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Summary

While highly active anti-retroviral therapy has dramatically improved the survival of HIV-infected 

individuals, there is an increased risk for other co-morbidities, such as COPD, manifesting as 

emphysema. Given that emphysema orginates around the airways, and that human airway basal 

cells (BC) are adult airway stem/progenitor cells, we hypothesized that HIV reprograms BCs to a 

distinct phenotype that contribute to the development of emphysema. Our data indicate that HIV 

binds to, but does not replicate, in BC. HIV binding to BCs induces them to acquire an invasive 

phenotype, mediated by up-regulation of MMP-9 expression through activation of MAPK 

signaling pathways. This HIV-induced “destructive” phenotype may contribute to degradation of 

extracellular matrix and tissue damage relevant to the development of emphysema commonly seen 

in HIV+ individuals.
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Introduction

With the advent of combination antiviral therapy for HIV+ individuals, the incidence of 

opportunistic infections has been markedly reduced, and the disease has become a treatable 

disorder with a significantly increased life span (Murphy et al., 2001; Palella et al., 1998). 

However, as HIV-1+ individuals are living longer, new comorbidities have emerged and 

HIV-1 infection is now associated with a variety of systemic disorders, including a high 

incidence of chronic obstructive pulmonary disease (COPD), manifesting as emphysema 

(Bhatia and Chow, 2016; Bhatia et al., 2012; Crothers et al., 2006; Crothers et al., 2011; 

Diaz et al., 1992; Diaz et al., 2000; Diaz et al., 2003; Giantsou, 2011; Kalim et al., 2008; 

Morris et al., 2011a; Morris et al., 2011b; Naicker et al., 2015; Palella and Phair, 2011; 

Petrache et al., 2008). HIV-1 associated emphysema was originally linked to opportunistic 

lung infections and intravenous drug use (Beck et al., 2001; Morris et al., 2000). A number 

of studies, however, have clearly demonstrated that HIV-1+ individuals who have no prior 

history of pulmonary infection have a higher incidence of emphysema than that of the 

general population and develop emphysema at an early age, i.e., infection with HIV-1 is a 

cofactor in the development of COPD (Crothers et al., 2006; Crothers et al., 2011; Diaz et 

al., 1992; Diaz et al., 2000; Diaz et al., 2003; Giantsou, 2011; Morris et al., 2011a; Morris et 

al., 2011b; Petrache et al., 2008). The pathogenesis of HIV-associated emphysema is not 

understood, with some evidence pointing to alveolar macrophage (AM) and CD8 T cell 

mediators (Buhl et al., 1993; Plata et al., 1987; Twigg et al., 1999), direct effects on the lung 

of HIV proteins such as Env and Tat (Green et al., 2014; Kanmogne et al., 2005; Park et al., 

2001) and adverse effects of anti-retroviral therapies (George et al., 2009).

Since the first pathologic manifestations of COPD are in the small airway epithelium (SAE), 

and lung destruction that characterizes emphysema begins in the alveoli surrounding the 

SAE (Crystal, 2014; Hogg et al., 2004; Hogg et al., 1968), we hypothesized that HIV-1 is 
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capable of interacting directly with the SAE, initiating pathologic programming of the SAE 

to acquire a “destructive phenotype” that initiates the emphysematous process. To assess this 

hypothesis, we focused on human airway basal cells (BC), the airway epithelial stem/

progenitor cells responsible for differentiation into all of the airway epithelial cell types. We 

focused on the cellular receptors involved in interaction of HIV-1 with airway BCs and the 

biological consequences and sunsequently activated signaling pathways, and examined HIV-

induced reprogramming of BCs toward a destructive phenotype relevant to emphysema. Our 

data argue that HIV can bind to BCs through heparan sulfate proteoglycan receptors, but 

does not replicate in normal human airway BCs. Strikingly, HIV binding to the BC initiates 

a cascade of events mediated through MAPK signaling pathways and induces increased 

expression and secretion of metalloproteases (MMP), particularly MMP-9, capable of 

inducing tissue destruction. Consistent with the report that Zika virus can infect, and 

reprogram neural progenitors (Tang et al., 2016), the observations in the present study may 

represent another example of how a virus can induce disease by adversely affecting the 

normal function of adult stem/progenitor cells in a specific organ.

