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A B S T R A C T   

The PD-1/PD-L1 axis plays a crucial role in regulating the anti-tumour immune response. A soluble PD-1 protein 
(sPD-1) has previously been observed, which could block the binding of PD-L1 to PD-1. Tumour associated 
macrophages are abundant in tumours, and evidence suggest they express PD-1. However, whether they also 
express sPD-1 remains unclear. The objective of this study was to investigate expression of sPD-1 in two in vitro 
models of human macrophages: THP-1 cells and monocyte-derived macrophages (MDM). Cells were polarised 
with either LPS + IFN-γ or IL-4 + IL-13 or left unpolarised. PD-1 and sPD-1 mRNAs were measured using droplet 
digital PCR, sPD-1 protein by electrochemiluminescence immunoassay and PD-1 by flow cytometry. sPD-1 mRNA 
was induced in both THP-1 cells and MDM after polarisation with LPS + IFN-γ, while IL-4 + IL-13 induced sPD-1 
mRNA in MDM only. sPD-1 protein was measurable in culture supernatants. These findings show that macro-
phages can be induced to express sPD-1.   

1. Introduction 

Recent developments in immunotherapy have highlighted the 
importance of the programmed death receptor-1 (PD-1) in the context of 
cancer [1–3]. PD-1 is an inhibitory membrane receptor expressed on 
various immune cells including lymphocytes, and engagement of its 
ligand programmed death ligand-1 (PD-L1) inhibits immune activation 
[4]. Checkpoint inhibitors can interfere with this inhibition by blocking 
PD-1/PD-L1 interaction, which has led to dramatically improved treat-
ments for certain advanced cancers [1–3]. Apart from the inhibitory 
membrane version of PD-1, an alternate soluble version (sPD-1) exists. 
The sPD-1 protein is interesting in the setting of cancer since its retained 
PD-L1 binding domain [5] may compete with PD-1 for PD-L1-binding. 
Thus potentially resulting in a checkpoint inhibitor-like functionality. 
This view is supported by translational studies in mice on soluble ver-
sions of the extracellular domain of PD-1 [6–8]. Furthermore, an in-
crease in sPD-1 has been associated with prolonged survival in patients 
with advanced EGFR-mutated non-small cell lung cancer during treat-
ment with the tyrosine kinase inhibitor erlotinib [9]. 

The cellular origins and regulation of sPD-1 have not been 

completely uncovered. On a genetic level, an alternatively spliced 
variant of the full-length PD-1 mRNA (flPD-1) lacking the trans-
membrane domain (exon 3) has been identified. This alternative splice 
variant, called PD-1Δex3, might encode the sPD-1 protein [5]. In lym-
phocytes, both flPD-1 and PD-1Δex3 mRNA increase in parallel in 
response to activation [5]. Apart from lymphocytes, other immune cells, 
such as natural killer (NK) cells [10] and tumour-associated macro-
phages (TAMs) express PD-1 [11]. While the PD-1Δex3 transcript has 
been detected in NK cells [10], it has not been investigated, whether 
macrophages express the PD-1Δex3 transcript or potentially secrete 
sPD-1. 

TAMs are a major leukocyte component of solid tumours with a 
multitude of functions [12]. TAMs are highly plastic and can be cate-
gorized simply as either classically activated anti-tumour (M1-like) 
macrophages or alternatively activated pro-tumour (M2-like) macro-
phages [12]. Whereas TAM phenotypes in vivo are complex and depend 
on several combined signals in the tumour microenvironment (TME), 
M1-like TAMs are generally associated with a more favourable prog-
nosis, while the opposite is true for M2-like TAMs [12]. In vitro, mac-
rophages can be polarized towards the M1 phenotype by treatment with 
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IFN-γ + LPS [13], and LPS has been shown to induce expression of flPD- 
1 in murine macrophages [14]. If the PD-1Δex3 transcript is similarly 
induced in M1 macrophages, sPD-1 could be secreted by TAMs and 
potentially play a role in their immunoregulatory functions. 

