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Abstract

Programmed cell death-1 (PD-1) and PD-1 ligand 1 (PD-L1) are target molecules for immunotherapy in non-small cell
lung cancer. PD-L1 is expressed not only in cancer cells, but also on macrophages, and has been suggested to contribute to
macrophage-mediated immune suppression. We examined the clinical significance of PD-L1 expression on macrophages in
human lung adenocarcinoma. The mechanism of PD-L1 overexpression on macrophages was investigated by means of cell
culture studies and animal studies. The results showed that high PD-L1 expression on macrophages was correlated with the
presence of EGFR mutation, a lower cancer grade, and a shorter cancer-specific overall survival. In an in vitro study using
lung cancer cell lines and human monocyte-derived macrophages, the conditioned medium from cancer cells was found to
up-regulate PD-L1 expression on macrophages via STAT3 activation, and a cytokine array revealed that granulocyte—mac-
rophage colony-stimulating factor (GM-CSF) was a candidate factor that induced PD-L1 expression. Culture studies using
recombinant GM-CSF, neutralizing antibody, and inhibitors indicated that PD-L1 overexpression was induced via STAT3
activation by GM-CSF derived from cancer cells. In a murine Lewis lung carcinoma model, anti-GM-CSF therapy inhibited
cancer development via the suppression of macrophage infiltration and the promotion of lymphocyte infiltration into cancer
tissue; however, the PD-L1 expression on macrophages remained unchanged. PD-L1 overexpression on macrophages via
the GM-CSF/STAT3 pathway was suggested to promote cancer progression in lung adenocarcinoma. Cancer cell-derived
GM-CSF might be a promising target for anti-lung cancer therapy.
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Lung cancer is one of the most common causes of cancer
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PD-1 ligand 1 (PD-L1) expression in cancer cells is con-
sidered to be a potential predictive biomarker for anti-PD-1/
PD-L1 therapy in several cancers, including lung cancer, and
immunohistochemistry (IHC) using anti-PD-L1 antibodies
has been performed in pathological specimens [5, 6]. Several
retrospective studies have shown that PD-L1 expression in
cancer cells was associated with a poor clinical course in
lung adenocarcinoma, but not in lung squamous cell carci-
noma and small cell carcinoma [7-10]. Although researchers
have noted that PD-L1 is expressed in stromal cells in lung
cancer tissues, the significance of the PD-L1 expression in
stromal cells remains unclear.

It is known that myeloid cells, such as dendritic cells and
macrophages, also express PD-L1 [11]. Macrophages that
infiltrate cancer tissues are referred to as tumor-associated
macrophages (TAMs) [12—14]. TAMs have protumor func-
tions related to angiogenesis, invasion, and immunosup-
pression, and a high density of TAMs has been shown to
be associated with a poor clinical course in many cancers,
including lung cancer [15-18]. TAMs are known to express
several molecules related to immune suppression, such as
indoleamine 2,3-dioxygenase, interleukin (IL) 10, Siglec-15,
and PD-1 ligands [19-21], and the immunosuppressive
effect of the PD-1 ligands on TAMs has been demonstrated
in a murine cancer model [22, 23]. PD-L1 expression on
TAMs is correlated with the efficacy of immunotherapy in
ovarian cancer and melanoma patients [24]. In the present
study, we tried to accurately evaluate the expression status of
PD-L1 on TAMs in pathological specimens by double IHC
with anti-macrophage antibodies. The mechanisms related
to PD-L1 overexpression on TAMs were also investigated
in cell culture studies.

