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Abstract

Superoxide radicals and other reactive oxygen species (ROS) are implicated in influenza A

virus-induced inflammation. In this in vitro study, we evaluated the effects of TG6-44, a

novel quinazolin-derived myeloperoxidase-specific ROS inhibitor, on influenza A virus (A/

X31) infection using THP-1 lung monocytic cells and freshly isolated peripheral blood mono-

nuclear cells (PBMC). TG6-44 significantly decreased A/X31-induced ROS and virus-

induced inflammatory mediators in THP-1 cells (IL-6, IFN-γ, MCP-1, TNF-α, MIP-1β) and in

human PBMC (IL-6, IL-8, TNF-α, MCP-1). Interestingly, TG6-44-treated THP-1 cells

showed a decrease in percent cells expressing viral nucleoprotein, as well as a delay in

translocation of viral nucleoprotein into the nucleus. Furthermore, in influenza A virus-

infected cells, TG6-44 treatment led to suppression of virus-induced cell death as evidenced

by decreased caspase-3 activation, decreased proportion of Annexin V+PI+ cells, and

increased Bcl-2 phosphorylation. Taken together, our results demonstrate the anti-inflam-

matory and anti-infective effects of TG6-44.

Introduction

Several cellular enzymes including NADPH oxidase (Nox), nitric oxide synthase (NOS), cyto-

chrome P450 reductase, myeloperoxidase (MPO), and xanthine oxidase are involved in gener-

ation of superoxide radicals in different cell types [1, 2]. Earlier studies identified reactive

oxygen species (ROS)-generating enzymes in several cell types of the human airway as a critical

component of local host defense [1, 3]. ROS produced by Nox enzymes can lead to increased

phosphorylation of NF-κB [4] and can induce expression of pro-inflammatory mediators such

as TNF-α, MCP-1 [5, 6], and IL-6 [7]. Moreover, ROS, when produced in excess by leukocytes,

can exert cytotoxicity and lead to increased tissue damage, especially in the lung tissue [8–10].
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Several studies have examined the role of ROS and ROS-generating enzymes in influenza A

virus infection. Oda et al. showed increased superoxide anion (O2
-) production by alveolar

phagocytic cells obtained from influenza A virus (H2N2)-infected mice [11]. Imai et al. estab-

lished an increase in ROS levels in human peripheral blood mononuclear cells (PBMC) treated

with inactivated H1N1 and H5N1 influenza A virus subtypes [9]. In addition, other studies

addressing the role of ROS generating enzymes on disease severity caused by influenza A virus

found increased ROS levels in response to infection [8, 12, 13]. Furthermore, in mouse model

of influenza infection, studies focused on suppression of ROS using ROS scavenger com-

pounds showed improvement in influenza A virus-induced disease severity [8, 11, 12, 14–16].

In these studies, different types of ROS-inhibitors such as pyran-polymer conjugated super

oxide dismutase (SOD), NG-monomethyl-l-arginine, ebselen, apocyanin, Glycyrrhizin, and

recombinant human catalase were evaluated.

Quinazolin derivatives, a class of N-containing heterocyclic compounds, have shown an

array of biopharmaceutical activities including anti-oxidant [17], anti-inflammatory [18], anti-

tumor [19, 20], and anti-bacterial [21, 22] properties, in a variety of experimental models. In

the present study, we anticipated that these anti-oxidant and anti-inflammatory characteristics

would be demonstrated by TG6-44, a thioxo-dihydroquinazolin-one derivative [23], in a

model of influenza infection. Notably, in our earlier studies, TG6-44 (Compound 1c) was

shown to inhibit MPO-specific ROS generation (85% inhibition with an IC50 of 0.8 ± 0.1 μM)

in a neutrophil membrane cell-free system in a NADPH-dependent L-012 chemiluminescence

assay [23].

In the current study, we evaluated TG6-44 for ROS inhibition in an in vitro model of influ-

enza A virus infection. We observed increased ROS levels in lung monocytic cells (THP-1)

infected with influenza A (A/X31) virus accompanied by an increase in inflammatory media-

tors and virus-induced cell death, all of which were suppressed by treatment with TG6-44.

Many of these effects were also observed in freshly isolated PBMC. These results demonstrate

that TG6-44 has anti-inflammatory activity in influenza-virus infected cells in vitro, suggesting

that this compound, or similar quinazoline derivatives, may prove beneficial as adjunct thera-

peutics during influenza A virus infection.

Materials and methods

Cell culture

THP-1 (human monocytic leukemia cell line; ATCC-TIB202) cells were maintained in RPMI

1640 (Invitrogen). Madin-Darby canine kidney (MDCK, ATCC-CRL2936) cell line was main-

tained in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented with 10%

fetal bovine serum (FBS), 100U/mL penicillin, 100μg/mL streptomycin, and 2mM L-gluta-

mine. Whole blood was collected from healthy volunteers by obtaining written and informed

consent under a protocol (CDC-IRB #1652) approved by the CDC’s Institutional Review

Board, and PBMC were isolated by centrifugation through Ficoll-Hypaque solution.

Virus infection and TG6-44 treatment

THP-1 cells (2x106) were re-suspended in 200μL virus infection media (cell culture media sup-

plemented with 0.3% BSA). Cells were either mock infected with PBS or infected with A/X31,

a commonly used H3N2 subtype of influenza A virus [24], at multiplicity of infection (MOI)

of 0.1 or 1.0, for 1 h at 37˚C. A/X31 stock was generated as described earlier [25] by harvesting

allantoic fluid from 10-day-old, virus inoculated, embryonated eggs and determining virus

titer (pfu; plaque forming units) by standard plaque assay [26]. After adding virus, some sam-

ples were treated with TG6-44 (10 or 50 μM in 10μl), a quinazolin derivative (6-chloro-3-(3-
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(dimethylamino)propyl)-2-thioxo-2,3-dihydroquinazolin-4(1H)-one hydrochloride) identi-

fied, synthesized, and characterized as a MPO-specific ROS inhibitor (Compound 1c) at the

Department of Pathology, Emory University, through high-throughput screening (HTS)

approach [23], dissolved in vehicle of 35% polyethyl-glycol (PEG, Sigma), 10% ethanol

(Sigma) and 55% ultrapure water (Gibco). As discussed below, in some experiments, TG6-44

and A/X31 were either briefly incubated together (10 min, 37˚ C) prior to infection or TG6-44

treatment was delayed 2 h relative to A/X31. After 1 h incubation, cells were washed 3 times

and plated in 2 mL of media in a 6-well plate. In the case of 24 h treatments, TG6-44 treat-

ments were repeated every 8 hours.

Virus titer

Virus titer was determined using standard plaque assay [26]. Briefly, confluent monolayers of

MDCK cells in 6-well plates were washed with media (supplemented with 0.3% BSA) followed

by addition of serial 10-fold dilutions of virus-containing cell culture supernatants and incuba-

tion for 1 h at 37˚C. Next, cells were washed with virus infection media and overlayed with

1.0% agarose (Lonza) mixed 1:1 with 2X L15 medium (Lonza) containing 4mM 4-(2-hydro-

yethyl)1-piperazineethanesulfonic acid (HEPES), 2mM L-glutamine, 5μg/mL gentamycin, and

1.5mg/mL sodium bicarbonate. To the mix, 1μg/mL of N-P-tosyl-1-phenylalanine chloro-

methyl ketone (TPCK)-treated trypsin was added (Sigma). Plaques were counted after fixing

and staining the cell monolayer with 0.3% crystal violet solution (BD) after 72 h incubation.

Flow cytometry

Apoptosis was detected using Annexin V apoptosis detection kit FITC (e-Bioscience; catalog

number 88-8005-72) per manufacturer’s instructions. Briefly, after harvesting THP-1 and

PBMC at the indicated times, cells were centrifuged and washed once with cold PBS followed

by another wash with 1X cold Annexin V Binding Buffer. To the cells (106 cells/100μl), 5μL of

fluorochrome-conjugated Annexin V was added and incubated in the dark for 15 min. Cells

were washed once with 1X Annexin V Binding Buffer and re-suspended in 300μL of 1X

Annexin V Binding Buffer containing 5μL Propidium iodide (eBioscience). Percent apoptosis

in PBMC subsets (T cells, B cells, dendritic cells, and monocytes) was determined by staining

with antibodies (BD Bioscience) specific for immune cell surface markers: HLA-DR-allophy-

cocyanin-Cy7 (Catalog number 335796), CDllc-APC (Catalog number 340544), CD19-PerCP

(Catalog number 340421), CD14-Alexa Fluor 700 (Catalog number 557923), CD3-PE-Cy7

(Catalog number 563423). Samples were analyzed using an LSRII flow cytometer (BD

Bioscience).

