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Abstract
This study uses microarray analyses to examine gene expression profiles for Mycobacterium
tuberculosis (Mtb) induced by exposure in vitro to bovine lung surfactant preparations that vary in
apoprotein content: (i) whole lung surfactant (WLS) containing the complete mix of endogenous
lipids and surfactant proteins (SP)-A, -B, -C, and -D; (ii) extracted lung surfactant (CLSE) containing
lipids plus SP-B and -C; (iii) column-purified surfactant lipids (PPL) containing no apoproteins, and
(iv) purified human SP-A. Exposure to WLS evoked a multitude of transcriptional responses in Mtb,
with 52 genes up-regulated and 23 genes down-regulated at 30 min exposure, plus 146 genes up-
regulated and 27 genes down-regulated at 2 h. Notably, WLS rapidly induced several membrane-
associated lipases that presumptively act on surfactant lipids as substrates, and a large number of
genes involved in the synthesis of phthiocerol dimycocerosate (PDIM), a cell wall component known
to be important in macrophage interactions and Mtb virulence. Exposure of Mtb to CLSE, PPL, or
purified SP-A caused a substantially weaker transcriptional response (≤20 genes were induced)
suggesting that interactions among multiple lipid-protein components of WLS may contribute to its
effects on Mtb transcription.
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1. Introduction
Infection with Mycobacterium tuberculosis (Mtb) is widespread throughout the world, and
tuberculosis is one of the leading causes of death in developing countries [1]. Mtb is a
facultative intracellular pathogen that survives and replicates within macrophages [2].
Interactions between Mtb and pulmonary macrophages are crucial in the disease process caused
by this microorganism. One factor that may be important in moderating the interactions of Mtb
with alveolar macrophages is pulmonary surfactant, a complex mixture of lipids and specific
proteins that is synthesized, packaged, stored, and secreted by type II epithelial cells in the
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alveolar lining [3–5]. Because surfactant is present throughout the alveolar lining layer
(hypophase), it is likely that respired microorganisms such as Mtb will frequently encounter
and interact with this physiologically essential material. Interactions between Mtb and
components of surfactant at the alveolar air-liquid interface or in the hypophase may
significantly influence the subsequent behavior and interactions of the mycobacteria with
macrophages [6–9].

In addition to its essential biophysical actions in lowering surface tension and stabilizing
alveolar inflation-deflation, surfactant is known to play a role in host defense against infection
through the biological activity of the two hydrophilic surfactant proteins A and D (SP-A and
SP-D; [10–13]. These oligomeric carbohydrate binding proteins are members of the collectin
family, and have been shown to influence the opsonization, phagocytosis, and agglutination
of microorganisms within the respiratory tract [10–13]. The localization of SP-A/D in the
alveolar hypophase ideally positions these proteins (and other components of the surfactant
system) to act as “first responders” to inhaled pathogens. Lung surfactant also contains two
hydrophobic apoproteins (SP-B and SP-C) plus a substantial lipid composition (~90% by
weight) that have the potential to influence the early interactions of Mtb with the host airways.

We and others have recently shown that peripheral cell wall lipids isolated from Mtb can
directly impair the biophysical function of lung surfactant [14,15]. In the present study, we
examined the transcriptional responses of Mtb to surfactant and subfractions of its components.
Particular focus was on the induction of genes relevant for Mtb-macrophage interactions, and
on genes coding for bacterial lipases that might utilize surfactant phospholipids as substrate.
Whole genome microarrays have been used previously to determine gene expression patterns
of tubercle bacilli in response to various environmental conditions [16–21]. However,
microarray studies on specific gene expression in Mtb in response to surfactant exposure have
not been done. Experiments here used surfactant preparations that varied systematically in
apoprotein content to assess the roles and importance of these components in the transcriptional
responses of Mtb in vitro. Preparations studied are (i) whole lung surfactant (WLS) from calf
lung lavage, (ii) a chloroform/methanol-extract of WLS (calf lung surfactant extract (CLSE)),
and (iii) column-purified surfactant lipids (PPL) isolated from CLSE. These surfactant
preparations are identical in lipid content, but differ in protein content as follows: WLS contains
all four surfactant apoproteins (SP-A, -B, -C, and -D); CLSE contains only the hydrophobic
surfactant proteins (SP-B and -C), and PPL contains no proteins. In addition, purified SP-A
was also examined for its effects on Mtb transcription in vitro.

2. Results
2.1. Verification of the presence of SP-A and SP-D in WLS

A large number of studies have demonstrated that isolates of whole surfactant from animal
lung lavage contain both of the hydrophilic apoproteins SP-A and SP-D. Immunoblot analysis
indicated that the WLS preparation used here contained both SP-A and SP-D, and that CLSE
did not contain either of these proteins (Fig. 1).

