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Abstract

Background—Despite decades have passed since its discovery, accurate biomarkers of 

Respiratory syncytial virus (RSV) disease activity and effective therapeutic strategies are still 

lacking. The high mobility group box type 1 (HMGB1) protein has been proposed as a possible 

link between RSV and immune system, but only limited information is currently available to 

support this hypothesis.

Methods—Expression of HMGB1 gene and protein were analyzed by quantitative PCR, ELISA, 

Western blot, immunocytochemistry, and confocal microscopy in immortalized and primary 

human bronchial epithelial cells, as well as in rat pup lungs. The role of HMGB1 in RSV infection 

was explored using glycyrrhizin, a selective HMGB1 inhibitor.

Results—RSV infection strongly induced HMGB1 expression both in vitro and in vivo. 

Glycyrrhizin dose-dependently inhibited HMGB1 upregulation in both RSV-infected immortalized 

and primary human bronchial epithelial cells, and this effect was associated with significant 

reduction of viral replication.

Conclusions—Our data suggest that HMGB1 expression increases during RSV replication. This 

seems to play a critical pathogenic role as its selective inhibition virtually modified the infection. 

These observations provide further insight into the pathophysiology of RSV infection and uncover 

a potential biomarker and therapeutic target for the most common respiratory infection of infancy.
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Introduction

Respiratory syncytial virus (RSV), an enveloped, non-segmented, negative-sense RNA virus 

of the Paramyxoviridae family, is the most common respiratory pathogen in infants and 

young children worldwide (1). Prospective epidemiologic studies have suggested a strong 

association between RSV lower respiratory tract infection during infancy and subsequent 

development of recurrent wheezing and asthma in childhood (2). Recent research in animal 

models has shown vertical transmission of RSV from the mother’s respiratory tract to the 

fetal lungs, with postnatal persistence of the virus linked to persistent airway hyperreactivity 

(3). Despite many years of research, we still lack reliable biomarkers of disease activity as 

well as effective vaccines and therapeutic strategies.

Recently, the high mobility group box type 1 (HMGB1) protein has been proposed as a 

biomarker potentially able to elucidate the link between RSV and chronic airway 

dysfunction (4,5). HMGB1 is an inflammation marker of the alarmins family promoting 

immediate immune response to tissue damage (6), and is one of the most important damage-

associated molecular pattern (DAMP) molecules, initiating and perpetuating immune 

responses in infectious and non-infectious inflammatory diseases (7). Its role is to act as a 

‘danger signal’ orchestrating homeostatic defensive responses in damaged tissues (6).

Major structural features of HMGB1, a 30 kDa nuclear and cytosolic ubiquitous protein, are 

its two DNA-binding domains, termed A and B box, and a negatively charged C-terminal 

acidic region. HMGB1 contains two nuclear localization sequences, resides in the nucleus, 

and functions as a non-histone chromatin-binding protein (8). Early work demonstrated that 

HMGB1 stabilizes chromatin structure and modulates gene transcription by bending the 

DNA helical structure (9). However, HMGB1 can also be localized to the cytosolic 

compartment, implicating that it might also have important functions outside the nucleus (7).

As a consequence of infection or apoptosis HMGB1 is released in the extracellular 

compartment either by passive release from necrotic cells or active production by 

macrophages, dendritic cells, and natural killer cells (10). By binding to toll-like receptors 

(TLR) 2 and 4, and the receptor for advanced glycation end-products (RAGE) (11), HMGB1 

upregulates the synthesis of inflammatory cytokines, elicits chemotaxis of inflammatory 

cells and supports proliferation, chemotaxis, and synthesis of metalloproteinases by stromal 

fibroblasts (12), thereby contributing to the pathogenesis of both acute and chronic diseases 

(13).

