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Abstract: Monocytes (CD14+ cells) from advanced-stage hepatocellular carcinoma (HCC) patients
express programmed death 1 ligand (PD-L)/PD-1 and suppress the host antitumor immune response.
However, it is unclear whether cancer progression is associated with CD14+ cells. We compared
CD14+ cell properties before and after cancer progression in the same HCC patients and examined
their role in antitumor immunity. CD14+ cells were isolated from 15 naïve early-stage HCC patients
before treatment initiation and after cancer progression to advanced stages. Although CD14+

cells from patients at early HCC stages exhibited antitumor activity in humanized murine chimera,
CD14+ cells from the same patients after progression to advanced stages lacked this activity. Moreover,
CD14+ cells from early HCC stages scantly expressed PD-L1 and PD-L2 and produced few cytokines,
while CD14+ cells from advanced stages showed increased PD-L expression and produced IL-10
and CCL1. CD14+ cells were also isolated from five naïve advanced-stage HCC patients before
treatment as well as after treatment-induced tumor regression. The CD14+ cells from patients with
advanced-stage HCC expressed PD-L expressions, produced IL-10 and CCL1, and exhibited minimal
tumoricidal activity. After treatment-induced tumor regression, CD14+ cells from the same patients
did not express PD-Ls, failed to produce cytokines, and recovered tumoricidal activity. These results
indicate that PD-L expression as well as CD14+ cell phenotype depend on the tumor stage in HCC
patients. PD-L expressions of monocytes may be used as a new marker in the classification of cancer
progression in HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is the fourth most common cause of cancer-related death
worldwide. The World Health Organization estimates that more than 1 million individuals will die
from HCC in 2030 [1]. The majority of cases occur in patients with liver disease, mostly as a result
of hepatitis B or C virus (HBV or HCV) infection, alcohol abuse, or nonalcoholic steatohepatitis.
The five-year survival rate of HCC patients is only 18%, making it the second most lethal tumor [2].
Therapeutic options are primarily selected on the basis of tumor stage and the extent of liver dysfunction.
In the past, HCC was treated by surgical resection or radiofrequency ablation. However, frequent
synchronous or metachronous recurrence in the form of new tumors or intrahepatic metastases led to
high mortality rates in HCC patients [3].

Recently, immune checkpoint inhibitors have become available as a new treatment option for
advanced-stage HCC [4]. These compounds target the programmed death 1 (PD-1)/programmed
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death ligand (PD-L) axis, which is involved in cancer immune escape or evasion [5]. PD-L1, which is
expressed in HCC tumor cells, interacts with PD-1 receptors on activated T cells, leading to their
inactivation [6–8] and ultimately suppressing the antitumor immune response of effector cells [9].
However, it has been reported that some PD-L1-positive tumors do not respond to the anti-PD-1
antibody, while a proportion of PD-L1-negative tumors do [10,11]. These discrepancies are not fully
understood, although several mechanisms have been proposed [12,13].

The tumor microenvironment plays an important role in the establishment and progression of
tumors. Among the immune cells in the HCC tissue, tumor-associated macrophages (Mφ, TAMs)
sustain tumor progression and are recruited from circulating CD14+ cells (monocytes) to the tumor
microenvironment through tumor-derived signals [14]. In response to microbial stimuli and IFN-γ,
M1 polarization occurs, thus leading to tumoricidal activity by producing high amounts of toxic
intermediates. However, once tumors are progressed, the Mφ that infiltrate the tumor tissue differentiate
into M2Mφ, which promote growth, invasion, and metastasis of tumor cells, thus inducing angiogenesis
and suppressing antitumor immunity. TAMs often play a central role in tumor progression, and many
TAMs have the property of M2Mφ. Three different M2Mφ phenotypes (M2Maφ, M2bMφ, and M2cMφ)
have been described [15] that are distinguished from each other based on their gene expression profiles,
chemokine production, and surface marker expression [16,17]. Specifically, IL-10- and CCL17-producing
Mφ with mannose receptor gene expression are identified as M2aMφ, IL-10- and CCL1-producing
Mφ are classified as M2bMφ, and IL-10- and CXCL13-producing Mφ with mannose receptor gene
expression are recognized as M2cMφ.

In a previous study, CD14+ cells detected in peripheral blood of patients with advanced stages
of HCC were characterized as the M2b phenotype and were found to be a significant contributor
to tumor growth promotion [18]. Meanwhile, in our recent report, we showed that the monocytes
of patients with advanced-stage HCC expressed PD-L1 and PD-L2 and suppressed the antitumor
immune response of other effector cells. Notably, these patients had a poor prognosis [19]. However,
the impact of these cells on the host immune response against HCC is unknown. Moreover, it is also
unclear whether these cells are induced by cancer progression or whether they actively contribute to
this process. In this study, we investigated the relationship between disease progression and PD-L
expression in monocytes of HCC patients. Finally, the tumoricidal activity of these monocytes against
HCC was examined.

2. Results

2.1. Growth of HepG2 Cell-Derived Tumors in Chimeric Mice with CD14+ Cells from HCC Patients

To compare the antitumor activity of CD14+ cells from HCC patients at different tumor stages,
xNSG mice (NSG mice exposed to whole-body X-ray radiation) were used to generate humanized
murine chimeras. Specifically, the mice were injected with HepG2 cells and then with CD14+ cells from
the same patients at early tumor stages (at the time of initial treatment) or at advanced tumor stages
(Figure 1). The growth of solid tumors was measured weekly for six weeks. At the end of this period,
the size of tumors in xNSG mice not transplanted with CD14+ cells was 253 ± 93.9 mm3. Notably,
tumor growth was not detected in xNSG mice transplanted with CD14+ cells from early-stage HCC
patients. However, solid tumors were observed in xNSG mice that had been transplanted with CD14+

cells collected at advanced tumor stages (229 ± 88.9 mm3). These results indicate that the antitumor
activity of CD14+ cells in the same patients changed with tumor progression.
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Figure 1. Growth of human HepG2 cells in chimeric mice transplanted with CD14+ cells from 
hepatocellular carcinoma (HCC) patients. (a,b) Chimeric mice were created in xNSG mice by 
transplantation of CD14+ cells (1 × 106 cells/chimera) from patients with early-stage HCC (closed 
circles; n = 5). CD14+ cells were also isolated from those patients who were later diagnosed with 
advanced-stage HCC, and new chimeric mice were created from xNSG mice by the same method 
(open circles; n = 5). Both groups of chimeric mice were subcutaneously inoculated with HepG2 cells 
(2 × 106 cells/mice). xNSG control mice received saline along with tumor cell inoculation (open 
squares; n = 3). Tumor size was measured with a microcaliper, and tumor volume is expressed in 
mm3. 

