726, an acute lymphoblastic leukemia cell line with lymphomatous features:
(A-D) annexin/PI analysis; and (E,F) cell cycle analysis of leukemic cells after 72 h of treatment
with SMCAF. GM16726 is an acute lymphoblastic leukemia cell line with lymphomatous features
isolated from a 27-year-old Black patient in the leukemic phase of B-cell lymphoma. The information
provided is based on a single investigation.
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3. Discussion

The novel finding that products of a mycovirus-containing Aspergillus flavus can
alter transcription factors in normal and leukemia cell lines is significant. The normal
development, differentiation, and maintenance of the hematopoietic system require the
activity of several signaling pathways, epigenetics, and transcription factors. These factors
recognize and bind to specific DNA sequences and can control chromatin and transcription,
resulting in a system that guides various genomic expressions. Transcription factors are
essential in regulating cellular growth and developing hemopoietic cells. The chromosomal
translocations and aberrant expression of transcription factors can potentially be associated
with leukemogenesis. Transcription factors are shown to have a role in the cancer cell cycle,
progression, metastasis, and resistance to treatment [48]. For example, the PAX5 gene,
located at chromosome 9q13, is a member of the paired box (PAX) transcription factors that
regulate early development and differentiation of B-cell lineage in the hemopoietic system.
This transcription factor activates B cell-specific genes and represses those specific for other
hematopoietic lineages. PAX5 regulates its target genes via recruiting chromatin-modifying
proteins in the committed B cells. The PAX5 gene encodes the B-cell lineage-specific protein
(BSAP), expressed during the early stages of B-cell development. Alteration in PAX5 has
been implicated in developing human B-cell malignancies, including precursor B-cell acute
lymphoblastic leukemia.

Our findings, for the first time, indicate that exposure to mycovirus-containing As-
pergillus flavus can alter the transcription factors. In the described experiments, the exposure
altered most transcription factors and resulted in cellular apoptosis and cell cycle alteration.
These novel findings may indicate that mycovirus-containing fungi may have the potential
to modulate the rate of gene transcription, altering cellular division, proliferation, differ-
entiation, metabolism, function, and apoptosis. These findings may have therapeutic and
etiological significance. In our experiments, changes in the transcription factors were not
uniform, and the effects significantly differed between the ‘normal” and leukemia cell lines.
Significant differences in acute versus chronic leukemias were noted within the leukemia
cell lines. In the RPMI-1788, which was used as a ‘normal’ control, exposure to lower
doses of SMCAF resulted in the downregulation of all transcription factors tested to the
point of non-detection (Figures 2-5). In contrast, even with the highest dose utilized, some
transcription factors were detectable in all leukemia cell lines. Interestingly, the effects of
the supernatant of the mycovirus-containing Aspergillus flavus on the transcription factors,
such as NF-xB p65, were significantly different in acute and chronic leukemia cell lines. In
the chronic myelogenous leukemia cell line, K-562, used as a control, transcription factors
were still detectable even with the highest doses of SMCAF. In this cell line, NF-xB p65,
downregulation with all the doses used was not statistically significant.

Specifically, in the pre-B and B-cell lines, the downregulation of PAX5 was only seen
with much higher doses of SMCAF compared to RPMI-1788, a ‘normal” control cell line.
In the pre-B and B-cell leukemia cell lines, with doses of 0.1-0.2 mg/mL, statistically
significant downregulation of PAX5 was not noted; even with the highest dose of SMCAF,
this transcription factor was still detectable. Located on chromosome 9 p13, PAX5 is
known to act as a transcriptional activator or repressor of the genes involved in the B-
lineage development. PAX5 functions as a master regulator and a factor for IgH locus
rearrangement. In addition, it inhibits the differentiation toward other lineages. The
CD19 expression, which occurs in the later stages of B-cell development, is controlled by
this transcription factor. Alterations and loss of the PAX5 are suggested to contribute to
leukemogenesis [14]. Loss-of-function mutations in PAX5 transcription factor occur in
B-progenitor acute lymphoblastic leukemia [49-51]. In childhood B-cell progenitor ALL,
genome-wide analysis using oligo SNP arrays, PAX5 was found to be the main target of
somatic mutations, which was altered in 38.9% of the cases [8]. In one adult study of ALL,
PAX5 was found to be mutated in 34% of the patients [49]. The mutation reduces levels of
PAXS5 protein or the generation of hypomorphic alleles [8]. This is due to a partial, rather
than complete, loss of function of this transcription factor. In some studies, a PAX5 fusion
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product, P5-C200rf112, induces downregulation of pre-B cell receptor genes and causes
differential proliferation patterns in B-cell lymphoblastic cell lines [52-54]. PAX5 is found
to be involved in several leukemia-associated rearrangements, resulting in the fusion genes
encoding chimeric proteins that antagonize PAX5 transcriptional activity. It is shown that
individuals with loss-of-function variants and those with somatic deletion of the wild type
of PAX5 allele can develop ALL [55]. Therefore, the downregulation of this transcription
factor upon exposure to SMCAF is a significant finding.

In a reported study of a murine model, transgenic RNAi was used to reversibly
suppress endogenous PAX5, which cooperates with an activated signal transducer and
activator of transcription 5 (STAT5) to induce B-ALL [14]. In this model, the restoration
of endogenous PAX5, even temporarily, reversed the process, allowing for the surface
expression of mature B cell markers and release of the pre-B stage differentiation block. This
and similar studies have established a contributory relationship between the PAX5 and the
development of pre-B ALL [14,52,56]. In this regard, the data presented in this manuscript,
which for the first time show that exposure to SMCAF results in the downregulation of this
transcription factor, is of importance.

In our studies, Ikaros transcription factors were tested in all our experimental cell lines,
as these are essential regulators of lymphopoiesis and are known to be involved in ALL [57].
Upon exposure to the products of MCAF, the downregulation of Ikaros 55 kD/Ikaros
75 kD was seen to occur in all cell lines tested. In RPMI-1788, a ‘normal’ cell line, with
the addition of 0.1 mg/mL or a higher amount of SMCAF, the downregulation of Ikaros
55 kD and 75 kD were statistically significant. Higher doses resulted in the total elimination
of these factors (Figures 3 and 4). Downregulations in the leukemia cell lines were less
intense and were, even with the largest dose of 0.4 mg/mL, incomplete. In GM20390 and
NALMBS6 clone G5 (CRL-3273), the downregulation of Ikaros 55 kD occurred after exposure
to doses greater than 0.1 and 0.4 mg/mL of SMCAF, respectively (Figure 3). Likewise,
statistically significant downregulation of Ikaros 75 kD was found with 0.2 and 0.3 mg/mL
of SMCAF, respectively (Figure 4). In these cell lines, Ikaros 55 kD, and more noticeably,
Ikaros 75 kD, were still detectable even with 0.4 mg/mL, which was the highest dose used.
The effect of SMCAF on the Jurkat, and K-562 cell lines was less intense than those of
the pre-B and B-cell lines and did not result in the total elimination of the Ikaros 55 kD
and 75 kD transcription factors, with a significant residual detectable with the highest
dose utilized.

Our finding demonstrates for the first time that the product of mycovirus-containing
Aspergillus flavus can alter and downregulate Ikaros 55 kDa and 75 kDa. Ikaros, a zinc finger
transcription factor, is a significant hematopoiesis regulator and is frequently deleted or
mutated in B-cell precursor acute lymphoblastic leukemia [58-60]. Somatic mutations or an
alteration of Ikzf1 is seen in 15-20% of childhood B-cell ALL; its deletion is seen in over 75%
of BCR-ABL positive disease [8,57,60-65]. Ikzfl mutations occur in up to approximately
50% of adults with ALL [66,67]. The mechanisms involved in Ikaros regulation of the gene
expression and cellular proliferation in T-ALL are unknown. It has been shown that the
reintroduction of Ikaros into Ikaros-null T-ALL cells result in the termination of cellular
proliferation and the induction of T-cell differentiation [68].

As transcription factors, lkaros are critical regulators of lymphocyte ontogeny and
differentiation [69-74]. During hematopoiesis, Ikaros functions as a transcriptional activa-
tor or repressor for B and T cell differentiation by recruitment of chromatin remodeling
complexes [69]. The IKZF1 gene encodes the Ikaros protein, a hemopoiesis regulator. It is
essential in developing all lymphoid lineages and functions as a tumor suppressor [70].

In our studies, upon exposure to SMCAF, downregulation of NF-xB was noted, on a
dose-dependent basis, in all cell lines, except K562 (Figure 4). This downregulation was
most notable in RPMI-1788, where smaller doses of SMCAF resulted in the total elimination
of NF-xB. In the Pre-B and B-cell cell lines, while the levels of this transcription factor
steadily declined with doses of 0.3 mg/mL and 0.4 mg/mL of SMCAF (p = 0.062 and
p = 0.001, respectively), it was not completely eliminated with the highest doses utilized.
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Of interest is that, in the K562, a CML cell line, there was no statistically significant decline
in the levels of NF-xB p65, even with the highest dose of SMCAF, i.e., 0.4 mg/mL used
(Figure 4). Constitutive activation of NF-xB complexes has been reported in most (39/42)
ALL patients without subtype restriction [9].

NF-xB and its associated regulatory factors are involved in cell proliferation and in the
control of apoptosis in leukemias [75-79]. Given the role of the NF-xB pathway in leukemia,
it is essential to investigate the inhibition of its activity by agents capable of blocking its
pathway. NF-«B inhibitory molecules may be used, singularly, or in combination with
chemotherapeutic agents, to treat hematological malignancies [80-83]. The finding of the
downregulation of NF-xB, PAX5, and Ikaros 55 and 75 kD under the influence of SMCAF
in certain acute leukemia cell lines is of significance. The fact that SMCAF can change
various transcription factors in these cell lines is novel and is of value. This, along with our
prior published findings revealing that patients with B-cell ALL, in complete remission and
long-term survivors, unlike controls, uniformly have antibodies to SMCAF, and that the
exposure of their mononuclear leukocytes to these products results in the re-development of
characteristic genetics and cell surface phenotypes of this disease, is of interest and requires
further investigation [35,40]. In light of the hypotheses indicating that the development of
ALL is due to a combination of the genetic predisposition followed by a provoking event
such as an infection [1,13,29-34], the role of a mycovirus-containing Aspergillus flavus in
leukemogenesis needs to be further investigated.

Microorganisms have been implicated in the etiology of malignant disorders, mainly
due to their various effects resulting in genetic or epigenetic changes [84-87]. It has been
estimated that infectious microorganisms cause 18% of all malignant disorders [88]. This is
more pronounced in developing countries, where 26% of cancers are attributed to infections
compared to 8% in developed nations [89-93]. Some viruses are known to have the ability
to alter the genetics of their host as a part of their cytopathogenesis. The incorporation
of the viral genome into the host chromosome can be incidental or occur as part of the
life cycle of these organisms. Viral genome integration can potentially lead to significant
cellular consequences, including gene disruption, insertional mutagenesis, oncogenesis,
and apoptosis [94-96]. As noted previously, mycoviruses can alter their fungal host’s
phenotype, including the host’s pigmentation, morphology, sexual and asexual sporulation,
production of aflatoxin, and growth. Some dsRNA mycovirus-containing fungal agents
have been shown to alter the expression of genes involved in the ribosomal synthesis and
programmed cell death of the fungal host. Whether these organisms can exert any changes
in humans or animals infected with mycovirus-containing fungi has not been explored and
requires investigation.

In the past, the carcinogenic effects of fungi have been generally attributed to their
mycotoxin production, and in the case of Aspergillus species, to the aflatoxin [36,93,97].
Aspergillus infected with a mycovirus, as is the case in that investigated in the above studies,
does not produce any aflatoxin. This is attributed to the mycovirus infection, the removal
of which results in the reproduction of aflatoxin. Indeed, this phenomenon is used to
take advantage of controlling aflatoxin in grain crops. Therefore, the effects of up- and
downregulation of the transcription factors in our experiments cannot be attributed to
aflatoxin. Rare reports of mycovirus-containing fungi affecting humans as a pathogen and
their effects on the infected individuals are available. An example is the Malassezia species,
which produces various skin diseases including dandruff, seborrheic dermatitis, and atopic
dermatitis. In one study, this organism contained MrV40 mycovirus, which belongs to the
Totiviridae family [98].

Prior attempts to alter transcription factor activities for therapeutic purposes have
been made in several types of cancer by direct mechanisms such as amplification or deletion
of genes, point mutations, chromosome translocations, and alteration of expression, or
indirectly via non-coding DNA mutations, which can alter binding of the transcription
factor. Attempts to change the mode or levels of transcription factors for therapeutic
purposes also have been made. This has included blockage of transcription factor—cofactor
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protein—protein interactions, the prevention of transcription factor-DNA binding, and
modulating the levels of transcription factors. The latter has been attempted by altering
levels of ubiquitylation and ensuing proteasome degradation or by inhibiting regulators of
transcription factor expression [99]. Other efforts to change the transcription factors have
included targeting small-molecule-based heterobifunctional proteolysis targeting chimera
(PROTACSs), which modulates protein target levels by taking over the ubiquitin-proteasome
system to bring about degradation of the target [100-102]. Several new approaches aimed at
transcription factors have recently emerged. These include, as follows: PROTAC-mediated
protein degradation; modulation of auto-inhibition; the use of cysteine reactive inhibitors
targeting intrinsically disordered regions of transcription factors; and combinations of
transcription factor inhibitors with kinase inhibitors to block the development of resistance.
In the light of prior findings showing that patients with ALL have antibodies to the
SMCAF and that exposure to this product can cause the re-development of cell surface phe-
notypes in those in remission, but not in controls, the alteration of the transcription factors
noted in this report is of significance. Further investigation of the possible relationship
between mycovirus-containing filamentous fungi and leukemogenesis is warranted.

4. Materials and Methods
4.1. Mycovirus-Containing Aspergills flavus

This organism was isolated from the home of a patient with ALL and cultured in an
underlayer of 1% solid agar with an overlayer of 3.5% Czapek-Dox broth (Difco; Becton
Dickinson, Sparks, MD, USA) in a glass bottle, incubated at 28 °C and sub-cultured at
approximately four-week intervals. To ensure the persistence of the mycovirus in the As-
pergillus flavus, the cultures were periodically checked by transmission electron microscopy.
For the described studies, a portion of the supernatant of mycovirus-containing Aspergillus
flavus was collected after approximately four weeks of culture, filtered through a 0.45 um
filter (Thermo Scientific, Swedesboro, NJ, USA. Catalogue #169-0045), and concentrated via
a centrifugal filter device with 3K of nominal molecular weight limit (NMWL) (Amicon
Ultra-15 centrifugation device, EMD Millipore, EMD Millipore Corporation, Taunton, MA,
USA) at 4000 g for 55 min. The concentrated SMCAF was quantitated by a BCA protein
assay kit (Thermo Fisher Scientific, Pittsburgh, PA, USA) and had an approximate total
protein concentration of 3-4 mg/mL.

Cell lines were initially obtained from the Coriell Institute for Medical Research
(Camden, NJ, USA). The pre-B and B-cell ALL cell lines were GM20390 and NALM6
clone G5 (CRL-3273). For comparison, RPMI-1788, which is a ‘normal’ cell line, BCL2
Jurkat, an acute T-cell lymphoblastic leukemia cell line, and K562-S (CRL-3343), a chronic
myelogenous leukemia (CML) cell line, were used. All cell lines were cultured in RPMI-1640
(Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal calf serum (Thermo Fisher
Scientific, Waltham, MA, USA) and penicillin/streptomycin antibiotics and incubated at
37 °C with 5% CO,. Cells were harvested, counted, adjusted, and seeded at 2.4 x 10%/mL
for culture. For the described studies, each cell line was cultured for three days with
concentrated SMCAF using 0.1, 0.2, 0.3, and 0.4 mg SMCAF protein per milliliter. In a
limited study, the effects of doses ranging from 0.01 to 0.05 of SMCAF were initially tested
using the same condition to evaluate the impact of smaller doses. The culture media was
used as the control. Upon harvest, cell count and viability were tested for each culture
performed. For measurement of the cell viability rate, pre- and 72 h post-treatment of each
cell line cultured with SMCAF were stained with methylene blue and counted using a
hemocytometer. The percentage of survival was recorded.

4.2. Electron Microscopy

To evaluate the Aspergillus flavus for the presence of mycoviruses, the culture’s fungal
growth and supernatant were analyzed for viral contents by electron microscopy. The
culture-grown organism was fixed in glutaraldehyde and osmium tetroxide. Before trans-
mission electron microscopy observation, this was placed into resin blocks suitable for
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ultramicrotomy sectioning at 70 nm, collected on copper grids, and contrast-enhanced with
uranyl acetate.

4.3. Cell Cycle Studies

For the cell cycle and apoptotic studies, GM16726, which is an acute lymphoblastic
leukemia cell line with lymphomatous features, was used. Cell cycle analysis studies were
performed to characterize the effect of the SMCAF on the cells. Cells were washed and
resuspended in 200 puL of PBS, followed by the dropwise addition of 2 mL of ice-cold 70%
ethanol during vortex mixing. The cell suspension was incubated at —20 degrees centi-
grade for two hours. The cells then were washed with PBS and resuspended in 400 pL of a
staining solution containing 0.6 mM of propidium iodide (PI) (Invitrogen P3566, Invitrogen,
Carlsbad, CA, USA), 0.2 mg/mL of RNAse (ThermoFisher, R1253, ThermoFisher Scien-
tific, Pittsburgh, PA, USA) and 0.1% v/v of Triton X100 (ThermoFisher, BP151-100, Ther-
moFisher Scientific, Pittsburgh, PA, USA). Cells were incubated at 37 degrees centigrade for
30 min before measurement of fluorescence using an LSR II flow cytometer (BD Bioscience,
Franklin Lakes, NJ, USA). Data were analyzed using FlowJo 10.7 software (Tree Star Watson
model, Tree Star, Inc., San Carlos, CA, USA).

4.4. Annexin V/PI Analysis

To examine the apoptotic cell death, cells were seeded at 2 x 10° /well in a T75 flask in
RPMI 1640 media with 10% fetal calf serum and 1% Penicillin/Streptomycin and incubated
at 37 °C with 5% CO,. The cells were treated with SMCAF with protein concentrations, as
outlined above. Cultures were collected after 72 h of incubation. Cells were resuspended
in 100 pL of Annexin V binding buffer (component no. 51-66121E, BD Biosciences, San
Diego, CA, USA) with 5 uL of Annexin V-FITC (component no. 556419, BD Biosciences,
San Diego, CA, USA) and incubated for 15 min at room temperature. At this point, 200
uL of Annexin V staining buffer was added, and fluorescence was measured using an LSR
II flow cytometer (BD Biosciences, San Diego, CA, USA) and data were analyzed using
Flow]o software (Tree Star, Inc., San Carlos, CA, USA). Annexin V positive, PI negative
cells were identified as early apoptotic while Annexin V positive, PI positive cells were
identified as late apoptotic.

4.5. Analysis for Detection of Aflatoxin

For the detection of aflatoxin in the supernatant of the culture of the mycovirus-
containing Aspergillus flavus, a method commonly used for the quantitation of this toxin in
cereal grains and complex feedstuffs was used. Samples were extracted with acetonitrile-
water (7:3). The extracts were passed through EASI-EXTRACT aflatoxin immunoaffinity
cleanup columns. The HPLC analyzed samples with Kobra cell post-column derivatization
with fluorescence detection at 365 nm excitation and 440 nm emission. The detection limit
was set at ten ppb total aflatoxins. It should be noted that periodically, the SMCAF was
tested to ensure that it did not contain any aflatoxin.

4.6. Western Blot

The levels of transcription factors PAX5, Ikaros 55 kD and 75 kD, and NF-«B p65 were
measured, with and without exposure to SMCAF, using an immunoblotting technique. For
Western blot, each cell line was harvested and centrifuged at 2000 RPM at 20 °C for five
minutes and the pellets were washed twice with 4 mL of ice-cold Tris-buffered saline (TBS)
(ThermoFisher Scientific, Pittsburgh, PA, USA). Cells were treated with a specified amount
of SMCAPF, as described above, or culture media, which was used as a control. Radio-
immune precipitation assay (RIPA) lysis buffer (ThermoFisher Scientific, Pittsburgh, PA,
USA) was used at a final 3 x 107 cells/mL concentration. The RIPA consisted of 50 mM Tris—
HCI (pH 7.4), 1.0% NP-leupeptin, and pepstatin (ThermoFisher Scientific, Pittsburgh, PA,
USA). Each cell lysate was mixed on a shaker for 15 min at 4 °C, sonicated twice for 10 s at
50 kHz, shaken for 15 min on ice, and then centrifuged at 12,000x g at 4 °C for 20 min.
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The total protein was measured using a bicinchoninic acid (BCA) assay, aliquoted in
10 pg/uL in the loading buffer, and then denatured at boiling water for five minutes be-
fore being subjected to the Western blot analysis. The precast mini tris—glycine gel 4-20%
(Bio-Rad, Hercules, CA, USA) was utilized to perform protein electrophoresis. A 0.22 pm
nitrocellulose membrane and Efficient Western Transfer Buffer (Bioscience, St Louis, MO,
USA) were used for protein transfer. 5% dry milk in 1x TBST wash buffer (tris-buffered
saline with 0.05% Tween 20) was utilized for the membrane blocking. To detect transcrip-
tion factors, Ikaros, NF-xB p65, and PAX5, appropriate primary monoclonal antibodies,
and the secondary antibody HRP-linked anti-rabbit IgG were used (Cell Signaling Tech-
nology, Danvers, MA, USA). The enhanced chemiluminescence system (Viagene Biotech,
Tampa, FL, USA) detected specific antibody binding and was read on the FlourChem E
system (ProteinSimple, San Jose, CA, USA). The Western blot images were analyzed using
FIJI/Imaging V1.52P-Win 64 software. Each study was repeated four times, and statistical
analyses were performed based on these repeats. The chemiluminescent signal intensity for
each transcription factor was measured and divided by the signal intensity for actin in the
same blot lane to arrive at a transcription factor/actin ratio. These values were normalized
to a NALMS6 control sample on each blot to yield relative chemiluminescence values. These
values were graphed using GraphPad Prism 8 software with representative blot images
included in the figures.

4.7. Statistical Analysis

The GraphPad Prism two-tail unpaired t-test between control and SMCAF treatment
groups was used for statistical analysis of the data. The statistical significance was set at
p-value < 0.05.
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Abstract: Myeloproliferative neoplasms (MPNs) are characterized by increased proliferation of
myeloid lineages in the bone marrow. Calreticulin (CALR) 52 bp deletion and CALR 5 bp insertion
have been identified in essential thrombocythemia (ET) and primary myelofibrosis (PMF). There is
not much data on the crosstalk between mutated CALR and MPN-related signaling pathways, such
as JAK/STAT, PI3K/Akt/mTOR, and Hedgehog. Calreticulin, a multifunctional protein, takes part in
many cellular processes. Nevertheless, there is little data on how mutated CALR affects the oxidative
stress response and oxidative stress-induced DNA damage, apoptosis, and cell cycle progression. We
aimed to investigate the role of the CALR 52 bp deletion and 5 bp insertion in the pathogenesis of
MPN, including signaling pathway activation and functional analysis in CALR-mutated cells. Our
data indicate that the JAK/STAT and PI3K/Akt/mTOR pathways are activated in CALR-mutated
cells, and this activation does not necessarily depend on the CALR and MPL interaction. Moreover,
it was found that CALR mutations impair calreticulin function, leading to reduced responses to
oxidative stress and DNA damage. It was revealed that the accumulation of G2/M-CALR-mutated
cells indicates that oxidative stress-induced DNA damage is difficult to repair. Taken together,
this study contributes to a deeper understanding of the specific molecular mechanisms underlying
CALR-mutated MPNs.

Keywords: calreticulin; myeloproliferative neoplasms; JAK/STAT; PI3K/Akt/mTOR; Hedgehog;
oxidative stress; DNA damage; apoptosis; cell cycle

1. Introduction

Myeloproliferative neoplasms (MPNs) are a heterogeneous group of hematologic
malignancies resulting from mutant hematopoietic stem/progenitor cells. According to
the World Health Organization (WHO), classical Philadelphia chromosome-negative (BCR-
ABLI-negative) MPNs are classified into primary myelofibrosis (PMF), essential throm-
bocythemia (ET), and polycythemia vera (PV). PMF is characterized by excessive bone
marrow scarring and fibrosis, ET by excessive platelet production, and PV by excessive
red cell production [1,2]. Clinically, BCR-ABLI-negative MPNs share the features of bone
marrow hypercellularity and an increased risk of thrombosis or hemorrhage; incurable
MPNss can lead to acute leukemia [3,4]. In addition to being classified as a myeloprolif-
erative neoplasm, chronic myeloid leukemia (CML) is distinguished by being BCR-ABL1
positive [1,2].
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Each MPN has unique clinical features with a unifying theme of somatic acquisition
of a mutation in either JAK2 (Janus kinase 2), MPL (thrombopoietin receptor), or CALR
(calreticulin) in hematopoietic stem cells. Carriers of the mentioned genetic mutations have
a higher risk of developing PMF, PV, and ET; however, the exact cause of these diseases
remains unknown. Environmental and behavioral risk factors, e.g., exposure to ionizing
radiation, carcinogenic and immunotoxic agents, as well as a history of smoking, have
also been associated with an increased risk of BCR-ABLI negative MPNs [5,6]. While
analyzing the genetic basis of MPNss, it was determined that more than 90% of PV patients
carry the JAK2 p.V617F mutation; however, around 2% of PV patients do not have JAK2
p-V617F, but insertions and deletions in exon 12 [7-9]. About 90% of ET cases represent a
molecular clonal marker: JAK2 p.V617F (50-60%), MPL p.W515L/K (3-15%) mutations,
and CALR 52 bp deletion or 5 bp insertion (20-25%) [10-12]. Patients with PMF harbor
one of three somatic mutations: JAK2 p.V617F (up to 60%), MPL p.W515L/K (up to
15%), and CALR 52 bp deletion or 5 bp insertion (up to 20%) [13]. Recently, mutations in
epigenetic regulators and RNA splicing genes, e.g., TET2, SRSF2, IDH2, and ASXL1, have
also been found in patients with MPNs. However, the mentioned mutations do not have
any diagnostic impact in most cases because of their low frequency and specificity [14]. In
the last decade, advances in understanding the molecular mechanisms underlying excessive
myeloproliferation have been achieved, and novel targeted therapies for MPNs have been
developed, e.g., ruxolitinib, a specific JAK1/2 inhibitor, is the first agent approved to treat
high-risk patients with PV and PMF [15]. However, ruxolitinib has limited use in that
most patients with MPN progress or become intolerant within 2-3 years [16]. Considering
the heterogeneous genomic landscape, additional mutations in MPN could represent
diagnostic and prognostic value, leading to the risk of progression and informing decisions
on therapeutic management. Therefore, there is still a need for novel MPN therapeutic
options rationally designed based on recent molecular mechanistic insights.

The first findings of somatic mutations in the calreticulin gene that drive myeloprolifera-
tion were reported in 2013. CALR mutations are found in a significant proportion of patients
with PMF and ET and, as mentioned before, are the second most common gene alterations
that drive myeloproliferation [17]. Changes in CALR are mutually exclusive with mutations
in JAK2 and MPL genes [10,18]. Although the coexistence of the two driver mutations has
been reported, these are rare events, and their clinical-prognostic implications are under
investigation [19]. More than 50 CALR mutations have been identified, and all known vari-
ants cause a +1 bp frameshift in the reading frame of exon 9 and generate a novel terminal
amino acid sequence common to all mutant calreticulin proteins [20]. A 52 bp deletion
(type 1: ¢.1092_1143del) and a 5 bp insertion (type 2: ¢.1154_1155insTTGTC) are accepted
as the most frequent forms of mutated CALR found in PMF and ET patients. It has been
determined that the aforementioned phenotypic driver mutations in MPNs have an impact
on genes that are directly involved in cytokine signaling (e.g., JAK2, MPL, BCR-ABL1T) [21-23].
CALR instead encodes an endoplasmic reticulum (ER) chaperone that functions in calcium
ion homeostasis, cell adhesion, antigen presentation, danger signaling, and cell death, and
assists glycoproteins in obtaining their mature structure [24,25]. A systematic investigation
of CALR mutations revealed that the loss of the C-terminal KDEL motif leads to reduced
endoplasmic reticulum retention of mutated calreticulin and impairs the aforementioned
multiple native calreticulin functions [26]. From a clinical viewpoint, it was observed that
the presence of CALR mutations is related to a clinically distinctive and good prognosis
of ET and PMFE, compared to JAK2-mutated ones. However, it is important to note that a
worse MPN course, i.e., increased risk of transformation of ET to secondary myelofibrosis,
splenomegaly, aspirin-induced hemorrhage, and worsened survival, was also observed in
patients harboring a CALR 52 bp deletion and 5 bp insertion [10,17,18,27-32]. In addition,
it was observed that CALR gene mutations appear early in ET and PMF; hence, this could
be used as a transformation marker [33]. Active investigations on how mutated CALR
induces cell transformation are being carried out, yet there are no conclusive data about
mutated CALR's contribution to MPN pathogenesis. Therefore, the need arises for a deeper
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understanding of the molecular mechanisms underlying the characteristics of CALR-mutated
MPNs. The identification of aberrant mechanisms of mutated calreticulin and its role in MPN
etiopathogenesis would serve to develop novel molecular targeted therapy approaches for
MPN:ss in the future.

The analysis of the molecular mechanism of mutated calreticulin is complicated because
a commercial cell line carrying a CALR 52 bp deletion or 5 bp insertion has not yet been
established. To our knowledge, the only commercial cell line to harbor CALR mutation is
MARIMO. However, this cell line is characterized by a 61 bp deletion in exon 9 [34-37].
The function of CALR 61 bp deletion in the MARIMO cell line remains unclear, and the
authors question the use of these cells as a model for the malign function of CALR mutants.
The way out of the problem of lacking a commercial cell line is to initiate common CALR
mutations in relatively easy-to-transfect cells, such as HEK293, 32D, or Ba/F3 cells [10,38,39].
Recently, several studies have been conducted with human suspension cell lines that were also
transfected, and an analysis related to CALR’s mutation role in MPNs was performed [40—42].
Nevertheless, the use of suspension cell lines is complicated because these cells are difficult to
transfect using conventional transfection methods, such as liposomal or calcium phosphate
methods [43]. It is difficult to find an appropriate cellular model reflecting the genetic basis
and molecular profiling of MPNSs, so a few research groups have analyzed calreticulin’s role
in these diseases using circulating CD34™ cells or cells cultured from blood or bone marrow
samples of patients with MPN [38,44-47]. It can be added that the amount of research related
to patient cell samples is limited because not all research institutions have access to patient
blood and bone marrow samples. Furthermore, the preparation and cultivation of cells
derived from patients is complicated, cost-effective, and has technical limitations compared
to commercial cell lines. Considering that originally, mutationally, and adhesively different
cellular models have been used in previous studies, mutated CALR-related research data
remains conflicting.

The Janus kinase/signal transducer and activator of the transcription (JAK/STAT)
pathway is one of the central junctions of interaction in cell functions, e.g., hemopoiesis,
immune cell development, tissue repair, stem cell maintenance, apoptosis, and adipoge-
nesis [48]. It is known that JAK/STAT is a highly conserved pathway of signal transduc-
tion, and dysregulation of this signaling is associated with various diseases, including
MPNs, Hodgkin lymphoma, and hepatocellular carcinoma [48-50]. As mentioned before,
MPN-related molecular abnormalities play a crucial role in the constitutive activation of
JAK/STAT signaling. A few in vitro studies have also analyzed the impact of the mutated
CALR on the activation of this signaling pathway [10,34,51-53]. Increased activation of
JAK/STAT signaling has been reported, but it is important to note that this activation is
unique due to the capability of the novel C-terminus of the CALR mutant to bind directly
to MPL [10,51,52,54]. This statement was clarified in vivo, where c-mpl-deficient mice were
protected from MPN disease with the CALR phenotype [55,56]. Moreover, CALR-mutated
PME patients responded to JAK2 inhibition, and control of the symptoms and quality of life
were improved, which also shows CALR involvement in JAK/STAT signaling [55,57,58].
Contrary to the mentioned results, other studies” molecular analysis showed no association
between mutated calreticulin and JAK/STAT but represented the increased activity of
ERK1/2, MAPK, and PI3K/Akt/mTOR [36,37,53,56,59,60]. Furthermore, it has recently
been suggested that the consequences of CALR mutations on megakaryopoiesis are likely
to be mediated not only by MAPK but also by STAT5 signaling, which is accompanied by
MPL-dependent activation [34]. Based on the conflicting results of the mentioned studies,
there is a need for further research and elucidation of the effect of the mutated CALR on
JAK/STAT signaling pathway activation.

The PI3K/Akt/mTOR (phosphatidylinositol 3-kinase / Protein kinase B/mammalian tar-
get of rapamycin) signaling pathway is involved in most cellular processes, e.g., cell prolifer-
ation, adhesion, cell death, migration, and invasion. It was noticed that PIK3/Akt/mTOR is
commonly activated in human cancers [61-63]. The constitutive activation of the PI3K/Akt/
mTOR signaling pathway was determined to be central to MPN pathogenesis. In addition,
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it was suggested that the PI3K/Akt/mTOR cascade regulates cell growth and proliferation
signals downstream of the JAK/STAT signaling pathway [60]. Preclinical studies have
shown that this signaling pathway inhibitor alone and in combination with JAK/STAT
inhibitors reduced proliferation and induced apoptosis in cells carrying JAK2 or MPL muta-
tions [60,64—67]. However, there is little data that represent mutated calreticulin’s impact on
the PI3K/Akt/mTOR signaling pathway. Independent research groups have determined
that CALR mutants induce the phosphorylation of JAK2, STAT1, STAT3, and STATS, while
PIK3/Akt/mTOR and MAPK signaling systems are weakly activated [51,55]. However,
it is important to note that this kind of signaling activation is also dependent on human
MPL expression. Kollman et al. (2017) revealed that CALR-mutant murine 32D cell line
without exogenous MPL showed increased Akt phosphorylation [36]. Considering the
controversial and limited results of the mentioned studies, it is necessary to fully elucidate
the mechanism that determines crosstalk between mutated CALR and the PI3K/Akt/mTOR
signaling pathway.

The Hedgehog (Hh) signaling pathway is a highly conserved pathway of signal
transduction from the cell membrane to the nucleus. Hh signaling plays an important role
in normal embryonic growth and the development of many tissues and organs. Lately, it
has been shown that the Hh pathway plays a role in carcinogenesis in different tumors, as
well as in the pathogenesis of hematologic malignancies [68-73]. However, there is little
data on the association between the Hh signaling pathway and MPNs [74-76]. Bhagwat and
coauthors [74] reported that the expression of PTCH1 and GLI1 was increased up to 100-fold
in granulocytes derived from patients with MPNs compared with control granulocytes. In
addition, it was found that components of the Hh pathway cooperate with other signaling
pathways to produce the biological phenotype of PMF [76]. Contrary to these results, it was
found that in the C. elegans model with initiated CALR 52 deletion and CALR 5 bp insertion,
most of the Hedgehog signaling pathway targets were downregulated [77]. Moreover,
these results are reinforced by the Lucijanic et al. (2020) study, in which GLI1 expression
was analyzed in patients with myelofibrosis and healthy controls. The findings of the
mentioned study imply that the upregulation of GLIT does not appear to be a characteristic
of myelofibrosis etiopathogenesis [78]. Therefore, due to inconclusive data, it is necessary
to expand the current experiments analyzing mutant calreticulin and Hedgehog signaling
pathway association.

Several studies have revealed the importance of reactive oxygen species (ROS) in
MPNs: MPN patients demonstrated increased levels of ROS [79], and cellular models
exhibited the production of ROS in vitro [80]. In addition, separate research groups have
reported that JAK2, MPL, and CALR variants are associated with other DNA alterations
leading to an inflammatory state characterized by excessive production of ROS [81,82].
Apart from the activation of cell signaling pathways, calreticulin, a multifunctional protein,
is involved in many cellular processes. The impact of CALR 52 bp deletion and 5 bp
insertion in the pathogenesis of MPNs has been partly clarified, but there is little data that
describes the effects of the mentioned mutations on the physiological functions of calretic-
ulin. Recently, it has been shown that cells overexpressing CALR demonstrate increased
sensitivity to ER and oxidative stress [40,83]. To our knowledge, only a few studies have
analyzed mutated calreticulin’s impact on oxidative stress in a cell culture model [40,41]. It
was determined that cells expressing mutated CALR showed increased ROS intracellular
levels and increased levels of DNA damage upon oxidative stress exposure using Melittin
and Miltirone. Additionally, CALR mutants were characterized by a decreased ability
to reduce intracellular ROS levels and repair oxidative DNA damage. It is known that
calreticulin is involved in various biological processes, including cell death. However,
only Genovese with colleagues [41] data showed an increase in oxidative stress-induced
apoptosis levels in cells carrying CALR mutations. Taken together, functional analysis for a
deeper understanding of the CALR 52 bp deletion and 5 bp insertion on native calreticulin
functions is essential.
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To sum up, the pathogenesis of MPNs is very complex, and dysregulated signaling
pathways and their crosstalk with mutated calreticulin may offer additional therapeutic targets.
Therefore, there is a need for further research and elucidation of the mechanism underlying the
crosstalk between mutated CALR and cell signaling pathways, JAK/STAT, PI3K/Akt/mTOR,
and Hedgehog, which are important in MPN pathogenesis. In this study, we explored the
potent effect of targeting JAK/STAT, PI3K/Akt/mTOR, and Hedgehog signaling pathways
with specific inhibitors in vitro and subsequently carried out target gene expression and protein
level analysis in cells carrying the CALR 52 bp deletion and 5 bp insertion, as well as in cells
with JAK2 p.V617F and JAK2/CALR wild-type. This research is unique because most studies
analyze mutant CALR when MPL expression is present, but we performed experiments in
a cell culture model lacking MPL expression. In this complex study, we also explored how
CALR 52 bp deletion and 5 bp insertion affect the oxidative stress response and whether
aberrant response could indicate a pathogenic mechanism in mutant CALR-mediated cellular
transformation. Subsequently, we tested the effect of the CALR mutation on the capacity of cells
to respond to oxidative stress-induced DNA damage. Data on the role of mutant calreticulin in
oxidative stress-induced apoptosis are limited; therefore, we intended to analyze whether the
impaired ability to reduce oxidative stress entails a different ability to induce apoptosis. The
cell cycle involvement in malignant processes is determined; unfortunately, to the extent of our
knowledge, no data shows the impact of mutated calreticulin on cell cycle progression in the
context of oxidative stress. Thus, we also aimed to evaluate cell cycle distribution after oxidative
stress induction in CALR-mutated cells.

