Cathepsin L Protects Mice from Mycoplasmal Infection
and Is Essential for Airway Lymphangiogenesis
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Cathepsin L (Ctsl) is a proposed therapeutic target to control
inflammatory responses in a number of disease states. However, Ctsl
is thought to support host defense via its involvement in antigen
presentation pathways. Hypothesizing that Ctsl helps combat bac-
terial infection, we investigated its role in Mycoplasma pulmonis—
infected mice as a model of acute and chronic infectious airway in-
flammation. Responses to the airway inoculation of mycoplasma
were compared in CtslI”/~ and CtsI"/* mice. After infection, Ctsl~/~
mice demonstrated more body weight loss, greater mortality (22%
versus 0%, respectively), and heavier lungs than CtsI*/* mice, but
had smaller bronchial lymph nodes. The burden of live mycoplasma
in lungs was 247-fold greater in Ctsl”/~ mice than in CtsI"’* mice
after infection for 3 days. Ctsl”/~ mice exhibited more severe pneumo-
nia and neutrophil-rich, airway-occlusive exudates, which developed
more rapidly than in Ctsl*/* mice. Compared with the conspicuous
remodeling of lymphatics after infection in CtsI*/* mice, little lym-
phangiogenesis occurred in Ctsl”/~ mice, but blood vessel remodeling
and tissue inflammation were similarly severe. Titers of mycoplasma-
reactive IgM, IgA, and IgG in blood in response to live and heat-killed
organisms were similar to those in Ctsl"/* mice. However, enzyme-
linked immunosorbent spot assays revealed profound reductions in
the cellular IFN-y response to mycoplasma antigen. These findings
suggest that Ctsl helps contain mycoplasma infection by supporting
lymphangiogenesis and cellular immune responses to infection, and
our findings predict that the therapeutic inhibition of Ctsl could in-
crease the severity of mycoplasmal infections.
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The maintenance of health relies on protein maturation, activa-
tion, and breakdown, involving the controlled and coordinated
actions of proteases. A subset of these enzymes (the cysteinyl
cathepsins) was characterized originally as lysosomal in location
and function (1). Later work uncovered additional roles in extra-
cellular spaces as well as in the cytosol and nuclei, revealing that
cathepsins are not limited to the unspecific destruction of proteins
delivered to lysosomes (2). Rather, some cathepsins process spe-
cific substrates important to activities such as antigen presentation,
collagen turnover in bone and cartilage, neuropeptide and hor-
mone processing, and leukocyte penetration of the extracellular
matrix and cellular monolayers (1, 3-5). The loss of activity
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CLINICAL RELEVANCE

Our findings suggest that cathepsin L, a protease expressed
in immune cells and that is a target for the therapeutic
inhibition of anti-inflammatory and immunosuppressive
indications, helps contain lung mycoplasma infection by
supporting lymphangiogenesis and cellular immune responses
to infection. These findings in mice predict that the thera-
peutic inhibition of cathepsin L could increase the severity of
mycoplasmal infections.

among specific cathepsins in mice or humans produces a variety
of phenotypes (1, 2, 6). The widely expressed cysteine protease
cathepsin L (Ctsl) is implicated in several types of pathology, and
is a proposed target for therapeutic inhibition to control inflam-
matory and immune responses (5, 7, 8). For example, by cleaving
fusion proteins, Ctsl helps Ebola, Hendra, and severe acute respi-
ratory syndrome viruses to enter cells, thereby advancing these
infections (9-12). However, little is known of Ctsl’s importance in
defense against bacterial infections.

Mycoplasmas, which are the smallest free-living, self-replicating
bacteria, are distinguished by their minute size and lack of a cell
wall (12-14). They possess unusually small genomes, and there-
fore are models of a “minimal cell” for synthetic biologists (15).
Mycoplasma pneumoniae is a leading cause of childhood and
adult tracheobronchitis and pneumonia in humans (13, 16).
Infection with mycoplasma species can worsen or precipitate
noninfectious respiratory diseases, such as asthma and chronic
obstructive pulmonary disease in humans (17, 18), as well as in
rodent models of these conditions (19-24).

Mycoplasmas can be difficult for host defense systems to de-
feat and eliminate. Mycoplasma pulmonis causes natural murine
respiratory disease with manifestations similar to those in humans
infected with M. pneumoniae. In rodents, M. pulmonis can
cause life-long infection (19). Previous studies revealed that
M. pulmonis induces acute and chronic lung inflammation and
airway remodeling with prominent changes in airway blood
vessels and lymphatics, which is driven by the immune re-
sponse, including the production of mycoplasma-specific Ig
(24-28).

