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Abstract

Host-derived proteases can augment or help to clear infections. This dichotomy is exempli-

fied by cathepsin L (CTSL), which helps Hendra virus and SARS coronavirus to invade

cells, but is essential for survival in mice with mycoplasma pneumonia. The present study

tested the hypothesis that CTSL protects mice from serious consequences of infection by

the orthomyxovirus influenza A, which is thought to be activated by host-supplied proteases

other than CTSL. Ctsl-/- mice infected with influenza A/Puerto Rico/8/34(H1N1) had larger

lung viral loads and higher mortality than infected Ctsl+/+ mice. Lung inflammation in surviv-

ing infected mice peaked 14 days after initial infection, accompanied marked focal distal air-

way bronchiolization and epithelial metaplasia followed by desquamation and fibrotic

interstitial remodeling, and persisted for at least 6 weeks. Most deaths occurred during the

second week of infection in both groups of mice. In contrast to mycoplasma pneumonia,

infiltrating cells were predominantly mononuclear rather than polymorphonuclear. The his-

topathology of lung inflammation and remodeling in survivors was similar in Ctsl-/- and

Ctsl+/+ mice, although Ctsl+/+ mice cleared immunoreactive virus sooner. Furthermore,

Ctsl-/- mice had profound deficits in CD4+ lymphocytes before and after infection and

weaker production of pathogen-specific IgG. Thus, CTSL appears to support innate as well

as adaptive responses, which confer a survival advantage on mice infected with the ortho-

myxovirus influenza A.

Introduction

Cathepsins are a group of proteolytic enzymes, classically lysosomal in origin, that vary in

class, pH optimum, target specificity, inhibition and function. They are nearly universally

expressed by eukaryotic organisms, in which they regulate a range of physiological processes,

befitting their varied attributes and target preferences [1]. A subset of these proteases—the

cysteinyl cathepsins—was characterized originally as being lysosomal in location and function.

Later work uncovered additional roles in intracellular and extracellular locations [2]. Some of
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these enzymes cleave specific substrates involved in antigen presentation, collagen turnover in

bone and cartilage, processing of endogenous bioactive peptides, and leukocyte penetration of

cellular monolayers and matrix [1–5]. The widely expressed cysteine protease cathepsin L

(CTSL) is implicated in several types of pathology and is a potential pharmaceutical target for

inhibition to control inflammation and counterproductive immune responses. For example, by

cleaving viral proteins, CTSL helps Ebola, Hendra and Severe Acute Respiratory Syndrome

(SARS) viruses infect host cells, thereby advancing these infections [6–8]. On the other hand,

in epithelial cells of the thymic cortex, CTSL plays a key role in removing the placeholder class

II-associated invariant chain peptide, which is important for positive selection of CD4+ T cells

that bind to MHC proteins on other cells. This role in T cell maturation can influenceMHC-

restricted presentation of and response to extracellular antigens, such as those from bacteria

[9].

A previous study from this laboratory revealed that CTSL is critical for defense against lung

infection by Mycoplasma pulmonis, which is an extracellular pathogen [10]. For many other

respiratory pathogens, including the orthomyxovirus influenza A, there are no published data

to indicate whether CTSL promotes infection, as suggested for some viral pathogens, or miti-

gates it, as in mycoplasma infection.

Influenza A viruses are among the most common and pathologically significant causes of

human respiratory infections. Influenza epidemics are associated with major spikes in mortal-

ity every year worldwide, and the fortunately rare but more severe pandemics caused by new

forms of virus can be catastrophic. Influenza A can be prevented by vaccines, which, however,

may be partially or completely ineffective if they lack major epitopes of strains that are preva-

lent in a given year. Antiviral treatments available for active infections caused by some strains

of influenza A can reduce influenza severity and duration but often have limited efficacy.

Among potential alternative approaches, protease inhibition is a potential strategy because

cleavage of influenza virus surface hemagglutinin by host cell proteases is a prerequisite for

infectivity and pathogenicity [11]. Several candidate influenza A-activating proteases have

been identified [12, 13], including the host epithelial protease TMPRSS2, which is influenza A

strain-selective [14–16]. Most identified influenza virus-activating proteases are extracellular

serine proteases of tryptic specificity. However, recent evidence suggests that calpains, which

are non-cathepsin, neutral, cytosolic cysteinyl proteinases, promote influenza in mice, and that

a calpain inhibitor reduces influenza-associatedmortality [17]. The extent to which calpain

effects are mediated by cleavage-activation of virus is not yet clear. Like calpains, CTSL is a

cysteinyl proteinase but differs in having an acidic pH optimum that optimizes activity in lyso-

somes. CTSL cleaves some targets at tryptic sites, but also at non-tryptic sites, particularly in

proteins co-localizing in lysosomes. Outside of the cell, CTSL activity is limited at the neutral

to alkaline pH typical of extracellular environments and is opposed by extracellular inhibitors,

the cystatins [1, 2]. On these grounds, we hypothesized that CTSL is less likely to be a major in

vivo activator of influenza A than to support host defense against infection. This hypothesis

predicts that influenza will be more severe in mice lacking CTSL. The present work tested this

prediction by comparing immune and histopathological responses in virus-naïve wild-type

and CTSL-deficient mice.

Materials and Methods

Infection with Influenza A

This study used male and female Ctsl-/- mice describedoriginally by Nakagawa and colleagues

[9], received at the University of California at San Francisco in a C57BL/6/129S background

from Shi and colleagues [18], then backcrossed 10 or more generations into the C57BL/6
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background. Male and female Ctsl+/+ C57BL/6 mice served as wild-type controls. The study

was conducted in strict accordance with the recommendations in the Guide for the Care and

Use of Laboratory Animals of the National Institutes of Health. The protocol (number

AN104626) was approved by the University of California at San Francisco’s Institutional Ani-

mal Care and Use Committee. Mice were 8–12 weeks of age at the beginning of the study,

when they were anesthetized and inoculated intranasally with 50 μl of PBS containing 400

focus-forming units (FFU) of influenza A/H1N1/PuertoRico/8/34 [19] or with 50 μl of sterile

PBS alone (sham infection).Mice were weighed every two days. Animals determined to have

lost> 25% of body weight or to be moribund (as indicated by increased respiratory rate and

inability to ambulate) were euthanized.

