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The development and progression of chronic lymphocytic leukemia (CLL) depend on genetic abnormalities and on the
immunosuppressive microenvironment. We have explored the possibility that genetic drivers might be responsible for the immune
cell dysregulation that shapes the protumor microenvironment. We performed a transcriptome analysis of coding and non-coding
RNAs (ncRNAs) during leukemia progression in the Rag2~/~y.~/~ MEC1-based xenotransplantation model. The DLEU2/miR-16 locus
was found downmodulated in monocytes/macrophages of leukemic mice. To validate the role of this cluster in the tumor immune
microenvironment, we generated a mouse model that simultaneously mimics the overexpression of hTCL1 and the germline
deletion of the minimal deleted region (MDR) encoding the DLEU2/miR-15a/miR-16-1 cluster. This model provides an innovative and
faster CLL system where monocyte differentiation and macrophage polarization are exacerbated, and T-cells are dysfunctional.
MDR deletion inversely correlates with the levels of predicted target proteins including BCL2 and PD1/PD-L1 on murine CLL cells
and immune cells. The inverse correlation of miR-15a/miR-16-1 with target proteins has been confirmed on patient-derived immune
cells. Forced expression of miR-16-1 interferes with monocyte differentiation into tumor-associated macrophages, indicating that
selected ncRNAs drive the protumor phenotype of non-malignant immune cells.
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INTRODUCTION
Chronic lymphocytic leukemia (CLL) is a B-cell malignancy
characterized by the expansion of CD5" B cells. Its heterogeneous
clinical course reflects differences in the biology of the disease,
particularly chromosomal alterations [1]. The most frequent
chromosomal aberration is 13q deletion; 55% of patients with
CLL carry this deletion and have the longest survival. Besides
chromosomal aberrations, other crucial features of CLL include
recurrent mutations, microRNA (miRNA) dysregulation and micro-
environmental involvement [2, 3].

miR-15a/miR-16-1 are on the same gene cluster that maps the
human chromosome 13q14 region that encodes for several genes
highly conserved in human and mice. The minimal deleted region
(MDR) includes the DLEU2 long non-coding RNA (ncRNA), and the

miR-15a/miR-16-1 cluster. Mutations interfering with the normal
expression of miR-15a/miR-16-1 have been observed in patients
with CLL [4], as well as in the NZB strain of mice that develop a
CLL-like disease at old age [5].

To recapitulate the 13q14 deletion, a transgenic mouse model
carrying the deletion of the MDR was developed [6]. Mice with the
germline deletion of the MDR develop lymphoproliferations with low
penetrance (50% develop CLL) and have indolent disease. Overall,
the genetic inactivation of miR-15a/miR-16-1 in mice has provided
conclusive evidence of a tumor-suppressor role of these miRNAs in
CLL pathogenesis [7]. miR-15a/miR-16-1 exerts tumor-suppression
function by targeting bcl-2 oncogene on CLL cells [4, 8, 9].

BCL2 has a multifunctional role beyond oncogenesis; several
studies in murine models have reported its involvement in the

"Department of Experimental Therapeutics, The University of Texas MD Anderson Cancer Center, Houston, TX, USA. *Department of Immunology, The University of Texas MD
Anderson Cancer Center, Houston, TX, USA. 3The University of Texas MD Anderson Cancer Center, UTHealth Houston Graduate School of Biomedical Sciences, Houston, TX, USA.
“Division of Experimental Oncology, IRCCS Ospedale San Raffaele, Milan, Italy. *Department of Hematopoietic Biology and Malignancy, The University of Texas MD Anderson
Cancer Center, Houston, TX, USA. ®Department of Veterinary Medicine and Surgery, The University of Texas MD Anderson Cancer Center, Houston, TX, USA. "Department of
Genetics, The University of Texas MD Anderson Cancer Center, Houston, TX, USA. 8arches Center for Oncology Research, The Feinstein Institutes for Medical Research, Northwell
Health, Manhasset, NY, USA. ®Department of Molecular Medicine, Donald and Barbara Zucker School of Medicine at Hofstra/Northwell, Uniondale, NY, USA. '°Departments of
Medicine, Donald and Barbara Zucker School of Medicine at Hofstra/Northwell, Uniondale, NY, USA. "'Northwell Health Cancer Institute, Lake Success, NY, USA. '?Department of
Leukemia, The University of Texas MD Anderson Cancer Center, Houston, TX, USA. B cell neoplasia Unit, Division of Experimental Oncology, IRCCS Ospedale San Raffaele, Milan,
Italy. "Universita Vita-Salute San Raffaele, Milan, Italy. ®Navan Technologies, Inc, San Carlos, CA, USA. '®Department of Translational Molecular Pathology, The University of Texas
MD Anderson Cancer Center, Houston, TX, USA. '"Present address: Department of Medical Physiology, College of Medicine, Texas A&M University Health Science Center, Bryan,
TX, USA. "®Present address: Caris Life Sciences, Irving, TX, USA. ""Present address: AIRC (Associazione ltaliana per la Ricerca sul Cancro), 20123 Milan, Italy. *°These authors
contributed equally: Ronghua Zhang, Priyanka Khare. ®email: MSBertilaccio@mdanderson.org

