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ABSTRACT

Multiple myeloma (MM) is characterized by an accumulation of monoclonal plasma cells within the bone
marrow (BM). Macrophages are an abundant component of myeloma BM microenvironment and support
survival of the malignant cells and foster myeloma development and progression by suppression of the
immune response. In our previous study, we found that MM patients overexpress pro-inflammatory
cytokine interleukin-32 (IL-32). The present study aimed to investigate the role of IL-32 in myeloma
progression and mechanisms of IL-32 on macrophages functions. We discovered that the expression of
IL-32 was associated with the disease stage in myeloma patients. MM-derived exosomes containing IL-32y
promoted the expression of programmed death-ligand 1(PD-L1) by macrophages, thus promoting
immune evasion. Mechanistically, myeloma-secreted IL-32y acted via proteinase 3 (PR3) to enhance
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) dependent glycolysis and subsequent
PD-L1 expression. Moreover, the PFKFB3-Janus kinase 1 (JAK1) axis might contribute to the expression of
PD-L1 by macrophages. To sum up, we concluded that IL-32 was a critical mediator in myeloma progres-
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sion, and targeting IL-32 signaling might be used as a potential strategy for treating myeloma.

Introduction

Multiple myeloma (MM) is a hematological malignancy char-
acterized by expansion of clonal plasma cells infiltration in the
bone marrow (BM). Despite the dramatic advancements in
therapeutics over recent years, MM remains an incurable dis-
ease, with relapsed or refractory multiple myeloma (RRMM)
being the major challenge in clinical practice.'

Although multiple factors have been shown to contribute to the
transition through different stages of the disease, BM microenvir-
onment is a dominant driver that regulates tumor initiation and
progression. It has been suggested that the expression of immune
checkpoint molecules by macrophages leads to suppression of
T-cell activation and effector functions;* nevertheless, the exact
underlying mechanisms remain unclear.

Interleukin-32 (IL-32) is a novel cytokine involved in inflam-
mation and cancer development.® Previous studies have found
that patients with newly diagnosed multiple myeloma (NDMM)
overexpressing IL-32 have an advanced International Staging
System (ISS) stage, and this process has been associated with the
immunosuppression function of macrophages.*™® In addition,
a growing number of studies have highlighted the crucial role of
metabolic reprogramming in macrophage phenotype and
function.” Previous studies suggested that lactate secretion by
endothelial cells enables macrophages to support the formation
of new muscle fibers and further stimulate blood vessel

formation.® Furthermore, tumor-derived hyaluronan fragments
can facilitate glycolysis, which fosters immune privilege by pro-
moting programmed death-ligand 1(PD-L1) expression in
monocytes/macrophages.” Lauterbach et al reported that after
Toll-like Receptor 4 activation, macrophages increase glycolysis
and tricarboxylic acid cycle volume, which then promotes histone
acetylation that is relevant for gene induction.'® Another impor-
tant finding demonstrated that enhanced lipid accumulation and
metabolism are required for the differentiation and activation of
tumor-associated macrophages (TAMs)."'" In addition, Ferreira
et al indicated that dietary glutamine supplementation might
potentiate parasite clearance by developing a more effective anti-
Leishmania adaptive immune response.'> However, the mechan-
ism through which metabolic reprogramming of macrophages
affects their effector functions upon IL-32 stimulation is not well
understood.

The binding of PD-L1 to programmed cell death protein 1
(PD-1) on activated T cells acts as a major co-inhibitory
checkpoint signaling that controls T cell-activating signals."
The inhibition of the PD-L1/PD-1 pathway has shown
a remarkable anti-tumor effect in patients with advanced can-
cers. However, the results of monotherapy with PD-1 inhibi-
tors have been unsatisfactory in MM,'*' and anti-PD-1
combined with immunomodulatory drugs have presented toxi-
cities that are incompletely understood.'® Therefore, further
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research is needed for alternative combinations of drugs or
different approaches to target this pathway.'” Expression of
PD-L1 is frequently observed in advanced stages of MM and
the presence of bone marrow stromal cells."” Previous studies
have reported that TAMs express PD-L1 and contribute to the
immune-suppressive tumor microenvironment.'®'* Moreover,
one study reported that PD-L1 antibody-treated macrophages
exhibited greater proliferation, survival, and pro-inflammatory
activation.”” These increasing body of evidence may provide
a rationale for the adoption of new strategies directly targeting
PD-L1 protein.