2.2. Global expression profile of M. tuberculosis (Mtb) after exposure to WLS
We initially examined exposure of Mtb to WLS containing the complete mix of endogenous
lipids and surfactant proteins, since this mimics the in vivo situation where Mtb presumptively
contacts alveolar surfactant prior to interacting with macrophages. Among the 4,295 open
reading frames (ORFs) represented on the arrays, 52 genes were up-regulated >1.5-fold
(p<0.05) when Mtb was exposed to WLS for 30 min compared to “no treatment” control (Fig.
2A; Supplemental Table 1). Eleven genes (efpA, modA, lipX, Rv1057, rpfE, Rv2897c, Rv2949c,
ethR, ethA, MT1321, and MT1627) that were induced after 30 min exposure to WLS remained
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induced at the 2 h exposure time. A total of 146 genes were up-regulated after WLS treatment
for 2h (Fig. 2B; Supplemental Table 2). Most of these genes were induced at ≤3-fold, but some
showed considerably higher levels of induction (e.g., Rv3481c, MT0915.1 and MT1321). Sixty-
eight of the Mtb genes induced by WLS after a 2 h exposure encoded products with proposed
or known functions, while the remaining 78 genes had no recognizable features or current
annotations by which to predict function. Although the majority of Mtb responses to WLS
involved gene up-regulation, transcript levels of 35 genes were down-regulated at 30 min of
exposure (Supplemental Table 1) and 13 genes were down-regulated at 2 h of exposure
(Supplemental Table 2). Seven genes remained repressed for 2h (Rv0124, fadA2, Rv0516c,
Rv1216c, Rv3614c–Rv3616c). Interestingly, among the 30 min-repressed genes are several
genes belonging to the 24-membered Mtb Mce (mammalian cell entry) protein family
(Supplemental Table 1).

2.3 Global expression profile of Mtb after exposure to CLSE
When Mtb was exposed to CLSE, which does not contain the collectins SP-A and SP-D, a
significantly lower gene induction response was seen compared to WLS (Fig. 2C and D;
Supplemental Table 3). Among the 14 genes that were significantly induced (>1.5 fold) by
CLSE after a 2 h exposure, the majority of them (11 genes) matched those induced by WLS
at 2 h (Fig. 3B). Three genes were unique to CLSE, i.e. Rv3041c (probable conserved ATP
binding protein), Rv0862c (conserved hypothetical protein), and rmlD (involved in dTDP-L-
rhamnose biosynthesis). When exposure time to CLSE was reduced to 30 min, only 4 genes
(desA3, Rv0081, Rv2897c, and MT1118.2) were significantly induced in Mtb. With the
exception of MT1118.2, the remaining three genes were also induced by WLS at 30 min
exposure (Fig. 3A). Again, fewer genes were down-regulated by CLSE treatment compared
to WLS. At both 30 min and 2 h of exposure to CLSE, different sets of genes in Mtb were
down-regulated. Among the six genes being repressed by CLSE at 30 min (Supplemental Table
3) two genes (Rv0124 and cyp138) were also repressed by WLS. After a 2 h exposure to CLSE,
the transcription levels of six genes were reduced, and three of these (Rv0292, Rv1036c, and
Rv2280) were also repressed by WLS at 2h (Supplemental Table 3).

2.4. Global expression profile of Mtb after exposure to PPL
To test the effect of surfactant phospholipids alone on Mtb, we analyzed responses to PPL,
which contained all the lung surfactant lipids but no surfactant proteins. Twenty genes in Mtb
were up-regulated (> 1.5-fold) following a 30 min exposure to PPL, and thirteen genes were
up-regulated at 2 h exposure (Supplemental Table 4). These responses represented an increase
over CLSE at 30 min (20 genes vs. 4 genes) and a similar number of induced genes relative to
CLSE at 2 h (13 genes vs. 14 genes). Comparison of the gene expression profiles revealed that
there was no overlap of the PPL profile with CLSE at 30 min. There was only one gene of the
PPL profile that was also induced after WLS treatment (Fig. 3A). When the 30 min PPL profile
was compared with the 2h profile of WLS six genes were also induced by WLS (Supplemental
Tables 2 and 4). At 2h five genes of the PPL profile were also significantly induced by WLS
and three of these genes were also induced by CLSE (Fig. 3B). No down-regulation of genes
was found after PPL treatment at either exposure time.

