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Abstract

Background Multiple myeloma (MM), a plasma cell malignancy, remains incurable and is highly prone to relapse.
Immunosuppressive cells in the bone marrow environment inhibit endogenous T-lymphocytes activity and reduce
the efficacy immunotherapies. Abnormal bone marrow monocytes in MM have been associated with inferior out-
comes. This study explored the mechanism of T-lymphocytes suppression by bone marrow CD14" monocytes in MM.

Methods Single-cell RNA sequence data (GSE124310) derived from MM samples were analyzed. CD14" monocytes
from the bone marrow of patients with newly-diagnosed MM were detected, and RNA sequencing was performed.
Interactions between CD14* monocytes and T-lymphocytes, as along with the corresponding downstream signaling
mechanism, were assessed through in vitro and in vivo experiments.

Results The alterations in MHC Il signaling related to outgoing interaction were decreased in CD14 4+ monocytes
from patients with MM. Abnormal numbers, defective antigen presentation, and downregulated surface co-stim-
ulatory molecules in bone marrow CD14* monocytes were also observed. RNA sequencing identified upregulated
expression of Unc-51 like autophagy activating kinase 2 (ULK2) in these monocytes, a protein involved in the antigen
processing and presentation pathway. CD14* monocytes from patients with NDMM suppressed T-lymphocyte activ-
ity, and treatment of CD14* monocytes with a ULK1/ULK2 inhibitor alleviated this suppression. MM xenograft model
showed that CD14" monocytes high-expressing ULK2 suppressed T-lymphocytes and promoted tumor growth.

Conclusion We demonstrated that CD14" monocytes from MM can disrupt the delivery of antigenic peptides
through the antigen processing and presentation pathway. This disruption affects T-lymphocytes activity and attenu-
ates their ability to kill malignant cells and secrete cytokines. These findings lay the foundation for understanding

the immuno-suppressive environment in MM, improving the efficacy of immunotherapy based on T-lymphocytes,
and developing new therapeutic targets.
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Introduction

Multiple myeloma (MM) is the second most common
hematological neoplasm. MM is incurable, and almost
all patients experience relapse or become refractory [1].
The compromised bone marrow environment in MM is
closely related to reduced response to therapy, chemo-
therapy resistance, and disease progression [2]. Insuf-
ficient antibody production, uncontrollable T and NK
lymphocyte compartments, dysfunctional antigen pro-
cessing and presentation, upregulated inhibitory ligands
(such as PD-L1), and recruited immunosuppressive cells
(such as regulatory T cells and myeloid-derived suppres-
sor cells) are some of the features of immune escape in
MM [3]. Maura et al. [4] found that the baseline pro-
portion of NK cells, a higher baseline diversity of T-cell
receptors, the disappearance of sustained immune acti-
vation, and durable monocyte expansion predicted the
prognosis and remission depth in patients with newly-
diagnosed MM (NDMM) treated with anti-CD38 anti-
bodies-based immunotherapy regimens. Botta et al. [5]
indicated that multiple immune checkpoint factors such
as PD-1, LAG3, and TIGIT were expressed in large T-cell
clones from MM, serving as predictors for the response
to lenalidomide-based treatment. Friedrich et al. [6]
revealed that the response of patients with MM receiving
B-cell maturation antigen (BCMA) bispecific antibod-
ies was associated with loss of target cell antigens and of
MHC class I, as well as an increase in exhausted CD8*
T lymphocyte clones in the bone marrow environment.
Dhodapkar et al. [7] reported that the lower diversity of
the T-cell receptor repertoire, exhaustion of endogenous
marrow T-lymphocytes, and the presence of immune-
suppressive myeloid cells affected the long-term response
following Chimeric Antigen Receptor T-cell Immuno-
therapy (CART) in MM. The deficiency, dysfunction,
exhaustion, and senescence of T-lymphocytes that occur
in MM are key factors in the disruption of the immune
system [8], and this partially limits the potential applica-
tion and efficacy of novel immunotherapeutic modali-
ties. In summary, improving T-lymphocyte status in MM
is essential for enhancing the depth and duration of the
therapeutic response.