Because Ctsl is implicated in major histocompatibility com-
plex (MHC) Class II-dependent immune responses and in the
degradation of extracellular matrix, we hypothesized that Ctsl is
required for protection from lung bacterial pathogens and for
the expression of remodeling responses. To test these predic-
tions, we investigated the effects of Ctsl deficiency on the se-
verity of airway mycoplasmal infection and the associated
remodeling of blood vessels and lymphatics in the airways of
mice. The results revealed severe impairment in defense against
M. pulmonis in Ctsl-deficient mice, with defects including blunt-
ed cellular immune responses and impaired lymphangiogenesis
in infected airways.
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MATERIALS AND METHODS

Infection of Mice with Mycoplasma pulmonis

This study used Crs/™'~ mice described originally by Nakagawa and
colleagues (29), and received at the University of California at San
Francisco in a C57BL/6/129S background from Sun and colleagues
(30), and then backcrossed (= 10 generations) into C57BL/6. CrsI™'*
C57BL/6 mice were used as controls. Mice were inoculated intrana-
sally at 8-12 weeks of age with M. pulmonis strain CT7 (10° colony-
forming units [CFUs]) (24). Uninfected control animals received
equivalent volumes of sterile broth. The Institutional Review Board
of the University of California at San Francisco approved the
experiments.

General Observations and Scoring of Pneumonia

After infection, mice were killed at intervals up to 14 days. Endpoints
included survival, body weight, and bronchial lymph node and thymus
weights. In addition, mice were assessed for severity of pneumonia, as
described for grading mycoplasmal infections in hamsters (20), and as
adapted to mouse lungs (24, 27). The 26-point score was based on the
extent of peribronchiolar and peribronchial infiltrates, luminal exu-
dates, perivascular inflammation, and pneumonia.

Bacterial Burden

The burden of live mycoplasma organisms was measured at intervals
after infection, as described elsewhere (24). Briefly, lung homogenates
were diluted serially onto plates, and colonies were counted after
10 days.

Lung Fluid Analysis

Cells and proteins in bronchoalveolar lavage (BAL) fluid and lung
homogenates were obtained and analyzed as detailed in the online sup-
plement.

Mycoplasma Proliferation

Recombinant Ctsl (R&D Systems, Minneapolis, MN) was activated by
incubation for 90 minutes in 25 mM Na acetate (pH 5.0)/S mM DTT at
37°C. Mycoplasma pulmonis organisms were cocultured with activated
Ctsl (1 or 10 pg/ml) for 2 hours, and then frozen at —80°C. For quan-
tification, organisms were diluted in culture medium and plated on
agar. Colonies were counted after 13 days at 37°C.

Immunization with Heat-Killed Mycoplasma

Mycoplasma pulmonis organisms (2 X 107), killed by heating to 65°C
for 30 minutes, were injected intraperitoneally into Cts!~'~ and Ctsl™'*
mice, as described elsewhere (24). Serum samples were obtained up to
14 days after injection.

7 14 groups of mice. Ctsl, cathepsin L.

Days after infection

Mycoplasma-Specific Igs

Serum Igs reactive to mycoplasma antigens were detected and quanti-
fied by immunoassay, as described in the online supplement.

Enzyme-Linked Immunosorbent Spot Assays

To detect T and B lymphocytes responding to mycoplasma antigens,
splenocytes from mice infected for 2 weeks were subjected to immuno-
sorbent assays (31), as detailed in the online supplement.

Vessel Morphometry

Tracheal whole mounts were incubated with the antilymphatic vessel
endothelial hyaluronan receptor and anti-mouse CD31 to label lym-
phatic and blood vessels, respectively, for analysis by confocal micros-
copy (24). Area densities of lymphatic and blood vessels were
measured by stereological point counting, as detailed in the online
supplement.

Detection of Lung Fibrosis

To determine whether Ctsl™'~ mice are prone to develop lung and
airway fibrosis after infection, lung and airway tissue sections were
stained with Masson trichrome. Additional tissue sections were stained
for 1 hour with Sirius red, and staining was quantified in infected lungs,
as described in the online supplement.

