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Abstract

Background Malignant pleural effusion (MPE) is a com-
mon complication caused by malignant diseases. How-
ever, subjectivity, poor sensitivity, and substantial false-
negative rates of cytology assay hamper accurate MPE
diagnosis. The aim of this study was to assess whether
CD163+CD14+ tumor-associated macrophages (TAMs)
could be used as a biomarker for enabling sensitive and
specific MPE diagnosis.

Methods Pleural effusion samples and peripheral blood
samples were collected from 50 MPE patients and 50
non-malignant pleural effusion (NMPE) patients, respec-
tively. Flow cytometry was performed to analyze cell
phenotypes, and RT-qPCR was used to detect cytokine
expression in these monocytes and macrophages. A
blinded validation study (n = 40) was subsequently per-
formed to confirm the significance of CD163+CD14+
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TAMs in MPE diagnosis. Student’s ¢ test, rank sum test,
and receiver operating characteristic curve analysis were
used for statistical analysis.

Results Notably, CD1634-CD14+ cell frequency in MPE
was remarkably higher than that in NMPE (P < 0.001). In a
blinded validation study, a sensitivity of 78.9 % and a speci-
ficity of 100 % were obtained with CD163+CD14+ TAMs
as a MPE biomarker. In total (n = 140), by using a cut-
off level of 3.65 %, CD163+CD14+ cells had a sensitivity
of 81.2 % and a specificity of 100 % for MPE diagnosis.
Notably, MPE diagnosis by estimating CD163+CD14+
cells in pleural effusion could be obtained one week earlier
than that obtained by cytological examination.

Conclusions CD1634-CD14+ macrophages could be
potentially used as an immune diagnostic marker for MPE
and has better assay sensitivity than that of cytological
analysis.
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Abbreviations

AUC Area under curve

CI Confidence interval

FACS  Fluorescence-activating cell sorter

MACS Magnetic cell sorting
MDSC Myeloid-derived suppressor cells
MPE Malignant pleural effusion

NMPE Non-malignant pleural effusion
NS Normal saline

RCC Renal cell carcinoma

ROC Receiver operating characteristic curve
SPSS  Statistical program for social sciences
TAMs  Tumor-associated macrophages
Introduction

Pleural effusion is a common clinical condition caused by
malignant tumors, as well as some non-malignant diseases
[1-3]. Malignant pleural effusion (MPE) is associated with
high cancer-related mortality and morbidity rates and con-
fers a reduced quality of life for patients [4, 5]. A method
for accurate MPE diagnosis is required to overcome the
limitations of the current diagnostic methods and to deter-
mine the best treatment course. Currently, subjectivity in
diagnostic methods, poor assay sensitivity, and substantial
false-negative rates in cytological examinations hamper
early diagnosis of MPE [6]. Hyperplasia of benign meso-
thelial cells in pleural effusion makes it difficult to distin-
guish the mesothelial cells from malignant cells and can
lead to false-positive results for MPE. Currently, pleural
fluid biomarkers cannot be efficiently used to diagnose
MPE [7]. Therefore, a novel biomarker is required for an
accurate and objective diagnosis of MPE.

The cellular microenvironment of MPE is crucial for
the metastasis of malignant tumors [8, 9]. Tumor-infiltrat-
ing macrophages are referred to as tumor-associated mac-
rophages (TAMs). Macrophage can differentiate into a
classically activated phenotype (M1) or an alternatively acti-
vated phenotype (M2) in tumor tissues [10-12]. M1 mac-
rophages are characterized by the expression of pro-inflam-
matory cytokines, whereas factors produced by alternatively
activated M2 macrophages act in favor of tumor progression
[13]. Although increased frequency of CD68+ macrophages
has been correlated with increased tumor size, lymph node
metastasis, and TNM stage in lung carcinomas [14], CD68
is not a specific marker for M2 macrophages [10, 15]. Our
present study has confirmed this as well (Supplementary
Figure S1). Cell frequencies of CD684+-CD163+ cells and
CD144-CD163+ cells were assessed, and the data showed
that the frequencies were similar (P = 0.10, Supplementary
Figure S1). Neither CD68 nor CD14 was determined to be a
specific marker for M2 macrophages.
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CD163 is a surface receptor on cells of the monocytic
lineage, and CD1634+-CD14+ TAMs have been shown to
be a hallmark of the tumor microenvironment and have
been associated with poor prognosis in different types of
cancer [15, 16]. In ovarian cancer, the expression of CD163
on TAMs in the ascites was inversely associated with
relapse-free survival [15]. Additionally, CD163+CD14+
TAMs were closely involved in the progression of adult T
cell leukemia/lymphoma [16]. However, the significance of
CD163+CD14+ TAMs in MPE has not been reported.