Experimental Procedures

All subjects were evaluated at the Weill Cornell NIH Clinical and Translational Science 

Center and Department of Genetic Medicine Clinical Research Facility, using Weill Cornell 

Institutional Review Board-approved clinical protocols and written informed consent 

obtained. Small airway epithelial cells were collected by fiberoptic bronchoscopy by 

brushing as previously described (Harvey et al., 2007, Hackett et al., 2012, Buro-Auriemma 

et al., 2013). Basal cells were isolated from the airway epithelium of healthy nonsmokers (n 

= 10) as previously described (Hackett et al., 2011). RNA sequencing was carried out using 

Illumina protocols and with paired-end sequencing (Illumina HiSeq 2000; Illumina, San 

Diego, CA). BC cultures were carried out on plastic flasks in BEGM medium (GIBCO-Life 

Technologies, Grand Island, NY) as previously described.

All BC preparations were >95% positive for BC markers and negative for markers of other 

airway epithelium cell types. All individuals had no significant past medical history, and 

physical examination, chest imaging and lung function was normal. RNA sequencing was 

performed as previously described (Hackett et al., 2011; Ryan et al., 2014). HIV-1 stocks 

(X4-tropic NL4-3) were generated by calcium phosphate transfection of HEK293T cells 

(MBS mammalian transfection kit, Stratagene) with the proviral vector, pNL-4-3 (NIH 

AIDS Research and Reference Reagent Program). To assess HIV interaction with BC, 

binding assays and proliferation assays were used ± presence of heparan sulfate or 

herparinase. Flow cytometry was used to evaluate surface expression of heparan sulfate 

proteoglycans and syndecans 1–4. Light miscroscopy was used to assess the overall effect on 

BC cultures. AM quantitative invasion assays was u sed to examine the “descrtructive” 

phenotype of BC exposed to HIV. The supernantants of HIV+BC were assessed for the 

presence of proteases with the Human Protease Array kit (R&D Systems), as was MMP-9 

expression using TaqMan PCR and zymography. TIMP-1 leves were evaluated by ELISA. 

The Human Phoso-MAPK Array kit (R&D Systems) was used to identify pathways 

activated by HIV reprogrammed BC and phosphorylated Erk1/2 quanitfied by Western 

analysis. To further examine these pathways, MEK inhibitor or JNK/NFκB inhibitor was 
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used. Statistical comparisons were calculated using an unpaired two-tailed Student’s t-test 

with unequal variance; p<0.05 was considered significant. For complete details of all these 

assays, see Supplemental Methods.

Results

HIV Receptors Expressed by BC

RNA-Seq analysis revealed that human large airway BC expressed several HIV-1 receptors 

including heparan sulfate proteoglycan 2 and syndecan 1–4 (HSPG2 and SDC1-4), nicotinic 

acetylcholine receptor α7, toll-like receptor (TLR) 2 and 4 and integrin α4β7 but not 

classical HIV-1 receptors, CD4 and co-receptors, CCR5 and CXCR4 (Table S1). Of note, 

syndecan 1 and 4 were highly expressed.

HIV Binds to Human Airway Basal Cells Through a Trypsin-sensitive Cell Surface Receptor

To investigate if HIV-1 interacts with human airway BCs, viral binding assays were 

performed. Primary human BC were exposed to HIV-1NL4-3 for 3 and 24 hr, washed to 

remove unbound virus and then lysed to release HIV capsid protein, p24 bound to the cell 

surface. Virus binding was measured by HIV-1 p24 ELISA. HIV-1NL4-3 bound to human BC 

after incubation for 3 and 24 hr whereas heat-inactivated HIV did not (Figure 1A). 