In the present study, we investigated whether human M1 macro-
phages express the PD-1Δex3 transcript and secrete sPD-1 protein using 
two human macrophage cell models. These in vitro models were 
polarized towards M1 or M2a phenotypes and compared with unpolar-
ized M0 macrophages. We found that human M1 macrophages express 
the PD-1Δex3 transcript and secrete sPD-1 protein. 

2. Materials and methods 

2.1. Cell cultures 

Cultures were kept in a humidified incubator at 37 ◦C and 5% CO2. 
The base culture medium consisted of RPMI 1640, 10 mM HEPES, 2 mM 
glutamine (Thermo Fisher Scientific, Waltham, MA USA, #52400041), 
10% heat-inactivated foetal calf serum (FCS) (Thermo Fisher Scientific 
#16000–044), 100 U/ml penicillin, and 100 μg/ml streptomycin 
(Thermo Fisher Scientific #15140–122). 

2.1.1. THP-1 cell model 
Monocytic THP-1 cells (American Type Culture Collection (ATCC), 

Manassas, VA USA, TIB202™) were stored at − 80 ◦C at a concentration 
of 1*107 cells/mL in 1 mL of freezing medium (culture medium with 
20% FCS and 10% DMSO [Sigma-Aldrich, Darmstadt, Germany, 
#D2650-100ML]). For each experimental run, 2 vials of a separate stock 
were thawed rapidly, washed once, and expanded in Nunc Non-treated 
T75 flasks (Thermo Fisher Scientific, #156800) in culture medium 
supplemented with 0.05 mM β-mercaptoethanol (Sigma-Aldrich 
#M6250-250ML). THP-1 cells were cultured at 400 000 cells/mL. Me-
dium renewal was performed every 48–72 h by centrifugation at 130 g/ 
room temperature (RT) for 10 min and subsequent resuspension in fresh 
medium. 

2.1.2. Isolation of CD14+ monocytes from peripheral blood mononuclear 
cells 

Buffy coats (50 mL) were obtained from consenting anonymous 
healthy donors at the blood bank, Department of Clinical Immunology, 
Aarhus University Hospital. Buffy coats were diluted 1:1 with 0.9% 
NaCl, and 25 mL dilution was carefully layered onto 15 mL Histo-
paque®-1077 Hybri-Max™ (Sigma-Aldrich #H8889-100ML) in 50 mL 
centrifuge tubes. After centrifugation for 30 min at 400 g/RT without 
brake, peripheral blood mononuclear cells (PBMCs) were carefully 
aspirated from the opaque interface. PBMCs were washed twice in 15 mL 
phosphate-buffered saline (PBS) (Thermo Fisher Scientific 
#14190–094), 2% FCS, and 1 mM EDTA (Merck, Darmstadt, Germany, 
#1.08418.0100) and centrifuged for 10 min at 200 g/RT. Concentration 
was adjusted to 1*108 cells/mL, and CD14+ enrichment was performed 
using the EasySep™ Human CD14 Positive Selection Kit II (Stemcell 
Technologies UK Ltd., Cambridge, UK, #17858) and an EasySep™ 
Magnet (Stemcell Technologies UK Ltd. #18000) according to the 
manufacturer’s instructions. CD14+ monocytes were immediately used 
in experiments. 

2.2. Differentiation and polarization of cells 

For differentiation and polarization, cells were seeded onto 6-well 
Nunc™ Non-Treated Multidishes (Thermo Fisher Scientific #150239), 
incubated as previously stated, and treated as described below. 

2.2.1. THP-1 cell model 
THP-1 cells were differentiated for 48 h at a concentration of 500 000 

cells/mL in 2 mL base culture medium, 0.05 mM β-mercaptoethanol, 
100 nM PMA (Sigma-Aldrich #P1585-1MG). Cells were then rested in 2 

mL base culture medium for 48 h. After resting, the macrophage-like 
THP-1 cells were polarized towards an M1 or M2a phenotype by treat-
ment for up to 72 h with 2 mL base culture medium with either 1 ng/mL 
LPS (Sigma-Aldrich #L2654-1MG) and 20 ng/mL IFN-γ (R&D Systems, 
Minneapolis, MN, USA, #285-IF) or 20 ng/mL IL-4 (Peprotech, Rocky 
Hill, NJ, USA, #200–04) and 20 ng/mL IL-13 (Peprotech #200–13), 
respectively. Differentiated but unpolarized THP-1 cells were used as an 
M0 control population. 