Numerous studies have indicated that myeloid cells
promote, support, and maintain cancer cell growth by
interacting with tumor cells, altering T-lymphocyte com-
position and activity, and manipulating stromal archi-
tecture [9]. Moreover, monocytes serve as the primary
source of macrophages and dendritic cells, contributing
to immune escape by differentiating into immune regu-
latory cells within the tumor environment [10]. Bone
marrow CD14* monocytes in patients with MM are asso-
ciated with a short progression-free and overall survival
[11]. Malignant plasma cells from patients with relapsed/
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refractory MM generate a suppressive immune microen-
vironment by upregulating inflammatory cytokines and
interacting closely with myeloid cells, particularly CD14*
and CD16" monocytes [12]. Li et al. [13] indicated that
the CD14" monocyte-macrophages subpopulation
increased in patients with relapsed MM following BCMA
CART treatment, as revealed by single-cell sequencing.
This cell subpopulation exhibits a pro-tumorigenic phe-
notype, induces T-lymphocyte exhaustion, and plays a
crucial role in relapse after CART treatment.

Monocytes play a crucial role in innate and adap-
tive immune responses, including immune cell activa-
tion, phagocytosis, antigen presentation, production
of pro-inflammatory cytokines, and patrolling [14].
Consequently, we investigated the role of bone marrow
monocytes in MM as a key factor in the suppression of
T-lymphocytes to address current clinical challenges.
We observed abnormalities in the proportion and func-
tions of bone marrow CD14* monocytes in patients
with NDMM. RNA sequencing revealed upregulation
of Unc-51 like autophagy activating kinase 2 (ULK2)
expression in these CD14" monocytes. ULK2 is a ser-
ine/threonine protein kinase, which mediates autophagy
under starvation conditions [15]. The high expression of
ULK2 in CD14" monocytes from MM was involved in
defective antigen presentation and downregulation of
co-stimulatory molecules, which affected the activity of
T-lymphocytes.

Methods and materials

Analysis of single-cell RNA sequence data

Bone marrow samples of datasets from patients with
NDMM (n =7) and healthy donors (normal bone mar-
row [NBM], n= 9) were obtained from Gene Expression
Omnibus (GSE124310). Cell clusters, cell communica-
tion, gene ontology (GO) enrichment, and differential
gene expression analyses were performed using the R
package Seurat (Version 4.3.0), ClusterProfiler (Version
4.10.1), and CellChat (Version 2.1.2). Preprocessing of
single-cell RNA sequence data was performed as previ-
ously described [2]. For the analysis of cell interactions,
expression levels were assessed relative to the total reads
mapped to the same group of coding genes across the
entire transcriptome. The expression levels within each
single-cell cluster were averaged.

Study population and data collection

The study was approved by the Ethics Committee of the
General Hospital of Tianjin Medical University (Approval
No. IRB2023-KY-325). Bone marrow samples were
obtained from patients with NDMM (n =45) and healthy
controls (HCs, n= 20) who had been hospitalized in the
Hematology Department of Tianjin Medical University
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General Hospital between May 2023 and February 2024.
Written informed consent was obtained from all patients,
in accordance with the tenets of the Declaration of Hel-
sinki. Patient characteristics are shown in Table 1.

Detection of bone marrow CD14* monocytes by flow
cytometry

Bone marrow samples from patients with NDMM and
HCs were collected. Erythrocytes were lysed, and dead
cells were identified using a Zombie NIR™ Fixable Via-
bility Kit (Cat# 423105, BioLegend, USA). Monocytes
were detected via flow cytometry using Beckman Cyto-
FLEX equipment and analyzed using FlowJo software.
The antibodies used for cell marker staining were the fol-
lowing: anti-human CD14 PE (Cat# 325606), anti-human
CD16 APC (Cat# 360706), anti-human CD38 FITC (Cat#
356610), anti-human CCR2 BV421 (Cat# 357210), anti-
human CD86 BV510 (Cat# 305432), anti-human CD80
PE-Cy7 (Cat# 375408), anti-human HLA-DR PerCP
(Cat# 307628), all of them from BioLegend, USA.

Magnetic bead sorting of bone marrow CD14* monocytes
Bone marrow samples (10 mL) from patients with
NDMM and HCs were collected and processed. Mon-
onuclear cells were isolated using density gradient
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centrifugation with a lymphocyte isolation solution and
counted after erythrocyte lysing. The cells were incu-
bated with an appropriate volume of CD14 magnetic
beads (Miltenyi, 130-050-201, Germany) and sorted
using a magnetic separation technique. Purity of the
monocyte preparation was analyzed through flow cytom-
etry with antibodies against human CD14 PE and human
CD138 BV421 (Cat# 356516, BioLegend).

High-throughput RNA sequencing

Primary CD14* monocytes were collected, sorted, and
preserved in Trizol (Invitrogen, USA) at — 80° C. RNA
sequencing was performed at Novogene Co., Ltd., China,
and the results were analyzed for gene enrichment.
The datasets were stored in the SRA public repository:
https://www.ncbi.nlm.nih.gov/sra/PRJNA1138781.