Materials and methods
Samples

Paraffin-embedded samples were prepared from specimens
obtained from 231 patients diagnosed with lung adenocar-
cinoma between 2010 and 2013 at Kumamoto University
Hospital. Two pathologists reviewed all tissue specimens,
and the most representative area of a 5S-mm-diameter core
containing viable lung adenocarcinoma cells was care-
fully selected for tissue microarrays. The study design
was approved by the Kumamoto University Review Board
(approval #1174).
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IHC

The DAKO automation system (Autostainer Link 48;
DAKO, Glostrup, Denmark) was used for the immunohis-
tochemical analysis of human PD-L1 (clone 22C3; DAKO).
Anti-human CD8 antibody (clone C8/144B; Nichirei, Tokyo,
Japan), anti-PU.1 antibody (clone EPR3158Y; Abcam,
Cambridge, UK), and anti-Iba-1 antibody (Wako, Tokyo,
Japan) were used as the primary antibodies to label the
macrophages and lymphocytes in human samples. For [HC
of murine tumor specimens, anti-Iba-1 antibody (Wako),
anti-CDS8 antibody (clone D4W2Z; Cell Signaling Technol-
ogy, Danvers, MA), and anti-PD-L1 antibody (#AF1019;
R&D Systems, Minneapolis, MN, USA) were used as the
primary antibodies. Horseradish peroxidase (HRP)-labeled
anti-rabbit immunoglobulin antibody (Nichirei) was used as
the secondary antibody. 3,3’-Diaminobenzidine was used
for the visualization of positive signals in the first step of
double IHC. Subsequently, sections were treated by heating
in 1 mM ethylenediaminetetraacetic acid (pH 8.0) buffer.
Then, the sections were treated with HRP-labeled anti-rabbit
immunoglobulin antibody, and positive signals were visual-
ized with HistoGreen substrate (#AYS-E109; Linaris, Dos-
senheim, Germany) as the second step of double IHC. Two
investigators (Y.K. and Y.S.), who were blinded to infor-
mation about the samples, evaluated the PD-L1 and PU.1
expression. We also determined the macrophage proportion
score (MPS), which is based on the tumor proportion score
(TPS). Images of ten randomly selected 400 X fields were
obtained under microscopy, and the image files were ana-
lyzed for cell counting and the evaluation of the stained areas
by Image J software.

Cell culture of macrophages, cancer cell lines,
and lymphocytes

Monocytes were isolated using RosetteSep Human Mono-
cyte Enrichment Cocktail (STEMCELL Technologies, Van-
couver, Canada). Peripheral blood mononuclear cells were
obtained from three healthy voluntary donors in accordance
with protocols approved by the Kumamoto University Hos-
pital Review Board (#1169). These monocytes were plated
on UpCELL 6-well plates (2x 10> cells/well; CellSeed,
Tokyo, Japan) and cultured in AIM-V medium (Thermo
Fisher, Waltham, MA, USA) supplemented with 2% human
serum macrophage-colony stimulating factor (M-CSF;
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100 ng/mL; Wako) for 7 days to induce the differentiation
of macrophages.

Three human lung adenocarcinoma cell lines (NCI-H23,
H358, and H1975) were obtained from Tomoya Yamaguchi
(Kumamoto University, Kumamoto, Japan). A549 and PC9
were obtained from the Japanese Collection of Research
Bioresources Cell Bank (Osaka, Japan). Murine Lewis lung
carcinoma (LLC) cells were kindly gifted from Keizo Tak-
enaga (Chiba Cancer Center, Chiba, Japan). All cells were
cultured in RPMI1640 (Wako) supplemented with 10% fetal
bovine serum. The conditioned medium (CM) of the cell
lines was collected as previously described [21]. For the
cell culture study using mouse macrophages, bone marrow
cells were cultured in RPMI1640 supplemented with 10%
fetal bovine serum and M-CSF (100 ng/mL) for 5 days, and
adherent cells were used as macrophages.

Lymphocytes, isolated from healthy donors using Roset-
teSep Human T-cell Enrichment Cocktail (STEMCELL
Technologies), were cultured in a cell-culture plate coated
with anti-human CD3 antibody (OKT3; eBiosciences, San
Diego, CA, USA), human CD28 antibody (BioLegend,
San Diego, CA, USA). The proliferation of lymphocytes
was tested by BrdU incorporation assay (Cell proliferation
ELISA kit, Roche, Basel, Switzerland). Anti-PD-1 antibody
(clone EH12.2H7) and isotype matched IgG were obtained
from BioLegend (San Diego, CA, USA).

