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Benzo (a)pyrene exposure reduces CD54 expression on alveolar macrophages
and alters apoptosis and inflammatory responses in the lungs
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The study investigates the role of intracellular cell adhesion molecule-1 (ICAM-1, CD54) expression in alveolar
macrophages and associated molecular alterations in benzo (a)pyrene (BaP)-induced lung tumor-bearing mice that provide
more profound insight into immune mechanisms in lung cancer. Lung tumors were induced by administering BaP (50 mg/kg
body weight, twice a week for four weeks) orally. A single-alveolar cell suspension was stained with fluorescently
conjugated antibodies for the demarcation of alveolar macrophages (F4/80 and CD11b cells). CD54 expression on different
alveolar macrophages was analyzed based on CD11b/F4/80 gating. The mortality and cell cycle were studied by 7-AAD and
Pl staining, respectively, and flow cytometric analysis. Our results suggest that CD54 expression is significantly decreased
on CD11b" alveolar macrophages and CD11b*/F4/80" interstitial macrophages. BaP treatment increased cell mortality, and
cell cycle progression was inhibited. The expression of proapoptotic (BAX and Caspase 3) and antiapoptotic (Bcl-2 and
Cytochrome C) genes was reduced, but the expression of proinflammatory (IL-6, IL-10, and TNF-a) and anti-inflammatory
(IFN-y) genes was significantly increased, but that of TGF-p was decreased. Overall, BaP-induced tumors suppress CD54
expression on alveolar macrophages, induce cellular mortality, inhibit the cell cycle, and alter the expression of pro-

apoptotic, anti-apoptotic, and anti-inflammatory genes in murine lungs.
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The development of lung cancer is significantly
influenced by polycyclic aromatic hydrocarbons
(PAHS), one of the more than 60 carcinogens found in
tobacco smoke’. Benzo (a)pyrene (BaP) is one of the
most potent carcinogens that causes lung cancer
among the various PAHs?. BaP is metabolically
transformed into an epoxide derivative, which binds
to DNA and combines to form a DNA adduct that
promotes cancer®. It leads to oxidative DNA damage
by inducing reactive oxygen species (ROS)".

The initiation of a tumor stimulates immune
responses within the lungs. The defensive cellular
milieu in the lungs includes neutrophils, dendritic
cells, alveolar epithelial cells (AECs) and alveolar
macrophages (AMs). AMs survive longer and
replenish 40% in a year®. AMs represent the first line
of defense and are phagocytic and antigen-presenting
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cells that remove cellular debris and apoptotic cells
and elicit immune responses. They exhibit structural
and functional plasticity in various diseases and
function as immune regulators by secreting
cytokines®. Macrophages can be classified into two
main categories: M1 macrophages, which are
typically activated by IFN-y, and M2 cells, which are
alternatively triggered by IL-4. In contrast to
M2 macrophages, which are both pro- and
anti-inflammatory, M1  macrophages promote
inflammation’. AMs are closely associated with AECs
and dendritic cells and communicate with AECs to
initiate immunosuppression under inflammatory
conditions®,

CD54, or ICAM-1, belongs to the immunoglobulin
supergene family and has five extracellular
immunoglobulin-like domains that are involved in
adhesive contact between cells. Various inflammatory
mediators and proinflammatory cytokines increase
surface CD54 expression®. Drugs may down-regulate
CD54 expression on airway mast cells (AMs) in
airway tissues as a therapeutic mechanism in the lung
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inflammatory process'®. CD54 may contribute to
carcinogenesis and increase the propensity for
malignant tumors to spread, as it is differentially
expressed in a variety of benign and malignant
disorders™ *2.