2.2.2. Monocyte-derived macrophages 
CD14+ monocytes were differentiated for 6 days at a concentration 

of 1 000 000 cells/mL in 1.5 mL base culture medium, 10 ng/mL M-CSF 
(Peprotech #300-25), 1 ng/mL GM-CSF (Peprotech #300-03). Medium 
renewal was performed after 72 h. After differentiation, the monocyte- 
derived macrophages (MDMs) were polarized towards an M1 or M2a 
phenotype by treatment for up to 72 h with 1.5 mL base culture medium 
with either 100 ng/mL LPS and 20 ng/mL IFN-γ or 10 ng/mL IL-4 and 
10 ng/mL IL-13, respectively. Unpolarized MDMs were used as an M0 
control population. 

2.2.3. Macrophage nomenclature 
For clarity, macrophages will be mentioned in this report by the 

cellular model used and their polarization state. Consequently, the THP- 
1 cell model will be called either THP-1(M0), THP-1(M1), or THP-1 
(M2a), whereas MDMs will be called either MDM(M0), MDM(M1), or 
MDM(M2a). 

2.3. Viability, yield, and cell harvesting 

The viability and yields of cells were monitored during culture and 
experiments using the NucleoCounter® NC-250™ system (Chemometec, 
Allerod, Denmark). For harvesting, cells were incubated for 15 min with 
1 mL PBS, 0.5% bovine serum albumin (BSA) (Sigma-Aldrich #A7906- 
100G), 5 mM EDTA, and 4 mg/mL lidocaine (Sigma-Aldrich #L5647- 
15G). Cells were collected using cell scrapers (TPP, Trasadingen, 
Switzerland #99003). 

2.4. RNA purification 

At 12, 36, and 72 h after polarization, culture medium was removed, 
and cells were lysed by 350 µL Buffer RLT (Qiagen, Germantown, MD, 
USA, #79216). The lysate was collected, vortexed, and stored at − 80 ◦C. 
RNA purification was performed using the RNeasy Mini Kit (Qiagen 
#74106) and an RNase-Free DNase Set (Qiagen #79256) on a QIAcube 
(Qiagen) according to the manufacturer’s instructions and in a 30 µL 
elution volume. The RNA concentration was measured on a NanoDrop™ 
2000 Spectrophotometer (Thermo Fisher Scientific #ND-2000), and 
samples were stored at − 80 ◦C. 

2.5. Reverse transcription 

Reverse transcription was performed in a 20 µL reaction volume 
using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher 
Scientific #4368814) with the addition of RNase Inhibitor (Thermo 
Fisher Scientific #N8080119). For each reaction, 10 µL 2× RT master 
mix was prepared according to the manufacturer’s instructions and 
mixed with 1 µg of total RNA diluted in 10 µL of polymerase chain re-
action (PCR)-grade water. The reaction was then performed on a 
GeneAmp PCR System 9700 (Thermo Fisher Scientific) at 25 ◦C/10 min, 
37 ◦C/120 min, and 85 ◦C/5 min. The cDNA was stored at − 20 ◦C. 

2.6. Droplet digital polymerase chain reaction 

Droplet digital PCR (ddPCR) was performed using the QX200 Droplet 
Digital PCR System (Bio-Rad, Hercules, CA, USA) in accordance with the 
manufacturer’s instructions. Each reaction was performed with 100 ng 
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of cDNA in a 22 µL reaction volume. All assay reagents were purchased 
from Bio-Rad, and the primer pairs and probe sequences used are dis-
played in Table 1. Data analysis was performed in the QuantaSoft soft-
ware (Bio-Rad) and results reported as copies/mL reaction. Data was 
then expressed as fold change of activated macrophages (M1 or M2a) 
compared to unstimulated M0 control macrophages. To satisfy the as-
sumptions of normality and homogeneity of variances for two-way 
repeated measures ANOVA, data was log transformed after adding a 
constant of 1. Positive and negative controls were included in all runs. 

