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Abstract

Tumour-associated macrophages (TAMs) support cancer cell survival and suppress anti-tumour immunity. Tumour infiltra-
tion by CD163P% TAMs is associated with poor outcome in several human malignancies, including multiple myeloma (MM).
Signal transducer and activator of transcription 3 (STAT3) is over-activated in human cancers, and specifically within TAMs
activation of STAT3 may induce an immunosuppressive (M2-like) phenotype. Therefore, STAT3-inhibition in TAMs may
be a future therapeutic strategy.

We investigated TAM markers CD163, CD206, and activated STAT3 (pSTAT3) in patients with MGUS (n=32) and MM
(n=45), as well as healthy controls (HCs, n=13).

Blood levels of the macrophage biomarkers sCD163 and sCD206, and circulating cytokines, as well as bone marrow mRNA
expression of CD163 and CD206, were generally increased in MGUS and MM patients, compared to HCs, but to highly
similar levels. By immunohistochemistry, bone marrow levels of pSTAT3 were increased specifically within CD163P° cells
in both MGUS and MM patients.

In conclusion, macrophage-related inflammatory changes, including activation of STAT3, were present already at the MGUS
stage, at similar levels as in MM. Specific increase in pSTAT3 levels within CD163P% cells supports that the CD163 scavenger
receptor may be a useful target for future delivery of STAT3-inhibitory drugs to TAMs in MM patients.
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Introduction

Multiple myeloma (MM) is the second most common hema-

tology malignancy, in which proliferating clonal plasma

cells expand within the bone marrow, causing anaemia,

54 Morten N. Andersen osteolytic bone lesions, and hypercalcaemia. Further, mono-

morten @biomed.au.dk clonal protein deposition often leads to renal failure in MM

patients. Despite major advances in treatment, MM remains
incurable [1].

Virtually all cases of MM are preceded by the premalig-
nant condition monoclonal gammopathy of undetermined
significance (MGUS) [2], and studies showed that the mono-
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similar regarding mutations, translocations, deletions, gene
expression, and immunophenotype [3-5]. These findings
have prompted researchers to look for factors outside the
malignant cells, thus in the bone marrow microenvironment,

in search of the key factors that drive transitioning from
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The bone marrow microenvironment (the “myeloma
niche”) is known to be vital for MM cell survival, and
the success of the “novel agents” is partly owing to their
effects on MM supportive cells [7]. Therefore, the micro-
environmental changes during transition from healthy to
MGUS, and from MGUS to MM, are of particular inter-
est. Along with the MM supportive bone marrow stro-
mal cells (BMSCs), there has been a rising interest in the
role of tumour-associated macrophages (TAMs) in MM
pathobiology. In most human malignancies, infiltration
by TAM:s is associated with poor outcome [8, 9], due to
TAM-mediated resistance to chemotherapy, suppression
of anti-tumour immunity, increased angiogenesis, and ulti-
mately metastasis [10-12].

The paradigm of macrophage-polarization com-
prises two extremes: M1-like (classically activated, pro-
inflammatory) and M2-like (alternatively activated, anti-
inflammatory) macrophages [13]. The activation state of
TAMs mostly falls within the M2-spectrum, and TAMs
are thought to perform tasks similar to those of M2-like
macrophages in normal physiology—e.g. in wound heal-
ing [14, 15].

In patients with MM, high bone marrow infiltration by
CD163P°® TAMs has been associated with poor outcome
[16—18]. In a recent study, MM bone marrow biopsies were
investigated for inducible nitric oxide synthase (iNOS) and
CD163 expression to identify M1-like and M2-like TAMs,
respectively. High infiltration by CD163P° (M2) cells was
associated with poor outcome, whereas high infiltration
with iNOSP® (M1) cells was associated with longer sur-
vival [19]. These results may be explained, at least in part,
by TAM-induced resistance to anti-myeloma treatment [20,
21], as well as immunosuppressive functions of M2-like
TAMs [22, 23]. In line with this, we previously showed that
higher serum levels of the M2-related macrophage-derived
biomarkers soluble CD163 (sCD163) and soluble mannose
receptor/CD206 (sCD206), at the time of MM diagnosis,
were associated with poor outcome [24, 25].

