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Abstract

Multiple myeloma is a malignant tumor disease that affects plasma cells and is one of the most
common tumors of lymphoid origin. In the process of oncogenesis, that is, the formation of a tumor,
there is a significant change in the immune balance in the body, which leads to the suppression of the
immune response to the tumor. This suppression is one of the reasons why the tumor can progress
and cause serious health problems for the patient. One of the key factors that affect immune balance
is innate lymphoid cells (ILCs). ILCs play an important role in regulating the immune response and
can both promote and hinder the development of tumor processes, depending on their functional
state and interaction with other cells of the immune system. Among ILCs, ILC1 mainly exert
antitumour activity, but ILC2 and ILC3 are usually protumorigenic. In patients with multiple
myeloma, an increase in the proportion of ILC2 and a decrease in ILC1 is observed before autologous
hematopoietic stem cell transplantation (auto-HSCT) compared to healthy controls. The
subpopulation composition of ILCs changes in multiple myeloma after auto-HSCT, with an increase
in ILC1 and a decrease in ILC2. It has been shown that the number of immature CD5*ILC2 cells in the
peripheral blood of patients with multiple myeloma is comparable to that of healthy individuals.
However, HSCT in multiplie myeloma patients leads to an increase in the relative number of
CD5ILC2s.
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1. Introduction

The introduction lymphoid cells of innate immunity (ILCs), capable of synthesizing cytokines,
were discovered relatively recently in comparison with other immunocompetent cells - at the end of
the noughties of the twenty-first century in several laboratories independently of each other [1-4].
Due to the fragmentation of studies and the relatively short period of time that has passed since the
discovery, in addition to the currently generally recognized nomenclature for groups of cytokine-
producing ILCs (ILC1s, ILC2s, ILC3s), other names for these cells are currently used — nuocytes (for
ILC2), natural helpers [5-7].

Helper ILCs produce a similar cytokine profile to T-helper cells, as T-helper cells are divided
into the main subsets of Th1, Th2, and Th17, with ILC1s, ILC2s, and ILC3s considered their analogues,
respectively [8,9]. Unlike T-helper cells, ILCs lack a T-cell receptor and are unable to recognize
antigens. Furthermore, helper ILCs are predominantly found in tissues, while their numbers in
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peripheral blood are extremely low. Due to their tissue location, helper ILCs quickly respond to
changes in the tissue microenvironment and are capable of modulating the immune response.

ILC1s are known to produce interferon gamma (IFNYy), which exhibits pronounced inhibiting

activity on myeloma cell proliferation [10]. In a study by Kellermeier et al., neutralization of IFNy
significantly increased myeloma development and progression in C57Bl/6 mice, demonstrating the
importance of this pathway in early disease control [11].
In turn, interleukin-4 (IL-4), one of the main cytokines for ILC2s, was also able to suppress the growth
of malignant plasma cells in vitro via suppression of IL-6 expression [12]. However, another study
demonstrated opposite results: IL-4 not only failed to suppress tumor plasma cell proliferation but
also caused a slight increase in the number of cells in S-phase compared to baseline and increased the
number of chromosomal abnormalities in plasma cells from patients with MM, which may serve as
a basis for the development of malignancy [13]. Furthermore, IL-4 has been shown to promote the
differentiation of myeloma cell precursors in multiple myeloma in vitro [14].

Like different types of T helper cells, different subsets of ILCs are capable of both promoting
tumor growth and exerting an antitumor effect [15]. In the case of hematologic malignancies, ILCs,
on the one hand, enhance the immunosuppressive effect of the tumor microenvironment, and on the
other hand, promote tissue homeostasis and reparation, which is especially important in the case of
antitumor therapy [16]. The antitumor therapy, be it chemotherapy or radiotherapy, as well as
ablation of hematopoietic stem cells before transplantation, leads to a decrease in helper ILCs. The
restoration of helper ILC numbers, unlike NK cells, is slow and comparable to T cell reconstitution
[16-18].

In a mouse model of multiple myeloma, tumor growth was associated with phenotypic and
functional changes in bone marrow ILC2s, characterized by increased expression of mature ILC2
markers GATA3, CD117, CD25, and KLRGI, and decreased levels of Scal and CD127, as well as
reduced cytokine production upon cell stimulation with IL-2/IL-33 [19]. These phenotypic changes
might indicate a progressive maturation of ILC2s in the presence of myeloma. Administration of IL-
33, one of the cytokines capable of activating ILC2s, induces apoptosis of circulating KLRG1" ILC2s
in this model, which inhibits protective type 1 immune responses against MM.