Although it has been reported that HMGB1 is critically involved in multiple stages of 

several DNA (herpes simplex virus type 2) and RNA (West Nile virus, Dengue) viral 

infections, limited data is available on its role during RSV infection (4,5). Hou et al. 

reported increased HMGB1 levels in the lung tissue of RSV-infected mice (5). Also, 

HMGB1 in infants with RSV bronchiolitis tends to reach higher concentrations compared to 

other viral infections (14). Thus, we hypothesized that HMGB1 is essential for the 

establishment of productive RSV infection, and to this end, we studied its gene and protein 

expression in human bronchial epithelial cells infected in vitro and in the lungs of rat pups 

Manti et al. Page 2

Pediatr Res. Author manuscript; available in PMC 2018 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



infected in the neonatal period. Furthermore, we selectively inhibited HMGB1 activity in 

RSV-infected cells using glycyrrhizin and studied its effect on viral replication.

Materials and Methods

Airway epithelial cell culture

16HBE14o-, SV-40 virus-transformed immortalized human bronchial epithelial (called 

thereafter 16HBE) cells were seeded on collagen coated Transwell inserts (Costar, Corning, 

NY) or 12-well cell culture plates, and cultured in D-MEM high glucose containing 10% 

heat-inactivated FCS, penicillin (100 U/ml), streptomycin (100 μg/ml), and HEPES (0.015 

mol/l) at 37°C in humidified 5% CO2 atmosphere (15,16). Primary normal human bronchial 

epithelial (NHBE) cells isolated from lungs of de-identified deceased donors, provided by 

the International Institute for the Advancement of Medicine (IIAM) were grown in defined 

media and utilized between passages 3–6 (15).

Viral infection of epithelial cell cultures

Recombinant RSV-A2 expressing the red fluorescent protein (RFP) gene (rrRSV) was kindly 

provided by Dr. Mark Peeples (Nationwide Children’s Hospital, Columbus, OH) and Dr. 

Peter Collins (National Institutes of Health, Bethesda, MD) (17,18). Expression of viable 

RFP requires successful full-length RSV replication and the rrRSV strain construct (BN1) 

used in these experiments is described elsewhere (19). Stock rrRSV was propagated using 

HEp-2 cells (ATCC CCL-23; American Type Culture Collection, Manassas, VA) in 1X 

DMEM with 10% fetal bovine serum. HEp-2 cells at 70% confluence were inoculated, 

harvested and titrated as described previously (3). To obtain virus-free inoculum, HEp-2 

cells were identically cultured and harvested. Also, cells were treated with glycyrrhizin, 

ammonium salt 5g, EMB Millipore Corp., Billerica, MA. Glycyrrhizin 50/100μM was 

applied to 16 hbec and human primary cells, both simultaneously and successively virus.

Animals

Ten-week old, pathogen-free Fischer 344 (F-344) rats housed under barrier conditions in a 

BSL-2 facility were used. Rats were housed in polycarbonate isolation cages on racks 

providing positive individual ventilation with class-100 air at the rate of one cage change per 

minute (Lab Products, Seaford, DE). All manipulations were conducted inside class-100 

laminar flow hoods. Ten-day old pups were inoculated with 4.0 × 105 PFU of rrRSV or an 

equal volume of sterile inoculum by intratracheal instillation, as previously described (3). 

Rats were sacrificed 5 days after infection and the lungs were removed for analysis. All 

experimental protocols and procedures utilized in this study were reviewed and approved 

prior to implementation by the Cleveland Clinic Institutional Animal Care and Use 

Committee, and adhered to the NIH Guide for the Care and Use of Laboratory Animals.

Extraction of RNA and quantitative Real-Time Polymerase Chain Reaction Analysis

Total RNA was isolated from epithelial cells using RNeasy Kit (Qiagen) according to 

manufacturer’s instructions. RNA was reverse transcribed into cDNA using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) and 

cDNA was used to carry out qPCR reaction using the CFX connect Real Time PCR System 
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(Bio-Rad, Hercules, CA). All experiments were carried out in quadruplicate. Relative 

expression levels of mRNA were calculated with the 2−ΔΔCt method and were normalized 

to actin.