Western blot

Proteins were extracted using RIPA lysis buffer (Solarbio,
China) and their concentration was quantified using a
BCA protein assay kit (CoWin Biosciences, China). They
were then separated by SDS-PAGE and transferred to a
0.45 uM PVDF membrane (Millipore, USA). The mem-
branes were blocked with 5% skimmed milk in TBST
(0.1% Tween 20) for 1 h., followed by overnight incubated

Table 1 Clinical data of patients with Newly-diagnosed multiple myeloma

Characteristics Patients
Number 45
Gender
Male 19 (42%)
Female 26 (58%)
Age (year) 68 (36-82)
Types of MM I9G (26), IgA (4), IgD (1), light-chain (14)

Stage of pre-treatment
Durie-Salmon (DS)
International Staging System (ISS)

Revised ISS (R-ISS)

Parameters of pre-treatment
Creatinine clearance >30 ml/min
Creatinine clearance <30 ml/min
Hemoglobin =100 g/I
Hemoglobin < 100 g/

Calcium >2.75 mmol/I
Calcium <2.75 mmol/I

Peripheral blood absolute monocyte count (*107/L)
0.1-<0.6
06-<1.0
>10

IA1(2%), A7 (16%), A 23 (51%), 1B 14 (31%)

15 (11%), 11 11(24%), 11l 29 (65%)

13 (7%), 11 18 (40%), Il 24 (53%)

30 (67%)
10 (22%)
5(11%)
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oat 4 °C with primary antibodies. After washing three
times with TBST, enzyme-labelled secondary antibodies
were added and the membranes were incubated at room
temperature for 1 h. Finally, the membranes were washed
three times with TBST, and the protein bands were visu-
alized using a gel imaging system. The following antibod-
ies were used in the procedure: anti-DYKDDDDK Tag
(Sigma, Cat# F1804, 1:1000), anti-B-actin (CST, Cat#
8457 1:1000), anti-vinculin (CST, Cat# 13901, 1:1000),
ULK2 (ABclonal, Cat# A15243, 1:1000), anti-MHC I
(Abways, Cat# 6702, 1:1000), anti-MHC II (Abways, Cat#
6763, 1:2000), anti-TAP1 (CST, Cat# 49761 T, 1:1000),
anti-PSME1 (Abways, Cat# CY8056, 1:1000), anti-CTSB
(Abways, Cat# CY6772, 1:1000), anti-CTSL (Abways,
Cat# CY6745, 1:1000), HRP-conjugated goat anti-rabbit
IgG (CST, Cat# 7074, 1:3000) and goat anti-mouse IgG
(CST, Cat# 7074, 1:3000).

Real-time quantitative PCR

Total RNA was extracted using Trizol, and ¢cDNA was
synthesized by Hifair III 1st Strand cDNA Synthesis
SuperMix (Cat# 11141ES60, Yeasen, China). Real-time
quantitative (RT-qPCR) was performed using a Bio-Rad
iQ5 Real-time system with Hiefft UNICON Universal Blue
qPCR SYBR Green Master Mix (Cat# 11184ES08, Yeasen,
China). Each sample was run in triplicatee. GAPDH
mRNA served as a housekeeping gene. The primers were
synthesized by Sangon Biotech (Shanghai, China), and
their sequences are shown in Table S1.

Lentiviral infection

The human acute monocytic leukemia THP1 cell line
(ATCC, TIB-202) was cultured with RPMI-1640 medium
(Gibco, USA) supplemented with 10% fetal bovine serum
(FBS, OriCell, China), 0.05 mM 2-mercaptoethanol, and
1% Penicillin—Streptomycin, in a 5% CO, incubator at
37 “C. HBLV-h-ULK2-3 x flag-mcherry-Puro and HBLV-
mCherry-Puro-empty vectors lentivirus were purchased
from Shanghai Hanheng Biotechnology. THP1 cells were
infected with the lentiviral vectors along with 1 pug/mL
polybrene in 24-well plates, centrifuged at 1000 g, for 1 h
at 32 C, and added with 1 pg/mL puromycin after 72 h
to select the stably transfected cells. Flow cytometry,
PCR and western blot (WB) were used to confirm ULK2
expression in the transfected cells. THP1 cells over-
expressing ULK2 (0eULK2) were cultured for 48 h in a
medium containing a concentration of 0.5 uM, 0.25 pM,
or 0.125 uM of the ULK1/ULK2 inhibitor MRT68921
(HY-100006 A, MCE, USA).