In patients with plasma cell dyscrasias, a decrease in the number of ILC2s in the bone marrow
was noted with a simultaneous increase in the circulating subset [20,21]. It is known that in
monoclonal gammopathy of unknown genesis (MGUS), a condition preceding multiple myeloma
(MM), an increase in the proportion of ILC2s in the peripheral blood was observed, while in the bone
marrow, on the contrary, the proportion of ILC1s increased, but the functional activity of ILC1s and
ILC2s, determined by the intracellular content of cytokines, was reduced [21]. In patients with MGUS,
ILC2s demonstrated the ability to secrete IL13, which was not observed in patients with
asymptomatic MM. In patients with a recently established diagnosis of MM, a decrease in the
proportion of ILC2s among Lin—-CD127+ cells in the peripheral blood was observed before therapy
[22]. In another study, in a group of patients with MM who achieved remission after therapy, the
proportion of ILC2s among Lin—-CD127+ in the blood was comparable to the values in healthy
volunteers [23], while ILC1s and ILC3s were reduced. Presumably, the differences may be associated
with the therapy.

Despite significant advances in modern therapies for MM, autologous hematopoietic stem cell
transplantation (auto-HSCT) with hi-dose chemiotherapy remains one of the standard methods
[24,25]. Helper ILCs restoration after HSCT can occur in various ways [16]. Circulating ILCs are
probably derived from common lymphoid progenitor cells in the bone marrow and possibly from
mature ILCs co-transfused with the graft. ILCs are considered tissue resident, depending on local
self-renewal. However, given the plasticity of ILCs and their ability to migrate, the peripheral blood
after HSCT may contain both immature ILCs derived from the hematopoietic stem cell of the graft
and mature ILCs from the graft or from various non-lymphoid tissues.

CD5 is a cell surface protein expressed on T lymphocytes that functions as an inhibitor of antigen
receptor signaling [26-28]. CD5 was initially considered a T lymphocyte marker and was even used
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in some studies to exclude T cells in ILC analysis [26,29-31]. However, ILC1s were also found to
express T lymphocyte-associated molecules, including CD5 [26,32,33]. Furthermore, CD5+ ILCs were
found to be present in human thymus and cord blood [33]. Moreover, CD5+ ILCs were functionally
immature but could further differentiate into mature CD5- cytokine-secreting ILCs [34]. Recently,
there has been evidence that CD5+ ILC2s can also be formed in the thymus [35]. The work of
Alisjahbana at al found that CD5+ILCs had a distinct ontogeny compared to conventional CD5- ILCs
because they first appeared in the thymus, spleen and liver rather than in the bone marrow after
transplantation of MISTRG mice with human CD34+ hematopoietic stem and progenitor cells [36].

It has been shown that ILC2 types expressing CD5 on their surface are mainly formed in different
ways, while the role of these cells and possible participation in pathological processes are not yet
fully understood [35]. Here, we evaluate the hypothesis that auto-HSCT performed in MM leads to
changes in subpopular composition and CD5 expression on peripheral blood ILC.

2. Materials and Methods
2.1. Sample Collection

Blood samples from conditionally healthy volunteers (n=9) and patients with multiple myeloma
(MM) undergoing treatment at the Clinic of Immunopathology of the Research Institute of
Fundamental and Clinical Immunogy (n=19) were used as study material.

Study inclusion criteria: patients with MM aged 18-65 years; clinical stages II and III of the

disease according to the Durie-Salmon classification; patients in remission at the time of inclusion;
written informed consent. Control group inclusion criteria: healthy donors aged 18-65 years; absence
of autoimmune, oncological, and chronic recurrent viral infections. Blood samples were collected
from apparently healthy individuals once.
Auto-HSCT was performed using peripheral blood stem cells obtained by apheresis.
Cyclophosphamide (24 g/m?) was used for mobilization, followed by granulocyte colony-
stimulating factor (5 pg/kg/day) until a concentration of 10* CD34*CD45* hematopoietic cells/mL was
achieved in the blood of patients with MM. Apheresis was performed in 1-2 procedures on ASTEC
204 (Fresenius, Germany) and Spectra LRS 07 (COBE BCT, Lakewood, Colorado, United States )
blood cell separators to obtain 2.0x106 CD34+*CD45* cells/kg. The resulting cells were frozen and stored
until use. High-dose chemotherapy with melphalan followed by HSCT was performed 2-6 months
after separation. Blood samples were obtained twise: first in 1 day before high-dose chemotherapy
and second after autoHSCT after recovery from leukopenia (day +12—+16, leukocytes >1x10°L).

