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Abstract
Programmed death (PD)-1/PD-ligand 1 (PD-L1) antibodies have shown an intense clin-
ical effect in some patients with PD-L1+ tumors, and their applications have rapidly 
expanded to various cancer types with or without the application of new companion 
diagnostics (CDx) with a lower cutoff value and inclusion of macrophage evaluation. 
However, the pathological background explaining the difference in the cutoff value re-
mains unknown. To address this, we evaluated tissue array samples from 231 patients 
with lung adenocarcinoma, 186 with lung squamous cell carcinoma, and 38 with renal 
cell carcinoma (RCC) who were not receiving PD-1/PD-L1 antibodies to investigate 
the relationship between PD-L1 expression on tumor cells and CD8+ T-cell infiltration 
in tumor tissues. PD-L1 expression in RCC was clearly lower than that in non–small-
cell lung cancer (NSCLC) tissue, whereas CD8+ T-cell infiltration was low in all cancers. 
We next analyzed PD-L1 expression by interferon (α, β, and γ) and LPS stimulation in 
both macrophages and 41 cancer cell lines derived from various organs and histologi-
cal types. The PD-L1 expression patterns were classified into three types, which dif-
fered depending on each organ or tissue type. Interestingly, NSCLC cell lines showed 
highly diverse PD-L1 expression patterns compared with RCC cell lines. Conversely, 
PD-L1 expression was stronger and more prolonged in macrophages than in typical 
cell lines. Here, we revealed the diversity of the PD-L1 expression patterns in tumor 
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1  |  INTRODUC TION

Programmed death-ligand 1 (PD-L1) is widely expressed in tumor 
cells and infiltrated leukocytes, especially tumor-associated mac-
rophages (TAMs).1,2 PD-L1 expression in tumor cells is generally 
induced by interferon (IFN)-γ secreted from the CD8+ T cells that 
infiltrate tumor tissues. The binding of PD-L1 on tumor cells to PD-1 
on CD8+ T cells causes CD8+ T-cell dysfunction; this is called an-
ergy or exhaustion, which decides immune tolerance in the tumor 
microenvironment.3,4 This tolerance causes tumor progression and 
severely limits the therapeutic effect of cytotoxic anticancer drugs, 
resulting in poor prognosis.5

Immune checkpoint blockade therapy stimulates the antitumor 
immune response using PD-1/PD-L1 antibodies and causes dra-
matic effects in some cancers, such as malignant melanoma and 
non–small-cell lung cancer (NSCLC).6–10 The antibodies theoretically 
prevent immune tolerance by blocking the binding of PD-1 in CD8+ 
T cells and PD-L1 in tumor cells. It is therefore suggested that PD-L1 
expression in tumor cells predicts the therapeutic effect of PD-1/
PD-L1 antibody therapy. According to this concept, histological 
evaluation of PD-L1+ tumor cells was carried out using immunohis-
tochemistry (IHC) as the first companion diagnostics (CDx) for the 
administration of pembrolizumab to patients with NSCLC.11–13 If the 
therapeutic mechanism of PD-1/PD-L1 antibodies is to inhibit T-cell 
inactivation, it is important to evaluate T-cell infiltration in tumor 
tissues before evaluating PD-L1 expression in tumor cells. However, 
the efficacy of the antibodies is unclear in both high PD-L1 cases 
without T-cell infiltration and low-PD-L1 cases with high T-cell in-
filtration. Furthermore, it is also unclear how many of these cases 
exist for NSCLC.

As their therapeutic mechanism was thought not to depend on 
the histological type and primary organ of cancer, the applications 
of PD-1/PD-L1 antibodies have rapidly expanded for various can-
cer types with CDx. However, the cutoff value of CDx for PD-L1 in 
squamous cell carcinoma of the head and neck or esophageal cancer 
is much lower than that for NSCLC.14,15 Furthermore, there is no sig-
nificant evidence regarding the CDx cutoff value in urothelial carci-
noma, renal cell carcinoma (RCC), and gastric cancer.16–18 Therefore, 
it is necessary to reveal the differences in the pathological back-
ground of these cancer types.