Importantly, TAMs can be “re-programmed” from
M2-like towards M1-like cells, which may restore anti-
tumour immunity, and thus may be a strategy for novel anti-
cancer therapy [12, 23, 26, 27]. Further, in murine models
of MM, macrophages could be activated to kill MM cells
in vivo by blocking the anti-phagocytic protein CD47 [28],
or by M1-polarizing stimuli [29, 30]. One attractive tar-
get is inhibition of the signal transducer and activator of
transcription 3 (STAT3) transcription factor within TAMs
[12, 31]. In several solid tumours, STAT3 is over-activated
within immune cells, which has been associated with cancer-
promoting functions, including suppression of anti-tumour
immunity [22, 32]. Thus, inhibition of STAT3 specifically
within TAM may be able to restore anti-tumour immunity
[31, 33, 34].
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Strategies for re-programming of TAMs are now within
reach of systemic therapy owing to the development of
technologies for specific targeting of drugs to macrophages,
e.g. by antibody targeting of the CD163 scavenger receptor,
which is highly expressed by human TAMs [13, 35-37].

The aim of the present study was to characterize mac-
rophages/TAMs in a prospective cohort of patients with
newly diagnosed MGUS or MM, especially regarding
expression of the TAM markers CD163 and CD206. Fur-
thermore, we examined the expression of activated (phos-
pho-Tyr-705)-STAT3 within the bone marrow of patients
with MM and MGUS — including activated STAT3 local-
ized within CD163P°® TAMs, which may be a future thera-
peutic target.

Materials, subjects, and methods.
Patients and collected samples

In this prospective study, we included patients with a positive
M-protein measurement, that were subsequently diagnosed
with MGUS (n=32) or MM (n=45) at the Department of
Hematology, Aarhus University Hospital, Aarhus, Denmark
between 2011 and 2015. Included patients diagnosed with
other conditions (e.g. CLL or plasmacytoma, n=8) were
excluded from the study. In addition, we included elderly
volunteers to serve as healthy controls (HCs, n=13).

At the time of diagnosis, we collected whole bone mar-
row aspirate for RNA purification using the PAXgene Bone
Marrow RNA system (Qiagen, Hilden, Germany) accord-
ing to the manufactures instructions, to stabilize bone mar-
row RNA levels at sample collection. Further, at diagnosis,
serum and EDTA stabilised plasma samples were collected.
All samples were stored at 80 °C. For immunohistochemis-
try (IHC), we used the Jamshidi biopsy taken for diagnostic
purpose. For eight patients, this biopsy was not available,
and the diagnostic bone marrow aspirate was used for [HC.

Data on basic patient characteristics along with clinical
and laboratory data, as well as bone marrow mPC infil-
tration determined by a pathologist, were obtained from
medical records. The study was approved by the Central
Denmark Region Committee on Health Research Ethics
(M-20100171) and conducted according to the declaration
of Helsinki. All patients and control subjects gave informed
written consent before inclusion.

Serum/plasma levels of sCD163, sCD206,
and inflammatory cytokines

Serum concentrations of the macrophage activation bio-
markers sCD163 and sCD206 were measured using our
in-house enzyme-linked immunosorbent assays (ELISA) as
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described in detail previously [38, 39]. Samples were run
on an automated BEP 2000 system (Siemens Healthcare
Diagnostics, Munich, Germany). Plasma concentrations
of cytokines were measured using electro-chemo-lumines-
cence- based multiplex sandwich immunoassays according
to the manufacturer instructions (Meso Scale Discovery,
Rockville, MD): Interleukin-1 beta (IL-1p), IL-6, IL-10, IL-
12p70, tumour necrosis factor alpha (TNFa), and interferon
gamma (IFNy).

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

Purified RNA was reverse transcribed to cDNA in a 20 pL
reaction of 2.5 pM Oligo(dT) (DNA Technology, Risskov,
Denmark), 1 mM dNTP mix (VWR International, Radnor,
PA), 2.5 U/pL MulV reverse transcriptase enzyme, 1 U/
pL RNase inhibitors, 1 X PCR buffer and 6.25 mM MgCl,
(all from Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA). In each reaction, the RNA input was 100
ng (measured using a NanoDrop 2000 spectrophotometer,
Thermo Fisher Scientific).

Quantitative PCR was performed on a LightCycler 480
instrument (Roche, Basel, Switzerland) in a 10 pL reaction
with primers, 480 SYBR Green I Master mix (Roche), and
1pL ¢cDNA (generated as described above). Fifty qPCR
cycles were run; denaturation at 95 °C for 10 s, 20 s at
annealing temperature, and 72 °C for 5 s (see Supplemental
table 1 for primer sequences, concentrations, and annealing
temperatures). All samples were run in duplicates. For rela-
tive mRNA quantification by RT-qPCR, a standard curve
(calibrator) was included in each run (The E-Method, recom-
mended by Roche). This compensates for variation in reac-
tion efficiency, both day-to-day and inter-run variation. All
qPCR results were normalized to the household gene SDHA
(succinate dehydrogenase complex, subunit A), which was
identified as the most stable of five tested household genes
(Actin, HMBS, GAPDH, SDHA, YWHAZ) using the
NormFinder algorithm [40]. Primers were from Eurofins
Genomics (Ebersberg, Germany).

