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FROM THE EDITOR-IN-CHIEF

Distinguished authors and readers of our medical journal! I am proud to say
that over the course of 18 years of our presence we have managed to form our own
audience — scientists, doctors and researchers. These people are truly passionate
about tacking the cancer problems in the area of immunodiagnostics, immunothera-
py with a focus on bone marrow, as well as its role in the emergence and progression
of cancer.

As usual, we commemorate publication of our journal to the next conference to
be held in Istanbul, October 5, 2022. The main topic is minimal residual disease in
hematopoietic and lymphoid tumors, but surely not limited to it.

This issue of our journal was contributed by a substantial number of luminaries
in oncology and oncohematology: such as Robert Gale, Dieter Holzer, Vera Don-
nenberg, Jean-Frangois Rossi, Vladimir Jurisic, the leading Russian oncologists,
haematologists, transplantologists such as Kapitolina Melkova and Zhanna Sharoy-
an, Alexandra Palladina, Mary Shervashidze and Timur Valiyev. A reader will find
a fascinating wave of opinions and insights into the possibilities to eradicate cancer.

In this particular issue, Mikhail Davydov takes a critical look at different ap-
proaches (including cancer surgery, to which he has devoted more than 50 years)
considering it from the perspective of cancer eradication.

Dear friends! We are looking forward to meet you at the conference and do hope
that materials published in this journal will be beneficial in practical sense, as well
as in terms of igniting the fruitful discussions targeted to defeat cancer.

Editor-in-chief,

Head of the Hematopoiesis Immunology Lab

Federal State Budgetary Institute “N.N. Blokhin National Medical Research
Centre for Oncology” of the Ministry of Health of Russia

Honored Scientist of the Russian Federation

Professor N. Tupitsyn, Doctor of Medicine
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CANCER. POSSIBLE WAYS TO TACKLE
M. Davydov

Our previous paper “There is no cancer immunology” published 5 years ago,
laid out the reasons why it makes no sense to rely on the body’s immune system in
a cancer patient.

The main therapy for cancer patients in the early disease stages is surgery.

Having worked as a surgical oncologist for over 50 years who has performed
tens of thousands of most complex operations, I have come to the disappointing
conclusion: surgery is not at all a cure for cancer. Sure, there can be exceptions. Of
course, surgery can save lives for millions of patients. But it’s not always the case
that cancer can be cured by surgery. After all, tumors are dark-minded: individual
seedings, micro-metastases in various organs, especially in the bone marrow, simply
cannot be removed surgically. And they can reveal themselves many years later —
10, 20 years or even more — and cause death of the patient.

But there is a chemotherapy available, you might say. Yes, the success of che-
motherapy is difficult to overestimate. There have been great success stories in
controlling metastases and extending lives of the patients. The problems are the
following: on one hand, chemotherapy is a non-selective method of treating the
tumor and therefore we observe multiple complications, sometimes very serious,
up to the fatal cases; on the other hand, chemotherapeutic agents may not be effec-
tive on minimal cancers due to the simple reason that disseminated tumor cells are
generally dormant and non-sensitive to chemotherapeutic effects. Having detected a
few disseminated tumor cells in the patient’s bone marrow, we can destroy the entire
hematopoiesis, while the tumor cells will remain alive and, under certain conditions,
can become awaken and metastasize to the brain or other vital organs. The so-called
target therapy represents an undeniable step forward. This is a therapy that targets
specific target structures in the tumor cells. The drawbacks of this approach are
associated with the fact that as a rule, these targets are not strictly specific for tumor
cells and, moreover, are not present in some of the tumor cells. Nevertheless, it is
certainly an important step towards development of the selective therapy enabling
to overcome resistance of dormant cancer cells.

Today’s immunotherapy offers the broad-based range of tumor treatments. From
attempts to target the tumor in a specific manner to all kinds of methods meant to
overcome tumor’s resistance towards immune rejection. This approach has become
the most prevalent nowadays and is based on formation of monoclonal antibodies
blocking the checkpoints of immune response resistance. There are success stories,
but much is still to be proven; there is no specificity of effect. There are no clear
indications to prescribe relevant drugs and prevent complications, either. Perhaps,
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the most importantly, there are neither rationales, nor evidences for feasibility to
eradicate cancer by the checkpoint inhibitors.

All these arguments speak to the point that currently in the world there is no
single program or system of approaches to eradicate cancer. The reason being is that
once a cancer cell manages to evade the body’s defense powers, it begins to develop
according to its own rules of life, changing its phenotype, preferences and priorities.
To catch it becomes increasingly difficult, sometimes purely impossible.

Sounds like a quite pessimistic story. But there is beacon of hope. We just need
to turn to the natural defense powers against cancer, the very defense that exists in
a human body which makes it very rare for the tumors to succeed in their develop-
ment compared to the incidence of potentially cancerous cells.

It is not my intention to discuss such defense mechanisms here. There are multi-
ple papers and reviews devoted to it. In a nutshell, it means lipo-apoptosis, i.e. death
of tumor cells, so to speak, caused by obesity, which is nothing but accumulation of
lipids in cytoplasm in the amount that is fatal. And the lipids can be delivered there
by the natural pentameric IgM specific to the tumor-associated glycans (sugars).

The immune response to these sugars declines over the years and weakens un-
der the influence of carcinogens. Antibodies stop operating as protectors and miss
out the cancer cells, failing to kill them. The real challenge is to correct the relevant
immunodeficiencies and find ways to either stimulate the innate humoral anti-tumor
immunity or replace it with full-scale specific antibodies. This is the main idea be-
hind the pathogenetic immunoprophylaxis of cancer.

August, 2022
Academician M. Davydov
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WILL IMMUNE THERAPY REPLACE
HAEMATOPOIETIC CELL TRANSPLANTS?

Robert Peter Gale

Centre for Haematology, Department of Immunology and Inflammation,
Imperial College London, London, UK and Department of Haematological
Oncology, Sun Yat-sen Cancer Centre, Guangzhou, China

For correspondence:
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ABSTRACT

There are important advances in the use of immune therapy to treat
haematological cancers including monoclonal antibodies and cell therapies. Almost
all successful immune therapies are in B-cell cancers including acute lymphoblastic
leukaemia (ALL), lymphomas and plasma cell myeloma (PCM). Immune therapy
of myeloid cancers including acute and chronic myeloid leukaemias (AML and
CML) and myelo-proliferative neoplasms (MPNs) is less successful and there are
no approved immune therapies for these cancers. (An exception is gemtuzumab in
AML but which is rarely used). In some lymphomas immune therapy may replace
autotransplants as initial therapy of chemotherapy failures. Sometimes, immune
therapy is combined with haematopoietic cell transplants. How to best use or
combine these therapies is unknown.

Introduction

Hematopoietic cells transplants including auto- and allotransplants are used to
treat several haematological cancers including acute leukaemias (acute lympho-
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blastic [ALL] and acute myeloid leukaemia [AML]), diverse lymphomas (diffuse
large B-cell lymphoma [DLBCL], Hodgkin lymphoma [HL], mantle cell lym-
phoma [MCL] and follicular lymphoma [FL]) and plasma cells myeloma (PCM).
Table 1 displays annual US transplants for these cancers and Table 2, an analysis
by transplant type. Immune therapies including diverse monoclonal antibody con-
structs and cells (T- and natural-killer [NK]-cells) are also used to treat haemato-
logical cancers almost all of which are B-cell cancers including ALL, lymphomas
and PCM. This raises the question whether immune therapy will replace haemato-
poietic cell transplants in some or all of these cancers, whether different therapies
will be used in different cancers, persons and/or disease states or whether they

will be combined.

Table 1.
Annual transplant rates in the US
PCM 8,000
AML 3,000
NHL 2,500
MDS/MPN 2,000
ALL 1,500
Table 2.
Types and numbers of transplants
Allotransplants Autotransplants
AML 3,000 -
MDS/MPN 2,000 -
ALL 1,500 -
NHL 500 2,500
HD - 1,000
PCM - 8,000
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Drugs Radiation Immune

Autotransplants ‘ ‘
Allotransplants ‘ ‘ ‘

Fig. 1. Modes of action of auto- and allotransplants

Transplants

Different types of transplants operate by different mechanisms displayed in
Fig. 1. The important point is immune therapy is an immune-mediated anti-cancer
effect operates in allo- but not autotransplants. In this regard the distinction between
allotransplants and immune therapy is semantic. Whether in the setting of allotrans-
plants there is an anti-cancer effect distinct from graft-versus-host disease (GvHD)
is controversial and unproved.

Immune therapy

Current types of immune therapies are displayed in Table 3. Most current in-
terest is in various types of monoclonal antibodies and chimeric antigen receptor
(CAR)-T-cells. Almost all of these therapies are directed against B-cell lineage spe-
cific antigens such as CD19, CD20 and B-cell maturation antigen (BCMA). Impor-
tantly, none target a cancer specific antigen.

Table 3.
Types of Immune therapies

Monoclonal antibodies

Vaccination

Donor lymphocyte infusions (antigen specific)
Checkpoint inhibitors

Innate immune cells

T-cell re-directing antibodies

Gene-modified T-cells

CAR-T-cells

TCR gene-modified T-cells
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Immune

Therapy

(D3/(D19/(D20/CD30/ No
(D33/(D38/(D124

Lineage Marker Cancer Marker

Fig. 2. Targets of immune therapy

Lineage- versus cancer-specific targets

The distinction between targeting a lineage-specific versus a cancer-specific an-
tigen is central to understanding the safety and efficacy of immune therapy in B-cell
versus myeloid cancers (Fig. 2). Humans can survive destruction of normal B-cells
but not of myeloid cells which is predominately why successful immune therapies
are directed against lineage-specific B-cell antigens. T-cell antigen targets are also
problematic for immune therapy as these interventions would eliminate effector cells.

Some results of immune therapy

There are several examples of successful immune therapy of haematological
cancers such as an advantage of blinatumomab over chemotherapy in adults with
advanced ALL, CAR-T-cells in children with advanced ALL and CAR-T-cells
in advanced DLBCL'?. However, in most instances in advanced cancers there is
ultimately a high failure rate despite a potential advantage over conventional therapies.

Which therapy is better?

Table 4 displays cancers where transplants and immune therapies are available
and Fig. 3, mechanisms of action. Notably, none of these modalities is cancer-spe-
cific. As discussed above, discordances reflect primarily with B-cell versus myeloid
cancers. There are few randomized clinical trials comparing autotransplants to im-
mune therapy, mostly in DLBCL in persons failing soon after initial chemotherapy.
3 trials addressed this question (reviewed in 3). Two showed an advantage for CAR-
T-cells and 1 a disadvantage. This discordance likely reflects subject selection bi-
ases, different protocol structures, different CAR-T-cell efficacies and other known
and unknown co-variates. Other uncontrolled data suggest an advantage for CAR-T-
cells over conventional therapy in young persons with advanced FL* .
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g?)l:rlli):;‘ison of transplants and cancers where there are immune therapies
Transplants Immune Therapy
PCM 8,000 Some
AML 3,000 No
NHL 2,500 Yes
MDS/MPN 2,000 No
ALL 1,500 Yes
Anti Cancer
Drugs Radiation Alloimmune Lineage Specific
Autotransplants R W
Allotransplants w ‘ A |
Immune therapy A |

Fig. 3. Modes of action of transplants versus immune therapy

Is immune therapy a bridge-to-transplant?

This notion immune therapy is a bridge-to-transplant is, to a large extent, based
on the unproved notion someone must in in complete remission before receiving a
transplant. Although people in complete remission have at transplant have better
outcomes compared with those not in complete remission this likely reflects a
selection bias. Namely, persons achieving a complete remission with r immune
therapy likely have more responsive cancers compared with those not responding.
Furthermore, there are no convincing data the magnitude of benefit conferred by a
transplant in persons transplanted in complete remission exceeds the benefit of those
transplanted not in complete remission. These concepts are often mis-understood.