Cell enzyme-linked immunosorbent assay (ELISA)

Macrophages were cultured in a 96-well microplate and
stimulated with the CM of the adenocarcinoma cell lines
for 1 day. After fixation with 1% paraformaldehyde, cells
were reacted with anti-PD-L1 antibody (clone 29E.2A3;
BioLegend, San Diego, CA, USA) or isotype-matched con-
trol antibody (BioLegend). After the cells were washed with
phosphate-buffered saline, HRP-labeled anti-mouse immu-
noglobulin antibody (Nichirei) was added. Then, the plate
was washed with phosphate-buffered saline, and tetrameth-
ylbenzidine developing solution (BioLegend) was used to
visualize the positive signals.

Phospho-receptor tyrosine kinase (RTK) array
Phospho-RTK array analysis was performed using the

Human Phospho-RTK Array Kit (ARY 001; R&D Systems)
according to the manufacturer’s instructions.

Cytokine array

Cytokine array analysis was performed using the Human XL
Cytokine Array Kit (ARY 022; R&D Systems) according to
the manufacturer’s instructions.

ELISA for granulocyte-macrophage
colony-stimulating factor (GM-CSF)

ELISA for GM-CSF was performed using the Human GM-
CSF ELISA Kit (Cat. No. 432007; BioLegend) according to
the manufacturer’s instructions.

Recombinant proteins, anti-cancer chemicals,
and inhibitors

IL-6 and GM-CSF recombinant proteins were purchased
from Wako. The following inhibitors were used at a final
concentration of 10 nM: Statl (Fludarabine; Wako), Stat3
(WP1066; Santa Cruz, Dallas, TX, USA), Stat5 (573,108;
Merck KGaA, Darmstadt, Germany), JNK (SP600125;
Santa Cruz), ERK (FR180204; Santa Cruz), and JAK (Rux-
olitinib; ChemScene LLC, Monmouth Junction, NJ, USA).
Paclitaxel, docetaxel, carboplatin, and pemetrexed were
obtained from Wako.

Western blot analysis

The macrophages were stimulated with the CM of the lung
adenocarcinoma cell lines (concentration: 50%) for 10 min,
30 min, 1 h, 3 h, or 1 day. Then, the macrophages were
collected, and the cellular proteins were solubilized in Tris
buffer containing 2% sodium dodecyl sulfate and 10% glyc-
erol. The amount of protein was quantified using the bicin-
choninic acid assay. Equal amounts of protein were then
separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and subsequently transferred to a polyvi-
nylidene fluoride membrane. The following rabbit antibodies
were used for western blotting: anti-PD-L1 antibody (clone
E1L3N; Cell Signaling Technology), anti-STAT3 anti-
body (clone 124H6; Cell Signaling Technology), and anti-
pSTAT3 antibody (clone Y705; Cell Signaling Technology).

Flow cytometry

Human monocyte-derived macrophages were treated with
human FcR-blocking reagent (BioLegend) and then reacted
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«Fig. 1 Double immunohistochemistry (IHC) using anti-programmed
death ligand 1 (PD-L1) and macrophage-specific markers. (A) Dou-
ble IHC of Iba-1 (a pan-macrophage marker) and PU.1 (a nuclear
transcription factor in macrophages) in lung tumor tissue and non-
tumor tissue. Iba-1 and PU.1 signals are labeled as brown and green,
respectively. (B) Representative images of double IHC from a high
PD-L1 case (left side) and a low PD-L1 case (right side). PD-L1 and
PU.1 signals are labeled as brown and green, respectively. (C) PD-L1
expression was divided into two groups according to the macrophage
proportion score (MPS). Statistical analyses related to cancer-specific
overall survival (CSS) were performed. (D) Cases were divided into
two groups dependent on EGFR mutation, and statistical analyses
related to cancer-specific overall survival (CSS) were performed

with phycoerythrin-labeled or Alexa 488-labeled anti-human
PD-L1 antibody (BioLegend) or isotype-matched control
antibody (BioLegend). For analysis of murine subcutane-
ous tumor, anti-CD11b antibody, anti-PD-L1 antibody, and
isotype-matched antibodies (BioLegend) were used. The
stained cell samples were analyzed on a FACSverse (Becton
Dickinson, Franklin Lake, NJ, USA) flow cytometer with
FACSuite (Becton Dickinson) software.