In this study, we examined the mechanisms through which
IL-32y promotes the expression of immune checkpoint mole-
cules in macrophages. We found that myeloma-secreted IL-32y
acted via proteinase 3 (PR3) to enhance 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) dependent
glycolysis and subsequent PD-L1 expression, which then
resulted in the suppression of the activation and function of
CDS8 + T cells. We also demonstrated that the PFKFB3-Janus
kinase 1 (JAK1) axis might mediate the PD-L1 expression in
IL-32y stimulated macrophages. These data suggested that IL-
32y derived from MM cells promoted the immunosuppressive
function of macrophages and targeting IL-32 signaling might
be used as a potential strategy for MM therapy.

Materials and methods
Cell culture

Human MM cell lines MM. 1S, CAG, JJN3, H929, U266, ARP-
1, and RPMI 8226 were kindly provided by Dr. Qing Yi (Center
for Hematologic Malignancies, Research Institute, Houston
Methodist, Houston, TX, USA). All cell lines were cultured in
complete RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS) in 5% CO2 at 37°C.

Peripheral blood mononuclear cells (PBMCs) were isolated
from healthy donors after obtaining informed consent. Human
macrophages were generated from PBMCs as previously
described.”' Briefly, monocytes (2 x 10° cells/well) were incubated
in 6-well cell culture plates for 0.5-1 h in RPMI 1640 media. Non-
adherent cells were then removed. The adherent human mono-
cytes were differentiated to macrophages for 7 d in RPMI 1640
media containing 10% heat-inactivated FBS and 20 ng/ml macro-
phage colony-stimulating factor (M-CSF) (R&D Systems,
MN, USA).

Patients and clinical specimens

Sixteen pairs of primary and relapsed or refractory mye-
loma specimens were obtained from patients who were
enrolled in the First Affiliated Hospital, School of
Medicine, Zhejiang University between 2015 and 2020. All
patients signed the informed consent, which was approved
by the Research Ethics Committee of the First Affiliated
Hospital, School of Medicine, Zhejiang University (Ethical
approval number: 11T20210619A). Clinical information was
retrospectively collected from the hospital archives, as
shown in Table 1.

Statistical analysis

The data are presented as the meant standard deviation (SD) of
at least three independent assays. GraphPad Prism 7.0 software
(GraphPad Software, CA, USA) was used for all statistical ana-
lyses. Statistical analysis of the differences between two groups
was performed using a two-tailed Student’s t-test, and multiple
group comparisons were performed using a one-way or two-way
ANOVA test. The significance thresholds were defined as statis-
tically not significant (#), statistically significant (*p < .05), highly
significant (**p < .01), or extremely significant (***p < .001).

Further details on the materials and methods that were used
in this study can be found in the supplementary notes.

Results

IL-32 and PD-L1 expression in myeloma patients are
associated with the disease stage

We performed a retrospective analysis of IL-32 expression in
BM biopsies collected from patients with newly diagnosed
multiple myeloma (NDMM) and relapsed or refractory multi-
ple myeloma (RRMM), aiming to find a correlation between
IL-32 expression and disease stage. The obtained results
revealed that RRMM samples had a higher IL-32 staining
intensity compared to NDMM (Figure 1(a,b)).

Previous studies demonstrated IL-32y as the most active iso-
form among the different IL-32 isoforms.® To examine whether
IL-32y was implicated in the function of macrophages, we used
our global transcriptomic analysis of macrophages treated with
IL-32y for 24 h and identified a list of immune checkpoint-related
genes. Among the key immune checkpoint-related genes up-
regulated in IL-32y treated macrophages, PD-L1 exhibited the
most significant increase in mRNA expression levels (Figure 1(c)).

Considering that RRMM patients have a higher IL-32 expres-
sion and knowing that IL-32y can promote the expression of
PD-L1 in macrophages, we hypothesized that PD-L1 expression
is increased in RRMM patients. To test this hypothesis, we
analyzed the PD-L1 expression in BM biopsies of MM patients.
Consistently, the results showed that RRMM had a higher PD-L1
expression compared to NDMM (Figure 1(d,e)).

We then used IL-32, PD-L1, and CD68 to further perform
colocalization analysis with MM tissues. As a result, immuno-
fluorescence analysis revealed that CD68 was expressed in
macrophages and co-localized with IL-32 and PD-L1 in
human myeloma tissues (Figure 1(f)). These data indicated
that RRMM had higher IL-32 and PD-L1 expression than
NDMM, and IL-32 expression overlapped with CD68 and PD-
L1 expression in MM tissues.

IL-32y promotes PD-L1 expression in macrophages

Next, we investigated the role of IL-32y in PD-L1 expression.
Exposure of macrophages to IL-32y resulted in a rapid increase
in the expression of PD-L1 detected by flow cytometry; the
expression peaked approximately 24 h after the treatment
(Figure 2(a)). Additionally, IL-32y increased the level of PD-
L1 mRNA, and the highest peak was observed approximately
12 h after treatment (Figure 2(b)). Results from western blot-
ting were consistent with flow cytometry results (Figure 2(c)).