Received: 19 June 2024 Revised: 3 September 2024 Accepted: 5 September 2024
Published online: 23 October 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-024-01142-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-024-01142-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-024-01142-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41408-024-01142-3&domain=pdf
http://orcid.org/0000-0001-7027-7978
http://orcid.org/0000-0001-7027-7978
http://orcid.org/0000-0001-7027-7978
http://orcid.org/0000-0001-7027-7978
http://orcid.org/0000-0001-7027-7978
http://orcid.org/0000-0003-1023-6650
http://orcid.org/0000-0003-1023-6650
http://orcid.org/0000-0003-1023-6650
http://orcid.org/0000-0003-1023-6650
http://orcid.org/0000-0003-1023-6650
http://orcid.org/0000-0001-6258-1750
http://orcid.org/0000-0001-6258-1750
http://orcid.org/0000-0001-6258-1750
http://orcid.org/0000-0001-6258-1750
http://orcid.org/0000-0001-6258-1750
http://orcid.org/0000-0003-3750-7342
http://orcid.org/0000-0003-3750-7342
http://orcid.org/0000-0003-3750-7342
http://orcid.org/0000-0003-3750-7342
http://orcid.org/0000-0003-3750-7342
http://orcid.org/0000-0002-7357-270X
http://orcid.org/0000-0002-7357-270X
http://orcid.org/0000-0002-7357-270X
http://orcid.org/0000-0002-7357-270X
http://orcid.org/0000-0002-7357-270X
http://orcid.org/0000-0002-3172-9166
http://orcid.org/0000-0002-3172-9166
http://orcid.org/0000-0002-3172-9166
http://orcid.org/0000-0002-3172-9166
http://orcid.org/0000-0002-3172-9166
http://orcid.org/0000-0002-7427-0578
http://orcid.org/0000-0002-7427-0578
http://orcid.org/0000-0002-7427-0578
http://orcid.org/0000-0002-7427-0578
http://orcid.org/0000-0002-7427-0578
http://orcid.org/0000-0002-2304-4618
http://orcid.org/0000-0002-2304-4618
http://orcid.org/0000-0002-2304-4618
http://orcid.org/0000-0002-2304-4618
http://orcid.org/0000-0002-2304-4618
https://doi.org/10.1038/s41408-024-01142-3
mailto:MSBertilaccio@mdanderson.org

R. Zhang et al.

development and function of the immune system [10]. T cells
begin to express BCL2 when they reach the single-positive stage,
and BCL2 over-expression enhances the survival of T cells [11, 12].
Interestingly, bcl2™'~ mice have impaired immune system
development; the loss of white pulp lymphoid tissue is the most
remarkable abnormality observed in their spleens. Both B and
T cell lineages are deleted by massive episodes of apoptosis that
occur at various ages in bcl-27/~ mice [13]. The mechanism of
regulation for the BCL2 family proteins includes several points of
transcriptional and post-transcriptional control, including tran-
scriptional regulation via transcription factors, miRNAs and
alternative splicing. It is known that the prolonged survival of
leukemic CLL cells is associated with defective apoptosis that
triggers the nuclear factor kappa B (NF-kB) and phosphoinositide
3-kinase (PI3K)/AKT pathways. These pathways are constitutively
activated in CLL and promote the overexpression of BCL2 family
proteins that have become successful targets in the treatment of
CLL with the development and approval of BCL2 targeting agents
[14] (i.e. venetoclax). Given the broad expression of BCL2, it is
known that the drug can also have an impact on the non-
malignant tumor immune microenvironment (TIME) [15].

The TIME of CLL is particularly populated by T cells, natural killer
(NK) cells, monocytes, macrophages, and myeloid-derived sup-
pressor cells (MDSCs) that provide critical survival signals to
malignant cells and suppress natural immunosurveillance [16].
Alterations of the T cell repertoire start at early stage and worsen
during disease progression with functional impairment and
exhaustion of memory T cells and expansion of CD4" regulatory
T cells. The monocyte cell count is often increased in patients with
CLL with subset skewing toward CD14" CD16" monocytes with
protumor macrophage differentiation capacity.

The molecular mechanisms responsible for the protumor
function of selected immunosuppressive cells are poorly investi-
gated, as is the impact of currently used targeted therapies on the
immune system of patients. Besides miR-15a/miR-16-1's well-
known tumor suppressor function targeting BCL2 molecule on
tumor cells [9], in mice there is evidence that BCL2-expressing
monocytes can be forced to undergo macrophage differentiation
[17]. In addition, it is known that miR-16-1 regulates macrophage
pro-tumor polarization through the critical immune suppressor
PD-L1 [18].

The purpose of this study was to investigate the molecular
profile and immunophenotype of human and mouse immune
cells exposed to CLL cells and to investigate genetic drivers of
protumor immune dysregulation. We focused on the DLEU2/miR-
15a/miR-16-1 cluster and its target proteins. Our results are the
first to demonstrate in mouse models and patients with CLL the
involvement of this gene cluster in the protumor function of non-
malignant immune cells.

MATERIALS AND METHODS

Primary Cells

Human primary samples were obtained from patients with CLL (all Rai
stages) referred to the Leukemia Department at The University of Texas
MD Anderson Cancer Center with the approval of MD Anderson’s
Institutional Review Board (protocol LAB04-0678; NCT02756897 phase 2
trial [15]) and, in accordance with the Declaration of Helsinki. Written
informed consent was obtained from the donors. The clinical and
biological features of the patients analyzed are described in Tables
S1 and S2. All the patients were either untreated or OFF therapy for at least
8 months before the beginning of the study. Frozen human peripheral
blood mononuclear cells (PBMCs) from healthy donors (50-59 years old, 3
females and 3 males) were purchased from STEMCELL Technologies
(Vancouver, Canada).