2.2. Differences in the Properties of CD14+ Cells in the Same Patients with Early and Advanced HCC 

Tumor stage-related changes in the properties of CD14+ cells were examined. CD14+ cells were 
stained for PD-L1 and PD-L2 (Figure 2a,b). CD14+ cells isolated from patients with early-stage HCC 
expressed PD-L1 (41.2 ± 9.7%) and PD-L2 (24.5 ± 4.5%). However, the expression of these PD-Ls was 
higher in CD14+ cells obtained from the same patients at advanced HCC stages (PD-L1: 50.0 ± 7.8%, 
PD-L2: 36.2 ± 3.9%). Further, CD14+ cells (1 × 106 cells/mL) from the same patients with early stages 
and advanced stages were cultured for 48 h, and the culture media was assayed by ELISA for 
production of IL-12, IL-10, CCL17, CCL1, and CXCL13 (Figure 2c). IL-12 was not produced by either 
population of CD14+ cells. However, IL-10 production was higher in CD14+ cells from advanced-stage 
HCC patients (212.9 ± 146.9 pg/mL) than in those from early-stage patients (64.5 ± 49.6 pg/mL). The 
production levels of CCL17 and CXCL13 did not differ between the two groups of CD14+ cells. CCL1 
production was significantly higher at advanced HCC stages (2.84 ± 3.49 ng/mL) compared to early 
tumor stages (0.03 ± 0.08 ng/mL). In conclusion, CD14+ cells from patients with early-stage HCC 
exhibited poor PD-L, IL-12, and IL-10 expression and were negative for CCL17, CCL1, and CXCL13 
(considered a quiescent Mϕ phenotype). Meanwhile, CD14+ cells from the same patients at advanced 

Figure 1. Growth of human HepG2 cells in chimeric mice transplanted with CD14+ cells from
hepatocellular carcinoma (HCC) patients. (a,b) Chimeric mice were created in xNSG mice by
transplantation of CD14+ cells (1 × 106 cells/chimera) from patients with early-stage HCC (closed
circles; n = 5). CD14+ cells were also isolated from those patients who were later diagnosed with
advanced-stage HCC, and new chimeric mice were created from xNSG mice by the same method
(open circles; n = 5). Both groups of chimeric mice were subcutaneously inoculated with HepG2 cells
(2 × 106 cells/mice). xNSG control mice received saline along with tumor cell inoculation (open squares;
n = 3). Tumor size was measured with a microcaliper, and tumor volume is expressed in mm3.

2.2. Differences in the Properties of CD14+ Cells in the Same Patients with Early and Advanced HCC

Tumor stage-related changes in the properties of CD14+ cells were examined. CD14+ cells were
stained for PD-L1 and PD-L2 (Figure 2a,b). CD14+ cells isolated from patients with early-stage HCC
expressed PD-L1 (41.2 ± 9.7%) and PD-L2 (24.5 ± 4.5%). However, the expression of these PD-Ls was
higher in CD14+ cells obtained from the same patients at advanced HCC stages (PD-L1: 50.0 ± 7.8%,
PD-L2: 36.2 ± 3.9%). Further, CD14+ cells (1 × 106 cells/mL) from the same patients with early stages
and advanced stages were cultured for 48 h, and the culture media was assayed by ELISA for production
of IL-12, IL-10, CCL17, CCL1, and CXCL13 (Figure 2c). IL-12 was not produced by either population of
CD14+ cells. However, IL-10 production was higher in CD14+ cells from advanced-stage HCC patients
(212.9 ± 146.9 pg/mL) than in those from early-stage patients (64.5 ± 49.6 pg/mL). The production
levels of CCL17 and CXCL13 did not differ between the two groups of CD14+ cells. CCL1 production
was significantly higher at advanced HCC stages (2.84 ± 3.49 ng/mL) compared to early tumor stages
(0.03 ± 0.08 ng/mL). In conclusion, CD14+ cells from patients with early-stage HCC exhibited poor
PD-L, IL-12, and IL-10 expression and were negative for CCL17, CCL1, and CXCL13 (considered
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a quiescent Mφ phenotype). Meanwhile, CD14+ cells from the same patients at advanced HCC
stages acquired PD-L1 and PD-L2 expression and exhibited a IL-12−IL-10+CCL17−CCL1+CXCL13−

phenotype (considered a M2bMφ phenotype).
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Figure 2. Differences in the properties of CD14+ cells in the same patients at early and advanced HCC
stages. (a,b) CD14+ cells were isolated from HCC patients (n = 12) at early tumor stages before initial
treatment and at advanced stages after treatment initiation. These cells were stained with anti-PD-L1
and anti-PD-L2 antibodies and assayed by flow cytometry. (c) CD14+ cells were cultured for 24 h,
and the culture media was assayed by ELISA for IL-12, IL-10, CCL17, CCL1, and CXCL13 production.
* p < 0.05. PD-L, programmed death ligand.