In this study, we analyzed the phenotype and function of
CD163+4-CD14+ TAMs in both MPE and non-malignant pleu-
ral effusion (NMPE). The purpose of this study was to deter-
mine whether CD163+CD14+ TAMSs could be used as an
effective and objective biomarker for the identification of MPE.

Materials and methods
Patient demographics and sample collection

One hundred patients with pleural effusion were recruited at
The First Affiliated Hospital of Zhengzhou University from
May 2011 to December 2013. All samples were obtained
with the approval from the ethics committee of the hospital
(No. 2011-17). For the MPE group, patients aged 18 years
or older that had MPE and were diagnosed with lung cancer
proven by histopathological examination of lung biopsy mate-
rial, and those that did not have diseases of the immune system
were included. For the NMPE group, patients with pneumonia,
tuberculosis, or heart failure/hypoproteinemia were included.
In addition, patients with a history of malignant disease within
the last five years and patients with solid organ or bone mar-
row transplantation were not recruited for the NMPE group.
The pleural effusions from all patients were confirmed by
cytological analysis in the Department of Pathology (Supple-
mentary Figure S2). Pleural effusion and peripheral blood were
collected from 50 patients with lung cancer (Supplementary
Table S1). The other 50 patients were previously diagnosed
with NMPE (Supplementary Table S2). Additional 40 pleu-
ral effusion samples were collected for the blinded validation
study (see below). The correlation between clinicopathological
characteristics of MPE patients and NMPE patients is shown in
Table 1. The results showed that there was no relationship with
clinicopathological characteristics between MPE and NMPE
(Table 1). We excluded the effects of gender, age, and smoking
on the percentage of CD163+CD14+ TAMs in MPE.

Isolation of mononuclear cells from pleural effusion
and peripheral blood

Mononuclear cells were isolated using Ficoll-Hypaque
(Huajing Biology Co., Shanghai) density gradient
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Table 1 Correlation with clinical characteristics between MPE and
NMPE (n = 140)

Pleural effusion Chi-square values

Malignant Non-malignant

Gender
Male 38 39 0.0003*
Female 31 32

Age
<60 years 28 37 1.436*
>60 years 41 34

Smoking
Yes 33 26 1.372%
No 36 45

* P =0.99 > 0.05 for the comparison of gender in patients with MPE
and NMPE; ¥ P = 0.23 > 0.05 for the comparison of age in patients
with MPE and NMPE; & P = 0.24 > 0.05 for the comparison of
smoking in patients with MPE and NMPE

centrifugation. Briefly, 50-300 ml of pleural effusion col-
lected from each patient was centrifuged at 1500 rpm for
10 min. After the removal of supernatant, the cells were
resuspended in 30 ml of normal saline (NS). Each sample
of peripheral blood (5 ml) was mixed with 25 ml of NS.
Next, 30 ml of resuspended cells from pleural effusion or
30 ml of diluted blood was carefully added to 15 ml of
lymphocyte separation medium, and the tubes were then
centrifuged at 2500 rpm for 25 min at room temperature.
After centrifugation, the interphase containing mono-
nuclear cells was carefully aspirated, washed twice, and
finally resuspended with NS for flow cytometry analysis
or for isolation of monocytes using magnetic cell sort-
ing system (MACS system, Miltenyi Biotec) as described
below.

Flow cytometry analysis

Isolated mononuclear cells (I x 10° cells) were stained
with APC-Cy7-labeled antihuman CDI14 antibody,
PE-Cy7-labeled antihuman CD3 antibody, and PE-labeled
antihuman CD163 antibody (Biolegend). Dead cells were
stained using 7-AAD (BD Biosciences). After incubation
on ice in the dark for 15 min, the cells were analyzed using
FACSCanton II (BD). CD14 was used as a specific mono-
cyte/macrophage marker [17, 18]. Previously, de Vos van
Steenwijk et al. [17] isolated CD14 monocytes by using
MACS cell separation to induce M2 macrophages, which
were shown to belong to the CD163+CD14+ population.
In this study, we used antihuman CD163 antibody and anti-
human CD14 antibody to label M2 macrophages.