It is known that PD-L1 is expressed in TAMs.2 As it is difficult 
to histologically distinguish PD-L1+ TAMs from tumor cells, the ac-
curacy of NSCLC CDx based on the tumor proportion score (TPS), 
counting only the PD-L1+ tumor cell rate, is not sufficient. Therefore, 
patients who were appropriate candidates for PD-1/PD-L1 antibody 

therapy were not selected by previous CDx.19 To address these is-
sues, current CDx for the administration of pembrolizumab to pa-
tients with other cancers was modified to include the combined 
positive score (CPS), which designated both tumor and immune cells 
as PD-L1+ cells. Similarly, respective counting of PD-L1+ tumor cells 
(notated as TCs) and PD-L1+ immune cells (ICs) was carried out as 
the CDx for administering atezolizumab to patients with NSCLC.20 
PD-L1 expressed in TAMs ​​is considered to be involved in immune 
tolerance in the tumor microenvironment; therefore, only PD-L1+ 
ICs have been approved as the CDx for administering atezolizumab 
and nab-paclitaxel in triple-negative breast cancer.21 However, as 
there is no detailed comparison of PD-L1 expression between mac-
rophages and tumor cells, the distinction between the two remains 
unclear.

As PD-1/PD-L1 antibodies are extremely expensive, it is medi-
cally and economically urgent to develop an accurate CDx that can 
comprehensively monitor host tumor immunity, including infiltrated 
CD8+ T cells. However, PD-1/PD-L1 antibodies are becoming more 
widely used as a combination therapy with chemotherapeutic or mo-
lecular targeted agents, without any CDx.22–27 Therefore, it is neces-
sary to further investigate the pathological background of different 
cancer types.

To address these clinical questions, we here reclassified NSCLC 
and RCC tissue specimens based on CD8+ cell infiltration and PD-
L1 expression in tumor cells. In addition, we comprehensively ana-
lyzed PD-L1 expression in 41 types of cancer cell lines and human 
monocyte-derived macrophages to classify PD-L1 expression in 
each cancer according to histological and cytological characteristics.

2  |  MATERIAL S AND METHODS

2.1  |  Patients

Formalin-fixed paraffin-embedded specimens of primary tumor 
samples were obtained from 231 patients with lung adenocarci-
noma and 186 patients with lung squamous cell carcinoma, who had 
undergone surgery from 2010 to 2013 (adenocarcinoma) and from 
2005 to 2018 (squamous cell carcinoma) at Kumamoto University 
Hospital. Formalin-fixed paraffin-embedded specimens of primary 
tumor samples were similarly obtained from 38 patients with RCC 
who had undergone surgery between 1999 and 2010 at Toranomon 
Hospital. All patients provided written informed consent in compli-
ance with protocols approved by the Institutional Review Board of 
Kumamoto University Hospital (approval no. 1174) and Tranomon 

cells and macrophages, demonstrating the pathological and cytological significance of 
the transition of cutoff values in PD-L1 CDx for PD-1/PD-L1 antibody administration.
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Hospital (approval no. 1696). Based on the pathological diagnosis 
report of each case, the most representative area of the 5 mm di-
ameter core containing viable cancer cells was removed from the 
specimen to prepare tissue microarray.

2.2  |  Immunostaining

All serial sections (3 μm) were stored in a deep freezer (−80°C) until 
immunostaining. Dako Autostainer Link 48 (Agilent Technologies, 
Santa Clara, CA, USA) was used for immunostaining of PD-L1 
(clone 22C3; Agilent Technologies) and CD8 (clone C8/144B; 
Agilent Technologies) for clinical CDx. For double immunostaining 
of CD68 and PD-L1, the sections were immersed in EDTA solution 
(pH  8.0) and heated in a pressure cooker. The sections were re-
acted with anti-PD-L1 antibodies (clone SP142; Spring Bioscience, 
Pleasanton, CA, USA) diluted with Can Get Signal immunostain 
solution A (TOYOBO, Osaka, Japan). Following incubation with 
primary antibodies, the samples were incubated with horseradish 
peroxidase-labeled goat anti-rabbit antibodies (Nichirei Bioscience, 
Tokyo, Japan). Immunoreactions were visualized using the diamin-
obenzidine substrate system (Nichirei Bioscience) and then washed 
with citrate buffer (pH 2.2). The sections were reacted with anti-
CD68 antibodies (clone PG-M1; Dako, Glostrup, Denmark) and 
horseradish peroxidase-labeled goat anti-mouse antibody (Nichirei 
Bioscience), followed by visualization with HistoGreen (Linaris, 
Dossenheim, Germany). An isotype-matched rabbit or mouse IgG 
(Agilent Technologies) was used as a negative control. Two pathol-
ogists (YS and YK), who were blinded to sample information, evalu-
ated PD-L1 and CD8 expression. PD-L1 expression in tumor cells 
was evaluated by TPS based on CDx criteria for pembrolizumab. 
The extent of CD8+ T-cell infiltration into the tumor was evaluated 
using four independent fields at middle magnification (×20 magni-
fication objective lens). The percentage of the CD8-stained area 
was calculated using ImageJ software (https://imagej.nih.gov/ij/).

