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High NEK2 expression in myeloid progenitors
suppresses T cell immunity in multiple myeloma
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Highlights
e Lossof NEK2 in tumor microenvironment suppresses MM cell
growth

e High NEK2 expression induces polarization of myeloid
progenitors to TAMs

e Low NEK2 expression is linked to an increased IFN-y gene
signature in MM cells

e NEK2 inhibitor INH154 sensitizes MM cells to PD-L1 blockade
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In brief

Cheng et al. demonstrate a mechanism of
immune suppression regulated by NEK2
in an MM mouse model. Clinically, low
NEK2 with high PD-L1 expression
predicts a longer survival. Combining the
NEK2 inhibitor INH154 with PD-L1
blockade effectively eliminates MM cells
in mice.
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SUMMARY

Multiple myeloma (MM) growth is supported by an immune-tolerant bone marrow microenvironment. Here,
we find that loss of Never in mitosis gene A (NIMA)-related kinase 2 (NEK2) in tumor microenvironmental cells
is associated with MM growth suppression. The absence of NEK2 leads to both fewer tumor-associated mac-
rophages (TAMs) and inhibitory T cells. NEK2 expression in myeloid progenitor cells promotes the generation
of functional TAMs when stimulated with MM conditional medium. Clinically, high NEK2 expression in MM
cells is associated with increased CD8* T effector memory cells, while low NEK2 is associated with an
IFN-y gene signature and activated T cell response. Inhibition of NEK2 upregulates PD-L1 expression in
MM cells and myeloid cells. In a mouse model, the combination of NEK2 inhibitor INH154 with PD-L1
blockade effectively eliminates MM cells and prolongs survival. Our results provide strong evidence that

NEK2 inhibition may overcome tumor immune escape and support its further clinical development.

INTRODUCTION

Multiple myeloma (MM) is characterized by malignant plasma
cells accumulating in the bone marrow (BM), typically with
high levels of monoclonal protein detected in the peripheral
blood, causing “CRAB” clinical symptoms including hypercal-
cemia, renal injury, anemia, and bone lesions.’ Advances in
MM therapy with the use of immunomodulatory drugs, protea-
some inhibitors, and monoclonal antibodies (mAbs) along with
high-dose chemotherapy and autologous stem cell support
have improved overall 5-year survival from 35% to 50% over
the past 20 years. However, high-risk (HR) and relapsed or re-
fractory (RR) MM remain largely incurable. The observation of
durable remissions after allogeneic stem cell transplantation,
possibly caused by graft-versus-myeloma effects,>™ and the

growing success of CAR-T therapy®® suggest that surveil-

lance and cytotoxic ability of activated T cells are critical for
tumor eradication and maintenance of durable remissions.
However, cancer-induced changes in T cell composition and
dysfunction of cytotoxic T cells have been observed in MM
leading to tumor immune escape and resistance to immuno-
therapies.®'? Such T cells have reduced proliferative capacity,
decreased interferon y (IFN-y) secretion, and are character-
ized by expression of inhibitory receptors, such as PD1 and
TIGIT."" They are frequently observed in an effector memory
(Tem) or terminally differentiated (Tgmpra) status, which is
TCF1 negative and lacks stem cell-like properties, largely
due to chronic antigen exposure.’ How T cell function is be-
ing dynamically manipulated in the MM BM microenvironment
is still incompletely understood.
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The BM microenvironment contains immune cells at various
stages of differentiation. Growing evidence shows that tumor-
associated macrophages (TAMs) and myeloid-derived suppres-
sor cells (MDSCs) are key players of innate immunity suppress-
ing anti-MM T cell responses.’®>'® Macrophages are derived
from the monocyte lineage and play a crucial role in maintaining
tissue homeostasis, defense against pathogens, and wound
healing. TAMs exhibit a unique phenotype with increased secre-
tion of interleukin 1 (IL-1p), IL-6, IL-10, and expression of CD163
and CD206 that are shaped by the tumor microenvironment.'®
MDSCs have been identified as a new group of myeloid cells
with potent immune suppressive function. Depending on their
surface phenotype, MDSCs can be further divided into granulo-
cytic MDSCs (G-MDSCs) or monocytic MDSCs (Mo-MDSCs).
Both TAMs and MDSCs express high levels of arginase 1
(ARG1), a well-characterized marker of immunosuppressive
myeloid cells.””'® Recent studies report that antibodies target-
ing immune checkpoints with enhanced Fc-gamma receptor
(FcyR)-engagement activity exhibit a strikingly enhanced anti-
tumor function.'®?° These findings highlight that innate-like
T cell phenotypes or myeloid activation represent potential ther-
apeutic targets to restore antitumor T cell responses.

Our previous studies have identified that HR and RR MM cells
express high levels of chromosomal instability (CIN) genes.?’
Associated with copy number amplification of chromosome
19, elevated expression of Never in mitosis gene A (NIMA)-
related kinase 2 (NEK2) in MM cells is strongly associated with
inferior survival and drug resistance in MM.?"??> NEK2 is a
serine-threonine kinase belonging to the NEK family of NIMA
proteins that regulate cell mitosis.?® B cell-specific overexpres-
sion of NEK2 in transgenic mice regulates B cell development
and enhances T cell-dependent immune responses.”* NEK2
suppresses immune effector cells by stabilizing PD-L1 expres-
sion.?® However, little is known about NEK2 in regulating MM im-
munity. Systemic agents targeting NEK2 expression in tumor
cells are being developed.”® Whether suppressing NEK2 in the
BM microenvironment will have added clinical benefit is not
known. In this study, we have investigated the role of NEK2 inhi-
bition in the MM immune microenvironment and have assessed
the potential therapeutic benefits of systemic NEK2 inhibition
in MM.

RESULTS

Knockout of NEK2 improves Epu-myc mouse survival and
induces T cell activation

NEK?2 overexpression in the B cell lineage affects B cell develop-
ment.?* To determine whether deficiency of NEK2 inhibits B cell
malignancies, we generated Nek2 '~ mice (Figures S1A-S1C).
Next, we crossed Nek2~'~ mice with Ep-myc transgenic mice,
a well-established Myc-driven preclinical model for B cell malig-
nancies. Ep-myc/Nek2** and Ep-myc/Nek2*’~ mice showed
similar survival (Figure 1A). However, Ep-myc/NEK2~/~ mice
had significantly prolonged survival (Figure 1A), indicating that
loss of both alleles of NEK2 delays B cell ymphoma progression.
To study the early stages of B cell tumor development in these
mice, we collected blood, BM, and spleen samples when mice
were 6-8 weeks old. Complete blood count analysis showed
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that Ep-myc/Nek2~'~ mice had decreased numbers of circu-
lating lymphocytes and increased platelets when compared
with Ep-myc/Nek2*"* mice (Figure 1B). Decreased weights of
the spleen and thymus were also observed (Figure 1C). Flow cy-
tometry of B cell subsets of BM and spleen further identified that,
when compared with Nek2*'* mice, Ep-myc/Nek2** mice had
increased pre- and pro-B but decreased mature B cells, while
Eun-myc/Nek2~'~ mice had reduced pre- and pro-B cells but a
less pronounced loss of mature B cells (Figures 1D and S1D).
Hence, loss of NEK2 limits Myc-induced lymphomagenesis.

