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Airway protease/antiprotease imbalance in atopic
asthmatics contributes to increased Influenza A
virus cleavage and replication
Matthew J Kesic1,5, Michelle Hernandez1,2,3 and Ilona Jaspers1,2,3,4*
Abstract

Asthmatics are more susceptible to influenza infections, yet mechanisms mediating this enhanced susceptibility are
unknown. Influenza virus hemagglutinin (HA) protein binds to sialic acid residues on the host cells. HA requires
cleavage to allow fusion of the viral HA with host cell membrane, which is mediated by host trypsin-like serine
protease. We show data here demonstrating that the protease:antiprotease ratio is increased in the nasal mucosa of
asthmatics and that these changes were associated with increased proteolytic activation of influenza. These data
suggest that disruption of the protease balance in asthmatics enhances activation and infection of influenza virus.
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Findings
The viral hemagglutinin (HA) protein expressed on the
influenza virion surface is responsible for binding to sialic
acid residues on the host cells. Fusion of the virus mem-
brane to the host cell occurs only after HA is proteolytic-
ally cleaved, whereas virions with uncleaved HA (HA0)
are non-infectious [1,2]. After cleavage by a host trypsin-
like serine protease, two protein fragments, HA1 and
HA2, are produced. These proteases, in turn, are regulated
by mucus antiproteases, such as secretory leukocyte prote-
ase inhibitor (SLPI) and α1-antitrypsin (A1AT) [2,3]. Our
group recently demonstrated that human nasal epithelial
cells (NEC) secreted the cellular protease, transmembrane
protease serine 2 (TMPRSS2) and the antiprotease, SLPI,
and that oxidant-induced disruption of the protease/anti-
protease balance, as characterized by increased expression
and secretion of TMPRSS2, resulted in increased HA
cleavage and viral replication [4].
Because asthmatics are more susceptible to respiratory

viral infections [5] and are thought to be under increased
oxidative stress [6], we hypothesize that the disruption in
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the protease/antiprotease balance in airways results in
increased influenza viral cleavage and replication in subjects
with allergic asthma (AA). Since the nasal passage is the
primary site of infection for several common viruses includ-
ing influenza, we characterized the protease/antiprotease
balance in nasal lavage fluid (NLF) from healthy volunteers
(HVs) and AAs. Subject recruitment, sample collection,
and analytic techniques are identical to those we have re-
cently reported [4,7]. Demographic data from a total of 13
subjects (7 HVs and 6 AAs) are presented in Table 1. Cell-
free NLF from HVs and AAs was used to characterize the
differences in protease/antiprotease expression, influenza
HA cleavage, and viral replication. By normalizing to total
protein concentration present in the cell-free nasal lavage
(20μg), immunoblotting revealed that compared to HVs,
SLPI expression is decreased and levels of the protease
TMPRSS2 are increased, in AAs (Figure 1A). To provide
quantitative analysis of this difference, we present our data
as an average of the protease/antiprotease balance from 7
HVs and 6AAs. Specifically, densitometric analysis of both
TMPRSS2 and SLPI were used to calculate the ratio of SLPI:
TMPRSS2 (Figure 1B). These results indicate that AAs dis-
play a disruption in the protease/antiprotease balance in the
nasal surface liquid, in favor of protease expression.
To determine if the proteases present in the apical sur-

face liquid from nasal lavage are functional and can cleave
an intact influenza virion, NLF (50μg of total protein), was
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Table 1 Subject characteristics

Healthy volunteer
(n=7)

Atopic asthmatic
(n=6)*

Age (mean years, SD) 25.4, 5.7 21.5, 2.4
Gender (F/M) 6/1 4/2

Skin prick test positivity (# of subjects, N)

Dust Mites 0 4

Trees 0 3

Grasses 0 4

Weeds 0 2

Cat/Dog 0 2

Cockroach 0 2

Race 4 Caucasian 4 Caucasian

3 African American 1 African American

1 Native Pacific Islander

BMI (Mean, SD) 26.1, 4.8 23, 2.5

* Atopy was defined by positive epicutaneous skin testing. Asthma status was
defined by history, spirometry, and positive methacholine testing. Healthy
volunteers were not atopic, nor were they taking any systemic or topical
medications. Atopic asthmatics (mild intermittent asthmatics) had to be free of
antihistamine use at least 1 week prior to study procedures. They were not
taking nasal steroids, inhaled steroids, or leukotriene receptor antagonists.
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Figure 1 A) Secreted TMPRSS2 and SLPI. B) Densitometric analysis to qu
Data were expressed as levels of SLPI: TMPRSS2 ratio for each subject. C) R
was used to quantitate the amounts of cleaved HA2 protein. Numbers rep
log TCID50. Unpaired Student’s t-test was used for determination of statistic
between HVs and AAs; p < 0.05.
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incubated with Influenza A/Malaya/302/1954 H1N1 and
subsequently analyzed for the various forms of HA using
immunoblotting. Figure 1C show NLF from both HVs and
AAs was able to cleave HA0 to its products HA1 and
HA2, but that NLF from AAs had increased proteolytic
activity. Similar to our previous studies [4], we examined
whether NLF from AAs and HVs differ in their ability to
produce infectious virions using a modified infectivity viral
titer assay. These experiments determine whether secreted
proteases present in the NLF from HVs and AAs are
able to facilitate multiple rounds of viral replication in
Madin-Darby canine kidney cells (MDCKs), which require
exogenously added protease to become infected and repli-
cate influenza virus [4]. NLF from HVs and AAs was incu-
bated with influenza A/Bangkok/1/79 or with a mock
control then added to the MDCK cells for analysis of in-
fluenza viral titers. Figure 1D shows that secreted pro-
teases in NLF from healthy volunteers are able to activate
influenza virions leading to viral entry and replication in
MDCK cells and that these effects are increased in NLF
from AAs. Taken together, these results demonstrate that
NLF from AAs has a disruption in the secreted protease/
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antiprotease balance. Using the exact same samples, we
also demonstrate that virus incubated with NLF from AA
display a significant increase in influenza virus cleavage
and replication in MDCK cells.
In conclusion, this is the first study to demonstrate that

secreted proteases in NLF from humans can proteolytic-
ally activate influenza virions and that these activities are
enhanced in AAs. We speculate that disruption of the epi-
thelial protease/antiprotease balance in AAs is a plausible
risk-factor for increased susceptibility of these individuals
to influenza infection and potentially other viruses such as
SARS-CoV and metapneumovirus, which also require pro-
teolytic activation.