Histopathological Detection of Pneumonia and Fibrosis

After infection,mice were sacrificed at intervals up to 42 days. Pneumonia severity was graded

histopathologically as describedby Beck and colleagues in mice infected with influenza A

H3N2 [20]. Briefly, scores were assigned according to degree of tissue infiltration with inflam-

matory cells: 0, no inflammation; 1, mild influx of inflammatory cells with cuffing around ves-

sels; 2, increased inflammation involving 25–50% of lung; 3, severe inflammation involving

50–75% of lung; and 4,> 75% of lung infiltrated with inflammatory cells. To detect lung and

airway fibrosis, additional tissue sections were stained with Masson’s trichrome (American

Mastertech, Lodi, CA, USA) after 14 and 42 days of infection.

Lung Viral Burden

Lung FFUs were measured 3 days after viral inoculation.Activatable virus was assayed by

application of stock virus or extracts of whole lung (homogenized in 4 ml of PBS) to the apical

surface of Madin-Darby canine kidney (MDCK) cells (American Type Culture Collection,

Manassus, VA, USA) grown to confluence in individual wells of 96-well plates. After 1 h, sam-

ples were decanted and replaced with serum-freemedium containing 100 μg/ml of L-(tosyla-

mido-2-phenyl) ethyl chloromethyl ketone-treated bovine trypsin to activate any uncleaved

virus. Sixteen hours later, cells were fixed in 100% cold methanol. Foci of infectionwere

detected immunocytochemically by incubation with polyclonal 1:1,500 goat anti-influenza A

IgG (AB1074; EMD Millipore, Billerica,MA, USA) followed by amplification and detection

using biotinylated rabbit anti-goat IgG (Santa Cruz Biotechnology, Dallas, TX, USA) and His-

tostain-SP (streptavidin-peroxidase) with diaminobenzidine as chromogen (Invitrogen, Cama-

rillo, CA, USA). Serial dilutions of samples were processed in triplicate. Lung FFUs were

estimated from counts in wells in which dilutions yielded 30–100 discrete foci.

Analysis of Bronchoalveolar Lavage (BAL) Fluid

To obtain BAL fluid for analysis, a sterile, 22-gauge catheter was inserted into exposed tracheal

lumen of anesthetizedmice. BAL fluid collected from one 0.8-ml aliquot of PBS per mouse was

placed on ice and centrifuged. Supernatants were stored at –20°C; cell pellets were resuspended

in PBS. Living cells were counted by staining with 0.4% trypan blue. Differential cell counts

were obtained from cytospun cells stained with Diff-quik (American Scientific Products,

McGaw Park, IL, USA). For further typing by analysis of surface protein expression, BAL cells

were transferred into FACS buffer (PBS, 0.5% albumin, 0.1% sodium azide). Cells were divided

and stained with either FITC anti-Gr1 (#RB6-865, UCSF Antibody Core Facility, San Fran-

cisco, CA, USA), PE anti-CD86 (553692, BD Pharmingen, San Diego, CA, USA), PE-Cy7 anti-

CD11c (25-0114-82, eBioscience, San Diego, CA, USA), and APC anti-F4/89 (17-4801-82,

eBioscience), or with FITC anti-CD3 (1530–02, Southern Biotech, Birmingham, AL, USA), PE
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anti-CD4 (553049, BD Pharmingen), PE-Cy7 anti-CD8 (552877, BD Pharmingen), APC anti

NK1.1 (130-102-350, Miltenyi Biotec, San Diego, CA, USA), and APC-Cy7 anti-CD45

(557659, BD Pharmingen). Cells were stained for 30 min on ice, washed and then fixed in 2%

paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) before analyzing using a Navios flow

cytometer (BeckmanCoulter, Brea, CA, USA).

Analysis of Splenocytes

Spleens excised from euthanized mice were placed into PBS. Splenocytes were extracted by

passing spleens though wire mesh into wash media containing RPMI with 2% fetal calf serum,

penicillin and streptomycin. The cells were then filtered through 70-micron nylon mesh (Elko,

Miami Gardens, FL, USA) and transferred to FACS buffer, labeled with fluorescent probes and

subjected to flow cytometry as described for cells obtained from BAL fluid.

Immunohistochemical Studies

Lungs were fixed in 4% neutral formaldehyde, dehydrated in a series of graded ethanol solu-

tions, and embedded in paraffin. For immunohistochemical detection of virus-infectedcells

and tissues, 5-μm sections were incubated overnight at 4°C with polyclonal goat anti-influenza

A (AB1074; EMD Millipore) and then for 1 h with rabbit anti-goat biotin (Santa Cruz Biotech-

nology), followed by amplification and visualization with Histostain-SP (diaminobenzidine-

based; Invitrogen), and counterstaining with hematoxylin. Immunoreactivity was quantita-

tively compared in infectedCtsl-/- and Ctsl++ lung sections using the IHC Toolbox plugin for

ImageJ software (National Institutes of Health), which supports automated, selective statistical

detection of the brown color generated by diaminobenzidine staining in random microscopic

fields of tissue sections.

Measurement of Influenza A H1N1-specific Antibodies

Individual wells of immunoassay plates were coated with influenza A H1N1 antigen (2 x 105

FFU/well in 50-mM carbonate buffer, pH 9.6) and incubated overnight at 4°C. Wells then were

incubated for 2 h with 1% BSA/PBS to block non-specific binding. Serum from experimental

animals was diluted 1:20 (to detect IgG1 and IgG2a) or 1:10 (to detect IgA, IgE and IgM) and

then further diluted in serial fashion in PBS/0.05% Tween-20/0.5% BSA. 10–20 μl of diluted

serum in each well were mixed with 50 μl of biotinylated anti-mouse IgG1, IgG2a, IgA, IgE or

IgM solution (BD Pharmingen) and incubated overnight, followed by addition of 50 μl of alka-

line phosphatase-conjugated streptavidin (1:3000; Jackson ImmunoResearch, West Grove, PA,

USA). Alkaline phosphatase activity remaining bound after washing was detected using phos-

phatase substrate (4-nitrophenyl phosphate; Sigma-Aldrich)with spectrophotometricmoni-

toring of cleaved substrate at 405 nm.