2.5 Global expression profile of Mtb after exposure to purified SP-A
Since SP-A is the most abundant apoprotein in native lung surfactant, we carried out further
testing on the expression profile of Mtb following exposure to purified human SP-A for 2 h.
SPA exposure was accomplished by coating the apoprotein onto the bottom surface of a cell
culture flask as done with WLS, CLSE and PPL, and also by a second method where SP-A
was directly incubated with Mtb. Transcriptional responses to SP-A varied with the method of
exposure, but were both different from those observed following exposure to WLS. Eighteen

Schwab et al. Page 3

Microb Pathog. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



genes in Mtb were up-regulated following a 2 h exposure to pre-coated SP-A (Supplemental
Table 5), and all of these were distinct from genes induced by exposure to WLS at both exposure
times (Supplemental Tables 1 and 2). No genes in Mtb were down-regulated by pre-coated SP-
A at the cut-off level of >1.5 fold, in contrast to 13 genes down-regulated by WLS at 2 h
(Supplemental Table 2). When Mtb was incubated with SP-A as opposed to being pre-coated
on the culture flask, the resulting induction profile was weaker and different (Supplemental
Table 6). Nine genes were induced in the Mtb response to SP-A after 2 h of incubation and
two of them (pknF and cyp141) were also induced by WLS at 2h and one gene (atsF) by WLS
at 30 min. Surprisingly, eighty-eight genes were repressed and none of these genes was
repressed by WLS. Only one gene (Rv0111) was also repressed by CLSE treatment
(Supplemental Tables 3 and 6). There was no overlap of genes between these two different
exposure methods of SP-A, indicating that exposure method (SP-A in solution versus SP-A
coated to a plastic surface) had a significant effect on Mtb gene expression.

2.6. Induction of lipase genes and genes relevant for Mtb/macrophage interactions
One group of genes of particular interest was related to mycobacterial responses potentially
involved in metabolizing surfactant lipids. Exposure of Mtb to WLS for 2 h induced two known
membrane-located mycobacterial lipases: Rv3097 (lipY) encoding PE30 [22] and Rv1169c
(lipX) encoding PE11 [23] (Supplemental Table 2). The following genes related to PDIM
metabolism [24,25] were also significantly up-regulated (>1.5 fold, P<0.05): ppsA- ppsD (type-
I modular polyketide synthase responsible for the synthesis of phthiocerol), drrB (daunorubicin
DIM transport protein), lppX (lipoprotein), pks1 (polyketide synthase), fadD22 (acyl-CoA
synthase), Rv2949c (hypothetical protein), and fadD29 (acyl-CoA synthase) (Supplemental
Table 2). Four other PDIM cluster genes (tesA, thioesterase; fadD26, acyl-adenylate synthase;
drrC, ABC-transporter; and pks15, polyketide synthase) were also induced at the >1.5-fold
level by WLS at 2 h, but were not statistically significant for the number of biological replicates
studied (P>0.05). Although below the 1.5 fold cutoff the genes ppsE, papA5 (acyltransferase
that is involved in production of PDIM esters), and mmpl7 (transporter of the RND permease
superfamily), all belonging to the PDIM cluster, were also modestly induced. Our observation
that additional genes in this region putatively involved in the synthesis of cell wall components
(Rv2954c, hypothetical protein; Rv2958c, possible glycosyltransferase; Rv2959c, possible
methyltransferase; and Rv2962c, possible glycosyltransferase) were significantly induced
(Supplemental Table 2) further highlights the impact of WLS on Mtb cell wall remodeling.
Analyzing overall expression profiles of the PDIM genes revealed that all four stimuli tested
(WLS, CLSE, PPL and SP-A) triggered the expression of this gene set to some degree (Fig.
4). Finally, gene MT3290.1 encoding for the putative transcriptional regulator WhiB7 that has
been related to macrophage/bacterial interactions was also significantly induced at > 1.5 fold
in Mtb following a 2 h exposure to WLS.

2.7. Confirmation of a subset of genes differentially expressed in Mtb by real-time RT-PCR
To validate array data, eight differentially expressed genes in Mtb treated for 30 min or 2h with
WLS (Table 1, Supplemental Table 2) were analyzed further by real-time RT-PCR. To confirm
a subset of up-regulated genes, we quantified the expression of ppsA, ppsC, fadD22, and
pks1, all of which belong to the PDIM gene cluster (located on two different operons), and
rpfE, which encodes a resuscitation-promoting factor and plays a role in growth and/or
reactivation from dormancy [26]. Real time RT-PCR showed that all genes were consistently
up-regulated in Mtb by WLS treatment (Fig. 5). Similarly, we used real-time RT-PCR to
validate a set of genes down-regulated by WLS identified by microarray analysis. The genes
chosen included Rv0168, which encodes a hypothetical protein and part of the mce1 operon
and member of the YrbE family; the gene Rv3616c, part of the putative operon Rv3614c –
Rv3616c encoding critical components of SNM secretion [27] and the gene gltA1, involved in
carbon metabolism. Again, real-time RT-PCR analysis of these genes confirmed down-
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regulation (Fig. 5) as determined by microarray analysis. The discrepancy in the magnitude of
induction of rpfE as measured by the two methods is likely due to the limited dynamic range
of microarrays for accurate quantification of highly expressed genes.

