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Abstract
Tumor-associated macrophages (TAMs) are of major importance in cancer-related immune suppression, and tumor infil-
tration by CD163pos TAMs is associated with poor outcome in most human cancers. Therefore, therapeutic strategies for 
reprogramming TAMs from a tumor-supporting (M2-like) phenotype towards a tumoricidal (M1-like) phenotype are of great 
interest. Activation of the transcription factor STAT3 within the tumor microenvironment is associated with worse prognosis, 
and STAT3 activation promotes the immunosuppressive phenotype of TAMs. Therefore, we aimed to develop a drug for 
inhibition of STAT3 specifically within human TAMs by targeting the endocytic CD163 scavenger receptor, which is highly 
expressed on TAMs. Here, we report the first data on a CD163-targeted STAT3-inhibitory drug consisting of corosolic acid 
(CA) packaged within long-circulating liposomes (LCLs), which are CD163-targeted by modification with monoclonal anti-
CD163 antibodies (αCD163)—CA-LCL-αCD163. We show, that activation of STAT3 (by phosphorylation) was inhibited by 
CA-LCL-αCD163 specifically within CD163pos cells, with minor effect on CD163neg cells. Furthermore, CA-LCL-αCD163 
inhibited STAT3-regulated gene expression of IL-10, and increased expression of TNFα, thus indicating a pro-inflammatory 
effect of the drug on human macrophages. This M1-like reprogramming at the mRNA level was confirmed by significantly 
elevated levels of pro-inflammatory cytokines (IFNγ, IL-12, TNFα, IL-2) in the culture medium. Since liposomes are attrac-
tive vehicles for novel anti-cancer drugs, and since direct TAM-targeting may decrease adverse effects of systemic inhibition 
of STAT3, the present results encourage future investigation of CA-LCL-αCD163 in the in vivo setting.
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Introduction

Extensive investigation has established the essential role 
of immune cells in development and progression of malig-
nant diseases. Consequently, “tumor promoting inflamma-
tion” along with “tumor immune avoidance” are now con-
sidered hallmarks of cancer [1]. This has paved the way 
for novel immunomodulatory anti-cancer treatments that 
have shown favourable results in the clinical setting [2].

Tumor-associated macrophages (TAMs) are of major 
importance in establishing a tumor microenvironment 
that promotes tumor growth, angiogenesis, resistance to 
anti-tumor immunity and chemotherapy, and ultimately 
metastasis [3, 4]. This is reflected by results showing that 
high TAM-infiltration is associated with poor outcome in 
the majority of human malignancies [5–7]. In general, the 
TAM phenotype is anti-inflammatory (so-called M2-like) 
in contrast to pro-inflammatory and potentially tumoricidal 
macrophages (so-called M1-like) [3, 8, 9]. Interestingly, 
pro-inflammatory stimuli can reprogram TAMs from a 
tumor-promoting M2-like phenotype, towards tumoricidal 
M1-like cells [8, 10, 11]. Hence, TAMs are proposed as 
highly attractive targets for novel immunomodulatory 
anti-cancer therapy [4, 7, 12]. The first studies pursuing 
this goal focused on colony-stimulating factor 1 (CSF-1) 
inhibition, which has shown promising results in preclini-
cal studies [13, 14]. However, clinical data have so far 
indicated limited effect on outcome, but trials are ongo-
ing [15, 16]. Notably, the main rationale for using CSF-1 
inhibitors was depletion of tumor-promoting TAMs [16]. 
Yet, a potentially more effective strategy could be repro-
gramming of TAMs from tumor promoting (M2-like) to a 
tumoricidal (M1-like) phenotype [4, 12, 16]. Such repro-
graming may be obtained by inhibition of the transcription 
factor signal transducer and activator of transcription 3 
(STAT3) within TAMs [17–20].

STAT3 activation is increased in several human can-
cers (e.g. colorectal, gastric, hepatocellular, and ovar-
ian carcinomas) [18, 21, 22], which was associated with 
immune suppression, as well as tumor cell proliferation, 
survival, and invasion [17, 18]. Indeed, studies using dif-
ferent approaches for inhibition of STAT3 (gene knockout, 
RNAi, or small molecule inhibitors) within immune cells 
(especially myeloid cells) have shown promising results 
in murine models. Notably, STAT3 inhibition increased 
IL-12 and TNFα production whereas it decreased IL-10 
production, and induced M1-like reprogramming of 
murine macrophages [23–25]. Ablation of STAT3 in mice, 
either within the hematopoietic compartment, or within 
myeloid and B cells, induced potent anti-tumor immunity 
[26, 27]. Interestingly, recent data showed that STAT3-
ablation specifically within CD68 expressing TAMs 

inhibited tumor growth, angiogenesis, and metastasis, and 
prolonged survival in a mouse model of breast cancer [28]. 
Another paper showed activation of STAT3 in CD163pos 
TAMs within human tumors, and that anti-tumor effects 
of ERK5 inhibition were mediated by inhibition of STAT3 
[29].

The hemoglobin–haptoglobin scavenger receptor CD163 
is among the most well-described markers of M2-polarized 
macrophages, and especially TAMs [9, 30, 31]. Indeed, 
infiltration by CD163pos TAMs is associated with poor 
outcome in several human cancers [5, 31–33]. CD163 and 
the anti-inflammatory cytokine IL-10 are both markers of 
M2-polarized macrophages (including TAMs), and may be 
upregulated in vitro by tumor cell supernatant or IL-10 itself 
via activation of STAT3 [34–36]. Importantly, corosolic acid 
(CA), a STAT3-inhibitory natural compound inhibited such 
M2-like polarization of human macrophages [37]. Further, 
in vivo experiments showed anti-tumor effects of CA in a 
murine osteosarcoma model, likely owing to activation of 
anti-tumor immunity [38].