TABLE 1. TISSUE WEIGHTS (IN MILLIGRAMS) AFTER
MYCOPLASMA INFECTION IN CTSL”- AND CTSL*/* MICE

Days after Exposure

to Mycoplasma or Bronchial

Sterile Broth Exposure Group Lung Lymph Node Thymus
3 CtsI™'* + medium 169 = 4 14+08 28+9
CtsI™/~ + medium 162 * 11 3.2+06 19=*4

CtsI™’* + M.p. 151 + 3 33+13 29+5

Ctsl™/~ + M.p. 211 +17* 49 +0.6 14+ 2*

7 CtsI™* + medium 139 = 7 24+07 30+9
CtsI™/~ + medium 135 = 1 1.7+03 26+9

CtsI™'* + M.p. 216 * 21 12+ 2 26+ 6

Ctsl™'~ + M.p. 504 + 44* 68 +08 6=1T

14 CtsI™* + medium 127 = 5 55+35 49 x5
CtsI”/~ + medium 150 * 2 24+08 307

CtsI™'* + M.p. 185 + 34 16 + 4 53+ 5

CtslI™/~ + M.p. 263+56 7.3%+13 11 +4*

Definition of abbreviations: Ctsl, cathepsin L; M.p., M. pulmonis.

Data represent means * SEMs (n = 4-6).

* P < 0.05, compared with infected Cts/*/* mice, according to t tests.
tp<o0.01, compared with infected CtsI*'* mice, according to t tests.
¥P < 0.001, compared with infected Cts/*/* mice, according to t tests.
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-I- Figure 2. Hematoxylin and eosin-stained sections of lung
Infected tissue after Mycoplasma pulmonis infection. The photomi-
crographs in A show representative sections from Cts/*/*
and CtsI™/~ mouse lungs removed after 3, 7, or 14 days of
infection. Scale bar = 100 wm. The insets in the middle row
comprise further enlarged images of airway neutrophilic
infiltrates. The graph in B shows pneumonia grades in

-I- mycoplasma-infected and sham-infected mice. The sever-
Sham ity of infiltrates was compared in lungs of Cts/*/* (+/+)
and CtsI™/~ (—/—) mice after 3, 7, or 14 days of infection.
The maximal score on this scale is 26. Values represent
means £ SEM (n = 4-5). *P < 0.05, versus pneumonia
grade in infected Cts/*/* mice. **P < 0.01 and ***P <

+/+
Infected

0

Statistical Analysis

Survival data were compared according to log-rank tests. Other data
were compared using ¢ tests, one-way ANOVA (with the Bonferroni
test for pairs of groups), or Mann-Whitney U tests, with P < 0.05
considered significant.

RESULTS
Weight Loss, Organ Weight, and Death after Infection

To determine the overall severity of mycoplasma-induced illness,
body weight and mortality were compared in age-matched Crsi™/~
and CtsI™'" mice. Both types of mice lost weight after infection
(Figure 1), but Cts/™/~ mice lost more weight and took longer to
recover. By Day 14, the mean change of weight among infected
CtsI*™'™ mice was comparable to that of sham-treated Crs/™/™"
mice, whereas the recovery of weight in surviving infected Ctsi™/~
mice was minimal. Cts/~'~ mice exhibited heavier lungs but a
smaller thymus at all time points after infection, and exhibited
smaller bronchial lymph nodes on Days 7 and 14, compared with
infected Ctsi*’* mice (Table 1). Mortality was higher among
infected Crs/™~ mice, four of 18 (22%) among which died during
the 14-day study, compared with none of the infected Cts/™'" mice.

Bronchitis and Pneumonia

To probe the severity of airway and lung inflammation after infec-
tion, lung histopathology and pneumonia scores were compared in
Cisl™'~ and Ctsi™* mice. Cts/’~ mice developed neutrophilic
pneumonia by Day 3 of infection. Exudates were observed in
the airways of Cts/~'~ mice but not CtsI™'* mice on Day 3 (Figure
2A). By Day 7, both types of infected mice developed severe
lung inflammation. By Day 14, pneumonia and leukocytic infil-
trates remained severe, but were stable or decreasing in Cts/™'*
mice and in survivors among infected Cts/™'~ mice. The results
of quantitative scoring, as shown in Figure 2B, reveal significant
differences between infected Ctsl™'~ and CtsI™'* mice in bronchitis/
pneumonia severity, 3 and 7 days after infection. Although
sham infection after an inoculation of sterile broth for growing
M. pulmonis was followed by mild inflammation in Ctsl™'~ and
Ctsl™'* mice, the degree was much lower than that produced by
mycoplasma, and was similar in the two types of sham-infected
animals. These results show that bronchitis and pneumonia
appeared earlier and were more severe during the first week of
infection in mycoplasma-infected Cts/”'~ mice than in Cis/™/*
mice.