2. Results
2.1. The Dependence of CALR Del52, CALR Ins5 Cells on JAK/STAT, PI3K/Akt/mTOR, and
Hedgehog Signaling

Herein, we demonstrated the dependence of different cellular models on the JAK/STAT,
PIBK/Akt/mTOR, and Hedgehog signaling pathways. Firstly, we evaluated the effect of
RADO01 (against mTOR), CYT387 (against JAK1/2), and HPI-1 (against Hedgehog signaling)
inhibitors as a single agent. A reduction in cell viability was observed in all tested cell lines
using alamarBlue and trypan exclusion assays. Our study results indicate that inhibitors
progressively reduced cell viability as the concentration and exposure duration increased. The
dose—response study demonstrated that agents targeting JAK/STAT, PI3K/Akt/mTOR, and
Hedgehog signaling pathways exert significant inhibition of CALR-mutated cells (Figures 1-6).
It is important to mention that the results related to SET-2 and UT-7 cells” antiproliferative
response to specific inhibitors were published previously in our article [84].
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Figure 1. CALR Del52 cell line viability reduction by RAD001 treatment. CALR Del52 cells were treated
with varying concentrations of RAD001 for 24, 48, and 72 h before alamarBlue (A) and trypan exclusion
assays (B) were performed. * p < 0.05 vs. DMSO-treated control. # p < 0.01 vs. DMSO-treated control.
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Figure 2. Reduction of CALR Del52 cell line viability by CYT387 treatment. CALR Del52 cells were treated
with varying concentrations of CYT387 for 24, 48, and 72 h before alamarBlue (A) and trypan exclusion
assays (B) were performed. * p < 0.05 vs. DMSO-treated control. # p < 0.01 vs. DMSO-treated control.
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Figure 3. Reduction of CALR Del52 cell line viability by HPI-1 treatment. CALR Del52 cells were
treated with varying concentrations of HPI-1 for 24, 48, and 72 h before alamarBlue (A) and trypan
exclusion assays (B) were performed. * p < 0.05 vs. DMSO-treated control. # p <0.01 vs. DMSO-treated
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Figure 4. CALR Ins5 cell line viability reduction by RADO001 treatment. CALR Ins5 cells were
treated with varying concentrations of RADO0O01 for 24, 48, and 72 h before alamarBlue (A) and
trypan exclusion assays (B) were performed. * p < 0.05 vs. DMSO-treated control. # p < 0.01 vs.
DMSO-treated control.
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Figure 5. Reduction of CALR Ins5 cell line viability by CYT387 treatment. CALR Ins5 cells were
treated with varying concentrations of CYT387 for 24, 48, and 72 h before alamarBlue (A) and trypan
exclusion assays (B) were performed. # p < 0.01 vs. DMSO-treated control.
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Figure 6. Reduction of CALR Ins5 cell line viability by HPI-1 treatment. CALR Ins5 cells were treated
with varying concentrations of HPI-1 for 24, 48, and 72 h before alamarBlue (A) and trypan exclusion
assays (B) were performed. * p < 0.05 vs. DMSO-treated control. # p < 0.01 vs. DMSO-treated control.

No statistically significant differences were found between the IC50 values of the
inhibitors when CALR Del52 cells were treated for 24 h (p > 0.05). However, CALR-mutated
cells were extremely sensitive, demonstrating low IC50 values for JAK/STAT inhibitor
CYT387 compared to RAD001 after 48 h and 72 h exposure (0.84 vs. 41.05, p = 0.0001
and 0.34 vs. 19.32, p = 0.0001, respectively) when cell viability was assessed with trypan
blue exclusion assay. This difference was confirmed by the alamarBlue test (2.71 vs. 42.32,
p =0.001, and 0.39 vs. 18.58, p = 0.0001). CALR-mutated cells were less sensitive to HPI-
1 inhibitor compared to CYT387 after 48 and 72 h treatment (26.93 vs. 0.84, p = 0.0001
and 17.44 vs. 0.34, p = 0.0001) (according to trypan blue assay results). The results were
confirmed by the alamarBlue test, where IC50 values were 27.66 vs. 2.71 (p = 0.012) and
18.36 vs. 0.39 (p = 0.0001). Moreover, a statistically significant difference was found between
the RAD001 and HPI-1 treatments. The trypan blue exclusion assay data showed that cells
harboring the CALR 52 bp deletion were more sensitive to HPI-1 compared to RAD001
(26.93 vs. 41.05, p = 0.02 (48 h) and 17.44 vs. 19.32, p = 0.002 (72 h)). However, this difference
was not confirmed by the alamaBlue test (p > 0.05) (Table S1, Supplementary Material).
No statistically significant differences were found between CYT387, RAD001, and HPI-1
inhibitors” IC50 values when CALR Ins5 cells were treated for 24 h (p > 0.05). However,
dose-response studies with trypan blue exclusion assay showed that CALR Ins5 cells were
more sensitive to CYT387 after 48 and 72 h exposure, compared to RADOO1 treatment (0.47
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vs. 27.01, p = 0.0001 and 0.32 vs. 21.01, p = 0.0001, respectively). The difference was also
confirmed by the alamarBlue test (0.80 vs. 25.92, p = 0.0001, and 0.61 vs. 22.31, p = 0.0001).
Furthermore, a statistically significant difference was found between the CYT387 and HPI-1
treatments. The Hedgehog signaling inhibitor HPI-1 had less inhibitory potential than
CYT387, as a trypan blue exclusion assay data showed. After 48 and 72 h of treatment, IC50
values were as follows: 22.94 vs. 0.47, p = 0.0001, and 20.09 vs. 0.32, p = 0.0001, respectively.
The alamarBlue test demonstrated similar results: 21.72 vs. 0.80, p = 0.0001, and 19.61 vs.
0.61, p = 0.0001. A statistically significant difference was found between RAD001 and HPI-1
treatments, but only in the data obtained from the alamarBlue assay. The data showed that
cells harboring the CALR 5 bp insertion were more sensitive to HPI-1 after 48 and 72 h
exposure, compared to RAD001 (21.72 vs. 25.92, p = 0.004 and 19.61 vs. 22.31, p = 0.010)
(Table S1, Supplementary Material). Assessing agent sensitivity among cell lines, data from
this and a previously published study [84] show that cells with CALR mutations are more
sensitive to the tested inhibitors than the control UT-7 cell line.

Briefly, our previous study provided a broad overview of MPN-related signaling
pathways and conducted a dose-response analysis of RAD001, CYT387, and HPI-1 in SET-2
and UT-7 cells. We found that SET-2 cells expressing the JAK2 p. V617F mutation showed
increased sensitivity toward the tested agents compared to the control UT-7 cells. Our
data indicate that the cell line expressing JAK2 p.V617F is exquisitely sensitive to CYT387
as a single agent, showing proliferation arrest. We found that JAK2 mutated cells were
more sensitive to inhibition of the PI3K/Akt/mTOR and Hh pathways than the wild-type
counterpart UT-7 cell line. CYT387 presented lower IC50 values compared to RAD001 and
HPI-1 in the UT-7 cell line after 24, 48, and 72 h of treatment [84].

To sum up, our data indicate that the cells expressing CALR mutations were exquisitely
sensitive to CYT387 as a single agent, showing proliferation arrest. Moreover, we found that
the SET-2 cell line, CALR Del52, and CALR Ins5 cells were more sensitive to the inhibition
of PI3K/Akt/mTOR and Hedgehog signaling pathways than the wild-type counterpart
UT-7 cell line.

2.2. The Expression of JAK/STAT, PI3K/Akt/mTOR, and Hedgehog Signaling Pathways-Related
Genes in CALR Del52, CALR Ins5, SET-2 and UT-7 Cells

In the next step of our study, we aimed to analyze the expression of JAK/STAT,
PI3K/Akt, and Hedgehog signaling-related genes, which are the main components of
these signaling pathways. STAT1 and STAT) are related to JAK/STAT signaling, EIF4EBP1
and RPS6KBI are the main components of the PI3K/Akt/mTOR pathway, and PTCH1
expression is associated with Hedgehog signaling. To assess the changes in gene expression,
the RT-qPCR method was applied.

It was found that there were significant differences in target gene expression between
CALR Del52, CALR Ins5, SET-2, and UT-7 cells, which served as control cells with wild-type
JAK2 and CALR. RPS6KB1 gene was found to be increased in the JAK2 mutated SET-2 cell
line by 2.390-fold (p = 0.046) compared to that in the UT-7 cell line (Figure 7B). RPS6KB1
gene was also upregulated in CALR Del52 and CALR Ins5 cells (1.510-fold, p = 0.048 and
1.382-fold, p = 0.022, respectively) (Figure 7B). Moreover, STAT5A gene expression was
found to be increased by 1.775-fold (p = 0.050) in SET-2 and by 1.466-fold (p = 0.037) in
CALR Del52 cells compared to the UT-7 cell line (Figure 7C). The expression of the STAT1
gene was significantly increased by 11.985-fold (p = 0.026) in the SET-2 cell line compared
to that in wild-type UT-7 cells (Figure 7D). The EIF4EBP1 gene showed a tendency for
upregulation; however, the change in gene expression did not reach the significance level
(Figure 7A). No PTCH1 expression was detected in any of the tested cell lines.

It can be concluded that the expression of JAK/STAT and PI3K/Akt/mTOR signaling
pathways-related genes is increased in CALR Del52, CALR Ins5, and SET-2 cells.
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Figure 7. Gene expression in CALR Del52, CALR Ins5, and SET-2 cells. (A) EIF4EBP1, (B) RPS6KBI,
(C) STAT5A, and (D) STATT1 relative expression levels (2~ 2AC were normalized to ACTB gene ex-
pression as an endogenous control. Bar graphs represent the mean of three independent experiments.
Error bars show the standard deviation from the mean. The differences between the UT-7 cell line,
which served as a JAK2 and CALR wild-type control, and SET-2 and CALR-mutated cells were
evaluated using an independent sample t-test. Gene expression, which is significantly different from
the control at p < 0.05, is represented as *.

2.3. Phosphorylation Level of JAK/STAT and PI3K/Akt/mTOR Signaling Pathways-Related
Proteins in CALR Del52, CALR Ins5, SET-2, and UT-7 Cells

Here, we aimed to determine whether the increase in mRNA corresponded with
elevated total and phosphorylated protein levels in the tested cell lines. Western blot and
densitometry analyses were performed to evaluate the change in protein level.

We focused on molecules that are the main targets of mTORC1, i.e., EIF4EBP1 and
RPS6KB1, and mRNA analysis showed significantly increased expression of RPS6KBI.
However, Western blot and densitometry analysis revealed that CALR Del52, CALR Ins5,
SET-2, and UT-7 cells lack total and phosphorylated S6K1 protein (encoded by the RPS6KB1
gene) expression levels (data not presented). Therefore, for further analysis, only phospho-
rylated 4E-BP1 was used as a marker of mTORC1 activity. It was determined that SET-2
cells harboring JAK2 mutation, CALR Del52, and CALR Ins5 cells had upregulated levels of
total 4E-BP1 protein (Figure 8).

Western blot data revealed a significant 2.445-fold (p = 0.005) and 3.581-fold (p = 0.001)
increase in phosphorylation of 4E-BP1 in SET-2 and CALR Ins5 cells (compared to control
UT-7 cell line), respectively (Figure 9).

Further, we aimed to analyze whether the JAK/STAT signaling pathway targets, STAT5
and STAT1, are affected in cells harboring CALR and JAK2 mutations. The total STAT5A
protein level (Figure 10) was significantly reduced in SET-2 cells (3.704-fold, p = 0.010),
whereas STAT5A expression in CALR-mutated cells did not differ from that in the UT-7
control cell line.
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Figure 8. Changes in 4E-BP1 protein levels in CALR Del52, CALR Ins5, and SET-2 cell lines. Represen-
tative pictures of protein bands on the left of the figure are obtained from Western blot membranes

4EBP1 (relative abundance)

and show protein expression levels. Densitometric quantification of total 4E-BP1 levels was normal-
ized to that of 3-actin for fold-change calculations. Bar graphs represent the mean of at least three
independent experiments. Error bars show the standard deviation from the mean. The differences in
protein expression between the UT-7 cell line, which served as a JAK2 and CALR wild-type control,
and SET-2 and CALR-mutated cells, were evaluated using an independent sample ¢-test.
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Figure 9. Induction of the phosphorylation of 4E-BP1 in CALR Del52, CALR Ins5, and SET-2 cell
lines. Representative pictures of protein bands on the left of the figure are obtained from Western blot
membranes and show induced activation of 4E-BP1. Densitometric quantification of phosphorylated
4E-BP1 levels was normalized to total 4E-BP1 for fold-change calculations. The bar graphs represent
the mean of at least three independent experiments. Error bars show the standard deviation from the
mean. The differences in protein levels between the UT-7 cell line, which served as a JAK2 and CALR
wild-type control, and SET-2 and CALR-mutated cells, were evaluated using an independent sample
t-test. Protein levels significantly different from the control (p < 0.05) are represented as *.

Next, we evaluated the phosphorylated STAT5A protein levels. Our data revealed that
the phosphorylation of STAT5A was increased in cells carrying mutated CALR. Western
blot analysis indicated a 3.30-fold (p = 0.050) increase in STAT5A phosphorylation in CALR
Del52 cells. Moreover, CALR Ins5 cells showed a 5.677-fold (p = 0.046) increase in STAT5
phosphorylation (Figure 11).

The upregulated total STAT1 levels were found only in SET-2 and CALR Ins5 cells
(9.773-fold, p = 0.002 and 3.429-fold, p = 0.030, respectively) (Figure 12).
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Figure 10. Changes in STAT5A protein levels in CALR Del52, CALR Ins5, and SET-2 cell lines.
Representative pictures of protein bands on the left of the figure are obtained from Western blot
membranes and show protein expression. Densitometric quantification of total STAT5A levels was
normalized to that of 3-actin for fold-change calculations. The bar graphs represent the mean of at
least three independent experiments. Error bars show the standard deviation from the mean. The
differences in protein levels between the UT-7 cell line, which served as a JAK2 and CALR wild-type
control, and SET-2 and CALR-mutated cells, were evaluated using an independent sample ¢-test.
Protein level significantly different from the control at p < 0.05 is represented as *.
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Figure 11. Induction of the phosphorylation of STAT5A in CALR Del52, CALR Ins5, and SET-2 cell
lines. Representative pictures of protein bands on the left of the figure are obtained from Western blot
membranes and show induced activation of STATSA. Densitometric quantification of phosphorylated
STAT5A levels was normalized to total STAT5A for fold-change calculations. The bar graphs represent
the mean of at least three independent experiments. Error bars show the standard deviation from the
mean. The differences in protein levels between the UT-7 cell line, which served as a JAK2 and CALR
wild-type control, and SET-2 as well, as CALR-mutated cells, were evaluated using an independent
sample f-test. Protein level significantly different from the control at p < 0.05 is represented as *.

Lastly, the expression level of phosphorylated STAT1 was evaluated. Western blot
revealed a detectable reduction in STAT1 phosphorylation in SET-2 cells. However, no
detectable phosphorylation of STAT1 protein was found in CALR Del52 and CARL Ins5
cells (Figure 13).
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Figure 12. Changes in STAT1 protein levels in CALR Del52, CALR Ins5, and SET-2 cell lines. Represen-
tative pictures of protein bands on the left of the figure are obtained from Western blot membranes
and show protein expression. Densitometric quantification of total STAT1 levels was normalized
to B-actin levels for fold-change calculations. The bar graphs represent the mean of at least three
independent experiments. Error bars show the standard deviation from the mean. Differences in
protein levels between the UT-7 control cell line and SET-2, as well as CALR-mutated cells, were
evaluated using an independent sample t-test. Protein level significantly different from the control at

p < 0.05 is represented as *.
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Figure 13. Changes in STAT1 protein phosphorylation in CALR Del52, CALR Ins5, and SET-2 cell
lines. Representative pictures of protein bands on the left of the figure are obtained from Western blot
membranes and show induced activation of STAT1. Densitometric quantification of phosphorylated
STATT1 levels was normalized to total STAT1 for fold-change calculations. The bar graphs represent
the mean of at least three independent experiments. The protein level differences between the UT-7
cell line, which served as a JAK2 and CALR wild-type control, and SET-2 as well, as CALR-mutated
cells, were evaluated using an independent sample t-test. Error bars show the standard deviation

from the mean.

2.4. Effect of CALR Mutations on the Physiological Calreticulin Functions

As mentioned before, calreticulin is a major chaperone in the ER and plays a role in several
cellular processes, e.g., control of protein folding, calcium homeostasis, and cellular stress
response. However, there is little data that describes the effects of CALR mutations on the
physiological function of calreticulin. It has been demonstrated that cells overexpressing CALR
show increased sensitivity to ER and oxidative stress [40,83]. Thus, we aimed to determine how
CALR 52 bp deletion and 5 bp insertion affect the oxidative stress response and whether an
abnormal response could indicate a pathogenic mechanism in mutant CALR-mediated cellular
transformation. To analyze the effect of common CALR mutations on the response to oxidative
stress, all tested cells were exposed to hydrogen peroxide (H,O,) for 24 h. Subsequently, the
cells were incubated for an additional 24 h to reduce the ROS accumulation induced by H,O,.
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The quantitative measurement of cells undergoing oxidative stress was performed using the
cell analyzer Muse with the corresponding kit, according to the manufacturer’s protocol.

It was revealed that after H,O, treatment, CALR Del52 cells showed elevated levels of
ROS compared to the UT-7 cell line harboring wild-type CALR (50.8 & 3.3% vs. 36.7 & 2.3%,
p = 0.005). Contrary, JAK2 p.V617F positive SET-2 cell line showed relatively low ROS levels
compared to the control UT-7 cells (24.4 &= 2.0% vs. 36.7 &= 2.3%, p = 0.0001) (Figure 14). We
showed that these differences are more remarkable after 24 h of repair. CALR Del52 and CALR
Ins5 cells could not reduce intracellular ROS levels, while the control UT-7 cells were able to
counteract ROS accumulation (53.7 + 6.8% vs. 29.5 £ 1.6%, p = 0.009 and 45.1 £ 3.2% vs.
29.5 £ 1.6%, p = 0.006, respectively). The SET-2 cell line efficiently decreased the percentage of
ROS-positive cells compared to the control (16.2 + 5.3% vs. 29.5 &= 1.6%, p = 0.038) (Figure 14).
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Figure 14. Results of ROS level analysis in CALR Del52, CALR Ins5, SET-2, and UT-7 cells after 24 h
of exposure to HyO, and 24 h of repair. (A) Representative ROS profile histograms are shown. (B)
The graph represents the percentage of positive ROS in different cell lines. Values represent the mean

and a standard deviation of at least three experiments performed in triplicate. An asterisk represents
p <0.05 vs. control.

Next, we aimed to study whether CALR 52 bp deletion and 5 bp insertion can affect the
efficiency of repairing the DNA damage induced by oxidative stress. The cells expressing
the wild-type CALR and JAK2, as well as mutated cells, were exposed to H,O, for 24 h.
Subsequently, the cells were given an additional 24 h to repair the DNA damage induced by
H,0, treatment. pATM and pH2AX were measured using cytometry and the Muse Multi-Color
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DNA Damage Kit. The phosphorylation of ATM and H2AX was taken together to analyze the
results.

Our study demonstrated that CALR Del52 cells are characterized by statistically significant
higher levels of DNA damage compared to the control UT-7 cell line (65.2 & 2.8% vs. 42.3 4= 3.5%,
p = 0.037). Moreover, CALR Ins5 cells showed a higher level of phosphorylated ATM and H2AX
compared to CALR wild-type cells (87.6 &= 1.2% vs. 42.3 &= 3.5%, p = 0.032). These differences
were exceptional after cells were given an additional 24 h to repair oxidative stress-induced
DNA damage. After 24 h of repair, the control UT-7 cell line was able to repair DNA damage
induced by HyO, treatment. On the contrary, CALR Del52 and CALR Ins5 cells were not able to
repair DNA damage, as evidenced by the pATM and pH2AX levels (66.3 £ 1.5% vs. 31.2 £ 0.5%,
p = 0.011 and 90.5 & 0.9% vs. 31.2 & 0.5%, p = 0.001, respectively). The SET-2 cell line with
JAK2 mutation showed moderate DNA damage after H,O, treatment and was able to repair it
(13.1 £ 0.9% vs. 31.2 £ 0.5%, p = 0.006). According to our study results, cells carrying CALR
52 bp deletion and 5 bp insertion had a lower capability to repair DNA damage induced by
oxidative stress (Figure 15).
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Figure 15. CALR mutations impair oxidative stress-induced DNA damage repair. DNA damage in
SET-2, CALR Del52, CALR Ins5, and UT-7 was detected after 24 h of exposure to H,O, and 24 h of
repair using the Muse Multi-Color DNA Damage Kit. (A) Representative scatterplots of pATM and
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pH2AX profiles in JAK2-mutated, CALR-mutated, and wild-type cells. (B) The graph shows the
percentage of cells expressing phosphorylated ATM and H2AX. Values show the mean with a
standard deviation of at least three experiments performed in triplicate. An asterisk represents

p <0.05 vs. control.

Calreticulin plays a role in a variety of biological processes, including cell death. Nev-
ertheless, data on the effects of mutant calreticulin on oxidative stress-induced apoptosis
are limited. Therefore, we intended to analyze whether the impaired ability to reduce
oxidative stress entails a different ability to induce cell death. Apoptosis was assessed
using the Muse Annexin V and Dead Cell Kit.

It was determined that apoptosis was significantly increased in cells harboring the
CALR 5 bp insertion (78.0 & 16.4% vs. 50.9 &= 1.4%, p = 0.012). In addition, the apoptosis level
was higher (53.8 & 5.9%, p = 0.063) in CALR Del52 cells, even though it was not statistically
significant. On the contrary, SET-2 cells showed a lower level of apoptosis compared to the
control UT-7 cell line; however, the difference was not statistically significant (50.0 £ 10.4%,
p =0.887 vs. 50.9 £ 1.4%, p = 0.667) (Figure 16).
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Figure 16. An increase in apoptosis level in CALR Ins5 cells after H,O;-induced oxidative stress.
The evaluation of apoptosis levels in the tested cells was performed after 24 h of exposure to HyO,
using the Muse Annexin V and Dead Cell Kit. (A) Representative scatter plots of the apoptosis
profile are shown. (B) The graph shows the percentage of apoptotic cells. Values show the mean with
a standard deviation of at least three experiments performed in triplicate. An asterisk represents
p <0.05 vs. control.
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Lastly, we aimed to analyze the cell cycle distribution after oxidative stress induction
in CALR-mutated and JAK2-mutated cells. Cell cycle machinery is seen in essentially all
tumor types and represents a driving force of tumorigenesis; however, to the best of our
knowledge, no data show the impact of mutated CALR on cell cycle progression in the
context of oxidative stress. The analysis of the cell cycle distribution was carried out after
24 h of exposure to H,O, using the Muse Cell Cycle Kit.

It was determined that cells harboring CALR 52 bp deletion showed cell cycle arrest at
the G2/M phase (Figure 17) compared to the control UT-7 cell line after H,O, treatment
(38.3 £4.2% vs. 27.3 £ 6.3%, p = 0.038). Furthermore, the HyO, exposure was shown to
arrest the cell cycle at the G2/M phase in CALR Ins5 cells (42.4 £ 0.7% vs. 27.3 £ 6.3%,
p = 0.015). Cell cycle changes were not found in the SET-2 cell line carrying the JAK2
mutation. Our data suggest that the CALR mutation affects not only apoptosis levels but
also cell cycle arrest at the G2/M phase after HyO,-induced oxidative stress. It is important
to note that cell cycle arrest at G2/M blocks cell cycle progression, providing the potential
for DNA damage repair [85].
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Figure 17. CALR-mutated cells cycle arrest at the G2/M phase after HyO,-induced oxidative stress.
The analysis of the cell cycle was performed after 24 h of exposure to HyO, using a Muse Cell Cycle
Kit. (A) Representative histograms of cell cycle distribution in the tested cell lines. (B) The graph
represents the percentage of cell cycle distribution. Values show the mean with a standard deviation
of at least three experiments performed in triplicate. An asterisk represents p < 0.05 vs. control.

3. Discussion

The role of mutated calreticulin in various biological processes and its association with
MPN have recently been analyzed in several studies. However, the involvement of the
CALR 52 bp deletion and CALR 5 bp insertion in the pathogenesis of MPNs has not been
fully investigated, and the final conclusions have not been presented. Thus, in our study,
we intended to contribute to a deeper analysis of the molecular mechanisms of mutated
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CALR. In the first part of our research, we aimed to determine the mutant CALR association
with JAK/STAT and alternative PI3K/Akt/mTOR and Hedgehog signaling pathways that
are related to MPNs.

The dependence of CALR Del52, CALR Ins5, SET-2, and UT-7 cells on the aforemen-
tioned signaling pathways was assessed using the specific inhibitors RADO0O01 (against
mTOR), CYT387 (against JAK1/2), and HPI-1 (against Glil/2). Subsequently, target gene
expression and protein levels of JAK/STAT, PI3K/Akt/mTOR, and Hedgehog signaling
pathway components were determined. In more detail, the results that address the antipro-
liferative effect of inhibitors on SET-2 and UT-7 cell viability have already been published in
our previous article [84], but these results are inseparable from our current study research;
therefore, a brief discussion and comparison of the previously obtained results is necessary.
We found that all specific inhibitors progressively reduced the number of viable cells as
the concentration and exposure time increased. It was observed that cells carrying the
CALR mutation were less resistant to the CYT387 inhibitor than SET-2 cells expressing
JAK2 p.V617F and UT-7 cells with wild-type JAK2 and CALR. Our results indicate that
CYT387 inhibited the proliferation of cells harboring CALR mutations with the lowest
IC50 values compared to RAD001 and HPI-1. Furthermore, STAT5A gene expression was
elevated in cells with CALR 52 bp deletion. Consistent with these data, Western blot
analysis showed that phosphorylated STATS5 protein levels were also increased in CALR
Del52 cells. Although significant STAT5 and STAT1 gene expression was not detected,
protein quantification revealed that STAT1 and phosphorylated STATS5 levels increased
in CALR Ins5 cells. Our results agree with those of previous studies showing that the
JAK/STAT signaling pathway is activated in cells harboring CALR mutations. However,
only a few studies have performed dose-response experiments using CALR-mutated cells
and JAK/STAT inhibitors [10,35,52]. The functional effects of mutated CALR were analyzed
in murine Ba/F3 and 32D cells [10,52], which were transduced with CALR mutations
and showed significant accumulation in the absence of interleukin-3. Moreover, trans-
duced cells also demonstrated sensitivity to the JAK2 kinase inhibitor, suggesting that
the interleukin-3-independent growth of CALR-mutated cells depends on the JAK/STAT
pathway. Increased activation of JAK/STAT signaling pathways was also found after anal-
ysis of the phosphorylation of STAT5. However, other researchers have reported distinct
JAK/STAT signaling signatures in CALR-mutated cells. It was determined that MARIMO
cells carrying the CALR 61 bp deletion were resistant to JAK1/2 inhibitor, compared to
JAK2 p.V617F-mutant cells. The MARIMO cell line independence on JAK/STAT signaling
was confirmed with Western blot analysis, where cells showed reduced levels of JAK?2,
phosphorylated JAK2, STATS5, phosphorylated STAT5, STAT1, phosphorylated STAT1,
STAT3, and phosphorylated STAT3. Nevertheless, JAK2 transcript levels in MARIMO cells
were similar to those in JAK2-mutated cells, suggesting decreased translation or increased
degradation of JAK2 protein [35]. Recently, it has been suggested that the consequences
of CALR 52 bp deletion and 5 bp insertion for megakaryopoiesis are likely to be mediated
by the MAPK and STAT5 pathways accompanied by MPL-dependent activation. The
mentioned results were obtained in a complex analysis with CD34* cells infected with
lentiviral constructs expressing mutant CALR, MARIMO, and murine cells, Ba/F3 and 32D
harboring CARL 52 bp deletion and 5 bp insertion [34]. Such differences in the described
results could be due to the different cell types used for the experiments, their mutational
status, cultivation conditions, and assays that were carried out. For example, the origin of
Ba/F3 and 32D cells is different from that of cells that carry CALR mutations in humans,
i.e., the mentioned suspension cells originated from mice. CALR expression and mutations
are associated with megakaryocytic cells. Murine Ba/F3 and 32D cells are not characterized
by megakaryocytic features associated with CALR-mutated MPNss. It is well known that
distinct types of cells act differently; therefore, the obtained results can also vary because of
the chosen cellular model’s additional mutational spectrum, as in the case of the MARIMO
cell line where a 61 bp deletion is present. Here, we intended to replicate the cellular model,
which is more like the CALR-mutated cells found in humans, so we focused on a cell line
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with megakaryocytic features, i.e., UT-7 cells in which common CALR mutations were initi-
ated. Only a few studies have analyzed CALR’s role of CALR in MPN pathogenesis using
circulating CD34" cells or cells cultured from blood or bone marrow samples of patients
with MPN [38,44-47]. In agreement with our results, Abba et al. [44] found constitutive
phosphorylation of STATS5 in circulating CD34" cells harboring CALR mutations compared
to cells with non-mutated CALR. Unfortunately, the limited amount of research related
to patient cell samples, as well as the distinct types of performed experiments and their
targets, leads to the inability to perform an in-depth comparison between our study and
others. We have to accept that the ‘clinical” cell model is desirable for analyzing MPNs’
biological processes and would allow us to find the differences in cell signaling system
activation between patient-based and genome-modified cells.

It has been reported that CALR mutants are associated with MPL, which leads to the
activation of JAK/STAT, PI3K/Akt/mTOR, and MAPK [51,55,56,59,60,86]. We must admit
that we performed experiments with cells lacking MPL expression, i.e., genome-edited
UT-7 cells harboring CALR 52 bp deletion or 5 bp insertion. Thus, it can be hypothesized
that the JAK/STAT signaling pathway in CALR-mutated cells may also be activated in an
MPL-independent manner.

The activated PI3K/Akt/mTOR signaling pathway plays one of the main roles in MPN
pathogenesis [60]. However, there is little data that shows the impact of mutated CALR on
PI3K/Akt/mTOR signaling cascade activation. It was found that CALR mutants induced
phosphorylation of JAK2, STAT1, STAT3, and STATS5, but the PI3K/Akt/mTOR and MAPK
pathways were weakly activated [51,55] in the Ba/F3 cell line expressing human MPL.
Meanwhile, CALR-mutant 32D cells without exogenous MPL showed increased activation
of AKT [36]. Here, in our study, the association of mutated CALR with the PI3K/Akt/mTOR
system was assessed, and this complex analysis showed that cells with a CALR 52 bp
deletion and CALR 5 bp insertion are characterized by activated PI3K/Akt/mTOR. CALR-
mutated cells were more sensitive to RADO001 inhibitors compared to cells with wild-type
CALR. Moreover, gene expression analysis revealed increased expression of the RPS6KB1
gene in both CALR-mutated cell lines. Although after Western blot analysis, the S6K1
protein levels were not detected in all tested cell lines, significantly increased levels of
phosphorylated 4E-BP1 were observed in CALR Ins5 cells. These observations indicate that
the PI3K/Akt/mTOR signaling pathway might be a new potential target for the treatment
of CALR-mutated MPN. It is important to note that these are the very first results indicating
PIBK/Akt/mTOR signaling activation through mutant CALR (together with the lack of
MPL expression), so the need arises for further research regarding the association between
CALR and the PI3K/Akt/mTOR pathway.

It is necessary to identify alternative cell signaling pathways that might be involved in
the pathogenesis of MPN mutant clones, and this could be targeted alone or in combination
with JAK/STAT for improved therapeutic benefit [67,87,88]. Several studies have shown
that the Hedgehog signaling pathway plays important roles in normal hemopoiesis and
the pathogenesis of myeloid malignancies [74,78,87,88]. An increase in the expression
of Hh target genes, including GLI1 and PTCH1, was observed by quantitative PCR in
granulocytes isolated from MPN patients compared to normal controls. The Hh pathway
activity was also found in a murine bone marrow model of PMF [74]. It has been suggested
that components of the Hh pathway cooperate with TGFf3, p53, and mTOR-related genes to
produce the biological phenotype of PMF [76]. The most recent study was performed using
the C. elegans model that naturally lacks JAK2 and MPL expression [77]. CALR 52 bp deletion
and 5 bp insertion were introduced into nematodes using CRISPR/Cas9 methodology. It
was found that CALR-mutant worms were characterized by the aberrant expression of
signal transducers and receptors in the Hh signaling pathway. It was concluded that most of
the target genes were downregulated in the C. elegans model with CALR mutation; mutant
calreticulin alone, without JAK2/MPL intervention, can affect transcriptional alterations
in Hh signaling. Contrary to these results, a preclinical model showed that granulocytes
from MPN patients had elevated Hh target gene expression compared to controls [74],
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but the CALR mutational status was not mentioned in this study. Moreover, Hedgehog
ligand inhibitors fully targeted the Hh pathway in murine JAK2 p.V617F positive cells [89].
Here, we revealed that CALR-mutated cells were more sensitive to the Hedgehog inhibitor,
HPI-1, compared to the UT-7 cell line used as a control. However, the expression of the
PTCH1 gene, which encodes the target of the Hh signaling pathway, was not detected, and
subsequently, the analysis of protein levels was omitted. Therefore, it is important to note
that due to inconclusive data, there is a need to expand current experiments analyzing
mutant CALR and Hedgehog association.

In our previous study, we found that SET-2 cells expressing JAK2 p. V617F mutation
showed increased sensitivity toward the tested agents compared to control UT-7 cells [84].
CYT387 inhibited the proliferation of SET-2 cells with the lowest IC50 compared to RAD001
and HPI-1 inhibitors. In this study, gene expression and Western blot analysis confirmed
JAK/STAT signaling pathway activation in SET-2 cells. Elevated STAT1 and STATS5 gene
expression and higher STAT1 and STAT5 protein levels were observed. Our findings
acknowledged other study results where the rate of JAK2 mutation-positive cell prolif-
eration, gene expression, and protein levels after JAK/STAT inhibitors exposure, were
analyzed [3,64,90-92]. Moreover, the results of our study confirm those of previous reports,
suggesting that cells harbor JAK2 p. The V617F mutation is sensitive to mTOR inhibitors
such as RADOO1 [3,64]. The IC50 value was greater compared to other studies, but this
could be due to different cell cultivation conditions, types of plastics, and assays used
for cell viability determination [64]. Nevertheless, the activation of PI3K/Akt/mTOR in
SET-2 cells was confirmed by gene expression and protein level analyses, in which elevated
RPS6KB1 gene expression and significant phosphorylation of 4E-BP1 were observed. To
date, preclinical data on the potential role of the Hh signaling pathway in MPN with
mutated JAK? are limited. Only one study showed that the expression of Hh signaling
molecules increased up to 100-fold in granulocytes isolated from patients with MPNs [74].
Therefore, cell-based in vitro studies on the effects of Hh pathway inhibitors on MPN cells
are warranted. Our previous study was the first to address the antiproliferative effect of
HPI-1 on cells carrying JAK2 mutations. We found that SET-2 cells were significantly more
sensitive to HPI-1 inhibitors compared to the wild-type JAK2 cell line [84]. However, no
PTCH1 gene, which encodes one of the Hh signaling targets, was expressed in SET-2 cells,
and subsequently, analysis of protein levels was omitted.

Finally, in our study, we conducted a mutated calreticulin functional analysis. It is
known that oxidative stress induces the pathological accumulation of ROS that damages
membrane lipids, proteins, and DNA [40,41,81,82,92-94]. As mentioned before, several
studies have shown the importance of ROS in MPN pathogenesis; e.g., ROS has one of
the major roles in disease progression, as ROS is a mediator of JAK2 p.V617F-induced
DNA damage [79-81]. However, calreticulin plays multiple roles in a variety of cell
processes, including responses to oxidative stress [95-97]. It has been determined that
CALR overexpression increased cell sensitivity to HyO,-induced cytotoxicity and played a
critical role in oxidative stress-induced apoptosis [97]. Only a few studies have analyzed the
effect of mutated CALR on oxidative stress in vitro, where CALR mutants were expressed in
K562 and CD34* cells [40,41]. Although K562 cells lack MPL expression, these cells express
the BCL-ABL1, and this is the main limitation of using K562 cells as an MPN disease model.
Nevertheless, naturally, in MPNs, CALR mutations do not occur together with BCR-ABLI.
Therefore, more accurate conclusions about the association between mutated CALR and
oxidative stress would be made if BCR-ABL1 signaling was blocked (e.g., with Imatinib)
in the K562 cell line. However, K562 cells expressing mutated CALR showed increased
ROS levels and increased levels of DNA damage upon oxidative stress exposure to Melittin
and Miltirone. In addition, CALR mutants were characterized by a decreased ability to
reduce intracellular ROS levels and repair oxidative DNA damage compared to CALR
wild-type K562 cells. Genovese et al. data described how JAK2 and CALR mutations affect
oxidative response in CD34" cells from patients PMF patients and healthy donors [41]. It
was determined that ROS increased significantly in both JAK2- and CALR-mutated cells
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compared to CD34 + cells from healthy donors. It is important to note that CALR-mutated
cells showed higher ROS levels than JAK2-mutated cells. Moreover, CALR-mutated CD34*
cells were unable to reduce ROS levels, while other tested cells efficiently counteracted
intracellular ROS accumulation. The results also showed an increase in apoptosis and a
greater oxidative stress effect on DNA damage in CALR-mutated cells [41]. Here, our study
results agreed with the previously mentioned results and showed an association between
increased levels of intracellular ROS and mutated CALR. Our data indicate higher levels of
ROS, apoptosis, and DNA damage compared to the results of Salati et al. and Genovese
et al. [40,41]. Moreover, we analyzed cell cycle distribution after HyO,-induced oxidative
stress, and cell cycle arrest at the G2/M phase in CALR Del52 and CALR Ins5 cells was
determined. This has not been analyzed in previous studies, and our data suggest that
the accumulation of G2/M-CALR-mutated cells indicates that oxidative stress-induced
DNA damage is difficult to repair. The differences in ROS levels, DNA damage, and
apoptosis induction may be because of the different cells used in the analysis, as well as
the agents used for oxidative stress induction. Salati et al. experiments were carried out
using K562 cells carrying CALR 52 bp deletion or 5 bp insertion as well as the BCR-ABL1
variant [40]. Furthermore, the mutation, whether CALR 52 bp deletion or CALR 5 bp
insertion was identified in PMF patients, was not specified in the Genovese et al. study [41].
Therefore, it is not clear which CALR mutation has a higher impact on ROS accumulation,
apoptosis induction, and oxidative stress-induced DNA damage. In our study, we tried
to replicate an MPN cellular model with UT-7 cells after the introduction of CALR 52 bp
deletion and CALR 5 bp insertion. UT-7 cells are not characterized by the expression of
activating BCR-ABL1 signaling or typical mutations that are found to significantly initiate
cell proliferation and the pathophysiological state. In the mentioned studies, two main
agents were used as oxidative stress inducers, namely H,O, [97] and Melittin [40,41]. Here,
we used a well-known and approved oxidative stress inducer HyO, while Melittin is quite
a new agent inducing oxidative stress in human suspension cells [98]. Despite differences
between the studies that were conducted, the tendency for CALR 52 bp deletion and 5 bp
insertion to impair native calreticulin function is still present. To sum up, CALR-mutated
cells are more sensitive to oxidative stress, which leads to increased DNA damage.

Our study provides a broad description of the molecular mechanisms that are activated
in cells carrying CALR mutations. However, this study has certain limitations that need
to be acknowledged. First, analysis related to the presence of a double mutation when
both JAK2 and CALR mutations occur could be carried out. Although there are a few cases
of MPNs with double mutations, it is still not clear how this affects the pathogenesis of
these diseases. Moreover, as with most studies of this type, more signaling pathways with
corresponding molecules involved in pathogenic processes can always be investigated.
Therefore, it would be useful to investigate the activity of other signaling pathways (e.g.,
MAPK, Aurora A) in cells with CALR 52 bp deletion and 5 bp insertion. In addition,
because increased activity of JAK/STAT and PI3K/Akt/mTOR signaling pathways was
found in CALR-mutated cells, it would be possible to study the response of cells with
mutated CALR to drugs (e.g., ruxolitinib and anagrelide) that are currently used in the
treatment of MPN (here, we used specific inhibitors that are still only at the preclinical
stage but effective against targets in the tested signaling pathways). Despite the limitations
mentioned, the discussed findings provide a more detailed understanding of the complex
biology of mutated calreticulin, which might be used to create new molecularly targeted
therapeutic strategies for MPNss in the future.

4. Materials and Methods
4.1. Cell Culture

Cell lines. Suspension cell lines, SET-2 and UT-7, were obtained from The German
Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). DSMZ

carried out the mentioned cell line authentication. The JAK2 p.V617F mutation and wild-
type CALR are characteristics of the SET-2 cell line. SET-2 cells were grown in RPMI-1640
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medium (Gibco, Gaithersburg, MD, USA) supplemented with 20% fetal bovine serum
(FBS), 100 U/mL penicillin, 100 ng/mL streptomycin, and 2 mM L-glutamine (Gibco,
Gaithersburg, MD, USA). The UT-7 cell line exhibited wild-type CALR, JAK2, and EPOR. In
addition, UT-7 cells lack MPL expression [99,100]. The UT-7 cell line was cultured in x-MEM
medium (Gibco, Gaithersburg, MD, USA) supplemented with 20% FBS, 100 U/mL peni-
cillin, 100 pg/mL streptomycin, 2 mM L-glutamine (Gibco, Gaithersburg, MD, USA), and
recombinant human granulocyte macrophage-colony stimulating factor (Sigma-Aldrich, St.
Louis, MO, USA) at a final concentration of 5 ng/mL in the prepared medium.