Abbreviations
HA: Hemagglutinin; SLPI: Secretory leukocyte protease inhibitor; A1AT:
α1-antitrypsin; TMPRSS2: Transmembrane protease serine 2; NLF: Nasal lavage
fluid; AA: Allergic asthmatic; NEC: Nasal epithelial cells; HV: Healthy
volunteers; MDCK: Madin-Darby canine kidney cells.

Competing interests
The author(s) declare that they have no competing interests.

Authors’ contributions
MK designed and carried out the studies, analyzed the data, and drafted the
manuscript; MH contributed in the clinical characterization and recruitment
of the subject population; IJ contributed to the design, oversaw the
coordination of the overall study, and finalized the manuscript. All authors
read and approved the final manuscript.

Funding
The project described was in part supported by National Institutes of Health
grant KL2RR025746 (MH), National Institute of Environmental Health Sciences
ES013611 (IJ), and Nation Heart, Lung, and Blood Institute HL095163 (IJ).

Acknowledgments
We thank Ms. Luisa E. Brighton and Martha Almond for their skillful
assistance and Philip Bromberg for his critical review of the manuscript.

Author details
1Center for Environmental Medicine, Asthma, and Lung Biology, School of
Medicine, University of North Carolina at Chapel Hill, 104 Mason Farm Rd;
CB# 7310, Chapel Hill, NC 27599-7310, USA. 2The Curriculum in Toxicology,
University of North Carolina at Chapel Hill, Chapel Hill, NC, USA. 3The
Department of Pediatrics, School of Medicine, University of North Carolina at
Chapel Hill, Chapel Hill, NC, USA. 4The Department of Microbiology and
Immunology, School of Medicine, University of North Carolina at Chapel Hill,
Chapel Hill, NC, USA. 5The Department of Biology, Methodist University,
Fayetteville, NC, USA.

Received: 26 June 2012 Accepted: 3 September 2012
Published: 19 September 2012

References
1. Okumura Y, Takahashi E, Yano M, Ohuchi M, Daidoji T, Nakaya T, Bottcher E,

Garten W, Klenk HD, Kido H: Novel type II transmembrane serine
proteases, MSPL and TMPRSS13, proteolytically activate membrane
fusion activity of the hemagglutinin of highly pathogenic avian
influenza viruses and induce their multicycle replication. J Virol 2010,
84:5089–5096.

2. Kido H, Yokogoshi Y, Sakai K, Tashiro M, Kishino Y, Fukutomi A, Katunuma N:
Isolation and characterization of a novel trypsin-like protease found in
rat bronchiolar epithelial Clara cells. A possible activator of the viral
fusion glycoprotein. J Biol Chem 1992, 267:13573–13579.

3. Ying QL, Simon SR: DNA from bronchial secretions modulates elastase
inhibition by alpha(1)-proteinase inhibitor and oxidized secretory
leukoprotease inhibitor. Am J Respir Cell Mol Biol 2000, 23:506–513.
4. Kesic MJ, Meyer M, Bauer R, Jaspers I: Exposure to ozone modulates
human airway protease/antiprotease balance contributing to increased
influenza a infection. PLoS ONE 2012, 7(4):e35108. doi:10.1371/journal.
pone.0035108.

5. Kloepfer KM, Olenec JP, Lee WM, Liu G, Vrtis RF, Roberg KA, Evans MD,
Gangnon RE, Lemanske RF Jr, Gern JE: Increased H1N1 infection rate in
children with asthma. Am J Respir Crit Care Med 2012, 185(12):1275–1279.
Epub 2012 Feb 23. (HYPERLINK "http://www.ncbi.nlm.nih.gov/pubmed?
term=Kloepfer%20AND%20Olenec%20AND%20Lee%20AND%20Liu" \o
"American journal of respiratory and critical care medicine).

6. Lee IT, Yang CM: Role of NADPH oxidase/ROS in pro-inflammatory
mediators-induced airway and pulmonary diseases. Biochem Pharmacol
2012, 84(5):581–590. Sep 1. Epub 2012 May 12.

7. Noah TL, Zhou H, Monaco J, Horvath K, Herbst M, Jaspers I: Tobacco smoke
exposure and altered nasal responses to live attenuated influenza virus.
Environ Health Perspect 2011, 119:78–83.

doi:10.1186/1465-9921-13-82
Cite this article as: Kesic et al.: Airway protease/antiprotease imbalance
in atopic asthmatics contributes to increased Influenza A virus cleavage
and replication. Respiratory Research 2012 13:82.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

http://dx.doi.org/10.1371/journal.pone.0035108
http://dx.doi.org/10.1371/journal.pone.0035108
http://www.ncbi.nlm.nih.gov/pubmed?term=Kloepfer%20AND%20Olenec%20AND%20Lee%20AND%20Liu
http://www.ncbi.nlm.nih.gov/pubmed?term=Kloepfer%20AND%20Olenec%20AND%20Lee%20AND%20Liu

	Abstract
	Findings
	Competing interests
	Authors´ contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