The primers pairs were designed on the basis of previously published protocols to 

discriminate cDNA-generated PCR products from genomic DNA contamination 

[Piedimonte G (2002) Pathophysiological mechanisms for the respiratory syncytial virus-
reactive airway disease link. Respir Res 3 Suppl 1S21–S25]. Random primers were used for 

the RT reaction. RSV primers (F: 5′-GCGATGTCTAGGTTAGGA-3′; and R: 5′-

GCTATGTCCTTGGGTAGT-3) target the sequence 1303–1712 bp of the RSV serotype A2 

genome (GenBank accession number M11486), which encodes for the viral nucleocapsid 

(N) protein. Because the GenBank sequence is missing 34 nucleotides in the 3′ leader 

region, the position of the target sequence on the complete RSV-A2 genome is 1347–1756. 

The N protein is a structural protein located inside the virion tightly bound to the RNA 

strand and is typically targeted to detect the presence of the whole virus in infected cells.

Primers for human HMGB1 (forward: 5′-TCGGCCTTCTTCCTCTTCT-3′; reverse 5′-

CCACATCTCTCC CAGTTTCTTC-3′); and rat HMGB1 (forward: 

5′AGTTTCCTGAGCAATCCGTAT-3′; reverse: 5′-TGTATCCCCAAAAGCGTGAG-3′) 

were designed and synthesized by Integrated DNA Technologies (Coralville, IA).

Protein electrophoresis and immunoblotting

Proteins separated on SDS–PAGE gel (Bio-Rad), transferred onto polyvinylidene difluoride 

(PVDF) membranes, and blocked in Tris-buffered saline containing 0.1% Tween-20 (TTBS) 

with 5% nonfat dry milk. Membranes were incubated overnight at 4°C with anti-HMGB-1 

(Santa Cruz Biotechnologies, Dallas, TX), followed by anti-rabbit secondary antibody 

conjugated with horseradish peroxidase (1:2000). Blots were developed with an enhanced 

chemiluminescence reagent kit (Pierce West Pico; Thermo Scientific, Waltham, MA) 

according to the manufacturer’s instructions.

Immunofluorescence staining

Epithelial cells were fixed in 4% PFA, permeabilized, and probed with anti-HMGB1 

antibody, followed by staining with a secondary antibody conjugated with Alexa-488. Nuclei 

were stained with DAPI. Images were acquired using upright fluorescent or confocal 

microscope (Leica Microsystems, Wetzlar, Germany) with a 405-diode laser to excite DAPI 

and a HeNe laser to excite the secondary antibody. Cells were visualized using a 40x or 

63x/1.4 oil objective. Densitometry and plot profiles were acquired using the NIH ImageJ 

software (Bethesda, MD).

Enzyme-linked immunosorbent assay (ELISA)

Supernatant, cell lysates, and rat lung concentrations of HMGB1 were measured with a 

commercially available ELISA kit (LifeSpan BioSciences, Seattle, WA) according to the 

manufacturer’s instructions. Detection limit for HMGB1 was 0.16–10 ng/ml.
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Statistical analysis

All experiments were repeated three times. Data are representative of three or more 

experiments and are presented as means ± SEMs. Significance was considered at a P value 

of less than 0.05. Comparisons between 2 groups were performed with unpaired Student’s t-
test. Multiple comparisons were performed by ANOVA followed by post-hoc analysis with 

the Dunnett’s test using the software GraphPad Prism version 5.0 (La Jolla, CA). The 

densitometry analysis was performed using ImageJ and statistical analysis was performed 

using Graphpad Prism Version 5 using One Way ANOVA analysis Tukey’s Multiple 

Comparison Test. P values less than 0.05 were considered statistically significant.