3. Discussion
Mtb interacts with different microenvironments in the tissue of infected hosts, and the outcomes
of these host-pathogen interactions reflect selective gene expression by the bacteria as well as
by the host at different phases of infection. To aid in identifying specific Mtb gene expression
related to interactions with pulmonary surfactant, we used microarray and RT-PCR to measure
changes in Mtb CDC1551 transcription following in vitro exposure to WLS (surfactant lipids
plus SP-A, -B, -C, and -D), CLSE (surfactant lipids plus SP-B and -C), PPL (surfactant lipids
alone), and purified SP-A. Acute exposure times of 30 min and 2 h were studied, yielding
results most relevant for early stages of infection when Mtb first enters the alveoli and
encounters surfactant at the air-liquid interface and in the hypophase before being
phagocytosed by macrophages. A substantial percentage of mycobacterial particles reaching
the alveolar level will experience such exposure in vivo, since the surfactant-rich hypophase
is known to cover an appreciable fraction of the respiratory surface ([28] for review). Our
results show that exposure to WLS in particular induced a multitude of transcriptional
responses in Mtb, including the induction of membrane-located lipase genes and the induction
of PDIM cluster genes relevant for interactions with alveolar macrophages [29]. Since
surfactant has physicochemical similarities to detergent-like materials, it has the potential to
produce a stress response in analogy to substances such as SDS [17]. However, when we
analyzed changes in the global expression profile of Mtb after 30 min of exposure to 0.05%
SDS or 0.05% NP-40 (data not shown), there was little to no correlation with the response to
WLS suggesting that surfactant is not recognized by Mtb as a detergent stress signal.

The induction of genes for bacterial lipases in Mtb following exposure to whole surfactant is
consistent with mycobacteria viewing the predominant lipid content of this material as a
potential carbon source. Mtb has more than 150 genes encoding enzymes involved in fatty acid
degradation, including 21 genes annotated as putative lipase/esterase genes [30], suggesting
that the bacterium uses host lipids during in vivo growth. There is strong evidence that fatty
acids may be the energy source for Mtb during persistence [31]. In principle, Mtb in vivo could
utilize surfactant lipids as a nutrient source not only within the alveolar lumen, but also
following Mtb phagocytosis by macrophages. It has previously been shown that alveolar
macrophages internalize surfactant lipids [32,33,34], which would thus be potentially
accessible for metabolic use by intracellular Mtb. Although Mtb bacilli have their own internal
lipid stores, the opportunistic use of surfactant lipids for metabolism would reduce the need
for de novo synthesis by these organisms. We found two lipases (Rv3097 (lipY) encoding PE30
[22] and Rv1169c (lipX) encoding PE11 [23]) in Mtb to be significantly induced by WLS.
Since both lipX and lipY have been shown to localize into the mycobacterial cell wall [23], it
is tempting to speculate that these lipases may be candidates for hydrolyzing host lipids (in
this case surfactant lipids) that are contacted by the organism. Precedent for this type of
surfactant interaction is provided by the respiratory pathogen Pseudomonas aeruginosa, which
has been shown to grow in surfactant [35], and to impair its biophysical properties by degrading
surfactant proteins [36].

A major focus of our analysis was on surfactant-related Mtb transcriptional responses relevant
for interactions with alveolar macrophages, which are known to be present in vivo in substantial
numbers of ~50 per alveolus [37]. WLS induced a cluster of Mtb genes responsible for the
synthesis of PDIM cell wall components found only in pathogenic mycobacteria. PDIM has
been shown to be an important virulence determinant required for efficient replication in the
lung during short-term infection of mice [38]. PDIM is composed of a mixture of long-chain
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beta-diols that are esterified by multimethyl-branched fatty acids called mycocerosic acids.
More than 30 genes are required for the formation and translocation of PDIM. These genes are
clustered in a 73-kbp region of the chromosome of Mtb [24,39]. We found that WLS exposure
for 2 h resulted in the significant up-regulation (>1.5-fold increase, P<0.05) of 10 members of
the PDIM gene cluster (ppsA-ppsD, drrB, pks1, fadD22, lppX, Rv2949c, fadD29) and
additional genes below cut-off. Rousseau et al. [40] have shown that the presence of PDIM in
the cell envelope contributes to the protection of Mtb against the bactericidal activity of reactive
nitrogen intermediates released by macrophages. Surfactant constituents in WLS could thus
be recognized by Mtb as a signal to prepare for upcoming interactions with macrophages. This
possibility is strengthened by the observation that WLS also significantly induced the gene
MT3290.1, which encodes for WhiB7. This protein is a member of the WhiB family of putative
transcriptional regulators that are unique to actinomyctes [41], and are among the earliest and
most highly induced genes during interactions with macrophages [16,42]. Interestingly,
whib7 is also inducible by fatty acids [43].