Co-culture of CD14* monocytes and CD3* T-lymphocytes
Bone marrow mononuclear cells from 12 patients with
NDMM were collected and sorted to isolate CD14*
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monocytes and CD3" T-lymphocytes. Mononuclear cells
were isolated and incubated with an appropriate vol-
ume of either CD14 or CD3 magnetic beads (Pan-T cell
isolation Kit, Miltenyi, 130-096-535, Germany). Subse-
quently, the cells were sorted using a magnetic separa-
tion technique. The purity of the lymphocyte preparation
was analyzed through flow cytometry using antibodies
against human CD3 FITC (Cat# 317306, BioLegend).
CD3* T-lymphocytes were activated with humanized
4 pg/mL anti-human CD3 and anti-human CD28 (Cat#
TL-101 and TL-102, T&L Biological Technology) mono-
clonal antibodies, and cultured in RPMI-1640 medium,
with 10% heat-inactivated FBS, 1% penicillin/strepto-
mycin, 1 mM sodium pyruvate, 1% minimum essential
medium with nonessential amino acids, 0.05 mM 2-mer-
captoethanol, 2 mM L-glutamine, and 25 mM HEPES,
supplemented with 20 IU/ml IL2 (Cat# 200-02-100pg,
PeproTech, USA). The primary CD14* monocytes were
pretreated with 0.25 uM MRT68921 in complete RPMI-
1640 medium for 48 h, then co-cultured with lympho-
cytes in a 1:1 ratio for 48 h. T lymphocytes were detected
by flow cytometry and analyzed using FlowJo software.
The antibodies used for cell marker staining were the
following: anti-human CD8 FITC (Cat# 344704), anti-
human CD4 PerCP (Cat# 317432), anti-human CD14
PE, anti-human Granzyme B BV421 (Cat# 396414), anti-
human CD69 BV510 (Cat# 310936), anti-human TNF
a PE-Cy7 (Cat# 502930), anti-human CD25 APC (Cat#
385605), all of them from BioLegend.

Mouse model

Twenty NOG (NOD-Cg-Prkdc*“IL2rg"™! /JicCrl, 5-7
weeks old) mice were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd., China (Experi-
mental Animal Welfare Ethics Committee Approval No.
IRB2023-DWFL-397). The experimental mice were sub-
cutaneously implanted with 5x 10° RPMI-8226 MM cells
and randomly allocated to five different groups with a
similar starting tumor volume of approximately 40 mm3
(n =4 per group, Fig. 5A). MM bone marrow activated
CD3* T cells (1 x 107) and ULK2"¢" or ULK2""~ CD14*
monocytes were mixed at a ratio of 1:3 and injected via
the tail vein. Tumor size was measured using a caliper
every three days, and the study was terminated after two
weeks. The mice were euthanized, serum samples were
collected for the evaluation of interferony(IFNy) lev-
els, and infiltrating lymphocytes of tumor tissues were
stained with Zombie-NIR, TruStain FcX" (anti-human
CD16/32) antibody (Cat# 163404), anti-human CD45
PerCP (Cat# 304026), anti-human CD3 FITC, anti-
human CD69 BV510, anti-human GZMB BV421, and
anti-human TNFaPE Cy7 antibodies (BioLegend), and
detected using flow cytometry.
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Statistical analysis

Statistical analyses were performed using GraphPad
Prism 8. An unpaired Student’s t-test, a one-way ANOVA
test, or a two-way ANOVA test were used to compare
differences between groups. The correlation of the data
was described using Pearson’s correlation coefficient
(r). A p-value less than 0.05 was considered statistically
significant.

Results

Abnormal numbers and functional defects of bone marrow
CD14* monocytes from patients with NDMM

By analyzing the data of GSE124310, 11 cell clusters were
defined by marker gene expression patterns (Fig. 1A,
Supplementary Figure S1). We found that the incoming
and outgoing signal strength of bone marrow CD14"
monocytes from patients with MM were increased com-
pared to those from healthy donors (NBM, Fig. 1B). The
change in MHC II gene signaling of outgoing interaction
in CD14" monocytes was decreased in MM (Fig. 1C).
The top ten GO enrichments for differential genes are
shown in Fig. 1D, including antigen processing and pres-
entation process. These findings indicate that CD14"
monocytes with compromised immune potential were
unable to activate T lymphocytes.