Table 1. Patient characteristics.

Variables NDMM RRMM*

Median age, years(range) 56.5 (46-78)

Sex (M/F) 11/5

Durie-Salmon staging, n(%)

Stage 1A 1 (6.25%)

Stage IB -

StagellA 1 (6.25%)

StagellB -

StagelllA 12 (75%)

StagelllB 2 (12.5%)

R-ISS, n(%)

Stage | -

Stage Il 14 (87.5%)

Stage lll 2 (12.5%)

Median Glb(g/L), (range) 47.7 (17.3-95.3)  25.5 (15.3-

36.8)

>35 g/L 9 (56.25%) 1 (6.25%)

<35¢g/L 7 (43.75%) 15 (93.75%)

Median B2-microglobulin (mg/L), (range) 2.135 (1.041- 2.2 (1.059-
14.4) 6.62)

>5.5 mg/L 3 (18.75%) 1 (6.25%)

<5.5 mg/L 13 (81.25%) 14 (87.5%)

Unknown - 1 (6.25%)

Median Hb (g/L), (range) 107 (61-153) 128 (77-179)

>105 g/L 9 (56.25%) 13 (81.25%)

<105 g/L 7 (43.75%) 3 (18.75%)

Median Cre (umol/L), (range) 78.5 (54-488) 76 (49-578)

>176.8 pmol/L 2 (12.5%) 2 (12.5%)

<176.8 umol/L 14 (87.5%) 14 (87.5%)

Median Ca (mmol/L), (range) 2.295 (1.91- 2.255 (1.91-
2.58) 2.42)

>2.65 mmol/L - -

<2.65 mmol/L 16 (100%) 16 (100%)

Median LDH (U/L), (range) 194 (123-292)  234.5 (166—

477)

Normal 14 (87.5%) 8 (50%)

High 1 (6.25%) 6 (37.5%)

Unknown 1 (6.25%) 2 (12.5%)

M protein subtype, n (%)

19G kappa 3 (18.75%)

19G lambda -

IgA kappa 2 (12.5%)

IgA lambda 2 (12.5%)

IgD lambda 2 (12.5%)

Kappa light chain 1 (6.25%)

Lambda light chain 6 (37.5%)

Median Plasma cells in bone marrow (%), 28 (5-94.5) 9.5 (0-71)

(range)
Median TTP, months (range) 14.5 (6-46)

Abbreviations: M: male, F: female, R-ISS: Revised International Staging System,
Glb: globulin, Hb: hemoglobin, Cre: creatinine, Ca: calcium, LDH: lactate dehy-
drogenase, TTP:Time to progression.

* All patients received chemotherapy based on the bortezomib regimen.

Next, we cultured macrophages with human recombinant
IL-32y for 24 h. Flow cytometry, quantitative reverse transcrip-
tion polymerase chain reaction (QRT-PCR), and western blot-
ting showed that IL-32y significantly induced PD-L1
expression in a dose-dependent manner (Figure 2(d-f)).
Previous studies have suggested that plasma cells express PD-
L1. Thus, in this study, we explored the difference in PD-L1
expression between macrophages and plasma cells. Given that
PD-L1 is usually an inducible molecule, we investigated the
PD-L1 expression in 7 different human multiple myeloma cell
lines (HMCLs) and macrophages after interferon-y (IFN-y)
treatment by qRT-PCR and western blotting. The results
showed that macrophages expressed higher levels of PD-L1
compared to HMCLs. Moreover, IFN-y could promote the
expression of PD-L1 in most MM cell lines, especially in the
RPMI 8226 cell line, and the response of macrophages to IFN-y
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was stronger than that of RPMI 8226 (Figure 2(g)). Similarly,
the violin plot revealed that monocytes or macrophages
expressed higher levels of PD-L1 compared with malignant
plasma cells by using Tumor Immune Single Cell Hub
(TISCH), a comprehensive web resource enabling interactive
single-cell transcriptome visualization of the tumor microen-
vironment (Figure 2(h)). Additionally, we investigated whether
IL-32y could induce the expression of PD-L1 in MM cells. The
obtained results revealed that cell surface expression of PD-L1
was significantly increased in macrophages, with a small
increase in CAG and RPMI 8226. On the other hand, there
was no statistically significant change in MM.1S, JJN3, H929,
U266 and ARP-1 after IL-32y treatment (Figure 2(i)). Thus, we
concluded that macrophages highly expressed PD-L1 and were
more responsive to IL-32y compared to HMCLs.