2.3. Tumor Regression Is Associated with Restoration of CD14+ Cell Properties

In a small subset of patients with advanced-stage HCC, the treatments induced tumor regression.
CD14+ cells isolated before treatment initiation from these responsive patients exhibited high expression
of both PD-L1 (84.1 ± 15.7%) and PD-L2 (81.7 ± 13.9%). Notably, in CD14+ cells collected from the
same patients with early stages of HCC after initial treatment, expression levels of both PD-Ls were
found to be decreased (PD-L1, 18.7 ± 4.5%; PD-L2, 50.3 ± 35.7%) (Figure 3a). Moreover, although IL-10
(189 ± 78 pg/mL) and CCL1 (3.2 ± 1.9 ng/mL) were detected in the culture media of CD14+ cells from
patients with advanced disease, the production of these cytokines was abolished after treatment and
tumor regression (Figure 3b).
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We also investigated PD-L expression in CD14+ cells from the peripheral blood of an additional 
89 HCC patients with various stages of HCC. CD14+ cells from patients with early stages of HCC had 
weak expression of PD-L1 or PD-L2. Meanwhile, CD14+ cells from advanced stages strongly 
expressed both PD-Ls (Figure 4). Subsequently, the cytotoxic effect of CD14+ cells against HepG2 cells 
was examined. CD14+ cells exhibited weaker tumoricidal activity in patients with advanced HCC 
compared to those with early-stage HCC. Moreover, treatment-induced tumor regression was 
associated with the restoration of antitumor activity in CD14+ cells. These results indicate that the 
properties of CD14+ cells depend on the state of HCC progression (Figure 5). 

Figure 3. Changes in CD14+ cell properties related to treatment-induced tumor regression in patients
with advanced-stage HCC. (a) CD14+ cells were isolated from patients with advanced HCC before
treatment initiation and after tumor regression (n = 5). CD14+ cells were stained with anti-PD-L1 and
anti-PD-L2 antibodies and assayed by flow cytometry. (b) CD14+ cells were cultured for 24 h, and their
culture media was analyzed by ELISA for IL-12, IL-10, CCL17, CCL1, and CXCL13 detection. * p < 0.05.

We also investigated PD-L expression in CD14+ cells from the peripheral blood of an additional
89 HCC patients with various stages of HCC. CD14+ cells from patients with early stages of HCC
had weak expression of PD-L1 or PD-L2. Meanwhile, CD14+ cells from advanced stages strongly
expressed both PD-Ls (Figure 4). Subsequently, the cytotoxic effect of CD14+ cells against HepG2
cells was examined. CD14+ cells exhibited weaker tumoricidal activity in patients with advanced
HCC compared to those with early-stage HCC. Moreover, treatment-induced tumor regression was
associated with the restoration of antitumor activity in CD14+ cells. These results indicate that the
properties of CD14+ cells depend on the state of HCC progression (Figure 5).
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Figure 4. PD-L expressions in CD14+ cells from patients with several stages of HCC. CD14+ cells were
isolated from peripheral blood of patients with early stages of HCC (n = 48) (a) and advanced stages
(n = 41) (b). These cells were stained for PD-L1 and PD-L2 and assayed for flow cytometry.
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Figure 5. Tumoricidal activity of CD14+ cells depends on cancer progression. CD14+ cells isolated
from patients before and after tumor regression were examined for cytotoxic activity against HepG2
cells by lactate dehydrogenase (LDH) release assay. (a) Changes related to tumor progression from
early stages to advanced stages (n = 5). (b) Changes related to tumor progression from advanced stages
to early stages (n = 5). * p < 0.05.

3. Discussion

In this study, the antitumor activity of monocytes was investigated in relation to cancer progression.
Monocytes are innate immune cells that serve as important regulators of cancer development and
progression. These cells appear to play a dichotomous role depending on the cancer type/tissue of
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origin as well as the tumor microenvironment and stage of tumor growth [20]. CCL2, produced by
tumor cells and associated stromal cells, is one of the best characterized tumor-derived factors that
induces chemotaxis in monocytes, causing circulating monocytes to be recruited from the peripheral
blood into the tumor sites [14,21]. During early stages of tumor growth, recruited monocytes directly
kill tumor cells via cytokine-mediated induction of cell death and phagocytosis (M1Mφ). Specifically,
the recruited monocytes exposed to IFN-γ produce tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL), which induces cell death in TRAIL-sensitive tumor cells and stimulates secretion of
CCL2 and IL-8 from tumor cells. Meanwhile, tumors that manage to escape immune surveillance
mechanisms will progress, and M1Mφ cells will become reprogrammed within the tumor environment
to limit their cytotoxicity and differentiate into TAMs (M2Mφ) [22]. These cells then produce IL-10
and TGF-β, which function to suppress the activities of other antitumor effector immune cells [15,23].
In this study, we investigated the phenotype of CD14+ cells (monocytes) from the peripheral blood
before they were recruited to the tissues.

Results showed that CD14+ cells from patients with early stages of HCC were PD-L1−PD-L2−IL-
12−IL-10−CCL17−CCL1−CXCL13− (considered as a quiescent phenotype), while CD14+ cells from
the same patients after tumor progression were PD-L1+PD-L2+IL-12−IL-10+CCL17−CCL1+CXCL13−

(considered to be the M2b phenotype). These results suggest that circulating monocytes from patients
with advanced stages of HCC had already become skewed toward the M2b phenotype in the peripheral
blood by the influence of tumor-associating factors. When these monocytes then become recruited to the
tumor tissues by CCL2, they facilitate tumorigenesis by promoting immune suppression, extracellular
matrix remodeling, angiogenesis, and tumor cell intravasation into the vasculature. Similarly, in other
cancers, it has been reported that properties of peripheral blood monocytes are associated with better
survival [24–26]. These results suggest that discrimination of monocyte phenotypes may provide a
diagnostic or prognostic marker for HCC. Furthermore, the development of treatments that target
monocyte differentiation may prove effective.

The generation of these M2b monocytes/Mφ during cancer progression could be affected by
immune complex formation as various factors capable of inducing M2bMφ have been described,
including immune complexes [27,28]. Moreover, immune complexes targeting cancer antigens have
been detected in the serum of patients with various cancers [29,30]. Therefore, it is reasonable to
postulate that as cancer progresses, serum immune complexes increase, promoting the production
of M2b monocytes from quiescent monocytes. It is further speculated that the M2b monocytes then
suppress antitumor effector cells by producing cytokines, thereby promoting cancer progression.