Animal studies

C57BL/6 J mice were obtained from CLEA Japan (Shi-
zuoka, Japan). LLC cells (5 x 10° cells/mouse) suspended in
50 pL of RPMI1640 medium were subcutaneously injected
into the mice. Anti-GM-CSF antibody (clone MP1-22E9)
and isotype-matched control antibody were purchased from
BioXel (New Haven, CT, USA). Hamster anti-mouse PD-L1
antibody (clone 10B5; 100 mg/mice) was established pre-
viously [22], and control hamster immunoglobulin G was
obtained from Sigma (St. Louis, MO, USA). All animal
experiments were approved by the Ethics Committee for
Animal Experiments of Kumamoto University (#A2019-
176) and conducted in accordance with the guidelines of
the Institutional Animal Care and Use Committee.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism9
(https://www.graphpad.com/) and JMP7 (SAS Institute, Chi-
cago, IL, USA) software. Differences were considered to be
statistically significant at p < 0.05.

Results

PD-L1 overexpression on TAMs was associated
with a worse cancer-specific survival (CSS)

We tried to evaluate the PD-L1 that is specifically expressed
on TAMs in tumor tissues by double IHC using macrophage-
specific markers and anti-PD-L1 antibody. Since PU.1 is

a critical molecule involved in macrophage differentiation
and is expressed in the nucleus of Iba-1 (a pan-macrophage
marker)-positive cells (Fig. 1A), double IHC of PD-L1 and
PU.1 was performed to accurately determine the expression
on TAMs (Fig. 1B). PD-L1 expression was scored based on
the percentage of positive staining, and referred to as the
MPS, as follows: low, < 50% positive cells; high, >50% posi-
tive cells. Of the 231 cases, PD-L1 expression was low in
114 cases (49.4%) and high in 117 cases (50.6%). Although
a high MPS was associated with female sex, the presence of
epidermal growth factor receptor (EGFR) mutation, and a
lower grade of cancer cells, it was not correlated with age or
smoking (Table 1). The MPS did not affect the progression-
free survival or CSS in the total cases (Fig. 1C, Table S1,
Table S2). The cases were divided into two groups accord-
ing to the cancer stage, and statistical analysis was per-
formed. Log-rank analysis showed that among the patients
with a higher stage, the CSS was significantly shorter in the
high MPS group than in the low MPS group (p=0.0409;
Fig. 1C). The statistical significance was more obvious in
patients without EGFR mutation (Fig. 1D). The MPS was
not associated with progression-free survival, as shown in
Supporting Fig. 1A. In addition, there was no significant
relationship between the MPS and the number of CD8-pos-
itive T cells in cancer tissues (Supporting Fig. 1B).

Table 1 PD-L1 expression(MPS) and clinicopathological factors

MPS
Low High p
Age
<65 37 31 0.3203
>65 77 86
Gender
Male 65 50 0.0300
Female 49 67
Smoking
Ever 61 54 0.2637
Never 53 63
EGFR
Mutation 42 64 0.0155
Wild type 61 48
Unknown 11 5
Grade
49 72 0.0048
2-3 65 45
pStage
0-1 82 96 0.0674
1I-VI 32 21

Chi-square test was performed. Underline indicates statistically sig-
nificant
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Fig.2 PD-L1 expression on macrophages. Human monocyte-derived
macrophages were stimulated with the conditioned medium (CM)
of lung adenocarcinoma cell lines for 24 h, and PD-L1 expression
was evaluated by immunocytochemistry (A) and cell enzyme-linked
immunosorbent assay (cell-ELISA) (B). The surface expression of
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PD-L1 on CM-stimulated macrophages was tested by flow cytometry
(C). Human lymphocytes were cultured in culture plate coated with
anti-CD3/CD28 antibodies *: statistically significant (n=3 to 4 each),
p value <0.05
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Cancer cell-derived factors induced PD-L1
overexpression on cultured macrophages