Myeloma-derived IL-32y promotes PD-L1 expression in
macrophages through PR3

To detect whether endogenous IL-32y affects the expression of
PD-L1 in macrophages, we examined IL-32y mRNA and IL-32
protein levels in multiple myeloma cell lines compared to
monocyte-derived macrophages. IL-32y mRNA and IL-32 pro-
tein levels were abundant in H929 and JJN3 cell lines. In
addition, we found almost no expression of IL-32y in macro-
phages (Figure 3(a,b)).

Next, we aimed to elucidate whether overexpression of IL-32y
in MM cell lines could promote the expression of PD-L1 by
macrophages. Since previous studies have reported that IL-32 is
mainly secreted by MM cells by extracellular vesicles (EVs),* we
extracted exosomes from IL-32y-overexpressing H929 and JJN3
cells and incubated them with macrophages. We found that cell-
derived exosomes from IL-32y-overexpressing H929 and JIN3
cells could further promote the expression of PD-L1 by macro-
phages after 24 h of incubation (Figure 3(c-h)). These data sug-
gested that IL-32y in MM cells contributed to PD-L1 expression in
macrophages.

PR3 is an IL-32 binding protein that may have a key role in
exhibiting IL-32 bioactivity.**>*> To assess PR3 in IL-32y-
induced PD-L1 expression in macrophages, we downregulated
PR3 expression via small interfering RNA (siRNA) (Fig. S1A),
and then analyzed PD-L1 expression in macrophages in the
presence or absence of IL-32y. Notably, IL-32y-induced PD-L1
expression was effectively abrogated in the Si-PR3 group as
detected by flow cytometry (Figure 3(i)) and western blotting
(Figure 3(j)). These data suggested that PR3 mediated the
interaction between myeloma cells and macrophages.

IL-32y treated macrophages mediate T cell suppression
through PD-L1

To investigate whether IL-32y treated macrophages could
affect the anti-tumor immune response, we treated macro-
phages generated from healthy PBMCs with IL-32y for 24 h
and then co-cultured them with autologous purified,
healthy CD8+ and CD4 + T cells, respectively. Flow cyto-
metric analysis showed that CD8 + T cells co-cultured with
IL-32y treated macrophages exhibited an impaired produc-
tion of Granzyme B, IFN-y, and tumor necrosis factor-a
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Figure 1. IL-32 and PD-L1 are highly expressed in myeloma patients and correlated with disease stage. (a) Immunohistochemistry (IHC) analysis of BM biopsies from
patients with NDMM and RRMM showing IL-32 expression. RRMM samples showed a higher IL-32 staining intensity compared to NDMM (scale bar, 100 um). (b) The
scores were determined for quantitative staining of IL-32 in patients with NDMM and RRMM. Results are expressed as mean + SD (n = 16). (c) Macrophages generated
from PBMCs of three independent, healthy donors were treated with IL-32y (40 ng/ml) for 24 h. RNA was extracted for RNA sequencing. The heat map on immune
checkpoint-related genes was shown. (d) Representative IHC images in BM biopsies from patients with NDMM and RRMM showing PD-L1 expression (Scale bar, 100 pm).
(e) The scores were determined for quantitative staining of PD-L1 in patients with NDMM and RRMM. Results are expressed as mean + SD (n = 16). (f)
Immunofluorescence analysis of IL-32 (Green), PD-L1 (Red), and CD68 (Pink) expression in tumor tissues. Scale bar, 20 pm.

(TNF-a) (Figure 4(a)). Moreover, the expression of the
T cell activation markers CD25 and CD69 was decreased
(Figure 4(b)). Similarly, IL-32y treated macrophages sup-
pressed IFN-y and TNF-a production (Figure 4(c)), while
there was no obvious effect on the production of