To characterize the transcriptome of Ep-myc/Nek2~'~ mice
compared with Eu-myc/Nek2*"* mice, we collected pre-malig-
nant B cells and performed RNA sequencing (Figure 1E). Mitotic
and cell-cycle-related pathways were significantly downregu-
lated in Ep-myc/Nek2~'~ mice (Figure S1E). Interestingly, im-
mune-related pathways were significantly upregulated
(Figures 1F and S1F; Table S1), strongly suggesting that lack
of NEK2 is associated with immune activation. Next, we selected
cell membrane genes and secreted genes associated with im-
mune regulation and cell trafficking based on GO annotation
(Figure S1G). Cxcl9, which is critical in antitumor immunity and
dependent on the production of IFN-y,” had the highest fold
change (log2FC = 10.5). Several inhibitory immune receptors
were also upregulated, including Cd274 (encoding PD-L1). To
test if upregulation of PD-L1 was due to the activation of
IFN-v, we analyzed the downstream targets of the IFN-vy signal
in the mouse B cells. JAK/STAT1/IRF1 signaling showed a signif-
icant activation in Ep-myc/Nek2~~ mice when compared with
Ep-myc/Nek2*"* mice (Figures 1G and 1H). NEK2 was expressed
abundantly in BM myeloid cells (CD11b*) and T cells (CD3™) (Fig-
ure STH), suggesting that loss of NEK2 in the microenvironment
may affect immune surveillance in B cell malignancies. Finally, to
determine the activation status of T cells from tumor-bearing and
nontumor-bearing Nek2** and Nek2~'~ mice, we performed
flow cytometry. CD8" naive T cells (Ty) were suppressed in Ep-
myc/Nek2*'* mice when compared with mice without tumors,
but this loss was not observed in Ep-myc/Nek2~'~ mice
(Figures 11 and S1l). On the other hand, CD8" Tgy showed the
opposite picture (Figures 11 and S1l). However, PD1 expression
on T cells was not significantly changed. These data suggest that
T cell responses are less driven toward an effector memory
phenotype in Ep-myc mice with NEK2 knockout and that
improved T cell immune responses against Myc-induced B cell
malignancies exist.

Loss of NEK2 reduces tumor-associated macrophages
and Tregs

To determine how the lack of NEK2 in the tumor microenviron-
mental cells contributes to tumor inhibition and immune regula-
tion, we tested the growth of 5TGM1 MM cells in Nek2~'~ mice
compared with their Nek2*/* littermates (Figure 2A). Inoculation
of 5TGM1 MM cells in the Nek2~'~ mice resulted in lower serum
IgG2b levels and longer survival (Figures 2B and 2C). Single-cell
RNA sequencing (scRNA-seq) was employed to survey the
cellular diversity and the transcriptome of BM cells. Using stan-
dard quantity controls, we analyzed a total of 30,284 BM cells.
Projecting cells onto a 2D Uniform Manifold Approximation and
Projection (UMAP) plot, we found 17 distinct cell clusters
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Figure 1. Knockout of NEK2 improves Epi-myc mouse survival and induces T cell activation

(A) Overall survival of En-myc mice with indicated Nek2 genotypes.

(B-D) Numbers of circulating lymphocytes and platelets in peripheral blood (B); spleen (SPL) and thymus weight index as calculated by normalizing to body weight
(C); flow cytometry analyses of percentages of pre- and pro-B cells (B220'°"IgM™), immature B cells (B220'°"IgM*), and mature B cells (B220"9"IgM*) from bone
marrow (BM) and SPL (D) in indicated groups. n = 9—10 mice/group from three independent experiments. Boxplot shows mean + SD and the p value for the two-
way ANOVA followed by Sidak multiple comparison test.

(E-G) Volcano plot showing differential gene expression, where red dots represent genes with a [log2FC| > 2 and p value <0.01 (E); Gene Ontology (GO) analysis of
upregulated genes (F); and heatmap showing gene expression level of selected chromosomal instability genes and IFN-vy signature genes (G) in CD19" SPL cells
of Ep-myc/Nek2~'~ vs. Eu-myc/Nek2*"* mice. n = 2 mice/group.

(H) Western blot analysis of cell lysates to detect JAK/STAT1/IRF1/PD-L1 pathway in CD19* SPL cells of Ep-myc/Nek2 ™'~ vs. Ep-myc/Nek2** mice.

(I) Flow cytometry analyses showing percentages of T naive cells (Ty, CD62L*CD44 ), T central memory (Tcy, CD62L*CD44™), and T effector memory (Tew,
CD62L~CD44") of CD8" T cells from BM and SPL in indicated groups. n = 9-10 mice/group from three independent experiments. Boxplot shows mean + SD and
the p value for the two-way ANOVA followed by Sidak multiple comparison test. ns, p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001. Please also see Figure S1 and
Table S1.
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(Figures 2D, S2A, and S2B; Table S2). The 5TGM1 MM cells were
identified by their high expression of Sdc 1 (encoding CD138) and
appeared only in the 5TGM1 injected mice. Consistent with tu-
mor burden, as measured by mouse serum IgG2b levels,
scRNA-seq showed that the 5TGM1/Nek2~~ group (~40%)
had lower percentages of MM cells in the BM compared to the
5TGM1/Nek2*/* group (~60%) (Figure 2D). Normal plasma cells
and pro-B cells clusters were strikingly decreased in mice with
5TGM1 MM cell injections, indicating a defect of normal B cell
development in the presence of MM. This concurs with a recent
report that MM patients showed a decreased normal plasma cell
percentage using scRNA-seq.’® However, the loss of pro-B cells
was partially restored in 5TGM1/Nek2~'~ mice compared to
5TGM1/Nek2** mice (Figure S2B). Myeloid cells were the
most abundant immune cells within the BM. Macrophage clus-
ters increased 3.6-fold in the tumor-bearing Nek2** mice
compared with Nek2** mice. However, among the tumor-
bearing mice, Nek2~/~ mice had 87% fewer macrophages
compared with the Nek2** mice (Figure S2B).

One interesting finding is that besides MM cells and pro-B
cells, NEK2 was most abundantly expressed in the myelocyte
and monoblast clusters (Figure 2E). This finding is supported
by scRNA-seq data from other studies® (Figure S2C). To identify
differentially expressed genes in the macrophage clusters be-
tween 5TGM1/Nek2*’* and 5TGM1/Nek2~'~ groups, a total of
56 upregulated and 43 downregulated genes were identified
(Figure 2F). KEGG pathway analysis revealed that Ferroptosis,
Osteoclast differentiation, and Cell cycle were decreased in
5TGM1/Nek2 /'~ macrophages (Figure 2G). We observed
decreased bone lesions on microcomputed tomography (uCT)
(Figures 2H and S2D) and decreased numbers of osteoclasts
in the tibia on TRAP staining in 5TGM1/Nek2~'~ compared
with 5TGM1/Nek2*"* mice (Figures 21 and S2E). 5TGM1/Nek2 ™/~
macrophages exhibited positive enrichment for Antigen pro-
cessing and presentation, Fc gamma R-mediated phagocytosis,
NOD-like receptor signaling pathway, and chemokine signaling
pathway (Figure 2J). To further analyze phenotypic differences
in macrophages among the groups, a total of 740 macrophages
were projected onto a UMAP plot based on the expression of
highly variable genes, and four subpopulations of macrophages
were identified (Figure 2K). Subpopulation M-1 (Cirbp, Nfil3, Mt1,
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Apoe), M-2 (CD36, Bcl2a1b), and M-3 (S100a9, S100a8, Lcn2)
mainly appeared in the tumor-bearing group, while these genes
were suppressed in 5TGM1/Nek2~/~ group, which was charac-
terized by genes related to immune suppression (Apoe, S700a9,
S100a8), macrophage deactivation (Lcn2), and anti-apoptosis
(Bcl2a1b) (Figure 1K). The M-0 (Cd74, Ace, Adgre4) subpopula-
tion, characterized by genes related to antigen presentation
(Cd74), macrophage activation (Adgre4, Adgre5), and chemo-
taxis (Ccr2, Csf1r, Cx3cr1) (Figure 2K) remained unchanged
across all groups. NK/T cell cluster comparison (a total of 627
cells) showed a dramatic increase in the T-1 (CD4, Foxp3,
Ctla4) subpopulation, which was characterized by genes related
to exhaustion (Foxp3, Ctla4) and loss of T cell activating markers
(CD27, Gzmk, Gzma) (Figure 2L), indicating that T regulatory cells
(Tregs) were increased in 5TGM1/Nek2*"* group. We conclude
that inhibition of NEK2 reduces the accumulation of TAMs and
Tregs.