PCR array

Total RNA was extracted from infected and control samples using TRIzol (Invitrogen) as

described by the manufacturer. Total RNA (200ng) was reverse transcribed by the addition of

5X reverse transcriptase buffer (Roche), oligo (dT) primer (Invitrogen), dNTP (Invitrogen),

random hexamers (Invitrogen), reverse transcriptase (Roche) and water to the RNA in a 20μL

volume reaction. Thermocycler conditions for cDNA synthesis were 48˚C for one hour and

85˚C for 10 minutes. Real-time PCR was carried out using SYBR Green PCR Master Mix

(Invitrogen) per manufacturer’s instructions. Twenty-five μL of the SYBR Green PCR Master

Mix/cDNA was added to each well of a 96-well PCR array plate (SABioscience, PAHS-012-A-

12, RT2 Profiler PCR Array Human Apoptosis). Thermocycler conditions were 1 cycle at 95˚C

for 10 min, 40 cycles at 95˚C for 30 sec and 60˚C for 1 min and 1 cycle at 95˚C for 1 min, 55˚C
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for 30 sec and 95˚C for 30 sec using Stratagene MX3005P thermocycler (Agilent

Technologies).

Real-time PCR

The amount of cDNA synthesized from 200 ng total RNA, using the protocol described above,

was used in the following reaction: 2X SYBR Green Reaction Mix (12.5 μL), SuperScript III

RT/Platinum Taq mix (1 μL) (Invitrogen), forward primer [1 μL (10 μM)], and reverse primer

[1 μL (10μM)] in a 25 μL reaction for IFN-β and β-actin. IFN-β forward- CAACTTGCTTGGAT
TCCTACAAAG; IFN-β reverse- TATTCAAGCCTCCCATTCAATTG; β-actin forward ACCAAC
TGGGACGACATG GAG AAA; β-actin reverse TAGCACAGCCTGGATAGCAACGTA. Cycle con-

ditions were: 1 cycle at 48˚C for 15 min, 1 cycle at 95˚C for 10 min, 40 cycles at 95˚C for 30

sec, 60˚C for 1 min, and 95˚C for 1 min, 1 cycle at 95˚C for 1 min, 55˚ for 30 sec, and 95˚C for

30 sec.

Confocal immunofluorescence

Following treatment, cells were pelleted, washed with cold PBS, fixed with 4% v/v paraformal-

dehyde in PBS, permeabilized with 0.1% Triton X-100 in PBS and blocked with 1% BSA and

5% normal goat serum in PBS. Cells were stained with mouse anti-Influenza A-virus-nucleo-

protein (1:2500) overnight, followed by goat anti-mouse Alexa Fluor Flour 488 (1:5000, Molec-

ular Probes) for 2h. Cells were mounted on slides with Prolong Antifade Mounting Media

(Molecular Probes) containing DAPI to visualize nuclei. Images were captured using a LSM

710 inverted confocal microscope (Zeiss, Oberkochen, Germany) equipped with a x100

numerical aperture oil immersion objective. Images were processed using identical parameters

and assembled into final figures using Abode Photoshop CS3 (Adobe Inc).

For calculating influenza nucleoprotein (NP)-positive cells, five independent 20x-image

fields from each condition were evaluated. The total numbers of NP-positive cells was divided

by the total numbers of DAPI-positive cells in each field to estimate the percent NP-positive

cells (n =>500). For calculating cells expressing NP in the nucleus or cytoplasm, NP-positive

cells (n = 50) were evaluated for nuclear or cytoplasmic expression of NP. Cells expressing NP

in the cytoplasm or nucleus was divided by the total NP-positive cells counted in each field to

estimate the percent expression in nucleus or in the cytoplasm.

Western blot

Cells washed with cold 1X PBS were lysed using 1X RIPA lysis buffer (Cell Signaling) contain-

ing a cocktail of protease inhibitors (Roche Diagnostics). Equal amounts of protein were

loaded on to a 4–12% Bis-Tris Criterion XT precast gel (Biorad). Primary antibodies for Bcl-2,

phosphorylated Bcl-2 (ser70) (Cell Signaling, Catalog number 2871), and Caspase3 (Cell Sig-

naling, Catalog number 9661S), were all used at a dilution of 1:1000. Anti-rabbit secondary

antibody (Cell Signaling, Catalog number 7074S) was used at 1:5000. Influenza A-virus- NP

antibody was used at a dilution of 1:5000 and β-actin (Sigma, Catalog number A2228) anti-

body was used at 1:10000. Antibody dilution buffer and blocking buffer was 5% BSA in 1X

PBS-0.1% Tween. Images were acquired with Kodak Image Station 400MM Pro (Molecular

Imaging Systems) using Pico luminescence HRP detection kit (Thermo Scientific).

ROS assay

Cells washed in room temperature HBSS with calcium and magnesium (Gibco) were added to

96-well plates at 2x104 cells/150μL and allowed to equilibrate for 20 min at 37˚C. After the
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incubation period, PMA (50μM), diphenyleneidonium chloride (DPI) (10μM) (Sigma), SOD

(5 Units) (MP Biomedicals), and/or TG6-44 (50 μM) were added to infected and control cells.

L-012 (Wako) was added at a concentration of 50μM followed by 0.3 units of horseradish per-

oxidase (Sigma). Plates were immediately read using a BioTek plate reader set for continuous

reading every minute for 80 min at 37˚C.

Bio-Plex

Following the manufacturer’s protocol, a customized panel of 8 inflammatory cytokines and

chemokines (IL-6, IL-8, INF-γ, IP-10, MCP-1, MIP-1β, RANTES and TNF-α) was measured

using a Bio-Plex suspension array system (Bio-Rad). Briefly, cell culture supernatants and

assay standards were added to a 96-well filter plate, followed by anti-cytokine-coupled beads,

biotinylated bead detection antibodies, and PE-conjugated streptavidin. The plate was read

using a Bio-Plex suspension array system and data were analyzed using Bio-Plex Manager 4.0

software (Bio-Rad) to calculate protein concentrations (pg/mL) based on standard curves.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software). A

Student’s t test was used to analyze differences in measures of ROS, inflammatory mediators,

virus titer, and cell death. The data are presented as mean ± SEM. All differences were consid-

ered statistically significant when the p-value was�0.05.

Results

TG6-44, a small molecule inhibitor of ROS, suppresses virus-induced ROS

in A/X31-infected THP-1 cells and PBMC

Previous demonstration of the impact of ROS inhibition on influenza infection [8, 11, 12, 14, 15]

prompted us to investigate the effects of TG6-44, a small molecule ROS inhibitor, on virus-

induced ROS. TG6-44 is a quinazolin derivative developed in our laboratory by a HTS approach

for small molecule inhibitors of ROS [23]. Previous studies demonstrated inhibition of MPO-

mediated ROS generation by TG6-44 (85% inhibition with an IC50 of 0.8 ± 0.1 μM) in a neutro-

phil membrane cell-free system in a NADPH-dependent L-012 chemiluminescence assay [23]. In

our current studies, in response to influenza A virus (A/X31) infection, THP-1 cells exhibited an

increase in ROS production as early as 3 h p.i. (Fig 1, left panel). This increase in ROS production

caused by influenza A virus infection has also been observed with a different subtype of influenza

A virus and cell type [9]. As a positive control, ROS production by THP-1 cells was markedly

stimulated by treatment with PMA, an activator of protein kinase C that phosphorylates and acti-

vates p47phox of Nox2 in neutrophils and monocytes [27, 28]. ROS level decreased significantly in

A/X31-infected cells treated with TG6-44 (50 μM). As expected, ROS levels decreased significantly

in infected cells treated with DPI, an inhibitor of flavoenzymes, or by SOD, an enzyme that cata-

lyzes O2
- into oxygen and hydrogen peroxide [29, 30]. Induction of ROS by virus infection, and

its reduction by TG6-44, as well as DPI and SOD treatments, was also apparent at 6 h (Fig 1, mid-

dle panel). Similarly, TG6-44 mediated suppression of virus-induced ROS was detectable at 6 h p.

i. in A/X31-infected human PBMC (Fig 1, right panel).