Since CD163 is an endocytic receptor with high expres-
sion on TAMs, it may be an ideal gateway for delivery of 
anti-cancer therapeutics. Recently, we developed an anti-
body/liposome-based system that allows effective targeting 
of compounds to CD163-expressing cells [39]. Liposomes 
are attractive carriers for delivery of anti-cancer drugs to 
tumor tissues, owing to increased circulation time and pas-
sive accumulation of liposomes in tumors by the “enhanced 
permeability and retention” (EPR) effect (tumor blood ves-
sels are leaky and lymphatic vessels less functional) leading 
to passive accumulation of liposomes in vivo [40, 41].

Thus, a CD163-targeted STAT3 inhibitor may be a novel 
effective and specific anti-cancer drug, as it may activate 
anti-tumor immunity by reprogramming TAMs. Conse-
quently, we aimed to develop a liposome-based STAT3-
inhibitory drug targeting human CD163pos cells (including 
TAMs).

Materials and methods

Production of long‑circulating liposomes

Long-circulating liposomes (LCLs) containing 300 mM of 
calcium acetate were produced, and subsequently remote-
loaded with corosolic acid.

The LCLs were prepared using a mixture of hydro-
genated soy L-α phosphatidylcholine (HSPC), cho-
lesterol, and 1,2-distearoyl-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (mPEG2000-DSPE) 
in molar ratio 55:40:5 (all from Avanti Polar Lipids, Alabas-
ter, AL). Lipids were dissolved in methanol. To form cal-
cium acetate-containing LCLs, lipids and 300 mM calcium 
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acetate buffer (at 70 °C) were run on the NanoAssemblr 
Platform (Precision Nanosystems, Vancouver, BC) with 
lipid:buffer flow rate ratio of 1:6. Alternatively, liposomes 
were produced by drop-wise addition of lipids (in ethanol) 
to 300 mM calcium acetate buffer (at 70 °C) and then siz-
ing liposomes by extrusion 25 times through a 0.1 µm filter 
on an Avanti mini-Extruder (Avanti Polar Lipids). After 
production, liposomes were dialysed twice against isotonic 
saline.

For remote loading [42] of the produced LCLs, a solution 
of corosolic acid (CA, Sigma-Aldrich, Munich, Germany) in 
PBS with 1% DMSO was made. This was mixed with LCL 
suspension in a buffer with 35 mM citric acid and 0.85 mM 
CA and incubated for 60 min at 65 °C in a shaker incuba-
tor. After this incubation, the solution containing LCLs was 
transferred to micro-centrifuge tubes, and centrifuged for 
5 min at 400g to remove excess CA.

To target CA-loaded LCLs (CA-LCLs) to the CD163 
scavenger receptor, CA-LCLs were modified by insertion 
of a lipidated anti-human CD163 antibody into the CA-
LCLs (αCD163, clone KN2/NRY, humanised IgG4 [43] was 
a gift from Affinicon ApS, Aarhus, Denmark). KN2/NRY 
insertion was done by PEGylation of the antibodies using 
4-nitrophenol-coupled PEG3400 that was also coupled with 
the phospholipid DSPE to facilitate passive insertion into the 
liposome lipid bilayer, as described in more detail in [39]. 
After this modification, CA-LCLs without antibody as well 
as KN2/NRY-modified CA-LCLs (CA-LCL-αCD163) were 
dialysed twice (300 kDa cut off, Float-A-Lyzer, Spectrum 
Labs, Breda, Netherlands) against isotonic PBS, and were 
then sterile-filtered (0.2 µm) and stored at 4 °C.

Liposomes containing the green fluorescent dye calcein 
were made as described above for calcium acetate-LCLs 
using the NanoAssemblr, replacing the calcium acetate solu-
tion with an aqueous solution containing 200 mM calcein 
(Sigma-Aldrich).

Liposome size assessment was performed using dynamic 
light scatter measurements on a DynaPro NanoStar system 
(Wyatt Technology Europe GmbH, Dernbach, Germany), 
using Dynamics software 7.1.9 (Wyatt Technology Europe 
GmbH). Concentrations of lipid and CA were measured 
using high-pressure size-exclusion chromatography on a 
Dioxnex Ultimate 3000 HPLC system with UV-detection at 
205 nm (GE Healthcare, Brøndby, Denmark).

Purification of peripheral blood mononuclear cells 
(PBMCs)

Human PBMCs were purified from buffy coats obtained 
from the blood bank, Department of Clinical Immunol-
ogy, Aarhus University Hospital, Aarhus, Denmark. The 
PBMC fraction was purified by density-gradient centrifu-
gation (400g, 30  min) on a Histoqaque-1077 gradient 

(Sigma-Aldrich) according to the manufacturer’s instruc-
tions. After purification and wash in PBS/2% foetal calf 
serum (FCS), PBMCs were frozen at − 80 °C in RPMI-1640 
medium with 20% FCS and 100 U/100 µg/mL penicillin/
streptomycin (all from Lonza, Basel, Switzerland) and 10% 
DMSO (Sigma-Aldrich), or were used in experiments imme-
diately. When PBMCs were used to purify CD14pos mono-
cytes for culture of human monocyte-derived macrophages, 
the cells were not frozen before this purification step.