Mice
All mice were housed and bred in specific pathogen-free animal facilities at
IRCCS San Raffaele Hospital and MD Anderson Cancer Center. Depending
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on the animal experiment, mice were treated in accordance with European
Union guidelines and with the approval of the IRCCS San Raffaele
Hospital's Institutional Ethical Committee (protocols 601 and 726) or with
the approval of the Institutional Animal Care and Use Committee of MD
Anderson Cancer Center (protocol 00001627-RN02) and conducted in
accordance with the Animal Welfare Act, the Guide for the Care and Use of
Laboratory Animals, and the Public Health Service (PHS) Policy. For detailed
information on immunocompetent mice and related genotype, xenograft
and TCL1-related transplantation studies see the Supplementary Materials
and Methods.

Gene expression profiling analysis

hCD19 cells from murine bone marrow (BM) of RagZ’/’yc’/’ mice xeno-
transplanted with MEC1 cells were secondarily enriched for monocytes/
macrophages by depletion of T, NK, dendritic cells, progenitors,
granulocytes and red blood cells using the Easysep negative selection
monocyte enrichment kit on an EasySep Magnet (STEMCELL Technologies,
Vancouver, Canada), following the manufacturer's instructions. RNA
extraction was performed using a RNeasy Mini Kit (QIAGEN, Hilden,
Germany). For detailed microarray procedures and analysis, see the
Supplementary Materials and Methods.

Murine cell preparations and flow cytometry

Peripheral blood (PB), spleen (SP), and femurs were collected from mice,
and cells were isolated. Erythrocytes from bone marrow (BM), SP and PB
samples were lysed by incubation in ammonium chloride solution (ACK)
lysis buffer (NH4Cl 0.15 M, KHCO; 10 mM, Na,/ethylenediaminetetraacetic
acid 0.1 mM, pH 7.2-7.4) for 5 min at room temperature. After blocking of
fragment crystallizable (Fc) receptors with Fc block (BD Biosciences, San
Jose, CA, USA) for 10 min at room temperature, cells from PB, BM and SP
were stained with the antibodies (15 min. at 4 °C) listed in Supplementary
Tables S3-4. Cells were analyzed with a BD LSRFortessa X-20 flow
cytometer and data analyzed with FCS Express 6 Flow-Cytometry software.
Absolute cell numbers were obtained by multiplying the percentage of the
cells by the total number of splenocytes, mesenteric lymph nodes,
peritoneal cells, and BM cells flushed from 1 femur and tibiae.

Reverse-phase protein array (RPPA) assay

Functional proteomics reverse phase protein array (RPPA) was performed
at the Functional Proteomics Reverse Phase Protein Array Core Facility at
MD Anderson. Details are described in the Supplementary Materials and
Methods.

Human cell flow cytometry and cell sorting

After blood withdrawal, flow cytometry phenotype analysis and
fluorescence-activated cell sorting of human live myeloid cells and of
human live lymphoid cells were performed using LSRFortessa X-20 and BD
FACS Aria Il (BD Biosciences) instruments, respectively. Flow cytometry
data were analyzed with FCS Express 6 Flow Cytometry software.
Methodologies and antibodies are described in the Supplementary
Materials and Methods and Tables S5-7.

Statistical analysis

The statistical analysis of the data was performed using the GraphPad
Prism 9.0 Software. For detailed description of statistical analysis, including
microarray and RPPA analysis, see the Supplementary Materials and
Methods.

RESULTS

Transcriptome analysis of myeloid cells exposed to leukemic
cells in a CLL-xenograft system

Immune cells of the myeloid lineage and CLL cells support each
other during leukemia progression and dissemination [19]. We
have investigated the molecular interactions supporting this cell-
cell interdependence with a special focus on ncRNAs, whose role
in non-malignant immune cells is largely unknown.

We used a mouse Affymetrix Clariom D assay and Transcrip-
tome Analysis Console (TAC) 3.0 software to perform a broad
transcriptome-gene- and exon-level analysis of coding and ncRNA
isoforms in different stages of leukemia (day 21, early stage; day
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31, late stage leukemia) in Rag2~'"y.~/~ mice xeno-transplanted
with MEC1 cells (Fig. S1A). As shown in Fig. S1B, we found a
significant enrichment of both upregulated and downregulated
ncRNAs. MiRNAs miR-511-3p, miR-181c, miR-9-2 and the long
ncRNAs (IncRNAs) HOX transcript antisense RNA 4 (HOTAIR 4) and
HOX antisense intergenic RNA myeloid 1 (HOTAIRM1) were found
upregulated in murine myeloid cells during leukemia progression
(Table S8). ROCK2, a direct target of miR-511-3p [20], and DLEU2/
miR-16-1, which are on the same gene cluster that maps the
human chromosome 13g74 region, were found downmodulated
in murine myeloid cells during leukemia progression (Table S9).
Although the deletion of 13q74 is the most frequent genetic lesion
in CLL cells, miR-15a/miR-16-1-mediated regulation of non-
malignant myeloid cells has not been characterized. The MDR
includes the first exon of the DLEUT ncRNA, the deleted in
leukemia (DLEU) 2 gene, encoding for a primary transcript, and the
miR-15a/miR-16-1 cluster, which is located in an intron of DLEU2.
We previously reported that DLEUZ2 transcript is downregulated in
myeloid cells isolated from the BM of MEC1-xenotransplanted
mice at early stage of leukemia development compared with
myeloid cells from age-matched, wild-type (WT), untransplanted
mice [19]. Other groups have found that miR-16-1 regulates
macrophage protumor activation and polarization through the
critical immune suppressor molecule PD-L1 [18, 21]. Recent
findings have also demonstrated that myeloid cells are required
for PD1/PD-L1 checkpoint activation [22] and that PD-L1 expres-
sion can be induced in protumor and immunosuppressive cell
types of the myeloid lineage [23].

