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Abstract
Immunotherapies that target programmed cell death protein 1 (PD-1) signals are standard therapies for advanced-stage lung 
cancer, and the expression of programmed death-ligand 1 (PD-L1) in cancer tissue predicts immunotherapy efficacy. Although 
programmed death-ligand 2 (PD-L2) is expressed in cancer cells and macrophages, similar to PD-L1, its significance in 
lung cancer is unclear. Double immunohistochemistry analyses using anti-PD-L2 and anti-PU.1 antibodies were carried 
out on tissue array sections from 231 cases of lung adenocarcinoma, and PD-L2 expression in macrophages was evaluated. 
High PD-L2 expression in macrophages was associated with longer progression-free survival (PFS) and cancer-specific 
survival (CSS) and observed more often in females, non-heavy smokers, and patients with epidermal growth factor receptor 
(EGFR) mutations and those at a lower disease stage. Significant correlations were found more frequently in patients with 
EGFR mutations. Cell culture studies revealed that cancer cell-derived soluble factors induced PD-L2 overexpression in 
macrophages, suggesting the involvement of the JAK-STAT signaling pathway. The present findings suggest that PD-L2 
expression in macrophages predicts PFS and CSS in lung adenocarcinoma without immunotherapy.

Keywords Adenocarcinoma · Lung cancer · Macrophage · PD-L2 · Tumor microenvironment

Abbreviations
PD-1  Programmed cell death protein 1
PD-L1  Programmed cell death 1 ligand 1
JAK  Janus kinase
STAT   Signal transducer and activator of transcription
IHC  Immunohistochemistry
PFS  Progression-free survival
CSS  Cancer-specific survival
EGFR  Epidermal growth factor receptor
NSCLC  Non-small-cell lung cancer

TAMs  Tumor-associated macrophages
ELISA  Enzyme-linked immunosorbent assay
CM  Conditioned medium

Introduction

Lung cancer is a leading cause of cancer-related deaths 
globally [1, 2], and despite the recent advances made in 
screening, diagnosis, and treatment approaches, many cases 
remain undiagnosed until the advanced stage. For many 
years, cytotoxic anticancer agents have played a critical role 
in therapies for patients with unresectable lung cancer [1, 
2]. However, starting in the mid-2010s, immune checkpoint 
therapies targeting the programmed cell death protein 1 (PD-
1) axis began to be used as a novel treatment strategy [3–5].

Interactions between PD-1 on T cells and its ligands, pro-
grammed death-ligand 1 (PD-L1) and programmed death-
ligand 2 (PD-L2), in cancer and immune cells are known to 
regulate the anticancer immune response and play important 
roles in cancer cell escape from the immune system [6]. 
In recent years, immunotherapies consisting of monoclonal 
antibodies directed against PD-1 or PD-L1 that block the 
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PD-1 axis have emerged as standard therapy for advanced 
lung cancer [3–6]. The use of immunohistochemistry (IHC) 
with anti-PD-L1 antibodies to monitor PD-L1 expression in 
cancer cells may provide a potential predictive biomarker 
regarding the efficacy of anti-PD-1/PD-L1 therapy for 
patients with non-small-cell lung cancer (NSCLC) [7, 8]. 
However, some PD-L1-positive patients have been found 
to respond poorly to immunotherapies, which suggests that 
interactions involving not only PD-1 and PD-L1, but also 
PD-L2, affect this response [9].

A number of retrospective studies have reported an asso-
ciation between the expression of PD-L1 in cancer cells and 
a poor clinical course for patients with lung adenocarcinoma 
[10, 11]. In addition, we previously reported an association 
between the expression of PD-L2 in cancer cells and longer 
progression-free survival (PFS) in such patients [10]. PD-L1 
and PD-L2 are known to be expressed in not only cancer, 
but also stromal cells, including myeloid cells [12, 13]. The 
components of myeloid cells detected in the cancer stroma 
or microenvironment are referred to as tumor-associated 
macrophages (TAMs). TAMs are known to exert protumor 
activities associated with invasion, metastasis, neovasculari-
zation, and immunosuppression, and an association has been 
found between an elevated number of TAMs and a worse 
clinical prognosis in lung and other types of cancer [14].

Using double IHC, we previously performed a detailed 
analysis of the expression of PD-L1 in TAMs in patients 
with NSCLC [13]. Our findings revealed an association 
between PD-L1 overexpression in TAMs and worse cancer-
specific survival (CSS). Furthermore, PD-L1 expression in 
macrophages was found to be dependent on activation of the 
Janus kinase/signal transducer and activator of transcrip-
tion proteins (JAK-STAT) signaling pathway. However, the 
significance of PD-L2 expression in TAMs remains unclear.