Monocytes were classified as classi-
cal (CD14*CD16 CCR27CD38%), intermediate
(CD14*CD16"CCR2T/CCR2™CD38"), and non-classical
(CD14"CD16"CCR2™CD38") (supplementary figureS2).
We observed that patients with NDMM had an increased
proportion of CCR2* inflammatory intermediate mono-
cytes in the bone marrow compared with HCs (p= 0.002,
Fig. 1E), and the mean fluorescence intensity (MFI) of the
surface co-stimulatory signaling molecules CD86 (p=
0.0362), CD80 (p= 0.0243), and HLA-DR (p= 0.0452)
in this subset was decreased (Fig. 1E). The proportion of
CCR2™ intermediate monocytes was higher in patients
with NDMM than in HCs (p< 0.0001), with decreased
MFI for CD80 (p= 0.02) and HLA-DR (p= 0.0424;
Fig. 1F). There was no difference in the proportion of
classical monocytes between NDMM and HCs, and the
MFI of the surface molecules CD86 (p= 0.0316) and

(See figure on next page.)
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HLA-DR (p= 0.0216) in this subset was lower in patients
with NDMM (Fig. 1G).

Clinical indexes such as p2-microglobulin, serum cal-
cium and creatinine clearance in patients with MM were
related to tumor burden and the severity of the disease.
Our results indicated that the proportion of CCR2~
intermediate monocytes was positively correlated with
serum B2-microglobulin (r =0.3286, p= 0.0275, Fig. 1H),
and the MFI of HLA-DR in this subset was negatively
correlated with serum calcium(r =— 0.3057, p= 0.0389,
Fig. 1H). The MFI of CD86 in CCR2" intermediate
monocytes was positively correlated with creatinine
clearance (r =0.4375, p= 0.0038, Fig. 1H), and the MFI
of HLA-DR in the subset was negatively correlated with
serum calcium (r =— 0.3738, p= 0.0095, Fig. 1H). The
MFTI of HLA-DR in classical monocytes was also nega-
tively correlated with serum calcium (r =— 0.3756, p=
0.0101, Fig. 1H). These results suggest that intermediate
monocytes in NDMM are redundant within the bone
marrow environment. The dysfunction of antigen presen-
tation and co-stimulatory signaling molecules observed
in CD14" monocytes from patients with NDMM pre-
sented them from presenting antigen peptides and pro-
viding secondary activated signals to T-lymphocytes.
This dysfunction contributes to immune escape and mye-
loma pathogenesis.

Upregulation of ULK2 expression in CD14* monocytes
from patients with NDMM

We collected bone marrow samples from ten patients
with NDMM (A1-A10) and five HCs (C1-C5), and sorted
CD14* monocytes (with a purity above 90%; Supplemen-
tary Fig. 3A) for RNA sequencing. The Venn plot, vol-
cano plot, heatmap, GO plot, and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment bubble plot
are shown in Fig. 2A-E. A total of 12,005 co-expressed
genes in patients with MM and HCs are shown in the
Venn plot. The volcano plot and heatmap showed 477
differentially expressed genes, consisting of 33 upregu-
lated genes and 444 downregulated genes. The top five
biological processes according to the GO analysis were
extracellular structure organization, extracellular matrix

Fig. 1 Abnormal numbers and functional defects of CD14* monocytes in the bone marrow of patients with NDMM. A Immune cell clusters

in bone marrow as shown by UMAP plot. B Incoming and outgoing signal strength of CD14" monocytes according to single-cell sequencing data.
C Signaling change in CD14* monocytes outgoing interaction. D Top 10 GO enrichment analysis of differentially expressed genes. E Proportion
and MFI values for CD86, CD80, and HLA-DR in CD14*CD16"CCR2*CD38" intermediate monocytes (n =45 patients and n= 20 healthy controls). F
Proportion and MFI values for CD86, CD80, and HLA-DR in CD14*CD16*CCR2-CD38" intermediate monocytes (n =45 patients and n= 20 healthy
controls). G Proportion and MFI values for CD86, CD80, and HLA-DR inCD14*CD16~CCR2*CD38" classical monocytes (n =45 patients and n= 20
healthy controls). H Correlation analysis. The data were analyzed using unpaired t-tests. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. MFI mean
fluorescence intensity, NBM healthy donor bone marrow, NDMM newly-diagnosed multiple myeloma, UMAP Uniform Manifold Approximation

and Projection
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and KEGG enrichment bubble plot (n =10 patients and n= 5 healthy controls). F Heatmap of top 15 differentially expressed genes. G Expression

of ULK2 in CD14* monocytes of patients with NDMM by analyzing single-cell sequencing data (n =7 patients and n= 9 healthy controls). H-l
Expression of ULK2 mRNA ((n =34 patients and n= 13 healthy controls) and protein (n =5 patients and n= 3 healthy controls) in CD14" monocytes
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Fig. 3 ULK2is involved in the antigen processing and presentation pathway. A-C Volcano plot, KEGG enrichment bubble plot, and heatmap