Our findings corroborate the hypothesis that DLEU2/miR-15a/
miR-16-1 has a role in the protumor function of myeloid cells
during leukemia progression.

The TCL1""MDR /" mouse model of CLL

We used the mice with the germline deletion of the MDR
(MDR™/7) [6] to further explore the hypothesis that DLEU2/miR-
15a/miR-16-1 affects the protumor function of non-malignant
myeloid and lymphoid cells during leukemia progression.
MDR~/~ mice were crossed with Eu-TCL1 transgenic (tg) mice
[24]. TCL1™/~, TCL1™~"MDR™/~ (TM), MDR™’~ and WT mice
were developed, and we first analyzed their survival. The MDR
deletion significantly shortened the life spans of the mice
(Fig. 1A), thus offering a more rapid and reliable model of CLL
development. We then characterized 4- and 9-month-old
TCL1™~, TCL1*"MDR™'~, MDR™/~ and WT mice (n=6-10
mice/group). By using multi-color flow cytometry, we have
analyzed the accumulation of CD191CD5" leukemic cells and
key molecules (e.g., BCL2) potentially involved in the miR-15a/
miR-16-1-mediated control of cell proliferation and differentia-
tion. An increase of CD197CD5" leukemic cells in the spleen
(SP) of 4-month-old TCL1"/~"MDR ™/~ mice correlated with the
upregulation of BCL2 (Fig. 1B, C). The splenic CD197CD5"
leukemic expansion and BCL2 upregulation were exacerbated
in 9-month-old TCL1™~MDR™’~ mice (Fig. 1D, E). The same
trend was observed in the peripheral blood (PB) and bone
marrow (BM), but it did not reach statistical significance due to
the heterogeneity of the mice (Fig. S2A-H).

To examine the proteomic profile of the leukemic cells
purified from the spleen of leukemic TCL1"~"MDR™/~ mice
compared to TCL1™~ and to MDR™/~ mice, we used the RPPA
high-throughput technology (Fig. 1F-H). We found that several
components of the BCR and PI3K/AKT signaling pathways (e.g.,
PKCa, Lyn, ERK1/2, JNK2) [25] were upregulated in the TCL1"~
compared with the MDR™/~ mice (Fig. 1F). The same sifqnaling
pathways were found activated in the TCL1"/~"MDR™/~ mice
compared to MDR™’™ mice including the downstream upre-
gulation of the anti-apoptotic protein MCL1, a well-known
target of miR-15a/miR-16-1 [9] (Fig. 1G). Of note, serum- and
glucocorticoid-inducible protein kinase 3 (SGK3) was
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upregulated in the splenic CLL cells of TCL1™/~"MDR™/~ mice
compared with TCL1™~ and MDR™~ mice (Fig. 1G, H). SGK3,
also known as cytokine-independent survival kinase, is a well-
known downstream mediator of PI3K oncogenic signaling in
various cancers, including breast cancer and ovarian cancer
[26, 27]. SGK3 is involved in cell proliferation, growth, survival,
and migration and is considered an intriguing target for
anticancer drug development [28, 29].

Overall, we have generated a faster CLL mouse model with two
known pro-tumorigenic genes, the hTCL1 oncogene and the MDR
tumor-suppressor, in the context of a murine immunocompetent
microenvironment.

Characterization of the immune cells in the TCL1™"MDR ™/~
mouse model

To investigate the involvement of miR-15a/miR-16-1 in the
protumor function of myeloid and lymphoid non-malignant cells
in the leukemic microenvironment during leukemia progression,
we examined the lymphoid and myeloid cell populations including
lymphocytes, monocytes, macrophages, and monocytic-myeloid
derived suppressor cells (M-MDSCs) in the circulation and
lymphoid tissues of TCL1™/"MDR™~ and age-matched control
mice. We analyzed key molecules potentially involved in the miR-
16-1-mediated control of myeloid cell proliferation and differentia-
tion (e.g, BCL2 and checkpoint molecules PD-1 and PD-L1) in
4- and 9-month-old mice. In the spleen of 4-month-old mice, we
observed an altered composition of the T lymphocyte population
and of the CD4:CD8 T cell ratio (Fig. 2A) and found a significant
increase of the whole pool of CD8" T cells and of CD8" and CD4™
memory T cells expressing BCL2 in TCL1™~"MDR™~ and MDR™/~
mice compared with TCL1™~ and WT mice (Fig. 2B-E). Further-
more, we found high numbers of PD1" CD4" effector memory
(Tem) T cells (Fig. 2F) and an increase of potentially regulatory CD4"
CD25" T cells expressing BCL2 in TCL1™~MDR™~ compared with
TCL1™™ mice (Fig. 2G, H). This aberrant T cell composition was
associated with the significant increase of Ly6C'®" monocytes in
the circulation, BM, and SP of the 4-month old TCL1*/“MDR /"~
mice (Fig. 3A-G). Ly6C'®" monocytes differentiate into protumor-
associated macrophages (TAMs) [30]. Of note, in the SP, we found
high frequency of protumor TAMs expressing MRC1, BCL2 and PD-
L1 (Fig. 3H-J). These findings demonstrate that the deletion of the
DLEU2/miR-15a/miR-16-1 cluster impacts the myeloid and lym-
phoid cell compartment at early stage of leukemia development.