DNA constructs and CALR gene targeting. CRISPR/Cas9 system was utilized to
initiate CALR 52 bp deletion and 5 bp insertion in the UT-7 cell line. Megakaryocytes play
a central role in the pathogenesis of ET and PMF; therefore, we focused on a cell line with
megakaryocytic features, i.e., UT-7 cells. The UT-7 cell line is a good model for examining
MPL-independent molecular pathways behind the effect of the CALR 52 bp deletion and
CALR 5 bp insertion [99,100].

The CALR gene sequence was obtained from the GenBank sequence collection of
the National Center for Biotechnology Information (National Biosciences, Inc., Bethesda,
MD, USA). The CRISPR specially developed design tools, CRISPR Design from Zhang
Lab (https:/ /www.zlab.bio/) and SnapGene (GSL Biotech LLC, Boston, MA, USA), were
used to generate single guide RNA (sgRNA) patterns targeting distinct portions of the
CALR gene.

For the establishment of sgRNA, two targets in the CALR gene were chosen, i.e., for
each common CALR gene mutation, and, subsequently, nucleotide sequences with the
sgRNA generating region were produced. Briefly, the nucleotide sequences with the sgRNA
encoding pattern were produced, annealed, phosphorylated, and cloned into a human
codon-optimized S. pyogenous Cas9-sgRNA vector (pSpCas9(BB)-2A-Puro (pX459) V2.0
(#62988) plasmid (Addgene, Teddington, UK). Constructs were introduced by chemical
transformation into competent E. coli DH5« for cloning purposes using a selectable marker
of Ampicillin. Finally, plasmid construct amplification in E. coli DH5x was accomplished,
and plasmid DNA was extracted and validated.

In parallel, single-stranded oligodeoxynucleotide donor templates were prepared
for each CALR gene mutation. Single-stranded oligodeoxynucleotide donor templates
were used for the endogenous cellular repair pathway, homology-directed repair (HDR),
which was employed to repair CRISPR/Cas9-generated double-stranded DNA breaks and
subsequently led to precise alterations at the specified genomic location.

Electroporation was applied for UT-7 cell line co-transfection of the generated CRISPR/
Cas9 plasmid and HDR donor template. The UT-7 cell line was cultured in T75 flasks
(TPP; Trasadingen, Switzerland) and pelleted by centrifugation at 300x g for 5 min. It
is known that inhibiting non-homologous end joining (NHE]) or promoting HDR, either
genetically or pharmacologically, leads to increased knock-in efficiency. Here, we chose
cell cycle synchronization at the S and G2/M phases that are necessary for HDR, using
serum-depleted medium because the serum starvation-re-feeding method had no impact
on UT-7 cell proliferation. Therefore, UT-7 cells were serum-deprived for 24 h and res-
timulated to enter the S and G2/M phases by re-feeding cells with 20% serum for 24 h
before electroporation. The cell cycle distribution was analyzed using a Muse Cell Cycle
Kit (protocol is presented in Section 4.7) at the end of each period. Further, the cells were
pelleted and counted using a Neubauer hemocytometer (Weber Scientific, Hamilton, OH,
USA) under an optical microscope. UT-7 cells were suspended in laboratory-made elec-
troporation medium at a concentration of 16.875 x 10 cells/mL. Next, a volume of 50 uL
(0.54 x 10° cells) was transferred between stainless steel plate electrodes separated by a
2 mm gap. The final concentration of the pRJ1-del52 and pR]3-ins5 plasmid constructs was
0.295 ug/mL, whereas the CALR mutation-specific HDR template concentration was 4 uM.
A BTX T820 electroporator (Harvard Apparatus) (Artisan Technology Group, Champaign,
IL, USA) was used for pulsing and changing the voltage and pulse duration. A square
wave 1 HV (i.e., high voltage) pulse, 1400 V/cm pulse strength, and 250 us pulse duration
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were applied. The electroporation regimen was carried out at room temperature. After
pulsing, the cells were transferred into 24-well (TPP; Trasadingen, Switzerland) plates and
left for 20 min for recovery. After the recovery period, UT-7 cells were seeded into a 24-well
plate, which was supplemented with a culture medium of up to 450 pL. Afterward, the
plates were placed in a cell culture incubator for 48 h.

Thereafter, the transfection medium was replaced with a selective medium containing
1 pg/mL puromycin (Gibco, Gaithersburg, MD, USA), and a single clone isolation method
was used to select each cell that carried a CALR 52 bp deletion and CALR 5 bp insertion. A
fresh puromycin-containing medium was changed every other day, and stable cell colonies
with initiated specific CALR mutations were selected and grown to the amounts needed for
further applications.

A PCR-based amplicon length differentiation assay was applied to confirm the pres-
ence of the CALR 52 bp deletion and CALR 5 bp insertion in the genome of a putative
genome-modified cell line [101].

All tested cell lines were grown in a standard cell culture incubator maintained at 37 °C,
100% relative humidity, and 5% CO,. Cell morphology and number were routinely checked
using an Olympus CK40 phase contrast microscope (Olympus Corporation, Tokyo, Japan).

4.2. Cell Viability Assays

Signaling system inhibitors. The mTOR signaling inhibitor RADO01 (Everolimus)
(targeting TORC1) was purchased from Alfa Aesar (Alfa Aesar, Haverhill, MA, USA).
CYT387 (Momelotinib), an ATP-competitive JAK1/JAK2 inhibitor (Abcam, Cambridge,
UK), was also used in this study. Hedgehog signaling pathway inhibitor-1 (HPI-1) (active
against Glil/Gli2) was purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO,
USA). All the mentioned inhibitors were diluted at room temperature with 100% dimethyl-
sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA)) to a concentration of 10 mM. The
prepared inhibitor solutions were stored at —20 °C and used only once in the experiments.

AlamarBlue test. Cell proliferation was analyzed by the colorimetric alamarBlue cell
viability assay (Thermo Fisher Scientific, Waltham, MA, USA) using a Tecan Sunrise™ plate
reader (Tecan, Manedorf, Switzerland). 24 h before the experiment, 5000 cells were seeded
into a 96-well plate (Greiner CELSTAR®, Kremsmiinster, Germany). Cells were exposed to
specific inhibitors (or an appropriate amount of the inhibitor solvent DMSO) for 24, 48, and
72 h. Following the inhibitor incubation, 10% of the well’s volume of alamarBlue reagent
was added, and the plates were then placed in the incubator, which was maintained at
37 °C with 5% CO; and 100% relative humidity. Absorbance was measured at wavelengths
of 550 nm and 620 nm, and subsequently, cell viability was assessed using the formula
provided in the manufacturer’s protocol. Three independent experiments were performed
with five replicates per experiment. Cell viability was normalized to that of the control cells.

Trypan exclusion assay. A trypan dye solution (Gibco, Gaithersburg, MD, USA)
was utilized to assess the viability of the cells. 2 x 10° cells were seeded into 35 mm
diameter Petri plates (TPP; Trasadingen, Switzerland) 24 h before the experiment. The cells
were treated with suitable doses of inhibitors of particular signaling systems (or inhibitor
solvent DMSO) at 24, 48, and 72 h. Following incubation, the cells were collected by
centrifugation (300 x g for 5 min) and 90 puL of 0.4% trypan blue dye was added to 10 pL of
the cell suspension. Using an Olympus CK40 microscope (Olympus Corporation, Tokyo,
Japan) and a Neubauer hemocytometer chamber, the viability of the cells was evaluated.
Three separate experiments were carried out. For every experiment, three replicates were
performed. Cell viability was normalized to control cells.

The concentration at which 50% inhibition (IC50) of cell proliferation occurred was
calculated using Excel add-in ED50V10.

4.3. RNA Extraction and Reverse Transcription-Quantitative PCR

The JAK/STAT, PI3K/Akt/mTOR, and Hedgehog signaling components EIF4EBP1,
RPS6KB1, STAT1, STAT5A, and PTCH1 genes were included in the gene expression analysis.
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The expression of target genes in SET-2, CALR Del52, and CALR Ins5 cells was evaluated
using reverse transcription-quantitative PCR (RT-qPCR). The UT-7 cell line was used as a
control. RNA isolation was performed with the RNeasy Mini Kit (Qiagen, Hilden, Germany)
using 1 x 10° cells, following the manufacturer’s recommendations. RNA quantity was
assessed using a Thermo Scientific™ Multiskan Sky™ Microplate Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity was analyzed by agarose
gel electrophoresis before cDNA synthesis. RNA samples were stored at —80 °C until use.

Two micrograms of RNA was used for cDNA synthesis using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA), and gene
expression was measured using TagMan Expression Assays (EIF4EBP1 Hs00607050_m1,
RPS6KB1 Hs00356367_m1, STAT1 Hs01013996_m1, STAT5A Hs00234181_m1, and PTCH1
Hs00181117_m1) (Invitrogen, Waltham, MA, USA). According to the manufacturers’ rec-
ommendations, RT-qPCR was performed using a 7500 Fast Real-time PCR system (Applied
Biosystems, Foster City, CA, USA). Utilizing the comparative Ct method, expression data
were evaluated after being normalized to the expression levels of the ACTB (Invitrogen,
Waltham, MA, USA) gene.

4.4. Protein Extraction and Western Blot Analysis

1 x 10° cells/well were seeded into 6-well (TPP; Trasadingen, Switzerland) plates for
protein level analysis. The cells were lysed using RIPA lysis buffer (Abcam, Cambridge, UK)
with proteinase (Sigma-Aldrich, St. Louis, MO, USA) and phosphatase (Sigma-Aldrich, St.
Louis, MO, USA) inhibitors. After removal of the cell culture medium by centrifugation at
300x g for 5 min, the cells were washed twice with cold 1X PBS, collected by centrifugation,
and further incubated with 100 uL RIPA buffer for 20 min. After incubation, the cell lysate
was centrifuged at 10,000 x g for 20 min at 4 °C to pellet the cell debris. The supernatant was
collected, and protein concentration was measured using the Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA) and Thermo Scientific™ Multiskan
Sky™ Microplate Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) at
570 nm according to the manufacturer’s recommendations. Protein samples were stored at
—20 °C until use.

After denaturing the samples at +70 °C, 40 ug of protein was loaded onto NuPage™
4-12% Bis-Tris Plus Gels (Invitrogen, Waltham, MA, USA) for vertical protein electrophore-
sis. After electrophoresis, the proteins were transferred to a PVDF membrane (Invitrolon™
PVDE/Filter Paper Sandwich, Invitrogen, Waltham, MA, USA) using a semi-wet trans-
fer unit Mini Blot module (Invitrogen, Waltham, MA, USA). Further, the membrane was
blocked with a blocking buffer and incubated overnight at +4 °C with a primary antibody
against phospho-STAT1 Tyr701 (#33-3400, Invitrogen, Waltham, MA, USA), STAT1 (#5C-464,
Santa Cruz Biotechnology, Dallas, TX, USA), phospho-STAT5 Tyr694 (#71-6900, Invitrogen,
Waltham, MA, USA), STATS5 (#44-368G, Invitrogen, Waltham, MA, USA), phospho-4E-BP1
Ser65 (#MA-14948, Invitrogen, Waltham, MA, USA), 4E-BP1 (#9644, Cell signaling Technol-
ogy, Danvers, MA, USA), phospho-S6K1 Thr389 (#9205, Cell signaling Technology, Danvers,
MA, USA), phospho-S6K1 Thr389 (#9234S, Cell signaling Technology, Danvers, MA, USA)
and S6K1 (#2708S, Cell signaling Technology, Danvers, MA, USA), and 3-actin (#AM-4302,
Invitrogen, Waltham, MA, USA). After washing with 1X Pierce™ TBS Tween20 buffer
(Thermo Fisher Scientific, Waltham, MA, USA), the blots were incubated with the rele-
vant Anti-Rabbit HRP-conjugated, Anti-Mouse HRP-conjugated, or Anti-Mouse Alkaline-
Phosphatase-conjugated secondary antibody solution (Invitrogen, Waltham, MA, USA).
Before detection, the blots were washed with 1X Pierce™ TBS Tween20 buffer and distilled
water. The proteins were detected with Super Signal™ West Pico PLUS Chemilumines-
cent Substrate, SuperSignal™ West Atto Ultimate Sensitivity Substrate (Thermo Fisher
Scientific, Waltham, MA, USA), or Novex™ AP Chemiluminescent Substrate (CDPStar™)
(Invitrogen, Waltham, MA, USA) for the detection of horseradish peroxidase (HRP) and
alkaline phosphatase (AP), respectively, according to the manufacturer’s recommendations.
Chemiluminescent images were visualized using the ChemiDoc™ XRS+ system (Bio-Rad

88



Int. J. Mol. Sci. 2024, 25, 9873

Laboratories, Hercules, CA, USA) and analyzed with ImageLab 6.0.1 Software (Bio-Rad
Laboratories, Hercules, CA, USA). 3-actin protein was used as a loading control for the
normalization of the target protein expression level.

4.5. Detection of Intracellular Reactive Oxygen Species

Hydrogen peroxide (H;0O;) was added to the cell culture to induce oxidative stress.
Intracellular reactive oxygen species (ROS) were evaluated using a flow cytometry-based
method. 24 h before the experiment, 1 x 10° cells were seeded in a 6-well plate. For 24 h,
the cells were subjected to an H,O; solution (concentration 400 pM and 0 uM). The cells
subjected to 500 uM H,O, solution served as a positive control to calibrate the instrument
parameters. The Muse Oxidative Stress Kit (Merck Millipore, Burlington, MA, USA)
was used to assess cell populations under oxidative stress, following the manufacturer’s
instructions. Subsequently, cell analysis was performed, and the signal was detected using
a Muse Cell Analyzer (Merck Millipore, Burlington, MA, USA).

The ability of the cells to reduce oxidative stress after HyO, exposure was also eval-
uated. Cells exposed to HyO, were transferred to a medium without hydrogen peroxide
and incubated for 24 h. ROS levels were determined according to a previously described
protocol. The software package Muse 1.4 was utilized to ascertain the percentage of cells
experiencing oxidative stress.

4.6. Apoptosis Level Analysis

24 h before the experiment, 2 x 10° cells were seeded in a 6-well plate. Cells were
exposed to H,O, (concentration 0 and 400 pM) solution for 24 h. After exposure, cell
apoptosis analysis was performed using the Muse Annexin V and Dead Cell Kit (Merck
Millipore, Burlington, MA, USA) according to the manufacturer’s recommended protocol.
Cell analysis was performed, and the signal was detected using a Muse Cell Analyzer
(Merck Millipore, Burlington, MA, USA). The obtained data were analyzed using the Muse
1.4 software package.

4.7. Cell Cycle Assay

The changes in cell cycle distribution were assessed with the Muse Cell Analyzer
using the Muse Cell Cycle Kit (Merck Millipore, Burlington, MA, USA). Cells were seeded
in a 6-well plate 24 h before the experiment (1 x 10° cells per well). The cells were exposed
to HyO, (concentration 0 and 400 uM) solution for 24 h. Next, the analysis of the cell cycle
was performed according to the manufacturer’s protocol. The signal was detected with a
cell analyzer, and the results were analyzed using the Muse 1.4 software package.

4.8. DNA Damage Measurement

The Muse Multi-Color DNA Damage Kit (Merck Millipore, Burlington, MA, USA)
was used for DNA damage assessment. 24 h before the experiment, 1.5 x 10° cells were
seeded in a 6-well plate. Cells were exposed to HyO, (concentration 0 and 400 uM) solution
for 24 h. Cells exposed to 10 pM etoposide were used as a positive DNA damage control.
After exposure, analysis of DNA damage was performed according to the manufacturer’s
protocol. The signal was detected using the Muse Cell Analyzer, and the results were
analyzed using the Muse 1.4 software package.

The ability of cells to repair DNA damage caused by oxidative stress was also assessed.
The cells that were exposed to H,O, were transferred to a medium without the addition of
hydrogen peroxide and incubated for an additional 24 h, and DNA lesions were assessed
according to a previously described protocol.

4.9. Statistical Analysis

IBM SPSS Statistics 22.0 (IBM Corp., Armonk, NY, USA) software was used to perform
statistical analysis. Results were determined to be normally distributed using the Shapiro—
Wilk test for normality. Data were analyzed using an independent sample ¢-test and one-

89



Int. J. Mol. Sci. 2024, 25, 9873

way analysis of variance (ANOVA), followed by a post-hoc Tukey’s multiple comparison
test when appropriate. All experiments were repeated at least three times, with three to
five replicates. All data are shown as the means with standard deviation (S.D.), while the
p < 0.05 value was considered statistically significant.

5. Conclusions

Our research provides novel evidence on CALR’s association with JAK/STAT, PI3K/
Akt/mTOR, and Hedgehog signaling pathways that are important in MPN pathogen-
esis. Our data indicate that the JAK/STAT and PI3K/Akt/mTOR signaling pathways
are activated in cells carrying the CALR 52 bp deletion and CALR 5 bp insertion. To un-
ravel the MPL-independent mechanisms underlying the effect of CALR mutations, we
performed experiments in a cell culture model lacking MPL expression. This research is
unique because most studies have analyzed mutant calreticulin when MPL expression is
present. We determined that the activation of the mentioned signaling pathways does not
necessarily depend on the interaction between CALR and MPL. We also showed that CALR
gene mutations impair physiological calreticulin function, leading to reduced responses to
oxidative stress and DNA damage. Functional analysis revealed that the accumulation of
G2/M-CALR-mutated cells indicates that oxidative stress-induced DNA damage is difficult
to repair. The mentioned cell cycle delay has not been shown in other studies analyzing mu-
tated calreticulin. Taken together, this study contributes to a deeper understanding of the
specific molecular mechanisms underlying CALR-mutated myeloproliferative neoplasms.
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Abstract: Multiple myeloma (MM) is a disease characterized by spatiotemporal heterogeneity of
tumor clones. Different genetic aberrations can be observed simultaneously in tumor cells from
different loci, and as the disease progresses, new subclones may appear. The role of liquid biopsy,
which is based on the analysis of tumor DNA circulating in the blood plasma, continues to be explored
in MM. Here, we present an analysis of the STR profiles and mutation status of the KRAS, NRAS, and
BRAF genes, evaluated in plasma free circulating tumor DNA (ctDNA), CD138+ bone marrow cells,
and plasmacytomas. The prospective single-center study included 97 patients, with a median age of
55 years. Of these, 94 had newly diagnosed symptomatic MM, and three had primary plasma cell
leukemia. It should be noted that if mutations were detected only in ctDNA, “non-classical” codons
were more often affected. A variety of adverse laboratory and clinical factors have been associated
with the detection of rare KRAS or NRAS gene mutations in bone marrow or ctDNA, suggesting
that these mutations may be factors of an unfavorable prognosis for MM. Liquid biopsy studies
provide undeniable fundamental information about tumor heterogeneity and clonal evolution in
MM. Moreover, we focus on using liquid biopsy to identify new high-risk factors for MM.

Keywords: multiple myeloma; liquid biopsy; plasmacytoma; STR profile; loss of heterozygosity; free
circulating tumor DNA in plasma; NRAS; KRAS; BRAF genes

1. Introduction

Multiple myeloma (MM) is a complex disease of the blood system, with an aberrant
plasma cell as its substrate. The complexity of the genetic structure of MM is reflected
in the phenomenon of spatiotemporal heterogeneity of tumor clones [1-3]. This means
that different genetic abnormalities can be observed simultaneously in tumors of different
locations in the same patient. As the disease progresses, more mutations are acquired, and
subclones that differ from the original clone arise. In this regard, two areas are of particular
importance. Firstly, relying solely on a bone marrow sample to assess the risk of myeloma
may lead to inaccurate result, as mentioned in our previous research [4]. In this regard, there
is a clear need to develop a new or additional diagnostic tool for better risk assignment. This
could be a liquid biopsy, for example. Secondly, the mechanisms behind chemoresistance
and plasmacytoma development remain poorly understood. This underscores the need
for further research into the evolution of tumor clones. Studying mutations and aberrant
signaling pathways that contribute to tumor progression and drug resistance is essential
for implementing a personalized approach to MM treatment [5]. Despite significant success
in the treatment of MM, which became possible due to the introduction of new classes
of drugs in combination with high-dose chemotherapy followed by transplantation of
autologous hematopoietic stem cells (auto-HSCT), the disease remains incurable and in
most cases steadily progresses [6-8]. If there is an appropriate target, the application of
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drugs that are not usually used to treat MM becomes justified. Thus, with mutations in the
genes of the RAS signaling pathway (BRAF V600E), attempts are made to use vemurafenib;
with BCL-2 overexpression in patients with t (11;14), venetoclax is used; and in the case
of JAK2 pathway activation, ruxolitinib. Other signaling pathways, such as NF-kB and
PIBK/mTOR, are also being actively studied, and the search for new potential targets
continues [5]. Since KRAS/NRAS/BRAF genes are involved in the MAPK pathway, the use
of MAPK inhibitors in combination with immunomodulatory drugs in MM patients with
mutations in these genes is being discussed [9].

There are few publications on the use of BRAF inhibitors in MM patients with a
mutation in the BRAF V600E gene. In 2016, researchers from Switzerland reported a clini-
cal observation of the successful use of a vemurafenib and cobimetinib combination in a
young patient with refractory extramedullary MM with a BRAF V600E gene mutation [10].
In 2018, the results of a multicenter clinical trial on the effectiveness of vemurafenib in
patients with different types of cancer (VE-BASKET) were presented. Nine patients with
refractory MM were included in this study. In two of them, vemurafenib therapy proved to
be highly effective, and the patients were in long-term remission (more than 20 months)
at the end of the study. The authors suggest that the lack of antitumor effect in other
patients may be explained by the fact that the BRAF V60OE gene mutation was not the main
tumorogenic event [11]. A prospective multicenter phase 2 trial evaluated the effects of com-
bining BRAF/MEK inhibition with encorafenib and binimetinib in 12 relapsed /refractory
MM patients who had a BRAF V600E mutation. It is important to note that the patients
were heavily pre-treated. The overall response rate was high (83.3%), and the median
progression-free survival was 5.6 months, indicating this therapy as a successful targeted
approach [12]. Another study examined the development of resistance of tumor plasma
cells to treatment with BRAF inhibitors. The authors showed that the adaptation of a
tumor cell to targeted therapy is based on transcriptional state changes and epigenetic
regulation [13].

Currently, in the pathogenesis of MM, not only the mutation profile of oncogenes and
tumor suppressor genes are being studied, but also their interaction in the course of the dis-
ease. Oncogenic relationships between primary events (translocations and hyperdiploidy),
mutations in driver genes, and areas of copy number variations have been proven. For
example, associations were found between t(4;14) and mutations in the FGFR3, DIS3,
and PRKD2 genes. Two surrogate markers of DNA instability were also identified—the
APOBEC mutation signature and loss of heterozygosity (LOH). A correlation was found
between the degree of LOH and TP53 gene lesions. It is expected that identifying further
relationships will allow for a personalized approach to patient therapy, thereby improving
its effectiveness [14].

The course of MM can vary from slowly progressing to lightning-fast forms. It
depends on the degree of evolution of the tumor clone, the magnitude of the tumor load,
and the presence of adverse risk factors. The signs of high-risk myeloma are diverse
and include a range of laboratory and clinical parameters. The issue of searching for
new prognostic factors, as well as tools for their detection, is especially relevant due
to the existence of patients who, despite the absence of known high-risk factors, failed
to achieve a deep antitumor response. Proteomic and genomic studies are currently
being conducted to identify additional diagnostic and/or prognostic parameters of MM.
Biomarkers determined noninvasively in the circulating bloodstream (microRNA and
extracellular DNA) are being studied [15]. The efficacy for detecting markers missing in
bone marrow while present in ctDNA for MM monitoring are being investigated [16-18].

The question of why in some MM patients a tumor plasma cell is able to exist outside
bone marrow, forming plasmacytomas in other organs and tissues, is extremely interesting.
The genetic parameters of plasmacytomas are less studied due to the lack of opportunity to
analyze a large number of samples—plasmacytoma biopsy is not a mandatory procedure
for MM diagnosis. The invasive nature of plasmacytoma biopsy is another incentive for
the use of liquid biopsy.
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Here we present a study of MM tumor clones” heterogeneity assessed at disease onset
by a wide range of methods in attempt to clarify the potential role of liquid biopsy as a
diagnostic and risk stratification tool for MM. The LOH in various loci was studied by
multiplex STR-PCR. The mutation status of the KRAS, KRAS, and BRAF genes in ctDNA,
CD138+ bone marrow cells, and plasmacytomas was analyzed by AS-PCR and NGS.

2. Results

Table 1 shows the clinical and laboratory parameters of patients at the onset of multiple
myeloma. The majority of patients (60%) were diagnosed with stage IIIA of the disease
according to Durie-Salmon. Plasmacytomas were detected in 59% of patients (1 = 57) at
the onset of MM. The vast majority of patients had bone plasmacytomas (1 = 51), in 3% of
cases (n = 2)—extramedullary, and in 7% of cases (n = 4) both bone and extramedullary
plasmacytomas were simultaneously detected. Cytogenetic examination by the FISH
method was performed in all patients. In 46% of cases, the cytogenetic risk was determined
as standard, in 51% of observations, high-risk cytogenetic aberrations were present, and in
another 3% of the cases, the study could not be performed for technical reasons.

Table 1. General characteristics of the patient sample.

Parameters Patients with MM (n = 97)
Age, years, median and range 55 (29-83)
Males/females 43/54
Type of secretion
59 (61%)
A 19 (20%)
BJ 15 (15%)
D 4 (4%)
Type of FLC
K 58 (60%)
A 39 (40%)
D-S stage
TIA 5 (5%)
1B 2 (2%)
A 16 (17%)
A 58 (60%)
1B 15 (15%)
Not available 1 (1%)
ISS stage
1 29 (30%)
I 20 (21%)
i 17(17%)
Not available 31 (32%)
Hemoglobin (g/L), median and range 109 (66-156)
LDH (U/L), median and range 170 (65-694)
% plasma cells ir} bone marrow aspiration, 16 (2.4-92)
median and range
FISH
Standard risk 45 (46%)
High risk 49 (51%)
Not available 3 (3%)
Plasmacytomas
Yes 57 (59%)
No 40 (41%)
n=>57
bone 51 (90%)
extramedullary 2 (3%)
bone and extramedullary 4 (7%)
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Table S1 shows the spectrum of high-risk cytogenetic aberrations detected in patients
with MM. In 20.4% of cases, two high-risk anomalies were detected simultaneously in
various combinations (double-hit myeloma), and three aberrations (triple-hit myeloma)
were found in one observation.

STR profile of paired tumor samples (ctDNA and bone marrow) of 93 patients with
MM was analyzed. In nine patients, LOH was studied in three localizations: ctDNA,
bone marrow, and plasmacytoma. LOH was detected in the MM substrate with different
frequency depending on the tumor location. Thus, in 55% of patients (1 = 51), aberrant STR
loci with LOH were detected in ctDNA. In CD138+ bone marrow cells, the frequency of
detection was higher—loci with LOH were found in 64% of patients (n = 60) (Figure 1).

90%
60%
30%

0%

Figure 1. LOH frequency in tumor cells from different loci.

Figure 2 shows the frequency of detection of a different number of aberrant STR loci
with LOH in MM. In the majority of patients (51%, n = 48), one to three aberrant STR loci
were found in the bone marrow or ctDNA. There was no LOH in either bone marrow or
ctDNA in 15% of MM patients (1 = 14). In 18% of patients (n = 17), four aberrant STR loci
were found in the tumor substrate. Five or more loci with LOH were identified in another
16% of patients (n = 15).

5-8 STRloci

' 16%

No STR loci
- 1-3 STR loci
4 STR loci
5-8 STR loci

Figure 2. The frequency of LOH detection in ctDNA or bone marrow.
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We hypothesized that patients with a large number of LOH loci would be more likely
to have high-risk cytogenetic aberrations as a reflection of a large tumor load and genetic
instability. We analyzed the frequency of detection of high-risk cytogenetic anomalies in
each subgroup. As can be seen from Figure 3, there was no convincing evidence that with
an increase in the number of loci with LOH, high-risk cytogenetic aberrations were more
often observed.

120%
shigh-risk  wstandard-risk

100%
80%
60%
40%
20%
0%

0 1-3 - 5-8

The number oE aberrant STR loci

Figure 3. The frequency of detection of high-risk cytogenetic aberrations depending on the number
of loci with LOH.

There was also no association found between the number of loci with LOH and the
presence of plasmacytomas. Thus, among patients who did not have LOH, 43% had
plasmacytomas (6 out of 14). Among patients with one to three aberrant loci, there were
69% of cases of plasmacytomas (33 out of 48). Plasmacytomas were detected in 47% of
patients (8 out of 17) with four LOH loci. Finally, among patients with a large number of
aberrant loci (five to eight), 60% of cases were with plasmacytomas (9 out of 15).

The analysis of ctDNA in plasma was performed for 93 patients with MM. A concor-
dance analysis was performed for each locus in paired tumor samples from 93 patients
with MM (Figure S1). We compared the concentration of free plasma circulating DNA in
patients with plasmacytomas (1 = 55) and without them (n = 38). There were no differences
in values: in patients with plasmacytomas, the concentration was 20 ng/mL (range 2-207),
and in patients without plasmacytomas, it was 17 ng/mL (range 2-623).

The length of ctDNA fragments varied from 160 to 450 bp. The Figure S1 shows the
distribution of LOH loci depending on the length of ctDNA. Mostly LOH loci were found
on ctDNA fragments with a length of 400 bp. It should be noted that when analyzing
ctDNA samples with fragment lengths of 160, 170, and 450 bp no LOH loci were detected.

For nine patients, LOH was tested using DNA from three different sources: ctDNA,
bone marrow, and plasmacytomas. Additionally, in one patient, two plasmacytomas were
analyzed—one from the bone and one extramedullary (Figure 4).

No cases were found with the complete identity of the STR profiles in different tumor
locations. Loci with LOH have always been found in plasmacytomas. Plasmacytoma
profiles were more similar to that in bone marrow rather than in ctDNA (in six cases). In
one interesting observation (#6), seven aberrant STR loci were identified in plasmacytoma
DNA, but no LOH was found in bone marrow and ctDNA. Patient #9 with four evaluated
sources had the same STR profile in bone marrow, bone and extramedullary plasmacytomas,
and two other STR loci with LOH in ctDNA (Figure 5).
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Figure 5. An example of LOH mismatch in DNA from different MM loci. Green highlights the
same STR locus in bone marrow and two plasmacytomas, while red marks two different loci found

in ctDNA.

Somatic mutations in the NRAS, KRAS, and BRAF genes were evaluated for 91 patients
with MM and were found in 44 of these patients (48.5%). Mutations only in the NRAS
gene were detected in 16.5% of cases (1 = 15), only in the KRAS gene—in 18.7% of cases
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(n =17), and only in the BRAF gene—in 10% of cases (1 = 9). In another 3.3% of cases
(n = 3), two mutations in different genes were detected simultaneously: in two patients,
mutations in the BRAF (V600E) and NRAS (Q61H) genes, and in one case—mutations in
the KRAS (Q61R) and NRAS (Q61R) genes. We also noted two cases with two mutations of
the same gene: one patient had two mutations in the KRAS gene (G12A, Q61L), and the
second patient had two mutations in the NRAS gene (Q61K and Q61R).

Most of the KRAS and NRAS gene mutations we found affected the “classic” codons—12
and 13 for KRAS, and 61 for NRAS. However, we also found some rare variants (Figure 6).

KRAS GENE MUTATIONS NRAS GENE MUTATIONS
Codon G12
7%

Codon G13

Codon G12 20%

35%

Codon G13
Codon Q61 6% Codon Q61
35% 60%

Figure 6. The frequency of KRAS and NRAS mutations in different codons.

The analysis of paired tumor samples (bone marrow and ctDNA) was performed in
39 MM patients. Mutations in the studied genes were found in 24 patients, while identical
patterns in paired tumor samples were detected only in five cases (21%). Mutations of
any of the three genes were found in the bone marrow of 21 patients. Mutations of one
of the three genes were detected in the ctDNA of nine patients, while in five cases, the
same mutations were found in bone marrow. In the remaining four observations, the
mutations detected in ctDNA did not correspond to those found in bone marrow. In one
case, different KRAS gene mutations were detected in paired tumor samples. In three
other cases, KRAS and NRAS gene mutations detected in ctDNA were absent in bone
marrow. Although the number of patients in each group was small, there was a trend
towards more frequent detection of high-risk cytogenetic aberrations in patients with MAP
kinase gene mutations in ctDNA with the absence of these mutations in the bone marrow.
Further analysis in patients with RAS-ERK cascade gene mutations, which were exclusively
identified in ctDNA, revealed not only that high-risk cytogenetic aberrations were more
frequently detected, but also that other unfavorable prognostic factors were present. In
addition, it was noted that in three out of four cases (75%), with mutations detected only in
ctDNA, “non-classical” codons were affected.

Table 2 shows the data for four patients whose ctDNA had any mutations in the
studied genes, as well as for three patients whose bone marrow had rare mutations. As can
be seen from the table, these patients had various unfavorable prognostic factors, which
reflects the concept of “high-risk myeloma”. Thus, in patient #1, with a single nucleotide
deletion (c.286 delT) in the KRAS gene in addition to cytogenetic aberrations, high LDH
activity, an advanced ISS stage, concomitant AL-amyloidosis was observed, and the course
of the disease was refractory and recurrent. Despite the implementation of high-dose
chemotherapy and auto-HSCT in some patients (#2, 4, and 6), complete remission was not
achieved. In the other two cases with rare NRAS and KRAS gene mutations (#5 and 7), the
aggressive course of the disease precluded the completion of the therapy program, and
the patients died during induction treatment. These findings suggest the need for further
research in this area.
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Table 2. Adverse prognostic factors in MM patients with rare mutation variants in the KRAS and
NRAS genes.

# Mutations in CD138+ Bone Mutations in ctDNA Disease Features
Marrow Cells

High LDH; ISS stage III; double-HIT: del17p13, 1q21;

1 none KRAS c.286 delT L2
amyloidosis; Relapse/refractory
2 none NRAS L95P 1g21; only partial remission after HSCT
3 none KRAS G12V High LDH; 1q21; relapse/refractory
4 KRAS G125 KRASV29A T (4;14); only partial remission after 2 rounds of HSCT
5 NRAS Y64N none Plasma cell leukemia; high LDH; 1q21; .ext.ramed.ullary
plasmacytomas; D-myeloma; death in induction
6 KRAS A59G none only partial remission after HSCT
- KRAS L19F none ISS stage III; double HIT: t(14;16), 1g21;

relapse/refractory; death in induction

In four patients, we compared the mutation profiles of the RAS-ERK cascade genes
not only in bone marrow and ctDNA, but also in the plasmacytoma. In two patients,
there was a mutation in the KRAS or NRAS gene in plasmacytoma tissue, while the
corresponding gene was not mutated in bone marrow or ctDNA. The presence of a mutation
in plasmacytoma DNA without a corresponding mutation at a different locus suggests the
existence of different tumor clones in MM. Bone marrow clearance and immunochemical
remission while maintaining a plasmacytoma are probably due to the clonal heterogeneity
of the tumor.

Interesting data were obtained from 86 patients who underwent both STR profiling and
gene mutation analysis. In patients with a larger number of LOH loci (5-8), mutations in
RAS-ERK cascade genes were detected significantly more frequently compared to patients
with a smaller number of LOH loci (0—4). The results showed a significant difference
between the two groups (73% vs. 44%, p = 0.048), Table S2.

In 19 of the 39 patients with the mutation profile of RAS-ERK cascade genes analyzed
in paired tumor samples, a mismatch of mutations in cDNA and bone marrow was noted.
We compared the results of STR profiling in two tumor loci in this group of patients (Table 3).
In the first five patients, no aberrant loci with LOH were detected in the ctDNA, and the
RAS-ERK cascade genes were not mutated. One can speculate that the concentration of
tumor ctDNA in these patients may have been insufficient for the detection of aberrations
by one method or another. However, this assumption was not confirmed (see the last
column of the table). In the remaining 14 cases, we saw not only the different status of MAP
kinase genes, but also differences in the loci with LOH in the two tumor locations. Thus,
in the case of nine with a mutation in the NRAS gene, eight aberrant loci with LOH were
detected in bone marrow. At the same time, the mutation was absent in ctDNA, and seven
loci with LOH were identified, of which only two were shared between ctDNA and bone
marrow. The importance of studying different tumor locations to obtain a more complete
picture of the MM genetic landscape is therefore evident.

Table 3. LOH in 19 patients with mismatch in MAP kinase gene mutations in paired tumor samples.

LOH Lociin  Mutations in LOH Loci in Mutations in DNA '
# Bone Bone tDNA tDNA Concentration
Marrow Marrow (ng/mL)
1 2 KRAS 0 none 17.5
2 2 BRAF 0 none 11
3 6 2 KRAS 0 none 22
4 0 NRAS 0 none 13.5
5 2 KRAS 0 none 17

102



Int. J. Mol. Sci. 2024, 25, 9426

Table 3. Cont.

4 LOI;;;?:i in Mut;t)is:s in LOH Loci in Mutations in Conczrliition
Marrow Marrow ctDNA ctDNA (ng/mL)

6 0 - 3 KRAS 45.75
7 3 KRAS 4 (shared 1) none 46.5

8 0 KRAS 6 none 32

9 8 NRAS 7 (shared 2) none 8

10 0 KRAS 1 none 10

11 0 NRAS 1 none 17
12 2 KRAS 5 (shared 1) none 20

13 2 - 3 (shared 1) NRAS 77
14 5 KRAS G12S 3 (shared 2) KRAS V29A 17

15 2 BRAF 4 (shared none) none 30

16 6 NRAS BRAF 3 (shared 2) none 17
17 0 - 4 KRAS 50

18 5 NRAS 2 (shared none) none 5

19 1 BRAF 1 (shared none) none 10

3. Discussion

According to the relevant criteria developed by the International Myeloma Work-
ing Group (IMWG-2014), the diagnosis of the disease requires the detection of a tumor
substrate (detection of more than 10% of plasma cells in bone marrow or histologically
proven plasmacytoma) in combination with signs of the CRAB symptom complex and/or
markers of tumor activity [19]. Therefore, one of the possible criteria for MM is a plas-
macytoma, but it does not occur in all patients. To date, there is no unified classification
of plasmacytomas, which causes confusion in the terminology. Thus, there are many
different terms in the scientific literature: soft tissue component, extramedullary lesion,
bone, intraosseous, extraosseous, extramedullary plasmacytoma. Despite the variety of
definitions, we are talking about two types of plasmacytomas—anatomically related to
bone and arising autonomously in various organs and tissues. Some authors refer to
the term “extramedullary lesion” as anatomically disconnected from bone [20-22]. Other
experts consider it important to differentiate these two types of plasmacytomas, calling
extramedullary only lesions resulting from the hematogenous spread of a tumor cell into
organs and tissues [23-25]. In our opinion, it is not correct to combine these two types of
plasmacytomas into one concept. Bone plasmacytomas occur in about half of the patients
with MM. Modern treatment strategies, high-dose chemotherapy with auto-HSCT can
minimize the adverse effect of bone plasmacytomas on patient survival. Extramedullary
plasmacytoma is a rarer variant of the lesion (1.7-4.5%) resulting from the spread of a
tumor plasma cell outside the bone marrow by a hematogenic pathway. This is a factor of
extremely unfavorable prognosis. The course of MM complicated by an extramedullary
lesion is characterized, as a rule, by an unstable antitumor response or its absence, and
extremely unfavorable survival rates despite the entire spectrum of modern therapy [25,26].
The pathogenesis of plasmacytoma development continues to be studied. The literature
presents the results of studies of plasmacytomas on limited samples of patients [27-30].
Given the rare incidence of extramedullary lesions, it becomes obvious that multicenter
collaboration is required to accumulate sufficient patient samples and implement an ade-
quate study. LOH is a manifestation of genetic instability, characterized by the loss of one
of the alleles in specific regions of the genome. It is promising to study this phenomenon in
various myeloma loci. Several methods can be used to study LOH. Comparative genomic
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hybridization can help identify submicroscopic deletions and duplications. We previously
studied the molecular karyotype of an extramedullary plasmacytoma [31]. STR profiling,
on the other hand, is not a very informative method, as it only examines selected DNA
markers in the genome. However, it has the advantage of being simple to perform and can
be applied to the analysis of DNA samples of any quality, even those that are fragmented
or have low concentrations, as is typical for ctDNA [32,33]. In this study, STR profiling
was used to analyze a large number of tumor samples from different locations, and inter-
esting information about the spatial heterogeneity of MM was obtained. Considering the
limitations of this method, we conclude that it could be used for routine screening, as it is
relatively inexpensive and widely available.