Results

In vitro: 16HBE cells infected with rrRSV at MOI of 1 showed significant upregulation of 

HMGB1 gene expression at 3 h post infection (p<0.001), with return to baseline by 6 h 

(Figure 1A). Accordingly, Western blot analysis confirmed increased HMGB1 protein in 

rrRSV-infected 16HBE, peaking at 6 h (p<0.001) and waning by 24 h (Figure 1B–C). 

Immunofluorescence of 16HBE cells infected with RSV at MOI of 1 showed localization of 

HMGB1 into the nuclei with a peak at 6 h (Figure 2A). Densitometry analysis of HMGB1 

expression revealed increased overall expression at 6 h before a decline at 24 h (Figure 2B). 

16HBE have been frequently used as a model system of the airways for different cell 

signaling studies. To compare the results obtained with 16HBE, we also used differentiated 

primary normal human bronchial epithelial cells (NHBE). Similar to immortalized cells, 

immunofluorescence staining and confocal microscopy of primary normal human bronchial 

epithelial (NHBE) infected with RSV at MOI of 1 resulted in an increase in HMGB1 

expression in both nuclear and cytosolic regions in shorter time points with further 

localization of majority of HMGB1 into the cytosolic location at 24 h post-infection.

In vivo: qPCR analysis of HMGB1 gene expression in rat lung homogenates measured a 

doubling of mRNA transcripts 5 d post inoculation of rrRSV, compared with age-matched 

mock infected controls dosed with virus-free medium (p<0.01; Figure 3A). ELISA showed 

significantly higher HMGB1 protein concentrations in the lungs of rrRSV-infected pups 

(p<0.01; Figure 3B). Western blot analysis confirmed that while HMGB1 protein was 

weakly detected in pathogen-free lungs, its concentration was 3-fold higher in rrRSV-

infected lungs (p<0.001; Figure 3C–D).

In vitro: to determine whether HMGB1 plays a causal role during rrRSV infection, we used 

the specific inhibitor glycyrrhizin to block HMGB1 activity in 16HBE cells and NHBE cells 

infected simultaneously with rrRSV. Glycyrrhizin decreased the number of RFP positive 

cells in both 16HBE cells (Figure 4A–B) and NHB cells (Figure 5A–B) in a dose-dependent 

fashion. This profound effect of HMGB1 on rrRSV-infected cells was confirmed in NHBE 

cells by qPCR (p<0.001; Figure 5C). Similarly, Western blotting confirmed that glycyrrhizin 

prevents rrRSV-induced HMGB1 protein upregulation (Figure 5D).
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Discussion

This study shows that HMGB1 expression increases both in vitro and in vivo as a function of 

RSV infection and its localization reflects different phases of the replicative cycle, which 

may allow the use of local or systemic levels as a biomarker of disease activity. More 

importantly, this is the first study indicating that HMGB1 synthesis is an essential step of 

RSV replication. Consequently, selective inhibition of this protein in infected human 

bronchial epithelium drastically reduces the number of RSV-infected cells, thereby 

providing a novel therapeutic target for this common infection. Through the activity of the G 

and F glycoproteins, RSV attaches to and enters host cells, and 4–6 h after infection, begins 

transcription and replication of viral genome, reaching a peak approximately 20 h after 

infection. Synthesis and release of viral cytoplasmic particles containing RSV RNA and 

proteins start 12 h after viral entry and persist up to 48 h after infection.

In airway epithelial and immune cells, RSV is detected by 3 types of pattern recognition 

receptors (PRRs), including retinoic acid-inducible gene (RIG)-I-like receptors (RLRs), 

nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and TLRs, all 

promoting and sustaining non-specific and/or specific immune response against RSV (20). 