NEK2 deficiency decreased the immunosuppressive
activity of TAMs and MDSCs

To confirm our scRNA-seq findings, we quantified immune cell
populations by flow cytometry from mouse BM and spleen
(Figures 3A, 3B, S3A, and S3B). We observed a suppression of
abnormal plasma cells (aPCs, CD19°CD138"), i.e., the injected
5TGM1 MM cells, in both the BM and spleen of 5TGM1/Nek2 =/~
compared with 5TGM1/Nek2*’* mice (Figure 3A). Decreases
of Ly6C" macrophages (CD11b*CD11cF4/80*Ly6C"), Mo-
MDSCs (CD11b*CD11c F4/80 Ly6C"Ly6G7), and G-MDSCs
(CD11b*CD11¢F4/80Ly6C™Ly6G*) were observed in the
spleen of 5TGM1/Nek2~’~ compared with 5TGM1/Nek2*'*
mice (Figure 3A). However, these findings were not observed
in the BM, because naive mouse BM may contain a significant
number of normal myeloid cells that are phenotypically indistin-
guishable from MDSCs.'* For the T cell populations, although no
significant changes were observed in total T cells, an increase in
the CD4/CD8 cell ratio was seen in the BM of 5TGM1/Nek2*/*
compared with 5STGM1/Nek2~'~ mice (Figure 3B). As expected,
both CD4 and CD8 T cells had increased PD-1 expression in
the 5TGM1/Nek2** compared with 5TGM1/Nek2~'~ mice, sug-
gesting that T cells were more inhibitory (Figure 3B). The per-
centages of either IFN-y* or granzyme B* CD8 T cells showed

Figure 2. Loss of NEK2 reduces tumor-associated macrophages (TAMs) and Tregs

(A) Experimental layout.

(B) Serum IgG2b levels. n = 6-8 mice/group from two independent experiments with three technical replicates. Boxplot shows mean + SD and the p value for the

two-way ANOVA followed by Sidak multiple comparison test. ***p < 0.001.
(C) Survival analysis. n = 10 mice/group. **p < 0.01

(D) Stacked bar charts representing of BM cell populations following 10X Genomics scRNA-seq workflow (n = 6,379 cells for Nek2*'*, 5,746 cells for Nek2 /=,

8,483 cells for 5STGM1/Nek2*"*, and 9,676 cells for 5TGM1/Nek2 '~ group).

(E) Violin plot representing NEK2 expression in immune cell populations identified in (D).

(F) Volcano plot showing differential gene expression in the macrophages of 5TGM1/Nek2/~ vs. 5TGM1/Nek2*/* group with a [log,FC| > 1 and p < 0.05.

(G) KEGG analysis of downregulated genes in macrophages of 5TGM1/Nek2~/~ vs. 5TGM1/Nek2*/* group.

(H) Representative reconstructed pCT images of tibia sagittal sections showing bone lytic lesions and trabecular architecture. n = 5-10 mice/group from two

independent experiments.

(I) Quantitative histomorphometric analyses of TRAP-stained number of osteoclast surface per bone surface (Oc.S/BS) and osteoclast per bone perimeter (N.Oc/
B.Pm). n = 10 mice/group from two independent experiments. n = 3 TRAP staining area from each slide were randomly selected and examined. Boxplot shows

mean + SD and the p value for two-tailed t test. *p < 0.05; **p < 0.001.

(J) KEGG analysis of upregulated genes in macrophages of 5TGM1/Nek2 '~ vs. 5TGM1/Nek2*'* group.
(K) UMAP plots of macrophage subpopulations (left) and violin plots showing their marker genes (right).
(L) UMAP plots of NK/T subpopulations (left) and violin plots showing their marker genes (right). Please also see Figure S2 and Table S2.
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non-significant increases in the tumor-bearing groups compared
with non-5TGM1 injected groups, but little or no differences be-
tween Nek2** and Nek2~'~ (Figure 3B). These findings suggest
that lack of NEK2 in the microenvironmental cells tends to inhibit
the generation of functional TAMs and MDSCs as well as to
decrease the inhibitory T cell populations.

Given that TAMs and MDSCs can be induced from naive BM
cells via cytokines, we first tested the effect of NEK2 on the cyto-
kine-induced generation of TAMs and MDSCs in vitro (Figure 3C).
Macrophage colony stimulating factor (M-CSF) sufficiently
induced macrophage maturation and adherence from both
Nek2*"* and Nek2~'~ mice (Figure S3C). 5TGM1 conditioned
medium (CM) improved cell survival in Nek2** mice-derived
macrophages, while Nek2~~ had lower macrophage survival
(Figure 3D). NEK2 is known to regulate cell mitosis. We observed
similar findings in the macrophage’s cell cycle; i.e., 5TGM1 CM-
treated Nek2+'* macrophages had higher S and G2/M popula-
tions compared with 5TGM1 CM-treated Nek2 ™'~ macrophages
(Figure 3E). 5TGM1 CM promoted CD206 expression compared
with untreated macrophages, while NEK2 deficiency decreased
CD206 (Figure 3F), suggesting that NEK2 promotes TAM differ-
entiation. Moreover, TAMs induced from Nek2~/~ mice pro-
moted T cell proliferation and IFN-y production compared to
TAMs induced from Nek2** mice (Figure 3G). We hypothesize
that NEK2 affects TAMs activation in response to tumor-
secreted factors. scRNA-seq analysis of differentially expressed
genes of 5TGM1 MM cells vs. plasma cells (Table S3) revealed
Mif and Hmgb1 were highly expressed in the MM cells (Fig-
ure 3H). To investigate whether NEK2 can promote the macro-
phage response to MIF-PI3K-AKT*° and HMGB1-STAT3
signaling,®’ we performed western blots, which revealed that
Nek2** TAMs had elevated levels of p110a, p110y, PI3K class
lll, p-AKT (S473), and p-STAT3 (Y705) compared with unstimu-
lated macrophages, while these levels were blocked in Nek2~/~
TAMs (Figure 3l). Similar findings were observed in MDSCs be-
tween Nek2*’* and Nek2~~ mice (Figures 3J-3L), although no
significant difference was observed in the percentages of
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G-MDSCs and Mo-MDSCs (Figure S3D). These findings suggest
that NEK2 enhances the immunosuppressive function of TAMs
and MDSCs.

MM patients with high expression of NEK2 show an
impaired T cell response

We investigated the patterns of NEK2 gene expression in BM-
derived, CD138-selected plasma cells from 324 MGUS, 303
SMM, 1049 NDMM, and 1066 RRMM from the University of Ar-
kansas for Medical Sciences (UAMS) archive (UAMS-MM).
NEK2 mRNA level was increased in NDMM when compared
with SMM and MGUS (Figure 4A) and further increased in
RRMM relative to NDMM (Figure 4A). Moreover, NEK2 was
higher in HR MM compared with the low-risk (LR) MM as defined
by the GEP70 score (Figure 4A). MM can be classified into seven
molecular subtypes according to gene expression patterns,®
where NEK2 expression was highest in the proliferation (PR) sub-
type and lowest in the hyperdiploid (HY) subtype (Figure 4B).
NEK?2 differences across MM subtypes were confirmed in the
Multiple Myeloma Research Foundation’s (MMRF) CoMMpass
dataset, which includes 606 NDMM samples (Figure 4B).
Kaplan-Meier analyses of UAMS-MM and MMRF CoMMpass
data showed that MM patients with high expression of NEK2
had inferior overall survival (OS) and progression-free survival
(PFS) (Figures 4C and S4A).

To determine the correlation of NEK2 expression levels with
immune effector cells, we implemented mass cytometry
(CyTOF) with an immune cell panel (Figure S4B). BM aspirate
samples were divided into two groups, NEK2"9" (n = 6) and NE-
K2'°% (n = 6), based on NEK2 expression in CD138-selected
plasma cells. The NEK2"S" group had a higher average percent-
age of CD38*CD45~9™ MM cells (Figure S4C), which were highly
proliferative as indicated by an increase in average Ki67 stains
(Figure S4D). tSNE plot of gated MM cells using equal events
per sample indicated heterogeneity among patients (Figure S4E).
To analyze immune cell subtypes and immune checkpoint
expression, we conducted FlowSOM analysis on the gated

Figure 3. NEK2 deficiency decreased the immunosuppressive activity of TAMs and MDSCs

(A and B) Flow cytometric analysis showing the percentages of indicated cell populations in the BM and SPL of Nek2*/*, Nek2~/~, 5TGM1/Nek2*"*, and 5TGM1/
Nek2~'~ mice. n = 4-5 mice/group from two independent experiments. Dot plot shows mean + SD and the p value for the two-way ANOVA followed by Sidak
multiple comparison test.

(C) Experimental layout. BM-derived macrophages were generated from Nek2 '~ and Nek2*/* C57BL/KaLwRij mice after 7 days of M-CSF treatment. TAMs were
induced by adding 5TGM1 conditioned medium (CM) for an additional 2 days followed by detection of macrophage survival, cell cycle, CD206 expression, and its
effects on T cells proliferation and IFN-y secretion.