In terms of Mtb gene induction related to different surfactant apoproteins, the significantly
greater transcriptional responses found for WLS compared to CLSE indicate a functional
importance for SP-A and/or SP-D in this phenomenon. These collectins are present in WLS,
but are removed by chloroform-methanol extraction in CLSE. SP-A and SP-D are broadly
distributed throughout the respiratory division of the lungs by virtue of their presence in
secreted alveolar surfactant and also in the bronchiolar lining. They are thus ideally positioned
to participate in a first line of defense against inhaled microbes that reach the pulmonary
periphery [11,44]. SP-A and SP-D differ significantly in size and tertiary structure, and their
recognition of microorganisms is not identical [11,44]. SP-A preferentially associates with
lipid membranes, and plays a biophysical role in increasing phospholipid aggregation including
tubular myelin formation [4,45,46]. SP-A is also more abundant than SP-D, and is tightly
associated with surfactant phospholipids both in the interior of the hypophase and in the surface
film [4,45,47]. In contrast, the alveolar localization of SP-D is primarily thought to be in the
aqueous compartment as opposed to the active surface film [45].

Differences in the location and activity of SP-A and SP-D suggest that they differ to some
extent in their roles in the innate immune response of the host against Mtb [8]. SP-A acts as
an opsonin and regulator of cell receptor activity in enhancing the phagocytosis of Mtb by
macrophages [6,48,49]. The Mtb cell-surface Apa (alanine-and proline-rich antigenic)
glycoprotein has been identified as a potential adhesin for the human pulmonary SP-A [50],
and SP-A has recently been shown to regulate toll-like receptor expression and activity in
human macrophages [51]. SP-A has also been shown to down-regulate nitric oxide production
in Mtb-infected murine alveolar macrophages [52]. In contrast to SP-A, agglutination of
virulent Mtb associated with SP-D inhibits phagocytosis of the bacilli by alveolar macrophages
[9]. Prior work has also shown that SP-D limits the intracellular growth of bacilli in human
macrophages by increasing phagosome/lysosome fusion without generating a respiratory burst
[7]. Interestingly, both SP-A and SP-D increase the membrane permeability of Gram-negative
bacteria and inhibit their growth [10,53]. We did not test the effects of pure SP-D on Mtb gene
expression in the present study, but our data indicated that exposure to purified SP-A did lead
to alterations in transcription. The non-overlapping Mtb gene expression results found for two
different SP-A exposure methods (SP-A in aqueous solution and pre-coated on a plastic culture
dish, Supplemental Tables 5 and 6) suggest that environment-induced physicochemical
changes in protein conformation might be important in Mtb responses, although this requires
further study.

It is not currently known to what extent the overall host defense activities of SP-A and SP-D
are modified depending on whether they are present alone, together, or combined with
surfactant lipids. However, our results for Mtb indicate that by far the most striking
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transcriptional responses were caused by exposure to whole surfactant, i.e., WLS containing
all of the lipids and proteins of the surfactant system combined together. Responses of Mtb
were much less pronounced following exposure to purified SP-A. Isolated SP-A suspended in
culture medium may function quite differently than when the apoprotein is present in the
complex lipoprotein milieu of surfactant as a whole. As noted above, SP-A has strong
biophysical associations with surfactant lipids [54] and also has cooperative interactions with
SP-B in forming tubular myelin [46]. Molecular interactions between SP-A and surfactant
lipids/apoproteins can similarly be expected to be relevant for its host defense activities. Our
studies on isolated SP-A used the human apoprotein, in contrast to WLS that was derived from
bovine lungs. However, the high degree of amino acid sequence homology between SP-A from
different mammalian species [45,55–58] suggests that species differences do not account for
the relative lack of Mtb response to purified human SP-A measured here. It is possible that
gene induction related to SP-D in WLS contributed to the differences found between Mtb
responses to whole surfactant compared to purified SP-A. However, it is very likely that these
differences also reflect at least in part complex interactions between SP-A and multiple
lipoprotein components in whole surfactant as noted above. Additional studies will be
necessary to clarify further the mechanisms contributing to specific aspects of Mtb gene
expression induced by pulmonary surfactant.