TG6-44 treatment decreases virus-induced inflammatory mediators in

influenza A virus-infected cells

Since ROS is expressed in THP-1 cells in response to influenza virus infection (Fig 1) and,

more importantly, is associated with enhanced inflammation and influenza A virus-induced
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disease severity [8, 11, 14], we examined the effects of TG6-44 on influenza A virus-induced

inflammatory mediators. A/X31-infected THP-1 cells were treated with two different concen-

trations of TG6-44 (10 or 50μM). The two concentrations used were non-toxic to THP-1 cells

as assessed by flow cytometry (S1 Fig). Untreated cells and cells treated with vehicle were used

as controls. TG6-44 was added to the cell cultures and replenished every 8 hours until 24 hours

p.i. Cell culture supernatants harvested at 6, 12, and 24 h p.i. were assayed for virus-induced

inflammatory mediators. As shown in Fig 2, by 6 h p.i. (Fig 2A), A/X31-infected THP-1 cells

treated with 10 μM TG6-44 showed a significant reduction in virus-induced IL-8 and TNF-α,

when compared to non-treated A/X31 infected cells. Interestingly, THP-1 cells treated with a

higher concentration of TG6-44 (50 μM) showed suppression of additional inflammatory

mediators (Fig 2A; IL-6, IP-10, MIP1-β, IFN-γ). The suppressive effect of 50 μM TG6-44 treat-

ment on virus-induced inflammatory mediators (IL-6, IL-8, IP-10, IFN-γ, MCP-1, and TNF-

α) was also apparent in supernatants harvested at 12 h p.i. (Fig 2B). By 24 h p.i, even though

suppressive effects of 50 μM TG6-44 were seen with some inflammatory mediators (IL-6,

MIP1-β, TNF-α, and RANTES), the levels of 3 inflammatory mediators (IP-10, MCP-1, and

IFNγ) were significantly increased (S2A Fig). Notably, neither of the 2 concentrations of TG6-

44 treatment had any influence on the basal levels of inflammatory mediators of uninfected

THP-1 cells (Figs 2A, 2B and S2A). Also, as shown in S2B Fig, when PBMC were used for this

experiment, treatment with TG6-44 at 50 μM led to a significant reduction in the levels of

inflammatory mediators IL-6, MCP-1, RANTES, and TNF-α by 12 h p.i.

TG6-44 treatment decreases X31-infectivity in THP-1 cells

Previous studies using ROS inhibitors to suppress influenza A virus-induced ROS in a mouse

model showed suppression of lung inflammation as well as virus titer in the lung tissue [12,

31]. Having found in this study that TG6-44 treatment suppressed influenza A virus-induced

ROS and inflammatory mediators in THP-1 cells and PBMC (Figs 1, 2 and S2), we next exam-

ined its effects on virus infectivity in THP-1 cells. As a measure of virus infectivity, we

Fig 1. TG6-44 treatment decreases A/X31-induced ROS in THP-1 cells. A/X31-infected and PMA (50 μM)-treated THP-1 cells and PBMC incubated with TG6-44

(50μM), DPI (10 μM), or SOD (5 Units) were analyzed at 3 h and 6 h post-treatment for ROS levels, as described in Materials and Methods. Data represent results from

one of three independent experiments. Values represent mean ± SEM.

https://doi.org/10.1371/journal.pone.0254632.g001
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determined the viral nucleoprotein (NP) positive cells by confocal microscopy in A/X31

infected THP-1 cells treated either with vehicle or TG6-44. We found that percent NP express-

ing cells by 4 h p.i were significantly reduced in TG6-44-treated cells (Fig 3A, left panel and

Fig 3B). However, by 18 h p.i, percent NP positive cells in the A/X31 infected cells were com-

parable between vehicle treated and TG6-44 treated cell cultures (Fig 3A, right panel and Fig

3B, left panel). Next, we determined the localization of NP at 4 h and 18 h p.i. At 4 h p.i, as

shown previously by Neumann et al. [32], NP was seen predominantly in the nucleus of

A/X31-infected cells (Fig 3A, left panel). Addition of vehicle to the cells did not alter localiza-

tion of NP in A/X31-infected cells. However, NP expression was restricted primarily to cyto-

plasm of A/X31-infected cells in the TG6-44-treated THP-1 cells (Fig 3A, lower panel and Fig

3C). At 18 h p.i, while majority of NP expression in A/X31 and vehicle-treated cells was re-

localized to cytoplasm as expected [32], TG6-44 treated cells showed significantly higher per-

cent cells with nuclear localization of NP (Fig 3A, right panel and Fig 3D). To determine the

amount of NP in the cells, we performed the kinetic analysis of NP expression at 6, 12, and 24

h p.i. by western blot assay and found that NP expression in A/X31-infected cell cultures

treated with TG6-44 (50 μM) at 6 and 12 h p.i. was relatively decreased when compared to A/

X31-infected cell cultures (Fig 4A). However, as shown in Fig 4B, virus titer analysis in super-

natants collected at 24 h p.i. from cell cultures treated with TG6-44 failed to show any signifi-

cant difference in virus titer when compared with vehicle control. Moreover, the decrease in

NP expression and lack of changes in virus titer were also evident when A/X31 and TG6-44

Fig 2. TG6-44 treatment leads to suppression of A/X31-induced inflammatory mediators in THP-1 cells. Cell culture supernatants from A/X31-infected THP-1

cells treated with either vehicle and/or TG6-44 were harvested at 6 h (A) and 12 h (B) p.i. and assayed for inflammatory mediators by Bio-Plex assay, as described in

Materials and Methods. Data represent results from four independent experiments. Values represent mean ± SEM.

https://doi.org/10.1371/journal.pone.0254632.g002
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Fig 3. TG6-44 treatment leads to a decrease in NP-positive cells and altered expression patterns of NP in A/X31 infected THP-1 cells. (A) Confocal fluorescence

microscopy images evaluating localization patterns of NP are shown. Images were acquired from A/X31 infected THP-1 cells treated with vehicle and/or TG6-44

(50 μM) and harvested at 4 and 18 h p.i. Cell nuclei are shown as blue and NP as green. Scale bar corresponds to 10 μm. (B) Quantitative morphometric analysis

showing the proportions of NP-positive cells in A/X31-infected THP-1 cells in the presence of vehicle or TG6-44. Values are the means ± S.D. of five 20x-image fields

from one of two independent experiments. (C) Quantitative morphometric analysis showing the proportions of NP-positive cells expressing NP in the nucleus at 4 h p.

i. with A/X-31, in the presence of TG6-44 and/or vehicle. Results are expressed as means ± S.D. (D) Quantitative morphometric analysis showing the proportions of

NP-positive cells expressing NP in the cytoplasm at 18 h p.i. with A/X31 in the presence of TG6-44 and/or vehicle. Results are expressed as means ± S.D.

https://doi.org/10.1371/journal.pone.0254632.g003
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were subjected to pre-incubation for 10 minutes prior to infecting THP-1 cells (Fig 4C). Like-

wise, reduction in NP expression was seen when TG6-44 treatment was delayed by 2 h after

infection (Fig 4C). However, the consequent virus titer by 24 h p.i did not change significantly

with either pre-incubation of TG6-44 with A/X31 or with the delayed treatment regimen (Fig

4D). Besides, analysis of IFN-β, an early anti-viral cytokine, in the virus infected cells failed to

show any significant changes in IFN-β mRNA (Fig 5A) as well as protein (Fig 5B) at 6 and 12 h

time points. However, at 24 h p.i., both IFN-β mRNA and protein levels in the TG6-44 treated

cells were significantly reduced when compared to vehicle control (Fig 5A and 5B).

TG6-44 treatment decreases virus-induced cell death in influenza A virus-

infected cells

Marked suppression of A/X31-induced inflammatory mediators at early points (6 h and 12 h

p.i) by treatment with TG6-44 raises the possibility that TG6-44 induces cell toxicity and

increases cell death, especially in cultures treated with higher concentration of TG6-44

(50 μM). To address this, we determined percent cell death in A/X31-infected and/or TG6-

44-treated THP-1 cell cultures by staining cells for an early (Annexin V) and a late (PI) marker

of apoptosis. As shown in Fig 6A and 6B, when compared with vehicle treatment, cells infected

with A/X31 demonstrated a significantly increased frequency of cell death by 12 h p.i.; by 24 h

p.i., a higher percentage of cells. However, addition of TG6-44 at either 10 or 50 μM led to a

Fig 4. TG6-44 treatment changes kinetics of virus infectivity in THP-1 cells. (A) and (C); Cell lysates prepared from A/X31-infected cells treated with either

vehicle or TG6-44 (50 μM) were analyzed for NP protein expression and β-actin, by western blot assay, at 6, 12, and 24 h p.i., as described in Materials and

Methods. Data represent results from one of three independent experiments. (B) and (D); Cell culture supernatants from A/X31-infected cells treated with

vehicle and/or TG6-44 (10 or 50 μm) were analyzed for virus titer at 24 h p.i by plaque assay, as described in Materials and Methods. Values in panel (B) and

(D) represent mean ± SEM from three independent experiments.

https://doi.org/10.1371/journal.pone.0254632.g004
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significant decrease in cell death both at 12 h and 24 h p.i. (Fig 6A and 6B). As shown in Figs

6B and S1, the percentages of cell death for both concentrations of TG6-44 in 12 h and 24 h

cell cultures in the absence of A/X31 infection was comparable to uninfected controls with or

without vehicle. When PBMC were used for A/X31 infection, TG6-44 treatment (50 μM) led a

moderate decrease in the percent cells that died (percentage of Annexin V+ PI+ cells) when

compared to A/X31-infected cultures by 24 h p.i. (S3A Fig). Interestingly, detailed analysis of

the PBMC subsets within the TG6-44 treated PBMC population revealed that the monocyte

population (HLA-DR+, CD14+), a key cell type previously shown to be susceptible for influ-

enza A virus infection [33, 34], showed the greatest rescue from virus-induced cell death (a

decrease in percentage of Annexin V+ PI+ cells) (S3B Fig).

