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Human Lung Hydrolases Delineate Mycobacterium
tuberculosis–Macrophage Interactions and the Capacity To
Control Infection

Jesús Arcos,* Smitha J. Sasindran,* Nagatoshi Fujiwara,† Joanne Turner,*,‡

Larry S. Schlesinger,*,‡ and Jordi B. Torrelles*,‡

Pulmonary surfactant contains homeostatic and antimicrobial hydrolases. When Mycobacterium tuberculosis is initially deposited

in the terminal bronchioles and alveoli, as well as following release from lysed macrophages, bacilli are in intimate contact with

these lung surfactant hydrolases. We identified and measured several hydrolases in human alveolar lining fluid and lung tissue

that, at their physiological concentrations, dramatically modified the M. tuberculosis cell envelope. Independent of their action

time (15 min to 12 h), the effects of the hydrolases on the M. tuberculosis cell envelope resulted in a significant decrease (60–80%)

in M. tuberculosis association with, and intracellular growth of the bacteria within, human macrophages. The cell envelope-

modifying effects of the hydrolases also led to altered M. tuberculosis intracellular trafficking and induced a protective proin-

flammatory response to infection. These findings add a new concept to our understanding of M. tuberculosis–macrophage inter-

actions (i.e., the impact of lung surfactant hydrolases on M. tuberculosis infection). The Journal of Immunology, 2011, 187: 372–

381.

W
orld Health Organization data indicate that 8 million
people are newly infected with Mycobacterium tu-
berculosis, and 3 million people die of tuberculosis

every year (1). M. tuberculosis is an intracellular pathogen highly
adapted to its natural host: the human and its major host cell
reservoirs, monocytes, and macrophages (2). The outermost com-
ponents of the M. tuberculosis cell envelope, comprised predom-
inately of lipids and carbohydrates, are the first to contact host
cellular and molecular constituents and therefore play a major role
in facilitating host cell recognition and modulation of host cell
responses against infection (3).
When M. tuberculosis infection occurs by airborne trans-

mission, bacilli are deposited in the alveolar spaces of the lungs.
The alveolar spaces are covered by surfactant, secreted by type II
alveolar epithelial cells. The primary role of pulmonary surfactant
is to prevent alveolar collapse at low lung volumes by reducing the
surface tension in the alveolar space. Lipids comprise ∼80% of

total surfactant (4, 5). The surfactant protein fraction includes
a highly variable amount of serum proteins, a wide variety of
specific hydrolases (6), and four surfactant proteins termed SP-A,
-B, -C, and -D that contribute to its specific function (7). Sur-
factant also contains several products secreted by alveolar myeloid
and epithelial cells. Some of them, such as the bacteriolytic ly-
sozyme, are already defined in host defense (8, 9). However, the
wide variety of hydrolases secreted into surfactant resemble but
are distinct from lysosomal enzymes (10).
Little attention has been paid to the environmental immune

pressure that M. tuberculosis encounters in the alveolar space.
Cells of the alveolar space such as macrophages, monocytes,
lymphocytes, neutrophils, and type I and II epithelial cells contain
an array of hydrolases, including those associated with surfactant,
that are released to the alveolar environment (11–14). When M.
tuberculosis is initially deposited in the terminal bronchioles and
alveoli, as well as following release from lysed macrophages, the
bacilli are in intimate contact with these hydrolases. In this
scenario, it is likely that the action of pulmonary hydrolases
will alter the M. tuberculosis cell envelope surface, influencing
the M. tuberculosis–host interface, and play a role in determining
the immune response to M. tuberculosis and ultimately the fate
of M. tuberculosis within the host.
We identified hydrolases in the lung that alter theM. tuberculosis

cell envelope, regulate M. tuberculosis interaction with host cells,
and impact M. tuberculosis intracellular survival. Biochemical
analyses showed that M. tuberculosis bacilli exposed to human
alveolar lining fluid (ALF), and to the most abundant surfactant
hydrolases, are significantly altered in their mannose (Man)- and
glucose (Glc)-containing cell envelope molecules. This alteration
included a reduction in two major virulence factors on the M.
tuberculosis surface [the Man-capped lipoarabinomannan (Man-
LAM) (3, 15) and trehalose-6,69-dimycolate (TDM) (16, 17)],
changing the course of events in the M. tuberculosis–human
macrophage interaction. We also demonstrate that these M. tu-
berculosis cell envelope alterations induced a proinflammatory
response. Thus, we provide evidence that the interaction of M.
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tuberculosis with lung surfactant hydrolases is a previously un-
recognized, important determinant of the initial pathway of in-
fection.

Materials and Methods
Ethics statement

This study was carried out in strict accordance with United States Code of
Federal Regulations, local regulations, and Good Clinical Practice as ap-
proved by the National Institutes of Health (National Institute of Allergy and
Infectious Diseases/Division of Microbiology and Infectious Diseases
branch). All research involving human participants was reviewed and ap-
proved by the Biomedical Sciences Institutional Review Board at The Ohio
State University (OSU; no. 2008H0119 and no. 2008H0135). All human
subject written informed consents were provided by study participants and/
or their legally authorized representatives and documented prior to research
involvement.