2.2. Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized venous blood of
healthy donors or patients using the ficoll-urographin density gradient centrifugation method (1.077
g/cm3). Briefly, 5 ml of fresh heparinized venous blood from healthy donors was layered in a test
tube of 3 ml of ficoll-urographin (1.077 g/cm?) (Biolot, Russia). The tubes were centrifuged at 3,000
rpm for 25 minutes. After centrifugation, mononuclear rings were selected in separate tubes followed
by double washing in 10 mL of PBS + Na2 EDTA (0,02% Na:EDTA in PBS) and centrifugating at
1,200 rpm for 10 minutes. Next, cells were stained with monoclonal antibodies for 24 hours and the
data were analyzed using flow cytometry.

2.3. Cell Staining and Flow Cytometry

To assess ILCs, isolated PBMCs were stained with monoclonal antibodies conjugated with
fluorochromes: anti-Lineage (CD2/3/14/16/19/20/56/235a) (eBioscience, San Diego, CA), antiCD11c
(BioLegend, San Diego, CA, USA), anti-FceR1 alpha-FITC (eBioscience, San Diego, CA), and anti-
CD294-PE, anti-CD127-PerCP/Cy5.5, anti-CD117-APC and anti-CD5-BV421 (all from BioLegend, San
Diego, CA, USA). The total number of ILC cells was defined as Lin"CD127+, since these cells do not
carry linear markers, but have an alpha chain of the IL-7 receptor on their surface. ILC2 was
determined by the presence of CD294 (CRTH2) on the surface of the cell (Figure 1). ILC1 were defined
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as CD294-CD117,, and ILC3 as CD294-CD117+.To the labelled tubes, antibody cocktail was added to
the sample and incubated in the dark for 15 min. The sample was then directly centrifuged at 1,200
rpm for 5 min. After decanting the supernatant, 1 ml of staining buffer (0,5% fetal calf serum and
0,02% Na2EDTA in PBS) was added for washing. The sample was centrifuged at 1,200 rpm for 5 min.
Again after decanting the supernatant, the final suspension in 0.2 ml of staining buffer was ready for
acquisition. The phenotype of the cells was analyzed using the LongCyte flow cytometer
(Challenbio, China). At least 100,000 events were acquired and analyzed per tube.
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Figure 1. Flow cytometry gating strategy used for ILC2.

2.4. Statistical Analysis

Statistical analysis of the results was performed using GraphPadPrizm 9.0.0 (GraphPad
Software, Inc., USA). The nonparametric Kruskal-Wallis test with subsequent post-hoc analysis was
used to assess differences between groups. The Mann-Whitney test was used to compare parameters
between the control group and the patient groups before and after HSCT. The Wilcoxon test was used
to compare patient parameters before and after therapy. Results are presented as median with
interquartile range. Results were considered statistically significant at p <0.05.

3. Results
3.1. Subpopulation Composition of ILC Before and After Auto-HSCT.

In patients with MM, the proportion of ILCs among PBMCs was reduced before auto-HSCT
compared to healthy volunteers (Figure 2). However, in patients with MM after auto-HSCT, no
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significant differences were observed compared to healthy controls. This change is not due to an
increase in the absolute number of ILCs, but rather occurs due to a change in proportions against the
background of lymphopenia and a more pronounced decrease in the number of T and B lymphocytes
after auto-HSCT.
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Figure 2. Relative number of ILC among PBMC in patients with multiple myeloma and healthy volunteers; HC
— healthy control group, MM before — MM patients before auto-HSCT, MM after - MM patients after auto-HSCT.
Data are presented as box-and-whisker plots, with boxes extending from the 25th to the 75th percentile, with a
horizontal line at the median, while the whiskers extend to the lowest and highest data points. * Indicates a
significant difference (p < 0.05). ** Indicates a significant difference (p < 0.01) . ™ Indicates no significant

differences. .

According to the literature, different studies report different numbers of ILC2 subsets in patients
with MM and MGUS, which may depend on the stage of the disease and the therapy [21-23]. In this
study, patients before HSCT are in complete or very good partial remission after therapy, and the
number of ILC2 in patients is increased compared to healthy controls (Figure 3).
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Figure 3. Relative number of different subpopulations of ILC in patients with multiple myeloma and healthy
volunteers; HC — healthy control group, MM before — MM patients before auto-HSCT, MM after - MM patients
after auto-HSCT; (a) relative number of ILC1, (b) relative number of ILC2, (c) relative number of ILC3. Data
are presented as box-and-whisker plots, with boxes extending from the 25th to the 75th percentile, with a
horizontal line at the median, while the whiskers extend to the lowest and highest data points. * Indicates a
significant difference (p <0.05). ** Indicates a significant difference (p <0.01) . *** Indicates a significant difference

(p <0.001). s Indicates no significant differences.