2.3  |  Graphs and statistics

The graphs were generated using Prism (GraphPad Software Inc., CA, 
USA). The individual data are expressed as dots with the mean ± stand-
ard deviation (SD). The number in each category was represented by 
a bar chart. Table analyses were conducted for statistical significance 
using the two-sided Fisher's exact test. A p-value of less than 0.05 
was considered to be statistically significant. The statistical analyses 
were performed using Prism (GraphPad Software Inc.).

2.4  |  Human cancer cell lines

Human cancer cell lines purchased from the ATCC (Manassas, 
VA, USA), JCRB Cell Bank (Osaka, Japan), or Riken BRC (Ibaraki, 

Japan) were cultured in polystyrene dishes (Becton Dickinson, 
Franklin Lakes, NJ, USA) in RPMI 1640 medium (Fujifilm Wako, 
Osaka, Japan) or DMEM (Fujifilm Wako) supplemented with 1% 
penicillin/streptomycin and 10% FBS. Human IFN-α (1000 IU/ml; 
MSD, Tokyo, Japan), IFN-β (10  ng/ml; Peprotech, East Windsor, 
NJ, USA), IFN-γ (10 ng/ml; Wako), LPS (10 ng/ml; Sigma-Aldrich, 
St. Louis, MO, USA), or T-cell culture supernatant (described 
below) was added during the last 24 h of incubation to induce PD-
L1 expression.

2.5  |  Human monocyte-derived macrophages 
(HMDMs) and T cells

RPMI 1640 medium (Fujifilm Wako) supplemented with 1% peni-
cillin/streptomycin (Fujifilm Wako) and 10% FBS was used as the 
complete culture medium for all cells. PBMCs were isolated from 
peripheral blood obtained from healthy volunteer donors, who 
provided written informed consent, via density gradient centrifu-
gation with Lymphoprep (Axis-Shield, Oslo, Norway). Monocytes 
and T cells were isolated from the PBMCs using a magnetic bead-
based isolation procedure (MACS CD14 microbeads, Pan T cell 
Isolation Kit, columns and separators; Miltenyi Biotec, Bergisch 
Gladbach, Germany). The monocytes were cultured in polysty-
rene dishes (Becton Dickinson) in complete medium with M-CSF 
(50 ng/mL; Fujifilm Wako) for 3–7 days to induce HMDM produc-
tion. The T cells were cultured in the complete medium with im-
mobilized anti-CD3 (5 μg/ml; Invitrogen, Waltham, MA, USA) and 
anti-CD28 antibodies (2 μg/ml; BioLegend, San Diego, CA, USA) 
for 3–7 days to obtain the culture supernatant. IFNs, LPS, or the 
T-cell culture supernatant was added to the HMDMs to induce 
PD-L1 expression. IAXO-101, synthetic CD14/TLR4 antagonist 
(25 μM; Innaxon, Tewkesbury, UK), anti-CD14 antibodies (1.5 μg/
ml; R&D Systems, Minneapolis, MN, USA), or mouse IgG1 isotype 
control (1.5  μg/ml; MBL, Aichi, Japan) was added 30 min before 
adding LPS.

2.6  |  Western blotting

Cells were solubilized in 1% NP-40 detergent, and the proteins (5–
10  μg) were electrophoresed on a 10% SDS polyacrylamide gel. 
The proteins were then transferred to PVDF transfer membranes 
(Millipore, Burlington, MA, USA), which were cut into pieces and in-
cubated with anti-PD-L1 (clone E1L3N; Cell Signaling Technology, 
Danvers, MA, USA) or anti-β-actin antibodies (clone C4; Santa Cruz 
Biotechnology, Dallas, TX, USA). The membranes were then visual-
ized using HRP-conjugated anti-mouse or anti-rabbit IgG antibodies 
(Thermo Fisher Scientific, Waltham, MA, USA) with Pierce ECL Plus 
Western Blotting Substrate (Thermo Fisher Scientific). Signals were 
detected using an Amersham Imager 680 (GE Healthcare, Chicago, 
IL, USA).

https://imagej.nih.gov/ij/
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3  |  RESULTS

3.1  |  Widespread distribution of PD-L1 expression 
and localized distribution of lymphocyte infiltration in 
NSCLC

“Innate” or constitutive PD-L1 expression without lymphocytic infil-
tration was often observed in clinical tissue specimens (Figure S1A). 
In addition, weak or no expression of PD-L1 (“low response”) was 
also observed, despite relatively strong lymphocyte infiltration. This 
finding suggests that PD-L1 expression in tumor cells can be typi-
cally classified into four types based on the expression mechanism28 
(Figure S1B). As the CDx for NSCLC focuses only PD-L1 expression, 
we measured both PD-L1 and CD8 expression in 231 cases of ad-
enocarcinoma and 186 cases of squamous cell carcinoma by im-
munostaining to classify them into the four categories. As shown in 
Figures S2 and S3, there were indeed typical clinical cases classified 
into the four categories.