To determine whether CD163 staining enables specific
labeling and whether tumor cell autofluorescence influ-
enced the findings, mononuclear cells from pleural effusion

and from peripheral blood were stained with human anti-
CD45 antibody and human anti-CD163 antibody
(Biolegend).

Monocyte isolation

CD14+ cell-enriched population was purified from
mononuclear cells by using MACS system. Mononu-
clear cells were passed through 30-pm nylon mesh to
remove cell clumps, which may clog the MACS col-
umn. Next, 1 x 107 cells were centrifuged at 300xg
for 10 min, and then, the supernatant was aspirated
completely. Cells were resuspended in 80 wl of MACS
buffer (Miltenyi Biotec), added with 20 nl of CD14
MicroBeads (Miltenyi Biotec), and then incubated in
the dark for 15 min at 4 °C. Cell suspension was applied
onto the column, and unlabeled cells passed through the
column (Supplementary Figure S3A). The percentage
of the isolated cells was evaluated using fluorescence-
activating cell sorter (FACS) analysis (Supplementary
Figure S3B).

CD163+CD14+4 and CD163—CDI144 populations
were enriched from mononuclear cells derived from MPE
by FACS (Beckman, Moflo XDP; n = 6). The mononuclear
cells (1 x 10%) were added with 20 il of one of the fol-
lowing antibodies: antihuman CD163 antibody, antihuman
CD14 antibody, antihuman CD3 antibody, or antihuman
7-AAD antibody. Next, cells were incubated in the dark for
15 min at 4 °C. Cells were resuspended with 1 ml of NS
for sorting. The purities of CD1634-CD144 and CD163—
CD14+ cells were analyzed using FACS.

RNA isolation and real-time quantitative PCR

Total RNA extracted from purified CD14+ macrophages by
using Trizol reagent (Sigma-Aldrich) was used as the tem-
plate for performing reverse transcription using cDNA syn-
thesis kit (TaKaRa) according to the manufacturer’s instruc-
tions. Primers for real-time PCR were purchased and had
the following sequences: human TGF-B, forward, 5GCCA

GAGTGGTTATCTTTTGATG3’ and reverse, 5'AGTGT
GTTATCCCTGCTGTCAC3’; human TNF-o, forward,
5'CTGTAGCCCATGTTGTAGCAAAC3 and reverse,

5'GCTGGTTATCTCTCAGCTCCAC3’; and human iNOS,
forward, 5’GCCAAGCTGAAATTGAATGAGGA3' and
reverse, 5’ TTCTGTGCCGGCAGCTTTAAC3'. Real-time
PCR was performed using cDNA as the template and using
SYBR Premix ExTaq II (TaKaRa) on ABI PRISM 7300
Sequence Detection System (Applied Biosystems). Samples
were amplified using the following cycling conditions: 40
cycles of 95 °C for 30 s, 95 °C for 5 s, and 60 °C for 30 s.
Expression of each gene was normalized to GAPDH expres-
sion, and the data were expressed as relative expression in the
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form of fold increase ([272€T]), where ACT = CT (target
gene) — CT (GAPDH) [19].

The mRNA expression of iNOS, TNF-a, arginase-1, IL-10,
and TGF-@ in the isolated CD163+4-CD14+ cells and CD163—
CD14+ cells was analyzed using real-time PCR described
above. The primer sequences used were as follows: argin-
ase-1, forward, 5TCCCTGTATATCTGCCAAGGATATT3'
and reverse, 5'TTCCTAGTCTGTCCACTTCAGTCAT3;
IL-10, forward, 5'TTTAAGGGTTACCTGGGTTGC3' and
reverse, S’ TTGATGTCTGGGTCTTGGTTC3'.