Chemical reagents and Abs

All chemicals reagents were of the highest grade from Sigma-Aldrich unless
otherwise specified. For confocal studies, PE mouse anti-human CD63 and
PE mouse IgG1 isotype control (BD Biosciences) were used as previously
described (18). CS-35 and CS-40 mAbs against ManLAM were kindly
provided by the Tuberculosis-Research-Materials and Vaccine-Testing
contract (NOI-AI-75320) and Leprosy-Research-Support contract (NOI-
AI-25469). Anti-TDM polyclonal IgG Ab was collected and purified
from rabbits immunized with M. tuberculosis TDM as previously de-
scribed (19).

Growth conditions ofM. tuberculosis strains and radiolabeling

GFP-M. tuberculosis Erdman (provided by Dr. Horwitz, University of
California, Los Angeles) and M. tuberculosis H37Rv (ATCC 27294;
American Type Culture Collection) strains were grown as previously de-
scribed (20). For radiolabeling, M. tuberculosis bacilli were grown to an
OD of 0.7 at 600 nm in salt medium containing 0.05% Tween and 2 mCi/
ml [1-3H-]Glc (sp. act. of 40–60 mCi/mmol) and 2 mCi/ml [1,2-14C]so-
dium acetate (sp. act. of 50–120 mCi/mmol). An aliquot of ∼1 3 106

bacilli was quantified by scintillation counting, giving a total of 8.3 3 109

cpm radioactivity incorporation in the final pellet (23.6% incorporation).
To determine if M. tuberculosis cell envelope surface components were
radiolabeled, harvested cells were killed by delipidation using chloroform/
methanol (2:1, v/v) followed by chloroform/methanol/water (10:10:3, v/v/v)
for a total of 48 h. Then, delipidated cells were dried (7.83 g dried cells),
and an aliquot of 50 mg was quantified by scintillation counting. For the
[3H] isotope and [14C] isotope, there was ∼3.7 3 108 cpm and 3.1 3 109

cpm in the total lipid extract, respectively (together accounting for 41.8%
of the total counts present in the radiolabeled bacilli). We then purified
specific cell envelope components to evaluate if they were properly radi-
olabeled. We purified radiolabeled phosphatidyl-myo-inositol (myo-Inos)
mannosides (1.47 3 107 cpm; [3H]/[14C] ratio = 1:1.8), as well as a mix-
ture of ManLAM/Lipomannan (1.85 3 107 cpm; [3H]/[14C] ratio =
1:1.86). For experiments depicted in Fig. 2A and Supplemental Fig. 1A and
1B, we used radiolabeled whole live M. tuberculosis bacilli.

Hydrolase activity content in ALF and human lung tissue

ALF was obtained from bronchoalveolar lavage fluid (BALF) after each
donor (n = 8) by BAL in 80 ml sterile 0.9% NaCl (following an approved
Institutional Review Board protocol at OSU and National Institutes of
Health/National Institute of Allergy and Infectious Diseases/Division of
Microbiology and Infectious Diseases protocol), concentrated 20-fold by
using a 10 kDa molecular mass cutoff membrane Centricon Plus (Amicon
Bioseparations) device at 4˚C to achieve the surfactant volume present
within the lungs. This removed surfactant lipids (free or in micelles),
leaving the functional hydrolases in ALF (.10 kDa molecular mass cut-
off). Lipid removal from ALF was confirmed by mass spectrometry (MS)
of the fatty acid methyl ester derivatives (data not shown). Protein content
(performed by the bicinchoninic acid method following the manufacturer’s
instructions [Bio-Rad]) and phospholipid (21) content were also de-
termined in crude surfactant and ALF. ALF (defined in this study as BALF
.10 kDa fraction) was frozen at 280˚C until use. Following an approved
Institutional Review Board at OSU, fresh harvested cadaveric human lung
tissue was mechanically homogenized in 1 ml 0.9% NaCl, centrifuged at
10,000 3 g, and the supernatant filtered through a 0.22-mm filter. Hy-
drolase activities present in ALF and lung tissue were measured using
a colorimetric method based on the release of p-nitrophenol upon specific

substrate cleavage as previously described (22). Briefly, up to 25 ml sub-
strate (2.5 mM) and 25 ml human ALF or 25 ml human lung homogenate
(each containing in vivo-relevant alveolar levels of 0.5–1.5 mg/ml phos-
pholipids by phosphate assay) were loaded in a 96-well plate. After 1 h
incubation at 37˚C with gentle shaking, reactions were stopped by adding
65 ml 1 M sodium carbonate and the OD read at 450 nm. For negative
controls, substrates were incubated with 25 ml buffer under the same
conditions, and reactions were stopped as described, followed by the ad-
dition of 25 ml ALF or lung homogenate. As a positive control, we in-
cubated 0.1 U available a-mannosidase (Prozyme, Hayward, CA) with 10
mM p-nitrophenyl-a-O-mannoside in 0.125 M sodium acetate buffer (pH
5) as substrate (data not shown). Results were normalized to negative
controls. Substrates used to determine the hydrolase content in ALF and
human lung tissue are indicated in parentheses: 1) Acid phosphatase (p-
nitro-phenyl-phosphate); 2) a-mannosidase (p-nitrophenyl-a-mannoside);
3) a-galactosidase (p-nitrophenyl-a-galactopyranoside); 4) b-galactosi-
dase (p-nitrophenyl-b-galactopyranoside); 5) a-glucosidase (p-nitrophenyl-
a-D-glucoside); 6) b-glucosidase (b-Glc; p-nitrophenyl-b-D-glucoside); 7)
a-xylosidase (p-nitrophenyl-a-D-xylopyranoside); 8) a-fucosidase (p-
nitrophenyl-a-L-fucoside); 9) arylsulfatase (dipotassium p-nitrocatechol
sulfate); 10) fatty acid esterase-I (p-nitrophenylpalmitate ester); 11) nonspecific
esterase (p-nitrophenylacetate); 12) alkaline phosphatase (AlkP; p-nitrophenyl-
phosphate); 13) alkaline phosphodiesterase (bis[p-nitrophenyl]phosphate);
14) phospholipase C (p-nitrophenylphosphorylcholine); 15) peroxidase
(O-phenylenediamine HCl); 16) a-rhamnosidase (p-nitrophenyl-a-L-
rhamnopyranoside; and 17) fatty acid esterase-II (p-nitrophenylstearate
ester).