TG6-44-induced decrease in cell death in A/X31-infected THP-1 cells is

accompanied by modifications in pro-and anti-apoptotic molecules

TG6-44 treatment of A/X31-infected cells (THP-1 and PBMC) resulted in marked suppression

of virus-induced inflammatory mediators and a significant decrease in virus-induced cell

death (Figs 2, 6, S2 and S3). Previous studies of influenza A virus infection and virus-induced

cell death have demonstrated increase of pro-apoptotic as well as a reduction of anti-apoptotic

molecules in several cell types [35–38]. To determine whether the decrease in virus-induced

cell death in cultures treated with TG6-44 was associated with modifications in anti-apoptotic

and pro-apoptotic molecules, we performed a gene profiling assay (PCR array) using naïve

Fig 5. TG6-44 treatment decreases IFN-β levels in A/X31-infected THP-1 cells. Cell cultures from untreated, mock-treated, and/or TG6-44-treated

A/X31-infected THP-1 cells were analyzed for IFN-β mRNA in cell lysates (A) and IFN-β protein in cell culture supernatants (B) at 6, 12, and 24 h p.i., as

described in Materials and Methods. A represents results from three independent experiments. B represents results from one of three independent

experiments. Values represent mean ± SEM.

https://doi.org/10.1371/journal.pone.0254632.g005
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THP-1 cells, THP-1 cells infected with A/X31, and A/X31-infected THP-1 cells treated with

50 μM TG6-44 at 12h p.i. We compared the fold induction of key anti-apoptotic (BCL2,

BCL2L10, BIRC2, MCL-1, and XIAP) [39–41] and pro-apoptotic (CASP10, CASP3, and

CASP5) [42] molecules in A/X31-infected as well as TG6-44-treated conditions with levels

detected in naïve THP-1 cells. Consistent with the Annexin V/PI data (Fig 6A and 6B),

A/X31-infected cell cultures treated with TG6-44 (50 μM) contained higher mRNA levels of

anti-apoptotic and lower mRNA levels of pro-apoptotic molecules (S1 Table). Western blot

analysis for phopho-Bcl-2 and cleaved caspase-3, two well established indicators of cell survival

and cell death [36, 38], were used to confirm this finding. A/X31-infected cell cultures treated

with TG6-44 had higher levels of phospho-Bcl-2 compared to A/X31-infected cell cultures (Fig

6C, upper panel), particularly at 24 h p. i. Also, when compared to A/X31-infected cells, TG6-

44-treated cells infected with A/X31 demonstrated lower levels of cleaved caspase-3 both at 12

h and 24 h p.i. (Fig 6C, middle panel).

Discussion

Expression of ROS and ROS-generating enzymes in different cell types is associated with

boosting inflammation in tissues [5, 6]. Studies addressing the role of ROS in influenza A virus

infection have established a link between ROS-generating enzymes and severity of disease

caused by the virus [9, 12, 43]. In these studies, investigators used either mice deficient in

ROS-generating enzymes or treatment with ROS-inhibitors for suppressing virus-induced

ROS. In our study, we demonstrated that ROS levels are enhanced by influenza A virus

Fig 6. TG6-44 treatment leads to decrease in A/X31-induced cell death in THP-1 cells. A & B: A/X31-infected THP-1 cells treated with vehicle and/or TG6-

44 were analyzed for percent annexin V+ and PI+ cells at 6, 12, and 24 h p.i. Representative FACS plots (A) and accumulative data from three independent

experiments (B) are shown. Values in panel B represent percent mean ± SEM. C: Cell lysates from A/X31-infected THP-1 cells treated with vehicle and/or TG6-

44 (50 μM) were assayed for Bcl-2, phosho Bcl-2, caspase-3, cleaved caspase-3, and β-actin, by western blot assay, as described in Materials and Methods. Data

represent results from one of three independent experiments.

https://doi.org/10.1371/journal.pone.0254632.g006
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infection, and that TG6-44, a novel quinazolin-derived small molecule, suppresses virus-

induced ROS, inflammatory mediators, and virus infectivity in cell culture models of influenza

A virus infection. Moreover, TG6-44 markedly reduced virus-induced cell death in treated cell

cultures. Notably, TG6-44-mediated inhibition of virus-induced ROS, suppression of virus-

induced inflammatory mediators and virus induced cell death was seen with both THP-1 cells

as well as PBMC.

Previously, many studies have addressed the impact of ROS generation in different cell

types and, more importantly, the consequence of its inhibition on health and disease (reviewed

in [44, 45]). In the context of influenza A virus infection and ROS, Oda et al. showed that influ-

enza A virus (A/Kumamoto/Y5/67/H2N2)-infected mice treated with pyran polymer conju-

gated SOD (O2
- scavenger) demonstrated significantly higher survival and reduced pathology

in the lung tissue [11]. Vlahos et al. used apocyanin, a pharmacological agent that scavenges

ROS, to prevent Nox2 activity in influenza A virus-infected mice. In this study, apocynin treat-

ment, by virtue of its ability to prevent the association of p47phox with Nox2 subunit, led to a

reduction in airway cellularity, superoxide level, and lung viral titer [12]. Moreover, Yamatz

et al. used ebselen, a glutathione peroxidase (family of enzymes that catalyze the reduction of

H2O2 into water and oxygen) mimetic, and found that ebselen treatment of influenza A virus

(A/X-31/H3N2)-infected mice leads to reduction in lung mRNA levels of inflammatory medi-

ators and proteases without any significant effects on either virus titer or virus-induced mor-

bidity [8]. With reference to highly pathogenic influenza viruses and ROS, Perrone et al. used

a NOS inhibitor (NG-monomethyl-l-arginine) and observed a delay in A/H1N1/1918 virus-

induced morbidity and mortality [14]. Also, in an in vitro model of A/H5N1 influenza using

infection, glycyrrhizin treated A549 cells showed a decrease in virus-induced ROS, inflamma-

tory gene expression, as well as virus replication [15]. In the current experiments, we evaluated

a quinazolin derivative (TG6-44) [23] for ROS inhibition in an in vitro model of influenza A

virus infection. Based on our screening of TG6-44 for cytotoxicity on THP-1 cells (S1 Fig) and

earlier investigations, by other groups, on different ROS-inhibitors [46, 47], we used two dif-

ferent concentrations (10 and 50 μM) of TG6-44 for evaluating its effects on virus infectivity as

well as virus-induced inflammatory mediators and virus-induced cell death. We used SOD

and DPI treatment of cell cultures as positive controls for ROS inhibition and, as expected,

ROS levels decreased significantly in infected cells treated with DPI, an inhibitor of flavoen-

zymes, or by SOD, an enzyme that catalyzes O2
- into oxygen and hydrogen peroxide [29, 30].

Since SOD is a non-specific flavin-containing protein inhibitor, further studies using genetic

approaches and specific NOX inhibitors are needed to define the specific sources of ROS mod-

ulated by MPO.

Since monocytes differentiate to phagocytes [48, 49] and are permissive for productive

infection by influenza A virus, we chose to address expression levels and consequences of ROS

inhibition both in a monocytic cell line (THP-1) and PBMC. Reports from earlier work,

including our own, suggest that influenza infection of PBMC largely impacts the monocyte

subset leading to productive infection and secretion of inflammatory mediators [33, 34]. Our

current experiments demonstrate the anti-inflammatory effects of TG6-44 on host response to

influenza A virus infection. Interestingly, addition of TG6-44 to THP-1 cell culture also

resulted in decreased NP expression at early time points (Figs 3 and 4). To test whether the

decrease in NP expression by TG6-44 treatment was the result of direct interference with virus

infectivity by TG6-44, we pre-incubated TG6-44 with A/X31 prior to infection and then car-

ried out infection of THP-1 cells. Also, to minimize the possibility of direct interference of

TG6-44 on virus infection, we infected THP-1 cells with A/X31 and delayed TG6-44 treatment

by 2 h. In both cases (Fig 4C), we found decreased levels of NP expression up to 12 h post

infection. However, irrespective of the time point or sequence when TG6-44 was added to

PLOS ONE Myeloperoxidase and influenza A virus infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0254632 July 19, 2021 12 / 18

https://doi.org/10.1371/journal.pone.0254632


THP-1 cells, by 24 h p.i., there was no significant impact of TG6-44 treatment on virus titer.