Another mechanism of tumor progression includes the expression of PD-Ls on tumors, which help
facilitate their escape from antitumor immunity by binding to PD-1 on various antitumor effector
cells, including CD8+ cells. In this study, PD-Ls were found to be expressed in CD14+ cells in
HCC patients over time as the cancer progressed. We have previously reported the influence of
PD-L1+PD-L2+CD14+ cells from patients with advanced stages of HCC on the antitumor activity of
CD8+ cells. Specifically, PD-L1+PD-L2+CD14+ cells were cocultured with CD8+ cells isolated from
syngeneic patients, resulting in the antitumor activity of CD8+ cells being suppressed against HepG2
cells and Huh7 cells. Meanwhile, their antitumor activity was restored following treatment with a
PD-1 antibody, that is, CD14+ cells suppressed the antitumor activity of CD8+ cells via the PD-L/PD-1
pathway, which can be restored by PD-1 antibodies [19]. Similarly, it has been reported that PD-L1 on
dendritic cells mediates CD8+ T-cell antitumor activity [31]. In many tumor types, PD-L1 expression
is reportedly correlated with PD-1/PD-L1 inhibition. However, patients with very low or absent
PD-L1 expression in tumor cells may still derive some benefit from treatment with PD-1 antibody [32].
Hence, the expression of PD-Ls may be responsible for the effect of CD14+ cells, which warrants further
investigation into the precise associated mechanism.
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The expression of PD-L1 is controlled by different mechanisms. PD-L1 constitutive expression in
cancer cells may be due to several oncogenic pathways, including chromosome 9 amplification [33,34],
PTEN deletions, PI3K/AKT [35], and EGFR mutations [36], MYC overexpression [37], CDK5 disruption [38],
and increased PD-L1 transcription [39,40]. The expression of PD-L1 and PD-L2 in tissue Mφ has been
detected in HCC and other cancers [41–43]. However, the mechanism of their expression in peripheral
blood monocytes remains unclear. Recently, it was reported that the intracellular transfer of cell surface
proteins from Reed–Sternberg cells to monocytes, a process known as “trogocytosis”, is induced by
direct contact between these cells. Trogocytosis mediates the transfer of PD-L1/L2 from lymphoma
cells to monocytes within 1 h [44,45]. Therefore, trogocytosis from cancer cells to monocytes may also
occur in HCC patients. However, additional experiments are needed to clarify this issue.

There are certain limitations to note in this study. First, the sample size was relatively small.
Notably, this was a longitudinal study, which means repeated blood sampling from the same patients
with HCC over a long period of time. Therefore, enrollment was a time-consuming process. Second,
patients who had undergone various treatments against HCC were included in the study, and an
influence of these treatments on monocyte function cannot be excluded. Therefore, long-term studies
with a larger number of patients and more homogeneous cohorts are needed. Third, PD-L1/L2
expression in other antitumor effector cells, such as CD4 T cells, CD8 T cells, B cells, and mast cells,
were not examined. However, we have previously reported that the expression of both PD-L1 and
PD-L2 in monocytes is associated with poor prognosis [19]. We conclude that monocytes expressing
both PD-L1 and PD-L2 may play a key role in antitumor immunity.

4. Materials and Methods

4.1. Ethics Statement

The study was approved by the Institutional Review Board of the Osaka Medical College.
All subjects gave their informed consent for inclusion before they participated in the study. The study
was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the
Ethics Committee of Osaka Medical College (approval number: 2125). All animal experiments were
carried out in compliance with Japanese regulations. The local institutional animal ethics board of
Osaka Medical College approved all mouse experiments (approval number: 26022).

4.2. Patients and Specimens

Patients with HCC were classified as “early stage” based on diagnosis of very early- and early-stage
HCC and as “advanced stage” based on diagnosis of intermediate- and advanced-stage HCC, according to
the Barcelona Clinic Liver Cancer (BCLC) staging system [46]. A total of 168 naïve patients, pathologically
confirmed as HCC, were hospitalized in the Osaka Medical College Hospital from April 2010 to
January 2018. Fourteen patients with primary or secondary immunodeficiencies (e.g., other cancers,
autoimmune diseases, hematologic diseases, infections, chronic heart failures, chronic renal failures,
and multiple organ failures) or receiving multikinase inhibitors or immunosuppressive agents were
excluded. Among the included patients, 15 patients with early-stage HCC received the initial treatment
(radiofrequency ablation) for the purpose of radical cure and cancer progressed to advanced stages
after the initial treatment. Blood samples were drawn twice from each patient: at admission for the
purpose of initial HCC treatment and after diagnosis of advanced-stage HCC. Clinical characteristics
of these patients are shown in Table 1.
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Table 1. Changes in the clinical characteristics of the same patients with early- and advanced-stage HCC.

(n = 15) Early Stages Advanced Stages p-Value

Age (year, range) 72.4 (62–82)
Gender (Male/Female) 14/1

Etiology (%)
HBV 2 (6.7)
HCV 5 (33.3)

Others 8 (53.3)
Child-Pugh class

A/B/C 15/0/0 15/0/0
TNM stage <0.001
I/II/III/IV 3/12/0/0 0/0/14/1

WBC (×106 /mL, mean ± SD) 4.69 ± 1.23 4.64 ± 2.01 0.948
Neutrophils (×106 /mL, mean ± SD) 2.47 ± 0.87 2.69 ± 1.40 0.794

Lymphocytes (×106 /mL, mean ± SD) 1.45 ± 0.85 1.35 ± 0.73 0.788
Monocytes (×105 /mL, mean ± SD) 3.58 ± 1.02 3.73 ± 1.40 0.796

Platelets (×104 /mL, mean ± SD) 12.8 ± 6.0 10.5 ± 4.5 0.483
AST (IU/L, mean ± SD) 56.5 ± 28.2 54.5 ± 27.2 0.873
ALT (IU/L, mean ± SD) 47.8 ± 28.7 38.5 ± 21.3 0.417

Albumin (g/dL, mean ± SD) 3.55 ± 0.47 3.53 ± 0.53 0.928
Total bilirubin (mg/dL, mean ± SD) 0.98 ± 0.56 1.0 ± 0.87 0.935
Prothrombin time (%, mean ± SD) 87.0 ± 13.5 91.2 ± 18.7 0.360

CRP (mg/dL, mean ± SD) 0.35 ± 0.53 0.17 ± 0.15 0.367
AFP (ng/mL, range) 50.8 (3.7–237.0) 63.1 (4.5–185.0) 0.713

DCP (mAU/mL, range) 252.4 (8.0–1750) 378.8 (14.1–2910) 0.691

HBV, hepatitis B virus; HCV, hepatitis C virus; WBC, white blood cells; SD, standard deviation; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; CRP, C-reactive protein; AFP, alpha fetoprotein; DCP, des-gamma-
carboxyl prothrombin.