Conclusion

Immune therapy and transplants (a form of immune therapy) have roles in treating
haematological cancers. Most of the competition and controversy relates to B-cell



12 HUMMYHOJIOI'UA 'EMOIIO334

lymphomas and PCM. There is no convincing role for immune therapy of myeloid
cancers such as AML, CML or MPNs. The major advantage of immune therapy is
avoidance of adverse effects from high-dose drugs and radiations and acute and chronic
GvHD. However, some immune therapies also have adverse effects cytokine release
syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS).
A fundamental limitation of both therapies is a high rate of cancer recurrence. As
such it’s perhaps wise to consider where these therapies are best combined. An example
is combining blinatumomab with an allotransplant in children with ALLS. More studies
of combination therapy, especially with CAR-T-cells and transplants are needed.
Remaining questions about the role of immune therapy and transplant are
summarized in Table 5, There is great progress in developing safe and effective
immune therapies of haematological cancers. As with any new therapy the challenges
is optimizing integration into current therapies. This will take time. Presently, it is
more likely immune therapies will complement rather than replace transplants.

Table 5.
Remaining Questions

Who should receive which therapy and when?

Immune therapy for transplant failures?

Transplants for immune therapy successes, failures or both?

Can we accurately predict who should receive either therapy or both?
Can someone not a transplant candidate receive immune therapy and the
reverse?

Will results of immune therapy and of transplants improve further?

Can we have the best of both therapies?

Conflict of interest. RPG is a consultant to: NexImmune Inc., Annexa Pharma,
Ascentage Pharm Group, Antengene Biotech LLC. Medical Director: FFF Enter-
prises Inc. Partner: AZAC Inc. Board of Directors: Russian Foundation for Cancer
Research Support; Scientific Advisory Board: StemRad Ltd, Nanexa AB.
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ABSTRACT

Currently, due to extraordinary advances in biology and therapeutics, achieving
maximal tumor mass reduction has become the clinical goal, corresponding to nega-
tive minimal residual disease (MRD) correlated to survival in hematological malig-
nancies. MRD monitoring is highly recommended at different times of the therapy, not
only as strong independent post-diagnosis prognostic factor, but also as the best tool to
define risk-based therapeutic strategies. Several questions arise concerning the choice
of treatments, according to the directed or adapted risk, the level of MRD impacting
the survival, the eventual curability, the need for MRD control treatment (commonly
called maintenance) or the modulation of the therapies according to the MRD kinetics
and the best time to do it. The advent of multiplex analyses opens up new possibilities
incorporating new combinations or sequencing of therapies. Real dynamic multifacto-
rial personalized medicine is on the way with its new assisted decision criteria.

The concept of minimal residual diseases (MRD)

As mentioned by USA National Cancer Institute (NCI), MRD is “a term used to
describe a very small number of cancer cells that remain in the body during or after
treatment. Minimal residual disease can be found only by highly sensitive labora-
tory methods that are able to find one cancer cell among one million normal cells.
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Checking to see if there is minimal residual disease may help plan treatment, find
out how well treatment is working or if cancer has come back, or make a prognosis.
Minimal residual disease testing is used mostly for blood cancers such as lymphoma
and leukemiay [1].

The concept of residual disease is clearly linked to the evaluation of response
in cancer. Till now, the question of whether there is a correlation between the
depth of tumor mass reduction and the duration of response remained one of the
key questions in oncology (Fig. 1). Historically, morphological complete remis-
sion which was represented by less than 5 % of blasts cells in the bone marrow
observed by light microscopy has been considered of key importance in the long-
term prognostication of patients with acute myeloid leukemia (AML) [2]. Since
then, the extraordinary development of the technique allowed to evaluate residual
disease deeper than morphological aspects. From the 1980s, patients in complete
response (CR) after morphological analysis were declared in MRD if more sensi-
tive technologies did not detect leukemia cells [3]. Since the 80s, any technique
with a sensitivity beyond that of immunohistochemistry-assisted light micros-

107

Disease level (log)

CURABILITY?

TIME

Fig. 1. Correlation of the level of residual disease (log) and the risk of relapse in
hematological malignancies
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copy can be used as an MRD detection technique in the traditional definition
[4]. Initially, the notion of MRD was associated to the response analyses until the
demonstration of its impact on prognosis was clearly observed, thus becoming a
therapeutic decision guide. This dichotomy of response status was observed in
the definition of response criteria in early 2000s [5]. The first demonstration of
clinical impact of MRD analysis in targeted/precision medicine was observed in
chronic myeloid leukemia (CML) with tyrosine kinase inhibitors (TKI) and BCR/
ABL translocation monitoring [6].

Several questions arise, including the recognition of the cancer cells and their
stem cell subpopulations by phenotypic analysis, the tumor features by genomic
analysis, as well as the level of tumor mass detection and the risk of progression or
relapse.

How to evaluate MRD
To recognize cancer cells

The quality of the biological tools used is defined by its ability to detect the
smallest level of cancer cells or cancer-associated biological features. Evalua-
tion of residual leukemic cells in the bone marrow is known to influence progno-
sis since several decades. This evaluation is clearly associated to the technique
employed, from 10 by morphology and by fluorescence in situ hybridization
(FISH), to 10* to 107 by multiparameter flow cytometry (MFC) and to 10~ to 10
by next generation sequencing (NGS) [7]. The advantages of MFC are the wide
applicability with single sample interpretable, the relative quick result obtention,
the high specificity when a panel of markers could be used, with the possibility
to detect leukemia stem-cell phenotype. Clearly, the sensitivity depends on the
antibody panel used with the identification of leukemia-associated immune phe-
notypes (LAIPs) [8] that differ from most normal hematopoietic cells and the
other approach entails identification of different-from-normal patterns [9], lead-
ing to a limited harmonization and standardization across laboratories. In addi-
tion, the leukemic phenotype is not necessarily stable over time and particularly
after therapies. The main aberrancies are cross-lineage expression of antigens,
antigen overexpression, lack of antigen expression, and asynchronous expression
of antigens. The number of different LAIPs have reported to be very large and
requires the use a large panel of biomarkers, with 8—12 color channels [10]. Aber-
rant patterns of differentiation are based on the recognition of LAIPs, particularly
at diagnosis, with quantifiable aberrant cell populations using a standard fixed
antibody panel to recognize leukemic cells based on their difference with normal
hematopoietic cells at all stages of disease/treatment [8]. Comparatively to hema-
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tological malignancies (HM), technological progress has made possible to detect
rare cells by MFC in solid cancers, such as circulating tumoral cells (CTC), after
their isolation by using biological methods, e.g., capturing them by Ep-CAM ex-
pression, or physical methods by microfiltration, density gradient centrifugation,
electrophoresis, or any other methods [11]. Detection of such circulating residual
cells has been correlated to prognosis and particularly to the risk of metastasis.
Additionally, PDL-1 positive CTCs have been associated with shorter progres-
sion-free survival (PFS) [12].

To recognize genomic alterations associated to cancer

NGS is easily to realize with a good sensitivity, but with limited standardization
of the technique. Some mutated genes can be detected in healthy people at low con-
centration (0—100 ng/mL, median ~ 10) in different situations, notably increasing
with age, i.e., clonal hematopoiesis of indeterminate potential (CHIP) which may
represent a biological noise in such analysis [13]. The ratio between circulating
tumor DNA (ctDNA) and the cell-free DNA (cfDNA) is variable in solid cancer
as well as in HM, ranging from 0 to 90 %. CtDNA is quickly cleared by organs,
including liver, kidney, spleen, leading to a short and variable half-life ranging from
16 min to 2.5 hours [14]. This effect has direct implications on the collection timing
following cancer treatment when ctDNA is used as a surrogate biomarker of tumor
reduction.

RT-qPCR could be used to evaluate MRD. It is associated with high sensi-
tivity and well standardized technology. However, this technique has some lim-
itations, including its expendability, its time-consuming and requiring high-level
expertise. In addition, it requires the prior identification of molecular targets, gen-
erally observed in 30 % of elderly population to 50 % for a younger population
and associated with possible clonal evolution. Thus, these techniques have better
clarified the prognosis and make it possible to adapt the therapeutic strategy, in
particular for a decision on allogenic stem cell transplantation in patients suffering
from acute leukemias.

It is difficult to define a threshold correlated with the prognosis to classify the
positivity or the negativity of the MRD, certain patients being in MRD+ and still in
CR. These “false positivity and false negativity” could be explained by the sensitiv-
ity of the assay, the phenotypic shifts, the quality of the aspirate or the frequencies
of leukemic stem cell including the identification of molecular event that are not
clearly associated with leukemia but mostly observed in CHIP.

Moreover, the reappearance of AML is dependent on the molecular type with
different kinetics described which can help in the therapeutic decision to control the
recurrent disease if a preemptive treatment is not chosen [15].
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Multiplexed analysis

After studying thousands or even millions of individual cells from cancer, it
is now possible to obtain analysis at the single-cell level of resolution [16]. This
high-dimensional, multi-faceted characterization of tumoral and/or associated im-
mune/stromal cell characteristics allows for the dissection of cancer heterogene-
ity, micro-environment interactions, and details of the evolutionary trajectory of
each tumor. Multiplexing analysis of immunohistochemistry has already demon-
strated clinical interest in predicting response or resistance to immunotherapy [17].
Thus, different transcriptional programs of resistance have been defined, such as
an increased expression of CDK4 with concomitant reductions in the expression
of genes encoding proteins involved in antigen processing and presentation includ-
ing B2M, HLA-A, HLA-B and HLA-E, interferon signaling or components of the
complement system [17]. Single-cell analysis of T-cell receptor analysis enables
the identification of paired o and B TCR subunits, which is a crucial step in deter-
mining the specificity of infiltrating T cells [18]. Combining single-cell RNA-se-
quencing (scRNA-seq) with single-cell TCR sequencing (scTCR-seq) links T cell
phenotypes, such as activation, memory, and exhaustion, with the specific TCR
clonotypes of individual T cells [19-21]. These high-dimensional transcriptomics
and proteomics approaches for cancer profiling are currently available to under-
stand cellular composition and intercellular interactions in cancer. The success of
this multi-disciplinary approach requires coordinated teams to process samples and
high-level of computational analysis [22].

Alternative biomarkers are being analyzed, such as miRNAs and mitochondrial
DNA (mtDNA) mutations that have been described in human solid and hematologi-
cal cancers and are in the monitoring of discontinuation of targeted therapy [23, 24].

Trogocytosis, to recognize immune cells in contact with cancer cells

Trogocytosis is the intercellular transfer of membrane and membrane-associ-
ated molecules with contact-dependent requiring actin cytoskeletal rearrangement.
Trogocytosis is performed by multiple immune cell types, including basophils,
macrophages, dendritic cells, neutrophils, natural killer cells, B cells, o T cells,
and CD4" and CD8" aff T cells. It has been described in a great variety of cells
including other types of cellular interactions, such as microglial presynaptic re-
modeling [25] or stromal cell interactions with cancer cells [26]. Presentation by
trogocytosis-positive effector CD4" T cells vs. trogocytosis-positive Treg results in
differential regulation of CD4-mediated immune responses, to enhance or to reduce
an immune response [27]. The presence of trogocytosed molecules has the potential
to significantly impact the biological functions of cells, as observed on NK cells
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with the trogocytosed CCR7 conferring to the cells some additional functions [28].
While performing trogocytosis, both Natural Killer (NK) and CD8* T cells acquire
the checkpoint receptor PD-1 from leukemia cells, revealing the role of such mech-
anism in the immune regulation [29]. The presence of cancer-sculpted NK popula-
tions may be of great interest in defining or predicting different clinical situations in
cancer with presence of CD45RARO when activated by HM [30, 31].

How undetectable MRD became a clinical goal and how MRD
monitoring modulates risk- adapted or -directed therapies

Due to the correlation with survival, achieving an undetectable MRD represents
the new clinical goal in HM.