Measurement of Cytokines and Chemokines

Levels in BAL fluid and lung extracts were assayed with ELISA kits for IFN-α (PBL Assay Sci-

ence, Piscataway, NJ, USA), IFN-γ, TNF-α, monocyte chemoattractant protein 1 (MCP-1;

eBioscience),macrophage inflammatory protein 2 (MIP-2; R&D Systems, Minneapolis, MN,

USA) and IL-6 (BD Pharmingen).

Statistical Analysis

Data were compared by t-test, log-rank test (for survival data), or one-way ANOVA (with Bon-

ferroni’s test for pairs of groups). P< 0.05 was considered to be significant.
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Results

Weight Loss and Death after Infection

To investigate overall severity of influenza, body weight and mortality were compared in age-

matched Ctsl-/- and Ctsl+/+ mice. Both types of mice lost weight after infection (Fig 1A). Survi-

vors among infectedmice in both groups began to regain weight after approximately 12 days.

No significant differences in weight changes were found between the two types of infected

mice. However, mortality (Fig 1B) was much higher in infectedCtsl-/- mice (61% versus 34% in

Ctsl+/+ mice receiving identical inocula;P = 0.0037).

Pneumonia Histopathology

To evaluate the severity of airway and lung inflammation after infection, lung histopathology

and pneumonia scores were compared in Ctsl-/- and Ctsl+/+ mice. All infectedmice developed

lung infiltrates of inflammatory cells persisting at least 42 days (Fig 2A–2J). Both types of mice

developed predominantly mononuclear pneumonia, with associated airway exudates, within 3

days of infection. By 7 and 14 days after infection, both types of survivingmice manifested

severe inflammation. By 42 days, pneumonia and mononuclear cell infiltrates remained severe

but were decreasing. Histopathological scoring, as quantified in Fig 2K, revealed that pneumo-

nia severity peaked at 14 days in survivingmice and then decreased,without significant differ-

ences between infectedCtsl-/- and Ctsl+/+ mice.

Influenza A-induced Epithelial Metaplasia and Fibrotic Remodeling

Analysis of tissues harvested 3 and 7 days after infection revealed (in addition to luminal and

peribronchial mononuclear cell infiltration already described), bronchial and alveolar epithelial

Fig 1. Change in body weight and survival in infectedmice. (A)Weight loss was similar in surviving influenza A-infectedCtsl-/- and
Ctsl+/+mice. Data shown are means ± SEM, with no significant difference between genotypes (t-test). (B) Survival in infectedCtsl+/+

mice over the same 14-day interval was better than in infectedCtsl-/-mice (P = 0.0037 by log-rank test). No deaths occurred in sham-
infected mice of either genotype.N = 5, 5, 23 and 32 in sham-infected Ctsl-/-, sham-infectedCtsl+/+, infectedCtsl-/-, and infectedCtsl+/+

mice, respectively.

doi:10.1371/journal.pone.0164501.g001
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necrosis and loss of lining cells (Fig 2), which was patchy and contrasted strikingly with speci-

mens from sham-infected mice. By 14 days after initial infection, tissues manifested focal epi-

thelial metaplasia of airways, as well as alveolar bronchiolization in lung sections derived from

both genotypes of survivingmice, with persistent patches of largely mononuclear inflammation

(Fig 2 and S1 Fig). The areas of bronchiolization, which appeared to represent coverage by a

monolayer of non-ciliated, cuboidal Clara-like cells, tended to produce tumor-like “blooms”

sharply demarcated from adjacent normal lung (S2 Fig). These appear to correspond to the

keratin 5-positive “pods” observedby Vaughan, Kumar, and colleagues in H1N1-infectedmice

[19, 21]. At 42 days, this process appeared to have evolved by desquamation of regenerated epi-

thelium, leaving cystic spaces that are likely incapable of gas transfer (Fig 2 and S1 Fig). How-

ever, some regions of lung parenchyma were largely intact and unaffected in mice surviving

infection.Masson’s trichrome staining revealed fibrosis in some of the affected regions at 42

Fig 2. Lung histopathology after influenza A infection. The photomicrographs show representative hematoxylin and eosin-stained
sections fromCtsl-/- andCtsl+/+mouse lungs from sham-infected animals (A, B) or from animals sacrificed after 3 (C, D), 7 (E, F), 14 (G,
H) and 42 (I, J) days of infection. All images are at the samemagnification (scale bar = 100 μm). Regions of metaplasia, bronchiolization
and cyst formation in infected lungs are shown in more detail in S1 Fig (K)Comparison of pneumonia grades in sham- and virus-
infected mice. Responses were compared in Ctsl-/- andCtsl+/+ mice in lungs harvested at the indicated intervals after infection. The
maximum possible score is 4. Data are means ± SEM;N = 4–5 mice per group; *P < 0.05, **P < 0.01, and ***P < 0.001 versus grades
in sham-infected mice (by t-tests).

doi:10.1371/journal.pone.0164501.g002
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days. However, no differences in collagen deposition in airway walls or alveolar interstitium

were observedbetween infectedCtsl+/+ and Ctsl-/- mice, as shown in S3 Fig. These results reveal

that influenza leads to lung remodeling that is present after immunohistochemical evidence of

active infection has disappeared.