By evaluating every section with a TPS of 10%, it was found 
that PD-L1 expression was distributed in all sections (Figure 1A,B). 
The percentage of infiltrated CD8+ cells in the tumor area was dis-
tributed within a range of 10% or less (Figure 1A,B). There were 
more cases of 0% TPS in adenocarcinoma than in squamous cell 
carcinoma (61% vs. 39%) (Figure  1C,D). Conversely, there were 
significantly fewer cases of TPS > 10% in adenocarcinoma than 
in squamous cell carcinoma (27% vs. 38%; p  =  0.02) (Table  1; 
Figure  S4A). In addition, there were extremely more cases with 
CD8 area <1% in adenocarcinoma than in squamous cell carcinoma 
(94% vs. 64%) (Figure 1E,F). Interestingly, there were only five (2%) 
cases of CD8 area ≥2% in adenocarcinoma, whereas there were 34 
(18%) cases of CD8 area ≥2% in squamous cell carcinoma (p < 0.01) 
(Table 1; Figure S4B). These data suggested that both PD-L1 ex-
pression and CD8+ cell infiltration were significantly higher in 
squamous cell carcinoma than in adenocarcinoma. However, in 
both histological types, the distribution of CD8+ cell infiltration 
within the range seemed to be low and limited compared with that 
of PD-L1 expression.

3.2  |  Limited distributions of PD-L1 expression and 
lymphocyte infiltration in RCC

Administration of PD-1/PD-L1 antibodies has rapidly expanded for 
other cancers, with a low cutoff for the CDx. In particular, there is no 
cutoff value for CDx of treatment with pembrolizumab for urothe-
lial carcinoma and with pembrolizumab plus axitinib for RCC.16,17 To 
elucidate the pathological basis for these cutoff values, we analyzed 
PD-L1 expression and CD8+ cell infiltration in 38 cases of RCC by 
IHC. As shown in Figures S5 and 1G, there were no cases in which 
both PD-L1 TPS and CD8+ cell infiltration were high. TPS was <20% 
in all cases and <10% in 97% of cases in RCC (Figure 1H). Moreover, 
there were significantly fewer cases of TPS > 10% in RCC than in 
lung adenocarcinoma and squamous cell carcinoma (3% vs. 27% 

and 38%; p < 0.01) (Table 1; Figure S6A–C). While one case showed 
marked CD8+ cell infiltration (9 ≤ CD8 area % < 10%), all other cases 
showed little CD8+ cell infiltration (0 ≤ CD8 area % < 3%) (Figure 1I). 
There was no significant difference in CD8+ cell infiltration be-
tween RCC and NSCLC (Table 1; Figure S6D–F). Interestingly, TPS 
was <10% even in cases with extremely high CD8+ cell infiltration. 
These results suggested that “innate” PD-L1 expression cases with 
high PD-L1 TPS without CD8+ T-cell infiltration are very rare in RCC. 
Furthermore, as the PD-L1 expression of RCC was weaker than that 
of NSCLC, it was unclear whether PD-L1 expression was an “adap-
tive” response to cytotoxicity by CD8+ T cells.

3.3  |  Classification of PD-L1 expression in several 
cancer cell lines based on responsiveness to IFNs