Treatment of HIV-bound BC with trypsin significantly reduced HIV binding by 88%, 

suggesting that HIV binding was mediated by a trypsin-sensitive cell surface receptor 

(p<0.02; Figure 1B).

Human Airway BC Capture HIV via Cell Surface Heparan Sulfate

Heparan sulfate proteoglycans serve as attachment receptors for various viruses, including 

HIV (Bobardt et al., 2003; de Witte et al., 2007; Gallay, 2004; Jiang et al., 2015a; Jiang et 

al., 2015b; Saphire et al., 1999; Saphire et al., 2001). To determine if HSPGs were involved 

in HIV binding to BC, cells were first stained with antibodies against heparan sulfate and 

syndecans (SDC-1 to -4) and analyzed by flow cytometry. The results demonstrated that 

heparan sulfate and all 4 syndecans were expressed in human airway BC (Figure 1C, left 

panel). Treatment of BC with 0.05% trypsin/EDTA significantly decreased the BC 

expression of surface heparan sulfate and syndecans (Figure 1C, right panel) compared to 

untreated BC.

Based on these data, studies were carried out to assess virus binding to BC in the presence of 

heparan sulfate. Pretreatment of virus with increasing concentrations of heparan sulfate 

(from 0.1 to 200 μg/ml) blocked HIV binding to BC in a dose-dependent manner (Figure 

1D). In addition, removal of cell surface heparan sulfate moieties using heparinase III at 0.5 

mIU/ml and 1 mIU/ml decreased virus binding to BC by 40% and 49% respectively 

(p<0.02; Figure 1E). Overall, these data suggest that HIV binding to BC is mediated by 

heparan sulfate expressed on the cell surface.

To examine if HIV could replicate in human BCs, these cells were exposed to HIV over-

night, washed and then cultured in BEGM for 9 days. Cell lysates were collected at 

indicated time points and assayed for HIV-1 p24 levels. The cellular p24 levels were 
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decreased throughout the culture period, indicating that virus did not propagate in BC 

(Figure 1F). Consistent with these data, heparan sulfate inhibited virus binding and the p24 

level was markedly reduced and maintained a similar level throughout the culture period.

HIV Induces BC Morphological Changes and to Adopt a Cell Invasion Phenotype

We next investigated if HIV binding to the BC induced morphological changes. At day 0, 

BC displayed a healthy morphology in both control and HIV-treated BC (Figure 2A, upper 

panel). At day 5, elongated cells and disruption of the cell monolayer with “holes” were 

observed in HIV-treated BC (Figure 2A, lower panel). The number of “holes” in HIV-treated 

BC culture is significantly higher than untreated BC (29± 9 vs 2 ± 1 holes/monolayer, p < 

0.0002, Figure S1). These findings suggested that HIV binding to BC evokes a destructive 

phenotype, possibly by secretion of mediators (e.g. proteases) that disrupt cell junctions.

To assess if HIV binding to BC programmed the BC to destroy connective tissue, HIV 

bound to BC were assessed in a cell invasion assay through matrigel. Cells were seeded on 

matrigel-coated culture chamber and treated with HIV. After 5 days, cells on the bottom side 

were fixed, stained and viewed under a microscope. Results from three experiments 

demonstrated that there was increase in the number of migratory cells in HIV-treated BC as 

compared to untreated control (42 cells vs 3 cells; Figure 2B and Figures S2A and S2B).

HIV Modulates MMP-9 Expression in Human Airway BC

Metalloproteinases (MMPs) mediate degradation of extracellular matrix, cell invasion, 

remodeling and tissue damage (Atkinson and Senior, 2003; Elkington and Friedland, 2006; 

Grzela et al., 2016). To evaluate the hypothesis that the HIV reprogramming of normal BC 

to take on a destructive phenotype is mediated by HIV inducing the BC to express matrix 

metalloproteases, the cell lysates of BC + HIV were assessed using a human protease array. 