Immunohistochemistry

Sections (3 pm) of formaldehyde-fixed paraffin-embedded
bone marrow samples, as well as control sections from
healthy organs (pancreas, liver, and pharyngeal ton-
sil—included on every slide, Supplemental Fig 2), were
mounted on glass slides, incubated for 1 h at 60 °C, and
stored at 4 °C until use. Staining was performed on the
automated platform Benchmark XT (Ventana Medical Sys-
tems, Roche Group, Tucson, AZ). The following mono-
clonal antibodies were used: Mouse anti-human CD163

(clone Edhu-1, dilution 1:450, Bio-Rad, Oxford, the UK),
rabbit anti-human phospho-(Y705)-STAT3 (clone D3A7,
dilution 1:50, Cell Signaling Technologies, Danvers, MA),
mouse anti-human CD206 (clone 5C11, dilution 1:200,
LSBio, Seattle, WA).

Antigen retrieval was done using cell conditioning solu-
tion 2 (CC2, Ventana Medical Systems). For the CD163/
pSTAT3 double staining, additional antigen retrieval was
performed using Protease 3 (Ventana Medical Systems),
and lastly, Ultra Wash (Ventana Medical Systems) was
used to reduce non-specific staining.

Visualization of pSTAT3 was performed with OptiView
DAB (3,3’-diaminobenzidine) IHC Detection Kit, CD206
by UltraView Universal DAB Detection Kit, and CD163
by UltraView Universal Alkaline Phosphatase (AP) Red
Detection Kit (all from Ventana Medical Systems). Stand-
ard haematoxylin counterstaining was done for all sec-
tions. One section from each patient/control was examined
for each staining. Staining protocols were validated by a
hematopathologist, including comparisons between sin-
gle and double stainings for the CD163/pSTAT3 protocol
showing good concordance.

Digital image analysis

Slides were digitized using a Nanozoomer 2.0HT (Hama-
matsu Photonics KK, Hamamatsu City, Japan) at a mag-
nification of 20 X in the NDPI file format. Digitized slides
were analysed using Visiopharm Visiomorph (VIS)
software (Version 6, Visiopharm, Hgrsholm, Denmark).
Using VIS software, specific application protocol pack-
ages (APPs) were developed to analyse each staining (see
Fig. 3a). The results were expressed as % Area Fraction
(%AF), which is the positively stained area (um?) as %
of the total analysed area (um?) within the biopsy. Thus,
an AF of 8% for CD163 denotes that 8% of the analysed
area stained positive for CD163. Tissue areas were identi-
fied using the “tissue detect” function in VIS, with subse-
quent manual adjustment to define the final used “region
of interest” (ROI), which excluded areas with bone and
cartilage tissues. Using the developed APPs, we were able
to detect three staining intensities for CD163 and CD206,
and two intensities for pSTAT3 (more intense staining is
shown by darker colours in the + APP picture in Fig. 3a.)
Due to some non-specific CD206 staining, we chose to
exclude CD206!°" areas from further analyses (this did
not change the statistical results.) To quantify CD163-
associated pSTAT3 signal (a measure of activated STAT3
within CD163P% cells), we instructed the CD163/pSTAT3
APP to quantify the pSTAT3 positive area that was sur-
rounded by CD163 positive area (> 50% of pSTAT3 area
surrounded, Fig. 4c).
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Statistical analyses

Statistical analyses were performed using STATA version
14 for Mac OS (StataCorp LP, TX). Graphs were made
using Prism 5d for Mac OS (GraphPad software, Inc., La
Jolla, CA). To test differences between patient groups, we
used one-way analysis of variance (ANOVA) and t-test
when appropriate. Gaussian distribution of data was
assessed using Q-Q plots. Data with non-normal distri-
bution were log-transformed using the natural logarithm
to obtain a normal distribution before statistical analysis.
For data with significant differences in standard devia-
tions between groups Kruskal-Wallis and Mann—Whitney
(rank-sum) tests were used. A P value <0.05 was consid-
ered statistically significant.