Liquid biopsy is considered as a non-invasive alternative to traditional tissue biopsy
methods. The study of ctDNA in plasma is a promising approach for research in plasma-
cytoma pathogenesis. In a work published by Chinese authors, the mutation profiles of
ctDNA, bone marrow, and plasmacytomas were compared. The researchers showed that
the same mutations in genes were more often detected in plasmacytomas and ctDNA than
in bone marrow. The authors concluded that a liquid biopsy can provide insight into the
genetic structure of a plasmacytoma, and in addition, serves as a predictor of recurrence.
Thus, in several patients whose ctDNA was studied in dynamics, a positive correlation
was noted with blood immunochemistry data, while a paraprotein was detected later than
a mutation in a certain gene [34]. The advantages of a liquid biopsy are obvious: the
procedure of taking blood can be repeated multiple times and does not require a special
surgical intervention of the patient, unlike a tumor biopsy. A liquid biopsy makes it possi-
ble to study the spectrum of mutations in the tumor even if a plasmacytoma biopsy is not
available (for example, due to difficulties in surgical access). In this paper, we analyzed
LOH in paired tumor samples. Comparing the STR profile of CD138+ bone marrow cells,
plasmacytomas, and ctDNA, we noticed that the STR loci affected in plasmacytomas more
often shared with those found in bone marrow than with those found in ctDNA. The
question of why tumor markers are sometimes present in peripheral blood circulation in
MM patients that are not found in bone marrow or in plasmacytomas seems relevant and
requires further study.

In addition, we analyzed the mutation status of MAP kinase genes in bone marrow,
ctDNA, and plasmacytoma. According to a recent exome-wide sequencing study, mutations
in the KRAS, NRAS, and BRAF genes are reported in 21%, 19%, and 7% of patients with
newly diagnosed MM [35]. We measured the frequency of mutations at various codons in
the KRAS and NRAS genes in patients with MM. The results obtained are consistent with
those presented in the literature [14]. Specifically, we found mutations affecting codon 12 of
the KRAS gene in 35% of cases, codon 61—in another 35%, and codon 13—in 6%. According
to a study published in 2018, these frequencies were 34%, 35%, and 13%, respectively. We
report mutations affecting codon 61 in 60% of cases, while Walker et al. report it in 81%.
The authors note that mutations in “non-classical” codons such as Q22, Y64, K117, and
A146 of the KRAS gene appear in 18% of cases [14]. We found rare mutations not only in the
KRAS gene, but also in the NRAS gene in 24% and 13% of cases, respectively. Specifically,
L19F, A59G, V29A, and ¢.286 delT (in the KRAS gene), and L95P and Y64N (in the NRAS
gene) were encountered. In all patients with rare KRAS or NRAS gene mutations, a variety
of different laboratory and clinical adverse factors were noted. Additionally, if the mutation
was found only in ctDNA, “non-classical” codons were affected in 75% of cases. These
findings clearly require further investigation on a larger sample of patients. However, it
can already be assumed that the identification of these rare mutations may be a factor of an
unfavorable prognosis for MM.

Mutations in the BRAF gene are present in various types of neoplasia and cause
activation of the Ras-Raf-MEK-ERK signaling pathway. Mutations in the BRAF gene are
detected in 7% of patients with newly diagnosed myeloma [35]. Here we report a BRAF
V600E gene mutation in 10% of cases. However, BRAF mutations in MM can also affect
other codons. Thus, in a paper published in 2018, a unique predominance of BRAF D594N
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variants in the t(14;16) subgroup is noted [14]. Further study of BRAF-positive myeloma
is required to understand the mechanisms of activation of the signaling pathway and
determine the role of targeted drugs in treatment. Clarifying which mutation in the BRAF
gene is present in the patient is of practical importance, since BRAF inhibitors are selective
against the BRAF V600E mutation [36]. Due to a different biological mechanism of action,
it is impractical to use BRAF inhibitors in patients with a KRAS, NRAS, and BRAF D594N
mutation [37].

In 2018, the entire exome of various ctDNA and bone marrow samples was sequenced
in patients with MM. The authors noted a high coincidence in the detection of clonal
somatic mutations and copy number variations between ctDNA and bone marrow samples.
In addition, mutations that occur exclusively at a particular locus have been identified. The
researchers conclude that a joint analysis of all localizations is required to assess complete
genetic profile of the tumor [38]. Our data clearly demonstrate the presence of diverse
tumor clones in MM. We also observed that patients with a high number of abnormal
STR loci are significantly more likely to have mutations in the RAS-ERK pathway genes
compared to patients with a lower number of LOH loci (73% vs. 44%, p = 0.048). This
suggests that with increased genetic instability of the tumor, reflected by a greater number
of abnormal loci with LOH, there is also an increased level of somatic mutations in the
RAS-ERK pathway genes.

The literature mentions such a phenomenon as allele drop out (allele loss) in STR loci at
low concentrations of the studied DNA. However, the authors determine small amounts of
DNA in the range from 25 to 100 pg of DNA per PCR sample [39]. In the cohort of patients
we studied, plasma concentrations of ctDNA were high enough, which allowed us to take
1 ng of ctDNA or more into PCR. Therefore, we assume that the loss of the allele in the
STR loci in ctDNA we observed is associated with aberrations in the tumor genome and its
heterogeneity, and not with stochastic effects at low DNA concentrations. Our confidence
is confirmed by the coincidence of aberrant STR profiles of genomic and ctDNA in some
patients, as well as discrepancies in the mutation profile of KRAS, NRAS, and BRAF genes
in ctDNA and genomic DNA from selected CD138+ cells in certain patients. According to
our data, the concentration of ctDNA did not differ significantly depending on the presence
or absence of plasmacytomas in patients. The median concentration of ctDNA in patients
with plasmacytomas was 20 nanograms per milliliter (ng/mL), while it was 17 ng/mL for
patients without plasmacytomas. These findings contradict the results reported by Chinese
authors, who found higher ctDNA levels in patients with plasmacytomas than in those
without [34]. However, it is important to note that the patient samples are considerably
different. We included 93 patients, 55 with plasmacytomas, while Long et al. analyzed data
from 18 patients, eight of whom had plasmacytomas.

The studies of ctDNA as a tool for assessing minimal residual (MRD) disease in MM
are ongoing. The small length of the ctDNA fragments limits the applicability of the
method. The peculiarities of ctDNA metabolism are also obstacles to its use. The detection
of MRD in bone marrow along with plasma MRD negativity indicate that it is necessary
to increase the sensitivity of ctDNA detection [40,41]. Further standardization of ctDNA
isolation and analysis methods is required. The applicability of full-exome sequencing in
routine clinical practice to determine MRD is still not obvious. However, MRD evaluation
was not part of this study’s objectives. Instead, we used liquid biopsy as a diagnostic
tool to identify new high-risk factors for myeloma. Thus, the value of liquid biopsy in
fundamental scientific research on MM is undeniable. However, we assume that ctDNA
could also be useful for applied purposes.

4. Materials and Methods

The prospective single-center study included 97 patients (43 men, 54 women) aged
29 to 83 years (median 55), 94 with newly diagnosed symptomatic MM, three patients
with primary plasma cell leukemia. All patients attended the National Medical Research
Center for Hematology (Moscow, Russia) from 21 September 2021 to 21 February 2024. The
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diagnosis was established in accordance with the criteria of IMWG-2014. To assess the bone
system, patients underwent a low-dose CT scan of the entire body.

A positive immunomagnetic selection of CD138+ bone marrow cells was performed
using a monoclonal antibody to CD138 (STEMCELL Technologies, Vancouver, BC, Canada)
according to the manufacturer’s protocol. A FISH study of CD138+ cells was performed
using DNA probes to detect translocations 14q32/High, 8q24/MYC, deletions 17p13/TP53,
13q14, 1p32, amplification 121, and multiple trisomies (Wuhan HealthCare Biotechnology,
Wuhan, Hubei, China). Upon detection of t(4;14), t(14;16), del17p13, and 1q21 amplification,
the patient was classified to a high cytogenetic risk group.

DNAs were isolated from samples of various localization (blood plasma, CD138+ bone
marrow cells) for all patients. In addition, plasmacytoma DNA was isolated from a tumor
biopsy in 9 patients. The tumor STR DNA profile was examined relative to the STR profile
of the control DNA isolated from the buccal epithelium by multiplex STR-PCR (COrDIS
Plus kit (Gordiz LLC, Moscow, Russia) followed by fragment analysis as it was described
previously [4]. For all patients with a change in the allele balance in heterozygous STR
loci of tumor DNA compared to the control one, a relative decrease in the level of the
fluorescent signal of the minor allele (in percent) was calculated.

The mutational status of the KRAS, NRAS, and BRAF genes was studied in 91 patients.
In all patients, the study was conducted on genomic DNA isolated from bone marrow sam-
ples; in 39 patients, plasma ctDNA samples were additionally examined; and in 4 patients,
DNA from three localizations (plasma ctDNA, bone marrow, plasmacytoma) was used. Iso-
lation of genomic DNA from bone marrow samples and sections of paraffin embedded plas-
macytoma biopsies was performed according the methodologies described earlier [42,43].
CtDNA from blood plasma was isolated with a QlAamp MinElute ccfDNA Mini Kit (QIA-
GEN, Hilden, Germany). PCR amplification was performed with a C1000 TouchTM PCR
thermal cycler (“Bio-Rad”, Hercules, CA, USA) using oligonucleotide pairs specific for
exons 2 and 3 of KRAS (KRAS-E2F: 5'-CTTAAGCGTCGATGGAGGAG-3'; KRAS-E2R: 5'-
GAATGGTCCTGCACCAGTAA-3’; KRAS-E3F: 5'-ATAATCCAGACTGTGTTTCTCCC-3'
and KRAS-E3R: 5-AAAACAGGGATATTACCTACCTCAT-3’) and NRAS (NRAS-E2F: 5'-
GCTCGCCAATTAACCCTGA-3’; NRAS-E2R: 5'-ACAGGTTTTAGAAACTTCAGCAG-3/;
NRAS-E3F: 5'-AGGGACAAACCAGATAGGCA-3’' and NRAS-E3R: 5'-ACCTCATTTCCCC
ATAAAGATTCA-3') genes. Each PCR reaction was carried out in a volume of 25 pL con-
taining 2.5 pL of (x10) a PCR buffer (Syntol, Moscow, Russia), 0.25 mM of a dNTPs solution
(Syntol, Russia), 0.25 mM of MgCl, solution (Syntol, Russia), 5 pmol of each primer, 200 ng
of genomic DNA, and 1E of SynTaq DNA-polymerase (Syntol, Russia). PCR was carried for
40 cycles with 30 s ofdenaturation at 92 °C and 20 s of annealing at 57 °C followed by a 30 s
extension at 72 °C. Cycling was started by 2 min of denaturation at 92 °C and terminated
by 10 min of incubation at 72 °C.

Mutations in KRAS and NRAS genes were identified by high-throughput sequencing
(MiSeq, Illumina, San Diego, CA, USA), with confirmation of the findings by Sanger
sequencing (Nanophor 05, Institute of Analytical Instrumentation of RAS, Moscow, Russia).

Sequencing libraries were prepared from the accumulated amplicons using the «Nex-
tera XT DNA Library Prep» and «Nextera XT Index Kit v2» (Illumina, USA) according to
the manufacturers recommendations. Sequencing was performed with a MiSeq genetic
analyzer (Illumina, USA) using the «MiSeq Reagent Micro Kit v2 300-cycles» («Illumina»,
USA). Data filtration, service sequence deletion, mapping of readings, and search and an-
notation of variants was carried out with the Trimmomatic [44], BWA [45], SAMtools [46],
Vardict [47], and Annovar [48] utilities. The information about clinical significance of the
mutations was obtained from open sources (COSMIC and DB SNP).

Sanger sequencing was carried out with a BigDye Terminator v1.1 Cycle Sequencing
Kit (Applied Biosystems, Waltham, MA, USA) using a Nanophor 05 genetic analyzer
(Institute of Analytical Instrumentation of RAS, Russia).

The BRAF V600E mutation was determined by real-time allele-specific PCR (CFX96
Touch, Bio-Rad, USA) according to the methodology described earlier [49].

106



Int. J. Mol. Sci. 2024, 25, 9426

We used standard methods of descriptive statistics and frequency analysis. To test
hypotheses about differences in the distributions of categorical characteristics in comparison
groups, we used contingency table analysis and two-sided Fisher’s test to assess the level
significance. To assess the level of agreement between studies, we used AC1 (Gwet’s
first-order agreement coefficient).

5. Conclusions

Spatial heterogeneity of tumor clones in MM were assessed using a variety of ap-
proaches. Genetic abnormalities in DNA isolated from various sources, including plasma
(ctDNA), CD138+ bone marrow cells, and plasmacytomas, were compared. The study
of the STR profile in DNA isolated from different tumor localizations demonstrated the
anatomical heterogeneity of MM. Future studies are needed to clarify whether the number
of STR loci with LOH has prognostic value in MM. The detection of rare mutations in
the KRAS and NRAS genes in MM is associated with a variety of clinical and laboratory
adverse factors. Relying solely on a bone marrow sample for risk stratification in MM may
lead to an inaccurate result. Given the detection of aberrations in tumor ctDNA that differ
from those in bone marrow and plasmacytoma, the issue of practical use of liquid biopsy
for risk stratification is being discussed.
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Abstract: Philadelphia-chromosome-positive acute lymphoblastic leukemia (Ph* ALL) is charac-
terized by reciprocal chromosomal translocation between chromosome 9 and 22, leading to the
expression of constitutively active oncogenic BCR-ABL1 fusion protein. CXC chemokine receptor 4
(CXCR4) is essential for the survival of BCR-ABL1-transformed mouse pre-B cells, as the deletion
of CXCR4 induces death in these cells. To investigate whether CXCR4 inhibition also effectively
blocks BCR-ABLI1-transformed cell growth in vitro, in this study, we explored an array of peptide-
based inhibitors of CXCR4. The inhibitors were optimized derivatives of EPI-X4, an endogenous
peptide antagonist of CXCR4. We observed that among all the candidates, EPI-X4 JM#170 (referred
to as JM#170) effectively induced cell death in BCR-ABL1-transformed mouse B cells but had little
effect on untransformed wild-type B cells. Importantly, AMD3100, a small molecule inhibitor of
CXCR4, did not show this effect. Treatment with JM#170 induced transient JNK phosphorylation in
BCR-ABLI1-transformed cells, which in turn activated the intrinsic apoptotic pathway by inducing
cJun, Bim, and Bax gene expressions. Combinatorial treatment of JM#170 with ABL1 kinase inhibitor
Imatinib exerted a stronger killing effect on BCR-ABL1-transformed cells even at a lower dose of
Imatinib. Surprisingly, JM#170 actively killed Sup-B15 cells, a BCR-ABL1* human ALL cell line, but
had no effect on the BCR-ABL1™ 697 cell line. This suggests that the inhibitory effect of J]M#170
is specific for BCR-ABL1* ALL. Taken together, JM#170 emerges as a potent novel drug against
Ph* ALL.

Keywords: BCR-ABL1; CXCR4; AMD3100; Imatinib; cell survival; EPI-X4 derivatives

1. Introduction

The expression of the BCR-ABLL1 fusion protein is a hallmark of Ph* ALL, which
affects around one-third of adult ALL cases and ~3-5% of pediatric ALL cases [1]. The
oncogenic fusion of the breakpoint cluster region (BCR) at chromosome 22 and the tyrosine-
protein kinase ABL1 at chromosome 9 results from a reciprocal chromosomal translocation
t(9;22)(q34;q11), which leads to constitutive tyrosine kinase activation [2,3]. The prognosis
of the disease was very poor until the advent of tyrosine kinase inhibitors (TKIs) such as
Imatinib mesylate [4-6]. The current treatment regimen for Ph* ALL generally involves
chemotherapy in combination with TKI, followed by allogeneic hematopoietic stem cell
transplantation (allo-HCT) [7]. In some cases, the combination of TKI with chemotherapy
can achieve long-term remission without allo-HCT. Although the inclusion of TKIs in
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frontline therapy has revolutionized the outcome of the disease, the emergence of TKI
resistance through acquired mutation(s) in the ABL kinase domain poses a significant
threat to the prognosis of the disease. Some of these mutations, e.g., T315], can now
be targeted by the advanced third-generation TKI inhibitor Ponatinib [8]. However, the
toxicity associated with some of the advanced therapeutics as well as their limited access
in many of the clinics worldwide make it challenging for clinicians, especially those in
resource-constrained situations [7]. This therefore necessitates the continuous search for
new, improved inhibitors as single or combinatorial therapeutics [9].

Previously, our laboratory showed that the G-protein coupled chemokine receptor
CXCR4 promotes the survival of BCR-ABLI1-transformed mouse B cells [10]. Deletion of
CXCR4 results in rapid cell death and the complete absence of colony formation in vitro by
these cells. Mechanistically, CXCR4 associates with the interleukin 7 receptor (IL7R) on the
surface of BCR-ABL1 cells. This leads to the recruitment of IL7R-associated proteins such
as Janus kinase 3 (JAK3) in close proximity to CXCR4, thereby activating the JAK-STAT
pathway and stimulating cell survival. The hyper-phosphorylation of JAK1-3 is observed
in BCR-ABLI1-transformed cells, which is reduced by the inducible deletion of CXCR4
in these cells. Thus, the association between these two receptors is a prerequirement for
BCR-ABL- induced cell transformation [10].

The above observation raises the question as to whether, similar to deletion, the inhi-
bition of CXCR4 also exerts an inhibitory effect on BCR-ABL1-transformed cells. Several
small-molecule and peptide inhibitors are available for CXCR4, of which only AMD3100
(Plerixafor) and BL-8040 are FDA-approved drugs, used in stem cell transplantation [11,12].
Owing to the unfavorable side effects of some of these drugs, there is an urgent need to
develop novel CXCR4 antagonists. The endogenous peptide inhibitor of CXCR4 (EPI-X4),
a 16 mer peptide derived from human serum albumin, exhibits specific binding to CXCR4
and the subsequent blocking of CXCL12-mediated CXCR4 activation [13]. To improve
its efficacy and plasma stability, several derivatives of EPI-X4 have been designed using
quantitative structure-activity relationship (QSAR) studies [14,15]. For instance, activity-
improved derivative EPI-X4 JM#21 has shown therapeutic efficacies in mouse models of
inflammatory diseases [14] as well as in oncologic applications [16]. To further improve the
stability of optimized EPI-X4 derivatives, they have been conjugated to long-chain fatty
acids, leading to increased serum albumin affinity and, thus, to an improved circulation
half-life [17]. Previous work from our laboratory have shown that most of these advanced
EPI-X4 derivatives potentially block CXCL12-mediated intracellular calcium release in
BCR-ABL1-transformed cells in the nanomolar range [14,17]. However, the effect of these
advanced derivatives on the survival of BCR-ABLI1 cells has not yet been investigated.

Thus, in the current study, we tested an array of advanced EPI-X4 derivatives for their
efficacy in inhibiting BCR-ABL1 cell growth and compared the effect with those of the
small-molecule CXCR4 antagonist AMD3100 and the ABL1 TKI Imatinib. We also explored
the signaling cascade alterations induced by these inhibitors and tested if the combination
of the EPI-X4 derivative with Imatinib exerted a superior cell killing effect. Furthermore,
we tested whether the inhibitors would be effective in human ALL cell lines and primary
xenograft cells to evaluate their therapeutic potential.

2. Results
2.1. Optimized EPI-X4 Derivative JM#170 Potentially Blocks Growth of BCR—ABL1-Transformed
Mouse B Cells In Vitro

Previously, we have shown that optimized EPI-X4 derivatives such as the 12-mer pep-
tides WSCO02 and JM#21 and fatty-acid-conjugated peptides JM#143, JM#169, JM#170, and
JM#192 (Table 1) are potent inhibitors of CXCR4 activation as they block CXCL12-induced
calcium signaling in BCR-ABL1-transformed mouse bone marrow (BM) B cells [14,17]. To
investigate whether this inhibition of CXCR4 signaling exerts any effect on cell survival
in vitro, we treated the BCR-ABL1-transformed cells with increasing concentrations (1, 5,
and 10 uM) of the above inhibitors as well as AMD3100, a potent small-molecule CXCR4
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antagonist, and measured cell growth using real-time live cell imaging in IncuCyte for 96 h.
Imatinib, an ABL1 kinase inhibitor known to kill BCR-ABL1 cells at a concentration of
1 uM, was used as the positive control. BCR-ABLI1 cells express intrinsic GFP; thus, the
enrichment in GFP-positive cells can be used as a marker of cell growth. As depicted in
Figure 1A, treatment with the solvent control DMSO led to the accumulation of GFP* cells
over time, while treatment with 1 pM Imatinib completely blocked cell growth (Figure 1A,
last panel, and Figure 1D). Among the EPI-X4 derivatives, only JM#170 showed a significant
reduction in GFP enrichment at 10 uM compared to DMSO (Figure 1A, second panel, and
Figure 1B). The remaining inhibitors had no effect on BCR-ABL1 cell growth, except for
JM#169, which showed a significant reduction in cell growth only after 72 h (Supplementary
Figure S1A,B). Interestingly, JM#170 blocked cell growth as early as 24 h, while the effect
of the small-molecule inhibitor AMD3100 was only distinct at later time points (72 and
96 h, Figure 1A,C). Of note, the inhibitory effect of AMD3100 was also detectable at a lower
concentration of 5 uM (Figure 1C). Taken together, the inhibition of CXCR4 by JM#170 and
AMD3100 led to the inhibition of BCR-ABL1 cell growth in vitro.

Table 1. Sequence of the optimized EPI-X4 derivatives.

EPI-X4 Derivative Sequence Molecular Weight (Da) Reference

Original LVRYTKKVPQVSTPTL 1832 [13]

WSsC02 IVRWSKKVPCVS 1401 [13]

JM#21 ILRWSRKLPCVS 1458 [14]

TM#143 ILRWSRK * (Glu-Pal)LPCVS 1825 Harms et al., 2024 [17]
JM#169 IVRWSKK * (Pal)VPCVS 1640 Harms et al., 2024 [17]
JM#170 ILRWSRK * (Pal)-NH, 1197 Harms et al., 2024 [17]
TM#192 ILRWSRK * (Glu-Pal)-NH, 1325 Harms et al., 2024 [17]

* Modified residue—C16 long-chain fatty acid (palmitic acid) linked to the e-amino side chain of K either directly
or via a glutamic acid linker.

To understand whether this inhibition of cell growth in the presence of JM#170 and
AMD3100 was due to cell death induced by the inhibitors, we incubated the cells with
10 uM JM#170 and AMD3100 for different durations and stained them with viability dye.
Imatinib (1 uM) served as the positive control. The results showed that J]M#170 induced
strong and rapid cell death in BCR-ABL1 cells, with ~70% of cells dying within 1 h of
treatment (Figure 1E and Supplementary Figure S2). Cell viability remained low over time,
with a prominent increase at 72 h, which could be explained by the loss of stability of
peptide-based inhibitors in the serum-containing media. Imatinib, as previously stated,
exerted a strong and persistent killing effect on BCR-ABL1-transformed cells starting from
24 h after treatment.

Surprisingly, AMD3100 did not induce any loss of cell viability within the experi-
mental time period (Figure 1E). Thus, to understand how AMD3100 blocked BCR-ABL1
cell growth as observed before (Figure 1A,C), we labeled the cells with cell trace cell pro-
liferation dye and treated them with 10 pM each of J]M#170 and AMD3100. The level of
cell proliferation was measured via the dye dilution method. As depicted in Figure 1EG,
AMD3100 significantly reduced the proliferation of BCR-ABL1 cells as compared to DMSO
at 48 and 72 h after treatment. This is in line with our previous finding that AMD3100
blocked cell growth only after ~48 h (Figure 1A,C). Interestingly, JM#170 had no effect on
proliferation, as cells that survived JM#170 treatment proliferated equally to DMSO-treated
ones (Figure 1F). Thus, the mode of action of the two CXCR4 inhibitors are different—while
AMD3100 blocks proliferation, JM#170 induces rapid death of BCR-ABL1 cells.
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Figure 1. Effect of JM#170 on cellular growth in BCR-ABL1-transformed mouse B cells. (A) Real-
time imaging of BCR-ABL1-transformed mouse B cells treated with solvent (DMSO), 10 pM JM#170
or AMD3100 or 1 uM Imatinib over 96 h. Images are representative of one experiment out of n = 4-5.
Scale bar: 200um. (B,C) Quantification of GFP* cell enrichment as a marker of BCR-ABLI1 cell
growth in control (DMSO) and different (1, 5, and 10 utM) concentrations of JM#170 (B) and AMD3100
(C) treated cells over 96 h. The count of GFP* cells for each time point for each treatment was
normalized with respect to the corresponding count at 0 h. Graph represents mean + SEM, n = 4-5.
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(D) Similar quantification in control (DMSO) and 1 uM Imatinib-treated cells. Graph represents
mean + SEM, n = 5. Statistical analysis—two-way ANOVA with Dunnett’s multiple comparison test.
*p <0.05,*p <0.01, ** p <0.001. (E) Flow cytometric analysis of viability of BCR-ABL1 cells treated
with solvent (DMSO), 10 uM JM#170 or AMD3100, or 1 uM Imatinib over the indicated time period.
The live cell count for each treatment for each time point was normalized with the corresponding
live cell count for DMSO and is represented as a percentage. Graph represents mean + SEM, n = 3.
Statistical analysis—two-way ANOVA with Sidak’s multiple comparison test. * p < 0.05, *** p < 0.001.
(F) Flow cytometric analysis of proliferation of BCR-ABLI cells treated with DMSO and 10 uM each
of J]M#170 and AMD3100 for the indicated time period. (G) Quantification of cell trace dye dilution,
represented by the median fluorescence intensity (MFI) of the dye in DMSO and AMD3100-treated
BCR-ABL1 cells after 48 and 72 h of treatment. Bar represents mean + SEM, n = 3. Statistical
analysis—two-way ANOVA with Sidak’s multiple comparison test. * p < 0.05.

To address the hypothesis that JM#170 specifically targets CXCR4, we performed an
anti-CXCR4 antibody competition assay. BCR-ABL1-transformed cells were treated with
increasing concentrations of J]M#170, AMD3100 and Imatinib in the presence of a fixed
concentration of anti-CXCR4 antibody, followed by flow cytometric analysis to measure
the amount of bound antibody. Both JM#170 and AMD3100 significantly inhibited the
antibody binding to CXCR4 (Supplementary Figure S1C). However, JM#170 was effective
at a much lower concentration (~10 nM) than AMD3100 (~1 uM). Imatinib, on the other
hand, had no effect on antibody binding to CXCR4 as it did not interact with CXCR4
(Supplementary Figure S1C). This suggests that JM#170 specifically targets CXCR4 in
BCR-ABLI1-transformed B cells.

2.2. [M#170 Does Not Affect the Survival of Untransformed B Cells

To address whether the growth inhibition observed in the presence of JM#170 or
AMD3100 was specific for BCR-ABL1 cells or caused by the general toxicity of the
molecules, we tested their effects on untransformed mouse BM B cells. Previous reports
from our laboratory have demonstrated that BM B cells isolated from Rag2~/~ A5/~
Spl65~/~ triple knockout (TKO) mice are blocked at the pro-B-cell stage due to lack of
V(D)J recombination [18,19]. These cells can be cultured in the presence of IL7. Similar
to WT BM B cells, the transformation of TKO cells with BCR-ABL1 led to enhanced cell
growth compared to that of untransformed (empty pMIG vector-transfected (TKO-EV))
cells (Supplementary Figure S3A,B), indicating that the TKO mutations do not bring about
any unexpected cell phenotype. We therefore used these untransformed TKO-EV cells
to investigate the effect of the inhibitors. The cells were similarly treated with increasing
concentrations of J]M#170 and AMD3100, and 1 uM Imatinib, and they were subjected
to real-time imaging in IncuCyte for 96 h. As depicted in Figure 2A-C, neither J]M#170
nor AMD3100 had any effect on the survival of TKO-EV cells at any concentration tested.
Imatinib, as expected, also had no effect on the TKO-EV cells (Figure 2A,D). It could be
argued that CXCR4 surface expression may vary between the cell types, with TKO-EV
being low in CXCR4 expression, leading to no effect on CXCR4 inhibition. To address this,
we measured the cell surface expression of CXCR4 in BCR-ABL1 and TKO-EV cells. The
results indicated that the cells expressed comparable amounts of CXCR4 on the surface
(Figure 2E). In addition, we tested the inhibitors in normal WT mouse BM-derived B cells.
Neither of the inhibitors had any effect on them (Supplementary Figure S3C). Thus, the
growth inhibitory effects of JM#170 and AMD3100 are specific to BCR-ABL1-transformed
cells and not due to the general toxicity of the molecules.
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Figure 2. Effect of JM#170 on cellular growth in untransformed mouse bone marrow B cells.
(A) Real-time imaging of bone marrow B cells derived from Rag2~/~ A5/~ Slp65~/~ TKO mice
treated with solvent (DMSO), 10 uM of JM#170 or AMD3100, or 1 uM Imatinib over 96 h. Cells
expressed intrinsic GFP and were labeled with Cytotox Red dye to measure cell death. Images are
representative of one experiment of n = 3. Scale bar: 200 pm. (B,C) Quantification of GFP* cell
enrichment as a marker of TKO cell growth in control (DMSO) and treatments with different (1, 5, and
10 uM) concentrations of JM#170 (B)- and AMD3100 (C) over 96 h. The count of GFP* cells for each
time point for each treatment was normalized with respect to the corresponding count at 0 h. Graph
represents mean + SEM, n = 3. (D) Similar quantification in control (DMSO) and 1 uM Imatinib-
treated TKO cells. Graph represents mean + SEM, n = 3. (E) Histogram showing CXCR4 expression
on the surface of BCR-ABL1 (red line) and TKO (blue line) cells. Grey-filled histogram represents
unstained sample. Statistical analysis—two-way ANOVA with Dunnett’s multiple comparison test.
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2.3. [M#170 Blocks CXCL12-Induced ERK1/2 and PI3K Signaling in BCR-ABL1 Cells

From our previous study, we knew that both JM#170 and AMD3100 block the in-
tracellular calcium response upon CXCR4 activation [14,17]. To check if they also block
CXCR4-downstream PI3K and MAP kinase (MAPK) activation, we transiently treated the
cells with inhibitors and performed Western blotting to detect AKT and ERK1/2 phospho-
rylation. In the absence of CXCL12 stimulation, the basal level of 5473 phosphorylation of
AKT remained low, with no changes observed after the addition of the inhibitors (Figure 3A,
left panel; Figure 3B; Supplementary Figure S7). Similarly, basal ERK1/2 phosphorylation
at T202/Y204 also remained low in the absence of CXCL12, although a slight increase was
observed in DMSO-, JM#170-, and AMD3100-treated cells compared to untreated cells
(Figure 3A, left panel; Figure 3C; Supplementary Figure S7). This might be expected as
DMSO is known to alter cellular homeostasis. However, when stimulated with CXCL12, a
strong and rapid increase in AKT and ERK1/2 phosphorylation was observed in DMSO
treated cells within 5 min of stimulation, while for both JM#170- and AMD3100-treated cells,
this elevation was blocked (Figure 3A, right panel; Figure 3B,C; Supplementary Figure S7).
The phosphorylation level for both AKT and ERK decreased over time; however, they
remained high in the control compared to that in JM#170- and AMD3100-treated cells.
Thirty minutes after stimulation, both signaling pathways seemed to be downregulated.
Interestingly, Imatinib did not affect CXCL12-mediated AKT and ERK activation in the
initiation phase (5 min), but the signal terminated rapidly especially for ERK (Figure 3A,
right panel; Figure 3B,C; Supplementary Figure S7). Collectively, these data clearly suggest
that JM#170 and AMD3100 inhibit the PI3K and ERK signaling pathways downstream of
CXCR4 activation.

2.4. [M#170 Induces Phosphorylation of [NK and Triggers Intrinsic Apoptotic Pathway in
BCR-ABL1 Cells

While analyzing the activation of CXCR4-downstream MAPK pathways in the pres-
ence of the inhibitors, we observed that the treatment with JM#170 transiently upregulated
basal JNK phosphorylation in BCR-ABL1 cells compared to that in the control DMSO in
the absence of any CXCL12 stimulation (Figure 4A,B, Supplementary Figure S8). A small
but significant increase in JNK phosphorylation was observed 5 min after stimulation,
while such upregulation was not observed in AMD3100-treated cells. Notably, Imatinib
treatment significantly reduced basal JNK phosphorylation at 5 and 15 min after treatment
(Figure 4A,B, Supplementary Figure S8). JNK is known to be activated under various
cellular stress conditions, including treatment with inhibitors, which ultimately leads to cell
apoptosis [20]. Therefore, to investigate whether J]M#170-mediated JNK activation induced
apoptosis in BCR-ABL1 cells, we measured the activation of executioner caspases 3 and 7.
As depicted in Figure 4C, a significant increase in caspase 3/7 activation was observed in
JM#170-treated cells compared to that in DMSO-treated ones 24 and 48 h after treatment.
AMD3100, on the other hand, did not induce any caspase activation. Caspase activation
was significantly lower in these cells than in DMSO-treated cells (Figure 4C). Next, we
checked caspase 8 activation as a marker of the death-receptor-mediated extrinsic apoptotic
pathway. The results suggested that neither JM#170 nor AMD3100 induced caspase §;
rather, they downregulated it in comparison to DMSO (Figure 4D). This indicates that
JM#170 triggers the intrinsic apoptosis pathway in BCR-ABL1 cells. This is further corrob-
orated by the observation that the JM#170 treatment led to the significant up-regulation
of pro-apoptotic genes downstream of JNK activation (Figure 4E). Jun and Bim were sig-
nificantly elevated in the presence of J]M#170 24 h after treatment, while Bax was mildly
upregulated. Interestingly, a significant increase in anti-apoptotic Bcl2 gene expression
was also observed in these cells, which could indicate a compensatory effect to balance
the induction of apoptosis. Notably, the expression of the other anti-apoptotic gene Bcl-xI
was not altered at all (Figure 4E). The inactivation of FasL in the JM#170-treated cells again
supported the noninvolvement of the death-receptor-mediated extrinsic apoptotic pathway.
The overall level of gene expression alteration diminished after 48 h, with still significantly
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elevated levels of Bax, Bim, and Bcl2 in J]M#170-treated cells (Figure 4F). AMD3100, on the
contrary, did not upregulate any gene expression at any time points (Figure 4E,F).

Thus, collectively, these data reflect that JM#170 spontaneously activates the JNK
pathway and triggers intrinsic apoptosis in BCR-ABL1-transformed cells—a process not
elicited by AMD3100.
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Figure 3. Inhibitory effect of JM#170 on CXCL12-induced CXCR4-downstream signal activation in
BCR-ABLI1 cells. (A) Western blot analysis depicting the level of AKT and ERK1/2 phosphorylation
in BCR-ABL1 cells treated with DMSO, 10 uM of JM#170 or AMD3100, and 1 um Imatinib for the
indicated time period in the absence (left panel) and presence (right panel) of CXCL12 stimulation.
GAPDH was used as the loading control. Image representative of n = 3 independent experiments.
(B,C) Quantification of AKT (B) and ERK1/2 (C) phosphorylation for the Western blotting presented
in (A). The band intensity of the phosphoprotein was normalized with respect to the total protein for
each treatment and is represented as fold change with respect to 5 min DMSO (considering 5 min
DMSO as 1). Bar represents mean + SEM, n = 3. Each circle represents one individual experiment.
Statistical analysis—one-way ANOVA with Sidak’s multiple comparison test. * p < 0.05, ** p < 0.01.
ns: not significant.
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Figure 4. JM#170 induces intrinsic apoptosis in BCR-ABL1 cells. (A) Western blot analysis
depicting the level of J]NK1/2 phosphorylation in BCR-ABL1 cells treated with DMSO, 10 uM of
JM#170 or AMD3100, and 1 uM Imatinib for the indicated time period in the absence of any CXCL12
stimulation. GAPDH was used as the loading control. Image representative of n = 3 independent
experiments. (B) Quantification of JNK1/2 phosphorylation, as shown in (A). The band intensity
of the phosphoprotein was normalized with respect to the total protein for each treatment and
is represented as fold change with respect to 5 min DMSO (considering 5 min DMSO as 1). Bar
represents mean + SEM, n = 3. Each circle represents one individual experiment. Statistical analysis—
two-way ANOVA with Dunnett’s multiple comparison test. * p < 0.05. (C,D) Analysis of caspase
3/7 (C) and caspase 8 (D) activity in BCR-ABL1 cells treated with DMSO or 10 uM each of J]M#170
and AMD3100 for the indicated time period. Values of each time point were normalized with respect
to the corresponding DMSO. Bar represents mean + SEM, n = 3. Statistical analysis—two-way
ANOVA with Dunnett’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001. (E,F) Real-time
gene expression analysis depicting the relative expression of the pro/anti-apoptotic genes in BCR-
ABL1 cells treated with DMSO, 10 uM JM#170 or AMD3100 for 24 (E) and 48 h (F). Bar represents
mean + SEM, n = 3. Statistical analysis—two-way ANOVA with Dunnett’s multiple comparison test.
*p <0.05,** p <0.01, ** p < 0.001. nd: not detected.
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2.5. Combined Imatinib and [M#170 Treatment Kills BCR-ABL1 Cells More Effectively

Since both JM#170 and Imatinib could effectively kill BCR-ABL1-transformed B cells,
we checked whether combination of the two inhibitors had an additive effect. We treated
the cells with lower doses of Imatinib (10 and 100 nM instead of 1 uM) in the presence or
absence of 10 uM JM#170 and measured the cell growth via real-time live cell imaging in
IncuCyte, as stated before. The results suggested that in comparison to the control DMSO,
Imatinib alone at 10 nM did not have any effect on BCR-ABL1 cell growth (Figure 5A,B)
while at 100 nM, a mild but significant growth inhibition was observed specifically after
~72 h (Figure 5A,C,D, Supplementary Table S1). The combination of 10nM Imatinib with
10 uM JM#170 induced a stronger inhibition of cell growth, but the effect was comparable
to that of JM#170 alone (Figure 5A,B, dark red and olive green lines). Thus, the inhibition
observed here could be attributed to JM#170 alone. However, when co-treated with 100 nM
of Imatinib, a complete block of cell growth was observed, which was stronger than that
achieved with JM#170 alone (Figure 5A,C,D, Supplementary Table S1). Therefore, in
combination with 10 pM JM#170, a 10-fold lower dose of Imatinib can completely block
BCR-ABLI1-transformed cell growth.