In 9-month-old mice, we confirmed an altered CD4:CD8 T-cell
ratio in the circulation of TCL1™/"MDR™’~ and MDR™/~ mice
with a significant increase of CD8" effector memory Tgy cells
and of CD8™ central memory Tcy expressing PD-1 in the SP
(Fig. 4A-D). A small cohort of 27-month-old MDR™/~ was
included in the study to rule out the possibility of age-related
effects in the mice with the germline deletion.

In addition, an increase in CD197CD5" leukemic cells was
associated with an increased number of BCL2-expressing
monocytes in the (PB), BM and SP (Fig. 5A-F); increased
numbers of PD-L1 expressing monocytes in the PB and BM
(Fig. 5G, H); and an increased percentage of protumor F4/80"
MRC1* macrophages in the PB (Fig. 5, J) and SP (Fig. S3).

To finally demonstrate the cell-autonomous, pro-leukemic
activity of monocytes from 13g74 MDR™’~ mice, we used a
TCL1 tg transplantation system where we transplanted
leukemic cells obtained from the SP of an Eu-TCL1 tg mouse
into syngeneic, immunocompetent recipients. At day 84 post-
transplantation, mice were injected intravenously (i.v.) with
monocytes purified from the BM of MDR™'~ mice. Seven days
later, they were killed. As shown in Fig. 6A-F, a significantly
higher frequency of CD19" CD5™" leukemic cells was observed
in the spleen of mice adoptively transferred with MDR™/~-
derived monocytes that was accompanied by an increased
spleen weight.

SPRINGER NATURE



R. Zhang et al.

miR-15a/ miR-16-1 in CLL patient-derived immune cells

To validate the molecular and functional information gathered
from mouse models in human samples, we evaluated miR-15a/
miR-16-1 expression in human immune cells, including CD19" B
cells, CD8" effector and central memory T cells (Tgy and Tew),
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Fig. 1 Premature CLL-like expansion and shorter life span in TCL1 transgenic mice with MDR deletion. A Kaplan-Meier survival curves for
TCL1~ (n=51), TCL1™/"MDR™~ (TM; n=20), MDR™/~(n = 18) and wild-type (WT; n=17) mice. A statistical analysis of the groups was
performed using the log-rank test (median survival: 10 months for TM, 13 months for TCL1™~, 17 months for MDR™'~, 24 months for WT
mice). Mice were included in the analysis after spontaneous death or after they had been killed because of symptoms of iliness. B, C Using
flow cytometry, 4-month-old TM mice (n = 7), age-matched TCL1*/~ (n = 6), MDR ™/~ (n = 6) and WT control (n = 6) mice were analyzed for the
accumulation of CD19" CD5" B cells in the spleen. B The mean values * the standard deviations (SDs) of the absolute numbers of CD19"
CD5™ cells gated on CD19" cells and (C) the mean values + SDs of the absolute numbers of CD19" BCL2™" cells gated on CD19" CD5™ cells are
shown in the graphs. A statistical analysis was performed using the Student t test *P < 0.05, **P < 0.01. D, E Using flow cytometry, 9-month-old
TM (n =9), age-matched TCL1*~ (n = 10), MDR™~ (n = 10), WT control (n = 7) mice and, 27-month-old MDR™~ (n = 3) were analyzed for the
accumulation of CD19" CD5" B cells in the spleen. D The mean values + SDs of the absolute numbers of CD19" CD5™ cells gated on CD197
cells and (E) the mean values + SDs of the absolute numbers of CD19" BCL2" cells gated on CD19" CD5* cells are shown in the graphs. A
statistical analysis was performed using the Student’s t test *P < 0.05, **P < 0.01. F-H B cells were purified from the spleen of 9-month-old TM,
TCL1*~ and MDR™/~ mice using magnetic negative selection. Lysates were processed for the reverse phase protein Array (RPPA). The
heatmaps of unsupervised hierarchical clustering display differentially expressed proteins between (F) leukemic cells from TCL1™~ (n = 3) and
MDR™~ (n=#6) mice, (G) leukemic cells from TM (n=3) and MDR ™~ (n =6) mice, and (H) leukemic cells from TM (n=3) and TCL1"/~