(D) Prestoblue staining to detect mouse macrophage survival. n = 3 independent experiments, each with three technical replicates. Boxplot shows mean + SD
and the p value for the two-way ANOVA followed by Sidak multiple comparison test.

(E) Cell-cycle analyses of mouse macrophages. n = 3 independent experiments, each with three technical replicates. Boxplot shows mean + SD and the p value
for the two-way ANOVA followed by Sidak multiple comparison test.

(F) Flow cytometry analyses of CD206 expression on mouse macrophages. n = 3 independent experiments, each with three technical replicates.

(G) Representative histograms and quantification analysis showing the percentages of divided CD8* T cells co-cultured with TAMs on day 3 (left); IFN-vy levels in
the co-culture supernatants on day 1 (right). n = 3 independent experiments, each with three technical replicates. Boxplot shows mean + SD and the p value for
two-tailed t test.

(H) Violin plot showing Mif and Hmgb1 gene expression in MM and plasma cell populations identified in Figure 2D.

(I) Western blots analysis of cell lysates to detect PI3K and STAT3 pathway proteins in mouse TAMs and naive macrophages.

(J) Representative histograms and quantification analysis showing the percentages of divided CD8* T cells co-cultured with MDSCs on day 0 and day 3 (left); IFN-
v levels in the co-culture supernatants on day 1 (right). n = 3 independent experiments, each with three technical replicates. Boxplot shows mean + SD and the p
value for two-tailed t test.

(Kand L) Western blots of cell lysates to detect C/EBPB, arginase-1 (K), as well as PI3K and STAT3 pathway proteins (L) of MDSCs and freshly isolated CD11b*
cells. ns, p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001. Please also see Figure S3 and Table S3.
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Figure 4. MM patients with high expression
of NEK2 show an impaired T cell response
(A) NEK2 mRNA levels in UAMS-MM dataset
among MGUS, SMM, NDMM, and RRMM (left),
seven MM subtypes of NDMM (middle), and high
risk (HR) vs. low risk (LR) (right). The seven MM
subtypes include proliferation (PR), low bone dis-
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(F) Flow cytometry analyses showing PD1 expres-
sion in CD8" and CD4* T cells from MM BM-MNCs
(n = 14) and their correlation with NEK2 mRNA
expression levels of MM cells. Red line represents
simple linear regression. Pearson correlation coef-
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(G) Proliferation analyses of human CD8" T cells (n =
14) after stimulation with Dynabeads Human

T-Activator CD3/CD28 for 5 days (left). Correlation analysis of percentages of undivided CD8" T cells with NEK2 mRNA expression levels of MM cells (right).
(H) Correlation analyses of NEK2 mRNA expression levels of MM cells with IFN-v, IL6, and TNFa concentrations in the culture supernatant of CD8" cells after

stimulation with Dynabeads Human T-Activator CD3/CD28 for 24 h (n = 16).

CD45* cells. FlowSOM identified 10 major cell types based
on their phenotype markers as indicated in the heatmap
(Figures S4F-84G). There was a modest decrease in CD8"*
T cell populations in the NEK2'°" group that was not statistically
significant (Figure S4H) probably due to the limited number of
samples and high tumor heterogeneity. Because T cells are the
most abundant cell population in MM patients and have been re-
ported to correlate with patient outcomes,** we further analyze
the subclusters of T cells and T cell activation status. The results
showed that most T cells were in an end stage activation status.
Specifically, Tem and Tgmra cells were most abundant among
CD8" T cells, while Tgy and Ty (T central memory) cells were

8 Cell Reports Medicine 4, 101214, October 17, 2023

*p < 0.05; **p < 0.0001. Please also see Figure S4.

most abundant among CD4* T cells; Ty were least represented
in both CD4* and CD8"* T cells (Figure 4D). A decrease of
CD8* Tem cells was found in NEK2'°Y group (Figure 4D). In addi-
tion, the percentage of PD1* CD8* T cells was significantly corre-
lated with NEK2 expression (Figures 4E and 4F). Areduced CD8*
T cell proliferative capacity was observed in MM samples with
high NEK2 expression (Figure 4G). Also, the production of IFN-
vy by CD8" T cells was negatively correlated with NEK2 expres-
sion levels, but no change was observed for TNFa and IL-6 (Fig-
ure 4H). These results indicate that NEK2 is a prognostic marker
for MM, and high NEK2 in tumor cells is associated with an
impaired T cell function.
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NEK2 suppresses the IFN-y/PD-L1 signaling pathway in
MM patients

We observed an inverse correlation between an IFN-y gene
signature and a CIN gene signature (Figure 5A). Consistent with
our animal studies (Figure 1G), we also observed that the IFN-
y-inducing gene CD274 was negatively correlated with NEK2
expression in the NDMM samples in both the UAMS-MM and
MMRF CoMMpass datasets (Figure 5B). CD274 showed the
highest expression in the HY subtype and the lowest in the PR
subtype (Figure 5C), which is in line with other studies showing
PD-L1 isincreased in hyperdiploid patients based on flow cytom-
etry data.®* To determine whether combining the expression
of NEK2 and CD274 better predicts patient outcomes, we divided
patients into four groups, NEK2"9"CD274Mh  NEK2Mh
CD274"°%, NEK2'°"CD274"9" and NEK2"°“CD274"°". Kaplan-
Meier analysis showed patients with NEK2'°YCD274"9" had the
best OS and PFS (Figure 5D). To validate the correlation of
NEK2 and PD-L1 expression at the protein level, we conducted
immunohistochemistry (IHC) analysis of NEK2 and PD-L1 on 50
BM biopsy of NDMM samples. Plotting the percentage of PD-
L1-positive vs. NEK2-positive cells revealed that protein levels
of NEK2 and PD-L1 were negatively correlated (Figure 5E). These
results suggested that the IFN-y/PD-L1 signaling axis is sup-
pressed in MM cells with high NEK2.

Combining NEK2 inhibition with anti-PD-L1 mAb therapy
provides therapeutic benefits

Based on the finding that NEK2 inhibition impaired TAMs and
MDSCs function, while upregulating PD-L1 expression in MM
cells, we hypothesized that combination of a NEK2 inhibitor,
INH154, with anti-PD-L1 mAb would have additional therapeutic
benefits. To test the hypothesis, we treated BM-MNCs in vitro
(Figure 6A). INH154 treatment significantly decreased the per-
centages of CD138* MM cells (Figure 6B), suggesting INH154
selectively targeted MM cells probably due to their relatively
high proliferative capacity. No significant killing effects were
observed with the PD-L1 mAb on MM cells, which may be due
to the limited function of antibody-dependent cell-mediated
cytotoxicity. The increase in PD-L1 expression on MM cells
and myeloid cells after INH154 treatment was effectively blocked
by PD-L1 mAb treatment (Figures 6C and 6D). In addition, total
T cells were increased after INH154 and the combination treat-
ment, while CD8" and CD4* T cell percentages among total
T cells were not significantly changed (Figure 6E). Moreover,
the percentages of PD1* CD8" and CD4* T cells both decreased
after INH154 and in the combination treatment (Figure 6F). These
data indicate that NEK2 blockade selectively inhibited MM cell
growth and reduced PD1* T cells in primary myeloma samples
and combined with PD-L1 mAb provides better therapeutic ben-
efits by blocking PD-L1 expression on MM and monocytes,
which was increased after NEK2 inhibition.

To test the efficacy of the combination therapy on a well-es-
tablished preclinical Vk*MYC MM mouse model, INH154 and
PD-L1 mAb were given alone or in combination 1 day prior to
Vk12653 MM cell injection and followed by administration twice
a week for 5 weeks (Figure 7A). Both IHN154 and PD-L1 mAb
decreased serum +y-globulin levels on day 35 post Vk12653
MM cell injection when treated alone, and a further decrease
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was observed with combination treatment (Figures 7B and
S5A). In addition, Kaplan-Meier survival analysis revealed a sig-
nificant prolongation in survival in the combination-treatment
group (Figure 7C). The weight of the spleen was lower in both
INH154 and PD-L1 mAb-treated mice and further lowered by
combination treatment (Figures 7D and S5B). Flow cytometry
analysis of CD138"B220" MM cell percentage and its PD-L1
expression level in the BM and spleen showed dramatic de-
creases of MM cell percentages in the combination-treated
group (Figures 7E, 7F, and S5C). In addition, PD-L1 expression
on the MM cells slightly increased after INH154 treatment while
being almost completely blocked after PD-L1 mAb treatment
(Figures 7E, 7F, and S5C). These data demonstrate that NEK2 in-
hibitor INH154 significantly enhanced the antitumor efficacy of
the anti-PD-L1 mAb by increasing the PD-L1 level and enhancing
CD8"* T cell activity.