Culture of human monocyte‑derived macrophages 
(MDMs)

Human MDMs were cultured from monocytes purified 
from PBMCs by EasySep™ human CD14-positive selec-
tion kit (StemCell Technologies, Cambridge, UK), accord-
ing to the manufacturer’s instructions. After isolation and 
wash, monocytes were cultured for 5–6 days in RPMI-1640 
medium with 10% FCS, 100 U/100 µg/mL pen/strep, 10 ng/
mL M-CSF, and 1 ng/mL GM-CSF (both from PeproTech, 
Hamburg, Germany) to induce differentiation into MDMs. 
For CD163-targeting experiments, cells were then stimu-
lated with IL-10 (20 ng/mL, PeproTech) for 2–3 days to 
induce CD163 expression in MDMs. For harvesting adher-
ent MDMs, cells were first loosened by 10–15 min incu-
bation with PBS/0.5% bovine serum albumin (BSA)/5 mM 
EDTA/4 mg/mL Lidocaine (all from Sigma-Aldrich). Cells 
were then detached by pipetting and/or by scraping with a 
cell scraper.

Flow cytometry and confocal microscopy

All antibody stainings for flow cytometry were performed 
in 50–100 µL stain buffer (PBS/0.5%BSA/0.09%NaN3) at 
4 °C in the dark for 30 min, followed by washing with stain 
buffer. Less than 106 cells were added to each tube. The 
fluorochrome-conjugated monoclonal mouse-anti-human 
antibodies used were: anti-CD163 FITC (clone Mac2-158, 
Trillium Diagnostics, Bangor, ME), anti-CD163 PE (clone 
Mac2-158, Trillium Diagnostics), anti-CD11b BV510 (clone 
ICRF44, BD Biosciences, Erembodegem, Belgium), anti-
CD45 AF700 (clone HI30, BD Biosciences), anti-P-Y705-
STAT3 PE (pSTAT3, clone 4/P-STAT3, BD Biosciences). 
Blocking of non-specific staining was done with Human 
BD Fc Block™ (BD Biosciences) [44]. Dead cells were 
excluded by staining with Live/dead fixable dye near-IR 
(Life Technologies, Carlsbad, CA). Reagents were titrated 
for optimal performance. All fluorescence intensities are 
given as median values (MFI).

To perform intracellular staining for detection of pSTAT3, 
cells were fixed with 4% formaldehyde (Sigma-Aldrich) for 
15 min/RT, washed and then permeabilized with 90% metha-
nol (Sigma-Aldrich) 30 min/on ice. The cells were stained 
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with Live/dead near-IR viability dye before fixation with 
formaldehyde.

To validate our assay for detection of pSTAT3 by flow 
cytometry we performed a cross validation by western blot 
using another antibody clone for detection of pSTAT3 (Sup-
plemental Fig. 1), showing concordant results.

Compensation of spectral overlap in flow cytometry 
experiments was done using single-stained antibody cap-
ture beads; BD™ Comp Beads Plus (BD Biosciences), 
OneComp eBeads™ (eBioscience, San Diego, CA), and 
ArC™ Comp beads for Live/dead (Thermo Fisher Scien-
tific). All flow cytometry data were acquired on an LSR 
Fortessa flow cytometer (BD Biosciences). Data were ana-
lysed using FlowJo 10.0.7 for Mac (FlowJo, LLC, Ashland, 
OR). Gating in flow cytometry experiments was done based 
on unstained samples (Live/dead only), internal negatives 
(negative cells within the sample), as well as samples with-
out cytokine stimulation. Gating strategies used are shown 
in Supplemental Fig. 2.

For confocal microscopy, MDMs were cultured on cov-
erslips in 48-well plates. After treatment, medium was 
removed, wells were washed, and cells were fixated with 
2% formaldehyde. Coverslips were then stained with DAPI 
fluorescent DNA stain (Thermo Fisher Scientific) 1 h at 
RT, and mounted on glass slides using Prolong Diamond 
mounting medium (Life Technologies). Confocal images 
were acquired using an LSM 710 confocal microscope (Carl 
Zeiss, Munich, Germany).

Cell toxicity assay

Human MDMs were plated in 96-well plates, and rested to 
allow attachment. Drugs (free CA, CA-LCL, or CA-LCL-
αCD163) were added in stated final concentrations of CA. 
Medium (UT), or medium with relevant concentrations 
of DMSO served as controls. After 12 or 24 h incubation 
at 37 °C cell viability was assessed using CellTiter-Glo® 
luminescence assay (Promega Corporation, Madison, WI) 
according to the manufacturer’s instructions. Luminescence 
signals were read on a GloMax Discover Microplate Reader 
(Promega).

Gene expression analysis by quantitative 
polymerase chain reaction (qPCR)

Cultured human MDMs were dissolved in RLT buffer and 
RNA was purified using the RNeasy mini kit (Qiagen, 
Hilden, Germany). Purified RNA was reverse-transcribed 
to cDNA in a reaction with 2.5 U/µL MulV reverse tran-
scriptase enzyme (Applied Biosystems, Thermo Fisher 
Scientific Inc., Waltham, MA), 1.0 U/µL RNase inhibitors 
(Applied Biosystems), 1.0 mM dNTP mix (VWR Interna-
tional, Radnor, PA), 2.5 µM Oligo(dT) (DNA Technology, 

Risskov, Denmark), 1 × PCR buffer and 6.25 mM MgCl2 
(from Applied Biosystems). RNA input was 100 ng in a 
20 µL reaction (RNA concentrations were measured using 
a NanoDrop 2000 spectrophotometer, Thermo Fisher 
Scientific).

Quantitative PCR was performed using a LightCycler 480 
instrument (Roche, Basel, Switzerland) in a 10 µL reaction 
with 1 µL cDNA, primers, and 480 SYBR Green I Mas-
ter mix (Roche) according to the manufacturer’s instruc-
tions. Samples were run in duplicates. A standard curve 
was included in all runs, and was used to calculate rela-
tive concentrations of target mRNA. All qPCR results on 
human MDMs were normalized to the levels of GAPDH 
(housekeeping gene). Primers were purchased from Eurofins 
Genomics (Ebersberg, Germany). See Supplemental table 1 
for primer sequences.