M. tuberculosis-radiolabeled experiments

Aliquots of live radiolabeled M. tuberculosis (1 3 1012) were incubated
with 200 ml ALF (1 mg phospholipids/ml) or cell lysate (1 mg protein/ml)
in 0.9% NaCl at 37˚C for 12 h followed by centrifugation to obtain the
supernatant containing released fragments by the action of hydrolyses
(Supplemental Fig. 1A). To confirm the nature of the hydrophobic frag-
ments (chloroform phase) released from the M. tuberculosis cell envelope
upon the action of hydrolases derived from ALF and alveolar myeloid cell
lysates, TLC (chloroform/methanol, 96:4, v/v) was performed.

Hydrolase and ALF M. tuberculosis treatment for infections

Single-cell suspensions of M. tuberculosis (2 3 107) were incubated with
0.9% NaCl (control), ALF in 0.9% NaCl (obtained as described above),
commercially available human AlkP (1.414 U/ml, 0.9% NaCl), acid
phosphatase (AcP; 0.5 U/ml 0.9% NaCl), esterase (Est; 0.52 U/ml, 0.9%
NaCl) (as determined in Supplemental Table I), or a hydrolase mixture
(AlkP + AcP + Est) for 15 min, 1, 3, 6, 12, and 24 h, 37˚C, 5% CO2, gently
washed, and resuspended in RPMI 1640 containing 2.5% HSA immedi-
ately prior to infection. Infections were performed using bacilli counted in
Petroff Hauser chambers after treatment and washing.

Monosaccharide composition of treated M. tuberculosis whole
cells and lysates

Samples were hydrolyzed and converted to alditol acetates using scyllo-
inositol as internal standard and analyzed by gas chromatography (GC) as
we previously described (23).

Whole-cell ELISA for ManLAM or TDM on the treated
M. tuberculosis surface

Surface-exposed ManLAM or TDM on treated M. tuberculosis bacilli was
analyzed by ELISA using anti-ManLAM mAb CS-35 (24) and CS-40 (25)
or anti-TDM rabbit Ab (19) as we previously described (20).

Isolation and preparation of human macrophages

Monocyte-derived macrophage (MDM) monolayers for microscopy and
CFUs were prepared from healthy tuberculin-negative human volunteers as
we previously described (26).

Assay of treated M. tuberculosis association with macrophages

Association of treated M. tuberculosis (GFP-M. tuberculosis Erdman or M.
tuberculosis H37Rv) with MDM monolayers was performed at a multi-
plicity of infection (MOI) 10:1 and determined by counting bacilli on
$300 consecutive MDMs per coverslip using phase-contrast and fluores-
cence microscopy as we previously described (20, 26).
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CFU analyses of treated M. tuberculosis

For CFU experiments, 12-d-old MDM monolayers were washed and
infected with treated M. tuberculosis bacilli (MOI 1:1, triplicate wells) and
CFUs determined as we previously described (27).

Quantitative phagosome–lysosome fusion assay of M.
tuberculosis in macrophages

Experiments to determine the degree of phagosome–lysosome (P–L) fusion
observed in MDMs infected with treated M. tuberculosis were performed by
staining for the late endosomal/lysosomal marker CD63 (0.5 mg/ml final
concentration) or IgG1 isotype control as we previously described (18). The
percentage of treated M. tuberculosis that colocalized with CD63 was
quantified by counting .350 consecutive phagosomes in each test group in
$3 independent experiments using a minimum of three independent donors.