2.7. sPD-1 electrochemiluminescence immunoassay 

At 12, 36, and 72 h after polarization, culture medium was collected, 
centrifuged for 5 min at 500 g/RT, and stored at − 80 ◦C until analysis. 
sPD-1 was measured by the R-PLEX Human PD1 Antibody Set electro-
chemiluminescence (ECL) immunoassay (Meso Scale Discovery, Rock-
ville, MD, USA, #F214A-3) at a dilution of 1:2 and according to the 
manufacturer’s instructions. Plates were read on a MESO QuickPlex SQ 
120 (Meso Scale Discovery #AI0AA-0). The limit of detection defined as 
meanblank + 5 SDblank was 2.52 pg/mL. 

2.8. Flow cytometry 

Cells were harvested after 72 h and were centrifuged for 10 min at 
130 g/RT (THP-1 cells) or 12 min at 200 g/RT (MDMs). After centri-
fugation, cells were washed in 9 mL PBS, 0.5% BSA, and resuspended in 
stain buffer (PBS, 0.5% BSA, 0.09% NaN3 [Merck #1.06688.0100]). 
Concentration was adjusted to 1*107 cells/mL, and 25 µL was used for 
each sample. Unspecific antibody binding was blocked by incubation 
with 100 µg/mL human IgG for 15 min at 4 ◦C [15]. Antibody staining 
was performed by incubation for 30 min at 4 ◦C. A live/dead marker 
(Live/Dead Near-IR, Thermo Fisher Scientific, #L10119, dilution 1:20) 
was included in all samples except unstained controls to identify viable 
cells. After a wash in stain buffer, samples were fixed with 250 µL of 
0.9% formaldehyde (Sigma-Aldrich #47608-250ML-F) and immediately 
run on a CytoFLEX S Flow Cytometer (Beckman Coulter, Brea, CA, USA) 
using CytExpert software version 2.1 (Beckman Coulter). A maximum of 
100 000 events were recorded. CytoFLEX Daily QC Fluorospheres 
(Beckman Coulter #B53230) were run before each experimental run. 
Data were captured raw and compensated during analysis in FlowJo 
software version 10.6.0 (Becton Dickinson, Franklin Lakes, NJ, USA). 
For compensation of the live/dead marker, the anti-TLR2-antibody, and 
the remaining antibodies, ArC™ Amine Reactive Compensation Bead Kit 
(Thermo Fisher Scientific #A10346), the MACS Comp Bead Kit, anti- 
REA (Miltenyi Biotec, Bergisch Gladbach, Germany #130–104-693), 
and the BD™ CompBead Plus (Becton Dickinson #560497) compensa-
tion beads were used, respectively. Comparisons were made on viable, 
single cells, and phenotype-matched fluorescence-minus-one (FMO) 
controls were used to gate positive populations for all markers. The full 
gating strategy is displayed in Supplementary Fig. 1 and Supplementary 
Fig. 2. Comparisons of M1(CD80 + TLR-2), M2a(CD206), and M2c 
(CD163) phenotype markers were performed on the median fluores-
cence intensity (MFI). Prior to comparisons, the MFI was adjusted for 
background fluorescence by subtracting matching FMO control MFI 
values. Antibodies were titrated, and the panel was validated before use. 
Antibodies are presented in Supplementary Table 1. The anti-PD-1 
antibody used was cited in previous literature [11], and we found that 
it was able to stain PD-1 in a positive control consisting of PBMCs 

activated by 25 ng/mL PMA and 100 ng/mL ionomycin for 48 h (data 
not shown). 

2.9. Experimental design and statistics 

To reduce the impact of random variance in laboratory measure-
ments across runs, a randomized block design was used [16]. Experi-
ments were repeated 4 separate times with separate cell stocks or 
donors. THP-1 experiments were measured in triplicate, whereas MDMs 
were measured in duplicate, and the mean of replicates was used in 
testing. 