TLRs induce immediate release of proinflammatory cytokines and inflammasome 

components that, in turn, amplify the immune response via late synthesis of alarmins, such 

as HMGB1 (21). The different timing of conventional cytokines and HMGB1 expression 

explains how the former mediate acute inflammation whereas the latter is not only involved 

in the early inflammatory phase but also maintains chronic inflammatory response (22). In 

particular, a previous study reported that HMGB1 expression in vivo starts within 3–8 h after 

inflammatory and/or infectious stimuli, and then increases progressively from 16 to 32 h 

(23). In accordance with these findings, we noted in vitro that: 1) HMGB1 mRNA levels 

sharply increased at 3 h, during viral entry into living cells; 2) nuclear HMGB1 localization 

peaked approximately at 6 h, in parallel with viral transcription and replication; and 3) 24 h 

after infection, during the release of viral cytoplasmic particles, HMGB1 migrated from the 

nucleus to the cytosol and plasma membranes.

Depending on its localization, HMGB1 exerts different time-dependent effects during viral 

infections. When expressed in the nucleus, HMGB1 acts as a nuclear enhancer for 

transcription factors and viral rolling circle replication as seen during adenovirus (24), and 

parvovirus (25) infections. When in the cytoplasm, HMGB1 is detrimental to the host 

response, reducing resistance to infections like influenza A (26), and H1N1 (27). Moving 

toward the plasma membrane, HMGB1 binds RAGE, a receptor also expressed in epithelial 

cell cultures (28) and able to exacerbate RSV disease by amplifying the expression of 

proinflammatory agents. RAGE deficiency has been associated with viral-induced asthma 

phenotype in a mouse model (29). Our data also confirmed nuclear HMGB1 localization 

during the early phase of infection, which has been shown to be a critical initial event for an 

efficient viral cycle (4).

Supporting a pathogenic role of HMGB1 in RSV infection, we found increased HMGB1 

expression in lung tissues of rat pups infected with RSV. It has been previously argued that 

an exogenous or endogenous immunogenic stimulus will activate the innate immune system 
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only if able to induce the release of alarmins, like HMGB1 (30). By binding to its cognate 

receptors, HMGB1 modifies cell functions not only with direct autocrine/paracrine activity 

(31), but also through indirect potentiation of other inflammatory pathways, e.g., activation 

of multiple pattern-recognition receptors like TLR2 and TLR4 (31); release of 

proinflammatory cytokines like IL-1, IL-6, and IL-8 (32); and interference with T cell 

responses inducing TH1 polarization (33).

Furthermore, Lei et al. (34) reported that increased HMGB1 levels are associated with 

overexpression of NGF, the prototypical neurotrophic factor known to be responsible for the 

development of neurogenic inflammation and airway hyperreactivity during and after early-

life infection by RSV (35). Therefore, HMGB1 might play a pivotal role in initiating and 

amplifying the neurogenic inflammatory cascade. We speculate that HMGB1 promotes 

neurogenic inflammation in the early stage of the infection and, successively, contributes to 

the pathogenesis of post-infection airway hyperreactivity by modulating epithelial-

mesenchymal transition, and airway remodeling (36).

Critical evidence supporting the involvement of HMGB1 in the pathophysiology of RSV 

infection derives from the novel observation that selective inhibition of this molecule exerts 

a potent anti-viral effect in human bronchial cells. Glycyrrhizin, a glycoside alkaloid 

extracted from Glycyrrhiza glabra roots, is made of the biologically active principle 

glycyrrhetic acid (GA) and two inactive components of glucuronic acid (37). By binding to 

the hydrophobic residues of HMGB1 box A and B, glycyrrhizin inhibits the chemotactic and 

mitogenic function of HMGB1 and prevents HMGB1-DNA binding thereby exerting anti-

inflammatory and immuno-regulatory effects in several non-infectious (38) and infectious 

(39) diseases. In particular, glycyrrhizin inhibits viral gene expression and replication, 

proinflammatory cells recruitment, and T lymphocyte responses (38).

In conclusion, our findings suggest that HMGB1 plays a critical role in the initiation and 

maintenance of RSV replication in human bronchial epithelia and it is a promising target for 

monitoring and managing the infection in infants and children with bronchiolitis and 

pneumonia. The potential therapeutic effects of glycyrrhizin merit further exploration, 

especially in light of its safety profile, which lacks cytotoxicity even at high concentrations 

according to both experimental and clinical studies (40).
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Figure 1. HMGB1 expression in rrRSV-infected 16HBE cells
HMGB1 mRNA transcripts and protein expression were measured by qPCR and Western 

Blot analysis in human bronchial epithelial cells infected with rrRSV at MOI of 1 for 48 h. 