The evaluation of CD54 expression and its soluble
form in lung cancer has attracted a significant amount
of attention in recent years**, CD54 and LFA-1
interactions are crucial for accumulating lymphocytes
inside the lungs. Activated pulmonary vasculature
endothelial cells and type Il pneumocytes are the
primary sites of CD54 expression'®. Thus, CD54 is
induced in altered AECs, pulmonary lymphocytes,
and fibroblasts in lung cancer’. Tumor-associated
macrophages have been shown to exhibit similar
induction of CD54 expression, which has been linked
to macrophage polarization®®. A crucial role for CD54
in carcinogenesis is indicated by the elevation of the
expression of this receptor by tumor resident and
infiltrating cells at both the main and secondary
sites'’; however, the modulatory effect of CD54
expression on various AMs under tumorigenic
conditions has not been studied.

In the present study, we investigated how CD54
expression varies among different kinds of alveolar
macrophages. We also investigated cell death, cell
cycle inhibition, and the expression of proapoptotic,
antiapoptotic, proinflammatory, and anti-inflammatory
genes in response to BaP-induced lung cancer.

Materials and Methods

Animals

Swiss male mice (10-12 weeks old, 30-35 g body
weight) were utilized in all the experiments. All the
experiments followed the guidelines provided by
the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA).
The Gurukula Kangri Institutional Animal Ethics

Committee approved the study. (IAEC Code:
GKV/AHF/14/2020).
Chemicals and antibodies

FITC-conjugated anti-mouse CD11b, APC-

conjugated anti-mouse F4/80, APC-conjugated rat
IgG2bk, FITC-conjugated rat IgG2bx, and 7-
aminoactinomycin D (7-AAD) were obtained from
BioLegend (San Diego, CA, USA). Purified rat anti-
mouse CD16/CD32 and hamster anti-mouse CD54
antibodies were purchased from BD Biosciences (San
Diego, CA, USA). Primescript™ First Strand cDNA
Synthesis Kit, TB Green Premix Ex Tag, and PCR

Master Mix were obtained from Takara (Kyoto,
Japan). BaP, propidium iodide (PI), RPMI, HEPES,
and TRI reagents were obtained from Sigma—Aldrich
(India). Fetal bovine serum (FBS) was obtained from
Himedia (South Logan, UT). Primer synthesis was
carried out by Eurofins. The sequences of the primers
used are provided in (Suppl. Table 1).

Development of a mouse model of lung cancer by BaP
administration

A mouse model of lung cancer was generated as
previously described®?. Briefly, mice were given
BaP suspended in corn oil (50 mg/kg body weight,
twice a week for four weeks) via oral gavage; the
control group received vehicle alone'® %, After
4 months, the mice were dissected, and the lungs were
excised and cleared. The tissues were crushed using a
plunger, and single-cell suspensions of the lungs
were suspended in RPMI medium supplemented with
10% FBS?™.

Flow cytometry
CD54 expression analysis on alveolar macrophages

To evaluate the different types of alveolar
macrophages (AMs), single-cell suspensions were
blocked with an anti-CD16/32 antibody for 10 min.
The cells were stained with an anti-mouse
CD11bFITC antibody, F4/80 panmacrophage marker,
and anti-mouse CD54PE antibody for 20 min at 4°C
and analyzed on a flow cytometer” . CD54
expression was analyzed in CD11b/F4/80-gated
cells®,

Apoptosis and cell cycle analysis

Apoptosis was analyzed by staining the cells with
7-aminoactinomycin-D (0.5 pg/mL), and cell
mortality was measured by flow cytometric analysis®.
For cell cycle analysis, alveolar single-cell suspensions
were stained with Pl and analyzed via flow cytometry.
The PI staining patterns were further analyzed to
determine the percentages of cells in the G1/GO, S,
and G2M phases®®?®. Flow cytometric experiments
were carried out on a BD FACS Verse flow
cytometer, and the results were analyzed using
Facsuite software. A minimum of 10000 events were
enumerated on a flow cytometer.