From the above results, PD-L1 expression on the TAMs in
lung adenocarcinoma tissues was more likely to be affected
by cancer cells than lymphocytes. Therefore, we hypoth-
esized that cancer cell-derived factors influenced the PD-L1
expression on TAMs. To test this hypothesis, the CM of lung
adenocarcinoma cell lines was added to human monocyte-
derived macrophages, and PD-L1 expression was tested by
immunocytostaining and cell ELISA. The expression inten-
sity of PD-L1 was increased by the CM of the PC9, H23,
H358, and H1975 cell lines (Fig. 2A, B). We confirmed by
fluorescence-activated cell sorting that the surface expres-
sion of PD-L1 on macrophages was induced by the CM of
the H358 cells and H1975 cells (Fig. 2C). Macrophages
suppressed anti-CD3/CD28 antibody-induced lymphocytes
proliferation, and this suppression was recovered by anti-
PD-1 antibody (Fig. 2D).

PD-L1 overexpression on macrophages
was dependent on Stat3 activation

The phosphorylation kinase array was then performed to
elucidate the PD-L1 expression-inducing mechanism of
the cancer cell-derived factors. The levels of some phos-
phorylation kinases were elevated; in particular, the levels
of STAT3, STATS, and c-Jun were significantly elevated
(Fig. 3A, Supporting Fig. 2A). Next, we investigated which
pathway contributes to PD-L1 expression by using inhibitors
against these molecules. No direct inhibitor was available for
c-Jun, so inhibitors of its upstream kinases, JNK and ERK,
were used instead. In addition, since it has been reported
that STAT1 induced PD-L1 expression in cancer cells [22],
we added a STAT1 inhibitor. The results showed that PD-L1
expression was strongly suppressed by the STAT3 inhibi-
tor and was slightly suppressed by the STAT1 inhibitor and
JNK inhibitor (Fig. 3B). From Western blotting, STAT3
activation was observed in the macrophages within 30 min
after CM stimulation, and the PD-L1 expression level was
increased 1 h after CM stimulation (Fig. 3C). Since JAK sig-
nals are located upstream of STAT3, we additionally tested
whether the JAK inhibitor suppressed PD-L1 overexpres-
sion. The results showed that the PD-L1 protein expression
level was significantly suppressed by the JAK inhibitor as
well as the STAT3 inhibitor (Fig. 3D). Similar results were
confirmed by flow cytometry (Fig. 3E).

Cancer cell-derived GM-CSF induced PD-L1
expression on macrophages

Although it has been revealed that STAT3 is involved
in PD-L1 expression on macrophages, the cancer cell-
derived factors that induce STAT3 activation are unclear.
Therefore, we used a cytokine array to try to identify
the cytokines that activate the STAT3 pathway. The CM
of NCI-H358 and NCI-H1975, which increased PD-L1
expression, and the CM of A549, which did not increase
PD-L1 expression, were used. GM-CSF and IL-6 were
identified as cytokines that were abundantly contained in
the CM of NCI-H358 and NCI-H1975, and were scarce
in the CM of A549 (Fig. 4A, Supporting Fig. 2B). Cell
ELISA analysis (Fig. 4B) and flow cytometry (Fig. 4C)
results showed that PD-L1 expression was increased by
GM-CSF, but not by IL-6. No synergistic effect of IL-6
and GM-CSF was observed. Among the CM of the mac-
rophages and cell lines, GM-CSF production was detected
in the CM of PC9, NCI-H358, and NCI-H1975 (Fig. 4D).
GM-CSF production was not associated with EGFR muta-
tion. Recombinant GM-CSF induced STAT3 activation in
macrophages within 30 min and PD-L1 expression after
1 day (Fig. 4E).