Electron microscopy experiments

Single-cell suspensions of treated M. tuberculosis (for 12 h) were fixed in
2% paraformaldehyde and processed and analyzed by transmission electron
microscopy (TEM) as we previously described (18). Briefly, single-cell
suspensions of 0.9% NaCl-, hydrolase-, or ALF-treated M. tuberculosis
(for 12 h at 37˚C, 5% CO2) were fixed with 2% paraformaldehyde, washed,
and processed for TEM. Morphologies of the bacterial surface were com-
pared with groups in which the bacteria were either treated with 0.9% NaCl,
AlkP, AcP, Est, Mix, or ALF from two independent human donors (ALF#1
and ALF#3) before fixation. Fixed bacteria were rinsed three times in
cacodylate buffer and postfixed with 1% osmium tetroxide in 0.1 M
cacodylate buffer with 1.5% potassium ferrocyanide for 1.5 h. After rinsing
with buffer and distilled water, cells were stained with 2.5% uranyl acetate
for 30 min. A stepwise prolonged dehydration procedure was followed that
consisted of 50% acetone for 15 min, 70% acetone two times for 20 min
each, 95% acetone three times for 20 min each, and absolute acetone four
times for 1 h each. A 1:1 mixture of absolute acetone and propylene oxide
for 1 h was then followed by two incubations in 100% propylene, the first
for 45 min and the second overnight. The samples were embedded in an
increasing concentration of Spurr’s resin (Polysciences, Warrington, PA)
mixed with propylene oxide for 2 h. Two overnight incubations in 100%
Spurr’s resin were then performed before curing at 60˚C for 48 h. Thin
sections were cut at 100 nm and viewed by TEM using an FEI Tecnai G2
Spirit Transmission Electron Microscope (Hillsboro, OR). Lower-power
electron micrographs were obtained at original magnification 398,000.

Statistical analysis

We used Prism software (GraphPad) to determine the statistical significance
of differences in themeans of experimental groups with unpaired, two-tailed
Student t tests. Overall data were compared by one-way ANOVA followed
by Tukey’s multiple comparison test of the means. The p values ,0.05
were considered significant (*p , 0.05, **p , 0.005, and ***p , 0.001).

Results
Enzymatic activity of hydrolases present in human ALF and
human lung tissue

To address which hydrolase activities are present in the human
alveolar space with the potential to alter the cell envelope of M.
tuberculosis within this microenvironment, we obtained BALF in
0.9% NaCl from healthy donors and human lung tissue from the
OSU Lung Cell Isolation Core for analysis.
A colorimetric method based on the cleavage of p-nitrophenol

from a specific substrate was used to measure the hydrolase ac-
tivities present in samples that contained in vivo-relevant alveolar
levels of 0.5–1.5 mg/ml phospholipids as determined by a phos-
phate assay (21, 28). Results in Fig. 1 show evidence of hydrolase
activities present in ALF (defined as lipid-free BALF .10 kDa
fraction; see Materials and Methods) and lung tissue (Fig. 1A, 1B,
respectively), where the most abundant hydrolytic activities ca-
pable of affecting the M. tuberculosis cell envelope were AlkP,
AcP, and nonspecific Est (Fig. 1A). We further calculated their
relevant physiological concentrations in vivo using a p-nitrophenol
standard curve (Supplemental Table I).

Effect of hydrolase activities derived from ALF on live
M. tuberculosis

We reasoned that these hydrolase activities at their basal levels have
the potential to remodel the cell envelope of M. tuberculosis in the
alveoli prior to interaction with host alveolar compartment cells,
as well as following release from lysed macrophages. To assess if
hydrolases present in ALF were capable of altering the cell en-
velope of M. tuberculosis at their physiological concentrations
in vivo, [3H] and [14C] double-radiolabeled live M. tuberculosis
was exposed to ALF (1 mg phospholipid/ml) and to human
monocyte and alveolar macrophage (AM) lysates (1 mg protein/
ml, characterized for low and high hydrolase content, re-
spectively) (29–31) obtained from cells from the same donors.
Reactions were stopped by the addition of chloroform, which
served to stop hydrolase activities present in the reactions by
denaturation of the enzymes and also to extract cleaved lipidic
fragments (i.e., fatty acids, GPI anchors) from the aqueous phase
of the reaction. Results in Supplemental Fig. 1A and 1B show
a release of radioactive counts derived from radiolabeled M. tu-
berculosis in both aqueous and organic phases after treatment with

FIGURE 1. Basal expression of several hydrolase activities in ALF and human lung tissue. Hydrolase activities present in ALF (n = 8 in triplicate, mean6
SEM) (A) and human lung tissue (a representative experiment [mean6 SD]) of n = 3 in triplicate (B) were monitored using a colorimetric method based on

the release of p-nitrophenol upon specific substrate cleavage. Results show the presence of several hydrolases with different levels of activity that have the

potential to remodel the cell envelope of M. tuberculosis within the alveolar environment. 1, Acid phosphatase; 2, a-mannosidase; 3, a-galactosidase; 4,

b-galactosidase; 5, a-glucosidase; 6, b-glucosidase; 7, a-xylosidase; 8, a-fucosidase; 9, arylsulfatase; 10, fatty acid esterase-I; 11, nonspecific esterase; 12,

AlkP; 13. alkaline phosphodiesterase; 14, phospholipase C; 15, peroxidase; 16, a-rhamnosidase; 17, fatty acid esterase-II. See also Supplemental Table I.
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monocyte and AM lysates and, importantly, from ALF when
compared with control (radiolabeled M. tuberculosis incubated in
0.9% NaCl). The radioactive counts found in the aqueous phase
corresponded to hydrophilic components of the cell envelope that
were released upon hydrolase activity. The observed low levels of
counts in the control condition may be from secreted M. tuber-
culosis enzymes that had the ability to cleave components of the
bacterial cell envelope (32) or from the effect of the isotonic
buffer used. Calculating the total released radiolabeled counts
([3H], [14C] H2O phase + [3H], [14C] chloroform phase) (Sup-
plemental Fig. 1B), myeloid cells and ALF-treated bacilli con-
tained up to 2-fold and 4.3-fold higher radioactive counts than
control treatment, respectively. To confirm the nature of the hy-
drophobic fragments (organic phase) released from the M. tu-
berculosis cell envelope in response to hydrolases, TLC was
performed. A TLC autoradiogram showed a large release of hy-
drophobic fragments from the M. tuberculosis cell envelope upon
exposure to ALF and AM lysate (Fig. 2A). Interestingly, fragments
released by the action of AM and ALF hydrolases were different