Also, analysis of cell cultures for IFN-β, a key anti-viral cytokine, showed no differences at 6

and 12 h p.i. However, by 24 h p.i., the levels of IFN-β were reduced in A/X31-infected cell cul-

tures treated with TG6-44. Since NP expression was low irrespective of whether TG6-44 treat-

ment was done along with or after virus infection but yet there was no major effect on key

antiviral cytokine (IFN-β), it is possible that TG6-44 in some way interferes with virus entry

and may not cause any alteration in anti-viral state in the cells. Moreover, the negative impact

on IFN-β level by 24 h p.i. could be due to the suppressive effect of ROS inhibition on virus-

induced cytokines (Fig 2). Notably, in vivo studies using Nox2-deficient mice [12, 43] as well

as studies using pharmacological agents known to suppress ROS [12, 31] demonstrated reduc-

tion in lung virus titer. However, in the current study, TG6-44 mediated targeting of virus-

induced ROS and inflammatory mediators does not seem to negatively impact the virus infec-

tivity in in vitro model of influenza A virus infection.

Both influenza A virus infection as well as ROS production predisposes cells toward cell

death [33, 50]. We found that TG6-44 treatment led to a decrease in A/X31-induced cell death

in THP-1 cells and PBMC. Interestingly, monocytes, a key cell type previously shown to be

susceptible for influenza virus infection [34], were less susceptible to cell death in presence of

TG6-44. In fact, in response to TG6-44 treatment, the decrease in virus-induced cell death in

12 and 24 h cultures may have contributed toward the observed increase in IFN-γ, MCP-1,

and IP-10. Reduction in cell death may be attributed to decreased level of virus-induced ROS

in the presence of TG6-44 since higher levels of ROS are known to enhance cell apoptosis [50].

It is also possible that TG6-44 interferes with virus infectivity as suggested by our experiments

where NP expression was decreased irrespective of time and sequence when TG6-44 was

added. Consequently, the reduction in virus infectivity could have contributed towards

decrease in cell death. Yet another, although unlikely, possibility is that TG6-44 binds to virus

thereby decreasing infectivity at early time points.

The link between up-regulation of ROS and influenza A virus induced pathology [9, 43]

raises the possibility and potential for evaluation of specific inhibitors that can suppress lung

inflammation. However, experimental data in support of therapeutic role for ROS scavengers

and antioxidants in the context of influenza virus infection and lung inflammation are neces-

sary to support such a possibility. Further studies directly comparing the effects of TG6-44

treatment with ROS scavengers and antioxidants could support a therapeutic role for scaven-

gers on suppression of influenza virus-induced overt cellular responses. Studies addressing the

anti-tumor potency of quinazolin derivatives have established anti-proliferative and anti-

angiogenic properties by their ability to target epidermal growth factor receptor and platelet

derived growth factor receptor [17]. Our earlier studies with TG6-44 showed ROS inhibition

in MPO-specific manner [23] highlighting the possibility that modulation of MPO in cells

could alter the course of host response to influenza infection. In fact, Sugamata et al. estab-

lished a role for phagocyte-derived MPO in early phase of influenza infection in mice [51].

Notably, MPO is involved in multiple pathways in different cell types and its role is not limited

only to regulation of ROS production. For example, MPO treatment is shown to activate ERK/

Akt pathway, p38 MAPK activation and enhanced nuclear translocation of NF-κB [52, 53]. In

our studies, although treatment with TG6-44 was effective in suppressing virus infectivity and

virus-induced inflammation in our in vitro cell culture model, the specific signaling pathways

leading to ROS inhibition and other observed effects are not clear. While both validation of

TG6-44 treatment on MPO-mediated ROS inhibition as well its effect on the course of influ-

enza infection in an in vivo model remain as the immediate goal of our investigations, it is

however evident from our current findings that the strategy of MPO inhibition using quinazo-

lin derivatives such as TG6-44 may be helpful in diminishing immune mediated injury seen
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during influenza A virus infections. This may be particularly applicable to situations, including

that with highly pathogenic influenza virus infections such as avian H5N1, where antivirals are

effective in limiting the virus loads but immune injury caused by overt host response necessi-

tates adjunct therapeutic modalities. It remains to be seen whether the anti-infective and anti-

inflammatory properties of TG6-44 allow it to be used alone or in combination with currently

available antivirals to effectively suppress the disease severity caused by influenza A virus infec-

tion of varying subtypes in in vitro and in in vivo models.

Supporting information

S1 Fig. TG6-44 treatment does not enhance cytotoxicity in uninfected THP-1 cells.

Untreated, TG6-44-treated, or A/X31-infected THP-1 cells were analyzed for percent Annexin

V+ and PI+ cells at 6, 12, and 24 h p.i. Representative FACS plots from 6, 12, and 24 h p.i. are

shown. Values represent percent cells positive for Annexin V and/or PI. Data represent results

from one of three independent experiments.

(TIF)

S2 Fig. TG6-44 treatment leads to suppression of A/X31-induced inflammatory mediators.

Cell culture supernatants from A/X31-infected THP-1 cell (A) and PBMC (B) treated with

vehicle and/or TG6-44 were harvested and assayed for inflammatory mediators, by Bio-Plex

assay, as described in Materials and Methods. Data represent results from one of three inde-

pendent experiments. Values represent mean ± SEM.

(TIF)

S3 Fig. TG6-44 treatment leads to decrease in A/X31-induced cell death in PBMC.

A/X31-infected PBMC treated with vehicle and/or TG6-44 were analyzed for percent Annexin

V+ and PI+ cells at 12 h and 24 h p.i. Representative FACS plots for PBMC from a single donor

at 12 and 24 h p.i (A) and for monocyte population from two different donors at 24 h p.i. (B)

are shown. Data under 3A represents results from one of three independent experiments

(three donors). Values represent percent cells positive for Annexin V and/or PI.

(TIF)

S1 Table. Gene expression of key cell survival and cell death associated molecules in THP-

1 cells infected with A/X31. Cell lysates from A/X31-infected THP-1 cells treated with TG6-

44 were harvested at 12 h p.i. and analyzed for cell survival and cell death associated genes by

PCR array, as described under Materials and Methods. Values represent mRNA-fold change

over uninfected controls. Data represent results from one of three independent experiments.

(DOCX)

S1 Raw images.

(PDF)

Acknowledgments

Disclaimer

The findings and conclusions in this report are those of the authors and do not necessarily rep-

resent the official position of the Centers for Disease Control and Prevention/the Agency for

Toxic Substances and Disease Registry.

PLOS ONE Myeloperoxidase and influenza A virus infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0254632 July 19, 2021 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254632.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254632.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254632.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254632.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0254632.s005
https://doi.org/10.1371/journal.pone.0254632


Author Contributions

Conceptualization: Suryaprakash Sambhara, J. David Lambeth, Shivaprakash Gangappa.

Data curation: Suryaprakash Sambhara.

Formal analysis: Becky A. Diebold, Weiping Cao, Priya Ranjan, Susan M. E. Smith, Suryapra-

kash Sambhara.

Investigation: Juan A. De La Cruz, Thota Ganesh, Becky A. Diebold, Weiping Cao, Amelia

Hofstetter, Neetu Singh, Amrita Kumar, James McCoy, Priya Ranjan, Susan M. E. Smith.

Methodology: Juan A. De La Cruz, Thota Ganesh, Becky A. Diebold, Weiping Cao, Amelia

Hofstetter, Neetu Singh, Amrita Kumar, James McCoy, Priya Ranjan, Susan M. E. Smith.

Resources: Suryaprakash Sambhara.

Supervision: J. David Lambeth, Shivaprakash Gangappa.

Validation: Juan A. De La Cruz, Thota Ganesh.

Writing – original draft: J. David Lambeth, Shivaprakash Gangappa.

Writing – review & editing: J. David Lambeth, Shivaprakash Gangappa.

References
1. Vlahos R, Stambas J, Selemidis S. Suppressing production of reactive oxygen species (ROS) for influ-

enza A virus therapy. Trends Pharmacol Sci. 2012; 33(1):3–8. Epub 2011/10/04. https://doi.org/10.

1016/j.tips.2011.09.001 PMID: 21962460.

2. Droge W. Free radicals in the physiological control of cell function. Physiol Rev. 2002; 82(1):47–95.

Epub 2002/01/05. https://doi.org/10.1152/physrev.00018.2001 PMID: 11773609.

3. Rahman I, Biswas SK, Kode A. Oxidant and antioxidant balance in the airways and airway diseases.

Eur J Pharmacol. 2006; 533(1–3):222–39. Epub 2006/02/28. https://doi.org/10.1016/j.ejphar.2005.12.

087 PMID: 16500642.

4. Clark RA, Valente AJ. Nuclear factor kappa B activation by NADPH oxidases. Mech Ageing Dev. 2004;

125(10–11):799–810. Epub 2004/11/16. https://doi.org/10.1016/j.mad.2004.08.009 PMID: 15541774.