The mRNA expression of CD14 and CD163 was used
as control for the cell phenotypes in both experiments
involving cell sorting. Primer sequences used for real-time
PCR were as follows: human CDI14, forward, 5’ACGC
CAGAACCTTGTGAGC3’ and reverse, 5'GCATG
GATCTCCACCTCTACTG3’; human CDI163, forward,
5'ACTTGAAGACTCTGGATCTGCT3’ and  reverse,
5'CTGGTGACAAAACAGGCACTG?'. In addition, the
negative and positive controls for assessing mRNA expres-
sion were used in the PCR analysis. Water was used as the
template for the negative control, and DNA from human
peripheral blood mononuclear cells was used as a posi-
tive control for performing RT-PCR for TNF-a, IL-10, and
TGF-; DNA from human tumor-infiltrating lymphocytes
was used as a positive control for both iNOS and arginase-1.

Blinded validation study

The blinded validation study was performed as previously
described by Pass et al. [20]. In the validation study, addi-
tional 40 pleural effusion samples were obtained from 19
cancer patients with MPE and 21 cancer-free controls with
NMPE with the approval of the ethics committee of our
hospital. All of the 40 patients provided signed informed
consent. All samples were specially numbered by one
investigator. The frequency of CD163+CD144+ TAMs
in pleural effusions was measured using flow cytometry,
which was performed by another investigator who was
not provided the MPE/NMPE patient status for the sam-
ples. The results were unblinded and analyzed by a third
investigator.

Statistical analysis

Results were analyzed for determining statistical signifi-
cance by using Chi-squared test and Student’s ¢ test for nor-
mal distributions or by using rank sum test for non-normal
distributions. The Statistical Program for Social Sciences
(SPSS) 17.0 software was used to conduct the analyses.
Data were expressed as mean £ SD.

Receiver operating characteristic curve (ROC) analysis,
sensitivity, and specificity were also calculated using SPSS
17.0 software.
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Results

Characterization of CD14+ monocytes obtained
from MPE and NMPE

Mononuclear cells harvested from MPE and NMPE patient
groups were assessed for characterizing the phenotypes of
CD14+ cell populations by using flow cytometry (Fig. 1a,
b). The CD14+ cell frequency of the MPE group was sig-
nificantly higher than that of the NMPE group (MPE:
22.59 £ 21.35 %; NMPE: 13.37 £+ 20.27 %; P = 0.029;
Fig. 1c). The considerable difference of CD14+ cell fre-
quency between MPE and NMPE groups indicated that
CD144 monocytes might serve as a diagnostic biomarker
for MPE. Next, ROC analysis was used to evaluate the diag-
nostic value of CD14+ monocytes for MPE. The predictive
ability of CD14+ cells was expressed as area under curve
(AUC). For AUC values that ranged between 0.5 and 0.7, the
accuracy of diagnosis was considered poor. For AUC value
of 0.685, the increased percentage of CD14+ cells could not
be identified as a specific marker for MPE (Fig. 1d).

To evaluate the pro- and anti-inflammatory cytokines
produced by CD144 monocytes, we purified CD14+ cells
from mononuclear cells using MACS system (Supplemen-
tary Figure S3A). The purity of CD14+ cells was higher
than 95 % after cell sorting (Supplementary Figure S3B).
The high cell purity enabled functional assessment of pleu-
ral effusion-derived CD14+ monocytes. The relative expres-
sion levels of TGF-f, TNF-a, iNOS, and CD14 in purified
CD14+ monocytes from MPE and NMPE were analyzed
using real-time quantitative PCR. The CDI14 expression
in purified CD14+4 cells obtained from MPE was signifi-
cantly higher than that in CD 14+ cells obtained from NMPE
(P = 0.0034; Fig. le). There was also a significant difference
in the relative expression of TGF-f in CD14+4 monocytes
obtained from MPE as compared to that in CD14+ mono-
cytes obtained from NMPE (MPE: 0.109 + 0.128; NMPE:
0.013 £ 0.017, P = 0.01; Fig. le). In addition, the relative
expression of TNF-a and iNOS in CD14+ cells from MPE
(TNF-a: 0.011 £ 0.010; iNOS: 0.003 £ 0.004) was signif-
icantly lower than that in CD144 monocytes from NMPE
(TNF-a: 0.074 £ 0.099, P = 0.03; iNOS: 0.024 £+ 0.030,
P = 0.02; Fig. le). These data indicate that expression of
anti-inflammatory factors in CD14+ monocytes from MPE
is elevated, whereas the pro-inflammatory factors expression
is elevated in CD 14+ monocytes from NMPE.