Reverse transcription and quantitative real-time RT-PCR
RNA isolation and cDNA synthesis

Total RNA was isolated from 1x10° pulmonary
cells by using TRIzol reagent (Sigma). The RNA
pellet was cleaned twice with 75% ethanol, air-dried
and suspended in nuclease-free water. The purity of
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the isolated RNA was assessed by measuring the
absorbance at 260/280 and 260/230 nm wavelengths
with a NanoDrop spectrophotometer. The RNA
integrity was examined by running 5ug of RNA on a
1.2% formaldehyde agarose gel, and 1 pg of RNA
was utilized to synthesize cDNA® %,

Gene expression analysis using qPCR

cDNA amplification was performed via RT—-qPCR.
The expression of antiapoptotic (Bax, BCL2, Cyt C,
and Caspase 3) and anti-inflammatory (IFN-y, TNF-a,
TGF-p IL-6 and 1L10) genes was analyzed in the
present study. mRNA levels were quantified by
quantitative PCR (RT—qPCR) using Applied
Biosystems QuantStudio3 and SYBR Green®.
Samples were analyzed in triplicate and normalized to
18S rRNA expression using the 274" method™®.

Statistical analysis

SigmaPlot software was used for statistical analysis.
The mean * standard error of the mean (SEM) was
calculated for all the data. The significance of
differences between the control and BaP-treated groups
was measured by Student’s t test. A p value less than
0.05 was considered to indicate statistical significance.
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Results

BaP-induced tumors altered CD54 expression on alveolar
macrophages

Various macrophages in the lungs were classified
based on the intensity profile of CD11b/F4/
80 panmacrophage staining®. Three types of
macrophages, i.e., alveolar macrophages 1 (CD11b",
AML1), interstitial macrophages (IM) (CD11b*F4/80"
IM), and alveolar macrophages 2 (F4/80" AM2), were
identified based on the expression of these receptors
(Suppl. Fig. 1). The expression levels of CD54 were
examined in CD11b/F4/80-gated cells. The mean
fluorescence intensities (MFIs) of CD54 expression in
CD11b*, CD11b*/F4/80%, and F4/80" macrophages
were 36826, 55078, and 68864, respectively
(Fig. 1 Panels a, c, and e), respectively, and
decreased to 24838, 48461, and 66378 after BaP
treatment
(Fig. 1 Panels b, d, and f). The cumulative data
suggest that the MFI of CD54 was reduced by
19% in CD11b" AM, 34% in CD11b"/F4/80", and
27% in F4/80" AM after induction of tumors in the
lungs. These results confirmed the downregulation of
CD54 expression in BaP-treated lungs.

+BaP

= Control —+BaP

Fig. 1 — BaP treatment reduced CD54 expression in alveolar macrophages. Single-cell suspensions from control and BaP-treated mice
were stained with anti-mouse CD11b, F4/80 and CD54 monoclonal antibodies, followed by flow cytometry analysis. CD54 expression on
various macrophages was analyzed via Cd11b/F4/80 staining. Histograms in panels a, c, e and b, d, f show the CD54 expression on
various macrophages in control and BaP-treated mice, respectively. Panels g, h and i show the cumulative changes in the MFI of CD54
expression on various alveolar macrophages. The data are presented as the means + SEMs; n=6 in both groups.*P<0.05 Student’s ttest.
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BaP treatment induces mortality inside the lungs

The alterations observed in AMs may result in
altered mortality inside the lungs. Cellular mortality
was analyzed by staining the cells with 7-AAD,
which is an intercalator of double-stranded DNA®.
A representative histogram suggested that the
proportion of dead cells increased from 14.15% to
22.29% in BaP-treated lungs (Fig. 2A & B). The
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cumulative data suggested a significant increase in the
number of dead cells (17% greater) in the BaP-treated
mice (Fig. 2C).

BaP treatment inhibited cell cycle progression inside the lungs

Cell cycle analysis was performed by staining with
Pl dye. The representative images in Figure 3 show
the proliferative activities of cells in the lungs of
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Fig. 2 — BaP administration enhanced mortality inside the lungs. For analysis of dead cells, single-cell suspensions from Bap-induced
tumorigenic lungs were stained with 7-AAD dye and subjected to flow cytometric analysis. Histograms in panelsa and b represent the
proportions of 7-AAD* cells among the control and treated cells, respectively. The cumulative changes are depicted in bar graph c.
The data are presented as the mean + SEM; n=6 in each group. ***P<0.0005, Student’s ttest.
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Fig. 3 — BaP administration inhibited the cell cycle progression of pulmonary cells. For cell cycle analysis, cells were stained with Pl
and analyzed via flow cytometry. The representative histograms in panels a and b show the percentages of cells in different phases of the
cell cycle. Panel ¢ shows the cumulative changes in the cell cycle patterns. The data are presented as the means = SEMSs; n=6 in each