In chronic myeloid leukemia (CML)

With its hallmark molecular event seen in the majority of patients, the prognosis
of CML has been changed by using targeted therapy against TK. Furthermore, CML
remains the first and the best example of piloting a therapeutic strategy on the kinet-
ics of tumor reduction until a negative MRD is obtained. CML MRD monitoring is
based on RNA, DNA and protein analysis. Detection of the BCR-ABLI transcript by
the quantitative reverse-transcriptase polymerase chain reaction (RQ-PCR) is the ref-
erence method, but other systems based on digital PCR or on GeneXpert technology
have been developed [23, 24]. RQ-PCR for BCR-ABLI mRNA reflects a composite
of circulating leukemic cell count and the BCR-ABL 1 transcripts per cell. BCR-ABLI
genomic DNA only reflects the number of leukemia cells [32]. In the first line imati-
nib TIDEL-II study, analysis of both mRNA and DNA BCR-ABL! showed the rapid
decline of BCR-ABLI mRNA during the first three months of treatment, which was
due to a reduction in cell number and transcript level per cell, whereas beyond three
months, the fall in BCR-ABLI mRNA levels is proportional to the depletion of leuke-
mic cells [33]. The level of MRD at 3-, 6- and 12-months has been shown to influence
therapy with ITKs. Transcript levels greater than 9.84 % at 3 months were shown to
have significantly lower 8-year overall survival (OS) probabilities (56.9 % v 93.3 %;
p <.001), progression-free survival (PFS), cumulative incidence of cytogenetic com-
plete response, and molecular complete response, than those with higher transcript
levels [33]. Similarly, transcript levels of more than 1.67 % at 6 months and more than
0.53 % at 12 months identified high-risk patients. The transcript level observed at 3
months was the most predictive for the various outcomes [33]. TKIs induces a chroni-
cisation of the disease and the question concerns the sustainability of their long-term
therapy in terms of compliance, toxicity, and costs. The ability of TKIs to cure the
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disease has not been demonstrated with any of the TKIs, considering treatment-free
remission (TFR) as the goal of CML treatment [34, 35]. Thus, treatment discontinua-
tion is only discussed in patients after achieving a deep molecular response (> MR4.0,
defined as 4-log decrease in BCR-ABLI transcript levels from the standardized base-
line) and durable (2 or 3 years). Nevertheless, only 40 % of them maintain TFR, while
the remaining patients losing major molecular response (MMR or MR3.0) can safely
regain the previous status by reassuming the daily therapy, without any risk of disease
progression [36]. Several strategies are discussed, including dose reduction with the
search for the minimum effective dose, intermittent TKI therapy and supplemental
immune therapy, particularly on the specific role of lymphocyte subpopulations such
as NK cells [37].

In Chronic Lymphocytic Leukemia (CLL)

The monitoring of MRD in the daily practice of patients with CLL has been well
recognized since the European Medicines Agency (EMA) included the assessment
of MRD as an interim endpoint of phase III clinical trials for the approval of new
drugs in CLL [38]. MRD levels are now set to 10~ to 10~° and referred to as MRD4 or
MRDS5. MRD4 has been shown to impact survival with significant improvements in
both PFS and OS per log reduction in tumor burden [39]. The appearance of new and
increasingly effective drugs has been concomitant with technological development for
the diagnosis of MRD. MRD techniques include MFC and of immunoglobulin heavy
chain variable gene PCR [40]. Bruton’s tyrosine kinase (Btk) inhibitors such as ibruti-
nib are generally associated with low levels of MRD negativity, approximately 6 % in
peripheral blood after 4 years of treatment [41]. MRD monitoring helps to understand
the disease characteristics and kinetics of CLL and to define the optimal duration of
treatment in clinical studies. In addition, it can optimize therapeutic strategies, pespe-
cially in high-risk patients when the MRD is positive, by adding venetoclax to ibru-
tinib or vice versa, after 1 year if MRD remains positive (Phase Il IMPROVE study,
42) or using new therapies such as CAR T-cells or bispecific monoclonal antibodies
(moAbs). MRD monitoring can guide the duration of a treatment. Indeed, in a retro-
spective analysis, patients treated with the association of fludarabine, cyclophospha-
mide and rituximab (FCR), some of them stopped treatment after 3 instead of 6 cycles
due to toxicity, however they had a similar PFS and OS when MRD was negative in
bone marrow after 3 cycles [43].

In Acute Lymphoblastic Leukemia (ALL)

Patients with ALL, who achieved MRD negative response by MFC, had su-
perior event-free survival (EFS) and OS. The 10-year EFS rate for MRD-negative



HAMATOPOIESIS IMMUNOLOGY 21

versus MRD-positive patients was 77 % vs 32 % in children and 64 % vs 21 % in
adults [44]. Additionally, the time to achieve MRD negativity as well as the depth of
response are clinically significant [45].

MRD monitoring can further improve risk stratification and influence treatment
decision in some emergent situations, especially when MRD is positive after induc-
tion therapy, after relapse or to avoid allogenic stem cell transplantation due to avail-
ability of highly effective agents for eradication of MRD, such as blinatumomab, ino-
tuzumab ozogamicin with or without autologous stem cell transplantation (ASCT),
and/or chimeric antigen receptor (CAR) T-cell therapies [45]. Additionally, the choice
to suppress total body irradiation because of its side effects, in the ASCT conditioning
regimen, may be guided by MRD analysis as demonstrated in children [46].

It is time to consider the risk-benefit balance, and ALL represents the best ex-
ample to explore new innovative therapeutic strategies based on the monitoring
of MRD and the post-chemotherapy use of the highly effective blinatumomab and
inotuzumab followed by CAR T-cells as explored by the MD Anderson team [45,
47, 48]. Fig. 2 (4, B) illustrates such a discussion from a case report, with proposed
standard treatment and best therapeutic management based on MRD follow-up.

In Acute Myeloid Leukemia (AML)

The analysis of risk factors at the time of diagnosis influences the therapeutic
strategy. Thereafter, the time of MRD monitoring is debatable, based on its impact
on decision-making, especially for intermediate-risk patients, for allogenic stem cell
transplantation. Early assessment of MRD may allow treatment to be intensified or
modified by adding gemtuzumab-ozogamicin [49]. It has been claimed that MRD
negativity prior to allogenic transplantation may impact the decision on the condi-
tioning regimen, to determine optimal donor type [51] or to use donor lymphocyte
infusion (DLI) [50, 51]. The question of treating patients with relapsed MRD with
hypomethylating agents, venetoclax, targeted therapy or immune therapy remains
open [52].

In non-Hodgkin’s lymphoma (NHL)

In NHL, ctDNA is a promising and emerging biomarker for disease diagnosis,
prognosis, and monitoring. However, it is too early to define a therapeutic strate-
gy guided on MRD, and "*F-Fluorodeoxyglucose Positron Emission Tomography
analysis remains the dominant tool for this. The questions relate to sensitivity, the
lack of standardization of preclinical techniques, the need for standardization and
technological harmonization, consensus on threshold nominating elevated ctDNA
levels in pretreatment samples, and MRD negativity during / after treatment [53].
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Fig. 2. Case report: 55 years-old male, with acute lymphoblastic leukemia (ALL),
B EGIL, Philadelphia negative; 4: with partial follow-up of MRD, particularly
absent during COVID-19, without treatment and followed by macroscopic relapse.
Allogenic stem cell transplantation is discussed in this high-risk patient; B: with
MRD follow-up, an early relapse in the positive MRD could have been diagnosed
with the therapeutic proposal including bi-specific antibodies followed by CAR
T-cells in consolidation
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Table 1.

Multiparametric flow cytometry (MFC) for analysis of the minmal residual

disease (MRD) in hematological malignancies. ARAC: Cytarabine or
Ara-C; Dex: dexamethasone; VCR: vincristine; Metho: methotrexate; 6MP:
6-mercaptopurine; BM: bone marrow, lympho: lymphocytes; NGS: next
generation sequencing.

B-ALL T-ALL AML MM CLL
Sensitivity 10*to 10*to 103 to 105 to 10*to
10° 10° 10~ 10°¢ 10
Standard CD34, CDla, CD34, CD38, CD19,
panel CD19, CD2, CD117, CD138, CD20,
CD10, CD3, CD45, CD45, CDs5,
CD20, CD5, CD13, CD56, CD79b,
CD38, CD4, CD15, CD19, CD43,
CD45 CDg, CD7 CD27, CD81
CD7, CD2s,
CD34, CDII,
CD45, K/,
CD99 CDS8I,
CD200
Additional CD22, CD10, CD14, CD33, CD200,
biomarkers | CD66c, CD33, CD64, CD54, CD23,
CD38l, CD56, HLA-DR, | CD229, CD160,
CDI123, TdT CD4, CD307, ROR1
CD73, CDl11b, CD319,
CD304 CD38, CD150,
CD90, VS338
CD123,
CD133

In Multiple Myeloma (MM)

Achieving a negative MRD has recently been shown to correlate with survival
in MM [54]. The timing of monitoring treatment based on MRD tracking is the next
step underway in different therapeutic windows of opportunity. Due to the cytokine
burst in the early period after autologous stem cell transplantation (ASCT), we have
demonstrated that this period is a particularly opportunistic early period for immune
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therapy or anti-interleukin 6 (IL-6) therapy. This early period is conducive to fur-
ther control of residual disease due to the release of hematopoietic niches which are
also plasma cell niches. Indeed, there may exist early relapses after ASCT due to
the rapid emergence of chemo-resistant clones in a favorable immunocompromised
environment with the presence of IL-6 [55].

How is the future of multiplexed precision therapy

With technological progress, the level of detection of MRD becomes lower and
lower, thus revealing the notion of monitoring dynamics MRD, the time and the
type of treatment to be implemented. As shown in Fig. 3, therapeutic options based
on MRD monitoring are discussed. The first situation observed is the progression of
MRD untill macroscopic relapse. Then, it is a question of quickly defining the ther-
apeutic option, based on the prognostic biomarkers of NGS and for the near future,
on the complementary immune status, the trogocytosed immune cells or the miR-
NA. Immune therapies can include moAbs, bi-specific/tri-specific killer engagers
(BiKEs / TriKEs), and directed cellular therapies such as CAR-T cells or chimeric
antigen receptor-NKs (CAR-NKs) [56].

1 I\ REDUCTION Treatment of relapse followed by...
OF TUMOR burden Immune therapy (Bispecific moAbs, CAR T-cells, Allogenic
“Induction” Including transplantation...)
combined therapies Anti-metabolic

CONTROL OF MRD
“Maintenance”

]

I\

Targeting therapy

Immune therapy:
Bispecific moAbs, CAR T-cells, Vaccines, Immune adjuvants

Hypomethylating agents
Anti-metabolic therapy

MRD

o
[

CURABILITY

Fig. 3. Therapeutic possibilities (in green) under MRD monitoring
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The second situation, probably more often seen in specific targeted therapies
like CML, is signal fluctuation around detectability. In this situation, the question
of complementary therapies arises, in particular to improve the control of MRD,
generally with immune therapies, including immune adjuvants such as azoximer
bromide (AZB), cancer vaccines or combined therapies. The biological activity of
AZB is mainly observed in the bridging inflammatory responses the activation of
phagocytic cells, T- and NK-cells, maturation of dendritic cell, the modulation of
the synthesis of cytokines such as interferons -alpha and -gamma, antitoxic activ-
ities and membrane stabilizing effect [57, 58]. AZB has been widely used, having
a good safety profile throughout clinical development and post-marketing surveil-
lance [59]. Immune cells undergo significant metabolic reprogramming during im-
mune response [60].

Anti-metabolic agents represent a novel therapeutic route to modulate both can-
cer cells and immune cells in the vicinity of cancer cells [61].