PD-L1 expression in tumor cells varied among several type of 
cancers, including NSCLC and RCC, and few of these cases had 
strong CD8+ T-cell infiltration. Therefore, most PD-L1 expression 
in tumor cells is not just an “adaptive” response to IFN-γ secreted 
by activated T cells (Figure 2A). It is therefore suggested that the 
histopathological PD-L1 expression pattern may be determined 
by the characteristics of each cancer type. To reveal the charac-
teristics of PD-L1 expression in tumor cells, we analyzed PD-L1 
expression in various cancer cell lines by western blotting. PD-
L1 expression in cancer cell lines was also classified as “innate” 
(constantly positive), “adaptive,” and “low response” (constantly 
negative) patterns based on the response with or without IFN-γ 
stimulation (Figure 2B). In addition, type 1 IFNs (α, β) and LPS also 
induced PD-L1 expression in HMDMs, similar to IFN-γ (Figure 2C). 
To carry out more detailed classification of PD-L1 expression pat-
terns in tumor cells, we next comprehensively analyzed PD-L1 
expression in various tumor cell lines using several IFNs and LPS. 
As shown in Figure 2D, type 1 IFNs also enhanced PD-L1 expres-
sion. Furthermore, the reactivity to IFN-γ tended to be stronger 
than that to type 1 IFNs in the adaptive PD-L1 expression group 
as in HMDMs. Interestingly, HepG2, PANC-1, KNS62, LK-2, and 
CaOV3 cells hardly responded to type 1 IFNs, despite responding 
to IFN-γ. Conversely, all tumor cell lines in the low response group, 
such as uterus endometrial adenocarcinoma, small-cell lung car-
cinoma, and most breast cancers, had no PD-L1 expression when 
stimulated with any IFN. Exceptionally, slight LPS-induced PD-L1 
expression was observed in some cancer cell lines, such as blad-
der urothelial carcinoma (T24 and 5637), esophageal cancer (TE-1), 
and myxofibrosarcoma (malignant fibrous histiocytoma) (NMFH-
1) (Figure 2D). Based on the above results, the PD-L1 expression 
of each cancer cell line was classified by tissue type and organ 
(Figure 3). The expression was classified into a group when the PD-
L1 expression pattern had a clear tendency (upper light gray group) 
or diversity (lower dark gray group). Three cell lines showed the 
same PD-L1 expression pattern in uterus endometrioid carcinoma, 
breast adenocarcinoma, malignant melanoma, and RCC. However, 
NSCLC did not show this tendency.
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F I G U R E  1  Interactions between the PD-L1+ tumor cells and CD8+ T-cell infiltration in non–small-cell lung cancer (NSCLC) and renal cell 
carcinoma (RCC). (A, B, G) Correlation distributions of the PD-L1 tumor proportion score (TPS) with tumor-infiltrating CD8+ T cells in lung 
adenocarcinoma (A), squamous cell carcinoma (B), and RCC (G). The groups were classified according to TPS at intervals of 10%, excluding 
0%. The percentages of the CD8-stained area (CD8 area %) for each case are displayed as dots and mean bars. (C, D, H) The numbers 
and proportions of cases for each TPS in lung adenocarcinoma (C), squamous cell carcinoma (D), and RCC (H). (E, F, I) The numbers and 
proportions of cases for each CD8 area % in lung adenocarcinoma (E), squamous cell carcinoma (F), and RCC (I). The groups were classified 
according to CD8 area % at intervals of 1% from 0% to 10%

Cancer type n

PD-L1 TPS%

p-Value

CD8 area 
%

p-Value≤10 >10 <2 ≥2

Lung adenocarcinoma 231 168 63 0.020 226 5 <0.01

Lung squamous cell carcinoma 186 115 71 152 34

Lung adenocarcinoma 231 168 63 <0.01 226 5 0.088

Renal cell carcinoma 38 37 1 35 3

Lung squamous cell carcinoma 186 115 71 <0.01 152 34 0.151

Renal cell carcinoma 38 37 1 35 3

Non–small-cell lung cancer 417 283 134 <0.01 378 39 1.000

Renal cell carcinoma 38 37 1 35 3

Note: Bold indicates statistically significant results (p < 0.05).

TA B L E  1  Associations between 
cancer type, PD-L1 TPS and CD8+ T-cell 
infiltration analyzed using Fisher's exact 
test
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3.4  |  Comparison of PD-L1 expression between 
macrophages and tumor cells

It is difficult to distinguish tumor cells and macrophages by PD-
L1 IHC. As shown in Figure  4A,B, PD-L1 was expressed on both 
tumor cells and TAMs in colorectal cancer tissues, and PD-L1 ex-
pression in TAMs was stronger than that in tumor cells. As shown 
in Figure 2C,D, the typical adaptive PD-L1 expression pattern was 
observed in HMDMs and the colorectal cancer cell lines, COLO205 
and HTC-116. The response to IFN-γ secreted from activated T 
cells was similar in HMDMs to that observed in COLO205 cells 
(Figures 2A and 4C), suggesting that T-cell-derived IFN-γ induces 
PD-L1 expression in both tumor cells and TAMs. The PD-L1 expres-
sion in HMDMs with or without IFN-γ-stimulation was stronger 
than that observed in COLO205 cells (Figure 4D). Furthermore, the 
duration of IFN-γ-induced PD-L1 expression in HMDMs was mark-
edly longer than that observed in COLO205 cells (Figures 4E,F and 
S7). These findings indicate that the IFN-γ-induced adaptive PD-L1 
expression in TAMs is qualitatively and temporally stronger than 
that in tumor cells.