group. *P<0.05, **P<0.005, Student’s t test



CHAUHAN et al.: BENZO(a)PYRENE-MEDIATED IMMUNOSUPPRESSION IN THE LUNGS

control and BaP-treated mice. The percentages of G1-
and S-phase cells were 46.69 + 6.04 and 18.50 + 1.69,
respectively, in the lungs of control mice (Fig. 3).
BaP-induced tumors cause the Gl to S phase
transition, as the number of cells in the G1 phase
decreased to 30.79 + 3.20 but increased to 30.46 *
1.21 in S phase (Fig. 3C). The cells in the G2M phase,
on the other hand, were nearly similar to the control
cells. These results clearly suggest that BaP-induced
tumors alter the proliferative activities of alveolar
cells.

Changes in the relative expression of antiapoptotic and
inflammatory genes

In the lungs of tumor-bearing mice, the expression
of proapoptotic (BAX and Caspase 3) and
antiapoptotic (Bcl-2 and Cytochrome C, Caspase 3)
genes as well as anti-inflammatory (I1L6, 1L10, IFN-y,
TNF-a, and TGF-B) genes was examined. The
expression of proapoptotic and antiapoptotic genes
was significantly reduced under BaP-induced tumor
conditions. The relative expression levels of BAX
(0.24 + 0.22), BCL2 (0.02 + 0.01), and Caspase 3
(0.24 £ 0.22) in the lungs were significantly decreased
(Fig. 4A-D). Cytochrome C levels decreased to a
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inflammatory gene IL6 and 1L10 were 3.5 and 5 folds
greater in the lungs of tumor-bearing mice than in
those of control mice (Fig. 4E & F). The expression
levels of IFN-y (15.22 £+ 4.99) and TNF-a (11.61 +
2.54) were significantly increased in the tumorigenic
mice after BaP administration, while the expression
level of TGF-B (0.21 + 0.19) decreased significantly.

Discussion

Lung cancer accounts for approximately 20% of all
cancers. It is the most lethal type of cancer, with
18.4% mortality in both men and women, and its
incidence is increasing by 0.5% per year. Polycyclic
aromatic hydrocarbons are the major constituents of
tobacco smoke and cause 90% of lung
carcinogenesis®® *. In this study, we investigated the
effects of BaP-induced tumors on CD54 receptor
expression in alveolar macrophages and inflammatory
responses inside the lungs.

AMs provoke an immune response and inhibit
tumor progression. We studied the surface expression
of CD54 on different macrophages. CD54 is a
transmembrane intercellular adhesion molecule
expressed on epithelial, macrophage, dendritic, and
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Fig. 4 — Changes in apoptotic and anti-inflammatory gene expression in alveolar cells following tumor induction. RNA was isolated
from pulmonary cells by using TRIzol (TRI) reagent. First-strand cDNA was prepared by utilizing the First Strand cDNA Synthesis Kit
and amplified by qRT-RTa. The RNA transcripts of different genes were measured by the SYBR Green method. The relative expression
levels of the apoptotic genes BAX, BCL2, Cyt C, and Caspase 3 are shown in panels a to d. The expression levels of the
anti-inflammatory genes IL6, IL10, IFN-y, TNF-o. and TGF-B are shown in panels e to i. The mRNA levels were normalized to

18S rRNA levels using the 2*“T method. The data are presented as the means *

*P<0.05, ***P<0.0005, Student’s t test.