MMP-7, -8, -9 and -12 were expressed in BC (Figure 3A), but among all MMPs, MMP-9 

was induced most dramatically compared to control (Figure 3B). Based on this data, and the 

knowledge that MMP-9 plays an important role in cigarette smoke induced emphysema 

(Churg et al., 2007; Selman et al., 2003) and MMP-9 levels are elevated in lung epithelial 

lining fluid of HIV+ individuals (Kaner et al., 2009), we focused subsequent studies on HIV 

induction of MMP-9 expression in airway BC.

Based on the protease array findings, we sought to investigate if HIV could modulate 

MMP-9 mRNA expression in BC. Cells were exposed to increasing HIV input (p24 from 5 

to 200 ng/ml) for 2 days, and total RNA and culture supernatants were collected for MMP-9 

gene expression and activity assays. Taqman quantitative PCR showed that HIV induced 

MMP-9 mRNA expression in a dose-dependent fashion (all p<0.05 vs no viral input; Figure 

4A). Treatment of BC with either heat-inactivated HIV and cigarette smoke extract (CSE at 

3 and 6%) alone had no effect on MMP-9 gene expression (Figure 4B). However, 

comparison of HIV + CSE vs CSE alone showed a significant induction in MMP-9 mRNA 

expression (p<0.002 for 3% CSE and p<0.003 for 6% CSE; Figure 4B). Consistent with the 

gene expression data, there was an increased secretion of MMP-9 from HIV-exposed BC vs 
untreated (18.7 vs 8 ng/ml, p<0.002) and HIV + CSE-exposed BC vs CSE alone (for 3% 

CSE, 12.6 vs 5.9 ng/ml, p<0.0001 and for 6% CSE, 10 vs 4.1 ng/ml, p<0.001) as confirmed 
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by ELISA (Figure 4C). Heat-inactivated HIV had no effect on MMP-9 secretion and MMP-9 

level was comparable to untreated BC. Zymography analysis demonstrated that there was an 

increase in MMP-9 activity in HIV- and HIV + CSE-treated BC (lanes 4, 8 and 9; Figure 

4D) when compared to untreated, heat–inactivated HIV-treated and CSE-treated BC (lanes 

3, 5, 6 and 7; Figure 4D). Active form of MMP-9 was observed in HIV and HIV + CSE-

treated groups (lanes 4, 8 and 9; Figure 4D). Similarly, primary small airway basal cells 

obtained and purified from bronchoscopic brushing of healthy nonsmokers demonstrated 

heparan sulfate –dependent HIV binding (Figure S3A), upregulation of MMP-9 (Figure 

S3B) and increased level of secreted MMP-9 (Figure S3C).

In COPD, there was an imbalance between proteases/anti-protease level leading to 

proteolysis and matrix degradation within the lung compartments. In separate experiments, 

both MMP-9 and TIMP-1 levels were measuresd. There was an increase level of MMP-9, 

TIMP-1 and the ratio of MMP-9 to TIMP-1 level in HIV-treated BC vs untreated BC (for 

MMP-9, 6924 pg/ml vs 693 pg/ml, p<0.0003, for TIMP-1, pg/ml 44929 vs 22768 pg/ml, 

p<0.001 and for MMP-9:TIMP-1 ratio, 0.15 vs 0.03, p<0.001; Figure S4).

HIV Binding to BC Induces MAPK Phosphorylation

To investigate which signaling pathway(s) were activated in HIV-exposed BC, starved BC 

were either stimulated with basal medium or HIV-containing basal medium for 15 min and 

the cell lysates were analyzed using a MAPK phosphorylation array. The data indicated that 

HIV binding to BC increased phosphorylation of p38 MAPK, Erk1/2, CREB, JNK, 

GSK-3α/β and HSP27 when compared to control (Figures S5 and S6A). Western blot 

analysis also confirmed that there was increased phosphorylated Erk in HIV-treated BC as 

compared to BC treated with basal medium. Pretreatment of virus with heparan sulfate at 30 

μg/ml significantly blocked HIV-induced Erk phosphorylation (Figure S6B).