In conclusion, the demonstration of a correlation between survival and depth of
response was only associated to the level of the residual disease. This correlation
was linked to technological progress, in particular due to the detection of prognostic
biomarkers and their interest in delimiting optimal therapy. The widening of the
choice of effective therapeutic tools has paved the way for a medicine closer to the
patient that some call personalized medicine to which should be added the notion of
dynamic evaluation.
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Background

The pleura are a common site for metastatic malignancy and are frequently
accompanied by pleural effusions. Malignant pleural effusions (MPE) are high-
ly symptomatic complications of cancer, and frequently are the ultimate cause of
cancer mortality [1-3]. There are limited treatment options for the management of
malignant pleural effusions. To meet the need for novel therapeutic approaches to
malignant pleural effusions, characterization of the pleural and peritoneal humor-
al and cellular immune environment represents an opportunity to identify targets
for current and novel immunotherapies. Several immunotherapy approaches have
been studied for the treatment and palliation of malignant pleural effusions [5, 6].
In addition, peritoneal fluid cytokine levels have been studied as diagnostic and
prognostic biomarkers. Specifically, increased levels of interleukin-6 (IL-6), inter-
leukin-8 (IL-8), interleukin-10 (IL-10), tumor necrosis factor alpha (TNF-a)) have
been correlated with the severity of pleural metastasis [10]. Our published studies of
the pleural secretome in non-small cell lung cancer, mesothelioma [1], and ovarian
cancer [2] as well as extensive secretomic data in MPE from other cancers, indicate
that the IL-6/IL-6Ra axis is prominent in all pleural effusions and drives the epi-
thelial to mesenchymal transition (EMT) [3, 4], promoting disease progression and
metastasis.

Malignant pleural effusions have a US incidence of more than 150,000 cases
per year [5] and a life expectancy measured in months [6]. A 2020 study [7] report-
ed that in 2014 MPE accounted for more than 1.6 billion dollars in hospitalization
charges alone. Despite significant clinical progress in immuno-oncology, there has
been almost no change in survival or quality of life for patients with malignant
pleural effusions. Using data obtained from the National Inpatient Sample of the
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healthcare and cost research project we estimate that 13 % of MPE patients die
in-hospital and are a major source of cancer-related healthcare cost ($20,000 per
case, Fig. 1). With the broader use of expensive immune-oncology drugs, the cost
is likely to continue rising.

Pleura as a bioreactor

The pleural space is lined with mesothelial cells joined by tight junctions [8],
presenting barriers to passive diffusion of large molecules, and sequestering secret-
ed factors in a fluid-phase tumor environment. Given the palette of tumor-promot-
ing and immunosuppressive cytokines present in malignant effusions, this space
can be thought of as a bioreactor in which cancer and immune cells are redirected
toward an aggressive EMT phenotype. We propose that the rich cellular infiltrate
of the malignant pleural macro-environment be re-programmed into a more condu-
cive pleural environment capable of supporting efficacious adoptive cellular therapy
products [1, 9-13].
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Intrapleural conditioning to reverse tumor emt and support
antitumor immunity

We have reported that IL-6 and IL-6Ra are present at ng/mL concentration in
non-small cell lung cancer and benign effusions [1], and have extended these find-
ings to other cancers metastatic to the pleura. The central role of IL-6 trans-signal-
ing upstream of pathologic processes mediated by multi-cytokine cascades is sup-
ported by the efficacy of the anti-IL-6Ra antibody tocilizumab in the treatment of
rheumatoid arthritis [ 14] and cytokine release syndrome (CRS) induced by adminis-
tration of therapeutic chimeric antigen receptor T cells (CAR-T) (15) [16]. Although
long-term antagonism of IL-6Ra is immunosuppressive [17], single dose exposure
can break the cytokine storm associated with CRS or Severe Acute Respiratory Syn-
drome without compromising effector responses [18] or incurring serious adverse
events [19]. Intrapleural administration of anti-IL-6 or anti-IL-6Ra may likewise
be expected to exert profound effects on the pleural environment without incurring
immunosuppression. Similarly, a proportion of pleural T cells express PD-1 and
therefore may require protection from PD-L1 ligation by localized administration
of immune checkpoints.

Case for localized intra-pleural therapy

Unlike chemotherapeutics, high molecular weight immuno-oncology drugs re-
main concentrated when administered directly to the pleura [20-22]. Further, the
routine use of indwelling catheters, and periodic drainage facilitates monitoring and
personalized drug dosing, as well as real time assessment of pleural T-cell quality
and state. We argue for local rather than systemic administration of protein-based
therapies, since systemic administration may not achieve the necessary therapeutic
levels in the pleura [13].

Conclusions

Despite many significant medical and surgical advances, malignant pleural ef-
fusions are only palliated, not treated. Although malignant pleural effusions cause
a great deal of morbidity the prevailing thought is that an MPE is an end stage
event and not that different from other extra-pleural metastases such as brain or
bone or liver metastases. Therefore, most patients with malignant pleural effu-
sions are considered to be failing because of systemic progression, and the MPE
is just a manifestation of this progression. However, if we are to make real prog-
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Table 1.
SWOT Analysis of Intrapleural conditioning and therapy

STRENGTHS:

e Multiple combinations including protein therapeutics with narrow
therapeutic index (T1) when given systemically
High TI: Protein therapeutics will be sequestered, high target occupancy
Low systemic exposure
Low toxicity: low adverse effect occurrence, low on-target off-tumor effects
Abscopal effects (lymphocyte and antigen-presenting cell trafficking)
Can be given In combination with current systemic immune checkpoint
molecules

WEAKNESSES:

Logistics: surgical intervention, repeated administration, dosing schedules
Difficult to determine best combination of therapeutics

Varied formulations of therapeutics

Challenging logistics: radiology/image guided drug-delivery

Only ““accessible” tumors can be injected

Drug retention at intratumoral injection sites

OPPORTUNITIES:

e All immuno-oncology drugs and combinationscan be administered locally

e FEasy monitoring: a minimum anticipated biological effect level can be
established in real time via therapeutic drainage

e PK/PD in real time

e Innovative combinations that include cancer vaccines, radiation, and
localized conditioning, cytokine mRNA, can be explored

e Innovative tool development: industry partnerships

e Wide range of tumor types/indications: locally overexpressed molecules
can be useful targets even if not-tumor specific

e Unmasking additional tumor-antigens by a variety of modalities

e Harvest and store of in vivo expanded tumor-specific T cells

THREATS:

® Access and monitoring of injected and non-injected sites may be limited
Dedicated surgical personnel
Dedicated research personnel and facilities
Development of RECIST-like response assessment tools
Unexpected delayed toxicities and adverse events as the result of localized
immune-over-activation
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ress in metastatic cancer treatment, we need to start by understanding malignant
pleural effusions, treating MPE locally, training the local pleural immunity to rec-
ognize tumor associated antigens and assuring that immune responses will propa-
gate systemically. Despite the many potential strengths and opportunities associ-
ated with localized intra-pleural therapy, there are only few studies investigating
the potential of intrapleural therapies, most focusing on intrapleural delivery of
mesothelin-specific CAR T cells [12]. Table 1 summarizes the strengths and the
potential problems associated with intra-pleural therapies [2]. Probably the most
important aspect of intrapleural administration is to determine the most effica-
cious combination of therapeutics as well as to work out the logistics associated
with intra-pleural and intra-tumoral administration. There is a broad range of po-
tential conditioning and therapeutic modalities that can be locally delivered. The
varied formulations and compatibilities of potentially useful therapeutics must
be considered if they are to be co-administered through indwelling catheters or
by video-assisted thoracoscopic surgery (VATS). Drug retention at tumor injec-
tion sites also poses potential difficulty and needs to be addressed by choosing
appropriate agents and vehicles. Probably the most serious aspect to localized
administration of therapeutics is the potential unexpected toxicities resulting from
localized immune hyper-responsiveness, or interference with normal tissue main-
tenance especially if these serious adverse effects are delayed. Therefore a new
objective criteria for quantification of responses similar to the RECIST [23] score
for solid tumors will need to be developed. Lastly, the technical challenges to
implementation of intra-pleural therapy include the need for dedicated personnel
and facilities, including those required for image guided drug delivery. For drug
delivery protocols requiring general anesthesia, the ability to administer repeated
doses will be limited. That said, we argue that combination therapies designed to
condition the malignant pleural environment, reverse mesenchymal tumor state,
and stimulate persistent anti-tumor immunity locally and systemically will suc-
ceed and therefore must be tested to determine the safest and most effective ther-
apeutic combinations for this intractable and deadly disease.
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ABSTRACT

Cytokines are a diverse group of peptides produced by many cells of immune
system but also from tumor cells. They show a complex interaction in the regula-
tion of cell differentiation, inflammation, tumor proliferation, regulation of tumor
growth as well as tumor stroma interaction. Multiomics approach regarding cyto-
kines estimations involves analyses by the various methods depending on the cell
sample on different cellular level. In this paper, we will focus on the possibilities
of cytokine analysis in different cells isolated from patients with hematological
malignancies, and particularly from multiple myeloma. Modern methods of im-
munology, molecular biology, and complex technologies have, in addition to se-
rum cytokine analysis, today enabled cytokine analysis in separated cells, analysis
of cytokine production from individual cell populations, as well as gene regulation
of cytokine production and cytokine receptor analysis. Analysis of cytokines from
separated tumor cells in hematological malignancies and multiple myeloma provid-
ed a better understanding of the response between immune system cells, stroma, and
tumor proliferation. The results showed that the production of pro-inflammatory cy-
tokines, IL-6, TNF-a, as well as TGF-f3 was mainly increased and that they could
correlate with the degree of immune-suppression of effector cytotoxic lymphocytes
or NK cells. Understanding the complex immune-hematology problems and the role
of cytokines in these mechanisms, especially on different cellular levels based on
a multiomics approach, gives a really hope how all these new findings and discov-
eries may help to better patients treatment in the future.

Keywords: cytokines, tecnology, assay, flow cytometry, hematology, tumor-stro,
a interaction, multiomics
Introduction

Cytokines were discovered more than 50 years ago and are produced by vari-
ous cells of the immune system but also from tumor cells [1, 2]. According to their
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structure, they are designated as small glycoproteins and show effects on other cells,
thus providing communication between different cells [3]. Cytokines regulate many
cellular functions, including cell stimulation, cell activation, cell growth, and cell
differentiation [4—13]. Before the appearance and use of the term cytokines, other
names such as monokines or lymphokines were often used to explain how these me-
diators originate from lymphocytes [14]. Interleukins is a name that was previously
used to explain the occurrence of communication between leukocytes [15, 16]. The
term chemokines refers to those mediators that play an important role in inflamma-
tion and hematology and refers to mediators that help in adhesion, ie the attachment
of various cells to the endothelium of blood vessels or to other cells [17]. The term
interferons, which is still used today, refers to those mediators that are primarily
secreted from host cells, mainly after viral infections [1, 16, 18].

Cytokine research is still an interesting field in science, as well as the discov-
ery of new cytokines that contribute to the modification and classification of cer-
tain groups of cytokines [19]. Interest in the study of cytokines is so great today
in all fields of basic science and medicine that there is a special group of scientists
gathered in the International Cytokine and Interferone Society [20—-24]. This group
brings together scientists in various fields of study, both the structure and function
of cytokines in basic sciences and their importance in medicine and various diseases
[25-28, 30, 31].

Multiomics principles of studying cytokines in hematology and oncology im-
ply a multiple and connected analysis of cytokine receptors and signals, which is
the field of proteomics, enzyme reactivity, modulation of receptor activity labeled
as metabolomics, gene expression of cytokines labeled as genomics, regulation
of gene expression labeled as epigenomics, and the effect of therapy depending
on the gene expression marked as pharmacogenomics [17, 21, 22, 32, 33]. All these
modern principles of study try to give a better answer and understanding of the
complex reaction of cytokines.

Principles of cytokine action

Cytokines achieve their effect primarily by showing effects on specific cytokine
receptors [6, 34—38]. If the receptor is located on its own cell, then such an effect is
called an autocrine effect; if the receptors are located on the surrounding cells, then
it is designated as a paracrine effect, and if they exert effects on distant receptors
and are transmitted through the blood, then it is a distant effect [3, 38—43]. However,
cytokines can also act on similar receptors and simultaneously activate several types
of cells, so that in addition to a specific effect, they also have a so-called pleiotronic
effect, which leads to complexity [44—46]. Recently, therefore, there is more and
more talk about the existence of a cytokine network that manifests complex effects
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of cytokines [9, 46]. But individual cells do not secrete only one cytokine, but sever-
al types of cytokines, so the cells are then divided according to the type of cytokine
they produce [14-16].