SEMs of three independent experiments.
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progression and inflammatory responses by
interacting with the B2 integrins leucocyte function
antigen-1 (CD1la) and Mac-1 (CD11lb). CD54
expression contributes to pulmonary inflammation in
various treatments, such as radiation, autoimmune
disease, and toxic administration. It regulates
leucocyte trafficking and influences metastatic
behaviour by influencing macrophage and
granulocyte recruitment®,

Based on the surface expression data, three
different macrophages were recognized, i.e., AM1,
CD11b", interstitial macrophages (IM), CD11b*F4/
80" and alveolar macrophages 2 (AM2) F4/80°. We
observed decreased surface expression of the CD54
receptor on all the macrophage populations. The
decrease in CD54 expression was most pronounced in
the IM (34%), followed by the AM2 (27%) and AM1
(19%) populations. We speculate that the decreased
CD54 expression in the tumor microenvironment
could help with immune suppression and leucocyte
trafficking inside the lungs. Earlier, BaP exposure was
shown to cause acute inflammation, which reduces
proinflammatory cytokine production, and as a result,
ICAM-1 expression decreases in inflammatory
regions®. Pouniotis et al. (2005) reported a mean 34%
reduction in CD54 expression on alveolar
macrophages in cancer patients, which also correlates
well with our observations®.

The changes observed in the pulmonary immune
response could lead to cell death inside the lungs.
We estimated cell mortality by staining with 7-AAD
dye, which intercalates in DNA®. According to
our observations, tumor-bearing mice had a
considerable increase in the fraction of 7-AAD" cells.
We also studied cellular proliferation by PI staining.
Our results suggest that the number of cells in the
G1 phase decreased, while the number of cells in the
S phase increased. It seems that the G1-S phase
transition occurs in response to tumors. Conversely,
cells in the G2 phase were nearly identical to
control cells, indicating that the S-G2M transition was
inhibited in tumor-bearing mice. These observations
indicate that BaP-induced tumors promote cell death
and inhibit cell multiplication in pulmonary cells.

Furthermore, we investigated the mechanisms of
the inflammatory response and cellular mortality
inside the lungs. We analyzed the expression of
proapoptotic (BAX, Caspase 3), antiapoptotic (BCL2,
Cyt C), proinflammatory (IL6 and TNF-a) and anti-
inflammatory (IFN-y and TGF-R) cytokines. A

significant decrease in the expression of apoptotic
genes and an increase in the expression of anti-
inflammatory genes were observed. BAX and Bcl2
belong to the Bcl2 protein family, which maintains
mitochondrial integrity and inhibits apoptosis®. A
decrease in the expression of the BAX and Bcl2 genes
initiates the cell death process via an evolutionarily
conserved programmed cell death pathway. A
decrease in cytochrome C results in caspase-
independent apoptosis, which is an indicator of cell
death caused by an alternate mechanism, such as
necrosis®’. This finding indicates that BaP-induced
cell mortality is caused by extrinsic and intrinsic
mechanisms.

Alveolar cells release various cytokines, such as
IL6, IFN-y, TNF-a, and TGF-B, under tumorigenic
conditions. 1L-6 and IL-10 upregulation is associated
with a prominent immune response and is also related
to progression and apoptosis inside the lungs of
tumor-bearing mice*". Moreover, TNF-a exhibits a
strong antitumor effect in multiple animal cancer
models. This cytokine binds nonselectively to tumor
cells, endothelial cells, normal cells, and blood
vessels, causing nonspecific harm to different cell
types. IFN-y overexpression directly inhibits the
development of cancer cells by causing tumor cell
growth arrest and apoptosis®.  Additionally,
downregulation of TGF-f induces cell apoptosis in a
JNK-dependent manner in lung cancer cells®. It is
possible that TGF-B-induced arrest of cells in the G1
phase further leads to apoptosis** *.

Conclusion

BaP exposure causes the development of lung
tumors. The tumor microenvironment causes
alterations in the diversity of AMs, which leads to
immunosuppression inside the lungs. Cellular
mortality, cell cycle inhibition and decreased CD54
expression were observed in the lungs of tumor-
bearing mice. Moreover, anti-inflammatory gene
expression was increased, but the expression of
proapoptotic and antiapoptotic genes was reduced.
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