of antigen processing and presentation pathway involved in T-lymphocyte activation. D mRNA expression of MHC |, TAP1, PSME1/2, HLA-DQB,
HLA-DMA, and CTSB in the THP1 cells overexpressing ULK2 (0eULK2 THP1). E-F Protein expression of MHC I, TAP1, PSMET, MHC II, CTSL, and CTSB
in 0eULK2 THP1 cells. G MFI of CD86 in 0eULK2 THP1 cells. The data were analyzed using unpaired t-tests or one-way ANOVA tests (n =3 biological
replicates). ****p < 0.0001; **p < 0.01. KEGG Kyoto Encyclopedia of Genes and Genomes, MFI mean fluorescence intensity

organization, angiogenesis, sprouting angiogenesis, and
protein activation cascade. PI3 K-AKT, Ras signaling
pathway, local adhesion, and tumor proteoglycan were
the top four pathways according to the KEGG enrich-
ment analysis. Notably, the ULK2 gene, which par-
ticipated in autophagy, was significantly upregulated in
patients with NDMM (Fig. 2F). Moreover, data analysis
of GSE124310 revealed that ULK2 was upregulated in
CD14% monocytes from patients with NDMM com-
pared to healthy donors (NBM, p< 0.01; Fig. 2G). In our
experiment, ULK2 mRNA expression in CD14" mono-
cytes was significantly higher in 34 patients with NDMM
compared to that in 13 HCs (p< 0.0001; Fig. 2H). An
increase in total ULK2 expression in CD14" monocytes

from patients with NDMM was verified by WB (Fig. 2I).
Therefore, UULK2 was chosen as our candidate gene to
further explore the interaction between CD14* mono-
cytes and T-lymphocytes.

ULK2 is involved in the antigen processing

and presentation pathway in monocytes

A THP1 cell line overexpressing ULK2 (0eULK2) was
constructed and validated using flow cytometry, PCR,
and WB (Supplementary Figures S4 A-C, S5 A). The
0eULK2 cells and their control underwent high-through-
put RNA sequencing (Datasets were stored in the SRA
public repository: https://www.ncbi.nlm.nih.gov/sra/
PRJNA1137432). The corresponding volcano plot, KEGG
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enrichment bubble plot, and heatmap are shown in
Fig. 3A—C. The volcano plot showed 575 upregulated dif-
ferential genes and 869 downregulated differential genes.
The top 20 pathways from the KEGG enrichment analy-
sis were listed in Fig. 3B, with the MAPK signaling path-
way, apoptosis, focal adhesin, and cellular senescence
being the top four pathways. The antigen processing and
presentation pathway, involved in T-lymphocyte activa-
tion, was validated. Compared with those of control cells,
mRNA levels of MHC I, TAP1, PSME1/2, HLA-DQB,
HLA-DMA, and CTSB were downregulated in 0oeULK2
THP1 cells (Fig. 3D). Reduced protein levels of MHC I,
PSME1, MHC II, CTSB, and CTSL in oeULK2 THP1
cells were confirmed by WB (Fig. 3E-F). The MFI for
CD86 in 0eULK2 THP1 cells was decreased (Fig. 3G).
The protein levels of MHC I, PSME1, MHC II, CTSB,
CTSL, and the MFI of CD86 in 0eULK2 THP1 cells were
upregulated following exposure to various concentrations
of MRT68921 for 48 h (Fig. 3E-G, Supplementary Figure
S5B). The MFI of CD86 (p< 0.0001) and HLA-DR (p<
0.0001) in CD14* monocytes from patients with NDMM
was upregulated after exposure to 0.25 uM MRT68921
for 48 h (Supplementary Figure S5 C-E). These results
confirmed that ULK?2 participates in antigen processing
and presentation pathways in CD14" monocytes.

Activity of CD3" T-lymphocytes was suppressed by CD14*
monocytes in NDMM and alleviated by ULK2 inhibition
Bone marrow CD14% monocytes and CD3* T-lympho-
cytes (with a purity above 95%; Supplementary Fig. 3B)
from patients with NDMM were collected and sorted.
Activated T-lymphocytes were cultured alone, co-cul-
tured with monocytes, and co-cultured with monocytes
pretreated with 0.25 uM MRT68921 for 48 h (Fig. 4A).
The activity of CD4"/CD8* T-lymphocytes was found
to be inhibited after 48 h of co-culture with monocytes,
indicated by a decrease in the MFI of CD69, CD25,
GZMB, and TNFa (Fig. 4B-C). This was alleviated by
co-culturing with CD14* monocytes pretreated with
MRT68921. This demonstrated that the ULK2 gene is
involved in the defective antigen presentation and down-
regulation of surface co-stimulatory molecules observed
in CD14" monocytes derived from patients with MM.