Conversely, the study also included five patients with advanced-stage HCC who received the
initial treatment that induced tumor regression. Similarly, blood samples were drawn twice from each
of these five patients: at admission for the purpose of initial HCC treatment and after diagnosis of
early-stage HCC. Clinical characteristics of these patients are shown in Table 2.

Table 2. Changes in the clinical characteristics of same patients following tumor regression.

(n = 5) Advanced Stages Early Stages p-Value

Age (year, range) 74.4 (61–80)
Gender (Male/Female) 4/1

Etiology (%)
HBV 0 (0.0)
HCV 4 (80.0)

Others 1 (20.0)
Child-Pugh class

A/B/C 5/0/0 5/0/0
TNM stage 0.128
I/II/III/IV 0/1/4/0 2/3/0/0

WBC (×106 /mL, mean ± SD) 4.87 ± 1.10 4.63 ± 1.09 0.764
Neutrophils (×106 /mL, mean ± SD) 3.01 ± 0.69 2.79 ± 1.20 0.762

Lymphocytes (×106 /mL, mean ± SD) 1.28 ± 0.40 1.25 ± 0.54 0.939
Monocytes (×105 /mL, mean ± SD) 3.01 ± 0.51 2.89 ± 1.24 0.861

Platelets (×104 /mL, mean ± SD) 15.5 ± 5.5 14.3 ± 4.6 0.483
AST (IU/L, mean ± SD) 28.4 ± 11.9 29.2 ± 14.1 0.873
ALT (IU/L, mean ± SD) 25.2 ± 16.5 23.6 ± 14.0 0.417

Albumin (g/dL, mean ± SD) 4.26 ± 0.29 4.0 ± 0.34 0.350
Total bilirubin (mg/dL, mean ± SD) 0.72 ± 0.31 0.76 ± 0.34 0.935
Prothrombin time (%, mean ± SD) 86.2 ± 8.7 72.8 ± 10.3 0.360
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Table 2. Cont.

(n = 5) Advanced Stages Early Stages p-Value

CRP (mg/dL, mean ± SD) 0.12 ± 0.12 0.19 ± 0.14 0.41
AFP (ng/mL, range) 50.8 (2.6–171.3) 8.3 (2.3–21.5) 0.933

DCP (mAU/mL, range) 203.7 (52.0–809) 65.9 (21.7–115.9) 0.57

HBV, hepatitis B virus; HCV, hepatitis C virus; WBC, white blood cells; SD, standard deviation; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; CRP, C-reactive protein; AFP, alpha fetoprotein; DCP, des-gamma-
carboxyl prothrombin.

4.3. Reagents, Media, and Cells

Anti-CD14 magnetic particles-DM and IMag buffer were purchased from BD Biosciences
(San Jose, CA, USA). Phycoerythrin-conjugated anti-human PD-L1 monoclonal antibodies (mAbs),
allophycocyanin-conjugated anti-human PD-L2 mAbs, IL-12 ELISA MAX kits, and IL-10 ELISA MAX
kits were purchased from Biolegend (San Diego, CA, USA). Human rCCL1, rCCL17, and rCXCL13
were purchased from Peprotech (Rocky Hill, NJ, USA). Anti-CCL17 mAbs, anti-CCL1 mAbs, and anti-
CXCL13 mAbs were purchased from R&D Systems (Minneapolis, MN, USA). The kits for assessment of
cytotoxicity (LDH releasing assay) were from Roche Diagnostics (Mannheim, Germany). HepG2 cells
(human hepatoblastoma cells), from DS Pharma Biomedical (Osaka, Japan), were cultured at 37 ◦C in
HepG2 human hepatocellular carcinoma expansion medium (Cellular Engineering Technologies Inc.,
Coralville, IA, USA). RPMI-1640 medium supplemented with 10% fetal bovine serum was used for
CD14+ cells.

4.4. CD14+ Cell Characterization

Ten milliliters of whole blood were drawn into a vacutainer tube containing a small amount
of sodium heparin at admission. Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized whole blood by Lymphocyte Separation Medium 1077 density gradient centrifugation.
PBMC (5 × 106 cells/mL) in IMag buffer were incubated with magnetic beads coated with anti-CD14
mAb (40 min at 4 ◦C); then, CD14+ cells were magnetically harvested. CD14+ cells obtained by
this procedure were >97% pure, as assessed by flow cytometry [47]. CD14+ cells were incubated in
fluorescence-activated cell sorting buffer with PE-conjugated anti-human PD-L1, APC-conjugated
anti-human PD-L2, or isotype control mAb for 15 min at 4 ◦C. After washing, PD-L1 and PD-L2
expression was measured using a FACSAria flow cytometer and analyzed by FlowJo software version
10.6.0. In some experiments, CD14+ cells (1 × 106 cells/mL) were cultured for 24 h. The culture media
were assayed by ELISA for IL-12 (M1Mφ biomarker), IL-10 (M2Mφ biomarker), CCL17 (M2aMφ

biomarker), CCL1 (M2bMφ biomarker), and CXCL13 (M2cMφ biomarker) [48].

4.5. Tumoricidal Activity of CD14+ Cells against HepG2 Cell In Vitro

Next, CD14+ cells (5 × 105 cells/mL) were stimulated with HepG2 homogenates for 24 h.
HepG2 homogenates were made by crushing HepG2 cells (2 × 106 cells/mL) in phosphate-buffered
saline with an ultrasonic crusher for 15 min. After washing, CD14+ cells were cocultured with HepG2
cells (1 × 105 cells/mL) for 24 h. The tumoricidal activity of CD14+ cells against HepG2 cells was
measured by LDH release assay [18].