3.5  |  Macrophage-specific LPS-induced PD-L1 
expression via CD14/TLR4 signaling

LPS also strongly induced macrophage-specific PD-L1 expression 
(Figure 2C,D). The main LPS receptor expressed in macrophages, 
but not in most tumor cells, was CD14. CD14 activates intracel-
lular signaling pathways by binding to Toll-like receptor 4 (TLR4).29 
To reveal the involvement of the pathways in LPS-induced PD-
L1 expression in macrophages, the following observations were 
made after the inhibition experiments. Both the synthetic CD14/
TLR4 antagonist IAXO-101 and CD14 antibodies significantly in-
hibited LPS-induced PD-L1 expression in HMDMs (Figure 5A,B). 
Furthermore, in cases of bacterial pneumonia, the infiltrating mac-
rophages that were found in an LPS environment highly expressed 
PD-L1 (Figure  5C). These findings indicated that CD14/TLR4 in 
macrophages responding to LPS can play a critical role in strong 
PD-L1 expression in TAMs in outside-opened, nonsterile, and in-
fected tumors.

4  |  DISCUSSION

PD-1/PD-L1 antibodies inhibit tumor immunosuppression by 
blocking the binding of PD-1 in CD8+ T cells to PD-L1 in tumor 
cells.4,30 Based on the idea that PD-L1 expression in tumor cells is 

a predictive marker of the therapeutic effect of these antibodies, 
histological evaluation of PD-L1+ tumor cells was conducted using 
IHC as the first CDx for administering pembrolizumab to NSCLC 
patients.13 If the mechanism of these antibodies involves inhibit-
ing T-cell suppression, it is expected that the antibodies will not 
inhibit T-cell suppression in high PD-L1 cases without T-cell infil-
tration. It is necessary to evaluate CD8+ T-cell infiltration before 
evaluating PD-L1 on tumor cells in tumor tissue. However, the 
presence of a high number of cases with PD-L1 expression with-
out T-cell infiltration or with high T-cell infiltration without PD-L1 
expression has been confirmed, and the effect of the antibodies 
in these cases is still unknown. Furthermore, the cutoff values of 
the CDx of cancers other than NSCLC are much lower than that of 
NSCLC.14,15 To address these clinical questions, NSCLC and RCC 
tissue specimens were classified into four groups based on CD8+ 
T-cell infiltration and PD-L1 expression in tumor cells (Figures S2, 
S3 and S5). These data suggested that there are few clinical cases 
in which PD-1/PD-L1 antibodies would be most effective by tar-
geting CD8+ T-cell infiltration, at least at the tissue collection 
stage. PD-1/PD-L1 antibodies have recently been more widely 
used with chemotherapeutic or molecular targeted agents as a 
combination therapy. However, the cutoff values of CDx that are 
currently being applied clinically are either low or unknown.22–27 
It is well known that chemotherapy induces immunogenic tumor 
cell death and activates tumor-specific T-cell immunity;31 these 
results suggested that chemotherapy can transform adaptive cold 
tumors into hot tumors, inducing PD-L1 expression in tumor cells 
attacked by T cells. Therefore, the typical CDx of monotherapy 
might exclude many patients with adaptive cold tumors that could 
have induced PD-L1 expression by activating their own T cells.

In addition to IFN-γ, many other factors regulate PD-L1 expres-
sion in various cells in the tumor microenvironment.32 However, 
this does not change the premise that PD-1/PD-L1 antibodies block 
the binding of PD-1 in CD8+ T cells to PD-L1. It is also universally 
understood that IFN-γ is one of the most robust means by which 
CD8+ T cells damage tumor cells. The differences in PD-L1 expres-
sion among the three cancer types explored in this study indicated 
that their responses to IFN-γ-induced PD-L1 expression are depen-
dent on cancer type. In fact, there were many clinical cases in which 
PD-L1 expression was unrelated to IFN-γ because of the absence 
of CD8+ T cells (Figure S1A), and there are several reports showing 
cancers with irregular PD-L1 expression.28 This suggests that the 
IFN-γ-induced PD-L1 expression pattern should not be underesti-
mated when considering the use of PD-1/PD-L1 antibodies, regard-
less of cancer type.