(Fig. 2A, lane 3 versus lane 4), indicating their specificity in po-
tentially altering the M. tuberculosis cell envelope. Overall, these
results indicate that alveolar hydrolases cleave the cell envelope
surface ofM. tuberculosis. Importantly, lysate or ALF treatment did
not reduce the viability of M. tuberculosis; lysate- or ALF-treated
M. tuberculosis grew slightly faster on agar plates than control-
treated or untreated M. tuberculosis (data not shown). Consistent
with this, electron microscopy of treated bacteria did not show
discernable changes in the M. tuberculosis cell envelope (Fig. 2B).
To assess how alveolar hydrolases biochemically alter the cell

envelope of M. tuberculosis, we treated M. tuberculosis with: 1)
the most abundant hydrolases alone or in combination (as quan-
tified in Supplemental Table I); 2) ALF obtained from two in-
dependent donors (ALF#1, donor 1 or ALF#2, donor 2); or 3)
0.9% NaCl as the control for 12 h at 37˚C, 5% CO2 and analyzed
he bacterial cell envelope carbohydrates (Fig. 2C, 2D) and fatty
acid (data not shown) content after hydrolase exposure. Results
showed that liveM. tuberculosis exposed to hydrolases was reduced
in its overall content of arabinose (Ara), Man, myo-Inos, and Glc

FIGURE 2. Alveolar hydrolases modify the M. tuberculosis cell envelope. A, TLC analysis of hydrophobic fragments released from live M. tuberculosis

upon surfactant hydrolase activity (TLC, chloroform/methanol, 96:4 v/v) is shown (n = 3). Treatments were: 1. 0.9% NaCl; 2. human monocyte lysate; 3.

human AM lysate; 4. human ALF; and 5. 0.9% NaCl. B, EM of treated-M. tuberculosis. Morphologies of the bacterial surface were compared among

groups in which the bacteria were treated with 0.9% NaCl (control), AlkP, AcP, Est, Mix (AlkP+AcP+Est), or ALF from two independent human donors

(ALF#1 and ALF#3) before fixation. Lower-power electron micrographs were obtained at original magnification 398,000. Scale bars, 100 nm. C, Car-

bohydrate composition analysis of hydrolase-treated M. tuberculosis. M. tuberculosis (2 3 107) was treated with 0.9% NaCl (control) or physiological

concentrations of purified hydrolases (AlkP, AcP, Est, or Mix) or human ALF from a healthy donor. Alditol acetates obtained from treated-whole bacteria

were further analyzed by GC/MS based on bacterial numbers. Shown are cumulative data of n = 3 each performed in duplicate (mean 6 SEM). D,

Carbohydrate composition analysis of soluble M. tuberculosis cell envelope components. M. tuberculosis-treated lysate fractions were converted to alditol

acetates and analyzed by GC/MS based on equal amounts of protein (10 mg/ml). Shown are cumulative data of n = 4, each performed in duplicate (mean6
SEM): Ara, Man, myo-Inos, and Glc. Student t test, *p , 0.05, **p , 0.005, ***p , 0.001.
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(Fig. 2C). Ara, Man, and myo-Inos are carbohydrate constituents of
cell envelope determinants that are critical in M. tuberculosis rec-
ognition by human macrophages and can regulate intracellular
survival (e.g., ManLAM) (3, 15). Glc is found in the M. tubercu-
losis cell envelope as trehalose, constituting the polar groups of
major factors described forM. tuberculosis pathogenesis [i.e., TDM
(16, 17)]. Furthermore, when we analyzed the carbohydrate content
in M. tuberculosis cell lysates (fraction containing soluble M. tu-
berculosis cell envelope components), we also observed a reduction
in the carbohydrate constituents of ManLAM and TDM (Fig. 2D),
indicating that important cell envelope components on the surface
of M. tuberculosis can be affected by hydrolases present in human
surfactant.
To assess if alveolar hydrolases or ALF altered the presence of

ManLAM and/or TDM on the surface of M. tuberculosis, we an-
alyzed the overall surface content of ManLAM and TDM on the
surface of bacteria following treatment with hydrolases. We in-
cubated M. tuberculosis with the most abundant hydrolases that we
found in the ALF or with ALF from two independent healthy
donors (ALF#1 or ALF#2) for 15 min at 37˚C, 5% CO2. After
treatment, we assayed for surface exposed ManLAM or TDM on
whole live bacteria by ELISA. As shown in Fig. 3A and 3C, hy-
drolase- or ALF-treated M. tuberculosis bacilli had a significant
reduction in surface-exposed ManLAM and TDM, respectively,
when compared with control M. tuberculosis. Fig. 3B and 3D show
the percent decrease in surface ManLAM and TDM after treatment.
These results provide evidence that alveolar surfactant hydrolases
affect the cell envelope of M. tuberculosis.