Viral Burden and Persistence

To localize lung tissue sites of influenza A infection and to compare persistence of pathogen in

Ctsl-/- and Ctsl+/+ mice, virus was detected immunohistochemically in lung tissue sections incu-

bated with anti-influenza A antibody. Analysis of sections obtained from lungs harvested at

intervals after infection revealed that viral antigen persisted in lung and airway epithelium for

up to 14 days in Ctsl-/- mice (Fig 3A–3J). However, greater viral burden was detected in Ctsl-/-

lung than in Ctsl+/+ lungs at 14 days, as quantified by analysis of pixel coloration corresponding

Fig 3. Detection of influenza A in infected Ctsl
-/- and Ctsl

+/+ lung. Influenza virus was sought by immunohistochemical staining of
lung sections from sham-infected animals (A, B) and frommice 3 (C, D), 7 (E, F), 14 (G,H) and 42 (I, J) days after initial infection.
N = 3–5 mice per group; scale bar = 100 μm. (K) Relative intensity of staining for H1N1 protein was compared by integrating brown pixel
density in random fields of lung sections from Ctsl-/- andCtsl+/+mice 14 days after infection; ****P < 0.0001 by t-test. (L) Intact viral
burden was assessed by measuring influenza A FFU in lung homogenates from Ctsl-/- andCtsl+/+ mice 3 days after intranasal
inoculation with live influenza A or with PBS alone (sham infection). Viral burden is expressed as total FFU in lung homogenates.
N = 3–5; *P < 0.05 versus FFU in infectedCtsl+/+ mice by t-test. No FFU were detected in lungs of sham-infected mice. Data in K and L

are means ± SEM.

doi:10.1371/journal.pone.0164501.g003
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to viral protein immunoreactivity in microscopic fields Fig 3K. No immunoreactivity was

detected in either group of mice 42 days after infection. These data suggest that infection lasts

longer in Ctsl-/- mice. To explore viral expansion in infected lung and to test whether CTSL

deficiency impairs anti-viral defenses, influenza A FFUs were assessed in lung extracts. Influ-

enza A FFUs increased 5360-fold in Ctsl-/- mice relative to the 400 FFU in the infecting inocu-

lum, compared to a 1680-fold increase in Ctsl+/+ lungs. Thus, as shown in Fig 3L, Ctsl-/- lung

extracts had 3.19-fold more activatable influenza A virus than did Ctsl+/+ lung extracts 3 days

after infection. These data suggest that Ctsl-/- mice are less effective than Ctsl+/+ mice in limiting

viral replication early in the course of infection.

Influenza-induced Changes in Immune Cell Populations in Lung and
Spleen

To assess lumen-specific lung inflammation when inflammatory cell infiltrates were evident on

histological examination of lungs, BAL fluid cells were assessed in Ctsl-/- and Ctsl+/+ mice 3, 7

and 14 days after infection and in sham-infected mice. In sham-infected animals, total cells in

BAL fluid and cytological differential profiles were similar in Ctsl-/- and Ctsl+/+ mice, with neu-

trophils being uncommon. As shown in Fig 4, inflammatory cells in BAL fluid increased after

infection in both types of mice, most dramatically at the 7- and 14-day time points. BAL

retrievedmore macrophages, lymphocytes/monocytes, and neutrophils, but fewer CD4+ cells

from infectedCtsl-/- than from Ctsl+/+ mice at 14 days. There was no significant difference in

CD8+ cells in infectedCtsl-/- and Ctsl+/+ mice. In further studies focused on the 3-day time

point, when the deaths were starting to occur in both genotypes of infectedmice, characteriza-

tion and quantitation of subsets of inflammatory cells in BAL fluid by flow cytometry (S4 Fig)

and splenocyte preparations (Fig 5) revealed modestly higher percentages of splenic neutro-

phils in infectedCtsl-/- mice in comparison to infectedCtsl+/+ mice. The most conspicuous dif-

ference was in CD4+ cells, which were profoundly deficient in Ctsl-/- mice at baseline and after

3 days of infection, with no significant difference in CD8+ cells.

Production of Influenza A-directed Antibodies

Anti-influenza A IgM titers were lower in infectedCtsl-/- mice than in infectedCtsl+/+ mice at

all time points (Fig 6), but the differences were not significant (P = 0.61, 0.24 and 0.44 for days

3, 7 and 14, respectively). No titers were detected in influenza A-naive mice, supporting the

specificity of the antibodies for influenza A. Anti-influenzaA IgG1, which was first detected 14

days after infection, was significantly lower in Ctsl-/- mice than in Ctsl+/+ mice. Anti-influenza

A IgG2a was detected later after infection in Ctsl-/- mice than in Ctsl+/+ mice, with titers being

undetectable at day 7 and significantly lower in Ctsl-/- mice than in Ctsl+/+ mice at day 14. Anti-

influenza A IgA and IgE were not detectable at any time point. These findings suggest that

humoral responses to influenza A in Ctsl-/- mice are impaired.

Influenza-induced Changes in Cytokines and Chemokines

To assess whether pulmonary responses to influenza A in Ctsl-/- mice differ from those of

Ctsl+/+ mice, we compared BAL fluid and/or lung levels of selected proteins. BAL fluid levels of

IFN-α, IFN-γ, TNF-α, IL-6, MCP-1 and MIP-2 increased following infection, with levels of

IFN-γ and MCP-1 being significantly higher in Ctsl-/- mice than in Ctsl+/+ mice (at days 7 and

14, respectively; Fig 7). Lung tissue levels of these cytokines and chemokines increased slightly

after infection but no significant differences were found betweenCtsl-/- and Ctsl+/+ mice (data

not shown). Thus, these data do not suggest that deficient production of the measured
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cytokines and chemokines are a basis for the observeddifferences in responses to influenza A

in Ctsl-/- versus Ctsl+/+ mice.

Discussion

Previous reports suggested that CTSL, by cleaving pathogen-associated proteins, helps Ebola,

Hendra and SARS viruses to enter cells, thereby advancing infection [6–8, 22]. CTSL also

allows a non-enveloped reovirus to enter cells by digesting outer capsid proteins to form infec-

tious subvirions [23]. In the example of Ebola virus, although certain cathepsins activate some

forms of the virus in cell culture, mice genetically deficient in cathepsins are not protected

from infection in vivo [24], revealing that viral activation data generated in cell culture do not

necessarily predict in vivo consequences. In this regard, the present study does not rule out the

possibility that CTSL can activate influenza orthomyxoviruses, which require processing by

host proteases to become infectious [11]. However, the findings suggest that CTSL’s dominant

Fig 4. Effect of influenza on luminal immune cell populations. BAL fluid was collected from sham-infected Ctsl-/- andCtsl+/+mice or
mice infected with influenza A for 3, 7 or 14 days. Panel A shows results of analysis of cells identified in BAL fluid by light microscopy. B
shows results of further analysis by flow cytometry quantifying the proportion of cells expressing CD4 or CD8 within the mononuclear
population. Data shown are total cells of the indicated category in BAL fluid (means ± SEM);N = 3–5 mice per group; *P < 0.05 and
**P < 0.01 as determined by one-way ANOVA.

doi:10.1371/journal.pone.0164501.g004
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contribution is defense against infection, and that its presence in mice limits respiratory viral

burden and improves likelihoodof surviving infection.