In summary, our data indicate that pulmonary surfactant directly affects Mtb gene transcription
in ways that suggest a pre-conditioning of the mycobacterium for interactions with
macrophages and providing lipids for its growth. Gene induction in Mtb was much more
prominent for WLS containing the complete mix of surfactant components compared to
chloroform-methanol extracted CLSE or column purified lipids. Differences between WLS
and CLSE indicated a functional importance for the collectins SP-A and/or SP-D in modifying
Mtb gene expression. Purified SP-A alone had reduced and altered transcriptional activity
compared to WLS, suggesting that interactions with other surfactant apoproteins or with
surfactant lipids are likely important in this phenomenon. Future analyses of Mtb gene
expression and cellular interactions in more complex model systems, such as exposure to
alveolar type II epithelial cells producing surfactant in vitro, may provide further insights into
the early phase of tuberculosis infection.

4. Materials and Methods
4.1. Mtb growth conditions

CDC1551, a clinical isolate of M. tuberculosis, was grown in Middlebrook 7H9 broth (Difco,
Detroit, Mich.) supplemented with OADC enrichment (Difco), Tween 80 (Sigma, St. Louis,
Mo.), and glycerol at 37°C to an A600 ~0.7 under static conditions. Bacteria were harvested by
centrifugation (10 min, 3,000 rpm) at room temperature, resuspended in DMEM with 2% fetal
calf serum (FCS) and 5 mM HEPES and syringed to break clumps of Mtb.

4.2. Surfactants and subfractions (WLS, CLSE, PPL, and SP-A)
Whole lung surfactant (WLS) was obtained by centrifugation of lavage fluid (0.15M NaCl)
from the intact lungs of freshly killed calves (ONY, Inc, Amherst, NY). Centrifugation was
done at 12,000 × g at room temperature to pellet the active large aggregate surfactant fraction.
WLS prepared by the same methods used here contains approximately 85% phospholipids, 5%
cholesterol, and 8% protein plus a small amount of other neutral lipids (e.g., [59,60]). The
protein content of WLS has been shown to contain four apoproteins (SP-A, B, C, D) [4,45],
with the first three of these having activity important in biophysical function [4]. The specific
presence of hydrophilic SP-A and SP-D in WLS was directly verified here (Fig. 1), because
these two hydrophilic proteins represent the only significant compositional difference between
this preparation and CLSE [59,60]. CLSE was prepared by extraction of WLS into chloroform-
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methanol by the method of Bligh and Dyer [61], as described in our prior work [59,60]. CLSE
is conceptually identical to the substance of the clinical surfactant Infasurf® [4,62–64]. The
composition of CLSE contains the same lipids as WLS, but only 1.5% protein [59,60]. N-
terminal amino acid analysis and SP-B ELISA have documented that the protein content of
CLSE is made up of SP-B and SP-C [59,60], and reflects the hydrophobic apoprotein content
of WLS. Mixed lung surfactant phospholipids (PPL) were isolated from CLSE by column
chromatography with an elution solvent of 1:1 (v/v) chloroform-methanol plus 5% 0.1 N HCl
[59]. Two passes through a Sephadex LH-20 column (Pharmacia-LKB Biotechnology,
Piscataway, NJ) separated phospholipids away from hydrophobic surfactant apoproteins and
neutral lipids [59,60]. Acid remaining in PPL fractions was removed by a second chloroform-
methanol extraction. Final PPL had a protein content below the limits of detection of both the
Folin-phenol assay of Lowry et al.[65] and the amido black assay of Kaplin and Pedersen
[66], modified by the addition of 15% sodium dodecyl sulfate (SDS) to allow accurate
quantitation in the presence of lipid. Human SP-A was a gift from Dr. J. R. Wright at Duke
University, and was isolated from bronchoalveolar lavage from patients with alveolar
proteinosis as described previously [67]. For exposure studies with Mtb, amounts of WLS,
CLSE, and PPL used per experiment were 3.3 mg in a total volume of 4 ml. In preliminary
studies, this concentration was shown to induce a transcriptional response in Mtb without
affecting viability after a 2 h treatment as determined by serial dilutions compared to untreated
Mtb. SP-A was studied at a level of 0.165 mg based on its putative concentration of
approximately 5% in endogenous surfactant [4,12].