(n = 3) mice.
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Fig.2 Characterization of the T-cell compartment of young TCL1 transgenic mice with MDR deletion. A-H The splenic T-cell compartment
of 4-month-old TCL1*/"MDR™/~ (TM; n=7), age-matched TCL1*"(n=6), MDR™/~ (n=6), and wild-type (WT) control (n=6) mice was
analyzed using flow cytometry. A The mean values + the standard deviations (SD) of the absolute numbers of CD4" and CD8* T cells, (B) the
mean values + SD of the absolute numbers of CD44~CD62L" naive, CD44*CD62L'°"/"9 effector and CD447CD62L" central memory CD8™
T cells and, (C) the mean value + SDs of the absolute numbers of CD44 CD62L" naive, CD44"CD62L'°"/"9 effector and CD44CD62L" central
memory CD8" T cells expressing BCL2 are shown in graphs. D The mean value + SDs of the absolute numbers of CD44 CD62L" naive,
CD44+CD62L'°"/"9 effector and CD44"CD62L* central memory CD4" T cells, (E) the mean value+SD of the absolute number of
CD44 CD62L" naive, CD44"CD62L'"/"*9 effector and CD44 "CD62L " central memory CD4 " T cells expressing BCL2 or (F) PD1 are shown in
graphs. G The mean value + SD of the absolute number of CD4"CD25" T cells and (H) CD4"CD25"BCL2" T cells are shown in graphs. A
statistical analysis was performed using the Student’s t test *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3 Characterization of the monocytes and macrophages of young TCL1 transgenic mice with MDR deletion. A-H Monocytes and
macrophages of 4-month-old TCL1*~MDR~/~ (TM; n=7), age-matched TCL1*~(n=6), MDR™'~ (n=6) and WT control (n=6) mice were
analyzed using flow cytometry. A The mean value of the relative contributions of CD11b* CSF1R™ cells gated on CD45 in peripheral blood (PB) is
shown in the graph. B The mean values of the absolute numbers of CD11b" CSF1R" cells gated on CD45 in BM and (C) SP are shown in the
graphs. D The mean values of the absolute numbers of CD11b™ CSFIR* BCL2" monocytes is shown in graph. E The mean value of the relative
contributions of CD11b™ Ly6C'®" and CD11b™ Ly6C"'9" cells to the whole monocyte subset (CD11b™ CSFTRY) gated on CD45™ in the PB is shown
in the graph. F The mean values of the absolute numbers of CD11b* Ly6C'®™ and CD11b* Ly6C"9" cells to the whole monocyte subset (CD11b™
CSF1R™) gated on CD45" in the BM and (G) SP are shown in the graphs. H The mean values of the absolute numbers of CD11b™ F4/80" cells
gated on CD45™ in the SP is shown in the graph. | The mean values of the absolute number of CD11b™ F4/80" MRC1™ cells, (J) CD11b™" F4/80™
BCL2" and CD11b" F4/80" PD-L1" gated on CD45" in the SP are shown in the graphs. A statistical analysis was performed using the Student’s
t test *P < 0.05.

monocyte subsets separated from fresh PBMCs of a cohort of with healthy donor controls (Fig. 7E, F). As expected, in patients
7 patient samples from MDACC (cohort 1, patients 1-7; Table S1). with CLL, the majority of cells expressing BCL2 were B cells
Finally, as frozen samples became available, we retrospectively (Fig. 7D).
analyzed, together with miRNAs, the levels of human BCL2/PD1/ To mechanistically evaluate the involvement of miR-15a/miR-
PD-L1 target proteins on immune cells from patients with CLL and 16-1 in the differentiation of monocytes into macrophages and
compared them with the levels in age-matched, healthy donor ultimately their protumor immunophenotype, we established a
controls (n=6; Fig. 7B-F; Fig. S4B). This set of patient samples patient-derived xenograft (PDX) system in the humanized MISTRG
includes sub-cohort 1A within cohort 1 (Table S1, patients 1,2,3) mice. This strain particularly facilitates the engraftment of human
and 3 patients enrolled into the investigator-initiated phase 2 trial innate immune cells including monocytes [31]. When adoptively
NCT02756897 [15] with BTK inhibitor ibrutinib (IBT) and the BCL2 transferred into MISTRG mice, patient-derived monocyte subsets
inhibitor venetoclax (Ven) (Table S1, patients 51, 52, 68). The and M-MDSCs differentiate in vivo into tumor-associated macro-
immune cell composition of patients treated with IBT/Ven was phages (Fig. S6). We exploited the NanoStraw technology [32, 33]
longitudinally investigated in a larger cohort of patients, including to transfect patient derived monocytes and M-MDSCs (Fig. S7)
the 3 patients mentioned in regard to Fig. 7, and is described in with either miR-16-1 or miR-15a mimics. When we forced the
Fig. S5A-I. Low levels of miR-15a/miR-16-1 and high levels of BCL2 expression of miR-16-1 on a pool of monocytes and M-MDSCs
protein have been observed in B cells and immune cells from from 3 patients with CLL (Table S2, patients 413, 680, 915) and we
patients with CLL and from healthy donor controls (Fig. 7B-D, Fig. analyzed macrophages in MISTRG mice (Figs. S8-59, 7G-J), we
S4B), while increasing levels of PD1/PD-L1 checkpoint molecules found a downregulation of BCL2/PD-L1 related target proteins
were observed in immune cells from patients with CLL compared together with a downmodulation of TAM protumor markers
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Fig. 4 Characterization of the T cell compartment of leukemic TCL1 transgenic mice with MDR deletion. A-D The splenic T-cell
compartment of 9-month-old TCL1*“MDR™/~ (TM; n = 9), age-matched TCL1*/~ (n = 10), MDR™’~ (n = 10), WT control (n = 7) mice and 27-
month-old MDR ™/~ (n = 3) was analyzed using flow cytometry. A The relative contributions + SD of the of the CD4" and CD8" T cells in the PB,
(B) the mean values + SDs of the absolute numbers of CD4" and CD8" T cells in the SP, (C) the mean values + SDs of the absolute numbers of
CD44'CD62L™ naive, CD44+CD62L'°"/"9 effector and CD44+CD62L™" central memory CD8* T cells and, (D) the mean values + SDs of the
absolute numbers of CD44~CD62L™" naive, CD44"CD62L'°"/"%9 effector and CD44"CD62L™ central memory CD8™ T cells expressing PD1 are
shown in the graphs. A statistical analysis was performed using the Student’s t test *P < 0.05, **P < 0.01, ***P < 0.001.

including CD163 and CD206 (Fig. 7I, J). This regulation on
macrophages was not induced by the forced expression of
miR-15a (Fig. S10).