Statistical testing was performed by repeated measures one-way 
analysis of variance (ANOVA), or repeated measures two-way ANOVA 
where appropriate. For both tests, sphericity was assumed based on 
experimental design and significance was set at P < 0.05. Multiple 
comparisons were made against control populations, and to control the 
type I error rate, the Dunnett multiple comparison test was used. For 
sPD-1 protein in culture supernatants, individual measurements are 
presented, as most measurements were censored below the detection 
limit. Statistical analysis was performed using GraphPad Prism software 
version 8. 

3. Results 

3.1. Phenotypic characterization of M1 and M2a macrophages 

Macrophage cultures were compared using a flow cytometry panel 
consisting of macrophage differentiation (CD14, CD11b) and polar-
isation markers (CD80, TLR-2, CD206, CD163). CD14 and CD11b were 
not included in the data analysis for this study, and only results for the 
polarization markers will be presented in the following. These four 
polarisation markers were chosen as they are established macrophage 
phenotype markers [13,17]. Although they do not enable a full char-
acterisation of the complex phenotype of macrophages, together, they 
are useful for confirming polarisation in our simplified in vitro polar-
isation setup. The gating strategies used for THP-1 cells and MDMs are 
shown in Supplementary Figs. 1 and 2, respectively. Fig. 1 displays the 
changes observed in M1 and M2a polarization markers. 

In THP-1(M1) cultures, the M1 markers CD80 and TLR-2 increased 
significantly, whereas the M2a marker CD206 remained unchanged. 
Corresponding changes were observed for MDM(M1) cultures, although 
the change in TLR-2 did not reach significance (P = 0.092). In both THP- 
1(M2a) and MDM(M2a) cultures, CD206 increased significantly, 
whereas M1 markers remained stationary. Levels of the M2c marker 
CD163 did not increase in any cultures (data not shown). 

3.2. PD-1 surface expression was not induced on macrophages 

In addition to the characterization of polarization markers, we 
examined macrophage cultures for surface expression of PD-1 by flow 
cytometry. Baseline expression of PD-1 was low in M0 cultures. In THP-1 
(M0) and MDM(M0) cultures 2.38% ± 0.66% and 5.24% ± 2.79% 
(mean ± SD) of cells were characterised as PD-1+, respectively (Sup-
plementary Fig. 3). Surprisingly and for both models, polarization to M1 
or M2a macrophages did not increase the percentage of PD-1+
macrophages. 

Table 1 
Primer and Probe Sequences for ddPCR.  

Target Forward primer Reverse primer Probe Amplicon size (base pairs) 

flPD-1 CTCAGGGTGACAGAGAGAAG GACACCAACCACCAGGGTTT FAM-CAGAAGTGCCCACAGCCCACCCCAG-BHQ1 96 
PD-1Δex3 AGGGTGACAGGGACAATAGG CCATAGTCCACAGAGAACAC HEX-AGCCCCTGA-ZEN-AGGAGGACCCCTCAGC-IABFQ 89 

HEX: Hexachlorofluorescein. FAM: Carboxyflourescein. BHQ1: Black Hole Quencher 1. IABFQ: Iowa Black FQ Quencher. ZEN: ZEN internal quencher. 
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3.3. Expression of flPD-1 and PD-1Δex3 mRNA was inducible in 
macrophages 

We used ddPCR to investigate the expression of flPD-1 and PD-1Δex3 
mRNA. In the THP-1 model, low levels of baseline expression was 
detectable in M0 cultures, and both transcripts were readily inducible by 
M1 polarisation. In THP-1(M1) cultures, the induced expression peaked 
at 12 h (Fold change at 12 h: flPD-1: 463.4 [388.2;478.8], PD-1Δex3: 
16.1 [9.3;21.0] (median [range])), before gradually returning to base-
line levels (Fig. 2). Of note and in contrast to the MDM model, no in-
duction of either transcript was seen in THP-1(M2a) cultures at any time 
point. 