Moreover, in patients with MM, the relative number of ILC1 before HSCT decreases, while ILC3
does not change compared to healthy individuals. We have previously shown that the proportion of
ILC2 increases in patients with MM in complete or partial remission [21]. AutoHSCT leads to an
increase in the level of ILC1, a decrease in the proportion of ILC2, and does not affect the number of
ILC3. The relative number of different ILC subpopulations in patients after HSCT does not differ
significantly from that in healthy controls. Therefore, in patients with MM, there are differences in
the subpopulation composition before auto-HSCT with high-dose chemotherapy, but none after
high-dose chemotherapy and auto-HSCT.

3.2. Relative Number of CD5*ILC2 Before and After Auto-HSCT.

In the course of the study, we determined the content of immature CD5+ILC2 in the peripheral
blood of MM patients. As a result, it was found that the proportion of these cells among ILC2 is
approximately 5% and is almost identical in patients with MM and conditionally healthy individuals
(Figure 4).
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Figure 4. Relative number of CD5-expressing ILC2 in patients with multiple myeloma and healthy volunteers;
HC - healthy control group, MM before — MM patients before auto-HSCT, MM after - MM patients after auto-
HSCT. Data are presented as box-and-whisker plots, with boxes extending from the 25th to the 75th percentile,
with a horizontal line at the median, while the whiskers extend to the lowest and highest data points. *
Indicates a significant difference (p < 0.05). ** Indicates a significant difference (p <0.01) . » Indicates no

significant differences. .

The next step was a comparative analysis of CD5* ILC levels before and after auto-HSCT. It was
shown that the proportion of immature CD5+ ILC2 increases sharply after auto-HSCT (Figure 4) both
compared with healthy controls and with the values in patients before auto-HSCT. The increase in
immature ILCs may be aimed at replenishing the ILC pool during immune reconstitution after
recovery from leukopenia.

4. Discussion

Currently, it is known that there are 3 main types of cell-mediated effector immunity, namely
type 1, type 2 and type 3 [37]. Type 1 immunity consists of T-bet+ IFN-y—producing group 1 ILCs
(ILC1 and natural killer cells), CD8+ cytotoxic T cells (TC1), and CD4+ Thl1 cells, which protect against
intracellular microbes through activation of mononuclear phagocytes. Type 2 immunity consists of
GATA-3+ ILC2s, TC2 cells, and Th2 cells producing IL-4, IL-5, and IL-13, which induce mast cell,
basophil, and eosinophil activation, as well as IgE antibody production, thus protecting against
helminthes and venoms. Type 3 immunity is mediated by retinoic acid-related orphan receptor yt+
ILC3s, TC17 cells, and Th17 cells producing IL-17, IL-22, or both, which activate mononuclear
phagocytes but also recruit neutrophils and induce epithelial antimicrobial responses, thus protecting
against extracellular bacteria and fungi.

Traditionally, type 1 immunity is considered to be antitumor, suppressing tumor growth and
killing tumor cells by activating NK and T cells [38]. Type 2 immunity is key in tissue regeneration
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processes and has a pro-tumor effect. However, it has been established that classical type 2 immune
cytokines—IL-4, IL-5, and IL-13—may play conflicting roles in cancer development [38,39].
Moreover, type 1 cytokines, IEFNy and TNF, have also been found to have pro-tumor effects under
certain circumstances, further complicating the overall picture. Thus, T1 and T2 cytokines can either
stimulate or suppress tumor development depending on the context.

In our study, we identified elevated levels of IL-4-producing ILC2s in patients in remission

before auto-HSCT. According to published data, serum IL-4 levels were low at diagnosis in 75% of
patients with MM (median 4 pg/ml) and then increased during remission (median 25 pg/ml). IL-4
levels remained stable throughout the disease in chemotherapy-resistant patients [40]. MM patients
with IL-4 levels above 3.382 pg/ml also had higher overall survival [41], but IL-4 levels had no
prognostic significance.
After recovery from leukopenia, the ratio of ILC subsets changed: the proportion of ILC2s decreased,
and the number of ILC1s increased. No significant differences were observed between the ILC ratios
in patients with MM after HSCT and in healthy individuals. Therefore, HSCT may normalize the
ratio between different ILC subsets.

Previous studies have shown that Th2 cell cytokines like IL-4 decreased, while Th1 cell cytokines
like IFN-vy increased after auto-HSCT [42—44]. Therefore, the change in the T1/T2 balance after auto-
HSCT may be associated with a change in the ILC1/ILC2 balance. Since IFNY can inhibit the growth
and proliferation of myeloma cells, an increase in the proportion of its producers, ILC1, can enhance
the antitumor response after auto-HSCT.