Overall, our findings confirmed the previous evidence on
miR-15a/miR-16-1 on B and T cells, and our study was the first
to investigate the role of miR-15a/miR-16-1 cluster on human
monocyte subsets, M-MDSCs and macrophages. We demonstrated
that human monocyte subsets and M-MDSCs have low expression
levels of miR-15a/miR-16-1 and express BCL2 and PD-L1. We
ultimately demonstrated that forced expression of miR-16-1
mitigates the protumor immunophenotype of monocyte-derived
macrophages.

DISCUSSION
The tumor-suppressor role of DLEU2/miR-15a/miR-16-1 locus has
been extensively characterized on leukemic cells [6, 9].

In this study, we demonstrated that DLEU2/miR-15a/miR-16-1
and its target proteins are involved in a wide molecular program
of the non-malignant immune system that is exacerbated during
leukemia development, progression, and dissemination.

Several studies have documented a variety of ncRNA molecular
signatures in the mouse immune system [34].

Our transcriptome analysis of coding and ncRNAs performed on
murine monocytes and macrophages at different stages of
leukemia in Rag2™"y. '~ xeno-transplanted mice showed an
enrichment of several miRNAs and IncRNAs involved in normal

Blood Cancer Journal (2024)14:168

and malignant hematopoiesis. We found differential expression
of miR-511-3p, miR-181c and miR-9-2 on myeloid cells. These
miRNAs modulate macrophage activation and function in solid
tumors [35].

DLEU2 and miR-16-1 were found downmodulated on myeloid
cells. This evidence supported our hypothesis that the MDR locus
has a role in the protumor function of myeloid cells during
leukemia progression, and the results obtained in the
TCL1~MDR™'~ mouse model further supported our hypothesis.
In patients with CLL, we found that miR-16-1 drives the protumor
phenotype of monocyte-derived macrophages.

Although 73q74 deletion is the most frequent genetic lesion in
CLL cells, occurring in more than 50% of cases, a mouse model
recapitulating the 13g74 deletion with optimal disease penetrance
and latency for translational studies was lacking. We developed
the TCL1™"MDR™~ mouse model characterized by the 1314
deletion, and overexpression of the hTCL1 gene, present in the
vast majority of human CLL cases. Of note, in patients with CLL
either somatic or germline mutations of miR16-1 have been
reported [4] and the MDR™~ mouse model recapitulating the
germline 13g14 deletion, allowed to investigate its impact on the
biology of cells of both the lymphoid and myeloid lineage.

The peculiar TIME observed in the TM mouse model recalls
crucial features of immune dysfunction observed in patients with
CLL. Perturbation of the innate and adaptive immune system is
observed in almost all the patients from the time of diagnosis
[36, 37]. Alterations in T-cell populations start in early-stage and
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worsen during disease progression with initial increase of the
absolute CD4" and CD8™" T cell count, followed by reduction of
the CD4":CD8" T cell ratio, functional impairment of T-cell
cytotoxic activity and immune synapse formation, exhaustion
features and expansion of CD4" FoxP3™ regulatory T cells (Treo).

The monocyte cell count is often increased in patients with CLL
and skews toward CD147CD16% Non-Classical and Intermediate
monocytes with immunosuppressive properties and protumor,
M2-like  macrophage differentiation capacity [38]. The
TCL1*~"MDR ™/~ mice closely recapitulate some of these features,
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Fig. 5 Characterization of monocytes and macrophages of leukemic TCL1 transgenic mice with MDR deletion. A-H The monocytes and
macrophages of 9-month-old TCL1™"MDR ™~ (TM; n = 9), age-matched TCL1™~ (n = 10), MDR ™/~ (n = 10), WT control (n = 7) mice and 27-
month-old MDR™~ (n = 3) were analyzed using flow cytometry. A The mean values + SDs of the relative contributions of CD11b™ CSF1R™ cells
gated on CD45 in PB is shown in the graph. B The mean values + SDs of the absolute numbers of CD11b™ CSF1R™ cells gated on CD45 in BM
and (C) SP are shown in the graphs. D The mean values + SDs of relative contributions of CD11b* CSF1R" BCL2" monocytes in PB is shown in
the graph. E The mean values + SDs of the absolute numbers of CD11b* CSF1RT BCL2" monocytes in BM and (F) SP are shown in the graphs.
G The mean values + SDs of relative contributions of CD11b™ CSF1RT PDL1" monocytes in PB is shown in the graph. H The mean values + SDs
of the absolute numbers of CD11b™ CSF1R™ PDL1" monocytes in BM is shown in the graph. | The mean values+ SDs of the relative
contributions of CD11b™ F4/80" cells gated on CD45™ in the PB is shown in the graph. J The mean values + SDs of the relative contributions of
CD11b" F4/80" MRC1™ cells gated on CD45™" in the PB is shown in the graph. A statistical analysis was performed using the Student’s t test
;P <0.05, **P <0.01, ***P<0.001.
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Fig. 6 Pro-tumor function of monocytes and macrophages from MDR /~ mice in the TCLT transgenic transplantation system. A C57BL/6
mice intraperitoneally (i.p.) transplanted with leukemic B cells from a Eu-TCL1 transgenic mouse donor, were left untreated (n = 3, red squares)
or adoptively transferred (AT, day +84) with monocytes/macrophages purified from the BM of MDR™'~ mice (n = 3, empty red squares). Mice
were killed on day 91 and were analyzed using flow cytometry. B The mean values + SD of the relative contributions of CD19" CD5" cells to
the whole B cell pool at day 84 and (C) day 91 in the PB of mice are shown in the graphs. D The mean values + SDs of the absolute number of
CD19" CD5™ cells gated on CD19" in BM and (E) SP are shown in the graphs. F The spleen weights of untreated and adoptively transferred
mice are shown in the graph. A statistical analysis was performed using the Student’s t test *P < 0.05.