Here, by applying the typical classifications shown in 
Figure  S1B, PD-L1 expression in various tumor cell lines was 

F I G U R E  2  Diversity of IFN-induced PD-L1 expression in various cancer cells. (A) Western blotting analysis of PD-L1 in COLO205 cells 
cultured with the supernatant of T cells stimulated by immobilized anti-CD3 and anti-CD28 antibodies. (B) Western blotting analyses of 
PD-L1 in the cultured human cancer cell lines with or without IFN-γ stimulation during the last 24 h of culture. (C) Western blotting analysis 
of PD-L1 in cultured HMDMs with or without IFN or LPS stimulation during the last 24 h of culture. (D) Western blotting analysis of PD-L1 in 
41 cultured human cancer cell lines with or without IFN or LPS stimulation during the last 24 h of culture
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classified into three types according to the response to IFN-γ. 
These categories were “innate” (constantly positive), “adaptive,” 
and “low response” (constantly negative) (Figures  2B and 3). 
Because IFN-γ can be clinically regarded as a marker for CD8+ T-
cell infiltration, PD-L1 expression in these cell lines can be sum-
marized as shown in Figure 6A. NSCLC showed an especially high 
cutoff value for CDx, suggesting that this may be a characteristic 
population with a diverse PD-L1 expression pattern compared 
with other cancers, such as RCC, malignant melanoma, or uterus 
endometrioid carcinoma. Tumor cell lines are a relatively uniform 
cell population as they are subjected to strong selection pressure 
during immortalization; in addition, clinical tumors are a collection 
of tumor cells with diverse characteristics. As such, the discussion 
of the PD-L1 expression pattern in tumor cell lines certainly has its 
limitations. However, these data strongly suggest that some cell 
populations have different PD-L1 expression patterns in clinical 

tumors. Therefore, clinical NSCLC is thought to contain all three 
cell types of PD-L1 expression patterns, as shown in Figure 6B. By 
contrast, most of clinical RCC cells are considered to be adaptive 
PD-L1 expression. IHC of clinical specimens of both NSCLC and 
RCC revealed that CD8+ T-cell infiltration was weak in many cases 
(Figure 1), suggesting that CD8+ T cells were not activated or were 
suppressed by PD-1/PD-L1 signaling or other immune check point 
molecules (Figure  6C). PD-L1 expression was weak or absent in 
RCC, an adaptive type of tumor, because of the low number of in-
filtrated CD8+ T cells. However, PD-L1 expression is maintained in 
NSCLC, which was categorized as having innate expression; these 
results suggest that this difference in the PD-L1 expression pat-
tern contributes to the difference in its distribution between clini-
cal NSCLC and RCC together with low CD8+ T-cell infiltration. The 
application of PD-1/PD-L1 antibodies for various cancer types is 
rapidly expanding. However, the cutoff values (CPS, TCs, or ICs) 

F I G U R E  3  Classification of IFN-
induced PD-L1 expression in the human 
cancers and macrophages based on 
in vitro analysis. PD-L1 expression 
increases from left to right. The dashed 
line boxes group the cell lines according 
to histological type or origin. The highest 
dashed and dotted box indicates HMDMs. 
The box width indicates the diversity of 
PD-L1 expression. The upper, light gray 
groups have consistent PD-L1 expression. 
The lower, dark gray groups have diverse 
PD-L1 expression
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are in the range 1–10% for all cancer types except NSCLC. These 
results indicated that NSCLC may have been incidentally suitable 
for the CDx and had an unusually high cutoff value (TPS) of 50% 
because of its cytological features.

We also evaluated PD-L1 expression using type 1 IFNs (α and 
β) in the tumor cell lines as well as in macrophages (Figure  2C,D). 
Type 1 IFNs are usually administered systemically or locally to some 
tumors, such as malignant melanoma or RCC, to damage tumor cells 
directly.33–35 Under similar conditions, PD-L1 expression is likely to 
be enhanced in cancer cells. The cells damaged by IFN treatment be-
come immunogenic, resulting in the induction of tumor-specific cy-
totoxic CD8+ T-cell infiltration. Therefore, IFN treatment might alter 
the effect of PD-1/PD-L1 antibodies via activating tumor immunity 
and enhancing PD-L1 expression in tumor cells.