Given this background, in the present study, we con-
ducted a detailed investigation of PD-L2 expression in 
TAMs in patients with NSCLC using double IHC. Based 
on the results, we investigated the mechanisms underlying 
the regulation of PD-L2 expression in macrophages.

Materials and methods

Samples

Paraffin-embedded tissue samples were collected from 
patients who had been diagnosed with lung adenocarci-
noma at Kumamoto University Hospital, Kumamoto, Japan, 
between 2010 and 2013. All specimens were reviewed by 
two experienced pathologists. Supplementary Table 1 shows 
the clinicopathological data for all 231 enrolled cases. A tis-
sue microarray previously prepared by our group [10] was 
used for the purposes of the present study.

IHC analysis

Paraffin-embedded sections were subjected to IHC using 
a routine protocol [10, 13, 15, 16]. Briefly, an anti-PD-
L2 antibody (clone D7U8C; Cell Signaling Technol-
ogy, Danvers, MA, USA) and anti-PU.1 antibody (clone 
EPR3158Y; Abcam, Cambridge, UK) were used as the 
primary antibodies, and horseradish peroxidase (HRP)-
labeled anti-rabbit (for anti-PD-L2) antibody (Nichirei, 
Tokyo, Japan) as the secondary antibody. Positive signals 
were visualized by using 3,3′-diaminobenzidine. Next, 
for the double IHC, sections were heat-treated with ethyl-
enediaminetetraacetic acid (1 mM, pH 8.0) buffer. After 
anti-PU.1 antibody was reacted, all sections were treated 
with HRP-labeled anti-rabbit antibody. Subsequently, His-
toGreen substrate (#AYS-E109; Linaris, Dossenheim, Ger-
many) was used to visualize positive signals. All immu-
nostained sections were then evaluated by two experienced 
investigators (Y.S. and Y.K.) who had been blinded to the 
patients’ characteristics and outcomes. The PD-L2 expres-
sion level in macrophages was scored as low or high based 
on the proportion of positive cells (< 50% vs. ≥ 50% posi-
tive cells in PU.1-positive TAMs, respectively). The num-
ber of CD8-positive T cells in the specimens has been 
determined elsewhere [13].

Cell culture of human macrophages and lung cancer 
cell lines

The NCI-H358, H23, and H1975 cell lines were kindly 
gifted by Tomoya Yamaguchi (Kumamoto University, 
Kumamoto, Japan), and the PC-9 and A549 cell lines 
were obtained from the Japanese Collection of Research 
Bioresources Cell Bank (Osaka, Japan). Human mono-
cyte-derived macrophages were prepared in accordance 
with protocols approved by the Kumamoto University 
Hospital Review Board (approval No. 1169), as previ-
ously described [10, 13, 15, 16]. The following inhibitors 
(each at a final concentration of 10 nM) were used: Stat1 
(Fludarabine; Wako, Osaka, Japan), Stat3 (WP1066; Santa 
Cruz, Dallas, TX, USA), Stat5 (573108; Merck KGaA, 
Darmstadt, Germany), JNK (SP600125; Santa Cruz), ERK 
(FR180204; Santa Cruz), and JAK (Ruxolitinib; Chem-
Scene LLC, Monmouth Junction, NJ, USA).

Cell enzyme‑linked immunosorbent assay (ELISA)

The macrophages were cultured in a 96-well microplate 
and stimulated for 1 day using a conditioned medium 
(CM) of lung adenocarcinoma cells. After fixation with 1% 
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paraformaldehyde, the cells were reacted with anti-PD-L2 
antibody (clone 24F.10C12; BioLegend, San Diego, CA, 
USA). Tetramethylbenzidine developing solution (BioLe-
gend) was added to visualize positive signals, as described 
elsewhere [10].

Statistical analyses

Prism (GraphPad Software, San Diego, CA, USA), JMP7 
(SAS Institute, Chicago, IL, USA), and EZR [17] were used 
to perform the statistical analyses.