interleukin-2 (IL-2) when co-cultured with CD4 + T cells
(Fig. S2A). Moreover, the expression of the T cell activation
markers CD25 was slightly decreased, while there was no
obvious effect on CD69 expression in vitro when co-
cultured with CD4 + T cells (Fig. S2B).
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Figure 2. IL-32y promotes PD-L1 expression in macrophages. (a) Flow cytometry analysis of PD-L1 level in macrophages treated with IL-32y (40 ng/ml) at
different time points. (b) qRT-PCR analysis of PD-L1 mRNA level in macrophages treated with IL-32y (40 ng/ml) at different time points. (c) Western blot
analysis of PD-L1 level in macrophages treated with IL-32y (40 ng/ml) at different time points. (d) Flow cytometry analysis of PD-L1 level in macrophages
treated with IL-32y (24 h) for the indicated concentrations. (e) gRT-PCR analysis of PD-L1 mRNA level in macrophages treated with IL-32y (24 h) for the
indicated concentrations. (f) Western blot analysis of PD-L1 level in macrophages treated with IL-32y (24 h) for the indicated concentrations. (g) PD-L1
expression in 7 MM cell lines and macrophages treated with IFN-y (20 ng/ml) was measured by qRT-PCR and western blotting, respectively. (h) Distribution of
the PD-L1 expression in different cell types in MM (Violin plot) by using the TISCH database. (i) Histograms representing cell surface expression of PD-L1 on
macrophages (MAC), MM.1S, CAG, JIN3, H929, U266, RPMI 8226, and ARP-1 after vehicle or IL-32y (20 ng/ml) treatment for 24 h. Data are presented as the
mean + SD of at least three independent experiments; *p < .05, **p < .01, ***p < .001.
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cytometry. (j) Western blotting was performed to measure the expression of PFKFB3 and PD-L1 when macrophages were transfected with control siRNA or PR3 siRNA
and then treated with IL-32y (40 ng/ml) for 24 h; Data are presented as the mean + SD of at least three independent experiments; *p < .05, **p < .01, ***p < .001, #, not

significant.

To further confirm the role of PD-L1 in IL-32y treated
macrophages mediated T cell suppression, we treated
macrophages generated from healthy PBMCs with IL-32y
for 24 h and then co-cultured them with autologous healthy
purified CD8+ and CD4 + T cells in the presence of anti-

PD-L1 antibody. The inhibition of PD-L1 using anti-PD-L1
antibody effectively restored the production of Granzyme B,
IFN-y, and TNF-a (Figure 5(a)), and the expression of the
activation markers CD25 and CD69 (Figure 5(b)) in auto-
logous healthy purified CD8 + T cells. Consistently, the
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inhibition of PD-L1 slightly restored the production of
IFN-y and TNF-a in autologous healthy purified CD4 + T
cells; yet, no statistical significance was observed
(Figure 5(c)). In summary, the above results indicated that
IL-32y-induced PD-L1 expression in macrophages could
induce CD8 + T cells suppression.

Enhanced glycolysis mediates IL-32y-induced PD-L1
expression in macrophages

Next, we investigated the underlying mechanism through
which IL-32y induces PD-L1 expression. Given that metabolic
reprogramming of macrophages has a predominant role in
regulating their phenotype and function,”** we employed inhi-
bitors to interfere with different metabolic pathways.
Measurements of the expression of PD-L1 were captured to
test the relevance of metabolic reconfiguration during IL-32y
induced PD-L1 expression in macrophages. Our results
revealed that the inhibition of glycolysis by 2-deoxy-
D-glucose (2DG) significantly reduced PD-L1 expression
after IL-32y stimulation in macrophages (Figure 6(a,b)).
Unlike 2-DG, oxidative phosphorylation inhibitor oligomycin
(Oli), fatty acid synthesis inhibitor C75, fatty acid oxidation
inhibitor etomoxir (ETO), and glutaminase inhibitor CB839
did not decrease the expression of PD-L1 (Fig. S3A-S3D).

To determine the levels of glycolysis in IL-32y treated
macrophages, we performed an RNA microarray to profile
gene expression in IL-32y treated macrophages. Our results
showed that the IL-32y treated subset had higher expression
levels of glucose transporter 1(GLUT1), Hexokinase-2 (HK2),
PFKFB3 and lactate dehydrogenase A (LDHA) (Figure 6(c)).
We then confirmed the results via qRT-PCR, which showed
that IL-32y treated macrophages had significantly increased
expression levels of key glycolytic enzymes (GLUTI or
SLC2A1], HK2, PFKFB3 and LDHA compared to untreated
control (Figure 6(d)). Similarly, we observed increased protein
levels of GLUT1, HK2, PFKFB3 and LDHA in macrophages
stimulated with IL-32y (Figure 6(e)). Consistently, increased
glucose uptake (Figure 6(f)) and glucose consumption
(Figure 6(g)) and upregulation of lactate production
(Figure 6(h)) were observed in macrophages treated with IL-
32y compared with control. These data indicated that IL-32y
treated macrophages exhibited enhanced glycolysis, which in
turn mediated IL-32y induced PD-L1 expression.