DISCUSSION

Our study strongly suggests that blocking of NEK2 in the envi-
ronment delays MM tumor progression by augmenting antitumor
immunity. Specifically, NEK2 deficiency in myeloid progenitor
cells decreased the generation of functional TAMs and
MDSCs, which in turn enhanced the antitumor function of
T cells. By assessing the clinical significance of NEK2 in MM im-
munity, we found that higher NEK2 expression is associated with
an increased frequency of CD8* Tgy, cells, and a lower level of
NEK2 enriches for an IFN-y gene signature associated with an
elevated expression of PD-L1. The NEK2 inhibitor INH154 signif-
icantly enhanced the antitumor efficacy of the anti-PD-L1 mAb
by increasing the PD-L1 level and enhancing CD8" T cell activity.

Previous studies have reported that peripheral blood levels of
IFN-y are decreased in MM patients compared with healthy con-
trols.® Multi-site cohort analysis of gene expression datasets of
plasma cells reveals that an enhanced immune gene signature
correlates with MM patient’s outcome with higher levels of
IFN-y and other Th1 cytokines predicting longer survival.*® How-
ever, how the immune gene signature is altered in tumor cells
lacks experimental evidence. In this study, we incorporated
comprehensive experimental tools to study how NEK2 expres-
sion affects MM immunity. Our data identified the association
of high NEK2 expression with adverse outcomes and a downre-
gulated IFN-y gene signature, resulting in an elevated infiltration
of PD1* CD8" Tgy cells, suggesting that the activation of IFN-y
gene signature in MM cells may be generated by the activation
of CD8* T cell responses. The PD-L1 expression in the MM cells
likely serves as a surrogate marker for IFN-v signaling and is an
indicator of antitumor Th1 response, but whether it plays a role in
tumor anti-apoptosis and immune escape needs further investi-
gation. In addition, we identified that NEK2 knockout signifi-
cantly decreased TAMs and Tregs in the 5TGM1 MM mouse
model. This is consistent with recent clinical scRNA-seq studies
showing that an immune suppressive BM microenvironment
contains increased percentages of exhausted T cells and
myeloid cells during MM progression and relapse.'®*” Thus,
modulating MM immune microenvironmental cells and restoring
CD8* T cell immunity'"*® may be an attractive strategy to pre-
vent MM tumor growth. Notably, NEK2 knockout does not
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Figure 5. NEK2 suppresses the IFN-y/PD-L1 signaling pathway in MM patients

(A) Heatmap of CIN and IFN-y signaling genes from NDMM patients in the TT2 cohort (n = 351).

(B) Correlation analyses of CD274 and NEK2 mRNA from NDMM samples derived from MMRF CoMMpass (n = 606) and UAMS-MM (n = 1,497) datasets. CD274
expression was identified using probe 223834_at in UAMS-MM and ENSG00000120217 in the MMRF CoMMpass dataset. Red line represents simple linear
regression. Pearson correlation coefficient (r) was noted in the figure.

(C) Dot plots of CD274 mRNA expression among seven MM subtypes of NDMM samples from MMRF CoMMpass (n = 606) and UAMS-MM (n = 1,388 that
are subtypes available) datasets. Violin plot shows median + 95% confidence interval and p value for one-way ANOVA followed by a Tukey’s multiple
comparison test.

(D) Kaplan-Meier analyses of overall survival (left) and progression-free survival (right) from NDMM patients of MMRF CoMMpass and UAMS-MM datasets based
on NEK2 and CD274 expression.

(E) IHC staining of NEK2 and PD-L1 expression on 50 bone marrow biopsies derived from NDMM patients (40X, scale bar represents 60 um). Correlation analysis
of percentages of NEK2-positive nuclei and PD-L1-positive cells. Red line represents simple linear regression. Spearman correlation coefficient (r) was noted in
the figure. ***p < 0.0001.
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Figure 6. NEK2 inhibition increases potency of anti-PD-L1 monoclonal antibody (mAb) against MM

(A) Experimental layout for a combination treatment of INH154 and PD-L1 mAb in freshly isolated BM-MNCs in vitro. Survived CD138* MM cells, CD14* myeloid
cells, CD8* T cells, and CD4* T cells and their PD-L1 or PD1 expression were detected 24 h after the treatment by flow cytometry.

(B) Flow cytometry analysis showing percentages of CD138" MM cells and CD14* monocytes of total live cells after treatments.

(C and D) Flow cytometry analysis showing PD-L1 expression in CD138* MM cells (C) and CD14" monocytes (D) after treatments.

(E) Flow cytometry analysis showing percentages of CD3" of total live cells and CD8* and CD4* T cells of total CD3" T cells after treatments.

(F) Flow cytometry analysis showing PD1 expression in CD8" T cells and CD4* T cells after treatments. (B-F) Spaghetti plots show data from each patient and p
value for randomized block (repeated measures) ANOVA followed by a Tukey’s multiple comparison test. *p < 0.05; **p < 0.01; ***p < 0.001.

modulate naive macrophages, indicating NEK2 facilitates
macrophage response to the soluble factor secreted by the tu-
mor cells. In a different light, high NEK2 expression in tumor cells
may result in increased secretion of the immune regulating solu-
ble factors that are worth further investigation.

The level of PD-L1 expression in HR and relapsed MM cells
is relatively low, which may explain why responses to PD-L1/
PD1 blockade monotherapy in MM have been limited.*%*°
This is especially true given that basal expression of PD-L1
on tumor cells can predict the sensitivity of pembrolizumab.*’
Combining PD-L1/PD1 blockades with immunomodulators
has shown a potential synergy.**** However, increased serious
adverse events and decreased OS were seen.***® Therefore,
more efficient and safer combination strategies are needed.
In this study, we found that NEK2 inhibition increased IFN-vy
signaling and PD-L1 expression in MM cells in both animal
models and clinical datasets. In support of that, studies have
shown that PD-L1 expression in MM cells is increased in the

presence of IFN-v,*”*® while changes in tumor antigen presen-
tation and IFN-y signaling pathways play an essential role in
primary and acquired resistance of PD-L1/PD-1 blockade.**°
We observed that PD-L1 expression was highest in the HY sub-
type and lowest in the PR subtype of MM, suggesting that
increasing IFN-y* CD8* T cells tumor surveillance may protect
HY subgroup MM from progression to PR. MM patients in the
HY subtype may therefore be relatively sensitive to the PD-
L1/PD-1 blockade. Furthermore, our findings showed a signifi-
cant augmentation of antitumor activity of an anti-PD-L1 mAb
by a NEK2 inhibitor in primary MM samples cultured in vitro
as well as in an MM mouse model. We provided initial experi-
mental evidence that further clinical investigation of a NEK2 in-
hibitor in combination with PD-L1 blockade may be warranted.
Notably, overexpression of PD-L1 exhibits anti-apoptotic tumor
characteristics acting as a shield for tumor cells to protect tu-
mor cells from T cell-mediated elimination.®’ Thus, upregulating
tumor PD-L1 levels inhibits T cell-mediated cytotoxicity, and
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Figure 7. Combining NEK2 inhibition with anti-PD-L1 mAb therapy provides therapeutic benefits in MM mouse model

(A) Experimental timeline for a combination treatment of INH154 and PD-L1 mAb in C57BL/6 mice injected with Vk12653 MM cells. MM was monitored by serum
protein electrophoresis to detect y-globulin. Survival was monitored up to 80 days post Vk12653 MM cells injection. Endpoint of MM engraftment was analyzed
BM and SPL by fluorescence-activated cell sorting on day 35 post Vk12653 MM cell injection when mice in the control group were moribund.