Cytokines are usually produced after some stimulation of the cell, then the cy-
tokines are secreted from the cell and bind to the appropriate receptors, and perform
the function of cell communication (Fig. 1).

Fig. 1 shows the mechanism of action of cytokines.

Thanks to modern knowledge, today cytokines are classified into several
groups [32] and several classifications of cytokines are used. Cytokines can be
divided according to the function they perform towards other cells of the immune
system [32, 47-51]. Thus, some of them are labeled as stimulating cytokines,
where interleukin-2 and interleukin 12 (IL-2, IL-12) are typical examples [12, 26,
52]. Another group of cytokines with opposite effects would be described such as
inhibitory cytokines which include; Interleukin-4 (IL-4) and interleukin-10 (IL-
10), IL-23, Interleukin-35 (IL-35) and transforming growth factor- (TGF-B) [7,
16, 53-55].

IL-2 stimulates the proliferation and expansion of T cells, as well as B cells and
NK cells [12]. IL-12 is interesting because it can activate NK cells that further pro-
duce other cytokines including IFN-y, granzymes, and perforin to exert cytotoxic
activity [6, 26, 56, 57]. Cytokines that initiate inflammation as well as those asso-
ciated with chronic inflammation include IL-1, IL-6, and TNF-a and are associated
with the role of macrophages and dendritic cells [21, 34]. Between them, TNF-a
plays a significant role in various inflammatory processes and induces necrosis and
apoptosis in the corresponding cells [8, 27-30].

Cytokines usually act specifically on individual receptors [36, 52]. However,
bearing in mind that the family of cytokine receptors is really complex, individual
cytokines can act on multiple receptors and individual receptors and can transmit
signals between similar cytokines, so that pleiotropic effects of individual cytokines
are obtained [58]. For this reason, the new term cytokine network is being intro-

Effector cells Target cell

Stimulus O ® ( () ® ‘ Biological effects
T (ytokine T

Gene activation Cytokine receptor

Fig. 1. Principle of cytokine action
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duced today, in order to understand the complex action of cytokines [3, 9, 57, 59].
Recently, a group of immunoregulatory cytokines was identified, which have the
ability to modulate the immune response depending on the need or state of the im-
mune system [57]. At the same time, it was observed that individual cell populations
do not produce only one cytokine but a group of cytokines, and then cytokines
were divided according to the types of cells that produce cytokines and according
to groups of cytokines such as Thl and Th2 immune response [57, 59].

In hemato-oncology it is of interest to study groups of cytokines that play com-
plex roles in the tumor-host relationship [7, 36, 46, 49, 60]. Some of these cyto-
kines greatly help the processes of tumor proliferation, as well as the development
of blood vessels and help in the vascularization of tumors and are included. Some-
times they are designated as negative or unfavorable regulators of tumor growth [8,
36, 37]. Likewise, tumor cells produce cytokines that act on the surrounding tissue,
but also on the cells of the immune system, thus creating a complex interaction
of the tumor tissue microenvironment [5, 41].

Significant cytokines in hematoimmunology

Growth factors

Growth factors are a special group of cytokines, which includes various mol-
ecules that have the ability to carry out proliferation, differentiation or migration
of cells. Here we would discuss only some of the importance for immune-hematol-
ogy [19, 38, 40, 49, 61].

Vascular endothelial growth factor (VEGF) is a cytokine that plays a sig-
nificant role in the formation of new blood vessels and enables cell proliferation,
discovered as early as 1980 [6, 38]. VEGF comprises a superfamily of cytokines
and growth factors that are heterodimers and designated as VEGF-A, VEGF-B,
VEGF-C, VEGF-D, and VEGF-E, while VEGF-F binds the heparin sulfate binding
domain [37, 38, 44]. VEGF enables proliferation and migration of leukemic and
multiple myeloma cells [9, 36, 44]. Its role and connection with the activity of os-
teoclast cells and with osteolysis in these tumors has been shown.

Members of the epidermal growth factor (EFR) family are cytokines that
mainly exert effects on the proliferation of mesenchymal and epithelial cells [38].
The activity of EGF family members is mediated by the EGF R/ErbB receptor ty-
rosine kinases.

Hepatocyte growth factor (HGF) as multifactorial protein that is involved
in the regulation of cell proliferation and survival, activation of osteoblast function,
but also has an anti-apoptotic effect on myeloma cells [35, 42, 58, 61]. It achieves
its effects by binding to its specific receptor c-MET, which is distributed on various
tissues, including tumors of the hematopoietic system.
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Insulin-like growth factor type 1 (IGF-1). Numerous studies have shown that
the insulin-like growth factor receptor (IGF-IR) and its primary ligand IGF-I play an
important role in tumor formation and progression, most likely by inhibiting apoptosis
[62, 63]. IGF-IR is also thought to assist malignant cells in achieving cell detachment
from the tumor matrix as well as aiding the process of tumor dissemination [64—66].

Fibroblast growth factor (FGF). The fibroblast growth factor (FGF) family
consists of a number of FGF polypeptides that are potent mitogens [19, 67]. FGFs
exert their mitogenic activity by stimulating the growth of fibroblasts, endothelium
and many cancer cells including myeloma. These mediators play an important role
during the embryonic development of organs, and in adults they enable the regen-
eration of tissue injuries and the maintenance of the functioning of various organ
systems as well as the regulation of hematopoiesis [67-69]. In myeloma, FGF ex-
hibits a mitogenic role together with other cytokines, mainly IL-6, based on the fact
that FGF receptors (FGFRs) are expressed in myeloma cell lines, patient-derived
multiple myeloma cells, and within the BM milieu. Among many growth factors,
FGF2 is an important regulator of cell growth and differentiation under physiologi-
cal and pathological conditions and it has been shown as a useful marker for tumor
progression [19, 69].

The platelet-derived growth factor (PDGF) family consists of four structural-
ly related polypeptides namely: PDGF-AA, PDGF-AB, PDGF-BB, and PDGF-CC
with significant role in angiogenesis [19, 60]. Among them, angiogenin (ANG) has
been reported to be a potent stimulator of angiogenesis by activating capillary en-
dothelial cells after binding to action and consequently induced complex interaction
with laminin (angiogenin) [70, 71]. This interaction induced destruction of basal
membrane enabling endothelial cell migration during neovascularisation [71].

Methods for determination of cytokines

The discovery of cytokines in various fields of research was based first on the
characterization, isolation and detailed description of their structure [72]. Later,
with the development of methods of molecular biology and immunology, interest
in the study of cytokines in many medical diseases, including oncology and hema-
tology, increased significantly [73, 74].

First of all, tests were carried out in the blood and available fluids in order
to study the clinical significance of certain cytokines, primarily in diagnostics be-
cause it was shown that cytokines mediate during the progression of the disease
in the blood, serum, of bone marrow aspirate (Fig. 2). Certain cytokines, such as
proinflammatory cytokines, increase their values during tumor progression and this
has been used to monitor tumor development or therapy application including trans-
plantation [75-80].
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Fig. 2. Possibility of cytokine determination in hemato-immunology

It was interesting to see and predict the prognostic significance of certain cy-
tokines [24, 80, 81]. It has been shown that the cytokine TNF is elevated in serum
in multiple myeloma, although also in other hematological malignancies, and that
it correlates well with the advanced stage of the disease, LDH and proinflammato-
ry markers [24, 31]. During the progression of the disease in most hematological
malignancies, with an increase in TNF in the serum, there is a decrease in NK cell
function, cell destruction, as well as an increase in inhibitory receptors and a de-
crease in activation receptors on NK cells which indicate that cytokine values are
associated with the regulation of non-specific immunity [82, 83].

Today, it is possible that in clinical practice, due to new techniques and meth-
ods, certain cytokines are regularly used and determined in daily work, which was
undetectable a few years ago [68, 74, 76]. Thus, in addition to classic biochemi-
cal markers, cytokines are also determined to confirm the clinical stage and degree
of tumor progression [32].

Scientific works have shown that the measured values in the serum can vary and
depend on tumor localization, tumor size and certainly the type of tumor [24, 58]. It
is very important for the cytokine values in the serum to have direct contact with the
blood vessels because well-vascularized tumors as well as those with tissue necrosis
show higher concentrations in the blood [31, 84].

In many scientific papers, the values were always compared and analyzed in re-
lation to a healthy control group and then in relation to disease stages, clinical stage
and the presence of other comorbidities or other inflammatory conditions [24].

Enzyme immunosorbent assay (ELISA) has been the gold standard in immu-
nology for a long time and with the help of this test certain cytokines are specifically
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determined with the help of standards as control values [24, 25, 32]. This test re-
quires a classic biochemical spectrophotometer and antibodies that react with a spe-
cific cytokine as a standard. The principle of reading is to determine the changes
in absorbance after the binding reaction of a specific antibody with the correspond-
ing cytokine and to determine the concentration of the cytokine at a precisely deter-
mined wavelength based on the color change after the addition of the substrate [31].

ELISpot is a similar method to ELISA, but it does not quantitatively determine
the amount of cytokines, but determines the number of positive cells for the inves-
tigated cytokine [85].

Determination of multiple cytokines simultaneously

The Luminex Texnology is a type of immunoassay that accurately measures
multiple cytokines in a single sample (Fig. 3). Luminex is an modified immunoas-
say based on the use of beads that enables multiplex detection of up to 100 analytes
simultaneously (86). Color-coded microspheres, or beads, are internally colored
with varying proportions of red and infrared fluorophores that match the bead’s
precise spectrum. Quantification of multiple cytokines in a sample provides signif-
icant information about the mutual relationship of cytokines much more than the
determination of only one cytokine in the sample [31].

Antibodies specific for the desired cytokine bind to a unique region of the beads
and are incubated together with the sample. After washing to remove excess anti-
body, samples are further incubated with a mixture of biotinylated detection anti-
bodies and streptavidin-phycoerythrin (PE) label. In order to obtain a result, a Lu-
minex instrument with two lasers is required. One laser is for excitation and the
other determines the output signal which is proportional to the amount of bound
antibody [87].

Single cytokine
measurement

Multiple cytokine
measurement

Patients

Fig. 3. Single and multiple cytokine detection



HAMATOPOIESIS IMMUNOLOGY 45

Flow cytomety for investigation of cytokine

Simultaneous determination of cytokines in serum, supernatant of cultured cells
in vitro, or bone marrow aspirate obtained from hematological malignancies is pos-
sible with the help of a flow cytometer (see Fig. 2).

These bead-based immunoassays are similar in principle to sandwich ELI-
SAs, but each bead population is conjugated to a specific capture antibody that
binds to the cytokine of interest in the sample [88]. The amount of bound sample
is detected by means of a biotinylated antibody against the secondary epitope
of the protein, and the final step is the streptavidin-R-phycoerythrin reaction. The
fluorescence intensity of R-phycoerythrin on the beads is quantified on a flow
cytometer.

Intracellular cytokine determination

It is very important that cytokines are determined within the cells [32]. After
the process of separating cells from the blood, or after isolating purified popula-
tions of lymphocytes using any technique, or from individual tumor cells, the in-
tracellular amount of cytokines is very often determined [12]. This can be done
with a special technique and the use of flow cytometry, as well as with the help
of fluorescent monoclonal antibodies that bind to intracellular molecules [7,
18]. For intravellular cytokine determination, first of all, it is necessary to per-
meabilize the cell, that is, for antibodies to penetrate to the internal structure
and bind to intracellular cytokines there. In practice, usually for hematological
malignancies or for any other cell population, a combination of antibodies that
mark a particular type of cell by binding to the membrane in combination with
antibodies that penetrate inside the cell is used. In this way, we obtain the per-
centage of positive cell populations positive for cytokine determination. For
example, we first label lymphocytes with an antibody for the membrane with
the help of anti-CD3+ antibodies and then with the help of another cytokine
antibody to determine some of the cytokines inside them. Thus, we can compare
cytokine values between various cell populations of interest or, for example,
before and after some kind of stimulation [89]. In this way, we can observe
whether the cells respond to a certain stimulus, which in fact tests the function-
ality of the cells [16, 33]. It is very often used in hematology when we want
to examine the functional ability of a cell population to see if cell differentiation
or maturation is taking place [19, 90].