CD163+CD14+ TAMs exhibit a stable
anti-inflammatory phenotype

The different expression levels of pro- and anti-inflam-
matory cytokines in CD14+ monocytes obtained from
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Fig. 1 Characterization of CD14+4 monocytes derived from MPE
and NMPE. a Representative phenotypic analysis of 7-AAD—CD3—
CD144-CD163+4 cells in pleural effusion by using flow cytometry.
b Comparison of CD144+CD3— monocyte frequency in MPE and
NMPE by using flow cytometry. One representative analysis from
MPE and NMPE cases is shown. ¢ Comparison of CD14+4 monocyte

MPE and NMPE indicate M2-type polarization of
CD14+ macrophages obtained from MPE. CD163 has
been reported as a specific marker for M2 macrophages

frequency in MPE and NMPE. Results presented as a scatter dia-
gram. d ROC analysis of CD14+ cell frequency in MPE with AUC
of 0.685. e RT-PCR was performed to assess the relative expression
of TGF-B, TNF-a, and iNOS in purified CD14+ cells derived from
MPE versus NMPE, normalized by [2~AC], Results presented as his-
togram. *P < 0.05

[17]. Therefore, we next assessed the pro- and anti-
inflammatory cytokines expression in CD163+CD14+
TAMs.
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To determine the specificity of CD163 labeling, mono-
nuclear cells were double-stained with human anti-CD45
antibody and anti-CD163 antibody. CD45 expression was
used to distinguish leukocytes from tumor cells. The data
showed that only CD454 cells expressed CD163 and that
CD45— cells did not show CD163 expression (Supplemen-
tary Figure S4). The results indicate that CD163 staining is
specific for host-derived immune cells and is not indicative
of autofluorescence in tumor cells.

CD163+CD14+ and CD163—CDI14+ TAMs iso-
lated from MPE were enriched using FACS (Fig. 2a). We
then used RT-qPCR to determine the relative expression
levels of iNOS, TNF-a, arginase-1, IL-10, TGF-f, and
CD163 in these purified cells. The expression of CD163
in CD1634+CD14+ cells from MPE was significantly
higher than that in CD163—CD14+ cells (P = 0.0022,
Fig. 2b). The expression of both iNOS and TNF-a in
CD163+CD14+ TAMs (iNOS: 0.0017 £ 0.0041; TNF-
a: 0.0314 £ 0.0259) was significantly lower than that
in CD163—CDI14+ TAMs (iNOS: 0.0535 £ 0.0433,
P = 0.04; TNF-a: 0.1319 + 0.1021, P = 0.04; Fig. 2b). We
also found significant differences in the relative expression
of arginase-1, IL-10, and TGF-8 in CD163+CD14+ TAMs
as compared to that in CD163—CD144 TAMs (arginase-1:
0.0315 £ 0.0288 vs. 0.0043 £+ 0.0088, P = 0.03; IL-10:
0.3382 + 0.2300 vs. 0.0811 £ 0.1033, P = 0.01; TGF-g:
0.0667 £ 0.0541 vs. 0.0092 +£ 0.0085, P = 0.04; Fig. 2b).
The results indicate that CD1634-CD144 TAMs (M2 type)
from MPE show a suppressor or anti-inflammation pheno-
type, whereas pro-inflammation cytokines are mainly pro-
duced by CD163—CD14+ TAMs.

Percentage of CD163+CD14+ TAMs is elevated
in MPE

Flow cytometry was used to determine percentages of
CD163+CD14+4 TAMs in pleural effusion and periph-
eral blood obtained from patients with or without can-
cer. The results showed that CD1634+CD14+ cell fre-
quency of the MPE group was significantly higher than
that of the NMPE group (MPE: 19.08 & 13.96 %; NMPE:
0.92 £ 0.94 %; P < 0.001, Fig. 3a—c). In contrast, CD163
expression was barely detectable in peripheral blood mono-
nuclear cells obtained from patients with or without cancer
(Fig. 3a, c). These data demonstrate that the percentage of
CD163+CD14+ TAMs is increased in MPE.