The CM-induced PD-L1 overexpression was significantly
suppressed by the STAT3 inhibitor and anti-GM-CSF anti-
body (Fig. 5A, B). Gene expression data from a lung ade-
nocarcinoma cohort in The Cancer Genome Atlas (https://
www.proteinatlas.org/) showed that PD-L1 expression was
significantly associated with the expression of GM-CSF and
IL-6, and a more significant correlation was seen between
GM-CSF and PD-L1 (Fig. 5C). Next the correlation between
GM-CSF and PD-L1 expression was tested using 15 adeno-
carcinoma cases. In situ hybridization of GM-CSF indicated
GM-CSF mRNA expression in cancer cells was detected in
4 cases (27%), and not detected in stromal cells (Supporting
Fig. 3). Although the association was not statistically sig-
nificant, MPS score was high in all GM-CSF-positive cases
while MPS score was high in 55% of GM-CSF-negative
cases (Supporting Fig. 3).

Anti-cancer compounds increased GM-CSF
overexpression in cancer cells

A previous study demonstrated that chemotherapy stimu-

lated GM-CSF production in pancreatic cancer cells, which
accelerated the infiltration of immunosuppressive myeloid
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«Fig.3 PD-L1 expression on macrophages and related signaling
pathways. Human macrophages were stimulated with the CM of the
NCI-H358 and H1975 cell lines, and the upstream signals related to
PD-L1 expression on macrophages were analyzed using a phospho-
receptor tyrosine kinase array. Each of the signal densities was evalu-
ated by Image J software (A). The inhibitory effects of inhibitors on
the up-regulation of PD-L1 were tested by cell-ELISA (B). Western
blot analysis of PD-L1, pSTAT3, and STAT3 performed using mac-
rophages stimulated with the conditioned medium of the NCI-H358
cell line (C). The suppressive effects of inhibitors of STAT3 and JAK
signals were tested by cell-ELISA (D) and flow cytometry (E) using
macrophages stimulated with the CM of the NCI-H358 cell line. The
bar graph shows the mean fluorescence intensity (MFI) for PD-L1. *:
statistically significant (n=3 to 4 each), p value <0.05

cells into the microenvironment [23]. Therefore, we next
tested whether anti-cancer drugs induced GM-CSF overex-
pression in cancer cells. A549 and PCO cells were stimulated
with paclitaxel, docetaxel, carboplatin, and pemetrexed for
24 h at the same concentration (40 uM), and the mRNA
expression of GM-CSF was evaluated by real-time poly-
merase chain reaction (Fig. 6A). Strong overexpression was
induced by pemetrexed in the A549 and PC9 cells, and by
carboplatin in the PC9 cells (Fig. 6B). The cells were sub-
sequently cultured for another day, and the concentration
of GM-CSF in the medium was tested by ELISA (Fig. 6A).
The concentration of GM-CSF was significantly increased
in the medium of the PC9 cells treated with carboplatin
and pemetrexed (Fig. 6C). Although the concentration of
GM-CSF was low in the medium of all of the treated A549
cells, pemetrexed induced an increase in the production of
GM-CSF (Fig. 6C). PD-L1 expression on macrophages was
increased by the CM of the pemetrexed-treated PC9 cells
(Fig. 6D), and the PD-L1 overexpression was suppressed by
anti-GM-CSF antibody (Fig. 6E).

Blocking of GM-CSF inhibited tumor development
in a mouse LLC tumor model

We tested whether GM-CSF influenced PD-L1 expression
on mouse cells. Mouse bone marrow-derived macrophages
(BMDMs) were stimulated with the CM of LLC cells, and
the results of immunocytochemistry indicated that the
PD-L1 expression on BMDMs was increased by the CM
(Supporting Fig. 4A). LLC cells expressed GM-CSF (Sup-
porting Fig. 4B). Flow cytometry showed that the PD-L1 on
BMDMs was up-regulated by the CM, and the CM-induced
overexpression was cancelled out by anti-GM-CSF antibody

(Supporting Fig. 4C). We also tested whether anti-GM-
CSF antibody would be effective in the LLC mouse tumor
model, and the results showed that subcutaneous tumor
growth was significantly inhibited by the anti-GM-CSF
antibody (Fig. 7A). By means of flow cytometry, PD-L1
expression was higher in CD11b* myeloid cells than that
in CD11b™ tumor cells. Double IHC of PD-L1 and Iba-1
showed that PD-L1 expression was predominantly restricted
to TAMs (Fig. 7C); however, anti-GM-CSF therapy did not
affect the PD-L1 expression in tumor tissues (Fig. 7D).
Notably, anti-GM-CSF antibody therapy decreased the
infiltration of Iba-1-positive TAMs and CD206-positive
TAMs and increased the infiltration of CD8-positive T cells
(Fig. 7E). The size of TAMs was also reduced by anti-GM-
CSF antibody therapy (Fig. 7F).