In the MDM model, low levels of baseline expression was similarly 
detectable in M0 cultures. After polarisation, both MDM(M1) and MDM 
(M2a) cultures showed a strongly induced expression of both flPD-1 and 
PD-1Δex3. In MDM(M1) cultures, the expression peaked at 12 h (Fold 
change at 12 h: flPD-1: 7.11 [1.87;35.6], PD-1Δex3: 4.11 [1.57;24.6] 
(median [range])), before returning to baseline levels. In contrast to this, 
expression in MDM(M2a) cultures showed a delayed response peaking at 
36 h (Fold change at 36 h: flPD-1: 14.85 [12.48;28.88], PD-1Δex3: 9.49 
[7.63;11.6] (median [range])). 

Based on the different time to peak in MDM(M1) and MDM(M2a), we 
investigated whether the ratio of PD-1Δex3 to flPD-1 mRNA at peak was 
similar between the two polarisation states. Interestingly, the ratio in 

MDM(M2a) cultures was significantly higher (mean ± SD: 0.88 ± 0.12) 
compared with MDM(M1) cultures (mean ± SD: 0.74 ± 0.09) (P = 0.033 
in paired t test). 

Although MDM cultures displayed similar fold changes in mRNA 
expression across donors, there was high donor-to-donor variance in 
absolute amount of mRNA. For flPD-1, expression in MDM(M0) ranged 
from 3.55 to 98.5 copies/mL at 12 h, expression in MDM(M1) ranged 
from 19.3 to 461.5 copies/mL at 12 h and expression in MDM(M2a) 
ranged from 29.3 to 767 copies/mL at 36 h. For PD-1Δex3, expression in 
MDM(M0) ranged from 5.95 to 81.5 copies/mL at 12 h, expression in 
MDM(M1) ranged from 14.85 to 284 copies/mL at 12 h and expression 
in MDM(M2a) ranged from 29.75 to 560 copies/mL at 36 h. 

3.4. Secretion of sPD-1 protein was inducible in macrophages 

We then investigated secretion of sPD-1 using a sensitive ECL 
immunoassay on culture supernatants. Most measurements returned 
values below the limit of detection (LOD), and sPD-1 was not detected in 
THP-1(M0), THP-1(M2a), or MDM(M0) cultures at any time (Fig. 3). 
However, sPD-1 was consistently detectable above the LOD in all THP-1 
(M1) cultures at 72 h. Our data indicated that incubation beyond 72 h or 
increases in the LPS concentration beyond 1 ng/mL would not sub-
stantially increase the concentration of secreted sPD-1 in the THP-1 
model (Supplementary Fig. 4). sPD-1 was similarly detectable in the 

Fig. 1. Polarization Markers in Macrophage Cultures. Macrophages were polarized to M0, M1, and M2a phenotypes for 72 h, and polarization markers were 
measured by flow cytometry. FMO-adjusted MFI values were compared. N = 4 in all cases. Data presented as mean ± SD. P values represent comparisons to M0 cells 
by repeated measures one-way ANOVA with the Dunnett multiple comparisons test. 
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donor-specific MDM(M1) and MDM(M2a) cultures in which high abso-
lute levels of gene induction were observed. 

4. Discussion 

To our knowledge, this is the first study describing expression of PD- 
1Δex3 mRNA and sPD-1 protein in human macrophages. Because 
macrophages are abundant in tumours and influence tumour growth and 
progression, their ability to secrete sPD-1 could play an important role in 

the regulation of anti-tumour immunity. 
Generally, we found a parallel increase in the expression flPD-1 and 

PD-1Δex3 transcripts in M1 activated macrophages, with a larger vari-
ation among MDM cultures compared to THP-1 cultures. 

Such parallel changes in the flPD-1 and PD-1Δex3 transcripts have 
also been observed in activated lymphocytes [5], potentially indicating 
a common regulation of alternative splicing for the PD-1 transcripts. The 
induction of the flPD-1 transcript in M1 cultures is consistent with 
previous investigations in murine macrophage models linking flPD-1 to 

Fig. 2. Expression of flPD-1 and PD-1Δex3 by Macrophages. Macrophages were polarized to M0, M1, and M2a phenotypes, and expression of flPD-1 and PD-1Δex3 
mRNA was measured by droplet digital RT-PCR in copies/mL after 12 h, 36 h, and 72 h. Data was expressed as fold change of activated macrophages (M1 or M2a) 
compared to unstimulated M0 control macrophages. To satisfy the assumptions of normality and homogeneity of variances for two-way repeated measures ANOVA, 
data was log transformed after adding a constant of 1. Data is displayed as mean ± SD of transformed data. P values represent comparisons to M0 cells by two-way 
repeated measures ANOVA with the Dunnett multiple comparisons test. N = 4 in all cases. 