Effect of specific alveolar hydrolases on the association of
virulent M. tuberculosis with macrophages and the production
of proinflammatory cytokines

Because alveolar hydrolases have the ability to alter the M. tu-
berculosis cell envelope, we reasoned that such cell envelope
modifications would impact interactions between M. tuberculosis
and determinants of the innate immune system such as human

macrophages. Thus, we tested whether hydrolases derived from
ALF, at their relevant concentrations in vivo, altered the recog-
nition of M. tuberculosis by human macrophages. Results in Fig.
4A show that M. tuberculosis treated with human ALF, with AlkP,
AcP, or Est, or a mixture of all three significantly decreased
bacterial association with human macrophages when compared
with control-treated bacilli. Effects were seen with treatment for
as little as 15 min, suggesting that minimal contact time in the
alveolus is sufficient to impact M. tuberculosis-host cell inter-
actions. Fig. 4B shows the percent decrease in association for
cumulative data, which ranged from 55–70% depending on the
specific treatment. The decrease in association was more prom-
inent when M. tuberculosis was exposed to ALF or hydrolases for
12 h. Similar results were found with hydrolase or ALF treatment
for 1, 3, 6, and 24 h. To further assess the specificity of these
results, M. tuberculosis was also treated with physiological con-
centrations of b-Glc, a human surfactant hydrolase that should not
affect the M. tuberculosis cell envelope due to the absence of
b-Glc in the M. tuberculosis cell envelope. Results in Fig. 4C and
4D show that M. tuberculosis treated with b-Glc did not affect
bacterial association with macrophages. Importantly, as shown for
ALF-treated M. tuberculosis, purified hydrolase-treated bacilli
showed no differences in viability when compared with control or
untreated M. tuberculosis (data not shown).
To further evaluate how ALF and its most abundant hydrolases

influence M. tuberculosis activation of the human macrophage, we
assessed TNF levels by ELISA from supernatants of macrophage-
infected monolayers incubated with hydrolase-treated M. tuber-
culosis. Results in Fig. 5 showed that incubation with hydrolase-
or ALF-treatedM. tuberculosis led to a significant increase in TNF
production (Fig. 5A, 5C). This increase was observed following
macrophage incubation with M. tuberculosis that had been ex-
posed to hydrolases for as little as 15 min. Increases were between
1.5- and 10.0-fold except for AcP-treated M. tuberculosis, which
induced even higher TNF levels (Fig. 5B). Similar results were
observed for M. tuberculosis exposed to hydrolases for 12 h, in

FIGURE 3. Presence of ManLAM

and TDM on the bacterial surface

of hydrolase- and/or ALF-treated M.

tuberculosis. Whole bacterial ELISA

using live treated M. tuberculosis and

anti-LAM mAb CS-35 (for Man-

LAM) (A, B) or anti-TDM polyclonal

Ab (for TDM) (C, D). A and B are

representative experiments of n = 3,

each performed in triplicate (mean 6
SD); Student t test, treatment versus

control. C and D are overall data

from n = 3, each performed in trip-

licate (mean 6 SEM). One-way

ANOVA followed by post-Tukey’s

multiple comparison test, *p , 0.05;

**p , 0.005; ***p , 0.001, treat-

ment versus control. ManLAM (5

mg) or TDM (5 mg) were used as

positive control. Buffer: 0.9% NaCl.

*p , 0.05, **p , 0.005, ***p ,
0.001. Mix, AlkP+AcP+Est.
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which macrophage TNF production was also significantly in-
creased (2.0–6.0-fold) (Fig. 5D). These data provide further evi-
dence that hydrolases present within human surfactant play an
important role in regulating M. tuberculosis–host interactions by
altering phagocytosis and protective proinflammatory responses.

Effect of specific alveolar surfactant hydrolases on the
intracellular survival of M. tuberculosis in macrophages

To evaluate the effect of surfactant hydrolases on intracellular
survival of M. tuberculosis in human macrophages, virulent M.
tuberculosis was treated for 12 h with or without ALF, with
specific hydrolases in combination or alone at their in vivo con-

centrations. Macrophages were infected with single-cell suspen-
sions of treated M. tuberculosis and CFUs determined at 24–120 h
as we previously described (27). Intact macrophage monolayers
were verified by inverted-phase microscopy throughout the in-
fection period. Results in Fig. 6A show that surfactant hydrolases
reduced intracellular growth of M. tuberculosis. The results were
evident as early as 24 h (Fig. 6B).
Considering that hydrolase-treated bacilli demonstrated reduced

phagocytosis and early intracellular growth in macrophages, we
next examined whether phagocytosis of treated bacilli resulted in
an increase in P–L fusion events in the macrophage (potentially
through an altered entry pathway into the cell). We incubated

FIGURE 4. Association of treated-M. tuberculosis

with human macrophages. Single-cell suspensions of

M. tuberculosis (2 3 107) were incubated with 0.9%

NaCl (control), ALF in 0.9% NaCl, commercially

available human AlkP (1.414 U/ml 0.9% NaCl) or AcP

(0.5 U/ml 0.9% NaCl), or a hydrolase mixture (AlkP +

AcP + Est [Est at 0.52 U/ml 0.9% NaCl]) for 15 min, 1,

3, 12, and 24 h (the latter not shown). Infections (using

bacilli counted after treatment and washing) and cell-

association studies using human macrophage mono-

layers on coverslips were performed at an MOI of 10:1.