High expression of ULK2 in CD14* monocytes promoted
tumor growth and suppressed T-lymphocytes in the MM
xenograft model

RPMI-8226 MM cells were subcutaneously implanted
in mice, and human CD3* T-lymphocytes and ULK2"¢"
or ULK2'""~ CD14" monocytes were infused to recon-
stitute immunity (Fig. 5A). Tumor growth was signifi-
cantly accelerated by the infusion of ULK2"¢" monocytes
(Fig. 5B-D). PET/CT images confirmed tumor growth
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(Fig. 5E). The MFI values for CD69 (p < 0.05), GZMB (p <
0.01), and TNFa(p< 0.01) of CD3* T-lymphocytes from
the tumor tissue were notably downregulated after infu-
sion of LILK2"€" monocytes compared to infusion with
ULK2""~ monocytes (Fig. 5F-H, Supplementary Figure
S6 A). The serum IFN ylevel was lower in the LLK2""
monocytes group (p < 0.05, Fig. 5I).

Discussion
MM is incurable and highly prone to relapse. Immuno-
suppressive cells in the tumor microenvironment inhibit
endogenous T-lymphocyte activity. The abnormal num-
ber of CD14* monocytes in patients with MM is corre-
lated with inferior outcomes [11, 16]. We found that bone
marrow CD14% monocytes from patients with NDMM
inhibited T-lymphocyte activation, as they showed
abnormal numbers, defective antigen presentation, and
downregulated surface co-stimulatory molecules. L/LK2
was upregulated in this subset. Inhibition of ULK2 in
CD14* monocytes alleviated the suppression of T-lym-
phocytes. This study elucidates the mechanisms regulat-
ing T-lymphocytes and the bone marrow environment
by examining the interaction between CD14" monocytes
and T-lymphocytes, as well as the downstream signaling
mechanism through in vitro and in vivo experiments.
Monocytes are crucial to the development of MM and
the formation of a suppressive immune microenviron-
ment. In our study, we found an increased proportion of
bone marrow intermediate monocytes in MM samples,
consistent with the results reported by Damasceno [17].
Bolzoni et al. [18] indicated that higher levels of bone
marrow CD14*CD16" intermediate monocytes in MM
enhance osteoclastogenesis. In COVID-19, increased
numbers of CCR2* monocytes are considered the main
source of pro-inflammatory cytokines (such as IL6, TNF,
IL1B, and IL8), contributing to the so-called ‘inflamma-
tory storm’ [19]. CCR2* inflammatory monocytes have
been shown to activate NK cells and memory CD8* T
lymphocytes, which are involved in the antimicrobial
response [20]. Pro-inflammatory cytokines such as IL1f,
IL6, and TNFa are verified to be increased in MM, pro-
moting tumor growth and disease progression [21, 22].
The redundant inflammatory monocytes in MM may
be responsible for the excessive levels of inflammatory
cytokines in the bone marrow environment, facilitat-
ing the proliferation and survival of malignant plasma
cells. We hypothesized that defective antigen presenta-
tion and downregulation of surface co-stimulatory mol-
ecules observed in bone marrow CD14* monocytes from
patients with MM were responsible for their inability to
sufficiently activate immune cells, resulting in immune
escape. Zavidij et al. [2] found that the bone marrow of
patients with MM was enriched with a population of
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CD14* monocytes showing high expression of the inter-
feron type I gene and had an impaired antigen-present-
ing capacity, which in turn promotes the proliferation of
MM cells and inhibits T-lymphocyte activation. Single-
cell sequencing of dendritic cells (DCs) and monocytes
from patients with MM revealed that monocyte-derived
DCs developed from intermediate monocytes. Conven-
tional DC2, monocyte-derived DCs and intermediate
monocytes have been characterized by impaired antigen
processing and presenting capacity, and by reduced inter-
feron-regulatory factor (IRF1)-regulated activity [23]. The
proliferation of T lymphocytes was significantly inhibited
when mouse DC2.4 cells and RAW264.7 cells with IRF1
knockdown were co-cultured with CD4* T cells.
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ULK2, along with its homolog ULKI, belongs to the
serine/threonine kinase family. Their protein kinase
domains have an identity of 78% [15], and their biologi-
cal functions had been assumed to be redundant. ULKI
and ULK?2 are crucial components of the protein complex
participating in the regulation and signaling of autophagy
[24], and can either suppress or promote tumor growth
in different conditions. LJLKI has a cytoprotective func-
tion in neurons and is an essential component of the
autophagy signaling pathway activated under starvation
in fibroblasts [15]. Cardiac-specific ULKI knockout mice,
but not ULK2 knockout mice, are inherently prone to a
rapidly developing type of cardiomyopathy, heart failure,
and early death [25]. ULKI, but not ULK2, also improves
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is involved in the determination of cell fate, metabo-
lism, transcriptional control, and tumorigenesis [15,
27]. Ro et al. [28] suggested that ULK2 and ULKI play
different roles in lipid metabolism in adipocytes, with

the insulin response induced by exercise training in skel-
etal muscle [26].