As another means of evaluating lung inflammation before
death occurred in infected Cts/™'~ mice, but at a time when leu-
kocyte infiltrates were evident on the histological examination of

3 7
Days of infection

0.001, versus grades in sham-infected mice.
14

lungs, BAL fluid cells and protein concentrations were assessed in
Ctsl™'~ and Ctsi™'* pathogen-free control mice and in mice 3 days
after infection with 10° CFUs of M. pulmonis. Among uninfected
mice, total cells in BAL fluid and cellular differential profiles were
similar in Cts/~'~ and Cts/*'* mice (data not shown), and neutro-
phils were rare. After infection, BAL fluid from Cts/™/~ mice
contained more leukocytes, with a significantly higher percentage
of neutrophils and a lower percentage of macrophages than in
CrsI*'* mice (Figure 3), consistent with the observed histopathol-
ogy. The total protein in BAL fluid was 2.9-fold higher in infected
CrsI™'™ mice than in Crsl*'" mice (0.43 *+ 0.03 mg/ml in Ctsl™'~
mice, versus 0.15 + 0.03 mg/ml in Cts/*'* mice; P < 0.01). Total
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Figure 3. Effect of mycoplasmal infection on lung and airway leuko-
cytes. Bronchoalveolar lavage (BAL) fluid was collected from Cts/*/*
(+/+) and CtsI™/~ (=/—) mice that were either uninfected or had been
infected with M. pulmonis for 3 days. (A and B) Differential and total cell
counts, respectively. Values represent means = SEMs (n = 3). *P <
0.05, versus infected Cts/™* mice, according to t test. PMN, polymor-
phonuclear leukocytes.
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Figure 4. Lung burden of live mycoplasma after infection. Mycoplasma
colony-forming units (CFUs) were measured in lung homogenates from
CtsI*'* (+/+) and CtsI™/~ (—/—) mice before infection and 3, 7, and
14 days after intranasal inoculation with live M. pulmonis or medium
alone (sham). Bacterial burden is expressed as total CFUs in lung homo-
genates. Data represent means = SEMs (n = 3). **P < 0.01 and ***P <
0.001, versus CFUs in infected Cts/*/* mice, according to t tests. No
CFUs were detected in lungs of uninfected/sham-infected mice.

BAL fluid protein did not differ significantly in pathogen-free
mice (0.19 + 0.02 mg/ml in Cts/~'~ mice, versus 0.16 = 0.00 mg/ml
in Ctsl*'* mice; P = 041).

Mycoplasma Burden

To test whether a lack of Ctsl impairs anti-mycoplasma defenses,
titers of mycoplasma were measured in lung extracts. This
revealed 247-fold more live mycoplasma in Cts/~'~ lungs than
in Cts/*'" lungs, 3 days after infection (Figure 4). The myco-
plasma burden in Cts/”'~ mice was also higher at 7 and 14 days
after infection, but the 10-fold difference from Cts/~'~ lungs on
Day 14 was not statistically significant. This difference was not
likely attributable to a directly toxic effect of Ctsl on myco-
plasma, because Ctsl incubated with M. pulmonis in vitro al-
tered neither bacterial viability nor growth. Starting with
10,000 CFUs, the titer increased to 16,700 * 4,700 CFUs after
incubation with buffer alone, 16,000 * 5,300 CFUs after incu-
bation with 1 pg/ml Ctsl, and 15,300 = 4,400 CFUs after incu-
bation with 10 pg/ml Ctsl (mean = SEM, n = 3, P > 0.05).