A, A representative experiment for each length of hy-

drolase exposure performed in triplicate (mean 6 SD).

B, Overall data showing the percent association de-

crease for each length of hydrolase exposure studied

(mean 6 SEM); n = 2 for all the treatments except for

12 h treatment, for which n = 4 for AlkP, AcP, Mix, and

ALF#1 treatments, n = 3 for Est and ALF#2 treatments,

and n = 1 for ALF#3 treatment. ALF#1, ALF#2, and

ALF#3 are ALFs obtained from three independent

donors. C and D, Decrease in association with human

macrophages is hydrolase treatment dependent. M. tu-

berculosis bacilli were treated with b-glucosidase,

AlkP, or 0.9% NaCl. Data showing the number of M.

tuberculosis associated with human macrophages (n = 3

in triplicate) (C) and the overall percent association

decrease versus control (n = 3 in triplicate) (D) are

depicted (mean 6 SEM). Student t test, treatment

versus control, *p , 0.05, **p , 0.005, ***p , 0.001.
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human macrophages with control M. tuberculosis or bacilli ex-
posed to ALF or hydrolases and assessed P–L fusion events for up
to 2 h. The overall levels of P–L fusion were significantly in-
creased when M. tuberculosis was exposed to ALF or with a spe-
cific hydrolase (alone or in combination) (Fig. 6C–E).

Discussion
Studies, including those from our own laboratory (reviewed in
Refs. 3, 15), have focused on the host–bacillus interaction at
different levels (33, 34), but primarily on the molecular mecha-
nism(s) of M. tuberculosis entry and survival within its natural
niche, the AM. However, little attention has been paid to how
environmental immune pressure influences M. tuberculosis out-
side of this niche.
In this context, type II alveolar epithelial cells are located in the

corners of the alveolus, where their physiological functions in-
clude surfactant production, secretion, and recycling via specific
organelles called lamellar bodies (35). During active surfactant
secretion into the alveolus and during its recycling process, a va-
riety of hydrolases have been associated with these organelles (10,
36–40), many of which have lysosomal-type degradative functions
but are distinct from lysosomal enzymes (10). To what extent M.
tuberculosis bacilli directly interact with epithelial cells and their
secreted hydrolases remains unknown. However, the location of
the alveolar epithelium as well as the relatively large alveolar
surface area (estimated at 1022 m2) (41, 42) make it likely that M.
tuberculosis will interact with components of the alveolar space
prior to and following its residence in the AM. Moreover, the low
alveolar surfactant volume relative to the alveolar surface area
(0.02 ml/m2) likely increases the local concentration of released
hydrolases when compared with other tissue compartments (43,
44). This, in turn, increases the probability that secreted hydro-
lases will impact M. tuberculosis in the alveoli, altering its cell
envelope and possibly its metabolism. The exact period of time

that M. tuberculosis remains in the alveoli after deposition
remains unknown. In healthy people, it is estimated that only 8–12
AMs are found per alveolar sac (41), with each sac having a sur-
face area of 206.9 mm2 (41). The low number of AMs per sac
during health enables optimal gas exchange to occur. In this
scenario, we believe that M. tuberculosis will remain submerged
within the surfactant monolayer or the surfactant hypophase for
some time and thus be in contact with surfactant hydrolases as
well as other surfactant components (43). Our results show that
even short-term exposure to hydrolases (15 min) influences the
nature of the M. tuberculosis cell envelope and interactions of the
bacilli with macrophages (and potentially with other cellular and
soluble components of the innate immune system).
Previous studies have determined the extracellular hydrolase

composition of the lung (22) as well as the hydrolase content in
mononuclear and polymorphonuclear exudate cells and pulmo-
nary AMs in different animal models (10, 45). In these studies,
AlkP, AcP, Est, succinic dehydrogenase, aminopeptidase, and
cytochrome oxidase were the most abundant hydrolases measured.
Our results with human ALF and lung tissue indicate that alveolar
hydrolases like AlkP, AcP, and Est are also the most abundant ones
in healthy individuals. We found that these hydrolases alter the
cell envelope of M. tuberculosis by decreasing the Man and Glc
content on the M. tuberculosis surface, which correlated with
decreased surface ManLAM and TDM. As AlkP and AcP are
nonspecific enzymes that hydrolyze many types of phosphate
esters, releasing inorganic phosphate (44), a plausible explanation
for their effects on M. tuberculosis is that they may target specific
molecular anchoring points on the cell envelope surface or affect
neighboring molecules, thereby disrupting hydrophobic/electro-
static interactions, resulting in the release of ManLAM and TDM
to the milieu. In this context, AlkP is capable of hydrolyzing
phospholipids due to its phospho-monoesterase activity, which
shows high specificity at neutral pH under surfactant-like

FIGURE 5. Proinflammatory cytokine re-

sponse induced by hydrolase- or ALF-treated

M. tuberculosis. Human macrophage mono-

layers were infected with 15 min- or 12 h-

treated M. tuberculosis that was gently

washed prior to addition to macrophages.