Table 1 Basic characteristics of the included patients and controls

Results

Basic characteristics of the included patients and controls
with paraclinical data from the time of diagnosis are shown
in Table 1. MGUS and MM patients were slightly older
than the HCs (P <0.01). Eighty percent of the MM patients
had treatment demanding disease at diagnosis. Patients with
MM had lower haemoglobin (P < 0.0001), and levels of both
serum M-protein and bone marrow mPC infiltration were
higher in MM compared to MGUS (P <0.0001) as expected.

Increased levels of peripheral blood inflammatory
markers in MGUS and MM patients

Previously, we showed in retrospective studies that higher
serum levels of macrophage activation markers sCD163 and
sCD206 were associated with poor overall survival in MM
patients [24, 25].

Healthy controls (n=13)

MGUS patients (n=32)

MM patients ( n=45)

n (%) Median (IQR) n (%)
Sex
Male 7 (54) 16 (50)
Age 13 (100) 59 (57—63) 32 (100)
M-protein subtype
IeA 5(16)
1gG 26 (81)
LC only 1(3)
ISS stage
1
I
1
Treatment demanding
Bone lesions
No lesions
Lesions in one area
Several lesions
BM monoclonal PC (%) 32 (100)
M-protein (g/L) 13 (100) 0 (N.A) 32 (100)
Creatinine (umol/L) 13 (100) 72 (66—78) 32 (100)
CRP (mg/L) 13 (100) <4 (N.A) 32 (100)
Hb (mM) 11 (85) 8.8 (8.4—10.6) 32 (100)
Platelet count (10"9/L) 11 (85) 246 (225—250) 32 (100)
WBC count (10"9/L) 11 (85) 7.0 (5.7—17.8) 32 (100)

Median (IQR)  n (%) Median (IQR) P

25 (56) 0.89
75 (61—79) 45(100) 70 (64—75) <0.01

9 (20)

31 (69)

5(10)

8(18)

26 (58)

11 24)

36 (30)

17 (19)

8(19)

18(42)
0 (0—6) 45(100) 45 (20—70) <0.0001
7.2 (3.6—10) 44 (98) 33.5(20.5—48)  <0.0001
77 (67—98) 45(100) 78 (69—103)  0.33
2.8(0.6—8.8) 44 (98) 3.9(1.5-92)  0.79
8.4 (7.45—8.8) 45(100)  69(63—7.6)  <0.0001
260 (209—313)  45(100) 241 (181—323) 0.68
72(5.8—8.6)  45(100) 5.4 (4.6—7.6)  0.02

P values by ANOVA. CRP was <4 mg/L in all healthy controls, except one (6.3 mg/L); measured on standard CRP assay, whereas high-sensitiv-
ity CRP assay was used for MGUS and MM patients

LC light chain; ISS International Staging System; BM bone marrow; CRP C-reactive protein; Hb haemoglobin; WBC white blood cell
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In the present prospective study, levels of sCD163 and
sCD206 were slightly increased in both MGUS and MM
compared to HCs (Fig. la, not statistically significant for
sCD163 in MM vs. HCs). Interestingly, there were no signif-
icant differences between MGUS and MM patients regarding
both sCD163 and sCD206 levels (P> 0.2). Further, levels of
sCD163 and sCD206 were positively correlated in MGUS
and MM patients (P <0.05 and <0.0005, respectively),
whereas this was not seen in HCs (P =0.2, Supplemental
Fig 1a.)

The examined cytokines showed a pattern similar to the
macrophage activation markers, with significantly increased
levels of TNFa, IL-1p, IL-6, IL-10 in MGUS and MM, com-
pared to HCs, and the measured cytokine levels did not dif-
fer between MGUS and MM patients (all P> 0.2 except for
TNFa (P=0.05), Fig. 1b).

Increased gene expression of TAM markers CD163
and CD206 in MGUS and MM bone marrow

We investigated gene expression levels of CD163 and
CD206 within the bone marrow microenvironment of
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Fig.1 Peripheral blood levels of macrophage activation markers
and inflammatory cytokines. a Serum levels of macrophage-related
inflammation markers sCD163 and sCD206, at the time of diagnosis,
are shown for HCs, MGUS, and MM patients. Reference intervals are
shown with dashed lines for sSCD163 and sCD206. sCDI163 (median
and IQR); HCs: n=13, 1.94 mg/L (1.37-2.47), MGUS: n=32, 2.64
mg/L (1.92-3.51), MM: n=44, 2.23 mg/L (1.79-3.20). sCD206
(median and IQR); HCs: n=13, 0.18 mg/L (0.12-0.29), MGUS:
n=32, 0.28 mg/L (0.23-0.38), MM: n=44, 0.26 mg/L (0.20-0.36).
b Plasma levels of inflammatory cytokines at the time of diagnosis.
Data are displayed as values in MGUS and MM patients, respectively,