2.6. JM#170 Is Lethal for BCR-ABL1* Human ALL Cell Line

So far, we tested the activity of CXCR4 inhibitors in transformed mouse B cells.
To investigate whether JM#170 is also effective in killing human ALL cell lines, we first
screened several ALL cell lines for surface CXCR4 expression. Compared to healthy human-
blood-derived B cells, CXCR4 expression was found to be the highest in 697 cells and the
lowest in SD1 cells (Supplementary Figure S4A). SupB15 and Tom1 expressed intermediate
levels of CXCR4. Therefore, we selected SupB15 cells as the BCR-ABL1* ALL cell line and
697 as the BCR-ABL1™ cell line for further analysis. When tested for CXCL12-induced
calcium mobilization; both J]M#170 and AMD3100 completely blocked the calcium flux
in SupB15 (Figure 6A,C) and 697 (Figure 6B,D) cell lines at 1 uM. To further assess the
CXCR4-specific effect of the inhibitors, we performed an anti-CXCR4 antibody competition
assay, as described before. SupB15 cells were treated with increasing concentrations of
JM#170, AMD3100, and Imatinib in the presence of a fixed concentration of anti-CXCR4
antibody 12G5. The result suggested that both JM#170 and AMD3100 significantly inhibited
12G5 binding to CXCR4 (Supplementary Figure S4B), with JM#170 being more potent than
AMD3100. Imatinib, as expected, had no effect on 12G5 binding to CXCR4 (Supplementary
Figure 54B). This clearly suggests that, similar to BCR-ABL1-transformed cells, JM#170
specifically targets CXCR4 in the human ALL cell line SupB15.

Next, we tested if treatment with J]M#170 and AMD3100 at 10 uM and Imatinib at
1 uM concentrations, as used previously, had any effect on the viability of these ALL cell
lines over time. As depicted in Figure 6E and Supplementary Figure S5C, in comparison
to DMSO-treated cells, JM#170 significantly reduced SupB15 cell survival at 48 and 96 h
after treatment. Imatinib exerted a stronger and more persistent killing effect over time,
while AMD3100, as also observed for mouse cells, had no effect on SupB15 cell survival
(Figure 6E). The 697 cells, on the other hand, were resistant to Imatinib treatment, most
likely due to the lack of the BCR-ABL1 fusion protein (Figure 6F). Surprisingly, JM#170 also
had no effect on the survival of these cells (Figure 6F). This indicates that the cytotoxic effect
of JM#170 is dependent on the presence of the BCR-ABL1 protein. A similar observation
was obtained from the growth monitoring of these cells using IncuCyte. We observed
that 10 uM JM#170 and 1 uM Imatinib significantly reduced SupB15 cell growth when
compared to the DMSO-treated cells (Supplementary Figure S5A,B, upper panel) but had
no effect on the 697 cells (Supplementary Figure S5B lower panel). Notably, the inhibitory
effect of JM#170, as observed in SupB15 cells, was lower than that observed in BCR-ABL1-
transformed mouse primary pre-B cells.
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Figure 5. JM#170 acts synergistically with Imatinib to strongly inhibit BCR-ABL1 cell survival.
(A) Real-time imaging of BCR-ABL1 cells treated with DMSO, 10 or 100 nM Imatinib, and 10 or
100 nM Imatinib in combination with 10 uM JM#170 over 96 h. Images are representative of three

independent experiments. Scale bar: 200 um. (B) Quantification of GFP enrichment as a marker of

120



Int. J. Mol. Sci. 2024, 25, 8306

BCR-ABLI1 cell growth in DMSO, 10 nM Imatinib, and 10 nM Imatinib in combination with 10 uM
JM#170 treated cells over 96 h. The count of GFP* cells for each time point for each treatment was
normalized with respect to the corresponding count at 0 h. The 10 uM JM#170 plot (dark red) was
taken from Figure 1B to facilitate comparison. (C) Similar quantification of GFP enrichment in
DMSO, 100 nM Imatinib, and 100 nM Imatinib in combination with 10 uM JM#170. Graph represents
mean + SEM, n = 3. Statistical analysis—two-way ANOVA with Dunnett’s multiple comparison test.
Black *: comparison with respect to DMSO, dark red *: comparison with JM#170 alone. * p < 0.05,
**p <0.01, ** p < 0.001. (D) Table representing the normalized GFP+ cell counts for the different
treatment groups at the indicated time points.
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Figure 6. JM#170 efficiently blocks CXCR4 activation in BCR-ABL1-positive human ALL cell
line and induces cell death. (A,B) Flow cytometric measurement of CXCL12-driven calcium flux
in SupB15 (A) and 697 (B) cells treated with solvent (DMSO), 1 or 5 uM JM#170, and 1 or 5 uM
AMD3100. The baseline was measured for 30 s, which was followed by the addition of 100 ng/mL
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human CXCL12 (black arrow), and the signal was recorded for a total of 5 min. Images representative
of three independent experiments. (C,D) Quantification of the above calcium flux analysis for SupB15
(C) and 697 (D) cells treated with DMSO (black), 1 uM (light red) and 10 uM (red) J]M#170 and 1 uM
(light blue) and 10 uM (blue) AMD3100. The area under the curve (AUC) for each measurement was
calculated, and the AUC of the water control (solvent control of CXCL12) was subtracted from each
measurement. The subtracted values are plotted as mean + SEM, n = 3. Statistical analysis—one-way
ANOVA with Dunnett’s multiple comparison test. * p < 0.05, ** p < 0.01. (EF) Flow cytometric
analysis of cell survival of SupB15 (E) and 697 (F) cells treated with solvent DMSO, 10 uM JM#170 or
AMD3100, or 1 uM Imatinib over the indicated time period. The live cell count for each treatment for
each time point was normalized to the corresponding live cell count for DMSO and is represented as
a percentage. Graph represents mean + SEM, n = 3. Each circle represents one individual experiment.
Statistical analysis—two-way ANOVA with Dunnett’s multiple comparison test. * p < 0.05, ** p <
0.01, ** p < 0.001.

In addition to the ALL cell lines, we also assessed the efficacy of J]M#170 on primary Ph*
ALL cells. To this end, we used ALL blast cells isolated from the spleen of immunodeficient
mice that were previously xenografted with Imatinib-resistant Ph* ALL primary cells. The
xenograft cells (hCD19* mCD45™) were cultured and treated with control DMSO, 10 uM
JM#170, and 1 uM Imatinib; cellular growth was measured using real-time imaging using
IncuCyte for a period of 6 days. Although the xenograft cells survived in culture, they
did not proliferate, as observed from their growth curve in the control (Supplementary
Figure S6A, black line). JM#170 clearly exhibited a significant growth inhibitory effect on
these cells compared to DMSO, whereas no effect was seen for Imatinib treatment, as the
primary samples were resistant to Imatinib (Supplementary Figure S6A,B).

Taken together, our data suggest that in addition to BCR-ABL1-transformed mouse B
cells, JM#170 is effective in killing the BCR-ABL" human ALL cell line and primary Ph*
ALL xenograft cells.

3. Discussion

The seven-transmembrane G-protein-coupled chemokine receptor CXCR4 plays an
essential role in the homing and retention of tumor cells in the protective bone marrow
niches, thereby preventing their culmination by therapeutic agents and increasing the risk
of disease relapses [21]. The elevated expression of CXCR4 in hematological malignancies
as well as in solid tumors is associated with poor prognosis. Consequently, targeting
CXCR4 activation through antagonists leads to the egress of hiding cancer cells from bone
marrow to the periphery, a process known as chemosensitization, which therefore possesses
great therapeutic potential. Several small molecules, peptides, neutralizing antibodies, as
well as antibody—drug conjugates are being tested for their efficacy in antagonizing CXCR4
function in different cancers. For instance, the small-molecule inhibitor AMD3100, the
peptide-based inhibitors BL-8040 and LY2510924, and anti-CXCR4 monoclonal antibodies
have been used in several clinical trials for patients with acute myeloid leukemia (AML) and
ALL, both as monotherapies and in combination with chemotherapy (as reviewed in [22]).
Although the trials have demonstrated that targeting the CXCR4 axis in vivo is feasible
and safe, the clinical outcome in many cases does not prove to be beneficial compared with
that of chemotherapy alone. This therefore warrants new improved CXCR4 antagonists.

Ph* B-ALL represents a group of ALL cases that expresses the oncogenic BCR-ABL1
fusion protein. Although the invention of Imatinib, a tyrosine kinase blocker of BCR-ABL1,
greatly improved the outcome of the disease, resistance to Imatinib is a major problem that
can lead to relapse. It is therefore crucial to identify other contributing pathways that can
be additionally targeted in this disease. A previous study from our laboratory identified
both CXCR4 and IL7R pathways as contributing to the pathology of BCR-ABL1 [10]. The
complete deletion of CXCR4 was found to be sufficient to block BCR-ABL1 cell growth
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in vitro. Therefore, the aim of the current work was to study the effect of CXCR4 inhibition
on BCR-ABL1-mediated transformation.

EPI-X4, a 16-amino-acid peptide derived from the proteolysis of serum albumin, is a
naturally occurring CXCR4 antagonist that prevents CXCR4-tropic HIV-1 virus entry [13].
Using a molecular docking study to predict the EPI-X4 binding sites to CXCR4 and QSAR
to identify modifications that might enhance the binding and functional efficacy of EPI-
X4, several optimized EPI-X4 derivatives were generated [14]. Many of these derivatives
effectively block the CXCL12-induced calcium mobilization in BCR-ABL1-transformed
mouse B cells, showing much higher efficacy than parental EPI-X4, indicating that they
could inhibit CXCR4 signaling in these cells [14,17].

In the current manuscript, we presented data that the inhibition of CXCR4 by a lipid-
conjugated truncated version of EPI-X4, namely JM#170, induced rapid and strong cell
death in BCR-ABL1-transformed malignant mouse cells, whereas it remained inactive
against the WT B cells. Live cell imaging of BCR-ABL1 cells in the presence of different
inhibitors clearly indicated that J]M#170 potently blocked cellular growth within 24 h
of treatment, while AMD3100 showed an effect at a much later time point (~60 h post
treatment, Figure 1A-C). Notably, for cells treated with JM#170, a slight increase in GFP*
cell accumulation was observed 72 and 96 h post treatment (Figure 1A). This could be
explained by the relatively lower stability of peptide-based inhibitors in serum containing
cell culture media. Although the optimized derivatives are significantly more stable in
blood plasma than the mother peptide EPI-X4 [17], 72-96 h could still be long. The cells
that remained resistant to JM#170 until ~48 h may have started proliferating after the
degradation of the inhibitor, which in turn increased the GFP* cell density. Interestingly,
neither JM#170 nor AMD3100 had any growth inhibitory effect on untransformed bone-
marrow-derived B cells (Figure 2 and Supplementary Figure S3C). This may have arisen
from the relatively high rate of cell proliferation observed in the transformed cells compared
to the WT cells, which was clearly evident from the growth curve of the two cell types in
live cell imaging (Figure 1B black line vs. Figure 2B black line). As the requirement for
CXCR4 signaling for survival and proliferation of transformed cells is higher than that of
normal cells, the effect of CXCR4 inhibition is also stronger on these cells than on normal
cells. This selectivity is a very important aspect for JM#170 to be potentially used as an
anticancer peptide drug.

Although both JM#170 and AMD3100 blocked BCR-ABL1 cell growth (Figure 1A-C),
as well as CXCL12-induced AKT and ERK1/2 phosphorylation (Figure 3B,C), the end
effect was different for the two inhibitors. While JM#170 effectively killed BCR-ABL1 cells,
AMD3100 halted the proliferation, with no cell killing effect observed within the experi-
mental timeline (Figure 1E-G). This clearly indicates that JM#170 has a different mechanism
of action other than blocking ligand-induced CXCR4 activation in BCR-ABL1-transformed
cells. Indeed, we observed that JM#170 spontaneously induced transient J]NK1/2 phos-
phorylation (Figure 4A,B), leading to the enhanced expression of JNK-downstream genes
such as cJun, Bax, and Bim (Figure 4E F) and triggered the intrinsic apoptotic pathway in
BCR-ABL1-expressing cells (Figure 4C,D). JNK, also known as stress-activated protein
kinase (SAPK), is activated upon various kinds of cellular stress, including treatment with
drugs or signaling pathway inhibitors; depending on the context and specific cell types,
it can act as both a pro-survival as well as a pro-apoptotic signaling cascade [20]. In this
case, treatment with the inhibitor J]M#170 exerted cellular stress, thereby activating the
JNK-mediated pro-apoptotic pathway.

The strong cytotoxic effect exerted by JM#170 on BCR-ABL1 cells prompted us to
check if it could be used in combination with Imatinib, specifically with a lower dose of
Imatinib. This would be particularly interesting in terms of reducing the side effects of
Imatinib. Co-treatment of JM#170 at 10 uM with Imatinib at 100 nM (10-fold lower than
usual) induced a complete block of BCR-ABL1 cell growth, which was even stronger than
that achieved with JM#170 alone (Figure 5A,C,D). Another 10-fold reduction in Imatinib
concentration (10 nM) did not impart any effect on BCR-ABL1 cell growth; the co-treatment
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yielded an effect similar in magnitude to that of J]M#170 alone (Figure 5A,B). This suggests
that the combinatorial treatment of JM#170 and Imatinib could be very effective against
BCR-ABL1-induced transformation, which not only allows the lowering of Imatinib doses
but might also be helpful for Imatinib-resistant cases.

In addition to its effect on BCR-ABL1-transformed mouse B cells, JM#170 was also
active against human BCR-ABL1" ALL cell line SupB15. Although JM#170 blocked the
CXCL12-induced calcium flux in both SupB15 and 697 cell lines (human BCR-ABL1~ ALL
cell line, Figure 6A-D), the killing effect was only observed in BCR-ABL1* SupB15 cells
(Figure 6E, Supplementary Figure S5). This suggests that the presence of BCR-ABL1 is
essential for the inhibitory action of JM#170. It is important to mention that the level of
CXCR4 expression on the surface of 697 cells was very high compared to that on other cells,
such as SupB15 or healthy human-blood-derived B cells (Supplementary Figure S4A). It is
therefore possible that the maximum concentration of JM#170 used here (10 uM), though
sufficient to block ligand-induced calcium mobilization, was not enough to impart an ulti-
mate effect on the survival of these cells. Additionally, as pointed out before, the magnitude
of the inhibitory effect observed in the SupB15 cell line was lower compared to that of
BCR-ABLI1-transformed mouse cells. This indicates the robust nature of the ALL cell lines:
in addition to BCR-ABL1 transformation, there might be additional growth-promoting and
death-evading mechanisms making these cell lines difficult to target. The mouse cells, on
the other hand, with a single transformation event, could be highly susceptible, as observed
in this study.

Our experiment with the xenografted primary Ph+ ALL cells also indicated an im-
portant aspect of the inhibitory effect of JM#170 (Supplementary Figure S6A). The relative
growth inhibition of the xenografted cells by JM#170 was much milder compared to its
effect on BCR-ABLI1-transformed cells or the human ALL cell line. This, in our view, is
due to the lack of proliferation ability of these cells under in vitro conditions. As revealed
from their growth curve, the xenografted cells could survive in culture but never prolif-
erated (Supplementary Figure S6A). Since CXCR4 is more involved in proliferating cells
than in resting ones, the effect of JM#170 may be milder in resting cells, leading to subtle
growth inhibition.

In conclusion, we provide evidence that JM#170, a lipid-modified EPI-X4-derived
CXCR4 antagonist, is a potent inhibitor of BCR-ABL1-positive ALL cell growth in vitro.
An interesting question would be why, among all the derivatives, JM#170 was found to
be the most active. Among the derivatives tested in this study, JM#170 has the lowest
molecular weight (Table 1). It could be possible that this size is optimum for fitting into
the binding pocket of CXCR4, thereby preventing ligand-induced activation. In addition,
such tight interaction might trigger non-classical signal pathway activation such as JNK
as observed here. Further structural studies might shed light on this finding. As the next
step for therapeutic application, the effect of J]M#170 should be investigated using in vivo
ALL models.

4. Materials and Method
4.1. Reagents and Optimized EPI-X4 Derivatives

Optimized EPI-X4 peptide derivatives (Table 1) were synthesized as described previ-
ously [17]. Briefly, the peptides were synthesized via standard Fmoc solid-phase peptide
synthesis using a Liberty Blue microwave synthesizer (CEM Corporation, Matthews, NC,
USA) and then purified using reversed-phase high-performance liquid chromatography
(Waters, Milford, MA, USA), employing an acetonitrile/water gradient under acidic condi-
tions on a Phenomenex C18 Luna column (particle size 5 um, pore size 100 A). Purified
peptides were lyophilized on a freeze-dryer (Labconco, Kansas City, MI, USA), and the
molecular mass was verified by liquid chromatography-mass spectrometry (LC-MS; Wa-
ters, Milford, MA, USA). The peptides were dissolved in dimethyl sulfoxide (DMSO,
Sigma-Aldrich, Hamburg, Germany) at a stock concentration of 3 mM and further diluted
in phosphate-buffered saline (PBS) /complete cell culture media before usage. AMD3100
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octahydrochloride hydrate (#A5602) and Imatinib mesylate (#$SML1027) were purchased
from Sigma-Aldrich, Hamburg, Germany and dissolved in HyO and DMSO respectively
to create a 10 mM stock. Human and mouse CXCL12 were purchased from Peprotech,
Hamburg, Germany (#300-28A, #250-20A) and dissolved at 100 pg/mL in HyO.

4.2. Cell Culture

BCR-ABL1-transformed mouse pre-B cells were generated in-house, as described pre-
viously [10]. Briefly, wild-type (WT) mouse bone marrow B cells were cultured in Iscove’s
modified Dulbecco’s media (Sigma- Aldrich, Hamburg, Germany) supplemented with
10% heat-inactivated fetal bovine serum (FBS, PAN Biotech, Aidenbach, Germany), 2 mM
L-glutamine (Gibco, Dreieich, Germany), 100 units/mL of penicillin/streptomycin (Gibco),
50 uM beta-marcaptoethanol (Gibco), and 1 ng/mL of recombinant mouse interleukin 7
(IL7, Immunotools, Friesoythe, Germany) for 4-7 days at 37 °C in a 7.5% CO, incubator.
The cells were then retrovirally transduced with a BCR-ABL1 construct cloned in pMIG
vector containing an EGFP marker. Two days after transduction, cells were tested for GFP
expression via FACS, and positive cells were selected via IL7 withdrawal from culture
medium. BCR-ABL1 transduction transforms the cell, leading to uncontrolled growth
and eventually enriching the culture. Rag2~/~ A5~/~ Spl65~/~ TKO mouse pro-B cells
were cultured in similar IL7 containing Iscove’s media at 37 °C in a 7.5% CO, incubator
and transduced with either BCR-ABL1 construct (TKO-BCR-ABL1) or empty pMIG vec-
tor containing an EGFP marker (TKO-EV). Selection and enrichment of TKO-BCR-ABL1
cells were performed as stated before. Human ALL cell lines SupB15 (ACC 389), Tom1
(ACC 578), SD1 (ACC 366), and 697 (ACC 42) were purchased from DSMZ. SupB15 cells
were maintained in McCoy’s 5A (Biowest, Nuaillé, France) and the rest of the cells in RPMI
media (Gibco), supplemented with 20% heat-inactivated FBS, 2 mM L-glutamine, and
100 units/mL of penicillin/streptomycin at 37 °C in a 5% CO; incubator.

4.3. Isolation of Ph* ALL Cells Form Xenografted NSG Mice

Xenografting of immunodeficient NOD.Cg-Prkdcscid [12rgtm1Wijl/Sz] (NSG) mice
with an Imatinib-resistant ALL sample from a patient was described in [10]. Animals
showing clinical symptoms of leukemia or with >75% leukemic blasts in blood were
sacrificed, and total splenic cells were isolated and frozen for future use.

4.4. Real-Time Cell Growth Analysis by IncuCyte

A flat-bottom 96-well plate was coated with 0.01% poly-L ornithine (#P4957, Sigma-
Aldrich, Hamburg, Germany) for 1 h at room temperature (RT). BCR-ABL1, SupB15,
and 697 cells were counted as 0.5 x 10° cells/well, while TKO-BCR-ABL1 and TKO-EV
cells as 1 x 10° cells/well, which were labeled with IncuCyte Cytotox Red dye (#4632,
Sartorius, Ulm, Germany) as per the manufacturer’s protocol. The cells were plated in
100 pL complete medium. The solvent control DMSO, peptide inhibitors, AMD3100 or
Imatinib were diluted in complete medium at 2X concentration and mixed with the cells
in a 1:1 ratio. Plate was prewarmed at 37 °C for 30 min prior to placing in the IncuCyte
chamber. Scanning was conducted every two hours for total of 4 days. Images were
acquired using a 20X objective in phase contrast and fluorescence mode at 4 images/well
and analyzed using the cell-by-cell analysis module of IncuCyte software version 2020B
(Essen Bioscience, Ann Arbor, MI, USA).

For Ph*™ ALL cells isolated from the xenografted NSG mice, frozen cells were thawed
and cultured in MEM-alpha (Gibco) media supplemented with 20% FBS and 100 units/mL
of penicillin/streptomycin for 5-16 h in a 5% CO, incubator. Next, the cells were overlaid
on 10 mL Ficoll-Paque™PLUS (#17144003, Cytiva, Freiburg, Germany) in 50 mL tubes
and centrifuged at 400 g without break for 10 min at RT. The cells were collected from the
interface of Ficoll and media and washed once with PBS. Viable cells were counted and
plated into previously coated 48-well plates at 4.25 x 10° cells/well in 250 uL of media
with or without the inhibitors. Scanning was conducted every two hours for total of 6 days
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in phase contrast mode and analyzed using the cell-by-cell analysis module of IncuCyte
software version 2020B (Essen Bioscience).

4.5. Flow Cytometry

Cells treated with either solvent control DMSO or different concentrations of inhibitors
for different time points were collected and washed with ice-cold PBS. Cells were then
stained with efluor 450-labeled fixable viability dye (FVD, #65-0863-14, eBioscience, San
Diego, CA, USA) at 1:1000 dilution at 4 °C or using 50 pg/mL propidium iodide (PI,
#P3566, Thermo Fisher, Dreieich, Germany) solution at RT for 15 min in the dark. After
washing, labeled cells were resuspended in 100 pL of PBS and acquired using LSR-Fortessa
(BD Bioscience, Heidelberg, Germany). FACS data were analyzed with Flow]o software
version 10.0.

To determine the expression of CXCR4 on the cell surfaces, 0.5 x 10° BCR-ABL1 and
TKO-EV cells were collected, washed with FACS buffer (PBS containing 3% FBS), and
stained with a 1:100 dilution of BV421-labeled anti-mouse CXCR4 antibody (#146511, Biole-
gend, San Deago, CA, USA). Human ALL cell lines were similarly collected and stained
with a 1:100 dilution of Alexa flour 488-labeled antihuman CD19 (#53-0199-42, Invitrogen,
Dreieich, Germany) and APC-Cy7-labeled anti-human CXCR4 (#306527, Biolegend) an-
tibodies at 4 °C for 15 min in the dark. Cells were then washed with FACS buffer and
analyzed using LSR-Fortessa (BD Bioscience).

Human peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-
Paque™PLUS density gradient centrifugation as per the manufacturer’s instructions.
Mononuclear cells were collected from the interface of plasma and Ficoll-Paque media,
then washed several times with PBS. Cells were then counted and either used directly for
experimentation or frozen in 10% DMSO-containing media for future use.

4.6. Cell Proliferation Assay

BCR-ABLI1 cells were collected at 0.5 x 10° cells/well of a 96-well plate and labeled
with cell trace far red cell proliferation dye (#C34564, Invitrogen, Dreieich, Germany),
according to the manufacturer’s instructions. Labeled cells were plated in 100 pL of
complete media and were mixed with equal volume of 2X DMSO or inhibitor-containing
media. A small part of the labeled cells was measured in FACS to determine the fluorescence
signal on day 0. After specific time periods (48 and 72 h), cells were collected, washed with
FACS bulffer, and analyzed using LSR-Fortessa (BD Bioscience).

4.7. Anti-CXCR4 Antibody Competition Assay

An anti-CXCR4 competition assay was conducted as previously described [14,17].
Briefly, 1 x 10° BCR-ABLI-transformed mouse B cells were incubated with serially diluted
(10 uM to 1 nM) JM#170, AMD3100, and Imatinib in the presence of a fixed concentration
of BV421-labeled antimouse CXCR4 antibody (clone L276F12, #146511, Biolegend) for 2 h
at 4 °C. Afterward, the cells were washed to remove unbound inhibitors and antibody, and
measured via FACS for the fluorescence signal of the bound antibody. The fluorescence
signal corresponding to only antibody (no inhibitor) was considered to be 100% antibody
binding. For SupB15 cells, a similar experiment was carried out using APC-Cy7-labeled
anti-human CXCR4 antibody (clone 12G5, #306527, Biolegend).

4.8. Calcium Flux Analysis

Ca?* signaling was analyzed as described previously [14]. Briefly, SupB15 and 697 cells
were collected at 1 x 10° cells/treatment and loaded with calcium-sensitive dye Indo-1
AM (#11223, Invitrogen) and 0.5 mg/mL of pluronic F-127 (#P3000MP, Invitrogen) in their
respective media supplemented with 1% FBS at 37 °C for 45 min. Cells were then washed
and treated with the inhibitors for 10 min at 37 °C. Baseline signal for calcium was measured
for 30 s via flow cytometry, followed by stimulation with 100 ng/mL human CXCL12. The
area under the curve (AUC) of each calcium flux plot was determined using FlowJo. The
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AUC of the water control (solvent for CXCL12) was subtracted from each treatment to
obtain the correct estimation of the calcium signal upon CXCL12 stimulation.

4.9. Western Blotting

BCR-ABLI cells were collected as 5 x 10 cells /500 uL complete media and treated
either with DMSO or different inhibitors in the absence and presence of 100 ng/mL mouse
CXCL12 for 5, 15, and 30 min at 37 °C. Cells were then immediately transferred onto ice to
stop the reaction and washed with ice-cold PBS. Cell extract was prepared by resuspending
the cell pellet in 100 pL of radio-immunoprecipitation assay (RIPA) buffer supplemented
with 1X protease inhibitor cocktail (#78429, Thermo Fisher), 1 mM sodium orthovanadate
(Sigma-Aldrich), and 10 mM beta-glycerophosphate (Sigma-Aldrich). For each treatment,
15 pL of cell extract was mixed with 5 pL. of 4X Laemmli buffer (reducing), boiled at 95 °C
for 10 min, and run on 10% SDS-PAGE. Gels were wet-transferred to PVDF membranes
(Millipore, Burlington, MA, USA) and stained with 0.1% ponceau-S solution to check for
efficient blotting. The membranes were blocked with 3% BSA solution and incubated with
primary antibodies at 4 °C overnight. The next day, primary antibodies were washed,
and membranes were probed with horseradish peroxidase (HRP)-conjugated secondary
antibodies at RT for 2 h. After washing, the blots were developed using Immobilon ECL
Ultra Western HRP Substrate (#WBULS0500, Millipore), and images were acquired with a
Fusion SL gel imaging system (Vilber Lourmat, Eberhardzell, Germany). The following
primary antibodies from Cell Signaling were used: anti-Phospho-Akt (Ser473, #4060), anti-
AKT (#9272), anti-Phospho-p44 /42 MAPK (Thr202/Tyr204, #4370), anti-p44/42 MAPK
(137F5, #4695), anti-Phospho-SAPK/JNK (Thr183/Tyr185) (81E11, #4668), anti-SAPK/JNK
(#9252), and anti-GAPDH (14C10, #2118) antibody. Anti-rabbit IgG, HRP-linked (#7074,
Cell Signaling technology, Danvers, MA, USA) was used as secondary antibody.

4.10. Caspase 3/7 and Caspase 8 Activation Assay

BCR-ABLI cells were plated at 0.5 x 10° cells/well of a 96-well plate in 100 uL of
complete media and treated with DMSO or various inhibitors. At specific time points
(24, 48 and 72 h), activation of caspases was measured with a Caspase-Glo® 3/7 Assay
(#G8090) and Caspase-Glo® 8 Assay (#G8200, Promega, Madison, W1, USA) following the
manufacturer’s instructions.

4.11. RNA Isolation and Real-Time Gene Expression Analysis

BCR-ABLI cells were plated at 1 x 10° cells/well of a 12-well plate in 1 mL of complete
media and treated with DMSO or various inhibitors. After specific time points (24 and 48 h),
RNA was isolated from cells using a ReliaPrep Cell RNA miniprep kit (#26011, Promega).
Fifty nanograms of total RNA was reverse-transcribed using a high-capacity RNA to cDNA
kit (#4387406, Thermo Fisher), and gene expression was measured via Tagman assay using
Tagman Gene expression master mix (#4369016, Thermo Fisher) following ghd manufac-
turer’s protocol. The following Tagman probes were used: Jun (Mm07296811_s1), Bax
(MmO00432051_m1), Bim (Mm00437796_m1), Bcl2 (Mm00477631_m1), Bcl-x1 (00437783_m1),
FasL (Mm00438864_m1), and beta actin (04394036_g1).

4.12. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.0 software. Specific statisti-
cal tests are mentioned in the figure legends. Unless otherwise mentioned, all experiments
were independently conducted at least three times.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25158306/s1.
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Abstract: T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive tumor mainly affecting
children and adolescents. It is driven by multiple genetic mutations that together define the leukemic
phenotype. Interestingly, based on genetic alterations and/or deregulated expression, at least
six genetic subgroups have been recognized. The TAL/LMO subgroup is one of the most represented
genetic subgroups, characterizing 30-45% of pediatric T-ALL cases. The study of lipid and metabolic
profiles is increasingly recognized as a valuable tool for comprehending the development and
progression of tumors. In this study, metabolic and lipidomic analysis via LC/MS have been carried
out on four T-ALL cell lines belonging to the TAL/LMO subgroup (Jurkat, Molt-4, Molt-16, and
CCRF-CEM) to identify new potential metabolic biomarkers and to provide a subclassification of
T-ALL cell lines belonging to the same subgroup. A total of 343 metabolites were annotated, including
126 polar metabolites and 217 lipid molecules. The statistical analysis, for both metabolic and lipid
profiles, shows significant differences and similarities among the four cell lines. The Molt-4 cell line is
the most distant cell line and CCRF-CEM shows a high activity in specific pathways when compared
to the other cell lines, while Molt-16 and Jurkat show a similar metabolic profile. Additionally, this
study highlighted the pathways that differ in each cell line and the possible enzymes involved using
bioinformatic tools, capable of predicting the pathways involved by studying the differences in the
metabolic profiles. This experiment offers an approach to differentiate T-ALL cell lines and could
open the way to verify and confirm the obtained results directly in patients.

Keywords: untargeted metabolomics; lipidomics; T-ALL; lymphoblastic leukemia; TAL/LMO

1. Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a highly aggressive form of lymphoid
tumor caused by the malignant transformation of T cells [1]. T-ALL represents approxi-
mately 15% of pediatric cases and 25% of adult cases among all lymphoblastic leukemia
instances [2—4]. Patients show symptoms that are typically linked to anemia, thrombocy-
topenia, and neutropenia due to the infiltration of the bone marrow by tumor cells [5].

In recent years, the genetic basis of T-ALL has been largely explored [6-9]. Genomic
studies have provided the genetic classification of T-ALL based on alterations/deregulated
expression of transcription factors with pivotal roles in T-cell differentiation. In this context,
at least six subgroups have been recognized. They are TAL/LMO, HOXA, TLX3, TLX1,
NKX2-1/2-2, and BCL11B. In addition, abnormalities of other gene classes that control
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self-renewal capacity, cell cycle, proliferation, apoptosis, and/or differentiation cooperate
in the leukemia phenotype [10,11].

While most efforts are directed toward the genetic characterization of tumors, it is
becoming evident that the study of metabolic and lipid profiles provides additional insight
into the pathogenesis and progression of tumors [12,13].

Metabolomics and lipidomics are emerging fields of biochemistry that study metabolic
pathways and metabolic processes in a biological system [14-16]. Recently, liquid chro-
matography/mass spectrometry (LC/MS) has become the most used approach in lab-
oratories to study metabolic and lipid profiles [17,18]. This analytical approach allows
the generation of complex data matrices that can be studied and analyzed with several
bioinformatics tools such as the MetaboAnalyst 5.0 web platform for statistical and path-
way analysis [19], the OmicsNet web platform for biological networks [20], LipidOne for
lipidomic data analysis [21], and Biopan for lipid metabolic pathways [22].

In the field of research, these methods offer priceless insights into biological pathways
and processes, helping scientists better understand how diseases, genetic mutations, and the
environment affect these pathways [23-25] and allowing them to find potential therapeutic
targets or biomarkers [26-29]. In this context, it would be particularly interesting to
deepen the metabolic and lipid studies of T-ALL to identify and highlight the significant
differences between the different forms of leukemia. Such investigation could provide
a deep understanding of these types of tumors, opening new research perspectives and
potentially revealing important diagnostic and therapeutic information.

The TAL/LMO transcriptional complex subgroup constitutes a substantial proportion
of T-ALL cases, comprising 30-45% of pediatric T-ALL cases and 10-15% of adult T-ALL
cases [10]. In light of this, it would be interesting to investigate the metabolomic and
lipidomic profiles of T-ALL tumor cells taken from multiple sources and belonging to this
subgroup to study any metabolic similarity or differences inside the same subgroup. Four
cell lines have been selected for this study: Jurkat, CCRF-CEM, MOLT-16, and MOLT-4.
All of them belong to the TAL/LMO transcriptional complex subgroup and all represent
in vitro models of acute lymphoblastic leukemia. By digging into the molecular phenotype
of these cell lines, we aim to identify potential variations among them, possibly allowing
for the classification and stratification of the different cell lines at the metabolic level,
unraveling differences, or similarities, in the same genetic subgroup. This characterization
could offer valuable insights for further subclassification of this type of leukemia, shedding
light on statistically significant differences in metabolites and lipids, which can eventually
be verified in clinical cases.

To achieve this aim, metabolomic and lipidomic analyses were conducted on the
selected T-ALL cell lines. At the level of polar metabolites, statistical and pathway analyses
were performed. Regarding the study of lipids, statistical analyses were conducted at
three different levels: lipid classes, lipid molecular species, and lipid building blocks.

2. Results
2.1. Polar Metabolite Analysis

Untargeted metabolomics analysis allowed the annotation of 126 polar metabolites:
complete information is listed in Table S1. The data were normalized via the median and
Log transformation (base 10) and were scaled with Pareto scaling.

Unsupervised principal component analysis (PCA) on the polar metabolite matrix
was performed (Figure 1).
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Figure 1. The figure shows the PCA scores plot; the ellipses enclose the scores inside a region
with 95% confidence. The colors indicate the cell line type, and the symbols indicate the sample.
The platform Metaboanalyst was used to generate these score plots.

The PCA score of polar metabolites demonstrates clear separation among the different
cell lines. In fact, the first component (that explains 25.8% of variance) divides the Jurkat and
Molt-16 cell lines from the CCRF-CEM and Molt-4 cell lines, while the second component
(15%) was able to separate between the CCRF-CEM and Molt-4 cell lines. In fact, according
to the classification proposed by Burger, Renate, et al., which classify the cells based on
their immunophenotype, the CCRF-CEM cell line is considered pre-T, while Jurkat and
Molt-16 lines are classified as mature T and Molt-4 as cortical T [30]. This classification
could provide an explanation regarding the marked separation of the CCRF-CEM cell line
from the other three lines. Similarly, the separation of the cortical cell line, Molt-4, and
ultimately the separation at the first component level of the two mature T-type cell lines,
Jurkat and Molt-16, from the other two can be explained. Moreover, the cell lines are from
different genders and ages (Jurkat: 14-year-old male, CCRF-CEM: 3-year-old girl, Molt-4:
19-year-old man, and Molt-16: 5-year-old girl); however, it appears that the sex and age of
the patients from whom these lines were derived do not influence or explain the clustering
shown in the PCA analysis.

A one-way ANOVA test with a g-value (FDR) cut-off of 0.05 was performed to high-
light the statistically significant metabolites. The ANOVA test revealed 57 significant
metabolites (see Table S2), while the remaining metabolites did not show significant differ-
ences among the cell lines. Notably, several amino acids and their derivatives, dipeptides,
and other metabolites vary among the different groups (Figure 2a), suggesting the presence
of variations affecting cellular pathways. Most of these metabolites are involved in at least
one metabolic pathway (See Table S3).
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Figure 2. The heatmaps: (a) Displays the correlation of the 57 statistically significant polar metabolites
within each cell line. The colors indicate the expression level of each individual metabolite in each
cell line based on their relative abundance. (b) Presents the results of pathway analysis conducted
on each cell line sample, comparing them to medium bootstrap samples. The colors represent the
significance based on the —log(p-value) of each pathway in each cell line. The analysis employed the
Euclidean correlation index and the complete clustering method.

Pathway analysis was conducted on the entire polar metabolite matrix in order to
highlight pathway variations in each cell line. The results were visualized using a heatmap
to show the significance intensity of each pathway in each cell line (Figure 2b). Pathways
with an impact of less than 0.1 were excluded.

As indicated in Figure 2b, different metabolic pathways exhibit statistical differences
among specific cell lines. Notably, Molt-4 appears to be the most distinct cell line based on
its metabolic profile. Several pathways, including tryptophan metabolism, show statistically
significant differences in Molt-4 compared to the other cell lines. This is supported by
the elevated abundance of tryptophan in Molt-4 cells when compared to the other lines
(Figure 2a). Additionally, glutathione metabolism in Molt-4 varies significantly, attributed
to the lower abundance of glutathione and Cys-Gly in Molt-4 compared to the other three
cell lines. Arginine biosynthesis also appears to be decreased in Molt-4, potentially due
to the lower abundance of N-(L-Arginino) succinate and ornithine. Inositol phosphate
metabolism is another pathway exhibiting variations in Molt-4, likely linked to the higher
abundance of myo-inositol in Molt-4 cells compared to the other lines.
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The CCRF-CEM cell line emerges as the second most distinct based on its metabolic
profile. Differences in multiple metabolic pathways, including purine metabolism, are
evident, with CCRF-CEM exhibiting higher levels compared to other cell lines. This is
supported by the elevated presence of metabolites like GDP, adenosine, AMP, GMP, and
adenine, which also play roles in cellular signaling. Taurine and hypotaurine metabolism
show a similar pattern, with CCRF-CEM displaying higher levels, possibly due to increased
taurine abundance. Similar to Molt-4, CCRF-CEM also exhibits significant variation in
glutathione metabolism, suggesting potential differences in oxidative stress response com-
pared to Jurkat and Molt-16. Moreover, metabolites such as acetylcholine vary in different
ways in these cell lines; in fact, Molt-4 demonstrates a high abundance of it; on the other
hand, Molt-16 and CCRF-CEM demonstrate similar abundance, while Jurkat demonstrates
a low abundance of this metabolite.

On the other hand, Molt-16 and Jurkat demonstrate similar metabolic profiles, with
minor differences compared to the other two cell lines.

Finally, a cluster analysis was performed based on all polar metabolites detected with
the Dendrogram function (see Figure 3).
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Figure 3. Hierarchical clustering dendrogram. The numbers below are the distances calculated with
the Pearson algorithm. The tree was created by using the distance measure of the Pearson correlation
and complete clustering algorithm.

Hierarchical cluster analysis revealed clear segregation of all the analyzed cell lines
from the Molt-4 (Figure 3) cell line. In fact, this result could indicate that Molt-4 has
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an overall different metabolic profile when compared to the other three. The remaining
cell lines can be separated into two sub-branches: one containing Molt-16 and Jurkat,
which mostly demonstrate a similar metabolic profile, and the second one containing the
CCRF-CEM cell line.

2.2. Lipid Profile Analysis

After lipidomic workflow, a data matrix was obtained containing qualitative and semi-
quantitative information on 217 lipid molecular species divided into 19 classes (see Table 54).
For a clearer and more detailed lipidomic analysis, qualitative and semiquantitative differ-
ences within lipid classes will be studied at first, then among molecular species, and finally
among lipid building blocks.