including the CD4:CD8 T cell ratio abnormality, T-cell exhaustion,
monocyte populations more committed to macrophage differ-
entiation, and exaggerated protumor and cell-autonomous
macrophage phenotype. This evidence supports the need for
further studies profiling the ncRNA signatures of the immune cells
in patients with CLL.

The BCL2 upregulation we observed on leukemic cells and
immune cells in the TCL1Y"MDR™~ mice confirmed previous
data demonstrating in patients with CLL that miR-15a/miR-16-1
exerts its tumor-suppression function by targeting BCL2 [4, 9, 28].

BCL2 was found expressed on immune cells from either patients
with CLL and 50 to 60-year-old healthy donors thus confirming the
role of BCL2 molecule in the development and function of the

Blood Cancer Journal (2024)14:168

whole immune system [10]. The low expression level of miR-15a/
miR-16-1 that we found on immune cells from both patients with
CLL and age-matched healthy donors might be due to complete
different mechanisms and should be further investigated.

First, low expression level of miR-15a/miR-16-1 in immune cells
might be an age-related phenomenon like that observed in aged
wild-type NZB mice where a point mutation in the 3'-flanking
sequence of Mirn16-1 results in decreased levels of miR-16 in
lymphoid tissues [5]. It is unexplored the status of miR-15a/miR-16-
1 cluster in the immune cells of < 40-year-old healthy donors.

Second, DLEU2 is poorly investigated, and it might have an
immune-related role. It encodes a IncRNA (1.0-1.8 kb) that targets
several miRNAs, and it might be a crucial regulator of immune
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10

cells from patients with CLL compared with healthy donors. The
initial identified transcript was thought to be a tumor suppressor
IncRNA through negative regulation of cell cycle progression [39].
A certain alternative transcript of DLEU2 has been shown to
facilitate cell cycle transition through modulation of expression of
angiotensin |- converting enzyme 2 (ACE2) and cyclin D1 [40].

Overall, studies on cancer cell lines and mouse models assessed
the effects of DLEU2 overexpression or silencing on tumor
progression [41]. Its impact on immune cells of the lymphoid
and myeloid lineage should be also investigated.

In conclusion our study indicates that DLEU2/miR-15a/miR-16-1
and its target proteins are responsible for the dysregulation of
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Fig. 7 Characterization of miR-16-1 and related target proteins in human immune cells. A, B The relative quantification values were
calculated as miR-16-1 expression relative to U6 control. (A) miR-16-1 expression in human CD19" B cells, effector memory hCD8"
CD45RA " CD45RO'CD62L ™ Tem, central memory hCD8" CD45RA'CD45ROTCD62L" Ty, CD4TCD251CD127"°"~ Tregs, CD14" CD16" " non-
classical, CD14** CD16" intermediate and CD14*+ CD16™ classical monocytes and CD14 HLADR'®"/~ M-MDSCs, separated from fresh PBMCs
of CLL patients (n =7, patients 1-7, Table S1) using fluorescence-activated cell sorting is shown in the graph. B Frozen PBMCs obtained from
healthy donors (n=6) and patients with CLL (n =6, patients 1, 2, 3, 51, 52, 68) were plated for 2 h in a 6-well plate at 6 x 10°/1.8 mL after
thawing and were then stained for fluorescence activated cell sorting (FACS). Patients 51, 52, 68 were enrolled into trial with ibrutinib (IBT) and
venetoclax (Ven) after this study, and are indicated as pre-treatment. miR-16-1 expression in human CD19" B cells, effector memory hCD8"
CD45RA"CD45RO'CD62L™ Tgy, central memory hCD8" CD45RA CD45ROTCD62L" Ty, CD4TCD257CD127'°% ™ Tres, CD14T CD16™" non-
classical (NC), CD14** CD16™ intermediate () and CD14*+ CD16™ classical (C) monocytes and CD14"HLADR'®"/~ M-MDSCs, separated from
PBMCs of healthy donors and patients with CLL is shown in graph. C-F Frozen PBMCs obtained from healthy donors (n = 6) and patients with
CLL (n =6, patients 1, 2, 3, 51, 52, 68) were plated for 2 h in a 6-well plate at 6 x 10°/1.8 mL after thawing and were then stained and analyzed
for the expression of BCL2, PD1 and PD-L1 on CD19" B cells, effector memory hCD8% CD45RA'CD45RO"CD62L ™ Tgy, central memory hCD8™
CD45RA"CD45RO'CD62LY Ty, CD4TCD257CD127'°"~ Tregs, CD14" CD16"" non-classical, CD14"" CD16" intermediate and CD14" "
CD16~ classical monocytes and CD14"HLADR'"/~ M-MDSCs using flow cytometry. C The mean values + SDs of the relative contributions of
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