Lastly, we tested whether anti-PD-L1 antibody would
affect anti-GM-CSF therapy in the LLC mouse tumor model;
however, anti-PD-L1 antibody did not affect the anti-tumor
effect of anti-GM-CSF therapy (Supporting Fig. 5).

Discussion

PD-L1 is highly expressed not only in cancer cells, but also
in immune cells, mostly TAMs, in lung cancer tissues. A
previous study reported that PD-L1 expression in tumor cells
(the PD-L1 TPS) was strongly associated with the effects of
anti-PD-1 therapy in non-small cell lung cancer (NSCLC)
[24-27]. On the other hand, it has been reported that PD-L1
expression in tumor cells and immune cells independently
predicts the efficacy of anti-PD-L1 therapy [25, 26]. In any
case, there have been no reports evaluating PD-L1 expres-
sion on TAMs using the clone 22C3 antibody, which is the
most commonly used antibody for lung cancer in clinical
practice. Therefore, in the present study, PD-L1 expression
on TAMS in lung adenocarcinoma tissue was evaluated by
double-IHC using 22C3 antibody and anti-PU.1 antibody (as
a marker for TAMs). In a previous study, we reported that
the PD-L1 TPS could be accurately determined by double
IHC using clone 22C3 and anti-Iba-1 antibodies [7]. Since
positive signals of PD-L1 and Iba-1 were both observed in
the cell membrane and cytoplasm, we could not accurately
determine the MPS by double IHC of PD-L1 and Iba-1.
PU.1 is expressed on the nucleus of macrophages; there-
fore, we newly performed double IHC of PD-L1 and PU.1.
The present study results suggested that double IHC using
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«Fig. 6 Effect of anti-cancer compounds in cell lines. A schematic
diagram of the cell cultures and methods (A). A549 and PC9 cells
were cultured with dimethyl sulfoxide (DMSO), paclitaxel (PTX),
docetaxel (DOC), carboplatin (CBDCA), and pemetrexed (PMET) for
24 h at the same concentration (40 uM), and the mRNA expression
of GM-CSF was evaluated by real-time polymerase chain reaction
(B). The cells were subsequently cultured for another day, and the
concentration of GM-CSF in the medium was tested by ELISA (C).
Macrophages were stimulated with the CM of control PC9 cells or
PEMT-treated PC9 cells, and surface PD-L1 expression was detected
by fluorescence-activated cell sorting (D). Macrophages were stimu-
lated with the CM of PEMT-treated PC9 cells with control immuno-
globulin G or anti-GM-CSF antibody (20 pg/mL) (E). *: statistically
significant (n=3 to 4 each), p value <0.05

anti-PD-L1 and PU.1 antibodies is an adequate method for
accurately determining the MPS in human samples.

In this study, PD-L1 expression on TAMs in the pri-
mary lesion of lung adenocarcinoma was seen in 90.0% of
the cases, whereas in a previous study, PD-L1 expression
in tumor cells was seen in 26.8% of the cases [7]. Con-
sistent with the present study, it was reported that PD-L1
expression was observed in TAMs more frequently than
in cancer cells in ovarian cancer and gastric cancer [28,
29]. Sumitomo et al. reported that high PD-L1 expression
in tumor-infiltrating immune cells was associated with a
high density of M2-like TAMs and a shorter progression-
free survival and overall survival in NSCLC [30]. Since
TAMs are the main component of PD-L1-expressing
stromal cells, the “PD-L1 expression in immune cells” is
considered to be very similar to the “MPS.” In our cases,
although the CSS in the lung adenocarcinoma patients
with pathological stage II cancer or higher was signifi-
cantly shorter in the high MPS group, there was no asso-
ciation between the MPS and relapse-free survival. This
discrepancy might be due to the differences in the his-
tological subtypes of lung cancer. Since the significance
of PD-L1 expression is potentially different between lung
adenocarcinoma and squamous cell carcinoma [31, 32],
studies on PD-L1 in NSCLC should be separated by his-
tological subtypes.