PFKFB3 mediates glycolysis-induced PD-L1 expression in
IL-32y treated macrophages

Among the key glycolytic enzymes up-regulated in IL-32y-
exposed macrophages, GLUT1, PFKFB3 and LDHA exhibited
a significant increase in mRNA expression levels. To explore
which glycolytic enzymes participate in IL-32y-induced PD-L1
expression, macrophages were treated with the GLUT1 inhi-
bitor BAY876, LDHA inhibitor AZ33, and PFKFB3 inhibitor
PFK15 before IL-32y stimulation (Fig. S4A-S4B and Figure 7(a,
b)). Among these inhibitors, we found that PFK15 inhibited IL-
32y-induced elevation in PD-L1 expression, as measured by
western blotting (Figure 7(a)) and flow cytometry
(Figure 7(b)). Then, we investigated the expression of

PFKFB3 in macrophages stimulated by IL-32y. PFKFB3
mRNA level was markedly increased with the rising doses of
IL-32y for 24 h, as was PFKFB3 protein (Figure 7(c,d)).
Differently, exposure of macrophages to IL-32y resulted in
a rapid increase in the expression of PFKFB3 mRNA and
protein, both of which peaked at approximately 12 h after
treatment (Figure 7(e,f)). Additionally, immunofluorescence
results confirmed that upon IL-32y treatment, expression of
PFKFB3 was significantly increased compared to untreated
control (Figure 7(g)).

To further verify the role of PFKFB3, we depleted PFKFB3
using siRNA in macrophages (Fig. S4C). The results showed
that knockdown of PFKFB3 markedly abrogated the induction
of PD-L1 expression in IL-32y-exposed macrophages as
detected by flow cytometry and western blotting (Figure 7(h,
i)). Moreover, we transduced macrophages with adeno-
associated virus expressing GFP alone or wild-type PFKFB3
sequence (Fig. $4D). Consistently, overexpression of PFKFB3
promoted IL-32y induced PD-L1 expression (Figure 7(j,k)). In
order to assess PR3 in IL-32y-induced PFKFB3 dependent PD-
L1 expression in macrophages, we analyzed PFKFB3 expres-
sion in macrophages transfected with control siRNA (Si-NC)
or PR3 siRNA (Si-PR3) in the presence of IL-32y. Notably, IL-
32y-induced PFKFB3 was effectively abrogated in the Si-PR3
group as detected by western blotting (Figure 3(j)). Together,
these data indicated that PFKFB3 could mediate the effects of
IL-32y-induced glycolysis-dependent PD-L1 expression in
macrophages.

PFKFB3-JAK1 axis induces PD-L1 expression in IL-32y
treated macrophages

We have previously shown that IL-32y could activate the Janus
kinase (JAK)-signal transducer and activator of transcription
(STAT) and nuclear factor kB (NF-kB) signaling pathways in
macrophages.’ To understand the role of the JAK family in
modulating IL-32y induced PD-L1 expression, we first
detected the expressions of JAK family members after IL-32y
stimulation by using western blotting. The results showed that
IL-32y treatment promoted the levels of Phospho-JAK1
(p-JAK1) and Phospho-JAK3 (p-JAK3) (Figure 8(a)). The
data of Phospho-JAK2 (p-JAK2) and Phospho-Tyrosine kinase
2 (p-TYK2) are not shown because the expression level is too
low. Next, we studied IL-32y stimulated PD-L1 expression
after JAK1 siRNA or JAK3 siRNA transfection. We found
that after JAK1 knockdown, the effect of IL-32y on the expres-
sion of PD-L1 in macrophages was attenuated (Figure 8(b-c),
S5A), while JAK3 knockdown had a limited role in this process
(Figure 5(d) and S5B). These results indicated that JAKI had
a dominant role in the IL-32y-induced expression of PD-L1 by
macrophages. To investigate the effects of an NF-kB signaling
pathway in IL-32y induced PD-L1 expression, we inhibited this
pathway by pretreating macrophages with NF-kB inhibitor
(QNZ). Our data showed that the NF-kB inhibitor does not
affect the IL-32y-triggered PD-L1 upregulation in macro-
phages (Figure 8(e)).