5. Qin L, Liu Y, Qian X, Hong JS, Block ML. Microglial NADPH oxidase mediates leucine enkephalin dopa-

minergic neuroprotection. Ann N Y Acad Sci. 2005; 1053:107–20. Epub 2005/09/24. https://doi.org/10.

1196/annals.1344.009 PMID: 16179514.

6. Lee JG, Lee SH, Park DW, Lee SH, Yoon HS, Chin BR, et al. Toll-like receptor 9-stimulated monocyte

chemoattractant protein-1 is mediated via JNK-cytosolic phospholipase A2-ROS signaling. Cell Signal.

2008; 20(1):105–11. Epub 2007/10/18. https://doi.org/10.1016/j.cellsig.2007.09.003 PMID: 17939949.

7. Li X, Fang P, Mai J, Choi ET, Wang H, Yang XF. Targeting mitochondrial reactive oxygen species as

novel therapy for inflammatory diseases and cancers. J Hematol Oncol. 2013; 6:19. Epub 2013/02/28.

https://doi.org/10.1186/1756-8722-6-19 PMID: 23442817; PubMed Central PMCID: PMC3599349.

8. Yatmaz S, Seow HJ, Gualano RC, Wong ZX, Stambas J, Selemidis S, et al. Glutathione peroxidase-1

reduces influenza A virus-induced lung inflammation. Am J Respir Cell Mol Biol. 2013; 48(1):17–26.

Epub 2012/09/25. https://doi.org/10.1165/rcmb.2011-0345OC PMID: 23002098.

9. Imai Y, Kuba K, Neely GG, Yaghubian-Malhami R, Perkmann T, van Loo G, et al. Identification of oxida-

tive stress and Toll-like receptor 4 signaling as a key pathway of acute lung injury. Cell. 2008; 133

(2):235–49. Epub 2008/04/22. https://doi.org/10.1016/j.cell.2008.02.043 PMID: 18423196; PubMed

Central PMCID: PMC7112336.

10. Peterhans E, Grob M, Burge T, Zanoni R. Virus-induced formation of reactive oxygen intermediates in

phagocytic cells. Free Radic Res Commun. 1987; 3(1–5):39–46. Epub 1987/01/01. https://doi.org/10.

3109/10715768709069768 PMID: 3508443.

11. Oda T, Akaike T, Hamamoto T, Suzuki F, Hirano T, Maeda H. Oxygen radicals in influenza-induced

pathogenesis and treatment with pyran polymer-conjugated SOD. Science. 1989; 244(4907):974–6.

Epub 1989/05/26. https://doi.org/10.1126/science.2543070 PMID: 2543070.

12. Vlahos R, Stambas J, Bozinovski S, Broughton BR, Drummond GR, Selemidis S. Inhibition of Nox2 oxi-

dase activity ameliorates influenza A virus-induced lung inflammation. PLoS Pathog. 2011; 7(2):

PLOS ONE Myeloperoxidase and influenza A virus infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0254632 July 19, 2021 15 / 18

https://doi.org/10.1016/j.tips.2011.09.001
https://doi.org/10.1016/j.tips.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21962460
https://doi.org/10.1152/physrev.00018.2001
http://www.ncbi.nlm.nih.gov/pubmed/11773609
https://doi.org/10.1016/j.ejphar.2005.12.087
https://doi.org/10.1016/j.ejphar.2005.12.087
http://www.ncbi.nlm.nih.gov/pubmed/16500642
https://doi.org/10.1016/j.mad.2004.08.009
http://www.ncbi.nlm.nih.gov/pubmed/15541774
https://doi.org/10.1196/annals.1344.009
https://doi.org/10.1196/annals.1344.009
http://www.ncbi.nlm.nih.gov/pubmed/16179514
https://doi.org/10.1016/j.cellsig.2007.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17939949
https://doi.org/10.1186/1756-8722-6-19
http://www.ncbi.nlm.nih.gov/pubmed/23442817
https://doi.org/10.1165/rcmb.2011-0345OC
http://www.ncbi.nlm.nih.gov/pubmed/23002098
https://doi.org/10.1016/j.cell.2008.02.043
http://www.ncbi.nlm.nih.gov/pubmed/18423196
https://doi.org/10.3109/10715768709069768
https://doi.org/10.3109/10715768709069768
http://www.ncbi.nlm.nih.gov/pubmed/3508443
https://doi.org/10.1126/science.2543070
http://www.ncbi.nlm.nih.gov/pubmed/2543070
https://doi.org/10.1371/journal.pone.0254632


e1001271. Epub 2011/02/10. https://doi.org/10.1371/journal.ppat.1001271 PMID: 21304882; PubMed

Central PMCID: PMC3033375.

13. Selemidis S, Seow HJ, Broughton BR, Vinh A, Bozinovski S, Sobey CG, et al. Nox1 oxidase suppresses

influenza a virus-induced lung inflammation and oxidative stress. PLoS One. 2013; 8(4):e60792. Epub

2013/04/12. https://doi.org/10.1371/journal.pone.0060792 PMID: 23577160; PubMed Central PMCID:

PMC3620107.

14. Perrone LA, Belser JA, Wadford DA, Katz JM, Tumpey TM. Inducible nitric oxide contributes to viral

pathogenesis following highly pathogenic influenza virus infection in mice. J Infect Dis. 2013; 207

(10):1576–84. Epub 2013/02/20. https://doi.org/10.1093/infdis/jit062 PMID: 23420903.

15. Michaelis M, Geiler J, Naczk P, Sithisarn P, Leutz A, Doerr HW, et al. Glycyrrhizin exerts antioxidative

effects in H5N1 influenza A virus-infected cells and inhibits virus replication and pro-inflammatory gene

expression. PLoS One. 2011; 6(5):e19705. Epub 2011/05/26. https://doi.org/10.1371/journal.pone.

0019705 PMID: 21611183; PubMed Central PMCID: PMC3096629.

16. Shi XL, Shi ZH, Huang H, Zhu HG, Zhou P, Ju D. Therapeutic effect of recombinant human catalase on

H1N1 influenza-induced pneumonia in mice. Inflammation. 2010; 33(3):166–72. Epub 2009/12/04.

https://doi.org/10.1007/s10753-009-9170-y PMID: 19957025.

17. Wang D, Gao F. Quinazoline derivatives: synthesis and bioactivities. Chem Cent J. 2013; 7(1):95. Epub

2013/06/05. https://doi.org/10.1186/1752-153X-7-95 PMID: 23731671; PubMed Central PMCID:

PMC3679743.

18. Alagarsamy V, Raja Solomon V, Dhanabal K. Synthesis and pharmacological evaluation of some 3-

phenyl-2-substituted-3H-quinazolin-4-one as analgesic, anti-inflammatory agents. Bioorg Med Chem.

2007; 15(1):235–41. Epub 2006/11/03. https://doi.org/10.1016/j.bmc.2006.09.065 PMID: 17079148.

19. Chandregowda V, Kush AK, Chandrasekara Reddy G. Synthesis and in vitro antitumor activities of

novel 4-anilinoquinazoline derivatives. Eur J Med Chem. 2009; 44(7):3046–55. Epub 2008/09/06.

https://doi.org/10.1016/j.ejmech.2008.07.023 PMID: 18771819.

20. Wakeling AE, Guy SP, Woodburn JR, Ashton SE, Curry BJ, Barker AJ, et al. ZD1839 (Iressa): an orally

active inhibitor of epidermal growth factor signaling with potential for cancer therapy. Cancer Res. 2002;

62(20):5749–54. Epub 2002/10/18. PMID: 12384534.

21. Rohini R, Muralidhar Reddy P, Shanker K, Hu A, Ravinder V. Antimicrobial study of newly synthesized

6-substituted indolo[1,2-c]quinazolines. Eur J Med Chem. 2010; 45(3):1200–5. Epub 2009/12/17.

https://doi.org/10.1016/j.ejmech.2009.11.038 PMID: 20005020.

22. Antipenko L, Karpenko A, Kovalenko S, Katsev A, Komarovska-Porokhnyavets E, Novikov V, et al. Syn-

thesis of new 2-thio-[1,2,4]triazolo[1,5-c]quinazoline derivatives and its antimicrobial activity. Chem

Pharm Bull (Tokyo). 2009; 57(6):580–5. Epub 2009/06/02. https://doi.org/10.1248/cpb.57.580 PMID:

19483337.

23. Li Y, Ganesh T, Diebold BA, Zhu Y, McCoy JW, Smith SM, et al. Thioxo-dihydroquinazolin-one Com-

pounds as Novel Inhibitors of Myeloperoxidase. ACS Med Chem Lett. 2015; 6(10):1047–52. Epub

2015/10/22. https://doi.org/10.1021/acsmedchemlett.5b00287 PMID: 26487910; PubMed Central

PMCID: PMC4601060.