Phosphorylation of p38 MAPK, Erk and JNK results in activation of downstream signaling 

cascades that are closely linked to activation of transcription factors including AP-1, SP-1 

and NFκB implicated in regulation of MMP-9 gene expression (Bond et al., 1998; Gum et 

al., 1997; Karin, 1995; Labrie and St-Pierre, 2013; McCawley et al., 1999; Reddy et al., 

1999; Sato and Seiki, 1993; Simon et al., 1998).

The involvement of phosphorylated kinases in the expression of MMP-9 was confirmed with 

inhibitors of MEK (PD98059, 20 M), NFκB and JNK (resveratrol, 70 M) at both 

transcriptional and secretion levels. Cells were pretreated with inhibitors for 1 hr prior to 

HIV treatment. Both inhibitors significantly suppressed HIV-induced MMP-9 mRNA 

(PD98059, p<0.03 and resveratrol, p<0.05; Figure 5A) and secreted MMP-9 in culture 

supernatants (PD98059, p<0.03 and resveratrol, p<10−5; Figure 5B). Both inhibitors alone 

did not have any effects on BC and were comparable to untreated control (medium) and 

vehicle control (DMSO). Zymography analysis showed that there was a reduction in 

intensity corresponding to pro-MMP-9 in the inhibitor treated-BC (PD98059 treatment: lane 

6 vs lane 7; resveratrol treatment: lane 13 vs lane 14; Figure 5C). Overall, these results 

suggest that HIV-induced MMP-9 expression is mediated through Erk, NFκB and JNK 

pathways.
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HIV-induced BC Invasion is Associated with Erk Signaling and MMP-9

Given that HIV induces BC invasion and MMP-9 expression, we investigated if the invasive 

phenotype was mediated by MMP-9 and Erk signaling. Cells were seeded on matrigel-

coated culture chamber and treated with HIV in the presence of MMP-9 and MEK 

inhibitors. After 5 days, cells on the bottom side were fixed, stained and viewed under a 

microscope. Relative to HIV-treated BC, both MMP-9 and MEK inhibitors significantly 

suppressed HIV-induced BC invasion (MMP-9 inhibitor, p<0.004; PD98059, p<0.002; 

Figure 5D). Taken together, HIV binding to BC induced MMP-9 and acquired “destructive 

phenotype” to invade through connective tissues.

Discussion

With the development of effective anti-retroviral therapy (ART), the survival of individuals 

infected with HIV-1 has been dramatically improved (Murphy et al., 2001; Palella et al., 

1998). However, chronic HIV-1 infection is associated with several comorbid disorders, 

including a high incidence of chronic obstructive pulmonary disease manifesting as 

emphysema (Bhatia and Chow, 2016; Bhatia et al., 2012; Crothers et al., 2006; Crothers et 

al., 2011; Diaz et al., 1992; Diaz et al., 2000; Diaz et al., 2003; Giantsou, 2011; Kalim et al., 

2008; Morris et al., 2011a; Morris et al., 2011b; Naicker et al., 2015; Palella and Phair, 

2011; Petrache et al., 2008). The pathogenesis of HIV-associated emphysema is not well 

understood, with some evidence implicating lung destruction mediated by alveolar 

macrophages, CD8 T cells, HIV envelope proteins and possibly anti-retroviral drugs (Buhl 

et al., 1993; George et al., 2009; Green et al., 2014; Kanmogne et al., 2005; Park et al., 2001; 

Plata et al., 1987; Twigg et al., 1999). In this study, we hypothesized that the HIV virions 

may modulate cellular functions of lung parenchymal cells, mediating pathological 

programming contributing to lung destruction through multiple mechanisms. Given that 

human airway basal cells are the adult stem/progenitor cells that differentiate into 

specialized airway epithelial ciliated and secretory cells during normal turn over and repair, 

we focused on whether HIV reprograms BC to distinctive phenotypes that contribute to the 

development of emphysema. Strikingly, the data demonstrate that HIV binds to but does not 

replicate in BC, HIV binding to BC induces morphological changes and the BC acquire an 

invasive phenotype, mediated by up-regulation of MMP-9 expression through activation of 

MAPK signaling pathways.