TNF levels were measured from isolated

supernatants by ELISA. TNF production in-

duced by 15 min-treated M. tuberculosis (A,

B) and TNF production induced by 12 h-

treated M. tuberculosis (C, D) (mean 6
SEM); n values are depicted in each graph.

ALF#1, ALF#2, ALF#3, and ALF#4 are

ALFs obtained from four independent donors.

Student t test, treatment versus control, *p ,
0.05, **p , 0.005, ***p , 0.001. nd, not

detected.
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conditions (46). This esterase activity also has the potential to
affect M. tuberculosis surface-exposed lipids, lypoglycans, and
lipoproteins by cleaving ester linkages in these molecules. In-
terestingly, increased esterase activity has been reported in the
lesions of cutaneous tuberculosis (47, 48), bacillus Calmette-
Guérin infection (49), leprosy, and leishmaniasis (48, 49), pre-
dominantly due to infection-driven tissue destruction. Related
studies show that high concentrations of natural lipases and
esterases are capable of slowing down M. tuberculosis growth
in vitro and in vivo (50). Our results show that hydrolase- or
ALF-treated M. tuberculosis bacilli also have limited in-
tracellular growth within human macrophages over time. This
could be explained by the intracellular killing observed, but
could, in addition, be a result of a differential intracellular
growth rate.

The effects of lung hydrolases on the M. tuberculosis cell en-
velope have important implications for host cell interactions. M.
tuberculosis ManLAM and higher-order phosphatidyl-myo-inosi-
tol mannosides interact with the mannose receptor, a major C-type
lectin on human macrophages (3, 15). The mannose receptor
directs the intracellular fate of M. tuberculosis within the human
host by limiting P–L fusion events (18, 51) and promoting anti-
inflammatory responses (52–54). The observed decrease of Man,
specifically in the form of ManLAM, on hydrolase-exposed M.
tuberculosis may direct the bacillus to other macrophage surface
receptors in vivo, triggering an immune response that may initially
be detrimental to M. tuberculosis. Our results support this notion
in which an increase in proinflammatory mediators along with an
increase in P–L fusion events was observed when hydrolase-
exposed M. tuberculosis bacilli were incubated with macrophages.

FIGURE 6. Effects of human ALF and hydrolase activities on M. tuberculosis intracellular survival and trafficking in macrophages. M. tuberculosis

bacilli were treated with 0.9% NaCl (control), ALF#1 (donor #1), a mixture of AlkP, AcP, and Est, or AlkP, AcP, and Est alone at relevant in vivo

concentrations. Human macrophages were infected at an MOI of 1:1.M. tuberculosis survival was determined at the indicated intervals. A, A representative

experiment in triplicate is shown (mean 6 SD); Student t test, treatment versus control, *p , 0.05, **p , 0.005, ***p , 0.001. B, Cumulative data from

three independent experiments each performed in triplicate (mean 6 SEM); one-way ANOVA, Tukey-Post test, *p , 0.05, **p , 0.005, ***p , 0.001.

Where no significance was reached by ANOVA analyses, direct pairwise comparisons between control and a specific hydrolase treatment were analyzed at

each time point by Student t test, +p , 0.05. C, Fluorescence microscopy images of P–L fusion events in human macrophages in response to hydrolase- or

ALF-treated M. tuberculosis. Human macrophages were adhered to glass coverslips and incubated with treated GFP-M. tuberculosis (MOI 10:1) for 2 h

using a synchronized phagocytosis assay. Cell monolayers were fixed, permeabilized, and stained with anti-human CD63-PE–conjugated mouse anti-human

IgG. Shown are merge images where CD63 positive compartments are red, GFP-treated-M. tuberculosis in unfused phagosomes are green (blue arrows),

and those colocalized with CD63 are yellow (white arrows). P–L fusion was examined and enumerated via confocal microscopy, counting.350 P-L events

per coverslip. Original magnification3650. D, A representative experiment from n = 3 performed in triplicate (mean6 SD); Student t test treatment versus

control, *p , 0.05. E, Overall percent P–L fusion increase from n = 3 in triplicate (mean 6 SEM); Student t test treatment versus control, **p , 0.005,

***p , 0.001. ALF#1, ALF donor 1; C, Control (0.9% NaCl).
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In this study, we show that hydrolases present in the alveolar
space are actively involved in shaping the nature of the dominant
M. tuberculosis cell envelope carbohydrates and lipids and thereby
play a role in dictating M. tuberculosis–AM interactions and in
determining the fate of M. tuberculosis within the host. This
finding adds a new concept to our understanding of M. tubercu-
losis infection. In this context, a significant challenge is how our
findings can be verified during M. tuberculosis infection in vivo,
given that few studies have successfully determined the changes
that occur in the lungs during the earliest bacteria–host inter-
actions. Our current studies are addressing the complexities of
how this can be accurately measured in vivo using animal models;
however, our in vitro assays using human samples provide strong
evidence that hydrolases are important determinants in dictating
the destiny of M. tuberculosis within the host, and we anticipate
that they will play a critical role in M. tuberculosis pathogenesis.
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