Results

Increased PD‑L2 expression in TAMs was associated 
with a better prognosis in lung adenocarcinoma, 
especially among EGFR‑mutation–positive patients

As we previously reported, similar to PD-L1, PD-L2 is 
expressed by not only tumor, but also immune cells, includ-
ing macrophages [10]. However, it is difficult to distinguish 
PD-L2-positive macrophages from PD-L2-positive tumor 
cells using single IHC analysis because tumor cells and mac-
rophages are sometimes strongly positive for PD-L2 expres-
sion. Therefore, we evaluated PD-L2 expression specifically 
in TAMs using double IHC with an anti-PU.1 antibody, 
macrophage-specific markers, and an anti-PD-L2 antibody 
(Fig. 1a). Anti-PU.1 antibody is capable of being used to 
label pan-macrophages [18]. In this study, the expression of 
PD-L2 in macrophages was scored as low or high based on 
the proportion of positive cells (< 50% vs. ≥ 50% positive 
cells, respectively). PD-L2 expression was low in 99 (42.9%) 
of the 231 patients examined, and high in 132 (57.1%). High 
PD-L2 expression levels were associated with female sex, 
Brinkman Index < 600, early pathological stage, and the 
presence of EGFR mutations, as shown in Supplementary 
Table 2. In addition, no significant association was found 
between PD-L2 expression in TAMs and the CD8-positive 
area in cancer tissues (Fig. 1b).

Next, as shown in Fig. 2, we investigated the effects of 
the TAM-PD-L2 interaction on the prognosis of patients 
with adenocarcinoma using Kaplan–Meier survival curves. 
The results revealed that PFS and CSS were significantly 
longer in the high than in the low TAM-PD-L2 group. No 
significant differences in PFS or CSS were found by sub-
group analysis of the pathological stage. However, among 
the EGFR-mutation-positive cases, PFS and CSS were sig-
nificantly longer in the high than in the low TAM-PD-L2 
group. By contrast, no significant differences in PFS or CSS 
were seen in the wild-type EGFR cases.

Next, the results of univariate Cox regression analysis 
indicated associations among shorter PFS and male sex, 

heavy smoking, advanced pathological stage, and low TAM-
PD-L2. As shown in Supplementary Table 3, advanced 
pathological stage was the only independent prognostic 
factor according to the results of multivariate analysis. Fur-
thermore, shorter CSS was associated with male sex, heavy 
smoking, advanced pathological stage, wild-type EGFR, 
and low TAM-PD-L2, and advanced pathological stage and 
wild-type EGFR were identified as prognostic factors in the 
multivariate analysis (Supplementary Table 4). The results 
of a chi-square test revealed that the low TAM-PD-L2 group 
tended to have lower PD-L2 expression levels in tumor cells 
(Supplementary Table 5).

PD‑L2 expression in macrophages is dependent 
on the JAK‑STAT signaling pathway

Next, the mechanisms underlying the expression of PD-L2 
in macrophages in the same experimental system were inves-
tigated using cultured cells. First, to determine whether 
PD-L2 expression in macrophages is affected by cancer 
cell-derived factors, a CM of lung adenocarcinoma cells 
was added to human monocyte-derived macrophages, and 
immunocytostaining and cell ELISA were used to analyze 
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Fig. 1  IHC analysis in lung adenocarcinoma. a Double IHC of PD-L2 
(brown) and PU.1 (green) was performed, and representative images 
were presented. b The correlation between PD-L2 expression and 
CD8-positive T cell infiltration was statistically tested
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the expression of PD-L2 in macrophages. The results indi-
cated that the addition of a CM of PC9, H358, and H1975 
cancer cells increased PD-L2 expression in macrophages 
(Fig. 3a). Based on the results of phospho-receptor tyrosine 
kinase array assays, transcription factors such as STAT3, 
STAT5, and c-Jun appear to be involved in the expression 
of PD-L1 in macrophages [13]; therefore, we investigated 
which pathways contribute to the expression of PD-L2 in 

macrophages using inhibitors of these molecules. As no 
direct inhibitors of c-Jun are currently available, we used 
inhibitors of its upstream kinases, JNK and ERK, and also 
examined a STAT1 inhibitor. The STAT3 inhibitor strongly 
suppressed the expression of PD-L2, and the STAT1, 
STAT5, JNK, and ERK inhibitors slightly suppressed PD-L2 
expression (Fig.  3b). Because JAK signaling is located 
upstream of STAT3, we also decided to investigate whether 

Fig. 2  Kaplan–Meier sur-
vival curves. The correlations 
between PD-L2 expression in 
TAMs with progression-free 
survival (PFS) and cancer-
specific survival (CSS) were 
statistically tested
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the JAK inhibitor suppressed the expression of PD-L2 in 
macrophages. The results revealed that both the STAT3 and 
JAK inhibitors significantly suppressed PD-L2 expression 
in a concentration-dependent manner (Fig. 3c).