Cytokine gene analyses

Gene analysis of cytokines is important in hematology to understand signaling
pathway disorders that exist in various hematopoietic cells with incorrect division,
or during the application of certain therapies including target therapy [92, 93]. Quan-



46 HUMMYHOJIOI'UA 'EMOIIO334

titative PCR (Q-PCR) or “real-time PCR” methods are most often used techniques
for these analyses. Cells can have various alterations in the expression of cytokines,
cytokine receptors or cytokine production, which is essential for understanding the
signaling process [3, 33, 35, 37, 49, 94]. In addition, the are attempts to treat signal
transduction disturbance with appropriated blockers of these altered signaling path-
ways. Another possibility is to block the disturbed receptor expression. Today, these
principles are designated as new directions in treatment, i.e. immunomodulation or
immunomodulatory gene therapy [95].

Methods for data analyses

With the discovery of a large number of cytokines, a better understanding of the
process of signal transmission through the cell, gene regulation of cytokines, there
was a large amount of data that needed to be analyzed and properly interpreted
[96-98]. That’s why, with the development of technology, mathematical programs
for data enrichment were also developed. Today, not only simple statistical tests
are used that show the difference in the value of cytokines in certain processes, but
complex mathematical models are used that can compare data from various data-
bases, predict analyzes and integrate a large number of data [97]. All of this requires
super-fast computers, servers where data is stored and processed. Some Institutions
also develop their own programs and mathematical models, but then the problem is
how to harmonize the various models. Some programs analyze data directly online
by entering data into the existing database and the programs provide results. There
are numerous statistical programs, among which are Oligo (Bioconductor package
for data processing), Biobase (which contained a standardized data structure), array
QualityMetrics and others. For example, ESTIMATE (Estimation of STromal and
Immune cells in Malignant Tumor tissues using Expression data) is a tool between
many other programs for predicting presence of infiltrating stromal/immune cells
in tumor tissues generated by MD Anderson Center in USA [97].

Concusion

In the current development of science and medicine, cytokines are one of the very
important parameters for the study of the immune system, but with the development
of new technologies, an even better understanding of the complex effects on genes and
their application in immunotherapy in many diseases of hematopoiesis is expected
in the future.

Funding: This research was funded by Ministry of Education, Science and
Technological Development of the Republic of Serbia, grant number 175056.
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ABSTRACT

Acute myeloid leukemia (AML) is a heterogeneous group of neoplastic clonal
diseases of the hematopoietic system, each of which is characterized by a block
in the differentiation of myeloid precursors, their uncontrolled proliferation and ac-
cumulation in the bone marrow, blood, liver, spleen, and, less commonly, in other
organs. In the context of modern methods of treatment, the assessment of minimal
residual disease (MRD) in the bone marrow by flow cytometry is becoming increas-
ingly important. The article discusses modern approaches to the definition of MRD
and presents our own data.

Introduction

Acute myeloid leukemia (AML) of childhood is one of the most complex
groups of hematological tumors, which still does not have reliable cures. This is
an extremely heterogeneous group of diseases: the classification of AML began
in 1976, when the first FAB classification was published, which included 6 mor-
phocytochemical variants of AML [1]. When revising the classification in 1985, 8
variants were identified [2, 3]. To date, in connection with the division of AML into
subgroups of diseases with different prognostic and pathogenetic features, about
20 variants of AML have been identified [4]. Some of these variants are rare, others
are more common, but in general AML is much less common in children than acute
lymphoblastic leukemias (approximately 15-20 % of acute leukemias), and this,
combined with the heterogeneity of the disease, makes the search for diagnostic and
therapeutic agents more complex [4]. It is important to note that significant progress
has been achieved in the treatment of AML in children, which is due to both the
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emergence of new therapeutic regimens and improvement of supportive care, and
to the individualization of therapy depending on the risk groups.

To date, some of the risk factors that were previously used in determining the
tactics of AML treatment have lost their significance. Relevant prognostic factors
are the presence of hyper leukocytosis at diagnosis, cytogenetic and molecular ab-
errations of the tumor clone, and the response to the first induction course. Failure
to achieve remission at the end of the induction course of treatment is an important
predictor of poor prognosis even if complete remission is achieved with subsequent
treatment [5—7]. The bone marrow remission is documented based on the presence
of less than 5 % of blast cells in the bone marrow. At the same time, 2041 %
of patients under 18 years of age who achieve bone marrow remission after in-
duction subsequently develop a relapse [8]. Currently, there are methods that can
significantly improve the detection threshold for malignant myeloblasts in the bone
marrow. This is, first of all, flow cytometry, which makes it possible to detect one
malignant cell per 100,000 or more myelokaryocytes. Moreover, the flow cytometry
method allows to accurately monitor the dynamics of the tumor process in the bone
marrow, to monitor the presence of a residual leukemic population. Such in-depth
studies are absolutely necessary, since it has been proven that the presence of min-
imal residual disease is a powerful predictor of relapse, and timely modification
of treatment, including its intensification using high-dose chemotherapy, targeted
drugs, and allogeneic hematopoietic stem cell transplantation, in some cases, can
stop the disease and prolong the patient’s life. In this regard, the search for immuno-
logical methods for AML malignant cells detection is one of the most urgent tasks
of pediatric oncohematology.

Morphological enumeration of bone marrow cells remains the standard ap-
proach to assessing response to treatment, both in routine practice and in clinical
trials. The results of the morphology study allow one to determine the tactics of fur-
ther treatment. However, the accuracy of counting the blast population using light
microscopy is hampered by the limited sensitivity of the method and its relative
subjectivity. Thus, a recent study conducted on a large cohort of AML in children
(n = 203) showed significant inconsistencies in the assessment of remission be-
tween the morphological method and flow cytometry. Some patients had less than
5 % blast cells with morphology, however, according to flow cytometry, more than
5 % of blast cells remained in their bone marrow. On the contrary, 67 % of patients
who were morphologically regarded as having a partial response (from 5 to 15 %
of blasts), and 26 % of those who were found to be primarily resistant (more than
15 % of blast cells), according to flow cytometry, had a complete response, minimal
residual disease was not determined [9, 10]. Several other studies have also shown
similar inconsistencies between the morphological method and flow cytometry,
with the latter method having a greater impact on prognosis [11, 12].
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Modern intensive regimens in most cases lead to a rapid decrease in leukemia
cells, and the tumor becomes unrecognizable by light microscopy. Flow-cytometric
determination of the number of residual aberrant cells makes it possible to assess the
dynamics of the tumor load in the setting of bone marrow remission. The determina-
tion of MRD at this stage of treatment is sometimes the only indicator of the dynam-
ics of tumor cell clearance. To date, most studies are devoted to the determination
of MRD in the early stages of specific therapy [11, 13—16]. Many foreign clinical
studies have shown that MRD-negative status (in part of the works - undetectable
MRD) is a favorable prognostic factor [17-19].

In acute myeloid leukemia, the criterion for flow cytometric MRD status has only
recently been introduced into treatment guidelines [20]. The determination of MRD
status in AML is more difficult than in acute lymphoblastic leukemia and B-cell
chronic lymphocytic leukemia due to the high heterogeneity of the immunological
characteristics of myeloid blast cells. Tumor cells in AML differ from normal myeloid
progenitors; these differences can be detected using flow cytometry — when look-
ing for signs of an aberrant immunophenotype. These include co-expression of an-
tigens that are not characteristic of the myeloid line of differentiation; the intensity
of expression of myeloid lineage antigens, which is different from that characteristic
of normal myeloblasts; combination of antigens of early stages of differentiation with
antigens of mature granulocytes on tumor cells. An example of the first type of aber-
ration would be CD56 co-expression. Expression on myeloblasts of markers of ma-
ture granulocytes, such as CD11b, CD15, absence of CD34, HLA-DR are also signs
of aberration in particular cases. The assessment of minimal residual disease in AML
can be based on one of the principles: the first is the search for cells with an individual
leukemia-associated immunophenotype (LAIF) corresponding to the immunopheno-
type at diagnosis, and the second is the “different from normal” method, or counting
all immunologically different myeloid cells [11, 20, 21]. The application of the first
principle requires a detailed study of the tumor immunophenotype at the onset of the
disease. Its limitation is the phenomenon of “immunological shif”: according to some
studies, the immunophenotype of AML in relapse often does not coincide with that
at diagnosis [22, 23]. Thus, it can be assumed that the assessment of MRD using
the first method is most applicable at the early stages of the treatment of myeloid
leukemia. The limitation of the second method is the possibility of the appearance
of small populations of myeloid progenitors with aberrant immunophenotype in the
bone marrow [24-26]. That may be associated with cytostatic, targeted therapy, as
well as with the use of colony-stimulating factors. Also, the appearance of cells with
an aberrant immunophenotype is a characteristic of dysplastic changes and myelodys-
plastic syndrome [27]; thus, it becomes difficult to distinguish spontaneously occur-
ring abnormalities of the myeloblast immunophenotype from those characterizing the
tumor population.
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Materials and methods

In our work, minimal residual disease was analyzed in 28 children with AML. The
group included 12 boys and 16 girls aged 5 months to 17 years (median age 5 years)
who received treatment for newly diagnosed acute myeloid leukemia in the depart-
ment of chemotherapy for haemoblastoses of the Research Institute of Pediatric On-
cology and Hematology of the Federal State Budgetary Institution “N.N. Blokhin Na-
tional Medical Research Center of Oncology” of the Ministry of Health of the Russian
Federation (26 patients) and Morozov Children’s City Clinical Hospital (2 patients)
in the period from 2014 to 2021 according to the protocol of the Research Institute
for NII DOG AML 2012. 2 patients had Down syndrome. In 2 patients, acute myeloid
leukemia was associated with previous chemotherapy for other malignant neoplasms:
the first diagnosis of a 10-year-old patient was T2NOMO nephroblastoma, the first
diagnosis of a 6-year-old patient was small round cell sarcoma with lesions of the pos-
terior segments of X, XI ribs and pleura on the right, posterior sections of the left orbit.
6 children of the analyzed group underwent allogeneic transplantation. In all patients
of the group, at the time of determining the minimum residual disease, bone marrow
remission was achieved. At the same time, some patients showed incomplete recov-
ery of blood parameters (neutropenia < 1 x 10%1, thrombocytopenia < 100 x 10%/1).
In most patients of the group, the level of MRD was assessed before the start of the
2nd course of chemotherapy with epigenetic drugs; in 5 patients, MRD was assessed
at a later date. When determining the minimal residual disease, the panel of antibodies
was compiled individually for each case according to the primary immunophenotype
of the patient’s blast cells. In each case, aberrations or features of the immunopheno-
type were noted, which made it possible to distinguish between normal myeloid pre-
cursors and tumor ones. 2 million events were analyzed. By sequential gating, a pop-
ulation of cells with immunological aberration corresponding to that in the primary
study was isolated. The assessment of MRD status in the work was carried out relative
to the value of 0.1 % of myelokaryocytes (with the number of aberrant myeloid cells
of more than 0.1 % of myelokaryocytes — MRD-positive status), which corresponds
to the strategy of most research groups [20, 28-30].