The higher mortality in infectedCtsl-/- mice is likely to be related to the observedhigher

virus burden early after infection as well as the persistence of virus in later stages of infection,

with consequently more severe and sustained damage to lung and airways. Although histopath-

ological responses to infectionwere similar in Ctsl-/- and Ctsl+/+ mice at intervals after infec-

tion, as reflected in the inflammation scores shown in Fig 2, dropout of mice dying from

infection, via a survivor effect,may have caused underestimation of the severity of inflamma-

tion in the Ctsl-/- cohort, which experienced greater mortality. Ultimately, poorer outcomes in

Ctsl-/- mice can be attributed to relative defects in innate immune and pathogen-specific adap-

tive responses, as suggested by lower titers of IgG in infectedCtsl-/- mice relative to those in

infectedCtsl+/+ mice. Given that some of the cited prior work suggesting that CTSL enhances

non-influenza viral infectivity is largely based on observations in cultured cells, it is possible

that in vivo infections by these or related viruses in Ctsl-/- mice would be poorly tolerated due

to immune deficits, notwithstanding any reductions in direct viral activation attributable to

CTSL’s absence.

Fig 5. Comparison of splenocyte populations in Ctsl
-/- and Ctsl

+/+mice. Spleens were harvested from naïve (not infected) mice
and frommice 3 days after nasal inoculation with influenza A virus. CD4+ and CD8+ T cells are a percentage of the CD3+ subset of
CD45+ cells. NK cells are the NK1.1+ subset of CD45+ cells. Neutrophils are defined as Gr1+ F4/80- cells and shown as a percentage
of cells in the non-lymphocyte gate.N = 2 mice in each naive group and 7 mice in each infected group; *** P < 0.001, comparing
infected groups by t-test.

doi:10.1371/journal.pone.0164501.g005
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CTSL is required for degradation of the invariant chain in cortical thymic epithelial cells,

such that Ctsl-/- mice have decreased positive selection of developing CD4+ T cells. CTSL defi-

ciency also alters the pool of peptides generated for MHC class II presentation. Thus, both

quantitative and qualitative defects in the CD4+ T cell repertoire, as reflected by the profoundly

Fig 6. Influenza A-specific antibody titers in serum.Mice were infected 3, 7 or 14 days, as indicated.
Data are means ± SEM of log-transformed titers;N = 4–5 mice per group; * P < 0.05 (infectedCtsl-/- versus
infectedCtsl+/+) by one-way ANOVA.

doi:10.1371/journal.pone.0164501.g006
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depressed proportions of CD4+ splenocytes from Ctsl-/- mice at baseline and after infection,

may result in impairment in early host defenses. Although we did not detect a difference in the

early type 1 interferon response, other types of impairment may have been present. For exam-

ple, differences in nucleic acid-sensing surface proteins like toll-like receptor 7, which contrib-

utes to innate recognition of influenza virus RNA and cytokine production by infected

macrophages [25] and is activated in part by CTSL [26], also may contribute to the observed

early deficit in control of influenza in Ctsl-/- mice. In some cells, CTSL contributes to antigen

processing prior to presentation with MHC II [27], which could lead to defective cellular as

well as primary humoral responses, in addition to the established influence of virus-specific

CD4+ T cell responses on memory responses and long-term protective immunity [28]. The

profoundly depressed proportions of CD4+ splenocytes from Ctsl-/- mice at baseline and after

infectionmay reflect generalized deficiency in development of CD4+ lymphocytes, with conse-

quent impairment in early host defense. Such defects could include early responses involving

innate, heterotypic, or “pre-existing” virus-specificCD4+ cells, which appear to protect

humans from severe influenza in the absence of detectable pathogen-specific antibodies [29],

possibly by activating the recently recognized cytotoxic potential of CD4+ cells acting on MHC

II-expressing epithelial cells [30]. Deficits of CD4+ T cells would also tend to limit their ability

to augment killing efficacy of macrophages.

Ctsl-/- mice have fewer CD4+ T cells [9] and have defective pathogen-specificT lymphocyte

responses to some antigens, as shown, for example, in our studies of Mycoplasma pulmonis

infection in Ctsl-/- mice [10]. However, in the mycoplasma study, no major difference between

Ctsl+/+ and Ctsl-/- mice in humoral responses to mycoplasma antigens was observed, as

Fig 7. Effect of influenza on BAL fluid levels of IFN-γ, IFN-α, TNF-α, and MCP-1 in Ctsl
-/- and Ctsl

+/+ mice.
Levels were quantified by ELISA in BAL fluid obtained 3, 7 and 14 days after initial infection. Data are
means ± SEM; N = 4–5; *P < 0.05 (infectedCtsl-/- versus infectedCtsl+/+ mice), by one-way ANOVA.

doi:10.1371/journal.pone.0164501.g007
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manifested by titers of antibodies in serum. Thus, mycoplasma and influenza pathogens may

differ in the manner in which they provoke a humoral response. This may relate to M. pulmo-

nis being an extracellular pathogen, whereas influenza A infects, kills and lyses target cells.

Another overt difference between these two pathogens in mice is the primary nature of the

evoked inflammation, which is largely neutrophilic for mycoplasma [10] and largely mono-

cytic/lymphocytic for influenza A (this study). Differences in the inflammatory response could

be associatedwith differences in modes of antigen processing and presentation, in turn yielding

differences in cellular and humoral adaptive responses.