(B) Quantitative analyses of mouse serum +y-globulin percentages on day 35 post Vk12653 MM cell injection. n = 5 mice/group with two biological replicates.
Boxplot shows mean + SD and p value for one-way ANOVA followed by a Tukey’s multiple comparison test.

(C) Survival analysis.

(D) SPL weight index. n = 5 mice/group with two biological replicates. Boxplot shows mean + SD and p value for one-way ANOVA followed by a Tukey’s multiple
comparison test.

(E and F) Flow cytometry analysis showing percentages of CD138"B220~ MM cells and PD-L1 expression in MM cells in BM (E) and SPL (F). n = 5 mice/group with
two biological replicates. Boxplot shows mean + SD and p value for one-way ANOVA followed by a Tukey’s multiple comparison test. *p < 0.05; **p < 0.01;

***p < 0.001. Please also see Figure S5.

compounds that can downregulate PD-L1 should achieve bet-
ter antitumor effects.®® It's worth noting that our observation
regarding the role of NEK2 in PD-L1 regulation is inconsistent
with a pancreatic cancer study showing that NEK2 phosphory-
lates PD-L1 to stabilize its expression.”® The interplay between
NEK2 and PD-L1 regulation may be context dependent, influ-
enced by tumor-specific characteristics and the specific im-
mune microenvironment within each cancer type. Further
investigation is needed to unravel the underlying mechanisms
governing NEK2-PD-L1 interactions in diverse cancer types.

Limitations of the study

The Nek2~'~ mouse used in this study is a whole-body knockout
mouse model. Additional experiments using conditional
knockout of NEK2 only in myeloid cells would be important to
prove the conclusion that NEK2 deficiency in myeloid cells sup-
presses differentiation of TAMs and MDSCs and enhances the
antitumor function of T cells in the MM mouse model.
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LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit Thermo Fisher L34965
Foxp3/Transcription Factor Staining Buffer Set Thermo Fisher 50-112-8857
CD19 MicroBeads, mouse Miltenyi Biotec 130-121-301
CD11b MicroBeads, mouse and human Miltenyi Biotec 130-049-601
CD3e MicroBead kit, mouse Miltenyi Biotec 130-094-973
CD8a+ T cell Isolation Kit, mouse Miltenyi Biotec 130-104-075
CD8 MicroBeads human Miltenyi Biotec 130-045-201
Dynabeads™ Mouse T-Activator CD3/CD28 for Thermo Fisher 11-456-D

T cell Expansion and Activation

Dynabeads™ Human T-Activator CD3/CD28 for Thermo Fisher 11-131-D

T cell Expansion and Activation

Mammalian Cell & Tissue Extraction Kit BioVision K269-500
BCA Protein Assay Kit Thermo Fisher 23225
Mouse IFN-gamma Quantikine ELISA Kit R&D MIFO0

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse IgG2b ELISA Quantitation Set Bethy Laboratories E90-109
QuickGel SPE Kit Helena 3505T
Cytometric Bead Array (CBA) Human BD Biosciences 551809

Th1/Th2 Cytokine Kit Il

RNeasy Plus Kit QIAGEN 74034

iScript™ Reverse Transcription Supermix Bio-Rad 1708841

iTag™ Universal SYBR® Green Supermix Bio-Rad 1725121
Deposited data

RNA-seq data on spleen B cells of Ep-myc mice This paper GEO: GSE226675
Single-cell RNA seq data on BM cells of 5TGM1 This paper GEO: GSE226697

MM mouse model
GitHub

Kenneth Hu Github

https://doi.org/10.5281/zenodo.7697398
https://doi.org/10.5281/zenodo.7702421

Experimental models: Cell lines

5TGM1 MM
Vk12653 MM

Harlan Laboratory Inc.
Mayo Clinic

Garrett et al.>®
Chesi et al.>*

Experimental models: Organisms/strains

MOUSE: B6. Nek2~/~

MOUSE: Ep-myc
MOUSE: C57BL/6J
MOUSE: C57BL/KalwRijHsd

Mutant Mouse Resource &

Research Centers

The Jackson Laboratory
The Jackson Laboratory
The Harlan Laboratory

https://www.mmrrc.org/catalog/sds.
php?mmrrc_id=48780

https://www.jax.org/strain/002728
https://www.jax.org/strain/000664

https://www.envigo.com/model/
c57bl-kalwrijhsd

Oligonucleotides

Primer: Nek2 wild type allele Forward: CAA CAT
GAC ACC ATG GAA AAC CG and Reverse:
GAG CAT GAG GAC CAG AAA ACG ATG G

Primer: Nek2 knockout allele Forward primer
GAG ATG GCG CAA CGC AAT TAAT and
reverse primer TTT GGT TGA AAG CTG

TAA AGG GAG GC

Primer: NEK2 Forward: GGA TGG CAA GCA
AAA CGT CA and Reverse:

TAC AGC AAG CAG CCC AAT GA

Primer: ACTB Forward: GGG CAT GGG
TCA GAA GGA TT and Reverse:

TCG ATG GGG TAC TTC AGG GT

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

Software and algorithms

FlowJo_V10
GraphPad Prism 9
Imaged

Image Lab 6.1

OsteoMeasure 7.0
ImageScope

GO and KEGG analyses
Cytobank

BD Biosciences
Graph Pad
ImageJ
Bio-Rad

Osteometrics, Inc.
Leica Biosystems

ShinyGO 0.76.3
Beckman Coulter, Inc

https://www.flowjo.com/solutions/flowjo
https://www.graphpad.com
https://imagej.nih.gov/ij/download.html

https://www.bio-rad.com/en-us/product/
image-lab-software?ID=KRE6P5E8Z

https://www.osteometrics.com/HRCVS.htm

https://www.leicabiosystems.com/us/digital-
pathology/manage/aperio-imagescope/

http://bioinformatics.sdstate.edu/go/
https://premium.cytobank.org/cytobank/login
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Fenghuang
Zhan (fzhan@uams.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Bulk RNA-seq and single cell RNA-seq data have been deposited at the Gene Expression Omnibus GEO: GSE226675 and GEO:
GSE226697. Gene expression profiling data from human CD138* MM cells are available under GEO: GSE19554, GEO: GSE2658
and GEO: GSE19784. All original code has been deposited to GitHub. DOlIs are listed in the key resource table. Any additional infor-
mation required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Ep-myc strain (JAX stock# 002728) and C57BL/6J strain (JAX stock# 000664) mice were purchased from Jackson Laboratories.
C57BL/KaLwRij mice were obtained from Harlan Laboratory Inc. (Harlan Mice, Netherlands). Nek2~'~ mice were bred to C57BL/KalL-
wRij background for 10 generations for 5TGM1 MM transfer experiments. All mice were bred and maintained at the University of Ar-
kansas for Medical Sciences (UAMS) Animal Facility on a 12-h light/dark cycle with stable temperature (22°C) and humidity (60%)
with free access to food and water. 8-10 weeks half male and half female mice were used for experimentations unless otherwise
indicated. All animal procedures were conducted under the regulatory standards approved by the UAMS Institution of Institutional
Animal Care and Use Committee (Protocol #3991).

Generation of Nek2 knockout mice

Three embryonic stem (ES) clones Nek2_B10, Nek2_F10 and Nek2_G11 with Nek2 disruption cassettes were purchased from Mutant
Mouse Resource & Research Centers. The original allele for this mutation is of type 'Knockout-First - Reporter Tagged Insertion’. The
three ES clones were injected into pseudo-pregnant C57BL6 mice and Nek2 knockout mice were generated by gene trap and CMV-
Cre. Primers for identification of Nek2 wild type allele are forward primer 5'-CAA CAT GAC ACC ATG GAA AAC CG-3' and reverse
primer 5'-GAG CAT GAG GAC CAG AAA ACG ATG G-3'. Primers for identification of the knockout allele are forward primer 5'-GAG
ATG GCG CAA CGC AAT TAA T-3' and reverse primer 5'-TTT GGT TGA AAG CTG TAA AGG GAG GC-3'.