However, there is evidence of possible changes in the functional activity of ILC2s in patients
with MM. In patients with MGUS and MM, ILC2s in the peripheral blood acquired cytotoxic activity
towards tumor cells, which may be associated with the differentiation of ILC2s into ILC1-like cells,
the antitumor activity of which may increase due to the polarization of the immune response towards
T1 and the acquisition of cytotoxic activity.

The mechanisms underlying changes in ILC balance during auto-HSCT are currently unknown
and require further research. It is possible that the rate of subpopulation regeneration varies, partly
due to replenishment from different sources and the different subpopulation composition of ILCs in
these organs and tissues. Alternatively, polarization toward T1 occurs deliberately due to changes in
internal factors. In this case, enhanced transdifferentiation of ILC2s into ILC1-like cells is possible,
similar in mechanism to that observed in the mouse model of allo-HSCT with ILC2 co-transplantation
[45].

We then determined the content of immature CD5* ILC2 in the peripheral blood of patients with
MM. We found that the proportion of these cells among ILC2 cells was nearly identical in both
patients with MM and healthy controls. Therefore, neither the disease itself nor previous therapy to
achieve remission affected the relative number of CD5+ ILC2 cells in the peripheral blood of patients
with MM.

One possible source of CD5'ILC2 is the thymus [34,35]. It is known that in MM, thymic atrophy
can develop, which, in turn, leads to a decrease in the formation of a number of cells in the body,
primarily various subpopulations of T-lymphocytes [46]. Such disorders entail a change in the ratio
of effector T lymphocytes and T-regulatory cells, and, as a result, a violation of the immune balance.
CD5*ILC2 does not change, which may indicate that in MM only the formation of T-lymphocytes is
impaired, while the differentiation of ILC2 is maintained at the initial level corresponding to that in
healthy individuals. Alternatively, these cells in MM are replenished from a source other than the
thymus.

The HSCT graft consists of hematopoietic stem cells and other different cells, include ILC.
Circulating in blood ILC originate from common lymphoid progenitor (CLP) cells located in the bone
marrow, as well as from mature ILC that are co-transferred with the graft during transplantation [16].
In the case of thymus-derived ILC, they will most likely be formed from lymphoid precursors
differentiated from the graft stem cell. Also, ILCs are considered tissue-resident cells that rely on local
self-renewal within tissues. However, since donor-derived ILC have been observed in non-lymphoid
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tissues after allog- HSCT, it suggests that circulating ILC, may also migrate to tissues. Conversely,
tissue-resident ILCs can enter the bloodstream. Therefore, further studies are needed to determine
the source of the increase in CD5'ILC after auto-HSCT.

It is known that CD5*LC cells are found intravascularly in the organ after transplantation, while
CD5ILC are located outside the vasculature within the organ itself [36]. Moreover, CD5'ILC vascular
CD5*CD7+ILC may perform functions similar to blood monocytes that patrol blood vessels and gain
access to tissue niches during altered organ homeostasis. This subpopulation may play an important
role in organ and tissue regeneration after high-dose chemotherapy administered before auto-HSCT.

The increase in the proportion of immature CD5+*ILC2 after HSCT may be associated, on the one
hand, with a decrease in the functional activity of the cells and, consequently, a decrease in the
intensity of the T2 immune response. On the other hand, immature ILC2 may exhibit greater
plasticity and more effectively transdifferentiate into ILC1-like cells, which exhibit cytotoxic activity
and are capable of effectively participating in the antitumor immune response.

5. Conclusions

Thus, before HSCT, patients with MM exhibit a change in the ILC population composition, with

an increased proportion of ILC2s and a decrease in ILC1s. However, no significant differences in the
relative number of immature CD5+ ILC2s cells were found in patients with multiple myeloma and
conditionally healthy donors. Autologous HSCT, in turn, results in an ILC ratio similar to that of the
control group, namely, an increased relative number of ILC1s and a decrease in ILC2s.
Also, autologous HSCT increases the proportion of immature CD5+ ILC2s in patients with MM.
Therefore, autologous HSCT in MM may, on the one hand, weaken the function of helper ILCs,
leading to a reduction in T1/T2/T17 immune responses and impaired tissue reparative processes. On
the other hand, an increased proportion of immature ILC2s may enhance ILC2 plasticity and
transdifferentiation, ncluding into cytotoxic ILC1-like cells, which may contribute to a stronger
antitumor response. Thus, the impact of autologous HSCT on the ratio of different ILC populations
and the antitumor response requires further study.
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