The prominent “blooms” of bronchiolization observed adjacent to normal lung in both

types of mice by two weeks of infectionwere similar to histological changes reported in lungs

of some autopsied human victims of the 1918 pandemic of influenza A/H1N1 [31]. However,

many fatal cases of influenza in 1918 were associatedwith secondary bacterial pneumonia asso-

ciated dense infiltration of lung parenchyma with neutrophils, which was not seen in our influ-

enza-infectedmice. Although the number of neutrophils retrievable by BAL increased in our

infectedmice and were higher at the 14-day time point in Ctsl-/- mice than in Ctsl+/+ mice, neu-

trophils remained a small fraction of total leukocytes at all examined intervals after infection.

Whether this represents fundamental differences between humans and mice in response to

influenza A infection, differences in viral strains, a survivor effect (because human samples

were exclusively obtained from individuals dying after infection), relative protection from bac-

terial infection by mice housed in barrier facilities, or a combination of these factors remains to

be determined. In any case, the histopathology of lung parenchyma 6 weeks after infection sug-

gests that some “bronchiolized” areas naturally evolve during the process of epithelial replace-

ment and repair into cystic air spaces sometimes with surrounding fibrosis. These areas do not

represent a return to normal alveoli, are likely non-functional, and may represent permanent

damage to gas-exchanging surface of the lung, as may also occur in humans with severe influ-

enza pneumonia and respiratory distress.

Overall, these results suggest a critical role for CTSL in containing airway influenza A infec-

tion in mice, in which influenza causes enduring structural changes to alveoli and small air-

ways. Unlike its effect on some viruses, CTSL does not seem to augment influenza virus

infectivity, as reflected by comparing viral titers and tissue viral immunoreactivity in Ctsl-/- and

Ctsl+/+ mice. However, Ctsl-/- mice have defective immune responses, which may contribute to

higher mortality after influenza compared to mortality in Ctsl+/+ mice. These findings also sug-

gest that targeting CTSL for pharmacological inhibition as part of an anti-inflammatory,

immunosuppressive or anti-viral strategy, such as suggested for SARS coronavirus, carries a

potential risk of impairing host defense against orthomyxoviruses like influenza A.

Supporting Information

S1 Fig. Evolution of lung remodeling after infection.The photomicrographs are high-power

views of hematoxylin and eosin-stained sections from Ctsl-/- and Ctsl+/+ mouse lungs harvested

14 or 42 days after infection with influenza virus as indicated. Arrowheads in A/B and C/D

show regions of lung featuring epithelial metaplasia and bronchiolization, respectively. Arrow-

heads in E/F show later-appearing cystic structures containing cell-rich debris, possibly from

sloughed epithelium mixed with inflammatory cells. Scale bar = 60 μm.

(TIFF)

S2 Fig. Low-power view of “blooms” of remodeling after influenzaA infection. Photomi-

crographs were taken of sections of Ctsl-/- (A) and Ctsl+/+ (B) mouse lung harvested 14 days

after infection. Scale bar = 600 μm.

(TIFF)
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S3 Fig. Fibrosis in influenza-infectedlungs. Tissues were harvested from sham-infected

lungs (A, B) and from lungs 14 (C,D) and 42 (E, F) days after influenza A inoculation. Fibrotic

areas in these Masson’s trichrome-stained tissue sections are blue-green.

(TIFF)

S4 Fig. Flow cytometryof cells from BAL fluid.CD4 cells were counted as the number of

CD45- and CD3-positive lymphocytes in a BAL fluid sample that were CD4-positive. CD8

cells were the number of CD45- and CD3-positive lymphocytes that were CD8-positive. NK

cells were CD45-positive CD3-negative lymphocytes that were NK1.1-positive. Neutrophils

were F/80-negative non-lymphocytes that were Gr-1-positive. Each data point represents mea-

surement from lavage fluid from one mouse. Infected mice had been inoculatedwith influenza

A 3 days prior to BAL. No significant differences were detected by t-test between infected

groups at this time point.

(TIFF)

Acknowledgments

The authors gratefully acknowledge Dr. Paul Wolters for providing Ctsl-/- mice backcrossed

into C57BL/6 background for initial studies.

Author Contributions

Conceptualization:XX JRG JEG GHC.

Formal analysis:XX JRG GHC.

Funding acquisition:GHC.

Investigation: XX JRG.

Methodology:XX JRG JEG GHC.

Project administration:GHC.

Resources: JEG MAM.

Supervision:MAM GHC.

Validation: XX JRG JEG.

Visualization: XX JRG GHC.

Writing – original draft:XX GHC.

Writing – review& editing:XX JRG JEG MAM GHC.

References
1. Reiser J, Adair B, Reinheckel T. Specialized roles for cysteine cathepsins in health and disease. J Clin

Invest. 2010; 120: 3421–3431. doi: 10.1172/JCI42918 PMID: 20921628

2. Turk V, Stoka V, Vasiljeva O, Renko M, Sun T, Turk B, et al. Cysteine cathepsins: from structure, func-
tion and regulation to new frontiers. Biochim Biophys Acta. 2012; 1824: 68–88. doi: 10.1016/j.bbapap.
2011.10.002 PMID: 22024571

3. McGrath ME. The lysosomal cysteine proteases. Annu Rev Biophys Biomol Struct. 1999; 28: 181–
204. doi: 10.1146/annurev.biophys.28.1.181 PMID: 10410800

4. Hsing LC, Rudensky AY. The lysosomal cysteine proteases in MHC class II antigen presentation.
Immunol Rev. 2005; 207: 229–241. doi: 10.1111/j.0105-2896.2005.00310.x PMID: 16181340

Cathepsin L and Influenza A

PLOSONE | DOI:10.1371/journal.pone.0164501 October 7, 2016 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164501.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164501.s004
http://dx.doi.org/10.1172/JCI42918
http://www.ncbi.nlm.nih.gov/pubmed/20921628
http://dx.doi.org/10.1016/j.bbapap.2011.10.002
http://dx.doi.org/10.1016/j.bbapap.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22024571
http://dx.doi.org/10.1146/annurev.biophys.28.1.181
http://www.ncbi.nlm.nih.gov/pubmed/10410800
http://dx.doi.org/10.1111/j.0105-2896.2005.00310.x
http://www.ncbi.nlm.nih.gov/pubmed/16181340