ROC analysis
The high level of CD1634-CD14+ TAMs in MPE sug-
gests that CD163+CD14+4 TAMs could serve as a diag-

nostic marker for MPE. To evaluate the feasibility of using
CD163+CD14+ cells as a diagnostic marker for MPE,
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ROC analysis was performed. The predictive ability of
CD163+CD14+ TAMs was expressed as AUC, with an
AUC of 0.941 [95 % confidence interval (CI), 0.895-0.987;
P < 0.001; Fig. 3d]. The optimal cutoff points used were
the peaks of the curve, where the sum of sensitivity and
specificity is at maximum. Using a cutoff level of 3.65 %,
a specificity of 100 % and a sensitivity of 86 % were
achieved for using CD163+CD14+4 macrophages as a bio-
marker for MPE (Fig. 3e).

Blinded validation study
To further confirm the sensitivity and specificity of using

CD163+CD14+ macrophages as a diagnostic marker
for MPE, we performed a blinded validation study
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Fig. 3 CD1634CDI14+ cells in pleural effusion or peripheral blood
from malignant or non-malignant patients. a CD1634+-CD14+ cells
derived from pleural effusion and peripheral blood were detected in
lung cancer patients and non-malignant patients by using flow cytom-
etry. One representative analysis from MPE and NMPE cases is
shown. b Comparison of CD1634-CD14+4- cell frequency in MPE and
NMPE was performed. Results are presented as a scatter diagram.

using pleural effusion samples collected from our hos-
pital. The CDI163+CD14+ macrophage frequency in
MPE was significantly higher than that in NMPE (MPE:
11.357 £+ 11.875 %; NMPE: 0.352 + 0.387 %; P < 0.001;
Fig. 4a, b). ROC analysis was performed, and AUC of
0.862 was obtained (95 % CI, 0.721-1.000; P < 0.001;
Fig. 4c). At a specificity of 100 %, a sensitivity of 78.9 %
was achieved under a cutoff level of 1.70 % (Fig. 4d).

¢ The percentage of CD163+CD14+ cells in pleural effusion or
peripheral blood from malignant or non-malignant patients. Results
presented as histogram. d ROC analysis of CD1634-CD14+ cell fre-
quency in MPE with an AUC of 0.941 (P < 0.001). e Using a cutoff
level of 3.65 %, CD163+CD14+ cell frequency-based MPE diagno-
sis for cancer patients had a sensitivity of 86 % and a specificity of
100 %

CD163+CD14+ TAMs as a potential diagnostic marker
for MPE

The percentage of CD163+CDI14+ cells was tested in
a total of 140 pleural effusion samples, which included
69 MPE and 71 NMPE. Of the 140, 100 were non-
blinded pleural effusions, and 40 were blinded pleural
effusions. These samples were analyzed together. We
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Fig. 4 Blinded validation study of CD163+CD14+4 macrophages
in MPE. a Phenotype analysis of CD163+CDI14+ macrophages
obtained from MPE and NMPE was performed. One representa-
tive analysis from MPE and NMPE cases is shown. b Comparison
of CD163+CD14+ cell frequency in MPE and NMPE was per-

found that the CD163+CD144 cell frequency in MPE
(16.959 £ 13.782 %) was significantly higher than that in
NMPE (0.751 £ 0.851 %; P < 0.001; Fig. 5a, b). High per-
centage of CD1634+-CD14+ cells was identified as a spe-
cific marker for MPE in patients with lung cancer to dis-
tinguish the subjects from NMPE, with an AUC of 0.916
(95 % CI, 0.895-0.987; P < 0.001; Fig. 5c). Using a cutoff
level of 3.65 %, CD163+CD14+ cells had a sensitivity of
81.2 % and a specificity of 100 % in the diagnosis of can-
cer patients with MPE (Fig. 5d). These results indicate that
CD163+CD144 macrophages could be used as a highly
sensitive and specific marker for MPE diagnosis in clinic.