4.3. Immunoblot methods for identifying SP-A and SP-D in WLS
Aliquots of WLS and CLSE (negative control) were separated by 12% SDS-PAGE and electro-
transferred onto a PVDF membrane for initial Western blot analyses for SP-A and SP-D. Equal
loading and transfer were confirmed with Ponceau S staining (Sigma, St Louis, MO). The
membrane was blocked with 5% casein and 0.1% Tween in tris-buffered saline (blocking
solution) for 1 h at room temperature. Western blot analyses in the presence and absence of
primary antibodies confirmed specificity, and WLS and CLSE were then directly loaded on a
PVDF membrane using a minifold dot blot apparatus (Schleicher and Schuell Inc, Keene, NH)
for subsequent immunoblot analyses. For detection of SP-A, the membrane was incubated with
goat anti-SP-A antibody N-19 (Santa Cruz Biotechnology, Santa Cruz, CA) at a 1:1000 dilution
in blocking solution. The membrane was washed 3 times in 0.1% Tween in TBS (TBS-T),
incubated for 1 h in horse radish peroxidase-conjugated donkey anti-goat antibody (Santa Cruz
Biotechnology, Santa Cruz CA) at a 1:1000 dilution in blocking solution, and washed 3 times
in TBS-T. The membrane was then incubated in Supersignal (Pierce, Rockford, IL) for 5 min,
and exposed to Biomax MR X-ray film (Kodak, Rochester, NY) to quantitate SP blot -A. For
detection of SP-D, rabbit polyclonal anti-SP-D antibody H-120 (Santa Cruz Biotechnology)
was used for the primary antibody at 1:1000 dilution, and goat anti-rabbit antibody (Santa Cruz
Biotechnology, Santa Cruz CA) was used as the secondary antibody at 1:1000 dilution.

4.4. Surfactant treatment and RNA isolation
To determine the effects of lung surfactant on the transcriptional response of Mtb, preparations
of WLS, CLSE, or PPL (in 650 μl PBS) were initially coated onto the bottom surface of a 25
cm2 cell culture flask for 30 min at 37°C to mimic a surfactant layer. A minimum of two
independent biological replicates were studied for each surfactant preparation. Purified human
SP-A was also examined for its effects on Mtb transcription, and phosphate buffered saline
(PBS) was used as a “no treatment” control. In experiments with SP-A (in 650 μl PBS), the
pure apoprotein was either pre-coated on the flask as done with the surfactant preparations, or
was directly added and incubated with Mtb during the study. Mtb was added to the flask in
3.35 ml of DMEM (supplemented with 2% FCS and 5 mM HEPES) and exposed to coated
surfactant/SPA or PBS control for 30 min or 2h at 37°C, followed by RNA isolation as detailed
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by Rohde et al. [16]. GTC lysis/stabilization buffer was added, and pelleted Mtb was then
washed to remove residual GTC and digested with lysozyme. TRIzol (Invitrogen) was added,
and organisms were disrupted using glass beads in a Mini-Bead Beater (BioSpec Products, Inc.
Bartlesville, OK). After extraction of Mtb lysates with chloroform, ethanol was added to the
aqueous phase before loading samples onto RNeasy mini columns (Qiagen, Valencia, CA).
Subsequent steps were then performed according to the manufacturer’s instructions. Following
elution with RNase-free water, the RNA samples were treated with DNase (Turbo DNAfree,
Applied Biosystems, Foster City, CA), and stored at −70°C until analysis.

4.5. Microarray hybridization and data analysis
The MessageAmp™II-Bacteria system (Applied Biosystems) was used to amplify
mycobacterial RNA for all samples [16]. Total RNA was reverse transcribed to yield double-
stranded amino-allyl modified aRNA, which was labeled with Alexa Fluor 555 and Alexa Fluor
647 (Invitrogen). Excess reactive dyes were removed with a Mega Clear purification kit
(Applied Biosystems). Next, Alexa-labeled aRNA from paired samples was dried using a
Speedvac, and re-suspended in hybridization buffer (5x SSC, 25% formamide, 0.15% SDS,
and 25 μg salmon sperm DNA). The mixed samples were denatured by being heated to 95°C
for and then cooled to 50°C prior to loading them onto microarrays. The arrays were hybridized
for approximately 15 h at 45°C, washed and then dried by centrifugation [16]. Microarrays
were used that consisted of 4295 ORF (open reading frames that encode a protein)-specific 70-
mers (Operon) representing 3924 ORFs from strain H37Rv plus 371 ORFs from strain
CDC1551 with <97% homology to corresponding H37Rv genes spotted in duplicate on glass
slides. Fluorescence intensity data from each array were collected with a GenePix 4000B
scanner (Axon Instruments, Union City, CA) using GenePixPro3.0 software (Axon
Instruments). Image analysis, i.e. spot identification, background measurements, quality
assessment and flagging were conducted with Imagene software (Version 6.0, BioDiscovery,
Inc., El Segundo, CA). Poor quality spots were filtered and removed from the analysis.
Subsequent normalization, statistical analysis (i.e. t-test), and visualization of array data was
conducted using Genespring (Version 7, Agilent Technologies, Palo Alto, CA). Complete
microarray data and analyses are included in Supplemental Tables 1–6 on-line, and all
transcriptional profile files have also been submitted to the GEO database at NCBI (accession
number GSE14005).