HCs, MGUS, and MM patients by qPCR on RNA isolated
from bone marrow aspirates. Both CD163 and CD206
mRNA expression were markedly higher in patients with
MGUS (P <0.001) and MM (P <0.002) compared to HCs
(Fig.2). Interestingly, CD163 and CD206 mRNA levels
were increased to similar levels in MGUS and MM patients
(P >0.50). Further, expression levels of CD163 and CD206
were positively correlated in both MGUS (P=0.03) and
MM patients (P <0.0001), but not in HCs (P=0.96, Sup-
plemental Fig. 1b).

Bone marrow immunohistochemistry: Increased
CD163 but decreased CD206 expression in MGUS
patients

We also investigated protein levels of TAM markers
CD163 and CD206 within the MGUS and MM bone
marrow microenvironment using immunohistochemis-
try (IHC) with digital image analysis (Fig. 3a). Double
stainings for CD163 and pSTAT?3 and single stainings for
CD206 were performed (Fig. 3b). Results are expressed as
% Area Fraction (%AF) of positive staining relative to the

B
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normalized to the median value for HCs for simplicity. Median values
(and IQR) for the HC group (n=13): TNFa: 1.58 pg/mL (1.47-1.92),
IFNy: 4.77 pg/mL (3.22-8.09), IL-1f: 0.06 pg/mL (0.01-0.08), IL-6:
0.61 pg/mL (0.40-0.85), IL-10: 0.21 pg/mL (0.19-0.27), IL-12p70:
0.10 pg/mL (0.05-0.19). TNFa was slightly higher in MM compared
to MGUS patients (P=0.05), otherwise there were no statistically
significant differences between MGUS and MM patients (all P>0.2).
Statistical analyses were performed using raw data, not normalised
values. Symbols above each column indicate statistical differences
compared to the HC group: NS: P>0.05, * P<0.05, ** P<0.005,
#k% P<(0.0005. Box and whiskers show median and IQR
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Fig.2 Bone marrow gene expression of CD163 and CD206 at diag-
nosis. Reverse transcriptase quantitative PCR (qPCR) was used to
analyse mRNA expression in whole marrow aspirates from MGUS
and MM patients at the time of diagnosis (n=32 and 45, respectively)
and HCs (n=12). M2-like macrophage markers CD163 and CD206
were increased in both MGUS and MM patients, but with no differ-
ence between the two disease states. All qPCR results were normal-
ized to housekeeping gene SDHA as described. Lines and whiskers
show median and IQR. SDHA: Succinate dehydrogenase complex,
subunit A

total analysed area. Patients with MGUS had significantly
higher CD163?* %AF compared to HC (P =0.01), but
only a tendency for higher CD163P°® % AF was observed
in MM patients (P =0.12). Further, there was no signifi-
cant difference in total CD163P* %AF between MGUS and
MM (P =0.06). For CD206, patients with both MGUS and
MM had significantly lower %AF than HCs (P =0.0002
and 0.01, respectively), and MM patients had slightly
higher CD206%AF than in MGUS (P =0.02).

As a measure of M2-like polarization of bone marrow
macrophages, we quantified areas with “high expression”
of CD163 or CD206 (the highest staining intensity as
shown in Fig. 3a). This showed results similar to total
CD163 and CD206 expression levels; compared to HCs,
the CD163"e" area was significantly larger in MGUS
(P <0.05), but not in MM (P =0.3), whereas the CD206"¢"
area was smaller in patients with MGUS compared to HCs
(P<0.001) and was larger in MM compared to MGUS
patients (P=0.01, Fig. 3c).

There was a positive correlation between CD163 and
CD206 %AFs in MM patients (P =0.03), but not for HCs
(P=0.92) or MGUS patients (P =0.47, Supplemental
Fig. lc).
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Increased bone marrow STAT3 activation
within CD163P° cells in MGUS and MM patients

Bone marrow levels of activated STAT3 (by phosphoryla-
tion of Tyr-705, pSTAT3) and association with CD163P%
macrophages were also examined by IHC. Overall, expres-
sion levels of pSTAT3 were not significantly higher in
MGUS and MM patients, compared to HCs (P =0.23,
Fig. 4a).