Pleural effusions with high percentage
of CD163+CD14+ cells are confirmed to be MPE
by cytological analysis

In this study, first-visit patients with pleural effusion were
analyzed using both cytological examination and flow
cytometry concurrently. Twenty pleural effusions, of 140
cases, were determined to be primarily negative for malig-
nancy by using cytological analysis (Supplementary Figure

@ Springer

formed. Results presented as a scatter diagram. ¢ ROC analysis of
CD163+CD14+ cell frequency was performed with an AUC of
0.862 (P < 0.001). d Using a cutoff level of 1.70 %, a specificity of
100 % and a sensitivity of 78.9 % were achieved

S5A). However, high-level expression of CD163 in CD14+
cells was detected by flow cytometry in pleural effusion from
20 cases (Supplementary Figure S5B). Next, these patients
were further tested by performing cytological examination
for a second time. A third cytological analysis was performed
if the second examination yielded negative results. A sample
was determined to be negative after three separate tests with-
out the presence of malignant cells in the pleural effusion.
The interval between consecutive cytological analyses was
more than 3 days for patients with pleural effusion. Finally,
malignant cell assessment for pleural effusion samples was
conducted by performing cytological examination in our
Department of Pathology (Supplementary Table S3, Supple-
mentary Figure S5C). The data indicate that the sensitivity
of CD1634+CD14+ macrophage frequency assessment for
diagnosis of MPE is better than that of cytological analysis.

Discussion

It has been well documented that various immune cells,
including macrophages, infiltrate tumor tissue. With the
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emerging novel concept of macrophage differentiation into
M1 and M2 phenotypes, the role of TAMs in cancer devel-
opment and progression is gradually becoming clearer.
Specifically, in human malignant tumors, M2 macrophages
can act as “protumoral macrophages” and become involved
in angiogenesis, immunosuppression, and activation of
tumor cells [21-24].

CD163 is a surface receptor expressed on cells of mono-
cytic lineage and has been shown to have sparse expres-
sion on peripheral blood monocytes, but is abundantly
expressed on a majority of tumor-derived macrophages
[25-27]. CD163+CD14+ TAMs are considered as “protu-
moral” macrophages. In lung tumor sections, the number
of CD1634-CD14+ cells is higher in malignant lesions
than in benign lesions and correlates with histological grad-
ing of malignancy [28, 29]. Behnes et al. [30, 31] found
that nearly all macrophages in papillary renal cell carci-
noma (RCC) type II expressed CD163, whereas less than
30 % of macrophages expressed CD163 in type I papillary
RCC. This may help explain the poor prognosis of papil-
lary RCC type II as compared to that of type I. However,
Komohara et al. [21] showed that CD163+ cells were in
fact CD68+ TAMs by performing double immunostaining
and also showed that CDG68 is not a specific marker for M2
macrophages. Helm et al. [32] also confirmed these find-
ings. Consistent with these results, we showed that neither
CD68 nor CD14 is a specific marker for M2 macrophages
(Supplementary Figure S1). Furthermore, high levels of

10

anti-inflammatory cytokines and low levels of pro-inflam-
matory cytokines in CD1634CD14+ cells indicate that
CD163+CD14+ cells are M2 macrophages.

Accurate and early diagnosis of MPE is important and
critical for immediate intervention and better progno-
sis [33, 34]. Current methods of MPE diagnosis include
imaging, cytological analysis, biomarker detection, needle
pleural biopsy, and thoracoscopy [35, 36]. However, the
false-negative rate is substantially high for these MPE diag-
nosis methods [37, 38]. Even though pleural effusion plays
a crucial role in the spread of lung cancer, the contribu-
tion of cellular components in MPE is poorly understood.
The role of CD163+CD144 macrophages in the diagno-
sis of MPE is poorly characterized [39]. Therefore, in this
study, we assessed the sensitivity and specificity of using
CD163+CD14+ macrophages for diagnosis of MPE. The
pleural effusions used in this study were derived from lung
cancer patients. MPE induced by other types of cancer will
be evaluated in our future studies.