4.6. Confirmation of microarray data with real-time RT-PCR
To validate the gene expression profiles, we performed real-time RT-PCR of selected genes
using the same aRNA samples as were used for the microarray analysis. Total aRNA (250ng)
from either control or surfactant treated Mtb was converted to cDNA using the iScript™cDNA
Synthesis kit according to the manufacturer’s instructions (BioRad, Hercules, CA). Triplicate
reaction mixtures of each primer pair with cDNA and iTaq™ SYBR Green Supermix (with
Rox; Bio-Rad) were heated to 95°C for 2 min and then cycled 40 times at 95°C for 15 sec and
60°C for 45 sec in an ABI 7700 real-time PCR instrument (Applied Biosystems). The threshold
cycles (CT), i.e. the cycle number at which the reporter dye emission intensities rises above
background noise was identified and normalized against the housekeeping gene sigA using the
comparative CT method [68]. The levels of sigA were constant by microarray analysis in
surfactant-treated and –untreated samples at each time point. Fold regulation of individual
genes following WLS exposure was expressed as 2−ΔΔCT, where ΔΔCT= (CT, Target −
CT, sigA)WLS-treated − (CT, Target − CT, sigA)Untreated. Real-time RT-PCR experiments were
repeated at least twice with similar results. The gene-specific primers used for these
experiments are listed in Table 1.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Immunoblots showing the presence of SP-A and SP-D in whole lung surfactant (WLS) but
not in calf lung surfactant extract (CLSE)
SP-A and SP-D were assessed in WLS and CLSE by immunoblotting as detailed in Materials
and methods. Both surfactant preparations are also known to contain the hydrophobic lung
surfactant apoproteins SP-B and SP-C (not tested for in the figure). Data shown are
representative blots from 3 independent experiments on each surfactant preparation.
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Fig. 2. Scatter plots of Mtb gene expression after (A, B) WLS and (C, D) CLSE treatment for 30min
and 2h
Vertical axis depicts expression ratios in surfactant-treated relative to no treatment control.
Note the few genes induced by CLSE when compared to WLS.
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Fig. 3. Comparison of genes induced by WLS, CLSE, and PPL treatment
Venn diagram showing overlap of genes induced by WLS, CLSE, and PPL after 30 min (A)
and 2 h (B) treatment. Genes induced >1.5-fold (P<0.05) in at least one condition and whose
array signals passed quality filters in all three conditions were included.
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Fig. 4. Effect of different surfactant treatments on the expression of the PDIM gene cluster in Mtb
Heat map showing differentially regulated PDIM genes in each of the 2 h-surfactant treatments
(i.e. WLS, CLSE, PPL, and SP-A). Genes are organized according to genomic location. Red
indicates up-regulation, blue indicates down-regulation and white indicates no change. Arrows
indicate predicted operons within the PDIM locus.
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Fig. 5.
Real-time RT-PCR analysis of selected up- and down-regulated genes: verification of
microarray results. Several genes that were significantly affected by WLS treatment at 30 min
or 2h according to microarray results were chosen for confirmation with real-time RT-PCR.
Real-time RT-PCR was performed on the same aRNA samples as were used for the microarray
analysis. Real-time RT-PCR (n=2; n=3 for gltA1) and microarray data (n=3; n=5 for gene
Rv0168) are presented as the mean fold change ± standard deviation for each gene.
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Table 1
Primers used in this study for real-time RT-PCR.

Gene name Sense primer (5′ – 3′) Antisense primer (5′ – 3′)

sigA AAGACCACGAAGACCTCGAA GCCGATCTGTTTGAGGTAGG

ppsA CGAGCAGATCGATGAGTTGA GCGTAGGTGGTGGAGATGAT

ppsC ATCATCTCCACCACCTACGC TGCCGATGCTCAGATAGTTG

fadD22 AAATGACAGTCACGCTGTGC CCAGCTCTTCGACCTTGTTC

pks1 TCATCGAAGAGTTGGTGCTG CCGTCCGAGATATCCACACT

rpfE CTGCACCCGTCGATACTCC TGTTGATCGACCAGTTTCCA

Rv0168 ATGGGCATCAAGTCGATCTC ACGATCGCAGTGATGATGAG

Rv3616c TGATCAACGCCACTCAACTC GACCACCCTCGAGAGAACAG

gltA1 AGCGATGGCTGGACATCTAC CAGCCGGTGATCCTACTCAT
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