2.2.1. Analysis at the Level of Lipid Classes

The results at the level of lipid classes are expressed as the average and standard error.
The p-value of the comparison among these four cell lines was calculated using one-way
ANOVA. The results are shown in Table 1. We also calculated the percentage of lipid classes
among each cell line analyzed (see Figure 4).
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Figure 4. Pie chart: the figure shows the percentages of lipid classes referred to each cell line. Excel-
Microsoft office 365 (version 2402) was used to create the charts after obtaining the percentages table
by using an R script on the lipid data matrix. Every color represents one of the lipid classes.
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As indicated in Table 1, a significant difference appears in the total lipid content among
the cell lines, especially between Jurkat and CCRF-CEM on the one hand and Molt-4 and
Molt-16 on the other. Molt-4 exhibits the highest total lipid amount among the cell lines.
Moreover, there are statistically significant differences in the amounts of specific lipid
classes, including PC, PE, SM, TG, PC-O, PE-P, and others. In fact, both Molt-16 and Molt-4
demonstrate higher levels of PC and PE in comparison to the Jurkat and CCRF-CEM cell
lines. Molt-4 also displays a remarkable quantity of TG compared to the other cell lines.
Interestingly, Molt-16 presents a lower concentration of ether-linked lipids such as PE-P,
PE-O, and PC-P when compared to the other cell lines.

In Figure 4, the percentage of each lipid class relative to the total lipids within each
cell line is represented. The most represented lipid classes within all four cell lines are
the phospholipids (PC, PE, PI, PG, PS, PE-O, PE-P, PC-O, PC-P, PI-O LPC, LPE, and SM)
representing 90.9% in Jurkat, 87.4% in CCRF-CEM, 87.0% in Molt-4, and 86.2% in Molt-16.
Notably, most lipids are distributed similarly among the cell lines and represent the majority
of lipids inside them (PC, PE, PI, PG, PS, PE-O, PI-O, and SM). However, some lipid classes
vary among the cell lines, as observed in Figure 4. Specifically, Molt-16 exhibits a relatively
different distribution of certain lipid classes when compared to other cell lines, such as CE
(10.2%), compared to Jurkat (6.0%) and Molt-4 (5.4%); PC-O (5.3%) compared to CCRF-CEM
(10.4%), Jurkat (6.6%), and Molt-4 (9.8%); and PE-P (4.5%) compared to CCRF-CEM (8.9%),
Jurkat (7.9%), and Molt-4 (8.4%). On the other hand, in Molt-4, the TG lipid class is uniquely
distributed, representing 5.8% of total lipids and showing a higher percentage of this lipid
class compared to Jurkat (1.4%), Molt-16 (1.7%), and CCRF-CEM (2.0%).

In this context, few studies on the lipid composition of T cells have been reported
in the literature, which were mainly interested in T cells isolated from blood rather than
immortalized cell lines or tumor models. A study from Alarcon-Barrera and colleagues on
the lipid composition of CD4+ T cells [31] showed that the percentage of PC within these
cells is 30% of lipids, while that of PE and SM is 20% and 30%, respectively. A subsequent
study concerning differences in the lipid composition of the plasma membranes of T cells
and B cells [32] showed that the percentages of PC within the cell membrane of T cells are
about 65%, for PE the percentage is 8.6%, and for SM the percentage is 15.7%. Although
these different results are due to noncomparable techniques, they provide indications
about the most represented lipid classes within this cell type, which are precisely PC, PE,
and SM. Our data confirmed this lipid composition on T-cell line models, and our matrix
underlines the significant presence of other important lipid classes such as ether-linked PC,
ether-linked PE, PI, and PS.

2.2.2. Analysis at the Level of Lipid Molecular Species

The one-way ANOVA test revealed 170 significant lipid species (Table S5); it also
includes the Tukey’s test.

The lipidomic data matrix was subjected to principal component analysis (PCA).
The results are illustrated in Figure 5.

The principal component analysis in Figure 5a highlights a clear separation between
the four cell lines, both in the first component (42% of explained variance), between Molt-16
and Jurkat on the one hand and Molt-4 and CCRF-CEM on the other, and in the second
component (16.7% of explained variance), between Molt-4 and Jurkat on one side and
Molt-16 and CCRF-CEM on the other. These results are very similar to the results of the
PCA on the polar metabolites (Figure 1). Observing Figure 5b, it is possible to note the lipid
molecular species that contribute the most to the separation and clustering; in fact, most of
these molecules are PC, SM, PE, PI, and CE.

Heatmap visualization was applied on the lipidomic data matrix to study the quanti-
tative differences among the single lipids inside the different cell lines. The results shown
in Figure 6 highlight the main lipid molecular species with differences in expression.
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Figure 5. (a) PCA score plot of the lipid molecular species from the four cell lines. The ellipses enclose
the scores inside a region with 95% confidence. (b) Loading plot of the lipid molecular species which
contribute to the separation among the cell lines. Before the analysis, data matrix was normalized
and pareto scaling was applied.
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Figure 6. Heatmap: The figure shows the correlation of the 25 most significant lipid molecular species
within each sample. The color shows the level of expression of each individual species in each sample
based on their concentrations. The analysis was performed using the Pearson correlation index and
the complete clustering method.

It is worth mentioning that some molecular species of the PE P lipid class, such as PE
P-16:0_22:3, PE P-18:0_22:4, and PE P-18:0_22:3, are present in concentrations relatively
high in the CCRF-CEM cell line compared to the other lines. On the contrary, relatively
low concentrations of these three lipids are found in the Molt-16 line, while the other
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two cell lines show average concentrations compared to CCRF-CEM. On the other side,
numerous molecular species belonging to the PE and PC lipid classes are present in
relatively high concentrations in the Molt-16 line, whereas relatively low concentrations are
found in the CCRF-CEM line and relatively medium concentrations in the Jurkat and Molt-
4 lines. Furthermore, some molecular species, such as SM 16:1;02/26:1, SM 18:1;02/24:0,
PI118:0_18:1, and PE O-24:2_20:4, show relatively high concentrations in the CCRF-CEM
line and relatively low concentrations in the other cell lines. These results at the two
levels confirm that the lipidic profile of Molt-16 is highly different from the other cell lines,
especially CCRF-CEM, while Jurkat and Molt-4 demonstrate a similar lipid profile.

2.2.3. Analysis of Lipid Building Blocks

Ultimately, we further analyzed the composition of the building blocks in the context of
lipid molecular species. Specifically, we analyzed the lengths of the chains and the amount
of unsaturation of the fatty acids that make up the various lipids. Figure 7 shows the
differences in the concentrations of chains with different lengths (with different numbers of
carbon atoms).
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Figure 7. Bar graph: The figure shows the average concentrations (ug/10° of cells) of the chains with
different lengths. Experimental error bar (n = 5) and ANOVA significance asterisks are represented
(*** indicates p-value < 0.001, ** indicates p-value < 0.01, and * indicates p-value < 0.05). This graph
was made with R program (R version 4.2.3 (2023-03-15 ucrt)).

The bar graph in Figure 7 shows that the most abundant chains are those composed
of 16, 18, 20, and 22 carbon atoms. It is interesting to note that most of the chain lengths
are statistically different: particularly, 18 and 20 carbon-atom chains are highly present in
Molt-4 and Molt-16. Chains with 16 carbon atoms are predominantly present in Molt-4.
Furthermore, a particular abundance of ether chains with 16 and 18 carbon atoms is
observed, which are mostly present in the two cell lines Molt-4 and CCRF-CEM.

Regarding the unsaturation in the fatty acids of lipids, ratios of saturated fatty acids
(SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) were
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calculated based on the average amount (in pg/10%cells) of fatty acids with different types
of saturation and unsaturation within the lipid species. Table 2 illustrates the results.

Table 2. Ratio of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsat-
urated fatty acids (PUFA) using the average amount of chains with different types of saturations
(n = 5)in ug/10° of cells.

Cell Line/Ratio SFA/MUFA SFA/PUFA
Jurkat 0.9393 1.7644
CCRF-CEM 0.9926 1.8439
Molt-4 0.9765 2.1925
Molt-16 0.8479 1.4532

As shown in Table 2, the SFA/MUFA ratio in all four cell lines is less than one,
indicating a lower quantity of saturated fatty acids compared to monounsaturated fatty
acids inside the cells. Conversely, the SFA /PUFA ratios are all higher than 1, signifying
a greater presence of saturated fatty acids than polyunsaturated fatty acids inside the
cells. However, differences in the ratios among the cell lines do not reach significance.
Nevertheless, the lower ratios in the Molt-16 cell line could suggest a higher activity in
pathways involving the desaturation of fatty acids compared to the other cell lines.

3. Discussion

Statistical analyses of the relative abundances of polar metabolites confirm the pres-
ence of significant differences in the metabolism of the four T-ALL analyzed cell lines.
The results of principal component analysis (PCA) applied to polar metabolite and lipid
matrices showed that differences in metabolic and lipid profiles are able to cluster cell lines
according to their maturation status. Additionally, specific pathways emerge that vary
among them, such as tryptophan metabolism, glutathione metabolism, arginine biosynthe-
sis, purine metabolism, and others. The analysis showed a higher abundance of tryptophan
in Molt-4 when compared to the other cell lines, suggesting a different metabolic behavior
for this amino acid in Molt-4. The catabolism of this amino acid is generally correlated
with peripheral immune tolerance [33]. Additionally, Molt-4 showed a low abundance
of glutathione and other metabolites involved in its metabolism, indicating a different
oxidative stress activity. Enzymes such as glutathione synthetase and glutamate cysteine
ligase, which contribute to glutathione metabolism [34], may have a lower activity in
Molt-4 when compared to the other cell lines. Studies have shown that this pathway is
closely related to tumors; in fact, high levels of glutathione promote tumor progression and
increased metastasis [35].

The pathway analysis has also demonstrated lower arginine biosynthesis in Molt-4 in
comparison to the other cell lines. This result could also indicate a variation in the activity of
enzymes involved in this pathway, such as ornithine transcarbamylase and argininosuccinate
synthase 1. Arginine biosynthesis is one of the most important and sensitive pathways in
cancer cells, regulating cell death [36]. The identified differences within these T-ALL cell
lines highlight the possibility to further investigate their sensitivity to new personalized
therapeutic approaches.

Our pathway analysis demonstrated higher abundance in specific metabolites re-
lated to purine metabolism in the CCRF-CEM cell line, suggesting its higher activity in
CCR-CEM. Moreover, enzymes such as guanylate kinase 1, phosphodiesterase 10A, and
adenosine kinase play key roles in purine metabolism and may be involved in the identified
deregulation. Numerous studies have demonstrated the importance of this pathway in can-
cer biology; indeed, purine metabolism appears to be increased in tumors because purine
nucleotide metabolism is crucial for cancer cell proliferation. Accordingly, this pathway is
therefore one of the targets for cancer therapies including some types of leukemia [37—41].

These results, at the level of polar metabolites, highlight potential biomarkers and
distinct behaviors for some cell line. For instance, purine metabolism is distinguishable
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in CCRF-CEM, while the other cell lines exhibit similar characteristics. Moreover, Molt-
4 exhibits a unique behavior in various metabolic pathways, particularly in arginine
biosynthesis, the metabolism of glutathione, and tryptophan. The pathway analysis has
also demonstrated a comparable metabolic profile in Jurkat and Molt-16.

The results of our hierarchical cluster analysis reveal a significant finding: the Molt-4
cell line exhibits the most distinct metabolic phenotype compared to the other three cell
lines. It is noteworthy to highlight that the metabolic behavior of CCRF-CEM is also
distinguishable, while Molt-16 and Jurkat show a similar metabolic profile.

Lipidomic analysis reveals a marked distinction among the four cell lines under study.
The absolute amount of intracellular lipids manifests statistically significant differences,
with the Molt-4 cell line having a higher amount overall than the other lines. In addition,
significant variations are observed at the level of lipid classes. Lipid classes such as PC, PE,
PS, PI, and SM manifest differences in at least one of the cell lines, suggesting a possible
diversification in the lipid composition of both the cell membrane and the intracellular
environment. Such changes in lipid classes may be attributable to changes in the activity of
specific enzymes responsible for intracellular lipid synthesis, such as phosphotransferases,
phospholipases, phosphatases, lipid kinases, and sphingosine kinases. It is relevant to
note that numerous scientific studies have demonstrated activity variation with many
of these enzymes in the context of cancer [42—45]. Interestingly, the percentages of lipid
classes in each cell line confirm a uniform distribution of lipid classes across all the cell
lines. Our results, based on semiquantitative lipid assessment, support the hypothesis that
phospholipid transformation and synthesis pathways diverge among the four cell lines
under study. This suggests the possibility of further classification of these tumors based
on these lipid classes as biomarkers and even identifying specific pathways that could
represent potential therapeutic targets.

Furthermore, specific molecular lipids with statistically significant variations were
identified. The heatmap revealed that particular lipid species, such as PE P-16:0_22:3, PE
P-18:0_22:4, PE P-18:0_22:3, SM 16:1;02/26:1, SM 18:1;02/24:0, PI 18:0_18:1, and PE O-
24:2_20:4, show noticeable differences within at least one of the cell lines. These molecules
could be the subject of further studies to identify potential biomarkers. In fact, at this
level of analysis, the Molt-16 cell line demonstrates a unique lipidomic profile compared to
the other cell lines, while Jurkat and Molt-4 share a similar lipid profile. CCRF-CEM also
distinguishes itself from the others, albeit to a lesser extent than Molt-16.

Lipid building block analyses revealed significant variations in the levels of fatty acid
chains within the lipids of the four cell lines. Specifically, Molt-4 and Molt-16 cells exhibit a
relatively higher presence of long-chain fatty acids (with 16-18 carbon atoms) compared to
the other two cell lines. Conversely, CCRF-CEM and Molt-16 cells show an increase in lipids
with ether-linked chains when compared to Molt-4 and Jurkat lines. These differences
suggest distinct activities of enzymes involved in the elongation of fatty acids, such as
elongase. While the ratios of SFA/MUFA and SFA /PUFA, calculated to study differences
in the unsaturation within the lipid chains, show minimal variations, Molt-16 demonstrates
lower ratio values. These differences in lipid-building chains could be associated with
higher activity in enzymes regulating these fatty acids, such as specific desaturases.

Studies in different types of tumors have shown an increase in the expression of specific
elongases, including elongases 1, 5, and 6 [46]. These enzymes are responsible for elongation
of long-chain fatty acids, which include chains of 16, 18, and 20 carbon atoms. Further study
showed that elongase 5 plays a key role in lipid metabolism in T cells. This was confirmed
by the observation of high expression of this enzyme in proliferating T cells and Jurkat cells
compared with resting T cells [47]. The same study also documented increased expression
of fatty acid desaturases 1 and 2, which are responsible for the desaturation of long-chain
fatty acids.

Our results reveal distinct metabolic behaviors across the four cell lines grown and
maintained at the same experimental conditions. Specific pathway shows enhanced activity
in one cell line more than the others. This observation not only aids in further classification
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of these cell lines but also paves the way for in vivo studies to validate these pathways
as potential biomarkers. Consequently, these findings could be considered as promising
diagnostic biomarkers for T-ALL patients based on the metabolic phenotype. These bio-
chemical features from our preliminary study could then be validated and confirmed in
patients. They could then be used to monitor the tumor, track its severity or progression
during treatment, and, within specific biological pathways, could also be used to identify
new therapeutic targets, thus allowing the assignment of different therapeutic approaches
to patients of the same genetic subgroup, based on this classification and stratification due
to metabolic phenotype. This encourages a shift towards personalized therapy approaches
grounded in metabolic classification to integrate the genetic approach. Moreover, this study
could serve as a foundation for additional research exploring the metabolic behavior of
T-ALL in other genetic subgroups, as well as those categorized as unclassified due to the
absence of cytogenetic markers [10]. Notably, recent studies demonstrated the feasibility
of stratifying patients with acute myeloid leukemia (AML) using a lipidomic approach,
revealing different lipid profiles among patients with distinct cytogenetic alterations [48].
Nonetheless, it is still necessary to verify and validate these results on primary tumor cells
or on samples taken directly from patients in order to translate these findings into potential
clinical applications.

4. Materials and Methods
4.1. Chemicals and Reagents

LC/MS grade water (H,O) (Merck KGaA, Darmstadt, Germany) (LiChrosolv), ace-
tonitrile (ACN), methanol (MeOH), isopropanol (IPA), toluene (Tol) all (Carlo Erba, Milan,
Italy), ammonium fluoride, ammonium acetate, methyl-t-butyl ether (MTBE), and chlo-
roform (CHCl3) were purchased from Sigma-Aldrich (Sigma-Aldrich GmbH, Hamburg,
Germany). The internal standard (IS) for lipidomics analysis was EquiSPLASH Lipidomix
(Avanti Polar, Alabaster, AL, USA): a mixture with known concentrations of the following
lipids [100 pg/mL]: PC 15:0_18:1(d7); PE 15:0_18:1(d7); PS 15:0_18:1(d7); PG 15:0_18:1(d7);
PI15:0_18:1(d7); C15 Ceramide-d7; LPC 18:1(d7); LPE 18:1(d7); CE 18:1(d7); MG 18:1(d7);
DG 15:0_18:1(d7); TG 15:0_18:1(d7)_15:0; SM 18:1;20/18:1(d9); and cholesterol(d7). The cell
culture reagents were from Euroclone S.p.A (Pero, Italy).

The Jurkat cell line (TIB-152) was purchased at American Type Culture Collection,
Manassas, VA, U.S.A. CCRF-CEM (ACC 240), MOLT-4 (ACC 362), and MOLT-16 (ACC 29)
cell lines were kindly provided by the laboratories of Prof. Giovanni Roti (University of
Parma, Italy) and purchased at the DSMZ-German Collection of Microorganisms and Cell
Cultures GmbH, Germany.

4.2. Samples and Sample Preparation
4.2.1. Cell Lines

This study was carried out on four T-acute lymphoblastic leukemia cell lines: Ju-
rkat, CCRF-CEM, MOLT-16, and MOLT-4, all belonging to the TAL/LMO transcriptional
complex [49,50], with a well-characterized immunophenotype [30]; see Table S6 for more
details. The cell lines were cultured in RPMI 1640 medium with the addition of 10% heat-
inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Cells were kept
in the same experimental conditions: in T-75 flasks in a humidified atmosphere containing
5% CO; at a temperature of 37 °C. In order to obtain better results and minimize variations,
cells from all four cell lines were seeded at the same concentration and, after 48 h, were
harvested, counted, and collected into a pellet via centrifugation at 300x g, washed twice
with phosphate-buffered saline (PBS), and stored at —80 °C until LC/MS analysis.

4.2.2. Preparation of Analytical Samples and Metabolites Extraction

For polar metabolite analyses, from each cell line, 5 experimental replicates were
prepared in 5 different T-75 flasks. After incubation of the cells under physiological
conditions for 48 h, 1 million cells were collected, pelleted, and washed twice with PBS.
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The extraction of polar metabolites was performed following the biphasic method described
by Cajka et al. [51], with some minor modifications. A total of 275 uL of MeOH was added
to each cell pellet, followed by 30 s of vortexing. Subsequently, 1 mL of MTBE was added,
and the sample was again vortexed and shaken for 20 min at 1500 rpm using a T-Shaker
(Euroclone). After that, 275 pL of a 10% MeOH solution was added. The sample was
centrifuged at 16,000 g for 10 min at 4 °C. After phase separation, the polar lower phase
was transferred to a glass vial and evaporated with a gentle flow of nitrogen at 60 degrees.
The dry residue was resuspended in 100 uL. of ACN/H,0O 4:1 and then placed in the
autosampler. The same procedures were followed on a pool of all cells and on an empty
Eppendorf tube, which was subsequently used as a blank control.

For the lipidomic analysis, the sample pellet preparation procedure was identical to
the previous one. With some modifications, lipid extraction was performed on the pellet
following the lipid solubilization process described by Pellegrino et al. [52]. Initially, an
extraction mixture was prepared consisting of 33 mL of MTBE, MeOH, and CHCl; at a
ratio of 1:1:1 (MMC). The MMC consists of 1 mL of IS diluted 1:10 in MeOH, 10 mL of
MeOH, 11 mL of MTBE, and 11 mL of CHCI3. Subsequently, 1 mL of the MMC mixture
was added to each sample pellet. After 30 s of vortexing, the samples were placed in a
T-Shaker (Euroclone) and processed for 20 min at 1500 rpm at 20 °C. Afterward, the samples
were centrifuged at 16,000 x ¢ for 10 min at 4 °C, and the supernatant was transferred to
a glass vial. Following this, the supernatant was dried with a light stream of nitrogen.
Dried residue was resuspended in 100 pL of MeOH/Tol 9:1 and placed in the autosampler.
The same procedures were followed on a pool of all cells and on an Eppendorf containing
only the solubilization solution (MMC), which was subsequently used as a blank control.

4.3. LC/MS Analysis

LC/MS analysis was conducted using an Agilent system consisting of an Agilent
1260 Infinity II liquid chromatograph consisted of a quaternary pump, a thermostatted
column compartment, and an autosampler coupled to an Agilent 6530 Accurate-Mass
Q-TOF (Quadrupole-Time-of-Flight) analyzer and an Agilent JetStream source.

4.3.1. Untargeted Polar Metabolomics

Untargeted polar metabolomics chromatographic separation was conducted by fol-
lowing the indications reported by Jian Li et al. [53]. For the immobile phase, a Waters
XBridge BEH Amide (HILIC) column (150 mm, 2.1 mm, and 2.5 um) at 25 °C with a flow
rate of 0.35 mL/min was used. The mobile phase consisted of a mixture of water (A) and
ACN (B), both with 0.2% formic acid. The gradient used was as follows: From 0 to 3 min, an
isocratic gradient was maintained, with A at 10% and B at 90%. From 3 to 13 min, a linear
gradient was used, with A at 52% and B at 48%. From 13 to 15 min, an isocratic gradient
was maintained, with A at 52% and B at 48%. From 15 to 16 min, a linear gradient was
used, with A at 10% and B at 90%. From 16 to 20 min, an isocratic gradient was maintained,
with A at 10% and B at 90%. At 20 min, the run was stopped. Spectrometric data were
acquired in the range of 40-1700 m/z in both negative and positive polarity. The Agilent
JetStream source was used with the following settings: gas temperature (Ny) at 200 °C,
drying gas flow at 10 L/min, nebulizer pressure at 50 psi, and sheath gas temperature at
300 °C with a flow of 12 L/min.

4.3.2. Untargeted Lipidomics

Lipid chromatographic separation was performed as previously described [25,54],
employing the same column and conditions: a Supelco Ascentis Express 90A C18 column
(100 mm x 2.1 mm, 2.0 um) maintained at 50 °C with a flow rate of 0.25 mL/min. The mo-
bile phase consisted of four eluents: water, ACN, MeOH, and IPA. All solvents were
prepared with ammonium fluoride at a concentration of 0.2 mM. Additionally, IPA, MeOH,
and water were prepared with ammonium acetate at a concentration of 10 mM.
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In full scan mode, spectrometric data were collected in the range of 50-3200 m/z for
both negative and positive polarity. The pool sample was analyzed five times using an
iterative DDA acquisition mode to capture as many MS/MS spectra as possible. The Agilent
JetStream source settings were consistent with those described in previous works [25,54].

4.4. Raw Data Processing

The raw data for metabolic and lipid analysis were processed using MS-DIAL software
(version 4.9). This process included peak selection, alignment, and data annotation [55].
In the case of polar metabolites, the annotation was conducted using mass spectra (MS) and
mass/tandem spectra (MS/MS) using the NIST2020 database. To conduct the statistical
analysis of the polar metabolites, the relative abundances of the metabolites (in terms
of areas under the peaks) were measured and normalized according to the number of
cells. Subsequently, these data were compared and studied using the MetaboAnalyst plat-
form [19]. The resulting matrix was imported into MetaboAnalyst, where a normalization
of the samples was applied with the median. In addition, a logarithmic transformation of
the data was performed, followed by pareto scaling. The MetaboAnalyst interface allowed
the execution of various analyses, including principal component analysis (PCA), one-way
ANOVA tests, and the creation of a hierarchical clustering dendrogram. In addition, the
possibility was given to conduct pathway analyses to compare variations in biochemical
pathways between different cell lines. These pathways and the enzymes involved are based
on the Homo Sapiens KEGG databases.

For lipid annotation, following the guidelines dictated by the Lipid Standard Initiative
(LSI), the annotation of lipid molecular species was performed at the molecular level using
data acquired with mass spectrometry (MS) and tandem mass spectrometry (MS/MS) [56]
using databases generated through the Lipid Spectrum Generator (LSG) tool [57]. Fol-
lowing the procedure outlined by Tsugawa H. et al. [55], lipid semiquantification was
performed using the deuterated internal standard (EquiSPLASH Lipidomix) for each lipid
class at levels 2 and 3 of the LSI recommendations (see Table S7). Semiquantification of the
raw data was conducted using an R script developed within our laboratory. The semiquan-
tification was based on the known concentrations of the standards added to the samples.
At the end of this analytical step, a set of matrices was produced containing the expressive
concentrations in pg/1 million cells of the lipid molecular species previously annotated
and classified according to the different lipid classes. These matrices were subjected to
median normalization and then pareto scaling was applied, helping to prepare the final
matrix for subsequent analyses. Statistical analyses on the identified variations within the
lipid profiles were performed using a one-way ANOVA test, PCA, and heatmap visual-
ization. Specifically, the matrix of lipid concentrations was examined using LipidOne [21],
supported with R scripts developed in-house to generate visualizations such as the PCA
score graph, heatmap, and bar graphs.

5. Conclusions

In this study, metabolomics and lipidomics analyses of Jurkat, Molt-16, Molt-4, and
CCRF-CEM cell lines allowed the annotation of 126 polar metabolites and 217 different
lipid species.

The experimental data confirm the possibility to differentiate T-cell acute lymphoblas-
tic leukemia cell lines belonging to the same genetic subgroup. Notably, when considering
the overall metabolic profile, it becomes apparent that Molt-4 stands out as the most distinct
among the cell lines. However, digging into the detailed pathway and lipidomic analysis
allows for the differentiation and stratification of these cell lines based on specific pathways.
For example, CCRF-CEM is distinguishable with its high-activity in purine metabolism,
Molt-4 is distinguishable with its unique behavior regarding glutathione metabolism and
acetylcholine, or the unique lipidomic profile of Molt-16. On the other hand, the results
also show some similarities among the cell lines. The overall metabolic and lipidic profiles
indicate a resemblance between Jurkat and Molt-16. Furthermore, these cell lines share sim-
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ilar behaviors in specific metabolic pathways, such as purine metabolism and glutathione
metabolism.

Consequently, our study introduces the potential for an additional subclassification
for T-ALL based on the metabolic and lipid phenotype. The identified differences among
the four cell lines call for a more in-depth investigation utilizing cells directly sourced
from patients with TAL/LMO rearrangements to validate these observed distinctions as
metabolic biomarkers. Such biochemical features could be used to classify patients into
multiple groups based on metabolomic profile. This could be useful at a clinical level
for diagnosis, as well as for stratification of disease severity and risk. Furthermore, they
could be used to monitor disease progression during specific treatments. Ultimately, this
classification could be useful for the discovery of potential therapies, based on the altered
metabolic pathways within patients in each metabolomic subclass.

Moreover, within the context of T-ALL, cases labeled as “unclassified” due to the absence
of cytogenetic markers could benefit from multiomics approaches, such as metabolomics
and lipidomics. This could unveil underlying leukemogenic mechanisms, leading to the
identification of new biomarkers specific to each tumor variant. Such insights could facilitate
the identification of tailored therapeutic targets based on the metabolic behavior of each
tumor variant.

In conclusion, this study demonstrates the potential of the metabolomic and lipidomic
approach as valuable tools offering a comprehensive view of the cells and their progression.
This opens the possibility of designing experiments to directly verify and confirm the
obtained results in patients.
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Abstract: Allogeneic hematopoietic stem cell transplantation has become a treatment option for other-
wise non-curative conditions, both malignant and benign, affecting children and adults. Nevertheless,
the latest research has been focusing extensively on transplantation from related and unrelated hap-
loidentical donors, suitable for patients requiring emergent hematopoietic stem cell transplantation
(HSCT) in the absence of an HLA-matched donor. Haploidentical HSCT (haplo-HSCT) can be an
effective treatment for non-malignant pediatric disorders, such as primary immunodeficiencies or
hemoglobinopathies, by enabling a much quicker selection of the appropriate donor for virtually
all patients, low incidence of graft-versus-host disease (GVHD), and transplant-related mortality
(TRM). Moreover, the outcomes of haplo-HSCT among children with hematological malignancies
have improved radically. The most demanding tasks for clinicians are minimizing T-cell-mediated
alloreactivity as well as early GVHD prevention. As a result, several T-cell depletion approaches,
such as ex vivo T-cell depletion (TCD), and T-cell replete approaches, such as a combination of anti-
thymocyte globulin (ATG), post-transplantation cyclophosphamide (PTCy), cyclosporine/tacrolimus,
mycophenolate mofetil, or methotrexate, have been taken up. As more research is needed to establish
the most beneficial form of therapy, haplo-HSCT is currently considered an alternative donor strategy
for pediatric and adult patients with complications like viral and bacterial infections, invasive fungal
disease, and GVHD.
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1. Introduction

Hematopoietic stem cell transplantation (HSCT) became a treatment option over
60 years ago, and due to immense progress in the medical field, it has been used to treat
various diseases, including both malignant and non-malignant hematological conditions [1].
The procedure is based on the administration of hematopoietic stem cells from the donor to
replace the recipient’s malfunctioning hematopoietic system [2]. HSCT can be categorized
depending on the relationship between the donor and recipient, as well as the source of the
graft [3]. The great limitation in the general application of HSCT is the difficulty in finding
a compatible donor in the context of the human leukocyte antigen (HLA) [4]. The concept
of haploidentical HSCT (haplo-HSCT) was developed to serve as an alternative to allogenic
HSCT (allo-HSCT), requiring an HLA-identical donor, whereas haplo-HSCT is conducted

Int. ]. Mol. Sci. 2024, 25, 6380. https:/ /doi.org/10.3390/ijms25126380 149 https://www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2024, 25, 6380

with at least a half-matched identical donor [5]. Histocompatibility genes are inherited as a
group (haplotype) both from the mother and the father (Figure 1) [6,7].
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Figure 1. HLA gene inheritance. Image created with biorender.com (accessed on 2 April 2024). HLA
genes are inherited according to classic Mendelian genetics, with HLA molecules being codominantly
expressed. An HLA-haploidentical donor is a related donor who shares exactly 1 HLA haplotype and
differs by a variable number of HLA genes on the unshared haplotype. Siblings have a 25% chance of
being identical at the genotypic level of HLA molecules.

Minimal residual disease (MRD), defined as the lasting presence of leukemia cells after
a chemotherapy/radiotherapy regimen, can be used to evaluate the risk of relapse and
reaction to a therapy plan [8]. The assessment of the MRD status before transplantation is a
crucial and significant prognostic factor in children and adolescents with hematological ma-
lignancies, as patients with negative MRD before haplo-HSCT tend to achieve substantially
longer overall survival (OS) and event-free survival (EFS) [9].

The greatest advantage of haplo-HSCT is that it considerably widens the pool of
potential donors, as over 95% of patients can find a donor among their parents, siblings, or
children who share one HLA haplotype with the patient. Such donors are easily accessible,
which is particularly beneficial for patients who are in an urgent need of HSCT [10].
Nevertheless, due to imperfectly matched HLA, haplo-HSCT is more prone to graft-versus-
host disease (GVHD) and poorer graft function [5]. The negative response of the patient’s
immune system is prompted by alloreactive T-cells, either from the donor against the
recipient’s tissues or from the patient against the graft [11]. High tumor-related mortality
(TMR) has primarily been associated with acute GVHD (aGVHD), whereas chronic GVHD
(cGVHD) is said to be the leading cause of poor quality of life of children who have received
haplo-HSCT [12].

2. GVHD Management

Although haplo-HSCT significantly increases the number of possible donors and
offers a low toxicity rate and stable engraftment, it involves a greater risk of GVHD and
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treatment-related fatality. Children are affected by transplant-related toxicities at a very
young age, which has life-long consequences, with cGVHD being one of the most serious
complications [13]. Previously, it was believed that total T lymphocyte depletion from
the graft was the only method of GVHD prophylaxis. Despite being successful, such an
approach led to an increased rate of severe infections and patient mortality [14,15].

To provide higher rates of successful engraftment and better GVHD management,
different strategies regarding alloreactive T-cells were developed, resulting in haplo-HSCT
no longer being perceived as a last-resort treatment [16]. Presently, there are two main
pathways of T-cell depletion (TCD), ex vivo and in vivo.

The ex vivo pathway involves CD34™ cell selection with a subsequent infusion of a
megadose of purified CD34" cells, CD3/CD19™ negative selection, and T-cell receptor
(TCR) / with CD19 depletion, as well as depletion of CD45RA naive T-cells [17-20]. In
the past, CD34™ cell selection was the most frequently used method. Even though it was
associated with a lower risk of GVHD, it could delay the patient’s immune reconstitution
and slow down viral clearance [21]. The latest study results acknowledge haplo-HSCT with
TCRaf3 and CD19 depletion as a choice for pediatric patients with non-malignant hema-
tological and immunological conditions, due to satisfactory immune reconstitution [22].
This kind of graft manipulation results in stem cell transplants that are highly enriched in
natural killer (NK) cells and TCRy /5" T-cells that are essential for viral protection [23-25].
Additionally, the depletion of B lymphocytes with anti-CD19 is performed to decrease the
risk of Epstein—Barr virus (EBV) reactivation [26].

A recent study indicates that GVHD, particularly after TCRo/ {3 and CD19 depletion
haplo-HSCT, can be managed by the administration of multiple doses of zoledronic acid
in the post-transplant course. The substance is said to enhance TCRy /" lymphocyte
action after depleted haplo-HSCT without life-threatening side effects, such as commonly
observed asymptomatic hypocalcemia and flu-like symptoms after infusion. The research
proved that three or more infusions of zoledronic acid were associated with a decreased
frequency of aGVHD and cGVHD, as well as reduced transplant-related mortality (TRM),
compared to one or two doses. As zoledronic acid is safe and provides a positive post-
transplant response, it can be administered to children a few weeks after haplo-HSCT [27].

The in vivo pathway covers methods based on low-dose post-transplantation cy-
clophosphamide (PTCy) and anti-thymocyte globulin (ATG) treatment, as well as a combi-
nation of PTCy and ATG with cyclosporine (CsA) and mycophenolate mofetil (MMF) [18-20].
Recent research suggests that the PTCy-based method provides better leukemia-free sur-
vival (LFS) as well as GVHD-free survival [19]. The positive effect of haplo-HSCT with
PTCy on GVHD risk has been proven in both adult and pediatric patients who qualified for
a transplant [28]. Cyclophosphamide is also used in various non-malignant hematological
disorders, not only in sickle cell disease (SCD), but also in thalassemia, primary immun-
odeficiencies (PIDs), severe aplastic anemia (SAA), and osteopetrosis [26,29]. The effect
caused by PTCy is selective depletion of alloreactive donor T-cells that are responsible for
GVHD and graft rejection, while preserving the non-alloreactive resting memory T-cells
responsible for adaptive immunity and the blood stem cells necessary for successful engraft-
ment. The crucial part of the process is the administration of cyclophosphamide during the
appropriate time frame [25]. It is most often administered on the 3rd and 4th days after
graft transplantation [30,31]. GVHD prophylaxis may also include tacrolimus and MMF
administered during the 5th post-transplant day [30]. Furthermore, even though TCRo/ 3
and CD19 depletion are also affiliated with successful GVHD prevention in children and
adults, the application of PTCy enables haplo-HSCT without ex vivo TCD [13,32]. It has
been observed that maternal- and collateral-related donor transplants lead to a greater
prevalence of GVHD and reduced survival, in comparison to the direct family. Nonetheless,
compared to other ATG-based or PTCy-based regimens, the low-dose PTCy/ATG regimen
considerably constricted the cumulative incidence of aGVHD and did not worsen the
relapse risk, thus making maternal/collateral donor transplants a safer option [33].
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Another approach using basiliximab, a chimeric monoclonal antibody aiming at alpha
chain of interleukin-2 receptors (CD25 antigen), has been proposed as a form of treatment of
steroid-refractory (SR) aGVHD [34]. Basiliximab is used in both adult and pediatric patients
after haplo-HSCT as a satisfactory second-line treatment. It has been demonstrated that the
patient response rate to corticosteroids reaches only 50%, whereas SR aGVHD is responsible
for a long-term mortality rate as high as 70%. As basiliximab mostly affects activated T
lymphocytes without suppressing the resting T lymphocytes, it does not alter engraftment
or the incidence of infectious complications. The effectiveness of SR aGVHD management
differs depending on the distressed organ, with the best response to basiliximab being in
skin involvement, followed by gut and liver involvement. Furthermore, no significant
adverse effects were observed, thus enabling the usage of basiliximab as a recommended
strategy [35].

3. Malignant Disorders

Despite the continuous development of new treatment options for pediatric acute
lymphoblastic (ALL) and myeloid leukemia (AML), there is still a group of patients who
are not eligible for aggressive induction chemotherapy, which results in a poor overall
prognosis and a limited choice of therapies [36,37], and for whom HSCT remains a relevant
and effective medical procedure [38,39]. Although allo-HSCT continues to be the first-line
treatment, haplo-HSCT is gaining increased attention, due to its many advantages, such as
a significant increase in the number of possible donors, low toxicity rate, wide availability
for therapeutic procedures after transplantation, and a greater spectrum of immunologic
reactions against tumor cells [40].

3.1. Haplo-HSCT with Ex Vivo T-Cell Depletion

The first approaches to performing bone marrow transplantation from related, not
fully matched donors in patients with hematologic malignancies consisted of a condi-
tioning regimen analogous to the one used with matched sibling donors; however, they
did not yield satisfactory results, because of poor OS rates [41]. The implementation of
transplantation TCD led to improved GVHD prevention in children with severe combined
immunodeficiency (SCID) [21], but could not be used in patients with leukemia due to
frequent graft failure, despite the benefits of improved GVHD prevention [42,43]. Eventu-
ally, a haplo-HSCT with the positive selection of CD34" peripheral stem cells preceded by
myeloablative conditioning including myeloablative drugs, such as the alkylating agent
thiotepa, total-body irradiation (TBI), busulfan-based conditioning regimens, and advanced
engraftment in the treatment of adult and pediatric AML [44,45].

In recent years, the transplantation of T- and B-cell-depleted allografts from haploiden-
tical family donors was assessed by Lang et al. in a prospective Phase II trial in pediatric
patients with acute leukemias and myelodysplastic syndrome. A total of 46 patients re-
ceived CD3" /CD19*-depleted peripheral allografts after a melphalan-based conditioning
regimen. Twelve patients survived free of disease, with a median follow-up of 4.3 years;
however, over 60% of patients died, with relapse being the most common cause of death.
In terms of GVHD, a greater rate was observed in comparison with a historical cohort
of patients who received CD34-selected grafts with similar numbers of stem cells (26%
vs. 7% grades II-1V and 21% vs. 13% cGVHD) [46]. On the other hand, the incidence of
GVHD was more favorable than in two similar pediatric trials regarding CD3" /CD20"-
depleted allografts with serotherapy [47] and CD3" /CD19" -depleted allografts without
serotherapy [48] (41% and 33% aGVHD II-1V and 22% and 13% cGVHD, respectively) [49].