Pre-tumoral analysis of Ep-myc model

Ep-myc mice were crossed with Nek2 knockout mice. The offspring harboring Ep-myc transgenes and Nek2 knockout allele were
genotyped by polymerase chain reaction (PCR) respectively. Primers for identification of Epn-myc transgenes are forward primer
5- TTA GAC GTC AGG TGG CAC TT-3 and reverse primer 5'-TGA GCA AAA ACA GGA AGG CA-3’. To monitor mouse survival,
Ep-myc mice with different Nek2 genotyping (Nek2~'~, Nek2*/~, Nek2*/*) were sacrificed upon the development of advanced dis-
eases such as visible or palpable lumps, a hunched posture, tachypnea, a swollen belly, or ruffled fur. To study pre-tumoral cell
biology, we collected peripheral blood, spleen, thymus, and bone marrow at 6-8 weeks of age for further analysis. Peripheral blood
was collected into an EDTA tube followed by a complete blood count (CBC) determined with Vetscan HM5 Hematological analyzer
(Zoetis). Spleen and thymus were weighted, and single cell suspension was obtained by squeezing and filtering through a sterile
70 um cell strainer (BD Falcon). Bone marrow cells were obtained by flushing with a 1 mL syringe with a 25-gauge needle. Red blood
cells were lysed, and cells were washed twice with PBS buffer before continuing with flow cytometry or magnetic-activated cell sort-
ing (MACS).

Transplantable multiple myeloma mouse models

Transplantable 5TGM1 MM cell line®® and V12653 MM cell line®* were generated and expanded as previously described. 5TGM1
(1 x 108 or V12653 (1 x 108 were injected i.v. via tail vein of C57BL/KalLwRij mice and C57BL/6J mice, respectively. Mouse serum
was obtained by submandibular blood sampling. Serum IgG2b or M-protein levels were detected by ELISA or electrophoresis,
respectively. Mouse BM and spleen cells were harvested and the percentage of CD19 CD138" plasma cells was analyzed by
flow cytometry at indicated time points. For survival analysis, mice were monitored daily and were euthanized when mice developed
signs of reduced mobility including paralysis, hunched posture, or respiratory distress.

Cell Reports Medicine 4, 101214, October 17, 2023 e4



mailto:fzhan@uams.edu

¢ CelPress Cell Reports Medicine

OPEN ACCESS

METHOD DETAILS

In vivo treatment

The NEK2 inhibitor INH154 was gifted from the Bipharm and dissolved in the solvent 10% DMSO, 40% PEG300, 5% Tween-80, and
45% saline and given at 10 mg/kg i.p. twice a week. PD-L1 mAb (Clone 10F.9G2, Bio X Cell) was given at 100 ng/mouse/100 pL i.p.
twice a week. The vehicle groups were given by the solvent at the same frequency.

Mouse serum protein electrophoresis

Mouse serum protein electrophoresis was performed using Helena QuickGel Electrophoresis system followed by the manufacture’s
instruction. Briefly, mouse serum was diluted with saline at 1:4 ratio. One pL of diluted samples was loaded to the gel and electro-
phoresis for 5 min and 45 s. Gel was stained with Comassie Blue and destained with acetic acid and methanol before drying. Vk12653
tumor bearing mice show a predominant monoclonal gamma banding in the gamma region. The quantification of the percentage of
v-globulin was analyzed by ImageJ.

Flow cytometry

Single cell suspensions were pre-incubated with anti-mouse CD16/32 antibody (Biolegend) for 30 min for blocking prior to labeling
with fluorochrome-conjugated antibodies for 30 min at 4°C. For intracellular antibody staining, freshly isolated cells were incubated
with Monensin solution (Thermo Fisher), Brefeldin A solution (Thermo Fisher) and Cell stimulation cocktail (Thermo Fisher), for 4 h.
After being stained with surface antibodies, cells were fixed in 4% paraformaldehyde for 10 min, following fixation permeabilize
the cells by adding 500 pL of Fix/Perm buffer (Thermo Fisher) overnight. The next day, cells were washed with Perm buffer and incu-
bated with an intracellular antibody cocktail for 30 min at 4°C. Cells were washed twice with perm buffer and once in fluorescence-
activated cell sorting (FACS) buffer prior to running. Data acquisition was performed using BD FACSverse, Celesta or LSRFortessa
Flow Cytometer (BD Biosciences). Raw data were analyzed using FlowdJo software for visualization and quantification.

Bulk RNA sequence

CD19* B cells from Eu-myc mice with or without Nek2 knockout were isolated from spleen by MACS and were processed for RNA
extraction using RNeasy Plus mini kit (74134, Qiagen). RNA concentration and purity were determined on NanoDrop. Deep RNA
sequence was conducted at the Genomics Division of the lowa Institute of Human Genetics.

Single cell RNA sequence (scRNA-seq)

Bone marrow cells were harvested and counted using a fluorescence microscope. Samples with viability higher than 95% were pro-
cessed for 10x genomics scRNA-seq. Approximately 10,000 cells were targeted, and single-cell emulsions were generated with the
Chromium Controller (10x Genomics, Pleasanton, CA, USA) using the Chromium Next GEM Chip G (Part Number 1000120, 10x Ge-
nomics) with the Chromium NextGEM Single Cell 3’ v3.1 kit (Part Number 1000121, 10x Genomics) following the standard protocol.
Libraries were assessed for mass concentration using the Qubit 1X dsDNA HS Assay Kit (catalog #Q33231; Invitrogen, Waltham MA,
USA) and the Qubit 4 fluorometer (catalog #Q33238; Invitrogen, Waltham MA, USA). Library fragment size was assessed with the
High Sensitivity NGS Fragment Analysis Kit (catalog # DNF-474-0500; Agilent, Santa Clara CA, USA) on the Fragment Analyzer Sys-
tem (catalog #M5310AA; Agilent, Santa Clara CA, USA). Libraries were functionally validated with the KAPA Universal Library Quan-
tification Kit (catalog # 07960140001; Roche, Basel CH). Initial low-pass “surveillance” sequencing was performed on an lllumina
NovaSeq SP 100-cycle flow cell and data were assessed using the Cell Ranger Count output.

Bioinformatics analysis

Raw scRNA-seq data were preprocessed using the Cell Ranger analysis pipelines (10x Genomics) version 6 with reference genome
of Mus musculus version mm10 to demultiplex for cell and transcript and generate count table. The count table was loaded into R
through Seurat version 4 package® for further analysis. Cells that have gene numbers lesser than 200, greater than 7,000, and more
than 10% of unigue molecular identifiers stemming from mitochondrial genes were discarded from the analysis. For individual sam-
ple, a principal component analysis (PCA) was performed on significantly variable genes for remained high-quality cells. Results of
individual samples were used for data integration across samples using reciprocal PCA method to minimize technical differences
between samples. The integration results were employed as input for clustering using Louvain algorithm with multilevel refinement°
and the Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP). Expression patterns of selected marker
genes across cell clusters were plotted as a heatmap to assess the quality of cell clustering. After quality control, we obtained high
quality single-cell transcriptomes average 7,600 cells per sample. Cell types were assigned using followings gene markers: Sdc1
(MM cells), Cd74, H2Ab1 (Pre-B cells), Vpreb3, Akap12 (Pro-B cells), Gzma, Klra4, Cd3d, Cd3e (NK and T cells), ltgax, Siglech
(DCs), Elane, Mpo, Ctsg, Ms4a3 (Myeloblasts), Fcnb, Ltf, Lcn2 (Myelocytes), Ly6g, Mmp8, Cxcr2 (Neutrophils), F13a1, Irf8, Ly86
(Monoblasts), S100a4, Pld4, Csf1r (Monocytes), and Adgre1 (Macrophages). The gene-specific markers of each cluster were iden-
tified using Seurat’s FindAllMarkers function with the Model-based Analysis of Single Cell Transcriptomics (MAST) package.®” To
analyze heterogeneity of Macrophages and NK/T population, we selected each cluster and performed subcluster analysis using
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the Seurat’s FindClusters function. GO and KEGG analyses were performed by ShinyGO 0.76.3 and enriched signaling pathways
were selected by a false discovery rate cutoff 0.05 and sorted by the fold enrichment.

Micro-computed tomography (1CT)

Mouse tibiae were fixed in 10% neutral-buffered formalin for 2 days pnCT was performed using SkyScan1272 scanner (Bruke) with the
following settings: 60 kV and 166 pA, Al 0.5 mm filter,10 uM pixel size. Images were reconstructed using the Skyscan NRecon pro-
gram (version 2.0) with a beam-hardening correction of 40. Trabecular and cortical bone microarchitecture were analyzed using the
Skyscan CT Analyzer program (version 2.0). Osteolytic lesions on the curved medial tibial surface that completely penetrated the
cortical bone and were greater than 100 um in diameter were counted.