4.6. Tumoricidal Activity of CD14+ Cells against HepG2 Cells in Humanized Murine Chimeras

Pathogen-free, male NOD.Cg-PrkcscidIl12rgtm1Wjl/SzJ (NSG) mice aged 7–10 weeks were purchased
from Jackson Laboratory (Bar harbor, ME, USA). NSG mice lack functional T, B, and NK cells [49–51],
and their macrophages exhibit defective phagocytosis, digestion, and antigen presentation [52].
The NSG mice were exposed to whole-body X-irradiation (4 Gy) to deplete neutrophils [53] and were
defined as xNSG mice in this study. Neutrophils in these animals did not recover for 4 weeks after
irradiation. xNSG mice were utilized for the creation of humanized murine chimeras. Specifically,
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they were inoculated with HepG2 cells in the right groin (2 × 106 cells/mouse). Then, the mice were
intravenously inoculated every two weeks with CD14+ cells (1 × 106 cells/mouse) isolated from patients
with early or advanced-stage HCC. Before inoculation, CD14+ cells from early-stage patients were
analyzed by flow cytometry for the expression of IL-12, while CD14+ cells from advanced-stage patients
were analyzed for IL-10 and CCL1 expression. In the chimeras, the inoculated cells spread throughout
the body within 2 days of inoculation and were functional for at least 6 weeks. The tumor volume was
measured with a microcaliper once a week for 6 weeks and expressed in mm3.

4.7. Statistical Analyses

Statistical analyses were performed using JMP Pro software version 14 (Tokyo, Japan). Quantitative
values are expressed as means. Differences in quantitative values between the two groups were analyzed
by Mann–Whitney U test. Differences in the ratio of some parameters were analyzed by Fisher’s exact
test. Differences with p value < 0.05 were considered statistically significant.

5. Conclusions

CD14+ monocytes from patients with early-stage HCC expressed low levels of PD-L and exhibited
antitumor activity. However, CD14+ cells from the same patients whose HCC progressed to advanced
stages expressed a higher level of PD-L and lacked tumoricidal effects. These findings indicate that the
properties of CD14+ cells are strongly related to the state of tumor progression in patients with HCC.

Author Contributions: Conception and design of the study, A.A.; acquisition of data, H.Y., M.M., S.F., and Y.T.;
statistical analysis, A.A.; interpretation of data and drafting manuscript, A.A.; critical revision and study
supervision, K.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the JSPS KAKENHI, grant numbers JP 18K08018, 18KK0456, and 19K08942.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang, J.D.; Hainaut, P.; Gores, G.J.; Amadou, A.; Plymoth, A.; Roberts, L.R. A global view of hepatocellular
carcinoma: Trends, risk, prevention and management. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 589–604.
[CrossRef]

2. Villanueva, A. Hepatocellular Carcinoma. N. Engl. J. Med. 2019, 380, 1450–1462. [CrossRef]
3. Lin, S.; Hoffmann, K.; Schemmer, P. Treatment of hepatocellular carcinoma: A systematic review. Liver Cancer

2012, 1, 144–158. [CrossRef] [PubMed]
4. Pinato, D.J.; Guerra, N.; Fessas, P.; Murphy, R.; Mineo, T.; Mauri, F.A.; Mukherjee, S.K.; Thursz, M.; Wong, C.N.;

Sharma, R.; et al. Immune-based therapies for hepatocellular carcinoma. Oncogene 2020, 39, 3620–3637.
[CrossRef] [PubMed]

5. Martins, F.; Sofiya, L.; Sykiotis, G.P.; Lamine, F.; Maillard, M.; Fraga, M.; Shabafrouz, K.; Ribi, C.; Cairoli, A.;
Guex-Crosier, Y.; et al. Adverse effects of immune-checkpoint inhibitors: Epidemiology, management and
surveillance. Nat. Rev. Clin. Oncol. 2019, 16, 563–580. [CrossRef] [PubMed]

6. Liu, G.M.; Li, X.G.; Zhang, Y.M. Prognostic role of PD-L1 for HCC patients after potentially curative resection:
A meta-analysis. Cancer Cell Int. 2019, 19, 22. [CrossRef] [PubMed]

7. Im, S.J.; Hashimoto, M.; Gerner, M.Y.; Lee, J.; Kissick, H.T.; Burger, M.C.; Shan, Q.; Hale, J.S.; Lee, J.;
Nasti, T.H.; et al. Defining CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature 2016,
537, 417–421. [CrossRef]

8. Chikuma, S.; Terawaki, S.; Hayashi, T.; Nabeshima, R.; Yoshida, T.; Shibayama, S.; Okazaki, T.; Honjo, T.
PD-1-mediated suppression of IL-2 production induces CD8+ T cell anergy in vivo. J. Immunol. (Baltimore
Md. 1950) 2009, 182, 6682–6689. [CrossRef]

9. Iwai, Y.; Ishida, M.; Tanaka, Y.; Okazaki, T.; Honjo, T.; Minato, N. Involvement of PD-L1 on tumor cells in the
escape from host immune system and tumor immunotherapy by PD-L1 blockade. Proc. Natl. Acad. Sci. USA
2002, 99, 12293–12297. [CrossRef]

http://dx.doi.org/10.1038/s41575-019-0186-y
http://dx.doi.org/10.1056/NEJMra1713263
http://dx.doi.org/10.1159/000343828
http://www.ncbi.nlm.nih.gov/pubmed/24159579
http://dx.doi.org/10.1038/s41388-020-1249-9
http://www.ncbi.nlm.nih.gov/pubmed/32157213
http://dx.doi.org/10.1038/s41571-019-0218-0
http://www.ncbi.nlm.nih.gov/pubmed/31092901
http://dx.doi.org/10.1186/s12935-019-0738-9
http://www.ncbi.nlm.nih.gov/pubmed/30718977
http://dx.doi.org/10.1038/nature19330
http://dx.doi.org/10.4049/jimmunol.0900080
http://dx.doi.org/10.1073/pnas.192461099


Cancers 2020, 12, 2286 12 of 14

10. El-Khoueiry, A.B.; Sangro, B.; Yau, T.; Crocenzi, T.S.; Kudo, M.; Hsu, C.; Kim, T.Y.; Choo, S.P.; Trojan, J.;
Welling, T.H.R.; et al. Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate 040):
An open-label, non-comparative, phase 1/2 dose escalation and expansion trial. Lancet 2017, 389, 2492–2502.
[CrossRef]