Results

We evaluated the relationship of clinical, haematological and immunophenotyp-
ic factors with relapse-free (RFS) and overall (OS) survival of patients with AML.
Overall and relapse-free survival were assessed in 28 patients of the group. There
were no relationships between the gender of patients with OS (log-rank p = 0.52)
and RFS (log-rank p = 0.67). The age of the patients in the group ranged from
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5 months to 17 years, 2 patients were younger than 1 year. The relationship of age
less than and more than 1 year and less than and more than 5 years children with
the duration of OS and RFS was not found (for 1 year RFS: log-rank p = 0.43, OS:
log-rank p = 0.62, and for 5 years RFS: log-rank p = 0.51, OS: log-rank p = 0,69).
The level of leukocytes at diagnosis ranged from 4.0 x 10%/1 to 133 x 10%1 (median
19.2 x 10°/1), the level of leukocytes more than 10 x 10%1 was observed in 18 out
of 26 patients, hyperleukocytosis above 50 x 101 was noted in 4 out of 26 patients.
When analyzing the relationship between the level of leukocytes at the diagnosis
of more and less than 10 x 10%]1, differences in OS (log-rank p = 0.92) were not
revealed. The relationship between the level of leukocytes and the duration of RFS
was near to significant (log-rank p = 0.11) (Fig. 1).

When analyzing the relationship between the levels of leukocytes at the diag-
nosis of more and less than 50 x 10%1, there were close to significant differences
between the groups in terms of the duration of the RFS (log-rank p = 0.067) (Fig. 2).
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At the same time, hyperleukocytosis above 50 x 10%1 did not have a signifi-
cant effect on overall survival: log-rank p = 0.38. We also assessed the relationship
between MRD levels greater than and less than 0.1 % and RFS among those patients
who had the level of minimal residual disease determined simultaneously with the
first bone marrow remission, n = 23 (log-rank p = 0.157) (Fig. 3).

OS was almost the same in groups of patients with MRD levels of more and less
than 0.1 % of myelokaryocytes, log-rank p = 0.55. Allogeneic HSCT was performed
in 6 patients of the group due to unfavorable prognosis factors; in each of these
patients, the level of MRD during the first remission was more than 0.1 %. It is
interesting to note that at the initial stages of the work, we evaluated 5 patients for
the presence of MRD at a later time after the start of treatment (8 months, 2, 6, 4,
5 months from remission achievement date). The evaluation was carried out during
the period of bone marrow remission. Two of these patients were MRD-positive.
It is clear that after the end of induction therapy in these patients, the MRD status
was positive. Evaluation of survival for the entire group of patients showed inter-
esting results. Patients with MRD had significantly lower disease-free survival rates
(log-rank p = 0.09). Thus, the persistence of MRD in combination with other factors
of poor prognosis may be a criterion for restratification of patients into a higher risk

group.

Conclusion

Assessment of minimal residual disease in acute myeloid leukemia in children
is a rather difficult task. This is due to the complexity and heterogeneity of the im-



HAMATOPOIESIS IMMUNOLOGY 61

munophenotypes of acute myeloid leukemia, which actually includes 8 different
morphocytochemical variants of leukemia. We used a comprehensive and stan-
dardized approach to the immunological diagnosis of AML, based on the concept
of Euroflow, which includes the use of immunological markers for the diagnosis
of all types of leukemia (including megakaryoblastic, erythroblastic, and also blast
plasmacytoid dendritic cells neoplasm, which is not included into the FAB classi-
fication). We used markers of immature cells, general myeloid markers, markers
of various lines of myelopoiesis, and antigens that are not characteristic of myeloid
cells, which can be considered aberrant and used later in the diagnosis of MRD.
Undoubtedly, the use of a larger panel of markers in the diagnosis and treatment
of AML increases sensitivity, reliability, and provides grounds for a wider intro-
duction of MRD studies in children, which is important in improving the prognosis
for this disease. The applied approach can be considered successful, since it made
it possible already at the stage of AML diagnosis to determine which set of markers
can be used in each specific case for the diagnosis of MRD.
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ABSTRACT

Chemotherapy, including dose escalation, has reached its limit in cancer treat-
ment. One possible cause is quiescent and slow growth of cancer stem cells. These
cells escape from chemotherapy and radiotherapy and make a risk of treatment
failure. Remission of disease is maintained as long as the cancer stem cells are
under the control of the patient’s immune system. In cases of dysfunction or lack
of anticancer immune response cancer progression occurs. Thereby immunotherapy
with modulation of immune response opens up new prospects of effective cancer
treatment. In the article we present the results of KIR-alloreactive adoptive immu-
notherapy with umbilical cord blood and bone marrow as a source.

Immunotherapy is a type of treatment that modulates the immune response
(stimulate or suppress) to help the body fight cancer, infection and other diseases.
Unlike chemotherapy, which acts directly on cancer fast-growing cells, immuno-
therapy treats patients by boosting the person’s immune response. In some cases, the
immune system doesn’t see the cancer cells as foreign. In other cases, it recognizes
the cancer cells, but the response might not be strong enough to destroy the cancer.
In addition, cancer cells themselves can produce substances that keep the immune
system from finding and attacking them. Now we have two fundamentally differ-
ent types of immunotherapies: drug-mediated (DMI) and adoptive (cellular, AI).

In the late 1800s William Coley lost his very first patient with bone sarcoma.
A young women died in 2,5 mo after amputation of her right arm below the elbow.
Shaken by this failure, Coley started to look for any approaches to the treatment
of sarcoma. In the historical literature and hospital records he found a numerous
of cases with spontaneous tumor regression associated with acute infections. Trying
to simulate an acute infection with system immune response, he developed “Co-
ley’s toxins” — vaccine containing two killed bacteria (Streptococcus pyogenes



HAMATOPOIESIS IMMUNOLOGY 65

and Serratia marcescens) [1, 2]. The vaccine was used as a treatment in inoperable
cases and as prophylactic after surgical removing of sarcoma of any region. The
S-year survival for inoperable microscopically verified sarcomas was 13—79 % (the
range varying with tumor subtype). According to the retrospective study patients
receiving modern therapies have similar 10-year survival rates with patients treated
with Coley’s vaccine (data from the Surveillance Epidemiology End Result cancer
registry) [3]. But despite good treatment outcomes, Coley’s toxins were criticized
by colleagues. And after his death the vaccine disappeared from use, especially con-
sidering rapidly developing of radiotherapy and chemotherapy. Today clinical cases
with spontaneous tumor regression became less common (probable causes: sterile
surgery, wild use drugs suppressing immune response — antibiotics, antipyretics,
highly immunosuppressive chemotherapy). One of the last cases of spontaneous re-
gression was a couple of years ago after COVID-19 infection [4].

Modern drug-mediated immunotherapy is quite diverse. It includes monoclonal
antibodies, immune checkpoint inhibitors, cytokines etc. Drug-mediated immuno-
therapy is widely used in various types of tumors, indications for DMI continue
to expand.

Adoptive cell therapy, also known as cellular immunotherapy, is a form of treat-
ment that uses the cells of immune system to eliminate cancer. For this treatment
own (autologous) or donor (allogeneic) cells can be used. In case of autoAl the
immunological effect can be achieved only after laboratory manipulation of cells.
In case of alloAl the effect can be achieved after using both manipulated or non-ma-
nipulated cells.

The first information about non-manipulated allogenic cells transfusion further
back to antiquity, peripheral blood cells were used for rejuvenation and for recovery.
In the last century repeated cases of childhood acute lymphoblastic leukemia remis-
sion after non-irradiated blood transfusion without chemotherapy were described.
In the 1980s similar remissions after blood transfusion without any additional treat-
ment have also been described. At that time there were no chemotherapy of osteo-
genic sarcoma. Therefore, transfusion of allogeneic non-manipulated bone marrow
from a random donor before radical surgery was performed as a treatment. Such
transfusion significantly reduced the incidence of lung metastases [5].

The most famous example of the cellular modulation of immune response is
allogeneic bone marrow transplantation (alloBMT). Therapeutic success of alloB-
MT is based on the graft-versus-tumor effect due to which tumor cells are under the
lifelong control of the donor’s immune system [6—8]. But despite the advantages,
there are a number of serious limitations for widespread use of alloBMT: side ef-
fects, risks related to alloBMT, long period of immune recovery and development
of anti-tumor effect. These limitations formed the basis of the modern Al, which
takes the benefits of alloBMT without the side effects.
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The history of modern alloAl with manipulated cells is associated with
S. Rosenberg. In the early 1980s he studied lymphokine-activated killers (LAK)
and tumor-infiltrating lymphocytes (TIL). His research had shown high efficiency
of LAKs and TILs as a treatment of melanoma [9]. But that results were not very re-
producible, probably because of different modifications for cells culture and various
other technical details. Therefore, other options for immunotherapy with manipulat-
ed immune cells began to study. In 1987 the first chimeric antigen receptor (CAR)
was created; in 2002 CAR-T cells demonstrated the first successful ex vivo target-
ing against prostate cancer antigen. And in 2012 after the first successful outcomes
in the treatment children with refractory and relapsed B-cell acute lymphoblastic
leukemia, CAR-T therapy began to seem a breakthrough. But now it’s obvious that
cancer cells find the way of immune escape from targeted attack and then rapid
relapse occurs. Long-term remissions after CAR-T therapy probably occur in cas-
es when transfusion in some reason modifies patient’s own immune system and it
takes long control of the disease. Similar modification of the immune response can
be achieved after alloAl. Over the past 30 years, the importance of the immune
system in cancer preventing, regulation of tumor growth and metastasis became
obvious [10, 11]. But so far, we have little information about mechanisms of im-
mune regulation and its interaction with tumor cells. It is known that during such
interaction cancer cells suppress body’s antitumor immune system and try to escape
the immune recognition and destruction [12, 13]. This can be achieved by producing
environment that suppress immune cells and by increasing of intratumor heteroge-
neity with selection of treatment- resistant clones [14].

In 2018 James P. Allison and Tasuku Honjo awarded Nobel Prize in Physiol-
ogy or Medicine for their discovery of cancer therapy by inhibition of negative
immune regulation. This treatment became an alternative for many patients, espe-
cially taking into account that chemotherapy, including dose increase, have reached
their limit in cancer treatment. Moreover, chemotherapy and radiotherapy not only
doesn’t use any benefits of person’s antitumor immunity, but instead lead to addi-
tional immunosuppression. Important to note that according to one of the hetero-
geneity theories, all tumor cells (both oncogenic and non-oncogenic cells of the
tumor environment) develop from cancer stem cells (CSCs). CSCs escape to che-
motherapy because of quiescent and slow growth, so there is always a risk for tumor
recurrence/metastasis. Remission of disease is maintained as long as the CSCs are
under the control of the patient’s immune system. CSCs eradication is essential for
successful treatment. The possibility of destroying CSCs by immunotherapy opens
up new prospects of effective cancer treatment [15-17].

In the early 1970s natural killer (NK) cells were discovered. They have abil-
ity to rapidly recognize and exhibit cytotoxicity toward tumor and virus infected
cells in a HLA-independent manner without any priming or prior activation. At the
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beginning that cells were called like null-cells because of lack the common charac-
teristic surface markers that can be found in mature B- and T-cells [18]. Although
they are classified as cells of innate immune system, we have evidence that NK can
develop a long and highly specific memory for various antigens which is associated
with an adaptive immune response [19-21].

Since the discovery of NK cells, studies of NK cytotoxic activity have been ini-
tiated in both healthy people and cancer patients. It was shown that a lack of or low
function of NK cells predicts an increased risk of developing both a primary tumor
and its recurrence [22]. Thereby NK deficiency or dysfunction may play a crucial
role in tumor progression.

Since the discovery of NK cells, studies of NK cytotoxic activity have been
initiated in both healthy people and cancer patients. it was shown that a lack or low
function of NK cells predicts an increased risk of developing both a primary tumor
and its recurrence [23, 24]. Thereby NK deficiency or dysfunction may play a cru-
cial role in tumor progression. That’s why a personal

selection of KIR-alloreactive donor with high NK activity is so important for
successful alloAl [25].