Measurement of pro‑inflammatory cytokines 
within culture medium/supernatant

Using electro-chemo-luminescence-based multiplex sand-
wich immunoassays we measured levels of IFNγ, TNFα, 
IL-2, and IL-12 according to the manufacturer’s instructions 
(Human Pro-inflammatory panel, Meso Scale Discovery, 
Rockville, MD). All medium samples were diluted 1:2 in 
assay dilution buffer.

Statistical analyses

Statistical analyses and figures were made using STATA ver-
sion 14 for Mac (StataCorp LP, TX) and Prism 5d for Mac 
(GraphPad software, Inc., La Jolla, CA). Data are displayed 
as mean with standard error. To evaluate the effect of differ-
ent CA formulations and concentrations, we used two-way 
mixed-effects ANOVA with relevant post-tests. T tests were 
used to evaluate statistical difference between two groups. A 
P value ≤ 0.05 was considered statistically significant.

Results

Characteristics and stability of corosolic 
acid‑containing long‑circulating liposomes

CA-LCLs were produced by remote loading of CA into 
LCLs as described. Figure 1a shows a schematic drawing of 
CA-LCL-αCD163, and the CA molecular structure.

The remote loading procedure was optimized by titra-
tion of the CA:cholesterol molar ratio and incubation time 
at 65 °C, identifying 1:10 molar ratio and 60 min as optimal 
(Fig. 1b).

Resulting LCLs had a mean radius ± (SD) of 56.2 nm 
(5.0) for non-modified CA-LCLs, and 62.0 nm (5.4) for 
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CA-LCL-αCD163. Figure 1c–e shows stability data for CA-
LCLs and CA-LCL-αCD163 when stored at 4 °C: the mean 
radius of CA-LCL-αCD163 increased during prolonged stor-
age at 4 °C (from 70 to 126 nm after 8.5 months), whereas 
it remained constant for control CA-LCLs. Further, LCL 
polydispersity (measure of particle size heterogeneity) did 
not change markedly. Both exhibited high stability in terms 
of lipid concentration and drug: lipid ratio.

To examine potential leakage of drug from the CA-
LCLs, we measured CA concentration before/after 

ultracentrifugation (UCF; 100,000g/30  min) and could 
not detect CA in the supernatant after UCF (data not 
shown). This was partly expected due to low solubility 
of CA. Therefore, we also performed slow centrifuga-
tion (400g/5 min—which does not pellet liposomes). It is 
seen that the drug:lipid ratio was unchanged before/after 
centrifugation for both CA-LCL and CA-LCL-αCD163, 
whereas free CA was partly pelleted (Fig. 1f)—thus con-
firming that all CA was still encapsulated in CA-LCL and 
CA-LCL-αCD163. In complete medium with 10% serum 

Fig. 1   CD163-targeted corosolic acid-containing long-circulating 
liposomes (CA-LCL-αCD163): remote loading of CA into LCLs 
and stability during storage. a Schematic drawing of a “long-circu-
lating liposome” (LCL) containing corosolic acid (CA-LCL). The 
liposomes are targeted to the CD163 scavenger receptor by anti-
CD163 antibodies (αCD163, KN2/NRY). Concentrations of CA 
(drug) and cholesterol (lipid) were measured by HPLC, and mean 
particle radius determined by dynamic light scatter measurements. 
b Various molar ratios of drug:lipid and various incubation times for 
remote loading of CA into LCLs (at 65 °C) showed that 1:10 molar 
ratio/60  min produced the highest drug:lipid ratio, and was used in 
subsequent production of CA-LCLs. c For CA-LCLs (non-modified) 
both the mean particle radius and polydispersity (size heterogene-

ity, %PD) were stable during storage at 4 °C, whereas for CA-LCL-
αCD163 some increase in particle radius and slight increase in poly-
dispersity was observed. d, e Lipid concentrations and drug:lipid 
ratios were largely unchanged during storage for > 8 months. After 
ultracentrifugation of CA-LCL and CA-LCL-αCD163 samples, 
no CA was detectable in the supernatants. f After slow centrifuga-
tion (400g/5 min) drug:lipid ratio was unchanged for CA-LCLs and 
CA-LCL-αCD163, whereas free CA was pelleted (due to low solubil-
ity in PBS), showing that CA did not leak from the liposomes—even 
after 8 months storage at 4 °C. g CA-LCL-αCD163 (30 µM CA) sta-
bility in complete medium with 10% calf serum at 37 °C. Drug:lipid 
ratio decreased ~ 32% during the first 2  h incubation, and thereafter 
remained stable
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CA-LCL-αCD163 showed some signs of CA leakage dur-
ing the first 2 h of incubation, but remained stable from 2 to 
24 h.: The drug:lipid ratio was decreased by 32.2% at 24 h, 
compared to PBS control (Fig. 1g).

Human macrophages with high CD163 expression 
are targeted by αCD163‑modified LCLs

To investigate and visualize CD163-targeted drug delivery 
to human monocyte-derived macrophages (MDMs) by the 
humanized monoclonal antibody KN2/NRY, we produced 
LCLs containing the green fluorescent dye calcein (Cal-
LCL) and Cal-LCL-αCD163.