5. Kitamoto S, Sukhova GK, Sun J, Yang M, Libby P, Love V, et al. Cathepsin L deficiency reduces diet-
induced atherosclerosis in low-density lipoprotein receptor-knockout mice. Circulation. 2007; 115:
2065–2075. doi: 10.1161/CIRCULATIONAHA.107.688523 PMID: 17404153

6. Chandran K, Sullivan NJ, Felbor U, Whelan SP, Cunningham JM. Endosomal proteolysis of the Ebola
virus glycoprotein is necessary for infection. Science. 2005; 308(5728):1643–5. doi: 10.1126/science.
1110656 PMID: 15831716

7. Pager CT, Dutch RE. Cathepsin L is involved in proteolytic processing of the Hendra virus fusion pro-
tein. J Virol. 2005; 79: 12714–12720. doi: 10.1128/JVI.79.20.12714-12720.2005 PMID: 16188974

8. Huang IC, Bosch BJ, Li F, Li W, Lee KH, Ghiran S, et al. SARS coronavirus, but not human coronavirus
NL63, utilizes cathepsin L to infect ACE2-expressing cells. J Biol Chem. 2006; 281: 3198–3203. doi:
10.1074/jbc.M508381200 PMID: 16339146

9. Nakagawa T, RothW, Wong P, Nelson A, Farr A, Deussing J, et al. Cathepsin L: critical role in Ii degra-
dation and CD4 T cell selection in the thymus. Science. 1998; 280: 450–453. doi: 10.1126/science.
280.5362.450 PMID: 9545226

10. Xu X, Greenland J, Baluk P, Adams A, Bose O, McDonald DM, et al. Cathepsin L protects mice from
Mycoplasmal infection and is essential for airway lymphangiogenesis. Am J Respir Cell Mol Biol. 2013;
49: 437–444. doi: 10.1165/rcmb.2013-0016OC PMID: 23600672

11. Steinhauer DA. Role of hemagglutinin cleavage for the pathogenicity of influenza virus. Virology. 1999;
258: 1–20. doi: 10.1006/viro.1999.9716 PMID: 10329563

12. Bertram S, Glowacka I, Steffen I, Kuhl A, Pohlmann S. Novel insights into proteolytic cleavage of influ-
enza virus hemagglutinin. Reviews in medical virology. 2010; 20: 298–310. doi: 10.1002/rmv.657
PMID: 20629046

13. GartenW, Braden C, Arendt A, Peitsch C, Baron J, Lu Y, et al. Influenza virus activating host prote-
ases: Identification, localization and inhibitors as potential therapeutics. Eur J Cell Biol. 2015; 94: 375–
383. doi: 10.1016/j.ejcb.2015.05.013 PMID: 26095298

14. Hatesuer B, Bertram S, Mehnert N, Bahgat MM, Nelson PS, Pohlmann S, et al. Tmprss2 is essential
for influenza H1N1 virus pathogenesis in mice. PLoS Pathogens. 2013; 9(12): e1003774. doi: 10.
1371/journal.ppat.1003774 PMID: 24348248

15. Tarnow C, Engels G, Arendt A, Schwalm F, Sediri H, Preuss A, et al. TMPRSS2 is a host factor that is
essential for pneumotropism and pathogenicity of H7N9 influenza A virus in mice. J Virol. 2014; 88:
4744–4751. doi: 10.1128/JVI.03799-13 PMID: 24522916

16. Sakai K, Ami Y, Tahara M, Kubota T, Anraku M, Abe M, et al. The host protease TMPRSS2 plays a
major role in in vivo replication of emerging H7N9 and seasonal influenza viruses. J Virol. 2014; 88:
5608–5616. doi: 10.1128/JVI.03677-13 PMID: 24600012

17. Blanc F, Furio L, Moisy D, Yen HL, Chignard M, Letavernier E, et al. Targeting host calpain proteases
decreases influenza A virus infection. Am J Physiol Lung Cell Mol Physiol. 2016; 310: L689–L699. doi:
10.1152/ajplung.00314.2015 PMID: 26747784

18. Sun J, Sukhova GK, Zhang J, Chen H, Sjoberg S, Libby P, et al. Cathepsin L activity is essential to
elastase perfusion-induced abdominal aortic aneurysms in mice. Arterioscler Thromb Vasc Biol. 2011;
31: 2500–2508. doi: 10.1161/ATVBAHA.111.230201 PMID: 21868704

19. Vaughan AE, Brumwell AN, Xi Y, Gotts JE, Brownfield DG, Treutlein B, et al. Lineage-negative progen-
itors mobilize to regenerate lung epithelium after major injury. Nature. 2015; 517: 621–625. doi: 10.
1038/nature14112 PMID: 25533958

20. Beck MA, Nelson HK, Shi Q, Van Dael P, Schiffrin EJ, Blum S, et al. Selenium deficiency increases the
pathology of an influenza virus infection. FASEB J. 2001; 15: 1481–1483. doi: 10.1096/fj.00-0721fje
PMID: 11387264

21. Kumar PA, Hu Y, Yamamoto Y, Hoe NB, Wei TS, Mu D, et al. Distal airway stem cells yield alveoli in
vitro and during lung regeneration following H1N1 influenza infection. Cell. 2011; 147: 525–538. doi:
10.1016/j.cell.2011.10.001 PMID: 22036562

22. Simmons G, Gosalia DN, Rennekamp AJ, Reeves JD, Diamond SL, Bates P. Inhibitors of cathepsin L
prevent severe acute respiratory syndrome coronavirus entry. Proc Natl Acad Sci U S A. 2005; 102:
11876–11881. doi: 10.1073/pnas.0505577102 PMID: 16081529

23. Ebert DH, Deussing J, Peters C, Dermody TS. Cathepsin L and cathepsin B mediate reovirus disas-
sembly in murine fibroblast cells. J Biol Chem. 2002; 277: 24609–24617. doi: 10.1074/jbc.
M201107200 PMID: 11986312