24. Liang S, Mozdzanowska K, Palladino G, Gerhard W. Heterosubtypic immunity to influenza type A virus

in mice. Effector mechanisms and their longevity. J Immunol. 1994; 152(4):1653–61. Epub 1994/02/15.

PMID: 8120375.

25. Scherle PA, Palladino G, Gerhard W. Mice can recover from pulmonary influenza virus infection in the

absence of class I-restricted cytotoxic T cells. J Immunol. 1992; 148(1):212–7. Epub 1992/01/01. PMID:

1530795.

26. Huprikar J, Rabinowitz S. A simplified plaque assay for influenza viruses in Madin-Darby kidney

(MDCK) cells. J Virol Methods. 1980; 1(2):117–20. Epub 1980/01/01. https://doi.org/10.1016/0166-

0934(80)90020-8 PMID: 7228969.

27. Lee GH, Lee MH, Yoon YD, Kang JS, Pyo S, Moon EY. Protein kinase C stimulates human B cell acti-

vating factor gene expression through reactive oxygen species-dependent c-Fos in THP-1 pro-mono-

cytic cells. Cytokine. 2012; 59(1):115–23. Epub 2012/04/28. https://doi.org/10.1016/j.cyto.2012.03.017

PMID: 22537850.

28. Escobar-Alvarez E, Pelaez CA, Garcia LF, Rojas M. Human monocyte differentiation stage affects

response to arachidonic acid. Cell Immunol. 2010; 264(1):61–70. Epub 2010/06/12. https://doi.org/10.

1016/j.cellimm.2010.04.012 PMID: 20537616.

29. Wang X, Mandal AK, Saito H, Pulliam JF, Lee EY, Ke ZJ, et al. Arsenic and chromium in drinking water

promote tumorigenesis in a mouse colitis-associated colorectal cancer model and the potential mecha-

nism is ROS-mediated Wnt/beta-catenin signaling pathway. Toxicol Appl Pharmacol. 2012; 262(1):11–

21. Epub 2012/05/04. https://doi.org/10.1016/j.taap.2012.04.014 PMID: 22552367; PubMed Central

PMCID: PMC4429765.

PLOS ONE Myeloperoxidase and influenza A virus infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0254632 July 19, 2021 16 / 18

https://doi.org/10.1371/journal.ppat.1001271
http://www.ncbi.nlm.nih.gov/pubmed/21304882
https://doi.org/10.1371/journal.pone.0060792
http://www.ncbi.nlm.nih.gov/pubmed/23577160
https://doi.org/10.1093/infdis/jit062
http://www.ncbi.nlm.nih.gov/pubmed/23420903
https://doi.org/10.1371/journal.pone.0019705
https://doi.org/10.1371/journal.pone.0019705
http://www.ncbi.nlm.nih.gov/pubmed/21611183
https://doi.org/10.1007/s10753-009-9170-y
http://www.ncbi.nlm.nih.gov/pubmed/19957025
https://doi.org/10.1186/1752-153X-7-95
http://www.ncbi.nlm.nih.gov/pubmed/23731671
https://doi.org/10.1016/j.bmc.2006.09.065
http://www.ncbi.nlm.nih.gov/pubmed/17079148
https://doi.org/10.1016/j.ejmech.2008.07.023
http://www.ncbi.nlm.nih.gov/pubmed/18771819
http://www.ncbi.nlm.nih.gov/pubmed/12384534
https://doi.org/10.1016/j.ejmech.2009.11.038
http://www.ncbi.nlm.nih.gov/pubmed/20005020
https://doi.org/10.1248/cpb.57.580
http://www.ncbi.nlm.nih.gov/pubmed/19483337
https://doi.org/10.1021/acsmedchemlett.5b00287
http://www.ncbi.nlm.nih.gov/pubmed/26487910
http://www.ncbi.nlm.nih.gov/pubmed/8120375
http://www.ncbi.nlm.nih.gov/pubmed/1530795
https://doi.org/10.1016/0166-0934%2880%2990020-8
https://doi.org/10.1016/0166-0934%2880%2990020-8
http://www.ncbi.nlm.nih.gov/pubmed/7228969
https://doi.org/10.1016/j.cyto.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22537850
https://doi.org/10.1016/j.cellimm.2010.04.012
https://doi.org/10.1016/j.cellimm.2010.04.012
http://www.ncbi.nlm.nih.gov/pubmed/20537616
https://doi.org/10.1016/j.taap.2012.04.014
http://www.ncbi.nlm.nih.gov/pubmed/22552367
https://doi.org/10.1371/journal.pone.0254632


30. Zhai Z, Gomez-Mejiba SE, Gimenez MS, Deterding LJ, Tomer KB, Mason RP, et al. Free radical-oper-

ated proteotoxic stress in macrophages primed with lipopolysaccharide. Free Radic Biol Med. 2012; 53

(1):172–81. Epub 2012/05/15. https://doi.org/10.1016/j.freeradbiomed.2012.04.023 PMID: 22580125;

PubMed Central PMCID: PMC4078023.

31. Geiler J, Michaelis M, Naczk P, Leutz A, Langer K, Doerr HW, et al. N-acetyl-L-cysteine (NAC) inhibits

virus replication and expression of pro-inflammatory molecules in A549 cells infected with highly patho-

genic H5N1 influenza A virus. Biochem Pharmacol. 2010; 79(3):413–20. Epub 2009/09/08. https://doi.

org/10.1016/j.bcp.2009.08.025 PMID: 19732754.

32. Neumann G, Castrucci MR, Kawaoka Y. Nuclear import and export of influenza virus nucleoprotein. J

Virol. 1997; 71(12):9690–700. Epub 1997/11/26. https://doi.org/10.1128/JVI.71.12.9690-9700.1997

PMID: 9371635; PubMed Central PMCID: PMC230279.

33. Xie D, Bai H, Liu L, Xie X, Ayello J, Ma X, et al. Apoptosis of lymphocytes and monocytes infected with

influenza virus might be the mechanism of combating virus and causing secondary infection by influ-

enza. Int Immunol. 2009; 21(11):1251–62. Epub 2009/09/09. https://doi.org/10.1093/intimm/dxp087

PMID: 19736294.

34. Cao W, Taylor AK, Biber RE, Davis WG, Kim JH, Reber AJ, et al. Rapid differentiation of monocytes

into type I IFN-producing myeloid dendritic cells as an antiviral strategy against influenza virus infection.

J Immunol. 2012; 189(5):2257–65. Epub 2012/08/03. https://doi.org/10.4049/jimmunol.1200168 PMID:

22855715.

35. Zhang C, Yang Y, Zhou X, Yang Z, Liu X, Cao Z, et al. The NS1 protein of influenza A virus interacts

with heat shock protein Hsp90 in human alveolar basal epithelial cells: implication for virus-induced apo-

ptosis. Virol J. 2011; 8:181. Epub 2011/04/20. https://doi.org/10.1186/1743-422X-8-181 PMID:

21501532; PubMed Central PMCID: PMC3098181.

36. Yang N, Hong X, Yang P, Ju X, Wang Y, Tang J, et al. The 2009 pandemic A/Wenshan/01/2009 H1N1

induces apoptotic cell death in human airway epithelial cells. J Mol Cell Biol. 2011; 3(4):221–9. Epub

2011/08/06. https://doi.org/10.1093/jmcb/mjr017 PMID: 21816972.

37. Gaur P, Ranjan P, Sharma S, Patel JR, Bowzard JB, Rahman SK, et al. Influenza A virus neuramini-

dase protein enhances cell survival through interaction with carcinoembryonic antigen-related cell adhe-

sion molecule 6 (CEACAM6) protein. J Biol Chem. 2012; 287(18):15109–17. Epub 2012/03/08. https://

doi.org/10.1074/jbc.M111.328070 PMID: 22396546; PubMed Central PMCID: PMC3340274.

38. Nencioni L, De Chiara G, Sgarbanti R, Amatore D, Aquilano K, Marcocci ME, et al. Bcl-2 expression

and p38MAPK activity in cells infected with influenza A virus: impact on virally induced apoptosis and

viral replication. J Biol Chem. 2009; 284(23):16004–15. Epub 2009/04/02. https://doi.org/10.1074/jbc.

M900146200 PMID: 19336399; PubMed Central PMCID: PMC2708894.

39. Meng N, Wu L, Gao J, Zhao J, Su L, Su H, et al. Lipopolysaccharide induces autophagy through BIRC2

in human umbilical vein endothelial cells. J Cell Physiol. 2010; 225(1):174–9. Epub 2010/05/12. https://

doi.org/10.1002/jcp.22210 PMID: 20458734.

40. Mandel I, Paperna T, Miller A. Aberrant expression of the apoptosis-related proteins BAK and MCL1 in

T cells in multiple sclerosis. J Neuroimmunol. 2012; 244(1–2):51–6. Epub 2012/01/20. https://doi.org/

10.1016/j.jneuroim.2011.12.026 PMID: 22257632.