Production of Mycoplasma-Directed Ig

Anti-mycoplasma IgA appeared earlier in the blood of Cts/™/~
than of CtsI™'* mice after infection with live organisms, and the
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anti-mycoplasma IgG2a titer was slightly lower in Cts/~'~ mice
on Day 14 only, with no differences in mycoplasma-directed
IgM and IgGl1 at any time point (Table 2). IgA, IgG, and IgM
responses to heat-killed mycoplasma were no different in Crs/™/~
and Ctsl™’* mice (Table 3). Similarly, no significant difference was
found between Cts/'~ and Cts/™"* mice in an enzyme-linked
immunosorbent assay comparing the quantity of M. pulmonis—
specific Igs produced by splenocytes 14 days after infection
(for IgG1, 0.15 = 0.04 versus 0.20 = 0.06 absorbance at 405 nm
per 2 X 10° splenocytes, P > 0.05, n = 3-5; for IgG2, no significant
difference was evident, but the signal was low). These findings
suggest that humoral responses to mycoplasma antigen in Ctsl-
deficient mice were largely intact, with the earlier appearance of
IgA likely attributable to higher titers of live organisms and asso-
ciated antigen in the first few days after infection.

Mycoplasma-Specific Cellular Inmune Responses

To investigate the role of cellular immune responses in the ob-
served failure to contain M. pulmonis infection, we used an
enzyme-linked immunosorbent spot assay to determine the pro-
portion of splenocytes secreting IFN-y during incubation with
mycoplasma antigen. The proportion of splenocytes stimulated
to release IFN-y in response to mycoplasma antigen was similar
in uninfected Cts/~'~ and Cts/*'* mice (Figure SA). However, the
M. pulmonis—specific cellular immune response in infected Crsi*/*
mice was 9-fold greater than that in uninfected Crs/*'* mice (P =
0.03). This response to mycoplasmal antigen was not found in
infected Ctsl™'~ mice (Figure 5A), suggesting a Ctsl-related defect
in the cellular immune response to mycoplasma.

Local Cytokine and Chemokine Production

To assess whether Cts/~'~ mice possess defects in innate immune
signaling as potential explanation for worse outcomes after M.
pulmonis infection, we assayed TNF-a, monocyte chemotactic
protein (MCP)-1 (Ccl2), macrophage inflammatory protein
(MIP)-2 (Cxcl2), and IFN-y concentrations, 3 days after infection.
We found significantly increased concentrations of TNF-a, MCP-
1/Ccl2, and MIP-2/Cxcl2 in Ctsl'~ lungs after infection (Figure
5B). The higher concentrations of MCP-1/Ccl2 and TNF-« indi-
cate a potent innate immune response, and suggest a potential
basis for the activation and recruitment of monocytic cells and
neutrophils into the airways of infected Cts/™'~ mice.

Effects of Mycoplasma on Airway Blood and Lymph
Vessel Remodeling

The amount of growth and remodeling of tracheal blood vessels
and lymphatics was compared in Ctsi*'* and Cts/™'~ mice, to
assess the importance of Ctsl in changes to the vasculature after
infection. At 14 days, blood-vessel caliber was significantly

TABLE 2. SERUM MYCOPLASMA-SPECIFIC IMMUNOGLOBULIN TITERS AFTER INFECTION

Days after Infection Exposure group IgM IgA 1gG1 IgG2a
3 Ctsl*'* + M.p. 1.05 * 0.36 ND ND ND
Ctsl™/~ + M.p. 0.65 + 0.38 ND ND ND
7 CtsI™’* + M.p. 1.90 = 0.13 ND 0.80 = 0.48 1.60 = 0.18
Ctsl™'~ + M.p. 1.68 = 0.08 0.33 + 0.33 1.90 = 0.25 1.58 = 0.60
14 Ctsl*/* + M.p. 1.98 = 0.08 1.73 = 0.70 4.31 £ 0.00 4.01 £0.17
Ctsl™’~ + M.p. 2.28 £ 0.14 1.13 = 0.40 4.01 £0.18 3.11 = 0.00*

Definition of abbreviations: Ctsl, cathepsin L; M.p., M. pulmonis; ND, none detected (IgE is not shown, and was undetectable in

any sample).
Values represent means + SEMs (n = 4-6);

*P < 0.01, compared with infected Cts/*/* mice, according to t test. No M.p.-specific antibodies were detected in uninfected

CtsI™* or CtsI™/~ mice.
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TABLE 3. SERUM IMMUNOGLOBULIN TITERS AFTER
IMMUNIZATION WITH HEAT-KILLED MYCOPLASMA

Exposure
Days after Infection Group IgM 19G1 IgG2a
7 Ctsl*/* + M.p.  2.00 = 0.26 3.31 = 0.53 2.3 +0.53
Ctsl/~ + M.p. 0.87 =0.43 23 =053 23072
14 Ctsl™* + M.p.  1.20 = 0.42 2.48 = 0.84 2.05 + 0.38
Ctsl™/~ + M.p. 0.65 + 0.38 2.66 = 0.57 2.66 + 0.96

Definition of abbreviations: Ctsl, cathepsin L; M.p., M. pulmonis.