However, there was a positive correlation between the
expression levels of CD163 and pSTAT3 within the bone
marrow biopsies (R=0.46, P <0.0001, Fig. 4b). Using digi-
tal image analysis, we then investigated the level of STAT3
activation specifically within CD163P® cells (quantified as
CD163-associated pSTATS3 staining, Fig. 4c). Interestingly,
both patients with MGUS and MM had significantly higher
levels of pSTAT3 within CD163P° cells, compared to HCs
(P<0.001 and <0.01, respectively, Fig.4d). Also, the rela-
tive amount of total pSTAT3 staining that was CD163-asso-
ciated, was significantly higher in both MGUS (P <0.0001)
and MM patients (P =0.003) compared to HCs, but also with
markedly higher levels in MGUS compared to MM patients
(P=0.0001) —indicating a shift in the location of activated
STAT3 towards macrophages in MM, and especially in the
premalignant condition MGUS (Fig.4d).

Associations of TAM markers with MM
pathophysiology and prognostic factors

There were no clear associations between the analysed TAM
markers in the MM patients and bone marrow mPC infil-
tration, elevated LDH levels, or adverse cytogenetic profile
(del(17p), t(4;14), or t(14;16), data not shown). Figure 5
shows CD163, CD206, and pSTAT3 data for the included
MM patients, in relation to International Staging System
(ISS) stage and bone disease severity at the time of diagno-
sis. Both serum sCD206 and CD206%AF tended to be higher
in patients with ISS 3 (both P =0.02), whereas pSTAT3 lev-
els were lower in most patients with ISS 3 (P=0.03). We
also observed higher CD163 and CD206 mRNA expression
in the bone marrow of patients with the most severe bone
disease at diagnosis (P =0.05 and 0.03, respectively).

Discussion

Tumour-associated macrophages are abundant in tumours,
including the myeloma bone marrow microenvironment,
and have attracted increasing attention in recent years due
to their tumour-promoting functions. Thus, TAMs are now
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Fig.3 Bone marrow immunohistochemistry: Macrophage markers
and STAT3 activation. Bone marrow Jamshidi biopsies from the time
of diagnosis were double stained for CD163 and activated (phospho-
Tyr-705)-STAT3 (pSTAT3), or single stained for CD206. CD163
was stained red (developed with red alkaline phosphatase), whereas
pSTAT3 and CD206 positive areas were stained brown (developed
with DAB). Using VIS software, we developed APPs (application
protocol packages) to analyse the whole bone marrow biopsies by
automated digital image analysis. a The two columns show stainings
for CD163/pSTAT3 and CD206, respectively, at 12.5x, 100x, and
400 x magnifications. In the 12.5xand 100Xximages, the analysed
“region of interest” is marked with green borders. 400 X pictures are
shown with/without the respective APPs applied. Using digital image

considered important future therapeutic targets in cancers,
including MM [12, 30, 41].

Here, we describe levels of circulating macrophage-
related and general inflammatory markers, as well as bone
marrow microenvironment levels of TAM markers CD163,
CD206, and pSTAT3, covering the range from healthy to
MGUS and to MM, in a prospective study.

The main findings of the study were increased levels
of TAM markers, including activated STAT3 specifically
within bone marrow CD163P° cells, in both MGUS and MM
patients. Further, TAM markers were increased already at
the MGUS stage, both in the bone marrow and in the cir-
culation, to levels seen in MM, which was accompanied by
increased systemic cytokine levels.
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analysis, we detected three increasing staining intensities for CD163
(yellow/orange) and CD206 (green), and two intensities of pSTAT3
(green): More intense staining is shown with darker colours in the
APP images (bottom). As described, to minimize impact of non-
specific staining in the CD206 specimens, the CD206'% areas were
excluded from statistical analyses. b Representative pictures (x400)
of CD163/pSTAT3 (top) and CD206 (bottom) stainings from an HC,
an MGUS, and an MM patient. Some MGUS and MM patients had
high levels of pSTAT3 within CD163P*° macrophages (white arrow-
heads). ¢ % Area Fractions (%AF) for total CD163 and CD206
expression within the bone marrow (left), and areas with highest
staining intensity are shown (right). For quantitative data on pSTAT3
expression, see Fig. 4. Lines and whiskers show median and IQR

Statistical power of the study could have been increased
by inclusion of more healthy controls. However, it is difficult
to recruit healthy volunteers who are of relatively high age,
and also willing to volunteer for bone marrow and blood
sampling.