To further explore the mechanisms regulating PD-L1
induction by PFKFB3 activation, we set out to determine
whether JAK1 was involved in PFKFB3-induced PD-L1
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Figure 5. PD-L1 blockade reverses IL-32y treated macrophages mediated CD8 + T cell suppression. (a) Macrophages or IL-32y (40 ng/ml)-treated macrophages were
incubated with autologous healthy purified CD8 + T cells (macrophages: 35,000/well; T cells:35,0000/well) in the presence or absence of 2.5 ug/ml anti-PD-L1 or control
antibody as described in materials and methods. The levels of Granzyme B, IFN-y, and TNF-a production were determined by flow cytometry after 48 h. (b) The
expression of the activation markers CD25 and CD69 was measured by flow cytometry after 48 h. (c) Macrophages were exposed to medium or IL-32y (40 ng/ml) for 24 h
and then co-cultured with autologous healthy purified CD4 + T cells (macrophages: 35,000/well; T cells:35,0000/well) in the presence or absence of 2.5 ug/ml anti-PD-L1
or control antibody. The levels of IFN-y and TNF-a were determined by flow cytometry after 48 h. Data are presented as the mean + SD of at least three independent
experiments; *p < .05, **p < .01, ***p < .001, #, not significant.
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Figure 6. Enhanced glycolysis mediates IL-32y-induced PD-L1 expression in macrophages. (a, b) Flow cytometry and western blot analysis of PD-L1 expression in
macrophages pretreated with 2DG (5 mM) for 2 h before stimulation with IL-32y (40 ng/ml) for 24 h. (c) Microarray analysis of RNA transcripts of IL-32y (40 ng/ml)
treated macrophages and control, with heatmap display of key glycolytic genes up-regulated in IL-32y treated macrophages. (d) Macrophages were left untreated or
treated with IL-32y (40 ng/ml) for 24 h, the levels of glycolysis-related gene expression were determined by qRT-PCR. (e) Western blot analysis of glycolysis-related gene
expression in macrophages treated with IL-32y (0, 10, 20 ng/ml) for 24 h. (f, g) Glucose uptake rate (f) and glucose content (g) in macrophages treated with IL-32y
(20 ng/ml) for 24 h were determined with Glucose Uptake Assay Kit and Glucose Assay Kit, respectively. (h) The levels of lactate production were determined with
a lactate assay kit. Data are presented as the mean + SD of at least three independent experiments; *p < .05, **p < .01, ***p < .001, #, not significant.

expression in macrophages. We analyzed the protein
expression of the p-JAKl by downregulating PFKFB3
expression via siRNA before IL-32y stimulation. We
observed diminished phosphorylation of JAK1 wupon

PFKFB3 knockdown in macrophages treated with IL-32y
(Figure 8(f)). These results suggested that the JAKI signal-
ing pathway might be involved in regulating the down-
stream functions of PFKFB3.
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Figure 7. PFKFB3 mediates glycolysis-induced PD-L1 expression in IL-32y treated macrophages. (a) Western blot analysis of PD-L1 expression by macrophages
pretreated with PFK15 (10 uM) for 2 h before stimulation with IL-32y (40 ng/ml) for 24 h. (b) Flow cytometry analysis of PD-L1 expression by macrophages
pretreated with PFK15(10 uM) for 24 h before stimulation with IL-32y (40 ng/ml) for another 24 h. (c, d) Macrophages were treated with IL-32y at indicated
concentrations for 24 h. The expression of PFKFB3 was analyzed by gRT-PCR (c) and western blotting (d), respectively. (e, f) Macrophages were treated with IL-
32y (40 ng/ml) at the indicated time. The expression of PFKFB3 was analyzed by qRT-PCR (e) and western blotting (f), respectively. (g) Immunofluorescence
staining was performed to investigate PFKFB3 expression in macrophages treated with IL-32y (40 ng/ml) for 24 h. (h, i) Macrophages were transfected with
control siRNA (Si-NC) or PFKFB3 siRNA (Si-PFKFB3) and then treated with or without IL-32y (40 ng/ml) for 24 h, the levels of PD-L1 expression were
determined by flow cytometry (h), and the levels of PFKFB3 and PD-L1 expression were determined by western blotting (i). (j, k) Macrophages were
transfected with empty vector (OE-NC) or PFKFB3 overexpressing vector (OE-PFKFB3) and then treated with or without IL-32y (40 ng/ml) for 24 h; the levels of
PD-L1 expression were determined by flow cytometry (j) and western blotting (k), respectively. Data are presented as the mean + SD of at least three
independent experiments; *p < .05, **p < .01, ***p < .001, #, not significant.
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Discussion

IL-32 is a novel cytokine involved in inflammation and
cancer development,” which has nine alternative spliced
isoforms such as IL-32a, IL-32p, IL-32y, IL-32§, IL-32¢,
IL-32¢, IL-32n, IL-320, and IL-32 small (sm).” Previous
studies demonstrated that higher IL-32 expression was
positively correlated with ISS stage and levels of serum
B2-microglobulin in NDMM.® Herein, we showed that
RRMM samples had a higher IL-32 staining intensity com-
pared to NDMM. These data indicated that IL-32 was
a poor prognostic factor for patients with MM.