There is evidence from a number of studies demonstrating that, despite effective systemic 

therapy, there is still a burden of HIV in the lung. For example, persistent HIV-1 in alveolar 

macrophages is observed in HIV-1 infected individual with systemic viral suppression 

(Costiniuk and Jenabian, 2014; Cribbs et al., 2015). Consistent with these observations, 

several reports have shown that HIV-infected AM release various cytokines that induce 

inflammation, immune activation and infiltration of neutrophils, and produce proteases 

(Costiniuk and Jenabian, 2014; Kaner et al., 2009). Yearsley et al (Yearsley et al., 2005) 

reported that HIV-infected macrophage-like cells and uninfected MMP-9 expressing 

neighboring cells are localized in emphysematous area of lung. This suggests that HIV-

infected macrophages may spread viral particles and mediators that influence neighboring 

cells in the airway epithelium, resulting in emphysema. While the basal cells attached to 
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basement membrane, it has been shown that rat tracheal basal cells can extend cytoplasmic 

projections to apical surface of the airway epithelium when they could be exposed to HIV on 

the epithelial surface (Shum et al., 2008). It is possible that BC can sample pathogens such 

as virus and viral proteins released from other neighboring cells and damaged vascular 

tissues in apical environement.

Matric Metalloproteinases

Matrix metalloproteinases (MMPs) are proteolytic enzymes capable of degrading the 

extracellular matrix, facilitating cell migration and tissue remodeling (Atkinson and Senior, 

2003; Elkington and Friedland, 2006; Grzela et al., 2016; Legrand et al., 1999). MMPs also 

regulate cytokines and chemokines activity, influencing the recruitment and functions of 

inflammatory cells (Parks et al., 2004). Previous studies have shown that MMPs released by 

multiple cell types including macrophages, epithelial cells, T cells and neutrophils play an 

important role in COPD (Demedts et al., 2005; Gueders et al., 2006; Navratilova et al., 2016; 

Owen, 2008). MMP-9 has been of interest in the pathogenesis of cigarette smoking-

associated emphysema (Atkinson and Senior, 2003; Churg et al., 2007; Selman et al., 2003). 

In patients with COPD, elevated MMP-9 levels are observed in the lung (Kang et al., 2003; 

Ohnishi et al., 1998), alveolar macrophages (Russell et al., 2002) and induced sputum (Beeh 

et al., 2003; Cataldo et al., 2000; Culpitt et al., 2005). Alveolar macrophages from normal 

smokers express more MMP-9 than those from normal individuals (Lim et al., 2000). Mouse 

models with transgenic expression of MMP-9 in alveolar macrophages have adult-onset 

emphysema (Foronjy et al., 2008), and there is up-regulation of MMP-9 in the airways of 

mice with chronic airway inflammation and remodeling (Yu et al., 2012).

Consistent with the observations in this study, HIV-1+ smokers with emphysema showed 

increased levels of MMP-9 in lung epithelial lining fluid compared to HIV‾ smokers 

(Kaner et al., 2009) and there is increased MMP-9 expression in the lung of AIDS patient 

with emphysema (Yearsley et al., 2005). Similarly, HIV-1 gp120 induces MMP-9 expression 

via binding to mannose receptor in vaginal epithelial cells in vitro (Fanibunda et al., 2011). 