Human MDMs were either untreated, incubated with 
Cal-LCL, or with Cal-LCL-αCD163. After incubation, 
cells were prepared for flow cytometry or confocal micros-
copy as described. As shown in Fig. 2a, b there was a large 
variation in CD163 expression within cultured MDMs (both 
intra- and inter-donor). After treatment with non-targeted 
Cal-LCLs a moderate increase in calcein fluorescence was 
seen. However, with the CD163-targeted Cal-LCL-αCD163, 
there was a marked increase in calcein signal (drug uptake) 
within a fraction of MDMs corresponding to the CD163high 
cells. The decrease in CD163 signal after treatment with 
Cal-LCL-αCD163 was likely due to receptor internalization 
and blocking of the detection antibody. The flow cytom-
etry results were verified in parallel experiments analysed 
by confocal microscopy, showing low calcein fluorescence 
in few cells after Cal-LCL treatment, but highly fluores-
cent cells only in samples treated with Cal-LCL-αCD163 
(Fig. 2c).

STAT3‑inhibitory effect of CA‑LCL‑αCD163 in human 
macrophages

Figure 3a shows histograms of pSTAT3 signal measured by 
flow cytometry on human MDMs before and after stimula-
tion with IL-10, as well as for MDMs treated with the CA 
drug formulations before IL-10 stimulation. It is seen that 
IL-10 activated STAT3, and that this activation was inhibited 
by both free CA and CA-LCL-αCD163, whereas the non-
targeted CA-LCLs did not have inhibitory effect. Figure 3b 
shows data from three to four independent experiments 
with MDMs from different donors. Stimulation with IL-10 
significantly increased pSTAT3 MFI (~ 2–3-fold increase, 
P < 0.001). The ability of the drug to inhibit STAT3 activa-
tion is shown as reduction in relative pSTAT3 signal. Thus, 
a reduction to 1 implies that drug treatment completely 
inhibited IL-10-induced activation of STAT3. At 1 µM, only 
free CA significantly inhibited STAT3 activation (P < 0.05). 
However, at 10 µM both free CA and CA-LCL-αCD163 
significantly reduced pSTAT3 MFI levels (P ≤ 0.001). 
There was no difference between the effects of free CA 

and CA-LCL-αCD163 (P ≥ 0.49). Interestingly, the two 
donors with largest STAT3-inhibitory effect of CA-LCL-
αCD163 had ~ fourfold higher CD163 expression (CD163 
MFI ~ 2000) than the two other donors (both MFI ~ 500). See 
Supplemental Fig. 1 for data validating our flow cytometric 
assay for detection of activated P-Y705-STAT3.

Toxicity of corosolic acid drug formulations

Viability of human MDMs after 12 or 24 h treatment with 
free CA, CA-LCL, or CA-LCL-αCD163 at increasing con-
centrations was determined by CellTiter-Glo luminescence 
assay (Fig. 3c). Briefly, there was no significant decrease 
in cell viability after treatment with CA-LCL or CA-LCL-
αCD163 at any concentration. In contrast, free CA signifi-
cantly decreased viability of MDMs at ≥ 30 µM (12 and 
24 h, P < 0.001). For PBMCs, viability data after 12 h 
treatment were obtained by flow cytometry (using Live/
dead stain). We observed decreased PBMC viability with 
increasing CA concentration for free CA (P < 0.0001) and 
slightly for CA-LCL-αCD163 (P = 0.04), but not for CA-
LCLs (P = 1.0, see Supplemental Fig. 4b).

CA‑LCL‑αCD163 inhibits IL‑6‑induced STAT3 
activation in CD163pos monocytes with minor effect 
in CD163neg lymphocytes

We then investigated the efficiency of CA-LCLs in healthy 
donor PBMCs containing both CD163neg lymphocytes 
and CD163pos monocytes. Monocytes express less CD163 
than MDMs, and we therefore extended drug treatment 
time in these experiments (12 h), which were performed 
as described above for MDMs, except that IL-6 was used 
to induce STAT3 activation in PBMCs. Only samples with 
> 75% viable cells were included in the analyses (excluding 
data for free CA ≥ 30 µM).

Figure  4a shows representative plots from the flow 
cytometric analyses of untreated PBMCs before and after 
stimulation with IL-6, as well as with increasing CA con-
centrations as free CA, CA-LCLs, and CA-LCL-αCD163, 
respectively. CD163 and pSTAT3 signals decreased with 
increasing concentrations of CA-LCL-αCD163, whereas 
this was not the case for non-targeted CA-LCLs.

Figure 4b shows data on STAT3 activation in independ-
ent experiments on PBMCs from four different healthy 
donors. Drug concentration is plotted against fold increase 
in pSTAT3 signal upon IL-6 stimulation. Stimulation with 
IL-6 activated STAT3 in roughly half of the CD163neg 
lymphocytes (MFI ~ twofold over unstimulated), whereas 
the pSTAT3 signal in CD163pos monocytes was ~ four-
fold over the unstimulated level. After treatment with 
increasing CA concentrations, pSTAT3 levels decreased 
significantly in CD163pos monocytes for both CA-LCLs 
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Fig. 2   Targeting of Cal-LCLs to CD163 using humanized monoclo-
nal antibody KN2/NRY. Monocyte-derived macrophages were either 
untreated (left column), treated with non-targeted calcein-containing 
LCLs (Cal-LCL, middle), or with targeted Cal-LCL-αCD163 (right) 
at 20 µM lipid for 90 min at 37 °C. a, b Flow cytometry dot plots of 
CD163 vs. calcein signal showing data from experiments on MDMs 
from two different donors (a, b, respectively) having different CD163 
expression pattern. c Representative confocal images of the same 
cells as used for flow cytometry in b (white bars indicate 20 µm). It 
is seen that cultured MDMs from the two donors have highly variable 

CD163 expression patterns (a, b), with ~ 51% and ~ 7% of the cells 
having very high expression (left). CD163 signal was not affected 
by treatment with Cal-LCL (middle). Upon treatment with CD163-
targeted Cal-LCL-αCD163 (right), the CD163 expression decreased 
(due to receptor internalization and blocking of the detection mAb), 
whereas the calcein signal was markedly increased in a fraction of 
cells corresponding to CD163++ cells (~ 51% and ~ 7%). The results 
are representative for experiments performed with MDMs from three 
different healthy donors
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(P = 0.02) and CA-LCL-αCD163 (P < 0.0001). However, 
CA-LCL-αCD163 was more effective than CA-LCL at 
both 30 and 50 µM CA (P ≤ 0.05). Importantly, the effect 
of CA-LCLs on CD163neg lymphocytes was minor, and 
there was no difference between the effects of CA-LCL-
αCD163 and CA-LCLs (P > 0.2).