TAMs, which are abundantly infiltrated in most tumors,
have an important role in tumor progression by providing
a barrier against anti-tumor immunity via the expression of
inhibitory molecules or immune checkpoint ligands.*>*°
Here, we found that IL-32y could promote the expression of
PD-L1 in macrophages. Consistently, RRMM samples had
a higher PD-L1 expression compared to NDMM. It has been
reported that macrophages expressing PD-L1 could inhibit
T cell function.”*”*® Similarly, our current results suggested
that IL-32y-induced PD-L1 expression in macrophages could
induce CD8 + T cells suppression, which provides evidence
that IL-32y induces a suppressive immunological environ-
ment in MM.

Metabolic studies have revealed that specific metabolic path-
ways in macrophages are tightly associated with their phenotype
and function. The metabolic profile of TAMs is indeed very
dynamic in response to the nutritional needs of malignant cells
and TME perturbations.”” Herein, we showed that IL-32y trea-
ted macrophages exhibited enhanced glycolysis, which mediated
IL-32y-induced PD-L1 expression. Our data revealed important
mechanisms through which glycolysis metabolism favored an
immunosuppressive phenotype or function of macrophages
upon stimulation by cytokine IL-32y. PFKFB3, a gene that
encodes 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
3 enzyme in humans, is known to have the highest ratio (>700)
of kinase/phosphatase activity and thus favors the rise in fruc-
tose-2,6-bisphosphate, thereby sustaining a high rate of
glycolysis.*>*! Importantly, our results showed that PFKFB3
has an important role in glycolysis-induced PD-L1 expression
by macrophages stimulated with IL-32y. The current study
unveiled a novel mechanism, suggesting that downregulation
of PFKFB3 could inhibit the expression of PD-L1 by macro-
phages after IL-32y stimulation, thus identifying potential tar-
gets for future immune-based anti-myeloma therapies.

Exosomes have a key role in establishing communication
networks among cells, which specifically expand the cells away
from the plasma membrane.’* Previous studies have shown that
IL-32 is secreted from MM cells in the form of EVs.* In our
study, exosomes derived from IL-32y overexpression MM cell
lines increased the expression levels of PD-L1 in macrophages.
These results suggested that MM-derived exosomes containing
IL-32y could promote the expression of the inhibitory molecule
PD-L1 by the macrophages. It is now clear that PR3 is an IL-32
binding protein that can extend the biological activity of IL-
32.%22 Herein, we observed that PR3 was essential for IL-32y
induced PFKFB3 dependent PD-L1 expression in macrophages.
Our study revealed a new reciprocal interaction between cancer
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cells and their microenvironment, which could regulate numer-
ous processes related to its malignant transformation during
MM development.

Our previous study demonstrated that IL-32y significantly
activates the JAK-STAT and NF-kB signaling pathways in
macrophages.® In the present study, we showed that the expres-
sion of PD-L1 in macrophages stimulation with IL-32y was
significantly downregulated in the JAK1 blockade groups. All
these observations, together with previous finding®> suggest
that JAK1 signaling promotes the expression of the PD-L1. It
has been reported that NF-kB activation is crucial for regulat-
ing PD-L1 expression.” Yet, our current results suggested that
such mechanisms might not be involved in the regulation of
PD-L1 expression in macrophages by IL-32y.

By investigating the mechanisms of PFKFB3 function in IL-
32y induced PD-L1 expression in macrophages, we found that
JAK1 signaling might be involved in regulating the downstream
functions of PFKFB3. This finding, together with previous
data,**** demonstrates that key glycolytic enzymes could regu-
late the functions of immune cells by regulating downstream
signaling pathways. Thus, glycolysis metabolism and JAKI sig-
naling appear to be highly integrated processes, and the
PFKFB3-JAKI axis may provide a mechanistic explanation for
the IL-32y induced PFKFB3 dependent PD-L1 expression.
However, further studies are necessary to elucidate the complete
mechanisms through which PFKFB3 regulates JAK1 and which
specific STAT molecules downstream of JAK1 mediate IL-32y-
induced expression of PD-L1. Unfortunately, as mice do not
have the homologous gene of human IL-32, the above experi-
ment cannot be verified in vivo.

In conclusion, our results proved that IL-32y secreted from
MM cells promoted the PD-L1 expression of macrophages by up-
regulating PFKFB3 dependent glycolysis, which suppressed the
activation and function of CD8 + T cells, thereby promoting MM
progression. Moreover, PR3 was essential for the effects stated
above induced by IL-32y. In addition, the PFKFB3-JAK1 axis
might mediate the PD-L1 expression in IL-32y stimulated macro-
phages. Thus, IL-32 may act as a potential prognostic biomarker
for MM patients, and targeting IL-32 signaling might be used as
a potential strategy for treating myeloma. (Figure 8(g)).
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