IgA and IgE are not shown, and were undetectable in any sample. Values
represent means = SEMs (n = 3-5). No significant differences were evident
between titers in infected Cts/"/* and Ctsl/~ serum (according to t tests) at
any time point. No M.p.-specific antibodies were detected in PBS-injected control
CtsI™’* or CtsI™’~ mice.

greater in both groups of infected mice than in sham-infected
control mice, reflecting vascular enlargement by the conversion
of capillaries to venules after infection (Figure 6). The amount
of blood-vessel remodeling was similar in Cts/™'" and Ctsl™'~
mice (P = 0.15). The change in blood vessels is consistent with
previous observations of C57BL/6 mice after M. pulmonis in-
fection (23-25). By comparison, changes in tracheal lymphatics
after infection were strikingly different in Ctsi*/* and Crsl™'~
mice (Figure 6). Lymphatics in the mucosa over the cartilagi-
nous rings of Cts/™/* mice were 10.2-fold more abundant at
14 days of infection than in pathogen-free control mice, but
the difference was only 5-fold in Cts/~'~ mice. A comparison
of lymphatic growth in Crsi™’* and CrsI™’~ mice at 14 days of
infection revealed a 2.9-fold greater lymphangiogenesis in
Ctsl*'™ mice (Figure 6). Values for the two groups of corre-
sponding sham-infected mice were not significantly different.
These data reflect 69.1% less lymphangiogenesis in Ctsl~'~ mice
after infection, without a reduction in amount of blood-vessel
remodeling.

Effects of Mycoplasma on Airway and Lung Fibrosis

No difference in the deposition of collagen in airway walls or alve-
olar interstitium was visible at 2 weeks between sham-infected
Crsl*'" and CrtslI”'~ mice, or between infected Ctsi™'* and Cisl™/'~
mice in lung sections stained with Masson trichrome (not shown) or
Sirius red (Figure 7A). The quantitation of Sirius red staining by
stereological area density measurement did not detect signifi-
cant differences in staining between the two groups of infected
mice (Figure 7B). Thus, Ctsl deficiency did not appear to in-
crease the severity of lung fibrosis after mycoplasmal infection
for 2 weeks.
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DISCUSSION

The present study suggests critical roles for Ctsl in murine
responses to mycoplasma infection. We attribute the higher mor-
tality among infected Ctsl-deficient mice to more severe bronchi-
tis and pneumonia during the early phase of infection. On an
absolute scale, the amount of obliteration by inflammatory cells
and proteinaceous fluid of lung surface area available for gas
transfer was very high in infected Cts/™'~ mice. Although the
pneumonia grade seemed to plateau or even diminish in Crsl ™/~
mice at 14 days of infection, this may be a survivor effect, be-
cause several of the most severely affected mice died before
that time point. Nonetheless, pulmonary infection by M. pulmo-
nis may be survivable in Ctsl™'~ mice living beyond the initial
phase of infection, as it was in all wild-type mice receiving the
same initial inoculum of M. pulmonis.

Notably, Ctsl~'~ mice also carried higher burdens of myco-
plasma organisms than did Cts/™’* mice early after infection.
This difference is unlikely to be entirely related to a defect in
T-lymphocyte responses to mycoplasma antigens, because it oc-
curred before strong adaptive immune responses are expected,
whereas early increases in chemokines of the innate immune
system MIP-2 and MCP-1 did not support impaired innate
responses. The responses to live and heat-killed mycoplasma
antigens suggest no major difference between Cts/™'* and
Ctsl™'~ mice in humoral responses, as manifested by the gener-
ation of antibodies detected in serum.