CA‑LCL‑αCD163 inhibits IL‑10‑induced gene 
expression in human MDMs

The results described above show that STAT3 activation 
by Y705-phosphorylation was inhibited specifically within 
CD163 expressing cells. We then investigated whether this 

Fig. 3   Targeted STAT3-inhibition in MDMs by CA-LCL-αCD163. 
Monocyte-derived macrophages were first treated for 2  h with free 
CA, CA-LCL, or CA-LCL-αCD163 (1 or 10  µM CA). Cells were 
washed, rested in fresh medium for 1  h, and were then stimulated 
with 50 ng/mL IL-10 for 15 min to induce STAT3 activation. a Rep-
resentative data from one donor. STAT3 activation level is shown on 
the X-axis. The %-positive cells upon stimulation with IL-10 (gated 
on control stained with Live/dead only), as well as MFI values for the 
whole population are shown. b Data from four independent experi-
ments (MDMs from different donors). Numbering of each data point 
represents experiment/donor number. Results are pSTAT3 MFI (gated 
on all live/single cells) normalized to the UT sample without IL-10 
stimulation. Thus, the level of 2–3 in UT samples represents the fold 
increase in pSTAT3 MFI upon IL-10 stimulation. On drug treatment, 
a reduction in pSTAT3 MFI to the level without IL-10 stimulation 

equals a reduction to 1 (dotted line). The two donors (1 and 2) with 
the highest STAT3-inhibitory effect of CA-LCL-αCD163 had CD163 
FITC MFI ~ 2000, corresponding to fourfold higher CD163 expres-
sion than the two additional donors (MFI ~ 500). See Supplemental 
Fig. 3 for flow cytometry data from all four donors. c Viability data 
from four independent experiments on MDMs. Drugs (free CA, CA-
LCL, or CA-LCL-αCD163) were added in stated final concentrations 
of CA. Medium (UT) served as control. After 12 or 24 h incubation, 
cell viability was assessed using CellTiter-Glo luminescence assay. 
Results were normalized to UT signals, thus UT wells were set to 
100% viability. Increased drug concentration of free CA decreased 
MDM viability (P < 0.001), whereas CA-LCL and CA-LCL-αCD163 
did not. Asterisks indicate individual concentrations with signifi-
cantly decreased viability compared to UT. See Supplemental Fig. 4 
for viability data on PBMCs and stromal cell line HS-27
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inhibition also modulated the expression of STAT3-regu-
lated genes. As described, IL-10 induces mRNA synthesis 
of CD163 as well as IL-10 itself in human macrophages. We 
therefore investigated whether CA-LCLs would inhibit IL-
10-induced synthesis of mRNA encoding the M2-markers 
CD163 and IL-10. Furthermore, we analysed mRNA levels 
of pro-inflammatory TNFα after treatment.

In Fig. 5, it is seen that IL-10 stimulation increased 
expression of both CD163 (P = 0.002) and IL-10 (P = 0.02) 
mRNA, and slightly decreased levels of TNFα (though 
not significant, P = 0.09). Due to toxicity, concentra-
tions ≥ 30 µM free CA were excluded. Non-targeted CA-
LCLs did not affect gene expression (all P > 0.5). However, 
CA-LCL-αCD163 decreased IL-10 gene expression to the 

Fig. 4   CA-LCL-αCD163 inhibits STAT3 activity specifically in 
CD163pos PBMCs. Human PBMCs were treated for 12  h with 
free CA, non-targeted CA-LCLs, or CA-LCL-αCD163 (1–50  µM 
CA). Cells were washed, rested in fresh medium for 1  h, and were 
then stimulated with 50  ng/mL IL-6 for 15  min to induce STAT3 
activation by phosphorylation of Tyr 705 (pSTAT3). Only sam-
ples with viability > 75% were included, thus excluding data on free 
CA ≥ 30  µM (see Supplemental Fig.  4). a Representative data from 
flow cytometric analysis of PBMCs: CD163 vs. P-(Y705)-STAT3. 
The top row shows plots of untreated PBMCs (UT) with/without IL-6 
stimulation. Lower rows show PBMCs treated with free CA (left), 
non-targeted CA-LCLs (middle), and CA-LCL-αCD163 (right) at 
increasing CA concentrations. Apparently, for CA-LCL-αCD163, 
increasing drug concentrations decreased CD163 signal with a par-
allel decrease in pSTAT3 signal. With 50 µM CA the STAT3 activ-

ity was almost completely inhibited by CA-LCL-αCD163 within 
the CD163pos subset of PBMCs, whereas there was minor effect in 
CD163neg cells. With non-targeted CA-LCLs this effect was not seen. 
b Data on pSTAT3 levels after drug treatment and IL-6 stimulation of 
PBMCs from different donors (n = 4). CD163neg (top) and CD163pos 
(bottom) populations were gated as shown in a. The x-axis shows CA 
concentration within the medium. The y-axis shows fold-changes: 
the pSTAT3 MFI of drug-treated and IL-6-stimulated samples was 
normalized to the MFI of UT cells not stimulated with IL-6. Thus, 
a value of 1 (dotted line) indicates that the treatment completely 
inhibited activation of STAT3. It is seen that in CD163pos monocytes 
(bottom) CA-LCL-αCD163 inhibited IL-6-induced STAT3 activa-
tion more effectively than CA-LCLs at both 30 and 50 µM (P ≤ 0.05), 
whereas this was not the case in CD163neg lymphocytes (top, P > 0.2)
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unstimulated level (P = 0.002), slightly inhibited CD163 
expression (at 50 µM, P = 0.08), and increased expression 
of TNFα (P < 0.05). Furthermore, the ability of CA-LCL-
αCD163 to modulate IL-10-induced gene expression was 
significantly greater than that of non-targeted CA-LCLs for 
IL-10 (P = 0.01) and CD163 (P = 0.007), but not statistically 
significant for TNFα (P = 0.1).