HIV-1 binding to mannose receptor induces production of matrix metalloproteinase 2 

(MMP-2) through human mannose receptor-mediated intracellular signaling in human 

astrocytes (Lopez-Herrera et al., 2005). These studies support our hypothesis that HIV can 

reprogram epithelial cells to destructive phenotypes by induction of proteases. Consistent 

with our observations, a recent study demonstrated that X4-tropic HIV can be internalized 

by airway epithetlial cells and then impair lung epithelial permeability and promote 

inflammation without direct infection (Brune et al., 2016). Apart from HIV itself, 

Gundavarapu et al (Gundavarapu et al., 2013) has demonstrated that HIV gp120 promotes 

mucus production in bronchial epithelial cells via CXCR4/α7-nicotinic acetylcholine 

receptors. These studies support our hypothesis that HIV can reprogram epithelial cells to 

destructive phenotypes by induction of proteases in different tissues.

HIV-modulated BC Reprogramming

In the present study, we have identified a possible mechanism for the HIV-mediated up-

regulation of MMP-9 in the lung. HIV binds to BC resulting in morphological changes, with 

the BC acquiring a cell invasion phenotype and up-regulation of MMP-9 expression. 
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Specific inhibitors of MEK (PD98059) and NFκB and JNK (resveratrol) suppress HIV-

induced MMP-9 expression and migration in BC. It is reasonable to infer that the cellular 

damage in HIV-bound BC is caused, at least in part, by the release of proteases such as 

MMP-9. In a cell invasion assay, HIV-induced MMP-9 was shown to degrade extracellular 

matrix components to allow BC to migrate through matrigel. To our knowledge, this is the 

first demonstration that HIV can reprogram a non-hematopoietic adult stem/progenitor cell, 

in this case to acquire destructive phenotypes that contribute to tissue destruction and 

damage that are relevant to emphysema commonly seen in HIV+ individuals. The concept 

that virus-induced disease pathogenesis can be mediated by virus-adult stem/progenitor cell 

interactions is consistent with the recent observation that Zika virus can infect human neural 

progenitor cell, leading to attenuated population growth through virus induced apoptosis and 

cell cycle dysregulation (Tang et al., 2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Binding of HIV to human airway basal cells. A. Binding of HIV-1NL4-3. BC were exposed 

to the virus, washed and then lysed in 0.1% Triton-X. Virus binding was measured by HIV-1 

p24 levels after 3 and 24 hr. B. Sensitivity of HIV binding to the BC to trypsin. After 3 hr of 

incubation, cells were incubated with 0.05% trypsin/EDTA for 5 min, washed, lysed and 

analyzed by HIV-1 p24 levels. C. Flow cytometry assessment of cell surface expression of 

heparan sulfate proteoglycans (HSPGs) in untreated and trypsin-treated basal cells. The 

solid line represents staining with monoclonal antibody against the indicated HSPG. The 

broken line represents staining with corresponding isotype control. Shown are the 

histograms of heparan sulfate and syndecans 1–4, each from one representative experiment 

of 3 independent experiments. D. Heparan sulfate inhibition of HIV binding to BC. 

Pretreatment of HIV with heparan sulfate at different concentrations inhibits HIV binding to 

airway BC in a dose-dependent manner. Results shown are the average of three independent 

experiments using cells from 3 different individuals. E. Effect of heparinase III pretreatment 

of BC on HIV binding. Prior heparinase III treatment on BC significantly abolishes HIV 

binding. F. HIV binds to, but does not replicate in airway BC. Shown is a time-course of BC 

levels of p24 following addition of HIV-1 to airway BC. Cell lysates were collected at the 
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indicated time points and used for quantification of HIV-1 p24 levels. *p<0.05, **p<0.01, 

NL4-3 vs NL4-3 + heparan sulfate.
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Figure 2. 
HIV induced BC to acquire a destructive phenotype. Shown are in vitro assessments of HIV-

induced BC morphological changes and cell invasion through connective tissue. A. 
Morphology of BC after exposure to HIV. At day 5 there are “holes” in the BC culture. B. 
HIV induces BC invasion through connective tissue. BC were plated onto matrigel-coated 

chambers. Data shown is the stained migratory cells at the bottom of the chambers in control 

and HIV-treated culture from one representative of 3 independent experiments. Bar = 100 