Discussion

To the best of our knowledge, this is the first study to assess 
the clinical significance of PD-L2 expression in patients with 
lung cancer using double IHC analysis of macrophage-spe-
cific markers. The results of the present study revealed that 

the expression of PD-L2 is associated with a better clini-
cal course in patients with lung adenocarcinoma, especially 
that involving EGFR mutations. In the clinicopathological 
factors, early stage was most predictable factor for better 
clinical course. In a previous study, we investigated the clini-
cal significance of PD-L1 in cancer cells and macrophages 
in lung adenocarcinoma using the same cohort as that in 
the present study [10]. Because it is difficult to distinguish 
macrophages from cancer cells in adenocarcinoma, PD-L1 
was over-evaluated for the determination of the tumor pro-
portion score in approximately 10% of the cases. In the 
same study, the expression of PD-L2 in cancer cells was 

Fig. 3  PD-L2 expression 
mechanisms in macrophages. a 
Human monocyte-derived mac-
rophages were stimulated with 
a conditioned medium of cancer 
cell lines, and PD-L2 expression 
was tested by IHC (left) and 
cell ELISA (right). b Mac-
rophages were stimulated with 
a conditioned medium with or 
without five inhibitors for signal 
molecules. c Macrophages were 
stimulated with a conditioned 
medium under various con-
centrations of STAT3 and JAK 
inhibitors. *p < 0.05
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also evaluated; it was detected in half of the cases and asso-
ciated with longer PFS. The longest PFS among all cases 
of lung adenocarcinoma was seen in PD-L1-negative and 
PD-L2-positive patients. Notably, no association was found 
between PD-L1 and PD-L2 expression in cancer cells. The 
results of the present study identified a significant correla-
tion between PD-L1 and PD-L2 expression in macrophages. 
These findings suggest a discrepancy in PD-L1/L2 expres-
sion between cancer cells and macrophages.

Although the details of the mechanisms underlying 
PD-L1 overexpression in cancer cells and macrophages 
are well known, those underlying the expression of PD-L2 
in macrophages have not been elucidated in detail [19]. 
Oncogenic signaling pathways, such as JAK-STAT, RAS-
ERK, and PI3K-AKT-MTOR, are known to be involved in 
the expression of PD-L1 in cancer cells [20]. The primary 
regulators of PD-L1 overexpression in monocyte-derived 
macrophages are STAT1 and STAT3 signals [21]. STAT3 
signaling is known to be critical for both PD-L1 and PD-L2 
overexpression in lymphoma-associated macrophages [12]. 
The results of the present study revealed that STAT, JNK, 
and ERK signaling affect the expression of PD-L2 in human 
macrophages, and this pattern is similar to that of PD-L1 
expression in macrophages. However, despite the significant 
correlation identified between PD-L1 and PD-L2 expres-
sion in macrophages, no extensive overlap was observed in 
human lung adenocarcinoma specimens. Therefore, further 
studies are needed to elucidate the mechanisms underlying 
lung cancer-associated macrophages.

Although the significance of PD-L2 expression in mac-
rophages remains unclear, animal studies have reported its 
involvement in immune suppression. In a mouse MC38 
colon cancer model, Umezu et  al. [22] observed post-
immunotherapy PD-L2 overexpression using an anti-PD-
L1 antibody in macrophages; moreover, cancer cell growth 
was synergistically reduced by anti-PD-L1 and anti-PD-L2 
antibodies via activation of the immune system. Similar 
observations were seen in an E0771 breast cancer model 
[23]. In nasopharyngeal carcinoma, stromal PD-L2 expres-
sion was linked to a more favorable clinical course, and 
macrophages were suggested to express PD-L2 [24]. In 
another study on pancreatic cancer, high levels of PD-L2 
expression were found to predict a poor clinical course, and 
cancer cell-derived interleukin-6 to amplify PD-L2 expres-
sion in macrophages [25]. Therefore, an increasing body of 
evidence suggests the importance of PD-L2 expression in 
macrophages.

Macrophage activation is known to be a heterogene-
ous due to the complex mechanisms, and M1/M2 concept 
has been described in many studies [26]. However, recent 
studies based on single cell RNA-sequence in human 

cancer samples indicated M1/M2 concept cannot explain 
the heterogeneity of macrophage activation [27]. Since it 
is unclear whether this concept would be applicable to 
humans, we did not test if PD-L2 overexpression was asso-
ciated to M1/M2 balance in the present study.

In the present study, PD-L2 expression in macrophages 
was investigated using double IHC. As a result, high 
PD-L2 expression was found to predict a better clinical 
course. These data suggest that PD-L2 overexpression in 
macrophages is regulated by cancer cell-derived factors. 
STAT, JNK, and ERK signaling appear to be involved in 
the overexpression of PD-L2, but the detailed mechanisms 
still need to be elucidated. Although PD-L2 appears to be 
involved in immune suppression in cancer tissues, similar 
to PD-L1, the functional significance of PD-L2 in cancer 
therapy needs to be clarified in future studies.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00795- 023- 00361-0.
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