CA‑LCL‑αCD163 induces pro‑inflammatory cytokine 
production in human MDMs

The gene expression analyses described above indicated 
an M1-like reprogramming effect of CA-LCL-αCD163 on 
MDMs. To further investigate such reprogramming, we 
measured levels of pro-inflammatory (M1-related) cytokines 

Fig. 5   CD163-targeted CA-
LCLs modulate IL-10-induced 
gene expression in MDMs. 
Human MDMs (n = 5 donors) 
were treated with increasing 
concentrations of free CA, CA-
LCLs, or CA-LCL-αCD163, 
or were left untreated (UT, 
medium control) for 12 h, with 
simultaneous stimulation with 
50 ng/mL IL-10. After 12 h, 
cells were lysed and RNA puri-
fied, reverse transcribed, and 
used for qPCR. Gene expression 
results were normalized to the 
UT samples not stimulated with 
IL-10, and thus represent fold 
change upon IL-10 stimulation 
with or without drug treat-
ment. Due to toxicity, data for 
concentrations ≥ 30 µM free 
CA were excluded (see Fig. 3). 
In the left part, it is seen that 
IL-10 stimulation of UT MDMs 
increased mRNA levels of 
both IL-10 itself (P = 0.02) and 
CD163 (P = 0.002), whereas 
TNFα was slightly decreased 
(borderline significant). To 
the right is shown fold change 
in mRNA levels upon IL-10 
stimulation with simultaneous 
drug treatment (1–50 µM final 
CA concentration, X-axis). The 
Y-axis shows fold-changes in 
mRNA levels as described. 
Thus, a value of 1 (dotted line) 
indicates that the treatment 
was able to completely inhibit 
IL-10-induced gene expression. 
Non-targeted CA-LCLs had 
no significant effect on mRNA 
levels (all P > 0.5). CA-LCL-
αCD163 was significantly more 
effective than non-targeted 
CA-LCLs in decreasing 
IL-10 (P = 0.01) and CD163 
(P = 0.007), and induced slight 
non-significant increase in 
TNFα expression (P = 0.1)
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in the medium collected from the gene expression experi-
ments (n = 5). Figure 6 shows that IL-10 stimulation alone 
(no drug treatment, left figure parts) slightly induced pro-
duction of IL-2 and IL-12 (both P < 0.05). Upon drug treat-
ment, neither free CA nor CA-LCLs showed statistically sig-
nificant effect on cytokine production (all P > 0.7). However, 
increasing concentrations of CA-LCL-αCD163 significantly 
induced production of IFNγ (P = 0.008), TNFα (P < 0.0001), 
IL-2 (P = 0.02), and IL-12 (P = 0.002). Furthermore, the 
effect of CA-LCL-αCD163 was also significantly larger than 
non-targeted control CA-LCLs (all P < 0.01, Fig. 6).

Discussion

Tumor-associated macrophages have been a major focus in 
cancer research during recent years, and several endeav-
ours have been made into targeting the cancer-promoting 
TAMs to improve anti-cancer therapy [4, 12, 16]. Inhi-
bition of CSF-1 signalling has shown promising results, 

likely due to depletion of TAMs. However, one study indi-
cated that the anti-cancer effect was mediated by repro-
gramming of TAMs towards a pro-inflammatory (M1-like) 
phenotype [14, 16], which may have greater effect than 
simple depletion [12].

Notably, the transcription factor STAT3 is an attractive 
target for novel anti-cancer therapy [17–19], and data have 
indicated that STAT3 inhibition within TAMs may repro-
gram these cells and induce anti-tumor immunity [4, 19, 24, 
25, 27]. In one report, STAT3 inhibition (by genetic abla-
tion) specifically within CD68 expressing TAMs reduced 
tumor cell proliferation and motility, decreased angiogenesis 
and metastasis, and prolonged survival of mice in a breast 
cancer model [28]. However, no previous reports have 
shown data on a STAT3-inhibitory drug that can be targeted 
specifically to TAMs.

One efficient gateway for targeting and reprogramming 
TAMs may be the hemoglobin–haptoglobin scavenger recep-
tor CD163 [39]. The endocytic CD163 is overexpressed in 
human TAMs [9, 30, 35], and tumor infiltration by CD163pos 

Fig. 6   CD163-targeted CA-LCLs induce M1-like cytokine profile 
in MDMs. Levels of pro-inflammatory cytokines IFNγ, TNFα, IL-2 
and IL-12 were measured in culture medium collected after 12  h 
IL-10 stimulation of MDMs with/without drug treatment (free CA, 
CA-LCLs, or CA-LCL-αCD163) as described for the gene expres-
sion data (Fig. 5). Due to toxicity, concentrations of ≥ 30 µM free CA 
were excluded (see Fig. 3). It is seen that IL-10 stimulation (without 
drug treatment) induced minor production of IL-2 and IL-12 (left fig-

ure parts). Further, increasing the concentration of CA-LCL-αCD163 
induced significant production of the four cytokines. Shown P values 
represent tested differences between control CA-LCLs and CA-LCL-
αCD163 at 50 µM. Results were normalized to the medium control 
samples (UT) not stimulated with IL-10. A single TNFα outlier was 
removed from the CA-LCL 30  µM group, which did not affect the 
overall results of the statistical analyses
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TAMs is associated with poor outcome in several human 
malignancies [5, 7, 31].