11. Kang, Y.K.; Boku, N.; Satoh, T.; Ryu, M.H.; Chao, Y.; Kato, K.; Chung, H.C.; Chen, J.S.; Muro, K.;
Kang, W.K.; et al. Nivolumab in patients with advanced gastric or gastro-oesophageal junction cancer
refractory to, or intolerant of, at least two previous chemotherapy regimens (ONO-4538-12, ATTRACTION-2):
A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 390, 2461–2471. [CrossRef]

12. Sun, C.; Mezzadra, R.; Schumacher, T.N. Regulation and Function of the PD-L1 Checkpoint. Immunity 2018,
48, 434–452. [CrossRef] [PubMed]

13. Shen, X.; Zhao, B. Efficacy of PD-1 or PD-L1 inhibitors and PD-L1 expression status in cancer: Meta-analysis.
BMJ 2018, 362, k3529. [CrossRef] [PubMed]

14. Shi, C.; Pamer, E.G. Monocyte recruitment during infection and inflammation. Nat. Rev. Immunol. 2011, 11,
762–774. [CrossRef] [PubMed]

15. Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The chemokine system in diverse
forms of macrophage activation and polarization. Trends Immunol. 2004, 25, 677–686. [CrossRef]

16. Filardy, A.A.; Pires, D.R.; Nunes, M.P.; Takiya, C.M.; Freire-de-Lima, C.G.; Ribeiro-Gomes, F.L.; DosReis, G.A.
Proinflammatory clearance of apoptotic neutrophils induces an IL-12(low)IL-10(high) regulatory phenotype
in macrophages. J. Immunol. (Baltimore Md. 1950) 2010, 185, 2044–2050. [CrossRef]

17. Edwards, J.P.; Zhang, X.; Frauwirth, K.A.; Mosser, D.M. Biochemical and functional characterization of three
activated macrophage populations. J. Leukoc Biol. 2006, 80, 1298–1307. [CrossRef]

18. Asai, A.; Tsuchimoto, Y.; Ohama, H.; Fukunishi, S.; Tsuda, Y.; Kobayashi, M.; Higuchi, K.; Suzuki, F.
Host antitumor resistance improved by the macrophage polarization in a chimera model of patients with
HCC. Oncoimmunology 2017, 6, e1299301. [CrossRef]

19. Yasuoka, H.; Asai, A.; Ohama, H.; Tsuchimoto, Y.; Fukunishi, S.; Higuchi, K. Increased both PD-L1 and
PD-L2 expressions on monocytes of patients with hepatocellular carcinoma was associated with a poor
prognosis. Sci. Rep. 2020, 10, 10377. [CrossRef]

20. Olingy, C.E.; Dinh, H.Q.; Hedrick, C.C. Monocyte heterogeneity and functions in cancer. J. Leukoc Biol. 2019,
106, 309–322. [CrossRef]

21. Serbina, N.V.; Pamer, E.G. Monocyte emigration from bone marrow during bacterial infection requires
signals mediated by chemokine receptor CCR2. Nat. Immunol. 2006, 7, 311–317. [CrossRef] [PubMed]

22. Richards, D.M.; Hettinger, J.; Feuerer, M. Monocytes and macrophages in cancer: Development and functions.
Cancer Microenviron. 2013, 6, 179–191. [CrossRef]

23. Solinas, G.; Germano, G.; Mantovani, A.; Allavena, P. Tumor-associated macrophages (TAM) as major players
of the cancer-related inflammation. J. Leukoc. Biol. 2009, 86, 1065–1073. [CrossRef]

24. Tadmor, T.; Bari, A.; Marcheselli, L.; Sacchi, S.; Aviv, A.; Baldini, L.; Gobbi, P.G.; Pozzi, S.; Ferri, P.;
Cox, M.C.; et al. Absolute Monocyte Count and Lymphocyte-Monocyte Ratio Predict Outcome in Nodular
Sclerosis Hodgkin Lymphoma: Evaluation Based on Data From 1450 Patients. Mayo Clin. Proc. 2015, 90,
756–764. [CrossRef] [PubMed]

25. Sanford, D.E.; Belt, B.A.; Panni, R.Z.; Mayer, A.; Deshpande, A.D.; Carpenter, D.; Mitchem, J.B.;
Plambeck-Suess, S.M.; Worley, L.A.; Goetz, B.D.; et al. Inflammatory monocyte mobilization decreases
patient survival in pancreatic cancer: A role for targeting the CCL2/CCR2 axis. Clin. Cancer Res. Off. J. Am.
Assoc. Cancer Res. 2013, 19, 3404–3415. [CrossRef] [PubMed]

26. Macek Jilkova, Z.; Aspord, C.; Decaens, T. Predictive Factors for Response to PD-1/PD-L1 Checkpoint
Inhibition in the Field of Hepatocellular Carcinoma: Current Status and Challenges. Cancers 2019, 11, 1554.
[CrossRef] [PubMed]

27. Wang, L.X.; Zhang, S.X.; Wu, H.J.; Rong, X.L.; Guo, J. M2b macrophage polarization and its roles in diseases.
J. Leukoc Biol. 2019, 106, 345–358. [CrossRef]