Currently, novel studies aim to test a new graft manipulation involving ap ™ T-cell
removal, while retaining both NK and 4" T-cells in the graft [35]. During a Phase I-
IT clinical trial (NCT01810120), Locatelli et al. noted that patients who underwent TCR
a3 /CD19-depleted haplo-HSCT achieved survival outcomes comparable to patients who
received an unmanipulated transplant from an HLA-compatible donor. In addition, this
type of transplant was associated with a low incidence of aGVHD as well as cGVHD [50].
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Seven years later, after a longer follow-up period and the use of the aforementioned
transplant, the authors reanalyzed 213 pediatric patients diagnosed with ALL (n = 152)
and AML (n = 61). The median age at the time of transplantation was 9.5 years. All
patients were in morphologic complete remission (CR) at the time of transplantation. A
total of 18 patients were positive for MRD before transplantation. All patients received
fully conditioned myeloablation including a regimen based on TBI and/or cytostatic
treatment. None of the patients received prophylactic pharmacotherapy for the prevention
of GVHD, and aGVHD grades II-1II occurred with a combined incidence of 14.7%. A total of
129 children developed viral infections due to cytomegalovirus (CMV), adenovirus (ADV),
and human herpesvirus 6 (HHV-6). It is worth mentioning that the survival rates or relapse
rates did not differ between patients who developed or did not develop the mentioned
infections. The main reason for treatment failure was relapse. Children diagnosed with ALL
who had low /negative MRD prior to HSCT, early-stage disease prior to transplantation,
and received a TBI-based myeloablative conditioning regimen had a prolonged disease-
free survival (DFS). In addition, it was noted that, compared to other regimens, the use
of TBI, thiotepa, and fludarabine improved the DFS rate [51]. Another study regarding
TCD graft modification compared outcomes of HLA-matched unrelated donor (MUD)
transplantation and ex vivo o7 T-cell-depleted haplo-HSCT among pediatric patients
diagnosed with high-risk acute leukemias. The 5-year OS and relapse-free survival (RFS)
rates in the group of haplo-HSCT patients were similar to those in the MUD group. After
transplantation, 15 of the 53 patients died, including 5 who received haplo-HSCT. The
most common cause of death was relapse. Furthermore, the incidence rates of grades
II-IV aGVHD and ¢cGVHD occurrence in MUD patients were higher than in haplo-HSCT
patients, while GVHD prophylaxis differed between the groups [27]. As of right now,
there is no evidence as to which platform, ex vivo T-cell depletion or PTCy, is better. A
retrospective and multicenter study by Pérez-Martinez et al. intended to compare the
viability of two cohort groups of haplo-HSCT platforms in children and young adults with
high-risk hematological malignancies and PTCy and ex vivo TCD grafts. The second cohort
of patients was divided into four groups, each of which received differently modified
T-cells: highly purified CD34™" cells (n = 13), combined depletion of CD3" donor T-cells
and CD19" B-cells (n = 82), combined depletion of af T-cells and CD19" B-cells (n = 34),
and highly purified CD34™" cell transplantation with the addition of a product depleted of
naive CD45RA™ lymphocytes to the transplant. Only patients receiving haplo-HSCT in
the form of repeated transplantation were given ATG as a preparative regimen. The other
patients received total lymphoid irradiation (TLI), TBL or high doses of methylprednisolone.
The cumulative incidence rates of aGVHD grades I-1I or grades III-IV were significantly
lower in the case of children treated with TCD; however, the 2-year OS and DEFS rates did
not particularly differ between patient groups, as both major platforms for haplo-HSCT
were proven to be effective. Based on the study, a young donor, negative MRD, and myeloid
pathology are promising prognostic factors [52].

oB* T-cell-depleted transplantation is expected to sustain anti-tumor and anti-infectious
features, due to the ability of CD3" cells with TCR 746 receptors to impose graft-versus-
tumor activity [53-55]. Greater recovery of ¥6" T-cells after transplantation has been
connected with better EFS, fewer infectious complications, and longer DFS rates in both
pediatric and adult populations [56,57]. Such findings correlate with the results of a study
conducted by Dadi et al. to investigate the impact of increased 5" T-cell content in the
engraftment. Researchers analyzed the treatment outcomes in 38 children and adolescents
diagnosed with acute leukemias who underwent haplo-HSCT with depletion of o8+ T-cells
and CD19" B-cells. Six patients in this study received a reduced-intensity conditioning
regimen that included fludarabine, thiotepa, melphalan, and ATG. However, because of
frequent graft failure, the TBI regimen with additional drugs was implemented. The study
demonstrated that a graft with a content of 46" T-cells equal or higher than 9.5 x 10°/kg
was associated with notably higher EFS rates [58].
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It is crucial to optimize treatment approaches for high-risk treatment failure patients
to reduce the risk of relapse. Patients undergoing transplantation during an active stage of
ALL have previously obtained highly unsatisfying results [46,59]. The reported survival
rates after haplo-HSCT in relapsed or chemotherapy-resistant AML patients fluctuated
between 9% and 44% [60,61]. Because ATG given at the time of the graft infusion may
inactivate grafted NK and 6™ cells, replacing it with non-lymphodepleting targeted
immunomodulation could protect the transplant. Promising results were achieved by
Shelikhova et al., who analyzed 22 pediatric patients diagnosed with primary refractory
(n =10) or relapsed refractory (n = 12) AML in active disease status, who were administered
haplo-HSCT with peripheral blood stem cells engineered by the depletion of @f* T-cells
and CD19" B-cells. Patients received fludarabine and cytarabine as a preparative regimen
followed by treosulfan and thiotepa as a myeloablative conditioning regimen. Instead of
ATG, patients were given tocilizumab, and an additional 10 children received abatacept.
The infusion of donor lymphocytes containing a CD45RA-depleted fraction with or without
a hypomethylating agent was used as prophylactic therapy post-transplantation. A total of
21 patients (95%) achieved CR. At the two-year follow-up, rates such as TRM, EFS, and
OS were 9%, 49%, and 53%, respectively. The cumulative incidence rates of grades II-IV
aGVHD and cGVHD were 18% and 23% [62].

Hematopoietic grafts infused with regulatory T-cells (Tregs) have been discovered
to be protected from GVHD without decreasing conventional T-cell (Tcon) antileukemic
activity in both murine and preclinical studies [63-65]. Pierini et al. researched outcomes of
haplo-HSCT infused with donor Tcons under the protection of previously transferred donor
Tregs as the exclusive GVHD prophylaxis. As expected, a significantly low relapse rate and
a 75% cGVHD/relapse-free survival (CRFS) rate in adult AML patients were noted [66]. In
this regard, Massei MS et al. aimed to test the efficacy of a newly developed haplo-HSCT
variant with adoptive immunotherapy with thymic-derived CD4% CD25% FoxP3™" Treg
and Tcons in 20 children and adolescents diagnosed with high-risk ALL and AML. The
conditioning regimen was based on TBI and chemotherapy. A total of 25% of the patients
developed >grade II aGVHD, including one patient who developed grades III/IV and
died 35 days after transplantation. A total of 75% of the patients included in the described
analysis are alive and leukemia-free with a median follow-up time of 2.1 years. The
feasibility of CRFS was 79% [67] (Table 1).
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3.2. Haplo-HSCT without Ex Vivo T-Cell Depletion

Due to the often-delayed reconstitution of the immune system, resulting in infectious
complications and graft failure following TCD haplo-HSCT, current research is focusing
extensively on developing new conditioning regimens and intensified GVHD prophylaxis
combined with the T-cell replete approach (Table 2).

3.2.1. Granulocyte Colony-Stimulating Factor (G-CSF)/ATG-Based Protocol

Huang et al. proposed a novel strategy of GVHD prevention by incorporating G-CSF
and ATG with unmanipulated allografts in a pilot cohort study known as the “Beijing
Protocol” [68]. All patients achieved sustained, full donor-type engraftment. The au-
thors noted 37.9% and 5.2% aGVHD rates (grades II-IV and III-IV) and a 61.9% cGVHD
rate [69]. Studies have shown that a G-CSF (filgrastim) addition amplifies monocytic
phenotype myeloid-derived suppressor cell (M-MDSC), promyelocytic-MDSC (P-MDSC),
and granulocytic-MDSC (G-MDSC) expansion [70,71]. G-CSF is said to activate a subset
of CD347 cells with monocyte functions [72]; moreover, it causes bone marrow regulatory
B-cells (Bregs) to produce higher levels of interleukin 10 (IL-10) and transforming growth
factor beta (TGF-f3) [73]. Bregs influence T-cell tolerance by inhibiting T-cells of the Th1
phenotype in favor of the Th2 phenotype and heightening Treg levels [74]. All of the
above-mentioned mechanisms of the G-CSF effects on the grafts were proven to lower the
incidence of aGVHD and cGVHD [70-74]. Because the treatment approach has become
successful, considerable progress has since been made to elongate patient survival [75-77].
Regarding AML, a study by Liu et al. declared a 73.3% 5-year OS rate in pediatric patients
who underwent T-cell replete haplo-HSCT [75]. To focus more on a high-risk group of
patients, a multicenter retrospective study was taken up to compare the outcomes between
children who were exposed to unmanipulated haplo-HSCT with a G-CSF/ATG-based
regimen or an identical sibling donor (ISD)-HSCT. Both transplant methods displayed
comparable OS and DEFS rates [78]. Bai et al. analyzed 200 pediatric patients diagnosed
with high-risk AML who underwent their first unmanipulated haplo-HSCT. A total of
103 patients had a nondetectable MRD status prior to HSCT. The 4-year OS, EFS, and
cumulative incidence of relapse (CIR) rates were 71,9%, 62,3%, and 32,4%, respectively. The
above rates differed significantly between the two groups of patients, depending on the
MRD status before transplantation. Patients who were MRD-negative achieved better OS,
EFS, and CIR rates of 80.5%, 73.3%, and 23.8%, respectively, compared to MRD-positive
children pre-transplant, for whom the aforementioned rates were 63.4%, 51.4%, and 41.0%,
respectively [9].

BCR/ABL-positive ALL occurred in 3-5% of all pediatric ALL patients [79] and was
associated with a poor overall outcome [80] before tyrosine kinase inhibitors (TKIs) came
into play. Chen et al. performed haplo-HSCT in 50 Philadelphia chromosome-positive
(Ph™) ALL children. Patients received two myeloablative conditioning regimens, TBI or a
combination of cytarabine, busulfan, and semustine (Me-CCNU), both combined with ATG.
The 3-year incidence of relapse and non-relapse mortality rates were 22.7% and 16.4% [81].

Another study was conducted in order to compare the treatment outcomes between
haplo-HSCT- and TKI-based chemotherapy for Ph™ pediatric ALL patients. Mild grades
I-II aGVHD and severe grades III-IV aGVHD occurred in 25 and 5 out of 68 patients
undergoing haplo-HSCT, respectively. A total of 42 patients survived more than 100 days
after transplantation. The CIR, EFS, and OS rates were 23.5%, 73.4%, and 80.3% in the
transplantation group. The authors found no significant difference in the rates of the above-
mentioned indicators between patients belonging to the standard risk group, regardless of
whether they had a transplant or not. However, in patients with at least one adverse prog-
nostic factor, the above rates were better in those who underwent transplantation, which
showed that only in the high-risk group of patients did haplo-HSCT have a significant
advantage in terms of prolonged survival [82].

Studies test the efficacy of the G-CSF/ATG regimen during haplo-HSCT in various
diseases, many of which with a negative prognosis. Once more, Xue et al. compared
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the results of unmanipulated haplo-HSCT with chemotherapy, this time among children
with very high-risk (VHR) Philadelphia chromosome-negative (Ph~) B-ALL. The 3-year
estimated OS and EFS rates were better in children in the haplo-HSCT group than in the
intensive chemotherapy group at 80.6% vs. 62.4% and 81.0% vs. 52.0%, respectively [83]. In
another study, Bai et al. analyzed the outcomes of 38 patients with B-ALL with t(v;11q23)
MLL-rearrangements. Similarly, the 4-year estimated OS and EFS rates were significantly
greater in the haplo-HSCT cohort than in the intensive chemotherapy cohort [84].

A study by Hu GH et al. advocated the safety of combining chimeric antigen receptor
T-cell (CAR-T) therapy with haplo-HSCT in patients suffering from relapsed B-ALL [85],
which is said to have an extremely poor prognosis and be resistant to chemotherapy [86].
Earlier studies linked the MRD status with post-transplantation outcomes; therefore, re-
lapsed B-ALL patients with lesser or undetectable MRD obtained significantly higher EFS
and lower CIR rates [87]. In treatment based on the MRD status, the authors analyzed
the effect of haplo-HSCT after CAR-T therapy or chemotherapy on the long-term survival
and safety of pediatric patients with the first relapse of B-ALL. A total of 40 children
were included in the analysis, 26 of whom received CAR-T-cells. At the time of the first
remission, negative minimal residual disease was obtained by 21 patients in the CAR-T
group and 10 patients in the chemotherapy group. The median MRD before haplo-HSCT
in the group receiving chemotherapy (n = 14) was significantly higher than in the CAR-T
group (n = 26). Post-haplo-HSCT complications in the form of infection, treatment-related
mortality, aGVHD, and cGVHD were not significantly different between the two patient
groups. A significant advantage was observed in the increase of 3-year leukemia-free
survival (LFS) and 3-year OS in patients who received CAR-T therapy before haplo-HSCT,
compared to patients receiving chemotherapy: (71.8% vs. 44.4%) and (84.6% vs. 40%),
respectively. The results of the aforementioned study may suggest that the administration
of CAR-T for positive pre-HSCT MRD has a beneficial effect on patient survival [88].

KMT2A is a frequently rearranged gene in leukemias, mostly in pediatric and infant
AML [89,90]. In 21 patients diagnosed with AML with #(v;11923)/KMT2A, rearrangement
transplantation options were evaluated. A total of 17 of the 21 children underwent haplo-
HSCT transplantation, while the others had a matched sibling donor. The Beijing protocol
was used as myeloablative treatment, with no deaths related to myeloablation. Fully
matched HSCT appeared to have a lower death rate, but the authors found no significant
differences in the OS, EFS, or CIR rates between patient cohorts. The severity of aGVHD was
higher in the group undergoing haplo-HSCT; however, only one haploidentical transplant
patient died from aGVHD-related complications [91].

Rare acute leukemias occurring in children prior to 3 years of age are called infant
leukemias [92]. While myeloid leukemias have similar outcomes in most children, the
ones deriving from lymphoid progenitors have poorer disease progression and relapse-free
survival, in comparison with ALL in older patients [93,94]. Allo-HSCT remains the first-line
treatment for relapsed ALL [95]. To determine the safety of haplo-HSCT in such patient
groups, the authors retrospectively analyzed a group of 97 infants and patients under
3 years of age diagnosed with acute leukemia. The most frequently identified gene fusion
was KMT2A rearrangement found in 37 patients, of which 15 were infants. In children
without the aforementioned gene fusion, the 3-year DFS and OS rates were significantly
lower than in children with the identified KMT2A rearrangement at 63.8% vs. 78.4% and
66.9% vs. 86.1%, respectively. The median follow-up was 45 months. The 3-year OS and
DEFS rates in children diagnosed at <1 year of age and children diagnosed at >1 year were
almost the same at 82.5% vs. 72.8% and 77.8% vs. 66.3%, respectively [96].

3.2.2. PTCy-Based Protocol

Cyclophosphamide (Cy) has been extensively studied for its immunosuppressive
characteristics [97] in the context of bone marrow transplantation, and it is said to lower
the chances of graft rejection, as well as GVHD, if given at an optimal time [98,99].
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The first study to introduce the PTCy-based protocol was a clinical trial carried out by
O’Donnell et al. regarding high-risk hematologic malignancy patients undergoing haplo-
HSCT. Conditioning included fludarabine followed by TBI, PTCy that was given as GVHD
prophylaxis at day 3 at a dose of 50 mg/kg with Mesna (80% of Cy dose in four divided
doses over 8 h), mycophenolate mofetil, and tacrolimus. A total of 8 out of 13 patients
obtained sustained engraftment [100]. Based on data from adult studies, haplo-HSCT with
PTCy significantly reduces the risk of cGVHD and appears to be a better option than a
MUD [101,102]. Sachdev et al. retrospectively examined the outcomes of 15 pediatric
patients diagnosed with high-risk/relapsed ALL (n = 10) and AML (n=5). A total of
3 patients received MUD transplantation, and 12 underwent haplo-HSCT. All patients
accepted the transplant, except one who died before the procedure due to pneumonia.
A total of 11 children achieved remission and were alive at a median follow-up time of
775 days. The cumulative incidences of aGVHD and cGVHD were 57.1% and 21.4%,
respectively. The rates of relapse or mortality did not depend on the type of conditioning
regimen used. The OS and EFS rates were 80% and 73.3% [103]. In another study, comparing
haplo-HSCT and chemotherapy in children diagnosed with intermediate risk (IR) AML,
the patients in the chemotherapy group had a higher CIR and worse EFS, but roughly
equivalent OS. The results of the study indicated that haplo-HSCT is a beneficial therapeutic
option for children with IR-AML in first complete remission (CR1), particularly for those
patients who have MRD > 10~ 2 after induction therapy [104]. Another study compared the
treatment outcomes in 80 pediatric patients diagnosed with high-risk acute leukemia who,
after myeloablative conditioning based on busulfan, received a transplant with PTCy from
either not fully matched-related or MUD. The grades II-IV and grades III-IV aGVHD rates
in the MUD group were higher than in the haploidentical related donor (HRD) group, i.e.,
48.9% vs. 34.3% and 8.9% vs. 2.9%, respectively. The CIR of overall cGVHD and moderate
to severe cGVHD was almost the same in both groups. Because of the similar outcomes and
survival rates in both groups, PTCy haplo-HSCT should be given to patients requiring bone
marrow transplantation who do not have an HLA-matched related or unrelated donor [28].
Tannumsaeung et al. aimed to determine the results of haplo-HSCT with PTCy preceded
by either TBI- or thiotepa-based conditioning regimens. The percentage of graft-related
complications and infections was comparable in both groups of patients [105].

3.3. Other Studies on Haplo-HSCT in Hematologic Malignancies

Apart from the above-mentioned trials or retrospective analyses, the available litera-
ture discussing haplo-HSCT in pediatric patients with hematologic malignancies contains
a couple of single-institution reports (Table 3).
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4. Non-Malignant Disorders

Haplo-HSCT may be an effective treatment option not only for malignancies. Its wider
application in pediatric non-malignant disorders has been thoroughly described in the
literature. Haplo-HSCT usage ranges from primary immunodeficiencies (PIDs) to all kinds
of anemias.

4.1. Primary Immunodeficiencies

PIDs comprise a large, heterogeneous group of diseases affecting all components of the
immune system that may be caused by changes in over 300 genes [110,111]. One treatment
option for the patients is hematopoietic stem cell transplantation [112]. The best option is a
graft from a healthy HLA-genoidentical matched sibling donor. However, such transplants
are possible in no more than 25% of the cases. Furthermore, less than 70% of the remaining
patients will have a suitable matched unrelated donor, and chances are even slimmer for
patients belonging to certain ethnic groups [113]. To avoid the delay due to a prolonged
search for a matching donor, an HSCT from an HLA-haploidentical family donor (HIFD)
can be performed, despite the fact that such a procedure is associated with a higher risk
of GVHD and graft failure, which may lead to increased mortality rates [114-116]. The
available literature discussing haploidentical HSCT in pediatric patients with PID consists
of single-institution reports and multicenter retrospective analyses [117-122] (Table 4).

In the reviewed studies, researchers analyzed the impact of HSCT on patients with
PIDs, ranging from trials where children were diagnosed with 12 different types of
PIDs [117] to ones including only SCID patients [120]. The survival rates of patients
after PID treatment with HSCT from an HLA-haploidentical donor ranged from 84% to
62.7%. There were numerous factors that contributed to the causes of death among patients,
i.e., CMV infection, progressive respiratory failure, GVHD, or thrombotic microangiopathy.
Regarding infectious complications after transplantation, one study reported a 63.6% inci-
dence rate of post-HSCT CMYV viremia [118], while another reported a 58.8% cumulative
incidence rate of CMV and ADV infections [117]. At the same time, the incidence rate of
significant GVHD in almost all the studies remained low. The rates of GVHD ranged from
54% to 27.2%; however, most of the studies revealed rates of GVHD lower than 40%. On
top of that, most patients who developed a GVHD experienced it at a mild I or II grade. The
time needed for immune reconstitution was also satisfactory [117-122]. One study reported
that 75% (six out of eight) of survivors had a whole-blood chimerism greater than 95% [118],
and in another trial, at the last follow-up, 76.1% of patients had a full donor chimerism [117].
However, in the case of an adenosine deaminase (ADA) deficiency, a type of PID, the results
of haploidentical HSCT treatment were inconclusive. One study presented the OS rate
of 68.4% (13/19 patients) [120], whereas the trial conducted by Hassan et al. suggested
that haplo-HSCT is not an effective form of treatment in this PID type. The results of 106
patients showed that the HSCT OS rates from matched sibling and family donors were
86% and 81%, respectively. This proved to be a better result in comparison with patients
receiving HSCT from haploidentical donors, many of who presented graft failure, with an
OS rate of 43%. Having said that, long-term immune recovery showed that, regardless of
the transplant type, the overall T-cell numbers were similar. Moreover, humoral immu-
nity and donor B-cell engraftment were achieved in nearly all the survivors [123]. Those
data stand in contrast to the satisfactory results of haploidentical HSCT in other types of
immunodeficiencies. An explanation can include the fact that in the trial conducted on
mice, the microenvironment of ADA-deficient bone marrow showed a reduced capacity to
support in vitro or in vivo hematopoiesis. Therefore, patients with an ADA deficiency may
fail to support engraftment of the transplanted HSCT [124].

In conclusion, a C D3+TCRCX‘3+ / CD19+—depleted HSCT from an HLA-haploidentical
donor is an effective form of treatment for children with PIDs, especially when finding a
matched sibling donor is not possible.
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4.2. Sickle Cell Disease

The course of SCD is highly variable. However, the one feature that unites the diverse
nature of this disease is a shortened life expectancy and significant morbidity. Patients with
SCD may experience hemolytic anemia, severe pain, vaso-occlusive crises, stroke, avascular
necrosis, pulmonary hypertension, infections, renal failure, and thrombosis. Despite many
genetic attempts, HSCT remains the only curative method [125]. The best outcomes are
observed after HLA-matched sibling transplantation. However, approximately 70% of
patients with SCD do not have an HLA-matched sibling. Alternative donor options include
matched unrelated donor, unrelated umbilical cord blood transplantation, and mismatched
related transplantation [14,126].

According to studies, haplo-HSCT exhibits high efficiency among pediatric patients. In
the clinical trial carried out by J. Foell et al., 15 out of the 20 studied patients with high-risk
SCD received a CD3/CD19-depleted graft and the rest received a TCR« 3 /CD19-depleted
graft. All patients experienced primary engraftments with stable grafts. The median time to
reach leukocyte recovery was 16 days, and neutrophile recovery occurred after 19 days, and
thrombocyte recovery occurred 10 days after the transplant. When it comes to lymphocytes,
the median time of CD3™ T-cell recovery was 173 days post-transplantation; it was 277 days
for CD4™ T-cells and 213 days for CD8" T-cells. B lymphocytes were restored around
the 80th day after transplantation. According to these data, leucocytes, neutrophils, and
thrombocytes recover rapidly, while T-cell recovery appears delayed. In this study group,
the OS, EFS, and DFS were 90%. Total respiratory morbidity (TRM) was observed in 10%
of the patients [127]. In another study conducted with a 9-year follow-up, haplo-HSCT
did not bring satisfactory outcomes. The trial enrolled 22 patients with symptomatic SCD,
8 out of whom were recipients of a parental haploidentical donor graft. The median age of
the patients was 9.0 (5.0) years. All patients achieved donor engraftment with a 100%
donor chimerism, with a median time to full engraftment amounting to 12.5 days. A total
of 50% of the patients, however, developed evidence of graft rejection on approximately the
30th day post-transplant and required an additional stem cell infusion. After the infusion,
25% of the patients recovered with a sustained 100% donor chimerism, whereas the other
patients progressed to graft failure with recurrence of disease. Donor engraftment was
eventually sustained in 62% of the patients, and graft failure occurred in 38% of the subjects.
A follow-up visit after 9 years post-transplantation indicated that 75% of the patients were
alive, with 37.5% eventually experiencing sustained engraftment and remaining disease-
free. However, SCD recurrence took place in another 37.5% of the studied population. The
OS rate amounted to 75% [128].

Pawlowska et al. reported a complete engraftment with a 99.9% to 100% donor
chimerism after T-cell replete haploidentical stem cell infusion. All patients maintained
stable engraftment at the last follow-up (11 months). Additionally, neutrophil engraftment
occurred between the 14th and 26th days post-transplant. Half of the patients presented
high levels of donor-specific anti-HLA antibodies, which required the implementation of
an antibody management protocol. This enabled neutrophil engraftment on days 16 and
26, respectively [30]. Similar results were reached by another research group [129]. Their
follow-up was carried out 11, 14, and 30 months after HSCT transplant. The survival rate
amounted to 100%, and all of the patients exhibited a complete donor chimerism. What is
important, they did not have any more symptoms of SCD. Neutrophil engraftment was
noted on days 12, 17, and 20. However, both of the studies above consisted of a low number
of patients; therefore, the reliability of the results cannot be fully confirmed.

Despite the introduction of prophylaxis, GVHD still remains a critical issue. Nonethe-
less, it does not occur as often as previously and with significantly lower intensity. In
a study of three patients, mild skin GVHD was observed in one patient. None of those
patients experienced cGVHD, nor central nervous system toxicity. Surprisingly, two pa-
tients experienced an asymptomatic CMV reactivation [129]. In a study of four patients,
one developed aGVHD grade I, while three of the patients experienced mild skin GVHD
and responded well to immunosuppression therapy. Moreover, in three of the patients,
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HHV-6 was detected, but resolved spontaneously without any treatment [30]. In the far-
reaching study of eight patients, among which five underwent a successful engraftment,
four experienced aGVHD. Two of those patients developed grade I, while the other two
developed grade Il aGVHD. Subsequently, three of those four patients developed cGVHD
and two of them died from complications. In the study comparing T-haplo-HSCT and
matched sibling donor grafts, 35% of the patients in the T-haplo-HSCT group experienced
aGVHD. However, in all cases, GVHD resolved after a few days of low-dose prednisolone
applications. None of the patients developed aGVHD grades III-IV. Nonetheless, four
developed a steroid-sensitive cGVHD with cutaneous, oral, ocular, and fascial involvement
responding to primary treatment. Apart from GVHD, haplo-HSCT complications included
CMYV, BK virus (BKV), EBV, HHV6 and ADV reactivation, BKV-associated nephritis, ro-
tavirus diarrhea, CMV pneumonitis, and macrophage activation syndrome with a late graft
failure [127].

These data indicate that cyclophosphamide, tacrolimus, and MMF usage is effective
and extremely beneficial for patients with SCD as prophylaxis. Although it does not
always guarantee 100% efficiency, such a treatment contributes to the development of less
severe GVHD.

4.3. Severe Aplastic Anemia

Severe aplastic anemia (SAA) is a state of bone marrow failure resulting from its
hypoplasia or aplasia. As a consequence, the bone marrow does not produce enough ery-
throcytes, leucocytes, and/or thrombocytes. Recently, SAA outcomes have significantly im-
proved because of HSCT introduction and immunosuppressive treatments. HLA-matched
sibling donor HSCT is a primary treatment option for pediatric SAA patients. However,
due to the frequent lack of such donors, haplo-HSCT is most commonly performed in-
stead [130]. Based on the little data available, this treatment seems to be very successful. In
the multicenter trial conducted among 35 patients, all of them reached full engraftment
with the median time for myeloid recovery amounting to 14 days and for platelet recovery
to 18 days [131]. Another study proved a 98% success rate; however, 6% of the patients had
a secondary graft rejection after more than 20 days post-transplant [130].

While haplo-HSCT usage decreases the severity of SAA symptoms, it also increases the
risk of GVHD or post-transplant hemophagocytic syndrome (PTHPS), despite cyclophos-
phamide prophylaxis [131-133]. In both studies, the GVHD rate amounted to more than
50% of the cases. It included not only aGVHD grades I to IV, but also chronic GVHD in-
volving the skin, liver, and gastrointestinal tract [130,131]. Nonetheless, previous research
proved that the introduction of an immunosuppressive drug, inhibitor of mammalian target
of rapamycin (mTOR), such as sirolimus on the 8th day before the transplant, significantly
reduces this complication among adult patients [132,133]. Regarding pediatric patients, a
co-stimulation blockade with cytotoxic T lymphocyte antigen-4 (CTLA4) IgA is a promising
method of reducing GVHD and PTHPS occurrence. This approach has been described,
inter alia, by Jaiswal et al. In their trial, two groups were compared. The first group
received an extended T-cell co-stimulation blockade (COSBL) with abatacept, sirolimus,
and post-transplantation cyclophosphamide, while the other—the control group—only
received post-transplant cyclophosphamide. Both groups included 10 patients with SAA.
The patients treated within the COSBL protocol had much better outcomes than those in
the control group in terms of GVHD occurrence. The incidences of aGVHD were 10.5%
and 50%, respectively. Moreover, approximately 12.5% of the patients in the COSBL group
experienced cGVHD, while in the control group, it was 56% of the patients [132]. Those
results confirm the previous thesis. Haplo-HSCT in combination with therapy involving
COSBL, abatacept, sirolimus, and cyclophosphamide significantly decreases the GVHD
incidence in pediatric patients with SAA.

Apart from GVHD, many patients experienced different complications of haplo-HSCT,
such as bacterial, fungal, and viral (CMV and EBV) infections [131,133]. Wang et al.
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additionally described a reversible posterior leukoencephalopathy syndrome that occurred
in two patients in that study and ended with their death [131].

When it comes to the OS rate of haplo-HSCT used in SAA, the values fluctuated from
70% to approximately 86% [130-132].

4.4. Fanconi Anemia

Fanconi anemia (FA) is a rare, inherited condition characterized by congenital mal-
formations, progressive marrow failure, and a predisposition to solid tumors, as well as
acute myelogenous leukemia. Patients with FA are excellent candidates for haplo-HSCT
because, without such a treatment, the prognosis is extremely poor [134,135]. The study of
Ayas et al. enrolled 19 pediatric patients with FA. All of the patients experienced neutrophil
engraftment at the median time of 14 days. On the other hand, platelet recovery occurred
in 18 patients at the median time of 20.5 days. The overall incidence of aGVHD amounted
to 42%, while extensive cGVHD occurred in only one patient. The follow-up examination
was performed at the median time of 38 months, and the OS rate was set at 89% [134].
Another study included 24 pediatric patients who underwent haplo-HSCT for FA. Full
engraftment was achieved in 22 patients (92%), with the median time for neutrophil and
platelet recovery of 12 and 10 days, respectively. Eventual primary graft failure occurred
in two patients. Four patients (16%) developed aGVHD grades I and II. Additionally, of
the 22 patients at risk, only 1 developed mild, skin-only cGVHD (4.5%). On the follow-up
after a median time of 5 years, all patients were alive; thus, the OS rate was 100%. Eleven
patients (45.8%) developed post-HSCT viral reactivations or infections [136].

On the basis of this trial, a connection was made among older age, high transfusion
burden, previous androgen exposure, development of clonal evolution, and lower survival
rates. Moreover, children with FA undergoing haplo-HSCT are associated with a higher risk
of developing severe aGVHD, due to the underlying DNA repair defect and deregulation
of the apoptotic process [136].

5. Future Directions

Although haplo-HSCT became a point of interest over 20 years ago, to this day, there
are several aspects that require further investigation, particularly in pediatric patients [137].
A lot of research focuses on the comparison of transplant results among MUD, HLA
mismatched unrelated donor (MMUD), and HRD to determine the best choice for a patient
lacking a family HLA-matched donor. For pediatric patients with acute leukemia, the 5-year
OS rates between T-replete haplo-HSCT and transplant from MUD and MMUD appeared
comparable. The relapse incidence (RI) and NRM also showed similar results [138]. Another
study revealed that the results of haplo-HSCT with PTCy and the MAC regimen and
the MUD HSCT with the ATG regimen were similar. Haplo-HSCT is recognized as an
advantageous option for pediatric patients with high-risk leukemia, lacking a related or
an unrelated HLA-identical donor. Moreover, a comparison between PTCy-based haplo-
HSCT with MAC and non-MAC regimens exhibited similar toxicity [28]. CGVHD was
observed more often in patients undergoing an MUD transplant rather than after haplo-
HSCT. Pediatric patients with hematological malignancies can be successfully treated with
haplo-HSCT, as the aGVHD and ¢cGVHD incidence rates and OS rates are satisfactory [139].

Research on post-transplant immune recovery is still developing, as it is crucial to
decrease the prevalence of infectious complications and relapse risks. Innate immunity,
especially including NK cells, that exert both anti-leukemic and anti-viral effects, is re-
sponsible for such recovery. Despite that, TCD methods for haplo-HSCT cause around a
2-month delay for NK cells to be produced from donor hematopoietic stem cells. The study
was conducted to determine if lower doses of anti-T lymphocyte globulin (ALTG) would
affect the NK cell count after transplantation. It was revealed that the number of NK cells
was indeed substantially elevated, which led to the conclusion that a higher concentration
of ALTG might cause a lengthened immune readjustment. Nevertheless, because ALTG
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has a favorable effect on GVHD and graft rejection, it would be optimal to incorporate high
pre-transplant ALTG doses with low post-transplant ALTG doses [140].

Another aspect worth further investigating is haplo-HSCT followed by donor lym-
phocyte infusion (DLI), which presents a distinct graft-versus-leukemia (GVL) effect. Data
gathered from adult patients showed that ATG-based haplo-HSCT with subsequent pro-
phylactic DLI reduced the risk of relapse, in addition to raising long-term survival among
high-risk acute leukemia patients without enhancing the toxicity of the therapy [141]. Pe-
diatric data are rather limited; however, a few studies were conducted and the results
were analogous to those for the adult patients. Prophylactic DLI provided successful
and safe outcomes in children with both malignant and non-malignant hematological
diseases [142,143].

Moreover, haplo-HSCT is recognized as an independent risk factor for CMV infection.
Statistically, the frequency of infections is higher after haplo-HSCT than after HLA-matched
HSCT, which contributes to the extended mortality rate among pediatric patients [144].
Furthermore, the usage of PTCy is also associated with a greater rate of CMV infection,
which suggested the need for an active prophylaxis regimen. As CMV-active anti-viral
drugs, like valganciclovir or ganciclovir, present severe side effects, adding to the toxicity
of the treatment, a new drug was developed. CMV DNA terminase inhibitor, letermovir,
was introduced as prophylactic medication for HSCT recipients, including PTCy-based
haplo-HSCT. The research showed that letermovir decreased the occurrence of CMV-
related complications, as well as the necessity to use CMV-specific treatment, without
altering the TRM or OS [145,146]. Data regarding the use of letermovir in pediatric patients
are insufficient. However, recent studies confirm that it can be profitably and safely
administered to children as a preventative measure against CMV reactivations [147,148].

6. Conclusions

Due to many its advantages, haplo-HSCT is becoming an increasingly popular form of
transplantation in the absence of quick access to fully compatible donors. Although further
research in the form of multicenter studies is needed to assemble larger, homogenous
research groups with standardized peri-transplant treatment regimens to identify optimal
GVHD prophylaxis and conditioning strategies, haplo-HSCT has proven to be an effective
form of bone marrow transplantation in hematologic malignancies, both in active and
refractory diseases with the OS and RFS rates similar to the MUD grafts. Moreover, it has
been applied successfully in various non-malignant hematological disorders, such as SCD,
PIDs, and SAA. Current research is focusing on post-transplant immune recovery to reduce
the risk of infectious complications and relapses.
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Abstract: Chimeric antigen receptor (CAR) T-cell therapies have revolutionised the field of haema-
tological malignancies by achieving impressive remission rates in patients with highly refractory
haematological malignancies, improving overall survival. To date, six commercial anti-CD19 and
anti-BCMA CAR T-cell products have been approved by the Food and Drug Administration (FDA)
for the treatment of relapsed/refractory B-cell haematological malignancies and multiple myeloma.
The indications for CAR T-cell therapies are gradually expanding, with these therapies being inves-
tigated in a variety of diseases, including non-malignant ones. Despite the great success, there are
several challenges surrounding CAR T-cell therapies, such as non-durable responses and high-grade
toxicities. In addition, a new safety concern was added by the FDA on 28 November 2023 following
reports of T-cell malignancies in patients previously treated with either anti-CD19 or anti-BCMA
autologous CAR T-cell therapies both in clinical trials and in the real-world setting. Since then,
several reports have been published presenting the incidence and analysing the risks of other sec-
ondary malignancies after CAR T-cell therapies. In this opinion article, the current landscape of
secondary malignancies after CAR T-cell therapies is presented, along with a proposed strategy for
future research aiming at potentially diminishing or abrogating the risk of developing secondary
malignancies after CAR T-cell therapies.

Keywords: CAR T-cell therapies; relapsed /refractory haematological malignancies; secondary T-cell
lymphomas/leukaemias; secondary malignancies; viral vectors; genome editing; genotoxicity

1. Introduction: Current CAR T-Cell Treatment Landscape

The broad application of novel technologies and the advancement of genetic engineer-
ing have resulted in the development of chimeric antigen receptor (CAR) T-cell therapies,
which have revolutionised the field of haematological malignancies. CAR T-cell therapies
are engineered to selectively target and eliminate tumour cells while recruiting and acti-
vating host immune cells as scavengers in the battle against the killing of cancer cells [1].
T-cells are collected through leukapheresis, and a synthetic transgene is incorporated into
the genome of T-cells ex vivo by a replication-defective self-inactivated viral vector to
express a CAR on the surface of T-cells [2]. CARs comprise an antigen-binding extracellular
immunoglobulin-derived single-chain variable fragment domain fused to a hinge and a
transmembrane region. The latter binds to an intracellular costimulatory domain in second-
generation products, either 4-1BB or CD28, followed by the CD3z T-cell receptor signalling
chain. Currently, there are five generations of CAR T-cells under development [3,4]. CAR
T-cells are infused after the administration of a lymphodepleting regimen that creates a
favourable immune environment for CAR T-cells to proliferate and function. Once bound
to the targeted antigen, CAR T-cells are activated and expanded in vivo to destroy cancer
cells [3,5].

CAR T-cell therapies have proven extremely potent in inducing remission in patients
with highly refractory and aggressive haematological malignancies, offering effective
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disease control and improving overall survival [6-8]. To date, six commercial anti-CD19 and
anti-BCMA CAR T-cell products have been approved by the Food and Drug Administration
(FDA) with the indication of treating relapsed/refractory (R/R) high-grade and indolent
B-cell non-Hodgkin lymphomas (B-NHLs), B-cell acute lymphoblastic leukaemia (B-ALL)
and multiple myeloma [9]. Recently, the FDA granted accelerated approval to one of these
products (lisocabtagene maraleucel) for the treatment of adult patients with R/R chronic
lymphocytic leukaemia or small lymphocytic lymphoma [10] (Table 1).

Table 1. Summary of the currently approved CAR T-cell products by the FDA for commercial

application.
CAR T-Cell Disease Year Target Costimulato Viral
Product Brand Name Company Indications Initially Antig en Domain ry Vector
(R/R) Approved 8
B-ALL (<25 years)
Tisagenlecleucel Kymriah Novartis LBCL 2017 CD19 4-1BB Lentiviral
FL
Axicabtagene Yescarta Kite LBCL 2017 CD19 CD28 Retroviral
ciloleucel FL
Brexucabtagene gy Kite B-ALL (>25 years) 2020 CD19 CD28 Retroviral
autoleucel MCL
. LBCL
Lisocabtagene Breyanzi Juno/BMS MCL 2021 CD19 4-1BB Lentiviral
maraleucel L
CLL/SLL (AA)
Idecabtagene Abecma Celgene/BMS MM 2021 BCMA 4-1BB Lentiviral
vicleucel
Ciltacabtagene (1 Legend/J&] MM 2022 BCMA 41BB Lentiviral
autoleucel

Abbreviations: AA, accelerated approval; B-ALL, B-cell acute lymphoblastic leukaemia; BCMA, B-cell maturation
antigen; BMS, Bristol-Myers Squibb; CAR, chimeric antigen receptor; CLL, chronic lymphocytic leukaemia;
FDA, Food and Drug Administration; FL, follicular lymphoma; J&J, Johnson & Johnson; LBCL, large B-cell
lymphoma; MCL, mantle cell lymphoma; MM, multiple myeloma; R/R, relapsed/refractory; SLL, small
lymphocytic lymphoma.

Despite the startling initial disease responses, long-term durable remissions are seen
only in a minority of CAR T-treated patients, although there are a few reported cases
considered cured [6,11]. Disease recurrence is one of the major obstacles in the field of CAR
T-cell therapies [12]. In order to achieve prolonged remissions, different scientific groups try
to develop more efficacious products by exploiting the principles of genetic engineering or
other sophisticated technologies [13-15]. In addition, several other challenges surround the
administration of CAR T-cell therapies, including high-grade toxicities and life-threating
infections that may lead to prolonged hospitalisations, increase the financial burden for
health care and insurance systems and impair patients’ quality of life or even lead to
death [16,17].