Bone histomorphometry

Mouse tibiae were fixed in 10% neutral-buffered formalin for 2 days, decalcified in 5% EDTA solution (pH 7.0) for 7 days, dehydrated
and embedded in paraffin. Bone sections were cut at 5 um thickness and stained with H&E and TRAP using a Leukocyte Acid Phos-
phatase Kit (Sigma-Aldrich). Histomorphometric analyses were performed using OsteoMeasure software (OsteoMetrics, version
7.0), with a Zeiss Axioskop2 microscope (Carl Zeiss).

In vitro TAMs and MDSCs generation

Bone marrow cells collected from Nek2*'+ or Nek2~'~ mice were isolated from femur and tibia and cultured in Dulbecco modified Eagle
medium (Gibco) containing 10% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, 100 mg/mL streptomycin, and 50 mM
2-mercaptoethanol. M-CSF (10 ng/mL, Biolegend) or GM-CSF (10 ng/mL, Biolegend) was added to induce macrophages (6 days)
or MDSCs (4 days), respectively. 5TGM1 conditioned media were added for additional 2 days to induce TAMs. In some experiments,
mouse CD11b* cells were selected by MACS from freshly isolated bone marrow cells or cultured MDSCs for subsequent analyses.

Functional Assay of T Cells Co-cultured with TAMs or MDSCs

CD8* T cells were isolated from spleen by MACS using anti-CD8 microbeads, and stained with CellTrace Violet (CTV, Thermo Fisher)
according to manufacturer’s instruction. Isolated CD8" T cells were co-cultured with TAMs or MDSCs at 4:1 ratio on 96-well plates
coated with anti-CD3 (2.5 mg/mL) for 72 h. The percentages of proliferating CD8" T cells were determined by CTV dilution assess-
ment. IFN-y levels in the culture supernatant were measured by ELISA (R&D).

Cell viability and cell cycle
Macrophage cell viability was detected by PrestoBlue Cell Viability Reagent (Thermo Fisher). Cell cycle progression was measured
with the help of the Tali Cell Cycle Kit (Thermo Fisher). All experimental processes were conducted with manufactural instructions.

Western Blot

Proteins were harvested under instruction of Cell and Tissue Extraction Kit (K269-500, BioVision). Protein concentrations were deter-
mined using the Pierce BCA Protein Assay Kit (23225, Thermo). A total of 35 nug protein per sample was loaded and separated by
SDS-PAGE (Thermo) and transferred to nitrocellulose membranes. After blocking with 5% skimmed milk, membranes were blotted
with first antibodies followed by appropriated HRP-conjugated secondary antibodies. The proteins were visualized by enhanced
chemiluminescence using ChemiDoc XRS+ System (Bio-Rad).

Isolation and Purification of human myeloma cells

All patients gave written informed consent and collection was approved by the UAMS review boards (IRB #261820). Fresh bone
marrow aspirates from MM patients were collected at the time of diagnosis in the University of Arkansas for Medical Sciences
and were diluted to 25 mL with PBS and overlaid on lymphocyte separation media (Corning). Following centrifugation, collected buffy
coat was washed with PBS and resuspended in RPMI1640 medium, defined as bone marrow mononuclear cells (BM-MNCs).
CD138* MM cells were purified using immunomagnetic bead selection with monoclonal mouse anti-human CD138 antibody with
the use of the AutoMACS automated separation system (Miltenyi-Biotec). PC purity of >95% homogeneity was confirmed by
2-color flow cytometry with the use of CD138*/CD45™ criteria (Becton Dickinson), immunocytochemistry for cytoplasmic light-chain
immunoglobulin, and morphology by Wright-Giemsa staining.

Gene expression profiling

RNA of CD138" MM cells was extracted using the RNeasy kit (Qiagen). cDNA was prepared and biotinylated with the Affymetrix
GeneChip HT 3" IVT Express Kit. Samples were hybridized to an Affymetrix Human Genome U133 Plus 2.0 Array Chip according
to the manufacturer’s recommendations and then read on a GeneChip Scanner 3000 System (Thermo Fisher).

Quantitative real-time PCR (qRT-PCR)

RNA of CD138* MM cells was extracted using the RNeasy Plus mini kit (74134, Qiagen). RNA concentration and purity were deter-
mined on NanoDrop. cDNA synthesis was conducted using the iScript reverse transcription kit (1708841, Bio-Rad). gRT-PCR was
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performed on the CFX Connect Real-Time System (Bio-Rad) using reagents of SYBR Green Supermix (1725121, Bio-Rad). Primer
sequences of NEK2 are forward primer 5'- GGA TGG CAA GCA AAA CGT CA-3’ and reverse primer 5'- TAC AGC AAG CAG CCC
AAT GA-3’. Primer sequences of ACTB are forward primer 5-GGG CAT GGG TCA GAA GGA TT-3' and reverse primer 5'-TCG
ATG GGG TAC TTC AGG GT-3". mRNA levels were calculated using the 22 method and normalized to ACTB.

Functional Assays of human T cells

Freshly BM-MNCs were detected expression of PD1 on CD8* and CD4™ T cells by flow cytometry. CD138~ BM-MNCs or sorted CD8*
T cells were stimulated with anti-CD3/CD28 microbeads (Thermo Fisher). Cytokine levels were measured in cell culture supernatants
by Cytometric Bead Array (CBA) (BD Biosciences) after 24 h. Alternatively, cells were stained with CellTrace Violet (CTV, Thermo
Fisher) before anti-CD3/CD28 microbead stimulation followed by CTV dilution assessment 5 days later.

Immunohistochemistry (IHC)

MM bone marrow biopsies were embedded in paraffin, sliced into 4 um sections, and dried in 55°-60° oven for 30 min. NEK2 (D-8, sc-
55601, Santa Cruz) and PD-L1 (PA0832, Leica biosystems) staining were performed on Leica BondRX IHC staining platform. Slide
sections were pre-treated using heat-mediated antigen retrieval buffer for 30 min at 98°C. The section was then incubated with pri-
mary antibody, 5 ng/mL working concentration, for 60 min at room temperature and detected using an HRP conjugated compact
polymer system for 8 min at room temperature. DAB was used as chromogen for 10 min at room temperature. The section was
then counterstained with hematoxylin, blued, dehydrated, cleared, and mounted with DPX (Phthalate Free) mounting media. Repre-
sentative images were captured and quantified using the ImageScope software (Leica Biosystems).

Mass cytometry (CyTOF)

Cryopreserved BM-MNCs were thawed, stained with metal-tagged antibodies, and acquired on a Helios mass cytometer (Standard
BioTools Inc.) according to the manufacturer’s recommendation. Data were normalized using calibration beads and then uploaded to
an online analysis tool, Cytobank, for further processing. Initial data clean-up was performed using the Gaussian parameters method
as published previously.® Cleaned single cell events were gated for CD38*CD4574™M MM cells and CD45* immune cells, t-distrib-
uted stochastic neighbor embedding (t-SNE) and flow self-organizing map (FlowSOM) algorithms were implemented for dimension-
ality reduction and deep cell clustering.

In vitro treatment of primary BM-MNCs
1-2 x 10° fresh BM-MNGCs were cultured in vitro and treated with either a NEK2 inhibitor INH154 (HY-117154, MCE) at 2 uM, blocking
PD-L1 mAbs at 10 ng/mL (Clone 29E.2A3, Bio X Cell), or both for 24 h. Cells were harvested and stained for flow cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using the GraphPad Prism 9 Software. Unless indicated in the figure legends, results were ex-
pressed as Mean + SD. Student’s t test was used for comparisons between two groups. For comparison of means among multiple
groups in one factor or two factors, a one-way ANOVA followed by a Tukey’s multiple comparison test, or a two-way ANOVA followed
by Sidak multiple comparison test were used respectively. Paired sample data were analyzed using randomized block (repeated
measures) ANOVA followed by a Tukey’s multiple comparison test. Overall survival and disease-free survival curves were evaluated
using the Kaplan-Meier method and compared using the log rank test. Statistical significances are indicated as follows in figures:
p <0.001 as ™, p<0.01 as **, and p < 0.05 as *.
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