It is recognized that changes within the bone marrow
microenvironment of MM patients establish a “niche” with
MM-protective effects [6], and TAMs are known to play
important roles in MM pathobiology [16, 17, 19-21, 30].
Interestingly, we observed that such microenvironmental
changes seemed to be established already at the premalig-
nant MGUS stage. Thus, we found significantly increased
bone marrow levels of CD163 and CD206 mRNA in both
MGUS and MM, but with no difference between the two
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Fig.4 STAT3 activation within CD163P* macrophages is increased
in MGUS and MM patients. a Quantitation of total pSTAT3% Area
Fraction (%AF) showed high levels in some MGUS and MM patients,
but with no overall statistically significant difference. b The bone
marrow expression of CD163 and pSTAT3 showed positive corre-
lation, with some patients having high levels of both markers (data
from both HCs, MGUS, and MM patients included). ¢ Using digital
image analysis, we examined CD163-associated pSTAT3 as a meas-
ure of STAT3-activation level within CD163P° macrophages. Images
show stainings from an MM patient without (top) and with the APP

disease states. Further, we found similarly increased blood
levels of sCD163 and sCD206, as well as inflammatory
cytokines, for MGUS and MM patients (not statistically
significant for sCD163 in MM). The similarly increased
cytokine levels correspond with recently published results
[42]. Previously, we reported serum levels of sCD163 and
sCD206 as independent prognostic biomarkers in MM
patients [24, 25], but only one report with few patients has
previously compared serum levels of sCD163 in patients
with MGUS and MM with HCs, showing no significant
difference [43].

In the present study, IHC analysis of bone marrow
CD163 and CD206 expression showed a mixed picture,
with increased expression of CD163 but decreased CD206

@ Springer

applied (bottom). In the APP picture, all CD163-positive staining
is yellow, non-CD163-associated pSTAT3 is green, and CD163-
associated pSTAT3 staining is purple (defined as pSTAT3 positive
staining surrounded by >50% CD163 positive staining). d Quantita-
tive data from HCs, MGUS, and MM patients showing total pSTAT3
that is CD163-associated (%AF of total bone marrow area, left), and
also CD163-associated pSTAT3 %AF relative to total pSTAT3 %AF
(measure of shift in STAT3 activity towards macrophages). Lines and
whiskers show median and IQR

in MGUS, and no clear changes in MM. Further, healthy
controls had the highest bone marrow CD206 levels. A pre-
vious study showed increased bone marrow CD206 expres-
sion, and no significant changes in CD163 expression, in
MM patients vs. non-MM patient controls with “normal
bone marrow” [41]. Thus, our CD206 IHC results are in
contrast to this study. We are not aware of other studies that
have compared CD206 bone marrow levels between MM
and MGUS patients, and with healthy controls. Thus, further
studies are needed.

Numerous studies have investigated tumour CD163
expression by IHC and demonstrated associations with
clinical outcome [8]. However, few studies have investigated
CD163 mRNA expression in human tumours, e.g. one study



Cancer Immunology, Imnmunotherapy (2022) 71:177-187 185
Serum CD163 CD163 Serum CD206 CD206 pSTAT3
2 sCD163 a 0.05- 9€NE expression pr IHC 4 sCD206 0.03 9ene expression 104 IHC 64 IHC
NS NS NS 1 P=002 , NS P=0.02 P=003
15 o 2 o - a o s
004 s & o
6 < s ¥ o < 002 S ¢ S 4
o a z 2 1.0 I 2 S s 4
s Zo003{ © s & o ) a E * E @
o o = 20{ © =) o o
£ 4 © 3 £ =<1 = 3 ° 3 s}
o = 0.02 g o =] I [e] 2 4 o o
< < o <
% S i' 8 o & B, 1, § oor o ® oy =T
2% 3 0014 he % NG 2 3
a 4 ° g abd a o
o — 000l —F 28 ol —F o 002 . 0.00—F—2— o o—ﬁ—yjz
N9 o N &) Noa o N ) N9 N N9
@ ) @ © @
) < < Q2 < ) 2 & Q@ (2 < (] < Q@
L P ® P T Y & R P o & P P
SRR IR SRR IR IR IR & &
B Serum CD163 CD163 Serum CD206 CD206 pSTAT3
sCD163 0,05 gene expression 40- IHC sCD206 0,03 geNe expression 101 IHC 64 IHC
NS P=005 NS P=003 NS o M
6 a
a 004 2 101 ° a 8- R 8
304 2 a
< c < c c
a T g T 0029 £ £ 4
240 & Jooy © g a 3 % 8 o 5 s
o |92 > S I E) ° s 2 L L g
£ 2 8 s B £ 8 3 ° 3
o 0021 < ° g e 0% © N ° < 4o 2a < o° al®
38 - a O 0.01 < ® 27 o0
H @ G o = g NI 2 B o
o 0.014 ©, o 940 ﬁé‘; o 24 é
i (g % 3 ° E% a olo g Co0 %
o a a a8
o . 000 = ol ———af 00— = ooole® & oS4 o
& ) o\ o\ & A o\
& @rb\ 2 & @’b\ e’be\ & & & & & & & &Q e’b%\ & & F \00&) @(b\ Q?%\
> @ £ R RN 2 & K S > B & P SN N RN
& @ 0 &GP P s & o & e P SN & ey
SRR SRR SRS © *® @ ARSI SRS
& @ N @ & @ & @ N @ & @ & @
& @ & \2 & @40 « Q;\‘?' 54 @ < &S « @
24 () (=) =) 2> o &