The reduced lymphangiogenesis in the airways of infected
CtsI”’~ mice was unexpected, given that previous studies re-
ported greater lymphatic growth in the presence of more severe
inflammation (24, 25). Defective lymphangiogenesis in Ctsl™/~
mice after infection is consistent with the involvement of Ctsl in
growing lymphatic endothelial cells. However, in the absence of
inflammation, Ctsl is not essential in this regard, because tra-
cheal lymphatics and blood vessels were indistinguishable in
pathogen-free CrsI™'* and Cts/™'~ mice. Alternately, reduced
lymphatic growth could have been a consequence of an ineffec-
tive host immune response, which is essential for the full ex-
pression of vascular remodeling after mycoplasmal infection
(25). Reduced lymphangiogenesis itself could impair host de-
fense later after infection, given that lymphatics are essential
conduits for the trafficking of immune cells and proteins. Blunt-
ed lymphangiogenesis could increase mucosal edema and other
manifestations of inflammation (26).

In the context of infection, Ctsl could coordinate innate and
adaptive immune responses. For example, Ctsl activity is increased
in mouse corneas after infection with Pseudomonas aeruginosa,
and the increase correlates well with the inflammatory response

Figure 5. Immune responses to mycoplasma.
(A) Splenocyte responses to mycoplasma anti-

[ +/+ Sham gen were measured by IFN-y enzyme-linked
1 -~ Sham immunosorbent spot assay. Cells were har-
Il +/+Infected vested 2 weeks after infection. Results are nor-
B -- Infected malized to 10° splenocytes. Data represent
means = SEM (n = 3-5 for infected groups).

Pf_J-U P < 0.05 for infected CtsI*/* mice, compared

with each of the other groups of mice, accord-
ing to t tests. (B) Concentrations of chemokines
and |IFN-y determined by immunoassay in lung
extracts, 3 days after mycoplasma infection
(n = 3-5). Differences between groups were
IFNy assessed according to Mann-Whitney U tests.

MCP (Ccl2), monocyte chemotactic protein-1;

MIP (Cxcl2), macrophage inflammatory protein-2.
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(32). In cancer studies, cathepsin activity localized to areas of
tumors, and was possibly attributable to production by immune
cells participating in an antitumor response (33). In the present
experiments, the inflammatory response was greater in Cis/™/~
mice, as detected by histology and local TNF-a and chemokine
production, but this response was less effective, as reflected by an
increase in mycoplasmal burden. This disconnection suggests
that Ctsl is necessary to initiate a response, but that the re-
sponse is dysregulated without Ctsl. Given the evidence that
Ctsl can facilitate apoptosis in macrophages and neutrophils
(34), the finding of increased inflammation and neutrophilic
infiltrates could relate in part to dysregulated apoptosis and
delayed cell death.

The findings in the present study suggest additional possible
bases for the more severe pneumonia, higher mortality, and
higher lung bacterial burdens in infected Crs!~'~ mice. Because
Ctsl is reported to play a role in MHC Class II-dependent
immune responses (29), we hypothesized that Ctsl would be
required for normal humoral responses to mycoplasma anti-
gens. We evaluated the contribution of Ctsl to adaptive immune
responses by comparing pathogen-specific, Ig class—specific, and
Ig subclass—specific responses to live and heat-killed M. pulmo-
nis in Ctsi™'~ and CtsI™'* mice. Titers of mycoplasma-specific
Ig were statistically indistinguishable in the serum of Ctsl™'~
and CrsI™'" mice after 3 and 7 days of infection, even though
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Figure 6. Impaired lymphangiogenesis in M.
pulmonis—infected Ctsl”/~ mice. The confocal
photomicrographs are representative of tracheal
whole mounts from Cts/"/* and Cts/™/~ mice at
14 days of infection. Antilymphatic vessel endo-
thelial hyaluronan receptor (red) and anti-CD31
(green) mark endothelial cells of lymphatics and
blood vessels, respectively. Dark vertical bands
correspond to cartilage rings. Images show
blood-vessel remodeling after infection in the
Ctsl™/* mouse and in the Cts/”/~ mouse, but
lymphangiogenesis over a cartilage ring is evi-
dent only in the CtsI*’* mouse. Graphs show
area density measurements of blood vessels
and lymphatics. Values represent means =
SEM (n 5-10). ****P < 0.0001, infected
CtsI™* versus infected Ctsl™/~, according to t
tests. All differences between area density values
of sham-infected and infected mice were signif-
icant. Scale bar = 200 p.m.