Here, we present the first data on development of a novel 
CD163-targeted STAT3-inhibitory drug, consisting of coro-
solic acid-containing long-circulating liposomes (CA-LCLs) 
targeted to CD163pos cells using a humanized anti-CD163 
antibody (αCD163). Thus, the drug targets the (mono-
cyte–macrophage lineage-specific) receptor CD163, which 
takes up the drug by endocytosis. We show that CA could be 
effectively remote-loaded into LCLs, and the resulting CA-
LCLs were stable, with no drug leakage, when stored at 4 °C 
for several months. However, in complete medium we saw 
signs of moderate drug leakage, indicating that drug effects 
may be enhanced by further chemical modifications. Such 
improvements should be undertaken before future in vivo 
experiments. The αCD163-modified CA-LCLs showed sign 
of liposome fusion (increased size) during prolonged stor-
age (months). The biochemical background for this is not 
known, but it should be taken into account in future in vivo 
studies, since endothelial pore size may vary within different 
tissues [45] and nanoparticle size might impact uptake by 
endocytosis [46].

Since we have previously shown only slight increase in 
drug uptake with IgG-modified LCLs, compared to non-
modified LCLs [39], we used non-modified CA-LCLs as 
controls for determining non-specific drug uptake. A limita-
tion of the present study is that all results are from in vitro 
experiments. Thus, experiments in animal models of cancer 
are needed to evaluate the effect of CA-LCL-αCD163 in 
malignant diseases. However, the goal of the present study 
was to provide proof of principle, and the results encourage 
further studies.

A previous study showed that free CA induced apoptosis 
in a human glioma cells in vitro, whereas viability of human 
macrophages and lymphocytes was not affected [37]. In 
another study, results indicated an immune-activating anti-
tumor effect of CA in vivo, which was synergistic in com-
bination with cytostatic treatment [38]. In the present study, 
cell viability decreased on treatment with free CA ≥ 30 µM, 
whereas CA-LCLs had no or minor impact on cell viability. 
The reason for this difference is not known and should be 
investigated further.

We tracked uptake of calcein-loaded LCLs (Cal-LCLs) 
in human monocyte-derived macrophages (MDMs) by flow 
cytometry and confocal microscopy. This showed high 
uptake of CD163-targeted Cal-LCLs in CD163high cells, 
thus confirming our previous findings in CD163-transfected 
HEK293 cells [39] in cultured human MDMs. The decrease 
in CD163 expression after treatment with CD163-targeted 
LCLs in the present study (due to receptor internalization/
blocking of detection mAb) was not seen in the previous 
study, likely due to a 24 h resting phase after treatment with 
Cal-LCL-αCD163 [39].

In human MDMs, CA-LCL-αCD163 inhibited STAT3 
activation (inhibited Y705 phosphorylation). Further, within 
human PBMCs, CA-LCL-αCD163 effectively inhibited 
STAT3 activation in CD163pos monocytes, with minor effect 
in CD163neg lymphocytes—confirming the CD163-specific 
targeting of the drug. Some uptake of non-targeted CA-
LCLs in monocytes was indicated by the results, which was 
expected from previous studies [39, 40]. The larger effect of 
non-targeted CA-LCLs on monocytes compared to MDMs 
was likely due to longer treatment time (12 h vs. 2 h). How-
ever, the CD163-targeted CA-LCL-αCD163 showed sig-
nificantly higher STAT3-inhibitory effect than non-targeted 
CA-LCLs. Importantly, CA-LCL-αCD163 not only inhibited 
STAT3 activation on protein level, but also modulated down-
stream gene expression, indicative of a reprogramming of 
MDMs towards an M1-like phenotype. These results were 
verified by induction of pro-inflammatory cytokine produc-
tion (IFNγ, TNFα, IL-2 and IL-12) by CA-LCL-αCD163. 
Thus, our data are in line with previous studies showing 
M1-like reprogramming of TAMs by STAT3 inhibition [24, 
25], which was associated with anti-tumor effects [19, 28].

Immune-activating anti-cancer therapies, including 
STAT3 inhibition, have shown risk of autoimmune com-
plications, especially colitis [4, 26, 47]. This highlights the 
need for development of approaches with specific target-
ing of cells important for establishing the tumor-promoting 
microenvironment. Since TAMs are present in large numbers 
within human tumors (up to 50% of cells in some tumors) 
[30], and since TAMs perform multiple tumor-promoting 
functions as described above, these cells may be ideal tar-
gets for novel immune-activating treatments [4, 12]. Further-
more, using a liposome-based approach may lead to passive 
drug accumulation within tumors, owing to the EPR effect. 
However, the EPR effect in humans is not well investi-
gated, and its magnitude is variable [45], which may further 
emphasize the importance of active CD163-targeting.

In conclusion, even though several reports have indicated 
striking effects of modulating STAT3-signalling in immune 
cells (especially in myeloid cells), to our knowledge, this is 
the first report to show development of a STAT3-inhibitory 
drug that can be targeted specifically to human CD163pos 
cells (which includes TAMs). Such targeting may increase 
the effects, and decrease side effects, of future STAT3-inhib-
itory anti-cancer therapy. The present study provides proof 
of principle for a pro-inflammatory reprogramming effect 
of our CD163-targeted STAT3-inhibitory drug in vitro, but 
the lack of in vivo data is a limitation. Thus, experiments in 
animal models are highly warranted, and should be pursued 
in future studies.
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