Currently, there are no approved CAR T-cell products against solid tumours; how-
ever, multiple research teams across the globe are investigating the treatment potential
of CAR T-cells in solid tumours, joining their forces to augment CAR T-cell efficacy in
lethal and untreatable cancers [14,18]. In parallel, the potential of CAR T-cell therapies
has been expanded beyond oncology in treating autoimmune diseases. Clinical data of
the first-treated patients with a variety of autoimmune diseases is very impressive and
promising [19,20]. Preclinical data deriving from other non-malignant conditions show the
potential of CAR T-cells to change the treatment arena of a plethora of conditions, including
chronic infections, cardiac fibrosis and senescence-associated diseases [21].

The potential of a broader applicability of CAR T-cell therapies has caused a lot of
excitement. However, on 28 November 2023 the FDA announced reported cases of T-cell
malignancies in patients previously treated with either anti-CD19- or anti-BCMA-directed
autologous CAR T-cell therapies both in clinical trials and in the real-world setting, raising
concerns about the safety of these promising therapies. The reports of T-cell malignancies
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were associated with serious outcomes, including hospitalisation and death [22]. In this
opinion article, the current landscape of secondary malignancies after CAR T-cell therapies
is presented, along with the risk of genotoxicity carried by gene delivery systems. In
addition, a strategy for future research is proposed, aiming at potentially diminishing or
abrogating the risk of developing secondary malignancies after CAR T-cell therapies.

2. Reports of Secondary Malignancies after CAR T-Cell Therapies and Potential
Mechanistic Causes

In November 2023, the FDA released a statement regarding reports of malignancies of
T-cell origin, both lymphomas and leukaemias, including CAR-positive cases, in patients
who had been previously treated with either anti-CD19- or anti-BCMA-directed autologous
CAR T-cell products. These reports derived from either clinical trials or post-marketing
adverse event databases. The FDA has defined that the risk of T-cell malignancies concerns
all the CAR T-cell products currently approved for commercial usage [22]. So far, 22 cases
of secondary T-cell malignancies have been reported, with the majority (14 of 22 cases)
occurring within 2 years after CAR T-cell administration (range 1 to 19 months) and
one-third of cases manifesting in the first year. Further details on these cases are under
investigation [23]. As more data are accumulated and more patients are treated with CAR
T-cells under growing indications, this number may further increase. It is believed that
the number of these reported cases may be an underestimation of the true incidence, as
currently more than 34,400 patients have been treated with commercial CAR T-cell therapies
and only 8000 cases have officially been reported in the FDA Adverse Events Reporting
System (FAERS) database [24]. It is noteworthy that 8 of the 17 reported secondary T-cell
lymphomas after CAR T therapy in the FAERS database reported death; it was unclear
whether these patients died from the primary disease or the secondary T-cell lymphoma, as
the FAERS reporting system does not allow the establishment of causal relationships [25].
The genetically modified CAR T-cell products, which have been recently introduced into
clinical care, have been approved with the mandatory requirement of following up treated
patients for 15 years in a post-authorisation safety framework to monitor for long-term
adverse events, including the possibility of genotoxicity. Since November 2023, the FDA
has announced that the safety observation for future malignancies will extend to a life-long
requirement, whilst adding class-wide boxed warnings to all CAR T-cell therapies, which
represents the highest safety-related caution for medical treatments [26].

The published data concerning these rare cases reported to the FDA are scant, and
the exact mechanistic cause driving the development of secondary T-cell malignancies
is unclear. So far, data derive from published anecdotal cases and retrospective cohorts.
Importantly, of the 22 reported cases of T-cell malignancies, the CAR transgene has been
identified in the malignant clones by genetic sequencing in only 3 of these cases [23]. The
CAR transgene has been identified within the 3’ untranslated region of PBX2, a gene related
to the development of lymphomas, in a secondary T-cell lymphoma case previously treated
with ciltacabtagene autoleucel, a commercial anti-BCMA product. It was unclear whether
the CAR integration contributed to the T-cell malignant transformation, because genetic
mutations within the T-cells predated the CAR T-cell manufacturing and infusion [27].
It is believed that the disruption either of tumour suppressor genes or the activation
of protooncogenes or other crucial genetic loci orchestrating transcription, translation
regulation or cell activation could be the leading cause of lymphomagenesis [28]. Pre-
existing T-cell clones with a malignant potential used for CAR T-cell manufacturing may
be another contributing mechanism to oncogenesis. In these cases, the CAR transgene
will inevitably be identified within the tumour cells and biopsies [27,29]. However, the
number of CAR transgene copies identified in the tumour biopsies plays a significant role
in interpreting the results, as very low levels may represent infiltrating CAR T-cells rather
than the neoplastic T-cells, reflecting a case of a CAR-negative T-cell malignancy [29]. It is
also believed that the continuous and prolonged stimulation of T-cells through the CAR or
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endogenous T-cell receptor may lead to secondary mutational events and progression to
overt malignancies, serving as an additional driving mechanism [30].

In other cases, the CAR transgene has not been identified within the tumour cells,
and secondary T-cell malignancies have not been associated with the CAR T-cell treatment
as a causative factor [31-33]. Interestingly, patients with B-NHLs have a fivefold higher
risk than the general healthy population of developing secondary T-cell lymphomas [34].
Similarly, secondary T-cell lymphomas have been reported after treatment with immune
checkpoint inhibitors with a low incidence of 0.02%, while the rate currently reported
for CAR T-cell therapies reaches up to 0.06% (22 out of 34,400 cases) [24]. It has been
found that PD-1 has an additional role of being a tumour suppressor, and loss of PD-1
tumour suppressor function can lead to T-cell lymphomagenesis [35]. It is possible that the
combination of previous multiple lines of treatment with chemoimmunotherapy, radiation
or even autologous or allogeneic transplant, along with the immune dysregulation and
inflammation induced by CAR T-cells, may drive the occurrence of CAR-negative T-cell
malignancies as a multi-hit mechanism. These CAR-negative malignancies may represent
the evolution of new emerging T-cell clones or pre-existing malignant clones that failed
CAR transduction, and they were further stimulated by T-cell activation during CAR
T-cell manufacturing and the subsequent inflammation caused by post-infusion CAR
T-cells [29,33] (Figure 1).

Genotoxicity
from previous
Insertional treatments

mutagenesis

Pre-existing T-cell
clones and clonal
haematopoiesis

i O : T-cell stimulation
Lymphodepletin (
\::hsmothzrapyg . ( O / - during CAR T
~—® | ® ) manufacturing
Malignant cells \

f CAR T induced
inflammation and
immune dysregulation

Advanced
patient’s age

New emerging
malignant clones

Figure 1. Potential mechanisms contributing to the development of secondary malignancies after
CAR T-cell therapies: The exact mechanisms driving the occurrence of secondary malignancies,
including T-cell malignancies after treatment with CAR T-cell therapies, are not well understood
and remain a field under investigation. It is believed that these malignancies represent the result of
multiple hits or combinatorial causative factors culminating in the emergence of malignant clones
and overt oncogenesis.

Since the FDA announcement of the secondary T-cell malignancies after CAR T-cell
therapy, a handful of reports have been published. They present the incidence of other
secondary malignancies occurring after CAR T-cell therapies, as reported in the FAERS
database or captured by the Center for International Blood and Marrow Transplant Re-
search (CIBMTR) or by retrospective cohorts. Of note, most of the pivotal CAR T clinical
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trials also reported the incidence of secondary malignancies [25,36,37]. The relevant in-
cidence reported in the FAERS database is 4.3% (536 of 12,394) out of all adverse event
reports following CAR T-cell therapies, with axicabtagene ciloleucel and tisagenlecleucel
comprising most of the secondary malignancy reports (51.7% and 33.0%, respectively) [25].
Real-world data report an incidence of secondary malignancies after commercial CAR
T-cells ranging from 2.2% to 4.5%, varying between paediatric and adult reports and not
being higher than expected in this population of patients previously exposed to cytotoxic
therapies [25,29,38,39]. These neoplasms refer mainly to haematological myeloid malignan-
cies, but they also include solid tumours, with a median time of presentation from CAR T
infusion being 9 months [24]. The first category predominantly comprises myelodysplastic
syndromes (MDS) and acute myeloid leukaemia. According to the FAERS database, the
corresponding incidence is 38.8% and 19.8% out of all reported secondary malignancies [25].
Clinical trials with long-term follow-up have reported an incidence of secondary myeloid
malignancies ranging from 4 to 16% of CAR T-treated patients [36,37,40]. Among the
solid tumours, the most common are non-melanomatous skin cancers (7.8% of all reported
secondary neoplasms in the FAERS database) [25]. A retrospective study performed by the
University of Pennsylvania estimated that the 5-year incidence of secondary malignancies
was 15.2% for solid cancers and 2.3% for haematological cancers [29]. Another single-centre
retrospective study identified 25 cases of secondary solid cancers, excluding non-melanoma
skin cancers, and 14 secondary haematological cancers, including 1 case of T-cell lymphoma,
out of 724 patients treated with CAR T-cell therapies for either haematological malignancies
or solid tumours who had a median follow-up of 15 months [33].

Multifactorial drivers are believed to play a role in the development of such secondary
malignancies, especially the myeloid ones, including advanced age and the pre-existence
of clonal haematopoiesis before CAR T-cell treatment potentially resulting from the ex-
posure to previous intensive treatments. Indeed, a high proportion of patients ranging
from 20% to 60% have been found to have clonal haematopoiesis of indeterminate po-
tential at baseline before receiving CAR T-cells [41,42]. In addition, the CAR T-related
inflammation developing after the infusion and onwards, especially by the CAR T-cells
residing in the bone marrow, may accelerate the progression of abnormal haematopoietic
clones to malignancies or the generation of new mutated clones in heavily pre-treated
patients [43—47]. The lymphodepleting chemotherapy before CAR T may also play a con-
tributing role by either suppressing a crucial subset of the cellular antitumour immunity or
causing genotoxicity [48] (Figure 1).

Despite these reports, FDA has not pulled CAR T-cell therapies off the market, as
the reported rate and risk of secondary malignancies, particularly T-cell malignancies,
appears low compared with other cancer treatments. In addition, investigations on the
driving mechanisms are still underway, and researchers are waiting for emerging data
to enlighten the field to reach a consensus [23,24]. The true risk of potential insertional
mutagenesis remains unknown given the high disease refractoriness of patients receiving
CAR T-cell therapies. In addition, the principle of immortal time bias should also be taken
into account, as patients receiving CAR T therapies currently achieve longer survival, which
may translate to a higher cumulative risk of secondary malignancies in the background
of R/R disease [49]. However, reports of T-cell and other malignancies after CAR T-
cell therapy should prompt continued long-term investigations [22]. In alignment with
the FDA, leading global organisations such as the American Society for Transplantation
and Cellular Therapy, the European Society for Blood and Marrow Transplantation, the
International Society for Cell and Gene Therapy and the CIBMTR recommend that CAR
T-cells should be continued to be administered, as currently the benefits far outweigh
the small and uncertain risks, which are much lower compared with other established
cancer treatments [24]. However, strict surveillance and safety reporting to regulatory
authorities are highly recommended, in addition to health care professionals being alert
while monitoring CAR T-treated patients [22,24]. In the meantime, different research
groups are trying to validate the significance of models incorporating established scoring
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systems, such as the CAR-HEMATOTOX and the Clonal Haematopoiesis Risk Score, in
predicting the risk of developing secondary myeloid malignancies after CAR T-cell therapy
and stratifying patients according to the relevant risk. This clinical stratification seems
necessary in order to identify a subgroup of high-risk patients who will benefit most from
closer surveillance after CAR T-cell therapy and potential additional screening before CAR
T treatment [50,51].

3. Viral Vectors and Genetic Engineering Technologies in Gene Therapy and CAR
T-Cell Manufacturing

The use of viruses as vectors in transferring transgenes has been the mainstay of
transduction methods in gene therapy. The ability of certain viruses to integrate transgenes
into the genome has been exploited in CAR T-cell manufacturing technology [52]. Vector in-
tegration into the host genome has always been a matter of concern in terms of the potential
alteration of gene expression or the promotion of neoplastic transformation. Mechanisms
include vector insertion into the gene enhancer or the promoter mediating gene overex-
pression or integration causing gene inactivation [53]. Currently, lentiviruses (LVs) and
retroviruses constitute the most commonly used viral vectors in gene therapy. In the past,
conventional retro-gamma viruses and adenoviruses were used as delivery machines in
gene therapy. However, the initial triumph was overshadowed by reports of insertional
mutagenesis resulting in leukaemia and MDS in patients treated with gene therapy using
retro-gamma viruses for X-linked severe combined immunodeficiency, chronic granulo-
matous disease and Wiskott—Aldrich syndrome [54-56]. On the other hand, adenoviruses
are strongly immunogenic, and they caused undesired immune responses in treated sub-
jects [57]. Since then, viral vector technology has been massively refined to develop safer
next-generation non-replication-competent viral vectors, including self-inactivating (SIN)
vectors, enhancer-blocking insulators and microRNA targeting of vectors. There are multi-
ple factors influencing vector-mediated genotoxicity, such as virus type, integration target
site and target cell type, while non-viral factors such as patient age, disease type and dose
are equally important. [58,59].

SIN LVs are currently preferably utilised, as they permit long-term transgene expres-
sion, have high packaging capacity and are deemed safer in integrating transgenes in
specific genetic loci into the genome, confining random integration [53,60]. In addition,
they have the advantage of enabling efficient transduction of nondividing or slowly divid-
ing cells, surpassing the need for extra activating of the host cells [58]. On the downside,
production with LVs is more costly, lengthy and cumbersome. However, SIN LV vectors
may still be genotoxic, as despite integrating in a semirandom fashion, they tend toward
genomic areas with active gene expression, including cancer-related genes [60]. Both
in vitro and in vivo preclinical studies have shown that SIN LV integration caused aberrant
splicing and premature termination of transcripts and tumour acceleration by disruption
of tumour suppression genes or oncogene activation [61,62]. Notably, although initial
concerns regarding the risk of potential insertional mutagenesis were regarded as more
relevant in the transduction of hematopoietic stem cells, the recent FDA report on T-cell
malignancies brings to light the risk of insertional mutagenesis in differentiated cells [63].

Although the FDA has not related any of the recently reported cases to vector-mediated
oncogenicity so far, previously published cases have highlighted the possibility of clonal
CAR T-cell expansion in anti-CD19 and anti-CD22 CAR T-cell therapies. This occurred
via the integration of an LV either in the TET2 gene, which regulates haematopoiesis
and T-cell differentiation, or in the CBL gene, which regulates T-cell responses [64,65].
These cases did not result in the development of neoplasms but demonstrate the risk of
insertional mutagenesis. Of note, the clonal expansion of a myeloid-biased cell clone has
also been reported in an adult patient with severe (3-thalassaemia treated with LV (-globin
gene transfer, in whom the integrated vector caused enhancer-mediated transcriptional
activation of the HMGA?2 gene with increased expression of a truncated HMGA2 mRNA
insensitive to degradation [66]. In a clinical trial investigating hematopoietic stem-cell gene
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therapy for cerebral adrenoleukodystrophy, the top abundant integration sites of SIN LVs
were genes involved in cell cycle regulation, cell division and oncogenesis; such genes
included SGM6, CCND2 and MECOM, leading to clonal expansion and subsequent reports
of MDS cases related to the viral insertion [67,68]. Rare cases of myeloid malignancies have
been reported after hematopoietic stem-cell gene therapy in sickle cell disease. However,
it is likely that the myeloablative conditioning chemotherapy previously administered
resulted in the development of driver mutations associated with myeloid neoplasms or
created positive selection pressure resulting in the progression of a pre-existing clone. It is
well known that sickle cell patients harbour an inherently higher risk of developing clonal
haematopoiesis and malignancies compared to the general population [69-71]. None of
these cases have been explicitly related to random insertional mutagenesis caused by the
viral vector [70,71].

Adeno-associated viruses (AAVs) are another vector option deemed safer than lentiviruses
for gene therapy because they are not designed to insert their cargo into a cell’s genome
but rather remain as an episome in the nucleus of the transduced cells. However, although
an AAV is considered a non-integrated vector, integrational events have been observed
with a low frequency of 0.1-3% [53]. A phase 3 gene therapy trial for haemophilia using an
AAV vector was halted by the FDA because a patient developed a liver tumour, although
it was thought highly unlikely to be related to the gene therapy [72]. However, animal
models have shown increased incidence of hepatocellular carcinoma after AAV liver gene
transfer, which is alarming for potential vector-related tumourogenesis [73,74]. In addition,
AAV type 2 has been associated with oncogenic insertional mutagenesis in humans with
hepatocellular carcinomas through integrations in known cancer driver genes, such as
CCNAZ2, TERT, CCNE1, TNFSF10 and KMT2B, leading to overexpression of the target
genes [75].

Genetic engineering has massively changed the field of cell and gene therapy, allow-
ing alternative, more precise technologies to achieve genetic manipulation, minimising
the complexity and the risks of genotoxicity associated with viral vectors. Currently
implemented methods of gene editing include non-viral delivery systems, such as CRISPR-
Cas9, transposons, zinc-finger nucleases, transcription-activator-like effector nucleases and
meganucleases [76]. These methods are being exploited in several research platforms to
generate safer and more potent CAR T-cell therapies, while commercial products developed
by harnessing gene-editing techniques (CRISPR-Cas9-based products) have been approved
as gene therapy treatments for sickle cell and transfusion-dependent 3-thalassemia pa-
tients [13,77,78]. However, genome editing is not always precise, resulting in off-target
effects with mutations, genomic disruption and chromosome rearrangement with unknown
biological and clinical significance [79-81]. More importantly, cases of secondary T-cell
lymphoma have been reported after applying piggyBac, a transposon system for CAR gene
delivery in the manufacturing of CAR T-cells. The lymphomagenesis was related to high
transgene insertion copy numbers, but it was thought that the widespread genomic copy
number variations found within the genome of lymphoma cells was the dominant driver of
carcinogenesis [30,82]. Notably, in this phase 1 trial, it was found that 7% of the transgene
integration sites occurred within cancer-related genes, but these were not different than
those previously reported with similar gene delivery methods. This trial was suspended by
the FDA after the occurrence of these CAR-positive T-cell lymphoma cases [30]. The high
insertion copy numbers are in line with the importance of the vector copy number in the use
of viral vectors. The vector copy number reflects the number of integrated transgene copies
within a CAR T-cell product and remains one of the FDA'’s quality and safety requirements
(less than five vector copies per transduced cell), as it correlates with the product potency,
but it may also reflect the oncogenic potential, as greater copy numbers are associated with
a greater risk of random vector integration into the host genome [83].

Base editing is a novel technology editing only targeted single DNA bases rather than
removing, adding or altering sections of the DNA sequence; therefore, it is deemed safer
in terms of genotoxicity. However, despite being more accurate, base editing has been
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found to trigger mutations at random sites in the genome beyond the target site [84,85].
Ongoing research may lead to the identification of genomic safe harbours in parallel with
the development of new strategies that target the insertion of the CAR construct to these
specific loci within the genome, avoiding the risk of oncogenesis [86].

4. A Proposed Strategy for Future Research Aiming to Mitigate the Risk of
Secondary Malignancies

Due to the theoretical risk of insertional mutagenesis, all CAR T-cell-treated patients
have been under long-term surveillance. Therefore, the FDA announcement of secondary
T-cell malignancies after CAR T-cell therapies came as a surprise to the scientific community.
The confirmation of these allegations has raised concerns about the future of CAR T-cell
therapies and cell and gene therapies in general, as different genetically manipulated
products are underway to be applied in the clinical setting for various disease types, both
malignant and non-malignant. The exact causes driving the development of secondary
malignancies after CAR T-cell therapies are unclear. Regarding the T-cell malignancies,
none of the 22 reported cases of secondary T-cell malignancies have been explicitly related
to vector-mediated insertional oncogenicity. This number could be an underestimation
of the true incidence, as more than 34,400 patients have been treated with commercial
CAR T-cell therapies and only 8000 cases have been officially reported with adverse
events [24]. Apparently, the decoding of the triggering mechanisms of secondary T-cell
and other malignancies requires the wider study of further potentially unreported cases.
This is a laborious and lengthy follow-up process and is consistent with the advance of
genetic engineering.

Based on the reported scientific evidence characterising the nascent and unclear cur-
rent landscape of secondary malignancies after CAR T-cell infusion and the potential
mechanisms of their development, a composite set of six proposals is presented for future
research. If this suggestive strategy is confirmed, it can potentially contribute to miti-
gating or preventing the risks of developing secondary malignancies either by avoiding
genotoxicity or reducing CAR T-associated inflammation and the immunosuppressive
microenvironment (Figure 2):

A. Exploitation of mRNA technologies instead of viral vectors or gene-editing tech-
niques for the CAR introduction to avoid random transgene integration into the host
cells and subsequent genotoxicity. mRNA technologies have been proven very efficient in
translating the CAR protein. Preliminary results from experimental CAR T-cell platforms
harnessing mRNA techniques have shown promising safety and efficacy in eliminating
tumour cells [87,88] (Figure 2A).

B. Short CAR T-cell persistence to reduce the period of overt and subclinical inflam-
mation and immune dysregulation, which may drive the occurrence of abnormal clonal
haematopoiesis, the clonal evolution of already pre-existing aberrant clones to malignancies
and the development of secondary lymphomas (Figure 2B).

C. Infusion of high cell doses with defined cell compositions in fractions, as it seems
that doses with high cell numbers have the ability to randomly eliminate malignancies early
after infusion and offer a cure [89,90]. In this perspective, long-term CAR T-cell persistence
does not seem to be necessary but rather augments the risk of further adverse events and
toxicities (Figure 2C).

D. Move of CAR T-cell therapies to earlier lines of treatment to avoid the accumu-
lation of chemotherapy or radiotherapy-related genotoxicity and the development of
pre-malignant clones (Figure 2D).

E. Effective control of disease burden prior to infusion to reduce the subsequent
generation of excessive CAR T-cell-related inflammation and the potential detrimental
effects of inflammation (Figure 2E).

F. Promotion of automated in-house CAR T-cell manufacturing to reduce production
time and complexity as a measure to prevent disease progression and an increase in the
disease burden prior to CAR T-cell infusion (Figure 2F).
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Figure 2. A proposed strategy for future research aiming to mitigate the risks of developing sec-
ondary malignancies after CAR T-cell therapies: (A) harnessing of mRNA technologies for the CAR
introduction to avoid genotoxicity caused by viral vectors or gene editing; (B) short CAR T-cell
persistence to diminish immune dysregulation, which may drive clonal evolution and the develop-
ment of secondary malignancies; (C) infusion of high cell doses with defined cell compositions in
fractions, which can increase the likelihood of early disease eradication, making unnecessary CAR
T-cell persistence; (D) move of CAR T-cell therapies to earlier lines of treatment to avoid accumulated
genotoxicity caused by previous intense treatments; (E) effective control of disease burden prior to
infusion to reduce the detrimental effects of subsequent inflammation; (F) promotion of automated
in-house CAR T-cell manufacturing to reduce the production time and the risk of disease progression

with high tumour burden.

5. Conclusions

The announcement on 28 November 2023 by the FDA concerning the occurrence of
rare secondary T-malignancies after CAR T-cell therapies should in no way act as a brake
on the further clinical use of CAR T-cells. Given the expanding indications of treating
diseases with the CAR T-cell technology, this type of cell therapy seems to enclose the
potential to be converted into the “cellular penicillin” of the 21st century, a lifesaving
and survival-prolonging treatment. Therefore, it seems imperative to render CAR T-cell
therapies a safer treatment modality. The abovementioned strategy can pave the way for
extensive research and bridge the existing therapeutic gap in CAR T-cell therapies in order
to turn CAR T-cell therapies into a treatment with a higher curative potential and sparing
toxic or even life-threatening side effects.
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Abstract: ETV6::ABL1 rearranged neoplasms are rare hematological diseases. To date, about 80 cases
have been reported, including myeloid and lymphoid leukemias. The ETV6 gene codes for an ETS
family transcription factor and several fusion partners have been described. When translocated,
ETV6 causes the constitutive activation of the partner genes. Here, we report the case of a 54-year-old
woman with a cryptic insertion of the 3’ region of ABLI in the ETV6 gene. The patient was first
diagnosed with idiopathic hypereosinophilic syndrome, according to the clinical history, conventional
cytogenetics, standard molecular analyses and pathologist description. Next generation sequencing
of diagnosis samples unexpectedly detected both ETV6::ABL1 type A and B fusion transcripts, which
were then confirmed by FISH. The diagnosis was Myeloid /Lymphoid neoplasm with ETV6::ABL1
fusion, and the patient received imatinib mesylate treatment. In a follow-up after more than one year,
the patient still maintained the molecular and complete hematological responses. This case highlights
the importance of timely and proper diagnostics and prompt tyrosine kinase inhibitor treatment.

Keywords: myeloid /lymphoid neoplasm; ETV6::ABLI; fusion genes; imatinib mesylate; next generation
sequencing; diagnostic RNA panels

1. Introduction

ETV6::ABL1 (also known as TEL::ABL1) is a rare fusion that has been found in different
types of hematological diseases. To date, about 80 cases of hematological neoplasms
(more frequently, acute lymphoblastic leukemia (ALL), myeloproliferative neoplasms
(MPNSs), Philadelphia-negative chronic myeloid leukemia (CML) [1], atypical (a)CML and
chronic myelomonocytic leukemia (CMML)) carrying ETV6::ABLI translocation have been
reported [2-6]. ETV6::ABL1 chimeric protein has been found in less than 1% of ALL cases;
however, due to the lack of a systematic screening for this fusion transcript, its overall
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incidence in hematological neoplasms cannot be precisely defined [2]. The ETV6 (ETS
variant 6) gene encodes for an ETS family transcription factor containing two functional
domains: the N-terminus PNT (exons 3—4) and the C-terminus ETS (exons 6-7) domains,
flanking the central domain coded by the exon 5 [7]. ETV6 is involved in the maintenance
of the vascular network, hematogenesis, embryogenesis and development of different
tissues [7]. The ABL1 gene encodes for a non-receptor tyrosine kinase containing different
structural domains, including SRC-homology domains (SH1, SH2 and SH3) responsible
for the regulation of their own activity, DNA-binding (DB) domains and actin-binding
(AB) domains, in addition to a nuclear translocation signal (NTS) sequence, sites for
phosphorylation by protein kinase C (PKC) and a proline-rich sequence [8]. Two types
of ETV6::ABL1 in-frame fusion isoforms have been described: the so-called “type A”,
involving exon 4 of ETV6 and exon 2 of ABL1, and the “type B” translocation, involving
exon 5 of ETV6 and exon 2 of ABL1. The ETV6::ABL1 fusion protein retains both the
SH domains and the tyrosine kinase domain of ABL1 [9], leading to the loss of ABL1
autoinhibitory activity, thus resulting in a constitutive active enzyme. Both transcripts
encode for a chimeric non-receptor tyrosine kinase resembling the BCR::ABL1 structure.
Moreover, in vitro studies have demonstrated that ETV6::ABL1 phosphorylates the same
substrates activated by BCR::ABL1 chimeric proteins, suggesting that ETV6 may replace
the BCR role and activate ABL1 [10], and explaining why patients harboring ETV6::ABL1
translocation are sensitive to TKI treatment [9]. Here, we present the case of a patient who
received a diagnosis of Myeloid /Lymphoid neoplasm with ETV6::ABL1 fusion and reached
a durable response by imatinib mesylate treatment.

2. Case Description

In January 2019, a 54-year-old Caucasian woman was referred to our institution for
leukocytosis. She had a mild increase in white blood cell (WBC) count over one year (mean
WBC 12 x 10? /L, mean neutrophils 8 x 10° /L), basophilia (5%) and eosinophilia (14%).
JAK2, CALR and MPL mutations and BCR::ABL1 rearrangements were negative (peripheral
blood). The patient was asymptomatic and was not receiving any chronic treatment. She
had no significant medical history, no history of smoking, no ongoing infections, negative
inflammation markers, a normal chest and abdomen examination, and a normal abdomen
ultrasonography (US). The patient underwent a regular follow-up (every 4 months) and did
not receive any treatment. In the following 18 months, the WBC counts fluctuated around
11-13 x 10°/L and the clinical patients” conditions were stable. In June 2020, the WBC
count was raised to 32 x 107 /L (basophilia 4%, eosinophilia 11%), while hemoglobin and
platelets count were within the normal range, spleen was not palpable and the abdomen
US results were normal. BCR-ABL1 translocation and JAK2, CALR, and MPL mutations
were confirmed to be negative (peripheral blood). Furthermore, no PDGFRA, PDGFRB
or FGFR1 rearrangements were detected. A trephine biopsy showed hypercellular bone
marrow (95%) with a diffuse eosinophilic infiltration, slightly reduced erythropoiesis,
normal CD34" cells and mastocytes (Figure 1). Cytogenetic examination showed a unique
clone characterized by 47, XX, +12 (on 20 metaphases, Figure 2A). Chest X-ray and heart
US excluded any significant organ involvement. Therefore, the patient was disagosed with
idiopathic hypereosinophilic syndrome.

Next generation sequencing (NGS) was performed on the diagnosis peripheral blood
sample, on both DNA and RNA, using the Oncomine Myeloid Assay (Thermo Fisher
Scientific, Waltham, MA, USA), surprisingly revealing the presence of both ETV6::ABL1
type A and B fusion transcripts (Figure 2B and Table S1), while confirming the absence
of the Philadelphia chromosome. The ETV6::ABL1 fusions were confirmed by RT-PCR
(Figure 2C) and Sanger sequencing (Figure 2D,E). No additional DNA variants were found.
Further information on the sample collection, nucleic acids isolation, library preparation
and RT-PCR are reported in the Supplementary Methods. The variants and fusions tested
are reported in Tables S2-54.
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Figure 1. Morphological characterization. Hematoxylin and eosin (H&E, 200x) and Giemsa stain
(GM, magnification 200 x; GM1, magnification 400 x); immunohistochemistry (IHC) stains for CD34
and CD117 (magnification 200 x ) and Gomori stain for reticulin fibers (Reticulin, magnification 200 x ).
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Figure 2. Cytogenetic and molecular characterization. (A) G-banded karyotype with trisomy involv-
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ing the chromosome 12 (red arrow). (B) Overview of the ETV6::ABL1 fusion transcripts detected
by NGS and involving exon 5 of ETV6 and exon 2 of ABL1, or exon 4 of ETV6 and exon 2 of ABL1,
respectively. (C) RT-PCR revealing the 706 bp ETV6exon5::ABL1exon2 fusion transcript (upper band)
and the 160 bp ETV6exon4::ABLlexon2 fusion transcript (lower band). A 100 bp molecular weight
marker was used. (D,E) Electropherograms of the sequences spanning the breakpoint confirming
in-frame fusions involving ETV6 exon 5 or ETV6 exon 4 and ABL1 exon 2. The dashed lines indicate
the breakpoint regions. Each peak represents a single nucleotide in the DNA sequence, and each
nucleotide has a different colour; A is green, T is red, C is blue and G is black. MM: Molecular Marker;
A: diagnosis; B: 3 months follow-up; C: 6 months follow-up; D: 12 months follow-up; E: RT negative;
F: PCR negative.

In order to confirm the fusion transcripts revealed by NGS, we performed fluorescent
in situ hybridization (FISH). FISH analysis using an ETV6 break-apart probe revealed
three copies of the ETV6 gene without evidence of ETV6 rearrangement (Figure 3A). On
the contrary, FISH analysis with a BCR::ABL1 Tricolor Color Dual Fusion (TCDF) probe
confirmed the presence of the ABLI rearrangement with ABL located on one chromosome
12 (Figure 3B). In order to confirm the ETV6::ABL1 fusion, we performed FISH analysis
combining ETV6::RUNX1 ES Dual Color Dual Fusion and BCR::ABL1 TCDE. FISH analysis
showed the presence of the ETV6::ABL1 fusion on chromosome 12 (Figure 3C). Therefore,
we concluded that the ETV6::ABL1 fusion was the result of a cryptic insertion of the 3 of
ABL1 (q34) into the ETV6 locus (12p13). Details on chromosome banding analysis (CBA)
and FISH are described in the Supplementary Methods. Based on the results, the diagnosis
was modified to Myeloid /Lymphoid neoplasm with ETV6::ABL1 fusion, and the patient
started imatinib mesylate treatment at the dose of 200 mg QD (8 September 2020).

chr. 12

» €— ins(12;9)

chr. 21

chr.9.# "y chr.22
s chr.22

Figure 3. FISH analyses (100x magnification). (A) FISH analysis with ETV6 break-apart on previ-
ously G-banded metaphase showing 3 fusion signals on 3 chromosomes 12, indicating 3 copies of
ETV6. (B) FISH analysis with BCR-ABL1 TCDF probes on previously G-banded metaphase showing
2 green signals on chromosome 22, two blue/red signals on chromosome 9 and an extra red signal
on the short arm of chromosome 12, indicating ABL1 rearrangement. (C) FISH analysis combining
ETV6-RUNX1 DCDF and BCR-ABL1 TCDF probes on metaphase showing a fusion between ETV6
marked in spectrum green and ABL1 marked in spectrum orange on derivative chromosome 12,
confirming ETV6::ABL1 rearrangement. The arrows indicate the derivatives chromosome.

We monitored the most abundant fusion transcript, ETV6exon5::ABL1 exon2, using
both RT-PCR and Nested PCR. Follow-up peripheral blood samples were collected and
analyzed at 3 months (time point B), at 6 months (time point C), at 12 months (time point
D) and at 18 months (time point E) of therapy, according to clinical practice. RT-PCR
results were negative in all the follow-up samples (Figure 4A). Negativity was confirmed
by NGS at time points B and C using the Myeloid Plus Solution panel (Sophia Genetics).
Nested-PCR negativity was reached at time point D, while samples at time points B and C
were still weakly positive (1/2 replicates, Figure 4B). The complete hematological response
was assessed by blood count, revealing all the parameters to be within the normal range.
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The last evaluation—after 3 years of imatinib mesylate treatment—showed a WBC count of
around 5 x 10°/L and a neutrophils count of 3.70 x 107 /L (basophilia 0.6%, eosinophilia
2.4%). The main clinical and laboratory information are summarized in Figure 5.

MM CTRL+ A 8 c D 3 F G MM MM

ETV6ex5_NMO001987 ABLlex2_NMO005157

Figure 4. Monitoring of ETV6exon5::ABLIexon2 fusion overtime on peripheral blood samples.
(A) RT-PCR revealing the 421-bp ETV6exon5-ABLIexon2 fusion transcript. (B) Nested PCR revealing
the 321-bp ETV6exon5::ABLIexon2 fusion transcript. A 100 bp molecular weight marker was used.
(C) Electropherogram of the sequence spanning the breakpoint that confirmed in-frame fusion
involving ETV6 exon 5 and ABL1 exon 2. The dashed lines indicate the breakpoint regions. Each peak
represents a single nucleotide in the DNA sequence, and each nucleotide has a different colour; A is
green, T is red, C is blue and G is black. MM: Molecular Marker; A: diagnosis; B: 3 months follow-up;
C: 6 months follow-up; D: 12 months follow-up; E: 18 months follow-up; F: RT negative; G: PCR
negative; H: Nested-PCR negative.
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Figure 5. Timeline displaying clinical and therapy schedule (upper part) and laboratory data

(bottom part).

3. Discussion

In this study, we report the case of an ETV6::ABL1 rearranged patient with a diagnosis
of Myeloid/Lymphoid neoplasm, who received imatinib mesylate treatment and achieved
a durable response.

The formation of an in-frame ETV6::ABL1 fusion gene involves complex genomic
rearrangements because ETV6 and ABL1 genes have opposite chromosome orientations.
Conventional diagnostic techniques (such as conventional cytogenetics) sometimes fail
to detect this rearrangement because of its cryptic nature due to the similar G-banding
pattern of the distal long arm of chromosome 9 and the distal short arm of chromosome 12.
Moreover, no ready-to-use ETV6::ABL1 FISH probes are commercially available, suggesting
that the ETV6-ABLI fusion may remain undetected in a number of patients [5,11].

In the case we present, the use of next generation sequencing allowed us to overcome
the above-mentioned limitations and to detect this fusion transcript, which changed the ini-
tial diagnosis of hypereosinophilic syndrome into the proper diagnosis of Myeloid /Lymph-
oid neoplasm with ETV6::ABL1 fusion.

The patient showed the presence of both type “A” and “B” fusion transcripts, first
detected by NGS and then confirmed by RT-PCR and Sanger sequencing. FISH analysis
combining ETV6::RUNX1 DCDF and BCR-ABL1 TCDF probes performed on metaphases
showed a cryptic insertion of the 3’ region of ABLI in the ETV6 gene on one chromosome
12, in addition to a signal consistent with trisomy 12.

ETV6::ABL1 rearrangements have been reported in different hematological malignancies
and, in particular, in ALL, followed by MPNs and acute myeloid leukemia (AML) [11,12].
Eosinophilia represents a common clinical feature and a hallmark of all ETV6::ABL1 rearranged
MPNs cases reported in the literature [2], while the most frequent molecular alterations
observed in ALL or in lymphoid blast crisis (LCB) patients are deletions of CDKN2A/CDKN2B,
IKZF1 or PAX5 [2].
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ETV6::ABLI rearranged hematological neoplasms share many clinical features with
CML. Indeed, the ETV6::ABL1 fusion protein functionally resembles the BCR::ABL1 ones,
being characterized by a constitutive activation of the chimeric transcript [13], and sensitiv-
ity to both first- [14] and second-generation tyrosine kinase inhibitor (TKI) treatments [15].
For these reasons, the patient received imatinib therapy. Imatinib competitively binds the
ABL1 ATP binding site in the ETV6::ABL1 fusion protein by the same mechanism of action
described for the BCR::ABL1 protein.

Despite this, in the literature, few patients have received TKI treatment at first man-
ifestation of the disease and/or at the first progression, and most of them died or re-
lapsed/evolved [2]. Schwaab et al. presented data on ETV6::ABL1 rearranged MPN
patients that received imatinib, nilotinib or dasatinib after a prior treatment with hydrox-
yurea and/or cytarabine or intensive chemotherapy. Patients receiving imatinib did not
achieve a complete cytogenetic (CCR) or molecular (CMR) response, which was instead
obtained by patients under nilotinib or dasatinib treatment [16]. Accordingly, previous
reports showed that imatinib allowed only an initial reduction of disease followed by a
mild neutrophilia, basophilia and eosinophilia after 6 months, with persistent ETV6::ABL1
positivity in FISH and nested PCR [13], or a transient response followed by transformation
into ALL [17]. Moreover, most patients reported in the literature were diagnosed as atypical
AML or Ph-like ALL.

Conversely, our patient presented without any blast excess at the diagnosis, and the
clinical features were consistent with chronic diseases. She started TKI treatment as a
frontline therapy after receiving the correct diagnosis and is still maintaining complete
hematological and molecular responses after 36 months of imatinib mesylate. To our
knowledge, this is the first case reporting a follow-up longer than one year without any
additional [13] or previous chemotherapy treatment [18]. Our data likely rule out the
co-occurrence of genomic events accounting for resistance in our patient and suggest a
potential driver role for the ETV6::ABL1 rearrangement. Studies accounting for differ-
ent sensitivity profiles, gene expressions and BCR-ABL1-like signatures are warranted
in this case; however, an accurate and multicenter sample collection is needed to meet
this endpoint.

4. Conclusions

The detection of the ETV6::ABL1 rearrangement remains difficult, due to its
cryptic nature.

A deeper genomic characterization of patients with ETV6::ABL1 fusion transcripts may
improve our understanding of the biological complexity behind this disease. Although this
could represent a limitation of our study, overall, our results underline the importance of
timely and proper diagnostics, and the need to revise the current screening algorithms—for
example, by recommending NGS RNA panels—in order to detect and monitor ETV6::ABL1
rearrangements. In this case, molecular biology was instrumental in the diagnosis and,
consequently, in the selection of an appropriate therapy. Notably, in the absence of molecu-
lar biology results, supportive therapies would have been the only ones administered to
the patient.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/1jms25010118/s1. References [19-21] are cited in the supplementary materials.
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