μm.
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Figure 3. 
Expression of matrix metalloproteinases (MMPs) in mock and HIV-treated BC. BC were 

exposed to HIVNL4-3 (p24 at 200 ng/ml) for 48 hr, and cell lysates were assessed using a 

human protease array to detect the expression of MMPs. A. The locations of each MMP on 

the array membrane are identified. The array images were obtained from 1 min exposure to 

X-ray film. B. Quantification of the expression of the pixel density of each MMP (in 

duplicate) was measured. The data represents the average of each MMP after subtraction of 

the background signal.
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Figure 4. 
HIV modulation of MMP-9 expression in BC. A. HIV induces MMP-9 expression in BC in 

a dose-dependent manner. BC were exposed to increasing viral input (p24 from 5 to 200 

ng/ml) for 2 days and MMP-9 expression quantified by TaqMan PCR. The data is 

normalized to 18s RNA. B. Assessment of expression of MMP-9 in HIV-treated and HIV + 

cigarette smoke extract (CSE)-treated BC. C. Quantification of MMP-9 in culture 

supernatants of untreated, CSE, HIV and HIV+CSE treated BC cultures. MMP-9 levels were 

quantified by ELISA. D. Gelatin zymography analysis of MMP-9 activity in cylture 

supernatants from treated BC. Lane 1 - pro-MMP-9 standard; lane 2 - active MMP-9 

standard; lane 3 - untreated, lane 4 - HIV-treated BC; lane 5 - heat-inactivated HIV-treated 

BC; lane 6 - 3% CSE-treated BC; lane 7 - 6% CSE-treated BC; lane 8 - HIV+ 3% CSE-

treated BC; lane 9 - HIV+ 6% CSE-treated BC.
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Figure 5. 
MEK inhibitor (PD98059) and resveratrol suppress HIV-induced MMP-9 expression in BC. 

BC were treated with PD98059 (20 M) or resveratrol (75 M) for 1 hr prior to virus exposure. 

BC were collected and analyzed. A. MMP-9 mRNA expression by Taqman PCR. B. Level 

of secreted MMP-9 in culture supernatants assessed by ELISA from BC culture treated with 

HIV in the absence and presence of inhibitors. C. MMP-9 activity in culture supernatants 

assessed by gelatin zymography analysis. Lanes 1, 8 - pro-MMP-9 standard; lane 2, 9 - 

active MMP-9 standard; lanes 3, 10 - untreated BC; lanes 4, 11 - vehicle control; lane 5 - 
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PD98059 alone; lanes 6, 13 - HIV+vehicle; lane 7 - HIV+PD98059; lane 12- resveratrol; 

lane 14 - HIV+resveratrol. D. Suppression of invasion of HIV-bound airway BC through 

connective tissue by MEK and MMP-9 inhibitors. The number of migratory cells in HIV-

treated in the absence and presence of inhibitors were quantified. Data is presented as the 

percentage of cell invasion relative to HIV-treated BC from three independent experiments.

Chung et al. Page 20

Cell Rep. Author manuscript; available in PMC 2017 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Summary
	Graphical abstract
	Introduction
	Experimental Procedures

	Results
	HIV Receptors Expressed by BC
	HIV Binds to Human Airway Basal Cells Through a Trypsin-sensitive Cell Surface Receptor
	Human Airway BC Capture HIV via Cell Surface Heparan Sulfate
	HIV Induces BC Morphological Changes and to Adopt a Cell Invasion Phenotype
	HIV Modulates MMP-9 Expression in Human Airway BC
	HIV Binding to BC Induces MAPK Phosphorylation
	HIV-induced BC Invasion is Associated with Erk Signaling and MMP-9

	Discussion
	Matric Metalloproteinases
	HIV-modulated BC Reprogramming

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