41. Hatton O, Phillips LK, Vaysberg M, Hurwich J, Krams SM, Martinez OM. Syk activation of phosphatidyli-

nositol 3-kinase/Akt prevents HtrA2-dependent loss of X-linked inhibitor of apoptosis protein (XIAP) to

promote survival of Epstein-Barr virus+ (EBV+) B cell lymphomas. J Biol Chem. 2011; 286(43):37368–

78. Epub 2011/09/13. https://doi.org/10.1074/jbc.M111.255125 PMID: 21908615; PubMed Central

PMCID: PMC3199484.

42. Mouratidis PX, Colston KW, Dalgleish AG. Doxycycline induces caspase-dependent apoptosis in

human pancreatic cancer cells. Int J Cancer. 2007; 120(4):743–52. Epub 2006/11/30. https://doi.org/

10.1002/ijc.22303 PMID: 17131308.

43. Snelgrove RJ, Edwards L, Rae AJ, Hussell T. An absence of reactive oxygen species improves the res-

olution of lung influenza infection. Eur J Immunol. 2006; 36(6):1364–73. Epub 2006/05/17. https://doi.

org/10.1002/eji.200635977 PMID: 16703568.

44. Lee IT, Yang CM. Role of NADPH oxidase/ROS in pro-inflammatory mediators-induced airway and pul-

monary diseases. Biochem Pharmacol. 2012; 84(5):581–90. Epub 2012/05/17. https://doi.org/10.1016/

j.bcp.2012.05.005 PMID: 22587816.

45. Ray PD, Huang BW, Tsuji Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cel-

lular signaling. Cell Signal. 2012; 24(5):981–90. Epub 2012/01/31. https://doi.org/10.1016/j.cellsig.

2012.01.008 PMID: 22286106; PubMed Central PMCID: PMC3454471.

46. Kade IJ, Balogun BD, Rocha JB. In vitro glutathione peroxidase mimicry of ebselen is linked to its oxida-

tion of critical thiols on key cerebral suphydryl proteins—A novel component of its GPx-mimic

PLOS ONE Myeloperoxidase and influenza A virus infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0254632 July 19, 2021 17 / 18

https://doi.org/10.1016/j.freeradbiomed.2012.04.023
http://www.ncbi.nlm.nih.gov/pubmed/22580125
https://doi.org/10.1016/j.bcp.2009.08.025
https://doi.org/10.1016/j.bcp.2009.08.025
http://www.ncbi.nlm.nih.gov/pubmed/19732754
https://doi.org/10.1128/JVI.71.12.9690-9700.1997
http://www.ncbi.nlm.nih.gov/pubmed/9371635
https://doi.org/10.1093/intimm/dxp087
http://www.ncbi.nlm.nih.gov/pubmed/19736294
https://doi.org/10.4049/jimmunol.1200168
http://www.ncbi.nlm.nih.gov/pubmed/22855715
https://doi.org/10.1186/1743-422X-8-181
http://www.ncbi.nlm.nih.gov/pubmed/21501532
https://doi.org/10.1093/jmcb/mjr017
http://www.ncbi.nlm.nih.gov/pubmed/21816972
https://doi.org/10.1074/jbc.M111.328070
https://doi.org/10.1074/jbc.M111.328070
http://www.ncbi.nlm.nih.gov/pubmed/22396546
https://doi.org/10.1074/jbc.M900146200
https://doi.org/10.1074/jbc.M900146200
http://www.ncbi.nlm.nih.gov/pubmed/19336399
https://doi.org/10.1002/jcp.22210
https://doi.org/10.1002/jcp.22210
http://www.ncbi.nlm.nih.gov/pubmed/20458734
https://doi.org/10.1016/j.jneuroim.2011.12.026
https://doi.org/10.1016/j.jneuroim.2011.12.026
http://www.ncbi.nlm.nih.gov/pubmed/22257632
https://doi.org/10.1074/jbc.M111.255125
http://www.ncbi.nlm.nih.gov/pubmed/21908615
https://doi.org/10.1002/ijc.22303
https://doi.org/10.1002/ijc.22303
http://www.ncbi.nlm.nih.gov/pubmed/17131308
https://doi.org/10.1002/eji.200635977
https://doi.org/10.1002/eji.200635977
http://www.ncbi.nlm.nih.gov/pubmed/16703568
https://doi.org/10.1016/j.bcp.2012.05.005
https://doi.org/10.1016/j.bcp.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22587816
https://doi.org/10.1016/j.cellsig.2012.01.008
https://doi.org/10.1016/j.cellsig.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22286106
https://doi.org/10.1371/journal.pone.0254632


antioxidant mechanism emerging from its thiol-modulated toxicology and pharmacology. Chem Biol

Interact. 2013; 206(1):27–36. Epub 2013/08/13. https://doi.org/10.1016/j.cbi.2013.07.014 PMID:

23933410.

47. Lim TG, Jung SK, Kim JE, Kim Y, Lee HJ, Jang TS, et al. NADPH oxidase is a novel target of delphinidin

for the inhibition of UVB-induced MMP-1 expression in human dermal fibroblasts. Exp Dermatol. 2013;

22(6):428–30. Epub 2013/05/29. https://doi.org/10.1111/exd.12157 PMID: 23711068.

48. Hamilton JA. Colony-stimulating factors in inflammation and autoimmunity. Nat Rev Immunol. 2008; 8

(7):533–44. Epub 2008/06/14. https://doi.org/10.1038/nri2356 PMID: 18551128.

49. Auffray C, Sieweke MH, Geissmann F. Blood monocytes: development, heterogeneity, and relationship

with dendritic cells. Annu Rev Immunol. 2009; 27:669–92. Epub 2009/01/10. https://doi.org/10.1146/

annurev.immunol.021908.132557 PMID: 19132917.

50. Lam GY, Huang J, Brumell JH. The many roles of NOX2 NADPH oxidase-derived ROS in immunity.

Semin Immunopathol. 2010; 32(4):415–30. Epub 2010/08/31. https://doi.org/10.1007/s00281-010-

0221-0 PMID: 20803017.

51. Sugamata R, Dobashi H, Nagao T, Yamamoto K, Nakajima N, Sato Y, et al. Contribution of neutrophil-

derived myeloperoxidase in the early phase of fulminant acute respiratory distress syndrome induced

by influenza virus infection. Microbiol Immunol. 2012; 56(3):171–82. Epub 2012/01/04. https://doi.org/

10.1111/j.1348-0421.2011.00424.x PMID: 22211924.

52. van der Veen BS, de Winther MP, Heeringa P. Myeloperoxidase: molecular mechanisms of action and

their relevance to human health and disease. Antioxid Redox Signal. 2009; 11(11):2899–937. Epub

2009/07/23. https://doi.org/10.1089/ars.2009.2538 PMID: 19622015.

53. Khalil A, Medfai H, Poelvoorde P, Kazan MF, Delporte C, Van Antwerpen P, et al. Myeloperoxidase pro-

motes tube formation, triggers ERK1/2 and Akt pathways and is expressed endogenously in endothelial

cells. Arch Biochem Biophys. 2018; 654:55–69. Epub 2018/07/18. https://doi.org/10.1016/j.abb.2018.

07.011 PMID: 30016634.

PLOS ONE Myeloperoxidase and influenza A virus infection

PLOS ONE | https://doi.org/10.1371/journal.pone.0254632 July 19, 2021 18 / 18

https://doi.org/10.1016/j.cbi.2013.07.014
http://www.ncbi.nlm.nih.gov/pubmed/23933410
https://doi.org/10.1111/exd.12157
http://www.ncbi.nlm.nih.gov/pubmed/23711068
https://doi.org/10.1038/nri2356
http://www.ncbi.nlm.nih.gov/pubmed/18551128
https://doi.org/10.1146/annurev.immunol.021908.132557
https://doi.org/10.1146/annurev.immunol.021908.132557
http://www.ncbi.nlm.nih.gov/pubmed/19132917
https://doi.org/10.1007/s00281-010-0221-0
https://doi.org/10.1007/s00281-010-0221-0
http://www.ncbi.nlm.nih.gov/pubmed/20803017
https://doi.org/10.1111/j.1348-0421.2011.00424.x
https://doi.org/10.1111/j.1348-0421.2011.00424.x
http://www.ncbi.nlm.nih.gov/pubmed/22211924
https://doi.org/10.1089/ars.2009.2538
http://www.ncbi.nlm.nih.gov/pubmed/19622015
https://doi.org/10.1016/j.abb.2018.07.011
https://doi.org/10.1016/j.abb.2018.07.011
http://www.ncbi.nlm.nih.gov/pubmed/30016634
https://doi.org/10.1371/journal.pone.0254632