Fig. 3. Secretion of sPD-1 by Macrophages. Macrophages were polarized to M0, M1, and M2a phenotypes, and secretion of sPD-1 in culture supernatant was 
measured by electrochemiluminescence immunoassay after 12 h, 36 h, and 72 h. Individual data points are presented, and statistical testing was not performed due to 
extensive censoring of data below the limit of detection (LOD) = 2.52 pg/mL. Measurements below the LOD are presented graphically at 0 pg/mL. N = 4 for both. 
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NF-κB activation [14]. 
Furthermore, we detected induction of flPD-1 and PD-1Δex3 in MDM 

(M2a) cultures, but notably not in THP-1(M2a) cultures. Interestingly, 
several pathways apart from NF-κB activation have been linked to flPD-1 
expression in other cell types [18]. However, as the two macrophage 
models do not agree in this case, the question becomes which of them 
would be most fit for future research in macrophage sPD-1. THP-1 cells 
are often used as an alternative model to MDM as they can be easily 
expanded in vitro, frozen and kept for later use, and as their genetic 
homogeneity limits experimental variability. However, as the THP-1 cell 
line is derived from an acute monocytic leukaemia patient, their 
phenotype and response to polarisation is often significantly different 
from primary macrophages [19–24]. Therefore, their reliability as a 
model of human macrophages should not be taken for granted [23], and 
experimental results from studies using THP-1 cells should be confirmed 
in primary MDM for each experimental setting. In our setting, the THP-1 
model seems to replicate the M1 polarisation induction of flPD-1, PD- 
1Δex3, and sPD-1 reliably. However, this is not the case for the M2a 
polarisation. We therefore suggest further research in this area to be 
done in the MDM model. 

Of note, the gene induction in MDM(M2a) cultures peaked at 36 h 
after stimulation compared to 12 h in MDM(M1) cultures. Furthermore, 
the ratio of PD-1Δex3 to flPD-1 mRNA was significantly higher in MDM 
(M2a) cultures than in MDM(M1) cultures. This indicates that manipu-
lation of specific pathways might result in a change in the ratio between 
the 2 protein forms, with possible immunological implications. 

We detected secretion of sPD-1 in all THP-1(M1) cultures, 2/4 MDM 
(M1) cultures and 1/4 MDM(M2a) culture. Although all MDM cultures 
had similar relative responses in mRNA induction after polarization, 
there was high donor-to-donor variation in absolute levels of mRNA. The 
2 MDM(M1) cultures and 1 MDM(M2a) culture with measurable levels 
of sPD-1 represent the donors with the highest absolute level of mRNA 
induction. As the sPD-1 level was close to the detection limit of the 
equipment used, the lack of measurable sPD-1 protein in the remaining 
donors with low absolute levels of mRNA induction is likely explained 
by sPD-1 secretion below the limit of detection in this study. 

The sPD-1 protein is interesting in the context of cancer, as it retains 
the PD-L1 binding domain [5] and therefore could potentially regulate 
immunity. TAMs are abundant in solid tumours and influence prognosis 
in a phenotype-dependent manner [12]. As such, TAMs are promising 
targets for cancer immunotherapy, and one strategy involves re- 
education of TAMs towards the anti-tumour phenotype M1 [12]. This 
re-education could potentially lead to expression of PD-1Δex3 and 
secretion of sPD-1 by the TAMs in the tumour microenvironment. 