28. Nakamura, K.; Ito, I.; Kobayashi, M.; Herndon, D.N.; Suzuki, F. Orosomucoid 1 drives opportunistic
infections through the polarization of monocytes to the M2b phenotype. Cytokine 2015, 73, 8–15. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(17)31046-2
http://dx.doi.org/10.1016/S0140-6736(17)31827-5
http://dx.doi.org/10.1016/j.immuni.2018.03.014
http://www.ncbi.nlm.nih.gov/pubmed/29562194
http://dx.doi.org/10.1136/bmj.k3529
http://www.ncbi.nlm.nih.gov/pubmed/30201790
http://dx.doi.org/10.1038/nri3070
http://www.ncbi.nlm.nih.gov/pubmed/21984070
http://dx.doi.org/10.1016/j.it.2004.09.015
http://dx.doi.org/10.4049/jimmunol.1000017
http://dx.doi.org/10.1189/jlb.0406249
http://dx.doi.org/10.1080/2162402X.2017.1299301
http://dx.doi.org/10.1038/s41598-020-67497-2
http://dx.doi.org/10.1002/JLB.4RI0818-311R
http://dx.doi.org/10.1038/ni1309
http://www.ncbi.nlm.nih.gov/pubmed/16462739
http://dx.doi.org/10.1007/s12307-012-0123-x
http://dx.doi.org/10.1189/jlb.0609385
http://dx.doi.org/10.1016/j.mayocp.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/26046410
http://dx.doi.org/10.1158/1078-0432.CCR-13-0525
http://www.ncbi.nlm.nih.gov/pubmed/23653148
http://dx.doi.org/10.3390/cancers11101554
http://www.ncbi.nlm.nih.gov/pubmed/31615069
http://dx.doi.org/10.1002/JLB.3RU1018-378RR
http://dx.doi.org/10.1016/j.cyto.2015.01.017


Cancers 2020, 12, 2286 13 of 14

29. Ohyama, K.; Yoshimi, H.; Aibara, N.; Nakamura, Y.; Miyata, Y.; Sakai, H.; Fujita, F.; Imaizumi, Y.;
Chauhan, A.K.; Kishikawa, N.; et al. Immune complexome analysis reveals the specific and frequent presence
of immune complex antigens in lung cancer patients: A pilot study. Int. J. Cancer. J. Int. Du Cancer 2017, 140,
370–380. [CrossRef]

30. Guo, L.; Wei, R.; Lin, Y.; Kwok, H.F. Clinical and Recent Patents Applications of PD-1/PD-L1 Targeting
Immunotherapy in Cancer Treatment-Current Progress, Strategy, and Future Perspective. Front. Immunol.
2020, 11, 1508. [CrossRef]

31. Oh, S.A.; Wu, D.-C.; Cheung, J.; Navarro, A.; Xiong, H.; Cubas, R.; Totpal, K.; Chiu, H.; Wu, Y.;
Comps-Agrar, L.; et al. PD-L1 expression by dendritic cells is a key regulator of T-cell immunity in
cancer. Nat. Cancer 2020, 1, 681–691. [CrossRef]

32. Patel, S.P.; Kurzrock, R. PD-L1 Expression as a Predictive Biomarker in Cancer Immunotherapy.
Mol Cancer Ther. 2015, 14, 847–856. [CrossRef]

33. Rooney, M.S.; Shukla, S.A.; Wu, C.J.; Getz, G.; Hacohen, N. Molecular and genetic properties of tumors
associated with local immune cytolytic activity. Cell 2015, 160, 48–61. [CrossRef] [PubMed]

34. Ansell, S.M.; Lesokhin, A.M.; Borrello, I.; Halwani, A.; Scott, E.C.; Gutierrez, M.; Schuster, S.J.; Millenson, M.M.;
Cattry, D.; Freeman, G.J.; et al. PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s lymphoma.
N. Engl. J. Med. 2015, 372, 311–319. [CrossRef] [PubMed]

35. Lastwika, K.J.; Wilson, W., 3rd; Li, Q.K.; Norris, J.; Xu, H.; Ghazarian, S.R.; Kitagawa, H.; Kawabata, S.;
Taube, J.M.; Yao, S.; et al. Control of PD-L1 Expression by Oncogenic Activation of the AKT-mTOR Pathway
in Non-Small Cell Lung Cancer. Cancer Res. 2016, 76, 227–238. [CrossRef] [PubMed]

36. Akbay, E.A.; Koyama, S.; Carretero, J.; Altabef, A.; Tchaicha, J.H.; Christensen, C.L.; Mikse, O.R.;
Cherniack, A.D.; Beauchamp, E.M.; Pugh, T.J.; et al. Activation of the PD-1 pathway contributes to
immune escape in EGFR-driven lung tumors. Cancer Discov. 2013, 3, 1355–1363. [CrossRef]

37. Casey, S.C.; Tong, L.; Li, Y.; Do, R.; Walz, S.; Fitzgerald, K.N.; Gouw, A.M.; Baylot, V.; Gütgemann, I.;
Eilers, M.; et al. MYC regulates the antitumor immune response through CD47 and PD-L1. Science 2016, 352,
227–231. [CrossRef]

38. Dorand, R.D.; Nthale, J.; Myers, J.T.; Barkauskas, D.S.; Avril, S.; Chirieleison, S.M.; Pareek, T.K.; Abbott, D.W.;
Stearns, D.S.; Letterio, J.J.; et al. Cdk5 disruption attenuates tumor PD-L1 expression and promotes antitumor
immunity. Science 2016, 353, 399–403. [CrossRef]

39. Kataoka, K.; Shiraishi, Y.; Takeda, Y.; Sakata, S.; Matsumoto, M.; Nagano, S.; Maeda, T.; Nagata, Y.;
Kitanaka, A.; Mizuno, S.; et al. Aberrant PD-L1 expression through 3’-UTR disruption in multiple cancers.
Nature 2016, 534, 402–406. [CrossRef]

40. Ribas, A.; Hu-Lieskovan, S. What does PD-L1 positive or negative mean? J. Exp. Med. 2016, 213, 2835–2840.
[CrossRef]

41. Zong, Z.; Zou, J.; Mao, R.; Ma, C.; Li, N.; Wang, J.; Wang, X.; Zhou, H.; Zhang, L.; Shi, Y. M1 Macrophages
Induce PD-L1 Expression in Hepatocellular Carcinoma Cells Through IL-1β Signaling. Front. Immunol. 2019,
10, 1643. [CrossRef] [PubMed]

42. Horlad, H.; Ma, C.; Yano, H.; Pan, C.; Ohnishi, K.; Fujiwara, Y.; Endo, S.; Kikukawa, Y.; Okuno, Y.;
Matsuoka, M.; et al. An IL-27/Stat3 axis induces expression of programmed cell death 1 ligands (PD-L1/2) on
infiltrating macrophages in lymphoma. Cancer Sci. 2016, 107, 1696–1704. [CrossRef] [PubMed]
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