In Russia, a systematic discussion of new approaches to cancer treatment was
initiated by MD, DSc, professor Dolgopolov I.S. in October 2018 at the VII Con-
gress of Pediatric Oncologists of Russia. Futher at the 1st Adoptive Immunotherapy
workshop in January 27, 2019 (Empire Tower, Moscow City) participants discussed
practical issues of Al, the place and perspective for cellular immunotherapy in the
era of DMI. Based on the meeting results, data from medical literature, internation-
al studies and trials, the clinical protocol for Al with allogeneic non-manipulated
KIR-alloreactive cells (KIR-AI) was developed.

The participants also agreed that the indications for alloAl today are much wid-
er than just “salvage therapy” in refractory patients. Expansion of indications to al-
loAl is possible due to the potential ability to destroy CSCs by immune cells in gen-
eral, ant by NK in particular [26]. Al seems promising treatment because it uses
advantages of NK and take into account the role of immune system in persistence
of minimal residual disease and cancer progression. So as the next promising step
for anticancer treatment can be considered KIR-AI.

According to the workshop protocol the indication for KIR-AI are salvage ther-
apy, MRD persistence, high risk of recurrence after treatment, non-compliance with
treatment standards (ECOG, comorbidities etc). At first bone marrow from personal
selected KIR-alloreactive donor as a source of unmanipulated allogenic cells was
used. To select donor for KIR-AI we investigate med 3 samples (range 3—8). Lym-
phodepletion included Cy/Flu (up to 3 d).

During the study we also evaluate and compare key characteristics between
NK cells from different sources (bone marrow, umbilical cord blood and peripheral
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blood of healthy donors and patients with long-term remission of cancer > 5 years).
We study number of NK-cells and balance of activating and inhibitory receptors.
Receptors were evaluated by flow cytometry (CD3, CD7, CD16, CD56, CD94, NK-
G2A), KIR were investigated by PCR. In cord blood samples NK-cells amount
ranged from 5 % to 56 % of the total number of lymphocytes (mean 21 %, median
16 %). Mathematical model for evaluation the balance of activating and inhibitory
receptors (Rp) as an index of cytotoxic activity (ICA) of mature NK was developed.
We didn’t find significant ICA differences on donor’s sex, age, source of cells, but
ICA depends on depression and virus. For patients no ICA difference by type of can-
cer, germinal mutations, but strong correlation with nearest outcome of cancer, fol-
low up med 9 mo (2-52).

Considering the similar profile of NK-cells in different sources, umbilical cord
blood (UCB) was used as an alternative to BM for KIR-AI of malignant neoplasms
(breast, gastric cancer, high grade gliomas, metachronous cancers, hematologic ma-
lignancies). The indication to Al with UCB was salvage therapy (ECOG > 3). Quick
availability of UCB from a KIR-typed UCB register is an indisputable advantage.
Overall survival of 11 pts (14 cord blood transfusions) is from 2 + to 10 mth, median
6 mth (follow up 2—52 mth, median 9 mth) and OS is comparable to historical con-
trols, where bone marrow as a source of cells was used. Al outcomes depend on the
intensity of lymphodepletion and donor cells ICA.

Considering acceptable toxicity of lymphodepletion and good KIR-AI tolera-
bility the indications for cellular anticancer treatment can be expanded. We start pi-
lot using UCB for KIR-AI for overcome chemoresistance and to achieve remission
after treatment completion in solid tumors and for MRD-eradication in hematology.
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ABSTRACT

Detection of minimal residual disease (MRD) has become an integral part of the
comprehensive definition of the antitumor therapy effectiveness in case of acute
lymphoblastic leukemia (ALL). There is no doubt that it is necessary to estimate
MRD during the period of remission induction and before allogeneic hematopoietic
stem cell transplantation. However, the prognostic value of MRD at the post-induc-
tion phase of treatment is still being actively studied.

Aim. To estimate the prognostic value of MRD at the post-induction phase
of pediatric ALL treatment.

Materials and methods. 135 pediatric patients with a primary diagnosed
B-precursor ALL since October 2010 to March 2022 were included in the study.
The treatment was carried out according to the protocol ALL-IC BFM 2009.

Results. 6-year OS for patients with MRD-positive status at the post-induc-
tion phase of treatment (on day 78) was 90.8 = 4.0 %, with MRD-negative —
90.4 £ 6.5 % (p = 0.3). RFS with MRD-positive status — 66.3 + 11.8 %, MRD-
negative — 88.5 £ 4.5 % (p = 0.09). EFS with maintaining MRD-positive status
on day 78 of therapy was 66.3 = 11.8 %, MRD-negative — 90.4 £ 6.5 % (p = 0.09).

Conclusion. Nowadays MRD levels during the phase of remission induction are an
important risk-stratifying factor for pediatric ALL. However, it is necessary to study the
prognostic value of MRD in the post-induction period. The results of our study show
increasing frequency of relapses to 22 % in the group of patients with MRD-positive
status on the 78th day of therapy. The rate of the patients’ OS does not differ according
to the level of MRD. Consequently, it is necessary to continue the study.

Keywords: acute lymphoblastic leukemia, minimal residual disease, treatment,
children
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Introduction

Modern pediatric acute lymphoblastic leukemia therapy protocols (ALL) are
based on differentiated approach to the treatment according to the prognostic factors
of the disease. The age of the patient (up to 1 year and older than 6 years), initial hy-
perleukocytosis, translocations t (4;11) and t (9;22), number of blast cells in blood
on day 8 of prednisolone therapy (more than 1000/ul), as well as insufficient bone
marrow response on days 15 and 33 (more than 5 % of blast cells during cytological
examination of the bone marrow) are factors associated with lower survival rates
due to the protocol ALL-IC BFM 2002.

Invention of sensitive methods for detection of a residual population of blast cells
(by polymerase chain reaction, flow cytofluorimetry) formed the concept of “minimal
residual disease”. It is a number of blast cells with an aberrant immunophenotype
that is beyond the sensitivity of the light-optical diagnostic level. Since the 1990s,
MRD has become a proven prognostic indicator that significantly predicts the survival
of ALL patients. Now immunological criteria of the aberrant immunophenotype have
been established for the most frequent subvariant ALL — B-precursor ALL (B-ALL).
The use of MRD levels as a tool for stratification and treatment optimization has be-
come the basis of modern ALL therapy programs [1]. In the UKALL 97/99 study there
was shown that the MRD level more than 0.01 % at the end of remission induction
phase (p = 0.207), at the beginning of consolidation (p = 0.019) and by the beginning
of intensification (p = 0.0104) was associated with relapse of the disease. In addition,
patients with MRD more than 0.1 % at the initiation phase of maintenance therapy
(p = 0.001) had significantly more frequent relapses too [2]. According to the COG
group, MRD level > 0.01 % at week 12 of treatment (consolidation phase) was signifi-
cantly associated with a poor response to therapy: patients with MRD-positive status
had a 5-year relapse-free survival rate of 39 % + 7 %, compared with 79 % + 5 % with
MRD-negative status (p < 0.0001) [3].

There are several periods of program treatment of pediatric ALL. MRD level
is the most important factor at remission induction and pretransplantation phases.
The values of MRD after induction therapy and the effect of MRD status on pa-
tients’ survival require more careful study. There is an information about the correla-
tion between MRD level at the post-induction phase and the frequency of relapses
in several scientific publications. Thus, patients with T-precursor ALL (T-ALL) and
MRD-positive status on the 42d day of therapy has statistically significant increas-
ing of relapse frequency for next 4.5 months. However, there were no cases of re-
lapse in patients with MRD-negative status for more than 20 months [4].

Modern ideas about the significance of MRD levels during the post-induction
phase of therapy indicate the importance of a comprehensive assessment of combi-
nation between MRD and already known prognostic factors.
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The aim of the study was to determine the prognostic value of MRD at the
post-induction phase of pediatric ALL treatment.

Materials and methods

135 patients with a primary diagnosed B-ALL since October 2010 to March
2022 were included in the study. The average age of patients was 5.4 years (from 1
to 17 years). There were 62 boys (45.9 %) and 73 girls (54.1 %).

The inclusion of patients with B-ALL in the study was due to the presence
of optimal immunological panels and proven model for determining MRD.

All patients received an induction therapy according to the protocol ALL-IC
BFM 2009. MRD determination was carried out on the 15th, 33d and 78th days
of treatment. If a residual population of leukemic cells was in the amount of > 0.01 %
among myelocariocytes, it had been considered positive status; if < 0.01 %, nega-
tive one.

Patients’ stratification into prognostic risk groups according to MRD status was
based on the criteria of the protocol ALL-IC BFM 2009. Children were divided into
standard, intermediate and high risk groups.

Statistical evaluation of the obtained parametric data was carried out by com-
paring the average values using the Student’s coefficient. Nonparametric data were
compared by constructing conjugacy tables according to Pearson’s y* criterion and
Fisher’s exact criterion for comparing groups with small samples. The difference
in the groups was considered significant at p < 0.05. The survival rate was assessed
by constructing curves using the Kaplan—Meyer method. In this study, the assess-
ment of relapse-free (RFS), event-free (EFS) and overall survival (OS) was carried
out. The long-rank method was used to compare survival curves. The difference
between the curves was considered significant at p < 0.05. RFS was calculated from
the moment of achieving remission to the moment of relapse, EFS — from the
beginning of treatment to the moment of cessation of remission, regardless of the
cause (cases of progression, relapse and death were attributed to the events) and
OS — from the beginning of treatment to the death of the patient. The survival rate
was assessed on the 15 of March 2022.

Results

Gradual decrease of MRD level was noted during it determination in dynamics
on 15th, 33d and 78th days of therapy. On day 15 only 13.3 % of patients reached
MRD-negative status, on day 78 this number was already 50.4 % (n = 68) (Fig. 1).
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Fig. 1. Distribution of ALL patients by MRD status on the 15th, 33d and 78th days
of therapy

On the 33d day of the therapy all patients were examined for achieving cyto-
logical remission. According to the results of this analysis, 128 (94.8 %) patients
had a remission (the number of blast cells in the bone marrow <5 %), and 7 (5.2 %)
patients did not have. There was death during induction phase in 1.4 %. All patients
without remission on day 33 had an MRD-positive status.

Analysis on the survival rate of patients regardless of the prognostic risk group
based only on MRD status on the 78th day of therapy showed the 6-year OS for patients
with MRD-positive status was 90.8 £ 4.0 %, with MRD-negative — 90.4 = 6.5 %
(p = 0.3). RFS with MRD-positive status was 66.3 £ 11.8 %, MRD-negative —
88.5 £ 4.5 % (p = 0.09). EFS with persistence of MRD-positive status on day 78
of therapy was 66.3 + 11.8 %, MRD-negative — 90.4 + 6.5 % (p = 0.09) (Fig. 2-4).

Thus, patients’ OS did not depend on the MRD status on the 78th day of therapy
because of the effectiveness of anti-relapse treatment protocols and transplantation
technologies. However, the relapse rate was 22 % higher in the group of patients
with MRD-positive status by the 78th day of treatment. The study will be continued
to obtain reliable data.

Conclusion

Determination of MRD level during the induction remission phase of treat-
ment and before allogeneic hematopoietic stem cell transplantation is the standard
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Fig. 2. ALL patients’ OS depending on the
MRD level on the 78th day of therapy

for evaluating the effectiveness of ALL
therapy. It is necessary to study addi-
tionally the persistence MRD in the
post-induction period. As a result of our
study there is a correlation between
MRD-positive status on the 78th day
of therapy and increasing the relapse
incidence (p = 0.09). The patients> OS
does not depend on the MRD status
at the post-induction stage of treatment.
Both continuing study of the MRD
prognostic effect on the relapses fre-
quency and an increasing the number
of patients in the analyzed group may
allow us to obtain a reliable correla-
tion between the level of MRD during
the post-induction phase of therapy and
RFS. The data obtained will make it pos-
sible to intensify treatment, for example,
to use a “block” program, targeted drugs
(blinatumomab) and to determine addi-
tional indications for allo-HSCT [5, 6].
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