One important reason for the inadequate accuracy of current 
CDx is the difficulty in morphologically distinguishing PD-L1+ TAMs 

from tumor cells (Figure 4A,B). PD-L1 expression in macrophages, 
which is classified as adaptive, is consistently stronger and more 
continuous than that in tumor cells (Figures  2C, 4C–F, and S7), 
suggesting that PD-L1+ TAMs should not be excluded in the CDx. 
Furthermore, several studies also reported that PD-L1+ TAMs sup-
press T-cell activation.2,36,37 Therefore, new CDx for squamous cell 
carcinoma of the head and neck, esophageal cancer, and gastric can-
cer has been revised to evaluate both PD-L1+ tumor cells and TAMs 
using a CPS.14,15,18 Furthermore, the CDx for triple-negative breast 
cancer was revised to evaluate only PD-L1+ lymphocyte, primarily 
including TAM, as ICs.21 As PD-L1 expression is stronger and more 
continuous in TAMs than in tumor cells, monitoring PD-L1 expres-
sion in TAMs may be useful to accurately determine antitumor im-
munity. The suitability of TPS in NSCLC can be attributed to the high 
PD-L1 positivity of tumor cells and should be considered to have 
been specific to NSCLC.

F I G U R E  4  Strong and persistent 
PD-L1 expression in macrophages 
compared with that in cancer cells. (A) 
Immunohistochemistry showed PD-L1 
positivity in immune cells and PD-L1 
negativity in colorectal cancer cells. Scale 
bar, 50 μm. (B) Double immunostaining 
of PD-L1 and CD68, a pan-macrophage 
marker, on the tumor sites of colorectal 
cancer cases. The inner panels indicate 
higher magnification of cancer cells. 
Examples of PD-L1 expression in cancer 
cells are shown with a negative case 
(left) and a positive case (right). Scale 
bars, 50 μm. (C) Western blotting analysis 
of PD-L1 in HMDMs cultured with the 
supernatants of T cells stimulated by 
immobilized anti-CD3 and anti-CD28 
antibodies. (D) Comparison of PD-L1 
expression in cultured COLO205 cells 
and HMDMs with and without IFN-γ 
stimulation during the last 24 h of culture. 
(E, F) Western blotting analysis of PD-
L1 in cultured COLO205 cells (E) and 
HMDMs (F) with IFN-γ stimulation during 
the last 12–96 h of culture
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As shown in Figure 2C,D, LPS strongly induced macrophage-
specific PD-L1 expression. The main receptor for LPS is CD14. 
Furthermore, the binding of CD14 to the coreceptor TLR4 ac-
tivates intracellular signaling pathways.29 Here, both the syn-
thetic CD14/TLR4 antagonist IAXO-101 and CD14 antibodies 
significantly inhibited LPS-induced PD-L1 expression in HMDMs 
(Figure 5A,B), indicating that CD14 in TAMs plays a critical role 
in LPS-induced PD-L1 expression at the tumor site. Notably, in-
filtrated macrophages in bacterial pneumonia strongly expressed 
PD-L1 (Figure 5C), providing a potential explanation for the high 
PD-L1-positive rate of TAMs in organs easily infected with bac-
teria such as the lung. Although it is unclear whether infection 
promotes or suppresses the effect of PD-1/PD-L1 antibodies in 

patients infected with bacteria receiving the treatment, it is nec-
essary to pay close attention to the change in the therapeutic 
effect of these antibodies.

In the present study, we classified tumors and macrophages 
into three types according to the difference in PD-L1 expression 
patterns and revealed the characteristics of each classification. In 
addition, an IFN-adaptive PD-L1 expression group mimicked the ex-
pression of PD-L1 by macrophages; the PD-L1 expression by mac-
rophages was significantly stronger and longer than that observed 
in various tumors. Furthermore, we revealed the pathological and 
cytological significance of cutoff values in PD-L1 CDx for the admin-
istration of PD-1/PD-L1 antibodies. Although the therapeutic pre-
dictiveness of PD-L1 CDx still remains to be validated in detail, our 

F I G U R E  5  Macrophage-specific LPS-
induced PD-L1 expression via CD14/
TLR4 and increased PD-L1+ macrophage 
infiltration in bacterial pneumonia. (A, 
B) Western blotting analysis of IFN-γ-
induced PD-L1 expression in HMDMs 
cultured with IAXO-101, synthetic 
CD14/TLR4 antagonist (A), or anti-CD14 
antibodies (B). (C) Hematoxylin and eosin 
and immunostaining of CD68 and PD-L1 
in normal lung and bacterial pneumonia 
samples. Scale bars, 50 μm
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findings regarding the diversity of the PD-L1 expression pattern in 
tumor cells indicated that it is necessary to develop innovative CDx 
that can directly monitor tumor immunity.
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