PD-L1 expression on macrophages has been shown to
be regulated by STAT1 and STAT3 signals [25, 26]. PD-L1
overexpression in cancer cells may be induced by several
mechanisms. Copy number amplification of 9p24.1 and
3’-untranslated region disruption were associated with
increased PD-L1 expression in several cancers [33, 34].
Several oncogenic transcription factors, including MYC,
RAS, and JAK2/STAT3, also contribute to PD-L1 overex-
pression in cancer cells [25, 26]. Hypoxia inducible factor 1a

is also known to mediate PD-L1 expression in both cancer
cells and myeloid cells. In this study, we showed that GM-
CSF derived from cancer cells increased PD-L1 expression
on TAMs via the JAK/STAT3 pathway in macrophages.
Blockade of GM-CSF improved the anti-cancer effect of
chemotherapy by modulating the immunosuppressive tumor
microenvironment [23, 35]. The PD-L1 expression on TAMs
induced by GM-CSF might be involved in the immunosup-
pressive microenvironment.

In the present study, the experiment in the LLC tumor
model using anti-GM-CSF antibody indicated that GM-
CSF-blocking inhibited tumor development by inducing
anti-tumor immune responses. Although PD-L1 expression
in tumor tissues was not influenced by GM-CSF-blocking,
the density and maturation of TAMs were significantly sup-
pressed by GM-CSF-blocking. Double IHC data suggested
that PD-L1-positive cells in tumor tissues are predominantly
TAMs. Inflammatory cytokines, such as interferons and
tumor necrosis factor-alpha, that are secreted by activated
lymphocytes may up-regulate PD-L1 expression. PD-L1
expression on TAMs is suggested to be mediated by not only
cancer-derived GM-CSF, but also inflammatory cytokines
secreted from lymphocytes in the mouse model.

It is well known that anti-GM-CSF autoantibody in
human was involved in pulmonary alveolar proteinosis
(PAP) [36]. However, anti-GM-CSF therapy using thera-
peutic monoclonal antibody was tested under clinical trial
of COVID-19 infection and rheumatoid arthritis [37, 38]. No
patients suffered from PAP in these clinical trials, and this
indicated monoclonal antibody for GM-CSF was insufficient
for the PAP development.

In conclusion, high PD-L1 expression on TAMs was
associated with a poor clinical course in advanced cases
of lung adenocarcinoma, and cancer cell-derived GM-CSF
was suggested to induce PD-L1 overexpression on TAMs
via the STAT3 pathway. Results from the preclinical model
using the LLC cell line indicated that the blocking of GM-
CSF significantly suppressed tumor development, although
anti-PD-L1 did not influence anti-GM-CSF therapy. Anti-
GM-CSF therapy inhibited the infiltration and maturation
of TAMs, and increased T-cell infiltration, suggesting
alternative mechanisms of TAM-related immune suppres-
sion and PD-L1 overexpression on TAMs in the murine
model. Although further studies are necessary to uncover
the detailed mechanisms of GM-CSF-induced immune sup-
pression in humans and mice, cancer cell-derived GM-CSF
appears to be a promising target for anti-cancer therapy.
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Fig.7 Effect of anti-GM-CSF antibody on the mouse LLC model.
The protocol of anti-GM-CSF antibody therapy. The tumor weight
was evaluated and compared between the anti-GM-CSF antibody-
treated group and the control antibody-treated group (A). Flow
cytometry of CD11b and PD-L1 was performed using subcutaneous
tumor nodule (B). Double IHC of Iba-1 (green) and PD-L1 (brown)
in a LLC tumor was performed to test whether PD-L1 was expressed
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on tumor-associated macrophages (TAMs) (C). The PD-L1-positive
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CDS8-positive T cells (cells/mm?) and the area (%) with Iba-1-positive
and CD206-positive TAMs were analyzed by Image J software (E).
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Fig.7 (continued)
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