Citsl **
Ctsl

Infected

Blood vessels

Ctsl **
Ctsl ™~

measured titers of live mycoplasma in lung extracts were higher
in CrsI™'~ mice than in Cts/™'* mice at these time points. This
might suggest a deficit of antibody production relative to anti-
gen burden. Nonetheless, the similar responses to an injection
of heat-killed mycoplasma, which ensured the deliver;/ of equal
burdens of antigen, suggest that the capacity of Cts/™'~ mice to
mount a humoral response was largely intact for mycoplasma
antigens, and extended to all major Ig classes and IgG sub-
classes. IgE could not be assessed because it was not detected
in any of the mice, regardless of Ctsl status.

Although humoral responses were similar, we could not de-
tect M. pulmonis—specific splenic T lymphocytes in Ctsl~'~ mice
at an interval after infection when Cts/*'* mice exhibited robust
responses. Primary systemic immune responses typically reflect
local responses and often take 7-10 days to develop, so the
similar concentrations of IFN-y at 3 days between Cts/”’~ and
wild-type mice with and without infection do not necessarily
reflect cellular immune responses. It remains unclear whether
this liability in cellular immunity resulted from an MHC Class
I-specific defect in antigen processing or an alteration in the
peptide repertoire of MHC Class II cells, although Ctsl to date
has been implicated more strongly in MHC Class II-restricted
antigen presentation (7, 29). Alternately, impaired thymic de-
velopment in these animals could affect the long-term ability to
generate T-lymphocyte responses.

Figure 7. Sirius red staining of lung sections.
Lungs were removed 14 days after sham or
mycoplasma infection. (A) Regions of matrix
and collagen deposition are red. Scale bar =
100 pm. (B) Graphic comparison of Sirius red
staining in sections of infected lung was deter-
mined using area density measurements. NS,
not significant according to t test.

Ctsl Ctsl
+/+ /-
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As already noted, we found Ctsl deficiency to be accompanied
by impaired lymphangiogenesis, but not blood-vessel remodel-
ing, after mycoplasmal infection. To our knowledge, this is the
first time that blunted airway lymphangiogenesis has been found
without an associated reduction in blood-vessel remodeling, al-
though the reverse has also been found (26, 35). Similarly, the
persistence of remodeled airway lymphatics has been found
after remodeled blood vessels regressed, subsequent to treat-
ment of the airway infection (26, 28, 36).

Proteases are important for new vessel formation because
sprouting endothelial cells penetrate the extracellular matrix,
which consists of laminin, fibronectin, collagens, and other large
proteins. In an elastase perfusion model of abdominal aortic aneu-
rysm, Ctsl '~ mice had impaired angiogenesis, with reduced num-
bers of microvessels and defects of microvessels sprouting from
aortic rings (30). Furthermore, Ctsl in cells of bone marrow origin
is reported to be necessary for retinal and choroidal vessel devel-
opment in models of intraocular neovascularization (37). Thus,
the finding in the present experiments that a lack of Ctsl neither
prevents nor reduces mycoplasma-induced tracheal blood-vessel
remodeling was contrary to our initial expectations. However,
most of this remodeling is circumferential vessel enlargement with
transformation from a capillary to a venule phenotype, rather than
angiogenesis. Therefore, Ctsl could be more important for grow-
ing new vessels than for the remodeling of existing ones.

Infected Ctsl~'~ mice demonstrated much less lymphangio-
genesis than Crsi™'* mice, even though inflammation was at
least as severe as in Cts/~'~ mice. This relative defect in lym-
phangiogenesis may be attributable to a loss of the effect by Ctsl
on lymphatic endothelial cell growth, migration, and matrix
penetration, or could result from a dysregulated immune re-
sponse, upon which lymphatic growth is dependent (25).

In conclusion, these results suggest a critical role for Ctsl in
containing airway mycoplasma infection and the resultant lym-
phangiogenesis. Although Ctsl-null mice mounted robust humoral
responses to mycoplasma antigen, the inability of splenocytes from
infected Ctsl”'~ mice to produce IFN-y in response to myco-
plasma antigen suggests a possible defect in cell-mediated immune
responses (38). In the context of M. pulmonis infection, in which
activated macrophages are thought to play an important and pos-
sibly critical role in controlling infection (13, 16, 39), a deficit of the
antigen-stimulated production of IFN-y, which is a macrophage-
activation factor (38), could blunt macrophage responses to myco-
plasma. Our experiments predict that Ctsl inhibitors could have
the unintended consequence of increasing the severity of respira-
tory mycoplasmal infection, a possibility that should be assessed in
developing and applying Ctsl inhibitors to a clinical context.

Author disclosures are available with the text of this article at www.atsjournals.org.
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