Previously, Mundt et al. [40] found that soluble synde-
can-1 was a promising candidate biomarker with a sensi-
tivity of 74.9 % and a specificity of 61.1 % for the cyto-
pathological diagnosis and prognostication of MPE,
using enzyme-linked immunosorbent assays. Xu et al.
[41] reported that measurement of IL-17 levels by using
enzyme-linked immunosorbent assays might be a use-
ful diagnostic test for MPE with a sensitivity of 79.5 %
and a specificity of 91.1 %. Our study showed that flow
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cytometry-based detection of CD1634+CDI14+ cell fre-
quency in pleural effusion samples had a sensitivity of
81.2 % and a specificity of 100 %. Thus, our assay has a
higher sensitivity and specificity, and CD163+CD14+
TAMs may serve as a reliable marker for diagnosis of
MPE. The correlation of CD1634+-CD14+ TAM frequency
with soluble syndecan-1 or IL-17 for MPE diagnosis
was not assessed in this study. Further investigations are
required to determine whether assessment of a combina-
tion of CD1634-CD14+ TAMs and soluble syndecan-1 or
IL-17 for MPE diagnosis may have higher assay sensitivity,
specificity, and reliability.

In this study, we found that 20 patients that were pri-
marily diagnosed with NMPE showed high frequency of
CD163+CD14+ cells in pleural effusion. Notably, these
20 patients were later diagnosed with MPE after perform-
ing second or third tumor cytological analysis. In sup-
port of using CD163+CD14+ cells as marker for MPE
diagnosis, there have been a number of clinical cases that
although had undetectable tumor cells, showed preva-
lence of CD163+CD14+ macrophages in pleural effu-
sion, and were then diagnosed with lung cancer through
bronchoscopy or lung biopsy assessment. Moreover,
MPE patients presented high percentage of MPE-derived
CD163+CD14+ macrophages in this study. Taken
together, our data indicate that the diagnosis of MPE by
performing tumor cytological analysis has low sensitivity
and that the sensitivity of CD163+CD144- cell detection
appears to be superior to tumor cytological analysis for
definitive diagnosis.

In this study, there were six MPE cases which the per-
centage of CD1634+-CD14+ TAMs in MPE was lower than
the cutoff value of 3.65 %. Furthermore, we analyzed the
relationship between CD163+CD14+ TAMs percentage
and patient survival. The results showed that high percent-
age of CD1634+CD14+ TAMs in MPE was closely cor-
related with poor progression-free survival rates (unpub-
lished data). In the follow-up, all six cases with low level
of CD163+CD144+ TAMs exhibited higher survival
rates and better prognosis. Therefore, we propose that
CD163+4CD14+ TAMs could serve as a potential prognos-
tic biomarker for MPE.

We also found that the percentage of CD3+ cells in
MPE was higher than that in NMPE. Gong et al. showed
that Tc17 cells may have a protective role in patients with
MPE [42]. The higher frequency of Tcl7 cells may serve
as a biomarker for the prognosis of patients with MPE. We
speculate that the higher numbers of CD3+ cells may be
attributed to increased Tcl7 infiltration. However, we did
not focus on CD3+ cells in this study, and the relationship
between Tcl7 cells and CD163+CD144 TAMs in MPE is
unclear. We plan to further dissect this potential relation-
ship in our future studies.

@ Springer

Recently, increasing research interest has devel-
oped for studying other myeloid populations in periph-
eral blood derived from MPE patients. Gonda et al. [43]
reported that myeloid-derived suppressor cell (MDSC)
numbers in malignant effusions altered with the num-
ber of MDSCs in peripheral blood and also changed in
patients with clinical responses. Romano et al. [44] dem-
onstrated that circulating MDSC numbers correlated with
clinical outcome of Hodgkin lymphoma patients treated
up front with a risk-adapted strategy. In this study, we
have not focused on this cell population; however, it
appears that MDSC numbers might provide valuable
diagnostic information.

Our results indicate that MPE is indicative of an immu-
nosuppressive state. Thus, treatments that involve “re-edu-
cation” of CD1634CD14+ TAMs could be considered
for palliative management of malignant effusion. Animal
studies have shown that specific inhibition of NF-kB activ-
ity in TAMs was able to reverse their tumor-polarized phe-
notype and tumoricidal activity through IL-12-dependent
NK cell recruitment [45]. Taken together, TAMs may be
a promising therapeutic target for cancer treatment, and
CD163+CD14+ macrophages might serve as a molecular
target for treating MPE patients.

Conclusions

Taken together, a comparative analysis of phenotype and
inflammatory gene expression of CD163+CD14+ mac-
rophages obtained from MPE and NMPE can be used for
distinguishing MPE from NMPE. Thus, CD163+CD14+
macrophages in pleural effusion is likely a promising
immune diagnostic marker for lung cancer-associated MPE.
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