Notably, some studies have proposed that ULK2 has
functions that are different from those of ULKI. ULK2
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downregulation of ULK2 increasing fatty acid oxida-
tion, and downregulation of L/LKI inhibiting it instead.
ULKI and ULK?2 also play contrasting roles in insu-
lin-stimulated blood glucose uptake. ULK2 deficiency
in skeletal muscle contributes to the accumulation of
insoluble ubiquitinated protein, resulting in the impair-
ment of muscle force, and the degeneration and atrophy
of myofibers [29]. Silencing of L/LK2 by methylation pro-
motes cell migration and epithelial-mesenchymal transi-
tion through autophagy induction in gastric cancers [30].
PKCM/t deficiency in colorectal cancer activates ULK2
in intestinal epithelial cells; the accumulated activated
ULK2 phosphorylates TBK1, promotes TBK1-STING-
IRF3-mediated IFN signaling, increases infiltration of
CD8* T lymphocytes and triggers anti-tumor responses
[31]. In acute myelocytic leukemia, LZLK2 plays a consid-
erable role in the enhancement of autophagy-mediated
chemoresistance in SORE6" cells, promoting cancer
development and recurrence [32]. In our study (Fig. 6),
we found that the expression of L/LK2 was upregulated in
CD14* monocytes from patients with NDMM. We veri-
fied that high expression of the L/ILK2 gene in THP1 cells
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was accompanied by a deficient antigen processing and
presentation capacity, and by decreased expression of
MHC I, TAP1, PSME1, MHC II, CTSB, CTSL, and CD86.
Co-culture experiments revealed that bone marrow
CD14" monocytes from patients with NDMM samples
suppressed T-lymphocyte activity, and that treatment
of CD14" monocytes with a ULK1/ULK2 inhibitor alle-
viated T-lymphocyte suppression. In vivo experiments
found that ULK2"¢" CD14" monocytes suppressed the
activity of T-lymphocytes and promoted tumor growth in
mice models for MM. The MHC I and MHC II complexes
are widely acknowledged to present antigens to T-lym-
phocytes [33]. The cytotoxicity, cytokine production,
and activation of other immune cells by T-lymphocytes
were significantly impaired owing to the deficiency of
essential MHC molecules in ULK2"¢" CD14* monocytes.
Coincidentally, Yamamoto et al. [34] demonstrated that
MHC I molecules are selectively targeted for lysosomal
degradation through an autophagy-dependent mecha-
nism involving the autophagy cargo receptor NBR1 in
pancreatic ductal adenocarcinoma cells. Additionally, the
inhibition of autophagy improved antigen presentation
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Fig. 6 Schematic overview of how CD14* monocytes high-expressing ULK2 suppress T-lymphocyte activation and promote tumor growth

in multiple myeloma
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by restoring surface MHC I level. This is a feature of
ULK?2 that differs from previous discoveries. Therefore,
we hypothesize that L/LK2"¢" CD14* monocytes play a
key role in the formation of a suppressive bone marrow
environment and the pathological mechanism of immune
escape that characterizes MM.

MRT68921 specifically inhibits ULK1/ULK2 protein
kinase activity [35], and it is unknown whether it affects
T-lymphocyte function through the inhibition of ULKI
in the co-culture assay. The mechanism by which ULK2
present in CD14" monocytes affects the antigen process-
ing and presentation pathway needs further exploration.
Several studies have indicated that the expression and
activity of MHC I and MHC II were regulated by inter-
feron signal, mTOR, Wnt, MAPK, Hippo signaling, and
JAK/STAT signaling pathway [36-38]. It is also crucial
to confirm that L/LK2 can regulate the activity of T-lym-
phocytes in the monocyte-specific conditional knockout
murine model.

Conclusion

We demonstrated that CD14* monocytes from patients
with NDMM disrupt the antigen processing and pres-
entation pathway. This disruption affects T-lymphocyte
activity and attenuates their ability to kill malignant cells
and secrete cytokines. This study lays the foundation
for understanding the immuno-suppressive environ-
ment, improving the efficacy of immunotherapy based on
T-lymphocytes, and developing new therapeutic targets.
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