24. Marzi A, Reinheckel T, Feldmann H. Cathepsin B & L are not required for Ebola virus replication. PLoS
Negl Trop Dis. 2012; 6: e1923. doi: 10.1371/journal.pntd.0001923 PMID: 23236527

Cathepsin L and Influenza A

PLOSONE | DOI:10.1371/journal.pone.0164501 October 7, 2016 15 / 16

http://dx.doi.org/10.1161/CIRCULATIONAHA.107.688523
http://www.ncbi.nlm.nih.gov/pubmed/17404153
http://dx.doi.org/10.1126/science.1110656
http://dx.doi.org/10.1126/science.1110656
http://www.ncbi.nlm.nih.gov/pubmed/15831716
http://dx.doi.org/10.1128/JVI.79.20.12714-12720.2005
http://www.ncbi.nlm.nih.gov/pubmed/16188974
http://dx.doi.org/10.1074/jbc.M508381200
http://www.ncbi.nlm.nih.gov/pubmed/16339146
http://dx.doi.org/10.1126/science.280.5362.450
http://dx.doi.org/10.1126/science.280.5362.450
http://www.ncbi.nlm.nih.gov/pubmed/9545226
http://dx.doi.org/10.1165/rcmb.2013-0016OC
http://www.ncbi.nlm.nih.gov/pubmed/23600672
http://dx.doi.org/10.1006/viro.1999.9716
http://www.ncbi.nlm.nih.gov/pubmed/10329563
http://dx.doi.org/10.1002/rmv.657
http://www.ncbi.nlm.nih.gov/pubmed/20629046
http://dx.doi.org/10.1016/j.ejcb.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26095298
http://dx.doi.org/10.1371/journal.ppat.1003774
http://dx.doi.org/10.1371/journal.ppat.1003774
http://www.ncbi.nlm.nih.gov/pubmed/24348248
http://dx.doi.org/10.1128/JVI.03799-13
http://www.ncbi.nlm.nih.gov/pubmed/24522916
http://dx.doi.org/10.1128/JVI.03677-13
http://www.ncbi.nlm.nih.gov/pubmed/24600012
http://dx.doi.org/10.1152/ajplung.00314.2015
http://www.ncbi.nlm.nih.gov/pubmed/26747784
http://dx.doi.org/10.1161/ATVBAHA.111.230201
http://www.ncbi.nlm.nih.gov/pubmed/21868704
http://dx.doi.org/10.1038/nature14112
http://dx.doi.org/10.1038/nature14112
http://www.ncbi.nlm.nih.gov/pubmed/25533958
http://dx.doi.org/10.1096/fj.00-0721fje
http://www.ncbi.nlm.nih.gov/pubmed/11387264
http://dx.doi.org/10.1016/j.cell.2011.10.001
http://www.ncbi.nlm.nih.gov/pubmed/22036562
http://dx.doi.org/10.1073/pnas.0505577102
http://www.ncbi.nlm.nih.gov/pubmed/16081529
http://dx.doi.org/10.1074/jbc.M201107200
http://dx.doi.org/10.1074/jbc.M201107200
http://www.ncbi.nlm.nih.gov/pubmed/11986312
http://dx.doi.org/10.1371/journal.pntd.0001923
http://www.ncbi.nlm.nih.gov/pubmed/23236527


25. Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C. Innate antiviral responses by means of
TLR7-mediated recognition of single-stranded RNA. Science. 2004; 303: 1529–31. doi: 10.1126/
science.1093616 PMID: 14976261

26. Ewald SE, Engel A, Lee J, Wang M, Bogyo M, Barton GM. Nucleic acid recognition by Toll-like recep-
tors is coupled to stepwise processing by cathepsins and asparagine endopeptidase. J Exp Med.
2011; 208: 643–651. doi: 10.1084/jem.20100682 PMID: 21402738

27. van Kasteren SI, Overkleeft HS. Endo-lysosomal proteases in antigen presentation. Curr Opinion
Chem Biol. 2014; 23: 8–15. doi: 10.1016/j.cbpa.2014.08.011 PMID: 25213682

28. Whitmire JK. Induction and function of virus-specific CD4+ T cell responses. Virology. 2011; 411: 216–
228. doi: 10.1016/j.virol.2010.12.015 PMID: 21236461

29. Wilkinson TM, Li CK, Chui CS, Huang AK, Perkins M, Liebner JC, et al. Preexisting influenza-specific
CD4+ T cells correlate with disease protection against influenza challenge in humans. Nat Med. 2012;
18: 274–280. doi: 10.1038/nm.2612 PMID: 22286307

30. Brown DM, Lampe AT, Workman AM. The differentiation and protective function of cytolytic CD4 T
Cells in influenza infection. Front Immunol. 2016; 7: 93. doi: 10.3389/fimmu.2016.00093 PMID:
27014272

31. Taubenberger JK, Morens DM. The pathology of influenza virus infections. Ann Rev Pathol. 2008; 3:
499–522. doi: 10.1146/annurev.pathmechdis.3.121806.154316 PMID: 18039138

Cathepsin L and Influenza A

PLOSONE | DOI:10.1371/journal.pone.0164501 October 7, 2016 16 / 16

http://dx.doi.org/10.1126/science.1093616
http://dx.doi.org/10.1126/science.1093616
http://www.ncbi.nlm.nih.gov/pubmed/14976261
http://dx.doi.org/10.1084/jem.20100682
http://www.ncbi.nlm.nih.gov/pubmed/21402738
http://dx.doi.org/10.1016/j.cbpa.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25213682
http://dx.doi.org/10.1016/j.virol.2010.12.015
http://www.ncbi.nlm.nih.gov/pubmed/21236461
http://dx.doi.org/10.1038/nm.2612
http://www.ncbi.nlm.nih.gov/pubmed/22286307
http://dx.doi.org/10.3389/fimmu.2016.00093
http://www.ncbi.nlm.nih.gov/pubmed/27014272
http://dx.doi.org/10.1146/annurev.pathmechdis.3.121806.154316
http://www.ncbi.nlm.nih.gov/pubmed/18039138