(A) HMGB1 gene expression was upregulated at 3 h post-infection, followed by reduced 

expression at 6, 24 and 48 h. β-actin gene was used as the housekeeping control for 

transcript normalization. Data are expressed as mean ± SEM. ***P<0.001 compared with 

non-infected cells. (B) HMGB1 protein expression was upregulated at 6 h post-infection, 

before returning to baseline at 24 and 48 hours post-infection. (C) Densitometric analysis. 

Data are expressed as mean ± SEM. *P<0.05, **P<0.01 compared with time point 0 h. All 

experiments were repeated at least three times.
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Figure 2. HMGB1 localization in rrRSV-infected airway epithelial cells
Human 16HBE and primary bronchial epithelial cells were infected with rrRSV at an MOI 

of 1 or control medium at the indicated time points. (A) HMGB1 in 16HBE cells was 

visualized in cells 24 h post-infection by immunofluorescence showed localization of 

HMGB1 into the nuclei with a peak at 6 h (B) as evidenced by densitometry, **P<0.01 

compared to time zero. (C) Primary HBE cells by confocal microscopy showed localization 

of HMGB1 expression into the nuclei at 3 h and 6 h, in the cytoplasm starting at 12 h, and 

on plasma membranes at 24 h. (D) HMGB1 nuclear translocation was performed by 

densitometric analysis, reporting the percentage overlap between GFP and DAPI signals, 

reflecting the nuclear and total HMGB1 translocation at 3, 6, 12, and 24h post-infection, 

*P<0.05, **P<0.01. All experiments were repeated at least three times.
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Figure 3. HMGB1 expression in rat lungs
(A) qPCR and (B) ELISA analysis were performed to determine respectively mRNA and 

protein expression of HMGB1 in lung tissues of rat pups infected with rrRSV at 10 d of life 

and killed 5 d later. Both HMGB1 mRNA and protein increased significantly in the lungs of 

rrRSV-infected rats compared to pathogen-free controls. (C) Increased HMGB1 protein 

expression in rrRSV-infected rat lungs was confirmed by Western blot. (D) Densitometry 

analysis. Data are expressed as mean ± SEM. **P<0.01, ***P<0.001 compared to non-

infected cells. All experiments were repeated at least three times.
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Figure 4. Effect of glycyrrhizin on rrRSV infection in 16HBE cells
(A) Representative pictures rrRSV-infected 16HBE and non-infected controls treated with 

the HMGB1 antagonist glycyrrhizin (50 or 100 μM) or vehicle. The density of cells 

exhibiting red fluorescence produced by active viral replication was significantly reduced by 

glycyrrhizin in a dose-dependent fashion. (B) Bar graph showing the number of rrRSV-

positive cell in each group. Data are expressed as mean ± SEM. ***P<0.001 compared to 

RSV group. All experiments were repeated at least three times.
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Figure 5. Effect of glycyrrhizin on rrRSV infection in human primary cells
(A) Fluorescent microscopy of human primary cells treated with the HMGB1 antagonist 

glycyrrhizin (50 μM or 100 μM). (B) The number of cells exhibiting the red fluorescence 

produced by active viral replication was significantly reduced by glycyrrhizin in a dose-

dependent fashion. (C) Consistently, qPCR measured a significant reduction in RSV F RNA 

levels in response to treatment with glycyrrhizin. (D) Western blot analysis with 

corresponding densitometry demonstrated downregulation of HMGB1 protein expression 

upon glycyrrhizin treatment. Data are expressed as mean ± SEM. ***P<0.001 compared to 

RSV group. All experiments were repeated at least three times.
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