Fig.5 Associations of TAM markers with prognostic factors in MM
patients. Expression levels of M2/TAM markers CD163, CD206, and
pSTAT3 are shown as stratified by ISS stage (a), or by the severity of
bone disease (b) at diagnosis for included patients with MM. Shown

showed association between high CD163 mRNA levels and
poor outcome in bladder cancer [44]. The increased CD163
and CD206 bone marrow mRNA levels in both MGUS
and MM have not previously been described and should be
investigated further as prognostic markers.

It has been shown that genetic abnormalities character-
istic for MM mPCs is also present in mPCs from MGUS
patients [3, 4], indicating that changes in the bone marrow
microenvironment may drive the progression from MGUS
to MM [5, 6]. Thus, our findings of highly similar levels of
macrophage-related inflammation in MGUS and MM are
interesting, indicating that TAMs of the myeloma microen-
vironment may be polarized already during MGUS.

In the bone marrow biopsies, there was a strong correla-
tion between CD163 and activated STAT3 (pSTAT3) lev-
els. This is not surprising since STAT3 activation is known
to upregulate CD163 on human macrophages [45, 46].
Some might be concerned that the used CD163/pSTAT3
double staining would favour such an association, which
should be taken into account. However, as described, our
assay validation showed good concordance between single/
double staining. Further, we observed significantly higher
levels of STAT3 activation within CD163P% cells in the
bone marrow of both MGUS and MM patients compared to

P values are from ANOVA. NS: P>0.05. Lines and whiskers show
median and IQR. SDHA: Succinate dehydrogenase complex, subunit
A

HCs. Interestingly, the relative amount of pSTAT3 within
CD163P% cells (% of total pSTAT3) was higher in MGUS
compared to both HCs and MM. The lower levels of CD163-
associated pSTAT3 in MM compared to MGUS patients may
seem unexpected, however, this result could be impacted
by the higher infiltration in MM of mPCs that may also be
pSTAT3P. Nevertheless, STAT3 signalling in TAMs and
myeloid-derived suppressor cells can induce an immuno-
suppressive phenotype [22, 32, 47], and this may indicate a
role for macrophage STAT3 over-activation in establishing
the immunosuppressive “bone marrow niche” already dur-
ing the MGUS stage. Such STAT3 activation in TAMs has
been proposed as a future therapeutic target [33, 34, 36],
since specific STAT3 inhibition can re-program TAMs from
an M2-like (pro-tumour) to an M1-like (tumouricidal) phe-
notype [22, 31, 32]. Recently, M2-to-M1 re-programming
of macrophages showed anti-myeloma effects in vivo [30].
However, specifically in MM, functional studies demonstrat-
ing anti-tumour effects of TAM-specific STAT3 inhibition
are needed.

Thus, STAT3 inhibition specifically within TAMs may
be an attractive anti-cancer therapeutic strategy in several
malignancies [12, 31, 33, 34]. We recently showed that a
novel CD163-targeted STAT3-inhibitory liposome drug was
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able to inhibit STAT3 specifically in CD163P* cells, with a
pro-inflammatory (re-programming) effect [36]. The present
findings of significantly elevated levels of CD163-associ-
ated pSTAT3, in both MGUS and MM patients, encourage
future studies on CD163-targeted STAT3-inhibition as an
anti-myeloma immunomodulatory drug.

In conclusion, our data demonstrated similar inflamma-
tory changes in MGUS and MM patients, with similar bone
marrow expression of CD163, and increased levels of circu-
lating macrophage biomarkers and cytokines. The specific
increase in pSTAT3 levels within CD163P% cells supports
that the CD163 scavenger receptor may be a useful gateway
for drug delivery of STAT3-inhibitors to TAMs in MM.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-021-02952-1.
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