However, although our results support the notion that macrophages 
can secrete sPD-1 in response to appropriate stimuli, they do not provide 
an explanation for a possible role in immunoregulation or confirm 
whether this is the case in vivo. Furthermore, the results cannot directly 
confirm that the sPD-1 measured is truly translated from the PD-1Δex3 
transcript. In rheumatoid arthritis, a fraction of sPD-1 has been docu-
mented to be PD-1 associated with extracellular vesicles (EVs) [25]. The 
release of such vesicles by macrophages would be measured as sPD-1 in 
our experimental setup and could result in overestimation. Furthermore, 
macrophages can express PD-L1 [26], and the presence of this ligand 
could result in underestimation by binding sPD-1. 

Despite increased flPD-1 mRNA expression, we could not detect 
significant induction of PD-1 surface expression by flow cytometry in 
any of the macrophage cultures examined. The reason for this is not 
clear. LPS has previously been reported to induce PD-1 in primary 
human monocytes [27], however, due to several methodological dif-
ferences, these results are not directly comparable to ours. In accordance 
with our findings, IFN-γ has previously been reported to not induce 
surface PD-1 in THP-1 monocytes or U937 monocytes [28]. However, 
similar to the previous report mentioned, these results are not directly 
comparable to ours. Our literature search did not identify previous 
studies investigating PD-1 expression in other cell lines of the human 

monocyte lineage such as HL-60 or MUTZ-3. However, in the context of 
cancer, PD-1 has been detected in tumour-associated macrophages [11]. 
As the phenotype of TAM is regulated by a complex interplay of signals 
[12], surface expression of PD-1 in human macrophages could be 
induced by signals not included in our in vitro setup. Nevertheless, the 
body of literature suggests that macrophages, with TAMs as a possible 
exception, express low levels of PD-1, possibly at the limit of detection. 
In our studies, we used a well-described anti-PD-1 antibody clone [11], 
which in our hands showed strong staining of activated peripheral blood 
mononuclear cells used as PD-1 positive controls (not shown). 

In this study, the M1 (CD80, TLR-2) and M2a (CD206) polarization 
markers increased consistently in all correspondingly polarized cultures, 
whereas the M2c marker CD163 did not increase. These findings are 
consistent with established macrophage phenotypes in vitro [13,29]. 
However, as macrophage phenotypes in vivo are more complex, further 
studies on in vivo macrophages could benefit from a much broader 
characterisation of phenotype by including additional phenotype 
markers. Importantly, the consistent increases in polarization markers 
across MDM(M1) and MDM(M2) cultures support that the donor-to- 
donor variance observed in gene expression and sPD-1 secretion is not 
caused by inconsistent implementation of the polarization protocol. 

The study has several limitations. The generalizability of the results 
is limited by the experimental protocol and the macrophage models 
used. The fact that culture conditions influence the phenotype of the 
THP-1 cell model is well documented [20,22,30,31], and monocyte 
isolation methods similarly influence the phenotype of MDMs [17]. Our 
data suggest that sPD-1 secretion by THP-1(M1) macrophages could not 
be further increased in our setup. However, this might not be the case for 
a THP-1 model cultured and differentiated under different experimental 
conditions. Finally, our study was limited by donor anonymity 
(excluding further phenotypical characterization) and a relatively 
limited number of samples. Strengths of the study include the parallel 
use of 2 in vitro models, the validation of polarization by flow cytom-
etry, and the use of sensitive methods for gene expression and protein 
secretion analysis. 

In conclusion, our study supports that human macrophages can ex-
press the PD-1Δex3 transcript and secrete sPD-1 protein in response to 
polarisation. In primary MDM, expression increased strongly in both 
polarisations states and was seen as an early response in M1 macro-
phages and a delayed response in M2a macrophages. sPD-1 protein was 
secreted in all those cultures that had a high absolute increase in 
expression of the PD-1Δex3 transcript. The THP-1 model replicated the 
MDM(M1) results, but did not replicate the MDM(M2a) results. We 
therefore recommend further research on macrophage sPD-1 be done in 
the MDM model. Whereas expression of flPD-1 increased in parallel to 
PD-1Δex3, this did not translate into increased surface expression of PD- 
1 in our setup. Future studies should investigate in vivo macrophage 
expression of sPD-1, investigate the functional significance of macro-
phage sPD-1, and address possible targets for modulation of macrophage 
sPD-1 expression. 
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